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1

Introduction

This paper gives an overview on the most important assessments by climate models on the expected climate changes and their impacts on extreme weather events.
Climate change assessment involves a number of procedures: (i) comparison of
the diverging scenario projections for the future weather trends from different climate models, (ii) downscaling of results from coupled general circulation models to
the European Scale, (iii) interpretation of the general weather changes, expressed
in air pressure, temperature, precipitation and wind and (iv) conclusions on the
future frequency and intensity of extreme events. The above methodology entails
various uncertainties and therefore, often only qualitative indications about future
trends are given in the literature.

2

Climate Change and Extreme Weather Events

2.1

Research on Climate Change

According to the Intergovernmental Panel on Climate Change IPCC (2001a) climate change refers to any change in climate over time, whether due to natural
variability or as a result of human activity.
A large number of research documents has been published the last twenty years
and a lot of this literature is thematically very narrow, model specific and focussing
on meteorology and detailed statistics. Four projects/reports have i.a. the goal to
collect the research evidence, compare the results and to summarise the findings
for Europe:
Intergovernmental Panel on Climate Change IPCC, 4th Assessment
Report AR4 (Christensen 2007, Alcamo 2007, Meehl 2007)
ENSEMBLES (van der Linden P.,et al 2009)
PRUDENCE (Christensen et al 2007):)
ESPON 1.3.1 (Schmidt-Thomé 2006)
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2.1.1

Intergovernmental Panel on Climate Change IPCC

The latest IPCC report, published by Christensen in 2007, is the Assessment Report 4 (AR4), which was composed by three Working Groups and rely on 21 climate models to assess Climate Change. All these models calculate four different
scenario families with each a number of sub-scenarios regarding the future emissions of Green House Gases (GHG). Most figures given in this paper represent the
Scenarios A1 and A2, that are described in the box below. Figure 1 shows the average impacts of the scenarios on the global temperature increase.

Figure 1: Global warming according to IPCC AR4
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The A Scenario Family
The A1 storyline and scenario family describes a future world of very rapid economic growth, global population
that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies. Major underlying themes are convergence among regions, capacity building and increased cultural
and social interactions, with a substantial reduction in regional differences in per capita income. The A1 scenario family develops into three groups that describe alternative directions of technological change in the energy system. The three A1 groups are distinguished by their technological emphasis: fossil-intensive (A1FI),
non-fossil energy sources (A1T) or a balance across all sources (A1B) (where balanced is defined as not relying too heavily on one particular energy source, on the assumption that similar improvement rates apply to all
energy supply and end use technologies).
The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is selfreliance and preservation of local identities. Fertility patterns across regions converge very slowly, which results
in continuously increasing population. Economic development is primarily regionally oriented and per capita
economic growth and technological change more fragmented and slower than other storylines.
Source: IPCC 2007, AR4

2.1.2

PRUDENCE

The Prediction of Regional scenarios and Uncertainties for Defining European Climate change risks and Effects (PRUDENCE) project involved more than 20 European research groups. The main objectives of the project were to provide dynamically downscaled high-resolution climate change scenarios for Europe at the end of
the 21st century, and to explore the uncertainty in these projections. Four sources
of uncertainty were studied: (i) sampling uncertainty due to the fact that model climate is estimated as an average over a finite number (30) of years, (ii) regional
model uncertainty due to the fact that climate models use different techniques to
discretize the equations and to represent sub-grid effects, (iii) emission uncertainty
due to choice of IPCC SRES emission scenario, and (iv) Boundary uncertainty due
to the different boundary conditions obtained from different global climate models.
Each PRUDENCE experiment consisted of a control simulation representing the
period 1961 to 1990 and a future scenario simulation representing 2071 to 2100. A
large fraction of the simulations used the same boundary data (from the Hadley
Centre Atmospheric Model (HadAM3H) for the A2 scenario) to provide a detailed
understanding of the regional model uncertainty.
PRUDENCE provides a series of high-resolution climate change scenarios for
2071-2100 for Europe, characterising the variability and level of confidence in
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these scenarios as a function of uncertainties in model formulation, natural/internal
climate variability, and alternative scenarios of future atmospheric composition.
The project provides a quantitative assessment of the risks arising from changes in
regional weather and climate in different parts of Europe, by estimating future
changes in extreme events such as flooding and windstorms and by providing a
robust estimation of the likelihood and magnitude of such changes.
Even though the PRUDENCE project was terminated in 2007, the reports provide
a large pool of data on weather extremes. Therefore, the simulations for temperature and precipitation change are given in the Annex of this paper. The data, with a
disaggregation into eight European regions, may be used for the predictions of the
Climate Change impacts on transport.

2.1.3

ENSEMBLES-Project

The ENSEMBLES project 2004-2009 (van der Linden et al 2009) is the successor
of PRUDENCE and aims at developing an ensemble prediction system for climate
change based on the principal state-of-the-art, high resolution, global and regional
Earth System models developed in Europe. Fifteen institutes ran their Regional
Climate Models at 25km spatial resolution, all using the A1B emissions scenario,
creating a matrix filled with 25 runs. Regional output was provided from both global
and regional models, and from statistical downscaling mostly to point locations.

2.1.4

ESPON 1.3.1

The ESPON 1.3.1 project on ―The Spatial Effects and Management of Natural and
Technological Hazards in Europe‖ (Schmidt-Thomé 2006) has the main goal to
show the spatial patterns of natural and technological hazards in Europe as an
overview on all NUTS3 areas and identifies possible impacts of climate change on
selected natural hazards.
Since the project has no proper climate model the approach was to use existing
results of hazard research and to combine those in such a way, that the obtained
information is comparable over the entire EU 27+2 area. The assessments of the
hazard risk in Europe is summarised in the following Chapter.

2.2

Main features of Climate Change

The various global climate models produce consistent results with respect to the
globally averaged future. On the regional level, there is still a large variability be-
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tween different models that are used for input to the regional climate simulations.
Table 1 lists the outputs from the Prudence assessments for North Europe (NEU)
and South Europe and Mediterranean (SEM): Here the changes in mean temperature and precipitation averaged for the period 1980 to 1999 period and the 2080 to
2099 period of A1B Scenario are presented. Computing the difference between
these two periods, the table shows the minimum, maximum, median (50%), and 25
and 75% quartile values among the 21 models, for temperature (°C) and precipitation (%) change. The table gives as well information about the duration (in years)
until the changes are statistically significant at a 95% level. Additionally, Table 1
presents the frequency of extreme weather events that will be discussed in Chapter 2.
Table 1: Main climate changes for Europe in 2080-2099 compared to 1980-1999

Source: Christensen et al 2007, 4th AR Working Group I, Chapter 11

2.2.1

Temperature

―Annual mean temperatures in Europe are likely to increase more than the global
mean. Seasonally, the largest warming is likely to be in northern Europe in winter
and in the Mediterranean area in summer. Minimum winter temperatures are likely
to increase more than the average in northern Europe. Maximum summer temperatures are likely to increase more than the average in southern and central
Europe.‖
Under the A1B scenario, the simulated area and annual mean warming from 1980 to 1999 to 2080 to 2099
varies from 2.3°C to 5.3°C in NEU and from 2.2°C to 5.1°C in SEM. The warming in northern Europe is likely
to be largest in winter and that in the Mediterranean area largest in summer.
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Source: Christensen 2007, p 875

Figure 2: Temperature increase 2080-2099 compared to 1980-1999

2.2.2

Precipitation

Annual precipitation is very likely to increase in most of northern Europe and decrease in most of the Mediterranean area. In central Europe, precipitation is likely
to increase in winter but decrease in summer. Extremes of daily precipitation are
very likely to increase in northern Europe. The annual number of precipitation days
is very likely to decrease in the Mediterranean area. Risk of summer drought is
likely to increase in central Europe and in the Mediterranean area. The duration of
the snow season is very likely to shorten, and snow depth is likely to decrease in
most of Europe.‖

Annual

DJF

JJA

Source: Christensen 2007, p.875

Figure 3: Precipitation increase 2080-2099 compared to 1980-1999

2.3

Extreme weather events and natural disasters

For the period 1998–2009, EEA (2010) reports 576 disasters due to natural hazards causing near to 100 000 fatalities, and close to EUR 150 billion in overall

11

WEATHER D2 Annex 1

losses. During this period, more than 11 million people (out of a population of 590
million, approximately, in the EEA member countries) were somehow affected by
disasters caused by natural hazards. Figure 4 shows that extreme temperature,
storms and floods made up nearly 90% of all natural disasters.

Figure 4: Natural disasters in Europe 1998–2009
According to EEA (2010), the number of disasters in Europe has been showing an
upward trend since 1980, largely due to the continuous increase of meteorological
and hydrological events. The trend is depicted in Figure 5.
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Figure 5: Disasters due to natural hazards in EEA member countries, 1980–2009
Many of the above disasters are caused be extreme weather events. The IPCC
(2001) has defined an extreme weather event as an event that is rare within its
statistical reference distribution at a particular place. Definitions of ‗rare‘ vary, but
an extreme weather event would normally be as rare as or rarer than the 10th or
90th percentile. By definition, the characteristics of what is called extreme weather
may vary from place to place. An extreme climate event is an average of a number
of weather events over a certain period of time, an average that in itself is an extreme (e.g. rainfall over a season.) Consequently, ESPON uses the definitions as
given in Table 2.

13

WEATHER D2 Annex 1

Table 2: Definition of Weather Extremes used in ESPON 1.3.1

Source: Schmidt-Thomé 2006

2.4

Climate Change impacts on extreme events

Meehl (2007) confirms that ―the type, frequency and intensity of extreme events
are expected to change as Earth‘s climate changes, and these changes could occur even with relatively small mean climate changes. Changes in some types of
extreme events have already been observed, for example, increases in the frequency and intensity of heat waves and heavy precipitation events.‖
In a warmer future climate, there will be an increased risk of more intense, more
frequent and longer-lasting heat waves. The European heat wave of 2003 is an
example of the type of extreme heat event lasting from several days to over a
week that is likely to become more common in a warmer future climate. A related
aspect of temperature extremes is that there is likely to be a decrease in the daily
temperature range in most regions. It is also likely that a warmer future climate
would have fewer frost days (i.e., nights where the temperature dips below freezing). Growing season length is related to number of frost days, and has been projected to increase as climate warms. There is likely to be a decline in the frequency
of cold air outbreaks (i.e., periods of extreme cold lasting from several days to over
a week) in NH winter in most areas.
In a warmer future climate, most Atmosphere-Ocean General Circulation Models
project increased summer dryness and winter wetness in most parts of the northern middle and high latitudes. Summer dryness indicates a greater risk of drought.
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Along with the risk of drying, there is an increased chance of intense precipitation
and flooding. This has already been observed and is projected to continue because in a warmer world, precipitation tends to be concentrated into more intense
events, with longer periods of little precipitation in between. Therefore, intense and
heavy downpours would be interspersed with longer relatively dry periods. Another
aspect of these projected changes is that wet extremes are projected to become
more severe in many areas where mean precipitation is expected to increase, and
dry extremes are projected to become more severe in areas where mean precipitation is projected to decrease.
In concert with the results for increased extremes of intense precipitation, even if
the wind strength of storms in a future climate did not change, there would be an
increase in extreme rainfall intensity. In particular, over land, an increase in the
likelihood of very wet winters is projected over much of central and northern
Europe due to the increase in intense precipitation during storm events, suggesting
an increased chance of flooding over Europe and other mid-latitude regions due to
more intense rainfall and snowfall events producing more runoff. The increased
risk of floods in a number of major river basins in a future warmer climate has been
related to an increase in river discharge with an increased risk of future intense
storm-related precipitation events and flooding. Some of these changes would be
extensions of trends already underway.
There is evidence from modelling studies that future tropical cyclones could become more severe, with greater wind speeds and more intense precipitation. Projections also indicate as probable an eastward extension of the Atlantic storm-track
into Europe. This is the reason for the increase of winds in central Europe, increase in precipitation in Northern Europe. This extension has already been observed in the last decades. A number of modelling studies have also projected a
general tendency for more intense but fewer storms outside the tropics, with a tendency towards more extreme wind events and higher ocean waves in several regions in association with those deepened cyclones. Models also project a poleward
shift of storm tracks in both hemispheres by several degrees of latitude.
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Table 3: Natural hazards underlying Climate Change

Source: Schmidt-Thomé 2006

ESPON resumes the above findings as listed in Table 3. Climate change determinants are air pressure, temperature and precipitation. Derived from these, the following effects are relevant for transport:
i)

Heavy precipitation, floods and mass movements;

ii) Storms, storm surges and combined events;
iii) Extreme winter conditions including frost, ice and snow;
iv) Heat periods, droughts and wildfires.
The effects are discussed in the following chapters
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3

Heavy precipitation, floods and mass movements

3.1

Precipitation

ENSEMBLES (van der Linden et al 2009) publish precipitation data for 2050 as
given in Figure 6. The seasons are depicted from top left Winter (DJF), top right
Spring (MAM), bottom left Summer (JJA) and bottom right Autumn (SON). The
magnitude of changes lies within the same range as the IPCC projections for winter mean surface air temperature for the period 2080-2099.
DJF

MAM

JJA

SON
Source: van der Linden et al 2009, p 145

Figure 6: Changes in seasonal precipitation (%) under the A1B scenario, 2021–
2050 relative to 1961–1990
A quantification of the precipitation change for the A1B Scenario 2080-2099 compared to 1980-99 is given in Table 1 according to IPCC (Christensen et al 2007):
The 50 percentiles indicate an annual increase of 9% in North Europe with the
strongest increase of 15% in Winter, and a decrease of 12% in the South with the
strongest decrease in summer. However, there is a variation within the regions:
from 0 to 16% in the north and from –4 to –27% in the south. The column ―Tyrs‖ of
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Table 1 indicates the time period until the changes may be considered as statistically significant at 95% level. Since significance is reached only after 45 to 90
years, a secure prediction cannot be given for all seasons in 2050.

3.2

Precipitation extremes

IPCC observes ―in northern Europe and in central Europe in winter, where time
mean precipitation is simulated to increase, high extremes of precipitation are very
likely to increase in magnitude and frequency. In the Mediterranean area and in
central Europe in summer, where reduced mean precipitation is projected, extreme
short-term precipitation may either increase (due to the increased water vapour
content of a warmer atmosphere) or decrease (due to a decreased number of precipitation days, which if acting alone would also make heavy precipitation less
common). … However, there is still a lot of quantitative uncertainty in the changes
in both mean and extreme precipitation.‖ (Christensen 2007)
Räisänen (2004, p 25) conducted simulations on the changes of extreme precipitation (Figure 7) and observed that ―maximum precipitation increases even in most of
those areas where the mean annual precipitation decreases. Disregarding the
small-scale noise, the change in maximum precipitation varies less between different parts of Europe and the different scenario simulations than the change in mean
precipitation… An increase in heavy precipitation in a warmer climate is a remarkably robust model result.‖
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RH-A2

RE-A2

Source: Räisänen 2004, p26

Figure 7: Changes (%) in the largest one-day precipitation 2080-2099 compared
to 1980-1999, A2 scenario and different climate models
―Time scale also matters. Although there are some indications of increased interannual variability, particularly in summer precipitation, changes in the magnitude of
long-term (monthly to annual) extremes are expected to follow the changes in
mean precipitation more closely than are those in short-term extremes. On the
other hand, changes in the frequency of extremes tend to increase with increasing
time scale even when this is not the case for the changes in the magnitude of extremes. .‖ (IPCC 2007, AR4 WK1)
A Research by Räisänen (2004) revealed, that changing precipitation has its impacts on the number of wet days in Europe. ―Where the mean annual precipitation
decreases in the … simulations, there is at least as large a per cent decrease in
the number of wet days (defined here as days with at least 1 mm of precipitation).
Where the largest increases in mean precipitation occur, such as in western Norway …, the number of wet days also increases … Thus, the precipitation intensity
averaged over all wet days increases almost everywhere, and this change varies
less between different parts of Europe and the different simulations than the
change in annual mean precipitation. Nevertheless, the increase in the yearly
maximum one-day precipitation tends to exceed the increase in the average wetday precipitation.‖
The number of wet days according to IPCC is given as well in Table 4. The models
projected an increase in mean precipitation in winter in both southern Scandinavia
and central Europe, due to both increased wet day frequency and increased mean
precipitation for the wet days. In summer, a decrease in the number of wet days
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led to a decrease in mean precipitation, particularly in central Europe. Changes in
extreme short-term precipitation were broadly similar to the change in average wetday precipitation in winter. In summer, extreme daily precipitation increased in
most models despite the decrease in mean precipitation, although the magnitude
of the change was highly model-dependent.
Table 4: Change of frequency of wet days 2080-2099 compared to 1980-1999
Season

South
Scandinavia

Central
Europe

DJF
JJA

+10 to +25%
-5 to -25%

+5 to +25%
-20 to -40%

Source: Christensen 2007

Table 1 gives an indication about the frequency of extreme seasons by indicating
the frequency of wet seasons in 2080-2099 compared to 1980-99. For this purpose, extreme wet years in the 1980 to 1999 control period were compared to the
projections in 2080-99. As a result, 43% of the summers in North Europe may be
considered as extreme wet compared to today, while in the South there is no significant change. The latter region registers many more dry years amounting to
46%. More about this in Chapter 6.3.

3.3

Floods

Floods are high-water stages where water overflows its natural or artificial banks
onto normally dry land, such as a river inundating its floodplain. Floods occur at
more or less regular intervals in riverbeds and floodplains. Floods occur as natural
phenomena when the river runoff is so strong, that the riverbed is too small to contain the water masses. Floods are most regular in Europe in springtime, when the
winter snow and ice is melting. Strong floods happen irregularly, in so-called reoccurrence intervals of 10, 50 or 100 years.
According to EEA (2010) ―floods are complex processes that involve physical and
socio-economic factors. Accordingly, flood disasters are the result of both societal
and hydro-meteorological factors. It is important to make a distinction between
hydrologic and damaging floods. The difference is that a hydrologic flood, occurring in an unpopulated area, may cause no damage and therefore, flood disasters
are the result of the interaction between hydrologic floods and societal systems‖.
Several severe flooding events have occurred in Europe over the last decade,
causing loss of life, displacement of people and heavy economic losses (see An-
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nex 5). According to EEA (2010), floods have produced more than 1 100 fatalities
and affected more than 3 million people in the period from 1998 to 2009. Direct
economic losses in the period 1998–2009 were more than EUR 60 billion.

Source: Schmidt-Thomé 2006

Figure 8: ESPON assessment of flood risk in Europe (present)
The assessment of present flood risks was done by Schmidt-Thomé (2006) and is
depicted in Figure 8. The map shows risk concentrations in Central and Eastern
Europe. However, this map has to be compared to the changes in precipitation
patterns as discussed above. The result is a map of the additional climate change
induced risks, given in Figure 9. The map shows that only a share of the risks is
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increased and some areas in the Mediterranean show a decrease of risk due to
reduced precipitation.

Source: Schmidt-Thomé 2006

Figure 9: Climate change induced flood risks in Europe
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3.4

Land Slides

According to EEA represent Landslides ―a major threat to human life, property,
buildings, infrastructure and natural environments in most mountainous and hilly
regions of the world. Landslides are defined as the gravitational movement of a
mass of rock, earth or debris down a slope, which are basically described by two
characteristics: (i) the material involved (rock, rock debris, earth) and (ii) the type of
movement (falls, topples, slides, spreads, flows). The above classification, e.g.
rockfall, debris-flow, earth-slide, facilitates the understanding of the failure mechanism.‖ Although gravity acting on a slope is the primary reason for a landslide,
there are other contributing factors, such as erosion processes, water saturated
soils after rainfalls and snowmelts, heavy loads deposited on slopes. Human activities can cause landslides because of artificial slope constructions (roads, stockpiling, mining, etc.) and by other activities, such as deforestation. The term landslide
comprises many geotechnical subterms that all have different causes and effects.
Also, different European regions use varying terms for similar phenomena in European languages. For e.g. the Geological Survey of Bavaria, Germany, distinguishes between 6 different types of mass movements. The ESPON Hazards project uses the general term "landslide" to express the hazard of gravity forced
movement of material on a slope that could lead to potential structural damages
and accidents.
Annex 7 lists the major landslides in Europe during the period 1998–2009, in which
312 people were killed and infrastructure including roads and private house damaged or destroyed. Figure 10 shows today‘s areas where landslide risk exist in
Europe. Unfortunately, the Climate Change Effects were not documented by
ESPON. However, the large extent of the risk areas and the increase in precipitation in the North suggests that impacts will be considerable, especially in Scandinavia and the UK and Ireland. In the South, in contrast, the reduced precipitation
will decrease landslide risks.
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Source: Schmidt-Thomé 2006

Figure 10: Areas with landslide risk (present)
The Climate Change model simulate increases in average precipitation and in precipitation extremes. Since heavy rainfall events are frequent triggering factors for
landslides, the following trends can be assumed according to EEA (2010):
Increase in the number of debris flows from high intensity rainfall, together with soil erosion and degradation phenomena, as a consequence of increases in temperatures and aridity;
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Decline in activity for slow landslide phenomena due to the drop in the
total average annual rainfall and the consequent decrease in the recharge capacity of the water tables;
Increase in deformations of slopes (rock falls due to freeze thaw, debris
flows, earth flows) in areas which are now covered by permafrost and
therefore substantially stable, following progressive increases in temperature and the consequent reduction in permafrost and glacial areas.
For the time being

3.5

Avalanches

An avalanche is a sudden rapid flow of snow down a slope, occurring when either
natural triggers or human activity causes a critical escalating transition from the
slow equilibrium evolution of the snow pack. Typically occurring in mountainous
terrain, an avalanche can mix air and water with the descending snow. Powerful
avalanches have the capability to entrain ice, rocks, trees, and other material on
the slope. Avalanches are primarily composed of flowing snow, and are distinct
from mudslides, rock slides, and serac collapses on an icefall. In contrast to other
natural events which can cause disasters, avalanches are not rare or random
events and are endemic to any mountain range that accumulates a standing snow
pack. In mountainous terrain avalanches are among the most serious objective
hazards to life and property, with their destructive capability resulting from their
potential to carry an enormous mass of snow rapidly over large distances.
The last catastrophic winter in Europe with a large number of fatalities in secured
areas (i.e. settlements and traffic routes) was 1998/1999. The heaviest snowfall in
the Alpine region for 50 years triggered numerous fatal avalanches, in particular in
Austria, France, Switzerland, Italy and Germany. Annex 6 shows the major avalanche accidents (events with at least 5 fatalities) from 1998 to 2009 in Europe.
With the exception of the winter of 1999, almost all fatalities occurred in relation to
snow sports.
Figure 11 shows that the risk of avalanches is largest in Scandinavia, the Alps and
the Pyrenees and some other mountain areas. Since the Climate Change will induce warmer winters in Europe, the consequences will be twofold: on the one hand
snow coverage will be reduced and thus less avalanches may be expected. On the
other hand higher temperatures might increase the risk of avalanches, when snow
is melting. Unfortunately, the ESPON report does not give an indication on this.
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Source: Schmidt-Thomé 2006

Figure 11: Avalanche risk in Europe (present)
An analysis of the avalanche records in the Swiss Alps shows that natural avalanche activity has not changed over the last 70 years (EEA 2010). Climate
Change is, however, having a more and more pronounced effect at altitudes below
1 000 m, where a significant temporal as well as spatial reduction of snow coverage is already taking place. In contrast, no trend is visible at higher altitudes. Further increases of temperature obviously reduce the period during which large avalanches can occur. However, the occurrence of large avalanches is not governed
by general climatic trends but rather by short term weather events, such as particularly intense snow falls during a couple of days, possibly linked with strong winds
or a rapid temperature increase with rainfall at high altitudes. Such marked
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weather periods will possibly become more frequent with climate change. The percentage of wet snow avalanches is expected to increase relative to dry snow avalanches. An increase or decrease in the size of the avalanches should not be expected, as avalanche size is governed by the release height and release area,
which are hardly influenced by climatological developments but mainly by the topography and shear strength of the snowpack. From the conflicting tendencies
described above — reduced snow coverage as against possibly more heavy precipitation events — it is currently still difficult make a clear scenario projection for
the long term development of avalanche hazards under a changing climate.

4

Storms, storm surges and combined events

4.1

Wind Speed

According to IPCC (Christensen et al 2007), ―confidence in future changes in
windiness in Europe remains relatively low. Several model studies have suggested
increased average and/or extreme wind speeds in northern and/or central Europe,
but some studies point in the opposite. The changes in both average and extreme
wind speeds may be seasonally variable, but the details of this variation appear to
be model-dependent.
Simulations with an increased north-south pressure gradient across northern
Europe (e.g., left picture in Figure 12) tend to indicate stronger winds in northern
Europe, because of both the pressure gradient and a northward shift in cyclone
activity. Conversely, the northward shift in cyclone activity tends to reduce windiness in the Mediterranean area. On the other hand, simulations with little change in
the pressure pattern tend to show only small changes in the mean wind speed
(right picture in Figure 12). Most of the projected pressure changes fall between
the two simulations shown in Figure 12, which suggests that the most likely outcome for windiness might be between these two cases.
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Increased North-South Pressure

No Pressure Change

Source: IPCC AR4, WK 1, Chapter 11

Figure 12: Simulated changes in % in annual mean of 10m wind speed for the period 2071-2100 compared to 1961-90

4.2

Storms

According EEA (2010) ―Storms are natural events characterised by strong winds,
often in combination with heavy precipitation (e.g. heavy rainfall, hail, etc.). In
Europe, storms usually develop from extra-tropical cyclones that capture their energy through the contrast between subtropical air and polar air over the Atlantic
Ocean. Since temperature differences between these warm and cold air masses
attain a maximum in winter, the most intense storm events over Europe tend to
occur during this season‖
The most relevant storms for Europe are the so-called regional storms, i.e. winter
storms. These regional storms are also the highest cause for economic and insured losses in Europe. Winter storms are the result of differences in temperature
between the polar air masses and the air in the middle latitudes in autumn and
winter. These extra-tropical cyclones generally have less destructive power than
tropical cyclones or tornadoes, but they are able to provide damaging winds over a
wide area, and also can cause wave damages in coastal areas. Winter storms can
have such associated effects as storm surges (result of prolonged onshore winds),
floods, avalanches, landslides, high seas/waves (depending on the duration and
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intensity of a storm), snow pressure (heavy snowfalls) and coastal erosion (wave
action and suction on the shoreline).
An inventory on the storm events 1998-2009 given in Annex 3. EEA (2010) states
that in December 1999, a succession of three storm events (Anatol, Lothar and
Martin) over the continent produced insured losses of almost EUR 11 billion (more
than EUR 18 billion in overall losses). Insured losses from the storm Kyrill in 2007
reached the level of EUR 4.5 billion (an estimated EUR 2.4 billion in Germany
alone), more than the cost of flooding in the United Kingdom in the same year.
Storm Klaus (January 2009) caused estimated insured losses of EUR 2.4 billion in
France, Spain and Italy. More localized storms may also be very costly. The series
of storms known as Hilal (some depositing large quantities of hail that damaged
many cars) affected the German states of Rhineland Palatinate and North- Rhine
Westphalia in the spring of 2008 and produced overall losses of more than EUR 1
billion.
Figure 13 shows the areas in Europe where risks of winter storms and storm
surges are higher. This is mainly north Europe and especially the coastal areas of
Baltic, North Sea and Atlantic Ocean. Since winds are estimated to increase most
in Scandinavia, and Scotland, the impacts are assumed to be largest here.
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Source: Schmidt-Thomé 2006

Figure 13: Risks associated with winter storms (present)
According to IPCC ―extreme wind speeds in Europe are mostly associated with
strong winter cyclones the occurrence of which is only indirectly related to the
mean circulation. Nevertheless, climate change models suggest a general similarity between the changes in average and extreme wind speeds. Regarding extreme
winds, some authors found an increase in extreme wind speeds for western and
central Europe. Extreme wind speeds increase for the area between 45°N and
55°N, except over and south of the Alps. This could generate more North Sea
storms leading to increases in storm surges along the North Sea coast, especially
in the Netherlands, Germany and Denmark. Two models with gust parameterisation estimate an increase of up to 20% of the number of storm peak (defined as
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gusts≥8 Bft) events over Central Europe in the future. Leckebusch (2008) found
positive trends for both the severity of storms during the historic period (1960–
2000), and under climate change conditions. Additionally an increase in the spatial
extent of storms is diagnosed, amounting up to about 10 % between present day
and the scenario climate.
Rockel et al (2007) research the change in total number of storm peak events over
Europe from 1961–1990 to 2071– 2100 for two models as shown in Figure 14.
Both models simulate an increase in the number of events over land areas in
Western, Central and Eastern Europe. A decrease is modelled in the other parts of
Europe, which are mostly over the ocean.
Model

CHRM

CLM

Source: Rockel et al 2007, p 273

Figure 14: Change in total number of storm peaks (gusts larger 8 Bft, in %) 20802099 compared to 1980-1999

4.3

Storm surges

Storm surges occur mainly in Northern Europe and have led to devastating impacts until the 1960's. Since then improved coastal zone management enables to
keep the damages of storm floods low. Storm surge is seawater that is pushed
toward the shore by the force of the winds of a strong storm. This rise in water
level can cause severe flooding in coastal areas, particularly when the storm tide
coincides with the normal high tides. In northern Europe many coastal areas lie just
above or even below the mean sea level and the danger from storm tides is very
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high. Storm surges can appear in may European areas, but due to the high winter
storm probability the North Sea shoreline is especially exposed to this hazard.
Figure 15 show Europe‘s regions presently most endangered by storm surges.
Here only the coastal areas are endangered. Storms are expected to increase with
wind speed as depicted in Figure 12. The increasing wind speeds in the polar region will have comparable little effects, since the areas are sparsely populated.
Bigger damages may be expected in the low lying coastal areas, especially of the
Netherlands, Germany and Denmark. The latter country will experience the
strongest increase in wind speeds and thus storms. In contrast, decreasing winds
in South Europe will not generate large benefits, since the risk is low in most areas.
The huge risk area in northern Sweden and Finland is a cartographic problem due
to the large extent of the NUTS 3 regions. Indeed, only the coast of the NUTS regions is affected.
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Source: Schmidt-Thomé 2006

Figure 15: Risk of storm surges (present)
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5

Extreme winter conditions including frost, ice
and snow

5.1

Winter temperatures

In contrast with summer, models predict reduced temperature variability in most of
Europe in winter, both on interannual and daily time scales. In the PRUDENCE
simulations, the lowest winter minimum temperatures increased more than the
median minimum temperature especially in eastern, central and northern Europe.
The geographical patterns of the change indicate a feedback from reduced snow
cover, with a large warming of the cold extremes where snow retreats but a more
moderate warming in the mostly snow-free south-western Europe (Christensen et
al 2007).
A large increase is also expected for yearly minimum temperature across most of
Europe, which at many locations exceeds the average winter warming by a factor
of two to three. Much of the warming in winter is connected to higher temperatures
on cold days, which indicates a decrease in winter temperature variability. An increase in the lowest winter temperatures, although large, would primarily mean
that current cold extremes would decrease (Räisänen et al 2004).
More information on winter mean surface air temperature for the period 2021-2050
may be derived from the top left map of Figure 16. The map shows an increase of
temperature changes from the South-West to the North-East. In the Mediterranean
and the countries influenced by the Atlantic Ocean climate (F, UK, IRE, Benelux,
Norwegian coast) temperatures increase by 0.7° to 1.4° Celsius, while the Central
East Countries experience temperature increases of 1.4° to 2.1°; only the far North
East registers a winters that are 2.1° to2.8° warmer.
However, it has to be emphasised that these 2050 data reflect an intermediary
state of the temperature increase. The IPCC data from 2100, given in Table 1,
show median winter temperature increases of 2.6° to 4.3°.
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JJA

SON
Source: van der Linden et al 2009, p 145

Figure 16: Changes in seasonal temperature (%) under the A1B scenario, 2021–
2050 relative to 1961–1990

5.2

Snow

According to IPCC (Christensen et al 2007) is ―the overall warming very likely to
shorten the snow season in all of Europe. Snow depth is also likely to be reduced,
at least in most areas, although increases in total winter precipitation may counteract the increased melting and decreased fraction of solid precipitation associated
with the warming. The changes may be large, including potentially a one-to-three
month shortening of the snow season in northern Europe and a 50 to 100% decrease in snow depth in most of Europe by the late 21st century. However, snow
conditions in the coldest parts of Europe, such as northern Scandinavia and northwestern Russia and the highest peaks of the Alps appear to be less sensitive to
the temperature and precipitation changes projected for this century than those at
lower latitudes and altitudes.‖
Raisänen (2004) conducted simulations on extreme winter temperatures and reveals that in many areas, this change exceeds the average winter warming by a
factor of two or three . This indicates a decrease in wintertime temperature variability. The likely main reason for the large increase in minimum temperature is dra-

35

WEATHER D2 Annex 1

matically reduced snow cover in the scenario simulations. In south-western
Europe, notably the Iberian Peninsula, the difference is much smaller than further
northeast because snow is rare and the lowest temperatures are relatively high
even in the control runs.
RH-A2

RE-A2

Source: Räisänen 2004, p26

Figure 17: Change of the lowest minimum temperature (in °) 2080-2099 compared
to 1980-1999, according to different climate models
As warming increases in the future, mountainous regions where snowfall is the
current norm will increasingly experience precipitation in the form of rain. For every
degree Celsius increase in temperature, the snow line will on average rise by
about 150 m. Although the snow line is difficult to determine in the field, it is established that at lower elevations the snow line is very likely to rise by more than this
simple average estimate. For a 4°C shift in mean winter temperatures in the European Alps, as projected by recent regional climate model simulations in Europe
under the A2 emissions scenario, snow duration is likely to be reduced by 50% at
altitudes near 2,000 m and by 95% at levels below 1,000 m.
Where some models predict an increase in winter precipitation, this increase does
not compensate for the effect of changing temperature. The extent of continental
glaciers is more affected by increases in summer temperature than by possible
increases in the amount of winter snow. Even in the presence of great amount of
winter precipitation, the glacier may reduce their mass if summer temperature are
too high. This may apply to climate projections over the Alps. Reductions in snow
cover that will have a number of implications, in particular for early seasonal runoff,
and the triggering of the annual cycle of mountain vegetation.
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5.3

Maritime ice cover

The Baltic Sea is likely to lose a large part of its seasonal ice cover during this century. Using a regional atmosphere-Baltic Sea model, the average winter maximum
ice extent decreased by about 70% (60%) between 1961 to 1990 and 2071 to
2100 under the A2 (B2) scenario. The length of the ice season was projected to
decrease by one to two months in northern parts and two to three months in the
central parts. Comparable decreases in Baltic Sea ice cover were projected by
other studies.

6

Heat periods, droughts and wildfires

6.1

Summer temperatures

The yearly maximum temperature is expected to increase much more in southern
and central Europe than in northern Europe. Information on summer temperatures
in 2050 may be derived from the bottom left map of Figure 16. The map shows an
increase of temperature changes from the North to the South. In the North temperatures increase by 0.7° to 1.4° Celsius, while the Mediterranean countries experience temperature increases of 1.4° to 2.1°; summers in some parts of Spain,
Greece and Turkey that are 2.1° to2.8° warmer.
However, it has to be emphasised that these 2050 data reflect an intermediary
state of the temperature increase. The IPCC data from 2100, given in Table 1,
show median summer temperature increases of 2.6° to 4.3°.

6.2

Summer temperature extremes

Climate change has already influenced the frequency and intensity of extreme
temperature events. High-temperature extremes like hot days, tropical nights and
heat waves have become more frequent. The number of warm extremes has been
increasing twice as fast over the last 25 years. This is in line with the general trend
in Europe, warming more than the global average. EEA (2010) counts 19 major
events of temperature extremes from 1998 to 2009 in Europe. Annex 4 provides an
inventory of these events.
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Along with the overall warming and changes in variability, heat waves are very
likely to increase in frequency, intensity and duration (Christensen 2007). The development of summer heat extremes in 1990, 2050 and 2100 are depicted in the
ENSEMBLES project (van der Linden P et al 2009) as given in Figure 18. The
maps show projected average number of summer days exceeding the temperature
(heat index) threshold of 40.7°C. The maps show that the impact in 2050 is still
moderate compared to 2100.

Projected average number of summer days exceeding the apparent temperature (heat index) threshold of 40.7°C
Source: van der Linden et al 2009, p.75

Figure 18 Number of hot summer days
―In summer, the warming of large parts of central, southern and eastern Europe
may be more closely connected to higher temperatures on warm days than to a
general warming…Interannual temperature variability is likely to increase in summer in most areas. However, the magnitude of change is uncertain, even in central
Europe where the evidence for increased variability is strongest. In some
PRUDENCE simulations, interannual summer temperature variability in central
Europe doubled between 1961 to 1990 and 2071 to 2100 under the A2 scenario,
while other simulations showed almost no change. …Simulated increases in summer temperature variability also extend to daily time scales.‖ PRUDENCE simulations and find that ―a general increase in summer daily temperature variability is
evident, especially in southern and central parts of Europe, with the highest maximum temperatures increasing more than the median daily maximum temperature‖
(Christensen 2007).
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Table 1 presents as well the frequency (%) of extremely warm summers in 2100.
An ‗extremely warm‘ summer is defined as follows. Examining all of the summers
simulated in a particular realisation of a model in the 1980 to 1999 control period,
the warmest of these 20 summers can be computed as an estimate of the temperature of the warmest 5% of all summers in the control climate. The period 2080
to 2099 is then examined, and the fraction of the summers exceeding this warmth
determined. This is referred to as the probability of extremely warm summers. In
North Europe 88% of the summers in 2080 to 2099 in the A1B scenario are projected to be extremely warm, in the South this value reaches 100%.
Räisänen (2004) simulates the maximum summer temperatures in 2100 as given
in Figure 19. Like the summer mean temperature, the maximum temperature is
simulated to increase much more in southern and central than in northern Europe.
Research by Seneviratne et al (2006) has shown that the occurrence of summer
temperature extremes over continents is also linked with the occurrence of nonlinear feedback with surface fluxes. These processes are still not included in climate models, so that the maps in Figure 19 may represent an underestimate of the
frequency of future events.

RH-A2

RE-A2

Source: Räisänen 2004, p26

Figure 19: Change in the highest maximum temperature (in °) 2080-2099 compared to 1980-1999, different climate models
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6.3

Droughts

Drought is a natural phenomenon, which is defined as sustained and extensive
occurrence of below average water availability, caused by climate variability ( EEA
2010). Droughts are usually distinguished into 3 types: i) Meteorological droughts
(levels of precipitation); ii) hydrological droughts (water levels in rivers, lakes, reservoirs and aquifers) and iii) agricultural droughts (availability of water for crops).
EEA (2010) gives an overview on the events of water scarcity and droughts in the
last 30 years, as depicted in Figure 20. The total area and population affected by
droughts doubled from 6 to 13 % from 1976–1990 to 1991–2006. In terms of population and area affected, peaks were observed in 1976, 1989-1991, 2003 and
2005. The duration of each event, and the area and population affected varied
throughout this period. In Mediterranean countries droughts may last one or several years, while in central and northern countries droughts last some months,
such as a dry winter season with low recharge of groundwater or a dry summer
affecting crop yield. Droughts affect a large part of the territory of some countries,
whereas in others they often only affect specific regions but with higher frequency.

Source: EEA 2010, p55

Figure 20: EU area (left) and population (right) affected by water scarcity and
droughts in the last 30 years
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The present risk of droughts in Europe is depicted in Figure 21. The highest risks
are Portugal and West Spain and in Central Northern Europe (Benelux, D, PL, DK,
South Sweden) where the high intensity of agricultural production is most vulnerable.

Source: Schmidt-Thomé 2006

Figure 21: Precipitation deficit as drought potential indication (present)
The combined effects of warmer temperatures and reduced mean summer precipitation would enhance the occurrence of heat waves and droughts (Alcamo et al
2007). The risk of drought is likely to increase in southern and central Europe. By
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contrast, the same studies do not suggest major changes in dry-spell length in
northern Europe. Countries in central Europe will experience the same number of
hot days as currently occur in southern Europe and Mediterranean droughts will
start earlier in the year and last longer. The regions most affected could be the
southern Iberian Peninsula, the Alps, the eastern Adriatic seaboard, and southern
Greece. The Mediterranean and even much of eastern Europe may experience an
increase in dry periods by the late 21st century.
Table 1 presents as well the frequency (%) of dry summers in 2100. While in the
North of Europe only 2% of the summers in 2080 to 2099 are expected to be dry,
in the South this share reaches 42%. Figure 22 maps the projected change in the
difference of maximum dry spell length for the Mediterranean region under the A1B
scenario for the time period 2021–2050 relative to the 1961–1990 mean. The largest increase of drought hazard may be expected in Portugal, South West Spain
and South Greece.

Source: van der Linden et al 2009

Figure 22: Projected change in the difference of maximum dry spell length 20802099 compared to 1980-1999
Given these climate change projections, the risk future risk of droughts increases
as depicted in Figure 23. Clearly in Portugal and West Spain the impacts will be
largest, while Central Northern Europe will not experience a major increase in
droughts.
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Source: Schmidt-Thomé 2006

Figure 23: Climate Change induced drought risks

6.4

Wild Fires

According to EEA (2010) are forest or wild fires ―a recurrent phenomenon in
Europe and on other continents. Fires are a natural disturbance, which are essential for the regeneration of certain tree species and ecosystem dynamics. In addition, fire has been used in the environmental context for many purposes, including
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shrub removal in the forest and straw burning in agriculture. However, fire events
show increased intensity and produce more serious impacts. The reasons for this
change are manifold, such as fundamental changes in land-use and demography.‖
Wild fires can cause considerable damage in environmental terms, e.g. by the destruction of fauna and flora, and can cause human casualties. They also have serious economic implications on forestry, infrastructure and private property. Forest
fires are natural phenomena (e.g. self ignition, lightning, etc.) that are very important for the natural living process of a forest. They lead to a natural cleaning process of forests, as e.g. excessive dead wood is burnt. The suppressing of forest
fires can lead to the production of excessive biomass and dead wood that lead to
unnatural conditions, leading to more catastrophic forest fires than in natural forests due to the abundance of fuel.
An inventory of the wild fire events 1998-2009, depicted in Figure 24 was undertaken by EEA (2010): an average of 70 000 fires take place every year burning
more than half a million hectares of the forested areas in Europe; in critical years,
e.g. 2007, this figure can increase to 1 million hectares. Fire activity and fire effects
are concentrated in the European Mediterranean Region. About 70 % of fires occur
in this region, and they are responsible for 85 % of the total burnt area of Europe.
Although fire frequency shows three peaks during the year, i.e. winter fires in the
mountain regions, spring fires related to agricultural practices, and summer fires
closely related to high temperatures and summer drought, most fire damage occurs in the summer period, that is, during July, August and September.
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Source: EEA 2010, p.49

Figure 24: Wild fires in Europe 1998-2009
Figure 25 gives a picture of the risk of wild fires, which concentrates not only on
the Mediterranean Countries, but affects as well Romania and Poland. The Climate
Change induced risks are depicted in Figure 26. Similar to the drought risk above,
the effects concentrate on selected regions in the Mediterranean: Portugal, West
Spain, South Italy and parts of Greece.
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Source: Schmidt-Thomé 2006

Figure 25: Wild fire risks in Europe (present)
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Source: Schmidt-Thomé 2006

Figure 26: Climate Change induced wild fire risks
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7

Summary of Climate Change impacts on
weather extremes

This paper relies mainlys on the IPCC A1B and A2 Scenario with projections of
Climate Change to 2050 and 2100. The A1 storyline describes a future world of
very rapid economic growth, global population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies.
The A2 scenario family describes a very heterogeneous world. The underlying
theme is self-reliance and preservation of local identities, with fertility patterns
across regions converge very slowly, which results in continuously increasing
population. Economic development is primarily regionally oriented and per capita
economic growth and technological change more fragmented and slower.
For this paper, the following projects/publications were used to assess the impacts
of climate change on extreme weather conditions: IPCC AR4 (2007), ENSAMBLES
(2009), PRUDENCE (2007) and ESPON 1.3.1 (2006). Next to these, a number of
additional papers were reviewed to retrieve further information. The main changes
for Europe may be summarised as follows:
Increased temperatures, especially in the winter in the North, which implies reduced frost
Reduced snow coverage and marine ice coverage on the Baltic
Increased precipitation in the North and decrease in the South
Increase of drought risk in the Mediterranean
Increased wind speeds in the North and storm events increase, especially in Winter

More detail are given in the summary Table 5 below. The analysis reveals a temperature increase in Europe, with changes to 2050 being relatively moderate compared to expected Climate Change impacts in 2100. Since this WEATHER project
takes a shorter perspective - 2050 -, impacts are expected to be considerably
higher in 2100. Additionally, the statistical significance of the changes is lower.
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The research states, that there is a clear nexus between climate change and extreme weather event. The following effects are assessed in detail
i)

Heavy precipitation, floods and mass movements;

ii) Storms, storm surges and combined events;
iii) Extreme winter conditions including frost, ice and snow;
iv) Heat periods, droughts and wildfires.

Table 5 gives an overview on the Climate Changes that are relevant for the transport system.
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Table 5: Climate Change impacts on extreme weather events
Detailed
event /
component

Region

Season

Year

Description

Remarks

Source

There are more detailed values
for European Countries to be
derived from a map with isohyeten.

ENSAMBLES, van
der Linden et al
2009, p 145

Heavy precipitation, floods and mass movements
Rainfalls

Europe

Winter

2050

Average precipitation -15% to +15%

Europe

Summer

2050

Average precipitation to -35% +15%

NEU

Winter

2100

Average precipitation + 15%

SEM

Winter

2100

Average precipitation -6%

NEU

Summer

2100

Average precipitation + 2%

SEM

Summer

2100

Average precipitation -24%

Europe

Winter

2100

Change in the largest one-day precipitation
-30% to +50%

Europe

Annual

2100

The precipitation intensity averaged over all wet days increases almost
everywhere

Räisänen 2004, p26

South
Scandinavia

Summer

2100

Change of frequency of wet days +10 to +25%

Christensen 2007

South
Scandinavia

Winter

2100

Change of frequency of wet days -5 to -25%

Central
Europe

Summer

2100

Change of frequency of wet days +5 to +25%

Central
Europe

Winter

2100

Change of frequency of wet days -20 to -40%

IPCC AR4 WG1
Ch11, Christensen
et al 2007, S. 854
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There are more detailed values
for European Countries to be
derived from a map.

Räisänen 2004, p26
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Detailed
event /
component

Region

Season

Year

Description

Remarks

NEU

Summer

2100

43% of the summers are classified as extreme wet

SEM

Annual

2100

46% of the years are classified as dry

Floods /
flash
floods

Europe

Annual

2100

Climate change induced flood risks: Mainly in Central and Eastern Europe.
Some areas in the Mediterranean show a decrease of risk due to reduced
precipitation.

Avalanches

Europe

Winter

Landslides /
avalanches

Europe

Annual

2000

Europe

Annual

2000

From the conflicting tendencies- reduced snow coverage as against possibly
more heavy precipitation events - it is currently still difficult make a clear
scenario projection for the long term development of avalanche hazards
under a changing climate.
Map of the areas with landslide risk: Risks dispersed all over Europe
Avalanche risk in Europe: risk of avalanches is largest in Scandinavia, the
Alps and the Pyrenees and some other mountain areas.

Christensen et al
2007, 4th AR
Working Group I,
Map on NUTS3 level

Schmidt-Thomé
2006
EEA 2010, p 75

Map on NUTS3 level

Schmidt-Thomé
2006

Map on NUTS3 level

Schmidt-Thomé
2006

Increase in the number of debris flows, together with soil erosion and degradation phenomena. Decline in activity for slow landslide phenomena. Increase in deformations of slopes in areas which are now covered by permafrost.

Europe

Source

EEA 2010, p82f

Storms, storm surges and combined events.
Extratropical
cyclones

Storm
surges

Europe

Annual

2100

Changes in average wind speed -15% to 15%

2 maps from 2 climate models

Christensen et al
2007, 4th AR
Working Group I

Europe

Annual

2100

Change in total number of storm peaks (gusts larger 8 Bft): -30% to +20%

2 maps from 2 climate models

Rockel et al 2007, p
273

Europe

Annual

2000

Storms are expected to increase with wind speeds. Bigger damages may be
expected in the low lying coastal areas, especially of the Netherlands, Germany and Denmark. . In contrast, decreasing winds in South Europe will not
generate large benefits, since the risk is low in most areas.

Risk map on NUTS3 level

Schmidt-Thomé
2006
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Detailed
event /
component

Region

Hail and
hail
storms

Europe

Season

Year

Description

Remarks

There is currently insufficient information about small-scale extreme weather
events such as thunderstorms, hail, and lightning.

Source

Schmidt-Thomé
2006

Extreme winter conditions including frost, ice and snow
Frost
periods

Snow

Mediterranean + F,
UK, IRE, NL,
B, N coast

Winter

2050

Temperatures increase by 0.7° to 1.4° Celsius.

van der Linden et al
2009, p 145

Central East
Europe

Winter

2050

Temperature in-creases of 1.4° to 2.1°;

North East
Europe

Winter

2050

Temperature increase 2.1° to2.8°

Europe

Winter

2100

Extreme winter temperature reduction exceeds the average winter warming
by a factor of two or three. The likely main reason for the large increase in
minimum temperature is dramatically reduced snow cover in the scenario
simulations. In south-western Europe, notably the Iberian Peninsula, the
difference is much smaller than further northeast because snow is rare and
the lowest temperatures are relatively high.

Raisänen (2004)

Europe

Winter

2100

The overall warming will shorten the snow season in all of Europe. Snow
depth is also likely to be reduced, at least in most areas. Where some models
predict an increase in winter precipitation, this increase does not compensate
for the effect of changing temperature.
=> 50 to 100% decrease in snow depth in most of Europe

Christensen et al
2007, 4th AR
Working Group I, p
878f

North Europe

Winter

2100

Potentially a one-to-three month shortening of the snow season in northern
Europe

N Scandinavia, NW

Winter

2100

However, snow conditions in the coldest parts of Europe appear to be less
sensitive to the temperature and precipitation changes projected for this

Map with isotherms
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Russia,
highest
peaks of
Alps

Maritime
ice cover

Description

Remarks

Source

century than those at lower latitudes and altitudes.”

Mountain
Areas

Winter

2100

For every degree Celsius increase in temperature, the snow line will on
average rise by about 150 m. For a 4°C shift in mean winter temperatures in
the European Alps, snow duration is likely to be reduced by 50% at altitudes
near 2,000 m and by 95% at levels below 1,000 m.

Christensen et al
2007, 4th AR
Working Group I, p
886

Baltic Sea

Winter

2100

The Baltic Sea is likely to lose a large part of its seasonal ice cover during
this century. The average winter maximum ice extent decreased by about
70% (60) under the A2 (B2) scenario. The length of the ice season was
projected to decrease by one to two months in northern parts and two to
three months in the central parts.

Christensen et al
2007, 4th AR
Working Group I, p
879

Winter
Storms

The most relevant storms for Europe are the so-called regional storms, i.e.
winter storms. See above

Heat periods, droughts and wildfires
Heat
periods

Europe

Summer

2100

The probability of extremely warm summers: In North Europe 88% of the
summers in the A1B scenario are projected to be extremely warm, in the
South this value reaches 100%.

Christensen et al
2007, 4th AR
Working Group I, p
854

Europe

Summer

2100

The combined effects of warmer temperatures and reduced mean summer
precipitation would enhance the occurrence of heat waves and droughts The
risk of drought is likely to increase in southern and central Europe. Countries
in central Europe will experience the same number of hot days as currently
occur in southern Europe and Mediterranean droughts will start earlier in the
year and last longer. The regions most affected could be the southern Iberian
Peninsula, the Alps, the eastern Adriatic seaboard, and southern Greece.
The Mediterranean and even much of eastern Europe may experience an
increase in dry periods by the late 21st century. By contrast, the same stud-

Alcamo et al 2007
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ies do not suggest major changes in dry-spell length in northern Europe.
Droughts

Wild fires

Europe

Summer

2100

While in the North of Europe only 2% of the summers in 2080 to 2099 are
expected to be dry, in the South this share reaches 42%.

Mediterranean region

Summer

2100

Difference of maximum dry spell length: The projected changes indicate an
increase of the index, with maximum values over the Iberian Peninsula,
Northern Africa and the whole Eastern Mediterranean, including southern
Italy, Greece and Turkey.

Maps with isotherms

van der Linden et al
2009

Europe

Summer

2100

Future risk of droughts increases:. Clearly in Portugal and West Spain the
impacts will be largest, while Central Northern Europe will not experience a
major increase in droughts.

Map with risk indicators

Schmidt-Thomé
2006

Europe

Summer

2100

The risk of wild fires concentrates on the Mediterranean Countries and Romania and Poland. The Climate Change induced risks concentrate on selected regions in the Mediterranean: Portugal, West Spain, South Italy and
parts of Greece.

Map with risk indicators

Schmidt-Thomé
2006
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Annexes
Annex 1: PRUDENCE Climate Change Simulations - Temperature [%]
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Source: Christensen et al 2007

Time period: 1961-90 compared to 2071-2100
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Annex 2 : PRUDENCE Climate Change Simulations - Precipitation [%]
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Source: Christensen et al 2007

Time period: 1961-90 compared to 2071-2100

PRUDENCE Climate: Regional Classification

Source:

Christensen

et
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Annex 3: Inventory of Storm Events in Europe 1998–2009

Source: EEA 2010, p 35
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Annex 4: Inventory of major events of temperature extremes 1998–2009

Source: EEA 2010, p 43
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Annex 5: Inventory of significant flood disasters in Europe 1998–2009
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Source: EEA 2010, p 66ff

Annex 6: Inventory of major avalanche accidents, 1998–2009

Source: EEA 2010, p 75
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Annex 7: Major landslide events, 1998–2009
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Source: EEA 2010, p 84ff
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Introduction
This paper provides additional material to Deliverable 2 on transport sector vulnerability
towards extreme weather events, Chapter 4 “Criticality Assessment in the Transport
Sector” of the EC-funded research project WEATHER (Weather Extremes: Impacts on
Transport Systems and Hazards for European Regions). It deepens the methodological
discussion in the main report (Part I) and provides detailed outputs of the link-based
assessment for Greece, Germany and the Netherlands (Part II).

1

Description of the criticality assessment methodology

1.1

Initial datasets and assumptions

The implementation of the method is comprised of the steps of defining the data sets,
selection of the computation procedure, description of the method‟s assumptions and
reaching to the final results. A brief description of the aforementioned step follows hereafter.

1.1.1

Data sets

The data sets from TRANSTOOLS databases are used for all the road networks.
These include both demand and supply data:
annual Origin-Destination matrices
link characteristics
nodes
zones
centroids
connectors

1.1.2

Computation

In order to calculate the travel times, used as the disutility per O-D pair, which is necessary for the network performance measure, the use of a PTV VISUM transportation
modeling tool was necessary. VISUM has been used for assigning the demand in each
road network and for the computation of link travel times. The above data sets have
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been imported and a traffic assignment procedure has been programmed within
VISUM. Travelers are assumed to follow least cost paths, according to Wardrop‟s principle, resulting to user equilibrium by taking into account congestion and capacity restraint effects. The equilibrium assignment used within VISUM has been the Equilibrium Lohse procedure. For each network, VISUM has been executed iteratively. Each
time one link has been removed, traffic assignment has been executed and travel times
have been exported, so as to compute the relative importance of each (removed) link.
This iterative process has been enabled through an external .NET script, developed
especially for this reason, which invoked VISUM, removed one link each time, executed the assignment and stored the results in a database.

1.1.3

Assumptions of the method

External Origin-Destination values have been considered in the calculations. E.g.
Origin=outside of Germany (e.g. France) and Destination=inside Germany, then this
OD is included in our calculations. The external ODs have not been included only for
the case of Greece, where country-internal trips are considered only. This assumption may result to some links not being sufficiently loaded with traffic, especially at
the country boarders.
Model outputs have not been validated against actual traffic counts, since this has
been beyond the scope of the application of the proposed method.

1.1.4

Results of the Network criticality assessment Methodology

The implementation of the proposed method for the road networks of Greece, Germany
and Netherlands gave two types of results:
1.

Hierarchy of the network‟s links according to their importance

2.

Calculation of network inefficiency (eg. time delays in the network) due to specific
link closures

1.2

Description of the ‘Link’ criticality assessment methodology

The link criticality assessment is applicable to road transport networks, in order to determine the most important links related to the efficiency of the transport network. The
resulting importance - in the form of an index - for all network links is considered in the
computation of the social costs (travel time delays).
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The steps of the respective method proposed to be used are presented next.
Step 1 The Origin-Destination demand matrices are assigned on the road network,
using given network data (ODs, centroids, connectors, links, nodes). For each OD,
demand is assigned on the network according to a user equilibrium criterion.
Step 2 Network efficiency is computed, based on A. Nagurney‟s Unified Network Performance Measure:

where
ε = unified network performance measure
G = network topology (links, nodes)
d = demand vector (OD pairs)
W = set of OD pairs
dw = demand of OD pair w
λw = disutility of OD pair w (travel time)
nW = number of OD pairs for G

Step 3 One link of the network is removed and ε is computed again. Iteratively, this
process is repeated for each link of the network in order to compute ε for each removed
link.
Step 4 The importance of each network component (link) is computed, based on A.
Nagurney‟s Network Component Importance

where G - g is the resulting network after component g (link) is removed from network
G.
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Step 5 If the removal results in no path connecting an OD pair, the demand for that
OD pair is assigned to an abstract path with a cost of infinity.
This criticality index for each link (I) represents the difference of the network‟s efficiency
after the link(s) removal in relation to the initial (normal) condition of the network. It can
be assumed that the lower the I(g) indicator is (values near zero), the more important is
the removed link(s) and the higher the I(g) is (values near one), the less important is
the link(s) removed. For surpassing this reverse characteristic, the final indicator that
provides the significance - importance of each link is provided as:

Link Importance (Lim) = 1 - I

For receiving values higher than one (and not percentages) of the links importance,
normalization of the values can be realized. Specific, the smaller (non zero) value of
importance is divided to all other links‟ importance and the relative importance of the
network‟s links is defined (final criticality index-normalized LIM). The process for defining the indicator LIM (computational steps) is presented in Table 1 that follows. The
numbers used in the table are selected by chance.

Table 1: Resources allocation based on link importance index
Available Network Comresources ponent Impor(budget)
tance (I)
A

Final Link
Importance

Final Criticality Budget allocation to
index LIM (nor- links (based on their

Lim (1-I)

malized)

importance)

A

max: I1 = 0,85

0,15

LIM (1) = I1 / In

A* LIM(1) / Σ(LIM) * 100

A

I2 = 0,9

0,10

LIM (2) = I2 / In

A* LIM(2) / Σ(LIM) * 100

A

I3 = 0,91

0,09

LIM (3) = I3 / In

A* LIM(3) / Σ(LIM) * 100

A

Ik

1 - Ik

LIM (k) = Ik / In

A* LIM(k) / Σ(LIM) * 100

A

min: In = a < 1

1- a

LIM (n) = In / In

A* LIM(n) / Σ(LIM) * 100
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The Table above describes the first category of results that can be provided from the
application of the „Link‟ criticality assessment‟ methodology, which is the link importance in order to proceed (for example) with a budget allocation as described in the
Table. The second category of results is the computation of travel times and travels
delays caused in the network from the link(s) removal, which can contribute to the assessment of the economic impacts of the weather events.
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2

Differences in traffic volumes and travel times after
the link(s) removals for all the different scenarios in
Germany, Greece and Netherlands

Figure 1: Motorway A8 (Stuttgart - Ulm -) Augsburg- Munich Scenario: Differences in
traffic volume

Differences in
Traffic Volume
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Figure 2: Motorway A8 (Stuttgart - Ulm -) Augsburg- Munich Scenario: Differences in
travel time

Differences in Travel
Time
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Figure 3: A5 Mannheim to Switzerland (Rhine Axes) scenario: Differences in traffic
volume

Differences in Traffic
Volume
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Figure 4: A5 Mannheim to Switzerland (Rhine Axes) scenario: Differences in travel time

Differences in Travel
Time
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Figure 5: Hamburg Elbe-Bridges with Link to Lübeck and Berlin scenario: Differences in
traffic volume

Differences in
Traffic Volume
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Figure 6: Hamburg Elbe-Bridges with Link to Lübeck and Berlin scenario: Differences in
travel time

Differences in Travel
Time
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Figure 7: A5 Berlin: Motorway Access from Potsdam / western Germany scenario: Differences in traffic volume

Differences in
Traffic Volume
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Figure 8: A5 Berlin: Motorway Access from Potsdam / western Germany scenario: Differences in travel time

Differences in
Travel Time
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Figure 9: Ruhr Area - Cologne: Several parallel links scenario: Differences in traffic
volume

Differences
in Traffic
Volume
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Figure 10: Ruhr Area - Cologne: Several parallel links scenario: Differences in travel
time

Differences in Travel
Time
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Figure 11: Motorway and parallel national routes Dresden - Berlin scenario: Differences
in traffic volume

Differences in
Traffic Volume
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Figure 12: Motorway and parallel national routes Dresden - Berlin scenario: Differences
in travel time

Differences in Travel
Time
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Figure 13: Dutch border, Aachen, Düren scenario: Differences in traffic volume

Differences in
Traffic Volume
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Figure 14: Dutch border, Aachen, Düren scenario: Differences in travel time

Differences in
Travel Time
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Figure 15: Munich - Rosenheim - Austrian border (Brenner) scenario: Differences in
traffic volume

Differences in
Traffic Volume
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Figure 16: Munich - Rosenheim - Austrian border (Brenner) scenario: Differences in
travel time

Differences in
Travel Time
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Figure 17: Rio-Antirio Scenario: Differences in traffic volume
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Figure 18: Rio-Antirio Scenario: Differences in travel time
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Figure 19: Athens-Korinthos scenario: Differences in traffic volume
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Figure 20: Athens-Korinthos scenario: Differences in travel time
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Figure 21: Tempi Scenario: Differences in traffic volume
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Figure 22: Tempi Scenario: Differences in travel time
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Figure 23: South-West Netherlands Scenario: Differences in traffic volume
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Figure 24: South-West Netherlands Scenario: Differences in travel time
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Figure 25: South Netherlands Scenario: Differences in traffic volume
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Figure 26: South Netherlands Scenario: Differences in travel time
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Figure 27: Central Netherlands Scenario: Differences in traffic volume
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Figure 28: Central Netherlands Scenario: Differences in travel time
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Figure 29: North Netherlands Scenario: Differences in travel volume
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Figure 30: North Netherlands Scenario: Differences in travel time

40

WEATHER D2 Annex 2 – Criticality Assessment

Figure 31: North Netherlands Scenario: Differences in traffic volume
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Figure 32: North-East Netherlands Scenario: Differences in traffic time
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