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Abstract: This study assesses and evaluates the 40-year (1980-2019) Modern-Era Retrospective
Analysis for Research and Applications v.2 (MERRA-2) surface solar radiation (SSR) as well as its
interdecadal changes (A(SSR)) against high quality reference surface measurements from 1397 Global
Energy Balance Archive (GEBA) and 73 Baseline Surface Radiation Network (BSRN) stations. The
study is innovative since MERRA-2 (A(SSR)) has never been evaluated in the past, while the MERRA-
2 SSR fluxes themselves have not been evaluated in such large spatial scale, which is global here, and
temporal basis, which counts 40-years. Other novelties of the study are the use of the highest quality
BSRN stations, done for the first time in such an evaluation, as well as the use of a greater number
of reference-GEBA stations than in other studies. Moreover, the assessment and evaluation in this
study are largely based on SSR anomalies, while being done in depth, at spatial scales ranging from
the local to global/hemispherical, and separately for land and ocean areas, and at temporal scales
spanning intervals from decadal sub-periods to 40 years. Overall, the MERRA-2 deseasonalized
SSR anomalies correlate well with either GEBA (R equal to 0.61) and BSRN (R equal to 0.62). The
percentage of agreement between the sign of computed GEBA and MERRA-2 A(SSR) is equal to
63.4% and the corresponding percentage for MERRA-2 and BSRN is 50%. According to MERRA-2,
strong and statistically significant positive A(SSR) (Brightening) is found over Europe, Central Africa,
Mongolia, Mexico, Brazil, Argentina and some parts of the tropical oceans. In contrast, large and
statistically significant negative A(SSR) (Dimming) occurs over the western Tropical Warm Pool,
India, Southern East China, Amazonia, stratocumulus covered areas and some parts of oceans.
MERRA-2 yields a dimming equal to —0.158 4- 0.005 W/m? /year over the globe from 1980 to 2019.
This 40-year dimming, which occurred in both hemispheres, more over ocean than continental areas
(—0.195 4 0.006 and —0.064 + 0.006 W/m? /year, respectively), underwent decadal scale variations.

Keywords: surface solar radiation; climate; dimming; brightening; model; stations; reanalysis

1. Introduction

Solar radiation is the main energy source for the Earth-atmosphere system, while the
incoming surface solar radiation (SSR) at the Earth’s surface plays an important role for
various biological, physical and chemical processes, being strongly related to climate and its
changes [1,2]. SSR is driven either by astronomical factors, such as the Sun—Earth distance,
the solar zenith angle and position (latitude) or by the composition of the atmosphere,
surface conditions, and human activities [3,4]. As a result, and based on the combination of
all these factors, great spatiotemporal changes in the SSR are created. These changes have
strengthened the interest of the scientific community due to possible implications for global
climate change, but also the steadily increasing use of solar energy [5-7]. The interdecadal
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increases or decreases of SSR, commonly known as global dimming and brightening
(GDB), started to gain recognition in the late 1980s [8,9]. GDB may be a regional or global
phenomenon and it has been proven that its two major drivers are clouds and aerosols,
which largely determine the transparency of the atmosphere [10-12]. GDB has implications
for various sectors ranging from economy, solar power, hydrology and agriculture to
climate. The growth of plants and the yield of crops depend on sunshine that creates
photosynthesis, but also on temperature, which is strongly dependent on SSR [13-15].
For example, the increasing diffuse radiation, occurring during dimming phases due to
increasing air pollution and cloudiness, enhances photosynthesis in tall vegetation, while
low vegetation does not benefit so much [16]. GDB affects the hydrological cycle [17] and
changes the diurnal range of surface temperature. Yet, probably the most important effect
of GDB is on climate. Thus, [18] noticed that since the 1980s, the lack of solar dimming and
its masking effects, allowed the warming by greenhouse gases to become more obvious,
resulting in a more rapid increase of temperature than in previous decades.

Because of its various and important effects, GDB has become a significant topic of
international research, being investigated using either observations and measurements
or modelling tools. Direct measurements of SSR have the advantage of providing higher
accuracy, but smaller spatial representativeness, while satellite- and model-based products,
or combined products, ensure a great representativeness, but need to be evaluated against
ground-based truth. Initially, ground-based observations of SSR over North America
and Europe have shown a negative trend from the 1960s to the 1980s, referred as ‘dim-
ming’ [10,19-22], and a positive trend, i.e., a ‘brightening’, from the middle 1980s through
to 2000 [5,11,23,24]. However, solar dimming continued to exist until 2000 over India
and Southeast Asia [25-28]. Beyond 2000, it was found that the brightening continued
over Europe and N. America and levelled-off at sites in Japan, while in India and China
there was a dimming [5]. Besides, it has been suggested [22] that the greenhouse warm-
ing after 2000 may be less modulated by GDB than in previous decades, which may be
considered in relation to the recent global warming hiatus observed at the beginning of
the 21st century [29-31]. The GDB results from studies based on surface measurements
are complemented by others obtained using satellite observations and models, which
provide the necessary spatial coverage and representativeness. Thus, GDB results obtained
on regional/global scale, using model simulations and/or satellite data [10,12,32-38],
provided evidence that the dimming and brightening during the 1980s and 1990s, respec-
tively, were global rather than local, but also reported contrasting trends in SSR even
over neighboring regions. During 1984-2000, significant increasing trends in SSR, equal to
2.4Wm~2decade ™!, were found in the International Satellite Cloud Climatology Project-D2
series (ISCCP-D2) satellite-based analysis by [10]. Furthermore, a global solar brightening
of 1.6 Wm2decade ! between 1983 and 2001 has been estimated by [35] using satellite
retrievals (ISCCP-D1), associated with a decrease of clouds. The assessment made by [36]
using Global Energy and Water Exchanges Project- Surface Radiation Budget version 2.8
(GEWEX-SRB V2.8) data, revealed a dimming equal to 2.51 Wm~2decade ! between 1983
and 1991, followed by a brightening of 3.17 Wm~2decade ! from 1991 to 1999, and then
a subsequent dimming of 5.26 Wm~2decade ™! during 1999-2004, yielding an overall
global brightening of 0.25 Wm™2decade ™! during 1983-2004. An overall dimming of
—2.0 Wm~2 from 1920 to 2000 has been computed by [32] that was consistent with the
simulations from 10 models implemented in United Nations Intergovernmental Panel on
Climate Change—Fourth Assessment Report (IPCC-AR4) that show a global dimming of
—1to —4 Wm™2 during the 20th century. They also found dimming from 1968 to 1977
followed by brightening during the 1980s and 1990s. Also, a study by [34] using a radi-
ation transfer model with input ISCCP-D2 satellite data for the period 2000-2007 found
a solar dimming in the Southern Hemisphere, due to increasing aerosols and clouds, but
without a clear signal of dimming or brightening in the Northern Hemisphere, where a
dimming was mostly observed over the oceans and a slight brightening over land. Slightly
extending the study period, through to 2009, the same authors [12] found again a stronger
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dimming in the Southern Hemisphere along with a smaller dimming in the Northern
Hemisphere. Moreover, a brightening equal to +0.03 Wm~2decade ! has been estimated
by [37] using retrieved Clouds and the Earth’s Radiant Energy System (CERES) satellite
SSR data for the period 2001-2012. The same authors using ISCCP-FD SSR data estimated
a stronger dimming of —5.05 Wm~2decade ! during 2000-2009 and a weaker dimming of
—1.15 Wm~2decade ™ 'during 1984-2009. All these results highlight the complex nature of
GDB patterns in terms of spatial and temporal variability. Contrasting signs of SSR trends
appear over adjacent areas, whereas the sign of GDB is sensitive to the selected study
period, possibly changing by extending the study period by a few years, especially when
relatively short periods are assessed. All these complexities point to the need for assessing
GDB over as long as possible time periods and utilizing homogeneous SSR data sets.
Reanalysis SSR products, that combine observations with models, have the advantage
of providing full spatial coverage and long temporal coverage and therefore have been
widely used in the atmospheric sciences and climate change studies [39]. Some of the
reanalysis products are: the NCEP-NCAR, NCEP-DOE and Climate Forecast System Re-
analysis (CFSR) from National Centers for Environmental Prediction and National Center
for Atmospheric Research (NCEP) [40]; ERA-5, which replaced the ERA-Interim from Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) [41]; the JRA-55 from Japan
Meteorological Agency (JMA) [42]; the National Oceanic and Atmospheric Administration
(NOAA)-CIRES-DOE 20th Century Reanalysis V3 [43] and the Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2) reanalysis of the National
Aeronautics and Space Administration (NASA) Goddard Space Flight Center (GSFC)’s
Global Modeling and Assimilation Office (GMAO). Products from these Reanalyses have
been used to provide climatological assessments of SSR. Thus, [44] reported that over
the period January 2001-December 2015 the mean global surface solar radiation from
MERRA-2 is equal to 185.6 Wm ™2, while for the same period, according to [45], JRA-55
yields 189 Wm~2, ERA5 187.9 Wm 2, NOAA-CIRES-DOE gives 192.9 Wm~?2 and from
NCEP-NCARSSR is equal to 205.3 Wm~2. Nevertheless, land surface data obtained from
reanalyses have problems caused by inhomogeneities in the assimilated data records that
obtained primarily from atmospheric profiles, affecting the near-surface meteorology. These
errors, along with others, like those related to clouds, aerosols, water vapor, topography
and surface albedo, can cause systematic biases in reanalysis SSR products [39,46]. Indeed,
most reanalyses (including MERRA and MERRA-2) showed average positive biases [39,47],
and a strong overestimation of SSR over regions such as Europe, Asia and North America.
This positive bias was found to be due to an underestimation of the cloud fraction [39,48].
In addition, the study by [49] revealed that MERRA and ERA-Interim reanalyses often
predict clear sky conditions, while actual conditions are cloudy, yielding an overestimation
of SSR, with the opposite, namely actual clear-sky conditions predicted by reanalyses as
cloudy, yielding an underestimation of SSR, being less pronounced. The same finding
was reported by [50] over the tropical Atlantic Ocean using MERRA-2 and ERA-5. Hence,
there is a systematic effort to produce Reanalyses with improved quality products, e.g.,
MERRA-2 versus MERRA. Thus, [44] showed that MERRA-2 SSR represent better than
MERRA the variability and trends in the global mean radiative fluxes over the period
2001-2015, however noting that the MERRA-2 radiative fluxes themselves are not clearly
better than the MERRA ones, since both improvements and deterioration were found. Also,
the same study proved that clouds are clearly a source of significant SSR errors in both
MERRA and MERRA-2. Of course, these SSR uncertainties also make any Reanalysis-based
GDB assessment uncertain. Therefore, it is evident that a thorough validation of not only
the reanalysis SSR products, but also the associated SSR trends and GDB, against available
reference ground measurements is necessary before being used in climate studies. Such
evaluations have been made only for reanalysis SSR, and much less for SSR trends, as
well as for its driving factors. Most studies have performed reanalyses” SSR evaluation
against ground-based stations over several regions, such as Indonesia [51], Balochistan (Pak-
istan, [52]), Europe [53], Norway [54], East Antarctic Plateau [55], Yangtze River Delta [56],
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China [47] and references therein, East Asia [46], North America [57], Ireland [58], South
Africa [59], Ehtiopian Highlands [60], and Eurasia [61]. Besides, the ERA40 reanalysis SSR
has been evaluated globally against ground-based GEBA (Global Energy Balance Archive)
stations [62], the ERA5 and MERRA-2 SSR were evaluated against BSRN (Baseline Surface
Radiation Network) stations [63], while the ERA-Interim, JRA-55 and NCEP-DOE SSR were
validated against GEBA and CMA (China Meteorological Administration) stations [64].

Much fewer studies deal with the assessment even fewer with the evaluation of SSR
trends. The study by [38] evaluated the SSR of MERRA-2 reanalysis against ground-based
(GEBA and CMA) stations. For regions over which good SSR evaluation metrics, they also
investigated the SSR long-term trends from 1980 to 2019 and estimated and examined the
corresponding trends of clouds and aerosols. They found that during 1980-2019, there
has been a widespread decline of SSR (dimming) in North America, Northeast Asia and
Oceania, equal to —0.32, —0.00 and —1.14 Wm2decade!, respectively, and an increase of
0.63 Wm~2decade ™! over Europe. Apart from this study, which investigated but not evalu-
ated the MERRA-2 SSR trends, the interdecadal variation of various reanalysis SSR was
computed and evaluated against ground-based stations over specific world regions, such as
China (MERRA-2 by [65]; ERA5 by [66]; ERA-Interim and MERRA by [67];NCEP/NCAR,
NCEP/DOE and MERRA-2 by [68]), the Tibetan Plateau (NCEP/NCAR and ERA-40
by [69]), the Iberian Peninsula (ERA-40 by [70]), the Euro-Mediterranean region (ERA5
by [71]), Brazil (ERA5, MERRA-2, JRA55 and CFSR by [72]) and Europe (20CRv2c, 20CRv3,
ERA20C and CERA20C by [73]) or globally (ERA5 by [74]; ERA40 by [62]).

Most of the previous studies evaluated SSR products of various reanalyses using a
limited number of observations and for selected regions of our planet. In addition, fewer
studies evaluated the reanalysis SSR, on a seasonal and regional basis [38,39]. Even fewer
studies have done so for SSR trends. Actually, no evaluation of MERRA-2 SSR trends, i.e.,
GDB, especially at global scale, has been made to date. This is attempted, for the first time
to our knowledge, in the present study, which evaluates the 40-year (1980-2019) GDB based
on MERRA version 2 (MERRA-2), the latest and improved available version of MERRA.
Apart from the MERRA-2 SSR changes, the present study also thoroughly evaluates the
MERRA-2 SSR over the 40-year period 19802019 against SSR measurements from two
top-quality ground-based reference networks of stations distributed all over the globe,
namely GEBA and the BSRN. It should be noted that apart from the novelty of providing a
first-seen detailed evaluation of MERRA-2 Reanalysis GDB, the present study also has the
originality of validating the MERRA-2 SSR fluxes against the absolute reference network of
BSRN stations, apart from GEBA, whereas similar evaluation of MERRA-2 SSR has been
done in the past only against GEBA [38]. Here, the parallel use of SSR measurements
from both BSRN, which ensures the best reliability, and GEBA, which provides wider
spatial coverage than BSRN, allows the derivation of more robust conclusions about the
quality of MERRA-2 Reanalysis SSR and GDB. Moreover, in order to further strengthen
the robustness of the derived conclusions and to achieve the maximum possible reliability
of the computed MERRA-2 GDB, a columnar closure study was undertaken, in which the
long-term changes of MERRA-2 reflected solar radiation fluxes at the Top of Atmosphere
(TOA) were compared to the corresponding trends of TOA reflected solar radiation fluxes
of CERES-EBAF, used as reference. The evaluation of MERRA-2 SSR and GDB is done
using deseasonalized anomalies at various scales, ranging from the local (station-level) to
global /hemispherical ones, and for temporal scales ranging from the entire 40-year study
down to selected specific sub-periods. Section 2 describes the utilized data and the applied
methodology, Section 3 presents and discusses the results of the attempted evaluation and
finally the conclusions are drawn in Section 4.
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2. Materials and Methods
2.1. Data
2.1.1. MERRA-2

MERRA-2 is a global atmospheric reanalysis produced by the NASA Global Modeling
and Assimilation Office (GMAO) in 2017 [75]. It provides data beginning in 1980, with
continuous updates, having high spatial (0.5° latitude x 0.625° longitude and 72 hybrid
sigma-pressure layers from the surface to 0.01 hPa) and temporal (hourly) resolution, that
is freely available at [76]. The goals of MERRA-2 are to provide a regularly gridded, ho-
mogeneous record of the global atmosphere, climate system and improved land surface
representation and cryospheric processes. MERRA-2 is the first long-term satellite-era
global reanalysis to assimilate space-based observations of aerosols, representing their inter-
actions with other physical parameters in the climate system. It was introduced to replace
the original MERRA product and reflects recent advances in atmospheric modeling and
data assimilation, namely assimilation of modern hyperspectral radiance and microwave
observations, along with GPS-Radio Occultation datasets, use of NASA’s ozone profile
observations that began in late 2004, as well as additional advances in both the GEOS
model and the GSI assimilation system [77]. More specifically, the MERRA-2 SSR fluxes
are utilized in the present study, computed by the shortwave radiation parameterization
described by [78]. This parameterization scheme resolves the absorption by water vapor,
oxygen, ozone, carbon dioxide, and aerosols, while the SSR fluxes are integrated virtually
over the entire solar spectrum, from 0.175 pm to 10 pm. In the ultraviolet and visible
regions, the spectrum is divided into 8 bands, and single ozone absorption coefficient and
Rayleigh scattering coefficient are used for each band. In the infrared, the spectrum is
divided into 3 bands, and the k-distribution method is applied for water vapor absorption.
For each one of the 72 atmospheric layers, transmissivity and reflectivity are first calculated
using the 6-Eddington approximation [79], while spectral fluxes are then calculated using
the two-stream adding method for the composite layers. The total SSR flux at each pressure
level and at the Earth’s surface is the weighted (by the fraction of extraterrestrial solar flux
contained in the above-mentioned bands) sum of these fluxes. For the aim of this study
monthly MERRA-2 SSR fluxes, called “SWGDN”, are utilized.

2.1.2. CERES-EBAF

The Clouds and the Earth’s Radiant Energy System—Energy Balanced and Filled
(CERES-EBAF) product provides 1-degree latitude-longitude global monthly mean short-
wave, longwave and net fluxes, at the Top-of-Atmosphere and at the Earth’s surface, under
clear and all-sky conditions. CERES instruments are onboard the Terra, Aqua, Suomi
National Polar-Orbiting Partnership (SNPP) and NOAA-20 satellites. Each instrument
measures filtered radiances in the shortwave (between 0.3 and 5 um), total (between 0.3
and 200 pm), and window (between 8 and 12 um) regions [80]. The filtered radiances are
transformed to unfiltered shortwave, longwave and window radiances following the [81]
scheme, which then are converted to instantaneous TOA radiative fluxes using empirical
angular distribution models [82]. These instantaneous TOA fluxes are spatially averaged
on a 1° equal-area grid and interpolated between observed values at 1-h increments for
each hour in coordinated universal time (UTC) of every month, and finally averaged over
all hour boxes in a month [83]. CERES-EBAF data span the period from March 2000 to
the present and produce a long-term, integrated global climate data record for detecting
decadal changes in the Earth’s Radiation Budget from the surface to the Top of Atmosphere
together with the associated cloud and aerosol properties. Here we use the EBAF Edition
4.1 level 3b Top of The Atmosphere monthly mean shortwave flux under all-sky conditions,
named “toa_sw_all_mon”, for the period July 2000-June 2020. The data can be ordered and
freely obtained at [84].
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2.1.3. GEBA & BSRN

GEBA is a database of ground-based measurements, located at the Institute for Climate
and Atmospheric Sciences ETH Ziirich (Ziirich, Switzerland). It provides mean monthly
values of 15 energy flux components (global, diffuse and direct shortwave radiation, surface
albedo, longwave downward and upward radiation, etc.) measured from 2500 globally
distributed stations, with 500,000 monthly values. Many stations provide measurements
since the 1950s and some of them back to the 1930s. Their accuracy, in terms of relative
random measurement error, has been estimated by [19] at 5% of the monthly means, and 2%
of the yearly means. SSR monthly data, mostly measured by pyranometers, are collected
from 1397 stations for the time period 19802017 [85,86]. The GEBA data are available at no
cost for bona fide research after registration at [87].

The BSRN is a project of the Radiation Panel of the GEWEX under the World Climate
Research Programme (WCRP). Its goal is to provide radiation measurements of high quality
and high temporal resolution (one to three minutes) at sites (presently 73) located in various
climate zones around the world since January 1992. These measurements are reported to
the BSRN Archive at the Alfred Wegener Institute (AWI) in Bremerhaven, Germany. In
this study SSR measurements taken from 73 BSRN stations for the time period 1992-2020
are utilized. The BSRN sites can measure the direct shortwave flux (measured with a
pyrheliometer) and the diffuse shortwave flux (measured with a shaded pyranometer),
apart from the global shortwave flux (measured with a pyranometer). The quality of the
BSRN solar and thermal radiation data is reported in [88]. Using single pyranometers in
conjunction with the component sum method at BSRN sites [85], and considering long
term averaging, an accuracy up to 5 Wm ™2 (~2% for 24-h mean solar irradiance) has been
estimated, meeting the BSRN specifications under optimal observing conditions. The mean
monthly BSRN data used for the evaluation of MERRA-2 SSR and GDB are computed from
daily data, which are in turn calculated from the instantaneous (minute level) data. Care is
taken to ensure the representativeness and accuracy of the computed monthly mean BSRN
data. To this aim, if more than 25% of the total instantaneous measurements during the
daytime of one day are missing, the daily integrated SSR values are excluded. Then, in the
next step of the computation of BSRN monthly SSR fluxes, if more than five daily SSR data
are missing in one month, the monthly SSR data are excluded from the comparison. The
BSRN data were freely downloaded via PANGEA or ftp at [89]. The global distribution
of the originally available GEBA and BSRN stations shown in Figure S1. The stations,
especially the GEBA ones, cover almost the entire globe (continental areas) with a better or
worse density, whereas there is a dense network of stations in Europe and Eastern Asia.

2.2. Methodology

The evaluation of MERRA-2 GDB is examined through comparisons against GEBA
and BSRN measurements using monthly mean SSR fluxes and deseasonalized anomalies,
which were computed by subtracting from each monthly SSR value the corresponding
long-term (different for each station) averaged value. SSR anomalies were preferred to
corresponding absolute fluxes in the computation of either the correlation coefficients or
the trends of time series, since the use of deseasonalized anomalies minimizes the seasonal
component of variability, which is assumed to be periodic with constant amplitudes and
thus does not have much impact on the long-term variability [90]. On the other hand,
the computation of other evaluation statistical metrics, such as the absolute and relative
percent bias and root mean squared error (RMSE), were done using the absolute monthly
SSR fluxes. Specific data availability criteria have been applied in the analysis in order to
ensure the maximum possible robustness of the obtained results and conclusions. Thus, in
the comparison between MERRA-2 and GEBA /BSRN SSR fluxes and anomalies, each year
was required to have more than 10 months of measurements available, in order to exclude
years with poor seasonal representativeness, which would degrade the comparison quality.
The application of this criterion resulted in availability of 1099 GEBA and 70 BSRN stations
(out of the originally available 1397 GEBA and 73 BSRN stations). These stations, shown in
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Figure 1, still ensure a satisfactory geographical coverage of the world’s continental areas,
of course more for GEBA than BSRN. The different steps of the applied methodology are
outlined in Figure 2.

60°N
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Figure 1. Global Distribution of: (a) Global Energy Balance Archive (GEBA) 1099 stations and
(b) Baseline Surface Radiation Network (BSRN) 70 stations, whose surface solar radiation (SSR) data
(availability in years indicated in the colorbar) have been used in this study.



Appl. Sci. 2022,12,10176

8 of 36

SSR
R,BIAS,RMSE
computed
B >1%I:v i) Inoverall and
Aim Data t;ataforeach ii) At each
Assessment/ Mean monthly SSR and station
evaluation of SSR anomalies of:
MERRA-2 GDB @ 1)GEBA (1980-2017)
mdstz)r_';glg 2)BSRN (1992-2020) s %mr GDB
3)Corresponding each time series The sign of SSR
MERRA-2 pixels 2)2 11 monthly anomalies trends
between MERRA-2
Changes of SSR anomalies il
for each MERRA-2 grid point compared

and for the
Globe/Hemispheres and
world regions

Figure 2. The steps of the applied methodology of assessment/evaluation of MERRA-2 GDB.

Four (4) statistical indices were used to quantify the degree of agreement/disagreement
between the MERRA-2 and reference stations” GDB: the Pearson’s correlation coefficient
(R), the Root Mean Squared Error (RMSE) and percent relative RMSE (RRMSE), the bias
and relative bias; whose equations are:

R = Zi:l(Mi - M)(Gl - G) (1)
VMl — M2 L (G G
1 )
RMSE = [~} (M; - G)) @)
i=1
1yvn 2
S i (M =G

RRMSE = \/ 1(G ) 100% G)
BIAS=M -G )
BIAS(%) = M c_; C 100% (5)

where 7 is the number of monthly data, M; and G; are the monthly (for the -i month) values
of MERRA-2 and ground-based station, respectively, and M and G are the mean values of
MERRA-2 and ground-based stations. The R (Equation (1)) value measures how strongly
the two variables correlate (covariate), whereas RMSE (Equation (2)) measures the average
magnitude of the error, i.e., the difference between the Reanalysis and ground station. Since
the errors are squared before being averaged, the RMSE gives a relatively high weight
to large errors, thus it is most useful when large errors are particularly undesirable. The
normalized RMSE (Equation (3)) is also computed. BIAS quantifies the difference between
the mean value of predictions and the mean value of observations, as shown in Equation (4).
Emphasis, however, is also placed on relative bias, which better represents the difference
(Equation (5)). In order to evaluate the GDB of MERRA-2, a linear regression was applied
to the time series of deseasonalized monthly anomalies, and the slopes were computed
either for each station or the corresponding MERRA-2 pixels, where the stations are located.
To achieve greater confidence in the estimated slopes, we used a criterion of sufficient data
availability, according to which: (a) each time series should have a availability of monthly
values of more than 75% of the total period of each network and (b) the first two and last
two years should have more than 10 months available. This was decided because of the
sensitivity of linear trends to the initial and latest parts of time series (as done in [91]). These
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criteria were satisfied for 232 GEBA and 22 BSRN stations (shown in the graphs presented
in the next section, i.e., results). The slope values were calculated using the more robust,
nonparametric Theil-Sen’s slope estimator [92,93], which is the median of all possible linear
slopes. The SSR changes (ASSR) were computed by multiplying the computed slopes,
which measure the changes per month, by the temporal duration (in number of months) for
each time series. Along with the slopes, the statistically significant slopes at 95% confidence
level were calculated using the non-parametric Mann-Kendall Test [94,95], which is used
to determine whether a time series has a monotonic upward or downward trend or not.
Then, the sign of the slope values for each station was compared with the sign of the slope
of the corresponding MERRA-2 pixel (including the station). Same signs of slopes of the
MERRA-2 and stations’ time series of SSR anomalies indicate a qualitative agreement of
ASSR (or GDB) between MERRA-2 Reanalysis and GEBA /BSRN stations, for a specific
pixel, whereas opposite trends indicate a disagreement. This evaluation is useful since it
quantifies the degree to which the MERRA-2 based GDB agrees, in sign and magnitude,
with the reference ground-based stations, providing confidence about the MERRA-2 GDB.

3. Results
3.1. Evaluation of MERRA-2 SSR

First, a comprehensive evaluation of MERRA-2 SSR, which is prerequisite for the
evaluation of MERRA-2 GDB, is attempted in this section. The evaluation is made either
on a total, i.e., all stations (Section 3.1.1) or on an individual station (Section 3.1.2) basis. It
should be noted that apart from absolute SSR fluxes, SSR deseasonalized anomalies are
also used in the correlations between the Reanalysis and stations fluxes in order to remove
the significant contribution of the seasonal cycle of solar radiation.

3.1.1. All Stations

The metrics of the overall comparison of MERRA-2 SSR fluxes and anomalies with the
corresponding measurement-based fluxes and anomalies from 1099 GEBA and 70 BSRN
stations are given in Table 1, whereas the associated scatterplot comparisons are shown in
Figure 3. It seems that MERRA-2 SSR anomalies correlate satisfactorily with the station
measurements (Table 1), yielding R values equal to 0.61 and 0.62 for GEBA and BSRN,
respectively (the corresponding R values using SSR fluxes are, as expected, much higher,
equal to 0.95 and 0.97). Overall, MERRA-2 overestimates SSR with respect to GEBA and
BSRN, having positive mean absolute biases equal to 24.25 and 10.31 Wm 2, respectively,
corresponding to respective relative biases equal to 15.3% and 5.9%. It should be noted
that as reported in the literature [96] the Chinese stations from GEBA may not be so
representative for 0.5° grid boxes due to strong urbanization effects. Thus, the evaluation
of MERRA-2 SSR against GEBA stations was repeated excluding the Chinese stations,
which, indeed, led to a reduction of the MERRA overestimation by 13.6%. The MERRA
overestimation with respect to GEBA /BSRN may lead to the conclusion that the atmosphere
of MERRA-2 is more transparent, which is in agreement with other studies [44], possibly
caused by an underestimation either of cloud cover or aerosol loadings, i.e., aerosol optical
depth (AOD), which are the main drivers of GDB [12,22]. Apart from the mean bias error,
another significant statistical metric, showing how far from the regression line the data
points are, is the RMSE, which is equal to 36.07 Wm~?2 for GEBA and 26.12 Wm~2 for BSRN
(corresponding to 22.8% and 15.1% of the station networks’ mean values). These results,
along with the obtained biases, show that MERRA-2 deviates less from the values of BSRN
and a little more than from values of GEBA. A slightly better fitting of the applied linear
regression line is also obtained for BSRN than GEBA, as indicated by the respective slope
values of 0.99 and 1.04 (the corresponding values for SSR anomalies are equal to 0.50 and
0.47). Note that in a similar evaluation of MERRA SSR, but over the significantly shorter
period 2001-2009, [39] estimated R values equal to 0.96 (0.82) for GEBA stations and 0.98
(0.92) for BSRN (numbers in parentheses give the R values computed using deseasonalized
anomalies), i.e., again higher for BSRN than GEBA. They also reported a better performance
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of MERRA against BSRN than GEBA stations in terms of RMSE values (equal to 23.99 Wm 2
for BSRN and 32.27 Wm~?2 for GEBA) as well as for bias (13.80 Wm~2 for BSRN and
22.17 Wm~?2 for GEBA). In another evaluation of MERRA-2 SSR against GEBA and China
Meteorological Administration (CMA) stations, [38], computed R values equal to 0.94
and 0.95 for the 1990-1999 and 20002009 periods, respectively. Our computed statistical
metrics are in general agreement with the findings from the few existing evaluations of
MERRA-2 SSR but provide more confidence about the obtained conclusions regarding the
performance of the Reanalysis against the two reference ground station networks, since
they refer to a much longer time period (up to about 40 years for GEBA and 30 years for
BSRN). Moreover, the present study more thoroughly and appropriately evaluates the
covariation of MERRA-2 SSR with stations, since it also estimates the correlation coefficients
using SSR deseasonalized anomalies, which is more meaningful and appropriate.

Table 1. Comparison between MERRA-2 and GEBA /BSRN SSR on an annual and seasonal basis,
along with the computed main statistical parameters (number of matched data pairs, N, slope value
of applied linear regression fit, absolute and percent relative biases of MERRA-2 relative to the mean
GEBA /BSRN values, root mean squared error, RMSE, percent relative RMSE (RRMSE) with respect
to the mean GEBA /BSRN values, correlation coefficient, R, the mean GEBA and BSRN values and the
number of available stations, id, whose SSR measurements are used in the comparison). In addition,
the R and slope values computed using deseasonalized SSR anomalies are given in parentheses.

MERRA->-GEBA Annual DJF MAM A SON
N 197,302 49,067 49,501 19,357 19,377
slope 1.04 (0.47) 1.05 (0.46) 0.92 (0.51) 0.85 (0.44) T.02 (0.46)
BIAS 2475 15.49 26.37 3352 7158
BIAS(%) 153 155 41 156 165
RMSE 36.07 77.62 38.65 4458 3095
RRMSE(%) 28 277 207 207 237
R 0.95 (0.61) 0.96 (0.56) 0.88 (0.65) 0.85 (0.60) 0.95 (0.59)
mean_GEBA 158.36 99.78 186.89 21550 130.85
mean_MERRA-2 182.61 11527 213.26 249.03 15242
id 1099 7099 7099 1099 1099
MERRA-2-BSRN Annual DJF MAM JTA SON
N 11,259 2807 2826 2800 2826
slope 0.99 (0.50) 0.96 (0.51) 7.00 (0.50) 0.99 (0.46) 0.98 (0.53)
BIAS 70.31 584 10.46 T4.45 T0.51
BIAS(%) 59 11 55 68 68
RMSE 26.12 2232 2715 29.88 2451
RRMSE(%) 5.1 5.9 Tid 141 159
R 0.97 (0.62) 0.98 (0.61) 0.95 (0.63) 0.96 (0.60) 0.97 (0.63)
mean_BSRN 17357 139.60 188.90 212.10 153,82
mean_MERRA-2 183.89 14544 1994 7265 16433
id 70 70 70 70 70

Apart from assessing the performance of MERRA-2 SSR on an annual basis, this has
also been done on a seasonal basis, since this may help to identify possible source of errors.
It should be noted that, due to the substantial seasonal variation of SSR fluxes, not only the
absolute, but also the relative biases were computed. According to Table 1, R and relative
percent bias do not show significant seasonal changes, apart from slightly (by up to 0.1)
lower R values in boreal spring and summer, especially for GEBA, and better in winter and
autumn. This is not valid for R computed with deseasonalized SSR anomalies, which is best
in spring (and autumn for BSRN). On the other hand, BIAS and RMSE have a remarkable
seasonal range, up to about 18/8.5 W/m? for bias and GEBA /BSRN, respectively, and up
to about 17/8 W/m? for RMSE and GEBA /BSRN, respectively, being largest in summer
due to the largest absolute amounts of SSR. Similar findings for RMSE and bias were found
by [38], who used GEBA and CMA station SSR measurements, and by [39], who used
GEBA and BSRN station measurements, but for shorter time periods. Besides, the relative
RMSE doesn’t exhibit significant seasonal changes (they are less than 7/1.9 W/ m? for
GEBA /BSRN respectively). The obtained metrics are generally better for the comparison
with BSRN than GEBA station measurements, which is encouraging, given the higher
quality of this network [88]. In order to more effectively assess the seasonal performance of
MERRA-2 SSR, and given the systematic 6-month shift of extreme seasons between the two
hemispheres, the seasonal variation of main statistical metrics, namely R, RMSE (in absolute
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and % terms) and bias (in absolute and % terms) were also computed separately for the
two hemispheres and they are given in Figure 4. The results of this figure were obtained
using SSR fluxes except for R, which is computed using deseasonalized SSR anomalies (the
corresponding R using absolute SSR fluxes is given in Figure S3). As shown in Figure 4,
there are high bias and RMSE values in summer in both hemispheres. Nevertheless, it must
be taken into account that these values correspond to the highest summer values of SSR.
In contrast, the highest relative bias (17.9%) and RRMSE (30.9%) values are in winter in
both hemispheres (Figure 4c,e). Similarly, the R values computed using deseasonalized SSR
anomalies are lowest in winter (0.52). These results indicate that the MERRA-2 SSR perform
worst in the cold period of the year. The different performance of the reanalysis SSR
products with seasons may be due to the seasonally varying deficiencies in the reanalysis
cloud coverage, aerosol optical depth or water vapor [39,47].
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Figure 3. Scatterplot comparison between MERRA-2 Reanalysis and GEBA (i-a), and BSRN (ii-a) SSR
fluxes and between MERRA-2 and GEBA (i-b) and BSRN (ii-b) deseasonalized SSR anomalies. The
linear regression fit, and the associated statistical metrics, namely the equation of the applied linear
fitting, the correlation coefficient (R), the root-mean squared error (RMSE), the bias and the total
number of matched data pairs, are also shown. The comparison is shown separately for each season
(December—February, March-May, June-August and September—November) in different colors (the
respective main statistical parameters are given in Table 1).



Appl. Sci. 2022,12,10176

12 of 36

0.70
0.68
0.65
0.62
0.60
0.58

0.55| “w BSRN_N.H.
0.53| -m GEBA_N.H. R

0.50 pF MAM JA SON

(i-a)

~#- BSRN_N.H.
M- GEBA_N.H.

BIAS

DJF MAM JA SON

(i-b)

15.\./—//'/4.
10
. l\.//./I

54
0 —- BSRN_N.H.
|- GEBANH. BIAS (%)
=5 ojF MAM A SON
(i-c)
50
B BSRN_N.H.
45 B GEBA_N.H.
40
835
3
=30
25
20
s RMSE
DJF MAM JA SON

(i-d)

Figure 4. Cont.

0.70
0.68 ~®- BSRN_S.H.
065 “m- GEBA S.H.
0.62 '/\',//_
0.60
0.58
0.55
0.53 R
0.50 pjF MAM A SON
(ii-a)
40
B BSRN_S.H.
35 B GEBA S.H.
30
~ 25 .\.-\./.
g20
RS
=15
10
5
0
DIF MAM CJA SON
(ii-b)
20
“B- BSRN_S.H.
15 —M- GEBA_S.H.
10 .///I/*\.
%
5
0 -/l/l\l
BIAS(%)
5 OjF MAM A SON
(ii-c)
50
B BSRN_S.H.
45 - GEBA_SH.
40
8351
~
=30
25
20
el | | RMSE
DJF MAM A SON

(ii-d)



Appl. Sci. 2022, 12,10176 13 of 36
35 35
—B- BSRN_N.H. —- BSRN_S.H.
30 M- GEBA_N.H. 30 -l GEBA_S.H.
25 25
% %o
200 B 20
|

1 ~ _— 15 - —
5 — ./»"" ///;,/ —u
10 RMSE (%) 10 [ o RMSE(%)

DJF MAM JJA SON DJF MAM JJA SON

(i-e) (ii-e)

Figure 4. Seasonal variation of hemispherical averages of correlation coefficient R (i,ii-a), bias
in W/m? (i,ii-b), percent relative bias in % (i,ii-c), root mean squared error (RMSE in W/m?)
(i,ii-d) and percent relative RMSE in % (i ii-e) between MERRA-2 and GEBA (blue) and BSRN
(red) stations, computed using SSR fluxes (except for R that is computed using deseasonalized SSR
anomalies) for the North Hemisphere ((i)-left column) and South Hemisphere ((ii)-right column).

3.1.2. At Station Level

In the context of evaluating the MERRA-2 SSR, it is necessary to examine and compare
the fluxes on an individual station basis to identify possible dependencies on latitude or
regional patterns. The spatial distribution of correlation coefficient (R) computed using
deseasonalized SSR anomalies, RMSE, RRMSE, bias and relative bias, computed using
SSR fluxes, between MERRA-2 and GEBA/BSRN stations are shown in Figure 5. The
average value of R for all GEBA stations is 0.54, ranging from —0.25 to 0.92, while for
BSRN stations it is 0.54 and ranges from 0.15 to 0.89. For more than 75% of GEBA /BSRN
stations the R values are larger than 0.49/0.51 (Figure S5). Satisfactory R values (orange
and reddish colors) appear over Europe, East Asia, North America and Australia, along
with mixed patterns over Africa and South America. On the contrary, worse R values exist
mostly over the tropical and sub-tropical regions of the globe, including Africa, Southern
America, India and Indonesia. A similar behavior is found for R computed with SSR
fluxes (Figure S4). Given that clouds are one of the main factors driving the SSR [10],
and that in the tropics there is constantly large cloud cover, it can be assumed that the
small correlation of MERRA-2 in these areas may be due to uncertainties in MERRA-2
cloud cover and optical properties, as also suggested by other studies [39,47]. This is not
unexpected since it has been shown that clouds are associated with the greatest uncertainty
in climate modeling (e.g., [97,98]). Relatively weak correlation is also found in relatively
cloud-free areas like the Middle East and Egypt possibly due to uncertainties in MERRA-2
aerosols. Weak correlation is found in polar regions as well, where the discrepancies could
be due to problems with clouds, but also with snow and ice cover [44,99]. Concerning the
R computed using absolute SSR fluxes, it can be noted (Figure S4) that the R values are
lower in southern than in northern China. Such a pattern has been also reported in other
studies, and has been attributed to the heavy air pollution, as well as to uncertainties in
clouds, aerosols and their interaction [39]. Nevertheless, this pattern is not apparent in
the results of R computed using SSR anomalies, where weak correlation coefficients are
scattered all around China, revealing that correlating reanalysis and station SSR fluxes and
SSR anomalies is not driven by the same factors.
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Figure 5. Global distribution of correlation coefficient (i,ii-a), bias (i,ii-b) and relative percent bias
(i,ii-c) root mean squared error (i,ii-d), relative root mean squared error (i ii-e), computed for the
comparison between MERRA-2 and each GEBA ((i), left column) and BSRN ((ii), right column)
station SSR fluxes, except for R that is computed using deseasonalized SSR anomalies.

Large RMSE values are computed over tropical and sub-tropical regions, confirming
the difficulties of MERRA-2 to appropriately reproduce SSR there. The average RMSE
for all GEBA stations is 35.47 W/m?2, with values ranging from 5.72 to 143.31 W/ m? and
with 75% of GEBA stations having RMSE less than 40.3 W/m?. Respectively, the average
RMSE for all BSRN stations is 28.65 W/m?, still lower than the corresponding value for
GEBA, ranging from 11.98 to 59.38 W/m? and with 75% of BSRN stations having RMSE less
than 31.9 W/m? (Figure S5). Similar geographical patterns appear for the relative RMSE,
for which 75% of GEBA /BSRN stations have values smaller than 26.1%/20.3% and with
high values found especially over Southern China, North Europe and some tropical and
subtropical regions.

The obtained results for the absolute and relative bias show that MERRA-2 generally
overestimates SSR (both absolute fluxes and their anomalies) with respect to GEBA, un-
derestimating it (green and blue colors in Figure 5) over some tropical, subtropical, polar
and subpolar regions. Specifically, concerning SSR fluxes, MERRA-2 overestimates SSR
in 998 stations and underestimates it in only 101 stations, resulting in an overall overes-
timation equal to 24.25 W/m?. On the other hand, concerning the comparison against
the much fewer (70) BSRN stations, MERRA-2 shows an overall overestimation of SSR
fluxes by 10.31 W /m? (53 out of 70 overestimate). The average value of the absolute and
relative % bias for all GEBA stations is 25.68 W/m? and 16.3%, respectively, with values
ranging from —64.24 to 141.07 W/m? and from —20.3 to 103.9%, respectively. 75% of the
GEBA stations have absolute and relative % bias values less than 33.21 W/m?/21.9%, re-
spectively (Figure S5). Smaller biases are found against BSRN stations, namely an average
absolute and relative % bias equal to 12.38 W/m? and 7.3%, respectively, with relative %
and absolute bias values ranging from —15.8 to 35%, and from —36.32 to 54.97 W/m?,
respectively, and with 75% of the stations having relative % and absolute bias less than
13.7%/20.83 W/m?, respectively.

Focusing on China, where many stations and more similar studies to the present
one exist, our results are in line with the study of [65], who evaluated both MERRA-2
and MERRA SSR fluxes against 2400 CMA stations from 1980 to 2014 and reported that
MERRA-2 has a high mean bias over China, which is greater in its southern part, due
to its incorrect assessment of cloud fraction and aerosol loadings. Moreover, previous
studies [37,47,96,100,101] have reported that aerosols might be another important source
of the large positive biases in China, where the rapid economic development produced
large amounts of pollution. The results obtained by ([39], and references therein) further
proved that the biases in the MERRA, Era-interim, JRA-55, NCEP-NCAR, NCEP/DOE
and CFSR reanalysis cloud fraction result in SSR biases, and that both clouds and aerosol
representation schemes should be improved in the reanalysis estimates.
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3.2. MERRA-2 GDB (SSR Trends) and Its Evaluation

After the evaluation of MERRA-2 SSR fluxes, which proved a relatively good perfor-
mance, a thorough evaluation of their inter-decadal (1980-2017) changes, namely of the
MERRA-2 GDB, is presented here. It should be noted that such an evaluation of MERRA-2
GDB has not been made to date, and it is worth doing given the long temporal coverage of
this reanalysis SSR dataset. The evaluation is made either on a total (all stations) or on an
individual station basis (Section 3.2.1). After the GDB evaluation, the gridded MERRA-2
GDB all over the globe, as well as on a global and regional mean basis is assessed and
discussed in Section 3.2.2.

3.2.1. Evaluation of MERRA-2 GDB (SSR Trends)

The evaluation of MERRA-2 GDB was made against corresponding GDB estimates
from the reference GEBA and BSRN station networks. More specifically, comparisons were
performed between GDB (ASSR) of the MERRA-2 pixels including the GEBA or BSRN
stations. The two sets of GDB, i.e., the MERRA-2 and stations ones, were computed by
applying linear regression to the corresponding time series of monthly mean deseasonalized
SSR anomalies and subsequently computing the slope values. This analysis was made
for 232 GEBA and 22 BSRN stations, the number of stations being determined based
on the applied strict availability criteria reported in Section 2.2 ensuring a sufficiently
strong reliability of the findings. It should be noted here that the time period is not
the same for all stations, being determined by the original temporal coverage of every
station’s measurements and the applied availability criteria, and ranges from 27 to 38
years for GEBA stations and 20 to 28 years for BSRN stations (as shown in Figure S2,
Supplementary Materials). The length of MERRA-2 records adjusted accordingly to each
station’s time period.

All Stations

The scatterplot comparison between the SSR (anomaly) trends (W/ m?) of the MERRA-
2 and GEBA /BSRN stations is shown in Figure 6. On average, the MERRA-2 SSR trends
correlate weakly with the corresponding ones of GEBA /BSRN stations, yielding average
R values equal to 0.32/0.30. The computed RMSE values are equal to 12.97/8.37 W/ m?
for GEBA/BSRN, while the computed biases (MERRA-2 GDB—stations GDB), equal to
—3.99/—3.57 W/m? for GEBA /BSRN, show an overall underestimation of MERRA-2. The
number of matched data pairs of Figure 6 lying in the first and third quartiles (positive-
positive and negative-negative, i.e., with both reanalysis and stations brightening and
dimming, respectively) are 117 and 29 for MERRA-GEBA (corresponding to 50 and 12.5% of
the total number of points for the MERRA-GEBA scatterplot) and 6 and 5 for MERRA-BSRN
(corresponding 27/23% of the total number of points for the MERRA-BSRN scatterplot).
These results indicate that MERRA-2 Reanalysis yields the same sign of GDB in 63 and 50%
of GEBA and BSRN stations.

In order to also examine the similarity /dissimilarity between the inter-annual variation
of MERRA-2 and GEBA/BSRN stations” SSR anomalies, the averaged SSR anomalies
of all stations and the corresponding MERRA-2 pixels over the total period for each
network, i.e., 1980-2017 for GEBA and 1992-2020 for BSRN, were computed and are
given in Figure 7. The number of stations that were available in every month along with
the 12-month moving averages is also shown. The overall correlation coefficient between
MERRA-2 and GEBA is satisfactory (R equal to 0.8), while MERRA-2 shows systematically
larger/smaller positive SSR anomalies than GEBA before/after the year 2000, leading to an
average bias (MERRA-2—stations) equal to 1.25 and —1.93 W/m? before and after 2000
(Figure 7a). Based on GEBA stations, a statistically significant brightening, i.e., positive
A(SSR), equal to 3.96 W/ m? is found, versus a smaller (A(SSR) = 0.32 W/m?) and not
statistically significant brightening according to MERRA-2. About similar conclusions are
drawn from the corresponding comparison between MERRA-2 and BSRN (Figure 7b). The
two time-series of SSR anomalies over the period 1992-2020 correlate well (R equal to
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0.7), with positive (2.4 W/ m?)/ negative (—0.18 W/ m?) biases before/after 2000. Based
on BSRN stations, a not statistically significant brightening, i.e., positive A(SSR), equal to
1.59 W/m? is found, versus a statistically significant dimming (A(SSR) = —2.04 W/m?)
according to MERRA-2.
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Figure 6. Scatterplot comparison between MERRA-2 and GEBA (a), and MERRA-2 and
BSRN (b) A(SSR) or GDB (in W/m?). The linear regression fit, and the associated statistical metrics,
namely the slope, the slope error, the correlation coefficient (R), the root-mean squared error (RMSE),
the bias (MERRA-2 minus stations) and the total number of matched data pairs, are also shown.

At Station Level

The GDB (A(SSR)) for the GEBA /BSRN stations (the time period is different for each
station) and the MERRA-2 pixels containing these stations are shown in Figure 8. These
results enable the assessment of the GDB derived from stations and reanalysis, as well as the
comparison between them. Apart from the computed trends, their statistical significance at
the 95% level estimated applying the non-parametric Mann-Kendall test, is also presented
in the Figure 8. The stations GDB results reveal many positive and statistically significant
trends over Europe and East Asia, opposite to negative statistically significant trends over
India. For GEBA stations, the positive trends vary from 0.24 to 42.09 W/ m?2, and the
negative trends from —0.28 to —42.79 W/m?, whereas the corresponding ranges for BSRN
stations are 0.31-15.3 and —(0.41-20.46) W/m?. It should be noted that independently
of their sign, overall, statistically significant trends are found for 167 out of the 232 (i.e.,
for 72%) GEBA stations and for 103 out of the 232 (i.e., for 44.4%) of the corresponding
MERRA-2 pixels. Respectively, statistically significant are the trends for 10 out of the 22
(45.4%) BSRN stations and for 9 out of the 22 (40.9%) corresponding MERRA-2 pixels. All
examined 232 GEBA stations, indicate an average brightening of 3.95 W/m?, while the
BSRN stations indicate a somewhat weaker brightening of 1.83 W/m?.
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Figure 7. Time series of averaged SSR anomalies for GEBA stations ((a), blue curve) and BSRN
stations ((b), blue curve) along with those for the corresponding MERRA-2 pixels (red curves). The
number of available stations for each month is also shown in green color. 12-month moving averages
for each time series are also shown in same colors. The computed A(SSR) and the associated standard
deviation along with the correlation coefficient (R) between the two sets of time series (1980-2017 for
GEBA and 1992-2020 for BSRN) are given at the top of figure.
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Figure 8. Computed GDB (or A(SSR), in W/ m?) for GEBA (i-a) and BSRN (ii-a) stations and for the
corresponding pixels of MERRA-2 containing the GEBA (i-b) and BSRN (ii-b) stations. Negative
values, shown in blue and green colors, indicate dimming, and positive values, orange and red
colors, indicate brightening. The embedded white x symbols indicate trends which are statistically
significant (assessed at the 95% confidence level by applying the non-parametric Mann Kendall test).
The trends are estimated over the periods covered by each station (shown in Figure S2).

According to the obtained trends of MERRA-2 pixels including the GEBA stations, over
the same time period, the positive trends vary from 0.14 to 13.96 W/ m?, and the negative
trends from —0.05 to —36.54 W/m?, whereas the corresponding ranges for MERRA-2
pixels including the BSRN stations are 0.01~11.32 and —(0.00-11.55) W/m?2. The MERRA-2
pixels including the GEBA sites, all together, indicate an average dimming of —0.47 W/m?
(Figure 8i-b), while the MERRA-2 pixels including the BSRN sites also indicate an even
stronger dimming of —2.29 W/m? (Figure 8ii-b), which are both of opposite sign to the
corresponding GEBA /BSRN stations results. Yet, in spite of this average disagreement,
there is partial agreement (for GEBA) between the respective average GDB computed only
for cases, i.e., stations-pixels, with statistically significant trends. Specifically, the average
MERRA-2 GDB for GEBA /BSRN sites is 0.51 and —3.45 W/m?2, while the corresponding
mean GDB for GEBA /BSRN sites is 5.22 and 1.68 W/mZ. Moreover, both MERRA-2 pixels
and GEBA stations indicate strong and statistically significant dimming over India and
strong brightening over Europe, with a stronger brightening occurring at the GEBA stations
than MERRA-2. On the contrary, a clear disagreement, with GEBA brightening versus
MERRA-2 dimming, is found over Japan, which explains the opposite overall sign of GDB
between MERRA-2 pixels and GEBA sites reported above.

The priority in such a comparison between the MERRA-2 and GEBA /BSRN station-
based trends of SSR, i.e., GDB, is the agreement/disagreement between their signs. This
is better shown in Figure 9, which displays with blue/red bullets the stations for which
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the trends of MERRA-2 and GEBA /BSRN stations SSR have the same/opposite sign. A
satisfactory percentage of agreement (63.4%) between the signs of MERRA-2 and GEBA
GDB is found, whereas the percentage is lower (50%) for BSRN stations. Furthermore,
it is found that the percentage of agreement is somewhat better for cases (pixels) with
statistically significant trends, being equal to 75.7% for GEBA and 66.7% for BSRN stations.
The analysis using GEBA stations, which provide a relatively good spatial coverage over
contiguous world areas, such as Europe, southern and eastern Asia or Australia, enables
us to draw conclusions about systematic agreement/disagreement. Thus, it is found
that in Europe, most stations (80.8%) show qualitative agreement, although there is a
tendency of more frequent disagreement in coastal European regions. Besides, an absolute
agreement, namely for all GEBA stations, is found over India and Australia. On the other
hand, in Japan, most stations (86.1%) exhibit disagreement, while a mixed pattern (54.5%
agreement) is found over Central Asia. Note that BSRN stations enable the coverage
of North America, which was not possible with GEBA stations, where a mixed pattern
appears, with agreement/disagreement in 5/5 (i.e., 50/50%) stations. It is interesting to
note that in the present analysis, when using the values of the 22 selected BSRN stations,
an agreement in the sign of GDB trends is found at 50% of stations, whereas using the total
number (70) of BSRN stations, but without applying the strict availability criteria in the
computation of SSR trends, agreement is found for more, i.e., 60%, stations. On the other
hand, the corresponding percentage of agreement for all (1099) GEBA stations is 63.4%, i.e.,
equal to the percentage of 232 stations.

It is known that the MERRA-2 reanalysis products are better for years after 2000,
because of the assimilation of modern state-of-the-art satellite data, such as Moderate Reso-
lution Imaging Spectroradiometer (MODIS) and Multi-angle Imaging SpectroRadiometer
(MISR), in the MERRA-2 Reanalysis System, resulting in more homogeneous time se-
ries [102]. Thus, the post 2000 period, namely 2000-2017, was selected in order to further
and more thoroughly examine the quality of the MERRA-2 GDB. Additionally, in order to
even more thoroughly examine the robustness of the MERRA-2 GDB, an additional analysis
was undertaken to examine if MERRA-2 fluxes also provide a successful closure of the
solar radiation budget. To this aim, specific GEBA /BSRN stations that provide agreement
with MERRA-2 in terms of GDB were first selected. Subsequently, it was examined if for
these stations the change of the MERRA-2 Outgoing Solar Radiation (OSR) at TOA agrees
or not with the corresponding A(OSR) from CERES-EBAF satellite data, for the period
07/2000-06/2017. Successful closure for changing Earth SW radiation budget exists for
those locations for which both A(SSR) and A(OSR) qualitatively agree with corresponding
reference surface and satellite measurements. The signs of computed MERRA-2 A(SSR) and
A(OSR), and the corresponding signs of GEBA/BSRN A(SSR) and CERES-EBAF A(OSR)
are compared in Figure 10. At the surface, MERRA-2 A(SSR) agrees with 62.5% of GEBA
(145 out of 232) stations, and 31.8% BSRN (7 out of 22) stations. Then, the sign of A(OSR)
between MERRA-2 and CERES was compared only for those stations providing agreement
at the surface. In case of the 145 GEBA stations, qualitative agreement was found at TOA
for 62.5% of them, which is encouraging. Respectively, for the 7 BSRN sites, agreement
was found for 57.1% of them, which is a somewhat lower percentage than for GEBA. The
obtained results for the comparison of MERRA-2 solar fluxes at the Earth’s surface and
TOA demonstrate that MERRA-2 cannot reasonably reproduce the changing SW radiation
budget in the post 2000 period.
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Figure 9. Agreement (blue dots) and disagreement (red dots) between trends of MERRA-2 and station
deseasonalized SSR anomalies for GEBA (a) and BSRN (b) stations. The embedded white “x” symbols
indicate the statistically significant trends for both MERRA-2 and stations. At the top left and top
right parts above each panel figure, the numbers in parentheses provide the total number of stations
for which there is agreement/disagreement (first number in parentheses) and the corresponding
numbers for statistically significant trends (second number in parentheses). At the top center of
each panel figure, the percent numbers of stations for which agreement, as well as those for which
statistically significant agreement (in parenthesis), is found, are given.

The agreement/disagreement between the MERRA-2 and stations GDB has been also
examined over specific sub-periods because, as reported in Section 1, the GDB under-
goes decadal-scale changes. The selected sub-periods and the associated GDB patterns,
according to the literature [11] based on station measurements, are: 1980-1985 (dimming),
19862000 (brightening), 2001-2010 (less brightening), and 2011-2020 (brightening & dim-
ming). Time-series of deseasonalized anomalies of MERRA-2 and station SSR fluxes were
created for each sub-period, to which a linear regression was applied and the Sen’s slope
and, subsequently, the trends, namely the sign and magnitude of GDB, were computed.
The GDB of the reanalysis and stations is compared either on individual station or on
overall (all stations) basis and the results are given in Figure S6 and Tables 2 and 3, re-
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® Agreement 62.5%

spectively, emphasizing the agreement/disagreement between the sign of the computed
average GDB from all stations and the corresponding MERRA-2 pixels. Overall (Table 2),
qualitative agreement in terms of the GDB sign is found for 60.6% of the GEBA stations
during 1980-1985, while the corresponding percentage is equal to 49.1% for 1986-2000,
58.6% for 2001-2010 and 74.2% for 2011-2017. With respect to the BSRN stations, agreement
is found for 81.8% of stations in 1992-2000, 68.2% for 2001-2010 and 63.6% for 2011-2020.
This analysis allows to assess possible inter-decadal changes in terms of agreement and
probable improvement with time. Thus, the comparison with GEBA initially reveals a
reasonable qualitative agreement during 1980-1985, which slightly deteriorates afterwards
(1986-2000) and gradually improves from 2000 on. On the contrary, the comparison with
BSRN shows initially (in the 1990s) a better agreement, which gradually deteriorates after
2000. Given that an improvement of agreement with time should be expected, due to the
improving quality of MERRA-2 reanalysis with time, the absence of such an improvement
for BSRN stations may be attributed to the small sample of stations (22) as well as to
erroneous MERRA-2 fluxes at specific sites, as discussed above.

® Disagreement 37.5% ® Agreement 31.8% ® Disagreement 68.2%

= ==

0° 60°E 120°E 180° 180° 120°W 60°E 120°E 180°

Figure 10. Agreement (blue dots) and disagreement (red dots) between trends of MERRA-2 and
station deseasonalized SSR anomalies (A(SSR)), for GEBA (i-a) and BSRN (ii-a) stations for the period
07/2000-06/2017. The stations showing agreement at the surface against GEBA stations (i-a) and
BSRN stations (ii-a), also having agreement of A(OSR) with CERES at TOA, during the same period,
are shown in (i-b) and (ii-b), respectively.
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Table 2. Agreement between the GDB (A(SSR)) of MERRA-2 and GEBA stations over four different
time periods. The percent number of GEBA stations for which same sign of GDB is found with
the corresponding MERRA-2 pixels is given (in parentheses are the statistically significant trends),
along with the average A(SSR) and the number of stations/pixels with brightening and dimming
(shown in parentheses) for both GEBA and MERRA-2. Red and blue vectors indicate Brightening
and Dimming, respectively.

GEBA Periods  Agreement (%) A(sscl;{])ﬂ(;v‘?//mz) (BI({;I?BD[I\M) I\gfsl{sll{{?(%\?})gf)l Mfglgéf)zfﬂ;( !
1980-1985 60.6 (75) 094 - (107, 101) 256 - (156, 52)
1986-2000 49.1 (47.4) 192 -7 (161,71) - (108, 124)
2001-2010 58.6 (62.5) 019 - (135,97) T (100, 132)

2011-2017 74.2 (80) C1es ™ (70, 89) Y7 (65, 94)

Table 3. As in Table 2, but for BSRN stations.

BSRN BSRN MERRA-2_pixel MERRA-2_pixel
A(SSR) (W/m?) (BRI, DIM) A(SSR) (W/m?) (BRI, DIM)

1992-2000 81.8 (0) - - (14, 8) 208 - (14, 8)
2001-2010 68.2 (0) Y 3 ©9,13) Coos ™ (8,14)
2011-2020 63.6 (0) 278 - (8,14) Y - (6, 16)

BSRN Periods Agreement (%)

In the first sub-period, i.e., 1980-1985, both GEBA and MERRA-2 indicate brightening
(Table 2), albeit stronger for MERRA-2 (+3.56 W/ m?, resulting from 156/52 pixels with
brightening /dimming) than GEBA (+0.94 W /m?, resulting from 107/101 stations with
brightening /dimming). It should be noted that the magnitude of the average GDB is
not necessarily in line with the relative number of stations/pixels exhibiting brightening
and dimming. This is not strange given that the magnitude of the average GDB is also
driven by the magnitude of GDB at individual stations/pixels. Yet, the obtained agreement
between the signs of average MERRA-2 and GEBA GDB in the first sub-period (1980-1985)
is in line with the relatively high number of stations with agreement (60.6%). In contrast,
during the next two sub-periods, i.e., 19862000 and 2001-2010, an opposite sign of GDB
is found for GEBA (brightening equal to +1.92 W/ m? for 1986-2000 and +0.19 W/m? for
2001-2010) and MERRA-2 (dimming equal to —1.33 W/m? for 1986-2000 and —1.75 W /m?
for 2001-2010). Nevertheless, it should be noted that, actually, the disagreement for the
period 2001-2010 is much weaker, and even uncertain, since the GEBA brightening is
small and not significant, with values that are exceeded by the associated errors at the
majority of GEBA stations (not shown here). This seems to be in line with the higher
percent number (58.6%) of stations with agreement in 2001-2010 than the corresponding
smaller number (49.1%) for 1986-2000. During the last sub-period, i.e., 2011-2017, both
GEBA and MERRA-2 indicate dimming, which is stronger for GEBA (—1.68 W/m?) than
for MERRA-2 (—0.54 W/m?). This agreement in sign of GDB is complemented by the high
percent number of stations (74.2%) showing the same sign of GDB with the corresponding
MERRA-2 pixels. Concerning the more problematic (in terms of agreement between the
MERRA-2 and GEBA GDB) second sub-period, i.e., 1986-2000, our analysis shows (red
circles in Figure S6i-b) that the overall disagreement largely arises from opposite GDB signs
over Japan (disagreement in 41 out of 43 Japanese stations), a situation not found during
the other three sub-periods. The reason for this disagreement can be attributed to problems
with either MERRA-2 Reanalysis or the station measurements in Japan, which needs to be
examined, but it is out of the scope of this study. Otherwise, no remarkable change, as it
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concerns the agreement/disagreement on a regional scale, e.g., for Europe, is found from a
sub-period to another.

As it concerns the comparison between the MERRA-2 and BSRN GDB in different sub-
periods, there is a very good agreement in the first sub-period, i.e., 1992-2000, since both of
them indicate brightening, which is +2.82 W/m? for BSRN resulting from 14/8 stations
with brightening/dimming and for MERRA-2 is equal to +2.08 W/m? resulting from
14/8 pixels with brightening/dimming. During the next sub-period (2001-2010), the same
sign of GDB is found either for BSRN (dimming equal to —0.89 W/m?) and MERRA-2
(dimming equal to —0.08 W/m?), though both they are not statistically significant. During
the last sub-period (2011-2020), an agreement is found again between the Reanalysis” and
BSRN stations” GDB. More specifically, the BSRN sites indicate a GDB equal to 3.78 W/ m2,
resulting from 8/14 stations with brightening/dimming. It should be noted that the
apparent contradiction of more stations with dimming resulting in a total brightening
does not exist in practice, since the sign of GDB is not only determined by the number of
stations with brightening /dimming, but also by the magnitude of brightening /dimming
of each station. On the other hand, the corresponding MERRA-2 pixels indicate a dimming
equal to —2.43 W/m? resulting from 6/16 stations with brightening/dimming. Thus,
overall and during the entire period 1992-2020, it is found that MERRA-2 Reanalysis
reproduces the phases of GDB (brightening and dimming) recorded by the BSRN station
measurements. However, in spite of this agreement and the satisfactory global distribution
of BSRN stations, their small number (unlike GEBA) does not allow us to continue using
them in the next steps of this study focusing on the evaluation of MERRA-2 GDB on a
regional level.

3.2.2. The MERRA-2 GDB on Global, Hemispherical and Regional Scales

The global distribution of MERRA-2 GDB, i.e., A(SSR), over the 40-year period
1980-2019 is given in Figure 11. Note that in this part of the analysis, which does not
include comparison against stations, MERRA-2 data for 40 (instead of 37) years were
utilized, since there is no restriction caused by the availability of GEBA/BSRN stations
data. The computed A(SSR) values resulted from the application of linear regression to
the time series of deseasonalized monthly MERRA-2 SSR anomalies for each pixel and the
computation of the Sen’s slope. Information about the statistical significance of GDB is
also provided in the same figure (dotted colored pixels). According to MERRA-2, strong
and statistically significant brightening (up to +32.9 W/m? or +0.826 W/m? /year) is found
over Europe, Central Africa, Mongolia, Mexico and some parts of the Tropical oceans, of
Brazil and Argentina. In contrast, strong and statistically significant dimming (as strong as
—57.38 W/m? or —1.435 W/m? /year) is found over the western Tropical Warm Pool, India,
Southeast China, Amazonia, stratocumulus covered areas and some parts of oceans such as
over the mid-latitude Southern Hemisphere Ocean. No statistically significant trends were
found over extended areas such as North America, Russia, Australia, Japan and Western Sa-
hara. Opposite trends of SSR are found in neighboring areas over Africa, North and South
America, Australia, Southeast Asia, eastern Tropical Warm Pool and the Mediterranean.
Opverall, solar dimming dominates (dimming in 62.8% of pixels versus brightening in 37.2%
of pixels). According to our results, the computed tendencies of MERRA-2 SSR are statisti-
cally significant in 57% of pixels all over the globe; in those cells, i.e., over global areas with
statistically significant GDB, solar dimming dominates even more, occurring in 81% of them.
The overall dimming arises from global oceans (brightening/dimming in 27.7%/72.3% of
pixels), while brightening slightly dominates over land (brightening/dimming occurring
in 56.5%/43.5% of pixels). Additional information about the MERRA-2 GDB obtained on a
seasonal basis (Figure S7) reveals seasonal variation of GDB features on a regional basis. For
example, the annual brightening identified over Europe (Figure 11) is driven by a strong
brightening in March-April-May and June-August, while a weaker brightening occurs in
September—November, and mixed patterns are observed in December—February. Over the
Southern Ocean, the stratocumulus-covered ocean areas off the western coasts of South
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Africa and America, the Tropical Warm Pool, Amazonia and India, a systematic dimming is
observed throughout the year, resulting in an annual dimming over these areas. Moreover,
the dimming observed on an annual basis over Sahara (Figure 11), arises from a dimming
throughout the year, being strongest in June-August, except for December-February when
brightening occurs.
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Figure 11. Global distribution of GDB, namely changes of MERRA-2 deseasonalized SSR anomalies,
over the 40-year period January 1980-December 2019. Areas shaded with reddish/bluish colors
are those with positive/negative trends (brightening/dimming). Areas (pixels) with statistically
significant trends are indicated by black dots. World areas (Europe, India and East Asia) enclosed by
red rectangles are characterized by homogeneous SSR trends (reference is made to them below).

Figure 12 displays the time series of the computed average deseasonalized SSR anoma-
lies for the Globe, Northern Hemisphere and Southern Hemisphere over the 40-year period
January 1980-December 2019. The MERRA-2 hemispherical SSR anomalies range from —8
to 10.52 W/m?, while the global mean SSR anomalies vary up to 6.33 Wm~2. Large positive
anomalies (brightening) are found during 1980-1991, while systematic negative anomalies,
i.e.,, dimming, are observed during 2003-2019. This leads to an overall strong negative
trend over the entire 1980-2019 period either over the Globe and the two hemispheres.
Stronger positive anomalies occur in the SH than in the NH during 1980-1991, while after
the Pinatubo eruption (1991) and through to 2019 larger negative anomalies occur again
in the SH than in the NH. The 4th-order polynomial fit applied to the 40-year time-series
shows a stronger decline of SSR during the period 1991-2008, against a stabilizing tendency
of SSR afterwards. The decreasing SSR of MERRA-2 during 1991-2000 is not in agreement
with most measurements and modelling studies [10,20,21,23], while during 2000-2009 this
negative trend is in line with other studies [12,34,36]. MERRA-2 reproduces strong de-
creases of SSR, namely solar dimming, caused by the great volcano eruptions of El-Chichon
(1982) and Pinatubo (1991), as well as by strong EI-Nino’s (e.g., 1998, 2004 and 2012). Years
characterized by the El-Chichon and Pinatubo recovery, as well as La-Nina’s (e.g., 2008,
2015 or 2018), are characterized by positive anomalies corresponding to brightening. These
findings prove that MERRA-2 Reanalysis appropriately reproduces physical phenomena,
such as volcanic eruptions and ENSO (El Nino Southern Oscillation), which drive the
Earth’s climate.
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Figure 12. Timeseries of MERRA-2 average global (black line) and hemispherical (NH and SH, red and
green lines) monthly mean deseasonalized SSR anomalies for the period January 1980-December 2019.
Linear regression fit line, along with the associated A(SSR) for the Globe and the two hemispheres
(numbers in the embedded panel), as well as the 4th-order polynomial fit applied to the global time
series of MERRA-2 SSR, are also shown.

The MERRA-2 Reanalysis offers the advantage of covering a quite long (climatologi-
cal) time period (1980-2019, i.e., 40 years) which overlaps with the recent anthropogenic
global warming. There have been speculations, mostly based on surface station measure-
ments of SSR, about how GDB interplays with this recent rapid global warming, either
accelerating or counteracting it [8,18,22,103,104]. Therefore, the determination of GDB
at these large spatial (global) and temporal (40-year) scales enables a better quantifica-
tion and understanding of the role of GDB for the global warming, in relation to the
predominant role of anthropogenic greenhouse gases, according to the MERRA-2 Reanal-
ysis. To this aim, the changes of SSR, i.e., GDB, have been estimated not only over the
entire 40-year period (1980-2019), but also over three sub-periods, January 1980-December
1999, January 2000-December 2009 and January 2010-December 2019, which have been
characterized by different phases of GDB, according to the literature [11,12,24]. The re-
sults are given in Table 4 on global and hemispherical scales, as well as separately for
land and oceans of the globe and the two hemispheres. According to MERRA-2, the SSR
change during 1980-2019 is equal to —6.31 + 0.19 W/m? or —0.158 & 0.005 W/m? /year on
global scale (dimming), with dimming observed in both hemispheres (—5.72 £ 0.28 and
—6.16 + 0.38 W/m? or —0.143 £ 0.007 W/m? /year and —0.154 & 0.01 W/m?/year over
the North and South Hemispheres, respectively). Stronger dimming took place over oceans
(—7.81 £ 0.25 W/m?2 or —0.195 =+ 0.006 W/mz/year) than continents (—2.58 + 0.25 W/m?
or —0.065 & 0.006 W/m?/year), which are in line with the stronger global warming ob-
served over land than oceans (+0.29 °C decade™! and +0.13 °C decade™!, [105]). The
overall 40-year dimming over the globe resulted from a persisting dimming from the early
1980’s through to the late 2000’s, being stronger in the 20th than in the 21st century, and
a subsequent slight brightening from 2010 to 2019. The changing phases of GDB in the
two hemispheres are the same as those already described for the globe, except for the last
sub-period, i.e., 2010-2019, when brightening is found in MERRA-2 in the NH against
dimming in SH. It is not the same with the land and oceanic areas of the two hemispheres,
which have been characterized by different changing phases of GDB. Specifically, over the
NH land, solar brightening took place during 1980-1999, followed by a dimming during
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2000-2009 and 2010-2019. Over the global oceans, dimming persisted from 1980 to 2009,
followed by a subsequent brightening from 2010 to 2019. It is found that, in general, but
especially over oceans and the Southern Hemisphere, the magnitude of GDB is larger dur-
ing the 20th century (1980-1999) than during the 21st century (2000-2019), which may be
related to the assimilation of contemporary satellite data, such as MODIS, in the MERRA-2
Reanalysis. This change may point to a probably overestimated magnitude of GDB in this
study estimated based on MERRA-2.

Table 4. Changes of MERRA-2 deseasonalized SSR anomalies (A(SSR)), i.e., GDB, computed at global
and hemispherical scales, as well as for land and ocean areas. Results are given for the entire 40-year
period (1980-2019) as well as for three separate sub-periods. Red and blue vectors indicate solar
brightening and dimming, respectively.

A(SSR) £ S.E. January January January January
(W/m?) 1980-December 2019 1980-December 1999 2000-December 2009  2010-December 2019

Globe 631019 S

—3.64 £ 0.31 ‘

—-1.19 £ 0.26 ‘

0.44 + 0.24 2

N.H. a0 S

—1.64 +0.35 ‘

—1.92 £ 0.35 ‘

0.39 £ 0.37 “ ’

SH. 6164038 S

—b5.58 + 0.47 ‘

—0.33 £ 0.46 ‘

—0.08 = 0.39 ‘

Land-Globe

—2.58 £ 0.25 ‘

—2.45 £+ 0.38 ‘

0.25 + 0.39 2

Land-N.H. 030 S

—2.4440.48 ‘

—0.59 £ 0.41 s

Land-S.H. aesi0a S

0.36 + 0.53 2

—2.46 +0.77 ‘

1.63 +0.73 2

Ocean-Globe

—7.814+0.25 ‘

—5.29 +£0.35 ‘

—0.67 £ 0.31 ‘

0.45 £ 0.31 “ ,

Ocean-N.H.

—8.06 + 0.38 3

—3.12+: 043 ‘

—1.45+0.43 &

1.16 + 0.54 2

Ocean-S.H.

—6.67 = 0.43 ‘

—6.88 = 0.54 ‘

0.16 & 0.53 2

—0.44 045 ‘

It should be noted that in the NH the MERRA-2 brightening phase of 2010-2019 and
the dimming in 2000-2009 harmonize with the stronger global warming (+0.47 °C decade )
recorded in the second decade of the 21st century and the weaker warming (+0.16 °C decade ™)
observed in the first decade [105]. Furthermore, it should be noted that the MERRA-2
dimming during the 1980s and 1990s may have resulted in a slower rate of NH warming in
this period (+0.2 °C decade!) than in the 2010s when a brightening occurred. Moreover, it
is found that the brightening phases during 1980-1999 and 2010-2019, and the dimming
in 2000-2009, over the land areas of the globe match with the rapid warming in the
1980s, 1990s and 2010s and the recent hiatus in the 2000s. These results indicate that the
MERRA-2 GDB phases are in line with the NH warming rates, since brightening /dimming
accelerates/decelerates warming. However, this is not valid when looking at the NH
land and ocean areas separately, since the MERRA-2 dimming over NH land in 2010-2019
is not in line with the strong warming (+0.46 °C decade ') during this period. On the
other hand, in the SH, there is no clear relationship between the MERRA-2 GDB phases
and the recorded warming rates. These results, which underline the role of GDB for the
global temperatures in relation with the greenhouse warming, corroborate the findings
of [11], who using the 2-m temperature dataset from the Climate Research Unit of the
University of East Anglia (HadCRUT4 (Hadley Centre of the UK Met Office by the Climatic
Research Unit)), suggested that in the polluted NH, during the dimming phase in the
period 1950s-1980s, which was characterized by a strong increase of aerosol loadings, no
warming has been observed, while during the subsequent brightening phase (1980s—2000s)
characterized by decreasing aerosol loadings, a rapid warming was observed. In contrast,
in the more pristine SH, where greenhouse-gases is the sole major anthropogenic forcing,
warming is observed during both dimming and brightening phases.
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Given that GDB is a regional phenomenon (Figure 11), and that the 40-year GDB results
in Figures 11 and 12 are based on linear trending analysis, an additional investigation was
performed on a regional scale, in order to reveal decadal scale GDB features. To this
aim, three specific regions of the Globe were selected, which have a satisfactory coverage
by stations and exhibit homogeneous GDB patterns (Figure 11). These regions, shown in
rectangles in Figure 11, are the land areas of Europe, East Asia and India. Three time series of
deseasonalized SSR anomalies (for the period January 1980-December 2019) were produced
for the selected world regions, one for the GEBA stations lying in each region (125 stations
in Europe, 36 in E. Asia and 8 in India) that satisfy the 2 criteria of slope estimation as
mentioned in Section 2.2, a second one of the respective MERRA-2 pixels (including the
stations) of the region, and a third one of all MERRA-2 pixels of the region and are shown
in Figure 13. Along with the time series, the corresponding applied linear regression and
computed trends are also given. This analysis allows testing the ability of MERRA-2 to
reproduce the inter-annual variability and trend of SSR at the locations of GEBA stations
within each region, as well as examining whether the station (or corresponding pixel areas)
based trends of SSR are representative for the entire areas of Europe, India and East Asia.
In general, it is found that MERRA-2 satisfactorily reproduces the month-to-month and
year-to-year variability of SSR (correlation coefficients equal to 0.88, 0.77 and 0.66, for
Europe, East Asia and India, respectively), although GEBA measurements exhibit a slightly
larger variability, especially for Europe and East Asia. For India, it is found that GEBA
measurements indicate distinct negative SSR anomalies during the decade 2010-2019,
against quite smaller, still negative, anomalies for MERRA-2. On the other hand, large
positive GEBA SSR anomalies are found for East Asia during the decade 2010-2019, against
smaller positive anomalies for MERRA-2. As a result of these discrepancies, a stronger
decreasing trend of SSR, i.e., a stronger dimming, is found for India according to GEBA
(—33.81 W/m?) than corresponding MERRA-2 pixels (—17.97 W/m?), as well as a larger
increasing GEBA-based trend of SSR, i.e., stronger brightening, for East Asia (+5.31 W/m?)
than corresponding MERRA-2 pixels (+0.37 W/m?). On the other hand, the trends for
Europe are about equal (+6.86 and +4.03 W/m? according to GEBA and MERRA-2 pixels,
respectively), indicating brightening in both cases. With respect to the representativeness
of the station (or corresponding MERRA-2 pixels) based SSR trends for the entire world
regions, it is found that, indeed, they are, since there is a similarity between the sign of
their trends, both showing the same phases of GDB. In addition, a great similarity is also
found in terms of magnitude of GDB'’s for East Asia and India, with slight differences for
Europe, where there is a slightly smaller trend for the entire region (+1.78 W/m?) than for
the MERRA-2 pixels (+4.03 W/m?) and GEBA stations (+6.86 W/m?). Our results prove
the ability of MERRA-2 to qualitatively reproduce the GEBA stations-based GDB (dimming
or brightening) over the continental areas of Europe, East Asia and India. Moreover, they
also indicate that the GDB based on measurements of GEBA stations in East Asia and India
can be considered as representative for the entire areas to a high degree, but this is not
entirely valid for Europe. The MERRA-2-based time series for Europe, India and East Asia
enable to assess the inter-decadal changes of SSR occurring over these three world regions
characterized by significant anthropogenic activities. The obtained results reveal that over
Europe (continental areas) a brightening occurred from 1980 to 2000, in agreement with
other studies ([22] and references therein), which reversed to weak dimming beyond 2000,
which rather agrees with [106] who suggested a tendency of stabilization of SSR since the
early 21st century. Over India, a considerable brightening took place from 1980 to 1985,
followed by a dimming till 2010 (in agreement with [107]) and a subsequent brightening
till 2019. In East Asia, a brightening occurred from 1980 to 2000, in agreement with [26],
which was succeeded by a slight dimming through to 2014. This slight dimming is in line
with the reported decline of the rate of increase of SSR in the 2000s by [24] and has been
followed by a brightening after 2014.
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Figure 13. Timeseries (January 1980-December 2017) of deseasonalized anomalies of SSR for three
selected world areas with homogeneous trends (see red rectangles in Figure 11), namely, Europe (a),
East Asia (b) and India (c). For every area, results are given based on GEBA stations (red dotted lines),
corresponding MERRA-2 pixels (including the stations, green dot-dashed lines) and all MERRA-2
pixels of the areas (blue lines). Moreover, the linearly fitted lines to each timeseries are also displayed
with similar colors, while blue line displaying the 4th-order polynomial fit applied to the time series
of MERRA-2 SSR for the entire world areas are also shown.
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4. Conclusions

Reanalysis datasets have the advantage of providing global coverage and long-term
data for various climate parameters, including SSR. Yet, the reanalysis data assimilation can
lead to errors in SSR and its interannual variation and trends and, hence, in uncertainties in
studies making use of them. Therefore, before applying reanalysis SSR products in climate
studies, it is necessary to validate them against available reference ground measurements.
A detailed and thorough evaluation and verification of MERRA-2 reanalysis SSR for the
40-year period 1980-2019 has been performed here against ground measurements and
satellite estimates at scales ranging from global, to regional and down to local (station-
level). In particular, this study deals, for the first time to our knowledge, with the detailed
evaluation of MERRA-2 SSR and their changes (A(SSR) or GDB) over the period 1980-2019
using high-quality surface measurements from 1099 GEBA and 70 BSRN stations. The
performed analysis enabled to derive some useful conclusions, which are summarized
as follows.

e  The MERRA-2 SSR fluxes correlate very well with the ground truth measurements,
with R values equal to 0.95 and 0.97 for the comparison with GEBA and BSRN stations,
respectively. The corresponding R values for the comparison of deseasonalized SSR
anomalies, which are free of the seasonal cycle and give more meaningful results,
are still satisfactory and equal to 0.61 and 0.62. On an individual station-level, the
estimated R values range from —0.25 to 0.92, the lowest values occurring in tropical
and sub-tropical regions, probably due to uncertainties in the Reanalysis cloudiness.

e Ingeneral, there is an overestimation of MERRA —2 SSR compared to GEBA and BSRN
measurements, the mean bias being equal to 24.25 and 10.31 W/m? or 15.3 and 5.9%,
respectively. The ranges of variability of the biases in terms of absolute and relative
percent values for individual stations are —64.24-141.07 W/m? or —20.3-103.9% for
GEBA and —36.32-54.97 W/m? or —15.8-35% for BSRN stations. However, MERRA-2
underestimates SSR at low latitudes and polar regions. The general overestimation
leads to the conclusion that the atmosphere of MERRA-2 is too transparent. The
computed average RMSE is equal to 36.07 W/m? (equivalent to 22.8%) for the com-
parison of MERRA-2 with GEBA, while the corresponding values for BSRN are equal
to 26.12 W/m? or 15.1%. The RMSE values are high in the tropics and the highest in
Southern China.

e  The assessment of the performance of MERRA-2 SSR with GEBA on a seasonal basis
has shown that in both hemispheres the performance is worse during the cold period
of the year, when the computed hemispherical mean values of percent bias and RMSE
are the highest (17.9 and 30.9%, respectively) and those of R are the lowest (0.52).

e  The time-series of the average SSR anomalies of GEBA and BSRN stations and the
corresponding MERRA-2 pixels show that MERRA-2 show larger anomalies, positive
before 2000 and negative in the post 2000 years, which can affect the computed trends
of SSR, namely GDB, of MERRA-2 and stations. Indeed, the MERRA-2 SSR trends
show a stronger dimming and a weaker brightening than the stations’ trends.

e  Comparing the sign of GDB for each station (232 GEBA and 22 BSRN) and MERRA-2
pixels where the stations are located, an agreement is found for 63.4% of matched
MERRA-2 and GEBA pairs (for the period 1980-2017), with the corresponding num-
ber being equal to 50% for the matched MERRA-2 and BSRN pairs (for the period
1992-2020). A very good agreement between the Reanalysis and stations in terms
of signs of GDB is found for Europe and India, opposite to a strong disagreement
in Japan.

e  Theestimated MERRA-2 SSR changes (GDB) during the 40-year period 01/1980-12/2019,
reveal a statistically significant brightening in Europe, Central Africa, Mongolia, Mex-
ico, parts of the tropical oceans, Brazil and Argentina. In contrast, statistically signif-
icant dimming is found over the western Tropical Warm Pool, India, Southern East
China, Amazonia, stratocumulus covered marine areas off the western coasts of Africa
and America and some parts of oceans.
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e Globally, MERRA-2 SSR shows a dimming (decreasing SSR) from 1980 to 2019,
equal to —6.31 & 0.19 W/m? or —0.158 4+ 0.005 W/m?/year, with 62.8% of the
global MERRA-2 geographic cells showing dimming. This dimming is found over
both land and ocean areas of the globe, but oceans underwent a stronger dimming
(—=7.81 £ 0.25 W/m? or —0.195 + 0.006 W/m? /year) than land (—2.58 & 0.25 W /m?
or —0.065 & 0.006 W/m?/year). Solar dimming also occurred on hemispherical basis,
being stronger in the Southern than Northern Hemisphere (—5.72 = 0.28 W/m? versus
—6.16 & 0.38 W/m? or —0.143 4 0.007 W/m? /year versus —0.154 & 0.01 W/m? /year,
respectively).

e Examining possible changes of the agreement between the signs of GDB of GEBA
stations and MERRA-2 with time, an improvement is found since 1985, and especially
in the post-2000 period, which can be related to the assimilation of state-of-the-art
satellite data (MODIS, MISR) in MERRA-2 after 2000.

e  During the reported brightening in the literature in the 1980s and 1990s, MERRA-2
reproduces brightening only over land, which is in line with the rapid global warming
in the North Hemisphere driven by anthropogenic greenhouse gases. In the 2000s,
when a recent hiatus has been recorded, MERRA-2 indicates a dimming both on a
global basis (—1.19 £ 0.26 W/m? or —0.119 4 0.026 W/m?/year) and on a hemi-
spherical one, which seems to be in line with the deceleration of global warming.
In the 2010s, MERRA-2 suggests a weak global brightening (+0.44 4 0.24 W/m? or
+0.044 £ 0.024 W/m?/year), which is in accord with the recurring accelerated warm-
ing of the Globe. Thus, overall, the MERRA-2 GDB phases, especially in the Northern
Hemisphere, seem to be consistent with the accelerating and decelerating decadal
phases of global warming since 2000.

Overall, the present study, based on detailed comparisons against the reference global
GEBA and BSRN station networks, documents a quite satisfactory performance of the
MERRA-2 SSR, along with a worse performance of MERRA-2 SSR changes during the
40-year period 1980-2019. These results at the Earth’s surface are accompanied by a less
satisfactory comparison of the corresponding to SSR top of atmosphere solar fluxes of
MERRA-2 against reference CERES fluxes. The ascertained performance of MERRA-2 SSR
data is encouraging towards their use in various climate studies, but they cannot provide
reliable SSR trends and GDB assessment. In conclusion, further improvements to MERRA
Reanalysis solar fluxes are necessary, which are, however, worth given the advantages
of this Reanalysis, like its complete spatial (global) and long temporal (climatological)
coverage and the consideration, for the first time, of aerosol-cloud interactions. With the
expected continuation and extension of the MERRA Reanalysis in the time to come, an
even longer climatology of SSR will be created, which will enable a better assessment
of the climatic role of the GDB phenomenon, especially in relation with the ongoing
greenhouse warming. However, such assessments can only be reliable by making additional
improvements to the MERRA-2 SSR products.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app121910176/s1, Figure S1: Global distribution of: (a) Global
Energy Balance Archive (GEBA) 1397 stations and (b) Baseline Surface Radiation Network (BSRIN)
73 stations, whose surface solar radiation (SSR) data (availability in years indicated in the colorbars)
have been used in the study; Figure 52: Time periods covered by measurements of each station
for (i) GEBA and (ii) BSRN networks. (a) Total number of stations since 1980 and (b) Number of
available stations after applying criteria to compute linear slopes, i.e., 232 GEBA and 22 BSRN stations;
Figure S3: Seasonal variation of hemispherical mean correlation coefficient R between MERRA-2
and GEBA (blue color) and between MERRA-2 and BSRN (red color) stations, computed using SSR
fluxes for the North Hemisphere (i) and the South Hemisphere (ii); Figure S4: Global distribution
of correlation coefficient between MERRA-2 and each GEBA (i, left column) and BSRN (ii, right
column) station SSR fluxes; Figure S5: Histogram of frequency distribution of correlation coefficient
R (a), bias (b), relative bias (c), root mean squared error (RMSE) (d), relative RMSE (e),between
MERRA-2 and GEBA (i, left column) and BSRN (ii, right column) stations. Results are computed
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using MERRA-2, and GEBA and BSRN station SSR fluxes, except for R, which is computed using
deseasonalized SSR anomalies. In the left y axis shown is given the number of stations, while in
the right y axis the % number of stations; Figure S6: Agreement (blue dots) and disagreement (red
dots) between trends of MERRA-2 and station SSR fluxes. The comparison is done for the associated
deseasonalized anomalies for GEBA (left column, i) and BSRN (right column, ii) stations per selected
time periods that are characterized as Global Dimming & Brightening periods (GDB phases). The
embedded white x symbols indicate the statistically significant trends. The numbers in parentheses
provide the total number of stations for which there is agreement/disagreement (first number) and
the corresponding numbers for statistically significant trends (second number). The GDB phases
(Wild et al., WIREsClim Change 2016, 7:91-107) are: (a) 1980-1985, (b) 1986-2000, (c) 2001-2010,
(d) 2011-2017 for GEBA and (a) 1992-2000, (b) 2001-2010, (c) 2011-2020 for BSRN. Figure S7: Global
distribution of MERRA-2 A(SSR) anomalies over the 40-year period January 1980-December 2019, for
(a) DJE, (b) MAM, (c) JJA, (d) SON. Reddish colors are those with positive trends (brightening), and
those with bluish colors have negative trends (dimming). Statistically significant trends are indicated
by black dots.
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Abbreviations

MERRA-2 Modern-Era Retrospective Analysis for Research and Applications v.2

GEBA Global Energy Balance Archive

BSRN Baseline Surface Radiation Network

SSR Surface Solar Radiation

A(SSR) change of SSR (equivalent to GDB)

GDB Global Dimming and Brightening

R Pearson’s correlation coefficient

BIAS mean value of MERRA-2 minus mean value of stations
BIAS (%) 100*BIAS/mean value of stations

RMSE Root Mean Squared Error

RRMSE Relative Root Mean Squared Error

M mean value of MERRA-2

Mi monthly (for the -i month) value of MERRA-2
G mean value of stations

Gi monthly (for the -i month) value of stations

n number of monthly data
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TOA Top of the Atmosphere
OSR Outgoing Solar Radiation
A(OSR) Changes of OSR

NH Northern Hemisphere
SH Southern Hemisphere
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