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Abstract. Solar radiation is the main driver of the Earth’s climate. Measuring solar radiation and analysing its

interaction with clouds are essential for the understanding of the climate system. The EUMETSAT Satellite Application Facility on Climate Monitoring (CM SAF) generates satellite-based, high-quality climate data records,
with a focus on the energy balance and water cycle. Here, multiple of these data records are analyzed in a common framework to assess the consistency in trends and spatio-temporal variability of surface solar radiation,
top-of-atmosphere reflected solar radiation and cloud fraction. This multi-parameter analysis focuses on Europe
and covers the time period from 1992 to 2015. A high correlation between these three variables has been found
over Europe. An overall consistency of the climate data records reveals an increase of surface solar radiation and
a decrease in top-of-atmosphere reflected radiation. In addition, those trends are confirmed by negative trends
in cloud cover. This consistency documents the high quality and stability of the CM SAF climate data records,
which are mostly derived independently from each other. The results of this study indicate that one of the main
reasons for the positive trend in surface solar radiation since the 1990’s is a decrease in cloud coverage even if
an aerosol contribution cannot be completely ruled out.

1

Introduction

Solar radiation is a key parameter in the Earth’s climate
system (e.g. Hartmann et al., 1986), hence it is essential
to observe and analyze the surface solar radiation (SSR)
and to understand possible temporal changes (e.g. SanchezLorenzo et al., 2015; Wild, 2016). A general decrease of
SSR from the 1950’s to the 1980’ (global dimming) and an
increase since the 1980’s (brightening) have been observed
(e.g. Ohmura, 2009; Wild, 2009, 2012). In previous studies,
changes in the aerosol loading have been concluded to be
the main reason for the changes in SSR (e.g. Ruckstuhl et
al., 2008; Ruckstuhl and Norris, 2009; Philipona et al., 2009;
Zubler et al., 2011; Sanchez-Lorenzo and Wild, 2012; Nabat
et al., 2014). Yet, clouds might also play an essential role as
they strongly interact with radiation in the troposphere and
Published by Copernicus Publications.

are another possible reason for changes in SSR (e.g. Long
et al., 2009; Parding et al., 2016; Sanchez-Lorenzo et al.,
2017a).
SSR and top-of-atmosphere reflected solar radiation (TRS) are physically linked through clouds that reflect
solar incoming radiation back to space, which in turn
leads to a reduced SSR (Ohmura and Gilgen, 1993). As
the density of high-quality station measurements of SSR
is low (Ohmura et al., 1998), satellite-based data records
are an important complementary data source. Furthermore,
measurements of important parameters like TRS are only
available from satellite measurements. CM SAF satellite
climate records of SSR have shown to be of a high accuracy
(e.g. Riihelä et al., 2015; Urraca et al., 2017) and have been
used to study climate trends (e.g. Sanchez-Lorenzo et al.,
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2017b). Moreover Pfeifroth et al. (2018) has recently shown
that CM SAF’s climate data records of SSR agree well with
station-based SSR measurements concerning variability and
trends in Europe.
Satellite-based climate data records of SSR, TRS and
cloud fractional coverage (CFC) from the CM SAF affords
the opportunity to get new insights into the radiation-cloud
interactions and to test the consistency of the satellite-based
climate data records. Ultimately, this study aims at a crossconsistency analysis of SSR, TRS and CFC data provided by
the CM SAF.
2
2.1

Data
Surface solar radiation

The SSR data used in this study are the CM SAF’s Surface
Solar Radiation Dataset – Heliosat, Edition 2 (SARAH-2,
Pfeifroth et al., 2017) and the CM SAF Cloud, Albedo
And Surface Radiation dataset from AVHRR data, Edition 2
(CLARA-A2, Karlsson et al., 2017a). SARAH-2 is based on
the MVIRI and SEVIRI instruments on board of the Meteosat series of geostationary meteorological satellites that
cover Europe, Africa, the Atlantic Ocean and parts of South
America. By using geostationary satellites, SARAH-2 is
based on a temporally consistent 30 min sampling. CLARAA2 is based on the AVHRR sensor on board of a series of
polar orbiting satellites (i.e. NOAA and Metop). CLARAA2 has a global data coverage. Almost for the whole 1992–
2015 period at least two satellites have been used to generate
the CLARA-A2 climate data record. However, during winter,
the spatial coverage of the CLARA-A2 SSR is not complete
due to the limited number of valid observations during daylight especially for latitudes higher than about 55◦ N. More
information on the SARAH-2 and CLARA-A2 climate data
records can be found in Müller et al. (2015a) and Karlsson et
al. (2017b), respectively.
2.2

Top-of-atmosphere reflected solar radiation

The CM SAF TRS data record (Urbain et al., 2017a) is based
on the Meteosat satellite series. The TRS climate data record
can be seen as the Top-of-Atmosphere (TOA) counterpart to
SARAH-2. Even though both data records are based on the
same raw satellite data, the algorithms for data generation are
different, starting already from different calibration methods.
TRS is defined as the solar radiation reflected by the earthatmosphere system, including gases and aerosols, in addition
to scattering by clouds and surface reflections. More information on the TRS data record can be found in Urbain et al.
(2017b).
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2.3

Cloud fractional coverage

The cloud fractional coverage (CFC) data are given by the
CM SAF’s CLARA-A2 climate data sets (Karlsson et al.,
2017a) (cf. Sect. 2.1) and by the CM SAF Cloud Fractional
Cover dataset from Meteosat First and Second Generation –
Edition 1 (COMET, Stöckli et al., 2017). Like the SARAH-2
SSR and TRS data, the COMET CFC climate data record is
based on the geostationary Meteosat series. The cloud fractional coverage is bounded between 0 and 100 percentage
points, which is simply denoted as %.
3

Methods

All data records were used as monthly means during the
common time period of 1992–2015 in a European domain on a 0.25◦ × 0.25◦ grid. The conducted variability and
trend analysis were generally based on monthly anomalies
relative to the corresponding 1992–2015 monthly means.
The overall number of data points for each data record is
176 × 120 × 288. The relation between the variables, and the
annual and seasonal trends were calculated by applying linear regressions of the anomalies. The correlation was calculated using Pearson’s correlation coefficient. A trend is
called statistically significant (positive or negative), if both
the lower and upper bound of the 95 % confidence interval
based on the observations (which reflect a significance level
of 0.05) are positive or negative.
4

Trend and variability analysis

The relation between the different data records and parameters based on the linear regression between all the ∼ 6 million data points are shown in Table 1. There is overall a high
positive correlation of anomalies between the two SSR data
records (0.95) and the two CFC data records (0.89). As expected, the SSR and CFC data records are negatively correlated in the range of −0.78 to −0.84. The correlation of SSR
and TRS is also negative of about −0.95. The correlations
of CFC and TRS are in the order of 0.77 to 0.81, and hence
not as high as for the other combinations, likely due to the
contribution of the surface reflectivity to the TRS.
It is found that for the time period 1992–2015 the trends
of all five analyzed radiation (SSR and TRS) and CFC data
records are overall consistent with each other (cf. Figs. 1
and 2). Both SSR data records show an increase and the CFC
and TRS data records show a decrease during the analyzed
time period. Figure 1 shows the anti-correlation between the
CFC/TRS data and the SSR data. The negative COMET CFC
trend is less pronounced than the one by CLARA-A2 CFC.
Also the general spatial pattern of the trends derived from the
different data records agree with each other (cf. Fig. 2). The
most positive statistically significant trends in SSR are observed in Eastern and North-Western Europe. The same applies for the corresponding negative trends of CFC and TRS.
www.adv-sci-res.net/15/31/2018/
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Table 1. Results of the linear regression (C = Pearson’s correlation coefficient, S = slope of regression line) between the monthly anomalies

(grid-point wise) of the five data records for the common European domain (shown in Fig. 2). The values refer to the period 1992–2015.
C = correlation; S = slope
SARAH-2 SSR

C
S

CLARA-A2 SSR

C
S

CLARA-A2 CFC

C
S

COMET CFC

C
S

CLARA-A2 SSR

CLARA-A2 CFC

COMET CFC

TOA-TRS

0.95
0.99

−0.80
−0.40

−0.78
−0.47

−0.95
−0.74

−0.84
−0.48

−0.79
−0.45

−0.94
−0.70

0.89
0.87

0.81
1.02
0.77
1.00

Figure 1. Mean anomaly time series (12-month Gauss-filtered) of SARAH-2 SSR [W m−2 ], CLARA-A2 CFC [%], COMET CFC [%] and

TRS [W m−2 ] for the time period 1992–2015. There are two y-axis: Radiation [W m−2 ] (left) and CFC [%] (right). Note: CLARA-A2 SSR
anomalies are not included due to its incomplete spatial coverage (see Sect. 2.1).

In general, the SSR and CFC trends by the CLARA-A2 climate data record are more pronounced than those given by
SARAH-2 SSR and COMET CFC data.
All data records are also compared concerning seasonal
trends (see Fig. 3). It is shown that the general consistency of the trends is also valid at the seasonal scale. The
largest positive trends in SSR occur in spring in Eastern and North-Western Europe with regionally more than
10 W m−2 decade−1 , and corresponding negative trends in
CFC of up to −5 % decade−1 , which is overall in line with
the SSR trends found in Sanchez-Lorenzo et al. (2017a).
The spatial variability of the trends in the different seasons
is quite large. The CFC trends are overall more negative in
the CLARA-A2 CFC data record than in the COMET CFC
data record. CLARA-A2 SSR trends are overall more positive than the SARAH-2 SSR trends. Differences between the
SSR data records exist in winter in parts of Northern and
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Eastern Europe, likely due to the difficulties of the SSR retrieval over snow-covered surfaces.
5

Discussion

Given the fact that the SSR trends between SARAH-2,
CLARA-A2 and surface stations agree well in Europe
(Pfeifroth et al., 2018) and that a monthly climatology of
aerosol loading is used for the generation of the CM SAF’s
SSR climate data records, it can be concluded that one of
the major reasons of the observed trends in SSR in Europe are changes in clouds. This is confirmed by the climate data records of cloud cover – CLARA-A2 CFC and
COMET CFC. It should be noted that changes in aerosol
concentration and properties might still play a role through
the possible change of the aerosol indirect effect, which can
change cloud brightness and life time. However, the temporal
Adv. Sci. Res., 15, 31–37, 2018
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Figure 2. Trends (from left to right) of SARAH-2 SSR [W m−2 decade−1 ], CLARA-A2 SSR [W m2 decade−1 ], CLARA-A2 CFC

[% decade−1 ], COMET CFC [% decade−1 ] and TRS [W m−2 decade−1 ] for the time period 1992–2015.

Figure 3. Trends (from left to right) of SARAH-2 SSR [W m−2 decade−1 ], CLARA-A2 SSR [W m−2 decade−1 ], CLARA-A2 CFC

[% decade−1 ], COMET CFC [% decade−1 ] and TRS [W m−2 decade−1 ] for the different seasons (from top to bottom) winter (DJF),
spring (MAM), summer (JJA) and autumn (SON).
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variation in the direct aerosol effect is not accounted for by
the CM SAF’s SARAH-2 and CLARA-A2 SSR data records,
except for heavy aerosol events like dust storms (Müller et
al., 2015b) and hence an aerosol influence cannot be completely ruled out. In fact, an exception of the good agreement
of the satellite-based and station-based trends of SSR has
been found in the southern European summer season, when
the SSR trends are underestimated by satellite climate data
records with reference to station measurements (Pfeifroth
et al., 2018), might be due to the higher influence of the
aerosol load on SSR in the Mediterranean summer (SanchezLorenzo et al., 2017a; Kambezidis et al., 2016; Nabat et al.,
2014).
It should be noted that the CM SAF’s climate data records
used in this study are mostly derived independently from
each other, except for the CLARA-A2 SSR and CFC data
records. Even though raw satellite data are partly common,
the algorithms – starting from the calibration procedures –
are different. This fact underlines the significance of the results presented.

6

Conclusions

This study shows high correlations between the CM SAF’s
SSR, CFC and TRS climate data records in Europe, which
confirm the high quality of the analyzed CM SAF’s climate
data records. The SARAH-2 and CLARA-A2 SSR data show
an increasing trend in Europe for the analyzed time period
of 1992–2015, in line with station observations (SanchezLorenzo et al., 2017a; Pfeifroth et al., 2018). In correspondence, the analysis of the COMET and CLARA-A2 CFC
climate data records and the TRS data reveal a negative
trend (cf. Fig. 2). The overall consistency is expressed by
the agreements in the trend pattern at the annual and seasonal scale. Challenges remain e.g. in case of bright surfaces
(i.e. snow cover), that can be misclassified as clouds.
Based on the analysis of the CM SAF’s SSR, CFC and
TRS climate data records it is indicated that changes in
clouds is one of the main drivers for variability and trends in
SSR during the time period 1992–2015 in Europe (especially
in the northern and central parts). However, effects through
aerosols cannot be completely ruled out. In fact, the decrease
in aerosol load could have reduced the brightness of clouds
and decreased the cloud life time (indirect effect), as well
as reduced the direct effect. The latter is more important in
southern Europe especially in summer (Pfeifroth et al., 2018,
and references therin).
Moreover, clouds are also identified as the main reason for
a change in the observed SSR in Europe by Parding et al.
(2016) and Mateos et al. (2014), which is however in contrast to other studies (e.g. Philipona et al., 2009; Zubler et
al., 2011; Nabat et al., 2014). Further research is needed to
further verify possible reasons for the positive trend in SSR
in Europe since the 1980’s especially in the southern part
www.adv-sci-res.net/15/31/2018/
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of Europe. The negative trends in cloud cover over Europe
can be due to changes in the tropospheric dynamics, i.e. in
the large scale circulation (Trigo et al., 2002), which needs
further investigations. Large scale circulation changes might
be indicated by an observed negative tendency of the North
Atlantic Oscillation Index (Barnston et al., 1987) since the
early 1990’s (not shown). However, it is very likely that there
is no single reason for the observed large scale and long-term
change in SSR over Europe, but a combination of different
reasons.

Data availability. All analyzed EUMETSAT CM SAF climate

data records are freely accessible through the CM SAF Web User
Interface (https://wui.cmsaf.eu) and DOI referenced:
– CLARA-A2
(https://doi.org/10.5676/EUM_SAF_CM/
CLARA_AVHRR/V002),
– COMET
(https://doi.org/10.5676/EUM_SAF_CM/CFC_
METEOSAT/V001),
– SARAH-2 (https://doi.org/10.5676/EUM_SAF_CM/SARAH/
V002),
– TOA TRS (https://doi.org/10.5676/EUM_SAF_CM/TOA_
MET/V001).
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