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Abstract.

Climate extremes are intensifying in frequency and severity, posing escalating risks to Europe’s transport infrastructure.
Over the past two decades, these events have caused physical damages, economic losses, user delays, and rising health emer-
gencies. Here, we first review observed impacts of selected climate extremes on Europe’s transport network. We then present a
multi-hazard-analysis-an analysis that accounts for multiple hazards, designed to be intuitive and accessible for policymakers,
to quantify the increasing exposure of four transport modes to river floods, heatwaves, droughts, and wildfires. We find that
climate extremes are already affecting all transport modes across large parts of Europe, with billions of euros of economic
damage even for single events. For-example--One prominent example is the 2018 Rhine River drought, which is highlighted as
a case study in this analysis and resulted in EUR 2.4 billion in economic losses in Germany. Under the medium-high emissions
scenario Representative Concentration Pathway 6.0 (RCP6.0), which approximates the trajectory of current climate policies,
exposure of European transport infrastructure to climate extremes is projected to increase. Heatwaves exposure could increase
up to 30 times by mid-century (2040-2069) compared to historical conditions (1980-2009). Droughts could affect more than
50% of inland waterways for the first time by mid-century in this scenario. By the end of the century (2070-2099), railways
and roads are projected to face up to 26 times as many wildfires compared to the historical period and exposure to river floods
is projected to increase locally up to 8 times. Mitigation efforts aligned with a low-emissions scenario (RCP2.6) demonstrate
clear benefits, reducing EU-mean transport mode exposure to all hazards, especially to droughts and heatwaves, for which the
mean increase in exposure compared to the historical conditions is already reduced by 22-30% by mid-century. Urgent action
is needed to strengthen the resilience of Europe’s transport network and address emerging climate challenges. A combination

of ambitious mitigation and adaptation strategies is essential to ensuring their long-term functionality in a changing climate.

1 Introduction

Climate extremes pose high risks to transport infrastructure, leading to substantial damages and economic losses. Economic
losses attributed to climate extremes have increased markedly over the last decade. In the European Union (EU), climate-related

extreme events accounted for approximately EUR 738 billion in economic losses between 1980 and 2023 (EEA, 2023). Out of



25

30

35

40

45

50

55

this, EUR 63 billion was incurred in 2021 and EUR 56 billion in 2022 alone (EEA, 2023). Floods, droughts, heatwaves, and
wildfires have severely impacted key transport systems, including airports, inland waterways, roads, and railways.

In recent years, the consequences of extreme weather events have intensified, often resulting in system malfunctions or
complete closures of critical transport systems. The increasing frequency and intensity of climate extremes are affecting trans-
port networks across Europe. For example, extreme weather and climate events can have short- and long-term effects through
transportation delays and infrastructure damage, causing supply chain disruptions and economic losses (Rebally et al., 2021).

Extreme conditions are reaching unprecedented levels, introducing challenges and issues that were either non-existent or less
common under past climate conditions. Temperatures at times become so high that they can cause materials to melt, leading to
the deformation of pavement and road signs. The cascading effects of these extremes are not limited to infrastructure, they are
also posing new health risks. In July and August 2022, multiple incidents across Europe left passengers stranded on trains for
hours because of heatwaves or wildfires, often requiring medical assistance (Burgen, 2022; Rimi, 2022). On a Paris-Brussels
train, extreme outdoor heat and a malfunctioning air conditioning system caused in-train temperatures to reach around 45°C,
with 750 passengers stranded for about four hours in discomfort (Chini, 2022, a). Thalys, the train operator, attributed the
incident to extreme outdoor heat, noting that trains and infrastructure are not designed for such high temperatures (Chini, 2022,
b).

Global warming is increasing the occurrence and frequency of extreme events, such as river floods, heatwaves, droughts,
and wildfires (Lange et al., 2020; Seneviratne et al., 2021). As recent events show that we are already experiencing the severe
impacts of these extreme events, the associated impacts are expected to escalate in the coming decades. Moreover, the increas-
ing of occurrence extremes as single events as well as the co-occurrence of multiple events (Ridder et al., 2022; Muheki et al.,
2024; Messori et al., 2025) can pose the whole transport network to high risk of physical disruption, service interruptions, and
lead to health discomfort for passengers (Bednar-Friedl et al., 2022).

The climate resilience of transport infrastructure is becoming central to long-term infrastructure planning (OECD, 2024).
Robust risk analyses are needed to assess the costs of strengthening transport systems and to guide effective adaptation strate-
gies (Zare and Miller-Hooks, 2025). However, existing methodological frameworks remain fragmented, as most have been
developed for specific transport modes or individual hazards (e.g. airports (De Vivo et al., 2022; Vivo et al., 2025), railways
(Haghighi et al., 2025b), roads (Bles et al., 2016)). Risk is determined by the interaction of hazards, the exposure of infras-
tructure, and its vulnerability (Christopher et al., 2014). Yet, the localized nature of impacts and the difficulty of defining
vulnerability continue to hinder the development of comprehensive frameworks (Forzieri et al., 2018). The increasing urgency
of climate change highlights the need for novel methodological approaches that can integrate multiple hazards and transport
modes.

Assessing the past exposure of transport infrastructure to climate extremes and quantifying the subsequent impacts and
economic losses is challenging. This is due to the absence of a comprehensive and an up-to-date database which provides
disentangled information of economic losses and impacts specific to transport infrastructure. Moreover, analysing the future

exposure in a comprehensive way requires a-multi-hazard-approach-an approach considering multiple hazards and ideally relies

on an ensemble of bias-adjusted climate and impact models to account for structural model uncertainties. As a consequence, a
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comprehensive assessment of historical impacts of climate extremes on transport, as well as multi-hazard-exposure projections
covering all the transport modes and multiple hazards, are currently lacking for the European Union. The recently launched
European Climate Risk Assessment (EUCRA) applies a-multi-hazard-approach-to-multipte-an approach considering multiple
hazards and multiple sectors, but lacks the details required to assess the risks of climate change for critical European transport
infrastructure (ECRA, 2024).

This work therefore aims to assess the current impacts and future exposure of Europe’s transport network to a range of
climate extremes. The study is structured in two parts: (i) A review covering the exposure, impacts, and economic losses from
extreme events that have affected the transport network over the past fifteen years. This review is based on main publications,
open-access databases, and public documents that offer detailed information on the impacts and costs of extreme events on
transport networks. Additionally, we select four recent climate extremes as case studies, chosen for their particularly severe
impacts on multiple transport modes. For each event, we gather detailed information on the event itself, its impact on transport
infrastructure, economic losses, and the influence of climate change. This whole analysis is important to provide an overview
of the costs and widespread impacts that different types of climate extreme can have on individual transport modes. (ii) A
quantitative analysis of future exposure of the transport network to climate change. For this, we use biophysical impact simu-
lations from the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) to project exposure of individual infrastructure
elements within the transport network to a range of climate extremes. The projections focus exclusively on exposure and do
not include future impacts or economic losses. Using the multi-hazard-dataset provided by Lange et al. (2020), we assess the
exposure of critical European transport infrastructure to five categories of extreme events: river floods, wildfires, droughts, and
heatwaves. Due to its economic and strategic importance for the EU, the analysis incorporates the revised Trans-European
Transport Network (TEN-T) network, which includes airports, maritime and inland ports, roads, railways, and inland water-
ways (IWWs). The revised TEN-T network is a new version that ensures sustainable connectivity across Europe and will
be developed and completed in stages, with the final step scheduled for 2050 (TEN-T, 2024). For each transport mode, we
calculate the yearly occurrence of each extreme event, accounting for both historical and future conditions. The analysis is
conducted under three emissions scenarios: a low emissions scenario (RCP2.6), a medium-high emissions scenario (RCP6.0),
and a very high emissions scenario (RCP8.5). The objective is to quantify (i) how exposure within the TEN-T network is pro-
jected to change under mid-century (2040-2069) and end-of-century (2070-2099) climates compared to historical (1980-2009)

conditions, and (ii) the number of single extreme events that each transport mode is expected to experience under three RCPs.

2 Data and methods

2.1 Impacts and losses due to recent climate extremes on the transport infrastructure

As a first step, we map and review the impacts and economic losses from recent extreme events for each transport mode.
This includes (i) quantitative information on recent exposure of transport infrastructure using the Geocoded Disasters (GDIS)
dataset, (ii) insights into recent extreme events with detailed information on impacts and economic losses, and (iii) impact and

cost data for each transport mode, obtained from official documents, reports, and relevant research papers.
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First, we use the global georeferenced database (GDIS) (Rosvold and Buhaug, 2021) to link recent extreme events with
transport infrastructure modes. GDIS is an expanded version of the Centre for Research on the Epidemiology of Disasters’
(CRED) Emergency Events Database (EM-DAT) database. In GDIS, all the natural disasters reported in the EM-DAT database
are geolocated. The events reported in GDIS have different levels of aggregation (e.g., NUTS-1, NUTS-2 and NUTS-3 level).
The database provides a polygon with the event extension and epicenter coordinates for each event. It contains 39,953 locations
for 9,924 disasters worldwide between 1960 and 2018, including floods, storms (typhoons, monsoons etc.), earthquakes, land-
slides, droughts, volcanic activity and extreme temperatures. To capture the recent increase in extremes, we consider all events
of floods, storms, droughts, and extreme temperatures recorded in the GDIS dataset, focusing on the last 15 years (2010-2018).
For this study, the QGIS software was used to select the TEN-T infrastructure modes that lie or intersect within the polygons
reported for each event, including airports, maritime ports, roads, railways, and inland water ways (IWWs). We used the 2022
TEN-T shapefile provided by the European Commission, delienating the TEN-T network as defined by the Council General
Approach on the Proposal for a revision of the TEN-T Regulation. This analysis is not an exhaustive representation of all
extreme events from the past decade, as it is limited to events documented in the EM-DAT database. However, it serves as an
broad-ranging exploratory analysis to assess the importance and severity of the issue. While GDIS provides some information
on TEN-T infrastructure exposure, related data on impacts and economic losses specifically linked to transport infrastructure
damage are not recorded.

Second, we gather detailed information on costs and impacts for a selection of recent climate extremes. We then analyze the
resulting effects on transport infrastructure, human lives, economic losses and the influence of climate change. The objective
of these case studies is to illustrate the nature and extent of impacts when specific types of climate extremes affect transport
infrastructure. We select the case studies according to specific criteria: (a) recent extreme events, (b) very high economic
damages, (c) impacts across multiple transport modes, and (d) availability of reports and detailed documentation on impacts to
transport infrastructure. We choose four case studies across the EU: (i) the heatwave and drought of 2018 in Germany, (ii) the
floods of 2021 in Belgium, Germany, and the Netherlands, (iii) the consecutive flash floods between 2021 and 2023 in Greece,
(iv) the compounding wildfires and heatwaves in 2023 in Sicily. These climate extremes generated huge adverse impacts across
different regions in Europe.

Third, we gather and synthesize quantitative information on damages and economic losses for each transport mode from

public documents, reports and publications. The main sources for mode-specific impacts are reported as follows.

— Airports: The report "Climate Change Risks for European Aviation", published by Egis and the UK Met Office on behalf
of EUROCONTROL in 2021, provides extensive data on storms, wind changes, sea-level rise, and temperature increases

to help the aviation industry update climate risk assessments and adaptation strategies (Eurocontrol, 2021b).

— Ports: Verschuur et al. (2023) analyzed the risk that ports infrastructure face from multiple natural hazards on a global

scale.
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— Inland waterways: the ’European Drought Risk Atlas’ published by the Joint Research Centre (JRC) and European
Commission in 2023, offers an overview of drought impacts and risks in Europe, including for river transportation
(Rossi et al., 2023).

— Railways and roads: the DRMKC Risk Data Hub is a multi-hazard-geo-portal that provides disaster loss data for Europe
across multiple hazards. It includes disaggregated impact data for coastal, river, and flash floods, specifically for railways
and roads (DRMKC,2024). The DRMKC database includes events up to 2022; we consider the period 2010-2022 to

cover the most recent 15 years with the latest available information.
2.2 Future exposure of transport infrastructure

2.2.1 Hazard data

In a second step, we project the exposure of European transport infrastructure to several climate extremes. The exposure
analysis builds on multi-hazard-dataset-a dataset of multiple hazards (Lange et al., 2020) derived from The-the Inter-Sectoral
Impact Model Intercomparison Project Phase 2b (ISIMIP2b) simulations. ISIMIP provides a set of consistent, global-scale,
multi-sector climate change impact simulations, based on historical conditions and selected future scenarios. ISIMIP provides
future projections at a global scale, at a spatial resolution of 0.5° x 0.5° (approximately 55 km x 55 km at the equator) of
variables of different impact sectors. Lange et al. (2020) analyzed an ensemble of climate and impact model simulations from
ISIMIP project to quantify the change in frequency of droughts, heatwaves, river floods and wildfires under varying levels
of future global warming. To this end, they developed a coherent multi-hazard-dataset of yearly occurrence of these climate
extremes considering historical and future climate conditions (1861-2099) following RCPs 2.6, 6.0, and 8.5. The climate
extremes are obtained by forcing hydrological, vegetation, and heatwave, models with meteorological information generated by
four Global Climate Models (GCMs; IPSL-CM5A-LR, HadGEM2-ES, MIROCS, and GFDL-ESM2M). Each GCM underwent
trend-preserving bias adjustment against a reanalysis product (Lange, 2018; Frieler et al., 2017). The definition of each extreme
event is reported in Table 1. The employed extreme events definitions are commonly used in the scientific community and
already used in multi-hazard-analyses-analyses across multiple hazards (e.g., Lange et al., 2020; Thiery et al., 2021; Bauer
et al., 2023; Pelz et al., 2025). For heatwaves and droughts, the data is expressed as the occurrence or not for each year and each

grid cell. For river floods and wildfires, the data is presented as the percentage of the grid cell exposed to the climate extreme.
2.2.2 Methods

We quantify the exposure of European transport infrastructure considering two future time horizons: 2024-2075 (hereafter
referred to as the mid-century) and 2070-2099 (hereafter referred to as the end-of-century). The dataset provided by Lange
et al. (2020) for heatwaves, river floods, wildfires, and droughts is clipped in the European bounding box, with coordinates:
longitude min/max [35°W, 40°E] and latitude min/max [25°N, 72°N]. Heatwaves and droughts are recorded as affecting entire
grid cells, while wildfires, and floods are expressed as the fraction of grid cell area exposed. To ensure consistency, for these

latter hazards we convert the fractional values into binary data using a threshold: grid cells are classified as affected when
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Table 1. De nitions of extreme event categories and impact models considered in this study. The impact models are described in CLM45
(Lawrence et al., 2011; Thiery et al., 2017), HO8 (Hanasaki et al., 2018), JULES-W1 (Best et al., 2011), LPIJmL (Schaphoff et al., 2018),
MPI-HM (Hagemann and Gates, 2003; Stacke and Hagemann, 2012), ORCHIDEE (Guimberteau et al., 2018), PCR-GLOBWB (Wada et al.,
2014, 2016), WaterGAP2 (Miller Schmied et al., 2014, 2016), HWMId (Russo et al., 2015, 2017; Lange et al., 2020), GEPIC (Folberth
etal., 2012), PEPIC (Liu et al., 2016), CARAIB (Dury et al., 2011), LPJ-GUESS (Smith et al., 2014).

Event category De nition in (Lange et al., 2020) Impact Models

Inundated area induced by daily river
o . CLM45, HO08, JULES-W1, LPJmL,
) ow within a pixel greater than 100-
River oods ] ) ~ MPI-HM, ORCHIDEE, PCR-
year return ow during pre-industrial
p GLOBWB, WaterGAP2
imes

Occurrence in entire pixel when the

Heat Wave Magnitude Index daily ) )
HWMId99 (directly diagnosed from
Heatwaves (HWMId) recorded that year exceeds cMs)
s
the 99th percentile of the HWMId dur-

ing pre-industrial times.

Drop of soil water content below the
i o CLM45, HO08, JULES-W1, LPJmL,
2.5th percentile of the distribution dur-
Droughts . . o o MPI-HM, ORCHIDEE, PCR-
ing pre-industrial times considering pe-
. GLOBWB, WaterGAP2
riods longer than 6 months

CARAIB, LPJ-GUESS, LPJmL, OR-
CHIDEE

Wild res Total annual burnt area

more than 3% of their area is exposed. This relatively low threshold was selected based on a sensitivity analysis to ensure tha
enough events remain available for extracting spatial statistics across Europe. We tested several thresholds ranging from 1%
to 5% of the cell area affected. Using the 5% threshold, most ood events were not captured in the spatial statistics. At the
1% threshold, however, exposure to hazards such as wild res was overestimated, with large portions of the network appearing
to be affected in nearly every case. The 3% threshold provided a balance, capturing localized events like river oods without
in ating exposure from more widespread hazards. It accounts for the highly localized nature of these hazards and avoids the
exclusion of a substantial number of impactful events.

The three scenarios used in the analysis, RCP2.6, RCP6.0, RCP8.5, represent possible futures with varying degrees o
climate action. RCP8.5 represents the most extreme, worst-case scenario with a roll-back of existing policies and a continued,
strong growth in the use of fossil fuels. RCP2.6 represents a scenario with strongly enhanced ambition in terms of climate
change mitigation compared to current policies. RCP6.0 is a scenario with a range of temperature outcomes that encompas:
the expected temperature range under current climate policies (which currently have a best-estimate outcome of around 3°C
by 2100) (Rogelj et al., 2023; Hausfather, 2025; Hausfather and Betts, 2020; IPCC, 2019). In the main text, the results are
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presented for RCP6.0. Results for RCP2.6 and RCP8.5 are reported in the Appendix A, and the comparisons with RCP6.0
projections are discussed in Section 3.2.

2.2.3 Exposure Multiplication Factor

To analyse the exposure data, we use the Exposure Multiplication Factor (EMF), which describes the ratio of the number of
future climate extremes across two time periods to the number of historical climate extremes. The EMF was proposed by
Thiery et al. (2021) and is de ned as:

Efut
his

EME = 1)

The future exposureksy , is de ned as the number of events occurring in mid-century (2040-2069) or end-of-century
(2070-2099) future scenarios, respectively, while the historical expdsgige, represents the number of events in the historical
period (1980-2009). This metric provides a clear visualization of the regions of the network projected to experience an increase
in extreme events compared to the historical period. It is conceptually related to the probability ratio metric widely used in
attribution studies (e.g., Joughin et al., 2004; Thiery et al., 2020; Pietroiusti et al., 2024), where the probability ratio is de ned
as the ratio of event probabilities, constrained within the range [0, 1]. However, the EMF differs in that since it is based on the
ratio of event counts rather than probabilities. It explicitly incorporates exposure alongside hazard, advancing toward a more
comprehensive risk de nition (Fischer and Knutti, 2015). The use of the event count ratio as metric makes it less dependent on
the speci ¢ de nitions of extreme events, which are often tied to return periods or other statistical thresholds (see Table 1). This
reduced dependence enables the analysis of different extreme events in a single uni ed framework, leading to a comprehensive

communicating scienti ¢ ndings to policymakers and stakeholders in an accessible manner.

The EMF is calculated per hazard at the grid scale for each individual combination of emissions scenario, climate model,
and impact model, after which the median value across each climate - impact model pair is computed per location and scenario.
We consider a 30 years time windows, which provides a suf ciently large sample to account for the fact that the event counts
are rare events. We use the multi-model ensemble median EMF as the primary indicator in our analysis to represent, for eact
pixel, the increase in exposure on which at least half of the climate-impact model simulations agreed. This is useful since there
are some pixels for which zero extreme events occur in the historical period but a non-zero number in the future, so the EMF
becomes in nite. Using the median as the metric for aggregating across simulations, the multi-model ensemble median EMF
will be in nite if at least half of the simulations result in an in nite EMF. The count of pixels where the EMF tends to in nity
is referred to as the 'area newly exposed to extremes', since EMF can also become in nite when changing from 0 to 1 extreme
event. This metric describes the percentage of the network that was not exposed in the historical period but is projected to
become exposed in the future. EMF statistics are provided for the historically exposed area of the network, where nite values

of the multi-model ensemble median EMF are obtained.
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The shape le of the revised TEN-T network (see Section 2.1) is superimposed on the 0.5 x 0.5 degree grid dataset to extract
the exposure for each node and line of the vector network and for each extreme event. We consider the same extent of the
TEN-T network for the historical period as for the future scenarios. From this, we extract the percentage of transport network
for each mode that is exposed to a climate extreme. Each event is assumed to affect all transport modes within a grid cell, ever
though the exact location of the event within the cell is unknown. This assumption is reasonable if we consider the affected
area as experiencing direct and indirect impacts, which extend to neighbouring elements. For example, a ood affecting a
single road can cause disruptions, operational issues, or even a complete halt in circulation across the interconnected transpo
network within a grid cell.

3 Results
3.1 Impacts and losses due to recent climate extremes on the transport infrastructure

In recent decades, an increasing number of oods, heatwaves and droughts are putting the European transport network unde
high stress. The impacts of extreme events are not limited to damage to transport infrastructure and critical buildings but also
include operational costs related to network disruptions, repercussions on user experience, such as increased waiting times
and health-related issues (Fig. 1) (Enei et al., 2010).

Each considered transport mode has been impacted by multiple hazards in recent years (Fig. 2, Fig.A1-A4). Extreme tem-
peratures (both high and low) and storms affected the highest number of transport nodes, largely due to the extensive spatia
reach of these events (Fig. 3). Storms are particularly relevant for maritime ports and inland waterways, while oods have
largely impacted airports, railways, and roads, underscoring the importance of considering all hazards when assessing trans
port exposure. Based on the GDIS dataset, the transport infrastructure in France, Italy, and Germany experienced the highes
exposure to reported climate extremes between 2010 and 2018 with 28, 26, and 18 events, respectively (Fig.4). In contrast
Estonia, Latvia, and Denmark each reported only one event during this period.

According to the GDIS dataset, a total of 7,188 extreme events occurred globally between 1960 and 2018 (Rosvold and
Buhaug, 2021). These include oods, storms, extreme temperatures, and droughts. Between 2010 and 2018, Europe withesse
120 of these extreme events (Fig. 2). GDIS provides the location of extreme events but does not include speci ¢ information
on possible transport infrastructure damages. The resulting impacts and economic losses can be widespread, affecting multipl
countries and causing operational disruptions across various transport modes simultaneously. This can be illustrated by recen
well-documented climate extremes, which we have selected as case studies. For each of the four case studies we gather ir
formation on costs and impacts, and analyze the resulting effects on transport infrastructure, economy, and the role of climate
change. The complete analysis of these four case studies is provided in Appendix A and is summarized hereafter and in Table
2.

(i) The heatwave and drought of 2018 in Germany set records for both high temperatures and low precipitation (Muhr et
al., 2018). The impacts affected the entire transport network, leading to road traf ¢ restrictions, rail track deformations, ight
cancellations, and disruptions to river shipping due to low water levels. On the Rhine River, ships could only travel partially
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Figure 1. Climate extremes and their impacts on the transport sector, based on Enei et al. (2010).

loaded due to the low water levels, resulting in interruptions in the logistics chain and an economic loss of EUR 2.7 billion in
Germany and the Netherlands (Streng et al., 2020). Attribution studies have shown that the likelihood of extremely dry years
coinciding with extreme heat is increasing (Zscheischler and Fischer, 2020) (Table A5). (ii) In 2021, extreme rainfall across
Western Europe caused severe ooding in Belgium, Germany, and the Netherlands. The resulting casualties and economic
losses due to road and rail infrastructure damage were exceptional, with reconstruction efforts taking months to years. For
the larger Western European region, it was found that, under current climate conditions, on average one rainfall event of this
magnitude can be expected every 400 years at any given location (Tradowsky et al., 2023) (Table A6). (iii) Over the past
four years, Greece has experienced a series of heavy ash oods, causing signi cant economic damage. For three consecutive
years, 2021, 2022, and 2023, roads and railways were severely affected, limiting the country's ability to recover from one
event before the next occurred (Table A7). (iv) In the summer of 2023, the Northern Hemisphere was affected by a series of
heatwaves, particularly severe in Southern Europe, with summer mean temperature anomalies of +4°C in Italy, Greece, and
Spain. These heatwaves also triggered wild res, including 55 separate res across Sicily that affected Palermo and Catania
airports (Skoulding, 2023). As a result, Palermo's Falcone Borsellino airport was closed for several hours. Two days of ight
cancellations and the partial closure of Catania resulted in serious damage to the local economy, tourism, and jobs. The airpor
closures, alongside severe disruptions to air and ground transportation, led to estimated damages of at least EUR 80 million
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Figure 2. Drought, extreme temperature, ood, storm events reported from the GDIS database from 2010-2018. In green are GDIS polygons
of extreme events that fall within, or partially overlap with, EU NUTS regions. The purple lines shows the TEN-T road network. Maps for

the other four modes of transport are provided in Appendix A.

(Laudani, 2023). Without human-induced climate change, such extreme heat events would have been extremely rare (Zacharial
et al., 2023) (Table A8).

The effects of different types of climate extremes vary across transport modes. In the following subsections, we provide
information on the impacts and costs of recent extreme events for each transport mode, based on open-source documents ar

literature research.
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Figure 3. The TEN-T transport infrastructure modes exposed to climate extremes during the period 2010-2018, obtained by overlaying the
transport network on the GDIS event polygons.

Figure 4. The number of extreme events affecting European countries during the period 2010-2018, according to the GDIS database.
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Event

Reported impacts

Economic losses

Role of climate change

Netherlands, July 2021

level crossings, signal boxes, catenary an8EUR 2.8 billion (Bel-

signal masts, energy systems
- Over 200 fatalities

gium)
EUR 300-600 million
(Netherlands)

increased the intensity of the maximu

one-day rainfall eventin the summer by
3-19%. The likelihood of such an event

to occur today compared to a 1.Z

cooler climate has increased by a factor
of 1.2-9. Models indicate that intensity

and frequency of such events will fu

ther increase with future global warm

ing.

Heat and Drought - Road damage and motorway closures | EUR 2.7 billion (Ger-| Zscheischler and Fischer (2020) found
Germany, April-July| - Speed reductions impacting vehicular traffmany and the Nether; that the extreme hot and dry conditions
2018 c lands) in Germany during 2018 were unprece-
- Rail disruptions (track deformations, em- dented since 1881. They project more
bankment res) frequent compound hot and dry condi-
- Flight cancellations, runway damage tions in the future, with a signi cant in-
- Inland waterway (IWW) transport aft crease in hot years coinciding with dry
fected, supply chain disruption for building years under global warming scenarigs.
materials, ore, coal At 2°C global warming, almost every
dry year will also be as hot as 2018.
Floods - Motorway closures EUR 17 billion (Ger-| Tradowsky et al. (2023) found that an-
Belgium, Germany,| - Destruction of railway tracks, bridges, many) thropogenic climate change has already

Consecutive Floods
Greece, 2021-2023

- Road closures, bridge collapses

- Extensive rail network damage

- Flight cancellations and diversions
- 1,200 displaced

EUR 150 million (rail-
way damages)

EUR 2.25 billion (EU
support)

Climate change has been linked to magre

frequent and intense heavy precipit

tion events in the Mediterranean re¢

gion, contributing to these ash oods

(Llasat, 2021; Gaume et al., 2016).

These events are becoming more fre-

quent and severe as global warming ac-

celerates (Kundzewicz et al., 2014).

Wild res/Heatwaves
Sicily, April 2023

- 55 wild res
- Airport closures, ight diversions
- Interruptions to road and rail traf ¢

EUR 80 million
(due to airport closures

Without  human-induced

change, such extreme heat eve
would have been extremely rare. TH
maximum heat observed in July 202
would have been virtually impossibl
without human-caused warming fro
burning fossil fuels (Zachariah et al

2023).

climate

nts

w

14

Table 2. Events, impact, economic losses and climate change information for four selected and recent case studies. The four case studies ar

analysed in detail in Appendix A.

12
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3.1.1 Airports

Storms, windstorms, oods (pluvial, river and coastal), heatwaves and wild res are climate extremes that affect European
airport infrastructure the most. Their increasing impact on European airports is emerging as a growing problem in recent years
(Burbidge, 2023; Burbidge et al., 2024; EASA, 2025) (Table Al). These events can cause both physical damage and operationa
disruptions. Examples of physical impacts include runway cracking, ooding, and melting, while operational issues can range
from ight delays and suspensions to full airport closures. Additionally, these disruptions often lead to longer waiting times
for passengers, an increase in refund requests, and the activation of emergency rescue services.

High temperatures, heatwaves, and wild res are creating unprecedented challenges for airport infrastructure. Issues like
melting runway pavement, cracking, and the deformation and melting of airport signage are emerging as problems that were
not faced in the past (Sullivan, 2018; ITV, 2022; Euronews, 2022). For example, in July 2023 subsequent wild res hit Sicily,
Dubrovnik, Rhodes, Gran Canaria, Lisbon and Cascais in Portugal (Sullivan and Tondo, 2023). In Sicily, 55 separate wild res
broke out hitting Palermo and Catania airports. These wild res caused direct airport infrastructure damage but also broader
implications as the Palermo Borsellino airport closure, ight diversions generating impacts on tourism, and local economy
(Skoulding, 2023), (see case study in Table A8 in Appendix A). Airport taxiways and runways built on expansive soils can be
affected by prolonged drought, requiring soil stabilization methods to mitigate these issues. Although evidence from Europe is
currently lacking, such impacts have been documented in the U.S. and should be taken into account for European airports built
under similar conditions (Earth Systems, 2024).

Flooding is also leading to increasing problems and economic losses due to physical damage, as well as the suspensiol
and cancellation of airport operations. Over the past three years, the frequency of such events has risen, affecting both inlanc
airports through river oods, and coastal airports due to the growing risk of coastal ooding. Sea level rise and associated
coastal ooding present an especially signi cant threat to aviation. In the report "Climate Change Risks for European Aviation"
the economic impact of a one-day closure due to full ooding is estimated at approximately EUR 3 million for medium-
sized airports and EUR 18 million for large airports. For partial or short-term closures, these costs drop slightly to around
EUR 2 million and EUR 15 million, respectively (Eurocontrol, 2021b). However, actual nancial losses can vary considerably
depending on factors like the proximity of alternative airports and the extent of damage. Coastal ooding is receiving increasing
attention due to the exposure of airports to the risks associated with sea level rise (Eurocontrol, 2021a).

Air Traf ¢ Flow Management (ATFM) involves regulating air traf ¢ to prevent exceeding the capacity of airports or air
traf ¢ control systems. Storms are historically responsible for up to 7.5% of total en route ATFM delays at the network level.

In 2019 alone, storms caused an estimated EUR 2.2 hillion in en route delays for the aviation industry. The bulk of these costs
originated from en route ATFM delays (61.6%), followed by the cost of lost passenger time (28.8%) (Eurocontrol, 2021b). On
average, each ight affected by a storm experienced an en route ATFM delay of 17 to 18 minutes. Attempts to avoid severe
storms often result in longer ight distances. For instance, in 2019, over 1 million additional kilometers were own in efforts

to circumvent major storms (Eurocontrol, 2021b).
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3.1.2 Ports

Ports disruptions due to climate extremes can be multifaced, leading to a decrease in the volume of goods processed for ¢
period of time, delays, goods depreciation, and, if cargo is rerouted, increased transportation costs (Verschuur et al., 2020;
Asghari et al., 2023). River oods, ash oods and high temperature can be particularly damaging to river ports, while seaports
are also more exposed to high winds and coastal ooding. The impacts also extend to maritime operations, posing risks to
infrastructure, cargo, and personnel.

High winds create problems in seaport navigation and bething, endanger crane operators, destabilize containers, and reduc
vessel maneuverability, increasing the likelihood of accidents in ports and at sea (Asariotis et al., 2018; Buluttan, 2025; Britan-
nia Pl, 2025). Extreme temperatures create damage infrastructure, equipment, and cargo, may limit operations, cause pavemel
and track damages leading to asset lifetime reduction, and also increases in the staff health risk (Asariotis et al., 2018). They
threaten perishable cargo by accelerating spoilage and increasing condensation inside shipping containers (Buluttan, 2025
Britannia PI, 2025). Drought impacts ship and port operations by reducing water levels, causing severe disruption to supply
chains (Table A5). Flooding from intensifying heavy rainfall, as well as other associated extreme events (e.g. landslides), in-
crease the disruptions and delays in rail and road transportation, affecting also connections/access to seaports (Asariotis et al
2018). Additionally, storms can generate high waves causing structural damage, cargo loss, and navigation hazards, and th
rain can create visibility issues, impacting cargo transfer and worker safety (Asariotis et al., 2018; Buluttan, 2025). Maritime
ports are located in vulnerable areas to climate change impacts: on coasts exposed to storms and sea-level rise or at river
estuaries susceptible to ooding (Becker et al., 2012).

Verschuur et al. (2023) assessed the risk to global port infrastructure at the asset level, considering multiple hazards. Their
risk framework includes both operational disruptions to ports (that do not cause damages), which typically occur due to extreme
wind, temperature, wave heights and overtopping, as well as the physical damages to port infrastructure as a result of natura
hazards from earthquakes, river ooding, pluvial ooding and coastal ooding. They quanti ed the potential impacts on both
physical asset damage and the disruption of logistical services (i.e., port-speci c risks), as well as the risk posed to maritime
trade ows (i.e., trade-related risks). Port-speci c risk is de ned as the sum of three type of impacts affecting the actors who
own, operate and use ports: (i) the physical damages to port infrastructure such as terminals, cranes and industrial facilities,
(ii) the physical damages to critical infrastructure in the surrounding area (electricity, road, rail and power plants) on which the
port relies and (iii) additional logistical losses incurred by port operators, carriers, and shippers due to downtime that exceeds
operational limits or during asset reconstruction (Verschuur et al., 2023). Logistics losses are signi cant for ports that handle
large quantities of cargo, especially those exposed to maritime extremes. Even without major damage to infrastructure, these
high-traf c ports can face severe disruptions if forced to shut down.

Of the 1,340 ports analyzed, 94.8% are exposed to more than one natural hazard, with 50% facing the impact of four to ve
hazards (Verschuur et al., 2023). Ports located in Northern and Eastern Europe are exposed to one or two hazards, wheree
ports located in Western Europe — for instance, along the Spanish coast and the North-West region of France — are exposed t
multiple hazards such as pluvial ooding, river ooding, cyclones, and coastal ooding (Portillo Juan et al., 2022; Asariotis
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et al., 2024) (Table A2). This suggests that the vast majority of maritime ports need to consider multiple hazards in the design
and operations of infrastructure (Verschuur et al., 2023; Fernandez-Perez et al., 2024).

Fluvial (22.6%) and coastal ood (23.7%) are the leading hazards for Western and Northern Europe (Verschuur et al., 2023).
The spatial footprints of port-speci c risks contributed by ooding depend on the location of rivers and occurrence of extreme
coastal water levels. Furthermore, the local presence or absence of ood protection standards and the freeboard of the terminal
also contribute. The high exposure of ports in northwestern Europe to coastal ooding aligns with the ndings of Christodoulou
et al. (2019), who also identi ed this region as being highly vulnerable to current extreme water levels.

The three different risk factors (port infrastructure damages, critical infrastructure damages, and logistics losses) contribute
to port-speci c risk to varying extents. Globally, physical damages to port infrastructure account for 58.6% of port-speci c
risk, followed by logistics losses (22.2%) and critical infrastructure damages (19.2%) (Verschuur et al., 2023). Damage to port
infrastructure also emerges as the primary driver of port-speci c risk across most ports in Europe. However, impacts on critical
infrastructure are highly relevant as well, since ood-related disruptions to surrounding networks can hinder port functionality.
Critical infrastructures are often more exposed to uvial and coastal ooding, given that port terminals are typically built at
higher elevations. Therefore, managing ood risks to critical infrastructure near ports should be a key component of overall

risk management and the development of adaptive strategies, as emphasized in prior research (Allen et al., 2021; Vidas, 2015)
3.1.3 Inland waterways

Inland waterways (IWWs) in Europe are a network of almost 40,000 km of navigable waterways with the majority of these
concentrated around relatively few river systems - for instance the Rhine, the Danube, the Elbe, the Rhone, the Seine, and the
Po (Jonkeren et al., 2011; Rossi et al., 2023). Over the past four decades, IWWSs have seen a substantial growth in traf c and
tonnage in Europe, becoming a reliable mode for transporting various goods, including raw materials. IWWs are vulnerable to
climate change as river navigation depends on water levels.

The droughts of 2018 and 2022 illustrate the signi cant consequences that low water level extremes can have on transport
navigation. In 2018, Europe experienced an extended period of high-pressure systems, causing extreme temperatures across t
continent. Germany, in particular, saw a devastating combination of extremely high temperatures and minimal precipitation,
amplifying the damage to its transport infrastructure (Muhr et al., 2018). This event, unprecedented in both heat and dryness,
caused major disruptions, especially to river shipping (Zscheischler and Fischer, 2020). On the Rhine River, ships could only
travel partially loaded due to the low water levels, resulting in interruptions in the logistics chain and an economic loss of
EUR 2.7 billion in Germany and the Netherlands (Streng et al., 2020) (Table A5 in Appendix A). In 2022, Europe once again
experienced a similar drought and its consequences due to low water levels (Bevacqua et al., 2024).

These events led to severe disruptions in commercial navigation across multiple European waterways, temporarily hindering
the delivery of bulk and container goods (Vinke et al., 2024; Rossi et al., 2023). The sectors and companies dependent on IWWs
are those most likely to suffer economically from low- ow events (Rossi et al., 2023). This comprises a variety of critical
industries, since it does not only affect transportation of industrial goods but also of raw materials such as coal, metal ores

and re ned petroleum products. Moreover, interrupting the supply chain for these goods can substantially disrupt industrial
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production and indirectly affect economic sectors and segments of society well beyond the geographical extent of the river
areas. The average annual amount of transported goods across Western, Central and Eastern Europe has been lowered a
consequence of droughts.

The European Drought Risk Atlas presents the risk analysis outcomes under present climate conditions in terms of both
average annual loss, and the anticipated loss occurring on average once every 50 years. Loss is measured as the relati
decrease in transported goods, indicating the percentage reduction compared to the expected amount of goods transporte
annually for each country (Rossi et al., 2023). Average annual loss of transported goods in relation to expected transportation
is quite homogeneous in the countries considered: less than 2.5% except for Poland and Croatia which experience an averag
annual loss of 2.5-5%. However, as countries are interlinked through the river network, bottlenecks in individual countries may
affect riparian countries. When considering only a rare drought event, which is expected to occur only once every 50 years,
losses increase to substantial fractions, especially in Eastern European countries.

Floods, often caused by heavy rainfall or snowmelt, can lead to suspended navigation, delays, vessel damage from driftwooc
(e.g., to propulsion devices), and changes in river and bank morphology. The impact on infrastructure and protected areas is
generally more severe than on waterway transport itself, damaging or clogging navigation signs, gauges, ramps, and port areas
and ooding protected zones. Navigation suspension usually lasts only a few days per year but can extend longer, depending
on the waterway (Schweighofer, 2014). Generally, wind does not constitute a signi cant obstacle to inland waterway transport.
Most inland vessels are suf ciently wide and stable in order to cope with strong winds. Nevertheless, locally wind speeds
may attain high values hindering navigation (Schweighofer, 2014). Heatwaves can lower water levels and affect the structural
integrity of the infrastructure, affecting inland waterway navigation. Wild res, can damage infrastructure, and create safety
risks for vessels and crews, especially near ports and riverbanks. Droughts can severely disrupt inland navigation services by
reducing water levels either to completely non-navigable ones or to levels that oblige operators to reduce vessel load. This
results in a temporary interruption of the supply chain of industries dependent on IWWs.

3.1.4 Railways and roads

Climate extremes can lead to severe infrastructure damage to railways and roads, causing disruptions and delays in transport:
tion services. Interruptions and damages due to heatwaves, oods and wild res became more frequent in recent years for these
two transport modes (Palin et al., 2021; Kasraei et al., 2024; Haghighi et al., 2025b; Levidkangas et al., 2014) (Table A3).
Extreme heat can impact roads and railways causing, for instance, cable melting and pavement and track deformities due tc
heat-induced expansion, leading to issues such as asphalt rutting and rail track buckling (Nemry and Demirel, 2012). Heat stres:
can thus lead to structural damages, reducing the lifespan of roads and railways and necessitating more frequent maintenanc
and repairs (Dobney et al., 2009). Drought can have serious impact on the functionality of the soils since by causing strong
structural destabilization and associated geotechnical problems (Quintana et al., 2023). When soils become desiccated due t
low moisture, they contract, compromising the frictional bond. As soils swell and shrink, they can stress and damage buildings
and other structures that they support, such as roads (Harrison et al., 2023), bridges, and railways (Sanchez et al., 2014; Wan

et al., 2016). A direct effect is the warping and cracking of highways' pavement. Railway tracks built on expansive soils,
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such as clay, can be particularly affected by prolonged drought, lack of precipitation, and soil moisture variations. These
conditions may lead to reduced permeability, desiccation, desiccation cracking, and swell-shrink behavior. Consequently, the
track structure can experience instability, and settlement problems (Haghighi et al., 2025a). Moreover, landslides triggered by
ash oods can be intensi ed if a drought precedes the event, as it weakens vegetation and reduces soil cohesion (Alcantara-
Ayala, 2025; Palin et al., 2021). Prolonged dry conditions also reduce soil moisture, lowering pore- uid pressure and creating
in Itration pathways that accelerate water percolation, ultimately destabilizing the slope (Handwerger et al., 2019).

Under dry and hot conditions, the risk of forest res and roadside resincreases. When a re occurs near railway lines, train
traf ¢ can be disrupted or even temporarily interrupted. Nezval et al. (2022) found that in the vicinity of an electri ed railway
line there is more than 4 times higher chance that a vegetation re occurs than near a non-electri ed line. The risk is also higher
for sections of the rail network located within railway station perimeters or intensively used by freight traf c. The occurrence
of vegetation res near railway lines is exacerbated by warming weather conditions, with a 1°C increase in the 10-day average
air temperature raising the probability of a vegetation re by 26% (Nezval et al., 2022).

Changing precipitation patterns contribute to soil instability, threatening the foundations of roads and railway tracks. In-
creased heavy precipitation can trigger landslides and erosion, further compromising the integrity of transportation infras-
tructure. Flooding also poses a substantial threat by eroding road foundations and railway tracks and causing landslides tha
obstruct both modes of transportation. Extreme precipitation and consecutive oods can cause extensive road and rail infras-
tructure damage. For example, in July 2021 a ood event affected Germany and the Benelux countries. In Germany, road and
railway infrastructure suffered severe damage, with over 130 km of motorway closed, and an overall cost estimated between
EUR 700 million and EUR 2 billion (Koks et al., 2022). In Belgium, 10 km of railway tracks and 3000 sleepers required
replacement, with costs estimated at EUR 30-50 million. In the Netherlands, damages included highway closures and railway
infrastructure damage due to lower ow velocities (Koks et al., 2022).

According to the DRMKC database, between 2010 and 2022, EUR 8.44 billion losses were reported for railways and roads
due to river oods, coastal oods, and ash oods. Italy, France, and Spain have experienced the highest number of events,
while Germany has reported the highest economic losses reported. Most of the losses have been attributed to river oods
(74.4%) followed by ash oods (22.3%) (Fig. 5).

In addition to infrastructure damage and service interruptions, extreme events are causing severe health impacts for passer
gers and other users (Sami and Keith, 2023). High temperatures can lead to technical and electrical issues that halt trains, a
well as stoppages due to wild res on the tracks (Nezval et al., 2022). In recent years, cases of passengers stranded on trains fc
hours have become increasingly common. In many cases, health impacts are exacerbated by the failure of air conditioning sys
tems, often requiring the involvement of emergency services, the distribution of water, and, in severe instances, hospitalizations
due to heat exhaustion (Burgen, 2022; Rimi, 2022).

3.2 Future exposure of transport infrastructure

From the literature and database review of impacts and costs over the last decade, it emerges that transport infrastructur

is highly vulnerable taiver oods, droughts, heatwaves, and wild res (Table 3). Coastal oods and windstorms also con-
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Figure 5. Economic losses reported on DRMKC-Risk Data Hub for railways and roads for Europe due to ooding, during the period 2010-

2022. In (a) piechart with the type of extreme event and in (b) the associated economic losses in EUR billion.

425 hutremainuncertain(Arias et al., 2021, )however,someregions,especiallythe Mediterraneanmay experiencenoreintense

these hazards in a manner consistent with the rest of our analysis, we discuss their future projections based on evidence fron

430 the scienti c literature (see Section 4.2.2).
Hereafter we project the exposure of European transport infrastructure to each of these four climate extremes, by computing
the Exposure Multiplication Factor (EMF) for each transport infrastructure element from an ensemble of ISIMIP impact models
(see Methods in Section 2.2.2). The results highlight an increase in occurrence of the different climate extremes by mid-century
(2040-2069) and the end-of-century (2070-2099) climates relative to historical conditions (1980-2009) for the RCP (Table 4,
435 Fig. 7, Fig. 9, Fig. 11, Fig. 13). For some climate extremes, the increased exposure projections can reach high values locally,

such as 15 times more likely for wild res and droughts. Yet the highest EMF-values are obtained for heatwaves: some parts
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Hazard Transport mode Damage mechanisms / impacts

Airports Runway deformation and cracking; surface buckling; ight delays and cancellations; equipment overheating; health
risks for staff and passengers.

Heatwaves Ports Pavement and rail deformation; crane and machinery breakdowns; reduced handling capacity; cargo spoilage.
Railways Track buckling; overhead line faults; re risk along embankments; service delays and cancellations.
Roads Asphalt softening and rutting; lane or motorway closures; speed restrictions; increased maintenance demand.
IWWs Low water levels reducing vessel draft and cargo capacity; navigation restrictions and suspensions; supply chain

disruptions.

Airports Runway and apron inundation; terminal and electrical damage; closures, diversions, and ight cancellations.
Ports Yard, quay, and warehouse ooding; crane and equipment failures; access disruption; cargo delays.

River oods Railways Track washouts; bridge and embankment failures; landslides; signalling and power outages.
Roads Flooded sections and washouts; bridge and culvert failures; landslides; closures and long time for reconstruction.
IWWs Navigation suspended due to high ows and debris; vessel and lock damage; multi-day transport interruptions.
Airports Subgrade instability on expansive soils; cracking and uneven surfaces.
Ports Low river levels reducing vessel draft; restricted navigation; delays and economic losses.

Droughts Railways Soil desiccation causing shrink—swell movement; track settlement and misalignment.
Roads Pavement cracking and settlement; increased maintenance needs.
IWWs Prolonged low ows limiting navigation; full suspension during severe droughts; industry supply chain disruptions.
Airports Fire and smoke reducing visibility; temporary closures and ight diversions; damage to terminals and fuel facilities.
Ports Fires near terminals threatening assets and disrupting operations; visibility reduction; staff safety risks.

Wild res Railways Trackside vegetation res; damage to signalling and electrical systems; service interruptions.
Roads Reduced visibility and safety; closures; damage to roadside structures, signage, and lighting.
IWWs Fires along riverbanks threatening infrastructure and navigation; safety risks for crews.

Table 3. Summary of reported impacts of key climate hazards on transport infrastructure and operations. Examples of recent extreme events
with speci c impacts and economical losses are provided in Appendix A, for airports (Table Al), ports and IWWSs (Table A2), and railways

ojections

analysisarealsosummarizedn TableA4.

of the TEN-T network are projected to experience up to 20 times as many heatwaves by mid-century relative to the historical
conditions. For river oods the increase in exposure is smaller.

Already a large part of the TEN-T network is expected to be exposed to heatwaves, wild res and droughts by the middle
of the century (Fig.6). For hazards such as heatwaves and droughts, the increase in exposure is more widespread across tt
entire European network, affecting more than 70% of the total network. In contrast, for more localized hazards like river oods
and wild res, the increase in exposure is less spatially widespread, although an increase is still evident for more than 20% of
the network (EMF>1 in Table 4), with localized peaks of EMF in speci ¢ regions. The Mediterranean region could face the
strongest increase in number of heatwaves and wild res across Europe (Fig.7, Fig.9).

We obtain the following results for the individual climate extremes (see also Table 4):

— Heatwaves Heatwaves represent the hazard category with the highest projected increase in occurrence across all trans-
port modes.
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By mid-century (2040-2069), all transport modes across the European network are projected to experience more extreme
heatwaves under RCP6.0, with 98% of the respective networks expected to face an increasing in exposure with respect
to the historical period (1980-2009) (Fig. 7a-e). Up to 60% of the network is projected to be exposed to such events for
the rst time (percentage of the network with an EMF equal to in nite) already under RCP6.0 by mid-century. At least
half of the network that was already exposed to heatwaves under historical conditions is projected to experience up to 7
times as many extreme heatwaves under RCP6.0 by mid-century (Table 4).

By the end of the century (2070-2099), exposure is projected to rise even further under RCP6.0 (Fig. 7f-j). Half of the
airports, railways and roads, already exposed in historical conditions, could experience at least 12 times as many extreme
heatwaves, while ports are projected to have a median increases by a factor of 14.

The Mediterranean region stands out as the European hotspot with the strongest projected increase in heatwave exposur:
with some transport elements in this regions facing as much as 30 times as many heatwaves by the end of the century
(Table 4f-j). This underscores the rapid escalation of heatwave exposure and its potential to impact the majority of the
TEN-T network.

The above results are based on the multi-model ensemble median of EMF values over Europe. In a next step, we compute
for each climate—impact model simulation the percentage of network elements exposed to at least one event per year. We
then calculate the mean percentage across consecutive and non-overlapping 30 years windows, from 1950 to 2099, fou
each transport mode. The percentage of TEN-T network segments exposed to extreme heatwaves per year is projecte:
to increase strongly over time across all transport modes (Fig.8). For the period 2070-2099, compared to 2010-2039,
the ensemble mean increases in absolute terms by 37.9% for airports, the largest rise, followed by 34-35% for other
transport modes and 30.8% for inland waterways. In addition to the increase in the ensemble mean for each transport
mode, we also nd a rise in the 10th and 90th percentiles (Q10 and Q90). Between the two periods, airports show the
largest overall changes (+17.1% and +51.4%), followed by ports (+13.1%, +59.3%), railways (+6.5%, +56.5%), roads
(+11.0%, +53.1%), and IWWs (+2.1%, +64.6%).

The consistently higher values of Q90 relative to the mean and Q10 re ect a wider range of extreme outcomes in future
simulations with respect to current or past conditions. This means that there is an increasing numbers of models-years
combinations that project extremes values. In the time window 2070-2099, 10% of the simulations project that more
than 85% of the elements would be exposed yearly to heatwaves across all transport modes.

Wild res : Wild re exposure is projected to increase for 18—-32% of transport infrastructure compared to historical levels
by mid-century (Fig. 9a—e). In particular, 37% of European airports are projected to experience an increase in wild re
exposure, with EMF values reaching up to 14 locally. Furthermore, 16% of airports and 15% of ports could become
exposed for the rsttime (Fig. 9a). An high increase in exposure is projected for railways and roads, with 32—-38% of the
network experiencing higher exposure compared to historical levels by mid-century, and 18—-19% of their network could
become exposed for the rst time (Table 4).

20



485

490

495

500

505

510

By the end of the century, exposure will grow further. For example, airports, railways and roads are projected to face
up to 26 times as many wild res locally compared to the historical period (Fig. 9f-j), with 20% - 22% of the network
becoming newly exposed. As with heatwaves, the Mediterranean region, particularly Spain and Portugal, as well as
Eastern Europe will experience the strongest increases in wild re exposure.

All climate and impact model simulations consistently agree that TEN-T elements will face increasing wild re exposure
per year over time (Fig. 10). Airports, roads and railways are the mode for which the increase in percentage of yearly
exposed elements over time is higher. For the period 2070-2099, compared to 2010-2039, the ensemble mean of the per
centages of exposed elements, simulated by climate-impact model pairs, increases in absolute terms by 2% for railways
and roads, the largest rise, followed by 1.7% for airports, 1.2% for ports and IWWSs. IThe increases in Q10 are close to
zero, while for Q90, we observe positive increases up to 5.5 - 6.1% for railways and roads, 4.1% for airports and 2 -
3.1% for ports and IWWSs. Thus, as was the case for heatwaves, we also nd for wild res a consistently larger increase
for the high tail of the ensemble compare to the mean and the low tail of the ensemble.

Droughts: European transport infrastructure is projected to face substantially more droughts under future climate change.
By mid-century, drought exposure across the European transport network is projected to increase under a medium-high
emission scenario, with up to 70% of the network affected compared to historical conditions. Railways and roads could
experience up to 14 times as many drought events locally, with 58% and 53% of their network becoming newly exposed,
respectively (Fig. 11a—e). IWWs in the EU could experience locally 7 times as many droughts as in the historical period,
with 58% of the network becoming exposed to droughts for the rsttime (Fig. 11e). By the end of the century, exposure
to droughts is projected to increase further, with up to 57-63% of airports and ports, and up to 68-70% of railways, and
roads experiencing droughts for the rst time. The exposure of IWWs to droughts is also projected to rise considerably,
with 87% of the IWWs network facing at least one more drought and 70% of the network experiencing drought for the
rst time (Fig. 11e). Railways, roads, ports and airports are projected to experience up to 18-30 times as many droughts
locally by the end of the century compared to the historical conditions under a medium-high emissions scenario (Fig.
11£)).

Although much of the TEN-T network is currently not exposed to droughts, a large fraction is projected to experience
this climate extreme in the future. This is evident in the bar plots, which show a substantial increase in the percentage
of elements exposed over time (Fig. 12). For the period 2070-2099 compared to 2010-2039, the ensemble mean of the
percentages of yearly exposed elements simulated by climate-impact model pairs increases by 3—4% for most transpor
modes, with the largest rise for airports (4.0%) and the smallest for IWWs (1.8%). The increases in Q10 are close to
zero, while for Q90, we again nd the strongest increases, ranging from 5.5% for IWWSs to 11.2% for airports, with

ports, railways, and roads showing an increase of 9—10%.

River oods: By mid-century, airports in the EU are projected to face up to 3 times as many extreme river ood events
locally under a medium-high emission scenario, with 18% of their network becoming newly exposed (Fig.13a). Roads
and railways could experience up to 5 times as many extreme river oods events locally relative to the historical period,
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with 26-29% of their network becoming newly exposed, respectively (Fig.13c,d). Ports and IWWs would experience

similar increases in river ood exposure with an increase up to 2 and 3 times locally, with 19% and 27% of the network

becoming newly exposed, respectively (Fig.13b,e). 38% of the IWWSs network is projected to have an EMF greater than
one, so it is projected to experience at least one additional extreme river ood event by mid-century relative to historical

conditions.

By the end of the century, the exposure of the TEN-T network to river oods across all transport modes is projected to
rise further. Railways and roads could experience up to 8 times as many river ood events locally, while airports, IWWSs,
and ports could face up to 4-4.5 times as many (Fig.13f—j).

Overall, European transport infrastructure exposure to river oods is projected to increase, albeit to a lesser extent than
the increase in other extremes such as heatwaves (Fig.14).

Under the very high emissions scenario RCP8.5, an increase in both the median and maximum values of the multi-model
ensemble median EMF is projected over Europe for all climate extremes (Table A9). By the end of the century, heatwaves show
the largest increases (Fig.A5). The increase in exposure, expressed as relative differences in mean values across Europe unc
RCP8.5 compared to RCP6.0, varies by extreme type and transport mode. Heatwave exposure shows substantial increases, wi
relative differences ranging from 31% to 43%, the largest being for inland waterways, railways, and roads. Under RCP8.5, there
is also a large expansion of areas where the EMF tends toward in nity, indicating that a growing portion of the network will
become newly exposed to droughts, ranging from 87% for ports and roads to up to 90% for railways and ports. For wild res, up
to 41%-51% of network is projected to experience an increase in exposure. River ood also increase, although the differences
between RCP6.0 and RCP8.5 remain moderate compared to heatwaves and droughts (Fig.A7). Still, there is a relative increas
of 33%-56% in local maximum values.

The comparison between the medium-high emissions scenario (RCP6.0) and the low emissions scenario (RCP2.6) reveal:
substantial bene ts of climate change mitigation in reducing the impacts of climate extremes on European transport infras-
tructure. The magnitude of these bene ts varies across hazards and transport modes, with the highest reductions observed «
the end of the century (2070-2099) (see Table A10). The largest bene ts are observed for heatwaves, where mitigation under
RCP2.6 leads to a reduction of the EMF values over Europe, with a mean decrease of 61-67% in relative terms, by the end
of the century, compared to RCP6.0 (Fig.A9). The maximum local increase is reduced by 40-53%, in terms of relative differ-
ences. This reduction highlights the crucial role of mitigation in limiting the increasing exposure of critical European transport
infrastructure to extreme temperatures. Mitigation also bring substantial bene ts for droughts, with a reduction of 55-64% in
mean exposure and up to 62% in local maxima (Fig.A11). The percentage of network exposed to drought decreases from 85-
91% under RCP6.0 to 68-71% under RCP2.6, indicating that mitigation substantially limits the spread and severity of drying
conditions affecting transport networks. For river oods, the differences between scenarios are more modest but consistently
positive. The newly exposed area declines from approximately 17-25% under RCP6.0 to 13-21% under RCP2.6, suggesting
that even moderate mitigation efforts can reduce localized ood exposure (Fig.A10). For wild res, the mitigation scenario

leads to a reduction of up to 77% in local maxima, though some variability is observed across transport modes (Fig.A12). The
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mitigation scenario helps reducing the spread of wild res, particularly for airports, roads and rail networks. The newly exposed
area decreases from 14—-22% under RCP6.0 to 11-17% under RCP2.6. These results point to noticeable bene ts in limiting

extreme re conditions, particularly in southern and western European regions.

Table 4. Summary of spatial statistics of the multi-model ensemble median Exposure Multiplication Factors (EMFs) for the Trans-European

Transport Network (TEN-T) by transport mode and climate extremes under RCP6.0 by the middle (2040-2069) and end of the century (2070—
2099), relative to the historical period (1980-2009). The percentage of network projected to experience an increase or decrease in exposure i
referred as 'EMF>1" and 'EMF<1', respectively. Newly exposed elements had no historical exposure but are projected to experience at least

one event in the future period. EMF statistics (Median, Q10, 90, Max) are calculated based on the number of elements (N) with historical

exposure.
‘ 2040-2069 2070-2099
EMF EMF Newly ) EMF EMF Newly .
Extreme Transport N Median Q10 Q90 Max| N Median Q10 Q90 Max
>1[%] <1[%)] exposed [%] >1[%] <1[%)] exposed [%]

Heatwaves  Airports 98 0 65 111 6.2 25 115 185 98 0 67 105 12 49 205 30
Ports 99 0 70 162 6.8 29 115 185 99 0 72 155 14 64 198 30
Railways 100 0 62 2612 5.9 4 10.2 20, 100 0 65 2403 12.2 7.7 185 285
Roads 100 0 66 2191 6 3.9 105 21y 100 0 67 2070 125 8 19 29
IWWs 100 0 63 477 5.8 4.8 10 12.5 100 0 63 471 115 9.5 17 20.5

Floods Airports 24 22 18 260 1 0 1 3 27 22 18 259 1 0 1.4 4
Ports 22 27 19 445 1 0 1 2 23 24 17 455 1 0 1 4.5
Railways 37 28 29 4963 1 0 15 5 34 35 25 5193 1 0 15 8
Roads 33 29 26 4739 1 0 1.2 5 32 30 23 4898 1 0 15 8
IWWs 38 40 27 939 1 0 15 3 29 45 21 1010 1 0 1 4

Droughts Airports 7 11 44 177 1.7 0 155 85 10 57 137 4 0 105 30
Ports 71 13 48 284 1 0 155 86 5 63 203 34 0 104 30
Railways 76 12 58 2955 1 0 14 91 5 70 2078 3 0.1 7.5 18
Roads 74 14 53 2967 1 0 4.3 14| 90 6 68 2037 3 0 9 19
IWWs 70 15 58 533 1 0 7 87 6 70 382 2 0 5.7 13

Wwild res Airports 37 3 16 266 1 1 2 13. 42 2 21 250 1 1 25 26
Ports 31 5 15 468 1 1 1.6 12 35 4 17 453 1 1 24 12
Railways 32 3 18 5725 1 1 15 14. 35 1 20 5530 1 1 2 26
Roads 38 3 19 5154 1 1 1.8 14. 41 1 22 4957 1 1 2.3 26
IWWs 18 2 14 1102 1 1 1 10. 19 3 14 1101 1 1 1 10.8

4 Discussion
4.1 Impacts and losses due to recent climate extremes on the transport infrastructure

Over the last fteen years, all modes of transport have been affected by multiple climate hazards, with extreme temperatures,
oods, and droughts posing the greatest threats due to their widespread impacts. The analysis of recent events emphasize th

need for a comprehensive approach that considers all transport modes and hazards. Transport risk assessments should take i
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Figure 6. A schematic representation of all combinations among transport modes and hazards, illustrating the spatial variability of the multi-
model ensemble median Exposure Multiplication Factor (EMF) values across Europe. The numbers in red represent the mean values of
increase in exposure by mid-century (2040-2069) over the already exposed network in the historical period (1980-2009), along with the
10th and 90th percentiles in bracket. In blue the percentages of newly exposed elements, that had no historical exposure but are projected t
experience at least one event in the future period.

account that each mode can be affected by multiple hazards, with each hazard causing a speci ¢ set of impacts. Additionally,
it is crucial to consider the potential cascading impacts. Without such a structured framework, risk assessments will be over-
optimistic and our ability to manage and recover from climate extremes may be severely compromised.

To support such an approach, the construction of a comprehensive database mapping locations, damages, and econom
losses speci c to the transport sector is crucial, as such a resource is currently lacking. Historical archival data on types
and causes of events/disruptions, responses to the event and the time to return to normal operations should be collected an
analysed (Asghari et al., 2023). This would not only enhance our understanding of the impacts and losses across different
transport modes, but also help track emerging challenges posed by changing climate conditions.

The increasing frequency of extremes in recent years is creating new challenges that did not arise under past climate con-
ditions. These include structural failures like pavement and railway deformation, melting of signages, logistical strain on
emergency services, and increased health risks for populations exposed to extreme heat and other hazards. This suggests tt
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we are already experiencing the emergence of new impacts for which practitioners are unprepared, as transport sector operato
have limited experience in managing such conditions.

The key nding is that all transport modes are being impacted by a wide range of climate hazards. All hazards should be
considered for all transport modes, as all of them matter. Secondly, it is important to consider the direct or cascading effects
that these events can generate. For example, extreme heat caused by heatwaves or wild res can lead to dangerously hig
temperatures inside trains, requiring additional safety measures to protect passengers' health.

4.2 Future exposure of transport infrastructure

Transport infrastructure under the Trans-European Transport Network (TEN-T) is projected to face increased exposure to
climate extremes across most of the considered hazard types. The Mediterranean region is emerging as a hotspot for multiple
hazards, especially wild res, for which models project a high local increase. The potential increase in burnt areas in this region,
as also found by Rovithakis et al. (2025), could require a paradigm shift in wild re management policies to account for climate
change (Moreira et al., 2020; Lampe et al., 2023).

Heatwaves and droughts are projected to have the largest spatial increase. The increase of soil moisture drought, the inde
considered in this analysis, could generate effects especially relevant for railways and roads (Palin et al., 2021). It can severely
impact soil functionality, leading to swelling and shrinking, reduced soil stability, and an increased risk of landslides (Quintana
et al., 2023). In fact, landslides generation are susceptible to long, dry periods followed by intense precipitation (Tichavsky
etal., 2019). This index can also serve as a proxy for prolonged periods of low precipitation, which may contribute to decreasing
water levels (Pohle et al., 2024), a critical factor for IWWs. These low ows can be further exacerbated by increased evaporation
due to the high temperatures (Rossi et al., 2023). Additionally, the increasing temperature can generate early snow melting tha
further diminishes water availability for late spring and summer months (Barnett et al., 2005; Etter et al., 2017). Overall, these
low ows reduce water depth for vessels, having great impact on limiting navigability (Rossi et al., 2023).

River oods are also projected to increase, and although their spatial increase may be less evident compared to other extreme
events, their impact should not be underestimated (Koks et al., 2019). In fact, the analysis of recent events shows that oods are
currently responsible for the highest economic losses (Ginkel et al., 2021), often causing total disruption of railway and road
networks (Table A6). Western European ports are highly exposed to river oods, as well as the other hazards. This is consistent
with the ndings of Verschuur et al. (2023), which project that these ports rank among the top 50 globally with the highest
expected port-speci c risks.

The results of this study should be interpreted in light of several limitations. The projections rely on gridded data with a
coarse spatial resolution (0.5° x 0.5°), which may not capture localized phenomena. Further analyses using higher-resolution
data for river oods and alternative indicators—such as hydrological rather than soil moisture drought indices—would re ne
results and strengthen local relevance for policy applications. Extending the ISIMIP initiative (Frieler et al., 2024) to include
additional relevant extremes, such as mid-latitude windstorms, coastal oods and ash oods could also enhance systematics

future assessments.
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4.2.1 Hazardintereonnectiongnterrelations

It is important to note that the increasing occurrence of individual climate extremes raises the probability of: (i) experienc-
ing multiple climate extremes simultaneously (ii) a single extreme covering multiple areas, (iii) a single extreme occurring

consecutively over time, and (iv) different extremes affecting various parts simultaneously.

Examples of each type of compounding have already been observed or modelled in Europe: (i) The increasing frequency of

heatwaves and droughts could make concurrent hot and dry conditions more c@khamaki-et-al—20242Zseheisehlerand-Senevira

Ab). (ii) The potential increase of simultaneous wild res in multiple locations (Pandey et al., 2688 intensify the impact

due to the limited capacity of rescue services to respond across affected areas (Arnell, 2022) (Table A8). (iii) Consecutive
oods could further extend recovery times from one year to the next, reducing the system's overall resilience (Rahman and
Kim, 2025) (Table A6). (iv) The potential failure of different parts of the network due to simultaneous and different hazards
could increase the need to consider alternative routes (lliopoulou and Makridis, 2023; Xie et al., 2023) (Table A6).

These types of connected events, referred to in the literature as compound events, have been extensively studied in literatur
(e.g. Zscheischler et al., 2020; Bevacqua et al., 2021), yet there is still limited focus on their speci ¢ implications for the trans-
port sector. Based on the results of this analysis, it is evident that future research should investigate the potential consequence
of interconnected climate extremes. Their direct effects on the overall functioning of the transport system should be integrated

into transport risk analysis (Zscheischler and Seneviratne, 2017).
4.2.2 Other hazards

Climate change also in uences other extremes that will have an impact on transport infrastructure and are not considered in this
study. For example, coastal ooding and windstorms were identi ed in the literature review as particularly relevant. Existing

studies provide insights into the potential future risks associated with these hazards:

— Coastal oods Coastal oods is one of the climate extremes that is projected to drastically increase the risk for the whole
transport infrastructure. According to RCP8.5 projections, by 2100 more than 200 million additional tonnes of cargo
will be handled annually in ports exposed to extreme sea levels exceeding 4.5 meters, compared to 2010 (Christodoulou
et al., 2019). Northern European ports such as Rotterdam, Antwerp, and Hamburg are projected to be among the most
vulnerable (Christodoulou et al., 2019). Countries on the the North Sea, such as Germany, the Netherlands, and Belgium,
have the highest number of airports that could potentially be fully ooded due to the high concentration of aerodromes
in their coastal regions (Eurocontrol, 2021a). By 2090, under a lower intermediate emissions pathway (RCP4.5 for the
study conducted by Eurocontrol (2021a)), the number of airports likely to face severe ooding (more than 50% of the
runway) or be fully ooded increases by 14% and 16%, respectively, compared to the year 2000. This indicates an
escalating risk, even under a relatively optimistic socioeconomic scenario. Sea level rise will increase ooding risk for
all transport elements close to the coast, having impacts also on coastal railways and roads (Koks et al., 2019; Guglielmo
et al., 2024; Berti, 2019). The most extreme condition is not only the sea level rise alone, but its combination with high
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tide, and episodic water level uctuations due to climate extremes, such as wave or storm surge (Vousdoukas et al., 2016).
A storm surge caused by storms, strong winds, or cyclones, occurring on top of an already elevated sea level, will lead to
unprecedented water height in the ooded areas (Vousdoukas et al., 2016). Airports, ports, and transport infrastructure
along the coast of Northen sea, parts of Ireland and Baltic sea are projected to face highest risk, also in 2050 under a
lower intermediate emissions pathway (RCP4.5 in this case) (Vousdoukas et al., 2017).

— Wind storms: Regarding mid-latitude wind storms, there is currently limited evidence that climate change is increasing
their frequency or intensity beyond generating more heavy rainfall (Arias et al., 2021), and projections of windstorm im-
pacts in Europe under climate change remain highly uncertain (Severino et al., 2024). Extratropical cyclones are a major
driver of extreme winds in the Mediterranean region, with about two-thirds of windstorms linked to Mediterranean cy-
clones and the remainder to Atlantic or Northern European systems (Khodayar et al., 2025). A class of Mediterranean
cyclones, known as 'Medicanes' (Mediterranean hurricanes), plays a central role in high-impact weather, as these rare
but intense tropical-like systems can produce compound rain—wind extremes (Gonzalez-Aleman et al., 2019). Future pro-
jections suggest only minor changes in mean wind speeds over the basin, although a poleward shift in storm tracks may
in uence extremes. While some studies project a decrease in the frequency and intensity of Mediterranean windstorms
(Donat et al., 2011; Nissen et al., 2013), others highlight regional contrasts, reporting a robust increase in cyclone-related
wind intensity in the central Mediterranean under high-emission scenarios (Reale et al., 2022). Reale et al. (2022) found
that, based on an ensemble of 7 Med-CORDEX Regional Climate System Model simulations, cyclone activity over the
Mediterranean is projected to decrease in number and intensity across central Italy, the Tyrrhenian Sea, the Anatolian
Peninsula, the Balkans, and parts of Northern Africa by the end of the 21st century (RCP8.5). At the same time, they
identi ed a robust increase in cyclone-related precipitation and wind intensity in the central Mediterranean, with oppo-
site changes in the southeastern part of the region. For Medicanes, Gonzéalez-Aleman et al. (2019) found that, although
their frequency decreases under warming, storms become more hazardous—Ilasting longer and producing stronger wind:

snow melting, ash oods, deforestation, wild res, earthquakes) (Sha zadeh-Moghadam et al., 2019; de Vilder et al., 2022;

Deijns et al., 2024; Broeckx et al., 2018; Jacobs et al., 2018, 2016). Despite climate change affects precipitation, increasing the
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frequency of extreme events that drive the risk of landslides (Gariano and Guzzetti, 2016; JenteetAl,i2023), modelling
these processes and isolating the direct impact of climate change on individual events remains highly challenging (Huang et al.,

an intense and short precipitation event. While models generally agree on the increasing trends in heavy precipitation (Tabari,
2020), a driver of both landslides and ash oods, there are currently limited data sets available that allow for a systematic
comparison landslides and ash oods to the other hazard categories considered in this study.

Other extremes that could be considered are extreme cold events. However, previous analyses show that the occurrence ar
severity of cold extremes have consistently diminished in line with global warming trends (Cattiaux et al., 2010). The frequency
and intensity of these events are further projected to decrease in future (Seneviratne et al., 2012, 2016; Yao et al., 2020; Thiery
et al., 2021). The number of days with extreme cold temperatures has decreased by a factor of 2—3, with temperatures rising

by more than 3 °C regionally, substantially more than the winter mean temperatures (Lorenz et al., 2019).

5 Conclusions

This study assesses the exposure of extreme climate events on European transport infrastructure by combining a review o
reported damages and losses from recent events with projections of future exposure under different emissions scenarios. Th
analysis provides new insights into how hazards such as oods, heatwaves, droughts, and wild res are affecting the Trans-
European Transport Network (TEN-T), disrupting operations and causing economic losses, and how these exposures are ex
pected to evolve over the middle and end of the century.

Our review of recent events reveals that climate extremes already exert considerable pressure on transport systems acros
Europe. These events not only damage critical infrastructure but also disrupt operations, increase costs, and negatively affec
user experiences, leading to longer waiting times and health risks. Italy, France, and Germany show the highest levels of
exposure between 2010 and 2018, with oods alone causing damages exceeding EUR 6 billion to railways and roads. However,
a systematic assessment of impacts is constrained by the lack of a dedicated, harmonised database that captures geolocat
impacts and economic losses speci ¢ to the transport sector. While existing sources such as the Global Georeferenced Disaste
Dataset (GDIS) and the DRMKC Risk Data Hub offer valuable insights, they only partially cover the range of hazards and
transport modes affected.

Projections under a medium-high emission scenario (RCP6.0) indicate that exposure to climate extremes will increase sub-
stantially by mid- and end-of-century. Heatwaves show the largest increase, with more than 90% of the network expected to
face an increasing in exposure by mid-century, followed by droughts, wild res, and oods.

Heatwaves present the most severe increase in exposure, with projections indicating a potential increase of up to 20 times
locally by mid-century and up to 30 times by century's end. The Mediterranean region faces the highest increase, where critical
assets such as airports, ports, railways, and roads are expected to experience more frequent and severe disruptions.

Droughts represent the hazard that the highest fraction the transport network could experience for the rst time. By mid-

century, up to 45% of railways and roads and 40% of inland waterways (IWWSs) are projected to face drought conditions,
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increasing to over 70% of the IWW network by the end of the century. These ndings underscore that even regions currently
considered low-risk are likely to become exposed in the coming decades.

Wild res are also projected to increase, especially in the Mediterranean region. Up to 19% of the network is projected to
experience wild res for the rst time by mid-century, with local exposures of up to 15 times by mid-century and up to 26 times
by century's end. Roads and railways in southern and eastern Europe, as well as ports and airports along the coast, are expecte
to face the greatest exposure and disruption risks.

Although river oods can be also more localized phenomena, and do not always cover as large an area of the network as
other extremes, their frequency is expected to increase up to 5 times locally for railways, roads, by mid-century, and up to 8
times locally by the end of the century.

The comparison between emission scenarios highlights the bene ts of mitigation. Under a low-emission scenario (RCP2.6),
projected exposure increases are smaller than under RCP6.0 already by mid-century, with the largest avoided exposure fo
heatwaves, droughts, and wild res. Limiting emissions can therefore substantially reduce the future exposure for European
transport infrastructure to extreme events.

Projections under the very high emissions scenario RCP8.5 consistently shows a stronger increase over Europe in meat
and maximum values of EMF compared to RCP6.0, particularly for heatwaves and droughts, where some transport modes
(especially railways, roads, and ports) experience a drastic intensi cation.

Beyond our analysis, existing literature provides insights into the potential future increase in exposure for other hazards.
Coastal oods are expected to represent a major threat to the transport infrastructure along the coast. Many locations along the
European coastlines have already witnessed an increase in sea levels and associated coastal ooding (EEA, 2024). The sea lev
is further projected to increase due to global warming, leading to the increase in the frequency of extreme high coastal water
levels and posing risks to coastal airports and ports (Vousdoukas et al., 2017, 2016). Windstorms, in contrast, are generally nof
projected to increase in frequency, although extreme events may become more intense or hazardous.

In recent years, the accelerating pace of climate change has already become evident, with extremes occurring more fre-
quently, more intensely, and often in combination. Events such as the concurrent heatwaves and droughts of 2018, the widespre
oods of 2021, or the successive wild res and oods in southern Europe in 2023 illustrate how multiple or consecutive ex-
tremes can strain the transport system's recovery capacity. These recent patterns highlight the growing vulnerability of Europe's
transport networks to compounding and cascading events, and the need to develop integrated, multi-hazard and multi-moda
approaches for risk assessment, policy design, and investment planning. Advancing this goal will require higher-resolution

selection of relevant indicators for the transport sector.

In conclusion, this study underscores that Europe's transport system appear is not ready to face the increasing exposure
to climate extremes. Without effective mitigation and adaptation, the reliability and safety of transport infrastructure will be
increasingly compromised, with cascading effects on economies and societies. Protecting the TEN-T network is therefore vital
to maintaining connectivity and mobility in Europe, and urgent action is needed to reduce emissions, enhance resilience, and

prepare for the growing challenges posed by a changing climate.
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