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Abstract Four high resolution atmospheric general cir-
culation models (GCMs) have been integrated with the
standard forcings of the PRUDENCE experiment:
IPCC-SRES A2 radiative forcing and Hadley Centre sea
surface temperature and sea-ice extent. The response over

Europe, calculated as the difference between the 2071–
2100 and the 1961–1990means is compared with the same
diagnostic obtained with nine Regional Climate Models
(RCM) all driven by the Hadley Centre atmospheric
GCM. The seasonal mean response for 2m temperature
and precipitation is investigated. For temperature,
GCMs and RCMs behave similarly, except that GCMs
exhibit a larger spread. However, during summer, the
spread of the RCMs—in particular in terms of precipi-
tation—is larger than that of the GCMs. This indicates
that the European summer climate is strongly controlled
by parameterized physics and/or high-resolution pro-
cesses. The temperature response is larger than the sys-
tematic error. The situation is different for precipitation.
The model bias is twice as large as the climate response.
The confidence in PRUDENCE results comes from the
fact that the models have a similar response to the IPCC-
SRES A2 forcing, whereas their systematic errors are
more spread. In addition, GCM precipitation response is
slightly but significantly different from that of the RCMs.

1 Introduction

The primary information about possible climate changes
due to anthropogenic greenhouse gas concentration in-
crease is obtained through low resolution coupled ocean
atmosphere global models (IPCC 2001). High resolution
models, i.e. models resolving scales of 100 km or below,
are used in ‘‘time-slice’’ experiments (Cubasch et al.
1995), because their computation cost is little compatible
with long equilibration runs of the coupled system. In the
EC-funded HIgh REsolution Ten Year Climate Simu-
lations project (HIRETYCS, Déqué and Piedelievre
1995; Stendel and Roeckner 1998; Stratton 1999) high
resolution versions of the Centre National de Recherches
Météorologiques (CNRM), Max Plank Institute (MPI)
and Hadley Centre (HC) atmospheric general circulation
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models (AGCM) were compared to their respective low
resolution versions. It was shown that the large-scale
features have little resolution dependence, unless specific
tuning of the physical parameterizations is performed.
However, orographically-forced small-scale features,
and, to a lesser extent, midlatitude transient activity, are
improved by resolution. This justifies, to the first order,
that it is reasonable to use sea surface temperatures (SST)
and sea-ice extent (SIE) calculated from atmospheric-
ocean general circulation models (AOGCM) simulations
to force higher resolution versions of the AGCM. The
aim of such experiments is to refine geographically
(‘‘downscale’’) the climate response under the assump-
tion that the large-scale features are the same.

However, such a method has a computational cost. In
the early 2000s, the typical resolution that is affordable
for climate simulations is T106 (120 km). Going to
50 km is possible (Brankovic and Gregory 2001; Déqué
and Gibelin 2002), but few computational centers have
the capacity to run ensembles of 30-year simulations
with various scenarios, unless using variable horizontal
resolution (see Sect. 2). In the late 1980s, a solution was
proposed to use a Limited Area Model (LAM) forced by
an AGCM at its lateral boundaries (Giorgi 1990). This
method, named ‘‘nesting’’, had been used for many years
in short-range meteorological forecasting, but questions
were raised about its application to long time scales,
because of possible detrimental effects of the imbalances
at the lateral boundaries. However, Denis et al. (2003)
demonstrated that a Regional Climate Model (RCM)
forced only by the longest waves of a high resolution
AGCM produces inside its domain the same short waves
as this AGCM (so called ‘‘big brother’’ experiment).
RCMs have been widely and successfully used in the
1990s for the European climate (Jones et al. 1997, 2001;
Hagemann et al. 2004) as well as for other regions
(Giorgi et al. 1998; Laprise et al. 2003; Whetton et al.
2001; Fukutome et al. 1999). In the present study, the
term RCM signifies atmospheric LAM designed for
climate simulation. In Europe, a coordinated effort has
been undertaken since the mid-1990s (Machenhauer
et al. 1998) to produce high quality, well documented,
multi-model RCM simulations.

The EC-funded project Prediction of Regional sce-
nario and Uncertainties for Defining EuropeaN Climate
change risks and Effects project (PRUDENCE, e.g. and
2003, Schär et al. 2004) is a good opportunity to go
further in the validation of RCMs versus high resolution
AGCMs in the context of a climate change experiment.
Amongst the many fields archived in the PRUDENCE
database, we consider here 2m temperature and precip-
itation. These fields offer the triple advantage of being
directly connected to human perception of the climate,
of being comparable with reliable observations, and of
exhibiting regional-scale features that are not accessible
to coarse resolution GCMs in complex orography
regions like Europe. In Sect. 2, we present four high
resolution AGCMs experiments. Their IPCC-A2 simu-
lation (2071–2100) is compared to a reference simulation

(1961–1990). In order to further reduce the size of this
study, we concentrate on the two extreme seasons boreal
winter (DJF) and summer (JJA). In Sect. 3, nine RCMs
are introduced. Their responses to climate change are
compared with those of the GCMs in Sect. 4. A multi-
dimensional scaling analysis is performed in Sect. 5 in
order to better compare the individual models. Conclu-
sions and perspectives are given in Sect. 6.

2 Climate change in global high resolution models

2.1 The global models

Although PRUDENCE is focused on climate modeling
over Europe, global models have been used in this
project, which are necessary in regional modeling:

– to provide, in all cases, SSTs through a coupled
ocean–atmosphere model,

– to provide, in the case of an RCM, driving atmo-
spheric boundary values. Three kind of global models
have been used in PRUDENCE:

(1) AOGCMs. HadCM3 (Johns et al. 2001) is the cou-
pled model used at the HC. Its atmospheric hori-
zontal resolution is 2.5� in latitude and 3.75� in
longitude. Its resolution is too coarse to represent
European orography forcing correctly, and its role is
to provide SST to AGCMs. Two other low resolu-
tion AOGCMs have been used in PRUDENCE
(MPI and CNRM models), but are not part of this
study.

(2) Variable resolution AGCMs. Regional modeling can
be performed at a reasonable cost with AGCMs,
provided the high horizontal resolution is applied
only in a part of the globe (Déqué and Piedelievre
1995; Fox-Rabinovitz et al. 2001). Using aqua-pla-
net experiments, Lorant and Royer (2001) have
shown that grid stretching with a reasonable reso-
lution gradient does not produce numerical detri-
mental effects. The high resolution model used by
CNRM is ARPEGE3 (Gibelin and Déqué 2003), a
global model with spectral TL106 truncation (120-
latitudes and 240-longitudes grid). Its resolution of
50–70 km over Europe due to grid stretching makes
it comparable with the RCMs of the PRUDENCE
project. In the present study, it will be considered as
a GCM rather than as an RCM because, unlike
RCMs, this model does not have lateral boundaries
where nesting would be applied.

(3) High resolution AGCMs. Three other AGCMs,
namely HadAM3P, fvGCM and ECHAM5, with
uniform horizontal resolution between 100 and
150 km have been used, in order to evaluate the
climate response when the constraint by the lateral
boundary forcing is removed. The global model used
in PRUDENCE to provide the common driving
data for the RCMs is HadAM3H, developed by the
HC. Its horizontal resolution is 140 km in the mid-

654 Déqué et al.: Global high resolution versus Limited Area Model climate change projections over Europe



latitudes (with grid spacing of 145 latitudes by 192
longitudes). The version used in this study, Had-
AM3P (Jones et al. 2004a), is slightly more recent
than the version used for forcing the RCMs. In
addition to ARPEGE3 and HadAM3P, this study
includes fvGCM as a third global model. This model
uses a finite volume dynamical core (Lin and Rood
1996) and the physical parameterizations of the
National Center for Atmospheric Research (NCAR)
CCM3 (Kiehl et al. 1998), developed in the US and
used at ICTP. Its horizontal resolution is 110 km in
the midlatitudes (181-latitude by 288-longitude
grid). The fourth global model is ECHAM5 devel-
oped by MPI (Roeckner et al. 2003), but the simu-
lations used here have been produced at
Eidgenössische Technische Hochschule Zürich
(ETHZ). The model uses a T106 spectral truncation
(160-latitude by 320-longitude grid). Its resolution is
125 km over Europe, as well as in any part of the
globe. The physical parameterizations of the four
AGCMs are listed in Table 1.

The four AGCMs have been run in a control simu-
lation of 30 years, driven by monthly observed SSTs of
the period 1961–1990. The radiative forcing (greenhouse
gases and sulfate aerosols) is provided by observations
(IPCC 2001, 10-year means). In the case of CNRM and
HC, an ensemble of three simulations is available. In the
case of the NCAR model, two simulations have been
performed. In this study we consider one ensemble
average per model, and the four individual models will
be treated anonymously as components of a 4-member
super-ensemble. The 4-member average will also be
considered as the mean GCM. The systematic errors of
individual models (AGCMs) will be analyzed in Sect. 4,
when the spread of the simulations is considered; see the
above quoted literature for the strengths and weaknesses
of each individual AGCM. The systematic error of the
mean GCM is a deceitful concept: with a good balance
of cold and warm AGCMs, one can get an artificially
good ensemble mean. The aim of the study is to compare
AGCMs against RCMs, not ECHAM5 against Had-
AM3P for example.

2.2 Mean temperature response

A scenario simulation is performed with radiative forc-
ing derived from the IPCC-SRES A2 emission scenario
for the period 2071–2100. SSTs are calculated by adding
a delta to the SST used in the control simulation. This
delta is the sum of the 30-year monthly mean difference
and of the average trend between the two periods in
parallel HadCM3 simulations driven by the same radi-
ative forcing. We neglect therefore a possible impact on
intradecadal SST variability in this scenario. Each cal-
endar month is processed independently. The climate
response, also referred to as climate change, is calculated
as a difference between 2071–2100 and 1961–1990 sea- T
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sonal averages. All models have been interpolated onto a
common 0.5�·0.5� grid and are analyzed on the domain
15�W–35�E and 35�N–75�N. Figures 1a, b show the
warming in winter (DJF) and summer (JJA). The
warming gradient is West–East in winter, mainly be-
cause of the eastward move of the snow-line associated
to the snow-albedo feedback. It is North–South in
summer, in part because of the drying out of southern
Europe (see next sub-section). One can also notice an
intense summer warming of the Baltic Sea. This is a
typical feature of HadCM3 scenario: as the GCMs use
the same SST, they inherit this phenomenon. This
behavior can be considered as erroneous or at least
exaggerated (Kjellström et al. 2004). This strong climate
change signal is caused by a too cold control period in
the driving low-resolution coupled simulation.

2.3 Precipitation response

Precipitation changes are shown in Figs. 2a and b. In
winter, precipitation decreases over the Mediterranean
Sea, and increases over the rest of Europe, with a
maximum over the North Sea. In summer, precipitation
decreases over most of Europe, except the northernmost
part. The increase over the Baltic Sea is due to the large
SST increase mentioned above.

3 Climate change in regional climate models

The main activity within PRUDENCE has been based
on regional modeling. Contrary to GCMs, RCMs need
lateral conditions to be run. In PRUDENCE, they are
provided by simulations of HadAM3H. This introduces
an additional constraint, which should result in less
variability in the response patterns amongst the RCMs

than amongst the GCMs. However, the RCMs, as well
as their driving GCM, use the same radiative forcing and
the same SST (except RCAO and RACMO which used
SSTs and sea-ice as calculated within RCAO) as the
GCMs presented in Sect. 2.

Nine models have produced IPCC-A2 scenarios and
control experiments for the same periods as in Sect. 2

– Danish Meteorological Institute (DMI) uses HIR-
HAM. HIRHAM was first developed by Christensen
and van Meijgaard (1992) and later updated by
Christensen et al. (1996). Further updates utilizing
new high resolution physiographical data sets of sur-
face topography and land use classification have also
been introduced (Hagemann et al. 1999; Christensen
et al. 2001a, b). Aspects of the models ability to
simulate present day and future climate are described
in Christensen et al. (1998) and Christensen and
Christensen (2003, 2004).

– HC uses HadRM3H (Jones et al. 1997) which uses the
same physics as the corresponding GCM (Had-
AM3H). The configuration of the model is very sim-
ilar to that of HadRM3P (Jones et al. 2004a) which
was developed, along with its parent GCM Had-
AM3P, to provide realistic simulation of regional
climate globally. The main changes related to calcu-
lation of large-scale cloud and assumptions about the
shape of convective anvils. Consequent changes were
made to parameters in the precipitation scheme
relating to precipitation efficiency to ensure reason-
able vertical cloud profiles, cloud forcing and radia-
tion fields.

– ETHZ uses the CHRM. The most recent description
of the model is contained in Vidale et al. (2003). The
model has heavily been tested regarding its ability to
represent the continental and Alpine-scale water cycle
(e.g. Frei et al. 2003), and has been used for a wide
range of process studies (Schär et al. 1999; Heck et al.

Fig. 1 2m temperature
differences between IPCC-A2
scenario and control for the
mean GCM in DJF (a) and JJA
(b); contour interval 1 K, light
shading between 1 and 5 K,
dense shading above 5 K
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2001) and climate change studies (Schär et al. 2004).
– Geesthacht Institute for Coastal Research (GKSS)

uses CLM. The Climate version of the ‘‘Lokalmodell’’
(CLM) is a non-hydrostatic RCM. It has the same
dynamic and physical core as the weather forecast
model LM (Lokalmodell) of the German Weather
Service (DWD). A detailed description of the LM is
given by Steppeler et al. (2003).

– MPI uses REMO (Jacob 2001). REMO is based on
the EM/DM model of the German Weather Service as
CHRM is and it uses slightly modified physical
parameterization schemes taken from ECHAM4 as
HIRHAM does. It is extensively tested in different
climates (Semmler et al. 2004; Aldrian et al. 2004) and
the focus for validation lies on the hydrological cycle,
see for example Frei et al. (2003), Hennemuth et al.
(2003) and Lehmann et al. (2004).

– Swedish Meteorological and Hydrological Institute
(SMHI) uses the Rossby Centre Atmosphere Ocean
model (RCAO). RCAO consists of an atmospheric
part RCA2 (Jones et al. 2004b) and an ocean model
(Meier et al. 2003). The coupling of the model com-
ponents is described in Döscher et al. (2002) and the
results from the simulations used here are described in
Räisänen et al. (2004)

– Universidad Complutense de Madrid (UCM) uses
PROMES. First version of this model was originally
developed by Castro et al. (1993) and its current
complete version was used in diverse climate experi-
ments (e.g. Gallardo et al. 2001; Gaertner et al. 2001;
Arribas et al. 2003). Partial results from the control
and scenario simulations within PRUDENCE project
are described in Sánchez et al. (2004).

– International Center for Theoretical Physics (ICTP)
uses RegCM. This model was originally developed by
Giorgi et al. (1993a, b) and then augmented as
described by Giorgi et al. (1999) and Pal et al. (2000).

The results of the reference and scenario simulations
with this LAM are described in Giorgi et al. (2004a,
b).

– Koninklijk Nederlands Meteorologisch Instituut
(KNMI) uses RACMO2 (Lenderink et al. 2003),
which combines the land surface characteristics and
the dynamical core of the HIRLAM Numerical
Weather Prediction System with the physical param-
eterization of the European Centre for Medium-range
Weather Forecasting (ECMWF), the version used in
the 40-year reanalysis (ERA40). Some modifications
to mainly the land surface scheme have been applied
to increase the soil hydrological reservoir and reduce
the sensitivity of canopy evaporation to drought
conditions. The physical parameterizations of the nine
RCMs are listed in Table 1. The technical way they
are driven at their lateral boundaries by HadAM3H is
listed in Table 2.

For DMI and HC, three 30-year simulations are
available for both the scenario and control periods. In
this study, we only use the ensemble averages. All model
results have been interpolated onto the grid defined in
Sect. 2. As the RCMs each have their own domain (the

Fig. 2 Precipitation differences
between IPCC-A2 scenario and
control for the mean GCM in
DJF (a) and JJA (b); contours
±0.2, ±0.5, ±1, ±2 and
±5 mm/day, light shading
between 0.2 and 1 mm/day,
dense shading above 1 mm/day

Table 2 Summary of the lateral forcing of the RCMs

Inner grid
size

Nudging
zone

Spectral
nudging

HIRHAM 90·84 10 No
HadRM3H 98·103 4 No
CHRM 65·75 8 No
CLM 85·91 8 Yes
REMO 81·93 8 No
RCAO 90·86 8 No
PROMES 92·76 10 No
RegCM 97·76 12 No
RACMO 94·80 8 (16 for wind) No
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lateral relaxation zone has been excluded), missing val-
ues appear on this grid. The convention used in this
study is to present model results at each grid point (using
less RCMs at certain grid points when necessary) in the
figures. But, when numerical synthesis criteria are com-
puted (e.g. root mean square difference between two 2-d
horizontal fields), we restrict these to the intersection of
all domains. We further restrict to land points, in order
to enable comparison with observed climatology. We
avoid thus the contribution of the Baltic Sea in summer
and, more generally, the artificial agreement in 2m
temperature over sea due to the fact that most of the
models use the same SST. With such restrictions, the
common domain reduces to Europe south of 65�N.

3.1 Mean temperature response

Figure 3a and b present the RCM equivalent of Fig. 1a
and b. Similar comments can be given on these maps. In
the Alpine region the warming north of and over the
Alps is reduced due to a better representation of the
orography. The RCM mean has lower maxima than
the mean GCM, but this might be a result of averaging a
larger number of samples.

3.2 Precipitation response

Figure 4a and b present the RCM equivalent of Fig. 2a
and b. There are some local differences. The winter
maximum extends to the near Atlantic, and the mini-
mum over north of Norway is enhanced. In summer, the
minimum is centered over the Alps. In the rest of the
paper, we examine in more detail the GCM–RCM dif-
ferences and introduce an evaluation of the inter-model
spread.

4 A first comparison

4.1 Visual comparison

By eye, the comparison of the response patterns has
revealed some differences, in particular in the precipi-
tation field. One could plot 4 additional figures (2 fields,
2 seasons) with the differences between the response
patterns of GCM and RCM, but this is not easy to
interpret in the case of precipitation, because precipita-
tion is not uniform over Europe; as a consequence, in
difference patterns, large values appear over the rainy
regions (Alps, Norway). Alternatively, maps of relative
precipitation changes show large values in the dry areas
(Mediterranean basin).

4.2 Comparison ‘‘scores’’

An objective method to compare two fields is to calcu-
late their root mean square difference (RMSD). This
quantity is the spatial average (by weighting the grid
points by the cosine of latitude) over the intersection of
the LAM domains (excluding the sea points as explained
above) of the difference field. Table 3 provides the values
for the two seasons and the two variables. Such values
are useful only when compared to the amplitude of the
climate change over the same domain, calculated as the
RMS of each response field. A synthesis of the three
measures can be given by the anomaly correlation
coefficient between the GCM response field and the
RCM one (Table 3). The GCM response is greater than
that of the RCM for temperature but less for precipi-
tation. The distance between the precipitation response
fields (GR) is not negligible, in particular in summer
(about one half of the response for RCM or GCM).

Fig. 3 As Fig. 1 for the mean
RCM
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However, the correlations remain high, and one can
conclude that there is a good agreement between mean
GCM and mean RCM response.

4.3 Diagram

There are 8,000 grid points in the full domain of anal-
ysis. With the above restrictions, only 3,188 points are
used. A response field for temperature or precipitation
can be considered as a vector with 3,188 dimensions, or
as a point with 3,188 coordinates if the null vector is
chosen as the origin. Let us name G (resp. R) the point
corresponding to the mean GCM (resp. RCM) response.
The RMSD is simply the distance between G and R with
the metrics weighted by the fraction of area of each grid
mesh. If G(x) and R(x) are the values at grid point x,
and s(x) the area weight, we have:

RMSD =
X

x

s(x) G(x)�R(x)ð Þ2
" #1=2

ð1Þ

Introducing the origin point O, the RMS responses
are the distances OG and OR. The anomaly correlation

coefficient is the cosine of the angle (OG, OR). In the
plane containing O, G and R, the values of each column
of Table 3 can thus be represented by a triangle. This
view (Fig. 5) sums up the behavior of the mean models.

4.4 Projection of individual models

It is possible to show additional information on the same
graph by projecting each individual model onto the
OGR plane. This visual approach helps to decide whe-
ther the 4 GCM responses and the 9 RCM responses
have a significantly different centroid. Let X be a 2-D
horizontal field (e.g. HadAM3P winter temperature re-
sponse) with grid point values X(x). A little euclidian
algebra allows to write in our 3,188-dimensional space:

OX ¼ aOGþ bORþH; OX0 ¼ aOGþ bOR; ð2Þ

where a and b are scalars to be determined, OX, OG and
OR the vectors with coordinates X(x), G(x) and R(x)
respectively.H is a vector orthogonal to bothOGandOR.
X¢ is the orthogonal projection ofX. With this method, all
individual GCMs and RCMs can be projected. Because
OG and OR are not orthogonal, a and b are not suitable
coordinates in the projection plane. The choice of the axes
is somewhat arbitrary and we chose to set OG along the
y-axis and R on the right-hand side of OG.

A visual approach is more suitable than a statistical
approach here: a t-test assumes that the variances of the
two populations are identical. We have good reasons to
think that this is not the case, as the RCMs undergo a
lateral constraint. However, the samples are too small
for an F-test (the equality of the two variances is not
rejected unless the ratio of variances is greater than 4).
Figure 5 shows that as far as temperature is concerned,
the two clouds of points overlap in the same region
of the diagram, far from the origin which can be

Fig. 4 As Fig. 2 for the mean
RCM

Table 3 Synthetic criteria of the climate responses over Europe for
temperature (K) and precipitation (mm/day) in DJF and JJA:
RMSD over Europe between the mean GCM response and the
mean RCM response, RMS response for the mean RCM and
GCM, and correlation between the two responses

DJF T2 JJA T2 DJF Prec. JJA Prec.

RMSD (GR) 0.3 0.7 .21 .28
GCM RMS (OG) 3.8 4.9 .48 .44
RCM RMS (OR) 3.7 4.5 .57 .58
Correlation (OG,OR) .99 .99 .93 .88

Note that correlation is dimensionless, contrary to the other rows.
Geometrical equivalents (see Fig. 5) are between parentheses
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interpreted as present climate (null response everywhere).
Things are slightly different for precipitation: although
the two clouds are in the same sector of the projection
plane, the RCM cloud is shifted toward the right.

4.5 The driving GCM

As mentioned before, the RCMs are driven by a fifth
GCM, HadAM3H which is an earlier version of Had-
AM3P. Figure 5 represents the position of the response
of this GCM in the diagram (letter D). Table 4 completes
the analysis by providing the actual distances between
the driving GCM and the other models. It appears that:

– The RCM responses are different from the driving
GCM response. In summer, due to the lesser role of
advection, the driving GCM is closer to the mean
GCM than to the mean RCM (the mean GCM does
not involve HadAM3H).

– A small change in the formulation of a GCM (eg.
HadAM3H/HadRM3P) may alter the response over
Europe to a similar, although slightly weaker, extent
to a change of GCM.

4.6 Spread of the models

The dispersion of the 4 GCMs or the 9 RCMs about
their centroid is measured by the RMS spread (inter-
model standard deviation). Table 5 shows that the
GCM spread is greater than the RCM for temperature,
which is consistent with the additional constraints of the
RCMs. This is not the case for precipitation: in summer,
the RCM spread is even larger. This may be explained

Fig. 5 Geometric synthesis in the plane defined the origin (O) the
mean GCM (G) and the mean RCM (R). Individual GCMs are
represented by solid circles, individual RCMs by solid triangles:
DJF temperature (a), JJA temperature (b), DJF precipitation (c)
and JJA precipitation (d). The scale is given by the vertical arrow,
corresponding to 1 K (a, b) or 0.5 mm/day (c, d). The letter D
corresponds to the driving GCM (HadAM3H)

Table 4 Actual distance to the driving GCM response over Europe
for temperature (K) and precipitation (mm/day) in DJF and JJA:
individual GCM, mean GCM and mean RCM

DJF T2 JJA T2 DJF Prec. JJA Prec.

CNRM 0.9 1.5 .25 .39
HC 0.3 1.0 .16 .20
ICTP 1.3 1.3 .32 .38
MPI 0.5 1.4 .30 .48
Mean GCM 0.6 0.9 .20 .29
Mean RCM 0.6 1.4 .16 .33

Table 5 Spread over Europe for temperature (K) and precipitation
(mm/day) in DJF and JJA: GCM and RCM individual responses,
before and after projection onto the OGR plane

DJF T2 JJA T2 DJF Prec. JJA Prec.

GCM response 0.6 1.1 .21 .27
RCM response 0.4 0.8 .21 .33
GCM projected response 0.5 1.0 .11 .20
RCM projected response 0.4 0.7 .10 .15
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by the fact that the GCMs have a coarser resolution
than the RCMs and miss some orographic forcings.
After projection onto the OGM plane (Fig. 5), the
spread is of course underestimated. The error is weak for
temperature, because the GCM/RCM cloud is largely
1-d. For precipitation, the error is larger: the apparent
smaller spread of the RCM versus GCM in summer
(0.15 versus 0.20 mm/day in Table 5) is an artifact of the
projection: the spread in a direction orthogonal to the
OGR plane is not taken into account in the projection.

4.7 Limitations

Projecting onto the plane formed by two typical patterns
(mean GCM and RCM responses) as in this section is
simple to implement and to understand, but does not
guarantee that the distances after projection are just a
scaling of the actual distances. Two model responses far
from each other can appear as neighbors after projec-
tion.

The type of visualization used here is different from
the so-called Taylor’s diagram (Taylor 2001). With this
visualization technique two models are close to each
other on the diagram when their RMS and correlation
versus a reference climatology are similar, but these two
models may have a very different error pattern. In our
approach we want to gather models which produce

really similar patterns, not simply similar scores.
Figure 6 shows the Taylor’s diagrams for the same fields
as Fig. 5. But here the diagrams display the systematic
errors of the RCMs and GCMs, not their climate change
responses. We will see in the next section that the pro-
jection approach can also be used for comparing biases
of a group of models.

5 A more complex projection

5.1 The technique

The idea of projecting the individual models can be
exploited further, using statistical techniques. Multidi-
mensional scaling (MDS: Rencher 2002), allows dis-
tances dij between n points in high-dimensional vector
space to be used to calculate virtual positions in vector
spaceRk so that the euclidean distances dij between the
virtual positions are as close as possible to the original
distances dij. Practically, k is taken as 2, but sometimes a
3-d space can be considered and the three 2-d projections
can be plotted. Distances dij are not necessarily euclidean
distances (like the RMSD), but can be based on mean
absolute error or correlation. However, in the case of
euclidean distances an MDS comes to an Empirical
Orthogonal Function (EOF) analysis, which offers two
advantages:

Fig. 6 Taylor¢s diagrams for
the GCMs and RCMs (same
conventions as in Fig. 5). The
observed climatology is noted
C. The distances to O indicates
the ratio of spatial standard
deviations between a field and
the climatology (C). The
distance to C indicates the RMS
difference between a field and
the climatology (i.e., the bias).
Fields close to the OC line
exhibit the right pattern, but
not necessarily the right
amplitude
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– The point representing an additional field (e.g.
observed climatology) can be calculated by linear
combinations.

– The two axes of the plane can be plotted as 2-d hor-
izontal fields. This method has been used in seasonal
forecasting validation (Stephenson and Doblas-Reyes,
2000). See Appendix for more details on the method.
The outputs of this technique are:
– A pair of eigenvalues (k1, k2), often expressed as a

percentage of the total variance. When the sum of
the two percentages is 100%, the distances in the
projection plane are exactly the actual distances.
This is an ideal case (n=3 or points already fitting
in a plane).

– A pair of eigenvectors (i.e., fields over the Euro-
pean domain) (A1, A2). They are scaled by the
square root of the corresponding eigenvalue in the
figures of this paper in order to facilitate the
interpretation: the units are K or mm/day.

– Two series of projections (a1(i), a2(i)), i=1,n. They
correspond to the abscissa and ordinate of point i
in the projection. They are also scaled by the square
root of the corresponding eigenvalue. Therefore,
the product of A1 by a1 (i) in the reconstruction of
the pattern has to be scaled byðk1Þ�1=2:

5.2 All simulations

The projection technique has been applied to the 26
simulations: 4 GCM controls, 4 GCM scenarios, 9 RCM
controls and 9 RCM scenarios. The fraction of variance
explained by the first two EOFs shows that the temper-
ature projection is accurate (DJF: 90%, JJA: 92%), but
this is not the case with precipitation, in particular in
winter (DJF: 50%, JJA: 65%). We also projected the
climatology fields on the respective planes in order to get
some insight into the systematic errors. This climatology
is provided by the Climate Reseach Unit (Hulme et al.
1995) and is available on the same 0.5� · 0.5� grid. Fig-
ure 7 presents the projections, with blank symbols for
control climate (reference), solid symbols for scenarios
and an asterisk for observed climatology. Figure 7a and
b present an ideal situation: the lower part contains the
reference runs and the climatology, the upper part the
IPCC-A2 runs. The first EOF (not shown) has about ten
times more variance than the second one. Its pattern is
similar to the climate change shown in Fig. 1a and b. The
second EOF (not shown) represents the distribution
along the x-axis. Its pattern is less smooth than the first
EOF, but exhibits a North–South gradient with positive
values on Scandinavia and negative ones along the
Mediterranean coast in both seasons. One can see in
Fig. 7a and b that the GCMs are located slightly on the
right hand side of the RCM cloud, so that this axis can be
interpreted as an RCM–GCM contrast.

Figure 7c and d, related to precipitation, are more
puzzling. They display a mixture of all types of simula-
tions from which no cluster can be isolated: the control

simulations are at the same distance to each other as to
the scenarios or as to the climatology. The cloud is too
complex to be projected along two directions. We can
see that the individual GCMs or RCMs have very dif-
ferent behaviors, and the important questions at this
stage are:

– Do GCMs and RCMs have similar systematic errors?
– Despite their individual patterns, do they respond in a

similar way to the IPCC-A2 forcing?

5.3 Systematic errors

Comparing the distance between the mean GCM or
RCM and the climatology is not a proper measure of the
accuracy of the models. However, averaging the indi-
vidual systematic errors, also referred to as biases, and
comparing their quadratic average to the mean distance
between a GCM and an RCM, between two different
GCMs, or between two different RCMs, gives some idea
of the ‘‘topography’’ of the reference simulations.
Table 6 shows such mean distances. In order to maintain
the framework of euclidean geometry, all distances are
averaged in quadratic sense. The systematic error is far
from negligible: about 2 K or 1 mm/day. But similar
values are found when comparing two GCMs or one
GCM versus one RCM. The distance between two
RCMs, in the case of temperature, is smaller. If all
models had a similar systematic error field, rows 3, 4 and
5 would be smaller than the first 2. If GCMs and RCMs
had a very different systematic error field, row 5 would
be greater than rows 3 and 4. Table 6 confirms that the
reference runs of the RCMs, of the GCMs, and the
observed climatology form a cloud in which no obvious
cluster appears. The only exception is that, for temper-
ature, the RCM references tend to aggregate.

The distances between present climate fields (simu-
lations or observation) must be compared with the mean
distance between individual scenarios and the corre-
sponding reference. Indeed, numerical models are a
crude simplification of nature: they have and will always
have systematic errors. An important point is that this
error is not too much greater than the response we ex-
pect from the model. For some climate change impact
investigations, it may even be crucial that this error is
less than the response, as the first-order error cancel-
ation does not work in a non-linear impact model. A
model with an error of 0.001 K over Europe is neither
credible (one suspects some cheating) nor necessary (one
does not need such an accuracy to estimate a possible
climate change at the end of the century). A model with
an error of 10 K is neither credible nor useful. The mean
response of individual models can be calculated from
rows 2 and 3 of Table 3 (response of the mean model)
and rows 1 and 2 of Table 5 (spread of the responses).
Indeed the mean square is the sum of the variance and of
the squared mean. The ratio of mean response over
RMS systematic error for individual models is given in

662 Déqué et al.: Global high resolution versus Limited Area Model climate change projections over Europe



Table 7. For precipitation, we have a credibility prob-
lem: the bias is greater than the signal produced by the
models. If we had a single model, we could not place

much trust in its precipitation responses calculated over
Europe. Fortunately, PRUDENCE produces an
ensemble of responses. Comparing Table 6 (model-to-

Fig. 7 Projection based on all
simulation fields. GCMs are
represented by circles, RCMs
by triangles, observation by a
star. Blank symbols correspond
to reference, solid symbols to
IPCC-A2 scenario: DJF
temperature (a), JJA
temperature (b), DJF
precipitation (c) and JJA
precipitation (d). The scale is
given by the vertical arrow,
corresponding to 1 K (a, b) or
0.5 mm/day (c, d)
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model distance in the reference runs) with Table 5
(spread among the responses) increases our confidence.
Indeed, a little algebra shows that the spread between
the systematic errors is about 0.7 times the RMS dis-
tance between two models. Table 7 shows the ratio
‘‘spread between responses’’ over ‘‘ spread between
systematic errors’’. One can see this ratio is about one
half in the case of precipitation. This shows that al-
though the models behave differently in simulating
present climate, they offer similar ‘‘deltas’’ in response to
IPCC-A2 forcing. If the spread between individual bia-
ses were small, the consistency between the individual
responses would not be convincing: similar models
having similar biases produce similar responses. We do
not claim here that we have the definite proof that
models are reliable, but we indicate how using a multi-
model experiment increases confidence in the results.

5.4 Climate responses

To go further in the analysis of GCM/RCM differences
without boring the reader with columns of numbers, we
applied MDS to climate change difference fields instead
of raw fields as in Sect. 5.2. In the present approach, the
reference field of a given model is subtracted from the
corresponding scenario field and to the reference field as
well. We thus projected 26 fields, of which 13 are zero. In
Sect. 5.2, we also projected 26 fields, giving the same
weight to present climate and to scenario. If we were
considering only the 13 non-zero climate change differ-
ence fields in the projection, the climate response would
disappear from the analysis, since MDS involves only

Table 6 Mean distances between individual GCM, individual
RCMs and observed climatology for temperature (K) and precip-
itation (mm/day)

DJF T2 JJA T2 DJF Prec. JJA Prec.

Distance (GCM,Clim) 1.7 2.0 1.00 0.89
Distance (RCM,Clim) 1.9 1.7 0.97 0.76
Distance (GCM,GCM) 1.8 1.9 0.84 0.81
Distance (RCM,RCM) 1.2 1.4 0.90 0.80
Distance (GCM,RCM) 1.8 1.9 0.89 0.90

Table 7 Ratios calculated from Table. 3, 5 and 6

DJF T2 JJA T2 DJF Prec. JJA Prec.

R1(GCM) 2.31 2.45 0.51 0.56
R1(RCM) 1.99 2.66 0.62 0.87
R2(GCM) 0.50 0.82 0.35 0.47
R2(RCM) 0.50 0.77 0.33 0.58

R1 RMSD between scenario and reference over RMSD between
reference and climatologyR2 inter-model standard deviation of
responses over inter-model standard deviation of systematic errors

Fig. 8 Projection based on climate change difference fields. GCMs
are represented by solid circles, RCMs by triangles, O is the origin
(present climate): DJF temperature (a), JJA temperature (b), DJF
precipitation (c) and JJA precipitation (d). The scale is given by the
vertical arrow, corresponding to 1 K (a, b) or 0.5 mm/day (c, d)
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field-to-field differences. The latter approach also makes
sense (how do the different responses spread about the
mean response), but cannot be compared with earlier
projections of Figs. 5 and 7. The origin (O) corresponds
to present climate for any model. The relative positions
of the responses and the present climate are displayed in
Fig. 8. The ‘‘topography’’ is very similar to Fig. 5,
although the projection method is completely different.
This projection is accurate: 99% of variance for tem-
perature, 86% for winter precipitation and 81% for
summer precipitation.

Figure 9 shows the axes of the projection for tem-
perature, i.e. the first two EOFs. The first EOF (corre-
sponding to y-axis in Fig. 8) expresses the warming of
the mean model, and the pattern looks like Fig. 1. Its
unit is K, as it is a normalized vector (the eigenvector)

multiplied by the square root of a variance (the eigen-
value). Its magnitude is about three times that of the
response (Fig. 1), as the distance in the projection plan is
3 K (Fig. 8a), and the first eigenvalue is 90 K2. The
second EOF explains a small fraction of variance (less
than 10%) and helps to discriminate the RCMs from the
GCMs. In winter, it corresponds to a North–South
contrast, RCM response being warmer in the South. In
summer, it corresponds to a continental/oceanic change,
RCM response being less warm in continental areas.

Figure 10 shows the first two precipitation EOFs.
The first axis expresses clearly the mean response of the
IPCC-A2 forcing and the patterns look like Figs. 2 or 4.
The second axis discriminates the individual GCMs
(DJF) and the individual GCMs and RCMs (JJA). It
also contributes to discriminating the GCM cloud from

Fig. 9 First two EOFs of the
temperature difference fields in
DJF (a, b) and JJA (c, d);
contours ±0.2, ±1, ±3, ±5
and ±0 K, light shading
between 0.2 and 5 K dense
shading, above 5 K
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the RCM cloud, as the RCMs tend to have a positive
component along this axis and the GCMs a negative
one. In winter, negative values are found North and East
of the domain, positive ones South and West. In sum-
mer, the contrast is, as for temperature, between conti-
nental and oceanic part of the domain.

6 Conclusion and perspectives

Once a scenario experiment is produced and analyzed,
the big question is how much confidence can we have in
the computed responses? Contrary to other applications
of numerical climate simulations like seasonal forecast-
ing or sensitivity studies, there are no ways to evaluate
what should be the true response. A simple method
consists of evaluating how far the model simulates

present climate, and compare climate changes with sys-
tematic errors. This method works well for temperature
response. The relation between radiative forcing and
temperature is rather straightforward: greenhouse gas
increase produces warming. The results shown in this
paper, in particular Figs. 7a and b, confirm with a large
number of models of similar technological level, that we
can trust the results of the numerical models for seasonal
mean temperature over Europe.

The bias-response comparison does not work for
precipitation. The RMS systematic error is about twice
the RMS climate response over Europe. However, as we
have an ensemble of models run under similar con-
straints at our disposal, we can compare the spread of
the systematic errors with the spread of the climate re-
sponses. Here the ratio is inverted, i.e. the latter is half
the former. This result gives some confidence in the

Fig. 10 As Fig. 9 for
precipitation; contours ±0.2,
±1, ±2 and ±5 mm/day, light
shading between 0.2 and 1 mm/
day, dense shading above 1 mm/
day
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precipitation responses: the models produce similar
changes (drying in the South particularly in summer,
moistening in the North particularly in winter), although
they respond variously to the present climate forcings.

Another important result of this study is the com-
parison between global models and RCMs. The differ-
ences exist, but, given the confidence we have in the
accuracy of the responses, one can consider that both
respond similarly to IPCC-A2 forcing. This is an addi-
tional proof that RCMs can produce reliable results at a
more attractive computation cost than high resolution
global models. This opens the 20 km-resolution Euro-
pean-wide scenarios to investigation (Ensemble-based
Predictions of Climate Changes and their Impact, alias
ENSEMBLES, a newly funded EU project).

PRUDENCE offers a very rich database for regional
climate impacts, of which we have exploited here only a
small part. Two aspects merit priority attention:

– We have considered the responses on the mean fields,
but the tails of the statistical distribution (i.e. the ex-
tremes) are of great interest, in particular for precip-
itation.

– All simulations (with slight exceptions) use here the
same SST as a forcing. Déqué et al. (1998) showed
that a large part of the 2 m temperature changes
might come from the SST forcing, as Europe is
strongly influenced by the Atlantic air masses. The
PRUDENCE database contains runs with other SST
forcings for 3 out of the 13 simulations. Moreover, 2
RCMs have been run with MPI lateral boundary
conditions, and 6 out of the 13 models have also used
IPCC-B2 forcing. It appears that for some models,
two or three independent pairs of control-scenario
were available. The intra-model spread deserves some
evaluation. However, the MDS technique, whose aim
is to simplify interpretation, is no longer applicable, as
the plots are blurred by too much information. Vari-
ance analysis techniques are more suitable to evaluate
the respective role of the various forcings, but this
is out of the scope of the present study and will be
addressed in further research.
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7 Appendix

7.1 Multidimensional scaling

The aim of this method is to plot onto one (or a few)
plane(s) several points which belong to a high-dimen-
sional vector space, so that the distances in the projec-

tion plane are as close as possible to the actual distances
between the points. A simple to understand application
of this technique is to represent the main European cities
on a map on which the distance in cm between the cities
is not proportional to the actual distance in km, as in a
typical road map, but to the shortest travel time by train.
In the present study, it is applied to graphically syn-
thesize a series of numerical model fields over Europe.

Let X(i,x) be the value of field X (e.g. 2 m temper-
ature in DJF) for model i (i=1,..., n) at location x(x)
representing here the latitude longitude pair). Let s(x) be
the surface of the mesh corresponding to x. The mean
field (centroid) is:

X ðxÞ ¼ 1

n

Xn

i¼1
X ði; xÞ ð3Þ

and the matrix to be diagonalized is:

Vij ¼
X

x

sðxÞðX ði; xÞ � X ðxÞÞðX ðj; xÞ � X ðxÞÞ ð4Þ

Let mk(i) be the kth eigenvector (with norm 1) associated
to the eigenvalue kk (the eigenvalues being sorted in
decreasing order. Then the kth axis for the projection is:

AkðxÞ ¼
Xn

i¼1
mkðiÞðX ði; xÞ � X ðxÞÞ ð5Þ

The point representing model i isð
ffiffiffiffiffi
k1
p

m1ðiÞ;
ffiffiffiffiffi
k2
p

m2ðiÞÞ
and the coordinates of the point representing a new field
Y(x) (k=1 or 2):

yk ¼
1ffiffiffiffiffi
kk
p

X

x

sðxÞAkðxÞðY ðxÞ � X ðxÞÞ ð6Þ

In the case of a non-euclidean distance, Eqs. 3, 4, 5, 6
are no more valid since we use the array dij of the dis-
tances between the models, which is no more a quadratic
combination of the array X(i,x). Equation 4 is replaced
by

Vij ¼
1

2

1

n

X

h

d2
hj þ

1

n

X

k

d2
ik � d2

ij �
1

n2

X

hk

d2
hk

 !
ð7Þ

and the eigenvectors of Vij scaled by the square root of
the (sorted) eigenvalues provide the coordinates of the
representative points. In this paper, we use only euclid-
ean distances.
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Bringfelt B, Räisänen J, Gollvik S, Lindström G, Graham LP,
Ullerstig A (2001) The land surface treatment for the Rossby
Centre Regional Atmospheric Climate Model version 2 (RCA2)
Reports Meteorology and Climatology, 98. Swedish Meteoro-
logical and Hydrological Institute, Norrköping, Sweden, pp 40
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Frei C, Christensen JH, Déqué M, Jacob D, Jones RG, Vidale PL
(2003) Daily precipitation statistics in regional climate models:
evaluation and intercomparison for the European Alps.
J Geophys Res 108 (D3), 4124 doi:101029/2002JD002287
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