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Abstract Road authorities, freight, and logistic industries
face a multitude of challenges in a world changing at an ever
growing pace. While globalization, changes in technology,
demography, and traffic, for instance, have received much
attention over the bygone decades, climate change has not
been treated with equal care until recently. However, since it
has been recognized that climate change jeopardizes many
business areas in transport, freight, and logistics, research pro-
grams investigating future threats have been initiated. One of
these programs is the Conference of European Directors of
Roads’ (CEDR) Transnational Research Programme (TRP),
which emerged about a decade ago from a cooperation be-
tween European National Road Authorities and the EU. This
paper presents findings of a CEDR project called CliPDaR,
which has been designed to answer questions from road au-
thorities concerning climate-driven future threats to transport
infrastructure. Pertaining results are based on two potential
future socio-economic pathways of mankind (one strongly
economically oriented BA2^ and one more balanced scenario
BA1B^), which are used to drive global climate models

(GCMs) producing global and continental scale climate
change projections. In order to achieve climate change projec-
tions, which are valid on regional scales, GCM projections are
downscaled by regional climate models. Results shown here
originate from research questions raised by European Road
Authorities. They refer to future occurrence frequencies of
severely cold winter seasons in Fennoscandia, to particularly
hot summer seasons in the Iberian Peninsula and to changes in
extreme weather phenomena triggering landslides and rutting
in Central Europe. Future occurrence frequencies of extreme
winter and summer conditions are investigated by empirical
orthogonal function analyses of GCM projections driven with
by A2 and A1B pathways. The analysis of future weather
phenomena triggering landslides and rutting events requires
downscaled climate change projections. Hence, corresponding
results are based on an ensemble of RCM projections, which
was available for the A1B scenario. All analyzed risks to trans-
port infrastructure are found to increase over the decades ahead
with accelerating pace towards the end of this century. Mean
Fennoscandian winter temperatures by the end of this century
may match conditions of rather warm winter season experi-
enced in the past and particularly warm future winter temper-
atures have not been observed so far. This applies in an even
more pronounced manner to summer seasons in the Iberian
Peninsula. Occurrence frequencies of extreme climate phe-
nomena triggering landslides and rutting events in Central
Europe are also projected to rise. Results show spatially differ-
entiated patterns and indicate accelerated rates of increases.

1 Introduction

Europe’s transport network enables movement of people and
carriage of freight for over 500 million inhabitants. By pro-
viding, maintaining, reinforcing, and upgrading infrastructure,
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transport industry employs directly over 11 million people
across Europe and indirectly, via supply chains and many
more. Transport, freight, and logistics enable the functioning
and stimulate the development of multifarious business areas
as well as social fields of activity. Accessibility of hospitals,
supply of daily goods, and a substantial variety of public ser-
vices rely heavily on all year long availability of transport
infrastructure.

However, transport industries, freight, and logistics face
substantial challenges, which are in part contradicting. On
the one hand, globalization and technological and demograph-
ical change are imposing expanding demands on infrastruc-
ture performance, whereas on the other hand, climate change,
congestion, and heavy wear urge for adaption and mitigation
strategies. In Europe, transportation of goods and passenger
traffic are expected to increase until 2050 by about 80 and
50%, respectively (Eurostat 2015). Hence, transport infra-
structure expansion programs appear to be necessary. At the
same time, however, transport industry causes for about a
quarter of the EU greenhouse gas emissions, which makes it
the second largest greenhouse gas-producing sector following
energy production. While emissions from other sources are
generally declining since the early 1990s, those from transport
have increased. Therefore, transport, freight, and logistics
play, aside from their outstanding importance to economic
and social welfare, a major role in environmental and climate
change.

One, perhaps feasible approach is enhancing the quality of
public transport as well as the efficiency of intermodal net-
work connectivity across continental and intercontinental
trade routes (multimodal logistics). This strategy may comply
with economic requirements and with reduction targets of
greenhouse gas emissions. The latter point is one key issue
of COP21 and associated climate protection programs. Both
goals, securing Europe’s welfare and protecting global cli-
mate, profit from foresighted, climate-proof infrastructure
and intelligent freight intermodality design.

Estimates of future economic and consumerism evolutions
as well as potential impacts of globalization are already con-
sidered in transport network planning since quite some time
now. Potential changes in climate-driven hazards to transport
infrastructure, on the other hand, have only been recognized
recently, albeit these threats contribute significantly to dam-
ages, losses, and congestion. However, research on how cli-
mate change may be integrated into transport and logistic-
related decision-making, daily operation and procurement is
currently carried out. The Conference of European Directors
of Roads (CEDR), for instance, launched recently a research
call BFrom Desk to Roads^ that directly attends to these mat-
ters. Such programs rely on much research carried out before,
which in this area relates primarily to the recent past. An
overview of early activities in the field of climate change
and transportation in broad sense may be found in Koetse

and Rietveld (2009) who summarize corresponding literature
of empirical nature.

Nemry and Demirel (2012) present a general, European
wide view on potential future climate change effects on trans-
port in terms of roads and rail. This study makes use of
observations, conducts quantitative analyses, and utilizes
dynamically downscaled GCM climate change projections.
Schweikert et al. (2014) focus on potential costs of climate
change induced damages to roads in South Africa. Based on
results of Schweikert et al. (2014), they differentiate between
several pathways of mankind and conclude that climate-
driven damages in the middle of this century will cause ex-
penditures between US$56 million and US$229 million per
year. More than the actual figures, the outstanding range of
potential expenses between different pathways/policies (pro-
active adaption action taken or disregarded) is of high signif-
icance. These results highlight the overwhelming advantage
of foresighted, climate-proof transport network design, main-
tenance, and reinforcement planning.

The present paper contributes to these efforts. Findings
presented below have been generated within a CEDR research
project called CliPDaR (BDesign a guideline for a transnation-
al database of downscaled climate projection data for road
impact models^). Focus is on potential future changes in cli-
mate driven hazards to road transport infrastructure.
Concerned hazards have been selected by European Road
Authorities. They refer (i) to potential changes in occurrence
frequencies of extremely cold winter seasons in
Fennoscandia, (ii) to occurrence frequencies of outstandingly
hot summer seasons in the Iberian Peninsula, and (iii) to cli-
mate phenomena triggering landslides and rutting events or
blow-ups in Central Europe. All findings depend ultimately
on projections of future climate states, which are based on
assumptions about future pathways of mankind. These path-
ways or socio-economic scenarios of manhood rely on esti-
mates of, e.g., future global population growth, energy con-
sumption, utilized energy sources, land-use change, and cross-
cultural communication, which determines the distribution of
environment-friendly technologies and innovation over the
globe. Different scenarios have been developed under the aus-
pices of the Intergovernmental Panel on Climate Change
(IPCC, Nakicenovic and Swart 2000). Results presented here
bear on two socio-economic scenarios, called BA2^ and
BA1B.^ The A2 scenario describes a heterogeneous future
world with little convergence between cultures, consequently
a substantially delayed alignment of living standards across
the world and poor international cooperation. Fertility rates
decline only gradual resulting in a global population of 15
billion by 2100. New Bclean^ technologies spread slowly
and rates of economic growth vary significantly between geo-
graphical and political regions. The A1B scenario drafts a
future world of rapid economic growth. Efficient technologies
disseminate quickly, cultures converge, and international
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cooperation improves along with substantial reductions in re-
gional differences in per capita income. Energy is provided by
all sources from fossil to renewables. Over the bygone, almost
two decades observed anthropogenic emissions into the atmo-
sphere fit well those estimated by A1B at the beginning of the
century (Nakicenovic and Swart 2000).

These future pathways of mankind, in fact the evolution of
pertaining climate determinants, are used to drive global cli-
mate models (GCMs), which simulate potential climate
changes. Such GCM runs are called climate change projec-
tions and they are valid on global and continental scales but
not for regional scales (e.g., von Storch et al. 1993;
Joannesson et al. 1995; Matulla et al. 2002). Today, it is com-
mon to use sets of GCM projections (so-called ensembles) to
evaluate probable impacts of different pathways of mankind.
The use of ensembles allows deriving probabilities for occur-
rences of investigated phenomena and thereby enhances great-
ly the informative value of investigations (see Section 3
below).

The first two research questions raised by European Road
Authorities—which refer to future occurrence frequencies of
extremely cold winter and outstandingly hot summer seasons
in Fennoscandia and the Iberian Peninsula, respectively—will
be addressed by using sets of A2 and A1B GCM projections
(see Section 2 below).

The assessment of climate conditions triggering landslides,
rutting events, or blow-ups in Central Europe, however, re-
quires climate change projections that are valid on regional
scales. Climate change scenarios, which are consistent with
global and continental climate change scenarios, but valid on
regional or local scales can be generated from GCM scenarios
via so-called downscaling techniques. Downscaling tech-
niques can be split into two main categories: statistical down-
scaling uses transfer-functions derived in the past and applied
in the future to link the scales (e.g., von Storch et al. 1993;
Zorita and von Storch 1999; Matulla et al. 2003) and produce
local scale climate change projections and dynamical down-
scaling applies regional climate models (RCMs) nested into
GCMs over limited geographical regions (e.g., Giorgi et al.
1994; Imbery et al. 2013; Haslinger et al. 2013) to generate
regional-scale projections.

Within the present study, we apply regional-scale climate
change projections derived via dynamical downscaling. Since
dynamically downscaled reproductions of observed climate
conditions are partly far off recorded climate states (e.g.,
substantial temperature biases and significant deviations of
simulated precipitation totals from actually observed values
across Central Europe, which both exceed expected climate
change signals, e.g., Haslinger et al. 2013), projections, which
are used in this study have been bias-corrected and interpolat-
ed onto grids of 5-km spacings (Imbery et al. 2013). Based on
this corrected ensemble of 17 regional-scale climate change
projections driven with A1B the third main question of

European Road Authorities that refers to future occurrence
frequencies of landslides, rutting events, and blow-ups in
Central Europe, can be investigated.

Findings of this study shall support authorities in decision-
making. Educated decisions pertaining, for instance, (i) the
design of climate-proof transport corridors and their safety,
(ii) the operation and the scheduling of maintenance and rein-
forcement procedures, and (iii) the implementation of resilient
and emission-reducing multimodal transportation frameworks
and associated logistic concepts. The latter may be attained by
comparing current levels of hazard-risks to transport modes—
from inland waterway transport over roads, air, and rail cargo
to deep-sea navigation—to their potential future counterparts.
Analyses of all possible combinations together with their
assigned present day and future risks allow for the detection
of most resilient compositions in terms of climate-proofing,
emission-reductions, and return of investments. Strategies ap-
plied within this study, a composition of the main principles
referring to the provision of robust climate change data for
impact and risk assessments as well as Guidelines for
European Road Authorities, are publicly available in report-
format via the official CEDR website (CliPDaR reports,
Matulla et al. 2015). Matulla et al. (2016) provides a short
summary in a chapter of WILEY Mater ia ls and
Infrastructure too.

The next section is devoted to the description of methods
and data. Strategies for addressing different questions of
European Road Authorities referring to climate change induced
risks to transport infrastructure are outlined and required
datasets are presented. Section 3 describes hazards to transport
infrastructure in Fennoscandia, the Iberian Peninsula, and
Central Europe along with their probable future occurrence
frequencies throughout this century. The paper is closed by a
summary, an outlook, and acknowledgements.

Findings may inform the design of new corridors, rein-
forcement, and realignment work, creating assets that are like-
ly to withstand not just climate conditions observed so far, but
also those anticipated in the decades to come. Results may
also be of help in procurement procedures avoiding long-
term financial losses by informed decision-making consider-
ing construction, material selection, maintenance force alloca-
tion, and fleet assembly. As such, the paper contributes actual
calculations and quantitative results to the current body of
knowledge rich in publications on the topic (transport infra-
structure and climate change) more qualitatively in nature.

2 Methods and data

The goal of this study is to provide knowledge on probable
future, climate change-driven hazards to European transport
infrastructure. Hence, focus is on climate phenomena (hence-
forth called climate indices, BCIs^) triggering damages. CIs
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are, for instance, long-term precipitation events exceeding cer-
tain thresholds causing landslides as well as particular kinds of
heat waves made up of successions of hot days (Tmax ≥ 30 °C)
and tropical nights (Tmin ≥ 20 °C), impeding the radiation of
heat into space and thus creating conditions for, e.g., rutting
and blow-ups.

CIs and infrastructure assets of European network
sections can be arranged across horizontal x-y planes
in so-called Cause-Effect Tensors (Fig. 1a, see, e.g.,
Matulla et al. 2016). Colors refer to risk categories of
damages; time runs along the z-axis. Figure 1a depicts a
symbolic sketch of a CET for a hypothetical transport
network corridor. The Basset-axis^ depicts, for instance,
a concrete bridge, which is in this case highly prone
(risk category: red) to damages caused by heat wave
conditions (BCI-axis^). In the course of progressively
implemented adaption measures, associated risk catego-
ries may be significantly reduced over time, which is
illustrated in Fig. 1a by changing risk categories from
red to orange and further to green. Hence, CETs may be
used to signify present-day potentials of destruction as
well as probable future reductions in risks of damages,
which may be attained through the implementation of
protection and adaption measures to climate change
threats. This way, CETs provide additional guidance
considering sustainable protection of man, transport in-
frastructure, and climate as well as safeguarding the
return of investment concerning climate-proof infrastruc-
ture development and financing.

Geographical regions investigated in this study are
displayed in Fig. 1b. In Fennoscandia and the Iberian
Peninsula, future occurrence frequencies of CIs, which
are outstandingly cold winter and hot summer seasons,
are analyzed. In Central Europe, future changes in occur-
rence frequencies of CIs triggering landslides, rutting

events, and blow-ups are evaluated relative to present
day conditions. Corresponding changes in threats are de-
rived throughout the twenty-first century and results are
shown for two climate periods. The first period refers to
the near future (2021–2050) and the second one to the
remote future (2071–2100). In all these cases, analyses
of future threats (CIs) to transport infrastructure assets
rely on available ensembles of climate change projections.

Sets of GCM projections, allow for the assessment of
CIs assigned to extensive spatial-temporal scales (e.g.,
potential distributions of future seasonal temperatures
over large geographical regions). In case focus is on
CIs acting on regional to local scales, GCM projections
are to be downscaled via dynamical or statistical down-
scaling techniques (e.g., von Storch et al. 1993;
Joannesson et al. 1995; Matulla et al. 2002). The meth-
odological setup (Table 1) of the present study involves
sets of GCM projections to investigate potential future
CI occurrence frequencies in Fennoscandia and the
Iberian Peninsula, while corresponding assessments in
Central Europe are based on dynamical downscaled cli-
mate change projections (Imbery et al. 2013).

Climate change projections used in the present study
are driven by so-called SRES socio-economic scenarios
(A1B and A2, Nakicenovic and Swart 2000). Over the
bygone almost two decades, since the beginning of this
century, observed anthropogenic greenhouse gas emis-
sions are much in line with those anticipated by the
A1B socio-economic scenario. Since the generation of
ensembles of dynamical downscaled climate change pro-
jections is particularly demanding in terms of computing
powers and storage capabilities, regional-scale climate
change projections made available for this study (Imbery
et al. 2013) are driven by the A1B socio-economic sce-
nario. Hence, A1B-driven future climate projections are

a b

Fig. 1 a Symbolic sketch of a cause-effect tensor (CET). Infrastructure
elements (asset axis) and climatological indices (CI axis) linked through
various damage risk levels; time runs in z direction and displays the
implementation of protection measures (declining levels of risk) as well

as the result of taking no action (increasing risk categories). b Regions
selected by European Road Authorities within which future develop-
ments of some CIs are analyzed
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available on global and continental scales as well as on
regional scales for Central Europe (dynamical down-
scaled, bias-corrected, and interpolated to grids of 5-km
spacing, Imbery et al. 2013). Projections driven with A2,
however, have not been downscaled for this study and are
therefore available as GCM projections on global and
continental scales. Yet, instead of disregarding these pro-
jections, they have been included in the analysis of poten-
tial future occurrence frequencies of seasonal winter and
summer temperature and may, hence, be perceived as ad-
ditional information.

2.1 Derivation of climate indices for Fennoscandia
and the Iberian Peninsula

The assessment of potential future changes in these CIs over
Fennoscandia and the Iberian Peninsula requires NCAR/
NCEP reanalysis data (Kalnay et al. 1996; Kistler et al.
2001) for the past and GCM projections for the future
(Roeckner et al. 2003; Roeckner et al. 2006a, b). For brevity

and since the approach is the same for Fennoscandia and the
Iberian Peninsula, the below discussion refers to
Fennoscandian winter temperatures.

One, at first sight, tempting strategy to access potential
future changes in seasonal temperature occurrences is to aver-
age GCM temperature projection values given at grid points
covering Fennoscandia. This strategy, however, is inadequate,
because GCMs’ output cannot be interpreted for regions
smaller than their so-called skillful scales, which contain
about 8 times 8 grid points (200-km grid spacing—skillful
scale 2.5×106 km2; see, e.g., von Storch et al. 1993;
Joannesson et al. 1995;Matulla 2005). Hence, surrogate quan-
tities or Bproxies^ are needed, which, on the one hand, are
valid at GCMs’ skillful scales and, on the other hand, indicate
particularly cold winter seasons in Fennoscandia.

Contrary to GCM data, reanalysis data are valid on sub-
continental scales, since they are derived from actual ob-
servations. Therefore, reanalysis data can be used to calcu-
late winter temperature averages over Fennoscandia as
well as dominant atmospheric pat tern of winter

Table 1 Summary table of different data and methods used in this study to answer the scientific questions of road authorities

Fennoscandia Central Europe Iberian Peninsula

Research 
questions

Future occurrence frequencies 

of cold winter seasons in 

Fennoscandia

Future occurrence frequencies 

of climate driven hazards to 

transport infrastructure 

(rutting, blow up, landslide 

etc.)

Future occurrence frequencies 

of hot summer seasons in the 

Iberian Peninsula

Study 
area

Data
ECHAM5 (Global Climate 

Model) and NCEP/NCAR 

reanalysis 

KLIWAS-17 (Regional Climate 

Model projections)

ECHAM5 (Global Climate 

Model) and NCEP/NCAR 

reanalysis

Parameter 850 hPa temperature

bias corrected mean 

temperature, precipitation 

amount, relative humidity, sum 

of global radiation

850 hPa temperature

Time monthly/seasonal daily monthly/seasonal

Horizontal 
resolution 2.5° 5 km-grid 2.5°

IPCC 
Scenario A1B and A2 A1B A1B and A2

Methods Principal component analysis Dynamical downscaling Principal component analysis

Reference
von Storch and Zwiers, 1999

Kalnay et al., 1996

Roeckner et al., 2004

Imbery et al., 2013

von Storch and Zwiers, 1999

Kalnay et al., 1996

Roeckner et al., 2004
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temperature distributions over the North Atlantic, Europe,
and the Mediterranean. Amongst perhaps many suitable
proxy candidates, the below analysis and discussion focus-
es on dominant atmospheric pattern of winter temperature
distributions across the North Atlantic, Europe, and the
Mediterranean (50W/65N–30E/35N). This geographical
sector of the Earth is, of course, vast compared to required
skillful scales and hence GCM projections evaluated for
this geographical sector carry physical meaningful
information.

The hypothesis is that large-scale atmospheric conditions
and their development throughout the twenty-first century can
be used as proxy for Fennoscandian winter temperatures. This
hypothesis is to be tested on observations. NCEP/NCAR re-
analysis data (1948–2012) provide both, large-scale atmo-
spheric conditions and Fennoscandian winter temperatures.
In case a close linkage between proxy data and the occurrence
of significantly cold and mild Fennoscandian winter temper-
atures is detectable, future GCM projections of this proxy will
be utilized to access potential evolutions of winter temperature
occurrences in Fennoscandia. This proxy-approach allows to
utilize GCM climate change projections to access regional-
scale impact analyses below their skillful scales. The hypoth-
esis is tested in a two-step analysis approach. The first step
involves empirical orthogonal function analyses (EOF, see,
e.g., von Storch and Zwiers 1999) applied to reanalysis data
of winter temperature distributions (from 1948/1949 to
2011/2012) across the North Atlantic, Europe, and the
Mediterranean (50W/65N–30E/35N). Results are (i) EOFs
representing dominant pattern of atmospheric temperature
variability over the entire geographical sector and the whole
period as well as (ii) EOF time coefficients, which gauge the
degree of accordance between considered EOF patterns and
actually observed winter temperature distributions for each
season from 1948/1949 to 2011/2012.

If, for instance, the observed 1969/1970 winter temperature
distribution across the North Atlantic, Europe, and the
Mediterranean is in high accordance with the assigned EOF
pattern, then the 1969/1970 EOF time coefficient will be large
and positive. If the observed winter temperature distribution is
inverted to the assigned EOF pattern, time coefficients are
large and negative. In case there is little match between ob-
served temperature distributions and the considered EOF pat-
tern time coefficients for pertaining winter seasons are close to
zero. Since the first EOF pattern is sufficient to simulate al-
most 70% of the variability contained in the temperature dis-
tributions (across 50W/65N–30E/35N for the entire period)
no further EOFs are retained in this analysis.

The second step analyzes the temporal coincidence between
the run of the EOF time coefficients and the appearances of cold
and warmwinter temperature occurrences across Fennoscandia.
Figure 2 displays the evolution of Fennoscandian winter tem-
peratures form 1948/1949 until 2011/2012 (blue bars show

seasonal temperature anomalies relative to the total average).
Horizontal lines indicate the 25th and the 75th percentiles.
Hence, bars falling below the 25th percentile depict particularly
cold winter seasons, while those exceeding the 75th percentile
show particularly warm winter season temperatures. The period
from 1987/1988 onwards until 2008/2009 is characterized by
warm Fennoscandian winter temperatures. Hence, the astonish-
ment of North European Road Authorities about the sudden
return to rather cold winter temperatures after two decades of
warm conditions is quite understandable just as their discontent
with unexpected high expenditures (winter maintenance, salt-
ing, etc.) resulting therefrom.

Stars and circles shown in Fig. 2 (closely above the time
axis) indicate significant large positive and negative EOF time
coefficients. They refer to winter seasons, whose temperature
distribution over the North Atlantic, Europe, and the
Mediterranean is in high accordance with the most dominant
EOF pattern or its inverse (as elaborated above). The
pertaining sequence of stars and circles is in high accordance
with the temporal development of particularly cold and warm
Fennoscandian winter temperatures. Hence, the most domi-
nant large-scale EOF pattern of temperature distributions over
the North Atlantic, Europe, and the Mediterranean and its
associated time coefficient can indeed be used as proxy for
occurrence frequencies of Fennoscandian winter temperature
conditions. Therefore, the assessment of future distributions of
considered CIs in Fennoscandia and the Iberian Peninsula
may be carried out by the application of this proxy to GCM
climate change projections.

2.2 Derivation of climate indices for Central Europe

Compared to the above strategy required for a physical con-
sistent assessment of future CIs triggering damages to roads in
Fennoscandia and the Iberian Peninsula, the approach associ-
ated with CIs in Central Europe is straight forward. This, of
course, is mainly due to significant accomplishments that have
already been achieved by Imbery et al. 2013, who generated
an ensemble of dynamically downscaled climate change pro-
jections driven with the A1B socio-economic scenario. This
ensemble contains 17 regional climate change projections,
which have been bias-corrected and statistically downscaled
to a grid of 5-km spacing, covering parts of Austria North of
the Alpine chain, Germany, parts of the Czech Republic, the
Netherlands, and Denmark (Figs. 4 and 5).

Unlike the CI analyses for Fennoscandia and the Iberian
Peninsula, CIs in Central Europe (green geographical region
in Fig. 1b) are calculated from downscaled GCM projections
for temperature and precipitation (Imbery et al. 2013) rather
than directly from large-scale GCMprojections. CIs in Central
Europe refer to climate phenomena, which potentially trigger
landslides, rutting events, and blow-ups. Landslides are
amongst the most devastating threats to European transport
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infrastructure. They come with substantial losses in terms of
infrastructure assets, reinforcement, and maintenance work
was well as, e.g., with socio-economic deficits induced by
production downtimes. Climate phenomena potentially re-
leasing landslides are precipitation events extending over sev-
eral days generating overall totals >37.3 mm, and comprising
at least 1 day with >25.6 mm (Guzzetti et al. 2008). Rutting of
asphalt pavements and blow-ups of concrete roads are linked
to heat waves. Roads are particularly prone to rutting and
blow-ups if heat waves are made up of uninterrupted succes-
sions of Bhot days^ (Tmax ≥ 30 °C) and Btropical nights^
(Tmin ≥ 20 °C), since these atmospheric conditions hamper
the cooling of roads and hence promote the accumulation of
heat energy in road surfaces.

The assessment of future occurrence frequencies of these
CIs is based on the aforementioned ensemble of regional-scale
climate change projections (Imbery et al. 2013). The evalua-
tion is, in fact, a matter of counting, i.e., how often these CIs
(made up of successions of days meeting the above described
features) actually appear in future climate change projections.

3 Results and discussion

This section provides results referring to future states of cli-
mate driven hazards (CIs, selected by European Road
Authorities) to transport infrastructure. Findings relate to two

periods throughout the twenty-first century: the near future
(2021–2050) and the remote future (2071–2100). Applied
analysis strategies, which differ between CIs and investigated
European regions are elaborated above and summarized
Table 1 differ between considered regions and CIs.

Future occurrences of extremely cold winter temperatures in
Fennoscandia and particularly hot summer temperatures in the
Iberian Peninsula, which drive widespread damages to roads and
in turn high repair andmaintenance expenditures, rely on proxies
derived from GCM projections. CIs potentially triggering future
landslides, rutting events, and blow-ups in Central Europe are
extracted from an ensemble of dynamically downscaled, bias-
corrected, and spatially refined climate change projections
(Imbery et al. 2013). Potential changes of CIs considered across
Central Europe are depicted relative to present day conditions,
which are well known to European Road Authorities in terms of
occurrence frequencies as well as in respect to losses.

3.1 Future risks to infrastructure in Fennoscandia
and the Iberian Peninsula

Severely cold winter and hot summer seasons in
Fennoscandia and the Iberian Peninsula, respectively, are
main drivers of significant expenses related to transport infra-
structure maintenance and reinforcement work. Climate
change induced increases in, e.g., snow and ice clearance,
spreading salt, mending cracks and bumps in roads caused

Fig. 2 Time series of winter temperature anomalies over Fennoscandia
and the Baltic Sea (in 850 hPa, derived from NCEP/NCAR reanalysis
data) relative to their long-term average. Negative/positive values indicate

cold/warm winter seasons. After about 20 years of rather warm winter
seasons (1987/1988–2008/2009) cold winter conditions occurred recently
again (x-axis: winters, y-axis: °C)
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by frost, falling rocks and frost heave on the one hand and
summer road damage mending programs on the other hand,
produce growing expenses. Pertaining rises in budget spend-
ing are caused by climate change-driven trends, which are
superimposed by natural interseasonal fluctuations.

Foresighted financial strategies reducing future costs and
budget spending on repair, reinforcing, and maintenance work
should be based on programs, which (i) stop or even reverse
currently prevailing long-term trends and (ii) enhance short-
term planning capabilities. Both aspects profit substantially
from assessments of future occurrence frequencies corre-
sponding to outstandingly cold or hot seasonal temperatures
in Fennoscandia and the Iberian Peninsula.

Figure 3 shows results of the above elaborated strategy for
Fennoscandia. Distinct shifts between past and future distri-
butions of winter temperature occurrence frequencies towards
higher temperatures are visible, which are in line with expec-
tations (IPCC 2007a, b, c, 2013).

Seasonal temperatures, referring to the past are displayed by
the black, solid curve. Winter temperatures from −6 to −4 °C
(x-axis) have been observed very rarely in the past (occurrence
probabilities are displayed on the y-axis). The same applies to
winter temperatures close to or above +4 degree Celsius.
Winter temperatures between −2 and +2 °C, on the other hand,
have been recorded most often and, hence, are associated with
the highest probabilities of occurrence. Overall, past
Fennoscandian winter temperatures show a right-skewed dis-
tribution indicating a precisely defined lower bound for ob-
served winter temperatures and a less strict upper bound.

Near future winter temperatures (dashed, colored curves)
are more related to the observations than the distribution

associated with temperatures of the remote future (solid, col-
ored curves), which meets expectations.

However, the concordance between A2- and A1B-driven
scenarios appears, at first sight, surprising. A2 socio-
economic scenarios come with substantially enhanced green-
house gas emissions into the atmosphere compared to A1B
scenarios. This difference causes A2 and A1B GCMs’ tem-
perature projections to differ significantly over large parts of
the globe. As such, one may expect larger differences between
A2- and A1B-driven scenarios concerning Fennoscandian
winter temperatures than those displayed in Fig. 3.

Anyway, the North Atlantic and the North Sea region are
an exception to the general picture. Differences between A1B-
and A2-driven GCM temperature projections over the North
Atlantic and the North Sea are far less pronounced than over
many other parts of the globe. This may be related to the vast
amounts of energy required to melt the Artic sea ice coverage,
which are not available to heat the atmosphere above, as well
as to prevailing katabatic winds fromGreenland into the North
Atlantic, which hamper an accelerated warming.

Since the geographical sector, across which climate phe-
nomena affect Fennoscandian winter temperatures (which is
consequently applied in this study) includes the North
Atlantic and the North Sea, the agreement between A2- and
A1B-driven future winter temperature occurrences in
Fennoscandia (Fig. 3) is in line with GCMs’ projections and
points to the robustness the achieved results.

Probability density distributions of Fennoscandian winter
temperature occurrence frequencies (Fig. 3) for the past (black
curve) and two future periods (colored curves) are derived from
atmospheric temperature distributions across the North Atlantic,
Europe, and the Mediterranean. This allows for a direct compar-
ison of past observations and future conditions, derived from
GCM projections. Hence, observed Fennoscandian winter tem-
peratures from 1948/1949 to 2011/2012 correspond to Fig. 2 but
are derived from (closely matching—see above) temperature
distributions over the North Atlantic, Europe, and the
Mediterranean.

Dotted, colored curves represent near future (2021–
2050) distributions and solid colored curves refer to
Fennoscandian winter temperature conditions throughout
the remote future (2072–2100) as modeled by A2 and
A1B climate change projections. Albeit A1B- and A2-
driven temperature scenarios show slightly different occur-
rence probabilities for the near and the remote future, their
actual in-between behavior is consistent (see above).
Anyway, near and remote future projections deviate sub-
stantially from the observed distribution of Fennoscandian
winter temperatures. Cold Fennoscandian winter seasons as
observed in the past will much more rarely take place in
the near future (dashed, colored lines) and are not to be
found in the remote future (solid, colored lines). Average,
most frequently occurring, winter seasons of the near future

Fig. 3 Distributions of winter temperatures for Fennoscandia. x-axis:1/
10 °C, y-axis: occurrence frequency. The black curve refers to the past
(1948–2012), dashed, colored lines to the near future and solid, colored
lines to the remote future. Green/red colors indicate different socio-
economic scenarios A1B/A2 (please see Section 1). Negative/positive
values represent cold/warm Fennoscandian winters
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(2021–2050) will likely match mild winter conditions ex-
perienced in the past. Warm winter temperature conditions,
as simulated during the near future have not been experi-
enced throughout the considered past period (1948–2012).

This trend accelerates towards the end of this century. Cold
Fennoscandian winter seasons as modeled for the remote future,
close the end of this century, are projected to match mild winter
conditions of the past. Winter seasons, which show the highest
occurrence frequencies throughout the period 2071–2100 may
be comparable to outstandingly warm Fennoscandian winters
experienced in the past (1948–2012) and warm, future winter
temperatures have not been experienced during the second half
of the twentieth century.

For brevity and since the analysis strategy for the detec-
tion of future summer season temperature occurrences in
the Iberian Peninsula is the same as the one laid out for
Fennoscandia, pertaining findings are only shortly
discussed here.

Coolest summer seasons, as experienced in the course of
the twentieth century’s second half, will—according to A1B
and A2 GCM projections—not emerge in the near future
(2021–2050) anymore. This applies, of course, even more to
Iberian Peninsula’s summer season temperature conditions
simulated during the remote future (2071–2100).

Summer seasons exhibiting largest occurrence proba-
bilities during the near future are found to match out-
standingly warm summer conditions recorded in the past.
In the remote future towards the end of this century, low-
est summer temperatures may be comparable to outstand-
ingly hot summer conditions observed so far. This means
that GCM A1B and A2 summer temperature simulations
close the end of this century mimic distributions, which
show almost no overlap with observed climate conditions.
Hence, changes in summer temperature occurrence fre-
quencies throughout this century in the Iberian Peninsula
are substantially more pronounced than associated chang-
es in Fennoscandia.

Findings based on the same data, the same analysis
strategy, and the same socio-economic scenarios, which
are applied to Fennoscandian winter seasons (see
Table 1), reveal that Iberian Peninsula’s summer tempera-
tures throughout this century will significantly change
compared to the situation experienced in the past (1948–
2012).

Thereby, the pace of change accelerates with time and
while near future conditions show at least some overlap
with Iberian Peninsula’s summer temperature distribu-
tions observed so far pertaining figures for the remote
future indicate a substantial transformation. These results
highlight the importance for road authorities to adapt
transport elements to changing climate conditions ahead
as well as to the great variety of threats triggered by
these changes.

3.2 Future risks to transport infrastructure in Central
Europe

While in Fennoscandia and the Iberian Peninsula European
Road Authorities put their focus on large-scale future changes
in occurrence frequencies of outstandingly low winter temper-
atures and extremely high summer temperatures, their interest
concerning Central Europe is bound to potential develop-
ments of regional-scale climate-driven damage events. These
events are associated with hazards corresponding to rutting of
asphalt road surfaces, blow-ups of concrete roads, and land-
slides destroying all kinds of transport infrastructure elements.

Climate phenomena (CIs) inducing these kinds of threats
take place on comparably small spatial-temporal scales.
Landslides, for instance, are triggered by precipitation events
extending over some days only and are limited to rather small
spatial areas. Rutting of roads and blow-ups assume the expo-
sure of small transport network sections to high air tempera-
tures persisting over a few days and nights. Damages associ-
ated with rutting, blow-ups, and landslides cause substantial
budget spending on maintenance, repair, reinforcement, and
design work. Thus, knowledge on potential future trends cor-
responding to these hazards is essential for proactive planning
of workloads and the implementation of adaption measures
reducing future strains on budgets.

Unlike the above elaborated strategy applied to
Fennoscandia and the Iberian Peninsula, which directly
makes use of GCM projections over vast geographical
sectors, the investigation of CIs potentially triggering
rutting, blow-ups, and landslides in Central Europe in-
volves regional-scale climate change projections down-
scaled from large scale GCM scenario runs. Table 1
lists datasets, geographical regions, analysis procedures,
and considered socio-economic scenarios used to answer
questions raised by European Road Authorities.

Hence, the assessment of future climate threats jeopardiz-
ing Central European transport assets relies on an ensemble of
daily-based, regional-scale climate change projections and not
on a multivariate statistical strategy like the one applied for
Fennoscandia and the Iberian Peninsula. In the present study,
Central European CIs are calculated from an ensemble of
regional-scale climate change projections provided by
Imbery et al. (2013). They used regional climate models
(RCMs) to downscale large scale, A1B forced GCM runs to
regional scales and afterward applied bias-correction methods
to statistically improve the reliability of the considered
regional-scale projections. Imbery et al. (2013) provide an
ensemble of 17 regional-scale climate change projections
(henceforth KLIWAS17) for daily (minimum, mean, and
maximum) temperatures and precipitation totals on a 5-km
grid stretching across Central Europe (see Fig. 1b).

It is important to note that KLIWAS17 consists of temper-
ature and precipitation values relative to current climate
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conditions. That means that future occurrence frequencies of
CIs (triggering landslides, rutting, and blow-ups in Central
Europe) calculated from KLIWAS17 are anomalies referring
to present day conditions. Thus, unlike future states of CIs in
Fennoscandia and the Iberian Peninsula, which are given in
terms of absolute occurrence frequencies—pertaining CIs’ oc-
currence frequencies in Central Europe are anomalies relative
to current climate conditions.

However, the development of CIs throughout the twenty-
first century, derived from KLIWAS17, can be displayed as
maps across Central Europe representative for the near (2021–
2050) and the remote future (2071–2100). This is made pos-
sible by the high spatial resolution of daily temperature and
precipitation data, which are assembled in different ways to
signify occurrence frequencies of CIs potentially triggering
landslides, rutting, and blow-ups of road surfaces.

As in the case of CIs in Fennoscandia and the Iberian
Peninsula, the use of ensembles (KLIWAS17 in Central
Europe) allows to picture probability-ranges associated with
CIs’ occurrence frequencies. In Central Europe, however,
such ranges do not refer to one-dimensional seasonal temper-
ature values (as in Fennoscandia and the Iberian Peninsula),
but to two-dimensional maps covering a substantial area be-
tween the Alpine ridge and the Baltic Sea (see Figs. 4 and 5).

As such, findings shown in the figures below exploit not
only regional detail, but also the ensemble character of derived
results. Since the ensemble contains 17members, it is possible
to characterize changes in potential threats via percentiles (at
each grid point over the entire ensemble). The 50th percentile
or median of a CI at a particular grid point represents the ninth
value ordered by size within the KLIWAS17 ensemble at this
point (eight KLIWAS17 values being smaller and eight values
being larger). The geographical map of the 50th percentile is
assembled then by median values at each grid point (Figs. 4
and 5). The 25th and 75th percentile maps are organized ac-
cordingly and thus comprise 50% of all KLIWAS17 in-
between.

The advantage of this way presenting findings is that not
only median changes of CIs across Central Europe are
depicted but also the geographical distribution of pertaining
uncertainties (in terms of spread). Thereby, Figs. 4 and 5 char-
acterize regions within which ensemble projections associated
with particular CIs show high degrees of compliance (indicat-
ing robustness) as well as areas across which projections ex-
hibit substantial spreads.

3.2.1 Landslides

Considering severe hazards to European transport networks,
landslides are the most devastating events. Aside from direct
impacts on road users, entailed repair work programs and the
implementation of reinforcement measures are often associat-
ed with exceptional costs and long-lasting downtimes, which

in turn imply significant socio-economic losses of all kinds.
Landslides affect all sorts of infrastructure and can potentially
destroy everything in their way.

In Central Europe, CI triggering landslides have been
found to consist of three or more consecutive days with pre-
cipitation totals that together exceed 37 mm and amongst
which at least 1 day shows a total amounting up to approxi-
mately 26 mm (Guzzetti et al. 2008). This CI is calculated for
all grid points and summed up for the near (2021–2050) and
the remote future (2071–2100) representing corresponding
occurrence frequencies relative to current climate conditions.

Figure 4 shows changes in occurrence frequencies of this
CI across Central Europe for the near (first row) and the re-
mote future (second row). The left column depicts 25th per-
centile patterns, the middle column refers to median distribu-
tions and the right column to the 75th percentile. Median or
mean values of distributions are sometimes referred to as Bbest
guess.^ In this sense, the middle column, which represents the
spatial distribution of median changes across Central Europe,
may be seen as best guess or Brobust estimate^ of potential
changes in climate phenomena causing landslides. The left
and right columns and in particular the range in occurrence
frequencies spanned by the 25th and the 75th percentile dis-
tributions indicate the degree of accordance within the ensem-
ble of projections. This range is small indicating high confor-
mity throughout the ensemble of landslide triggering CIs cal-
culated from KLIWAS17 and an enhanced robustness of the
median pattern.

Future projections of occurrence frequencies (number of
potential events per year averages over the near and the remote
future period) corresponding to the above introduced
Blandslide-CI,^ over Central Europe, are shown in Fig. 4.
This figure gives a comprehensive overview of potential
changes in risks pertaining to landslide events.

The near future 25th percentile pattern (upper line, left
panel) indicates some regions in middle and northern
Germany showing almost no changes in risk relative to current
climate conditions. These areas are predominantly associated
with low-elevated, flat terrain. All other regions and percentile
patterns, in particular those corresponding to the remote fu-
ture, point to considerable increases in risk. Largest changes in
potential landslide occurrences are displayed in the 75th per-
centile chart (second row, right) over complex orography.

Near future median changes (first row, middle panel) in
occurrence frequencies of landslide-triggering events depict
increases over the entire region. However, the Schwarzwald
area, the Schwäbische Alb, the pre-Alps in Bavaria, the foot-
hills of the Austrian Alps, and the Böhmerwald region
nothwards to the Fichtelgebirge and the Erzgebirge stand
out. Across these areas increases (averaged over the near fu-
ture period) of up to six more landslide-triggering extreme
climate events per year (compared to past climate conditions)
are visible.
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The 25th (first row, left panel) and the 75th (first row, right
panel) percentile charts show rather similar geographical dis-
tributions, pointing to overall robust results. In line with ex-
pectations, changes shown in the 25th percentile map (approx-
imately four more occurrences per year over the above men-
tioned areas) are less pronounced than those associated with
the 75th percentile chart (up to seven more CI occurrences

potentially causing landslides). The spread of potential chang-
es in occurrence frequencies of the investigated landslide trig-
gering CI is small for most parts of Central Europe and
amounts up to three events per year across areas exhibiting
most pronounced increases. As such, results derived from
KLIWAS17 are consistent and largest increases are assigned
to regions, which are characterized by complex topography.

Fig. 4 Projected changes in potential landslide occurrences for the period
2021–2050 (first row) and 2071–2100 (second row) relative to the past
(1961–1990). Ensembles are based on the A1B socio-economic scenario.

The left side panel refers to the 25th percentile, the others are assigned to
the 50th (middle), and the 75th percentile (right)
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Changes in risk exposure get larger with time. Close
to the end of this century climate change increases the
likelihood of landslides all across Central Europe (Fig. 4,
second row). This coincides largely with results from the
IPCC’s fourth and fifth assessment report (IPCC 2007a,
b, c , 2013).

Remote future median changes (second row, middle panel)
share many features with the near future 75th percentile chart.

The same applies, albeit to a lesser extent, to the 25th percen-
tile map (second row, left panel), which coarsely resembles the
spatial distribution of median changes throughout the near
future (first row, middle).

As such, geographical distributions of occurrence frequen-
cies pertaining to climate phenomena, potentially triggering
landslides in Central Europe, seem to increase roughly in steps
equaling 25% throughout the twenty-first century, in terms of

Fig. 5 Projected changes in counts of a CI describing potential rutting
days (Tmax ≥ 30 °C and Tnight,min ≥ 20 °C) per year for the period 2021–
2050 (first row) and 2071–2100 (second row) relative to the past (1961–

1990). The left side panel refers to the 25th percentile, the others are
assigned to the 50th (middle) and the 75th percentile (right)
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percentile charts. This means that the near future median dis-
tribution is related to the 25th percentile chart of the remote
future and the remote future’s median distribution has a lot in
common with the 75th percentile map of the near future.

The 75th 2071–2100 percentile distribution comes with sub-
stantial changes compared to current climate conditions.
Regions from the Schwarzwald and the Schwäbische Alb over
the Bavarian pre-Alps and the Austrian Alpine foothills to the
Böhmerwald depict increases of 9 up to 14 more possible
Blandslide CI^ events per year relative to current climate con-
ditions. The Fichtelgebirge, Vogtland, the Erzgebirge,
Thürringer Wald, the Harz, Sauerland, and the Rothaargebirge
stand out from the rest of Central Europe too. Increases in
potential landslide occurrences per year range between 6 and 8.

The spread between the left and right percentile charts (sec-
ond row) grows as well. Differences between the 25th and the
75th percentile distributions across Central Europe vary from
0 to about 7 occurrences. As such, the increase in risk of
landslides over time towards the end of this century comes
along with a growing range of the landslide CI derived from
KLIWAS17. This, however, meets expectations too. The far-
ther projections reach out in time, the smaller the coherence
amongst them ought to be.

Overall, the increase of risk related to climate phenomena
linked to landslides appears to increase only slightly in pace
through the twenty-first century. While near future changes in
occurrence frequencies of the pertaining CI relative to past
climate conditions do not exceed 6 more events per year, those
referring to the remote future do not surpass 14 more events
per year.

This fact is important. It points to a continuous (perhaps a
slightly increasing) rise in heavy precipitation events extend-
ing over several days (as described by Guzzetti et al. 2008)
along with climate change. As such, this finding supports
hypotheses that future atmospheric states, which develop with
climate change over (at least) Europe tend to last longer (show
higher persistence) than presently, which is physically consis-
tent with a weakening temperature gradient between the tro-
pics and the poles (as simulated by all GCM projections
throughout the twenty-first century). On the other hand, this
result is of significance for transport networks’ drainage sys-
tems too as it will potentially cause (in the remote future)
congestions of water retention basins, drainage pipes, and
complicate wastewater treatment.

Findings further show that most distinct increases in risk
corresponding to landslide triggering climate events occur
across elevated, structured orography, while flat terrain at low-
er altitudes are less affected. This distinction is visible already
during the near future (Fig. 4, first row) and becomes more
pronounced in the remote future (Fig. 4, second row). In gen-
eral, Fig. 4 discriminates between the following: (i)
Schwarzwald, Schwäbische Alb, the pre-Alps in Bavaria,
the foothills of the Austrian Alps, and the Böhmerwald, which

come with substantial growth rates in risk; (ii) the
Fichtelgebirge, Vogtland, the Erzgebirge, Thürringer Wald,
the Harz, Sauerland, Rothaargebirge, and the Rheinisches
Schiefergebirge, which exhibit somewhat reduced risk levels
(compared to the aforementioned regions), but clearly stand
out from their surroundings; and (iii) the rest of Central
Europe across which increases in occurrence frequencies of
the considered landslide-CI are least pronounced.

It is worth mentioning that regions, within which future
occurrence frequencies of landslide causing climate phenom-
ena are large compared to the rest of Central Europe, are
closely linked to areas characterized by large precipitation
totals observed in the past. Hence, the Rhine-Danube branch
of TEN-T just as the Scandinavian-Mediterranean TEN-T
branch can be expected to be under enhanced pressure of
landslide damages harming transport infrastructure in compar-
ison with other TEN-T sections across the investigated area of
Central Europe.

3.2.2 Rutting days

Rutting of asphalt and blow-ups of concrete roads are safety
issues induced by destructive processes to road surfaces.
Associated repair works are not just expensive, but they can
cause road closures or extensive security procedures, which
require thorough planning in case traffic needs to be diverted
around construction sites. Moreover, rutting infringes drain-
age system concepts depending on road surface slopes and
asphalt permeability and thereby enhances road safety risks
through, e.g., aquaplaning.

Recent, deadly accidents caused by blow-ups and broaden-
ing deterioration of German highways due to increased fre-
quencies of heat spells in Central Europe have raised the at-
tention of the media.

Such incidents are partly caused by changes in heat wave
conditions, which can be expected to increase in the decades
ahead along with climate change. Future risk assessments,
pertaining to accidents and to corresponding destruction pro-
cesses of transport infrastructure elements, may be carried out
by analyzing hot day and tropical night occurrences in climate
change projections.

Considering rutting or blow-ups, practitioners and experts
from road authorities focus on CIs made up by sequences of
hot days and tropical nights (personal communication with
Auerbach, M., Herrmann, C.-BASt). Thus, in the present
study, focus is on heat spells consisting of three hot days with
air temperature greater equal 30 °C intersected by tropical
nights with temperatures equal to or above 20 °C. A ‘rutting/
blow-up CI’ characterized by such a combination of outstand-
ingly high maximum and minimum daily temperatures corre-
sponds to heat waves, which are characterized by (i) high day-
time temperatures heating up road surfaces and at the same
time by (ii) high night-time temperatures, which limit
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radiation losses of road surfaces’ energy contents into space
(no significant cooling). This CI is valued to be conservative,
meaning that described conditions have not occurred frequent-
ly so far (personal communication with Auerbach, M.,
Herrmann, C.-BASt). Thus, findings associated with future
occurrence frequencies are not expected to overestimate
changes in risks related to rutting and blow-ups but can be
expected to provide reasonable spatial distributions of
projected future changes in risks to transport infrastructure
across Central Europe, caused by rutting and blow-ups.

Since present day, levels of risk associated with rutting and
blow-ups are well known to European Road Authorities, the
provision of near and remote future changes shall support
decision-making with respect to mid-term and long-term de-
sign, reinforcement and adaption work.

Figure 5 shows findings corresponding to near- and
remote-future changes of the considered Bheat-wave-CI^
(three consecutive hot days—Tmax ≥ 30 °C—interrupted by
tropical nights Tmin ≥ 20 °C) in terms of occurrence frequen-
cies relative to past climate conditions. All results are again
based on the KLIWAS17 ensemble.

Figure 5 is configured according to Fig. 4. Findings are
displayed as percentile maps, which stretch across Central
Europe. The first row of Fig. 5 refers to the near future
(2021–2050) and the second row to the remote future
(2071–2100). Left panels depict 25th percentile charts, the
middle column shows spatial distributions of median values
and the right column refers to 75th percentile maps.

Hence, for the near and the remote future, 50% of all CI
projections (calculated from KLIWAS17) are encased be-
tween corresponding left and right panels. In line with expec-
tations and findings discussed above (Fig. 4), the range
enclosed in-between left and right percentile charts increases
from the near to the remote future, indicating a growing
spreading amongst the CI projections with increasing time.

For most regions in Central Europe, near future median
changes in occurrence frequencies of rutting/blow-up events
(first row, middle) come with about one more event compared
to records. Near future differences between the 25th and the
75th percentile distributions (the inner quartile range) are lim-
ited by four events (see left and right panels in Fig. 5, first
row). Recorded present day and past occurrence frequencies
of the elaborated rutting/blow-up CIs are small (see the
assigned discussion above).

As such, simulated, near future changes, are in the same
order of (i) past observations as well as (ii) comparable to the
inner quartile range. This points to a favorable signal to noise
ratio and in turn to comparably high levels of certainty
concerning projected changes in risks.

Results (Fig. 5, first row) show on top of the aforemen-
tioned overall growth of CI occurrences across Central
Europe, a north/east-southward gradient. Largest changes in
risk of rutting/blow-up occurrences are pictured over the River

Rhine valley and closely adjacent areas, whereas smaller rises
are obtained across northern parts of Central Europe, close to
the oceans, which even out large temperature amplitudes in
their wider surroundings.

Apart from the general increase in risk across Central
Europe and the superimposed north/east-southward gradient,
still another geographical feature of change is visible. CI pro-
jections over elevated regions as Schwäbische Alb, Bavarian
pre-Alps, Austrian Alpine foothills, Böhmerwald, Erzgebirge,
Thüringer Wald, Sauerland, and the Harz come with smaller
potential increases in rutting/blow-up events than low eleva-
tion areas across Central Europe.

Results generated for the remote future period (2071–2100)
reveal that changes in occurrence frequencies of rutting and
blow-up events are substantially more pronounced than corre-
sponding findings attained for the near future period (2021–
2050, Fig. 5, second row). While median, near future in-
creases in rutting/blow-up occurrence frequencies (first row,
middle) can be generally described by approximately one
more event compared to observed conditions, associated re-
mote future increases amount up to about seven more occur-
rences per year (second row, middle). This behavior points to
an enhanced acceleration of occurrence frequencies with time
towards the end of this century.

At the same time, the range enclosed between the 25th and
the 75th percentile charts (second row, left and right panels)
grows in magnitude too. While this interquartile-range covers
approximately four events in the near future, the remote future
interquartile range stretches over about 12 events. In terms of
near and remote future signal to noise ratios, however, this
means a near to remote future change from 0.25 to about 0.6
and hence an increase in terms of significance.

Near future and remote future spatial distributions of
growths in risks of damages to transport infrastructure
(assigned to rutting and blow-up) over Central Europe are
consistent. This is perhaps best visible in the second row of
Fig. 5, which refers to the remote future.

The river Rhine valley between the Schwarzwald and the
Schwäbische Alb exhibits largest chances of occurrences of
rutting and blow-up triggering climate phenomena. Overall,
the 75th percentile map depicting the remote future spatial
pattern of changes in rutting/blow-up events (Fig. 5, second
row, right) appears to resemble inversely the 75th percentile
distribution of remote future landslide occurrence frequencies
(Fig. 4, second row, right). Regions across which in the remote
future enhanced landslide occurrence frequencies are
projected equal to those coming with below median increases
of rutting/blow-up events.

This reversed development appears to be physically con-
sistent. Precipitation events extending over several days (as
described by the above elaborated landslide CI) and heat wave
conditions (characterized by the above applied rutting/blow-
up CI) obviously do not coincide over large parts of Central
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Europe and through time. Corresponding differences may be
significantly driven by topography. Orographic lifting—caus-
ing air masses, forced by advection towards complex terrain to
rise in altitude—often induces precipitation events, which
cool road surfaces. At the same time, high temperature condi-
tions decrease with increasing altitude and hence occurrence
frequencies of successions of hot days and tropical nights are
reduced compared to low laying terrain.

However, since rutting/blow-up events as well as landslide
risks show largest increases along the river Rhine valley be-
tween Schwarz Wald and Schwäbische Alb, TEN-T sections
crossing these areas (e.g., the Rhine-Danube branch and the
Rhine-Alpine branch) are particularly affected by increased
probabilities of rutting/blow-up damages and CIs potentially
triggering future landslides. As such, this region in Central
Europe is particularly prone to future landslides and rutting/
blow-up events. Corresponding areas should, therefore, be in
the in focus of European Road Authorities—in terms of plan-
ning and designing future maintenance, mitigation, reinforce-
ment, and adaption strategies, as well as overall design work.

4 Conclusions and outlook

The present paper deals with potential future changes of cli-
mate phenomena (so-called CIs) triggering hazards to
European transport infrastructure. Threats investigated in this
study have been signified by European Road Authorities and
associated occurrence frequencies of assigned CIs, potentially
causing damages to transport infrastructure, refer to two future
periods—the near future (2021–2050) and the remote future
(2071–2100). Three European regions are investigated: the
Iberian Peninsula, Fennoscandia, and Central Europe.

CIs analyzed in Fennoscandia and the Iberian Peninsula are
based on sets of (A2 and A1B forced) GCMprojections which
are linked to outstandingly cold winter season temperatures
and extremely hot summer temperature occurrences, respec-
tively. Outstanding winter and summer temperatures have al-
ready caused substantial losses in terms of budget spending on
additional maintenance, repair, and reinforce work.

In Central Europe, CIs selected by European Road
Authorities are linked to landslides, rutting, and blow-ups.
Unlike in the case of Fennoscandia and the Iberian
Peninsula, the generation of CIs intertwined with landslides,
rutting, and blow-up events in Central Europe require down-
scaled GCM projections. Hence, in Central Europe, analyses
are based on an A1B ensemble consisting of 17 dynamically
downscaled, bias-corrected, regional-scale projections
(KLIWAS17, Imbery et al. 2013).

Changes in Fennoscandian winter temperatures and sum-
mer temperatures in the Iberian Peninsula are pronounced.
Classic winter maintenance work in Fennoscandia (snow
clearance, spreading salt, etc.) will become less important

along with climate change, but other threats may appear.
The altitude of most frequent zero-temperature crossings, for
instance, is expected to rise. This shall introduce decreasing
levels of ground stability and cause falling rocks as well as
landslides across altitudinal ranges, which have not been jeop-
ardized by such threats so far. Temperature increases modeled
for the Iberian Peninsula are even more distinct than related
changes in Fennoscandia. These changes will considerably
enhance pressure on already carried out maintenance, repair,
reinforcement, and adaption work all over the Iberian
Peninsula.

Landslides, rutting, and blow-up events in Central Europe
will occur more frequently throughout the twenty-first century
than recorded in the past and will therefore impact Central
European transport infrastructure more severely than in the
past. While in the case of landslides orographic elevated and
complex structured terrain will experience (according to the
ensemble projections derived in this study) largest increases
per year, rutting and blow-up occurrences will change most
across low altitudes, particularly in the high Rhine valley.

All above discussed changes in CIs, triggering hazards
to European road infrastructure, accelerate with time to-
wards the end of this century. In Central Europe, this
acceleration is more obvious for rutting and blow-ups
than for landslides. In Fennoscandia, winter temperatures
increase with less pace than summer temperatures in the
Iberian Peninsula.

These findings, in particular their change in pace towards
the end of this century, shall provide assistance for road au-
thorities and decision-makers in planning and designing tasks
as well as in implementing sufficient and resilient adaption
measures, which are required to lessen future impacts on
European transport networks.

Results achieved in the present study contribute to the
current body of knowledge in terms of future hazard
evolution, which can serve a basis for strategic planning
and the integration of mitigation and adaption measures
into decision-making. Altogether, shown future changes
in threats to transport infrastructure highlight the need
for incorporating climate change principles and adaption
strategies into operation. Planning new corridors, rein-
forcement of infrastructure, maintenance, and procure-
ment programs should be also based on findings as those
presented in this study.

Future work may involve three almost obvious tar-
gets. Analysis strategies like those elaborated throughout
this study shall be used to extend our knowledge on
climate change-driven future threats to transport
infrastructure.

This refers (i) to the inclusion of further climate change
projections, e.g., ensembles as those generated by EURO
CORDEX; (ii) to the extensions of the study area across
further European countries (which requires careful treatment,

Climate Change driven evolution of hazards

Author's personal copy



since datasets from different countries often exhibit breaks
along borders, which may introduce errors of the same order
as the climate change signal); and (iii) an extension of the
above analysis to further CIs.
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