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Abstract

Future climate change is generally believed to lead to an increase in climate variability and
in the frequency and intensity of extreme events. In this report we analyse the changes in
variability and extremes in temperature and precipitation in Europe by the end of this
century, based on high-resolution (12 km) simulations of the regional climate model
HIRHAM. The results suggest a general trend towards higher temperatures at the end of
the 21st century. The magnitude of the changes is, however, not uniform across Europe
and varies between seasons. Higher winter temperatures are prevalent in Eastern Europe
and in the Alps, while higher summer temperatures mostly affect southern Europe.

Also the changes in temperature variability differ between northern and southern Europe
and between seasons. In winter the variability in the mean daily temperature decreases
considerably in north-eastern Europe, while in summer there is an increase predominantly
in southern Europe. Hot summer days and tropical nights become common in areas where
such events were previously rare, e.g. in London and Stockholm. While July remains the
hottest month in general, the changes in temperature are larger in August. This is also the
month with the largest increase in extreme summer temperatures and the occurrence of
heat waves.

The changes in precipitation are very different between southern and northern Europe. In
the south, the annual rainfall is generally decreasing, there is a higher risk of longer dry
spells, the differences between the years are getting larger, and arid and semi-arid areas are
expanding. In northern Europe, on the other hand, the precipitation amounts are generally
increasing, particularly in winter. In between is a broad region where, on an annual basis,
the changes are fairly small, but where the differences between the seasons are more
pronounced: winter and spring are getting wetter, while summer and, to a lesser extent,
autumn are getting drier.

On rain days the intensity and variability of the precipitation shows a general increase,
even in areas that are getting much drier on average. What is more, the rise in the
precipitation extremes tends to be stronger than in the average intensity. Considerably
increases in extreme multiday precipitation amounts may be very local, but occur almost
everywhere across Europe and in every season, except for summer in southern and western
Europe.

These findings support the conclusions of earlier studies that a warmer climate will result
in a higher incidence of heat waves, less summer precipitation and at the same time higher
rainfall intensities throughout much of Europe.

Vil






Extreme Temperatures and Precipitation in Europe:
Analysis of a High-Resolution Climate Change Scenario

1 Introduction

It is widely supposed that the so-called enhanced greenhouse effect may not only lead to a
change in climate in the sense of ‘average’ weather conditions, but also to an increase in
climate variability. For example, the Intergovernmental Panel on Climate Change (IPCC),
in its 4™ assessment report, states that:

“Future changes in anthropogenic forcing will result not only in changes
in the mean climate state but also in the variability of climate.”

And 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.” (Meehl et al., 2007)

After the disastrous floods in Central Europe in the summer of 2002, climatologists
scrutinized the results of their simulations of future climate conditions and found that,
although the total summertime precipitation will be reduced over large parts of Europe,
extreme rainfall events are likely to become more frequent and more intense (Christensen
& Christensen, 2003). The heat wave that affected many European countries in 2003 may
likewise have been a prelude to a future summer climate that may not only bring about
higher average temperatures, but also an increase in inter-annual variability (Schér et al.,
2004).

As extreme weather events occur more frequently and become more intense, the socio-
economic costs of those events are likely to increase as well (Beniston, 2007). Assessment
of future changes in climate extremes and climate variability, however, will stand or fall by
the ability of climate models to simulate these events in a realistic manner. Due to their
coarse horizontal resolution, general circulation models (GCMs) do not resolve sub-grid
meso-scale weather systems and are therefore not able to capture any extreme events very
well. Statistical downscaling of the GCM simulations by deriving statistical relationships
with observed small-scale (usually station level) variables, implicitly assumes that these
will also hold under future climate conditions. Empirical techniques can however not
account for systematic changes in regional forcing conditions or feedback processes.
Dynamical downscaling using regional climate models (RCMs) nested within global
models therefore seems to be the best approach to assessing changes in extreme weather
conditions. In recent years, the horizontal resolution of RCM experiments has increased
considerably and now approaches a level that allows a realistic simulation of the amount
and intensity of precipitation at the scale of river basins and small catchments (see e.g. Frei
et al., 2003; 2006), as well as the soil moisture feedback effects that may play a role in the
occurrence of heat waves (see e.g. Seneviratne et al., 2006; Fischer et al., 2007).

The aim of this report is to analyse the results of a recent RCM experiment at very high
resolution (~12 km) for the occurrence of temperature and precipitation extremes in
Europe under present and future climate conditions. The simulations were performed by
the Danish Meteorological Institute (DMI) with the RCM HIRHAM and are, to date,
unprecedented in scale and geographical coverage. More details on the climate model
simulations are given in Chapter 2-General Methodology for Data Analysis. Changes in
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temperature extremes and heat wave occurrence in Europe are analysed in Chapter 3,
while Chapter 4 focuses on precipitation and rainfall extremes. In Chapter 5, we will try to
synthesize the changes in precipitation and temperature extremes into a combined hazard
under future climate conditions.
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2 General Methodology for Data Analysis

The occurrence of temporal variability and extreme events in air temperature and
precipitation is typically evaluated based on the analysis of a set of indicators defining
variation and extreme conditions. A measure of change can be established by comparing
the occurrence of events during a period of projected climatic conditions relative to a
reference period, usually taken as 1961-1990 in climate change models.

2.1 Extreme Event vs. Ordinary Variation

Common understanding of an extreme event is based on the assumption that a “normal”
state exists. The state of what is considered normal is generally derived from a temporal
series of observed conditions. The nature of the normal state is not necessarily constancy
of a value, but regularity of a condition. For example, the average annual temperature may
be steady over several consecutive years and a higher or lower temperature would be
marked as at least unusual. However, night time temperatures would be expected to be
lower than daytime temperatures and in this example uniform temperatures would be
considered outside the norm.

The frequency distribution of an observed climatic parameter over a period of time and for
a given point or area would be expected to vary around a mean value, as shown in Figure
1. An extreme event would be defined by a deviation from the mean with a low frequency
of occurrence. Apart from these short and intense events there are also longer-lasting
above-average events.

0.5 0.5
0.4 0.4
g 0.3 g 0.3
° 8
© ©
Qo Qo
© o2 © o2
o o
O—+—+—F—+—F+—+—+—+— e (0]
7 8 9 10 11 12 13 14 15 16 17 18 19 20 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Mean Critical Mean Critical
temperature value temperature value

Figure 1: ldealized frequency distribution for event and distribution shift

The effect of a gradual change can be that the mean of a parameter in the second period
would have changed to a degree that what was once considered an anomaly would become
the norm. It would then be no longer classified as an extreme condition. A shift in general
conditions introduces and element of variability into the computation of indices when
deciding on a base year for change analysis and the interpretation of the results.
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Based on the assumption of a ‘standard’ condition, extreme events are often defined by the
paucity of the rate of recurrence of the event happening. Determining the rate of recurrence
is usually based on a time series of observations or modelled data over a period of time.
The Intergovernmental Panel on Climate Change (IPCC) defined extreme events of
meteorological conditions as:

“An extreme weather event is 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 or rarer than the 10" or 90" percentile.” (IPCC,
2001)

The Extreme Events Working Group of the Long-Term Ecological Research (LTER) uses
a similar definition:

“Extreme climatic events are statistically rare in frequency, magnitude, and/or
duration for a single climate parameter or combination of parameters for a
particular ecosystem. The ability to recognize and categorize extreme events is
dependent upon the length of reliable observational records. An extreme climatic
event may or may not induce an ecological response.” (Goodin, 2004)

Implied in both definitions is a limited time frame for the observation period of the
parameter(s) investigated and periodic data collection over that period. Both definitions
further emphasize that what is regarded as an extreme event pertains to a place of limited
geographic extent. Furthermore, when evaluating change the selection of a base period will
have to be taken into account. The LTER definition goes beyond a mere statistical
definition of an extreme event by including a reference to a response of an ecosystem to an
extreme event. In this the definition goes some way to include the concept of risk from an
extreme event, which is also associated with the impact of extreme events on societal
sectors (Beniston et al., 2007).

2.2 Criteria of Event Characterization

A deviation from the general pattern becomes an anomaly when the event is largely outside
the general pattern of variation. In case the anomaly is rare, i.e. when the frequency of the
event occurring is in the 10™ or 90" percentile (IPCC, 2001) the event is classified as
extreme.

The incidence of a heat wave or an extreme precipitation event is determined by processing
the climate parameters as part of a statistical analysis concentrating on three main aspects:

1. Thresholds (minimum / maximum)

The threshold criterion records the incidence of a defined event occurring over a
set period. It does not as such record the number of occurrences of a threshold
value being exceeded. While limited in the interpretation thresholds are easily
understood and undemanding for processing requirements.

2. Frequency

The frequency criterion assumes a statistical distribution of a temperature
parameter. From the modelled probability density function the likelihood of an
event of defined magnitude occurring is estimated.
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3. Magnitude

The magnitude criterion quantifies the difference of an event of defined
frequency occurring from the normal condition expressed by the mean.

For all three criteria a change analysis between spatially diverse regions or temporally
variable periods can be applied.

2.3 Regional Climate Model Data Used

The regional climate simulations that were used in the present analysis were produced by
the RCM HIRHAM (Christensen et al., 1996) which is based on the limited area model
HIRLAM but uses the physical parameterization of the general circulation model ECHAM
(Roeckner et al., 1996). The present simulations have been performed within the
framework of the EC-funded project PRUDENCE (Prediction of Regional scenarios and
Uncertainties for Defining European Climate change risks and Effects; Christensen et al.,
2007). In this experiment a very high horizontal resolution was adopted, approaching a
grid size of 12 km and covering the whole of Europe. The HIRHAM experiment consisted
of simulations for two 30-year time slices: a 30-year control run with a greenhouse gas
forcing corresponding to 1961-1990, and a scenario run corresponding to 2071-2100
according to the A2 scenario of the Intergovernmental Panel on Climate Change (IPCC)
(Nakicenovic & Swart, 2000). In the control run, the lateral boundaries were derived from
the HadAM3H high-resolution global atmosphere model, which itself had been forced by
low-resolution observed sea surface temperature (SST) and sea-ice extent. The climate
change signal in SST and sea-ice extent for future conditions came from the global coupled
atmosphere-ocean model HadCM3 (Gordon et al., 2000; Pope et al., 2000). As this
approach resulted in a very large heating of the Baltic Sea, the future signal in SST and
sea-ice extent for this area was derived from the Rossby Centre regional atmosphere-ocean
(RCAO) model (Doscher et al. 2002) that has a slab-ocean model of the Baltic Sea (i.e. the
sea is treated as a layer of water of constant depth; heat transport within the ocean is
specified and kept constant while the climate changes).

The analyses presented in this report are based on daily data of 2-m temperature and total
precipitation. It should be noted that in the control run the climate model provides only a
simulation of the climatological conditions (not the historical weather) for a 30-year period
corresponding to 1961-1990; a day-to-day or year-to-year comparison with historical
observations is therefore not possible. Each year in the HIRHAM simulations encompasses
12 months of 30 days or 360 days in total, meaning that the control and scenario runs each
consist of 10800 time steps. The area covered by the model is shown in Figure 2. For the
analysis of the temperature indicators the original data in rotated latitude/longitude grid
were transformed to a Lambert Azimuthal Equal Area grid with 10 km resolution. A
slightly different approach was used for the precipitation data as these were used as input
into the hydrological model LISFLOOD (see Dankers et al., 2007b); in this case the data
were re-gridded to the 5-km grid of LISFLOOD based on the centre coordinates of the
HIRHAM grid cells.
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Figure 2: Spatial coverage of the regional climate model HIRHAM experiment used in this
study
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3 Changes in Temperature Variability and Extremes

Despite the statistic rarity of a heat wave event, temperature records were set repeatedly in
2003 and subsequent years. In 2004 temperatures in Madrid reached 39.3C, a 73-year
high'. The extreme temperatures of July 2006 saw many temperature records broken across
Europe, including those of 2003. The damage caused by the 2006 extreme temperatures
was comparatively moderate, not least because the duration of the hot period was limited
to an episode in July and not combined with high levels of humidity and elevated night-
time temperatures. Higher temperatures are also effecting autumn and winter seasons. For
areas north of the Alps the autumn of 2006 was the warmest on record with a return period
estimated at 1 in 10,000 years based on a stable climate (van Oldenborgh, 2007) with
deviations from mean temperatures comparable to those of the 2003 summer heat wave.
The winter season of 2006/2007 was estimated to be the warmest within the last 500 years
(Luterbacher, 2007). According to the latest assessment report of the IPCC the recent
increases in temperature have had perceptible impacts on many physical and biological
systems (IPCC, 2007b).

An extreme event of a temperature deviation from the long-term mean occurred in
Northern Italy on 19 January, 2007, when the daytime temperature reached 25°C. This
extreme event was of short duration and had little detrimental impact on the infrastructure
and population of the region. However, should an event with a comparable magnitude in
deviation from the long-term mean temperature occur during a summer month direct
damage to crops, infrastructure and human health could be expected.

Unlike extremes in peak values for daily maximum temperature, heat waves are continuous
periods of temperatures exceeding a threshold for several days. They are generally
associated with countries of hot climate. The summer of 2003 showed that heat waves can
also occur in Europe with severe consequences to the public and the economy. The heat
wave of 2003 led to the death of more than 45,000 people in Europe. The damage to
society is estimated at over 5,800mio. Euro’. The 2003 heat wave was estimated to have a
return period of 46,000 years (Schér, et al., 2004) for Switzerland, although a similar event
could have happened in 1540 (Menzel, 2005). More generally it is quoted as a 1 in 500-
year event, but it has also been estimated as a 1 in 100-year event (Luterbacher, 2004).
Some of the effects of such extreme heat waves are:

* Increase in mortality of age groups at risk;

+ Disruption of transport and public works;

* Reduction in productivity and efficiency;

* Increase in energy consumption and decrease in energy production;

* Increase and change in occurrence of pests and rise of vector-borne diseases;

" http://news.bbc.co.uk/2/hi/europe/3856437.stm

% Source:EM-DAT: The OFDA/CRED International Disaster Database, Université Catholique de Louvain,
Brussels, Belgium
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* Direct damage to vegetation (crops, trees, etc.).

As extreme climatic events heat waves have received comparatively little attention until
the event of 2003 (Easterling, et al., 2000). With the availability of high-resolution climate
models the interest has also shifted towards assessing future developments in temperature
and temperature extremes. Under various scenarios of climate change a general increase in
temperature is expected for Europe, with local variations. This general increase in
temperature is accompanied by a larger variability of average temperatures (Schar et al.,
2004). This increase in the variability of the mean daily temperature could also be expected
to lead to an increase in the occurrence of heat waves (Carril, et al., 2008). An analysis of
simulations from two different emission scenarios and climate change models, one being
the HIRHAM model, indicated a seasonal differentiation in temperature increase between
northern and southern Europe (Réisdnen, 2004; IPCC, 2007a). In a different study, heat
waves (defined as spells of days with maximum daily temperatures exceeding 30°C) were
found to increase in duration by up to 50 days in many parts of the Mediterranean basin
under the A2 emissions scenario of the [IPCC (Holt & Palutikov, 2004).

3.1 Temperature Indicators of Variability and Events

Temperature constantly varies between locations, throughout the day, between seasons and
over years. Accordingly, temperature conditions are represented as values observed at a
specific place and time, as a statistical summary value over space or time or as a
combination of both. An example of a single observation is daily minimum and maximum
temperature for a weather station, a statistical summary value over time would be mean
daily temperature, while the 30-year accumulated average annual temperature for a region
would be an example of a summary value integrated over space and time. Analyses of the
variability in the observations usually concentrate only on the temporal component.

Indicators of extreme temperature events are generally derived from the parameters
specifying temperature conditions by analyzing a statistical distribution of the parameter
over repeated observations periods for the same location. The definitions for extreme
events are generally based on a frequency distribution. This approach does not include the
hazard to an ecological condition following long-term changes or a hazard caused from a
condition exceeding a fixed threshold value. For example, a HUMIDEX (Canadian
Ministry of the Environment, 1995) above 35 indicates an extreme condition for human
welfare, but the condition would not be defined as an extreme event in many areas during
summer months, including some parts of Europe. For those threshold values an analysis
based on changes in the frequency of a condition occurring could be used. Thus, when
looking at hazards from temperature conditions the statistical irregularity of an event
occurring and the intensity of the parameter should be evaluated.

3.1.1 Indicators of General Change

Indicators of change in general are mainly based on deviations from mean values or from
frequently occurring conditions. In this study the indicators used to characterize the general
change of temperature are:

* Change in mean and Accumulated Average Annual Temperature
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* Dispersion of mean daily temperature by month

* Mean of diurnal temperature range

*  Number of days with mean temperature >25°C

*  Number of days with max. temperature >25°C (Summer days)
*  Number of days with min. temperature >20°C (Tropical nights)

*  Mean monthly HUMIDEX from mean daily temperature

3.1.2 Indicators of Extreme Event

Changes in the occurrence of extreme events are defined by conditions, which are found to
be infrequent the control period or constitute a condition with potentially detrimental effect
to the environment, infrastructure of human beings. Indicators for extreme temperature
events computed are:

* maximum temperature of day > 35°C during a month

*  minimum temperature of day > 25°C during a month

* mean diurnal temperature range

« 95" percentile of maximum daily temperature by month
99" percentile of minimum daily temperature by month

* No. of days of mean temperature exceeding 25°C

3.1.3 Indicators of Heat Waves

Heat waves combine extreme temperatures with the duration expressed by consecutive
number of days of the event. In the present study heat waves are identified by:

* Heat Wave Duration Index (Frich, 2002)
* Frequency of Heat Wave Duration Index

The list of indicators could be extended. Depending on the ecological environment, for
which a hazard from heat waves would be estimated, different defining parameters to
derive the indicators would be applicable.

This study uses a broad set of indicators to better characterize changes in temperature and
the changes in the deviation of temperatures from long-term means (European Climate
Assessment & Dataset, 2007). The analysis of change is based on contrasting the simulated
HIRHAM data for the historic (1961-1990) period with those projected for the future
(2071-2100 under the A2 scenario). All analysis is performed on spatial data layers. By
differentiating temporal trends in the spatial domain the areas most affected by the
projected changes are identified.
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Long-term changes are assessed by analyzing general variations in mean daily, minimum
and maximum temperature between the control and scenario periods. Incidences of
extreme events (Sillmann & Roeckner, 2008) are evaluated by temperatures exceeding a
threshold value of uncommon or potentially detrimental temperatures, including relative
humidity as a parameter in computing the HUMIDEX. Heat waves are considered by the
number of consecutive days of exceptionally high temperatures. General change, extreme
event and heat wave indicators were geographically positioned by using a geographic
information system for the data with continuous pan-European coverage.

3.2 Results of Temperature Data Analysis

Results of the analysis of the temperature data are presented below in separate sections for
variations in temperature and occurrence of extreme events, with special emphasis on the
modelled rate of incidence of heat waves in the scenario period.

3.2.1 Local Temperature Characteristics

A first impression of the characteristics of the temperature data was drawn from plotting
the mean daily temperature for each day during June, July and August for the control and
the scenario period. The result is graphically presented in Figure 3.
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Figure 3: Development of mean daily temperature for summer months between control and
scenario periods for one grid point near Milan, Italy

The graph shows an increase in mean daily temperature for each month in the scenario
period.

For the month of June the monthly mean of the mean temperature was calculated for each
year of the control and the scenario periods. The figures are graphically presented in Figure
4.
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Figure 4: Monthly mean of mean daily temperature and Lag 3 moving average for control
and scenario periods for June and one grid point near Milan, Italy

The graph shows that the highest monthly mean temperatures of the control period are in
the range of the lowest temperatures in the scenario period. The development of the
moving average seems to indicate a small decrease in mean temperature for June from
1961 to 1990. Moreover, the annual variations seem to be higher in the scenario period
than in the control period. Further analysis reveals, however, that based on the size of the
sample (30) no significant linear trend in the development of the mean monthly values
exists for June or any of the other summer months investigated, neither in the control nor

in the scenario period.

The differences in the mean and variation of daily temperatures between control and

scenario periods in the three summer months are presented in Figure 5.
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Figure 5: Distribution of daily mean temperatures for summer months of control and
scenario periods for one point near Milan, Italy

The changes in mean daily temperature and variation are given in Table 1:

Table 1: Mean Annual Temperature for selected grid point near Milan, Italy

Month Mean (deg K) Std. Dev. (deg K)
Control Scenario Control Scenario
June 293.5 297.4 2.56 3.19
July 296.5 301.0 2.54 3.08
August 295.7 301.7 2.68 3.30

The largest change in mean temperature is projected for August with an increase of 6 deg,
while the smallest increase of the three months is modelled for July with 4.5 deg. For all
summer months the variation in mean daily temperatures increases, most of all for June.

3.2.2 Indicators of General Change

The previous section presented the temperature development between control and scenario
period at a single location as an example. The results should not be generalized since the
projected changes can be expected to be spatially variable. Further analysis was performed
on spatial data and is presented mainly as maps.

= Change in Mean Temperature and Accumulated Average Annual
Temperature

The most common indicator for expressing a long-term temperature change is based
on the mean annual temperature. To reduce the impact of inter-annual variations the
mean temperature is calculated for the 30 years of the modelled data periods. Change

12
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is then expressed as the difference between the mean temperatures of the scenario
period over the control period. For the HIRHAM data the indicator was computed
according to the following equation:

360 360

2100 ZTZM 1990 ZTZM

=) =)
Z 360 Z 360

AT2M = a=2071 _ a=19%1
30 30

where T2M stands for air temperature (°C). The resulting spatial layer is given in

Figure 6.
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Figure 6: Changes in mean daily temperature from control to scenario period

On average the mean daily temperature is projected to increase over almost all parts
of Europe, but to different degrees. Least affected appear to be Ireland and the United
Kingdom, where an increase of 2.0 to 2.5°C is modelled. Spain, the Alps, the
southern Balkan and Finland, on the other hand, show increases of up to 6°C.
Notable is the strong increase in mean temperature of the Baltic Sea, which may be
due to the setup of the climate model experiment (see section 2.3).
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Seasonal variations in the changes in temperature were identified by calculating the
changes separately for winter months (December, January and February) and summer
months (June, July and August). The two resulting spatial layers are shown in Figure
7.
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Change: Winter Summer Relative Summer to Winter

Figure 7: Changes in mean daily temperature from control to scenario period by season
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The graph shows that the increase in daily temperature not only varies by region, but
also between seasons. During winter Eastern Europe is more prone to a rise in
temperature (4-5°C) than the west (1.4 - 3°C), and mountainous areas more than
lowlands. During summer, however, temperatures increase more in Southern Europe
than further north. The third graph of Figure 7 illustrates this tendency by
differencing the seasonal changes. Notable is that the warming of the Baltic Sea
mainly occurs during summer.

A more differentiated situation is given by evaluating the changes in mean daily
temperature for the summer months, summer and the year aggregated by country.
The results are presented in Table 2.
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Table 2: Change in mean daily temperature from control to scenario period (land and

inland water surfaces)

D D D D

Country DYear |DJune | DJuly | oo | Summer Country D Year | DJune | D July August |Summer
Ireland 21 21 22 35 26 Malta 3.6 3.6 4.1 5.0 4.3
Iceland 2.3 2.2 2.0 3.1 2.4 Croatia 3.6 3.1 3.8 5.5 4.1
United 24 23 24 35 27 Belarus 3.7 2.1 2.6 3.7 2.8
Kingdom Latvia 3.7 2.2 2.6 35 2.8
Netherlands 2.9 2.6 2.8 3.7 3.0 Switzerland 3.8 3.8 3.7 5.1 4.2
Belgium 3.0 2.8 3.2 4.5 3.5 Italy 3.8 4.0 4.3 5.6 4.6

Luxembourg 3.1 3.0 3.3 4.8 3.7 Bosnia &
Denmark 3.2 2.4 2.7 3.5 2.9 Herzegovina e B e o5 42
Germany 3.2 2.6 3.0 4.5 34 Moldova 3.9 2.9 4.3 5.1 4.1
Czech 34 24 31 4.8 3.4 Romania 3.9 3.0 4.2 5.3 4.2
Republic Serbia &

Norway 3.4 2.9 2.3 2.8 2.7 Montenegro | 22 3.2 43 5.8 4.4
France 3.4 3.7 4.1 5.7 4.5 Estonia 3.9 25 3.0 3.8 3.1
Poland 3.4 2.0 2.7 4.2 3.0 Cyprus 4.0 4.6 4.4 52 4.7
Slovakia 3.5 2.4 3.1 4.8 3.4 Ukraine 4.0 29 4.3 A4.7 4.0
Slovenia 3.5 2.9 3.4 4.8 3.7 Spain 4.0 5.3 5.1 55 5.3
Sweden 3.5 2.6 2.4 3.1 2.7 Greece 4.0 4.2 4.9 59 5.0
Portugal 3.5 5.2 4.4 4.2 4.6 Albania 4.1 4.0 4.8 6.1 4.9
Lithuania 3.6 1.9 2.3 35 2.6 Finland 4.1 2.6 2.4 3.0 2.7
Hungary 3.6 2.5 3.5 5.4 3.8 Bulgaria 4.1 3.6 5.0 6.0 4.9
Austria 3.6 2.9 3.3 4.8 3.7 Macedonia 4.2 3.9 4.9 6.2 5.0

[ Ipb<soc [ ]30c<b<4oc [ ]Dp>40°C

The countries are arranged in order of increasing change in the annual mean
temperature. A visual separation is made for changes below 3.0 °C, those from 3.0 to
4.0 °C and those above 4.0 °C. Generally, relatively modest increases are found for
countries in north-western Europe whereas the larger increases are mainly found in

countries of the Mediterranean Basin, with the notable exception of Finland.

To illustrate the magnitude of these changes, the differences in the Accumulated
Average Annual Temperature (AAAT) between the control and the scenario period
for summer months were transformed into a geographic shift in the position of the
region. The shift was accomplished using a third order polynomial function with the
transfer function parameters derived from a set of control points. The resulting

distribution of Europe is presented in Figure 8.
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Figure 8: Change in mean daily temperature from control to scenario period
translated into generalized shift in geographic position

The graph shows that the mean annual temperature in the scenario period generally
corresponds with a temperature which is found much further south in the control
period. While the shift is relatively limited for Iceland, other areas shift, so to speak,
south by 6° to 8°. London would have AAAT values comparable to Bordeaux,
Copenhagen would resemble Munich, and average temperatures in Rome would be
similar to those currently found in Tunis. It should be noted that those equivalences
in mean temperature are only approximations, because the polynomial
transformations does not take into account local variations caused by distance to the
sea or elevation. For example, temperatures in mountainous areas would not be
similar to those of surrounding plains, but those of nearby areas at much lower
elevation. Such local variations have not been taken into account here.

The AAAT is used in some models related to environmental conditions, e.g. when
modelling soil organic carbon. It is computed by summing the mean daily
temperature over a year and then calculating the annual mean for the data period. The
graphical representation is no different from the mean annual temperature
distribution given in Figure 6 and only the scale diverges. However, when classifying
the values of AAAT into fixed ranges the geographic shift of the changes in AAAT
can become more apparent. An example of the changes in AAAT from the control to
the scenario period is given in Figure 9.
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Figure 9: AAAT from control to scenario period

The graph shows AAAT in grouped into classes of 1250°C. It illustrates a broad shift
by one class in a northerly direction.

Change in Dispersion of Mean Daily Temperature by Month

Changes in temperature could be different in nature. The change could be uniform or
caused by an alteration in the range of values. The mean value provides an indicator
for the general shift in temperature, but does not contain any information on a change
in temperature range. To characterize the dispersion of observed values around the
mean an indicator based on the variance is generally used. To express the dispersion
in the units of the measurements the standard deviation can be used. For the control
period the standard deviation was computed according to the following equation:

1 0 30(‘|’2|\/|° T2|\/|C)Z
7= s S, 2w T

a=1961 1

The mean monthly temperature T2M m refers to the mean of the daily temperature
for month m across the total control period. The standard deviation for the scenario
period is computed accordingly.

The result of the change in standard deviation of the mean daily temperature from the
monthly mean values for winter and summer months is given in Figure 10.
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Figure 10: Changes in standard deviation of mean daily temperature from control to

The graph demonstrates the difference in the development of the dispersion of mean
daily temperatures around the mean between the winter and summer months. During
winter a decrease in daily variations from the long-term mean in the scenario period
prevails for northern Europe. For the summer months the governing development is
an increase in the variation in southern Europe, in particular in the south-west of

France and Spain in July.

Mean of Day-to-Day Diurnal Temperature Range

An indicator of the variation in daily temperatures is provided by the diurnal
temperature range. The indicator for the monthly absolute mean of the day-to-day

change in diurnal temperature is computed as:
30
DTR, = 2i92|(T2|\/|Axi ~T2MIN, )-(T2MAX_, —T2MIN,_, )
i=2

with
T2MAX: maximum daily temperature (K)
T2MIN:  minimum daily temperature (K)

i: number of day in a month

The advantage of the indicator over the mean of the diurnal temperature range is that

changes between days are also taken into consideration.
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The change from the control to the scenario period in the mean of the diurnal
temperature range for consecutive days for the summer months is given in Figure 11.

Change in
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Figure 11: Change in mean of the day-to-day diurnal temperature range for summer
months

The figure indicates that the change in the mean of the day-to-day diurnal
temperature change is mainly within a range of 0.5°C. Higher variability for June and
July during the scenario period is indicated for Ireland, the south-west of France and
more scattered in Italy and the Balkans. The situation is very different from August,
where less variability in the indicator prevails for most parts with local exceptions in
Scotland, Italy and the Danube river basin.

No. of Days of Mean Temperature Exceeding 25°C

The number of summer days, i.e. when the mean daily temperature exceeds 25°C,
was computed for the summer months for each of the modelled periods. The monthly
mean per period is shown in Figure 12.

A general increase in the number of days on which the mean temperature exceeds
25°C is projected for all regions of the study area with the exception of a coastal area
near the city of Archangelsk in Northern Russia, where a decrease of 0.2 days was
found. For the month of June the area where one or more of such days occur is
spreading northwards up to 55°N. London has a mean of 1.5 days in June in the
scenario period and Hamburg 1.9 days on which the mean temperature is higher than
25°C. The most northerly expansion of hot summer days is reached in July. One or
more days with 25°C or more are projected to occur in areas up to 65°N in Finland.
London would have 4.0 of such days on average in July in the scenario period and the
area around Helsinki up to 3.8 days.
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Figure 12: Mean of the No. of days with mean daily temperature exceeding 25°C

The largest increase in the average number of days with the mean temperature
exceeding 25°C is simulated for August in areas south of 50°N. In the scenario
period, Paris has on average 12 more of such days in August and Rome would have
mean daily temperatures of more than 25°C for almost the entire month. With an
increase of 18 to 20 summer days in August the change from the control to the
scenario period is most pronounced for the area of Castile-Leon in Spain, south-west
France and the Po-valley in Italy and more generally in the Mediterranean basin.

The probability that the mean temperature for a day during the months of June, July
and August exceeds 25° C was computed for both the control and scenario period.
The result is given in Figure 13.
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Figure 13: Probability of mean daily temperature in summer exceeding 25°C

In Copenhagen, the probability that the mean temperature on a given day exceeds 25°
C is estimated at about 3% in the scenario period, where it was below 1% during the
control period. For the London the probability is 10% in the scenario period, against
approx. 1% in the control period. For the area around Paris the probability increases
from 3% to 25% and for Milan from 10 to 60%. Many areas of Spain, Italy, Greece,
Romania and Bulgaria would experience mean daily temperatures of 25°C or more on
about 80% of the days during summer.

The change in probability of a day in summer exceeding 25°C is graphically
presented in Figure 14.
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Figure 14: Change in Probability of mean daily temperature in summer exceeding 25°C
from control to scenario period
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Land areas most subjected to change are central parts of the Iberian Peninsula, the
south-west and Mediterranean areas of France and low-lying areas in Italy. Other
notable because isolated changes occur in the area around London and south-eastern
Sweden.

No. of Days of Maximum Temperature Exceeding 25°C (Summer
Days)

Summer days are defined by a fixed threshold of 25°C for the daily maximum
temperature. For the months of June, July and August the number of summer days
during the scenario period and the change in days from the control period are
presented in Figure 15.
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Figure 15: Mean of the No. of days with maximum daily temperature exceeding 25°C

The graph shows a general increase in the number of summer days for all summer
months and all areas. The most widespread and acute changes are projected for
August in northern Portugal and Spain, the southern half of France and localized
areas in Italy, the Balkans and Turkey.

The probability of a summer day occurring are graphically presented in Figure 16 for
both the control and scenario period for the three summer months.
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Figure 16: Probability of maximum daily temperature in summer exceeding 25°

The probability of a summer day reaches values of more than 20% in England,
Denmark, southern Sweden, Finland and Estland. In most parts of Europe the
probability exceeds 40%, including the London area and the south-eastern part of
Sweden. In France the probability for a summer day is generally above 60%.

The changes in the probability of a summer day between the control and the scenario
period are given in Figure 17.
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Figure 17: Change in probability of maximum daily temperature in summer
exceeding 25°C from control to scenario period
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According to the graph the most intense changes on land could be expected for
northern Spain, central parts of France and localized areas in Apennines in Italy and
on the Balkans.

Number of Days with Min. Temperature >20°C (Tropical Nights)

The occurrence of a tropical night is defined by the minimum temperature of the day
and approximated by the daily minimum temperature. The possibility that the
minimum temperature would actually occur during daytime is considered

inconsequential for the outcome of the analysis. The geographic distribution of the
mean number of tropical nights by summer month and model period is given in
Figure 12.
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Figure 18: Mean No. of days with minimum daily temperature exceeding 20°C

The general trend of tropical nights largely follows the development found for
summer days (Figure 16), although there are some subtle differences. The most
northerly extension of tropical nights is reached in July, both in the control and the
scenario period. In the control period London has on average a tropical night in July
every 2.5 years, Paris 2.3 tropical nights in July every year and Milan 6 nights. In the
scenario period the occurrence of tropical nights in July has risen to an average of 3.7
nights every year in London, 11 in Paris and 22 nights in Milan. Very noticeable is
also the increase in temperature of the Baltic Sea in the scenario period, but also in
southern parts of the North Sea and the Atlantic.
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The probability of a tropical night occurring during the three summer months is
presented in Figure 19 for both the control and the scenario period.

Probability (%)

1.0- 200
21.0- 40.0
41.0- 60.0
61.0 - 80.0
81.0-100.0

I

Control Scenario

Figure 19: Probability of minimum daily temperature in summer exceeding 20°C

In the scenario period the probability of a tropical night occurring increases to 2.5%
in some areas of Ireland, up to 8% in England and 5% in southern Sweden and
Finland. In south-west France the probability rises from 10% to 65% and in the Po
valley from previously 15-35% to 60-85%. The areas bordering the Mediterranean
basin would experience tropical nights for about 50% or more of the days in summer.

Changes between control and scenario period in the probability of a summer day on
which the minimum temperature exceeds 20°C are presented in Figure 20.
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Figure 20: Change in probability of day in summer with minimum daily temperature
exceeding 20°C from control to scenario period

Land areas affected by changes in minimum temperature mainly correspond to those
identified for changes in the probability of occurrence of a summer day (see Figure
18) and include Portugal, Spain, France, Italy and the Balkan. A different pattern
between summer days (max. temperature > 25°C) and tropical nights (minimum
temperature > 20°C) can be noticed for areas of open water. The Mediterranean Sea
and the Black Sea are much more subjected to change in mean temperature than in
the minimum temperature. Changes in the latter are more prominent in the Atlantic
and the Baltic Sea.

Days of HUMIDEX above 25

The HUMIDEX combines temperature and relative humidity to better describe the
effect of heat on living organisms. In the current study the mean daily temperature
was used as the air temperature parameter and dew point temperature was used to
calculate relative humidity.

The HUMIDEX is based on the work of J.M. Masterton and F.A. Richardson at the
Canadian Department of Earth and Atmospheric Sciences and is defined as:

HUMIDEX =T, +h

where

h=0.5555x(e—10.0)
T® = air temperature (Celsius)

5417.75304 ———1
273.16 Ty,

and e=6.11
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An alternative formula to calculate the HUMIDEX takes temperature and the relative
humidity inputs is:

HUMIDEX :Tc+g><(e—10)

7.5% Tc
where e=6.112x10 #77*%

RH
X —_—
100
with:
Te:  air temperature (Celsius)

Tap: dew point (Kelvin)
RH: humidity (%)

The formulation of the HUMIDEX makes it suitable to express a situation of comfort
when the dew point is above 0°C and air temperature is above 20°C. In this study the
mean daily temperature was used to compute the average number of days during
summer months when the HUMIDEX is 25 or above for each of the two periods.

No. of Days
e <1
—1-7
= 7 - 13
. 13 - 19
. 19 - 25
. >=25

No. of Days
= | <1
Sl 7
= 7 -13
mm 13 - 19
mm 19 - 25
. >=25

Scenario: June July August

Figure 21: Mean of the No. of days with HUMIDEX exceeding 25

The distribution and the development of the HUMIDEX closely follow the trend
projected for mean and minimum daily temperatures (see Figure 13 and Figure 19).
For the London area an average of 1.3 days in June with a HUMIDEX above 25 (3.3
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days in July, 3.0 days in August) is simulated in the control period. In the scenario
period this increases to 6.4 days (14.0 days in July, 15.0 days in August). For Paris
the increase is from 4.8 days in June (10.0 days in July, 8.0 days in August) in the
control period to 13.4 days (20.0 days in July, 24.0 day in August) in the scenario
period. The corresponding numbers for Milan are 10.0 days in June (22.0 days in
July, 19.7 days in August) in the control period and 23.3 days (28.7 days in July, 29.2
days in August) in the scenario period.

The numbers for these urban areas agree well with the general pattern of change in
the number of days with a HUMIDEX above 25, which indicates a shift from July to
August as the hottest month for southern European regions, while July remains the
hottest month for northern regions.

This regional diversity in the development of the HUMIDEX is made more apparent
by calculating the difference in the average relative humidity between the control and
the scenario period. The result is presented in Figure 22.
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Figure 22: Difference in mean monthly relative humidity between control and scenario
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period

The graph shows a distinct difference in the development of relative humidity
approximately between southern and northern Europe. For the Mediterranean Basin a
general decrease in relative humidity for all summer months is found. In contrast,
relative humidity increases in areas above 60°N. The changes are not even
throughout the summer season. They are most pronounced for August, when a
decrease in relative humidity is simulated also for northern regions, e.g. for Ireland
and southern Norway and Sweden. A decrease in relative humidity in August is also
projected for central parts of Europe.

Relative humidity as shown in Figure 23 inversely depends on air temperature. The
non-linear relationship between the difference in air temperature and the difference in
relative humidity across the study area is given in Figure 23 by summer month.
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Figure 23: Relationship between the difference in air temperature and the difference in
relative humidity across the study area by summer month

The negative relationship means that a decrease in relative humidity in areas where
the temperature is increasing does not necessarily imply a decrease in atmospheric
moisture content. In principle it is also possible that the absolute moisture content
remains the same but that the relative humidity decreases because of the higher
temperatures. In areas where the relative humidity is increasing (such as in northern
Europe), on the other hand, the increase can only be caused by a higher amount of
water in the atmosphere.

As an indicator of the amount of water in the air the vapour pressure deficit (VPD) of
the air can be used. Using the equation from Tetens, 1930 it is formulated as:

VPD =e_x(RH —1)[kPa]

17.27xT,

where e, =0.61078xe™">"* [kPa]

with:

Te:  air temperature (deg. Celsius)
es: saturated vapour pressure at temperature of air (kPa)
RH: relative humidity

The results of applying this equation to the average monthly values of mean air
temperature and relative humidity and then computing the change from the control to
the scenario period are presented in Figure 24.
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Figure 24: Difference in vapour pressure deficit between control and scenario period

The figure shows for northern Europe an increase in the amount of water in the air,
which could already be deducted from the increase in relative humidity over that area
(Figure 23). It further reveals a decrease in the atmospheric moisture content over
southern Europe with prevalence in August.

3.2.3 Extreme Temperature Indicators

Indicators of heat waves are derived from the definition of an extreme event applied to just
air temperature or to air temperature in combination with other climatic parameters. In
particular when evaluating the effect of heat waves on the environment or human beings
air temperature is combined with humidity.

The definition of an extreme temperature event does not include a factor for the duration of
the event. The indicators for heat waves thus comprise of single-day extreme incidents,
such as temperature thresholds, and indicators, which take the duration of an incident into
account, such as the Heat Wave Duration Index.

=  Maximum Temperature of Day > 35°C

The number of days when the maximum temperature of the day exceeds 35°C is
based on a simple threshold value, which is considered potentially harmful to human
wellbeing or environmental systems. The number of days in the scenario period is
given in Figure 26 for the three summer months, as well as the change from the
control period.
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Figure 25: No. of days with maximum daily temperature exceeding 35°C in the scenario

period and change from control period

For all regions of the Mediterranean Basin and the area surrounding the Black Sea an
increase is projected for the number of days where the maximum temperature
exceeds 35°C. The main increases occur in August and to a lesser extent in July.
Areas with an increase of 15 days or more are found in central Spain, western and
southern Italy and the main islands, but also in low-lying areas of Bulgaria, Cyprus,
Greece and Turkey. Increases in other areas are more moderate, but the incidence of
days with a maximum temperature above 35°C is expected to spread to regions,
where such events were not previously occurring. This spatial expansion also
contributes to the similarity in the plots for the scenario period and the change over
the control period.

Minimum Temperature of Day > 25°C

A night-time temperature of 25°C indicates a threshold for the welfare of human
beings and signals potential critical situations for the elderly and other groups at risk.
The night-time temperature is approximated by looking at the minimum temperature
of the day. The number of days when the minimum daily temperature exceeds 25°C
in the scenario period and the change from the control period are presented for the
three summer months in Figure 26.
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Figure 26: No. of days with minimum daily temperature exceeding 25°C in the scenario
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period and change from control period

The distribution of occurrences of the minimum daily temperature exceeding 25°C
follows closely that of the maximum temperature exceeding 35°C (Figure 26). Most
affected by an increase are the regions bordering the Mediterranean Basin and the
Black Sea. The summer month showing the largest increase in the number of days
over land areas is August. This situation is graphically presented in Figure 27. The
figure shows the difference in the change in the number of days between the control
to the scenario period from July to August as computed by the indicator.
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Figure 27: Difference in the change in No. of days with minimum daily temperature
exceeding 25°C for scenario period over control period

Also shown in Figure 27 is the difference for the month of August between the
change in the number of days with a maximum temperature exceeding 35°C from the
control to the scenario period and the difference in the change between periods in the
number of days with a minimum temperature above 25°C. For most areas the number
of days when the maximum temperature is above 35°C increases more than the
number of days with minimum temperature above 25°C (areas in green). Yet in some
areas the opposite is the case, notably in central Spain, the Po valley, low-lying areas
on the Balkans and areas north of the Black Sea.

Mean of 95" Percentile of Maximum Daily Temperature

The percentiles used in this study refer to a rank in an ordered list of values. No
assumption is made concerning the frequency distribution of the temperatures. Thus,
the 95™ percentile marks the top 5% from a list of values arranged in descending
order. In the present case, the 95" percentile of a given month in the control or
scenario period includes the 45 highest daily temperature values while the remaining
95% of the values falls below. Identical temperatures are included as separate
instances. To characterize the change in extreme values the mean temperature is
computed for the values forming the percentile

The results of the analysis for the summer months of the scenario period and the
change in the mean of the 95" percentile are presented in Figure 28.
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Figure 28: Mean of the of 95" percentile values for T2MAX by summer month

The mean of the 95" percentile values of the maximum daily temperature in summer
increases from the control to the scenario period in nearly all areas covered by the
model. Areas most affected are France, Italy, Spain and Switzerland, where the mean
of the 95™ percentile of the maximum daily temperature increase by 5 to 7°C. More
local increases are found in Iceland, Norway, the Balkans and in Turkey, mainly
above 5°C. For most other parts of Europe the increase in the mean of the percentile
amounts to 2.5 to 5.0°C. Areas least affected are located in Russia east of Finland,
where the increase in the maximum temperature is less than 2°C. The only decrease
in the mean of the 95% percentile of the maximum daily temperature for summer
months (-0.2°C) is found in a coastal area close to Iceland.

Mean of 99" Percentile of Minimum Daily Temperature

The minimum daily temperature is used to estimate the night-time temperature. The
99™ percentile of the minimum temperature was chosen to evaluate the far end of
extreme values. A high minimum temperature is particularly harmful to human
wellbeing and high night-time temperatures combined with elevated levels of relative
humidity in August 2003 attributed to a large extent to the detrimental effect of the
heat wave of that year.

The mean of the values belonging to the 99" percentile of minimum daily
temperature in the summer months in the scenario period is presented in Figure 29
together with the change from the control period.
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Figure 29: Mean of 99™ percentile values of T2MIN by summer month

The mean of the 99 percentile of the minimum daily temperature shows a general
increase in most parts of the study area, in particular in parts of France and Italy.
There the highest minimum temperatures are projected to increase by up to 8°C. For
other areas the trend varies to a large degree by month. No change or a slight
decrease in the mean of the 99™ percentile of minimum daily temperatures is
simulated over Finland in June A small cooling effect of -1.8°C in the extreme
minimum temperatures is modelled over Denmark and northern Germany in July.
This feature is however not visible in June or August. Only a small area in the
Atlantic off the western coast of Iceland shows a slight cooling in the extreme
minimum temperature in all three months. The most intense and widespread increase
in the extremes of the minimum temperature over Europe is simulated in August. In
this month an almost universal increase is found that, in parts of central Europe is
almost a magnitude of change higher than in July, with the exception of Finland and
the northernmost parts of Norway and Sweden.

=  Days of HUMIDEX above 35

A HUMIDEX exceeding 35 is considered to indicate a change from an
uncomfortable condition to a situation with potentially detrimental consequences for
human beings. The distribution of the number of days in the scenario period on which
the HUMIDEX exceeds 35 and the changes from the control to the scenario period
are presented in Figure 30.
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Figure 30: No. of days of HUMIDEX exceeding 35 for summer months

A general increase is found in areas south of about 50° N in July and August. Areas
most affected are central Spain and Portugal, France, northern Italy, the Danube basin
on the Balkans and areas north of the Black Sea.

3.2.4 Heat Wave Indicators

The Heat Wave Duration Index (HWDI) (Frich, 2002) expresses the frequency of a heat
wave event occurring relative to a base period. It is defined as the number of at least 6
successive days, when the daily maximum temperature exceeds the mean temperature of a
5-day window calculated over the base period by 5°C:
i+2
TaMAX P > L > T2M Pl 45

5 n=i-2
Given the limited dimensions for information to be displayed when comparing the scenario
to the control period a graphic representation of the HWDI for spatial layers has to
concentrate either on the aspect of magnitude or of frequency. For the former the number
of incidents of an event with fixed duration is evaluated. For the latter the frequency of
events with varying duration is displayed.
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=  Magnitude of 7-Day Event of HWDI

As an example the frequency of heat wave events with a duration of 7 days is shown

in Figure 31.
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Figure 31: Frequency of 7-day Heat Wave event for HWDI during summer months

A shown in Figure 31 the areas most affected by an increase in 7-day heat wave
events based on the HWDI are rather localized incidents. The events roughly
concentrate along a band, which stretches from south-west France to eastern
Germany and then curves south across the Balkan. Marked increases are also
modelled for Ireland, Scotland and coastal regions of Norway. The changes in
frequency of the 7-day events are shown in Figure 32
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Figure 32: Changes in 7-day Heat Wave event for HWDI during summer months

Changes in the occurrence of a 7-day heat wave event show a rather mottled spatial
distribution without a clear spatial trend. All countries show areas where the number
of 7-day heat wave events as computed by the HWDI increase in the scenario period.
However, in most countries areas with a decrease in the event are found as well, e.g.
in Portugal and Czech Republic but not in e.g. Ireland or Germany.

In the interpretation of the HWDI it should be considered that it is a purely statistical
indicator which is linked to deviations of temperature from the norm rather than the
concept of heat as experienced by the environment. The indicator shows the
incidence of heat waves also in areas not generally associated with hot climates, such
as Ireland, Scotland and Scandinavian countries, where the events would rather be
described as warm spells. The advantage of the indicator of not being tied to a
specific temperature is, however, that it is more universally applicable in the analysis
of risks from extreme temperature deviations from the general range of values.

Frequency of HWDI Incidences

The change in frequency of events of heat waves from 6 to 30 days according to the
HWDI for all land areas of the study region is given in Figure 33.
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Figure 33: Mean frequency of Heat Wave events for all land areas

A marked increase is modelled for events of 6 and 7 day duration. A 7-day event
occurs at a rate of 1 in 30 years in the control period and 1 in 15 years in the scenario
period. By contrast, the rate of events of longer duration does not vary notably.

The graph also depicts the result of calculating the HWDI using the daily maximum
of the scenario period over the mean of the control period. With the increase in
temperature and higher variability for the scenario period the frequency of heat wave
events increases dramatically. This product is, however, not quite consistent with the
definition of the HWDI, because the data periods do not coincide. Nevertheless, it
demonstrates the remarkable increase in temperature during the scenario period as
compared to the control period.

3.3 Temperature Variation Summary

Variations in temperature between the control period of 1961-1990 and the scenario period
of 2071 - 2100 show a general trend towards higher temperatures for Europe at the end of
the 21* century. The magnitude of the changes is not uniform across Europe and moreover
varies between seasons.

The annual mean of the daily mean temperature increases by more than 3°C in most parts
of Europe. The increase in the mean temperature is least in the north-west and most
prevalent with increases exceeding 5°C in areas bordering the Mediterranean Basin, the
Pyrenees and the Alps. The general deviation in mean daily temperature from the average
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shows a markedly different development between winter and summer. Higher winter
temperatures are prevalent in Eastern European areas and alpine regions, while higher
summer temperatures mostly affect southern Europe.

A diverging progression between northern and southern Europe and between seasons is
also found in the development of the variability of the mean daily temperature. In January,
and to a lesser degree in December, the variability of the mean temperature decreases
appreciably in north-eastern Europe. The general trend in the variation of the mean daily
temperature during summer is an increase predominantly in southern Europe and
especially in northern Spain and south-western France, mainly in July.

Summer days and tropical nights become common in areas where such events were
previously rare, e.g. London and Stockholm in July and August. While July remains the
hottest month, changes in temperature are higher in August. Relative humidity tends to
increase in northern parts of Europe during summer and to decrease in southern Europe.
Relative humidity decreases most in spatial extent and magnitude in August rather than
July. August is also the month with the largest increase in extreme summer temperatures
and the occurrence of heat waves.
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4 Changes in Precipitation Variability and Extremes

It is widely supposed that global warming will lead to more evaporation and a higher
intensity of water cycling. A warmer atmosphere is able to hold more water vapour and has
a higher energy potential, implying that the intensity and frequency of extreme rainfall
events will increase (Becker & Griinewald, 2003; Christensen & Christensen, 2004; Meehl
et al., 2007). This increase in precipitation extremes may be greater than changes in the
mean (Kharin & Zwiers, 2005), but does not rule out the possibility that periods of little
precipitation in between get longer as well (Meehl et al., 2007). Previous studies of
extreme precipitation in Europe confirm these trends (Semmler & Jacob, 2004; Frei et al.,
2006; Benistion et al., 2007) but these are generally based on regional climate model
experiments with a medium to low resolution (~25-50 km or more). In a comparison with
observations of precipitation in the Upper Danube Basin, Dankers et al. (2007a) found that
the very high resolution HIRHAM data that are also used here represent the orographic
patterns in precipitation and precipitation extremes more realistically than the low-
resolution simulations of the same model. In this chapter, we analyse the changes in these
high-resolution simulations in annual and seasonal precipitation as well as precipitation
extremes at European scale, based on a number of indices of heavy rainfall events as well
as dry spells.

4.1 Precipitation Indicators of Variability and Extreme Events

The analysis of the precipitation data was done at a different spatial grid than for
temperature, as they were later used to drive a hydrological model to simulate river
flooding across Europe (see Dankers & Feyen, in review). The HIRHAM simulations of
precipitation in the control (1961-1990) and scenario (2071-2100) period (IPCC scenario
A2, see chapter 2) were therefore re-gridded to a 5-km grid covering most of the European
continent. To assess the changes in precipitation patterns and extremes, a number of
indicators were calculated, based on Klein Tank & Koénnen (2003) and Peterson et al.
(2001) (see Table 3).

Some of these indicators are based on fixed thresholds while others are derived from the
frequency distribution. To estimate the probability of extreme events, a generalised
extreme value (GEV) distribution (Coles, 2001; Katz et al., 2002) was fitted to the annual
maximum precipitation values in every grid cell. The GEV is a 3-parameter distribution
defined by a location (W), scale (o) and shape (y) parameter. Here the parameters have been
estimated using the Maximum Likelihood Estimation, following Gilleland & Katz (2005).
Alternative methods of parameter estimation (see e.g. Frei et al. (2006) for an example
based on a Bayesian prior distribution of the shape parameter y) have not been explored
here, but it should be kept in mind that estimates of events with a long return period (in the
range of 50-100 years) may be subject to large uncertainties.
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Table 3: Indicators characterizing precipitation and precipitation variability

Indicator Description Definition Units

Pann annual precipitation mean annual total precipitation mm

Pseas seasonal precipitation mean seasonal total precipitation mm

Pdays number of wet days mean annual number of days with P days
> 1 mm

Pints precipitation intensity mean rainfall amount on wet days mm

Pcv coefficient of variation CV of precipitation on wet days

Panncv CV of annual precipitation ~ CV of annual precipitation sums

Pq99 99% quantile empirical 99% quantile of mm
precipitation on wet days

P5dmax maximum 5-day rainfall mean annual maximum amount of mm
precipitation in 5 consecutive days

Prl20 20-year return level 20-year return level of 1-day mm
precipitation intensity

Ddays number of dry days mean annual number of days with P days
<1 mm

Dmax longest dry period mean annual maximum number of days
consecutive dry days

Pdef precipitation deficit cumulative  difference  between mm
precipitation and potential
evaporation during summer (April—
September)

¢ aridity index ratio of annual potential evaporation —

to precipitation

4.2 Results of Precipitation Data Analysis

The following sections discuss the changes in the indicators of precipitation and
precipitation variability. First, changes in annual and seasonal precipitation and
precipitation variability will be discussed. Changes in extreme precipitation events and the
duration of dry spells are analysed afterwards.

4.2.1 Annual and Seasonal Precipitation

Figure 34 shows the annual precipitation as simulated by HIRHAM in the control run
together with the change in the scenario period. The spatial distribution of precipitation in
the control simulation seems realistic and shows a clear influence of the orography. The
largest rainfall amounts occur along the Norwegian coast, Southern Iceland, and in
mountainous areas such as the Alps and Pyrenees. The patterns of change in the annual
precipitation are similar to what has been found in previous studies (see Christensen &
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Christensen, 2007): a strong increase in Northern Europe; a decrease in the Mediterranean
region; and relatively little change in the area in between. Averaged over the European
landmass, the change in the annual precipitation amount in the scenario period is therefore
relatively small, about +2%.

Mean annual precipitation

(a) control run (b) change in scenario run
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Figure 34: Mean annual precipitation in HIRHAM a) control run (1961-1990) and b)
relative change in the scenario run (2071-2100)

These changes are, however, not the same in every season (Figure 35): in winter, the
precipitation amount shows a strong increase (+21% on average) over most of Europe,
except for the very south; in summer, the rainfall is projected to decrease almost
everywhere except for the northeast (—11% over all of Europe). When comparing the
climate signal in an ensemble of regional climate experiments, Christensen & Christensen
(2007) found that the changes in winter precipitation are, to a large degree, determined by
changes in the general atmospheric circulation (as simulated by the driving GCM), while in
summer the patterns are, to some extent, influenced by the dynamics and the resolution of
the regional climate model.
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Figure 35: Relative change in the seasonal precipitation amounts in the scenario period:
(a) winter; (b) spring; (c) summer; (d) autumn

4.2.2 Precipitation Variability and Intensity

The variability of precipitation can be described at various scales. Here we focus on day-
to-day and inter-annual variability. Figure 36 shows the mean annual number of wet days
(defined as days with a total precipitation of 1 mm or more) in the control run, as well as
the change in the scenario run. The wet day frequency shows a clear tendency to diminish,
not just in the Mediterranean but also over France and the British Islands. Only in northern
Europe the number of wet days becomes larger, but the increases here are smaller than the
decreases in the south.
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Figure 36: Mean annual number of wet days in HIRHAM a) control run (1961-1990) and
b) relative change in the scenario run (2071-2100)

While the number of wet days is decreasing over much of Europe, the average
precipitation intensity on these days is generally increasing, with the exception of some
local areas in Spain (Figure 37). This implies that in many regions — the British Islands,
France, the Balkan — rainfall events become less frequent, but more intense. In some of
these areas this higher intensity compensates for the decrease in the number of rain days,
resulting in little change in the annual rainfall amount. Only in Northern Europe both the
precipitation frequency and intensity are rising, which explains the strong increase of the
annual precipitation amount in this region (cf. Figure 34).
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Figure 37: Mean precipitation intensity on wet days in HIRHAM a) control run (1961-
1990) and b) relative change in the scenario run (2071-2100)

In addition to a general increase in the average intensity, the rainfall is also becoming more
variable. This can be seen in Figure 38 which shows the coefficient of variation (CV; the
ratio of the standard deviation to the mean) of the amount of rain falling on wet days. High
values indicate that this precipitation amount varies considerably from day to day, while
low values mean more evenly distributed rainfall amounts. The widespread increase in the
CV in Figure 38 means that the precipitation distribution in the scenario period is not only
shifted to a higher average intensity but also has a tendency towards more extreme (either
high or low) precipitation amounts.
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Figure 38: Coefficient of Variation (CV) of precipitation on wet days in HIRHAM a)
control run (1961-1990) and b) relative change in the scenario run (2071-2100)

Changes in the inter-annual precipitation variability are shown in Figure 39 by means of
the CV of the annual precipitation sums. The differences between the years become larger
both in northern Europe and in the south, and are decreasing in between. In southern
Europe the increase in inter-annual variability is mainly caused by dry years that get even
drier, while in the north it is mostly due to wet years that are getting wetter.
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Figure 39: Coefficient of Variation (CV) of the annual precipitation in HIRHAM a) control
run (1961-1990) and b) relative change in the scenario run (2071-2100)

4.2.3 Extreme Precipitation Events

The precipitation extremes tend to increase more than the average precipitation intensity.
This can be seen when comparing the changes in the rainfall intensity (Figure 37b) to the
changes in the 99" percentile (Figure 40b). The 99" percentile denotes the highest 1% of
the daily rainfall amounts. Calculated for wet days only, this quantile describes the upper
end of the precipitation intensity distribution independent from the wet day frequency (Frei
et al., 2006). Averaged over Europe, the increase in the 99" percentile is about twice as
strong (+14%) as in the average intensity (+7%).

48



Extreme Temperatures and Precipitation in Europe:
Analysis of a High-Resolution Climate Change Scenario

99% quantile of precipitation during rain days

(a) control run (b) change in scenario run

10 20 30 40 S0 75 100 200 mm/d 40 -20 -10 -5 +5 +10 +20 +40 %

Figure 40: 99™ percentile of precipitation during wet days in HIRHAM a) control run
(1961-1990) and b) relative change in the scenario run (2071-2100)

Changes in longer periods of heavy rainfall are illustrated in Figure 41 by the annual
maximum 5-day rainfall sum, that is, the annual maximum amount of precipitation falling
in 5 consecutive days, averaged over 30 years.
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Annual maximum 5-day precipitation sum

(a) control run (b) change in scenario run

drier wetter
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Figure 41: Mean annual maximum amount of precipitation in 5 consecutive days in
HIRHAM a) control run (1961-1990) and b) relative change in the scenario run (2071-
2100)

Also here strong increases can be seen across Europe, but some areas (most notably
Southern Spain and Portugal) show a decreasing trend. The explanation for this is that,
while the 1-day extreme precipitation amounts characterize short-term, convective rainfall
events, the 5-day sum are more related to synoptic weather systems (Frei et al., 2006).
Areas that show an increase in the 99 percentile but little change or even a decrease in the
5-day sum, are likely to experience more intense convective events, but shorter or less
intense multiday rainfall periods. This is also why the seasonal 5-day precipitation
maximum is rising particularly during winter and spring, but shows a general decrease in
summer, except in northern Europe (Figure 42). Note that in some areas (Northern France,
central Europe, and the Baltic states) a strong increase in the annual 5-day precipitation
amount is simulated, suggesting an associated increase in flood hazard (but see Dankers &
Feyen, in review.).

50



Extreme Temperatures and Precipitation in Europe:
Analysis of a High-Resolution Climate Change Scenario

Precipitation: change in seasonal maximum 5-day amount
(b) MAM

,fi".cj}

Figure 42: Relative change in the seasonal maximum 5-day precipitation amount in the
scenario period: (a) winter; (b) spring; (c) summer; (d) autumn

The probability of extreme precipitation events was estimated by fitting a GEV distribution
to the annual maximum values, which allows the calculation of return level. The return
level z, is defined as the precipitation amount that has a probability p of being exceeded in
any given year, or, in other words, that is expected to be exceeded on average once every
1/p years (where 1/p stands for the return period; Gilleland & Katz, 2005).

Figure 43 shows the change in the 20-year return level in the scenario period for 1-day and
5-day precipitation extremes. The patterns are patchy, which is likely related to
uncertainties in the estimation of the parameters of the GEV (see section 4.1), but
considerable increases are occurring in many areas across Europe, even in areas that are
getting much drier on average. The rise in the 1-day precipitation extremes tends to be
stronger than in the 5-day extreme. Averaged over Europe the increases amount to +27%
and +17%, respectively, but note the large differences from place to place.
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20-year return level of extreme precipitation

(a) 1-day precipitation extreme (b) 5-day precipitation extreme
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Figure 43: Change in the 20-year return level of (a) 1-day and (b) 5-day precipitation
extremes in the HIRHAM scenario run (2071-2100). Note that the colour scale is slightly
different from the other plots in this chapter.

4.2.4 Dry Spells

While the average precipitation intensity is generally increasing (Figure 37), the frequency
of wet days is decreasing in many parts of Europe, especially in the south (Figure 36). As a
consequence, the risk of dry spells increases in these areas as well. This is illustrated in
Figure 44 by means of the annual longest period of consecutive dry days, that is, with a
precipitation amount of less than 1 mm. Clearly, the longest dry spells occur mostly in the
Mediterranean areas, especially in southern Spain and Portugal (Figure 44a). The scenario
period shows a general tendency towards longer dry periods, with the exception of central
Europe and Northern Italy where a slight decrease is simulated (Figure 44b). The largest
increases occur again in Southern Europe, meaning that those regions that are already
experiencing dry conditions face the risk of extended dry spells.
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Annual longest period with no significant rainfall (P < 1.0 mm)

(a) control run (b) change (scen - ctrl)
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Figure 44: Mean annual longest period of consecutive dry days in HIRHAM a) control run
(1961-1990) and b) relative change in the scenario run (2071-2100)

In the rest of Europe, the changes in the length of the driest period are very small.
However, in summer the average rainfall amount is projected to decrease considerably
over most of the continent (Figure 35¢) and, in combination with higher temperatures (see
Chapter 3) and hence evaporation rates, this may increase the risk of serious drought
problems in this season. This was assessed by calculating the potential precipitation deficit,
that is, the cumulative difference between precipitation and potential evapotranspiration
during the summer months (April — September), following Beersma & Buishand (2004).
The potential evapotranspiration (or evaporative demand) is defined as the evaporation rate
from a hypothetical reference vegetation with specific characteristics and an unlimited
availability of water, and is a measure of the amount of energy available for evaporation.
In the present study it was calculated from the HIRHAM data based on the Penman-
Monteith model (for more details see Van der Knijff, 2006) using the temperature,
radiation, humidity and wind speed fields. Note that the actual evapotranspiration depends
on controls exerted by vegetation and soil characteristics and is limited by the availability
of water in the soil.

The resulting plot of the potential precipitation deficit is given in Figure 45. A large part of
Europe, with the exception of the north and the mountainous areas, builds up a potential
precipitation deficit during summer. In the scenario run, this area is expanding to the north
and the severity of the deficit increases, especially in the south. This suggests a higher risk
of water deficits and soil moisture stress in the future over most of Europe, except for the
northern half of Scandinavia (Figure 45b).
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Potential cumulative precipitation deficit in summer (April-September)

(a) control run (b) change (scen - ctrl)
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Figure 45: Potential cumulative precipitation deficit in summer in HIRHAM a) control run
(1961-1990) and b) relative change in the scenario run (2071-2100)

On an annual basis, the ‘dryness’ of the climate can be described by the ratio of potential
evaporation (Eg) to precipitation (P), which is called the aridity index ¢ (after Budyko,
1974):

$p=E,/P

In essence the aridity index provides a description of the long-term water balance and the
partitioning of the precipitation into evaporation and runoff. Regions where ¢ is larger than
unity can be regarded as dry, as the evaporative demand cannot be met by precipitation. In
these areas the actual evaporation approaches the amount of precipitation, and runoff will
be limited. Where ¢ is smaller than unity the actual evaporation approaches the potential
evaporation, and these regions can be classified as humid (Arora, 2002).

Figure 46 shows the aridity index, broadly classified into arid, semi-arid, sub-humid and
humid regions following Ponce et al. (2000). In northern Europe the changes from control
to scenario period are insignificant, as here the increase in potential evaporation (due to
higher temperatures) is balanced by a higher precipitation amount. Southern Europe, on the
other hand, shows a general tendency towards higher aridity values. This is most
prominent in Southern Spain and Portugal, which shift from a semi-arid regime in the
control period to arid in the scenario period.
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Aridity index (E0/P)

(a) control run (b) scenario run

075 2 5

Figure 46: Ratio of potential evaporation (Eo) to precipitation (P), commonly known as the
aridity index (¢), in (a) the HIRHAM control run (1961-1990) and (b) the scenario run
(2071-2100). Values of ¢ have been classified following Ponce et al. (2000) into humid (¢
< 0.75), sub-humid (0.75 <¢ < 2), semi-arid (2 <¢ < 5) and arid (¢ =>5) regions.

4.3 Precipitation Variation Summary

The results presented in this chapter show that the changes in precipitation in southern
Europe are very different from the north. In the south, the annual rainfall is generally
decreasing, there is a higher risk of longer dry spells, the differences between the years are
getting larger, and the arid and semi-arid areas are expanding. In northern Europe, on the
other hand, the precipitation amounts are generally increasing, particularly in winter. In
between is a broad region where, on an annual basis, the changes are fairly small, but
where the differences between the seasons are more pronounced: winter and spring are
getting wetter, while summer and, to a lesser extent, autumn are getting drier (Figure 35).

At the same time, the intensity and the variability of the precipitation falling on wet days is
generally increasing, also in areas where it is getting much drier on average (Figure 37 and
Figure 38). What is more, the rise in the precipitation extremes tends to be stronger than in
the average intensity, and more in the 1-day precipitation extremes than in the 5-day
amounts (Figure 40, Figure 41 and Figure 43). Considerably increases in extreme multiday
precipitation amounts may be very local, but occur almost everywhere across Europe and
in every season, except for summer in southern and western Europe (Figure 42). However,
even small increases in the magnitude of extreme precipitation events can have a very
substantial impact on their recurrence frequency (Allen & Ingram, 2002).
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These findings support the conclusions of earlier studies that a warmer climate will result
in higher precipitation intensities, even in areas that in general show a tendency towards
drier conditions (Meehl et al., 2007). Here it is foreseen that the rainfall will be
concentrated into more intense events, with longer dry spells in between (Christensen &
Christensen, 2004). The changes in the frequency and intensity of extreme precipitation
events depend, however, strongly on the model formulation (Frei et al., 2006; Beniston et
al., 2007). Nevertheless, in a study with a multi-model ensemble of different GCMs and
RCMs, also Fowler et al. (2007) found increases in the magnitude of short- and long-
duration extreme precipitation for most of Europe, which corresponds well with our
findings.
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5 Integrated Hazard Indices

The analysis of the HIRHAM climate data from the control and scenario periods presented
so far concentrated on investigating a series of indicators to characterize the variations
between the two periods and the occurrence of extreme events of temperature and
precipitation. The projected changes in the climate vary in character with region and
season. To obtain an indication of which areas are expected to be most affected by
variations in temperature and precipitation and where extremes are expected to occur, the
temperature, precipitation and drought hazards were combined and represented as
integrated hazard maps.

The combination of several hazards in one map is limited by the dimensions of
representing the data. When classifying a change indicator into classes the total number of
possible classes to be displayed is the cross-product of number of classes for each hazard.
For the interpretation of the maps it is therefore practical to use a threshold value to define
a hazard.

In order to take general variations in temperature and precipitation into account, the change
in mean annual temperature and in the amount of total annual precipitation from the
control to the scenario period were used. The temperature parameter was divided into three
classes with intervals of 2°C. An increase of 2°C is considered within the adaptability of
the environmental system. By contrast, an increased of 4°C is considered to lead to
considerable difficulties in the potential of present environmental systems to adapt to. For
the hazard of either an increase or decrease in annual precipitation a threshold value of
20% was used for changes in each direction. The resulting map indicates the areas most
affected by hazards in changes in mean temperature and precipitation and is presented in
Figure 47.
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Change from Control
to Scenario Period

Annual Annual
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Temp. Precip.
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+2C to +4C > +20%
>+4C > +20%
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Figure 47: Combined hazard map from variations in mean annual temperature and total
annual precipitation

For the most part of Europe the mean annual temperature increases by 2°C to 4°C and the
average amount of precipitation remains in the range of £20%. Increases in mean annual
temperature of 4°C or above combined with decreases in the amount of precipitation of
more than 20% are projected mainly for areas in central and southern Spain, parts of
Greece and Bulgaria. An increase in temperature of more than 2°C together with an
increase in annual precipitation of more than 20% is projected for coastal areas of Estonia,
Lithuania and Latvia and inland parts of northern Norway.

In order to integrate hazards from indicators of extreme events, changes in the HWDI
(increase of more than 5 events in areas of mean daily temperatures of more than 20°C),
the mean annual maximum amount of precipitation in 5 consecutive days (increase of
10%) and the mean annual longest period of consecutive dry days (increase of 5 days)
were combined. The resulting hazard map of these climate extremes is given in Figure 48.
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Change in Scenario
from Control Period

Occurrence  Annual Duration

Heat Wave 5-day max. Annual

Precip. Longest

Dry Spell
No. Rel. Change  Days
] >=5 < +10% <5
Bl <5 >=+10% <5
] >=5 >=+10% <5
[ 1 <5 < +10% >=5
mm >=5 < +10% >=5
mm <5 >=+ 10% >=5
B >=5 >=+ 10% >=5

Figure 48: Combined hazard map from heat wave, high precipitation and dry spells

The spatial distribution of the integration of projected changes in the occurrence of
climatic extremes is more uneven than the spread of the hazards resulting from general
changes. Up to a latitude of about 45°N an extension of periods of dry spell is prevalent. At
latitudes between 45° and 52°N a marked increase of heat waves is projected fro the
European mainland. Above this band, extremes of abundant precipitation pose the main
hazard. An increase in the variability of precipitation is indicated mainly for eastern Greece
and Bulgaria, where the precipitation intensity increases but also the duration of dry
periods.
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6 Summary and Conclusions

The analysis of the high-resolution experiment of the RCM HIRHAM suggests significant
changes in temperature and precipitation in the scenario period of 2071 to 2100 compared
to the conditions of the control period 1961 to 1990.

For temperature a general increase in the mean annual temperature between 3 to 6°C for
almost all areas in Europe is anticipated. Most affected are the regions bordering the
Mediterranean basin, the Alps and the Baltic States including Norway, least Iceland,
Ireland and the UK. Still, conditions of hot summer days and tropical nights found in the
control period are projected to spread north by 6 to 8° for the scenario period. Changes in
mean annual precipitation indicate a decrease in the amount of total precipitation for
southern Europe and an increase for northern Europe for the years 2071-2100 as compared
to the control period.

The analysis of indicators of extreme events reveals a much more complex transformation
of the climatic pattern with strong regional and seasonal variations. In southern Europe
temperature and precipitation extremes are projected to become more pronounced than in
northern Europe. In north-eastern Europe the variation of the mean daily temperature even
shows a tendency to decrease in the scenario period during the winter season. Heat waves
as defined by the HWDI are expected to increase in frequency for events lasting 6 to 7
days, but not for more extensive periods. The situation denoted by the HWDI is related to
the definition of a fixed temperature threshold of 5°C for the difference between maximum
and mean temperature. This leads to an omission of identifying changes in the already
warm regions of southern Europe. For precipitation extremes changes in the intensity
precipitation on rain days show rather localized increases, with the exception of southern
Spain. Prolonged periods of dry days are projected to increase in most regions of Europe
west of 10°E and east of 15°E.

Apart from regional differences, changes in the variability of temperature and precipitation
very much depend on the time of year. Temperatures increase and become more variable in
August rather than in July. As a consequence, the frequency of heat waves increases for
August more than for any other months. Precipitation increases most during winter and
decreases most during summer. The cumulative precipitation deficit becomes more
pronounced during April to September and thus coincides with the period of increases in
temperature extremes.

Such temporal and spatial complexities of changes in climate make it difficult to use just
one indicator to characterize extreme events. The choice of an appropriate indicator
depends very much on the factor selected for vulnerability. The selection of the
vulnerability factor can characterize a change as being beneficial or harmful. For example,
warmer winter temperatures can lead to better conditions for some plant species, but at the
expense of others. In contrast, the occurrence of extreme events is usually detrimental to
the environment and socio-economic systems. The RCM data evaluated in this study
suggests that extreme events are likely to increase in many areas under the climate change
scenario.
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The indicators for extreme events were integrated into combined hazards map of heat
waves, high precipitation and dry spells. The combination of hazards shows a banding of
extreme events roughly with latitude. Southern European regions are affected by higher
temperatures and longer dry spells. In northern Europe increases in the precipitation
intensity dominate. Such combinations are limited to few selected number of indicators
and involve a considerable simplification of the trends. However, they can help in the
characterization regions as affected by extreme events.

The current analysis was based on a single model (HIRHAM) and on one scenario (A2).
This very much restricts the evaluation of probabilities to the model data and impedes the
analysis of uncertainties. To obtain a more comprehensive picture of expected changes in
temperature and precipitation by the end of the century and to assess uncertainties in the
projected data the results from several models and scenarios should be taken into
consideration.
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Abstract

Future climate change is generally believed to lead to an increase in climate variability and in
the frequency and intensity of extreme events. In this report we analyse the changes in
variability and extremes in temperature and precipitation in Europe by the end of this century,
based on high-resolution (12 km) simulations of the regional climate model HIRHAM. The
results suggest a general trend towards higher temperatures at the end of the 21st century. The
magnitude of the changes is, however, not uniform across Europe and varies between seasons.
Higher winter temperatures are prevalent in Eastern Europe and in the Alps, while higher
summer temperatures mostly affect southern Europe.

Also the changes in temperature variability differ between northern and southern Europe and
between seasons. In winter the variability in the mean daily temperature decreases
considerably in north-eastern Europe, while in summer there is an increase predominantly in
southern Europe. Hot summer days and tropical nights become common in areas where such
events were previously rare, e.g. in London and Stockholm. While July remains the hottest
month in general, the changes in temperature are larger in August. This is also the month with
the largest increase in extreme summer temperatures and the occurrence of heat waves.

The changes in precipitation are very different between southern and northern Europe. In the
south, the annual rainfall is generally decreasing, there is a higher risk of longer dry spells, the
differences between the years are getting larger, and arid and semi-arid areas are expanding.
In northern Europe, on the other hand, the precipitation amounts are generally increasing,
particularly in winter. In between is a broad region where, on an annual basis, the changes are
fairly small, but where the differences between the seasons are more pronounced: winter and
spring are getting wetter, while summer and, to a lesser extent, autumn are getting drier.

On rain days the intensity and variability of the precipitation shows a general increase, even in
areas that are getting much drier on average. What is more, the rise in the precipitation
extremes tends to be stronger than in the average intensity. Considerably increases in extreme
multiday precipitation amounts may be very local, but occur almost everywhere across
Europe and in every season, except for summer in southern and western Europe.

These findings support the conclusions of earlier studies that a warmer climate will result in a
higher incidence of heat waves, less summer precipitation and at the same time higher rainfall
intensities throughout much of Europe.
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