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Key Points:

* CM SAF Land Flux v1.0 surface solar radiation data agree well with station-based mea-
surements over Europe, also at high-altitude locations.

+ The direct aerosol effect was the main driver of the European brightening from 1983 to
2000. Changes in cloudiness rather counteracted it.

+ After 2000 the brightening in Europe was dominated by the cloud effect, whereas the aerosol
effect resulted rather negligible.
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Abstract

Surface solar radiation is fundamental for terrestrial life. It provides warmth to make our planet
habitable, drives atmospheric circulation, the hydrological cycle and photosynthesis. Europe has
experienced an increase in surface solar radiation, termed "brightening", since the 1980s. This
study investigates the causative factors behind this brightening. A novel algorithm from the EU-
METSAT satellite application facility on climate monitoring (CM SAF) provides the unique op-
portunity to simulate surface solar radiation under various atmospheric conditions for clouds (clear-
sky or all-sky), aerosol optical depth (time-varying or climatological averages) and water vapor
content (with or without its direct influence on surface solar radiation). Through a multiple lin-
ear regression approach, the study attributes brightening trends to changes in these atmospheric
parameters. Analyzing 61 locations distributed across Europe from 1983 to 2020, aerosols emerge
as key driver during 1983-2002, with Southern Europe and high elevations showing subdued ef-

fects (0-1%/decade) versus more pronounced impacts in Northern and Eastern Europe (2-6%/decade).

Cloud effects exhibit spatial variability, inducing a negative effect on surface solar radiation (-

3 to -2%/decade) at most investigated locations in the same period. In the subsequent period 2001-
2020, aerosol effects are negligible, while cloud effects dominate the observed brightening (2-
5%/decade). This study therefore finds a substantial decrease in the cloud radiative forcing over
Europe in the first two decades of the 21% century. Water vapor exerts negligible influence in both
sub-periods.

Plain Language Summary

This study explores the recent increase in surface solar radiation in Europe, commonly re-
ferred to as "brightening", which began in the mid-1980s. Surface solar radiation is crucial for
life on Earth, fostering warmth, shaping wind patterns, and fueling the hydrological cycle and
photosynthesis. Utilizing data derived from satellites, we simulated surface solar radiation un-
der different atmospheric conditions regarding clouds, aerosols, and water vapor. This allowed
us to separate the individual effects and analyze their contributions to the observed brightening
across 61 locations in Europe from 1983 to 2020. We find that the decrease in aerosols was the
dominant driver for the brightening during the initial period from 1983 to 2002. Southern Eu-
rope and high-elevation areas showed modest aerosol effects, while Northern and Eastern Eu-
rope experienced higher values. Cloud effects were predominantly negative (decreasing surface
solar radiation) at most locations. However, between 2001 and 2020 the aerosol effect resulted
negligible and the brightening was mostly attributed to a decrease in cloudiness during that sub-
period. Water vapor was found to have a negligible impact on surface solar radiation trends.

1 Introduction

Solar radiation incident upon Earth’s surface, also referred to as surface solar radiation or
surface incoming solar radiation (SIS) represents the primary energy source for life on our planet.
It governs a multitude of environmental processes. Not only does it provide heat directly to our
environments, it also plays a crucial role in the global hydrological cycle by providing energy
for evaporation, enabling photosynthesis, supporting plant growth, and inducing pressure gra-
dients that influence atmospheric circulation patterns. Given its fundamental role in creating hab-
itable environments, Earth is greatly sensitive to potential variations in surface solar radiation.
This sensitivity extends to solar power generation, as solar power plants are receiving strong in-
terest due to their potential as renewable energy sources (Wild, 2012; Jacobson & Delucchi, 2011;
Zou et al., 2019). Due to being of such high importance for numerous essential processes, the
analysis of surface solar radiation trends and their causes is crucial. Several studies (e.g., Ohmura,
1989; Stanhill & Moreshet, 1992; Liepert, Fabian, & Grassl, 1994; Gilgen, Wild, & Ohmura, 1998;
Gilgen, Roesch, Wild, & Ohmura, 2009; Sanchez-Lorenzo et al., 2015) have found a negative
surface solar radiation trend (dimming) over land regions until the mid-1980s, spanning approx-
imately three decades. Studies have found indications of a weakened hydrological cycle (e.g.,
Liepert, Feichter, Lohmann, & Roeckner, 2004; Liepert & Romanou, 2005) and a reduction of
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the diurnal surface temperature range (Wild et al., 2007) during this dimming phase. Furthermore,
this dimming has masked the global warming to some extent (Murphy et al., 2009; Wild et al.,
2007; Wild, 2016). More recent studies have further highlighted the importance of quantifying
surface solar radiation trends by finding the shortwave warming to be a larger contributor to the
global warming than the long-wave warming (greenhouse effect) (Philipona et al., 2009). From
around 1985 up to recent times a positive trend (brightening) has been found at many locations
(Wild et al., 2005; Gilgen et al., 2009; Sanchez-Lorenzo et al., 2015). However, the brightening
period is not as globally discovered as the dimming period (e.g., no brightening in India, Padma Ku-
mari & Goswami, 2010; Wild, 2009). After 2000, the brightening has exhibited reduced inten-
sity in some regions, such as China and Japan. In contrast, Europe and the USA have experienced
continued brightening, albeit with some indications of stabilization in recent years (Wild et al.,
2005, 2021).

As the surface solar radiation variability is larger than the variability of the solar output,
global dimming and brightening cannot be explained by variations in extraterrestrial solar irra-
diance (Foukal et al., 2006), making Earth’s atmosphere responsible for them. In dimming times,
the atmosphere is more opaque and therefore more solar radiation is reflected back to space and
less is let through the atmosphere towards Earth’s surface, eventually cooling Earth. Less reflec-
tion and more solar radiation coming through the atmosphere heat up Earth’s surface during bright-
ening times. Changes in atmospheric aerosol concentration or clouds have been suggested as causes
of dimming and brightening periods. The majority of studies come to the conclusion that changes
in aerosol particle concentration in the atmosphere were the main driver of the recent positive
surface solar radiation trends (Wild et al., 2005; Norris & Wild, 2007; Ruckstuhl et al., 2008; Ohvril
et al., 2009; Philipona et al., 2009; Zerefos et al., 2009; Folini & Wild, 2011; Nabat et al., 2014;
Wild et al., 2021; Julsrud et al., 2022; Zhou et al., 2023; Dong et al., 2023). Aerosol optical depth
is majorly influenced by anthropogenic emissions, especially sulfur and also black carbon (Streets
et al., 2009). Vestreng et al. (2007) reported a 60% decrease in sulfur emissions (one of the most
abundant aerosol particles in the atmosphere) between 1990 and 2004 in Europe, supporting the
theory of an important aerosol effect on the observed brightening during this period. However,
recent analysis of satellite-derived data showed that the same trend is still visible when using a
constant aerosol climatology, implying that only changes in cloudiness were responsible for the
observed brightening from 1983 to 2010 (Sanchez-Lorenzo et al., 2017), respective from 1983
to 2015 (Pfeifroth et al., 2018). Additionally, focusing on the Iberian Peninsula and the period
2003 to 2012, Mateos et al. (2014) found a dominant cloud effect on surface solar radiation trends.
Ferreira Correa et al. (2023) analyzed the Alpine region, while distinguishing between high and
low elevation sites. They found strong evidence that, together with a surface albedo effect, changes
in cloud optical depth were the primary effect causing the observed surface solar radiation trends
at high elevation stations. At low elevation sites, however, they identified a strong aerosol effect
causing the surface solar radiation trends.

Despite numerous investigations into this subject, the precise contributions of aerosols and
clouds, along with their spatial distribution, remain unclear. This study endeavours to quantify
the effects that have contributed to the recent brightening in Europe and to illustrate their geo-
graphic distribution utilizing newly generated satellite-derived data from the EUMETSAT Satel-
lite Application Facility on Climate Monitoring (CM SAF). With the applied algorithm, it is pos-
sible to separate cloud, direct aerosol and water vapour effects by combining different simula-
tions. In addition to analyzing the entire temporal span covering the period from 1983 to 2020,
we scrutinize two distinct sub-periods: 1983 to 2020 and 2001 to 2020. This is motivated for two
reasons: First, major efforts to reduce anthropogenic aerosol emissions took place in the 1980s
and 1990s. Therefore, we consider the first sub-period as representative for the decline in anthro-
pogenic aerosol particles and the second sub-period for more stable conditions. Second, the two
sub-periods can also be dynamically justified, considering the decadal variability in the predom-
inance of different atmospheric regimes. The initial sub-period is predominantly characterized
by positive phases of the North Atlantic Oscillation (NAO), particularly during the 1990s. Pos-
itive NAO is generally associated with above-average precipitation and cloudiness. During the
second sub-period NAO positive phases occurred less frequently and were less intense. In con-
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trast, in particular winters around 2010 were dominated by negative phases of NAO, which are
generally associated with less precipitation and cloudiness (Weisheimer et al., 2017; Papritz &
Grams, 2018; Climate Prediction Center, 2024; National Weather Service - NOAA, 2024). The
temporal split is robust and substantiated by supplementary material figures. We tested the sen-
sitivity of the choice of the exact year for the split of the two sub-periods and found no substan-
tial impact on our results (see Supplementary Material Figures S1 to S6).

2 Data
2.1 Satellite-Derived Data

This investigation utilized the CM SAF Meteosat Land Flux v1.0 Surface Radiation Bud-
get (SRB) dataset (Bourgeois & Duguay-Tetzlaff, 2023), which was derived through the appli-
cation of the "GeoSatClim" algorithm developed by MeteoSwiss to raw data sourced from the
Meteosat satellite. This dataset encompasses all components of the SRB, including absorbed sur-
face solar radiation, albedo, surface downward radiation, surface outgoing radiation, as well as
latent and sensible heat fluxes, which were jointly retrieved with similar boundary conditions.
Data is available for the period 1983/01/01 to 2020/12/31 with an hourly resolution and a spa-
tial resolution of 0.05° x 0.05° longitude and latitude covering the geographic extent of +75° lon-
gitude and +75° latitude of the Meteosat disk.

The GeoSatClim software incorporates a physical retrieval scheme originally developed
by Stoeckli (2017) and subsequently adapted to GeoSatClim by Bourgeois and Duguay-Tetzlaff
(2023). With GeoSatClim, the Heliosat approach (Cano et al., 1986; Mueller et al., 2009) is ex-
panded to encompass the infrared spectrum with the addition of a cloud optical depth calcula-
tion for both visible and infrared channels. These additional features enhance the performance,
particularly in regions characterized by snow-covered mountains (Bourgeois & Duguay-Tetzlaff,
2023). The GeoSatClim SIS retrieval is entirely based on the new inter-calibrated Meteosat EU-
METSAT radiances. Consequently, the decadal stability of the CM SAF Land Flux SIS is con-
tingent on the quality of the new Meteosat calibration.

The computation of surface solar radiation requires cloud optical parameters, which are
retrieved from the satellite, values of the atmospheric gas concentration, information about so-
lar and viewing angles, the surface albedo, that is also retrieved by the satellite, and information
about the aerosol optical depth (AOD). Time-varying aerosol optical depth information is taken
from model-based estimates that include pre-industrial natural aerosol and emission estimates
(Fiedler, Kinne, et al., 2019) and information on different emission scenarios (Fiedler, Stevens,
et al., 2019). For the natural aerosols the monthly climatology MACv2 was used and the anthro-
pogenic aerosol MACv2-SP information was considered for the period 1979 to 2014. The SSP2-
45 emission scenario was utilized to model the anthropogenic aerosol optical depth for the pe-
riod 2015 to 2020, since this data set was derived already some time ago. In addition to the tro-
pospheric aerosols, stratospheric aerosol information from NASA GISS was incorporated (NASA,
2016). To generate the published CM SAF Land Flux data daily varying aerosols were used, thus
accounting for the aerosol-induced brightening in the operational CM SAF Land Flux SIS data.
Additionally, MeteoSwiss has generated SIS data employing an aerosol climatology using the
CM SAF algorithm. The constant daily aerosol climatology is derived from the Copernicus At-
mosphere Monitoring Service (CAMS) reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Inness et al., 2019). The AOD is bilinearly interpolated
to the Meteosat grid from a 0.5° x 0.5° longitude and latitude resolution and temporally inter-
polated from 6-hour estimates to match the Meteosat temporal resolution. Moreover, a dataset
devoid of direct influence from water vapor concentration on SIS was processed. The primary
data utilized in this study comprises outputs generated by GeoSatClim, incorporating various con-
figurations pertaining to clouds, aerosol input, and water vapor content. All analyses and sub-
sequent conclusions drawn in this study are based exclusively on the examination of these datasets.
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2.2 Station Data

To validate the satellite-derived data, data from the Global Energy Balance Archive (GEBA)
(Wild et al., 2017) was employed for all locations beyond Switzerland. While the GEBA station
data is not homogenized, datasets from Italy and Spain utilized in this study are derived from in-
dividually homogenized sources (Manara et al. (2016) for Italy, Sanchez-Lorenzo et al. (2013)
for Spain). Norris and Wild (2007) demonstrated a strong agreement between ISCCP-FD (sec-
ond generation of the International Satellite Cloud Climatology Project) all-sky flux and GEBA
data on interannual timescales, affirming the reliability of GEBA measurements also on extended
timescales. The GEBA data spans consistently from 1983/01/01 to 2015/12/31 across all con-
sidered locations, thereby restricting the validation of the satellite dataset to this timeframe. GEBA
data, provided as monthly means, were processed according to protocols outlined on the WRDC
(World Radiation Data Centre) website (http://wrdc.mgo.rssi.ru/wrdc_en_new.htm).

For validation within Switzerland, the newly homogenized ground measurements from Me-
teoSwiss (Swiss Met Net, SMN) were employed. These data provide monthly mean values for
the period 1983/01/01 to 2020/12/31. Daily averages were calculated from instantaneous 10-minute
measurements, with the aggregation of all daily means within a month yielding the monthly means.
The averaging process tolerates 24 missing 10-minutes values for the daily means, with a con-
straint that no more than 14 consecutive missing values are permissible. In the most extreme sce-
nario, this tolerance allows for the calculation of a daily mean even in the presence of a two-hour
data gap around noon, which could potentially create a bias. Furthermore, when aggregating the
daily to the monthly means, a maximum of 5 daily values can be absent with no more than 3 con-
secutive gaps tolerated.

For this investigation, a selection of 61 stations across Europe, providing continuous data,
was chosen to serve as reference points in the validation procedure and for all further analysis.
Among these stations 53 are located outside of Switzerland and were chosen as per table 1 in Pfeifroth
et al. (2018). They checked the quality of the ground measurement data (GEBA) at these loca-
tions and they are relatively equally distributed covering different climate zones. In Switzerland
a total of 8 stations was selected, including four low and four higher elevation locations. Very
high altitude locations (altitude > 3000 meters) were excluded, as in mountainous (inhomoge-
neous) terrain area-wide satellite measurements cannot be compared to a point measurement.

3 Methodology

Satellites are incapable of directly measuring surface solar radiation. Instead, they mea-
sure the outgoing radiation at the top of atmosphere across specific spectral bands. This signal
is substantially influenced by clouds, enabling the derivation of cloud cover or cloud optical depth
from these measurements. Clear-sky surface solar radiation is estimated through physical mod-
elling, which involves radiative transfer simulations using atmospheric water vapor, ozone and
aerosols as input parameters. Water vapor and ozone data are sourced exclusively from ERAS
reanalysis data provided by ECMWE. The cloud information, retrieved directly from satellite ra-
diances, is then employed to adjust the modelled clear-sky surface solar radiation to obtain the
estimates of all-sky surface solar radiation. CM SAF’s satellite algorithm GeoSatClim calculates
both all-sky (SIS) and clear-sky (SISCF) surface solar radiation. It also provides the unique op-
portunity of two options regarding the aerosol input. The surface solar radiation can be simulated
using modelled aerosol input with long-term variability, denoted as "CMIP" (since these aerosol
data align with those utilized in models participating in CMIP6), or employing a daily aerosol
climatology, labelled as "CLIM". Additionally, a dataset excluding the direct effect of water va-
por on SIS, labelled as "noWV", can be generated. Combining these options differently allows
the separation of cloud, direct aerosol and water vapor effects. This feature is the key that enables
conducting the current study. GeoSatClim processes the corresponding datasets for all required
combinations of the mentioned options for clouds, aerosol input and water vapor influence. It re-
turns instantaneous values at intervals of 15 or 30 minutes (depending on the satellite generation,
MVIRI or SEVIRI respectively) for the specific grid cell corresponding to the input coordinates.
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These computations span the period 1983/01/01 to 2020/21/31. The specific locations and their
corresponding input coordinates are listed in Appendix A. A total of 61 locations in Europe were
subject to analysis.

For this study, a novel multiple linear regression model incorporating clouds, aerosols and
water vapor as predictor variables was developed. The cloud signal was calculated as the ratio
of all-sky radiation to clear-sky radiation, using time-varying aerosols both times as depicted by
Equation 1. The water vapor signal was computed as the ratio of radiation with water vapor in-
fluence to radiation unaffected by water vapor directly using the time-varying aerosol input, as
represented by Equation 2. The aerosol signal was determined as the ratio of all-sky radiation
calculated using time-varying aerosols to all-sky radiation obtained using the aerosol climatol-
ogy. It is described by Equation 3.

SIS,
— ot 1
Clouds; SISCE, (1)
SIS,
Water.vaport = W (2)
SIS,
Aerosolse = g7 CLI, ®

For each of the three signals, deseasonalized relative anomalies were computed. This ef-
fectively removes a significant portion of the seasonal variability. In Equations 4 to 7, S, C, A

and W denote the logarithmic forms of the relative deseasonalized anomalies of SIS, Clouds, Aerosols

and Water.vapor, respectively. These variables serve as the primary predictors of the regression
model. The logarithm transformation is essential to compensate for the inherent skewness in the
distribution of the ratios, thereby ensuring a theoretical condition for linear regression.

SIS,
S—ln(SISO) “)
Clouds;
C = Clouds, ©)
Aerosols;
A= ln(AeTosolso) ©)

Water.vapor;
W=Iln(w———"— 7
n Water.vaporo) @

Relative anomalies have the advantage of allowing a better spatial and seasonal intercom-
parison. However, it should be taken into account that during winter satellite-based cloud detec-
tion encounters increased challenges, primarily attributable to the visual similarity between cloud
cover and snow. Any erroneous cloud identification during this season significantly influences
the observed relative brightening due to the lower radiation levels.

To account for seasonality, harmonic functions of first (Equations 8 and 9) and second (Equa-
tions 10 and 11) generation were included for the cloud, the aerosol and the water vapor predic-
tor, as well as for the intercept (indicated with iy).

2T

cost = cos((2T) - month) 8)
sinl = sin((%) - month) ©)
cos2 = cos((%) - month) (10)
sin2 = sm((%”) - month) (11
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Adding an interactional component between clouds and water vapor as another predictor
slightly improved the model further.

The final model, as represented by Equation 12, incorporates all aforementioned compo-
nents, including an error term e comprising residuals. This model attributes the identified trend
in SIS (Equation 4) to the specific predictors. Individual model runs were performed for all lo-
cations. Assessment of the model’s goodness of fit involved the calculation of the adjusted R-
squared. Across all examined locations, an adjusted R-squared exceeding 95% was attained, with
the majority exceeding 97%. These exceptionally high values indicate the model’s capability to
explain the variability in surface solar radiation.

S(t) = Ot + Ginccost - €08 1 4 Oingsint - SIN 1 + Gingcos2 - €08 2 + Gingsing - Sin 2+
C(t)- (0o +0ccos1-cosl+0cgint -sinl + Oc cos - €082 + O gin 2 - Sin 2)+
A(t) - (04404 cos1 €081+ 04 gin1 SNl 404 cosa - €082+ 04 gino - sin2)+
W(t) - (Ow + Owcos1 - €os1 4 Oyging - sinl 4 O coso - €082 + Oyysin2 - sin2)+
WazC(t) - Ow o + €(t)
(12)

Linear trends in the main predictors (A, C, W, and their interactional term WxC) and the
predictand (S) were computed for each month of the year, denoted as 3, for variable x. To as-
certain the contribution of the individual effects (A, C, W, and WxC) in each month of the year,
£ was multiplied by the best estimate of the regression model denoted by 6, while considering
the inclusion of four harmonics for A, C, and W. The example below focuses on the aerosol pa-
rameter, yet it is analogous for both the clouds and water vapor parameters.

AA = ﬁA : (94 + 91441051 - cosl + 914,51‘,71,1 -sinl + 914,(:052 - cos2 + 9A.,si,n2 : SZHQ) (13)

The part in brackets can be summarized to 0;,;. A 4 is the relative trend contribution of A
for the respective month for A being in the logarithmic form.

AA = »BA ' eA,tot (14)

In the framework of the global brightening analysis, the slope is the focus of investigation.
Equation 15 shows the respective equation excluding the intercept. [, represents the trend in the
residuals.

Bs = Ba 040t + Bc - 0c.tor + Bw - Owitor + Pwac - Owac + Pe (15)

The natural logarithm was introduced for all terms in the regression equation. Its mathe-
matical elimination was necessary, in order to be able to properly interpret the outcome. Equa-
tion 15 was multiplied with dt = ¢, — ¢ in order to determine the period over which the rela-
tive trend is calculated. Sg indicates how large the relative difference (the factorial change) in
SIS between ¢; and t; is. dt = t, — t; = 10 years represents the relative decadal difference.
The equation is presented in its exponential form in Equation 16.

exp(Bs-dt) = exp(Ba-0a ot -dt+Bc-0c ot dt+Pw -Ow tor - dt+ Bwec -Owzc - dt+ Be-dt) (16)

Equation 16 can be rearranged to Equation 17. The terms become multiplicative.

exp(fBs - dt) =(exp(Ba - dt))e“‘v“" - (exp(Bc dt))e"’v““ - (exp(Bw - dt))y""v““

- (17)
- (exp(Bwzc - dt))"V=< - exp(f. - dt)
Equation 18 expresses the relative change in SIS over time dt.
SIS,
573, = cop(Bs - db) (18)
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Equation 19 expresses the relative change in global radiation SIS that was caused by changes
in aerosols over time dt. It goes likewise for the other predictors (Equations 20 to 22).

% = exp(fa - dt) (19)
% = exp(Bc - dt) (20)
%z;:—:ﬁgz:i = exp(Bw - dt) 1)
ep( %igi) = czp(Bwzc - db) (22)

Equation 17 can be expressed in an alternative manner.

SIS;o Aerosolss 040 Cloudsyo 06 o Water.vaporss O
SIS

- Aerosolsy Clouds W ater.vapory
ox WxCls fwee €2
P chtl €t1

The resulting factors presented on the right-hand side of Equation 23 represent the rela-
tive contributions of the respective parameters for the analyzed month. These factors signify the
relative trends in SIS, assuming all other effects exhibited no trend (i.e., if the 3’s of all other ef-
fects were zero). These components denote factorial changes with a value of 1 indicating no trend
in SIS. Values less than 1 suggest that the effect would lead to dimming rather than brightening
during that month. The product of all factorial changes yields the relative change in SIS for the
corresponding month of the year. These values represent the relative contributions over the time
interval t,—t; = dt years (dt = 10 years for relative decadal trend contributions) compared to
the initial state in 1983/01/01. This calculation was performed for all months of the year across
all 61 locations individually. Additionally, the 95% confidence interval was estimated for the cloud,
the aerosol and the water vapor effects. They are based solely on the uncertainty of the estimated
coefficients and were calculated for every locations separately using the bootstrap method and
subsequently averaged over the respective locations as presented in Figures 6 and 8. To derive
a final contribution per effect per location, the 12 monthly contributions were subsequently av-
eraged. The intended design sought negative values for negative effects; therefore, 1 was sub-
tracted from all values. These 12 values were then weighted by their corresponding climatolog-
ical mean SIS (S1.5p), as contributions in summer exert a greater impact on the total effect due
to the higher solar elevation and therefore increased radiation during this season. After being weighted
by SISy and averaged over the year, a single value was obtained and mapped onto the European
map for all locations under consideration.

(23)

It is important to note that for the calculation of the individual contributions in the two sub-
periods (Sections 4.2.2 and 4.2.3) the estimated coefficients (0’s) of the full period (1983/01/01
to 2020/12/31) were utilized, with only the 3’s extracted from the shortened sub-periods. This
approach is justified by the understanding that the model’s sensitivity to predictors remains con-
sistent across various time scales — as it is of physical nature — with interannual estimates being
representative of decadal trends. Therefore, the sensitivity of the model does not change for the
sub-periods and utilizing estimates over a longer period ensures greater accuracy.

4 Results and Discussion
4.1 Validation of Satellite Dataset

The spatial analysis of the performance of GeoSatClim is shown in Figure 1. At many lo-
cations we find only very small trends of the bias compared to ground stations, which is a very
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good result and proves the stability of the satellite-derived data. At most Central European lo-
cations, GeoSatClim exhibits a slight overestimation of the trend (blue) compared to ground sta-
tions, with the majority of locations showing bias trends below 3 W/m?/dec. It demonstrates that
the decadal trends observed from ground stations and satellite-derived data agree remarkably well
over the British Isles, and particularly in Switzerland, where it yields highly stable values (very
small trends in the bias). In Switzerland, the performance of the satellite-based GeoSatClim re-
trievals remains outstanding, even in high-elevation locations in the Alps. However, GeoSatClim
notably underestimates the trend in surface solar radiation over the Iberian Peninsula, with de-
viations reaching up to -4 W/m?/dec. Similar discrepancies between satellite and station data for
the Iberian Peninsula have been previously observed by Pfeifroth et al. (2018) and Trentmann
and Pfeifroth (2023), albeit for slightly different time periods. Trentmann and Pfeifroth (2023)
concluded that these deviations might stem from erroneous station data.

long

Figure 1: Bias of trends in surface solar radiation anomalies for GeoSatClim using time-varying aerosols
(W/m?/dec) compared to station data (GEBA and SMN). Positive/negative trends (blue/red) indicate that the
satellite dataset is overpredicting/underpredicting the observed station trends. S = statistically significant trend

(p-value < 0.05), NS = statistically not significant trend (p-value > 0.05).

The comprehensive findings depicted in Figure 1 reveal significant trends of the bias at nu-
merous locations and a distinct spatial pattern. In stability analysis, the preference typically lies
with non-significant trends. Nonetheless, the presence of significant trends does not necessar-
ily imply poor performance of the algorithm, as significant trends can occur quickly in regres-
sion analysis conducted on time series data with many data points.
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Figure 2: Biases (compared to GEBA and SMN data) of monthly surface solar radiation anomalies for
GeoSatClim CMIP (W/m?) averaged over all 61 locations in Europe. Additionally shown is the linear decadal
trend of the biases (dashed straight line) in W/m?>/dec. The values in brackets represent the 95% confidence

interval of the estimated trend.

Averaging across all locations yields a stability measure of 0.3 W/m?/dec (as shown in Fig-
ure 2), meaning, that on average the satellite-derived data overestimated the trend observed from
ground stations by 0.3 W/m?/dec. This is a commendable result indicative of GeoSatClim’s re-
liability. However, the spatial distribution observed in Figure 1 needs further consideration. Over-
and underestimation of the brightening (blue and red points, respectively) partially offset each
other across Europe. Nevertheless, the analysis substantiates the stability of GeoSatClim data through-
out Europe. We therefore have confidence in the trend analysis.

Figure 3 illustrates the deseasonalized monthly and annual mean surface solar radiation
anomalies, including the linear decadal Mann-Kendall trends (Mann-Kendall test, (Mann, 1945;
Kendall, 1975)), separately averaged over the 53 locations outside of Switzerland and over the
8 locations within Switzerland. For the average of the 53 non-Swiss stations, a mean trend of 2.6
W/m?/dec is found when using GEBA reference data. GeoSatClim, utilizing time-varying aerosols
(CMIP), shows a trend of 3.3 W/m?/dec. Hence, GeoSatClim overestimates this trend by 0.7 W/m?/dec
(in comparison to the GEBA reference). Conversely, employing the aerosol climatology (CLIM),
GeoSatClim significantly underestimates it by 1.7 W/m?/dec. All calculated trends exhibit sta-
tistical significance with very low p-values. The mean absolute bias (MAB) when using time-
varying aerosols is 5 W/m?, while it is 5.4 W/m? when employing the aerosol climatology.

The average of the 8 Swiss locations derived from SMN station data is 2.5 W/m?/dec. GeoSat-
Clim calculates a linear trend of 2.4 W/m?/dec when utilizing time-varying aerosols, reaffirm-
ing the exceptional data quality of GeoSatClim in Switzerland. As expected, when employing
an aerosol climatology, the observed trends cannot be reproduced (0.9 W/m?/dec). This under-
scores the critical importance of using time-varying aerosols instead of a constant climatology.
The MAB is 6.1 W/m? using the time-varying aerosols and 6.5 W/m? using the climatology.

—10-



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

53 European Locations Averages 8 Swiss Locations Averages

—— CMIP: Slope = 3.284W/sgm/dec [2.594, 3.994], pval = 0.000 —— CMIP: Slope = 2.438W/sqm/dec [1.365, 3.544], pval = 0.000

—— CLIM: Slope = 0.887W/sqm/dec [0.218, 1.559)], pval = 0.010 —— CLIM: Slope = 0.896W/sqm/dec [-0.119, 1.986], pval = 0.083

—— GEBA: Slope = 2.6W/sqm/dec [1.953, 3.257], pval = 0.000 —— SMN: Slope = 2.5W/sqm/dec [1.324, 3.762], pval = 0.000
T

INRI

20
20

N
VAN et s

Deseasonalized SIS Anomaly [W/sqm]
0

-20
Deseasonalized SIS Anomaly [W/sqm]
0

-20
|

|
MAB CMIP Anomalies: 4.971 W/sqm [ MAB CMIP Angmalies: 6.1 //sqm
° MAB CLIM Anomalies: 5.351 W/sqm o ’ MAB CLIM Angmalies: 6.545 W/sqm
< <
1990 2000 2010 1990 2000 2010 2020
Year Year

Figure 3: Monthly (thin lines) and annual (bold lines) mean surface solar radiation anomalies (W/m?) of the
53 locations outside of Switzerland for the period 1983/01/01 to 2015/12/31 and the 8 locations in Switzer-
land for the period 1983/01/01 to 2020/12/31. Additionally shown are the linear trends (dashed straight lines).
CMIP = GeoSatClim using time-varying aerosols (red), CLIM = GeoSatClim using the aerosol climatology
(blue), GEBA/SMN = GEBA/SMN stations reference data (black), pval = p-value. The values in brackets
show the 95% confidence interval of the estimated trends. Furthermore, the mean absolute biases (MAB) of

the deseasonalized anomalies are shown.

4.2 Brightening and Contributions
4.2.1 Full Period 1983 to 2020

Across Europe, a consistent brightening is observed over the period 1983/01/01 to 2020/12/31,
where satellite data are available, with the most pronounced values evident in Eastern and North-
Eastern Europe (see Figure 4). Conversely, the smallest values are detected over the British Isles,
the Iberian Peninsula and the Alpine regions in the southern part of Switzerland. Regarding the
aerosol effect, minimal spatial variability is visible, except for the negligible aerosol effect at the
four high-elevation locations in southern Switzerland and the marginally higher values in East-
ern Europe (up to 3%/dec). However, the majority of locations showed aerosol effects between
1 and 2%/dec. The relatively lower values observed in Southern Europe could potentially be at-
tributed to an enhanced influence of natural aerosol particles such as Saharan dust. Governmen-
tal regulations aimed at reducing emissions would not have affected the natural aerosol particle
load. The nearly absent aerosol effect at higher altitudes is expected, as most sources that emit
aerosol particles are located close to the Earth’ surface, resulting in lower aerosol loads at higher
elevations.

The cloud effect shows a more intricate spatial pattern. It tends to be slightly negative (dimming-
inducing) in Northern Spain and at certain locations in the British Isles, with values ranging mostly
from O to -2%/dec. Conversely it is predominantly positive everywhere else, ranging from 1 to
3%/dec at most locations, with the highest magnitudes observed at higher latitude locations. No-
tably, at high-altitude locations in Switzerland the cloud effect tends to be negligible.

The water vapour effect and also the interactional term between clouds and water vapor
resulted negligible at all considered locations. Therefore, these effects are not shown. As both
presented effects, the aerosol and the cloud effect, appear very similar when analyzing the whole
period, we decided to split the period. The two sub-periods are analyzed separately and the find-
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ings are presented in the following two sections. More detail regarding the sensitivity of the pe-
riod split can be found in Section 1 and in the Supplementary Material Figures S1 to S6.

Trend of

i SIS [%/10y] Aerosol effect [%/10y] Cloud effect [%/10y]
1983_2020 1983_2020 1983_2020
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Figure 4: Relative changes in SIS (brightening) and relative cloud and aerosol effects per decade (%/dec)
averaged over all months of the year and weighted according to their climatological mean surface solar radia-
tion over the period 1983/01/01 to 2020/12/31. All data shown in this figure are satellite-derived.

4.2.2 Sub-period 1983 to 2002

A widespread brightening is found, when analyzing the sub-period 1983 to 2002 (see Fig-
ure 5). Despite also observing a brightening across Europe, notable differences in the aerosol and
cloud effects are evident in this sub-period compared to the full period. The aerosol effect is pos-
itive throughout Europe, predominantly ranging between 2 and 4%/dec, with the highest values
in Eastern Europe, reaching up to 6%/dec. The high-altitude locations (Swiss Alpine locations)
display only negligible aerosol effects, while values over the Iberian Peninsula also remain min-
imal (ranging from O to 1%/dec). The cloud effect reveals a distinct pattern. It is negative (dimming-
inducing) across most locations, with values ranging from -3 to -2%/dec for the majority of an-
alyzed locations. At selected locations, the cloud effect reaches magnitudes of -4 to -5%/dec. Pos-
itive values are only found in northern regions (around 2%/dec) and around the Mediterranean
Sea (ranging from 0 to 2%/dec), contributing to a brightening in these areas.

The overall aerosol effect remains positive at all locations also for the shortened period,
indicating a widespread brightening attributed to the overall trend in AOD. Chiacchio et al. (2011)
examined AOD trends in Europe for the period 1979 to 2007 estimated by the Goddard Chem-
istry Aerosol Radiation and Transport model (GOCART) and they found decreasing AOD across
the continent, which explains the positive values obtained. Particularly in Eastern Europe, a re-
gion known for its industrial activity, substantial aerosol effects are found. These effects can po-
tentially be attributed to successful implementation of emission regulations or also to the decline
of heavy industry following the dissolution of the Soviet Union in 1991 (Ohvril et al., 2009). Apart
from Eastern Europe, the strongest trends are observed in Central/Northern Europe, while the
weakest trends are observed in Southern Europe and at high altitudes (the four southern Swiss
locations). A likely explanation for this pattern are the lower aerosol loads at higher elevations
and the larger surface solar radiation values at lower latitudes, which make relative effects smaller.
This pattern is elucidated in more detail in Section 4.2.1. Regarding the cloud effect, Norris and
Wild (2007) reported a slight increase in cloud cover during the period 1987 to 2002. Further anal-
ysis by Sanchez-Lorenzo et al. (2017) focused on summer cloud cover trends from 1983 to 2009,
revealing a positive trend in cloud cover for the summer months across Central Europe, Eastern
Europe, and most of the British Isles, which supports the findings of the current study. Analyz-
ing the period 1981 to 2005, Ruckstuhl et al. (2010) concluded that cloud optical depth increased
in all seasons, with more pronounced trends in winter. These findings align with this study’s pre-
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dominantly negative cloud effects (causing dimming) for this first sub-period. Additionally, Stjern
et al. (2009) emphasized the role of the cloud effect in North-Eastern and Arctic Europe in driv-
ing the detected brightening. Consistently, the present study also identifies a positive cloud ef-
fect conducive to a brightening in North-Eastern Europe, however alongside an equally promi-
nent positive aerosol effect in these regions.

Trend of d

i SIS [%/10y] Aerosol effect [%/10y] Cloud effect [%/10y]
1983_2002 1983_2002 1983_2002

lat

long long long

Figure 5: Relative changes in SIS (brightening) and relative cloud and aerosol effects per decade (%/dec),
averaged over all months of the year and weighted according to their climatological mean surface solar radia-
tion over the period 1983/01/01 to 2002/12/31. All data shown in this figure are satellite-derived.

Figure 6 shows the seasonality of the contributors to the observed decadal trends in sur-
face solar radiation, averaged across all locations, as well as specifically over the ten most north-
ern and ten most southern locations spanning from 1983/01/01 to 2002/12/31. Values exceed-
ing 1.00 indicate a positive effect on the surface solar radiation trend, thereby inducing a bright-
ening, while values below 1.00 signify that the corresponding effect induced a dimming during
the respective time of the year. For instance, a value of 1.07 refers to an effect responsible for a
brightening of 7 %/dec in the corresponding month of the year, assuming no other effects were
present. The product of all trend contributions equals the satellite surface solar radiation trend
calculated using time-varying aerosols.

Even when considering the average over all 61 locations (see the corresponding plot in Fig-
ure 6), seasonality is discernible. The relative brightening is positive throughout the year except
for July and October to December, with its zenith observed in the first half of the year, particu-
larly in January and May (both peaking around 6%/dec), and in August (around 3%/dec). This
result confirms previous analyses by Chiacchio and Wild (2010) and Sanchez-Lorenzo et al. (2017),
who found, based on in situ observations, that the European brightening is most pronounced in
spring and summer. However, while their focus was on absolute brightening, this study delves
into relative brightening. Given the diminished solar elevation in winter, even a modest absolute
brightening in W/m? can translate to a substantial relative brightening in %, thus explaining the
January peak in the averaged plot across all locations. The consistently positive aerosol effect
across all months suggests a reduction of AOD in all months of the year. The aerosol effect ex-
hibits slight seasonality, peaking in winter months and maximally increasing surface solar radi-
ation by around 4%/dec. It is known, that in Europe the absolute values of AOD are highest in
summer (Filonchyk et al., 2020; Remer et al., 2008), as in winter there is increased precipitation
washing aerosol particles out of the atmosphere. Consequently, an identical AOD decrease through-
out all months of the year results in the largest relative values in winter, which could explain the
minor visible seasonality of the aerosol effect. However, the AOD is predominated by anthro-
pogenic aerosol particles, subject to stringent emission controls. This also suggests limited vari-
ability, although seasonality could still be apparent due to for example stronger heating in win-
ter. In contrast, the cloud effect demonstrates much stronger seasonality than the aerosol effect.
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With negligible seasonality in the aerosol effect and negligible contributions from other terms,
the cloud effect drives the seasonal variation of the brightening. Peaks in cloud effect occur in
May (4%/dec) and August (0%/dec), while negative effects in July and later months indicate in-
creased cloud cover and/or cloud optical depth over time during these months. The water vapor
effect and interactional term appear irrelevant.

All months considered, the aerosol effect emerges as the predominant driver of the bright-
ening on average, with the cloud effect contributing most to its seasonality. In several months,
the cloud effect decreased surface solar radiation trends, but still a brightening resulted, as the
cloud-induced dimming was overpowered by the aerosol-induced brightening. The narrow 95%
confidence interval shows the very small uncertainty of the calculated contributions. This uncer-
tainty refers only to the uncertainty in the estimated coefficients (see Section 3 for details). It is
small for the aerosol effect, with slightly larger uncertainty in winter months. For the water vapour
effect it is barely visible at all and for the cloud effect it is so small, that it coincides with the best
estimate and is not visible at all in Figure 6.

Examining the additional plots in Figure 6 depicting averages over the ten most northern
and southern locations reveals differences compared to the average over all locations. At more
northern latitudes, the aerosol effect appears slightly stronger and its seasonality is more pronounced.
The cloud effect also exhibits greater seasonal variability, peaking in March, May and most promi-
nently in September. Conversely, southern locations exhibit weaker aerosol effects and less pro-
nounced seasonality. However, this decreased seasonality of the aerosol effect (almost constant
throughout the year) could also be due to the relative nature of the analysis and generally higher
SIS values at lower latitudes. The cloud effect also shows less seasonality, with particularly sim-
ilar values throughout spring and summer. A solitary strong cloud peak is visible in February.

The uncertainty of the aerosol effect is larger for the average of the 10 most northern locations,
but again it is rather small.

All 61 Locations Average 10 Most Northern Locations (Lat >= 55°N) 10 Most Southern Locations (Lat <= 43°N)
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Figure 6: Monthly contributions to the brightening by effect as per regression model for the period
1983/01/01 to 2002/12/31 including the 95% confidence interval. Mean values of all 61 considered locations,
mean of the 10 northern-most locations with latitude > 55°N and mean of the 10 southern-most locations
with latitude < 43°N are shown. Additionally shown in colored shading are the 95% confidence intervals

of the aerosol, the cloud and the water vapor effects. Satellite SIS trend (thick brown): Decadal trend of the

relative surface solar radiation anomalies from GeoSatClim using time-varying aerosols (cMIP).

4.2.3 Sub-period 2001 to 2020

The brightening that was observed in the previous sub-period persists in this sub-period
(see Figure 7). At many locations it even intensified. When analyzing the aerosol and cloud ef-
fects, a notable difference from the corresponding plots of the earlier sub-period 1983/01/01 to
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2002/12/31 (Figure 5) is evident. During this later period, the aerosol effect exhibits minimal to
negligible influence across all locations, ranging from O to 1%/dec. In contrast, the cloud effect
demonstrates a more substantial, predominantly positive impact on SIS trends. Particularly pro-
nounced cloud effects are observed in Central and Northern Europe, ranging from 2 to 5%/dec.
The high-altitude locations in the Swiss Alps show only minimal cloud effects around 1%/dec.

Trend of i SIS ies [%/10y] Aerosol effect [%/10y] Cloud effect [%/10y]
2001_2020 2001_2020 2001_2020

lat
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Figure 7: Relative changes in SIS (brightening) and relative cloud and aerosol effects per decade (%/dec),
averaged over all months of the year and weighted according to their climatological mean surface solar radia-
tion over the period 2001/01/01 to 2020/12/31. All data shown in this figure are satellite-derived.

During this second sub-period, the aerosol effect appears to exert only a minimal impact
on the SIS trends, while the cloud effect emerges as a significant driver, exerting a dominant in-
fluence on the observed brightening across Europe. The regulative measures regarding anthro-
pogenic emissions have started to be put in place in the 1980s and this study proves their at least
partial success. As the emission levels were already reduced and the measures in place at the start
of this sub-period analysis (2001/01/01), the decrease in AOD was rather small during the next
20 years, as resulted in the very small aerosol effects visible in Figure 7. Nevertheless, the bright-
ening persisted during this period (ranging from 2 to 6%/dec), predominantly attributable to vari-
ations in cloudiness, as indicated by the pronounced cloud effects in Figure 7. This suggests a
decrease in cloud optical depth and/or in total cloud cover over this period. The latter assertion
finds support in the findings of Hatzianastassiou et al. (2020), who noted decreasing total cloud
cover over Europe from 2001 to 2009. Their analysis, which also examined the individual con-
tributions of total cloud cover and AOD to the observed brightening, concluded on clouds being
the primary driver, with AOD exerting a minor influence (Figure 4 in Hatzianastassiou et al. (2020)).
Similarly, Mateos et al. (2014) observed a dominant cloud effect when analyzing SIS trend con-
tributions over the Iberian Peninsula from 2003 to 2012. Moreover, Ferreira Correa et al. (2023)
noted the growing importance of the cloud radiative effect over the entire brightening period. All
these findings are consistent with the results of the current study.

Figure 8 presents the seasonal evolution of the various contributors to the decadal SIS trends
for the second sub-period. Notably, the cloud effect and the brightening exhibit striking similar-
ities, appearing almost identical for certain months in both the northern and southern averaged
plots. At the northern locations much higher winter values of SIS and cloud effect with a strong
peak in January are found. A less pronounced, but very similar seasonality is found at southern
latitudes, showing three smaller peaks in January, May and October. The aerosol effect remains
low and displays minimal seasonality for all locations. No discernible effects are attributed to
water vapor or the interactional term. Although the 95% confidence interval is included in Fig-
ure 8, it is barely visible for any of the effects. This underlines the accuracy of the estimated con-
tributions, especially in this second sub-period.
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When compared to the corresponding plots of the first sub-period (Figure 6), significant
disparities emerge. Despite strong seasonality in the cloud effect, particularly evident at north-
ern locations, it does not align with the seasonality observed in the sub-period 1983 to 2002. In-
stead, the first two decades of the 21% century are characterized by heightened relative cloud ef-
fects in winter across all locations and negligible to slightly negative cloud effects during the sum-
mer months. A potential reason for the observed discrepancies might be the change in Northern
Atlantic Oscillation (NAO) regime around the change of century (Weisheimer et al., 2017; Pa-
pritz & Grams, 2018; Climate Prediction Center, 2024; National Weather Service - NOAA, 2024).
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Figure 8: Monthly contributions to the brightening by effect as per regression model for the period
2001/01/01 to 2020/12/31 including the 95% confidence interval. Mean values of all 61 considered locations,
mean of the 10 northern-most locations with latitude > 55°N and mean of the 10 southern-most locations
with latitude < 43°N are shown. Additionally shown in colored shading are the 95% confidence intervals

of the aerosol, the cloud and the water vapor effects. Satellite SIS trend (thick brown): Decadal trend of the

relative surface solar radiation anomalies from GeoSatClim using time-varying aerosols (cMIP).

5 Conclusions

The aim of this study was to analyze and quantify the factors influencing the observed trends
in surface solar radiation over the period 1983/01/01 to 2020/12/31 across 61 European locations.
Initially, the satellite-derived data generated using the CM SAF GeoSatClim algorithm were val-
idated against ground measurements obtained from GEBA and Swiss Met Net at the 61 locations.
Subsequently, a detailed seasonal-scale analysis was conducted utilizing a multiple linear regres-
sion model to assess the individual contributions of clouds, aerosols, and water vapor to the ob-
served brightening. CM SAF’s Land Flux satellite algorithm offers flexibility to compute both
all-sky and clear-sky radiation. Additionally, GeoSatClim provides two distinct options concern-
ing aerosol input: CMIP, representing a simulation incorporating time-varying modelled aerosol
optical depth, and CLIM, which utilizes a daily aerosol climatology with no long-term trend in
aerosol optical depth. Moreover, the algorithm provides the option to eliminate the direct effect
of water vapour on surface solar radiation.

The validation process for GeoSatClim utilizing time-varying aerosols revealed a robust
alignment of trends with reference data across Europe, particularly in Switzerland, encompass-
ing even its high-elevation Alpine regions. Generally, GeoSatClim exhibited a slight tendency
to overestimate trends, with an exception observed in Spain, where trends were underestimated.
As discussed in Section 4.1, potential discrepancies in the reference data from Spanish ground
stations may account for this deviation.

Over the entire period 1983/01/01 to 2020/12/31 a brightening was found. Delving into
the monthly-scale contributions to surface solar radiation trends yielded insightful findings. Ex-
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amining this whole period revealed a balanced scenario, with nearly equal impacts stemming from
variations in aerosol optical depth and cloudiness. Consequently, the period was split in two and
each sub-period was analyzed individually.

For the first sub-period 1983/01/01 to 2002/12/31 a strong brightening was found and the
aerosol effect emerged as the primary driver across Europe. The aerosol effect was particularly
pronounced in Eastern Europe, while registering near-zero influence at high-altitude Alpine lo-
cations. This outcome resonates with findings by Chiacchio et al. (2011), who found a decline
in aerosol optical depth across Europe between 1979 and 2007, based on results from an Atmo-
spheric Chemistry Transport model, likely attributable to effective emission regulations. The in-
tensified aerosol effects in Eastern Europe may be further linked to the decline of heavy indus-
try following the dissolution of the Soviet Union in 1991 (Ohvril et al., 2009). Given that most
aerosol-emitting sources are situated near the Earth’s surface, resulting in lower aerosol optical
depths at higher elevations, the minimal aerosol effect observed at Alpine locations is understand-
able. Clouds overall even increased during this sub-period and consequently exerted a negative
impact on surface solar radiation trends at most locations, particularly in Central/Eastern Europe
and in the British Isles. The contribution of water vapor remained negligible. As the aerosol ef-
fect overcompensated the negative cloud effect at most locations, it resulted in a brightening nonethe-
less. The uncertainties of the estimated contributions were small for the aerosol effect with larger
uncertainty in winter months. The water vapor and cloud effects exhibited negligible uncertainty.

The analysis of the period 2001/01/01 to 2020/12/31 portrayed a substantially different sit-
uation. While the brightening persisted, the underlying contributors underwent notable shifts. The
direct aerosol effect became rather insignificant, albeit still maintaining a positive influence. This
suggests that anthropogenic aerosol emissions had likely reached regulatory thresholds and re-
mained relatively stable during this latter sub-period. Variability in cloud cover, however, emerged
as the predominant driver of the observed brightening in this sub-period. This study thus also en-
abled the detection of a substantial decrease in the cloud radiative forcing over Europe in the first
two decades of the 21% century. Further exploration into the reasons of this decrease would com-
plement the findings of this study. The water vapor effect was again negligible. Analyzing each
month of the year separately revealed different seasonality for both investigated sub-periods. This
is mainly attributable to the changed seasonality of the cloud effect, which could be a consequence
of the Northern Atlantic Oscillation regime change. The uncertainties of the estimated coefficients
were even smaller for this sub-period.

There are several limitations which should be kept in mind regarding this study. The spa-
tial resolution of the satellite limits the accuracy, particularly in heterogeneous terrain, as it pro-
vides averaged values per grid cell. Consequently, very high-altitude locations such as mountain
peaks were excluded from this study to mitigate potential inaccuracies. Another source of un-
certainty stems from the aerosol optical depth data utilized, which was modelled and, from 2015/01/01
onwards, forced according to the socio-economic emission pathway SSP2-45, which is known
to underestimate the actual changes (Schwalm et al., 2020). While the statistical regression model
employed in this study has demonstrated excellent fidelity in reproducing satellite-observed sur-
face solar radiation variability, residual model uncertainty persists. Regarding the interpretations
of the findings, it is imperative to acknowledge that the aerosol effect discussed herein is the di-
rect aerosol effect, wherein aerosol particles directly scatter and absorb incoming solar radiation.
However, there exist additional indirect aerosol effects, whereby an increased number of aerosol
particles increase the number of cloud droplets, because the particles act as cloud condensation
nuclei. Increasing numbers of cloud droplets enhance the cloud’s albedo, which amplifies the cool-
ing effect of these clouds (Twomey et al., 1984). Apart from the described first indirect aerosol
effect, aerosol particles can further prolong a cloud’s lifespan by minimizing precipitation (Albrecht,
1989). The two indirect aerosol effects could not be analyzed separately with the available data,
as they were encompassed within the cloud effect.

In recent years there have been studies conducted, analyzing correlations between long-
term surface solar radiation trends and atmospheric circulation (Sanchez-Lorenzo et al., 2008;
Chiacchio & Wild, 2010; Parding et al., 2016). There are also studies suggesting aerosol-cloud
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interactions could depend on the level of pollution (Koren et al., 2008; Rosenfeld et al., 2008).
It could be of high interest to conduct further research in these directions.

Appendix A List of Locations
Table A1 lists all 61 locations that are analyzed in this study. Additionally to the station

name, the coordinates and the corresponding country are listed.

Table A1: List of 61 analyzed locations

Station Longitude (°E) Latitude (°N) Country
Aberdeen -2.08 57.17 Great Britain
Aberporth -4.57 52.13 Great Britain
Ajaccio 8.80 41.92 France
Albacete -1.86 38.95 Spain
Aldergrove -6.22 54.65 Great Britain
Basel-Binningen 7.58 47.55 Switzerland
Belsk 20.78 51.83 Poland
Bergen 5.32 60.40 Norway
Bratislava 17.10 48.17 Slovak Republic
Caceres -6.34 39.47 Spain
Cagliari 9.05 39.25 Italy
Clermont_ferrand 3.17 45.78 France
Clones -7.23 54.18 Ireland
Col-du-Grand-St-Bern  7.17 45.87 Switzerland
Coruna -8.38 43.30 Spain

Davos 9.85 46.82 Switzerland
Debilt 5.18 52.10 Netherlands
De_kooy 4.78 52.92 Netherlands
Dijon 5.08 47.27 France
Dublin -6.25 5343 Ireland
Dunstaffnage -5.43 56.47 Great Britain
Eelde 6.58 53.13 Netherlands
Embrun 6.50 44.57 France
Eskdalemuir -3.20 55.32 Great Britain
Geneve-Cointrin 6.13 46.25 Switzerland
Guetsch-Andermatt 8.62 46.65 Switzerland
Helsinki 24.97 60.32 Finland
Hohenpeissenberg 11.02 47.80 Germany
Hradec_kralove 15.85 50.25 Czech Republic
Jokioinen 23.50 60.82 Finland
Klagenfurt 14.33 46.65 Austria
Lerwick -1.18 60.13 Great Britain
Logrono -2.33 42.45 Spain
Maastricht 5.78 50.91 Netherlands
Madrid -3.68 40.41 Spain
Malin_head -7.33 55.37 Ireland
Millau 3.02 44.12 France
Montpellier 3.97 43.58 France
Murcia -0.80 37.79 Spain
Nancy-essey 6.22 48.68 France

Nice 7.20 43.65 France
Odessa 30.63 46.48 Ukraine
Oviedo -5.87 43.35 Spain

Continued on the next page
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Table A1 — Continued from previous page

Station Longitude (°E) Latitude (°N) Country
Palma_mallorca 2.74 39.57 Spain
Payerne 6.94 46.81 Switzerland
Perpignan 2.87 42.73 France

Pisa 10.40 43.68 Italy
Potsdam 13.10 52.38 Germany
Rennes -1.73 48.07 France
San_sebastian -2.04 43.31 Spain
Santander -3.80 43.49 Spain
Stockholm 17.95 59.35 Sweden
Strasbourg 7.63 48.55 France
Toravere 26.47 58.27 Estonia
Valentia -10.25 51.93 Ireland
Vigna_di_valle 12.21 42.08 Italy
Vlissingen 3.60 51.45 Netherlands
Warszawa 20.98 52.27 Poland
Weissfluhjoch 9.80 46.83 Switzerland
Zakopane 19.97 49.28 Poland
Zuerich-Kloten 8.53 47.48 Switzerland

Open Research Section

The Surface Radiation Climate Data Record will be available soon under the DOI
10.5676/EUM_SAF_CM/SLF_METEOSAT/V001. The part of the data that was used for this
study is temporarily available at https://figshare.com/s/50£58aa738aadf53bfa6
for peer review.

Global Energy Balance Archive (GEBA) data is publicly accessible via http://www.geba
.ethz.ch (Wild et al. (2017), supplementary data are available at https://doi.org/10
.1594/PANGAEA.873078).

The reference data from the Swiss measurement stations (Swiss Met Net) are freely available upon
request to MeteoSwiss via the contact form: https://www.meteoswiss.admin.ch/about
-us/contact/contact-form.html.

The CAMS AOD re-analysis data is available under (https://ads.atmosphere.copernicus

.eu/cdsapp#!/dataset/cams—global-reanalysis—eacd4-monthly?tab=form.
The information about the aerosol optical depth is taken from model-based estimates that include
pre-industrial natural aerosol and emission estimates (Fiedler, Kinne, et al., 2019) and informa-
tion on different emission scenarios (Fiedler, Stevens, et al., 2019). For more details see Section
2.1.
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