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Abstract
We assess the differences of future climate changes over Europe in summer as projected by state-of-the-art regional climate 
models (RCM, from the EURO-Coordinated Regional Downscaling Experiment) and by their forcing global climate models 
(GCM, from the Coupled Model Intercomparison Project Phase 5) and study the associated physical mechanisms. We show 
that important discrepancies at large-scales exist between global and regional projections. The RCMs project at the end of 
the 21st century over a large area of Europe a summer warming 1.5–2 K colder, and a much smaller decrease of precipitation 
of 5%, versus 20% in their driving GCMs. The RCMs generally simulate a much smaller increase in shortwave radiation at 
surface, which directly impacts surface temperature. In addition to differences in cloud cover changes, the absence of time-
varying anthropogenic aerosols in most regional simulations plays a major role in the differences of solar radiation changes. 
We confirm this result with twin regional simulations with and without time-varying anthropogenic aerosols. Additionally, 
the RCMs simulate larger increases in evapotranspiration over the Mediterranean sea and larger increases/smaller decreases 
over land, which contribute to smaller changes in relative humidity, with likely impacts on clouds and precipitation changes. 
Several potential causes of these differences in evapotranspiration changes are discussed. Overall, this work suggests that 
the current EURO-CORDEX RCM ensemble does not capture the upper part of the climate change uncertainty range, with 
important implications for impact studies and the adaptation policies that they inform.
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1  Introduction

The resolution of global climate models (GCMs) is generally 
too coarse to capture the fine-scale features of the regional 
climate and key physical processes. This may be problematic 
to study regional climate phenomena, small regions (islands, 
mountains) or for the precise assessment of the impacts of 
climate change. Regional Climate Models (RCMs) are there-
fore frequently used to downscale low-resolution GCMs 
in order to obtain the necessary high resolution climate 
information.

The added value of RCMs compared to GCMs is clear 
for some aspects of the simulated climate. Variables that 
strongly depend on orography or that are impacted by land 
sea contrast benefit of a finer representation of the relief 
or of the coastline. For example, several studies have high-
lighted the added value of RCMs for climatological pre-
cipitation in mountain regions (e.g. Prein et al. 2016), for 
extreme precipitation (Déqué and Somot 2008; Fantini et al. 
2018) and for extreme winds (Herrmann et al. 2011).

The added value of RCMs may not be limited to the 
scales not resolved by GCMs and to the regions of strong 
physiographic features. Sørland et al. (2018) show a reduc-
tion of climatological temperature biases over Europe in two 
RCMs compared to the multiple GCMs used to force them, 
not limited to the regions with steep orography or near the 
coast. They also show important differences in the response 
to climate change, with a substantially smaller warming in 
the RCMs, especially over eastern Europe.
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While it is in general easy to assess whether RCMs pro-
vide a more or a less realistic representation of the present-
day climate compared to GCMs, it is obviously much more 
complicated in the climate change context, as no observa-
tional reference then exists. The added value of RCMs for 
climate change signals is therefore more elusive. Fernán-
dez et al. (2018) based on a very large meta-ensemble of 
regional and global climate projections have concluded that 
the projected changes by RCMs and GCMs are essentially 
similar over Spain. Little added value of RCMs therefore 
exists in this case, which is not necessarily surprising as 
we do not necessarily expect an added value at large scales. 
Conversely, there are also some evidences that physically 
meaningful differences between RCMs and GCMs may exist 
in the climate change context, with an added value of RCMs, 
for example regarding changes in convective rainfall in the 
Alps in summer (Giorgi et al. 2016).

When differences between projected changes from RCMs 
and GCMs arise, it should not be automatically concluded 
that it demonstrates an “added value” of RCMs. The realism 
of climate projections is much more than a simple ques-
tion of resolution. The physics of the model, the quality of 
the parameterizations are crucial. It is all the more so true 
since the same classes of process have to be parameterized 
in GCMs and RCMs at current standard resolutions. Addi-
tionally, some specific methodological issues may exist for 
RCMs. Some methodological choices such as the use or not 
of spectral nudging (Colin et al. 2010), the placement of the 
domain (Leduc and Laprise 2009) may impact the results in 
a non negligible way (Giorgi and Gutowski 2015). The lack 
of coupling with the ocean in most regional climate simula-
tions (Somot et al. 2008; Gaertner et al. 2018; Akhtar et al. 
2018) or the potential inconsistencies between the physical 
parameterizations of the RCMs and its forcing GCMs (Saini 
et al. 2015; Pinto et al. 2018) may also have some impacts.

Additionally, some climate forcings may be missing in cur-
rent RCMs. Jerez et al. (2018) mention that some RCMs do not 
include time-varying CO

2
 concentrations within the regional 

domain, affecting the regional change in radiative forcing. 
They show that, not surprisingly, it impacts temperature 
changes. Given the importance of the direct and local impact 
of CO

2
 on precipitation changes, including over the Mediter-

ranean and Europe (He and Soden 2017), it could also lead to 
an underestimation of summer drying. It is also deducible from 
Table 2 in Bartók et al. (2017) and from the table in Annex in 
Gutiérrez (2019) that time-varying concentrations of anthro-
pogenic aerosols are not taken into account by most of the 
EURO-Coordinated Regional Climate Downscaling Experi-
ment (EURO CORDEX, Jacob et al. 2014) RCMs. It could be 
problematic: Nabat et al. (2014) show with a regional climate 
model that anthropogenic aerosols explain roughly 81% of the 
brightening and 23% on the surface warming over Europe for 
the 1980–2012 period. Nabat et al. (2015) also demonstrate the 

climate impacts of forgetting aerosol mean forcing on radia-
tion, temperature and the water cycle. The inter-model differ-
ences in the sensitivity to anthropogenic aerosols also have 
important impacts in terms of past and future hydrological 
changes over western Europe (Boé 2016).

It is crucial to assess whether the results of ensembles of 
regional and global climate projections are consistent, espe-
cially at the larger scales resolved by both systems. Should 
some differences arise, understanding the mechanisms at play 
is necessary. Only a fine understanding of these mechanisms 
may allow to conclude whether the RCM or GCM results are 
more credible, by judging how structural differences between 
GCMs and RCMs may impact these mechanisms. e.g. Is there 
a reason to think that the representation of these mechanisms 
benefits from a higher resolution? Is there any specificity in the 
regional modelling framework (e.g. lack of ocean–atmosphere 
coupling) that could be problematic in that context? Are there 
forcings not taken into account by the RCMs that could be 
important?

Over most of Europe except Scandinavia, the most preoc-
cupying impacts of climate change are arguably expected to 
occur during summer, with a decrease in precipitation, very 
strong over the south of Europe, and an amplified warming 
(Terray and Boé 2013; Collins et al. 2013; Kröner et al. 2017; 
Brogli et al. 2019), with associated increases in droughts (e.g. 
Orlowsky and Seneviratne 2013; Ruosteenoja et al. 2018) and 
heatwaves frequency and severity (e.g. Fischer et al. 2010; 
Schoetter et al. 2015). Additionally, the model uncertainties 
are also very large in summer over western and central Europe 
(e.g. Terray and Boé 2013). The first objective of this study 
is to characterize precisely the differences in projected sum-
mer climate changes over Europe between current GCMs and 
RCMs, from the Coupled Model Intercomparison Project 
phase 5 (CMIP5, Taylor et al. 2012) and EURO-CORDEX 
respectively. The second objective is to understand the causes 
of the differences, in order to better judge of the relative real-
ism of regional and global projections.

In Sect. 2, the data used in this study is described. In 
Sect. 3, the differences between RCMs and GCMs for pre-
cipitation and temperature changes are characterized. In 
Sect. 4, the role of anthropogenic aerosols in these differ-
ences is studied. We analyse the role of the differences in 
evapotranspiration changes over land in Sect. 5 and over the 
Mediterranean sea in Sect. 6. The main conclusions of this 
study are finally drawn in the last section.

2 � Data and methods

2.1 � Global and regional climate projections

In this paper, we study the 12 km EURO-CORDEX climate 
projections (Jacob et al. 2014) with most of the variables 
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necessary for our analyses available on the Earth System 
Grid Fundation (ESGF) at the time of this study. We focus 
on the highest resolution EURO-CORDEX projections (12 
km) because if the resolution matters, its impact is likely to 
be greater at 12 km than at 50 km. A resolution of 12 km 
is moreover closer to the needs of most impact studies. We 
focus on historical and RCP8.5 simulations. The summer 
(June, July, August) changes between the 2070–2099 and 
1970–1999 periods are studied. Seven RCMs (some of them 
in multiple versions) forced by six GCMs from the CMIP5 
project, for a total of 24 projections, are analyzed (Table 1). 
One member per RCMs is studied, as most of the RCMs 
have a single member.

Some studies have rejected a priori the results of IPSL-
WRF331F model after sanity checks, e.g Giorgi et al. (2016) 
or Rajczak and Schär (2017). We still study this model as 
it has been used in many previous studies, but we are care-
ful that none of our conclusions depends on whether it is 
included or not.

An issue has been detected for some regional historical 
regional simulations forced by CNRM-CM5 (CNRM ALA-
DIN53, CLMcom CCLM4-8-17, SMHI RA4). The historical 
member of CNRM-CM5 used to provide the lateral bound-
ary conditions is not the same as the one used for the sur-
face forcing. At climatological time scales, which we are 
interested in, as the two members come from the exact same 
GCM, this issue is not expected to have important impacts. 
We therefore use these three RCMs forced by CNRM-CM5 
in this study. For the other regional simulations forced by 
CNRM-CM5 (CNRM ALADIN63, KNMI RACMO22E, 
DMI HIRHAM5), this issue has been corrected. Some other 
issues have been noted for EURO-CORDEX RCMs. They 
are listed in the EURO-CORDEX errata table at https​://euro-
corde​x.net/07873​0/index​.php.en.

The results of the RCMs are compared to the ones of 
their driving GCMs (Table 1), from the Coupled Model 
Intercomparison Project Phase 5 (CMIP5, Taylor et al. 
2012). In general, the GCM member used to force the 

RCM is considered. Aside from the issue mentioned above 
regarding some simulations forced by CNRM-CM5, the 
only exception concerns the DMI-HIRHAM5 run forced 
by EC-EARTH. The third members of EC-EARTH was 
used to provide the boundary forcing to HIRHAM5, but 
we have not been able to find the output of this member 
on ESGF. The member 12 of EC-EARTH is used in our 
analyses as a replacement.

We also characterize the change in precipitation and 
temperature in a larger ensemble of 37 CMIP5 GCMs 
(Table 2) to assess whether the smaller ensemble used 
to drive the EURO-CORDEX RCMs is representative of 
the full one. To study the role of anthropogenic aerosols, 
we use 16 CMIP5 GCMs that provide both the aerosols 
optical depth (AOD) at 550 nm and clear sky shortwave 
radiation at surface (Table 2).

Among the RCMs studied, only ALADIN and RACMO 
use time-varying anthropogenic aerosol forcing. ALADIN 
uses the same aerosol forcing dataset as its driving GCMs 
and RACMO uses the aerosol forcing of EC-EARTH inde-
pendently of its driving GCMs (see the annex of Gutiér-
rez et al. 2019, for a detailed description of how aerosols 
aerosols are dealt with in the EURO-CORDEX RCMs). 
All the forcing GCMs (and more generally all the CMIP5 
GCMs) use time-varying anthropogenic aerosol forcing, 
following the historical and RCP8.5 scenario. The concen-
trations are prescribed in CNRM-CM5, IPSL-CM5A-MR, 
EC-EARTH, MPI-ESM-LR and calculated interactively 
given the emissions of forcing agents in HadGEM2-ES 
and NorESM1-M (Table 12.1 in Collins et al. 2013). With 
respect to the indirect effects of aerosols, HadGEM2-ES 
and NorESM1-M simulate both the cloud albedo and cloud 
lifetime effects, CNRM-CM5 and IPSL-CM5A-MR simu-
late the cloud albedo effect, EC-EARTH and MPI-ESM-
LR simulate none of the indirect effects (Table 12.1 in 
Collins et al. 2013).

Table 1   Regional climate models and forcing global climate models used in this study

The tag of the forcing member is given. The symbols used in some figures for the different RCMs are given after the RCM name

CNRM-CM5 EC-EARTH IPSL-CM5A-MR HadGEM2-ES MPI-ESM-LR NorESM1-M

CNRM ALADIN53 (plus) X (r1i1p1)
CNRM ALADIN63 (plus) X (r1i1p1) X (r1i1p1)
CLMcom CCLM4-8-17 (star) X (r1i1p1) X (r12i1p1) X (r1i1p1) X (r1i1p1)
SMHI RCA4 (circle) X (r1i1p1) X (r12i1p1) X (r1i1p1) X (r1i1p1) X (r1i1p1) X (r1i1p1)
KNMI RACMO22E (X sign) X (r1i1p1) X (r12i1p1) X (r1i1p1) X (r1i1p1)
DMI HIRHAM5 (square) X (r1i1p1) X (r3i1p1) X (r1i1p1) X (r1i1p1)
IPSL WRF331F (upward triangle) X (r1i1p1)
MPI-CSC REMO2009 (downward triangle) X (r1i1p1)
GERICS REMO2015 (downward triangle) X (r1i1p1)

https://euro-cordex.net/078730/index.php.en
https://euro-cordex.net/078730/index.php.en
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WRF331F and HIRHAM5 also do not take into account 
the time variations of CO

2
 , which, not surprisingly, 

impacts their results (Jerez et al. 2018).
Among the driving GCMs, NorESM1-M, IPSL-CM5A-

MR, HADGEM2-ES, MPI-ESM-MR take into account the 
physiological impact of CO

2
 on evapotranspiration through 

the modification of the stomatal resistance (Table 12.1 in 
Collins et al. 2013). To the best of our knowledge, no RCM 
studied here simulates this effect. Some other forcings may 
differ between RCMs and GCMs. Most notably, to the best 

of our knowledge, the RCMs used in this study do not con-
sider land use/land cover changes. Conversely, all the forcing 
GCMs except CNRM-CM5 consider changes in land use/
land cover (Table 12.1 in Collins et al. 2013).

2.2 � Methods to compare GCMs and RCMs

The GCMs are first conservatively interpolated on a com-
mon grid at a 1.5◦ × 1.5◦ resolution. For the maps, all the 
grids points are interpolated. For the spatial averages over 
land, which are computed after interpolation on the common 
grid, only the points with a fraction of land greater than 0.75 
are interpolated. The average evaporation over the Mediter-
ranean sea is computed after the interpolation of the grid 
points with a fraction of land less than 0.25. The Mediter-
ranean sea is defined as the sea points between 30◦ N , 45◦ N , 
− 5◦ E , 35◦ E . Spatial averages over continental Europe are 
computed for the land points between 42◦ N , 52◦ N , − 5◦ E , 
30◦ E (red box in Fig. 1e). The same definitions of land and 
sea points are used for the RCMs.

The box in the box-and-whiskers plots shown in this 
paper are delimited by the 25th and 75th percentiles with 
the median in between. The whiskers extend to the minimum 
and maximum of the sample.

Some driving GCMs are more represented in the EURO-
CORDEX ensemble (Table 1). For example, IPSL-CM5A-
MR only drives two RCMs, while CNRM-CM5 forces six 
RCMs. In order to compare fairly the results of RCMs to 
their driving GCMs, the driving GCMs are weighted accord-
ing to the number of RCMs they force. A GCM that forces n 
RCMs receives a weight of n in the ensemble mean (unless 
otherwise specified). Following the same approach, for the 
boxplots depicting the inter-model distribution of the driv-
ing GCMs, the change projected by a GCM used to forced 
n RCMs is repeated n times before computing the distribu-
tion. As a result, multiple identical values exist in the forc-
ing GCM distribution, which explains why the median of 
the boxplots can be equal to the 25th or 75th centile, or the 
minimum equal to the 25th percentile.

2.3 � Changes in solar radiation inferred 
from changes in cloud cover

Clear sky downwelling shortave radiation at surface (RSDS) 
is unfortunately not available for the RCMs and some forcing 
GCMs. In order to approximately assess to what extent the 
differences in cloud cover changes impact the differences in 
RSDS changes, the following approach is followed. For each 
RCM and GCM separately and at each point, JJA cloud cover 
and RSDS on the 1960–2004 period are linearly detrended. 
RSDS is then linearly regressed on cloud cover. At each 
point, the regression coefficient obtained is finally multiplied 
by the future changes in cloud cover in order to assess the 

Table 2   List of CMIP5 simulations analysed in this study

Historical + RCP8.5 with AOD 
at 550 nm

ACCESS1-0 x x
ACCESS1-3 x x
bcc-csm1-1-m x
bcc-csm1-1 x
BNU-ESM x x
CanESM2 x
CCSM4 x
CESM1-BGC x
CESM1-CAM5 x x
CESM1-WACCM x
CMCC-CM x
CMCC-CMS x
CMCC-CESM x
CNRM-CM5 x
CSIRO-Mk3-6-0 x x
EC-EARTH x
FGOALS-g2 x
FIO-ESM x
GFDL-CM3 x x
GFDL-ESM2G x x
GFDL-ESM2M x x
GISS-E2-H x
GISS-E2-R x
HadGEM2-CC x x
HadGEM2-ES x x
inmcm4 x
IPSL-CM5A-LR x
IPSL-CM5A-MR x x
IPSL-CM5B-LR x
MIROC5 x x
MIROC-ESM x x
MIROC-ESM-CHEM x x
MPI-ESM-LR x
MPI-ESM-MR x
MRI-CGCM3 x x
NorESM1-M x x
NorESM1-ME x
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change in RSDS inferred from the simple change in cloud 
cover, assuming no change in the relationship between cloud 
cover and RSDS, i.e. no change in cloud properties (except 
for cloud cover). The subtraction of RSDS changes inferred 
from cloud cover from total RSDS changes gives an estimate 
of the impact of aerosols, water vapor and cloud properties 
unrelated to cloud cover on changes in RSDS. This value is 
not exactly comparable to the change in clear sky RSDS as 
cloud cover is indeed not the only cloud property that plays 
in the cloud/solar radiation relationship. For example, the 
nature and altitude of the clouds are also important and may 

change in the future climate. A part of the indirect effects of 
aerosols on solar radiation through changes in cloud proper-
ties simulated by some models (Sect. 2.1) is therefore also 
likely included in the Total minus Inferred RSDS estimates.

2.4 � Sensitivity experiments

In Sect. 4.2, we analyse the results of a sensitivity experi-
ment with the latest version of the ALADIN regional cli-
mate model (CNRM-ALADIN63, Table 1). The standard 
historical and RCP8.5 simulations on the 1951–2100 period 

Fig. 1   Ensemble mean changes 
in summer temperature (K) over 
Europe between 2070–2099 
and 1970–1999 as a projected 
by the RCMs, as c projected 
by their driving GCMs, and e 
differences (a–c). The GCMs 
are weighted according to the 
number of RCMs they force. b, 
d, f Same as a, c, e for relative 
summer precipitation changes 
(no unit). The red box in e 
shows the domain used for the 
calculation of the spatial aver-
ages over Europe in the paper 
(note than only land points are 
used; see also Sect. 2)
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forced by CNRM-CM5 (Table 1) are used as a reference. As 
previously said, the same time-varying aerosol forcing as 
in CNRM-CM5 is used for these simulations. Following a 
protocol defined in the dedicated CORDEX Flagship Pilot 
Study (FPS), the so-called FPS-aerosol, a twin simulation on 
the 2021–2050 period with a constant anthropogenic aero-
sol forcing has also been run with CNRM-ALADIN63. The 
aerosol optical depth of CNRM-CM5 from the historical 
simulation averaged on the 1971–2000 period is used. The 
lateral boundary conditions are the same as in the standard 
run. This simulation therefore allows to quantify the impact 
of not considering the time-variations of anthropogenic aer-
osols on the simulated changes on the 2021–2050 period. 
Note that this period, set by the FPS-aerosol protocol, is not 
the same as the one generally used in the rest of the study.

3 � Differences of projected temperature 
and precipitation

The general pattern of future temperature and precipitation 
changes in summer over Europe is now well known (e.g. 
Collins et al. 2013; Terray and Boé 2013), with an amplifi-
cation of surface warming over southern Europe associated 
with a large decrease in precipitation, and an increase in 
precipitation over Scandinavia. Both the RCMs and their 
driving GCMs exhibit such a pattern (Fig. 1). Some impor-
tant differences between them are however noted, especially 
regarding the intensity of the changes.

A smaller warming of at least 1 K is indeed simulated 
by the RCMs compared to their driving GCMs over most 
of Europe, and differences as large as 2 K are noted over 
the south of eastern Europe (Fig. 1e). The smallest differ-
ences are seen over Spain, Great Britain and Scandinavia, 
with differences close or inferior to 1 K. Large differences 
in precipitation changes, between 10 and 20%, are also seen 
over a large part of Europe, the main exception being Spain 
(Fig. 1f). The sign of precipitation anomalies is even differ-
ent in the RCMs and in their driving GCMs over the north 
of central Europe.

The larger differences of temperature and precipitation 
changes over land are generally seen in a band approximately 
between 42◦N and 52◦N , and − 5◦E and 30◦E (red box in 
Fig. 1e), which we use throughout the paper for the calcu-
lation and analysis of spatial averages. This area is named 
“Europe” for the sake of simplicity.

Six GCMs among the nearly 40 CMIP5 models have 
been used to drive the 12 km-resolution RCMs in the 
EURO-CORDEX project (Table  1). The selection of 
these six models has been mainly ad-hoc and not based 
on the type of methodologies proposed by McSweeney 
et  al. (2015) or Monerie et  al. (2016) to ensure the 

representativeness of the sub-sample. The driving GCMs 
may therefore not be representative of the full CMIP5 
ensemble, which would have important consequences for 
the results of the EURO-CORDEX ensemble. As shown by 
Déqué et al. (2012) based on previous RCMs, the forcing 
GCMs indeed explain an important part of the dispersion 
of regional projections, for example roughly 1/3 of the 
variance for summer precipitation changes over Europe 
and 2/3 for summer temperature changes.

The multi-model averages of future summer tempera-
ture and precipitation changes over Europe are very simi-
lar between the driving GCMs (unweighted or weighted 
according to the number of RCMs forced) and the full 
ensemble of CMIP5 GCMs (Fig. 2a). With regard to the 
ensemble mean changes, the sub-sample of GCMs used to 
force the RCMs is therefore adequate. However, some dif-
ferences of distributions are seen. No CMIP5 model with 
a small warming (less than 4.5 K) has been used to force 
the RCMs. This type of large scale temperature change 
is therefore not regionalized within the EURO-CORDEX 
ensemble. Regional simulations forced by GFDL-ESM2G, 
GISS-E2-R, MRI-CGCM3, or inmcm4, which show a 
small warming over Europe in summer (not shown), would 
be interesting to complete the EURO-CORDEX ensemble.

As we are firstly interested in understanding the physi-
cal mechanisms responsible for the differences between 
RCMs and GCMs, we focus on the differences between 
the RCMs and their driving GCMs only. The spatial aver-
ages confirm that summer warming is much greater in the 
driving GCMs than in the RCMs, with a clear shift of the 
RCM distribution towards lesser warming (Fig. 2a). The 
ensemble mean change is close to 6 K for the GCMs and 
close to 4 K for the RCMs, i.e. 50% larger in the GCMs. 
While some GCMs simulate warmings close to 9 K, sur-
face warming never reaches 7 K in the RCMs. The smaller 
warming of the RCMs compared to their forcing GCMs 
noted here is consistent with the results of Sørland et al. 
(2018), who also found a smaller warming projected by 
two EURO-CORDEX RCMs forced by several GCMs. 
Note that in the distribution of temperature changes in the 
forcing GCMs, the minimum is equal to the 25th percentile 
because of the replication of values necessary to give to 
each GCM a weight proportional to the number of RCMs 
forced, as explained in Sect. 2.3.

The ensemble mean decrease of precipitation is also 
almost 4 times greater in the driving GCMs than in the 
RCMs over western Europe (− 20% versus − 5%, Fig. 2b). 
More than 25% of RCM projections show an increase in 
precipitation, as large as 30% in WRF331F. Only 8% of 
the GCMs (full CMIP5 ensemble) show an increase in 
precipitation and this increase never exceeds 5%.
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4 � Role of shortwave radiation 
and anthropogenic aerosols

4.1 � Analysis of EURO‑CORDEX and CMIP5 
projections

As noted in Sect. 2, most EURO-CORDEX projections do 
not account for the time-evolution of anthropogenic aero-
sols contrary to the CMIP5 models. It could be problem-
atic because large future changes in AOD are expected over 
most of Europe [Myhre et al. (2013) and Fig. 3]. The con-
centration of anthropogenic aerosols, dominated by sulfate 
aerosols, indeed peaked over Europe at the end of the 1970s 
and has decreased since then, as a result of anti-pollution 

measures (Wild 2009). Nabat et al. (2014), with a coupled 
ocean–atmosphere regional model based on ALADIN53, 
have shown that this decrease of AOD had a strong impact 
on the European climate past trends, and explains roughly 
80% (25%) of the trends in shortwave radiation at surface 
(temperature, respectively) on the 1980–2012 period. The 
direct effect of aerosols, namely the scattering on incident 
solar radiation, is indeed responsible on this period of a 
brightening phenomenon, causing an extra warming at sur-
face. The decrease of AOD is expected to continue through 
the 21st century, at a much smaller rate after 2030–2040 
(e.g. see Supplementary Figure 3 in Boé (2016)). In any 
case, the AOD is generally much smaller in the CMIP5 
GCMs at the end of the 21st century than at the end of the 
20th century (Fig. 3a). The largest decrease of AOD (− 0.4, 
which roughly corresponds to − 80%) is seen over central 
Europe. The evolution of AOD described here lies in the 
RCP emission scenarios, which have important uncertainties 
and make strong assumptions regarding the future emissions 
of aerosols [e.g. see discussion in Bellucci et al. (2015)]. 
These scenarios do not cover the full range of potential 
future evolutions of aerosols. For example, air quality poli-
cies are supposed to become more stringent over time as a 
result of rising income levels (van Vuuren 2011), which may 
not be the case in practice.

Not surprisingly, as aerosols are the dominant driver 
of changes in RSDS in clear sky conditions, clear sky 
RSDS increases over most of Europe in the CMIP5 GCMs 
(Fig. 3b). This increase is maximal over eastern Europe 
(Czech Republic, Slovakia and Poland) where it reaches 
10–15 W m −2 . Shortwave radiation at surface in clear sky 
conditions is also impacted by water vapor. However, AOD 
changes explain most of the inter-model spread in clear sky 
RSDS changes over Europe (Fig. 3d, r = − 0.88), and water 
vapor therefore plays a much lesser role in that context. 
Additionally, the value of clear sky RSDS changes that cor-
responds to no change in AOD based on the regression line 
in Fig. 3d, and is therefore an estimation of the role of water 
vapor, is roughly − 2.5 W m −2 . The small decrease in clear 
sky RSDS over sea away from the continent, where AOD 
does not evolve much, still can be attributed to the increase 
in atmospheric water wapor (e.g. Fig. 12). Because of water 
vapor, the direct impact of anthropogenic aerosols on clear 
sky RSDS over land is actually greater than the anomalies 
shown in Fig. 3b.

Note that the forcing GCMs for which the AOD is avail-
able have intermediary values of AOD changes (Fig. 3d, 
see also legend) and therefore of clear sky RSDS changes 
(between 7 and 11 W m −2 ). The EURO-CORDEX RCMs 
do not provide clear sky RSDS and therefore they cannot 
be compared to their driving GCMs. As all EURO-COR-
DEX RCMs except ALADIN and RACMO do not take into 
account the time evolution of anthropogenic aerosols, we 

Fig. 2   Intermodel distribution of a changes in summer temperature 
(K) and b relative changes in summer precipitation (no unit), aver-
aged over Europe (land points within the red box in Fig. 1e), in the 
complete ensemble of CMIP5 models (“GCMs all”), in the CMIP5 
models used to drive the 12 km EURO-CORDEX RCMs (“GCMs”) 
and in the RCMs (“RCMs”). The differences between 2070–2099 
and 1970–1999 are calculated. See the description of the boxplots in 
Sect. 2. Circles: ensemble means. For the forcing GCMs, the empty 
circle shows the unweighted ensemble mean. The filled circles show 
the weighted ensemble mean, according to the number of RCMs 
forced by each GCM
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don’t expected large changes in clear sky RSDS for most 
regional projections, except for a small decrease due to water 
vapor.

Total sky RSDS also strongly increases over Europe in 
the CMIP5 models (Fig. 3c). Over eastern Europe, clear sky 
RSDS changes represent up to roughly half of the change 
in total RSDS, which is especially large there (greater than 
30 W m−2 , Fig. 3c). The relative importance of clear sky 
changes compared to total sky changes is smaller over west-
ern Europe, especially over France, suggesting an important 
decrease of cloud cover there. For the 16 CMIP5 GCMs that 
provide both AOD and clear sky RSDS (see Table 3) used in 
Fig. 3, the decrease of RSDS in clear sky conditions explains 
1/3 of the change in all sky conditions over our domain of 
interest (10 W m−2 versus 30 W m−2).

Very large differences in RSDS changes between the 
RCMs and their driving GCMs are noted (Fig. 4a), consist-
ently with Bartók et al. (2017) and Gutiérrez et al. (2019) 
who have noted a large difference in RSDS changes between 
EURO-CORDEX RCMs and their driving GCMs for annual 
means. The driving GCMs simulate an increase of RSDS of 
25 W m −2 over Europe, while in average the RCMs simulate 
an increase of RSDS as small as 5  W m−2 over the same 
area (Fig. 4a). Also consistently with Bartók et al. (2017), 

important differences in cloud cover changes exist between 
the RCMs and their driving GCMs. While the decrease is 
close to 6% over Europe in the GCMs, it is close to 4% in 
the RCMs (Figs. 4b, 5a, c).

Inferred changes in RSDS from the changes in cloud 
cover (see Sect. 2.3 for a description of the methodology) 
are now studied. Important changes in inferred RSDS are 
projected over western Europe, France in particular, where 
the decrease of cloud cover is large, especially in the GCMs 
(e.g. 20 W m−2 over France in the GCMs and 10 W m−2 in 
the RCMs, Fig. 5). The inferred changes in RSDS are gener-
ally larger in the GCMs, because the decrease of cloud cover 
is also larger (Fig. 5a, c). Note that in Fig. 5f, only the forc-
ing GCMs are considered, which explains why the results 
in Figs. 3 and  5f, which uses a larger sample of GCMs, are 
different, with smaller RSDS changes in the sub-sample of 
GCMs used to force the RCMs.

The total changes of RSDS in the RCMs (full ensemble) 
are generally smaller than the ones inferred from changes in 
cloud cover alone, although the difference is generally small 
except over the north of the domain (Fig. 5j). The behaviour 
of the driving GCMs is generally very different. Except over 
southern Spain and northern Scandinavia, the total changes 
of RSDS are indeed greater, and sometimes much greater 

Fig. 3   a Ensemble mean 
changes in the aerosols optical 
depth at 550 nm for ambient 
aerosols (no unit) in summer in 
an ensemble of 16 CMIP5 
models for which this variable 
is available (see Sect. 2). b 
Same as a for clear sky RSDS 
( Wm

−2 ). c Same as a for RSDS 
(W m −2 ). d scatter plot of the 
changes in clear sky RSDS 
versus changes in AOD at 550 
nm averaged over Europe (land 
points within the red box in 
Fig. 1e). Each point is a CMIP5 
model. Models used to drive 
the RCMs and for which AOD 
is available are highlighted: 
the green point corresponds to 
HadGEM2-ES, the light brown 
point to NorESM1-M and the 
red point to IPSL-CM5A-
MR. The change of AOD in 
CNRM-CM5 is − 0.34 and in 
EC-EARTH is − 0.28. These 
two models are not on the 
scatter plot as clear sky RSDS 
is not available. The differ-
ences between 2070–2099 and 
1970–1999 are calculated
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as over eastern Europe (differences as large as 15 W m−2 ), 
than the changes inferred from changes in cloud cover alone.

The changes in cloud cover and inferred RSDS are simi-
lar in RACMO and ALADIN compared to the full RCM 
ensemble (Fig. 5a, b and g, h). However, a much stronger 
increase in total RSDS is noted in RACMO and ALADIN 
(Fig. 5d, e), with strong positive differences between total 
and inferred RSDS changes over most of Europe, much more 
similar to what is seen in the GCMs than in the full RCMs 
ensemble. An exception concerns a few points in the Alps. 
It is probably due to the fact the orography is higher in the 
RCMs than in the GCMs, with therefore a much smaller 
impact of aerosols at surface.

The much larger increase in solar radiation at surface 
noted in ALADIN and RACMO compared to the other 

RCMs (Fig. 5d, e) is therefore not mainly explained by 
cloud cover: anthropogenic aerosols play an important 
role, as concluded by Gutiérrez (2019).

Consistently with the large direct impact of anthropo-
genic aerosols on RSDS in the GCMs noted previously 
(Fig. 3), this analysis shows that cloud cover changes 
alone don’t explain the totality of the differences in RSDS 
changes between RCMs (without time-varying aerosol 
concentrations) and GCMs, as large differences remain 
after controlling for the impact of cloud cover changes.

Table 3 synthesises the main results of Fig. 5 for our 
domain of interest. Considering the difference between 
total and inferred from clouds RSDS changes as an 
approximate estimate of the impact of anthropogenic 
aerosols (within the limitation discussed in Sect. 2.3; i.e. 
the inclusion of the impact of water vapor and changes 
in cloud properties unrelated to cloud cover), aerosols 
would explain in ensemble mean 45% of the change in 
total RSDS in the forcing GCMs and 73% in the RCMs 
with time-varying aerosol concentrations (81% for ALA-
DIN simulations and 68% for RACMO, not shown). This 
difference is not explained by a much greater direct impact 
of aerosols (as approximated by “Total-Inferred”) but by 
smaller changes in cloud cover in these two RCMs (Fig. 4) 
and therefore in total RSDS changes compared to many 
GCMs. Note also that the forcing GCMs of ALADIN and 
RACMO themselves generally show a smaller increase in 
inferred solar radiation compared to other forcing GCMs 
(because of a smaller decrease in cloud cover, not shown). 
Aerosols explain approximately 64% of the change in total 
RSDS in the forcing GCMs of ALADIN and RACMO, a 
value closer to the one of ALADIN and RACMO (73%). 
The difference between total and inferred RSDS in the 
RCMs with constant aerosols is negative (Table 3), con-
sistently with the dimming effect of increased water 
vapour content in the atmosphere.

Our conclusions differ from the one of Bartók et  al. 
(2017) who attribute the difference between RSDS in RCMs 
and GCMs mainly to cloud cover. The absence of time-var-
ying aerosols in most EURO-CORDEX RCMs is also very 
important in this context. Not coincidentally, the two RCMs 
with time-varying aerosols behave much more similarly to 
the forcing GCMs.

Note that aerosols might play an even greater role. They 
indeed may impact the differences in cloud cover changes 
between RCMs and their forcing GCMs through the indirect 
aerosol effects on clouds included in some GCMs (Sect. 2.1). 
They may also impact cloud cover through induced climate 
changes. For example, they impact the surface energy bal-
ance, and potentially the surface water balance through 
evapotranspiration. The associated potential changes in the 
vertical temperature and humidity profiles could alter the 
cloud cover.

Fig. 4   Intermodel distribution of changes in a summer downwelling 
shortwave radiation at surface ( Wm

−2 ) and b summer cloud cover 
(%), averaged over Europe (land points within the red box in Fig. 1e) 
in the CMIP5 models used to drive the RCMs and in the RCMs, See 
Sect. 2 for the details on the boxplots. Circles: ensemble means. For 
the forcing GCMs, the empty circle shows the unweighted ensemble 
mean. The filled circle shows the weighted ensemble mean, accord-
ing to the number of RCMs forced by each GCM. The differences 
between 2070–2099 and 1970–1999 are calculated
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The analyses in this section show that anthropogenic aer-
osols have a strong impact on shortwave radiation at surface 
in the CMIP5 models. This impact is greater than 10 W m−2 

from the analysis of clear sky RSDS in a larger ensemble 
of GCMs or 11 W m−2 for the forcing GCMs based on the 
analysis of inferred from cloud cover changes in RSDS 
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(Table 3), as these figures also include the dimming effect 
of water vapor. This clearly represents a strong perturbation 
of the surface energy budget. Most of the regional climate 
projections (17 out of 24) cannot capture this impact because 
they do not take into account the time variations of anthro-
pogenic aerosols. The only two RCMs that use time-varying 
aerosols have an impact of aerosols of about 13.5 W m−2 , 
close to the forcing GCMs.

Anthropogenic aerosols are therefore very likely partly 
responsible for the smaller warming in the RCMs than in 
their driving GCMs in ensemble mean, based on simple sur-
face energy budget considerations. Not surprisingly, a strong 
inter-model relationship between differences in RSDS and 
temperature changes is noted. The greater the difference in 
changes in incoming shortwave radiation at surface between 
a RCM and its driving GCM is, the larger the difference of 
surface warming is (Fig. 6, r = 0.74). As shown in Fig. 6b, 
and consistently with previous results, the inter-model dif-
ferences in RSDS changes between the RCMs and their driv-
ing GCMs are weakly explained by the differences in cloud 
cover changes, pointing to an important role for aerosols.

Note that the ALADIN53 and ALADIN63 simulations 
almost do not show differences in RSDS changes with their 
forcing GCM (CNRM-CM5), consistant with the fact that 
the time-varying aerosol forcing of CNRM-CM5 is also 
used in the ALADIN simulations. The differences of RSDS 
changes between RACMO and EC-EARTH are also small, 
consistent with the fact that the time-varying aerosol forc-
ing of EC-EARTH is used in the RACMO simulations. 
The other RACMO simulations (forced by CNRM-CM5, 
NorESM1-M and HadGEM2-ES, Table 1), which all use 
the EC-EARTH aerosol forcing, show differences in RSDS 
changes with their forcing GCMs, probably because of these 
differences in aerosols forcing to some extent.

4.2 � Evaluation of past trends

Important uncertainties exist in the future evolution of aer-
osol concentrations and the response of solar radiation to 
this evolution (e.g. Fig. 3d). Obviously, it is not possible 
to assess the realism of future changes in solar radiation, 

but the evaluation of the past evolution may be very valu-
able, especially since strong changes have already occurred. 
Since the 1980s, a strong reduction of anthropogenic aero-
sol concentrations over Europe has indeed occurred with 
a consequent increase in solar radiation at surface (e.g. 
Wild 2009). The trends in the same observed series from 
the Global Energy Balance Archive (GEBA, Gilgen et al. 
1998; Wild et al. 2017) used in Nabat et al. (2014) but for 
summer and the stations within our domain of interest are 
calculated on the 1980–2005 period, and then the spatial 
mean is calculated (Fig. 7). A strong trend in summer solar 
radiation at surface, greater then 7 W m−2∕10 years has been 
observed. For the RCMs, a very large inter-model spread in 
the trends exists (Fig. 7). The trends are small or even nega-
tive in many RCM simulations. The trends of ALADIN53 
and ALADIN63 forced by CNRM-CM5 however come very 
close to the observed one, closer than any other regional 
simulation. It gives confidence in this configuration to study 
shortwave radiation processes.

4.3 � Results of the sensitivity experiment

In order to further assess the impact of the absence of time-
varying anthropogenic aerosol forcing, the sensitivity exper-
iment with ALADIN63 described in Sect. 2.4 is analysed. 
This experiment follows the CORDEX FPS-aerosol proto-
col, which focuses on the 2021–2050 period. The standard 
ALADIN63 projection, with time varying aerosol forcing, 
is compared to the sensitivity experiment in which aerosol 
forcing is constant on the 2021–2050 period and equal to the 
1971–2000 average.

It is clear from Sect. 4.1 that large model uncertainties 
exist regarding solar radiation processes. The aerosols-
driven changes in RSDS are large in ALADIN. This RCM 
is at the higher end of the spectrum of values obtained for 
Total minus Inferred changes in RSDS: 20 W m−2 in aver-
age (not shown), more than the 11.7  W m−2 of the forcing 
GCMs (Table 3). However, ALADIN63 forced by CNRM-
CM5 simulates realistic past trends in RSDS, more realistic 
indeed than in any other regional simulation (Fig. 7). This 
gives good confidence in the skill of ALADIN regarding 
solar radiation processes and in the aerosol forcing used in 
both ALADIN and CNRM-CM5, from Szopa et al. (2013). 
It reinforces our confidence in the results of the sensitivity 
experiments described in this section.

Variations of anthropogenic aerosol forcings lead to 
major differences of changes in shortwave radiation at 
surface in summer, as large as 30 W m−2 over Germany 
(Fig. 8c). In average over Europe, aerosols explain most of 
the changes in solar radiation at surface in the ALADIN63 
regional projection.

Such large differences of energy available at surface lead 
to large differences of temperature changes, close to 1 K 

Fig. 5   Future ensemble mean changes in summer between 2070–
2099 and 1970–1999 of cloud cover (%) in a the full ensemble of 
RCMs, b in RACMO and ALADIN, and c the driving GCMs. d–f 
Same as a–c for downwelling shortwave radiation at surface (W m−2 ). 
Inferred changes in summer  between 2099–2070 and 1999–1970 in 
downwelling shortwave radiation at surface ( Wm

−2 ) according to 
the simple change in cloud cover in g the full ensemble of RCMs, h 
in RACMO and ALADIN, and i the driving GCMs. See Sect. 2 for 
details. Differences between summer changes in downwelling short-
wave radiation at surface and inferred changes ( Wm

−2 ) in j the full 
ensemble of RCMs, k in RACMO and ALADIN, and l the driving 
GCMs. Note that IPSL WRF3.11 is not used in the RCMs because 
cloud cover is not available for this model

◂
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over central and eastern Europe (Fig. 8f). These differences 
are all the more notable because on the early period studied 
here (2021–2050) the warming in the reference simulation 
is only between 1 and 3 K over Europe (Fig. 8d). In average 
over our domain of interest, aerosols explain roughly 0.5 
K of the 1.8 K warming (i.e. roughly 30% of the warming) 
on 2021–2050. Note that uncertainties due to internal vari-
ability exist as these estimates are based on single members.

With time-varying aerosol forcing, a larger increase 
in evapotranspiration over the northern half of Europe 
is noted, in particular over Germany and the Benelux 
(Fig.  8g–i). It is likely the result of the much larger 
increase in solar radiation at surface noted previously in 
the reference simulation with time-varying aerosol forc-
ing. In the RCM used here, there is no strong limitation 
of evapotranspiration over Europe by soil-moisture (not 

shown) and therefore a larger increase of solar radiation 
at surface is expected to lead to a larger increase of evapo-
transpiration. It is all the more true since an increase of 
precipitation is generally simulated by this RCM over the 
northern half of Europe (Fig. 8j). This increase in precipi-
tation is smaller in the simulation with constant aerosol 
forcing (Fig. 8k). This difference in precipitation changes 
might be due to the larger increase in evapotranspiration 
in the simulation with evolving aerosols, through an asso-
ciated larger increase in atmospheric moisture. The dif-
ferences of precipitation changes due to anthropogenic 
aerosols are however not straightforward to interpret. On 
the early period studied here, internal variability plays a 
major role in precipitation changes (e.g. Terray and Boé 
2013), and a single member, as used for the sensitivity 
experiment, may not be sufficient to extract a robust signal.

Table 3   Future ensemble mean changes in summer between 2070–
2099 and 1970–1999 averaged over Europe of total downwelling 
shortwave radiation at surface (total), inferred from cloud cover 

changes in downwelling shortwave radiation at surface (inferred), 
difference between the two (inferred-total) and ratio ((total-inferred)/
total)

The multi-model average and standard deviation (between brackets) are given. The domain used for the spatial average is the red box in Fig. 1e. 
“Forcing GCMs” corresponds to the forcing GCMs weighted by the number of RCMs forced, “Forcing GCMs of ALADIN and RACMO” cor-
responds to the forcing GCMs of ALADIN and RACMO weighted by the number of RCMs forced, “ALADIN and RACMO” corresponds to the 
seven regional climate simulations with either ALADIN or RACMO (see Table 1), “Other RCMs” corresponds to the regional simulations with 
the other RCMs. “All RCMs” corresponds to all RCMs. Note that the results of IPSL WRF3.11 and of its forcing GCM are not included in these 
results because cloud cover is not available in IPSL WRF3.11

Forcing GCMs Forcing GCMs of ALA-
DIN and RACMO

ALADIN and 
RACMO

Other RCMs All RCMs

Total (W m−2) 25.6 (6.0) 26.9 (6.4) 18.6 (7.3) 3.5 (3.8) 8.1 (8.7)
Inferred (W m−2) 13.9 (10.8) 10.6 (10.5) 5.1 (3.8) 8.6 (3.3) 7.5 (3.8)
Total-inferred (W m−2) 11.7 (9.8) 16.3 (6.2) 13.5 (7.6) − 5.0 (2.7) 0.6 (9.9)
(Total-inferred)/total (no unit) 0.46 (0.41) 0.64 (0.30) 0.73 (0.25) − 0.75 (7.7) − 0.29 (6.4)

Fig. 6   a Differences of surface temperature changes (K) between the 
RCMs and their forcing GCMs (RCMs-GCMs) versus differences 
of changes in shortwave radiation at surface ( Wm

−2 ) averaged over 
Europe in summer (land points within the red box in Fig.  1e). r = 

0.74. Each symbol corresponds to a particular RCM (see Table 1) and 
each color to a particular forcing GCM (see legend on the graph). b 
Same as a for differences of changes in shortwave radiation at surface 
( Wm

−2 ) versus differences of changes in cloud cover (%). r = − 0.27
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The sensitivity experiment described in this section 
clearly shows that time-varying aerosol forcing plays an 
important role on temperature changes through the modula-
tion of solar radiation. It is consistent with the idea that the 
absence of time-varying anthropogenic aerosol forcing in 
most EURO-CORDEX simulations explains a part of their 
smaller warming at surface compared to their forcing GCMs.

For precipitation, the conclusions are less clear. In the 
model analysed here, time-varying anthropogenic aerosol 
forcing tends to lead to a larger increase of precipitation 
rather than to a smaller one. This result is however likely 
dependent on the dominant control of evapotranspiration in 
the RCM. In a model (or on a period) in which evapotranspi-
ration is limited by soil moisture rather by energy, the larger 
increase in solar radiation at surface due to time-varying 
aerosol forcing is expected to lead to an increase in sensible 
heat flux and therefore to an additional warming rather than 
to an increase in evapotranspiration (e.g. Boé 2016). This 
would tend to reduce relative humidity and precipitation. 
The same type of experiments with other RCMs would be 
necessary to test this hypothesis, and also to assess whether 
the strong response in shortwave radiation in the RCM stud-
ied here is a robust feature.

5 � Role of land evapotranspiration

As discussed in the previous section, changes in shortwave 
radiation may have different impacts on the surface climate 
depending on whether the evapotranspiration is primarily 

energy or water limited (e.g. Boé and Terray 2008; Boé 
2016). In energy-limited regimes, changes in shortwave 
radiation tend to lead to an increase of evapotranspiration 
while in water-limited regimes an increase in sensible heat 
flux and surface temperature is favoured, with potential 
feedbacks leading to a drying of the soil and a reduction of 
evapotranspiration (e.g. Boé and Terray 2014).

Both the RCMs and their forcing GCMs generally simu-
late an increase in land evapotranspiration over the north 
of Europe and a decrease over southern Europe (Fig. 9). 
Despite the much larger increase of solar radiation at surface 
in the GCMs than in the RCMs (Fig. 5), the GCMs gener-
ally simulate more negative (over southern Europe) or less 
positive (over Scandinavia) changes in evapotranspiration 
than the RCMs. This is likley the sign that soil-moisture is 
a stronger limiting factor of evapotranspiration changes in 
the GCMs, likely because of the more severe precipitation 
changes noted previously (Fig. 1), and is consistent with 
a larger surface warming due to less evaporative cooling. 
The greater differences in land evapotranspiration changes 
are seen over eastern Europe (Ukraine, Belarus), where the 
average projected change is close to − 0.2 mm/day for the 
forcing GCMs and close to 0.2 mm/day for the RCMs.

Unsurprisingly, a very large inter-model anti-correlation 
between differences in temperature changes between GCMs 
and RCMs and differences in evapotranspiration changes 
over land is noted (Fig. 10, r = − 0.89).

The ultimate causes of the difference of evapotranspi-
ration changes between GCMs and RCMs are not clear. 
Differences in precipitation changes are clearly involved, 
but the causes of the differences in precipitation changes 
remain to be understood. A first hypothesis is that the dif-
ferences in precipitation changes may be related to some 
extent to the differences in aerosol forcing discussed previ-
ously. Indeed, the smaller warming over land due to the lack 
of anthropogenic aerosols variations in most RCMs could 
lead to smaller relative humidity changes and therefore less 
severe precipitation and finally evapotranspiration changes 
over land.

Other causes may be envisaged. Boé and Terray (2008, 
2014) showed that in both GCMs and RCMs of previous 
generations, future changes in evapotranspiration over 
continental Europe are very dependent on the present-day 
controls of evapotranspiration. Over Scandiniva, the mod-
els tend to agree on a control of evapotranspiration by the 
energy available at surface, and over southern Europe they 
tend to agree on a control of evapotranspiration by soil 
moisture. Over an intermediate area, the simulated controls 
of evapotranspiration are very uncertain. The models in 
which evapotranspiration is controlled by soil moisture in 
the present climate tend to simulate much larger decrease 
in evapotranspiration in the future climate (Boé and Terray 
2008, 2014).

Fig. 7   Trends in downwelling shortwave radiation at surface over 
Europe in summer on the 1980–2005 period in the RCMs and in 
the observations (black horizontal line, GEBA dataset), adapting the 
analysis from Nabat et  al. (2014) to summer and to our domain of 
interest. The GEBA stations within our domain of interest (red box 
in Fig. 1e) and, for the RCMs, the grid points the closest to these sta-
tions are considered. The color code for the forcing GCM and the 
symbol for the RCMs are the same as in the other figures (e.g. see 
Fig. 6 for the colors and Table 1 for the symbols)
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Fig. 8   a Future summer changes (2021–2050 minus 1971–2000) 
in downwelling shortwave radiation at surface (W  m−2 ) in ALA-
DIN63. b Same as a with constant aerosol forcing. c Differences of 
future summmer changes in downwelling shortwave radiation at sur-
face (W  m−2 ) between the reference ALADIN63 projection and the 

ALADIN63 simulation with a constant aerosol forcing (i.e. a–b). See 
Sect. 2. d–f Same as a–c for 2 m air temperature (K). g–i Same as a–c 
for evapotranspiration (no unit, relative changes are shown). j–l Same 
as a–c for precipitation (no unit, relative changes are shown)
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The present-day inter-annual correlations between evapo-
transpiration and total downwelling radiative fluxes at sur-
face, a metric of the climatological controls of evapotran-
spiration (Boé and Terray 2008), is computed for the RCMs 
and their driving GCMs. As for the previous generation of 
climate models (Boé and Terray 2008, 2014), large inter-
model uncertainties exist in the controls of evapotranspira-
tion, especially in the RCMs (Fig. 11). In average, the value 

of this metric in the RCMs and their driving GCMs is how-
ever quite similar. The present-day controls of evapotranspi-
ration therefore cannot explain the systematic differences in 
evapotranspiration changes over continental Europe.

Sørland et al. (2018) have shown smaller biases for cli-
matological temperature over land in two EURO-CORDEX 
RCMs compared to their multiple forcing GCMs. They make 
the hypothesis that it is the sign of more realistic land-atmos-
phere interactions in the RCMs, which could then lead to 
more realistic future temperature changes. It is not the case 
regarding the soil-atmosphere interactions as characterized 
with our metric in the ensemble of RCMs studied here.

Fig. 9   Ensemble mean change in evapotranspiration (mm/day) in 
summer over Europe between 2099–2070 and 1999–1970 as a pro-
jected by the RCMs, as b projected by their driving GCMs, and c dif-
ference. The GCMs are weighted according to the number of RCMs 
they force

Fig. 10   Difference between the RCMs and their forcing GCMs 
(RCMs-GCMs) in summer temperature changes (K) versus the differ-
ences in summer evapotranspiration changes (r = − 0.89), averaged 
over Europe (land points within the red box in Fig. 1e). Each symbol 
corresponds to a particular RCM (see Table  1) and each color to a 
particular forcing GCM (see legend in Fig. 6)

Fig. 11   Intermodel distribution of present-day interannual correla-
tions averaged over Europe (land points within the red box in Fig. 1e) 
in summer between detrended evapotranspiration and total down-
welling radiative flux at surface on the 1960–2004 period in the 
RCMS and their driving GCMs. See the description of the boxplots in 
Sect. 2. The symbols have the same signification than in Fig. 2
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Finally, it may be worth noting that the physiological 
forcing of CO

2
 is simulated by most GCMs (4 out of 6, 

Sect. 2) but not by the RCMs studied in this paper to the 
best of our knowledge. Under higher CO

2
 concentrations, 

the stomata do not need to be as open to absorbe CO
2
 , which 

reduces the water exchanges from the plant to the atmos-
phere and therefore transpiration. It is increasingly clear that 
the reduction of evapotranspiration due the physiological 
CO

2
 forcing may be important for the future projection of 

evapotranspiration, as shown by Schwingshackl et al. (2019) 
for a particular RCM, although the impact may largely differ 
between models (Swann et al. 2016; Lemordant et al. 2018; 
Skinner et al. 2018). The physiological impact of CO

2
 might 

therefore explain a part of the differences in evapotranspira-
tion changes over land between GCMs and RCMs. Addition-
ally, to the best of our knowledge, the RCMs analysed in this 
paper do not take into account land use changes contrary 
to most forcing GCMs. Some studies have shown that land 
use change may have an impact, although a limited one, on 
evapotranspiration changes (Quesada et al. 2017).

6 � Role of evaporation over sea

Evapotranspiration is not only important locally because of 
evaporative cooling, but also through its impacts on atmos-
pheric moisture, with potential impacts on cloud cover or 
precipitation. In this context, remote evaporation changes 
over adjacent seas may also be important, through the advec-
tion of moisture towards continents.

It is interesting to note that very large differences of evap-
oration changes over the Mediterranean sea (Fig. 9) exist. 
The GCMs simulate only a moderate increase of evapotran-
spiration (generally close 0.2 mm/day) while the RCMs pro-
ject a much larger increase (generally larger than 0.6 mm/
day). It remains true excluding the IPSL-WRF331F model, 
which simulates a very strong and likely unrealistic increase 
in evapotranspiration (see Sect. 2).

This larger increase in RCMs than in GCMs confirms 
previous results reported in Sanchez-Gomez et al. (2009) 
and Planton et al. (2012) by comparing the CMIP3 GCM 
ensemble with the ENSEMBLES RCM ensemble (the 
RCMs being driven by CMIP3 GCMs). For the A1B sce-
nario and the 2070–2099 period, they obtain that Mediter-
ranean Sea evaporation increases much more in the 25-km 
non-coupled RCM ensemble (+12%, about 0.4 mm/day) 
than in the low-resolution coupled GCM ensemble (+7%, 
about 0.2 mm/day). From their studies, it is impossible to 
conclude if the difference between both ensembles comes 
from the difference in resolution, in air–sea coupling or in 
the uncertainty sub-sampling (the CMIP3 ensemble being 
much bigger than the ENSEMBLES one).

The larger increase in evaporation over the Mediterra-
nean sea is very likely responsible for the larger increase in 
atmospheric humidity at 850 hPa in the RCMs over sea and 
adjacent land (Fig. 12). Further inland, the differences of 
changes in specific humidity at 850 hPa between GCMs and 
RMCs are small. A large inter-model correlation between 
the differences in specific humidity changes over Europe 
and the differences of changes in both local (over land, 

Fig. 12   Ensemble mean change in specific humidity at 850 hPa (g/kg) 
in summer over Europe between 2099–2070 and 1999–1970 as a pro-
jected by the RCMs, as b projected by their driving GCMs, and c dif-
ference. The GCMs are weighted according to the number of RCMs 
they force
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see previous section) and remote evapotranspiration over 
the Mediterranean sea are noted (Fig. 13). It supports the 
idea that the atmosphere becomes wetter in some RCMs 
compared to their forcing GCMs partly because of smaller 
decreases or larger increases of evapotranspiration, and that 
the Mediterranean sea is an important source of moisture in 
that context.

Note that as IPSL-WRF331F simulates very large 
changes in evapotranspiration over the Mediterranean sea 
compared to the other RCMs (close to 3.15 mm/day), it does 
not appear on the scatter plot in Fig. 13a. Note also that the 
differences of both evapotranspiration and specific humidity 
changes are especially large between HadGEM2-ES and the 

RCMs forced by HadGEM2-ES. HadGEM2-ES is the driv-
ing GCM with the largest increase in temperature and the 
smallest increase in specific humidity at 850 hPa, both over 
the Mediterranean sea and continental Europe (not shown). 
HadGEM2-ES also simulates the largest decrease in evapo-
transpiration over Europe. The increase in evaporation over 
the Mediterranean sea in HadGEM2-ES is rather small com-
pared to the other GCMs (not shown).

With regard to summer climate changes, changes in rela-
tive humidity are also very important (e.g. Boé and Terray 
2014). For example, the lower the relative humidity is, the 
harder it is to reach saturation and therefore potentially to 
form clouds and/or precipitation. The changes in specific 
humidity are generally rather close between the RCMs and 
their forcing GCMs over land away from the sea (Fig. 12) 
but the warming is largely smaller in the RCMs (Fig. 1). As 
a result, the ratio between the change in specific humidity 
and the change in temperature over land is generally smaller 
in the GCMs than in the RCMs (Fig. 14a). The larger dif-
ferences are seen over the Balkans (not shown), where the 
GCMs warm much more than the RCMs (Fig. 1) and where 
the specific humidity increases much more in the RCMs 
because of the larger increase in evaporation over the Medi-
terranean sea (Fig. 9).

Following the Clausius Clapeyron relation, the specific 
humidity at saturation increases approximately by 7%K

−1 
(e.g. Held and Soden 2006). Therefore a ratio of specific 
humidity change to temperature change close to 7%K

−1 is 
equivalent to no change in relative humidity while a much 
smaller ratio indicates that a large decrease in relative 
humidity occurs. The RCMs therefore generally show small 
changes in relative humidity while the forcing GCMs show 
decreases and sometimes large decreases (Fig. 14a).

The importance of the differences in relative humidity 
changes is highlighted by the link found over land between 
the differences in precipitation changes and the differences 
of the ratio of the change in specific humidity to the change 
in temperature at 850 hPa (Fig. 14b).

Given the seemingly importance for climate changes 
over Europe of differences in evaporation changes between 
RCMs and GCMs over the Mediterranean Sea, it would be 
important to understand their causes. First, some issues with 
the remapping of GCM SSTs to force the RCMs have been 
noted for some models https​://euro-corde​x.net/07873​0/index​
.php.en. They may explain larger evapotranspiration changes 
locally over sea near the coast in some RCMs. However, 
large differences are also seen away from the coasts (Fig.  9). 
These large differences are somewhat surprising. Indeed, 
for the calculation of evaporation over sea, the atmosphere 
component in a RCM and its forcing GCM use the same SST 
by construction, which plays an important role on evapo-
transpiration, through its impact on specific humidity at 
saturation at the surface. Differences in the parameterization 

Fig. 13   Difference of changes in specific humidity at 850 hPa (g/kg) 
versus difference of changes in evapotranspiration (mm/day) between 
the RCMs and their driving GCMs (RCMs-GCMs) in summer. For 
a and b the changes in specific humidity over Europe (land points 
within the red box in Fig.  1e) are considered. For a the changes in 
evapotranspiration over the Mediterranean Sea are considered. For b 
the local changes in evapotranspiration over Europe are considered. 
The differences between 2070–2099 and 1970–1999 are calculated. 
Each symbol corresponds to a particular RCM (see Table 1) and each 
color to a particular forcing GCM

https://euro-cordex.net/078730/index.php.en
https://euro-cordex.net/078730/index.php.en
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of evaporation, e.g. the exchange coefficients, may exist 
between the RCMs and the GCMs but there is no reason 
for the resulting differences in evaporation changes to be 
systematic (e.g. Fig. 13) for all the RCMs/GCMs pairs.

Some differences in surface wind speed changes over 
sea in summer are noted between the RCMs and GCMs for 
which this variable is available, with generally somewhat 
larger decreases in the GCMs (a few percent, not shown). 
These differences are however likely insufficient to explain 
alone the large differences in evapotranspiration changes. 
Why such differences in wind speed changes exist in the 
first place is not clear. The representation of wind near 
the coast where the influence of orography can be felt is 
likely improved in the RCMs (Herrmann et al. 2011), but 

this impact is weaker far from the coast. Additionally, Her-
rmann et al. (2011) have shown that the coupling with the 
ocean has only a very weak mean impact on wind speed.

The impact of the coupled framework of the GCMs ver-
sus the forced framework of the RCMs should be consid-
ered more generally. Short-term negative feedbacks exist 
in a coupled framework but not in a forced framework. For 
example, very warm SSTs may result in strong evaporation 
and convection, with the development of clouds, which 
results in a reduction of shortwave radiation at surface 
and, in a coupled framework in a reduction of SSTs. Such 
a negative feedback does not exist in a forced framework. 
Unfortunately, it is not possible to go further without twin 
regional simulations based on the exact same RCM, with 
and without coupling over the Mediterranean sea. Such 
experiments have been done by Somot et al. (2008). Unfor-
tunately, the evapotranspiration changes are not shown in 
the latter study but it shows that the coupling over the 
Mediterranean sea leads to a larger decrease of precipita-
tion over the south of eastern Europe, which could be con-
sistent with the mechanisms described previously. Con-
cerning evaporation over the Mediterranean Sea, Planton 
et al. (2012) compared an Atmosphere-only RCM ensem-
ble (ENSEMBLES project, Sanchez-Gomez et al. 2009) 
with a coupled Atmosphere–Ocean RCM model ensemble 
(CIRCE project, Dubois et al. 2012) for the A1B scenario 
and the 2020–2049 period. They obtain a larger increase 
with the non-coupled models (+ 4%, about + 0.2 mm/day) 
than with the coupled models (+ 3%, + 0.1 mm/day). Even 
if both ensembles are not directly comparable (the ensem-
ble size is larger in ENSEMBLES than in CIRCE) and if 
the temporal horizon is different from the one we study, 
those results are consistent with our assumption about the 
ocean–atmosphere coupling effect in RCMs.

The differences of evapotranspiration changes over the 
Mediterranean sea, together with the differences in evapo-
transpiration changes over land between the RCMs and 
their driving GCMs discussed in the previous section, likely 
modulate the differential evolution of specific and relative 
humidity over land in the RCMs, with a possible impact on 
precipitation and cloud cover, and likely explain a part of the 
differences in surface warming. Local feedbacks may exist 
in that context as changes in cloud cover (through the mod-
ulation of shortwave radiation) and precipitation (through 
a modulation of evapotranspiration via soil moisture) may 
impact in return surface temperature, which itself directly 
impacts relative humidity (Vogel et al. 2018).

Note that the differences of evapotranspiration changes 
over land discussed in the previous section could be 
driven by evaporation changes over the Mediterranean 
sea. As discussed, larger evapotranspiration changes over 
the Mediterranean sea may result in smaller decreases in 
relative humidity and then precipitation over land. These 

Fig. 14   a Intermodel distribution of the ratio of relative specific 
humidity change to temperature change at 850 hPa (1/K) averaged 
over Europe in summer (land points within the red box in Fig. 1e) in 
the RCMs and their driving GCMs. b Differences in relative changes 
in summer precipitation (no unit) between the RCMs and the GCMs 
as a function of the difference in the ratio of relative specific humidity 
change to temperature change at 850 hPa (1/K) over Europe in sum-
mer. The differences between 2070–2099 and 1970–1999 are calcu-
lated. Each symbol corresponds to a particular RCM (see Table  1) 
and each color to a particular forcing GCMs
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changes in precipitation would directly impact continental 
evapotranspiration.

Previous studies (e.g. Rowell and Jones 2006) have high-
lighted the potential impact of the increased land–sea tem-
perature contrast in the future climate. It leads to a larger 
increase in atmospheric water-holding capacity over land 
than over sea, so that air advected from the sea over the 
continent experiences a larger decrease in relative humidity 
in the future climate, with a potential associated reduction 
of clouds, precipitation and evapotranspiration. In the RCM 
simulations without time-varying aerosols, an inconsistency 
may exist between land and sea warming. The absence of 
aerosol variations leads to a smaller warming over land but 
it is not the case over sea as SST from the GCMs, which 
include variations in aerosols, are imposed. The absence of 
time-varying aerosols in a forced ocean framework therefore 
likely reduces the increase of the land–sea warming contrast 
in the future climate, with the potential consequences noted 
above.

7 � Conclusion

In this study, we have shown that large differences exist in 
summer climate changes over Europe as projected by the 
12 km EURO-CORDEX RCMs and their forcing CMIP5 
GCMs, and more generally the full ensemble of CMIP5 
GCMs. As an ensemble, the RCMs project over a large area 
of Europe at the end of the 21st century a summer warming 
1.5–2 K colder and a decrease of precipitation roughly 4 
time smaller (− 20% versus − 5%) than their driving GCMs.

Such inconsistencies between RCMs and GCMs projec-
tions, at large scales, are problematic. Such large differences 
may have profound consequences in terms of impacts and 
adaptation. It is therefore crucial to understand whether 
these differences may be related to an added value of higher 
resolution or to other factors, and therefore in the end 
whether more confidence should be given to current RCMs 
or GCMs results.

Our strategy has been to study in details the mechanisms 
responsible for the differences in precipitation and tem-
perature changes and then to assess whether or not struc-
tural differences between GCM and RCM (e.g. differences 
of forcings, resolution, coupling etc.) may play on these 
mechanisms.

The forcing GCMs generally simulate a much larger 
increase in shortwave radiation at surface than the RCMs, 
as already noted by Bartók et al. (2017) and Gutiérrez et al. 
(2019). Differences in changes of cloud cover alone cannot 
explain the totality of these differences and we argue that 
anthropogenic aerosols play a very important role in this 
context. The absence of time-evolving anthropogenic aerosol 
forcing in most RCMs (17 out of the 24 simulations) indeed 

leads to a smaller increase of downwelling shortwave radia-
tion at surface in the RCMs than in their driving GCMs. 
It is clear based on our results that this mechanism plays 
an important role in the differences of projected changes 
between RCMs and GCMs, as confirmed by a dedicated 
sensitivity experiment, at least for solar radiation and 
temperature.

The future evolution of anthropogenic aerosols is uncer-
tain, and the RCPs scenarios, as used in this study, do not 
necessarily capture the full range of possible evolutions 
(Bellucci et al. 2015; van Vuuren 2011). Given the great 
importance of anthropogenic aerosols for summer cli-
mate changes over Europe shown in this study or previous 
works (e.g. Boé 2016) more work is clearly needed to better 
explore the uncertainties associated with the future evolu-
tion of anthropogenic aerosols. Even if uncertainties exist, 
it is clear that until today the evolution of aerosols is much 
better captured by the historical + RCP (e.g. Klimont et al. 
2013) evolution of GCMs and ALADIN/RACMO, than by 
the constant aerosols concentrations of most EURO-COR-
DEX RCMs.

Note also that the absence of variation of CO
2
 in two 

RCMs (5 projections over 24) is also expected to have an 
impact on surface temperature changes (Jerez et al. 2018) 
and likely precipitation changes.

The RCMs also simulate a much larger increase in evapo-
ration over the Mediterranean sea that likely leads to smaller 
relative humidity changes over the continent, which could 
then favor a smaller decrease in cloud cover, precipitation 
and finally evapotranspiration, and a smaller increase in tem-
perature. Causes of these differences in evaporation changes 
over sea are unclear, but it would be worth investigating 
the role of missing ocean–atmosphere coupling in RCMs. 
Larger decreases/smaller increases of evapotranspiration 
over Europe in GCMs are also projected over the continent, 
which is consistent with the larger warming and greater pre-
cipitation decrease projected by the GCMs. It is difficult to 
assess whether these differential evapotranspiration changes 
over land are simply the results of the mechanisms described 
above or whether specific structural causes may exist. For 
example, the absence of the physiological effect of CO

2
 in 

RCMs that is taken into account by the majority of the forc-
ing GCMs may play a role (e.g. Schwingshackl et al. 2019).

Several potential explanations exist to the differences 
of evapotranspiration changes between EURO-CORDEX 
RCMs and their forcing CMIP5 GCMs. For the time being, 
we think that there is no strong reason to suppose that the 
evapotranspiration changes in the RCMs are more realistic 
than the ones from their driving GCMs.

Dedicated numerical experiments would be necessary to 
go further, in particular to better evaluate the impact of dif-
ferential forcings and of ocean–atmosphere coupling. Some 
of these simulations are ongoing, within the MED-CORDEX 
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project for the impact of coupling (CORDEX FPS-airsea), 
and for the impact of aerosols (CORDEX FPS-aerosol), fol-
lowing the same protocol as used in the sensitivity experi-
ments described in Sect. 4.2.

Our study highlights that greater care should be given 
to the characterization and understanding of the potential 
discrepancies between RCMs and GCMs at large scales. We 
show that the EURO-CORDEX projections do not cover 
at large scales the full range of changes projected by the 
CMIP5 GCMs, with in particular no regional projection 
showing the strong summer warming and drying seen in 
a substantial number of GCMs (Fig. 2). Given the caveats 
associated with regional climate projections discussed in this 
study, there is currently no rationale to discard the more 
severe changes projected by GCMs. We therefore urge cli-
mate change impacts studies to not simply focus on current 
EURO-CORDEX regional projections but to also consider 
the results obtained with GCMs, in order to avoid a poten-
tial large underestimation of the uncertainties in projected 
impacts.
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