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Abstract: In this study, an assessment of the FORTH radiative transfer model (RTM) surface solar
radiation (SSR) as well as its interdecadal changes (∆(SSR)), namely global dimming and brightening
(GDB), is performed during the 35-year period of 1984–2018. Furthermore, a thorough evaluation of
SSR and (∆(SSR)) is conducted against high-quality reference surface measurements from 1193 Global
Energy Balance Archive (GEBA) and 66 Baseline Surface Radiation Network (BSRN) stations. For
the first time, the FORTH-RTM ∆(SSR) was evaluated over an extended period of 35 years and
with a spatial resolution of 0.5◦ × 0.625◦. The RTM uses state-of-the-art input products such as
MERRA-2 and ISCCP-H and computes 35-year-long monthly SSR and GDB, which are compared to
a comprehensive dataset of reference measurements from GEBA and BSRN. Overall, the FORTH-
RTM deseasonalized SSR anomalies correlate satisfactorily with either GEBA (R equal to 0.72) or
BSRN (R equal to 0.80). The percentage of agreement between the sign of computed GEBA and
FORTH-RTM ∆(SSR) is equal to 63.5% and the corresponding percentage for FORTH-RTM and BSRN
is 54.5%. The obtained results indicate that a considerable and statistically significant increase in
SSR (Brightening) took place over Europe, Mexico, Brazil, Argentina, Central and NW African areas,
and some parts of the tropical oceans from the early 1980s to the late 2010s. On the other hand,
during the same 35-year period, a strong and statistically significant decrease in SSR (Dimming)
occurred over the western Tropical Pacific, India, Australia, Southern East China, Northern South
America, and some parts of oceans. A statistically significant dimming at the 95% confidence level,
equal to −0.063 Wm−2 year−1 (or −2.22 Wm−2) from 1984 to 2018 is found over the entire globe,
which was more prevalent over oceanic than over continental regions (−0.07 Wm−2 year−1 and
−0.03 Wm−2 year−1, statistically significant dimming at the 95% confidence level, respectively) in
both hemispheres. Yet, this overall 35-year dimming arose from alternating decadal-scale changes,
consisting of dimming during 1984–1989, brightening in the 1990s, turning into dimming over
2000–2009, and brightening during 2010–2018.

Keywords: surface solar radiation; climate; dimming; brightening; stations; radiative transfer model

1. Introduction

Surface solar radiation (or SSR) is a significant component of the overall energy
balance of the planet, regulating the Earth’s climate and determining its water cycle and
general circulation, while it affects the carbon cycle and the photosynthesis of plants [1–3].
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The late 1980s marked the beginning of the acknowledgment of existing interdecadal
variations in SSR, referred to as global dimming and brightening (GDB) [4–6] and it has
been demonstrated that clouds and aerosols, which greatly influence the transparency
of the atmosphere, are the two main causes of GDB [6,7]. GDB may be a local or global
phenomenon [6–8] and has effects on several areas, including the economy, agriculture [3],
solar power, hydrology [9], and climate [10]. For instance, the study by [10] revealed that
since the 1980s, the lack of solar dimming and its masking effects allowed greenhouse
warming to become more apparent, leading to a more rapid increase in temperature than in
prior decades. According to several studies analyzing surface solar radiation measurements,
SSR decreased globally from the early 1960s to the late 1980s, a trend known as “global
dimming” [8,11–14], but there has been no evidence of this trend continuing since the late
1980s at many locations. In fact, SSR increased during the 1990s, a trend known as “global
brightening” [6,15–17]. However, solar dimming persisted across India and Southeast Asia
until 2000 [18–21]. After the year 2000, it was found that the brightening across Europe
and North America remained, whereas it leveled off at locations in Japan and the dimming
continued in India and China [15].

Due to the large-scale GDB phenomenon, accurate inferences cannot be formed from
surface measurements alone. The knowledge of the phenomenon from ground-based
measurements should be supplemented by satellite observations/models and reanalysis
datasets, which offer large and complete spatial, as well as temporal, coverage. However,
since such datasets more or less involve theory, they have limited consistency in terms of
trends and must be evaluated against ground-based measurements to ensure their reliability.
Other reasons for such an evaluation are the detection of errors in cloud and aerosol input
data to the models and inhomogeneities in the assimilated data records in reanalysis, which
may cause possible uncertainties in the estimated fluxes [22–27]. Several studies using
model simulations and/or satellite data [7,8,28–34] found that the dimming and brighten-
ing during the 1980s and 1990s, respectively, were global rather than local, whereas they
also reported divergent trends in SSR even over neighboring regions. More specifically, the
investigation by [8] based on the International Satellite Cloud Climatology Project-D2 series
(ISCCP-D2) identified substantial increasing trends in SSR, i.e., brightening, between 1984
and 2000, yielding an average increase of 2.4 Wm−2 decade−1. Additionally, using satellite
retrievals from ISCCP-D1, Ref. [31] computed a global brightening of 1.6 Wm−2 decade−1

between 1983 and 2001, which was associated with decreasing cloud cover fraction. Ac-
cording to the analysis performed by [32] using data from the Global Energy and Wa-
ter Exchanges Project- Surface Radiation Budget version 2.8 (GEWEX-SRB V2.8), there
was a dimming of −2.51 Wm−2 decade−1 between 1983 and 1991, a brightening of
3.17 Wm−2 decade−1 from 1991 to 1999, a subsequent dimming of −5.26 Wm−2 decade−1

during 1999–2004, and an overall brightening of 0.25 Wm−2 decade−1 during 1983–2004.
Moreover, Ref. [28] calculated a global dimming of −2.0 Wm−2 from 1920 to 2000, which is
in line with simulations from 10 models used in the Fourth Assessment Report (IPCC-AR4)
of the United Nations Intergovernmental Panel on Climate Change (UNIPCC), which
reported a dimming that is ranging in different models from −1 to −4 Wm−2 globally
during the entire 20th century [35]. Moreover, they [28] noticed a dimming trend from 1968
to 1977, followed by a brightening trend in the 1980s and 1990s.

There were few attempts to extend GDB beyond 2000 and even fewer beyond 2010
using satellite-derived SSR, showing a tendency for dimming in the years following 2000.
A study by [30] using a radiation transfer model with input from ISCCP-D2 satellite data
for the years 2001–2006 revealed a just slight (0.17 Wm−2) brightening in the Northern
Hemisphere and a dimming (−2.88 Wm−2) in the Southern Hemisphere, where dimming
was primarily seen over the oceans and a slight brightening over land. The same au-
thors [7], using the same radiative transfer model with input cloud data from ISCCP-D2,
aerosol data from MODIS (Moderate Resolution Imaging Spectroradiometer) C006, and
meteorological data from NCEP/NCAR (National Centers for Environmental Predictions
and National Center for Atmospheric Research), during 2000–2009, computed an overall
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dimming, weaker in the Northern than in the Southern Hemisphere (−2.2 and−3.1 W m−2,
respectively). According to that study, both land and ocean areas in either hemisphere
showed dimming, but the one in Southern Hemisphere land was more prominent. Further-
more, using retrieved Clouds and the Earth’s Radiant Energy System (CERES) satellite SSR
data for the years 2001 to 2012, Ref. [33] found a brightening equal to 0.03 Wm−2 decade−1.
The same authors using GEWEX-SRB V3.0 and ISCCP-FD SSR data for the Globe, computed
a significant dimming between 1984 and 1991, followed by a brightening from 1992 to 2000
and a return to significant dimming over 2001–2007. They also noticed a disagreement
between ground-based records and satellite-derived products over China, suggesting that
the differences between satellite estimates and surface measurements might have been
related to aerosols, clouds, and their interactions as represented in the satellite algorithm,
but also to questionable pyranometer’s accuracy and measurement methods. Moreover,
Ref. [36], using the CM-SAF SARAH (Satellite Application Facility on Climate Monitoring
Solar surfAce RAdiation Heliosat) satellite-based product, found that during 1983–2013 a
brightening (0.2 ± 0.05 Wm−2 year−1) occurred in the southeastern Mediterranean, being
similar over land and sea. Another study by [37] using SARAH-2 and CLARA-A2 (CM
SAF cLoud, Albedo, and surface RAdiation dataset from AVHRR) computed an overall
brightening in Europe since the 1980s, equal to 2.4 Wm−2 decade−1 at 53 European GEBA
stations and 1.9 Wm−2 decade−1 at the corresponding SARAH-2 grid cells, with substan-
tial decadal and spatial variability, during the period 1983–2015. Moreover, a study [38]
using satellite-derived data over Europe (1983–2010) showed a widespread increase in
SSR in a major part of Europe, especially in spring. Moreover, they reported a significant
difference between the trends of ground-based and satellite observations, which is not
explained by calibration issues of the satellite product alone. Additionally, Ref. [39] using
satellite-derived products (ISCCP-FH) and reanalyses (ERA5 and NCEP-NCAR reanalysis
II) show consistent increases in SSR and decreases in cloud cover over North America and
Europe from the 1980s to the 2010s.

On the other hand, along with the satellite-derived products, reanalysis SSR datasets,
which incorporate both observations and models, have also the benefit of offering complete
spatial coverage and extensive temporal coverage, and as a result, they are frequently
employed in atmospheric sciences and studies of climate change [22]. The interdecadal
variation of various reanalysis SSR was computed and evaluated against ground-based
stations over specific world regions, such as in China using Modern-Era Retrospective
analysis for Research and Applications, version 2 (MERRA-2) by [26], in Europe using
20CRv2c, 20CRv3, ERA20C, and CERA20C by [40] or globally with MERRA-2 by [41].
It should be noted, however, that reanalysis products generally tend to overestimate
the SSR [22,42] and further improvements are necessary for better representation of SSR
trends [41], since they have difficulties reproducing the SSR trends [40,41].

An extension of the existing studies is attempted here, and a step forward is made
in improving our knowledge about the ongoing GDB and its climatic role. An overall
assessment of the GDB is attempted in the present work, studying it for the first time on a
global scale and for the long climatological period of 1984–2018, also including very recent
years not covered in the literature. The study is performed using the FORTH (Foundation
for Research and Technology-Hellas) radiative transfer model (RTM) that also has been used
in previous studies [7,8,30] and state-of-the-art cloud (ISCCP-H) and aerosol (MERRA-2)
input data. To ensure the reliability of the obtained GDB over the 35-year period 1984–2018,
a detailed evaluation of the RTM monthly SSR and GDB (changing SSR, i.e., ∆(SSR)) is
performed through comparisons against ground-based observations from the reference
GEBA and BSRN networks. The innovations of the present study in relation to our previous
ones [7,8,30] are: (i) the higher spatial resolution of model SSR and GDB, computed on a
0.5◦ × 0.625◦ latitude-longitude grid over the entire globe, (ii) the quite long study period of
1984–2018, (iii) the coverage of recent years, up to 2018, (iv) the use of a large observational
dataset, consisting of highest quality reference measurements, for the evaluation of SSR and
GDB and (v) the use of state-of-the-art RTM input datasets, such ISCCP-H and MERRA-2.
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Additionally, a columnar closure study is carried out in which the long-term changes of
FORTH-RTM reflected solar radiation fluxes at the Top of Atmosphere (TOA) are compared
to the corresponding fluxes of CERES-EBAF, which are used as reference. This is performed
in order to further strengthen the robustness of the derived conclusions and to achieve
the maximum possible reliability of the computed GDB. Deseasonalized anomalies are
used for the evaluation of the FORTH-RTM SSR and GDB at a variety of scales, from
local (station-level) to global/hemispheric, and for temporal ranges spanning from the full
35-year study down to selected individual sub-periods. The data and methods that were
used are described in Section 2; the results of the attempted evaluation are presented and
discussed in Section 3; and lastly, conclusions and perspectives are given in Section 4.

2. Materials and Methods
2.1. Model and Data
2.1.1. FORTH Radiation Transfer Model

The utilized FORTH spectral radiative transfer model, which is described in detail
in the works by [8,43,44], was developed from a radiative-convective model [45]. The
atmosphere is discriminated into clear and cloudy (for low-, mid-, and high-level clouds)
fractions. The RTM solves, for an absorbing/multiple-scattering atmosphere, the radiative
transfer equations for 118 separate wavelengths for the ultraviolet-visible part of the solar
spectrum (wavelengths between 0.2 and 1.0 µm), and for ten bands for the near-infrared
part (between 1.0 and 10.0 µm), using the modified Delta-Eddington method of [46] that
relies on the Henyey–Greenstein phase function, which is an extension of the Eddington
method outlined in [47]. Rayleigh scattering, molecular absorption in the ultraviolet, visible
and near-infrared, aerosol and cloud scattering and absorption, and surface reflection are
all considered. More specifically, when applying the delta-Eddington method the physical
parameters of optical thickness (τ), asymmetry parameter (g), and single-scattering albedo
(ω), are replaced using the following transformations:

τ′ = (1−ω f )τ (1)

ω′ =
(1− f )ω
(1−ω f )

(2)

g′ =
g

1 + g
(3)

where f = g2. The atmosphere is separated into distinct layers, each of which has a total
optical thickness calculated as follows:

τ = τaers + τaera + τma + τR + τcs + τca (4)

where τaers, τaera are, respectively, the scattering and absorption optical thicknesses of the
aerosols, τma is the optical thickness of molecular absorption, τR the optical thickness of
Rayleigh scattering, while τcs and τca are the scattering and absorption optical thicknesses,
respectively, of the clouds. Single-scattering albedo for each layer is given by the following
relation:

ω = ωaer + ωR + ωc (5)

where:
ωaer =

τaers

τ
(6)

ωR =
τR
τ

(7)

ωc =
τcs

τ
(8)
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Finally, the asymmetry parameter of each layer of the model is calculated from the
equation:

g =
gaerωaer + gRωR + gcωc

ω
(9)

in which gaer is the aerosol asymmetry parameter, gc is the asymmetry parameter of clouds,
and gR is the Rayleigh scattering asymmetry parameter (equal to 0, due to isotropic scat-
tering of solar radiation from atmospheric gases). The temporal resolution of the current
version of FORTH-RTM utilized here is monthly and the spatial resolution is 0.5◦ × 0.625◦

latitude x longitude. The cloud properties required by the model, namely cloud amount,
cloud optical depth, and cloud-top pressure separately for liquid and ice phases, are taken
from the ISCCP-H dataset. The aerosol optical depth, single scattering albedo, asymmetry
parameter, specific humidity, ozone concentration, and surface albedo were computed
from data taken from the MERRA-2 Reanalysis. All the original input data were con-
verted to monthly means, and regridded to the 0.5◦ × 0.625◦ latitude-longitude spatial
resolution, to be used in the RTM. The incoming solar irradiance at the top of atmosphere
(TOA) is computed between 0.2–10.0 µm, based on the spectral profile of [48], using a
solar constant S = 1367 Wm−2, which is corrected for the Earth’s elliptical orbit. The
mixing ratio of CH4 is set equal to 9 × 10−4 gcm−2 (or 1.7 parts per million by volume
(ppmv)), CO2 equal to 0.58 gcm−2 (or 371 ppmv, the value of 2001), and N2O equal to
4.5 × 10−4 gcm−2 (or 0.3 ppmv). The output of the model consists of the upwelling and
downwelling solar fluxes at the surface of the Earth, at 50 levels within the atmosphere,
and at the top of the atmosphere. Solar fluxes are computed separately for the spectral
regions of the ultraviolet-visible, near-infrared, and the entire spectrum (0.2–10 µm). In the
current study, the downwelling at the Earth’s surface, shortwave solar radiation flux for
the entire spectrum was used for the evaluation and GDB assessment.

In the following two Sections 2.1.2 and 2.1.3 the RTM input data are briefly described,
while in the following two Sections 2.1.4 and 2.1.5 the data used for the evaluation of the
RTM fluxes are presented.

2.1.2. ISCCP-H

The ISSCP-H climate data record contains the full (level 2) and basic (level 3) products
for monitoring the distribution and variation of cloud and surface properties, which are
derived from both geostationary and polar-orbiting satellite imaging radiometers with one
visible (VIS ≈ 0.65 ± 0.05–0.20 µm) and one infrared (IR ≈ 10.5 ± 0.5–0.75 µm) “window”
channels. The Basic H-series data that are used in this study currently span the period from
July 1983 to December 2018 with plans for regular updates. They have global coverage
with spatial resolution of 1◦ × 1◦ degree, equal angle grid. The improvements of the ISCCP
H-series, compared to its predecessors C- and D-series are several and include quality
control measures, modified ancillary inputs, higher spatial resolution input and output
products, and calibration refinements [49]. The cloud types include 3 low-, 3 middle-, and
3 high-level cloud types, each one in liquid and ice phases, thus the overall number of
ISCCP-H cloud types is 18. Here, the basic, monthly ISCCP H Gridded Monthly (HGM)
data are used and more specifically the properties with names “cldamt_types”, “tau_types”
and “pc_types” corresponding to the mean cloud amount, mean cloud-top pressure and
mean cloud optical depth for 18 cloud types. The mean monthly data were computed
by averaging each 3-hourly time step for a month and then by averaging the eight (8)
3-hourly mean values in the month. Due to the requirements of FORTH-RTM, the initial
1◦ × 1◦ gridded data, were regridded to 0.5◦ × 0.625◦ applying the first-order conservative
remapping method [50] from the Climate Data Operators (CDO) with the “remapcon”
command. All ISSCP-H data products are available in [51].

2.1.3. MERRA-2

The MERRA-2 is a state-of-the-art reanalysis produced by the NASA Global Modeling
and Assimilation Office (GMAO) in 2017 [52]. Its advances in assimilation techniques
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make it the updated version of MERRA, while for the first time, it assimilates space-
based observations of aerosols that interact with physical processes in the climate system
on a multidecadal scale. MERRA-2 provides aerosol optical depth (AOD) data in a 3-
hourly temporal resolution and 0.5◦ × 0.625◦ spatial resolution, assimilating (a) ocean-only
reflectances from the Advanced Very High-Resolution Radiometer (AVHRR) instruments
(1979–2002), (b) reflectances from the Moderate Resolution Imaging Spectroradiometer
(MODIS) instruments on Terra (2000-present) and Aqua (2002-present), (c) AOD from the
Multi-Angle Imaging SpectroRadiometer (MISR) over the bright desert regions (2000–2014)
and (d) AOD observations from the AErosol RObotic NETwork (AERONET) surface station
network (1999–2014) [53]. The MERRA-2 provides vertically resolved (in 72 layers) 3-hourly
instantaneous aerosol mixing ratios from which the mean monthly aerosol optical depth,
single scattering albedo, and asymmetry parameter are computed (only for the lower
50 layers since in higher altitudes, i.e., 30–34 km, the aerosol loadings are insignificant, as
described by [53] due to the requirements of FORTH-RTM). Note that the monthly mean
AOD, SSA, and g were calculated by averaging the 3-hourly optical properties only during
the daytime. The initial MERRA-2 data are freely available in [54]. In addition to aerosol
optical properties, the vertical atmospheric profile of pressure, specific humidity (in the
same layers as those for aerosols), surface albedo data (in the visible and near-infrared) as
well as columnar ozone (O3) concentration data were also obtained from MERRA-2. Note
that apart from these input data used for the FORTH-RTM runs, MERRA-2 also provides
SSR fluxes computed at an hourly time step. These data, which have been evaluated on a
monthly basis by [41] against GEBA and BSRN for 1980–2019, are computed with the same
meteorological and aerosol data with the SSR in the present study, but with a different
radiation transfer scheme and cloud input data. Thus, they deserve to be evaluated in terms
of GDB with the one estimated in this study, which is actually carried out in Section 3.

2.1.4. CERES-EBAF

The Clouds and the Earth’s Radiant Energy System—Energy Balanced and Filled
(CERES-EBAF) product contains 1◦ × 1◦ gridded global monthly mean shortwave, long-
wave, and net fluxes that are observed at the Top of Atmosphere and computed at the
Earth’s surface, under clear and all-sky conditions. CERES instruments fly on the Terra,
Aqua, Suomi National Polar-Orbiting Partnership (SNPP), and NOAA-20 satellites. They
measure filtered radiances in the shortwave between 0.3 and 5 µm, in total between 0.3
and 200 µm, and in window spectral regions between 8 and 12 µm [55]. The unfiltered
shortwave, longwave, and window radiances are transformed from the filtered following
the [56] scheme and are then converted to instantaneous TOA radiative fluxes using em-
pirical angular distribution models [57]. Then, the instantaneous TOA fluxes are spatially
averaged on a 1◦ equal-area grid, interpolated between measured values at 1 h intervals
for each hour in coordinated universal time (UTC) of every month, and then averaged
across all the hour boxes in that month [58]. In order to detect decadal variations in the
Earth’s Radiation Budget from the surface to the top of the atmosphere as well as the
accompanying cloud and aerosol properties, CERES-EBAF data cover the period from
March 2000 to the present. Here, we utilize the “toa_sw_all_mon” EBAF Edition 4.1 level 3b
Top-of-Atmosphere monthly mean shortwave flux for the period January 2001–December
2018, with the aim to examine the degree of the agreement in the sign of the slopes of
shortwave reflected radiation at the TOA between FORTH-RTM and CERES over locations
where the FORTH-RTM GDB qualitatively agree with the ground-based observations.
The remapping method used to regrid to 0.5◦ × 0.625◦ spatial resolution is the same as
described in 2.1.2 for the ISCCP-H data and the dataset can be assessed from [59].

2.1.5. GEBA and BSRN

The GEBA network is maintained at the Institute for Climate and Atmospheric Sci-
ences of the ETH (Zürich, Switzerland) and contains data from worldwide distributed
ground-based measurements. It gives mean monthly values of 15 energy flux components,
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including surface albedo, longwave downward and upward radiation, and global, diffuse,
and direct shortwave radiation, measured from 2500 globally distributed sites, with over
600,000 monthly values. Numerous stations offer measurements going back to the 1950s,
and some even as far back as the 1930s. Their accuracy has been evaluated by [11] to be
5% of monthly means and 2% of annual means in terms of relative random measurement
error. For the current study period 1984–2018, 1545 stations provided SSR monthly data,
which were measured using pyranometers [60,61]. After registering at [62], users can use
the GEBA data for free.

The World Climate Research Programme’s Radiation Panel project, the BSRN, is
sponsored by GEWEX (WCRP). Since January 1992, it has been supplying high-quality
radiation measurements with a high temporal resolution (one to three minutes) from
73 sites spread throughout different climate zones of the Earth. These measurements are
sent to the Alfred Wegener Institute’s (AWI) BSRN Archive in Bremerhaven, Germany.
SSR measurements from 73 BSRN sites for the years 1992 to 2018 are used in this study.
Aside from the global shortwave flux (measured with pyranometers), the BSRN stations
also measure the direct shortwave flux (measured with a pyrheliometer) and the diffuse
shortwave flux (measured with a shaded pyranometer). The BSRN solar and thermal
radiation data quality is described in detail in [63]. Under ideal observation conditions, an
accuracy of up to 5 Wm−2 has been estimated using single pyranometers in conjunction
with the component sum approach at BSRN locations [60]. This precision satisfies the BSRN
standards. The daily data, which are derived from the instantaneous (minute level) data,
are utilized to create the mean monthly BSRN data used for the evaluation of FORTH-RTM
SSR and GDB. The BSRN data are available for free download at [64] via PANGEA or ftp.
Figure S1 depicts the geographical distribution of the initially accessible GEBA and BSRN
stations. These networks, especially GEBA, cover practically the entire globe (continental
areas) with varying degrees of density (GEBA is denser than BSRN), while there is a dense
GEBA network of stations in Europe and East Asia.

2.2. Methodology

The FORTH-RTM GDB was evaluated against GEBA and BSRN measurements using
monthly mean SSR deseasonalized anomalies (created by subtracting the relevant long-
term averaged value, which is different for each station, from each monthly SSR value)
and fluxes. Since the use of deseasonalized anomalies reduces the seasonal component of
temporal variability forced by the Earth’s orbital parameters, anomalies were preferred
in the computation and evaluation of both the correlation coefficients and the trends of
time series. Moreover, the absolute monthly SSR fluxes were used to compute/evaluate the
other statistical metrics of FORTH-RTM SSR, including the absolute and relative percent
bias and root mean squared error (RMSE). In order to assure the highest level of robustness
for the resulting findings and conclusions, specific data availability criteria have been
employed in the study. So, to avoid years with poor seasonal representation, which would
worsen the comparison quality, each year’s fluxes were required to contain more than
10 monthly measurements. The application of this criterion resulted in the availability of
1193 GEBA and 66 BSRN stations (out of the originally available 1545 GEBA and 73 BSRN
stations, respectively). These stations, which are seen in Figure 1, continue to provide
sufficient geographic coverage of the world’s continents, albeit more so for GEBA than
BSRN. Figure 2 depicts the steps of the applied methodology.

The Pearson’s correlation coefficient (R), Root Mean Squared Error (RMSE) and %
relative RMSE (RRMSE), bias, and relative bias were used to measure the degree of agree-
ment/disagreement between the FORTH-RTM model and reference stations’ SSR. Their
respective equations are:

R =
∑n

i=1 (Mi −M)(Gi − G)√
∑n

i=1(Mi −M)2
√

∑n
i=1(Gi − G)2

(10)
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RMSE =

√
1
n∑n

i=1(Mi − Gi)
2 (11)

RRMSE =

√
1
n ∑n

i=1(Mi − Gi)
2

G
100% (12)

BIAS = M− G (13)

BIAS(%) =
M− G

G
100% (14)

where n is the number of monthly data, Mi and Gi are the FORTH-RTM model and ground-
based stations’ respective monthly values (for the −i month), and M and G are their
respective means. The RMSE (Equation (11)) measures the typical magnitude of the error,
i.e., the typical difference between the FORTH-RTM and ground station values, whereas the
R (Equation (10)) value measures how strongly the two variables correlate. The RMSE gives
a relatively high weight to large errors because they are squared before being averaged; as
a result, it is most helpful when large errors are particularly undesirable. The normalized
relative percent RMSE is also computed in Equation (12). The bias (Equation (13)) quantifies
the difference between the mean values of FORTH-RTM and observations. However, the
relative percent bias (Equation (14)) is also used since it more accurately captures the
difference, except for very small values. Linear regression is applied to the series of
monthly deseasonalized SSR anomalies in order to assess the GDB, namely the change
of SSR (∆(SSR)) of both RTM and the measurements. The slope values were computed
either for each station or the corresponding FORTH-RTM pixels, which include the stations.
For the slope computation, we used a criterion for sufficient data availability, according to
which, each time series should have an availability of more than 70% of the overall number
of monthly values of the total period of each network. This allowed us to strengthen the
confidence of the estimated slopes. This requirement was met by 22 BSRN stations and 222
GEBA stations (shown in the Supplement (Figure S2) as well as in the figures presented in
Section 3, i.e., the Results). The Theil–Sen slope estimator [65,66], which is the median of all
plausible linear slopes, was used to calculate the slope values because it is a more reliable
nonparametric method. The computed slopes, which measure the changes per month,
were multiplied by the temporal duration (in number of months) for each time series to
produce the SSR changes ∆(SSR). The non-parametric Mann–Kendall Test [67,68], which
is used to determine whether a time series has a monotonic upward or downward trend
or not, was used to calculate the statistical significance of the slopes at a 95% confidence
level. The slopes for each station were then compared with the slopes of the FORTH-RTM
pixels that include the stations, to determine if they agree in terms of their signs of slope.
For a given pixel, the qualitative agreement of the SSR changes (or GDB) between the
FORTH-RTM and the GEBA/BSRN stations is indicated by the same signs of slopes of
the FORTH-RTM and stations’ time series of SSR anomalies, whereas the opposite signs
suggest a disagreement. This assessment is valuable because it measures how closely the
FORTH-RTM GDB agrees, in signs, with the reference ground-based stations, quantifying
the FORTH-RTM GDB confidence.
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3. Results
3.1. Evaluation of FORTH SSR

Foremost, a thorough evaluation of FORTH-RTM SSR is carried out in this section,
which is a requirement for the FORTH-RTM GDB evaluation. The evaluation is conducted
either for all stations (Section 3.1.1) or on an individual station level (Section 3.1.2). The
long-term (1984–2018) average of the FORTH-RTM SSR is shown in Figure 3, along with
the corresponding long-term average SSR of GEBA and BSRN stations. The results reveal a
generally nice agreement between the model and the ground truth SSR data.
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3.1.1. All Stations

The statistics of the overall comparison of FORTH-RTM SSR fluxes and anomalies
against 1193 GEBA and 66 BSRN measurement-based fluxes and anomalies are given in
Table 1, while Figure 4 provides the corresponding scatterplot comparisons. It seems that
FORTH-RTM SSR anomalies are satisfactorily correlated with GEBA and BSRN station
anomalies yielding R values equal to 0.72 and 0.80, respectively (for the non-deseasonalized
SSR fluxes the R values are much higher, as expected, equal to 0.96 for both GEBA and
BSRN). Overall, the FORTH-RTM slightly underestimates SSR with respect to GEBA and
BSRN, having negative mean biases equal to –4.71 and –14.29 Wm−2, respectively, cor-
responding to relative biases equal to –2.9% and –7.7%. The general underestimation of
FORTH-RTM SSR against GEBA/BSRN may suggest that FORTH-RTM’s atmosphere is less
transparent, which is consistent with other studies using the same model [7,8,30]. This could
be the result of the overestimation of ISCCP cloud cover over the regions between 40◦ and
60◦ (where the majority of GEBA and BSRN stations occur) in both hemispheres as reported
by [69]. They evaluated the ISCCP-H cloud cover against satellite data Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation Cloud Product (CALIPSO-GOCCP) for
2000–2017 and their findings for Europe are in line (in terms of ISCCP overestimation) with
those by [70] who validated ISCCP-H cloud cover over Europe against 22 meteorological
ground-based stations from the European Climate Assessment & Dataset (ECA&D) for
the period 1984–2012. Moreover, it seems that the aerosol input data do not contribute
to the overall underestimation of FORTH-RTM SSR, since the MERRA-2 aerosol’s optical
depth is in generally good agreement with observations as revealed by [71] who evaluated
the MERRA-2 AOD against 468 AERONET stations globally for 1993–2016 and against
37 CARSNET (China Aerosol Remote Sensing Network) stations over China for 2002–2014.
It should be noted that it has been reported in the literature [72] that the Chinese stations
from GEBA, which count a significant number (103 stations), may not be as representative
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due to strong urbanization effects, so this can affect the comparison. In these stations,
the FORTH-RTM overestimates the SSR by 2.66 Wm−2. Thus, excluding them from the
comparison led to a stronger SSR overall underestimation equal to −5.45 Wm−2 (larger
than the original by 15.7%). The estimated RMSE, which is equal to 21.02 Wm−2 for GEBA
and 27.68 Wm−2 for BSRN (corresponding to 13.1% and 14.9% of the station networks’
mean values), shows that FORTH-RTM deviates slightly more from the BSRN and less
from GEBA measurements. The slope values of the scatterplot comparison are 0.94 and
0.92, respectively, for GEBA and BSRN, while the corresponding values for SSR anomalies
are equal to 0.68 and 0.82. It should be noted that in an assessment [8] of FORTH-RTM SSR,
with a shorter period (1984–2000), lower spatial resolution (2.5◦ × 2.5◦) and different input
datasets (clouds from ISCCP-D2, aerosols from Global Aerosol Data Set, and meteorology
from NCEP/NCAR global reanalysis data), the R values were equal to 0.99 for 700 GEBA
and 22 BSRN stations, while the bias/RMSE values were equal to −6.49/23.44 Wm−2 for
GEBA and –14/30.56 Wm−2 for BSRN), indicating again, similarly to the present work, that
the model has larger underestimation and RMSE values against BSRN than GEBA stations.
Moreover, the work by [30] and [7] used the FORTH-RTM for the period 2001–2006 and
2001–2009, respectively, with the same input data as [8] except for the aerosol data, which
were taken from Moderate Resolution Imaging Spectroradiometer (MODIS)-Terra C005
and C006, respectively. The estimated SSR fluxes were validated against GEBA and BSRN
stations and revealed similar performance to the work of [8] and the present study.

Table 1. Comparison between FORTH-RTM and GEBA/BSRN SSR on an annual and seasonal
basis (December–January–February, March–April–May, June–July–August, and September–October–
November), 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 FORTH-RTM
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. The percent relative bias and RMSE values are also given in parentheses.

FORTH-GEBA ANNUAL DJF MAM JJA SON

R 0.96 (0.72) 0.97 (0.67) 0.92 (0.74) 0.90 (0.73) 0.97 (0.71)
BIAS −4.71 (−2.9%) −1.52 (−1.5%) −7.26 (−3.9%) −7.26 (−3.3%) −2.63 (−2.0%)
RMSE 21.02 (13.1%) 18.17 (17.9%) 22.86 (12.1%) 24.35 (11.1%) 17.77 (13.5%)
slope 0.94 (0.68) 0.96 (0.63) 0.9 (0.68) 0.89 (0.7) 0.97 (0.68)

intercept 4.64 2.1 11.34 17.43 1.3
mean_FORTH 156.24 99.92 181.07 212.57 128.95
mean_stations 160.94 101.44 188.33 219.83 131.57

N 188,412 45,658 47,813 47,539 47,402
stations 1193 1177 1190 1177 1191

FORTH-BSRN ANNUAL DJF MAM JJA SON

R 0.96 (0.80) 0.96 (0.77) 0.95 (0.81) 0.94 (0.81) 0.95 (0.82)
BIAS −14.29 (−7.7%) −16.65 (−11.1%) −17.15 (−8.6%) −12.12 (−5.2%) −11.29 (−7.0%)
RMSE 27.68 (14.9%) 32.76 (21.8%) 26.47 (13.2%) 24.28 (10.4%) 26.72 (16.6%)
slope 0.92 (0.82) 0.87 (0.82) 0.97 (0.83) 0.9 (0.79) 0.93 (0.84)

intercept −0.25 3.03 −11.03 11.36 0.42
mean_FORTH 171.93 133.27 183.04 220.71 149.89
mean_stations 186.22 149.92 200.2 232.82 161.19

N 9462 2275 2429 2342 2416
stations 66 59 65 63 65

In addition to the FORTH-RTM SSR evaluation on an annual scale, this has also been
carried out on a seasonal basis because this may help to more easily identify possible
sources of errors. It should be noted that not only the absolute but also the relative biases
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were computed, because of the significant seasonal change of SSR fluxes. Table 1 shows
that R using SSR anomalies and relative percent bias does not show significant seasonal
changes, which are as large as 0.07 and 5.9%, respectively (the variability of relative bias is
much smaller for GEBA, equal to 2.4%). Contrarily, BIAS and RMSE exhibit a discernible
seasonal variation, up to 5.74 and 8.48 W/m2, respectively, with maximum values in NH
(North Hemisphere) summer due to the highest absolute amounts of SSR, except over the
BSRN sites where the highest BIAS occurs in NH winter. The relative RMSE also shows
seasonal variations (up to 6.8/11.4% for GEBA/BSRN, respectively). Given the six-month
shift in extreme seasons between the two hemispheres, the seasonal variation of the three
main statistical metrics, namely R, RMSE (in absolute and percentage terms), and bias (in
absolute and percentage terms) were also calculated separately for the two hemispheres
and is shown in Figure 5. Except for R, which was calculated using deseasonalized SSR
anomalies, the results of this figure were derived using SSR fluxes (the corresponding
R using absolute SSR fluxes is given in Figure S3). Figure 5 shows that in general, the
model correlates better with BSRN than GEBA, but it deviates more for BSRN than GEBA
station measurements. Moreover, the statistical metrics do not exhibit a significant seasonal
variation except for the absolute and relative values of BIAS and RMSE in the SH (South
Hemisphere) for BSRN stations.
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Figure 4. Scatterplot comparison between FORTH-RTM and GEBA (i-a), and BSRN (ii-a) SSR fluxes,
and between FORTH-RTM and GEBA (i-b) and BSRN (ii-b) deseasonalized SSR anomalies. The
applied linear regression fit (red line), and the associated main 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.
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Figure 5. Seasonal variation of hemispherical averages of correlation coefficient R (a), bias in W/m2

(b), percent relative bias in % (c), root mean squared error (RMSE in W/m2) (d), and percent relative
RMSE in % (e) between the FORTH-RTM and GEBA (blue) and BSRN (red) stations. Results,
computed using SSR fluxes (except for R, which is computed using deseasonalized SSR anomalies),
are given for the North Hemisphere (i-left column) and South Hemisphere (ii-right column).
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3.1.2. At Station Level

In order to examine if regional patterns exist in the metrics of the evaluation, it is
necessary to study and compare the fluxes on an individual station basis as part of the
evaluation of the FORTH-RTM SSR. The spatial distribution of the correlation coefficient (R)
between the FORTH-RTM and GEBA/BSRN stations SSR anomalies is shown in Figure 6,
along with the distribution of the RMSE, RRMSE, bias, and relative bias computed using
SSR fluxes. For the GEBA stations, R ranges from –0.27 to 0.98, while for the BSRN stations,
it ranges from 0 to 0.96. For 70% of GEBA/BSRN station data, the computed R values are
greater than 0.62/0.67 (Figure S4). Satisfactory R values (orange and reddish colors) can be
seen throughout Europe, East Asia, North America, and Australia. On the other hand, the
tropical and subtropical world areas, such as Africa, South America, India, and Indonesia,
tend to have worse R values (green colors and R smaller than 0.6). The same regional
patterns, but with clearly higher values, appear for R computed using non-deseasonalized
SSR fluxes (Figure S5). It can be assumed that the low correlation of FORTH-RTM SSR
in these regions may be caused by uncertainties in cloud cover and optical properties, as
also suggested by other studies [22,33,42], given that clouds are one of the primary factors
driving the SSR [8]. Indeed, clouds are linked to the highest level of uncertainty in climate
modeling [73,74], whereas the accuracy of ISCCP-H cloud cover is low over tropical and
polar latitudes, as shown by [69] who evaluated the ISCCP–H cloud cover against the
CALIPSO-GOCCP (GOCCP) during 2000–2017. Apart from clouds, however, aerosols can
also contribute to the poor correlation in the tropics. An indication of this could be the low
R values that can be observed in regions with little cloud cover, such as the Middle East and
Egypt, which have high aerosol loads [53,75]. Polar locations also exhibit weak correlation,
where the disparities may be brought on by issues with ISCCP clouds [76] as well as snow
and ice cover [77,78]. In addition, southern China has lower R values than northern China
(Figure 5 and Figure S5). Strong air pollution, as well as uncertainty in clouds, aerosols,
and their interaction, might all be responsible for this pattern, as documented in previous
research [22].

The difficulty of FORTH-RTM to accurately represent SSR in tropical and sub-tropical
regions is confirmed by the large RMSE values observed in such areas over higher latitudes
(Figure 6). Indeed, the range of RMSE values is 6.6–125 Wm−2 and 8.4–125 Wm−2, respec-
tively, in the tropics and sub-tropics, while outside of them the corresponding ranges are
5.7–83.6 Wm−2. Similar regional patterns may also be observed for the relative RMSE, with
high values being most prevalent across Southern China, polar regions, and some tropical
and subtropical regions. In general, the FORTH-RTM underestimates SSR with respect
to GEBA, overestimating it (yellow and red colors in Figure 6) over several tropical and
subtropical areas, according to the results for the absolute and relative bias. This overes-
timation over low latitudes can be attributed to the underestimation of ISCCP-H cloud
amount [69] and MERRA-2 aerosol loadings [79]. Overall, the model underestimates SSR
fluxes in 832 stations, while overestimating it in 361 stations, yielding an underestimation
of –4.71 Wm−2 for SSR fluxes on average. On the other hand, there is also an overall model
underestimation of SSR fluxes by –14.29 Wm−2 when compared to the far fewer (66) BSRN
sites (12 out of 66 overestimate). Absolute and relative percent bias range from –86.12 to
122.57 Wm−2 and from –41 to 92.7%, respectively. Yet, absolute and relative % bias values
for 70% of the GEBA stations are less than 0.22 Wm−2/0.1%, respectively (Figure S4). At
the BSRN sites, the relative % and absolute bias values range from –41.4 to 20.1% and
–80.98 to 34.53 Wm−2, respectively, and 70% of the stations have relative and absolute bias
less than –2.8%/−6.16 Wm−2, respectively. It should be noted that in the low latitudes,
where the FORTH-RTM tends to overestimate the SSR fluxes, there are many more GEBA
than BSRN stations, which can explain the weaker underestimation against GEBA than
BSRN. Moreover, there are many sites that have a high mean bias over China, which is
greater in its southern part, due to its incorrect assessment of cloud fraction and aerosol
loadings [33,42,72,80,81].
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3.2. FORTH-RTM GDB (SSR Trends) and Its Evaluation

After the detailed assessment of the FORTH-RTM SSR fluxes, which revealed quite a
good performance, the FORTH-RTM SSR inter-decadal (1984–2018) changes (or GDB) are
examined here. It should be emphasized that FORTH-RTM GDB has not yet undergone this
examination over such a large time period (35 years), spatial distribution (0.5◦ × 0.625◦),
and use of state-of-art input data (ISCCP-H and MERRA-2). First, the GDB is evaluated
either for the entire sample (all stations) or on a single-station basis (Section 3.2.1). There-
after, Section 3.2.2 assesses and discusses the gridded FORTH-RTM GDB on a global and
regional mean basis.

3.2.1. Evaluation of FORTH-RTM GDB (SSR Trends)

The GDB from the reference data of GEBA and BSRN stations was used to compare
and evaluate the gridded FORTH-RTM GDB. By applying linear regression to the time
series of monthly mean deseasonalized SSR anomalies, and then computing the slope
values, the two sets of GDB, i.e., from the FORTH-RTM and the stations, were calculated.
In order to ensure a high level of confidence for the results, this analysis was conducted for
222 (out of 1193) GEBA and 22 (out of 66) BSRN stations that satisfied the data availability
criterion stated in Section 2.2 (more than 70% of the overall number of monthly values of the
total period of each network. It should be mentioned here that the time period varies from
station to station, ranging from 25 to 35 years for GEBA stations, and 19 to 27 years for BSRN
stations, depending on the original temporal coverage of each station’s measurements and
the applicable availability criterion (as shown in Figure S2, Supplementary). Each station’s
time period was finally adjusted to the time period of the FORTH-RTM available data, i.e.,
1984–2018.

All Stations

The comparison of the trends of SSR anomalies (in Wm−2) from the FORTH-RTM and
GEBA/BSRN stations is shown in Figure 7 using a scatterplot. The correlation is poor, with
average R values of 0.25 for GEBA and 0.32 for BSRN. Moreover, the slope values are low
(0.11 for GEBA and 0.36 for BSRN) indicating that the model significantly underestimates
the magnitude of GDB compared to stations. This is also demonstrated by the calculated
biases (FORTH-RTM GDB—stations GDB), which are equivalent to –4.39/−4.59 Wm−2

for GEBA/BSRN. Likewise, the poor fit is revealed by the estimated RMSE values, which
are equal to 11.95/7.67 Wm−2 for GEBA/BSRN. All these metrics prove that it is difficult
for a model to reproduce the magnitude of the station GDB values. However, this is not
extraordinary, since there are essential differences between the two sets of compared GDB,
i.e., the modeled and measured ones, the most important one being that the model GDB
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refers to areas of 0.5◦ × 0.625◦ latitude x longitude, opposite to station GDB that pertain to
specific sites.
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Figure 7. Scatterplot comparison between FORTH-RTM and GEBA (a), and FORTH-RTM and BSRN (b)
∆(SSR) or GDB (in Wm−2). 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 (FORTH-RTM minus stations), and the total number of matched data pairs, are also shown.
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Contrary to the magnitude of GDB, it is expected that it is more feasible for a model
to reproduce the sign of GDB. This performance is easily assessed by the distribution of
the Figure 7 scatterplot points to the four quartiles, with those lying in the first and third
quartiles indicating the similarity of signs. There are 141 (115 in the first and 26 in the
third quartiles) such data pairs for FORTH-RTM-GEBA (corresponding to 63.5% of the
total number of points for the FORTH-RTM-GEBA scatterplot) and 12 (9 and 3 pairs) for
FORTH-RTM-BSRN (corresponding to 54.5% of the total number of points for the FORTH-
BSRN scatterplot), revealing that the FORTH-RTM reproduces partially satisfactorily the
sign of stations GDB. Moreover, as for the performance of FORTH-RTM GDB, it was also
assessed with respect to the altitude of stations, taking into account that the corresponding
FORTH-RTM 0.5◦ × 0.625◦ grid cells’ mean altitude might not match the altitude of high-
level stations. Most of the GEBA stations have altitude differences with their corresponding
cells between 0–500 m. For such stations, as it concerns GEBA the agreement in the sign
of the slopes is 66%, while for BSRN, it is 54.5% (note that all BSRN stations have altitude
differences lower than 500 m). For the much fewer (6) GEBA stations that have altitude
differences between 500–1000 m, there is agreement in 2 out of 6 stations and for those
with differences larger than 1000 m, there is agreement only in 1 out of 4 stations. These
findings indicate that the performance of the model decreases in the case of stations with
high altitudes, but this does not significantly affect the overall model performance since
the number of those stations is small.

Another aspect of the GDB comparison, apart from the overall scatterplot shown
in Figure 7, is the overall performance of the RTM GDB, namely how the modeled GDB
compares to that of stations on the average, as well as how the temporally varying averaged
SSR anomalies match those of stations. In this aspect, the computed 12-month moving
averages of SSR anomalies of all stations and the corresponding FORTH-RTM pixels over
the total period for each network, i.e., 1984–2018 for GEBA and 1992–2018 for BSRN, are
shown in Figure 8. Along with the 12-month moving averages, the number of stations that
were accessible in each month/year is also shown. Since FORTH-RTM consistently shows
larger/smaller positive SSR anomalies than GEBA before/after the year 2000, this results
in low slope values and small average biases (FORTH-RTM—stations) equal to −0.072 and
0.064 Wm−2 against GEBA and BSRN stations, respectively. In association with the smaller
slope values, weaker GDB is estimated by the RTM than for stations. Specifically, using
the non-parametric Mann–Kendall test, GEBA stations (Figure 8a) suggest a statistically
significant brightening, or positive ∆(SSR), equal to 5.82 Wm−2 as opposed to a lesser not
statistically significant, brightening computed using FORTH-RTM (∆(SSR) = 0.26 Wm−2).
Comparable conclusions are reached from a similar analysis of FORTH-RTM and BSRN
(Figure 8b). Indeed, a statistically significant brightening (∆(SSR) = 5.31 Wm−2) is computed
compared to a small, but not statistically significant, brightening of FORTH-RTM equal
to 0.17 Wm−2. It is interesting to note that both GEBA and BSRN suggest a comparable
brightening and that FORTH-RTM is, at least, able to reproduce the same sign of ∆(SSR)
against both station networks. Here, it is also examined to what extent the number of
stations, which changes with time, affects the differences between the 12-month moving
average time series of stations and FORTH-RTM SSR. With respect to the GEBA stations,
their number decreases after 2008, but this does not seem to have an effect on the differences.
On the other hand, regarding the much fewer BSRN stations, the few available stations
till 1999 produce larger differences on the time series than after 1999 when the stations
availability increased.

At Station Level

Figure 9 shows the GDB for the GEBA/BSRN stations (the time period varies for
each station) and the FORTH-RTM pixels that contain these stations. These findings make
it possible to evaluate the GDB produced from the model and stations and to compare
them in terms of the sign and magnitude of either GDBs. In addition to the calculated
trends, the results of the non-parametric Mann–Kendall test, which has been applied to
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estimate their statistical significance at the 95% level, are also shown in Figure 9. Mostly
positive and statistically significant trends over Europe and East Asia are revealed by
the stations, especially GEBA and GDB, in contrast to mainly negative and statistically
significant trends over India. The positive and negative trends for GEBA stations range
from 0 to 33.81 Wm−2 and from −0.38 to –37.91 Wm−2 whereas the respective ranges for
BSRN stations are 0.92–13.55 and −(0.7–6.24) Wm−2. It should be noticed that irrespective
of their sign, statistically significant trends are identified for 161 out of 222 (or 72.5%) GEBA
and 11 out of the 22 (50%) BSRN stations. The 222 GEBA stations that have been used show
an average brightening of 5.00 Wm−2, compared to 3.58 Wm−2 (brightening as well) for
the 22 BSRN stations.
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corresponding pixels of FORTH-RTM containing the GEBA (i-b) and BSRN (ii-b) stations. Negative
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The trends are estimated over the periods covered by each station (shown in Figure S2).

While the corresponding ranges of GDB for the FORTH-RTM pixels that include
the BSRN stations are 0.30–9.99 and −(0.99–13.7) Wm−2, the obtained trends of GDB for
FORTH-RTM pixels including the GEBA stations show larger positive trends, ranging
from 0.06 to 14.88 Wm−2, and negative trends from 0.01 to 20.23 Wm−2. The positive
and negative ranges of GEBA GDB are both larger than the corresponding FORTH-RTM
ranges, whereas the positive/negative ranges of BSRN GDB are larger/much smaller
than the FORTH-RTM corresponding pixels. Based on the results of Figure 9(i-b,ii-b),
the average GDB of the FORTH-RTM pixels including the GEBA sites is a brightening of
0.61 Wm−2, which is smaller than the 5.00 Wm−2 equivalent brightening of GEBA sites,
while the average GDB of the FORTH-RTM pixels including the BSRN sites is a dimming of
−1.01 Wm−2, opposite to the brightening of 3.58 Wm−2 for the BSRN stations. Irrespective
of their sign, statistically significant trends are identified for 56 out of 222 FORTH-RTM
pixels including GEBA stations (i.e., for 25.2%) and for 8 out of the 22 (36.6%) pixels
containing BSRN stations. Moreover, the same findings, namely agreement/disagreement
in the sign of GDB between the FORTH-RTM and GEBA/BSRN stations, are found if only
pixels with either model and stations with statistically significant GDBs are used. The mean
GDB for GEBA/BSRN sites is 6.41 and 5.79 Wm−2, whereas the average FORTH-RTM GDB
for GEBA/BSRN sites is 0.32 and –4.45 Wm−2. Moreover, strong and statistically significant
dimming over India and strong brightening over Europe are both shown by FORTH-
RTM pixels and GEBA stations but with GEBA stations showing a stronger brightening
than FORTH-RTM. On the other hand, there are other regions such as Korea and China
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where there is disagreement, with the RTM showing a dimming against the brightening
indicated by the stations. This disagreement also occurred in the comparison of MERRA-2
and GEBA GDB made by [41], suggesting that this disagreement could be attributed to
possible problems in the common input aerosol data (from MERRA-2). According to our
analysis, this dimming in our model primarily arises from increasing MERRA-2 aerosol
loadings. This increase, which continues during the period 2001–2016 as also revealed
by [71] in mainland East Asia, is in strong disagreement with the MODIS/Terra and MISR
observations. However, on the other hand, there are issues in GEBA stations associated
with the strong urbanization effects [72] which can also explain the disagreement in SSR
changes between FORTH-RTM and GEBA stations in Korea and China.

The agreement or disagreement between the signs of GDB estimated (using SSR
anomalies) by either the FORTH model or the GEBA/BSRN stations is clearly shown in
Figure 10. The signs of FORTH-RTM and GEBA GDBs show a satisfactory percentage of
the overall agreement (63.5%), whereas the percentage for the much fewer BSRN stations is
lower (54.5%). Furthermore, it is found that for cases (pixels) with statistically significant
trends, the percentage of agreement is higher for GEBA, equaling 76.7%, and lower, equal
to 50%, for BSRN stations (which are however only 4). The obtained results from the
analysis utilizing GEBA stations, which offer a fair amount of geographical coverage
throughout continents like Europe, India, or Australia, allow the inference of confident
conclusions about a fairly systematic agreement over these world regions. Thus, it is
found that most stations (66.4%) in Europe exhibit qualitative agreement (same sign for
GDB). Additionally, there is a complete agreement over India, extraordinarily for all
GEBA stations. Moreover, almost all stations over Australia (80%) and most stations in
Japan (73.1%) show an agreement as well. In North America, a mixed pattern exists with
agreement/disagreement in 5/5 (i.e., 50/50%) BSRN stations. It is interesting to note that
while in the current analysis, using the values of the 22 chosen BSRN stations, agreement
in the sign of GDB is found at 54.5% of stations, when the total number of BSRN stations
(66) is used, without applying the availability criterion in the computation of SSR trends,
agreement is found at more stations, i.e., 66.7% of stations. On the other hand, for the entire
group of GEBA stations (1193), an agreement of 66% is found, just slightly higher than
63.5% for the selected 222 stations. The results of the present study are comparable to those
obtained with similar versions of the same model (FORTH-RTM), but using somewhat
different input datasets and referring to much shorter time periods, i.e., 2001–2009 in [7]
and 2001–2006 in [30] and numbers of GEBA/BSRN stations (105/20 in [7] and 91/14
in [30]), suggesting that the FORTH-RTM GDB has a good qualitative agreement with
GEBA stations (for more than 60%) and a poorer, but still reasonable, agreement against the
much smaller sample of BSRN stations, which is greatly affected by the number of available
stations and it is larger than 54.5%. In a recent study, Ref. [41] estimated the MERRA-2
GDB and the degree of its agreement with GEBA and BSRN stations almost for the same
time period (1980–2019) as the present study. They reported that the MERRA-2 GDB
agrees for 63.4% GEBA and 50% BSRN stations, indicating that the degrees of FORTH-RTM
and MERRA-2 GDB agreement with the GEBA/BSRN reference stations are comparable,
suggesting possible issues in the common input data from MERRA-2.

SSR strongly depends on solar radiation absorbed and reflected in the overlying
atmosphere at every location. Thus, an additional analysis was conducted to examine if the
FORTH-RTM fluxes successfully represent the closure of the solar radiation budget with
the aim of more fully assessing the robustness of the modeled GDB. To achieve this, specific
GEBA/BSRN stations that offer GDB agreement with the model were initially chosen.
Then, the computed trends of the FORTH-RTM Outgoing Solar Radiation (OSR) at TOA
for these stations were compared to the matching OSR from CERES-EBAF satellite data for
the time period 01/2001–12/2018 to investigate if they agree or disagree in terms of the
sign of ∆(OSR). For those sites where both the modeled ∆(SSR) and ∆(OSR) qualitatively
agree with the corresponding reference surface and satellite measurements, the Earth’s SW
radiation budget is successfully closed. It should be noted that in this case, the available
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number of stations is 256 for GEBA and 32 for BSRN based on the criterion according to
which each station should have availability of more than 70% of the number of months
for the entire time period (2001–2018). It should be noted that, during this period, the
MERRA-2 products assimilated modern satellite data, leading to a more homogenous
time series [53] for the FORTH-RTM aerosol input data. In this case, with a shorter time
period than previously (1984–2018), the level of agreement between the sign of slopes of
stations and FORTH-RTM pixels slightly improved for GEBA and hardly decreased for
BSRN. Figure 11 compares the signs of the computed FORTH-RTM ∆(SSR) and ∆(OSR)
with the equivalent GEBA/BSRN ∆(SSR) and CERES-EBAF ∆(OSR) signs. At the surface,
67.6% of GEBA (173 out of 256) stations and 53.1% of BSRN (17 out of 32) stations agree
with FORTH-RTM in terms of ∆(SSR) sign (blue dots in Figure 11(i-a,ii-a), respectively).
Then, just for those stations (providing agreement on the surface), the signs of ∆(OSR) from
FORTH-RTM and CERES were compared. Out of the 173 GEBA sites, there was qualitative
agreement at TOA for 145 stations, i.e., in 83.8% of them. Accordingly, an agreement was
observed for 88.2% of the 17 BSRN locations, which is almost equal to the percentage for
GEBA. Overall, 145/15 (56.6/46.9%) of GEBA/BSRN stations provided agreement in the
sign of both ∆(SSR) and ∆(OSR). The obtained results of this part of the analysis, focusing
on the comparison between the changing solar fluxes at the Earth’s surface and TOA as
estimated with the FORTH-RTM against reference surface and TOA fluxes, prove that
FORTH-RTM partially satisfactorily reproduces the changing SW radiation budget and
especially GDB.

Since GDB experiences variations on a decadal scale, as described in Section 1, the
agreement/disagreement between the FORTH-RTM and stations’ GDB has also been
evaluated across certain sub-periods. According to the literature [6,17] based on station
measurements, the chosen sub-periods and the accompanying GDB patterns are 1984–1989
(dimming), 1990–1999 (brightening), 2000–2009 (reduced brightening), and 2010–2018
(brightening and dimming). For each sub-period, time series of deseasonalized FORTH-
RTM and station SSR anomalies were produced, a linear regression was applied to them,
and Sen’s slope was computed. The results are shown at a station level in Figure S6,
whereas Tables 2 and 3 for GEBA and BSRN, respectively, emphasize the agreement or
disagreement between the sign of the computed average GDB from all stations and the
corresponding FORTH-RTM pixels. According to Table 2, 66.1% of GEBA stations during
the 1980s had a qualitative agreement with the FORTH-RTM in terms of the GDB sign,
compared to 60% during 1990–1999, 51.2% during the 2000 to 2009 period, and 73.2% for
2010–2018. The higher level of agreement during the first, second, and fourth periods is
in line with (or results in) the identical sign of overall (averaged) GDBs from the model
and GEBA stations, consisting of dimming in 1984–1989 and brightening in 1990–1999 and
2010–2018. Regarding the comparison against BSRN stations (Table 3), agreement is found
for 63.6% of stations from 1992 to 1999, 50% from 2000 to 2009, and 65.9% from 2010 to
2018. Again, during the first (1990s) and third (2010s) periods, the higher percent number
of stations with agreement, resulted in the same sign of GDB (brightening in both periods)
as estimated from the model and BSRN stations. It is also noticeable that during the 1980s,
1990s, and 2010s, the FORTH-RTM qualitatively reproduces the GDB indicated by both
reference GEBA and BSRN station networks, exhibiting good performance. Only in the
2000s, the sign of the modeled GDB is the opposite of the one suggested by stations, namely
a modeled dimming against station-based brightening. With respect to the magnitude of
model GDB, it not necessarily follows the interdecadal changes suggested by the GEBA and
BSRN stations (for example the GEBA brightening in the 2010s is about 1.3 times stronger
than that in the 1990s, while the corresponding modeled one is 1.9 times, whereas the
corresponding 2010s/1990s GDB ratios for BSRN stations are 0.07 for BSRN and 1.4 for
FORTH-RTM), but this is of secondary importance compared to the similarity/dissimilarity
of the estimated GDB itself.
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Table 2. Agreement between the GDB (∆(SSR)) of FORTH-RTM and GEBA stations over four different
time periods. The percent number of GEBA stations for which the same sign of GDB is found with the
corresponding model pixels is given, along with the average ∆(SSR) and the number of stations/pixels
with brightening and dimming (shown in parentheses) for both GEBA and FORTH. Red and blue
vectors indicate Brightening and Dimming, respectively.

GEBA
Periods

Agreement
(%)

GEBA
∆(SSR) (W/m2)

GEBA (BRI,
DIM)

FORTH_Pixel
∆(SSR) (W/m2)

FORTH_Pixel
(BRI, DIM)

1984–1989 66.1 −2.51
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shown. 

  

Figure 11. Agreement (blue dots) and disagreement (red dots) between trends of FORTH-RTM and
station deseasonalized SSR anomalies (∆(SSR)), for GEBA (i-a) and BSRN (ii-a) stations for the period
01/2001–01/2018. The stations showing agreement at the surface against GEBA stations (i-a) and
BSRN stations (ii-a), also having agreement of ∆(OSR) with CERES at TOA, during the same period,
are shown in (i-b,ii-b), respectively, with blue rectangles, while those having disagreement at TOA
with red rectangles. The embedded white “×” symbols indicate the statistically significant trends for
both FORTH-RTM and stations. At the top of each figure, the percentage number of stations (a) and
CERES pixels (b) that agree in the sign of slopes with the FORTH-RTM pixels is shown.

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

BSRN
Periods

Agreement
(%)

BSRN
∆(SSR) (W/m2)

BSRN
(BRI, DIM)

FORTH_Pixel
∆(SSR) (W/m2)

FORTH_Pixel
(BRI, DIM)

1992–1999 63.6 2.05
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3.2.2. The FORTH-RTM GDB on Global, Hemispherical and Regional Scales

The global distribution of the FORTH-RTM GDB, or ∆(SSR), during the 35-year period
from 1984 to 2018, is shown in Figure 12. The calculated ∆(SSR) values came from applying
linear regression to the time series of deseasonalized monthly FORTH-RTM SSR anomalies
for each pixel and computing the Sen’s slope. The same figure also contains information
about the statistically significant GDB (dotted pixels). Over southern and eastern Europe,
the Middle East, the Central African Republic, western North Africa, Mexico, and the
southern USA, several areas of the Tropical and sub-tropical oceans, as well as Brazil
and Argentina, strong and statistically significant brightening (up to 100.49 Wm−2 or
2.87 Wm−2 year−1) is observed, according to FORTH-RTM. On the other hand, strong
and statistically significant dimming, as large as –46.2 Wm−2 or −1.32 Wm−2 year−1, is
observed across the western Tropical Pacific, India, Mainland Southeast Asia, East China,
Indonesia, Guinea Gulf, and offshore SW Africa, western Australia, Siberia, northern South
America and several remote oceanic regions, including the Southern and Arctic Ocean.
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Over many regions including large parts of North America, central Europe, Russia, eastern
Australia, and the Eastern Sahara, no statistically significant trends were computed. In
nearby regions over extended world areas including Africa, North and South America,
Australia, the eastern Tropical Pacific, and the Eastern Mediterranean, SSR trends are
opposite. Dimming is found in 53.7% of pixels, against 46.3% showing brightening, leading
to an overall global dimming equivalent to 2.2 Wm−2. In 50% of pixels globally, the
SSR changes are statistically significant, according to our findings. In those cells with
statistically significant GDB, solar dimming dominates even more, occurring in 63% of them.
While brightening somewhat predominates over land (brightening/dimming occurring
in 54.7%/45.3% of pixels), a dimming is observed over oceans (brightening/dimming in
42.1%/57.9% of pixels) explaining the overall global dimming. The identified SSR changes
are attributed to the changes in the model input data that are relevant for SSR, namely
cloud cover, cloud optical thickness, aerosol optical depth, and water vapor. The global
distribution of these changes during the study period (1984–2018), are shown in Figure
S8. According to them, it seems that the decreasing SSR trends over India, Guinea Gulf,
Indonesia, N. South America and East Asia, are caused by the statistically significant
increasing trends of AOD, cloud optical thickness, and water vapor (cloud cover showing
either decreasing or weak increasing trends over these regions). On the other hand, the
brightening over Europe arises from the decreasing AOD and cloud cover whereas cloud
optical thickness and water vapor show increasing trends. Moreover, the solar dimming
observed over Australia is found to arise from increasing trends of water vapor and cloud
cover. These findings indicate that the main causes of GDB are different from one world
region to another, which underlines the complexity of the phenomenon. It is noticeable
that some similar patterns of brightening (over Europe, Mexico, Central Africa, and parts
of tropical oceanic regions) and dimming (over India, Australia, Northern South America,
Guinea Gulf, and Indonesia) were revealed by the work of [41] during almost the same
time period of 1980–2019 and using the MERRA-2 SSR product. Seasonal change of GDB
features on a regional level is revealed by additional information about the FORTH-RTM
GDB derived on a seasonal basis (Figure S7). For instance, the annual brightening seen over
Europe (Figure 12) is driven by substantial brightening in boreal spring, namely the months
of March, April, May, and in boreal summer (June, July, August) while dimming is observed
therein during autumn (September, October, November) and winter (December, January,
February). Moreover, the annual dimming over Siberia arises mainly from dimming in
boreal summer months, while the dimming over Australia is stronger in boreal winter and
over Northern S. America in boreal spring. A stronger dimming is seen in the months
of June through November over East China and December through March over SE Asia,
causing the respective annual mean dimming patterns. A systematic dimming is seen
throughout the year across the Southern Ocean, being stronger in boreal winter and spring
months, the Pacific Tropical Warm Pool, and India, culminating in an annual dimming over
these regions. Additionally, the annual dimming over the Sahara (Figure 12) results from
a dimming that occurs mainly during boreal summer and secondarily boreal autumn. It
should be mentioned that the artificial patterns of GDB that can be observed in Figure 12
are introduced by the artifacts on ISCCP-H cloud data, which are linked with changes in
satellite viewing geometries [82–85]. More specifically, there are relevant patterns centered
in the Atlantic, Indian, Western Pacific, and Eastern Pacific Oceans which correspond to the
geostationary “footprints” that describe the area observed by each satellite. At the edge of
these footprints, the satellite’s zenith angle is much higher, corresponding to a longer path
length through the atmosphere that light must travel before it is detected by the sensor. For
instance, the pattern over the Indian Ocean is connected to the area where geostationary
data were not available until 1997, and AVHRR polar-orbiting satellite data were used
instead [83], while the pattern in the Atlantic Ocean is linked to the actual coverage from
the geostationary satellite METEOSAT [86]. However, these artificial patterns occur mostly
over ocean areas, and thus could not be validated against ground truth measurements.
Yet, on the contrary, they are absent over land areas, thus providing confidence about the
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reliability of the FORTH-RTM GDB at least in qualitative terms, as demonstrated by the
evaluation performed in the previous section.
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The time series of the calculated average deseasonalized SSR anomalies for the Globe,
the northern hemisphere (NH), and the southern hemisphere (SH) over the 35-year period
from January 1984 to December 2018 is shown in Figure 13, providing an easy assessment
of the interdecadal patterns of global and hemispherical GDB. The FORTH-RTM global
mean SSR anomalies vary up to 16.86 Wm−2 (from −7.33 to 9.53 Wm−2), while the north-
ern/southern hemispherical SSR anomalies range from−10.23/−9.36 to 7.49/16.46 Wm−2,
respectively. The applied 4th-order polynomial fit to the global 35-year time series indicates
that between 1984 and 1989 a decreasing SSR tendency occurred over the Globe, which
reversed to a brightening in the 1990s and till 2000. Subsequently, a dimming took place
in the first decade of the 21st century, followed by a brightening in the last decade, i.e., in
the 2010s. This results in an overall negative trend (dimming) during the entire 1984–2018
period, either globally or in both hemispheres. Note that globally, according to Figure S9,
which shows the interannual and interdecadal variability of mean annual SSR fluxes and
4 basic model input data, the solar dimming during 1984–1989 is primarily due to increasing
cloud optical thickness, while the brightening in the 1990s is attributed to decreasing cloud
optical thickness, cloud cover, and AOD. Moreover, it is found that the global dimming
during 2000–2009 is caused mainly by the increasing cloud optical thickness and AOD,
while the brightening in the 2010s is attributed to cloud cover, optical thickness, and AOD.
These results highlight that the GDB is not only driven by different factors over different
world areas, but that even for a given area the factors can be different from one decade
to another, thus further perplexing the phenomenon. Yet, at least globally, cloud optical
thickness overall clearly dominates the SSR variations (except for the Pinatubo signal at
the beginning of the 1990s), both in terms of inter-annual variations (e.g., strong peak in
1994 explained by cloud optical thickness low peak) as well as the longer term variations
(polynomials of SSR and cloud optical thickness fit very well), and even in the overall
trend. Between 1984 and 1995, the SH (red line in Figure 13) experienced stronger positive
anomalies than the NH (green line), whereas afterward, the SH experienced larger positive
anomalies than the NH until 2018 (the opposite inter-hemispherical predominance exists
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for the negative SSR anomalies). Most existing measurements-based and modeling studies
agree with the increase in SSR suggested by FORTH-RTM during the years from 1990 to
2000 [8,12,13,16], while the negative trend for the years 2000 to 2009 is also consistent with
other studies [7,30,32]. Strong SSR decreases brought on by the large volcanic eruption
of Pinatubo (1991), as well as by strong El-Nino phases (1997, 2002, 2009, or 2016), are
reproduced by FORTH-RTM. Years that were affected by the recovery from Pinatubo, as
well as the La-Nina phases (1989, 1999, or 2006), are distinguished by positive anomalies.
These results demonstrate that the FORTH-RTM satisfactorily reproduces natural processes
that affect Earth’s radiation budget and climate, such as volcanic eruptions and the ENSO
(El Nino Southern Oscillation). Note, that a similar analysis to that shown in Figure 13 was
performed by [41] using the MERRA-2 SSR, which did not reveal the brightening phases
in the 1990s or in the 2010s, although both MERRA-2 SSR and FORTH-RTM SSR were
computed with the same aerosol information. This underlines how the different cloud data
(ISCCP-H observations vs. MERRA-2 calculated clouds) impact the estimated GDB.
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Figure 13. Time series of FORTH-RTM average global (black line) and hemispherical (NH and SH,
green and red lines) monthly mean deseasonalized SSR anomalies for the period January 1984–
December 2018. Linear regression fit line, along with associated ∆(SSR), the p-value inside the
brackets, and the 4th-order polynomial fit applied to the global time series of FORTH-RTM SSR are
also shown.

The FORTH-RTM has the advantage of covering a quite long 35-year (climatological)
time period that includes strong anthropogenic global warming (starting from the ‘80s).
There have been theories and studies on how GDB interacts with the current rapid global
warming, either accelerating or counteracting it [4,10,14,87,88], most of which are based
on surface station data of SSR. Hence, the FORTH-RTM-based determination of GDB at
vast geographical (global) and temporal (35-year) scales allows for a better assessment
and comprehension of the contribution of GDB to global warming, in connection to the
dominant role of anthropogenic greenhouse gases. To do this, the four sub-periods which
were previously defined were selected as characterized by different phases of GDB. The
results computed on a worldwide and hemispherical scale, as well as separately for land and
ocean areas, are shown in Table 4. According to the FORTH-RTM, the overall ∆(SSR) during
the period 1984–2018 is equal to −2.22 Wm−2 or −0.063 Wm−2 year−1 on a global scale
(dimming), with dimming being detected in both hemispheres (−0.48 and −2.73 Wm−2

or 0.014 Wm−2 year−1 and −0.078 Wm−2 year−1, being stronger over SH. Note that the
aforementioned ∆(SSR) changes are all statistically significant at a 95% confidence level
(CL). Oceans show a stronger dimming (−2.56 Wm−2 or −0.073 Wm−2 year−1, statistically
significant at 95% CL) than land (−1.04 Wm−2 or 0.03 Wm−2 year−1, not statistically
significant), which is consistent with the stronger global warming (+0.32 ◦C decade−1 and



Atmosphere 2023, 14, 1258 28 of 37

+0.14 ◦C decade−1, [89]) recorded over land than oceans. The two hemispherical land
and oceanic regions, and thus the two hemispheres and the globe, have the same sign
of GDB for each time sub-period. Specifically, over the globe, the two hemispheres, and
the NH and SH land and ocean areas, solar dimming occurred between 1984 and 1989,
followed by a stronger brightening between 1990 and 1999, which is consistent with the
accelerated greenhouse global warming after 1980 [90,91]. Then, during the first decade
of the 21st century, a decreasing SSR trend (dimming) took place over the globe, the two
hemispheres, and the land and ocean areas of both NH and SH, which is in line with the
hiatus of the global warming during this decade [91–93]. Then the tendency shifted into an
increasing SSR trend (brightening) between 2010 and 2018, which is compatible with the
recent acceleration of global warming [91,94].

Table 4. Changes of FORTH-RTM deseasonalized SSR anomalies (∆(SSR)), i.e., GDB, computed
at global and hemispherical scales, as well as for land and ocean areas. Results are given for the
entire 35-year period (1984–2018) as well as for four separate sub-periods. Red and blue vectors
indicate solar brightening and dimming, respectively, while numbers in bold indicate trends that are
statistically significant at 95% CL.

FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018

GLOBAL −2.22
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(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  

 

  

−2.46

Atmosphere 2023, 14, x FOR PEER REVIEW 13 of 18 
 

 

Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  

 

  

LAND −1.04
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  

 

  

LAND S.H. −1.37
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 

 

  

−2.11
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  

 

  

−1.64

Atmosphere 2023, 14, x FOR PEER REVIEW 13 of 18 
 

 

Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  

 

  

OCEAN −2.56
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  

 

  

OCEAN N.H. −0.46
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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FORTH 1984–2018 1984–1989 1990–1999 2000–2009 2010–2018 
GLOBAL −2.22  −3.53  5.52  −2.57  3.26  

N.H. −0.48  −2.84  7.58  −2.71  3.43  
S.H. −2.73  −3.60  3.59  −2.46  2.70  

LAND −1.04  −3.56  5.47  −3.47  2.56  
LAND N.H. −0.41  −2.87  6.70  −3.48  1.51  
LAND S.H. −1.37  −2.11  2.76  −1.64  3.74  

OCEAN −2.56  −3.43  5.38  −2.56  3.41  
OCEAN N.H. −0.46  −2.11  8.07  −2.45  4.17  
OCEAN S.H. −2.83  −3.80  4.12  −2.60  2.42  
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Table 2. Agreement between the GDB (Δ(SSR)) of FORTH-RTM and GEBA stations over four 
different time periods. The percent number of GEBA stations for which the same sign of GDB is 
found with the corresponding model pixels is given, along with the average Δ(SSR) and the number 
of stations/pixels with brightening and dimming (shown in parentheses) for both GEBA and 
FORTH. Red and blue vectors indicate Brightening and Dimming, respectively. 

GEBA  
Periods 

Agreement 
(%) 

GEBA 
Δ(SSR) (W/m2) 

GEBA 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1984–1989 66.1  −2.51  (251,318) −1.03  (261,308) 
1990–1999 60  1.40  (260,215) 2.75  (341,134) 
2000–2009 51.2  2.99  (228,104) −1.70  (114,218) 
2010–2018 73.2  1.88  (221,118) 5.18  (287,52) 

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

BSRN  
Periods 

Agreement 
(%) 

BSRN 
Δ(SSR) 
(W/m2) 

BSRN 
(BRI, DIM) 

FORTH_Pixel 
Δ(SSR) (W/m2) 

FORTH_Pixel 
(BRI, DIM) 

1992–1999 63.6  2.05  (7,4) 2.14  (5,6) 
2000–2009 50  0.5  (18,14) −0.68  (14,18) 
2010–2018 65.9  0.14  (20,21) 3.06  (30,11) 
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Given that GDB is a regional phenomenon (Figure 12), a regional study was carried
out to identify decadal scale GDB features. To achieve this, three distinct regions of the
globe were chosen, (Europe’s, Japan’s, and India’s land areas, shown within the rectangles
in Figure 12), each of which has adequate station coverage and displays homogeneous
GDB patterns (Figure 12). For each selected area, three time series of deseasonalized
SSR anomalies (for the period January 1984–December 2018) were created, one for the
region’s GEBA stations (122 sites in Europe, 18 in Japan, and 7 in India) that meet the slope
estimation criterion as stated in Section 2.2, a second time series for the corresponding
FORTH-RTM pixels including the GEBA stations and a third for all of the FORTH-RTM
pixels within the geographical limits of the region. The time series are provided in Figure 14
together with their applied linear regression, while the polynomial 4-th order fit applied
to the third (all model pixels) time series is also plotted. This analysis enables us to assess
the ability of the FORTH-RTM GDB to reproduce the GDB measured at the sites of GEBA
stations within each region. In general, it is revealed that FORTH-RTM satisfactorily
represents the month-to-month and year-to-year variability of SSR (correlation coefficients
equal to 0.61, 0.70, and 0.59, respectively, for Europe, Japan, and India). For India, we
compute a strong dimming for the GEBA measurements (−32.15 Wm−2) against a smaller
dimming for the corresponding model pixels (−9.58 Wm−2) and for the total land of India
(dimming equal to −6.72 Wm−2). This much stronger dimming for GEBA is associated
with a much larger/lower GEBA than model positive/negative anomalies before/after
1994/2010. In contrast, over Japan, a brightening equal to 10.41 Wm−2 occurred according
to GEBA station measurements, stronger than a marginal brightening of 0.36 for the
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FORTH-RTM pixels and 0.86 for the total land of Japan. Regarding the European land
areas, a brightening during the entire time period is computed, which is stronger for
GEBA stations (9.13 Wm−2) than the corresponding FORTH-RTM land pixels (3.29 Wm−2)
and all Europe’s land pixels (3.56 Wm−2). Over Europe, the brightening in the 1990s is
followed by dimming in the 2000s and then by a brightening again after 2010. It should
be noted that the dimming in the 2000s and the consequent brightening is also found
over Japan and the Indian subcontinent. Our findings demonstrate the FORTH-RTM’s
capacity to qualitatively represent the GDB (dimming or brightening) observed at GEBA
stations over the continental regions of Europe, Japan, and India. The obtained results of
Figure 14 show that, in line with other studies ([14] and references therein), there was a
brightening over Europe (land) from 1984 to 2000. According to our results, this brightening
reversed to a weak dimming after 2000, which is relatively similar to the tendency of SSR
stabilization since the early 21st century suggested by [95]. Agreement is also found with
the limited available literature for India, according to which [96] a dimming was observed
over India during 1981–2004, based on 12 ground-based stations while the study by [97]
also based on 12 ground-based Indian stations, estimated a level-off of the dimming in the
late 2000s over most stations. On the other hand, according to [98], who used 14 ground-
based meteorological Japanese stations, there has been a dimming during the 1980s, which
reversed to a brightening phase in the 1990s in line with our results.
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Figure 14. Time series (01/1984–12/2018) of deseasonalized SSR anomalies for three selected world
areas with homogeneous trends (see red rectangles in Figure 12), namely, Europe (a), Japan (b),
and India (c). For every area, results are given based on GEBA stations (red dotted lines), the
corresponding FORTH-RTM pixels (including the stations, green dotted lines), and all the FORTH-
RTM pixels of the areas (blue lines). Moreover, the linearly fitted lines to each time series are also
displayed with similar colors, while the blue dashed line displaying the 4th-order polynomial fit
applied to the time series of FORTH-RTM SSR for the entire world areas is also shown. The SSR
changes along with their p-values inside the brackets are also shown.

4. Conclusions

Satellite observations along with radiative transfer model computations are advanta-
geous in that they offer worldwide coverage and long-term data for the important climate
parameter of SSR and its long-term tendencies (GDB). Inaccuracies in the input datasets to
the models, however, could result in errors in SSR and its interannual variability and trends
and, consequently, inaccuracies in research using them, e.g., estimated GDB. Therefore, it is
essential to evaluate SSR products against reference ground measurements prior to their use
in climate research. Here, for the first time to our knowledge, a detailed evaluation of the
FORTH-RTM SSR fluxes and SSR interdecadal changes is attempted, against high-quality
ground-based measurements from 1193 GEBA and 66 BSRN stations, on a global, regional,
and station level, for the 35-year period 1984–2018. The following is a summary of the key
findings from the analysis that was carried out.

• The FORTH-RTM deseasonalized SSR anomalies, which are free of the seasonal cycle,
correlate very well with the ground-based measurements, with R values equal to 0.72
and 0.80 for the validation against GEBA and BSRN stations, respectively. On a station
level, the computed R values range from −0.27 to 0.98, but the majority of them (61%)
are higher than 0.7, with the lowest values occurring in low latitudes, possibly due to
uncertainties in the cloud and aerosol input data.

• In general, there is a relatively small underestimation of FORTH-RTM SSR compared
to GEBA and BSRN measurements, the mean bias being equal to −4.71 Wm−2 and
−14.29 Wm−2 or −2.9% and −7.7%, respectively. However, FORTH-RTM overesti-
mates SSR at low latitudes, probably because of an underestimation of cloud cover
and aerosol optical depth data in these regions. The general underestimation sug-
gests that the atmosphere of FORTH-RTM is less transparent than it should be. The
average RMSE value is equal to 21.02 Wm−2 (equivalent to 13.1%) for the comparison
of FORTH-RTM with GEBA, while the corresponding value for BSRN is equal to
27.68 Wm−2 or 14.9%, pointing to a rather small deviation of the modeled from the
measured SSR. The largest RMSE values exist in low and high-latitude regions.
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• In all seasons, the model performs better in terms of R, but worse in terms of deviation,
with BSRN than GEBA station measurements. Moreover, the evaluation metrics do
not exhibit a significant seasonal variation except for BIAS and RMSE in the SH for
BSRN stations.

• The comparison of the time series of 12-month moving averages between FORTH-
RTM SSR anomalies and GEBA/BSRN sites shows a larger model than station SSR
anomalies, positive before 2000 and negative after 2000, which can affect the computed
GDB. Indeed, the FORTH-RTM SSR trends show a weaker brightening than the
stations’ trends.

• For the period 1984–2018, an agreement is found for 63.5% of matched model gridded
and GEBA measured pairs and 54.5% of matched FORTH-RTM pixels and BSRN pairs
for 1992–2018 when the sign of GDB (∆(SSR)) for each station (222 GEBA and 22 BSRN)
and the corresponding FORTH-RTM pixels is compared. For Europe, India, and Japan,
there is a strong agreement between the FORTH-RTM and stations in terms of GDB
signs, putting confidence in the qualitative GDB patterns in these world areas. On the
other hand, the FORTH-RTM presents a weak agreement against stations in terms of
the SSR changes’ magnitude. More specifically, it underestimates the brightening of
most sites. This could be due to inadequate model input data, but also to issues with
the stations’ measurements of their own.

• The computed FORTH-RTM 35-year GDB over the 01/1984–12/2018 period, reveals a
statistically significant brightening in Europe, parts of Central and NW Africa, Mongo-
lia, Mexico, parts of the tropical Pacific and sub-tropical Pacific and Atlantic Oceans,
Brazil and Argentina. In contrast, statistically significant dimming is found over the
western Pacific Tropical Warm Pool, India, Southeast Asia, East China, Northern South
America, Australia, and some parts of oceans, especially the South Ocean. According
to our calculations, different factors are responsible for GDB in different world areas.
For example, AOD and cloud cover produce Europe’s brightening, while cloud optical
thickness, apart from AOD induces the dimming over India and Eastern Asia. Further-
more, even for the same region, the driving factors of GDB can be different from one
decade to another, thus highlighting the complexity of the phenomenon. However, it
is found that globally cloud optical depth overall dominates the SSR variations.

• The FORTH-RTM SSR changes, which are affected by the ISCCP artifacts over specific
limited ocean areas, show a dimming (decreasing SSR) from 1984 to 2018, equal to
−2.22 Wm−2 or −0.063 Wm−2 year−1, with 53.7% of the global FORTH-RTM grids
showing dimming. This dimming is found over both land and ocean areas of the
globe, but oceans show a stronger dimming (−2.56 Wm−2 or −0.07 Wm−2 year−1)
than land (−1.04 Wm−2 or −0.03 Wm−2 year−1). According to FORTH-RTM solar
dimming also occurred on a hemispherical basis, being stronger in the Southern than
Northern Hemisphere (−2.73 Wm−2 versus −0.48 Wm−2 or −0.08 Wm−2 year−1

versus −0.01 Wm−2 year−1, respectively). The SSR changes listed above are all
statistically significant at the 95% confidence level (CL).

• Examining the behavior of the agreement between the signs of GDB of GEBA stations
and FORTH-RTM with time, it is found that during the 1980s, 1990s, and 2010s, the
model qualitatively reproduces the GDB (dimming in the 1980s and brightening in
the 1990s and 2010s) indicated by both references GEBA and BSRN station networks,
exhibiting satisfactory performance. Only in the 2000s, the sign of modeled GDB is
the opposite of the one suggested by stations, namely a modeled dimming against
station-based brightening.

• The brightening (5.52 Wm−2 or −0.16 Wm−2 year−1) in the 1990s estimated by the
FORTH-RTM is in line with the rapid global warming driven by anthropogenic green-
house gases. In the 2000s, when a recent hiatus has taken place, the model indicates
a global dimming (−2.57 Wm−2 or −0.07 Wm−2 year−1), which seems to be in line
with the deceleration of global warming. In the 2010s, FORTH-RTM suggests a global
brightening (3.26 Wm−2 or 0.09 Wm−2 year−1), which is again in line with accelerated
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global warming. Thus, overall, the (statistically significant at the 95% CL) FORTH-
RTM GDB phases seem to be consistent with the accelerating and decelerating decadal
phases of global warming since 1990.

Overall, the current model (FORTH-RTM) work, based on a thorough validation
against the reference global GEBA and BSRN station networks, reveals a quite satisfactory
performance of the modeled absolute values of SSR, along with a less satisfactory, but still
qualitatively reasonable, performance of SSR changes, i.e., GDB, during the 35-year period
1984–2018. The good performance of the model is corroborated by a satisfactory comparison
of the modeled top-of-atmosphere solar fluxes against the reference CERES fluxes. The
study allowed the determination of extended world areas, such as Europe, North America,
India, and Japan, where the model products SSR and their changes can be considered,
at least qualitatively, as accurate and reliable for further use in various applications and
climatic research. On the other hand, this study highlighted areas, in particular along the
tropics, where more reliable input data (cloud and aerosol) can improve the model SSR
and GDB computations. In this respect, further improvements to MERRA Reanalysis aerosol
optical properties and ISCCP clouds are necessary, which are nevertheless valuable given the
benefits of comprehensive spatial (global), and temporal (climatological) coverage. This study
highlighted the significant role of GDB in greenhouse-gas-driven global warming over four
decades extending from the 1980s to 2018. Nevertheless, a longer climatology of SSR than the
35-year presented in this study is expected with the anticipated extension and improvement
of the input datasets in the years to come, allowing for a better assessment of the climatic role
of the GDB phenomenon, particularly in relation to the ongoing greenhouse warming.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14081258/s1, Figure S1. Global distribution of: (a) Global
Energy Balance Archive (GEBA) 1545 stations and (b) Baseline Surface Radiation Network (BSRN)
73 stations, initially accessible for the evaluation of the FORTH-RTM surface solar radiation (SSR)
data. The availability of each station’s monthly data in years is indicated in the color bars; Figure S2.
Time periods covered by measurements of each station of (i) GEBA (1545 stations) and (ii) BSRN
(73 stations) networks. Results are given for (a) the total number of stations since 1984 and (b) the
number of available stations after applying criteria for computing linear slopes (see Section 2.2 of
main paper), i.e., 222 GEBA and 22 BSRN stations; Figure S3. Seasonal variation of hemispherical
mean correlation coefficient R between FORTH-RTM and GEBA (blue color) and between FORTH-
RTM and BSRN (red color) stations, computed using SSR fluxes for the North Hemisphere (a) and the
South Hemisphere (b); Figure S4. Cumulative histogram distribution of correlation coefficient R (a),
bias (b), relative bias (c), root mean squared error (RMSE) (d), relative RMSE (e), between FORTH and
GEBA (i, left column) and BSRN (ii, right column) stations. Results are computed using FORTH-RTM,
and GEBA and BSRN station SSR fluxes, except for R, which is computed using deseasonalized
SSR anomalies. the left y-axis shows the number of stations, while the right y-axis the % number
of stations; Figure S5. Global distribution of correlation coefficient between FORTH-RTM and each
GEBA (a, left column) and BSRN (b, right column) station SSR fluxes; Figure S6. Agreement (blue
dots) and disagreement (red dots) between FORTH-RTM and station GDB (∆(SSR)). The comparison
is performed using deseasonalized anomalies for model and GEBA (left column, (i) and BSRN (right
column, (ii) station fluxes per selected time periods that are characterized as Global Dimming and
Brightening periods (GDB phases). The embedded white x symbols indicate statistically significant
trends. At the top of each figure is indicated the percent number of stations for which there is
agreement in GDB, with respect to the overall number of stations. The numbers in parentheses
provide the agreement of statistically significant trends. The GDB phases (according to Wild et al.,
WIREsClim Change 2016, 7:91–107) are: (a) 1984–1989, (b) 1990–1999, (c) 2000–2009, (d) 2010–2018 for
GEBA and (a) 1992–1999, (b) 2000–2009, (c) 2010–2018 for BSRN; Figure S7. Global distribution of
FORTH-RTM GDB [∆(SSR)] over the 35-year period 01/1984–12/2018, for (a) DJF, (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; Figure S8.
Global distribution of the changes of model input data that are relevant to SSR and GDB, namely of: total
cloud cover (a), total cloud optical thickness (b), aerosol optical depth (c), and water vapor (d) over the
period 1984–2018. Bluish colors indicate decreasing trends, while yellow-reddish colors correspond to
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increasing trends. The statistically significant trends are denoted with black dots; Figure S9. Time series
of annual global mean SSR (in blue) and model input data (in red) which are relevant with GDB: total
cloud cover (a), total cloud optical thickness (b), aerosol optical depth (c) and water vapor (d) over the
period 1984–2018. The associated 6th-grade polynomial fit lines are also shown.
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FORTH-RTM Foundation for Research and Technology-Hellas: radiative transfer model
ISCCP International Satellite Cloud Climatology Project
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
∆(SSR) change of SSR (equivalent to GDB)
GDB Global Dimming and Brightening
R Pearson’s correlation coefficient
BIAS mean value of FORTH-RTM 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 FORTH
Mi monthly (for the −i month) value of FORTH
G mean value of stations
Gi monthly (for the −i month) value of stations
n the number of monthly data
TOA Top of the Atmosphere
OSR Outgoing Solar Radiation
∆(OSR) Changes of OSR
NH Northern Hemisphere
SH Southern Hemisphere
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