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a major energy exchange at the interface between the atmo-
sphere and the Earth’s surface. Changes in SSR therefore 
have the potential to significantly impact various aspects of 
the climate system, with associated socio-economic impacts 
arising from the resultant changes in weather and climate 
events (Wild 2005; Allen et al. 2013; Wild et al. 2016).

Clouds contribute to Earth’s radiation budget through 
their impacts on shortwave (SW) and longwave (LW) radia-
tion (Stephens et al. 2012) and therefore affect weather and 
climate (Ramanathan et al. 1989; Boucher et al. 2013). Aero-
sols can affect SSR directly by radiative absorption and scat-
tering (aerosol-radiation interactions, ARI) (e.g., Boucher 
et al. 2013; Bellouin et al. 2020) and indirectly by chang-
ing cloud characteristics like albedo and lifetime, through 
their role as cloud condensation nuclei (aerosol-cloud 

1 Introduction

Solar radiation is a crucial climate variable and the funda-
mental energy source for the Earth-atmosphere system. It 
plays a critical role in driving surface temperatures, large-
scale atmospheric circulation, and the global and local 
hydrological cycle (Allen et al. 2013; Wild et al. 2016; Allan 
et al. 2020). Downward surface solar radiation (SSR) (also 
known as downward surface shortwave radiation) represents 
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Abstract
Satellite-derived products and reanalyses show consistent increases in downward surface solar radiation (SSR) and 
decreases in cloud cover over North America and Europe from the 1980s to 2010s. These trends show a strong seasonality, 
with the largest changes in boreal summer. A set of timeslice experiments with an atmospheric general circulation model 
(AGCM) forced with prescribed changes in sea surface temperature/sea ice extent (SST/SIE), greenhouse gas (GHG) con-
centrations, and anthropogenic aerosol (AA) emissions, together and separately, is performed to assess the relative roles 
of different forcings in these observed trends. The model reproduces the main observed features over Europe and North 
America, including the seasonality of trends, suggesting a dominant role of forced changes in the recent trends in SSR and 
cloud cover. Responses to individual forcings indicate that recent decadal trends in SSR over Europe are predominantly 
driven by AA emission reductions, with an additional influence from SST/SIE and GHG changes. In contrast, changes in 
AA, SST/SIE, and GHG contribute more equally to simulated decadal trends in SSR and cloud cover over North America, 
although SST/SIE play the most important role. In our simulations, responses of SSR to AA emission reductions are 
primarily governed by aerosol-radiation interactions. Responses to SST/SIE and GHG changes are predominantly due to 
cloud cover changes, which are driven by atmospheric circulation and humidity changes. This process level understand-
ing of how different forcing factors influence decadal trends in SSR and cloud cover is valuable for understanding past 
changes and future projections in global and regional surface energy budgets, surface warming, and global and regional 
hydrological cycles.
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interactions, ACI) (e.g., Albrecht 1989; Boucher et al. 2013; 
Bellouin et al. 2020). Variations in the location and type 
of aerosol sources as well as their relatively short lifetime 
give them a high spatiotemporal variability. Consequently, a 
change in regional aerosol emissions, or a shift of the emis-
sion patterns, is expected to affect the local cloud properties 
and therefore SSR through both ARI and ACI.

During the past few decades, there were large changes in 
the magnitude and spatial pattern of aerosol and aerosol pre-
cursor emissions. These changes are characterized by strong 
increases from the 1950s to 1970s over North America and 
Europe, reductions there since the mid-1980s in response to 
air quality measures, and an increase over Asia and Africa 
since the 1970s (Klimont et al. 2013). Surface solar radia-
tion measurements in many regions, especially over Europe 
and North America, have shown large multidecadal swings 
that have been attributed to these emission changes, with 
radiation decreases throughout the 1950s–1970s (“dim-
ming”) and increases during the 1990s (“brightening”) (e.g., 
Wild et al. 2005; Stjern et al. 2009; Allen et al. 2013; Wild 
2016; Schwarz et al. 2020; Wohland et al. 2020; Wang et al. 
2022). These observed multidecadal changes likely played 
an important role in regulating surface warming, and global 
and regional hydrological cycles (Wild et al. 2005; Wild 
2016; Folini and Wild 2011; Allen et al. 2013; Freychet et 
al. 2019; Allan et al. 2020; Cherian and Quaas 2020).

A number of studies have identified positive trends in 
SSR, and negative trends in cloud cover over the North 
Atlantic sector, using satellite-derived products and sta-
tion observations from 1980s (e.g., Wild 2005; Wild 2016; 
Norris and Evan 2007; Norris et al. 2016; Allen et al. 2013; 
Nabat et al. 2014; Sanchez-Lorenzo et al. 2017a, b; Pfei-
froth et al. 2018a, b). It has been suggested that anthropo-
genic forcings, in particular aerosol forcings, are likely to 
be the dominant factor for these trends (e.g., Ruckstuhl and 
Norris 2009; Allen et al. 2013; Turnock et al. 2015; Norris 
et al. 2016; Boers et al. 2017; Freychet et al. 2019; Cherian 
and Quaas 2020).

Anthropogenic forcings, including greenhouses and 
aerosols, may affect cloud cover and SSR directly, and indi-
rectly through their influence on sea surface temperature 
(e.g., Gregory and Andrews 2016; Zhou et al. 2016; Dong 
et al. 2017). Previous studies have indicated that changes 
in SSR and cloud cover are important factors in extreme 
hot temperatures and heatwaves over Europe and North 
America (e.g., Smith et al. 2013; Dong et al. 2016; 2017; 
Freychet et al. 2019; Luo et al. 2020; Tang et al. 2020). 
However, a detailed understanding of how changes in forc-
ings may have affected cloud cover and SSR in the North 
Atlantic sector during the last four decades is still lacking, 
especially regarding the relative importance of different 
forcing factors.

The aim of this study is to quantify the relative roles 
of different drivers for recent decadal trends in SSR and 
cloud cover over the North Atlantic sector, and to elucidate 
mechanisms by performing numerical experiments with an 
atmospheric General Circulation Model. A specific focus of 
this study is to assess and quantify relative roles of changes 
in anthropogenic aerosols (AA), greenhouses gas (GHG) 
concentrations, and sea surface temperature/sea ice extent 
(SST/SIE), and to understand the physical processes in 
response to individual forcings. This process level under-
standing of how different forcing factors influence decadal 
changes in SSR and cloud cover is of crucial importance for 
understanding their future projections and relevant climate 
impacts.

The rest of the paper is organized as follows: in Sect. 2, 
the observational/reanalysis data, model, and model experi-
ments used are briefly described. Decadal changes of SSR, 
cloud cover, and extreme temperatures in boreal summer in 
observations/reanalyses, model responses to different forc-
ings, and physical processes are documented in Sect. 3. 
Seasonality of decadal changes in SSR and cloud cover are 
discussed in Sect. 4, and conclusions are given in Sect. 5.

2 Observations and model experiments

2.1 Observations and reanalyses

We use observations of SSR and cloud fraction from the 
international satellite cloud climatology project (ISCCP; 
Rossow and Schiffer 1999). The SSR product is available 
for 1984–2015 (Norris and Evan 2015), and bias corrected 
cloud cover is available for 1984–2009. Monthly mean sea 
surface temperature and sea ice extent (SST/SIE) are taken 
from HadISST (Rayner et al. 2003). We also use the new 
state-of-the-art climate reanalysis ERA5 (Hersbach et al. 
2020) and NCEP-NCAR reanalysis II (Kanamitsu et al. 
2002). Using reanalyses can expand model evaluation to a 
wider range of variables, including atmospheric circulation 
variables.

2.2 Model and model experiments

The model used in this study is the Met Office atmosphere 
and land model GA6.0 (MetUM-GA6, see Walters et al. 
2017) with a resolution of 1.875° longitude by 1.25° latitude 
and 85 levels in the vertical. The model includes prognostic 
tropospheric aerosol modelling using the CLASSIC (Cou-
pled Large-scale Aerosol Simulator for Studies in Climate) 
aerosol module, which represents seven tropospheric aero-
sol species (sulphate, mineral dust, fossil-fuel black carbon, 
fossil-fuel organic carbon, biomass-burning, sea-salt, and 
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secondary organic aerosols from biogenic emissions). This 
aerosol module includes the sulphur cycle with emissions of 
sulphur dioxide and dimethyl sulphide (DMS) that are prog-
nostic tracers of the atmosphere model and are oxidized into 
sulphate by the hydroxyl radical, hydrogen peroxide, the 
peroxide radical and ozone. Emissions for sea-salt and min-
eral dust aerosols are computed interactively so emission 
data sets are not required. For most species, aerosol mass 
is distributed across three model tracers associated with the 
Aitken, accumulation, and dissolved modes. Both aerosol-
radiation interactions (ARI) and aerosol-cloud interactions 
(ACI) are considered (Bellouin et al. 2011).

As SSR was observed to increase rapidly during the 1990s 
over Europe and North America (e.g., Wild et al. 2005; 
Allen et al. 2013; Wild 2016; Schwarz et al. 2020; Wohland 
et al. 2020; Wang et al. 2022), we chose a baseline period 
of 1980–1995 and a more recent period of 2000–2015 for 
our timeslice experiments. There were changes in several 
potential drivers of climate between these two periods. Sea 
surface temperatures (SSTs) warmed, with large warming 
anomalies over the North Atlantic subpolar gyre and over the 
tropical Indian Ocean and western Pacific (supplementary 
Fig. S1a, b). There were associated changes in sea-ice extent 
(SIE), particularly in the Arctic. GHG concentrations also 
increased due to anthropogenic emissions (CO2 increased by 
9.9%, CH4 increased by 7.6%, and N2O increased by 4.6%), 
and there were significant changes in anthropogenic aerosol 
(AA) emissions. The changes in annual mean sulphur diox-
ide emissions, a major aerosol precursor, involve decreases 
over Europe and North America and increases over East and 
South Asia (supplementary Fig. S1c). Other important aero-
sol precursor emissions, such as fossil-fuel black carbon and 
fossil-fuel organic carbon also show decreases over Europe 
and North America and increases over East Asia (e.g., Yang 
et al. 2018a, b; 2020).

A set of 40-year long timeslice experiments was carried 
out to identify the roles of changes in: (i) global SST/SIE, 
(ii) prescribed GHG concentrations, and (iii) AA forcings 
in regulating the changes of SSR and cloud cover over the 
North Atlantic sector. AA forcings are prescribed aerosol 
precursor emissions of five species that include sulphur 
dioxide, fossil-fuel black carbon, fossil-fuel organic carbon, 
biomass-burning, and secondary organic aerosols from bio-
genic emissions. The experiments, summarised in Table 1, 
are: CON experiment forced by the early period (1980–
1995) climatological monthly mean SST/SIE, GHGs and 
AA emissions; ALL experiment forced by the recent period 
(2000–2015) climatological monthly mean SST/SIE, GHGs 
and AA emissions; SSTAA experiment forced by the recent 
period SST/SIE and AA emissions with the early period 
GHGs; SST experiment forced by the recent period SST/
SIE with the early period GHGs and AA emissions. Note 

that our experimental design assumes a linear addition of 
responses to different forcing factors. The last 38 years of 
each experiment are analysed and the response to a particu-
lar forcing is estimated by the difference between a pair of 
experiments that include and exclude that particular forc-
ing. For example, the response to AA forcing is the differ-
ence between experiment SSTAA and experiment SST. In 
this set of experiments, SST/SIE is taken as an independent 
forcing factor, and responses to changes in GHGs and AA 
only consider the fast atmospheric and land responses. The 
main focus of our analysis is on changes in boreal summer 
(June-August: JJA) since the largest changes in SSR over 
the Atlantic sector in observations and reanalyses occurred 
in this season. Seasonality is briefly investigated by analys-
ing seasonal means of December-February (DJF), March-
May (MAM), and September-November (SON). Statistical 
significance of the seasonal mean changes is assessed using 
a two tailed Student’s t-test.

3 Decadal changes of SSR, cloud cover, and 
extreme temperatures in boreal summer

3.1 Recent trends of SSR and cloud cover in 
observations

Figure 1 shows time series of SSR and cloud cover anom-
alies in JJA averaged over North America, North Atlantic 
and Europe from two reanalyses during 1980–2015 and the 
ISCCP product during 1984–2015/2009. One of the most 
prominent features is positive trends in SSR and negative 
trends in cloud cover over these regions. Different data sets 
show consistent trends and interannual variations over these 
regions although SSR trends in ISCCP and ERA5 are larger 
than those in NCEP2, likely because the NCEP2 reanaly-
sis does not include a time-varying aerosol component. The 
correlations among three time series are calculated for SSR 

Table 1 Summary of numerical experiments using MetUM-GA6 for 
recent decadal changes
Experiments Boundary conditions
CON Monthly climatological SST and sea ice aver-

aged over period 1980–1995 using HadISST 
(Rayner et al. 2003) with greenhouse gases 
(GHGs) concentrations and anthropogenic 
aerosol (AA) emissions (Lamarque et al. 
2010, 2011) averaged over the same period.

ALL Monthly climatological SST and sea ice 
averaged over period 2000–2015, with GHGs 
concentrations and AA emissions over the 
same period.

SSTAA As ALL, but with GHGs over period 
1980–1995.

SST As ALL, but with GHGs concentrations and AA 
emissions averaged over period 1980–1995.
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correlation (-0.77) in ERA5. Superimposed on the long-
term trends are distinct positive SSR anomalies and nega-
tive cloud cover anomalies over Europe in 2003, 2010 and 
2015 which played a key role in heatwave events in those 
years (e.g., Otto et al. 2012; Christidis et al. 2015; Dong et 
al. 2016).

To investigate these trends in greater detail we examine 
differences between means over two 16-year time periods: 
1980–1995 and 2000–2015. The results for JJA are shown 
in Fig. 1. All three data sets show consistent increases of 
SSR and decreases of cloud cover over North America and 
Europe but less consistent changes over the North Atlan-
tic. Quantitatively, consistent and statistically significant 
positive SSR anomalies are observed over North America 
(4–6 Wm− 2) and over Europe (8–12 Wm− 2) in ISCCP and 
ERA5. The anomalies are smaller in NCEP2 over both 
regions (Fig. 1g, h, i). These increases in SSR in the three 
highlighted regions in Fig. 1 are associated with a reduction 
of cloud cover: a reduction of cloud fraction by 1.5-2.0% 
over Europe in the three datasets, and similar decreases over 
North America in ERA5 and NCEP2. The decrease in cloud 
fraction over North America is weaker in ISCCP, and is less 
clearly reflected in the SSR changes (Fig. 1j, k, l). However, 
there is some uncertainty in the SSR anomalies over tropi-
cal and subtropical regions where ISCCP and two reanalysis 
data sets show opposite signs of changes (Fig. 1g-i), result-
ing a low pattern correlation of 0.25 between ISCCP and 
ERA5 and 0.23 between ISCCP and NCEP2 in a 2.5ox2.5o 
common grid over the whole domain.

To show whether the differences of changes between two 
periods in SSR and cloud cover among different data sets 
are related to their climatologies, the climatological mean 
differences between ISCCP and ERA5 datasets in JJA for 
SSR and cloud cover are shown in supplementary Fig. S2. 
ISCCP shows 8–16 Wm− 2 less SSR than ERA5 over North 
America and the North Atlantic and more cloud cover frac-
tion in the three regions (8–15%) over both periods. These 
climatological differences between the two data sets are 
larger than decadal trends between two periods shown in 
Fig. 1. The spatial patterns of the climatological differ-
ences between two datasets also differ from the patterns of 
decadal trends. Despite these large climatological differ-
ences between two data sets, the decadal trends in two data 
sets show consistent and similar magnitude changes over 
Europe and North America, especially for SSR. This sug-
gests that differences in the climatologies of the different 
datasets do not make substantial contributions to difference 
in the decadal trends in SSR and cloud cover.

The increased SSR and decreased cloud cover over North 
America and Europe are associated with changes in relative 
humidity in the lower troposphere and atmospheric circula-
tion over the North Atlantic sector (Fig. 2). The changes in 

during 1984–2015 and cloud cover during 1984–2009. They 
range from 0.60 to 0.90 for SSR over three regions and from 
0.58 to 0.87 for cloud cover over North Atlantic and Europe. 
These correlations are statistically significant at the 5% 
level based on a two-tailed Student’s t-test, indicating con-
sistent variations among three data sets. However, ISCCP 
cloud cover variations over North America show less con-
sistent variations in comparison with ERA5 or NCEP2 with 
low correlation coefficients of 0.39 and 0.13 although ERA 
and NCEP2 variations are more consistent (0.75). These 
consistent trends and interannual variations indicate robust 
changes of these two variables during the past four decades, 
which are physically linked as the reduction in cloud cover 
causes less solar incoming radiation to be reflected to space, 
leading to increased SSR. The correlation coefficients 
between SSR and cloud cover time series for the three data-
sets are − 0.86, -0.83, -0.91 over Europe, -0.35, -0.77, -0.57 
over North America, and − 0.74, -0.84, -0.89 over the North 
Atlantic, for ISCCP, ERA5, and NCEP2. The weak corre-
lation (-0.35) between SSR and cloud cover variations in 
ISCCP over North America is due to weak and less con-
sistent cloud variations in this data set in comparison with 
those in ERA5 and NCEP2. The opposite is true for large 

Fig. 1 (a-f) Times series of area averaged downward surface solar 
radiation (SSR, W m− 2), total cloud cover (%) anomalies over North 
America, North Atlantic, and Europe in JJA based on the ISCCP prod-
uct, ERA5, and NCEP2 reanalyses. (g-l) spatial patterns of changes 
between 2000–2015 and 1980–1995. The two horizonal bars in (a-f) 
highlight periods 1980–1995 and 2000–2015. Dots in (g-l) highlight 
regions where changes are statistically significant at the 10% level 
based on a two-tailed Student’s t-test. Black, green and red boxes (g-l) 
highlight regions that used to calculate area averaged values
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of 0.90, 0.64, 0.63, and 0.41 between response to all forc-
ings and responses to combined changes in AA and SST/
SIE, AA, SST/SIE, and GHGs respectively. Area averaged 
responses to all forcing in SSR over Europe and North 
America are 9.9 Wm− 2 and 4.0 Wm− 2 respectively, being 
very close to those of 9.9 Wm− 2 and 6.4 Wm− 2 in ISCCP 
and 10.0 Wm− 2 and 4.0 Wm− 2 in ERA5 over the two 
regions (Fig. 3 g, i, Table 2). Area averaged SSR changes 
in response to all forcings over Europe and North Atlantic 
are predominantly due to AA while changes in AA, SST/
SIE, and GHGs make comparable contributions to changes 
over North America with SST/SIE playing a more important 
role here compared to over Europe (Fig. 3d-f, g-i; Table 2). 
However, there are some differences in spatial patterns of 
responses to different forcings. Responses of SSR to all forc-
ings show increased SSR over the North Atlantic (Fig. 3b) 
with large increases over the western and eastern part, which 
are largely the result of AA (Fig. 3d). However, responses 
to SST/SIE show spatial variations over the North Atlan-
tic with increases over the Gulf Stream and its extension 
and decreases to the south (Fig. 3e). GHG changes induce a 
dipole pattern of changes in SSR over Europe characterized 
by increases over north-western Europe and decreases over 
central and eastern Europe and increases over mid-latitudes 
around 45oN over eastern North America and over the Gulf 
Stream (Fig. 3f).

relative humidity are characterized by decreases over North 
America and Europe (Fig. 2a), consistent with the decreases 
in cloud cover over these two regions. Changes of atmo-
spheric circulation over the North Atlantic show a tripole 
pattern of zonal wind anomalies indicating a southward 
displacement of the North Atlantic eddy-driven jet, and a 
strengthening of the flow into Europe (Fig. 2b). This zonal 
wind pattern corresponds to decreases of cloud cover over 
the North Atlantic subpolar region where westerlies are 
reduced, suggesting an influence of circulation changes on 
cloud cover over the North Atlantic.

3.2 Model simulated changes in response to 
different forcing factors

3.2.1 SSR changes

The spatial patterns of SSR changes in ERA5 and model 
simulated responses to different forcing combinations 
across the two periods are illustrated in Fig. 3, together 
with area averaged changes over North America, the North 
Atlantic, and Europe in both observations/reanalyses and 
the model simulated responses. The spatial patterns and 
magnitudes of response to changes in SST/SIE, GHGs, and 
AA together show some similar features as those in ISCCP 
and ERA5 with pattern correlations of 0.24 and 0.31, which 
are similar to pattern correlations among different observa-
tion and reanalysis datasets. These low pattern correlations 
are mainly due to some opposite anomalies in ERA5 and 
model simulations over the tropics and subtropics where 
observations/reanalyses also show some large differences. 
Despite these low pattern correlations, the model simu-
lated responses in SSR are characterized by increases over 
the North Atlantic sector with large increases over North 
America and Europe, being similar to changes in ISCCP 
and ERA5. The large scale patterns of the model simulated 
changes over the whole domain (Fig. 3) are predominantly 
due to changes in AA and SST/SIE with pattern correlations 

Fig. 3 Spatial patterns of changes in SSR (W m− 2) in JJA for (a) ERA5 
(same as Fig. 1 h) and for (b-f) responses to different forcings in model 
experiments. Dots in (a-f) highlight regions where changes are statisti-
cally significant at the 10% level based on a two-tailed Student’s t-test. 
R in (b) is the pattern correlation between the all forcing experiment 
and ERA5 over the whole domain and they are pattern correlations 
between different forcing experiments and all forcing experiment in 
(c-f). (g, h, i) area averaged changes over North America, North Atlan-
tic, and Europe (boxes in a-f) between 2000–2015 and 1980–1995 
based on the ISCCP product, ERA5, and NCEP2 reanalyses (blue 
bars) and model responses to different forcings (red bars). Whiskers 
show 95% uncertainty ranges based on a two-tailed Student’s t-test

 

Fig. 2 Changes of (a) relative humidity at 700 hPa (%) and (b) zonal 
wind at 500 hPa (m s− 1) in JJA between 2000-2015 and 1980-1995 
based on ERA5 with contours in (b) (red for westerlies and blue for 
easterlies) showing climatology during 1980–1995. Dots highlight 
regions where differences are statistically significant at the 10% level 
based on a two-tailed Student’s t-test  
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increases a contributing factor (Fig. 4e, f, g; Table 2). In 
contrast, reduced cloud cover over Europe is largely related 
to changes in AA with SST/SIE a contributor factor and 
GHGs leading to a dipole pattern with reduction over north-
ern Europe and increase over the Mediterranean and east-
ern Europe (Fig. 4d, e, f). Quantitatively, satellite-derived 
products and reanalyses show a reduction of cloud cover 
fraction by 1.4–2.4% from 1980s to 2010s over Europe. The 
model simulates a reduction of 2.4% with AA explaining 
54% change and SST/SIE explaining 42% change (Fig. 4i; 
Table 2).

3.2.3 Clear sky SSR changes and cloud radiative effects

SSR changes are further decomposed into clear sky SSR 
(Fig. 5) and cloud radiative effect (CRE) related to cloud 
cover (Fig. 6). ERA5 shows positive clear sky SSR anoma-
lies over the whole domain with large increases over Europe 
and North America. Over Europe, ISCCP shows a change 
in SSR of 9.9 Wm− 2 between two periods of which 68% is 
due to clear sky and 32% is due to cloud cover while ERA5 
shows a change of SSR by 10.0 Wm− 2 of which 89% is due 
to clear sky and 11% is related to cloud cover (Figs. 5 and 
6). The results indicate that recent SSR increases between 
1980-1995 and 2000–2015 in ISCCP and ERA5 over Europe 
are largely due to increases in clear sky SSR. In response to 
all forcings, model simulated changes show large positive 
clear sky SSR anomalies over Europe and North America 
with weak anomalies in the tropics and subtropics. The 
model simulated change in SSR (9.9 Wm− 2) over Europe 
is also largely due to the clear sky SSR (5.6 Wm− 2). The 
decrease in cloud cover is responsible for about 4.3 Wm− 2 
SSR change in which changes in AA, SST/SIE, and GHGs 
are all contributing factors (Fig. 6). SSR change of 9.9 
Wm− 2 in the model response to all forcings over Europe is 
predominantly due to AA (9.0 Wm− 2). 71% of the response 
to AA is due to changes in clear sky SSR through aerosol-
radiation interactions, which closely follow the pattern of 
changes in aerosol optical depth (AOD, Fig. 7a), and 29% of 
the response is related to changes in cloud cover (Fig. 6d). 

3.2.2 Cloud cover changes

Cloud cover changes in the ERA5 reanalysis and model 
simulations are shown in Fig. 4. The ERA5 reanalysis 
shows decreases over North America, Europe and over 
the subpolar region of the North Atlantic (Fig. 4a). In the 
model, in response to all forcings, cloud cover changes are 
characterized by a reduction over North America, Europe, 
and some parts of the North Atlantic (Fig. 4b; Table 2). Over 
land, model simulated changes are similar to the ERA5 
reanalysis, but the model simulates changes of the oppo-
site sign over the Equatorial Atlantic (Fig. 4a, b). Responses 
to individual forcings contribute to different features of 
the all-forced response over the North Atlantic sector 
(Fig. 4c-f, g-h). Reduced cloud cover over North America 
is predominantly due to changes in SST/SIE with GHG 

Table 2 Area averaged changes in downward surface solar radiation (SSR, W m− 2), total cloud cover (%) over North America, the North Atlantic, 
and Europe in JJA between 2000–2015 and 1980–1995 based on the ISCCP product, ERA5, and NCEP2 reanalyses and model simulated responses 
to different forcings all together or separately

SSR (W m− 2) Cloud cover (%)
North America North Atlantic Europe North America North Atlantic Europe

ISCCP + 6.4 + 2.1 + 9.9 -0.4 -1.3 -1.8
ERA5 + 4.0 + 1.6 + 10.0 -1.6 -0.5 -2.4
NCEP2 + 1.3 + 5.2 + 3.6 -2.2 -1.0 -1.4
All forcings + 4.0 + 3.1 + 9.9 -1.4 -0.8 -2.4
AA + 1.1 + 2.4 + 9.0 + 0.6 -0.1 -1.3
SST/SIE + 1.4 -0.1 + 0.7 -1.4 -0.2 -1.0
GHG + 1.6 + 0.8 + 0.3 -0.6 -0.5 -0.1

Fig. 4 Spatial patterns of changes in cloud cover (%) in JJA for (a) 
ERA5 (same as Fig. 1k) and for (b-f) responses to different forcings in 
model experiments. Dots in (a-f) highlight regions where changes are 
statistically significant at the 10% level based on a two-tailed Student’s 
t-test. (g, h, i) area averaged changes over North America, North Atlan-
tic and Europe (boxes in a-f) between 2000–2015 and 1980–1995 
based on the ISCCP product, ERA5, and NCEP2 reanalyses (blue 
bars) and model responses to different forcings (red bars). Whiskers 
show 95% uncertainty ranges based on a two-tailed Student’s t-test
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role in these observed changes. These results are consistent 
with previous studies that suggested changes in cloud cover 
do not appear to be the dominant factor in driving dimming/
brightening trends over Europe (Wild et al. 2005; Norris and 
Wild 2007; Ruckstuhl and Norris 2009).

Over North America, the clear sky SSR increase in 
response to all forcings is again due to AA (Fig. 5). How-
ever, only SST/SIE and GHGs drive a reduction in cloud 
cover (Fig. 4), in contrast to Europe where all forcing fac-
tors play a role. The SST/SIE and GHGs induced cloud 
cover reduction makes a large contribution to SSR decrease 
through CRE (Fig. 6). Another important feature is that SSR 
increases in response to AA over North America are much 
weaker (~ 2.5 Wm− 2) than over Europe (9.0 Wm− 2). One 
factor for the weaker response is the smaller changes in AOD 
over North America compared to Europe (Fig. 7a). Another 
factor is that cloud changes over North America show 
some local weak increases, mainly due to small increases 
in relative humidity. The dominant role of reduced cloud 
cover on enhanced SSR over North America in the model 
simulation is in agreement with the study by Augustine and 
Dutton (2013) who showed observed positive trends in SSR 
since the 1990s are mainly attributed to decreases in cloud 
cover. Our results suggest that the recent decadal changes 
in SST/SIE were the main factors for reduced cloud cover 
over North America with a contribution from GHG changes. 
Note that there are differences in patterns between model 
simulated changes and those in observations over North 
America and therefore area averaged changes over North 
America are based on the region which shows large changes 
in observations.

3.2.4 Attribution of changes in SSR and cloud cover

Results above indicate that recent decadal positive trends in 
SSR and negative trends in cloud cover over Europe are pre-
dominantly driven by AA emission changes while changes 
over North America were driven largely by changes in SST/
SIE, with additional contributions from AA and GHG. The 
physical processes involved in the response to AA are illus-
trated in Fig. 7, while those involved in the response to SST/
SIE are illustrated in Fig. 8. Reduced aerosol emissions over 
North America and Europe lead to decreases in AOD over 
both regions and over the North Atlantic, decreases in cloud 
droplet number concentration (CDNC), increases in cloud 
droplet effective radius (CDER) (Fig. 7a, b, c). Decreases 
in CDNC and increases in CDER are associated with 
decreased cloud optical depth (e.g., Albrecht 1989; Boucher 
et al. 2013). The reduced AOD leads to increased clear sky 
SSR over the North Atlantic sector with large increases over 
North America and Europe through aerosol-radiation inter-
actions (Fig. 7e). Aerosol reductions also lead to reduced 

These results indicate that changes in SSR over Europe are 
largely due to changes in clear sky SSR between two peri-
ods in both observations and model simulations. The model 
simulations suggest that changes in AA play a predominant 

Fig. 6 Spatial patterns of changes in shortwave cloud radiative effect 
(SW CRE) (W m− 2) in JJA for (a) ERA5 and (b-f) responses to dif-
ferent forcings in model experiments. Dots in (a-f) highlight regions 
where changes are statistically significant at 10% level based on the 
two-tailed student’s t-test. (g, h, i) area averaged changes over North 
America, North Atlantic and Europe (boxes in a-f) between two peri-
ods of 2000–2015 and 1980–1995 based on the ISCCP product, ERA5 
reanalysis (blue bar) and model responses to different forcings (red 
bar). Whiskers show 95% uncertainty ranges based on a two-tailed 
Student’s t-test

 

Fig. 5 Spatial patterns of changes in clear sky SSR (W m− 2) in JJA for 
(a) ERA5 and (b-f) responses to different forcings in model experi-
ments. Dots in (a-f) highlight regions where changes are statistically 
significant at the 10% level based on a two-tailed Student’s t-test. (g, 
h, i) area averaged changes over North America, North Atlantic and 
Europe (boxes in a-f) between 2000–2015 and 1980–1995 based on 
the ISCCP product, ERA5 reanalysis (blue bar) and model responses 
to different forcings (red bar). Whiskers show 95% uncertainty ranges 
based on a two-tailed Student’s t-test
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weak over North America (Fig. 3f). The response to SST/
SIE also bear a similarity to changes in ERA5 reanalysis 
(Fig. 2), suggesting that observed changes in circulation 
and reduced relative humidity and cloud cover over North 
America might predominantly result from recent changes 
in SST/SIE (e.g., Seager and Hoerling 2014: Schubert et 
al. 2016). SST/SIE changes also lead to increases in the 
strength of the westerlies over Europe and decreases over 
the Mediterranean (Fig. 8c), associated with a reduction of 
cloud cover over southern Europe (Fig. 8a). The weakened 
North Atlantic eddy-driven jet is associated with weak-
ened local meridional SST gradient (supplementary Fig. 
S1b) over the North Atlantic at about 45-50oN, suggesting 
a role of local SST changes (e.g., Baker et al. 2017). It is 
also associated with a northward shift of the Atlantic Inter-
tropical Convergence Zone, enhanced precipitation over the 
Caribbean Sea (Fig. 8d), and a possible wave train from the 
Caribbean Sea to north-western Europe (Fig. 8e, f) (e.g., 
Cassou et al. 2005; Osborne et al. 2020).

cloud cover (Fig. 7g), mainly over Europe, where weakened 
westerlies lead to weakened moisture advection, reduced 
relative humidity (Fig. 7g, h, i), and reduced evapora-
tion (not shown). The weakened westerlies are caused by 
reduced surface and low tropospheric meridional temper-
ature gradients over the western Europe induced by non-
uniform changes in SSR over the European sector (Dong 
and Sutton 2021). The reduction in cloud cover further con-
tributes to the increased SSR (Fig. 7d) seen in response to a 
decrease in aerosol and precursor emissions.

SST/SIE changes are the main driver of reduced cloud 
cover over North America and the North Atlantic. These 
reductions are consistent with reduced relative humidity and 
a weakened North Atlantic eddy-driven jet (Fig. 8a, b, c), 
which in turn, affects cloud cover and SSR over the North 
Atlantic by weakening storm track and reduced evapora-
tion. The dipole pattern of zonal wind anomalies over North 
America in ERA5, with increases in zonal wind in the north 
and decreases in the south, and an associated reduction of 
relative humidity (Fig. 2), bear a similarity to the circulation 
and relative humidity changes in response to all forcings 
(Fig. 9). Circulation responses to AA (Fig. 7i) or to GHG are 

Fig. 7 Simulated seasonal mean responses in JJA to AA emissions changes (SSTAA – SST). (a) AOD at 550 nm, (b) cloud droplet number concen-
tration (CDNC), (c) cloud droplet effective radius (CDER). (d) SSR, (e) clear sky SSR, (f) surface shortwave cloud radiative effect (CRE SW), (g) 
cloud fraction (%), (h) relative humidity at 700 hPa (%), and (i) zonal wind at 500 hPa (m s− 1) with contours (red for westerlies and blue for east-
erlies) showing climatology in CON. Radiations are positive downwards (W m− 2). Changes in CDCN and CDER are percentage changes relative 
to the experiment CON. Dots highlight regions where differences are statistically significant at the 10% level based on a two-tailed Student’s t-test
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simulated SSR biases are partly related to cloud cover 
biases. Note these biases are larger than responses to dif-
ferent forcing factors together or separately. Although the 
model has these systematic biases over the North Atlantic 
sector in SSR and cloud cover, the responses to all forc-
ings in model simulations for SSR and cloud cover shown in 
Sect. 3.2.1 and 3.2.2 gave similar changes as those in ERA5, 
especially over Europe and North America. The causes of 
these biases and how they may affect the model responses 
to external forcings are important questions but beyond the 
scope of this paper.

3.2.5 Model biases in SSR and cloud cover

It is important to evaluate the model climatology as biases 
can potentially affect the simulated SSR and cloud cover 
response to external forcings. The model biases relative 
to ERA5 are illustrated in supplementary Fig. S3 and they 
show overestimations (by 10–30 Wm− 2) in SSR over land 
and underestimations (by 10–20 Wm− 2) over the North 
Atlantic along the North Atlantic eddy driven jet. Cloud 
cover biases are opposite to SSR biases and they show 
underestimations (4–10%) over land and overestimations 
(by 4–10%) over the North Atlantic, suggesting that model 

Fig. 9 Spatial patterns of changes in JJA for (a) cloud cover (%), (b) 
relative humidity at 700 hPa (%), (c) zonal wind at 500 hPa (m s− 1) 
with contours (red for westerlies and blue for easterlies) showing cli-
matology in CON, (d) precipitation (mm day− 1), (e) eddy geopotential 
height (m) at 200 hPa, and (f) 850 hPa in JJA in response to all forcing 
changes (ALL – CON). Dots in (a-d) highlight regions where differ-
ences are statistically significant at he 10% level based on a two-tailed 
Student’s t-test

 

Fig. 8 Spatial patterns of changes in JJA for (a) cloud cover (%), (b) 
relative humidity at 700 hPa (%), (c) zonal wind at 500 hPa (m s− 1) 
with contours (red for westerlies and blue for easterlies) showing cli-
matology in CON, (d) precipitation (mm day− 1), (e) eddy geopotential 
height (m) at 200 hPa, and (f) 850 hPa in response to SST/SIE changes 
(SST – CON). Dots in (a-d) highlight regions where differences are 
statistically significant at the 10% level based on a two-tailed Student’s 
t-test
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in response to all forcing changes when compared with 
those in ERA5 (Fig. 10). Aerosol changes lead to increases 
of Tmax over Europe but very weak changes in Tmin, lead-
ing to positive changes in DTR (Fig. 10c, f, i). This is con-
sistent with the changes in SSR in the all forcing experiment 
over Europe being predominantly related to aerosol-induced 
SSR changes.

4 Seasonality of decadal changes in SSR 
and cloud cover in model simulations and in 
observations

The spatial patterns of four seasonal mean changes in SSR 
based on ERA5 and model responses to all forcings and AA 
forcing are shown in Fig. 11. The area averaged responses 
in SSR and cloud cover are shown in supplementary Fig. 
S4. These figures show a strong seasonality of changes in 
SSR and cloud cover, especially over Europe, with large 
changes in spring and summer and weaker changes in win-
ter and autumn. Over Europe, the largest changes between 
1980-1995 and 2000–2015 occur in summer with changes 
in spring showing similar features as those in summer with 
slightly weaker magnitudes (5–8 Wm− 2). However, changes 
in boreal autumn and winter are weaker. These seasonal 
changes give an annual mean change of SSR of about 4–5 
Wm− 2 in ISCCP and ERA5 over Europe between two periods 
which is similar to station observed changes of 5–6 Wm− 2 
in Potsdam, Germany, as documented in Wild (2016) and 
SSR trends over Europe of about 5 Wm− 2 per decade over 
1983–2010 in spring and summer, of 3 Wm− 2 per decade in 
autumn and very weak trends in winter over Europe based 
on the Satellite Application Facility for Climate Monitor-
ing (CM SAF) product documented in Sanchez-Lorenzo et 
al. (2017b). Over North America, the seasonal variation in 
the magnitude of the anomalies is smaller, but the smaller 
changes are again seen in autumn and winter compared to 
spring and summer.

The seasonal cycle of changes in SSR based on the sat-
ellite-derived product is reproduced well in model simula-
tions in response to all forcings. Quantitatively, ERA5 gives 
a change of 10.0 and 6.1 Wm− 2 (9.9 and 8.5 Wm− 2 based 
on the ISCCP product) in summer (Fig. 3; Table 2) and 
spring (Fig. 11 and supplementary Fig. S4) over Europe. 
Model simulations also indicate that the strongest change 
in SSR over Europe occurs in summer (9.9 Wm− 2) with 
spring showing 6.0 Wm− 2 and winter showing very weak 
changes (Fig. 11, supplementary Fig. S4). This seasonality 
of changes is predominantly due to the seasonality of clear 
sky SSR change in which the changes in AA play a primary 
role through both the seasonality of AOD changes (supple-
mentary Fig. S5) and seasonality of incident solar radiation. 

3.3 Changes in summer mean daily maximum and 
minimum temperatures (tmax and tmin)

Changes of summer mean Tmax, Tmin, and diurnal tem-
perature range (DTR) in ERA5 and model simulations 
are shown in Fig. 10. The ERA5 reanalysis shows large 
increases in both Tmax and Tmin over North America, 
Europe and a large part of the North Atlantic. The spatial 
patterns of changes in both Tmax and Tmin bear a similar-
ity to the spatial pattern of changes in SSR with a pattern 
correlation of 0.60 and 0.37, respectively. However, the 
magnitude of changes in Tmax is larger (by 0.1-0.2oC) over 
North America and Europe than those of Tmin, leading to 
increases of DTR over these two regions (Fig. 10g). Large 
changes of Tmax over North America and Europe and stron-
ger pattern correlation between SSR and Tmax suggest that 
SSR changes have larger impacts on Tmax than Tmin, as 
would be expected.

In response to all forcings in model simulations, changes 
in both Tmax and Tmin are characterized by increases over 
North America, Europe, and the North Atlantic with the 
magnitude of Tmax changes being larger (by 0.3-0.4oC) 
than changes in Tmin over North America and Europe 
with increases of DTR over the two regions (Fig. 10b, e, 
h). The pattern correlation between Tmax changes and SSR 
changes is 0.58 which is larger than the pattern correlation 
of 0.29 between Tmin and SSR. These features are similar 
to those in ERA5. However, the Tmax changes and DTR 
increases over North America and Europe are overestimated 

Fig. 10 Spatial patterns of changes in (a, b, c) daily maximum temper-
ature (Tmax, °C), (d, e, f) daily minimum temperature (Tmin, °C), and 
(g, h, i) diurnal temperature range (DTR, °C) in JJA. (a, d, g) ERA5, 
(b, e, h) model responses to all forcings. (c, f, i) responses to aerosol 
emissions. Dots highlight regions where changes are statistically sig-
nificant at 10% level based on the two-tailed Student’s t-test. R in each 
panel is the pattern correlation between that variable and correspond-
ing SSR changes over the whole domain shown in Fig. 2
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 ● Analyses of the time evolution of SSR and cloud cover, 
based on the ISCCP satellite-derived product and two 
reanalyses (ERA5 and NCEP2) show some consistent 
decadal trends over the North Atlantic sector in the last 
four decades despite large differences of climatological 
means among different data sets. These trends show a 
strong seasonality with the largest changes occurring in 
boreal summer and spring. The trends are characterized 
by increases in SSR over North America and Europe 
from 1980s to 2000s, accompanied by decreases in 
cloud cover.

 ● Timeslice experiments using the MetUM-GA6 AGCM 
reproduce many of the main features of the observed 
SSR and cloud cover changes over Europe and North 
America, including the seasonality of observed changes.

 ● Comparison of observed changes based on the satellite-
derived product and reanalyses with model response to 
individual forcings indicates that recent decadal posi-
tive trends in SSR and negative trends in cloud cover 
over Europe are predominantly driven by AA emission 
changes. 71% of AA induced SSR changes is through 
aerosol-radiation interactions and 29% is through 
changes in cloud cover.

 ● Changes in AA, SST/SIE, and GHGs are all contrib-
uting factors to the model-simulated decadal positive 
trends in SSR and negative trends in cloud cover over 
North America of which changes in SST/SIE played the 
most important role.

 ● The seasonality of SSR changes between 1980-1995 and 
2000–2015 over Europe is predominantly due to the sea-
sonality of clear sky SSR change in which the changes 
in AA play a primary role. Seasonality of changes in 
SSR over North America in model simulations between 
two periods is mainly due to the seasonality of surface 
shortwave CRE changes, related to cloud cover changes 
in response to changes in SST/SIE.

The consistency between the modelled response to all forc-
ing changes and the observed changes in SSR and cloud 
cover over the last four decades suggests that the observed 
changes over Europe and North America had a large forced 
component despite systematic biases in model climatolo-
gies. Responses to individual forcings indicate that the main 
drivers of SSR and cloud cover changes, and the physical 
processes involved, were different over North America and 
Europe. Over Europe, changes in aerosol emissions played a 
dominant role for recent decadal changes in SSR, with both 
the changes and their seasonality arising predominantly 
through aerosol radiation interactions. Meanwhile, changes 
in SST/SIE and GHGs play a secondary role, mainly 
through changes in cloud cover. In contrast, changes in AA, 
SST/SIE, and GHGs all contribute to model simulated SSR 

The seasonality of AOD is mainly due to the dry seasons 
resulting in less wet deposition and favouring larger aero-
sol loads in the atmosphere since seasonality of emissions 
is weak. Large changes in SSR over North America also 
occurred in spring (8.7 and 4.8 Wm− 2) and summer (6.4 and 
4.0 Wm− 2) between two periods based on ISCCP product 
and ERA5. The model responses give a change 8.1 Wm− 2 
in spring and 4.0 Wm− 2 in summer (Fig. 11; Table 2, supple-
mentary Fig. S4) and this seasonality of changes is predomi-
nantly the results of changes in cloud cover in response to 
changes in SST/SIE.

5 Conclusions

In this study, the observed characteristics of recent decadal 
changes in downward surface solar radiation (SSR) and 
cloud cover and their seasonality over the North Atlantic 
sector during the past four decades have been investigated. 
A set of atmospheric general circulation model experiments 
was carried out to explore potential drivers and assess the 
relative roles of different forcing factors in contributing to 
the changes observed between 1980-1995 and 2000–2015, 
and to elucidate the physical processes involved. The main 
findings are summarized as follows:

Fig. 11 Spatial patterns of changes in SSR (W m− 2) based on ERA5 
(left column) for (a-c) MAM, (d-f) JJA, (g-i) SON, and (j-l) DJF in 
model responses to all forcings (middle column) and aerosol emissions 
(right column). Dots highlight regions where changes are statistically 
significant at the 10% level based on a two-tailed Student’s t-test
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