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ABSTRACT
Seasonal mean temperature, precipitation and wind speed over Europe are analysed in an ensemble of 16 regional
climate model (RCM) simulations for 1961-2100. The RCM takes boundary conditions from seven global climate
models (GCMs) under four emission scenarios. One GCM was run three times under one emission scenario differing
only in initial conditions. The ensemble is used to; (i) evaluate the simulated climate for 1961-1990, (ii) assess
future climate change and (iii) illustrate uncertainties in future climate change related to natural variability, boundary
conditions and emissions. Biases in the 1961-1990 period are strongly related to errors in the large-scale circulation
in the GCMs. Significant temperature increases are seen for all of Europe already in the next decades. Precipitation
increases in northern and decreases in southern Europe with a zone in between where the sign of change is uncertain.
Wind speed decreases in many areas with exceptions in the northern seas and in parts of the Mediterranean in summer.
Uncertainty largely depends on choice of GCM and their representation of changes in the large-scale circulation. The
uncertainty related to forcing is most important by the end of the century while natural variability sometimes dominates

the uncertainty in the nearest few decades.

1. Introduction

There are a number of fundamental uncertainties in our un-
derstanding of climate change in the 21st century. These can
be summarized into terms of three questions: (i) how will the
external forcing of the climate system change in the future?
(ii) how will changes in external forcing factors influence cli-
mate? (iii) to what degree is the future climate change signal
masked/amplified by natural variability of the climate system?
A common way to deal with these uncertainties is to perform
several simulations constituting an ensemble (e.g. Christensen
et al., 2007). Such ensembles, on finer spatial scales utiliz-
ing information from regional climate models (RCMs), have
been developed in the European projects PRUDENCE (e.g.
Christensen and Christensen, 2007; Déqué et al., 2007; Jacob
et al., 2007; Haugen and Iversen, 2008) and ENSEMBLES
(Hewitt and Griggs, 2004; van der Linden and Mitchell, 2009).
An ensemble can be used to illustrate uncertainties on the re-
gional scale or to derive probabilistic climate change information
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in a region. The specific uncertainties (i)—(iii) are handled simi-
larly by performing several simulations. Hence, several different
emission scenarios are used to get a grip on the uncertainty re-
lated to external forcing thereby sampling a multitude of possible
outcomes such as those described in the Special Report on Emis-
sion Scenarios (SRES, Nakiéenovi¢ and Swart, 2000). Similarly,
by using multiple climate models or an ensemble of simulations
with one model perturbed in its formulation of the physics, parts
of the uncertainties related to how changes in forcing influence
the climate can be assessed (e.g. Meehl et al., 2007; Murphy
et al., 2007). Finally, to get a grip on the natural variability one
may use several simulations with one climate model under the
same emission scenario differing only in initial conditions sim-
ilar to what is done in seasonal prediction or at the numerical
weather prediction centres (e.g. Palmer et al., 2004; Sterl et al.,
2008).

Earlier studies have shown that a large fraction of the un-
certainties in regional climate change simulations is connected
to which global climate model (GCM) that is used for deriv-
ing the regional information (e.g. Hawkins and Sutton, 2009).
Downscaling methods, including RCMs and statistical down-
scaling, preserves most large-scale features from the GCMs.
These results apply for seasonal mean changes in temperature
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and precipitation for large areas in Europe (Réisédnen et al., 2004;
Déqué et al., 2007). The GCMs determine a large part of the cli-
mate change signal also at finer temporal and spatial scales.
Part of the uncertainty is connected to choice of downscaling
method, in particular that related to higher order variability and
extremes. In terms of regional climate modelling this means
choice of RCM or parametrization schemes used in them. Ex-
amples of large dependence on choice of RCM have been shown
for daily temperature statistics (Kjellstrom et al., 2007), precipi-
tation (Beniston et al., 2007) and wind speed (Rockel and Woth,
2007).

A drawback with earlier regional climate change ensembles
is that the number of forcing GCMs has been restricted (mainly
one in PRUDENCE), or that single RCMs only have downscaled
a few GCMs (up to three in ENSEMBLES). At the Rossby Cen-
tre a 16-member ensemble of transient regional climate change
scenarios at 50 km horizontal resolution for the time period
1961-2100 has been developed. Six of these simulations, down-
scaling different GCMs under the same emission scenario, have
been analysed in terms of daily variability, including 20-yr return
values of extreme events of maximum and minimum tempera-
tures, precipitation and wind speed by Nikulin et al. (2011).
Here, we focus on seasonal mean changes in mean sea level
pressure (MSLP), 2-m temperature (7,,), precipitation (P) and
10-m wind speed (Wigy) to illustrate the spread in average
climate conditions by the end of the century (2071-2100) for
Europe. Further, we make use of the full 16-member ensemble
that also holds a number of different emission scenarios and
simulations differing only in initial conditions to illustrate how
natural variability, choice of driving GCMs and choice of emis-
sion scenarios contributes to the spread at different future time
periods starting from the nearest decades.

2. Model and experiments

2.1. The Rossby Centre regional climate model RCA3

RCA3isa RCM that contains a full description of the atmosphere
and its interaction with the land surface. It includes a land sur-
face model (Samuelsson et al., 2006) and a lake model, PROBE
(Ljungemyr et al., 1996). Sea-surface temperature (SST) and
sea-ice conditions are prescribed for all ocean areas within the
chosen model domain including the Baltic Sea for the present
set-up. Given realistic boundary conditions, such as the reanal-
ysis products ERA15 (Gibson et al., 1997) and ERA40 (Uppala
et al., 2005), RCA3 and its predecessor RCA2 reproduce many
observed climate conditions on the regional scale including sea-
sonal mean temperatures, water fluxes and snow cover (Jones
et al., 2004, Kjellstrom et al., 2005; Lind and Kjellstrom, 2009;
Samuelsson et al., 2011). Deviations from observations also ex-
ist such as a warm bias in winter in parts of the northeastern
domain and an overestimation of P in parts of northern Europe
in summer as presented below. Such biases are seen also in
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other state-of-the-art RCMs (e.g. Christensen et al., 2007). Fur-
ther documentation of RCA3 and a more detailed description
of its performance in the recent past climate can be found in
Samuelsson et al. (2011).

In the experiments used here RCA3 was run at 0.44° x 0.44°
(approximately 50 km x 50 km) horizontal resolution with 24
levels up to 10 hPa in the vertical direction at a time step of
30 min. The set up covers Europe and we present results from
the interior model domain excluding the eight-point boundary
relaxation zones in all directions (e.g. Fig. 1).

2.2. Model evaluation

Although model evaluation is not the scope of this paper some
comparisons of model results to the observed climate in the
late—20th-century are presented. The rationale is to illustrate how
large biases a state-of-the-art RCM shows, both when forced by
perfect boundary conditions and when forced by lateral bound-
ary conditions from GCMs. By perfect boundary conditions, we
here mean the European Centre for Medium range Weather Fore-
casts (ECMWF) reanalysis product ERA40. More results from
these perfect boundary experiments can be found in Samuelsson
etal. (2011) presenting a more comprehensive model evaluation.

Model results are compared to a gridded observational data set
(E-OBS) recently derived within the European ENSEMBLES
project. The data set is based on daily data extending back to
1960 (Haylock et al., 2008; Klok and Klein Tank, 2008). A
benefit from using this particular data set is that it has been
constructed to represent grid box average observations allow-
ing direct comparison to model results. In addition, no further
interpolation is needed because the E-OBS data set is on the
same grid that is used in RCA3. Here, we calculate seasonal and
annual averages of T, and P based on the daily data. For MSLP
and W, there are no independent data sets to compare with.
For MSLP we compare simulated results to ERA40 data. This is
not possible for Wiy, as the relatively coarse resolution in the
ECMWF model tends to imply biased wind speeds, in particular
in areas including complex terrain mountainous regions (Barstad
et al., 2008). For W o, we do not perform any comparison to
observations in the control period but merely present the climate
change signal.

2.3. Boundary data from GCMs and emission scenarios

The Rossby Centre ensemble of regional climate change sce-
narios at 50 km horizontal resolution is presented in Table 1. It
consists of sixteen 140-yr transient climate change simulations
covering the time period 1961-2100. Differences between the
different simulations are that they use different GCMs for pro-
viding boundary conditions, different emission scenarios and/or
different initial conditions. The GCMs that are fully coupled
atmosphere—ocean general circulation models are forced by dif-
ferent emission scenarios from SRES (Naki¢enovi¢ and Swart,
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2m temperature Winter (DJF) 1961-1990
E-OBS RCAS3 (ERA40)

RCA3 (6 GCMs)

Fig. 1. (top, left-hand panel) Winter (DJF)
mean Ty, (colour, °C, E-OBS) and MSLP

(hPa, ERA40) and biases of T, and MSLP
in the RCA3 simulations driven by (top,
middle) the ERA40 reanalysis, (middle and
bottom rows) six different GCMs and (top,
right-hand panel) their ensemble mean. Only
Tom differences significant at the 5%
significance level are shown.
Correspondingly, statistically significant

°C RCA3(ERA40, GCMs) - E-OBS

differences for MSLP are indicated with
thick lines.

Table 1. Simulations in the regional climate change ensemble at the Rossby Centre

No GCM (name used in text) Emission scenario  Reference

1 CNRM-CM3 (CNRM) AIB Gibelin and Déqué (2003)
2 BCCR-BCM2.0 (BCM) AIB Déqué et al. (1994); Bleck et al. (1992)
3 CCSM3 (CCSM3) A2 Collins et al. (2006)

4 AIB

5 B2

6 ECHAM4/0OPYC3 (ECHAM4) A2 Roeckner et al. (1999)

7 B2

8 ECHAMS/MPI-OM (ECHAMS)  A2-rl

9 Al1B-rl Roeckner et al. (2006),

10 AlB-12 Jungclaus et al. (2006)

11 AlB-r3

12 Bl-rl

13 HadCM3 (HadCM3) AIB-ref Gordon et al. (2000)

14 Al1B-low

15 A1B-high

16  IPSL-CM4 (IPSL) AIB Hourdin et al. (2006)

Note: All simulations are transient and cover the time period 1961-2100. The six simulations in italics

are the ones constituting the A1B-ensemble used in most of the figures.

2000). In particular, we present results from six simulations with
different GCMs all under the SRES A 1B emission scenario. Fur-
ther, one GCM (ECHAMS) has been used to simulate the A1B
emission scenario three times differing only in initial condi-
tions to sample some of the natural variability (these three are
labelled ‘-r1’, ‘-r2’ and ‘-r3’ in the following). The A2 and B2

simulations with ECHAMS both use the ‘-r1’ starting conditions,
implying that there is one three-member ensemble downscaling
ECHAMS-r1 differing only in emission scenario. Another GCM
(HadCM3) has been run with three different parameter settings
to sample some of the uncertainty related to model formula-
tion (Collins et al., 2010). That particular ensemble of three
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simulations includes the reference version of the HadCM3
model, one that has a high sensitivity to changes in the radiative
forcing and one that has a low sensitivity (these three are labelled
‘-ref’, ‘-high’ and ‘-low’ in the following).

Change with time of the radiative forcing in RCA3 is pre-
scribed to follow the emission scenario as in the driving global
model. As RCA3 does not explicitly account for different green-
house gases and/or aerosols this is accomplished for by changing
the equivalent CO, concentration that is calculated according to
IPCC (2001, table 6.2.1)

AF = 5.351n(CO5/COxet) (D

where AF is the radiative forcing and CO,, is the concentration
in 1990. The radiative forcing for the emission scenarios is taken
from IPCC (2001, table II.3.11). For further details of the ap-
plication of the forcing conditions in the experiments described
later see Kjellstrom et al. (2005) and Persson et al. (2007).

2.4. Method of comparing data sets

We calculate seasonal averages for the nominal seasons win-
ter (December, January and February, hereafter DJF), spring
(MAM), summer (JJA) and fall (SON). In addition we also
calculate annual averages (ANN). These averages are calcu-
lated for each year in 30-yr periods both for the control pe-
riod (1961-1990) and for three future time periods (2011-2040,
2041-2070 and 2071-2100). Five hundred bootstrap samples of

E-OBS

the seasonal and annual means are generated to determine the
statistical significance for the climate change signal for different
periods and for differences between the simulated and observed
climate for the control period. From these 500 bootstrap sam-
ples we collect statistics for each individual simulation in Table 1
and for the ensemble mean and estimate the differences that are
significant at the 5% significance level.

3. Results and discussion

3.1. Simulated control climate (1961-1990)

3.1.1. Reanalysis-driven simulation.. Given perfect bound-
ary conditions from ERA40 RCA3 simulates seasonal mean
features of the circulation patterns (i.e. MSLP) very close to
ERAA40 itself (Figs. 1 and 2). The only exception is that MSLP
over the western Mediterranean Sea is slightly too high in winter
indicating that the cyclonic activity in this region is suppressed
(Fig. 1). The good performance in simulating the large-scale
circulation is a prerequisite for a good simulation also of other
aspects of climate. In terms of 7', the simulated climate is in rel-
atively good agreement with the observed climate (Samuelsson
et al., 2011). For seasonal mean T, this means that differences
are mostly smaller than 2 °C although statistically significant dif-
ferences of more than 3—4 °C exist in parts of the model domain
in winter, which is the season showing the largest biases (Fig. 1).
In summer only small areas with statistically significant biases

2m temperature Summer (JJA) 1961-1990
RCA3 (ERA40)

RCA3 (6 GCMs)

Fig. 2. (top, left-hand panel) Summer (JJA)
mean Ty, (colour, °C, E-OBS) and MSLP

(hPa, ERA40) and biases of T, and MSLP

in the RCA3 simulations driven by (top,
middle panel) the ERA40 reanalysis,
(middle and bottom rows) six different
GCMs and (top, right-hand panel) their
ensemble mean. Only T, differences
significant at the 5% significance level are

shown. Correspondingly, statistically

significant differences for MSLP are
indicated with thick lines.
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Precipitation, 1961-1990

RCA3(ERA40) - E-OBS

RCA3(6GCMs) - E-OBS

-100

% RCAS3 - E-OBS

20 20 60 100 E-OBS

Fig. 3. (Upper row) winter (DJF) and (lower) summer (JJA) conditions for (left-hand panel) mean P (colour, mm per month, E-OBS) and MSLP
(hPa, ERA40) and biases of P (%) and MSLP estimated from the RCA3 simulations driven by (middle panel) the ERA40 reanalysis and (right-hand
panel) the mean of the six-member A1B-ensemble, with respect to the E-OBS and ERA40 (1961-1990). Only P differences significant at the 5%
significance level are shown. Correspondingly, statistically significant differences for MSLP are indicated with thick lines.

exists, mostly in the Mediterranean region (Fig. 2). As further
discussed in Samuelsson et al. (2011) and Nikulin et al. (2011)
biases in Ty, in forested areas are reduced if comparison is made
between the simulated 7, for the open land fraction of the grid
boxes instead of grid box averages as is done here. The open
land fraction T, is more representative of what is observed at
the observational stations that are generally located in open land
areas.

Compared to the E-OBS data set P in RCA3 (ERA40) is over-
estimated in a large fraction of the model domain during winter
while the overestimation is restricted more to the northern parts
during summer (Fig. 3). In central and southern Europe both
areas of over- and underestimation are seen in summer. These
areas are partly colocated with high-altitude areas as RCA3
tends to give more P than observed over the mountain ranges
and less in adjacent low-altitude regions (see for instance the
Alps and the Pyrenees). Local and regional biases of up to or
over 100% exist in northern Scandinavia, particularly in spring
(not shown). In a previous study, however, Lind and Kjellstrom
(2009) show that the present RCA3 simulation forced by ERA40
on the lateral boundaries gives a good correspondence to a high-
resolution bias-corrected gridded data set for P in the Baltic Sea
drainage basin during 1995-2000 and that annual mean net P
(precipitation minus evaporation) over land agrees well with ob-
served discharge for this region. Further they showed that large
differences between different observational climatologies pre-
clude any firm conclusions on the quality of the simulated water
budget in that area.

3.1.2. GCM-driven simulations. In the GCM-forced simula-
tions biases in T, and P are generally larger than in RCA3
(ERA40). This is to a large degree related to errors in how the
GCMs simulate aspects of the general circulation. The relation
between large-scale circulation and biases in temperature and
precipitation climate is discussed for a range of GCMs, includ-
ing some used here, by van Ulden and van Oldenburgh (2006).
As a measure of the agreement between simulated and ERA40
MSLP they use the explained variance (E) that is defined as

2
E=1-24 @)
obs

Here, o2 is the variance in space of (i) the difference between
simulated and observed long-term average MSLP and (ii) the
observed long-term average MSLP, respectively. E is close to 1
if the spatial variance in the difference field is small compared to
the spatial variance in the observations. This implies that E close
to 1 means a good agreement to observations both in terms of
amplitude and gradients while low or negative numbers implies
a poor agreement. We derive E by calculating 30-yr averages
for each 3-month season in the RCA3 (GCM)-simulated MSLP
compared to the corresponding ERA40 MSLP for 1961-1990.
As the large-scale circulation in RCA3 is to a large degree
dependent on the forcing GCM our calculated E is more to
be considered as a test of how well the GCM simulates the
large-scale circulation for the European region than a test of
RCA3 itself. As a comparison, the RCA3 (ERA40) simulation
yields an E that is above 0.96 for all seasons indicating a very

Tellus 63A (2011), 1



21ST CENTURY CHANGES IN THE EUROPEAN CLIMATE 29

Table 2. Performance in the 1961-1990 period for the RCA3 (GCM) simulations

Forcing GCM Large-scale circulation (E) Temperature (MAE, °C) Precipitation (MAE, %)

DJF MAM JJA SON DJF MAM JJA SON DJF MAM JJA SON
ERA40 0.98 0.97 0.96 0.98 1.23 0.78 0.60 0.92 29.2 40.2 41.3 28.2
CNRM 0.83 0.77 0.41 0.91 1.70 1.36 2.34 1.16 47.4 50.4 45.2 30.4
BCM 0.48 —0.80 —1.13 0.46 2.18 1.57 1.83 1.44 57.2 60.2 94.3 50.1
CCSM3 —0.35 —5.38 0.33 0.63 2.71 0.87 1.76 1.00 60.2 65.4 41.7 37.8
ECHAMS-r1 0.86 0.64 0.66 0.93 2.00 1.07 1.00 0.93 46.8 47.7 40.6 43.7
ECHAMS5-12 0.83 0.55 0.68 0.93 1.64 0.80 1.02 1.02 46.9 48.0 39.1 44.2
ECHAMS5-r3 0.86 0.28 0.63 0.92 2.01 0.90 1.05 0.92 45.9 50.8 38.9 42.6
HadCM3-ref 0.86 —-0.25 0.55 0.62 1.12 0.87 1.01 0.72 46.0 55.0 45.7 36.2
HadCM3-low 0.66 —0.40 0.44 0.67 2.08 1.29 1.41 1.69 41.0 52.0 61.2 32.6
HadCM3-high 0.81 0.82 0.61 0.83 1.64 1.02 1.98 1.03 55.3 55.9 62.4 37.1
IPSL 0.58 —1.08 —0.55 0.77 2.13 2.24 1.95 2.31 33.9 39.7 81.3 39.3
Ensemble mean 0.71 0.44 0.79 0.91 1.38 0.86 0.92 0.75 49.5 55.1 48.5 38.6

Notes: The large-scale circulation is tested by the explained variance of mean sea level pressure (E, see text for description). For temperature and
precipitation the mean absolute error (MAE) is calculated by averaging all local biases over the land areas within the domain restricted by
(10.5°W-30°E, 36°N-70°N). The ensemble mean is calculated for the six simulations in italics.

good agreement to the large-scale circulation features imposed
on the boundaries. For the GCM-forced runs the agreement is
worse and some models even show negative numbers (Table 2).
Best performance is seen for RCA3 (CNRM, ECHAMS-r3,
HadCM3-ref and HadCM3-low). For RCA3 (IPSL, BCM and
CCSM3) the agreement is worse with low or sometimes even
negative E. The agreement is generally best in fall and winter
and in most models worst in spring or summer. The poor agree-
ment in spring/summer is a result of the fact that the observed
spatial variability (o3,) is low in these seasons, unnormalized
differences (0} are larger during fall/winter. Also the ensemble
mean shows a good reproduction of the large-scale circulation al-
though slightly worse than the best ensemble members. This rel-
atively good agreement between the ensemble mean and ERA40
indicates that the averaging leads to a cancellation of some of
the errors seen in simulations downscaling single GCMs.

The index E integrates over the area but does not reveal geo-
graphical details in the bias pattern, this can instead be inferred
from maps. In winter for example, all simulations are too zonal
in varying degree in parts of the North Atlantic and European
region (Fig. 1). As a result of the errors in the wintertime circu-
lation patterns too much mild and moist air is advected from the
North Atlantic in over Europe. Therefore, both DJF T, (Fig. 1)
and P (Fig. 3) are overestimated over large parts of the continent
in these simulations. This overestimation is most pronounced in
RCA3 (CCSM3) that also has the largest deviations in MSLP
for this season. An exception to this general feature is the RCA3
(IPSL) simulation that is too cold and also drier (not shown)
than the others despite the fact that also IPSL is too zonal in the
South. The reason for the low temperatures in this simulation is
not entirely clear but it can be seen that IPSL is too cold in large
parts of the Northern Hemisphere mid-latitudes (Randall et al.,
2007). Among the other models it is worthwhile mentioning that
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the large-scale circulation pattern in HadCM3-ref is in relatively
good agreement with ERA40 (E-value of 0.86) even if MSLP in
central Europe is too low indicating too much cyclonic activity
in this area. For this particular model downscaling with RCA3
yields a temperature climate that is in good agreement to the
observed climate (Fig. 1) while P in central Europe is overesti-
mated (not shown). Apart from different large-scale circulation
in the GCMs also differences in SST and sea-ice conditions lead
to differences in the simulated regional climate. In the far North
this sometimes leads to large cold biases of more than 6 °C as
for the Icelandic region in RCA3 (HadCM3-ref, IPSL) and for
northernmost Scandinavia in RCA3 (IPSL, BCM and CNRM).

Also during summer some large differences exist (Figs. 2
and 3). In RCA3 (ECHAMS-r3, CCSM3 and IPSL) the climate
is generally too cold and too wet (not shown) in the North. In
RCA3 (ECHAMS5-r3 and CCSM3) this seems to be related to
a too zonal circulation implying exaggerated transport of cool
and moist air from the North Atlantic in over the European con-
tinent. In RCA3 (IPSL) this is not the case as that particular
simulation is less zonal than the ERA40 MSLP pattern indi-
cates. For the other three GCMs the downscaled summertime
climate is too warm in most of continental Europe. The very
different biases in summer time 7T, in these three simulations
compared to the other three are related to the hydrological cycle.
This can be illustrated by comparing RCA3 (CCSM3) that is too
cold and RCA3 (CNRM) that is too warm in summer. In spring,
P in much of western and central Europe is overestimated in
RCA3 (CCSM3) while it is underestimated in RCA3 (CNRM)
(not shown). As a consequence, the soils dries out more readily
in summer in RCA3 (CNRM) allowing Ty, to increase while
latent heat release from the wetter soils in RCA3 (CCSM3)
moderates temperature increase in these areas. Similarly, dif-
ferences in springtime P between RCA3 (CCSM3) and RCA3
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(ECHAMS-r3) may also explain why summertime 75y, in the
latter is in better agreement with observations despite the fact
that ECHAMS is too zonal.

The three RCA3 (ECHAMS) simulations are close to each
other in terms of the 30-yr averages discussed here (Table 2).
Also a closer inspection of those three simulations shows that
all have too zonal conditions both in summer and winter lead-
ing to common bias patterns in temperature and P (not shown).
The three RCA3 (HadCM3) simulations on the other hand, are
much more distant from each other. The numbers in Table 2
partly shows this but as they represent mean average errors
they do not give the full picture. In this case RCA3 (HadCM3-
low) has relatively large negative biases in temperature while
RCA3 (HadCM3-high) has warm biases (not shown). RCA3
(HadCM3-high) is too dry in parts of southern Europe while
RCA3 (HadCM3-low) tends to be too wet. Of the three simu-
lations forced by HadCM3 RCA3 (HadCM3-ref) is clearly the
one showing the smallest biases. The differences between the
three RCA3 (HadCM3) simulations are as large as differences
between RCA3 simulations driven by other GCMs.

Summarized for the European continent local biases in tem-
perature are up to 3—4 °C and up to 100% in P or even more
in some of the simulations. Taken as area averages over the
continent mean absolute errors in the simulations are in general
1-2 °C and 30-60%, respectively (Table 2). For most GCM-
driven simulations the biases are larger than the corresponding
errors in RCA3 (ERA40). The P biases are smallest in fall and
winter that are also the seasons for which most simulations show
the best correspondence to the large-scale circulation. For tem-
perature, the biases are smallest in the transition seasons and
larger in winter and summer. The six-member ensemble mean

shows a better correspondence to observed temperature than
most individual simulations it is based on for all seasons. This
is caused by the fact that biases of opposite signs in the models
tend to cancel each other when added, cf. RCA3 (CCSM3 and
IPSL) in Fig. 1. For P this is not the case as the biases are more
systematic with overestimated P in the North and a mixture of
over- and underestimated P in the South regardless of forcing
GCM. Therefore, the ensemble means bias is not smaller than
many of the biases in the individual simulations underlying it.

3.2. Simulated climate change

3.2.1. Temperature climate. The simulated DJF circulation
patterns are changing between 1961-1990 and 2071-2100. Five
out of the six models show increasing MSLP in parts of southern
Europe and the Mediterranean area indicating lower cyclonic ac-
tivity in this region (Fig. 4) and a more zonal flow over central
and northern Europe. Lower cyclonic activity in the Mediter-
ranean area is in accordance to results presented by Pinto et al.
(2007) for the ECHAMS model. They show that this model has a
lower cyclone track density in this area by the end of the century.
The above-mentioned changes in circulation contributes to the
large increase in Ty, in northern Europe as seen in Fig. 4. The
largest temperature increases are found in the northeastern part
of the domain, most notably in northern Fennoscandia, the Kola
Peninsula and the ocean areas close to the northern rim. But, as
this is the area of maximum warming also in the simulation not
showing increasing MSLP in southern Europe RCA3 (HadCM3-
ref) the contribution from changing large-scale circulation is not
the major explanation of the large warming in this area. Instead
positive feedback processes related to the retreat of the snow

2m temperature Winter (DJF) SCN: 2071-2100 CTL: 1961-1990
RCA3 (ECHAM5)

RCA3 (6 GCMs) CTL
& Jon

RCA3 (HADCM3)

0 1 2 3 4 5 6 7 8

°C SCN-CTL

Fig. 4. The ensemble mean of winter (DJF) T, and MSLP for 1961-1990 (top left-hand panel) and the respective changes of 75y, and MSLP in
2071-2100 relative to 1961-1990 for the ensemble mean and the individual runs forced by A1B. Units are °C and hPa. Only T, differences
significant at the 5% significance level are shown. Correspondingly, statistically significant differences for MSLP are indicated with thick lines.
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to the data (the slope k is —0.09 d per °C and
the correlation coefficient r is —0.87).

cover (Chapin et al., 2005) and the strong reduction in Arctic
sea-ice (Perovich et al., 2007) are expected to play a role here.
There is indeed a strong connection between decreasing snow
cover and increasing temperature in this region in all simulations
as exemplified for the Scandinavian region in Fig. 5. However,
it is difficult to judge if this strong increase in temperature is a
result or a cause of the decreasing snow cover. By comparing
data from the three time periods the gradual decrease in snow
cover as temperature increases over time is clearly seen for this
region in all 16 simulations. Corresponding to the large change
in the northeast, local maxima in warming are seen in the Alpine
region that also face a major retreat in snow cover (Fig. 4).

We note that the three ECHAMS5-A1B driven simulations
show very different response in some of the time periods for
the Scandinavian area (Fig. 5). In the time period 2011-2040
one of them, RCA3 (ECHAMS5-r2) shows a warming that is
more than 1.5 °C higher than in RCA3 (ECHAMS-r3). This is
purely a result of natural variability and can to a large degree be
explained by differences in large-scale circulation in the simula-
tions. In this case the RCA3 (ECHAMS-r2) gives an increase in
the North—South pressure gradient over the North Atlantic lead-
ing to mild conditions in northern Europe (not shown). Such
differences in the climate change signal in the three ECHAMS-
A1B driven simulations are seen also for other periods through-
out the simulation with a maximum difference for the Scan-
dinavian area of about 1.7 °C (Fig. 6). For similar reasons of
changing large-scale circulation, RCA3 (HadCM3-low) shows
a larger warming in much of Europe than RCA3 (HadCM3-
high) for 2011-2040. This is despite the fact that global warm-
ing in HadCM3-high is larger than that in HadCM3-low for this
time period. Interestingly RCA3 (HadCM3-low) shows a larger
warming than RCA3 (HadCM3-high) for the Scandinavian re-
gion during the whole scenario period (Fig. 6). This is related to
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Fig. 6. Thirty-year running mean winter (DJF) 7>, anomalies w.r.t.
the 1961-1990 average for all land in the Scandinavian region
(55-70°N, 4.5-30°E). Results are shown for the simulations driven by
the three ECHAMS-A1B ensemble members and the three HadCM3

perturbed physics ensemble members.

cold conditions in the northern part of this relatively large area
in the control period in RCA3 (HadCM3-low), in other parts of
Europe RCA3 (HadCM3-high) shows a larger warming for most
of the years. These examples clearly show that natural variability
adds significantly to the total spread in the climate change signal
and that the contribution can be as large as the spread due to
choice of GCM and/or emission scenario at some time periods.
In the nearest decades natural variability may even completely
offset the climate change signal for some variables in parts of
Europe.

Changes in the large-scale circulation in JJA are small as can
be inferred from the fairly small changes in MSLP shown in
Fig. 7. In three simulations RCA3 (BCM, CNRM and IPSL)
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Fig. 7. The ensemble mean of summer (JJA) Ty, and MSLP for 1961-1990 (top left-hand panel) and the respective changes of 75y, and MSLP in
2071-2100 relative to 1961-1990 for the ensemble mean and the individual runs forced by A1B. Units are °C and hPa. Only 7>y, differences
significant at the 5% significance level are shown. Correspondingly, statistically significant differences for MSLP are indicated with thick lines.

there is an indication of a slightly stronger high pressure in
the North Atlantic (cf. Fig. 4). These changes are smaller than
the corresponding MSLP changes in DJF. Changes in T, are
smaller over northern Europe and larger over the continent than
in DJF. In summer it is southern Europe that generally expe-
riences the largest changes with seasonal mean 75, increasing
by up to more than 6 °C in parts of the Iberian Peninsula in
RCA3 (ECHAMS-r3). Regionally large changes are also seen
over the ocean areas close to the northern boundary including
the Barents Sea and the White Sea. Also the Baltic Sea is an
area showing larger warming by 1-2 °C than surrounding land
areas in all six simulations. These large changes in the north-
ern ocean areas are related to the shortened season with sea-ice
allowing for more heat being stored in the water as the heat re-
quired to melt the sea-ice decreases. Contrastingly, the air over
the ice-free Mediterranean Sea warms less than that over the
surrounding continents. Such a relatively smaller change over
ocean compared to that over land is common also in GCMs
as discussed for both transient and equilibrium climate change
simulations by Manabe et al. (1991).

By the end of the century the forced temperature changes
are larger than natural variability implying that they are statis-
tically significant. All six simulations in Fig. 4 show statisti-
cally significant changes in all of the model domain except for
RCA3 (CNRM) in which there is a small area of the north west-
ern model domain over the North Atlantic with non-significant
changes. The changes in the other 10 simulations are also statis-
tically significant in virtually all of the model domain by the end
of the century for all seasons (not shown). Further, already at
earlier time periods the temperature changes get statistically sig-
nificant in large parts of the model domain. In the nearest decades

(2011-2040) temperature changes are statistically significant in
more than 70% of the model domain in most simulations in all
seasons and by the mid of the century (2041-2070) the same
holds true for more than 95% of the area.

3.2.2. Precipitation climate. Precipitation increases in north-
ern and decreases in southern Europe in both winter and summer
(Figs. 8 and 9). Differing between the seasons is the borderline
between the areas of increase and decrease as this migrates from
the North to the South and back again during the course of
a year. The borderline is actually a relatively broad zone ex-
tending 500-1000 km or more in the North-South direction.
An implication of this is that the P change in much of central
Europe is uncertain not just in magnitude but also in sign in large
parts of the year. This pattern of simulated P change includ-
ing differences between seasons is in line with that in previous
work on larger ensembles of regional climate scenarios derived
directly from GCMs (e.g. Christensen et al., 2007). Increased
zonality over parts of central and northern Europe during winter
in RCA3 (BCM, CCSM3, CNRM, ECHAMS5-r3 and IPSL) con-
tributes to more P in this area. But, as large P increases are seen
also in RCA3 (HadCM3-ref) that does not show any significant
change in the large-scale circulation in winter, this can not be the
only explanation and therefore also thermodynamic factors with
more moisture in a future warmer atmosphere have to play a role
as discussed in Christensen et al. (2007). A strong correlation
between increasing temperature and P is indeed seen in north-
ern Europe as exemplified for all land areas in the Scandinavian
region in Fig. 10. The increase in P is 5.6% per °C local tem-
perature increase and slightly more compared to the temperature
increase upwind to Scandinavia over the North Atlantic. This in-
crease in P is even larger than the average 4% per °C increase in
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Fig. 8. The ensemble mean of winter (DJF) P (mm per month) and MSLP (hPa) for 1961-1990 (top left-hand panel) and the respective changes of P
(%) and MSLP (hPa) in 2071-2100 relative to 1961-1990 for the ensemble mean and the individual runs forced by A1B. Only P differences
significant at the 5% significance level are shown. Correspondingly, statistically significant differences for MSLP are indicated with thick lines.

Precipitation Summer (JJA) SCN: 2071-2100 CTL: 1961-1990

RCA3 (6 GCMs) CTL

RCA3 (6 GCMs)

RCA3 (HADCM3)
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Fig. 9. The ensemble mean of summer (JJA) P (mm per month) and MSLP (hPa) for 1961-1990 (top left-hand panel) and the respective changes of
P (%) and MSLP (hPa) in 2071-2100 relative to 1961-1990 for the ensemble mean and the individual runs forced by A1B. Only P differences
significant at the 5% significance level are shown. Correspondingly, statistically significant differences for MSLP are indicated with thick lines.

poleward moisture transport reported by Held and Soden (2006)
for mid-latitudes where the increase has its maximum. This indi-
cates a local amplification of the hydrological cycle in northern
Europe as earlier discussed for the Baltic Sea drainage basin
for three of the present simulations, RCA3 (ECHAM4-A2/B2
and ECHAMS-r1-A1B) by Kjellstrom and Lind (2009). In some
simulations part of this amplification seems to be related to the
Baltic Sea as significant increases in summertime P is seen over
the Baltic Sea in RCA3 (HadCM3-ref and IPSL). These are
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also the two simulations showing the largest increase in Ty, in
that region. This strong relation between P and SST indicates a
sensitivity to change in SSTs in this area as earlier shown for
a range of RCMs in the PRUDENCE project (Kjellstrom and
Ruosteenoja, 2007).

The geographical details of the change in P differ between
the different simulations but the major features including the
increase in the North and the decrease in the South together
with the seasonal migration of the border zone are represented
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in all simulations. The signal is more robust when calculated
as an average over several simulations compared to looking at
single simulations. This can be exemplified by the six-member
A1B ensemble for which the fraction of the European continent
where changes are statistically significant amounts to about 80%
on an annual basis in the latter part of the century while single
members give 45-75% (Fig. 11). It is also clearly seen that the
statistical significance increases gradually with time and that the
changes are most significant in winter. Further it can be noted
that all A2-simulations (marked by red symbols) tend to cluster
on the relatively more significant side in the last 30-yr period.
This is not the case at the earlier two periods when the A2-
simulations are spread out also at the low-end range and when
A2-simulations sometimes show less change than corresponding

B2-simulations. Therefore, the result suggests sensitivity to the
emission scenario but not until the latter part of the century as
presented for changes in global mean temperature (Meehl et al.,
2007).

3.2.3. Wind climate. Changes in the wind climate differ more
between the simulations than changes in other variables. A com-
mon feature is decreasing wind speed during winter in the
Mediterranean area in most simulations (Fig. 12). These de-
creases in the wind speed are likely related to changes in the
large-scale circulation as the Mediterranean area is projected to
have less cyclonic influence and more anticyclonic conditions
in the future. Several simulations show decreasing wind speed
in the area of the Icelandic Low [RCA3 (ECHAMS5-r3, IPSL
and HadCM3-ref)] and in most of the Atlantic [RCA3 (IPSL)].
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Fig. 12. (top left-hand panel) The ensemble mean of winter (DJF) mean Wygpy, and MSLP for 1961-1990 (top left-hand panel) and the respective
changes of Wiom and MSLP in 2071-2100 relative to 1961-1990 for (top row, second from left-hand side) the ensemble mean and (top and bottom
rows) the individual runs forced by A1B. Units are m s~! and hPa. Only W oy, differences significant at the 5% significance level are shown.
Correspondingly, statistically significant differences for MSLP are indicated with thick lines.

RCA3 (BCM) also shows a tendency of decreasing wind speed
South of Iceland but otherwise increases in a westeasterly band
over the North Atlantic, the British Isles and the southern Baltic
Sea. In this particular simulation the increase can be connected
to a sharpening of the North—South pressure gradient. All simu-
lations also show statistically significant increases in wind speed
over more or less large parts of the Baltic Sea, the White Sea,
parts of the Barents Sea and the North Atlantic North of Iceland.
These areas are all projected to have substantial reductions in
sea-ice in the GCMs (not shown). Such reductions lead to higher
near-surface temperatures and thereby reduced static stability in
the lower atmosphere. This is true for winter but also for other
seasons as the temperature increase more in those areas than in
the surrounding land areas (cf. summer conditions in Fig. 7). As
a result of the reduced static stability wind speed at low levels
increase in most of the models in these areas as seen in Figs. 12
and 13.

Also in summer there is a tendency for decreasing seasonal
mean wind speed in large parts of the model domain including
the North Atlantic (Fig. 13). In the Mediterranean area, on the
other hand, there are areas with increased wind speeds in many
of the simulations. This may be connected to changing temper-
ature conditions as the differential warming over sea and land
leads to larger horizontal temperature gradients in parts of the
Mediterranean region as the sea warms less than surrounding
land areas (Fig. 7). Stronger temperature gradients in turn may
lead to stronger thermally driven circulations and thereby higher
wind speeds in some areas.

Although there are some coherent patterns in the change of
wind speed in the simulations the climate change signal is much
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less robust than that for temperature and somewhat weaker than
that for P. The total area projected to meet changes in the wind
climate amounts to almost 80% for the six-member A1B en-
semble mean (Fig. 14). As for P there is a gradual increase
over time and also differences between seasons with the largest
degree of statistical significance in summer by the end of the cen-
tury. A difference compared to P is that the emission scenario
does not seem to play such an important role. Here, changes in
wind speed seem to be equally large in the A1B-simulations as
in the A2-simulations. Instead choice of driving GCM seems
to be more important in terms of change in the wind climate.
This can be seen as the A2- and B2-simulations with RCA3
(ECHAM4) tend to cluster as well as do A2- and B1-simulations
with RCA3 (ECHAMS) also at later time periods when the
difference in emission scenarios plays an important role for P
(Fig. 11).

3.2.4. Transient climate change. Some of the examples given
above show that the climate change signal grows and that the
statistical significance gets larger with time in the simulations.
Here, we note that also the patterns of change that are seen
for the last decades of the century emerge already earlier in
the simulations. This is shown for the six-member ensemble
with different GCMs on the boundaries under the A1B emission
scenario (Figs. 15 and 16). In both figures it can be seen that
particularly the geographical pattern of change in Ty, is very
similar in the different time windows including features like the
relatively small warming of the North Atlantic and the excessive
warming of the Baltic Sea in summer. But, also changes in
MSLP, P and W, becomes apparent in the nearest few decades
or at the mid of the century.
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Fig. 13. (top left-hand panel) The ensemble mean of summer (JJA) mean W o, and MSLP for 1961-1990 and the respective changes of Wop, and
MSLP in 2071-2100 relative to 1961-1990 for (top row, second from left-hand side) the ensemble mean and (top and bottom rows) the individual
runs forced by A1B. Units are ms™! and hPa. Only Wy, differences significant at the 5% significance level are shown. Correspondingly,

statistically significant differences for MSLP are indicated with thick lines.
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4. Summary and conclusions

In this study, we describe changes in seasonal mean features
of Ty, P and wind speed over Europe based on a 16-member
ensemble of RCM simulations with the Rossby Centre regional
atmospheric climate model RCA3. In the first part we describe
characteristics of the simulated climate in 1961-1990 both when
forced by reanalysis data and when forced by boundary data from
GCMs. From this part of the study we find that:

(1) Biases in simulations of the recent past climate are larger
when RCA3 has been forced by GCMs compared to when it

has been forced by reanalysis data. Typical biases in the GCM-
driven simulations are up to 3—4 °C for temperature and 100%
for P.

(2) Biases are to a large degree related to errors in the rep-
resentation of the large-scale circulation in the GCMs and to
biases in SSTs and sea-ice cover in them.

(3) The ensemble mean is generally better than the individ-
ual simulations it consists of, at least for temperature but not
necessarily for P.

In the second part of the paper we give an overview of the
climate change signal in the ensemble by presenting seasonal
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changes are shown but statistically
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Fig. 16. Six-member A1B ensemble means
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Only differences significant at the 5%
significance level are shown. For MSLP all
changes are shown but statistically
significant differences are indicated with
thick lines.

means of the mentioned variables including the spread between
them as simulated in the different ensemble members. In general
the results show statistically significant warming of the European
continent in the future. This warming is most pronounced in
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Wind

the northeast during winter and in the South during summer.
For P the signal is weaker but shows some distinct features as
a general increase in the North and a decrease in the South.
The borderline between increase and decrease is a fairly broad
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(of the order of 500 km) zone that migrates back and forth
from a northward position in summer to a southward position in
winter. The projected change in the wind climate is statistically
significant in a smaller fraction of the model domain compared
to that in P indicating that future changes in wind speed are
more uncertain. The main changes include generally decreasing
winds in much of the model domain except for northern ocean
areas during winter and for parts of the Mediterranean during
summer where wind speed is projected to increase locally. From
this part of the work we conclude:

(1) The spread in the results is largely dependent on the
choice of GCMs. Further, the spread between them is to a great
extent dependent on differences in changes of the large-scale
circulation between the GCMs.

(2) Emission scenarios play an important role for the spread
in temperature and P between ensemble members during the last
decades of the century. At earlier periods it is not the dominating
source of uncertainty. For wind speed the differences due to
emission scenarios are smaller also at the end of the century.

(3) Natural variability is an important source of uncertainty
for the next few decades sometimes clearly dominating over the
spread due to model formulation (and thereby climate sensitiv-
ity).

(4) Ensemble means show tendencies for the next few
decades in the direction of what the climate change scenarios
show for the end of the century.

Finally we note that although this ensemble of 16 transient
140-yr simulations is unique as of today it still samples only
a small part of the total uncertainty range. However, we have
shown that such a small ensemble of climate change simula-
tions may be useful in order to illustrate the uncertainties related
to emissions, boundary conditions and natural variability in a
physically consistent way at the regional scale. To fully explore
the uncertainty ranges would require a much larger ensemble
containing more forcing GCMs, emission scenarios and ensem-
ble members sampling the natural variability. In addition also
the uncertainty due to RCM formulation should be addressed.
Therefore, the results presented here could be used together with
other regional climate change matrices such as that developed
in the ENSEMBLES project.
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