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spring and summer. The different signs of SSR projected 
changes can be interpreted as the consequence of the differ-
ent behavior of cloud cover in global and regional climate 
models. Cloudiness shows a significant decline in GCMs 
with −0.24% per decade which explains the extra income 
in SSR, while in case of the regional models no significant 
changes in cloudiness can be detected. The reduction of 
SSR in RCMs can be attributed to increasing atmospheric 
absorption in line with the increase of water vapor content. 
Both global and regional models overestimate SSR in abso-
lute terms as compared to surface observations, in line with 
an underestimation of cloud cover. Regional models fur-
ther have difficulties to adequately reproduce the observed 
trends in SSR over the past decades.

Abstract The objective of the present work is to compare 
the projections of surface solar radiation (SSR) simulated 
by four regional climate models (CCLM, RCA4, WRF, 
ALADIN) with the respective fields of their ten driving 
CMIP5 global climate models. First the annual and sea-
sonal SSR changes are examined in the regional and in the 
global climate models based on the RCP8.5 emission sce-
narios. The results show significant discrepancies between 
the projected SSR, the multi-model mean of RCMs indi-
cates a decrease in SSR of −0.60  W/m2 per decade over 
Europe, while the multi-model mean of the associated 
GCMs used to drive the RCMs gives an increase in SSR of 
+0.39 W/m2 per decade for the period of 2006–2100 over 
Europe. At seasonal scale the largest differences appear in 
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1 Introduction

Potential future changes in the spatial and temporal distri-
bution of surface solar radiation (SSR) not only drive envi-
ronmental changes, but can also influence different sectors 
such as energy, hydrology or agriculture. Consecutively 
SSR is used as input variable in order to create comprehen-
sive assessments of climate change impacts (Finger et  al. 
2012; Schewe et  al. 2014; Müller and Robertson 2014; 
Jerez et  al. 2015; Vezzoli et  al. 2015). Thus the analysis 
of consistency regarding SSR projections among differ-
ent climate models employing different parametrizations 
and different spatial scales is highly relevant. Quantifying 
the differences in SSR fields produced by different climate 
models indicates the degree of robustness of the projected 
SSR changes at different scales and gives a reference for 
the uncertainty transferred to impact studies.

Despite the large climate modeling community, stud-
ies addressing future projections of SSR are still scarce. 
A limited number of papers describe the scenarios of SSR 
changes based on global (Remund and Muller 2010; Crook 
et al. 2011; Gaetani 2014; Wild et al. 2015a) and regional 
(Pasicko et al. 2012; Finger et al. 2012; Panagea et al. 2014; 
Jerez et  al. 2015) climate model simulations mainly in 
point of view of future solar energy applications. Focusing 
on Europe some controversial conclusions have been found 
regarding magnitude and even sign of SSR changes (Jerez 
et  al. 2015; Wild et  al. 2015a), a fact that motivated this 
study indeed.

In order to interpret future climate projections, an eval-
uation of the ability of the models to accurately simulate 
SSR is a crucial first step. In parallel with the continu-
ous development of climate models the process of model 
evaluation has been also expanded and differences between 
models and observations are increasingly quantified (IPCC 
Climate Change 2013, Ch. 9). A comprehensive evalua-
tion of SSR outputs from CMIP5 climate models (Tayloret 
al. 2012) against GEBA (Gilgen et al. 1998; Ohmura et al. 
1989) and BSRN (Ohmura et  al. 1998) surface observa-
tions can be found in the work of Wild et al. (2013, 2015b). 
The vast majority of the GCMs (38 out of the 43 models) 
were found to overestimate the SSR with a multi-model 
mean bias of 7.4 W/m2 over land. Using as reference sat-
ellite and reanalysis products, Li et  al. (2013) also found 
an overestimation of SSR in CMIP5 models of 2.5 W/m2 
globally. An overall overestimation in SSR across Europe 
is also reported from RCM simulations (Lara-Fangeo et al. 
2012; Jerez et  al. 2015). In terms of long-term variation 

most of the GCMs from CMIP5 underestimate the increase 
(“brightening”) in SSR in cloudy and clear-sky conditions 
over Europe in the last decades, likely because of the inap-
propriate trends in aerosol atmospheric content (Ruckstuhl 
and Norris 2009; Allen et al. 2013; Nabat et al. 2014; Che-
rian et al. 2014). In general, modeling studies argue that the 
use of transient aerosol forcing instead of a constant one 
should be applied in models in order to be able to simu-
late regional trends in SSR (Dwyer et  al. 2010; Wild and 
Schmucki 2011; Zubler et  al. 2011b). Many efforts have 
been done to force the model simulations with different 
aerosol emission inventories (Folini and Wild 2011; Zubler 
et al. 2011a; Turnock et al. 2015; Chiacchio et al. 2015) in 
order to reproduce the solar dimming and brightening peri-
ods (Wild et al. 2005; Wild 2009) in line with observations. 
These studies found consistent patterns between simulated 
and observed SSR trends under clear-sky situations, while 
the effect of clouds under all-sky situations introduced sub-
stantial biases and spread among ensemble members. How-
ever, Haywood et al. (2011) conclude that while historical 
changes in the total SSR are likely due to aerosols effects, 
future changes in the clear-sky SSR may be dominated by 
increases in the atmospheric content of water vapor result-
ing from the water vapor feedback of global warming. It 
should be mentioned that the trends in cloud-free and all-
sky surface solar radiation presented in the study are based 
only on the HadGEM2 global climate model simulations. 
Regional models are supposed to introduce added value in 
SSR simulations compared to GCMs as they include higher 
resolution stationary features, like topography and coast-
lines, and better representation of small-scale processes 
through the use of parametrization schemes (Giorgi et  al. 
1990; Paeth and Manning 2013; Torma et al. 2015). How-
ever at the same time, besides the biases inherited from the 
global models, the physical parameterizations implemented 
in RCMs should be also considered as potential causal fac-
tors of biases and uncertainty in RCM simulations (Jerez 
et al. 2013; Katragkou et al. 2015; Garcia-Diez et al. 2015). 
On the one hand Garcia-Diez et al. (2015) report biases in 
SSR with opposite sign validating WRF simulations with 
different model configurations, on the other hand ERA40-
driven CCLM simulations underestimate SSR (Jaeger 
et al. 2008; Kothe et al. 2011). As reported by Kothe et al. 
(2011), Pessacg et al. (2014) and Garcia-Diez et al. (2015) 
biases of SSR in RCMs show a high dependence on cloud 
cover and surface albedo uncertainties.

The objective of this study is to elaborate a multi-model 
evaluation of SSR changes over Europe to solidly establish 
the state-of-knowledge in this respect and further unveil 
underlying causes of biases and uncertainties.

First we analyze the changes in SSR in the period of 
2006–2100 projected by 4 RCMs belonging to the EURO-
CORDEX framework at two different resolutions (0.44° 
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and 0.11°) and also the SSR fields of ten corresponding 
GCMs used to drive these RCMs by providing the respec-
tive atmospheric boundary conditions, from the Coupled 
Model Intercomparison Project Phase five (CMIP5). Sec-
ond, since significant discrepancies will be shown in the 
projected SSR changes in global and regional models over 
Europe, changes in cloud cover and other relevant quanti-
ties like atmospheric absorption, top-of-the-atmosphere 
(TOA) reflection and albedo are further analyzed with the 
aim of understanding the physical reason behind and iden-
tifying the key parameters introducing the differences. The 
validation of SSR and its trends over the historical period 
(1971–2005) is also included in the study.

The rest of the article is organized in the following way: 
in Sect. 2 the global and regional models considered in the 
study are presented and observational data are described. 
Section 3 contains the validation of SSR and cloud cover 
against ground-based observations. In Sect.  4 the main 
results regarding the projected SSR changes in GCMs and 
RCMs over Europe are detailed, furthermore projections of 
cloud cover and of other relevant components of the energy 
balance are presented in this section. Section 5 includes a 
wider discussion of the results and finally, in Sect.  6, the 
general conclusions of the study are summarized.

2  Data and methods

2.1  Model description

2.1.1  CMIP5

Involving 20 climate modeling groups the Coupled Model 
Intercomparison Project Phase five (CMIP5) coordinates 
and provides global climate change experiments from more 
than 40 GCMs (Taylor et  al. 2012). These experiments 
are widely used by the climate research community even 
for regional impact studies. Four Representative Concen-
tration Pathways (RCPs) radiative forcing scenarios were 
developed: RCP2.6, RCP4.5, RCP6 and RCP8.5, where the 
associated numbers indicate the radiative forcing reached 
at the end of the 21st century compared to the preindus-
trial state. In the present study simulations of ten GCMs 
(Table 1) for RCP8.5 are considered, all of them with a sin-
gle (first) ensemble member (except for EC-EARTH, where 
only the 12th ensemble member r12i1p1 is available). The 
RCP8.5 scenario was selected because the future changes 
in SSR are more obvious in this case, and therefore the 
differences between different simulations could be easer 
detected. This choice is considered more convenient if we 
would like to analyze not the evolution of future climate 
under different scenarios but the difference between future 
changes simulated by regional and global models having 

the same forcing. The selection of GCMs is based on their 
use in the EURO-CORDEX downscaling experiment 
(Jacob et al. 2014). It is limited because only a few GCMs 
are currently downscaled to a high resolution of 0.44° and 
0.11°. The daily fields of surface downwelling shortwave 
radiation (SSR), downwelling shortwave clear-sky radia-
tion, upwelling surface shortwave radiation, TOA incident 
shortwave radiation, TOA outgoing shortwave radiation, 
total cloud cover, surface latent heat flux, and column water 
vapor are used in order to calculate seasonal and yearly 
means.

All GCMs include different schemes for the representa-
tion of atmospheric processes, aerosols, atmospheric chem-
istry, land surface, ocean processes, ocean biochemistry 
and sea ice. In terms of radiation, cloudiness plays a key 
role, which is represented differently in the various models. 
However significant improvements have been achieved in 
the last decades in terms of the climatological annual cycle 
of cloud amount, cloud-top pressure, and optical thickness 
(Klein et al. 2013).

For atmospheric aerosols, either aerosol precursor emis-
sion-driven (CanESM2, CSIRO-Mk3.6.0, HadGEM2-ES) 
or concentration-driven (CNRM-CM5, EC-EARTH, MPI-
ESM-LR) forcing are applied depending on individual 
model characteristics (Table  1). Some of the models pre-
scribe pre-computed aerosols using aerosol chemistry mod-
els (MIROC5, EC-EARTH). Models driven by aerosol con-
centrations incorporate aerosol inventories mainly provided 
by Lamarque et  al. (2010). Besides of the direct effect of 
sulphate, black and organic carbon, sea salt, mineral dust 
and volcanoes, seven of the ten models (see Table  1). 
Include the first indirect effects of aerosols (impact of aero-
sol on cloud droplet radius and cloud droplet number con-
centration), three of them (see Table 1). Handling also the 
second indirect effect i.e. impact of aerosols on cloud life-
time, depth, and liquid water content.

2.1.2  EURO‑CORDEX

Embedded into the Coordinated Regional Climate Down-
scaling Experiment (CORDEX), EURO-CORDEX (Jacob 
et  al. 2014) provides regional climate projections for 
Europe at grid-spacing of about 50  km (0.44° resolution) 
and 12 km (0.11° resolution). Table 2 contains the charac-
teristics of the regional climate models considered in the 
study where the driving CMIP5 GCMs realizations are also 
listed. The RCM-simulated quantities of surface down-
welling shortwave radiation, upwelling surface shortwave 
radiation, TOA incident shortwave radiation, TOA outgo-
ing shortwave radiation, total cloud cover, surface latent 
heat flux, and column water vapor have been analyzed and 
compared against the corresponding outputs of the driving 
GCMs respectively.
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The EURO-CORDEX platform provides various 
regional scale simulations using different boundary con-
ditions. Thereby for example the difference between the 
projections given by one specific RCM using different forc-
ing GCMs can be analyzed, highlighting the role of the 
dynamical downscaling process for radiation-related pro-
cesses. For instance, CCLM simulations forced by four dif-
ferent GCMs (CNRM-CM5, EC-EARTH, HadGEM2-ES, 
MPI-ESM-LR) are available, while WRF and ALADIN 
are driven by a single GCM, namely IPSL-CM5A-MR and 
CNRM-CM5, respectively. The largest variety is provided 
in the case of RCA4, where ten different simulations using 
ten different driving GCMs (CanESM2, CNRM-CM5, 
CSIRO-Mk3-6-0, EC-EARTH, GFDL-ESM2M, MIROC5, 
NorESM1-M, HadGEM2-ES, IPSL-CM5A-MR, MPI-
ESM-LR) can be accessed. However, a difficulty has been 
encountered in the analyses, namely that not in each case 
simulations at both resolution are available, e.g. CCLM 
simulations with different boundary forcings exist only at 

0.11° resolution or RCA4 experiments with all forcings 
can be accessed only for the 0.44° resolution. In the pre-
sent study the resolutions of the analyzed fields are given 
in each case.

In terms of RCM validation against observations, a 
strong dependence of the spatial patterns of biases regard-
ing SSR and cloudiness on the applied convective and 
radiation scheme has been reported (Katragkou et al. 2015). 
Convection and microphysics schemes were also found 
to drive the difference among summer temperature biases 
(Vautard et al. 2013) in the EURO-CORDEX ensemble.

In terms of aerosols RCMs use different aerosol cli-
matologies with various degrees of complexity. CCLM 
includes spatially variable aerosol distribution (urban/
land/dust/sea-salt) derived from the old climatology of 
Tanré et  al. (1984). This aerosol climatology has a very 
low resolution (T10) and strongly overestimates AOD over 
Europe (Zubler et  al. 2011c) with unrealistic high desert 
dust component (Hohenegger and Vidale 2005). In RCA4 

Table 1  List of GCMs considered in the study (adapted from IPCC Climate Change 2013 and Wilox et al. 2013)

a But with black carbon increased uniformly by 25% and organic aerosol increased by 50% (Rotstayn et al. 2012)

Model name Institution Aerosol Aerosol inventory First/second 
aerosol indirect 
effect

Resolution [°]

CanESM2 (von Salzen et al. 
2013)

Canadian Center for Climate 
Modelling and Analysis

Interactive Lamarque et al. (2010) Y/N 2.8 × 2.8

CNRM-CM5 (Voldoire et al. 
2013)

Centre National de 
Recherches Meteor-
ologiques and Centre 
Europeen de Recherche 
et Formation Avancees en 
Calcul Scientifique

Prescribed Lamarque et al. (2010) Y/N 1.4 × 1.4

CSIRO-Mk3.6.0 (Rotstayn 
et al. 2012)

Queensland Climate Change 
Centre of Excellence and 
Commonwealth Scientific 
and Industrial Research 
Organisation

Interactive Lamarque et al. (2010)a Y/N 1.8 × 1.8

EC-EARTH (Hazeleger et al. 
2012)

Consorcium from Europe Prescribed Lamarque et al. (2010) N/N 1.13 × 1.12

GFDL-ESM2M (Dunne et al. 
2012)

NOAA Geophysical Fluid 
Dynamics Laboratory

Semi-interactive Lamarque et al. (2010) N/N 2.5 × 2.0

HadGEM2-ES (Collins et al. 
2011)

UK Met Office Hadley 
Centre

Interactive Lamarque et al. (2010) Y/Y 1.88 × 1.25

IPSL-CM5A-MR (Dufresne 
et al. 2012)

Institut Pierre Simon Laplace Semi-interactive Lamarque et al. (2010) Y/N 2.5 × 1.25

MIROC5 (Watanabe et al. 
2010)

University of Tokyo, National 
Institute for Environmental 
Studies, and Japan Agency 
for Marine-Earth Science 
and Technology

SPRINTARS Lamarque et al. (2010) Y/Y 2.8 × 2.8

MPI-ESM-LR Max Planck Institute for 
Meteorology

Prescribed HAC-v1 (Kinne et al. 2013) N/N 1.88 × 1.87

NorESM1-M (Tjiputra et al. 
2013)

Norwegian Climate Centre CAM4-Oslo Lamarque et al. (2010) Y/Y 2.5 × 1.9
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simulations aerosols are held constant through time and do 
not vary in space, not read explicitly, but handled by the 
radiation scheme. In the case of WRF 3.3.1 no representa-
tion of the aerosols can be found. Only ALADIN 5.2 incor-
porates a radiative scheme to take into account the direct 
and semi-direct effects of five aerosol types (sea salt, desert 
dust, sulfates, black and organic carbon aerosols) through 
the AOD climatology (Tegen et  al. 1997) (Table  1). The 
spatial resolution of Tegen et  al. (1997) climatology is 
T21, the time resolution is monthly, and in general exhib-
its too small AOD over most parts of Europe compared to 
observations (Zubler et  al. 2011c). Based on Zubler et  al. 
(2011c) calculations for the period of 1997–2003 this 
underestimation of aerosols leaded to an increase of SSR in 
annual mean of 10–20% south of 46°N in comparison with 
the climatology of Tanré et al. (1984).

The main reason of using aerosol climatology in RCM 
simulations instead of interactive aerosols is to reduce the 
calculation performance required.

2.2  Observational data

2.2.1  Solar surface radiation

The daily data of ground-based SSR are coming from the 
World Radiation Data Centre (WRDC, http://wrdc.mgo.
rssi.ru/) representing the European continent by 25 stations 
(Table 3). The spatial distribution of the 25 WRDC stations 
is also presented in Online resource 3. The selection of sta-
tions is based on the data availability for the investigated 
period of 1971–2012. As the consequence no data for the 
Iberian Peninsula, France and Balkans are available. The 
data were recorded using standard pyranometers calibrated 
according to WMO standards. The yearly means consid-
ered in the validation process have been obtained by aver-
aging the monthly means calculated as the arithmetic mean 
of daily sums. The data series have been homogenized 
using the MASH process (Szentimrey 2003). As a conse-
quence series with physically irrelevant break points have 
been eliminated from the datasets, and data gaps have been 
filled.

2.2.2  Cloudiness

The synoptic visual cloudiness data are available from the 
“Extended Edited Cloud Report Archive” (EECRA) (Hahn 
and Warren 2003). In the case of validation of model out-
puts, 19 stations represent the European continent for the 
period of 1975–2005. The spatial distribution of the 19 
EERCA stations is presented in Online resource 3.Simi-
lar to SSR data, cloudiness data have been independently 
homogenized by the MASH process. The homogenized 
datasets indicate stronger significant correlations between 

SSR and cloudiness data than before the homogenization 
process.

3  Validation of GCMs and RCMs outputs 
against observations

In this section the SSR and total cloud cover historical 
series (1971–2005 period) from GCMs and RCMs are 
compared to observations. For this purpose, the nearest 
model grid points to the stations where observations are 
available (see Online resource 3) are selected and averaged, 
namely 25 grid points in case of SSR and 19 grid points in 
case of cloudiness.

Not surprisingly, the simulated SSR series show an over-
all overestimation compared to WRDC data (Fig. 1a) which 
is a known long standing problem in climate modeling 

Table 3  List of European stations of SSR (from World Radia-
tion Data Center) and cloud cover (Extended Edited Cloud Report 
Archive) observations

– Marks if data are available at the given station

Station Latitude Longitude SSR 
(WRDC)

Clouds 
(EECRA)

1 ABERPORTH 52.13 −4.57 – –
2 BERGEN 60.40 5.32 – –
3 BRATISLAVA 48.17 17.12 – –
4 BRINDISI 40.65 17.95 – –
5 DEBILT 52.10 5.18 – –
6 ESKDALEMUIR 55.32 −3.20 – –
7 GRAZ 47.08 15.45 –
8 HELSINKI 60.32 24.95 – –
9 HRADEC KRAL-

OVE
50.18 15.83 – –

10 JOKIOINEN 60.82 23.50 – –
11 KLAGENFURT 46.65 14.33 – –
12 KOLOBRZEG 54.18 15.58 – –
13 LERWICK 60.13 −1.18 – –
14 LOCARNO 46.17 8.78 –
15 LULEA 65.55 22.13 – –
16 PALINURO 

CAPO
40.02 15.28 – –

17 REYKJAVIK 64.13 −21.90 – –
18 SALZBURG 47.78 13.05 –
19 SONNBLICK 47.05 12.95 –
20 STOCKHOLM 59.35 18.07 –
21 VALENTIA 51.93 −10.25 – –
22 VIGNA DI 

VALLE
42.08 12.22 –

23 WARSZAWA 52.28 20.97 – –
24 WIEN 48.25 16.35 – –
25 ZAKOPANE 49.30 19.95 – –

http://wrdc.mgo.rssi.ru/
http://wrdc.mgo.rssi.ru/
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(e.g. Wild et al. 1995). The lowest biases are found for the 
CCLM regional model, and in this case the biases of the 
driving GCMs are higher except for MPI. Furthermore, in 
the CCLM simulation driven by the MPI GCM, an under-
estimation of SSR is found. In case of RCA4, WRF and 
ALADIN, the biases in the regional models are higher than 
in the GCMs applied as boundary condition. Considering 
also the comparison between RCMs at 0.11° and 0.44° 
resolutions, it seems that the biases become larger with 
higher resolution. The multi-model bias is 9.5  W/m2 for 
global models (average of 10 GCMs), 15.1 W/m2 for RCMs 
at 0.44° resolution (average of 13 simulations of 4 RCMs 
see Table 2) and 17.2 W/m2 for RCMs at 0.11° resolution 
(average of 10 simulations of 3 RCMs see Table 2).

Figure  1b shows the biases of simulated total cloud 
cover as compared to the cloud observations available 
from EERCA (Table  3). An overall underestimation of 
cloudiness is found in both GCMs and RCMs: −5.9% for 
GCMs, −7.3% for RCMs at 0.44° resolution and −5.5% 
for RCMs at 0.11° resolution. Hence, RCMs at 0.11° 
resolution show the lowest bias in cloud cover while the 
strongest overestimation of SSR, which suggests that by 
enhancing the representation of cloud cover at higher 

resolutions larger compensating errors could be intro-
duced in the radiation budget. Validations against satel-
lite measurements also indicate that most GCMs tend to 
underestimate the amounts of low and mid-level clouds 
(Zhang et al. 2005).

In terms of trends, the multi-model SSR mean of the 
10 GCMs reproduces the brightening in the period of 
1991–2012 (Wild et al. 2005), fitting well with the observa-
tions (Table 4) in sign (however there is an underestimation 
of the trend by 0.92 W/m2 per decade), while the “global 
dimming” period (1971–1990) (Stanhill and Cohen 2001) 
is not captured at all. In the case of the regional models a 
large bias can be detected between the trend in the obser-
vations and the multi-model mean, the latter indicating a 
continuous decrease in SSR starting from the beginning of 
the investigated period. However it should be mentioned 
that all RCMs investigated here consider temporally invari-
ant aerosol climatologies only, therefore they cannot repro-
duce the full extent of the decadal SSR variability, which is 
considered to be mainly caused by changes in the aerosol 
content over Europe in the last decades (Wild 2009). In this 
respect, global climate models may partially be able to bet-
ter reproduce SSR trends in the historical periods due to the 

Fig. 1  Biases in a SSR simulations against WRDC observations 
(25 stations in Europe), b and total cloud cover simulations against 
EECRA observations (19 stations in Europe). Blue columns depict 

RCM simulations with 0.11° resolution, orange columns depict RCM 
simulations with 0.44° resolution, and grey columns depict simula-
tions by the driving GCMs

Table 4  Linear trends in SSR (W/m2 per decade) and total cloud cover (% per decade) over Europe in observations and in regional and global 
model simulations

Period Trend of SSR (W/m2 per decade)

WRDC (Obs) CORDEX11 CORDEX44 GCMs

1971–2012 1.42 −0.34 −0.27 1.75
1971–1990 −1.44 −0.33 −0.21 0.73
1991–2012 3.00 −0.55 −0.30 2.08

Period Trend of total cloud cover (% per decade)

EECRA (Obs) CORDEX11 CORDEX44 GCMs

1975–2006 −0.06 −0.15 0.01 −0.32
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consideration of time dependent aerosol emission or con-
centration changes (see Table 1).

On the other hand, the non-significant changes in total 
cloud cover in the period of 1975–2006 indicated by the 
EERCA observations is only captured by the RCMs at 
0.44° resolution, whereas the GCMs and the higher 0.11° 
resolution EURO-CORDEX simulations give significant 
negative trends (Table 4).

The validation of regional climate simulations with 
0.11° resolution driven by the ERA-INTERIM reanalyzes 
has been also elaborated in the period of 1989–2005. An 
overall overestimation of SSR by 17.1  W/m2 has been 
detected which is similar with the BIAS in case of simula-
tions driven by different GCMs (15.9 W/m2) for the same 
period. The smallest BIAS of −1.3  W/m2 is found in the 
case of CCLM (+0.09 W/m2 driven by GCMs, with under-
estimation by 7.6  W/m2 in CCLM simulations driven by 
MPI), and an overestimation of solar surface radiation by 
19.5  W/m2 in ALADIN, by 20.6  W/m2 in RCA4 and by 
29.4 W/m2 in WRF. These BIAS in the simulations driven 
by GCMs are 19.1 W/m2 (with 0.44° resolution), 25.2 and 
32.1  W/m2, respectively. In terms of trends (compared to 
the observations, 2.28  W/m2 per decade) a stronger trend 
is detected in the case of ALADIN simulations (3.59 W/m2 
per decade), weaker trend in CCLM (0.23 W/m2 per dec-
ade) and RCA4 (0.69 W/m2 per decade) and opposite trend 
in WRF (−0.84 W/m2 per decade). In simulations forced by 
different GCMs these trends are 4.97 W/m2 per decade in 
ALADIN, 0.10 W/m2 per decade CCLM, −0.17 W/m2 per 
decade in RCA4 and −0.53 W/m2 per decade in WRF.

In addition to prevailing large-scale conditions the 
nested regional climate models are constructed to describe 
small-scale atmospheric features such as convective cell, 
orography, costal line, land cover all having influence on 
the local climate. A large number of studies are assessing 
the added value of regional climate models (Xie et al. 2015; 
Di Luca et al. 2015) comparing them with observations. In 
general the modelling community agree that regional mod-
els can add value, however it highly depends on the variable 
of interest and the location (Feser et al. 2011). In our study 
the validation of SSR fields coming from GCMs forced 
regional climate models indicates similar BIAS as in the 
case of validation of hindcast simulations (the largest dif-
ference of BIAS from individual validations is 7.1 W/m2) 
which confirms the fact that radiation processes in RCMs 
are not significantly affected by the physical processes con-
strained by boundary conditions. This could imply that the 
inconsistencies between the SSR simulations of GCMs and 
RCMs, and also the BIAS are mainly dominated by the 
parameterization of local processes and by the compen-
sating errors resulting from this parameterizations. These 
errors, however, cannot be identified from a single output, 
their identification requires the examination of individual 

physical processes in the simulation not included in the 
present study. Regarding the validation of long term SSR 
trends the observational records showed a strong depend-
ency to atmospheric aerosol content in the last decades over 
Europe (Wild 2009), hereafter because of the lack of time 
varing aerosol input the RCMs are not able to reproduce 
these changes. On the other hand mainly in midlatitudes the 
internal variability (not analysed in the study) plays a domi-
nant role in multidecadal atmospheric circulation changes 
which becomes higher at finer spatial and temporal scales 
shaping regional climate patterns (Maraun et  al. 2010). 
This can also influence the ability of regional climate mod-
els to reproduce trends.

4  Climate change scenarios

4.1  Annual changes in SSR from GCMs and RCMs

In this section future projections of SSR based on regional 
and global climate model simulations are assessed.

Figure 2 shows the changes of SSR for the case of the 
RCA4 regional model (at 0.44° resolution) with ten dif-
ferent GCMs (whose SSR projections are also shown in 
Fig. 2) applied as boundary forcing. The changes are given 
in absolute values (W/m2) defined as the difference between 
the future projections under RCP8.5 (2071–2100) and the 
historical simulation (1971–2005). The forcing GCMs indi-
cate an overall increase in SSR over the European domain 
(27 N-72 N, 22 W-45E) to the end of the century, the multi-
model mean projection being 3.96 W/m2, with the individ-
ual signals exceeding even 20 W/m2 in some places. Strong 
positive changes are mainly located in the center part of the 
continent (CSIRO, HadGEM, MIROC, NorESM) except 
for the MPI and GFDL models that only project an increase 
in SSR over the southern part of the domain, with their sig-
nals being negative in the central and northern parts.

Contrary to the GCM projections, the projections of 
RCA4 using different boundary conditions give on aver-
age (over all realizations and the entire European domain) 
a general decrease in SSR by 4.18 W/m2 to the end of the 
century. The absolute difference between the SSR multi-
model changes projected by the 10 GCMs and by the 10 
realizations of RCA4 presented in Fig.  2 is 8.14  W/m2, 
including a change of sign. It is also noteworthy that both 
the pattern of SSR changes and the mean change over the 
domain seem to be very similar in all realizations of RCA4, 
despite much stronger differences both in magnitude and 
pattern in the GCM ensemble. Obviously, the SSR changes 
in the RCM are mainly controlled by internal processes 
of the RCM and little influenced by the boundary forcing 
applied.
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Fig. 2  Annual projected changes in SSR in the RCA4 regional model and in different driving GCMs. The changes are defined as the difference 
between the future projections for RCP8.5 (2071–2100) and the historical simulation (1971–2005)

Fig. 3  Annual changes in SSR in individual RCMs (first name on 
x axes) and in GCM applied as boundary conditions (second name 
on x axes) over the European domain. Blue columns depict changes 
for RCMs with 0.11° resolution, orange columns depict changes for 

RCMs with 0.44° resolution, and grey columns depict changes in 
GCMs. The changes are defined as the difference between the future 
projections of RCP8.5 (2071–2100) and historical simulation (1971–
2005)
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Considering realizations of CCLM with 0.11° resolution 
(Fig. 3, Online Resource 1) the absolute difference between 
the SSR changes in RCMs and in the 4 driving GCMs is 
7.85 W/m2, −4.69 W/m2 and +3.16 W/m2 respectively. In 
WRF simulations the SSR changes are −6.42 W/m2 (with 
0.11° resolution) and −6.57 W/m2 (with 0.44° resolution) 
while the driving GCM (IPSL) gives an increase in SSR of 
4.53 W/m2 (Fig. 3, Online Resource 1).

In most cases the opposite sign in SSR changes between 
an RCM and its driving GCM is evident except for ALA-
DIN driven by CNRM-CM5. In the case of ALADIN, an 
increase in SSR of 4.14  W/m2 is projected for Europe, 
which is stronger than the changes projected by the driving 
GCM (3.52 W/m2). It should be mentioned that the regional 
model of ALADIN and its driving GCM, namely CNRM-
CM5, have the same physical parameterizations contrary 
to the other simulations. On the other hand the ALADIN 
model implies the Tegen climatology which underestimates 
the AOD over Europe (see Sect.  2.1.2). These facts rein-
force the idea that the trends in SSR simulated by RCMs 
depend more on physical parameterizations of the inner 
model than on the lateral boundary conditions.

Opposite trends in the future projections of SSR between 
RCMs (only at 0.11° resolution) and respective GCMs can 
also be seen in Fig. 4. The anomaly time series in Fig. 4 are 
made up from the average over the 25 grid cells where the 
25 WRDC observational sites (Table  3) are located. The 
multi-model mean of the five GCMs (Fig.  4a) shows an 
increase in SSR with a rate of 0.17 W/m2 per decade for the 
period of 2006–2100, while this change in the multi-model 
mean of the 3 RCMs (Fig. 4b) is −0.72 W/m2 per decade 
considering the 0.11° resolution realizations and −0.47 W/
m2 per decade considering the 0.44° resolution realizations 
(not shown on Fig. 4b).

The differences detected in SSR changes between GCMs 
and RCMs evidence the fact that even if the boundary 

conditions regarding meteorological parameters are taken 
from GCMs, the processes affecting radiation are repre-
sented differently in global and regional models. The dif-
ferences can originate from the different radiation schemes 
applied in GCMs and RCMs but also from changing the 
parametrization of other processes affecting radiation like 
cloudiness. These changes strongly influence the whole 
radiation balance potentially introducing compensating 
errors which could reduce the ability of the climate models 
to simulate the right amounts of radiation in the shortwave 
and longwave spectrum (Klein et al. 2013).

Another aspect in understanding the difference 
between RCMs simulations, however, is the internal 
variability of the regional models (Giorgi and Gutowski 
2015). Besides the fact that RCMs are constrained by lat-
eral boundary conditions, recent studies have argued that 
even on decadal or multidecadal scale RCMs also exhibit 
internal variability, namely could produce different 
experiments for the same set of lateral conditions (Bell-
prat et al. 2012; Lucas-Picher et al. 2008). Internal vari-
ability might vary as a function of season showing larger 
differences in summer over midlatitudes (Caya and Biner 
2004; Giorgi and Bi 2000), as a function of domains size 
where differences increase as the size of the domain get-
ting larger (Vannitsem and Chome 2005) and as a func-
tion of geographical location (Alexandru et al. 2007).The 
spatial patterns of positive and negative changes are simi-
lar in all RCMs (Online Resource 1) except for ALADIN. 
Regardless of the boundary conditions three out of the 
four RCMs indicate a SSR increase in the southern part 
of the continent (Iberian Peninsula, France, Italy, Bal-
kan Peninsula, Turkey and northern edge of Africa) and 
a decrease in SSR in the other parts of the domain. Also 
in the regional models a sharp difference between sea and 
land surfaces can be detected (see e.g. Iberian Peninsula). 
It can be concluded that the regional model simulations 

Fig. 4  Annual changes (anomaly from 1971 to 2005) in SSR in 
GCMs (a) and RCMs (b), red curve—multimodel mean, black curve 
– observations (in legend of b first is the name of the RCM, second is 

the name of the driving GCM). The anomaly time series are made up 
from the average over the 25 grid cells where the 25 WRDC observa-
tional sites (Table 3) are located
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regarding SSR are not sensitive to the boundary con-
ditions coming from different GCMs (Fig.  2 and also 
Online Resource 1). The same conclusion can be drawn if 
we analyze different RCM outputs having the same GCM 
forcing as shown in Fig. 5. In these examples both global 
climate models (CNRM and IPSL) indicate a robust 
increase over Europe. In the first case, the ALADIN 
regional model gives an even stronger increase in SSR 
than the driving GCM, while RCA4 gives changes with 
opposite sign except for the Iberian Peninsula. In the sec-
ond case, in contrast to the driving GCM, both regional 
models, namely WRF and RCA4, project a decrease in 
SSR, although with different spatial distributions (the 
first one projects stronger SSR decrease in the center part 

of the continent and the second one in the northern part 
of the continent).

4.2  Seasonal changes in SSR from GCMs and RCMs

The opposite sign of SSR projections between GCM and 
RCM simulations presented in Figs.  3 and 4 can also be 
detected at seasonal scale (Fig. 6 and Online Resource 2) 
over the whole European domain. The multi-model mean 
of the 10 GCMs included in the study gives SSR changes 
(2071–2099 vs. 1971–2005) of 1.5  W/m2 (1.9%) in DJF, 
3.1  W/m2 (1.5%) in MAM, 6.9  W/m2 (2.6%) in JJA and 
4.2 W/m2 (3.3%) in SON (Fig. 6). In the case of the multi-
model mean of the four RCMs (including 0.11° and 0.44° 
resolution) changes are −2.3  W/m2 (−3.0%), −6.8  W/m2 

Fig. 5  Annual changes in SSR 
in different RCMs driven by 
the same GCM. The changes 
are defined as the difference 
between the future projec-
tions of RCP8.5 (2071–2100) 
and the historical simulation 
(1971–2005)

Fig. 6  Seasonal changes in 
SSR in the 4 regional models 
including realizations at 0.11° 
and 0.44° (blue columns) and 
in 10 global climate mod-
els (orange columns) used 
as boundary condition over 
the European domain. The 
multimodel changes are defined 
as the difference between the 
future projections of RCP8.5 
(2071–2100) and the historical 
simulation (1971–2005)
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(−3.3%), −5.5  W/m2 (−2.2%) and −2.3  W/m2 (−1.9%) 
respectively Similar to the yearly changes, the regional 
models give decreasing trends in each season excepting 
ALADIN simulations (changes for individual models are 
presented in Online Resource 4).. Generally, the largest 
positive SSR changes in the GCMs are taking place during 
summer and autumn while in the case of the RCMs largest 
negative changes occur in spring and summer. In general 
the spatial patterns of SSR changes in GCMs and RCMs 
differ during spring, summer and autumn, but fairly simi-
lar spatial distributions are obtained for wintertime (Online 
Resource 2). The physical background to understand 
the differences between the seasonal changes is partially 
explained in the discussion.

4.3  Changes in cloudiness

Cloudiness can be considered as the main local modula-
tor of SSR (Garcia-Diez et al. 2015; Kothe et al. 2011). In 
the present study future changes in cloudiness have been 
examined in order to verify if the behavior of cloudiness 
in model simulations is consistent with the reported dif-
ferences in SSR changes. Figure 7a presents the evolution 
(anomalies with respect to the 1971–2005 climatology) in 
the total cloud fraction averaged over the 19 grid cells col-
located with the observational sites (see Table  3) from 5 
GCMs and Fig. 7b the results from 2 RCMs (with 0.11ores-
olution) that were driven by these 5 GCMs. In the GCMs 
the multi-model mean shows a decrease in cloudiness of 
−0.26% per decade (significant trend at p = 0.05) for the 
period of 2006–2100, which is in line with the increase in 
SSR presented in Fig. 4a. Surprisingly the changes in total 
cloud fraction in the case of the regional models is −0.01% 
per decade for the period of 2006–2100, which is non-sig-
nificant at p = 0.05. Consequently, the detected significant 
decrease in SSR (Fig. 4b) cannot be entirely explained by 

the behavior of cloudiness. Therefore, the next Section 
addresses further research on that.

4.4  Atmospheric absorption and TOA reflection

Going one step further, long-term changes in atmospheric 
absorption and top-of atmosphere (TOA) reflection have 
been investigated. These magnitudes are calculated using 
Eqs. (1) and (2):

where ASRatm denotes atmospheric absorption, TOAnet 
denotes net shortwave radiative flux through the top of 
atmosphere, ASRsurf is the absorption at the surface, and α 
is the surface albedo.

Figure  8 depicts the evolution of the anomalies of 
SSR, atmospheric absorption and TOA reflection (refer-
ence period is 1971–2005) in 3 RCMs with 0.11° resolu-
tion (CCLM, RCA4 and WRF) and in the GCMs applied 
as boundary condition (CNRM, MPI, HadGEM and IPSL). 
The curves represent the mean changes averaged over 
the 25 grid cells where the WRDC observational stations 
are located. The multi-model mean of GCMs indicates a 
decline of TOA reflection of −0.60  W/m-2 per decade in 
the period of 2006–2100, which is in line with the decrease 
in cloudiness, see Fig.  7a. Atmospheric absorption shows 
an increase of 0.28 W/m2 per decade until the end of the 
century, limiting the increase in SSR which shows a trend 
of +0.22 W/m2 per decade (in case of the four GCM con-
sidered here). In the case of RCMs the TOA reflection 
shows no significant changes while the increase in atmos-
pheric absorption of 0.31 W/m2 per decade contributes to 
the attenuation of the surface solar radiation that exhibits a 
trend of −0.72 W/m2 per decade.

(1)ASR
atm

= TOA
net

− ASR
surf

(2)ASR
surf

= (1 −�) SSR

Fig. 7  Annual changes (anomaly from 1971 to 2005) in total cloud 
fraction in GCMs (a) and RCMs (b), red curve—multimodel mean, 
black curve—observations. The anomaly time series are made up 

from the average over the 19 grid cells where the 19 EECRA obser-
vational sites (Table 3) are located
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5  Discussion

One main question that remains to be addressed is why the 
changes in cloudiness are projected differently in global 
and regional models. Even through the parametrization 
is differing from one model to another, a general conclu-
sion can be drawn regarding the consistency of changes. 
In the GCMs cloudiness shows an overall decline but the 
spread between single models is larger (the range between 
maximum and minimum anomalies is 15.3% of the abso-
lute cloud cover). The multi-model mean of trends in total 
cloud fraction in RCMs has no significant trend and the 
spread between individual realizations is smaller (the range 
between maximum and minimum anomalies is 10.9% of 
the absolute cloud cover). In the GCMs there is an over-
all decrease in cloudiness over the entire domain (although 
mainly over land surfaces), while in the RCMs the changes 
are not so uniformly distributed, and local patterns can be 
detected (see Online Resource 1). In particular, a sharp 
contrast is shown in RCMs between ocean and land sur-
faces, with an overall increase in cloudiness and decrease in 
SSR in the North Atlantic region, and a significant decrease 
in cloudiness and increase in SSR over the land surfaces 
south to the 50  N latitude (e.g. see Iberian Peninsula in 
Online Resource 1). These spatial patters of cloud cover 
changes, and consequently changes in SSR, are similar in 

three RCMs, namely in CCLM, RCA4 and WRF (exclud-
ing ALADIN), but cannot be clearly detected in the GCMs.

The spatial difference in SSR changes between RCMs 
and GCMs is present mainly in the warm period of the year 
(spring and summer). In this period the amount of cloudi-
ness is strongly related to the convection. Analyzing precip-
itation fields Turco et al. (2013) also reported inconsistent 
projections from the same GCM driving different RCMs.

Strongly linked to atmospheric circulation the quality 
of RCMs also depends on the sea surface conditions deter-
mined by the forcing GCMs (Rummukainen 2010). The 
advantage of a coupled regional ocean model, not the case 
in EURO-CORDEX simulations, is to provide sea surface 
temperature and sea ice extend fields with higher resolution 
compared to the limited one of the ocean model component 
of GCMs. This kind of improvement is mostly required in 
coastline regions with complex sea-land-atmosphere inter-
actions. Focusing on the North Sea and Baltic Sea region 
Tian et al. (2013) in their work demonstrated that coupled 
fine-grid ocean model within RCMs is useful not only to 
study local climates but also to prevent see surface temper-
ature biases (especially in winter season) in the feedback 
process.

At regional scale evapotranspiration plays a key role 
in providing sufficient water vapour for convective cloud 
formation. The intensity of evapotranspiration however 

Fig. 8  Annual changes (multimodel means) in SSR, atmospheric absorption and TOA reflection in GCMs and RCMs (the anomaly time series 
are made up from the average over the 25 grid cells where the 25 WRDC observational sites in Table 3 are located)
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is correlated to the soil moisture in terms of water limita-
tion (Seneviratne et al. 2010; Jerez et al. 2012; Wild et al. 
1996). Some studies have argued that during summertime 
GCMs tend to dry out (Wild et al. 1996, 1997) over Europe 
(or midlatitude continents) so that hardly any humidity for 
cloud formation is available. This phenomenon can also be 
detected in the latent heat flux changes in the case of the 
GCMs considered here, where a decline of 0.54 W/m2 per 
decade under the RCP8.5 scenario is found over Europe 
(Fig.  9a) in the period of 2006–2100. However a strong 
decrease of −0.82 W/m2 per decade is detected in the sec-
ond part of the period (after 2050), while in the first part of 
the period the change is −0.3 W/m2 per decade, suggesting 
an intensified drying towards the end of the century. At the 
same time RCMs provide sufficient humidity for convective 
cloud formation according to the increase in latent heat flux 
in the RCM multi-model mean with 0.76 W/m2 per decade 
in the projected period of 2006–2100 (Fig. 9b). Therefore 
in this case the amount of humidity in RCMs does not con-
stitute a limiting factor for convective cloud formation, 

which may explain why the total amount of cloudiness in 
the regional models is not declining.

In order to confirm the results in Sect. 3.4, the simulated 
changes in water vapour have been checked. Figure  10a 
shows the changes in absolute values of column water 
vapour (kg/m2) in nine GCMs, and Fig.  10b depicts the 
changes in two RCMs (with 0.11° resolution). In both cases 
an increase in water vapour can be detected (0.53 kg/m2 per 
decades in GCMs and 0.52 kg/m2 per decades in RCMs in 
the period of 2006–2100), which is in line with the detected 
increase of atmospheric absorption.

Besides cloudiness, the connection between SSR 
changes and the way in which aerosols are handled by the 
models have been assessed. Grouping the GCMs into cat-
egories of models with interactive aerosols (CanESM2, 
CSIRO-Mk3.6.0, HadGEM2-ES), models with semi-
interactive aerosols (GFDL-ESM2M, IPSL-CM5A-MR), 
and models with prescribed (but time varying) aerosols 
(CNRM-CM5, EC-EARTH, MPI-ESM-LR) a larger spread 
of SSR changes can be detected in case of models with 
interactive aerosols (27.4  W/m2). In the case of models 

Fig. 9  Annual changes (anomaly from 1971 to 2005) in latent heat flux in GCMs (a) and RCMs (b), red curve —multimodel mean (the anom-
aly time series are made up from the average over the 25 grid cells where the 25 WRDC observational sites in Table 3 are located)

Fig. 10  Annual changes (anomaly from 1971 to 2005) in column water vapor in GCMs (a) and RCMs (b), red curve—multimodel mean (the 
time series are made up from the average over the 25 grid cells where the 25 WRDC observational sites in Table 3 are located)
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with semi-interactive aerosols the range of SSR changes is 
18.7 W/m2, while in the case of models having prescribed 
aerosols this range is 20.4 W/m2. The larger spread in SSR 
changes projected by the models with interactive aerosols 
has been also found in the present assessment including 36 
CMIP5 GCMs. At the same time all RCMs considered in 
this study include prescribed (time invariant) aerosol inven-
tories. Therefore, the different way of handling aerosols can 
additionally explain the fact that the spread of projected 
changes of SSR are larger in GCMs and more consistent in 
RCMs.

6  Conclusion

The components of the shortwave radiation budget consti-
tute key parameters in climate modeling. However there 
are very few studies on the evaluation of these quantities 
as they are simulated by different climate models both for 
future and present periods respectively, especially regard-
ing solar surface radiation (SSR).

In the present study model-projected future changes in 
SSR over Europe have been assessed. Four RCMs and their 
ten driving GCMs have been considered and a remarkable 
discrepancy between global and regional model projec-
tions has been detected. Global climate models indicate a 
sustained increase in SSR over the European domain along 
the period 2004–2100 under the RCP85 scenario, while a 
general decrease in SSR has been detected in three out of 
the four regional models (CCLM, RCA4 and WRF). Sig-
nificant decrease of SSR in case of CCLM has also been 
reported by Kothe et al. (2011), which is the consequence 
of the robust overestimation of aerosols in the Tanré et al. 
(1984) climatology used in these simulations (Zubler et al. 
2011c). The fourth regional model, namely ALADIN5.2, 
was the only indicating increase of SSR. The opposite 
evaluation of SSR in the ALADIN model partially could be 
explained on the one hand by the fact that only ALADIN 
introduces direct and semi-direct effects of five aerosol 
types. On the other hand the Tegen et al. (1997) climatol-
ogy used in these simulations underestimates the aerosols 
over the continent thus introduces higher SSR also reported 
in the work of Zubler et al. (2011c). Consequently the qual-
ity of aerosol information introduced in regional climate 
models has a significant impact on the BIAS of SSR simu-
lations, however, their improvements do not always lead to 
general BIAS reducing because the compensating errors 
after model tuning. Overall the projected SSR changes are 
similar among the CCLM, RCA4 and WRF simulations 
irrespective of the boundary conditions taken from differ-
ent GCMs. It can be argued that RCMs take boundary con-
ditions from GCMs only for temperature, pressure, wind 

humidity, sea surface temperature and sea ice extend, while 
the radiation scheme, the microphysics scheme and the 
convective cloud scheme is running fairly independently 
in each case. This fact is also confirmed by comparing the 
RCMs validations with ones of hindcast simulations.

The opposite sign of SSR changes in the regional and 
global models is attributed mainly to the different behav-
iour of the simulated cloud cover. In the global models 
cloudiness shows a significant decrease over Europe and, 
despite the fact that the atmospheric absorption is increas-
ing due to increased water vapour there is still a surplus 
of energy at the surface as indicated by the positive trends 
in SSR. In RCMs no significant changes in cloud cover 
can be detected, thus the total cloud amount changes are 
not expected to induce changes in SSR. At the same time, 
regional models simulate an increase in atmospheric 
absorption (with similar magnitude as in GCMs), which, 
unlike in the GCMs, is not compensated by the increase in 
SSR due to the less cloudiness, finally causing a decrease 
in SSR.

The results of the study highlight the importance of 
evaluating the SSR future projections coming from differ-
ent type of climate models and the detected discrepancies 
should be taken into account also in the interpretations of 
SSR based impact studies.
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