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a b s t r a c t

In this study, historical surface solar radiation (1850e2005) and future photovoltaic power output (2006
e2100) are analyzed to investigate the spatial distribution and long-term variation in global solar energy
based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) models and the Global Energy
Balance Archive (GEBA) database. The results show that global mean surface solar radiation significantly
decreased by 0.014Wm�2 year�1 in 1850e2005. According to the Model for Interdisciplinary Research
on Climate (MIROC5), surface solar radiation significantly decreased by 3.42Wm�2 year�1 in 1951e1992
and increased by 4.75Wm�2 year�1 in 1993e2005. Global dimming and brightening were observed
before and after the 1990s, respectively. The transition of surface solar radiation from dimming to
brightening in Europe and the southeastern United States was detected in the 1980s. Stations in
Northeast China, Japan, Southeast Africa, the Middle East, and the west coast of India all showed renewed
decreasing trends after the 1990s. The direct and indirect effects of anthropogenic aerosols and cloud-
iness in different periods and regions were the main causes of the changes. To better understand the
utilization of global solar energy, global potential photovoltaic power outputs were estimated in future
scenarios with an empirical model. Significant increases in potential photovoltaic power are expected in
East Asia, Europe, Central Africa and Central America in 2006e2100. The largest increase is expected in
central China, where increases are occurring at 3 kWh m�2 year�1. Significantly decreasing potential
photovoltaic power is observed in North Africa, the Middle East, Central Asia and Australia. The greatest
decrease is observed in the Tibetan Plateau area (approximately �3.0 kWh m�2 year�1 in 2006e2100).
With respect to the global distribution of potential photovoltaic power output, large quantities of
photovoltaic power are distributed in the northern and southern parts of Africa, the Middle East, the
Tibetan Plateau area, the west coasts of North and South America and most of Australia. The yearly mean
sum photovoltaic power in these regions is larger than 2000 kWh m�2. Due to the long-term decreasing
photovoltaic power (0.67 kWh m�2 year�1) expected worldwide in 2006e2100, effective and rational
utilization of solar energy is of great importance.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable energy resources are important due to the depletion
of traditional fossil fuel resources and global energy-related envi-
ronmental changes, especially climate change. Wind and solar
power, two of the most promising renewable energy forms,
increased by an average of 5.4% with respect to total final energy
ritical Zone Evolution, School
iversity of Geosciences, Lumo
consumption during 2005e2015, along with biomass, geothermal
power and ocean power (REN, 2018). Solar radiation is drawing
increasing attention, as it is a sustainable, inexhaustible and widely
available energy source. Solar photovoltaic (PV) systems contribute
significantly to the carbon-free power supply, as they convert solar
energy into electric power. The PV power generating capacity was
303 GWat the end of 2016, which included 98% of all solar power
(electricity) systems, and it grew to 400 GW in 2017 (BPSRWE,
2018; REN, 2017). According to the International Energy Agency
(IEA, 2018), power generation from PV is up to 460 TWh, which
comprises almost 2% of the world's total electricity generation. An
average annual growth of 17% is required from 2017 to 2030 in
order to reach the IEA's Sustainable Development Scenario (SDS)
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target. Therefore, studies on solar photovoltaics are essential to
meet growing sustainable energy demands.

The distribution and intensity of incident solar irradiance are
key factors affecting solar photovoltaic power production (Pr�av�alie
et al., 2019). Credible surface solar radiation data are indispensable
for future solar photovoltaic power studies. Surface solar radiation
is studied mainly via physical measurements taken at meteoro-
logical ground stations, retrieved data from geostationary satellites
and the reanalysis of numerical weather prediction models. Global
and national solar radiation networks process ground measure-
ments and include NOAA's Surface Radiation budget network
(SURFRAD http://www.srrb.noaa.gov/surfrad/index.html), the
Baseline Surface Radiation Network (BSRN http://www.bsrn.awi.
de/), the World Radiation Data Centre (WRDC http://wrdc.mgo.
rssi.ru/) and the Global Energy Balance Archive (GEBA http://
www.geba.ethz.ch/). Numerous models have been proposed in
the last few decades to estimate solar radiation with satellite data.
There are some available satellite-based databases, e.g., the Satellite
Application Facility on Climate Monitoring (CM SAF https://www.
cmsaf.eu/), the Solar Data project (SoDa http://www.soda-pro.
com/), the European Database of Daylight and Solar Radiation
(Satel-Light http://www.satel-light.com) and so on (Paulescu et al.,
2013). Empirical models, physical models and artificial intelligence
models are widely used in regional and global solar radiation es-
timations. Empirical models are meteorological parameter-based
models such as temperature-based models, sunshine duration-
based models, and relative humidity- and cloud-based models
(Besharat et al., 2013; Jahani et al., 2017). Physical models usually
take into consideration the atmospheric attenuation processes that
occur when solar radiation passes through the atmosphere
(Gueymard, 1989; Yang et al., 2006). Artificial intelligence models,
such as artificial neural networks (ANN), genetic algorithms (GA),
expert systems (ES), and fuzzy logic (FL), are promising for solar
radiation prediction (Mellit, 2008; Qazi et al., 2015). Reliable solar
radiation data estimated by these models lay the foundation for
further studies. A global decrease in surface solar radiation during
the 1950s-1980s and an increase in the transition thereafter are
described in (Wild, 2009; Wild et al., 2005).

The PV physical or parametric models and statistical or machine
learning models are the main forecasting methods (Antonanzas
et al., 2016; Voyant et al., 2017). Ding et al. (2011) proposed an
artificial neural network approach to accurately and efficiently
forecast the power output of a PV system in different weather
types. Bonanno et al. (2012) used a radial basis function neural
network to estimate accurate PV output with available historical PV
data, including solar irradiation and temperature. Rana et al. (2016)
used historical PV power data to forecast PV power with an
ensemble of neural networks and support vector regression ap-
proaches. Schmelas et al. (2015) used three models (a physical
model, a multilayer perceptron neural network, and a hybridmodel
combining both the physical model and the neural network) along
with inputs of solar radiation, temperature and relative humidity to
forecast PV energy. The historical PV power data are essential for
training and validating artificial intelligence models. The physical
or parametric models estimate PV power output by establishing the
physical relations between surface solar radiation and atmospheric
factors. Lorenz et al. (2011) and Yang and Xie (2012) forecasted
power output in a PV system by considering measured air tem-
perature and modeled solar radiation; the electrical efficiency of a
PV cell or module can be evaluated by examining the physical re-
lations between solar radiation and ambient and reference tem-
peratures. Bizzarri et al. (2013) and Yona et al. (2013) examined the
effect of wind velocity on temperature-based PV power forecasting.
Crook et al. (2011) examined variations in temperature and solar
radiation and investigated how they will affect PV output
worldwide throughout the 21st century. The results show that few
increases in PV power are observed in Europe and China, and de-
creases are observed in the western USA and in Saudi Arabia.

The majority of previous investigations concentrated on short
timescale PV power forecasting. A global long-term prediction of
PV power in future decades will be indispensable for guiding the
reasonable utilization of solar energy. The Coupled Model Inter-
comparison Project (CMIP) provides global long-term atmospheric
data both in historical and future scenarios; these data include
surface downward shortwave radiation, ambient temperature,
precipitation, total cloud fraction and aerosol optical thickness
(Loew et al., 2016; Taylor et al., 2012). The CMIP can be conducive to
investigating the historical variation in surface solar radiation and
predicting the potential distribution and variation in PV power. In
the present study, we first intend to determine the historical vari-
ation in global and regional surface solar radiation and its possible
relationships with aerosols and cloudiness in past decades. Second,
potential photovoltaic power is forecasted with an empirical
model, and the global distribution and intensity of potential
photovoltaic power are investigated in future scenarios.

2. Data and methodology

In this section, the Coupled Model Intercomparison Project
Phase and the Global Energy Balance Archive database were
introduced. The empirical models for photovoltaic power predic-
tion and evaluation indices were presented.

2.1. CMIP5

The Coupled Model Intercomparison Project Phase 5 (CMIP5)
comprises a set of climate model experiments from 20 climate
modeling groups around theworld that study the output of coupled
atmosphere-ocean general circulation models (AOGCMs). The core
simulations in the CMIP5 long-term experiments include an At-
mospheric Model Intercomparison Project (AMIP) run, a coupled
control run, a historical run (1850e2005) and two future climate
change projection scenarios (2006e2100). The historical run is
forced by observed atmospheric composition changes (reflecting
both anthropogenic and natural sources). Two scenarios are based
on future population growth, technological development and so-
cietal response, which are identified representative concentration
pathways that result in a radiative forcing of 4.5Wm�2 (medium
emission scenario) and 8.5Wm�2 (high emission scenario) at the
end of the 21st century compared to the preindustrial state (Taylor,
2009; Taylor et al., 2012). The scenarios are time-dependent,
consistent projections of emissions and concentrations of radia-
tively active gases and particles. According to Bart�ok et al. (2017),
future changes in surface solar radiation are likely best predicted by
the RCP8.5 scenario. Therefore, an ensemble run of 36 models of
historical experiments and a forcing scenario (RCP8.5) are used to
study the worldwide distribution of global solar radiation and PV
power; detailed information about the models is listed in Table 1.
Sixty atmospheric variables are available in the CMIP5. The present
study uses global monthly data including surface downwelling
shortwave radiation (RSDS), surface downward clear sky shortwave
radiation (RSDSCS), ambient temperature (TAS), total cloud fraction
(CLT), and aerosol optical depth at 550 nm (AOD), which are pro-
vided by 36 models in the CMIP5.

2.2. Global Energy Balance Archive

The Global Energy Balance Archive (GEBA) database provides
worldwide ground-measured global solar radiation data at the
Earth's surface (Gilgen and Ohmura, 1999; Wild et al., 2017). It has
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Table 1
Information of 36 CMIP5 models.

Model
center

Institution Model name lon� lat Historical RCP8.5

CSIRO-BOM Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology ACCESS1-0 192� 145 QB△※ QB△※

ACCESS1.3 192� 145 QB△※ QB△※

NCAR National Center for Atmospheric Research CCSM4 288� 192 Q△※ Q△※

CMCC Centro Euro-Mediterraneo per i Cambiamenti Climatici CMCC-CESM 96� 48 Q△※ Q△※

CMCC-CMS 192� 96 Q△※ Q△※

CMCC-CM 480� 240 Q△※ Q△※

CNRM-
CERFACS

Centre National de Recherches Meteorologiques and Centre European de Recherches et Formation Avancees
en Calcul Scientifique

CNRM-CM5-2 256� 128 Q※

CNRM-CM5 256� 128 Q△※ Q※

CSIRO-
QCCCE

Commonwealth Scientific and Industrial Research Organization in collaboration with the Queensland
Climate Change Centre of Excellence

CSIRO-Mk3-6-
0

192� 96 QB△※ QB△※

UNSW UNSW (University of New South Wales, Sydney, Australia) CSIRO-Mk3L-
1-2

64� 56 Q△※

CCCma Canadian Centre for Climate Modelling and Analysis CanCM4 128� 64 Q

CanESM2 128� 64 Q△※ Q△※

LASG-IAP Institute of Atmospheric Physics, Chinese Academy of Sciences FGOALS-s2 128� 108 Q△※ Q△※

NASA-GISS NASA/GISS Goddard Institute for Space Studies GISS-E2-H-CC 144� 90 Q△※ Q△※

GISS-E2-H 144� 90 QB△※ QB△※

GISS-E2-R-CC 144� 90 Q△※ Q△※

GISS-E2-R 144� 90 QB△※ QB△※

NIMR-KMA National Institute of Meteorological Research HadCM3 96� 73 Q△※ Q△※

MOHC Met Office Hadley Centre HadGEM2-AO 192� 145 Q△※

HadGEM2-CC 192� 145 QB△※ QB△※

HadGEM2-ES 192� 145 QB△※ QB△※

IPSL Institut Pierre Simon Laplace IPSL-CM5A-LR 96� 96 Q△※ QB△※

IPSL-CM5A-
MR

144� 143 QB△※ QB△※

IPSL-CM5B-LR 96� 96 Q△※ Q△※

MIROC Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute MIROC-ESM-
CHEM

128� 64 QB△※ QB△※

MIROC-ESM 128� 64 QB△※ QB△※

MIROC4h 640� 320 QB△※

MIROC5 256� 128 QB△※ QB△※

MPI-M Max Planck Institute for Meteorology MPI-ESM-LR 192� 96 Q△※ Q△※

MPI-ESM-MR 192� 96 Q△※ Q△※

MPI-ESM-P 192� 96 Q△※

MRI Meteorological Research Institute MRI-CGCM3 320� 160 QB△※ QB△※

MRI-ESM1 320� 160 QB△※ QB△※

NCC Norwegian Climate Centre NorESM1-ME 144� 96 QB△※ QB△※

NorESM1-M 144� 96 QB△※ QB△※

INM Institute for Numerical Mathematics inmcm4 180� 120 Q△※ Q△※

Note:Q denotes the presentation of surface downward shortwave radiation (RSDS) in model,B the presentation of aerosol optical thickness at 550 nm (AOD) data in model,
△ the presentation of total cloud fraction (CLT) data in model, ※ the presentation of ambient temperature (TAS) in model.
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been widely used for detecting multidecadal variations in global
solar radiation and quantifying the global energy balance. Gilgen
et al. (2009) analyzed the worldwide decadal variation in surface
solar radiation with the GEBA database. Wild et al. (2015a) esti-
mated the global mean energy balance and its representation in the
CMIP5 models using GEBA. The GEBA database also plays an
important role in assessing surface energy fluxes in climate models,
satellite-derived predictions and reanalysis products. For example,
Zhang et al. (2016) assessed six representative global reanalysis
incident solar radiation products. Li et al. (1995) validated the
monthly mean surface insolation from satellite-based ERBE/SRB
and GEWEX/SRB with the GEBA database. Müller et al. (2015)
validated the surface solar radiation retrieved by CM-SAF SARAH.
Ma et al. (2015) evaluated surface incident solar radiation from 48
models in the CMIP5 and reported an overestimation of approxi-
mately 11.9Wm�2 based on information from the GEBA database.
All of the above results indicate the feasibility of the GEBA database
in validating modeled or retrieved surface solar radiation. There are
a total of 1518 stations from around the world represented by the
GEBA database, except for South America. Stations in South
America are excluded in this study due to the absence of data. The
validation of surface solar radiation in the CMIP5 for South America
will not be discussed in this study. Because of the occasional
absence of data, 568 stations are reserved for further analysis.
Additionally, 12 stations are selected for detailed analysis. The
location and geographic information for the 568 GEBA stations is
shown in Fig. 1 and Table A1 in the Appendix.
2.3. Photovoltaic power output forecasting

Solar radiation is the energy source for photovoltaic power (PV)
systems, and system operating temperatures strongly affect the
electrical efficiency of a PV cell or module. According to Dubey et al.
(2013) and Bayrakci et al. (2014), PV power output and electrical
efficiency depend linearly on the operating temperature. A lower
PV cell/module operating temperature leads to increasing electrical
efficiency (increasing PV power output) with a similar incident
solar radiation flux. With the high spatial and temporal resolution
of surface solar radiation data in the CMIP5, a physical method that
is based on temperature and solar radiation flux will be used to
forecast photovoltaic power in this study. Skoplaki and Palyvos
(2009) and Crook et al. (2011) stated that the photovoltaic power
output can be obtained from the photovoltaic cell's electrical effi-
ciency and global solar radiation:

Ppv ¼ GSR � hc (1)

Where Ppv is the photovoltaic power output, GSR is global solar



Fig. 1. Distribution of 568 GEBA stations (blue cross) and 12 selected stations (red dot). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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radiation, ƞc is the PV cell's electrical efficiency.

hc ¼ hTref

h
1� bref

�
Tc � Tref

�
þ log10GSR

i
(2)

Tc ¼ Ta þ
�
TNOCT � Ta;NOCT

�� GSR

GNOCT
(3)

where Tc and Tref are the cell and reference temperatures, respec-
tively (Evans, 1981); ƞƮref is the cell's electrical efficiency at the
reference temperature; ßref and Ɣ are the temperature and solar
radiation coefficients determined by the cell's material and struc-
ture; Ta is the ambient surface temperature; NOCT is the nominal
operating cell temperature, which is defined as the cell or module
temperature that is reached when the cells are mounted in the
normal way at a solar radiation level of 800Wm�2, a wind speed of
1m/s and an ambient temperature of 293.16K (20 �C) with ƞc¼ 0;
TNOCT is the model temperature at NOCT conditions, usually 45.5 �C;
and Ta,NOCT is 20 �C (Duffie et al., 1980). As stated in (Skoplaki and
Palyvos, 2009), at Tref¼ 25 �C, the average ƞƮref is approximately
0.12, Ɣ is 0.12 and the average ßref¼ 0.0045�C�1 for crystalline sil-
icon modules, according to previous studies (Assoa et al., 2007;
Notton et al., 2005).
2.4. Evaluation indices

The root mean square error (RMSE) and the mean absolute error
(MAE) are used to evaluate the performances of models in the
CMIP5 via data from the ground-measured GEBA database, and the
correlation coefficients (R) and R-square are calculated to analyze
the relationships between global solar radiation, photovoltaic po-
wer and meteorological factors.
RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n �

Xn
i¼1

�
xm;i � xe;i

�2vuut (4)

MAE ¼ 1=n �
Xn
i¼1

�����xm;i � xe;i

����� (5)

R ¼
 Xn

I¼1

�
xm;i � xm

��
xe;i � xe

�!

�
, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

�
xm;i � xm

�2vuut
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

�
xe;i � xe

�2vuut (6)

where n is the number of data points and xm,i and xe,i are i-th and j-
th measured and modeled values, respectively. The units of RMSE
and MAE are W m�2.

Trends in surface solar radiation, aerosols, cloud fraction and
ambient temperature are estimated with Kendall's tau-based slope
estimator (Sen, 1968). The significance of the changes is computed
with the Mann-Kendall test (Kendall, 1948; Mann, 1945). The
Mann-Kendall test is based on the correlation between the ranks of
a time series and their time order, and the test statistic is given by:

S ¼
Xn�1

k¼1

Xn
i¼kþ1

sgn
�
xj � xk

�
(7)

sgn
�
xj � xk

� ¼
8<
:

1
0
�1

if xj � xk >0
f xj � xk ¼ 0
f xj � xk <0

(8)

where xj and xk are values for time series of the j-th and k-th values,
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and j> k.
The variance of S statistic can be calculated by:

VARðSÞ ¼ 1=18

2
4nðn� 1Þð2nþ 5Þ �

Xq
p¼1

tp
�
tp � 1

��
2tp þ 5

�35
(9)

where n is the number of observations and q is the number of
groups of tied ranks, each with tp tied observations.

The significance of trends can be tested by:

Z ¼
8<
:

S� 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VARðSÞ
p
0

Sþ 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VARðSÞ
p

if S<0
if S ¼ 0
if S>0

(10)

where increasing and decreasing trends are presented with posi-
tive and negative Z values, respectively. The trend analysis passed
the significant test of 95%, as the absolute values of Z were larger
than or equal to 1.96.

3. Results and discussion

The optimal model (MIROC5) was selected for detailed analysis
after the comparisons of 36 CMIP5 models. Long-term variations
and distributions of the surface solar radiation and potential
photovoltaic power were analyzed in 1850e2005 and 2006e2100,
respectively. The possible effects of aerosol and cloud on changing
surface solar radiation and PV power were evaluated.

3.1. Evaluation of surface solar radiation in 36 CMIP5 climate
models

The CMIP5 climate model data provide us with a better under-
standing of the past, present and future climate. Data evaluation is
essential before the data are used. Global measurements of surface
solar radiation in the GEBA dataset are used to evaluate the CMIP5
models. Information on GEBA stations can be found in Table A1 in
the Appendix. The correlation coefficients, root mean square error
(RMSE) and mean absolute error (MAE) of surface solar radiation
between the GEBA dataset and the CMIP5 models were calculated.
Multistation mean values of R-square, RMSE and MAE for each
model are shown in Fig. 2. Lower R-square values are observed in
HadGEM2-CC and CMCC-CESM with values of 0.56 and 0.64,
respectively. R-square values in other models are larger than 0.7.
High RMSE and MAE values are observed in HadGEM2-CC, IPSL-
models and CMCC-CESM, in which the RMSE values are on
average larger than 30Wm�2 and the MAE values are on average
larger than 25Wm�2. The MIROC5 models, NorESM models and
ACCESS models have better performances with high R-square
values (>0.76) and lower RMSEs (<23Wm�2) and MAEs
(<18Wm�2).

The R-square values, RMSEs and MAEs for 568 stations and 36
models are shown in Fig. 3 to demonstrate how models work at
different sites. Sixty percent (364) of the stations have R-square
values that are greater than 0.8, and 75% (426) of the stations have
R-square values that are greater than 0.7. Approximately 14.7% (84)
of stations yield R-square values that are less than 0.5. Fig. 3 shows
that persistently high R-square values appear at stations 46e80,
120e140, and 160e370. These stations are mainly distributed in
North America, Europe and northern Asia. Unsatisfactory perfor-
mances are observed at stations 1e40, 480e520 and 535e550,
which are mainly distributed in Africa and South Asia. Poor
conditions and inexperienced acquisition of ground measurements
in those areas may lead to inferior data measurement quality; high
emissions may also influence the accuracy of climate models.

For a more specific analysis, statistical errors between the
modeled and measured global solar radiation at 12 globally
selected stations are presented in Fig. 4. The locations of the 12
stations are shown in Fig. 1. High statistical errors and the lowest R
values are observed in the HadGEM2-CC and IPSL-models at all 12
stations. Except for the green round dot (which represents model
HadGEM2-CC), high correlation coefficients and low error values
are observed in the other 35 models at stations 459, 1102, 1208,
1229, 1286 and 2401. As shown in Fig. 1, the MIROC5, NorESM- and
ACCESS- models are better at simulating surface solar radiation
than the other models. With respect to the spatial resolutions of the
above models (in Table 1), the MIROC 5 model has the finest spatial
resolution (256� 128) and is optimal for further analysis.

3.2. Historical characteristics of surface solar radiation

The global annual mean anomaly surface solar radiation (RSDS)
in 36 CMIP5 climate models is shown in Fig. 5. The anomaly values
are yearly mean values minus multiyear average values. Long-term
anomaly values provide an opportunity to investigate long-term
changes. A long-term decrease in global solar radiation is
observed from 1850 to 2005. It decreases by 0.014Wm�2 year�1,
which is statistically significant at the 99% confidence interval.
There are several sharp decreases in past centuries, including de-
creases in 1858, 1885, and 1903. In this study, we mainly focus on
changes in surface solar radiation after 1950. The global mean
surface solar radiation decreases by 0.024Wm�2 year�1 from 1951
to 2005; it also shows decreasing trends during 1995e1992 and
1993e2005 with values of �0.028Wm�2 year�1 and -0.17Wm�2

year�1, respectively. The trends of global mean RSDS, TAS, AOD and
CLT for each model and in the three time periods are analyzed in
Table 2. The spatial distribution of trends in the three time periods
in the MIROC 5 models are shown in Fig. 6a (1850e2005), 6b
(1951e1992), and 6c (1993e2005).

In Table 2, significant decreases in RSDS in 1850e2005 and
1951e1992 are observed in 36 models. Increasing AOD is observed
in all of the data in the available models. During 1993e2005, most
models show increasing trends in surface solar radiation, but 9
models continue to decrease. The trends of AOD are not well co-
ordinated with the RSDS in all models. The CLT shows some clear
relationships with changes in the RSDS in this period. A distinc-
tively increasing surface temperature is detected in all of the
models. The reduction of global surface solar radiation from 1850 to
1992 is accepted by all models, and inversely increasing trends are
detected in most models after 1993. The AOD and CLT are possible
driving factors for these increasing trends. As explained in section
3.1, the MIROC5 model is the optimal choice for detailed analysis.
The spatial characteristics of the RSDS, TAS, AOD and CLT in the
MIROC5 model for different time periods are shown in Fig. 6 a, b,
and c.

Decreasing trends in surface solar radiation are detected in most
continental areas (Fig. 6a), especially in East Europe, East and
Southeast Asia and Central Africa. Surface solar radiation decreases
by more than 0.15Wm�2 year�1 during 1850e2005. Global in-
creases in TAS, AOD and CLT are observed over 156 years. Signifi-
cantly increasing AOD and CLT and decreasing TAS are detected in
Eastern Europe, East and Southeast Asia and Central Africa. During
one of the shorter periods (1951e1992) (Fig. 6b), decreasing surface
solar radiation is a trend seen worldwide. Major reductions are
observed in East and Southeast Asia, Central Africa and Central
America, where trend values are larger than 0.40Wm�2 year�1. The
reduction of global solar radiation before the 1990s is consistent



Fig. 2. Comparison of 36 CMIP5 climate models by evaluating the R-square and statistical errors of modeled and measured surface solar radiation (CMIP5 vs GEBA).

Fig. 3. Statistical errors of surface solar radiation between CMIP5 and GEBA in 568 stations.
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with the “dimming” phenomenon showed in previous studies.
Stanhill and Cohen (2001) found a global reduction of surface solar
radiation from 1958 to 1992 with numerous thermopile
pyranometers that were placed in land-based areas; they
concluded that the reduction of surface solar radiation globally
averaged 0.51Wm�2 year �1, and that man-made aerosols and



Fig. 4. Statistical evaluation of surface solar radiation between CMIP5 and GEBA in 12 selected stations.
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Fig. 5. Global annual mean anomaly surface solar radiation (RSDS) in CMIP5 models during 1850e2005.

Table 2
Trends of surface downward shortwave radiation (RSDS), ambient temperature (TAS), aerosol optical thickness at 550 nm (AOD) and total cloud fraction (CLT) in 36 CMIP5
models for different periods.

Models 1850e2005 1951e1992 1993e2005

RSDS TAS AOD CLT RSDS TAS AOD CLT RSDS TAS AOD CLT

ACCESS1-0 ¡1.89 0.37 0.014 0.15 ¡4.52 1.73 0.032 �0.23 �2.06 4.73 0.006 2.9
ACCESS1-3 ¡1.73 0.33 0.013 �0.02 ¡3.48 0.66 0.028 �0.3 �0.44 4.31 0.008 1.67
CCSM4 ¡1.41 0.79 e 0.47 ¡3.17 1.74 e 1.39 �1.63 6.92 e 0.53
CMCC-CESM ¡1.55 0.15 e �0.02 ¡2.29 0.64 e �0.45 0.07 0.47 e �0.76
CMCC-CMS ¡1.35 0.16 e ¡0.22 ¡1.72 0.78 e �0.6 1.19 0.86 e �0.31
CMCC-CM ¡1.53 0.38 e ¡0.15 ¡1.89 0.63 e �0.3 ¡7.28 2.98 e 0.33
CNRM-CM5-2 ¡2.47 0.48 e e ¡5.88 1.26 e e �1.36 1.35 e e

CNRM-CM5 ¡2.43 0.57 e ¡0.47 ¡4.59 0.75 e �0.96 1.83 7.12 e �0.22
CSIRO-Mk3-6-0 ¡2.12 0.48 0.043 ¡0.19 ¡4.96 �0.39 0.101 �0.48 2.22 5.11 ¡0.058 �1.01
CSIRO-Mk3L-1-2 ¡0.33 0.44 e ¡0.16 �1.07 0.71 e �0.12 2.62 2.5 e �1.31
CanCM4 ¡1.46 2.44 e e ¡2.84 0 e e 1.47 7.19 e e

CanESM2 ¡1.4 0.41 e ¡0.16 ¡3.34 1.03 e ¡0.51 4.53 6.12 e �1.83
FGOALS-s2 ¡2.72 1.15 e 0.48 ¡5.17 2.3 e 0.89 �4.4 6.92 e 2.85
GISS-E2-H-CC ¡2.53 1.01 e 0.39 ¡5.1 1.41 e 0.92 4.96 5.1 e 0.17
GISS-E2-H ¡1.94 0.9 0.041 ¡0.28 ¡4.2 1.12 0.121 ¡0.94 0.23 6.27 ¡0.046 �0.46
GISS-E2-R-CC ¡2.15 0.65 e 0.49 ¡4.66 0.73 e 1.13 3.94 4.49 e �1.87
GISS-E2-R ¡0.73 0.88 0.042 ¡0.22 ¡1.32 1.6 0.124 ¡0.73 4 3.06 �0.042 2.01
HadCM3 ¡1.06 0.56 e ¡0.18 ¡2.24 0.57 e �0.26 1.67 9.65 e �0.93
HadGEM2-AO ¡1.68 0.48 e �0.02 ¡3.28 0.52 e �0.36 2.15 6.71 e �1.93
HadGEM2-CC ¡1.45 0.18 0.017 �0.03 ¡2.15 0.25 0.015 �0.33 2.52 2.4 0.068 2.82
HadGEM2-ES ¡1.63 0.46 0.019 �0.05 ¡3.12 0.57 0.001 �0.59 �1.99 4.54 0.043 4.54
IPSL-CM5A-LR ¡0.73 0.74 e ¡0.84 ¡2.21 1.63 e ¡1.49 2.14 7.43 e �5.29
IPSL-CM5A-MR ¡0.57 0.57 0.025 ¡0.81 ¡1.56 1.11 0.059 ¡1.74 8.42 4.43 0.01 ¡5.35
IPSL-CM5B-LR ¡1.16 0.8 e ¡0.76 ¡3.03 1.36 e ¡1.36 2.76 3.24 e ¡2.18
MIROC-ESM-CHEM ¡2.2 0.54 0.017 0.57 ¡4.38 0.98 0.037 0.93 2.19 3.89 0 6.26
MIROC-ESM ¡2.16 0.59 0.018 0.49 ¡3.25 0.5 0.046 �0.18 4.51 5.15 �0.013 3.55
MIROC4h ¡1.04 1.67 0.016 �0.11 ¡1.53 0.76 0.027 ¡0.65 4.51 4.16 �0.003 1.47
MIROC5 ¡1.76 0.56 0.019 0.26 ¡3.42 0.12 0.034 �0.4 4.75 5.7 0.011 0.4
MPI-ESM-LR ¡1.36 0.61 e ¡0.26 ¡2.78 1.59 e ¡0.85 1.25 5 e �0.5
MPI-ESM-MR ¡1.36 0.59 e ¡0.27 ¡1.42 1.48 e ¡0.51 0.03 5 e 0.63
MPI-ESM-P ¡1.2 0.63 e ¡0.35 ¡2.49 1.29 e ¡0.53 6.11 6.65 e �4.63
MRI-CGCM3 ¡1.06 0.31 0.007 0.16 ¡4.44 0.67 0.037 0.4 3.55 4.71 ¡0.15 1.35
MRI-ESM1 ¡1.38 0.47 0.008 0.23 ¡3.74 0.9 0.024 0.55 �3.03 3.85 �0.064 3.04
NorESM1-ME ¡1.33 0.38 0.025 0.04 ¡3.33 1.18 0.074 0.12 �0.04 7.33 ¡0.089 4.52
NorESM1-M ¡1.24 0.39 0.024 �0.03 ¡2.5 1.03 0.073 �0.38 3.31 3.75 ¡0.069 1.06
inmcm4 ¡0.76 0.5 e 0.04 ¡1.59 0.82 e �0.43 1.36 0.36 e 0.37

Note: bold values means statistically significant at 95 confidence interval, “-”means no data. The units of RSDS, TAS, AOD and CLT are %Wm�2 year�1, % K year�1, % year�1 and
%% year�1, respectively.
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Fig.6a. Spatial trends of surface downward shortwave radiation (RSDS), ambient temperature (TAS), aerosol optical thickness at 550 nm (AOD) and total cloud fraction (CLT) in
MIROC5 during 1850e2005 (light blue dot covered area indicate the statistically significant trends at 95 confidence interval).
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other air pollutants were the main possible causes. Liepert (2002)
observed a worldwide reduction of surface solar radiation during
1961e1990, equivalent to a 7Wm�2 decline in 30 years. In Fig. 6b,
slightly decreasing temperatures are observed in Asia, Europe and
the Americas. Highly increased AOD and CLT are observed in
Europe, East Asia and Central America, which explains the decrease
of RSDS in East Asia and Central America. The increasing AOD in
Central Africa is a key indicator of decreasing solar radiation.

After 1993 (Fig. 6c), there is a transition in the trend of global
surface solar radiation from dimming to brightening. Surface solar
radiation increases in most regions, including Europe, North
America, North and East Africa, West and Central Asia, central parts
of East Asia and most of South America. Significant decreases are
found in Southeast Asia, northeastern Asia, and eastern Australia.
AOD trends in Europe and Central Africa begin to decrease after
1992. According to Wild (2014) and Wild et al. (2005), the transi-
tion from decreasing to increasing solar radiation was observed in
Central and Eastern Europe, North America, the former Soviet
Union, Japan, China, Australia and India. These changes in atmo-
spheric transmission were possibly caused by direct and indirect
aerosol effects. However, the surface solar radiation continues to
decrease in Northeast Asia and along its coast, South India and
along its coast, and the central and west coasts of Africa. Continu-
ously increasing AOD and CLT may explain the reduction of surface
solar radiation. The above results are highly consistent with the
study of Gilgen et al. (2009), who demonstrated a shortwave irra-
diance decrease before 1990 and an increase thereafter. These re-
verses are observed in Europe, Japan, China, and North America.
However, decreases in shortwave irradiance at European coasts and
in Central and Northwest China, South India and some parts of
Africa are observed through 2000.
Furthermore, 12 stations are selected according to their spatial

distribution. Stations 891 and 2756 are located in East Asia, stations
1102 and 1082 are in Australia, stations 1229, 1208, 1286 are in
Europe (Spain, Germany and UK), station 459 is in the southeastern
USA, station 319 is in South Africa and stations 194, 2401 and 870
are in the Arabian Peninsula and India (in Fig. 1). The trends of
RSDS, AOD, and CLT in the three periods, which are divided by the
long-termvariations in the global mean RSDS, are shown in Table 3.
The annual mean anomalies of RSDS, AOD and CLT from 1850 to
2005 are presented in Fig. 7a, b, and c.

A long-term decrease in the RSDS was observed at Station 2756
(Northeast China) from 1951 to 2005 with values of �0.22Wm�2

year�1 and -0.56Wm�2 year�1 for 1951e1992 and 1993e2005,
respectively, according to Table 3. In Fig. 7a, decreasing RSDS is
observed in the 1960s to 2000. A persistently significant increase in
AODwas detected after the 1950s, whichmay be attributed to long-
term dimming at these stations. The CLT trends are negative in
Table 3, but we can find a slight increasing trend after the 1960s in
Fig. 7a. Similar trends of solar radiation at a station in Harbin (a city
in Northeast China) have been investigated (Wild et al., 2009).
These investigations supposed that the rebound of anthropogenic
sulfur emissions accompanied by increased cloudiness would be
the main reason for the dimming after 2000. Xia (2010) reported
renewed dimming after 2000 in North China and reasoned that the
decreased atmospheric transparencies after 1991 caused the
renewed dimming. The same trends in surface solar radiation,
cloud fraction, and aerosol optical depth observed at other stations
in northeastern China were also analyzed (Tang et al., 2017; Wang
and Wild, 2016). Similar trends were observed at Station 891



Fig.6b. Spatial trends during 1951e1992.
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(Japan); RSDS decreased from the 1950s to the 1980s and slightly
increased from the end of the 1980s to the 2000s. Increasing AOD
and CLT were detected after 1950. Ohmura (2009) and Norris and
Wild (2009) described the variations in Japan and found an
increasing surface solar radiation between the 1990s and 2000s
after dimming in 1960e1980. The effects of changes in cloud cover
and the direct and indirect effects of aerosols both played impor-
tant roles in changing global solar radiation in Japan. Station 1102
(east coast of Australia) showed an increasing trend of RSDS in
1970e1980 after the dimming that occurred before the 1970s; this
increase was followed by a reduction after 1980. Sharp reductions
of AOD and CLT were detected around the year 1980 at this station;
a similar trend was observed at station 1082. There is no clear
reason for brightening in these years. According to Cohen et al.
(2004), a continuous downward trend for evaporation was
observed in the 1990s to 2002, which may explain the dimming
observed in Australia. Although Wild et al. (2005) suggested an
increase in solar radiation after 1993, the researchers averaged its
variation over the whole of Australia. In Fig. 6c, we can clearly find
decreasing trends in the eastern coastal areas of Australia. The
significant increase in CLTmay be themain reason for this decrease.
Station 319 is located in South Africa, where the RSDS shows a
significant continuing downward trend; here, the AOD and CLT
increased from 1950 to 2005 (Fig. 7a). The same variations were
observed by Ohmura (2009) and Wild et al. (2005). The significant
decreases in global solar radiation in South Africa might be caused
by volcanic dusts produced after major volcanic eruptions, which
was explained by Cohen et al. (2004).

At three stations in Europe (stations 1229, 1208, and 1286),
long-term changes of RSDS were observed in the 1970s for stations
1208 and 1286 and in 1980 for station 1229. Surface solar radiation
decreased from 1950 on and then increased after the 1970s or
1980s. The value increased by 0.24 and 0.08Wm�2 year�1 from
1981 to 2005 at stations 1208 and 1286, respectively. Trends of AOD
and CLT are in contrast with RSDS in this period; they significantly
increased before the 1970s/1980s but decreased thereafter (Fig. 7b).
Alpert et al. (2005) found a decline in solar radiation in Europewith
a slope of�0.27Wm�2 year�1 from 1964 to 1989. Sanchez-Lorenzo
et al. (2015) suggested a mean increase of surface solar radiation of
approximately 0.2Wm�2 year�1 after the 1980s over Europe; they
mentioned that a decrease in the cloud radiative effects rather than
aerosol variations resulted in the increasing solar radiation in
Europe. However, Nabat et al. (2013) determined that the decrease
in sulfate AOD ranged from �0.05 to �0.19 over Europe from 1979
to 2009, and the maximum AOD (0.32) was observed in the 1980s.
The above studies proved that changes in surface solar radiation in
Europe and aerosol effects played important roles. There was a
long-term increase in surface solar radiation before the 1970s at
Station 459 (eastern USA), but a sharp drop was observed in the
1970s-1980s. Liepert and Tegen (2002) investigated the 7Wm�2

decrease in solar radiation from the 1970s to the 1980s in the
eastern USA. As the aerosol forcing is approximately 1e2Wm�2,
the sharp reduction in this period remains unclear. Long et al.
(2009) found widespread brightening in the continental United
States from 1995 to 2007 and explained that changes in cloudiness
and aerosol effects both led to changes in surface solar radiation.

At station 870 (India), an increase in RSDSwas detected from the
1920s to the 1970s, and a decrease was observed after the 1980s. In
Fig. 7c, a continuing increase in AOD was investigated after the
1950s, but a slight reduction in CLT was detected from the 1980s



Fig.6c. Spatial trends during 1993e2005.

Table 3
Selected 12 stations’ trends of surface downward shortwave radiation (RSDS), ambient temperature (TAS), aerosol optical thickness at 550 nm (AOD) and total cloud fraction
(CLT) in MIROC5 for different periods.

Stations 1850e2005 1951e1992 1993e2005

RSDS TAS AOD CLT RSDS TAS AOD CLT RSDS TAS AOD CLT

194 ¡3.17 0.60 0.02 0.47 ¡12.08 �0.15 �0.02 0.10 �51.25 11.56 2.08 2.10
319 ¡9.96 0.39 0.10 0.36 ¡34.98 0.44 0.33 0.97 17.61 6.36 0.17 �7.91
459 6.44 0.45 ¡0.07 �0.37 �2.75 0.03 0.04 �2.22 17.53 4.38 ¡0.23 �1.06
870 1.93 0.43 0.02 ¡1.46 �2.84 0.16 0.05 �2.70 �20.87 3.13 0.26 5.09
891 ¡9.25 0.01 0.08 1.04 ¡19.37 �0.58 0.23 �0.13 �44.21 6.43 0.28 19.52
1082 ¡3.61 0.42 0.00 1.99 �13.34 0.66 0.03 7.43 �27.51 �0.51 �0.05 0.61
1102 ¡2.75 0.54 0.01 0.68 �12.19 0.30 0.04 6.04 �15.02 2.81 0.00 �9.78
1208 ¡12.37 �0.24 0.39 1.54 �14.60 0.13 0.16 3.95 104.79 11.65 ¡2.75 �26.00
1229 ¡7.67 0.12 0.08 0.40 ¡18.67 �0.98 0.28 2.57 13.19 3.96 ¡0.28 �2.26
1286 ¡5.49 0.22 0.16 1.10 �8.42 �0.19 0.03 4.14 4.75 10.29 ¡1.20 18.80
2401 ¡3.27 0.45 0.04 0.22 ¡12.77 0.08 0.05 3.06 27.16 11.80 0.95 �18.50
2756 ¡7.45 �0.11 0.10 0.75 ¡22.04 �1.36 0.34 �0.31 �56.35 �0.92 0.64 �8.33

Note: bold values means statistically significant at 95 confidence interval. The units of RSDS, TAS, AOD and CLT are % W m�2 year�1, % K year�1, % year�1 and %% year�1,
respectively.
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until the end of the 1990s. The increasing anthropogenic aerosols
may be a key explanation for the dimming that occurred after the
1980s on the west coast of India. Padma Kumari et al. (2007) and
Padmakumari et al. (2017) proved that for solar dimming in the
1980s-2000s over India, AOD and clouds together contributed to
the trends. Reductions in solar radiation were observed at stations
194 and 2401 after the 1950s. There were some slight increases in
AOD after the 1990s at these two stations, but the long-term trends
were not as significant as at other stations. Cloudiness may
contribute to the dimming observed in the 1960s to the 1990s, but
increasing aerosols are the main driver after the 1990s.
Changes in surface solar radiation show distinct characteristics
in different regions. We divided the studied time periods into
1951e1992 and 1993e2005 according to the global mean surface
solar radiation shown in Table 3 for the 12 stations. However,
changes at the 12 stations shown in Fig. 7a,b,c did not follow the
transition. New dimming trends are observed at stations in
Northeast China, Japan, the south coast of Africa and the east coast
of Australia after the 1990s. A rebound of surface solar radiation in
Europe was detected in the 1980s, which is earlier than the average
global trends (1990s). The RSDS in the eastern United States shows
a sharp drop between the 1970s and 1980s. The direct and indirect



Fig. 7a. Anomaly variations of surface downward shortwave radiation (RSDS), aerosol optical thickness at 550 nm (AOD) and total cloud fraction (CLT) at stations 2756, 891, 1102
and 319.

Fig. 7b. At stations 459, 1229, 1208 and 1286.
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effects of aerosol emissions and cloudiness have been proven to
contribute to variations in surface solar radiation. We would like to
suggest that local and regional studies, rather than studies con-
ducted on a global or continental scale, are better for detecting
long-term changes in solar radiation and determining its distinctive
drivers.
3.3. Changes on potential photovoltaic power

Global potential photovoltaic power (PV) is calculated with
equations (1)e(3) in section 2.3 with the surface solar radiation and
ambient temperature data obtained from future scenarios. As
mentioned in section 2.1, the future change of surface solar



Fig. 7c. At stations 194, 1082, 870 and 2401.

Fig. 8. Global annual mean anomaly potential photovoltaic power (PV) in 36 CMIP5 models in RCP8.5 scenario (2006e2100).
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radiation is likely best represented in the scenario of RCP8.5, and
the calculation and analysis of photovoltaic power use data only
from the RCP8.5 scenario of the CMIP5 models. The global annual
mean anomaly potential photovoltaic power in 2006e2100 is
shown in Fig. 8. An overall decreasing trend is detected in all
models, and the mean PV power of the multi-models decreases by
0.67 kWh m�2 year�1 during this period. Spatially, trends of PV
power, AOD and CLT are shown in Fig. 9. Significant increasing
trends of PV power are found in East Asia, Europe, Central Africa,
the northern part of South America, Central America, and especially
in central and eastern China, where the PV power increases by
approximately 2 kWhm�2 year�1. Meanwhile, North Africa, Central
Asia, Australia, and especially the Tibetan Plateau see decreasing
trends of PV power in 2006e2100. Compared with PV power, we
find that decreasing trends of AOD, which accompany decreasing
CLT, are observed in East Asia, Eastern Europe and the northern part
of South America. Increasing AOD in North Africa (Sahara region)
may explain the decreasing PV power, while the increasing CLTmay



Fig. 9. Trends of potential photovoltaic power (PV), aerosol optical thickness at 550 nm
(AOD) and total cloud fraction (CLT) in MIROC5 in RCP8.5 scenario (2006e2100).

Table 4
Trends of potential photovoltaic power (PV), aerosol optical thickness at 550 nm (AOD) an
in MIROC5 from 2006 to 2100.

Stations Trends of PV Trends of AOD

194 ¡0.90 0.18
319 0.39 ¡0.10
459 0.15 ¡0.03
870 ¡0.76 �0.01
891 0.72 �0.15
1082 ¡0.52 0.00
1102 ¡0.44 ¡0.01
1208 0.45 ¡0.05
1229 0.79 ¡0.03
1286 0.16 ¡0.03
2401 ¡0.71 0.07
2756 0.53 ¡0.29

Note: bold values means statistically significant at 95 confidence interval. The units of P
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contribute to the decrease of PV power in the Tibetan Plateau area.
Crook et al. (2011) predicted that PV output will increase in Europe
and China and decrease in the western USA and Saudi Arabia from
2010 to 2080 according to climate models HadGEM1 and HadCM3,
which are in line with our results in model MIROC5. Wild et al.
(2015b) also found significant decreases in PV output in large
parts of the world, but positive trends are detected in Europe, the
southeastern USA and Southeast China under the RCP8.5 scenario.

Trends in potential PV power, AOD and CLT at 12 stations are
shown in Table 4. A significant increase in PV power is found at
stations 2576 (0.53 kWh m�2 year �1), 891 (0.72 kWh m�2 year �1),
1229 (0.79 kWh m�2 year �1), 1208 (0.45 kWh m�2 year �1), and
391 (0.39 kWhm�2 year �1). Slightly increasing trends are observed
at stations 459 (0.15 kWh m�2 year �1) and 1286 (0.16 kWh m�2

year �1). The long-term AOD and CLT in those stations both show
significant decreasing trends. Decreasing PV power is detected at
stations 194 (�0.90 kWh m�2 year �1), 870 (�0.76 kWh m�2 year
�1), 1082 (�0.52 kWh m�2 year �1), 1102 (�0.44 kWh m�2 year �1)
and 2401 (�0.71 kWh m�2 year �1), which are located in Australia,
thewest coast of India and Saudi Arabia. Increasing AOD detected at
stations 194 (0.18% year �1) and 2401 (0.07% year �1) may
contribute to the decreasing PV power observed at those stations.
In addition, the significant increase in CLT at station 870 (1.56% %
year �1) may explain its decreasing PV power. By analyzing the
correlation coefficients between PV and AOD as well as PV and CLT,
we find that except for stations 194 and 2401, the PV power at other
stations is negatively correlated with CLT. Significant negative
correlation coefficients between PV power and AOD are observed at
stations 194 (�0.55), 319 (�0.63), 459 (�0.40), 891 (�0.64), 1208
(�0.55), 1229 (�0.61), 1286 (�0.35) and 2756 (�0.59). Changes in
AOD at the abovementioned stations may contribute to variations
in surface solar radiation. The increasing PV power at stations 2756,
891 (East Asia), 319 (South Africa), 459 (eastern USA) and 1208,
1229, and 1286 (Europe) may be attributed to both decreasing AOD
and decreasing CLT. Significant increases in AOD cause long-term
decreasing PV power at stations 194 and 2401, and significant in-
creases in CLT affect the PV power changes at station 870. Gaetani
et al. (2014) reported reductions in aerosol emissions from 2000
to 2030 in Europe and North Africa. They found a statistically sig-
nificant reduction of photovoltaic energy, which is contrary to our
results. Therefore, additional information on the trends of PV po-
wer is shown in Figure A1a, b, and c in the Appendix. We believe
that different study periods produce different results. While the
long-term trends of potential PV power are analyzed above, the
two-year spatial distribution of global PV power is presented in
Fig. 10. An analysis of the long-term trends of PV power, shown in
Fig. 9, shows that a slightly bleached red color (representing high
d total cloud fraction (CLT) and correlation coefficients between PV- AOD and PV-CLT

Trends of CLT r of PV-AOD r of PV-CLT

0.23 ¡0.55 ¡0.35
¡4.36 ¡0.63 ¡0.91
¡5.88 ¡0.40 ¡0.86
1.56 0.05 ¡0.72
¡2.82 ¡0.64 ¡0.89
�0.45 0.54 ¡0.88
�2.07 �0.18 ¡0.85
¡6.18 ¡0.55 ¡0.88
¡8.66 ¡0.61 ¡0.92
¡3.14 ¡0.35 ¡0.92
¡2.20 �0.14 ¡0.41
¡2.51 ¡0.59 ¡0.83

V, AOD and CLT are kWh m�2 year�1, % year�1 and %% year�1, respectively.



Fig. 10. Global potential photovoltaic power distribution in 2007 and 2098 in RCP8.5
scenario.
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PV power regions) is observed for North Africa, South Africa, Cen-
tral Asia, the Tibetan Plateau, Australia and the west coast of the
USA from 2007 to 2098. The photovoltaic power in East Asia,
Europe and Central Africa is slightly increased. Jerez et al. (2015)
showed the increases in power installed for PV from 2012 to
2020. Comparing global PV power in Fig. 10 with PV output pro-
vided at https://globalsolaratlas.info/, we find that high potential
photovoltaic power is mainly distributed in North and South Africa,
the Middle East, West India, the Tibetan Plateau, Australia, and the
west coasts of North and South America.

According to Ritchie and Roser (2019), the installed solar
photovoltaic capacity was mainly concentrated in Europe, Eurasia,
North America, the Asian Pacific, South Africa and Australia in 2016.
China, the United States and India are the three countries with the
greatest solar PV consumption. The USA, Germany, China and Japan,
respectively, shared 12.8%, 10.6%, 32.8% and 12.3% of all cumulative
installed photovoltaic power in 2017. The growth rates of installed
PV power were 1271.3%, 325.0%, 102.2%, 82.6% and 78.0% in Brazil,
Turkey, India, Algeria and Pakistan, respectively, in 2017 (BPSRWE,
2018). The above regions and countries coincide with the high
potential photovoltaic power distribution regions shown in Fig. 10,
which informs the rational and efficient utilization of surface solar
radiation on earth. In addition, we recommend better utilization of
solar energy in North Africa, the west coast of South America and
Australia because the highest potential PV power is detected in
these locations.

4. Conclusion

Investigating the long-term variation and spatial distribution of
surface solar radiation and potential photovoltaic power output is
of great importance to the optimal exploitation of solar energy.
Therefore, historical and future variations in and distributions of
global surface solar radiation and photovoltaic power output are
analyzed in this work using the CMIP5 climate models.

The results show that the mean global surface solar radiation of
the multi-models significantly decreased by 0.014Wm�2 year�1 in
1850e2005. After evaluating the surface solar radiation data in the
CMIP5 models with respect to GEBA measurements of global solar
radiation, we chose the MIROC5 model for further analysis. The
global surface solar radiation experienced a significant decrease in
1951e1992 (�3.42Wm�2 year�1) and an increase (4.75Wm�2

year�1) in 1993e2005. Global dimming and global brightening in
these two periods are consistent with the results of other studies
(Wild, 2012, 2014). Major reductions in surface solar radiation in
1951e1992 are observed in East and Southwest Asia, Central Africa
and Central America. Brightening in 1993e2005 was detected in
Europe, North Africa and along the west coast of the USA. In a
regional detailed analysis, stations in Europe and the southeastern
USA experienced the transition from dimming to brightening;
however, at these stations, this transition appeared in the 1980s
instead of the 1990s. Stations in Northeast China, Japan and
Southeast Africa show continuously decreasing trends after 1960.
The maturing energy industry and the use of new forms of energy
in Europe and the USA after the 1980s may be the reasons for the
recovery of surface solar radiation as sulfate aerosols decreased
(Nabat et al., 2013). Increasing aerosols due to industry emissions in
Northeast China may cause a continuous decrease in RSDS, and an
increase in clouds on the east coast of Australia may contribute to a
dimming after the 1990s. The decadal variation in surface solar
radiation is largely attributed to changes in aerosols and clouds.

Future global potential photovoltaic power is estimated with
empirical models based on the RCP8.5 model scenario. Significantly
increasing potential photovoltaic power is detected in East Asia,
Europe, Central Africa and Central America. The largest increase is
observed in central China, where increases are occurring at a rate of
3 kWh m�2 year�1 in 2006e2100. Decreasing aerosols seem to be
the main reason for the increasing PV in East Asia, and the signif-
icant reductions may be the reason for the increasing PV in Europe,
Central Africa and America as well. Significantly decreasing PV
output is observed in North Africa, theMiddle East, Central Asia and
Australia. Increasing aerosols and clouds can explain the decreases
in North Africa and the Tibetan Plateau. High installed solar PV
capacity in the United States, Germany, China and Japan and high
growth rates of installed solar PV capacity in Brazil, Turkey, India,
Algeria and Pakistan (BPSRWE, 2018; Ritchie and Roser, 2019),
which are economically well-developed and rapidly developing
regions, are consistent with the increasing PV trends described in
this work. These trends suggest that the utilization of renewable
energies is highly related to economic levels. In addition to the
abovementioned areas, we recommend better utilization of solar
energy in North Africa, the west coast of South America and
Australia due to their high potential PV power output.

The spatial-temporal variations in surface solar radiation and
photovoltaic power production are analyzed in detail in this study
based on the CMIP5 climate models and the GEBA database. The
results reported in this work help us better understand the spatial
and temporal characteristics of surface solar radiation and predict
changes in and distributions of potential photovoltaic power in the
future. The results provide a valuable reference for the rational and

https://globalsolaratlas.info/
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effective utilization of renewable and sustainable solar energy.
Although the prediction models have been crosschecked with
previous studies, due to the lack of access to ground-measured
photovoltaic power data, the forecasted photovoltaic power data
are not very well validated with reliable measurements and may
produce some bias in the PV power output values. A validated
forecasting model with a photovoltaic power dataset will be pre-
sented in future works.
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Table.A1
Information of 568 stations in GEBA.

No. Station Lat Lon Time series No. Station Lat

1 57 24 32.8 1980e2000 191 1196 54.2
2 61 30.2 31.3 1968e1999 192 1197 52.4
3 69 6.55 5.62 1964e1992 193 1198 51.1
4 72 11.9 �16 1958e1974 194 1199 50.4
5 76 �0.2 20.9 1968e1981 195 1200 55
6 83 �20 28.6 1955e1992 196 1201 54.5
7 87 33.6 �7.7 1970e1994 197 1202 53.7
8 99 �7.4 20.8 1958e1973 198 1203 53.7
9 101 13.6 25.3 1958e1978 199 1204 53.1
10 102 25.5 30.5 1972e1999 200 1205 52.3
11 104 0.53 35.3 1974e1992 201 1206 52.3
12 107 32.6 �17 1957e1972 202 1207 51.8
13 109 �0.5 39.6 1966e1992 203 1208 51.8
14 130 �5.9 22.4 1958e1977 204 1209 51.7
15 134 �27 18.1 1957e1976 205 1210 51.5
16 138 �4.4 15.3 1954e1989 206 1211 51.3
17 141 1.02 35 1966e1992 207 1212 50.7
18 148 �8.8 13.2 1957e1973 208 1213 50.6
19 152 9.55 31.7 1964e1983 209 1214 50.3
20 154 �3.2 40.1 1968e1987 210 1215 50
21 155 3.95 41.9 1967e1992 211 1216 49.8
22 157 �26 32.6 1955e2005 212 1217 49.8
23 165 16.9 �25 1957e1973 213 1218 49.5
24 166 �15 12.2 1958e1973 214 1219 49.5
25 168 �4 39.6 1964e1981 215 1220 49.2
26 174 �1.3 36.8 1957e1992 216 1221 49
27 180 �1.1 35.8 1979e1991 217 1222 48.8
28 194 19.6 37.2 1958e1985 218 1223 48.6
29 204 0.38 6.72 1959e1974 219 1224 48.4
30 208 15.7 32.5 1964e1991 220 1225 48
31 210 36.9 10.4 1964e2000 221 1226 47.8
32 216 30.7 30.7 1972e1986 222 1227 55.7
33 221 �19 47.5 1954e1969 223 1228 43.5
34 230 �3.4 38.6 1973e2003 224 1229 43.4
35 231 14.4 33.5 1957e1991 225 1231 40.5
36 233 �23 17.1 1952e1976 226 1234 39.5
37 305 5.6 �0.2 1954e1979 227 1235 38
38 310 �29 26.3 1953e1976 228 1237 67.4
39 312 �34 18.6 1952e1976 229 1238 60.8
40 313 �30 31 1952e1976 230 1239 60.2
41 316 6.72 �1.6 1964e1984 231 1240 49.8
42 319 ¡25 31 1958e1975 232 1241 49.3
43 320 �26 28.2 1952e1973 233 1242 49.2
44 321 �26 28.4 1957e1976 234 1243 48.8
45 324 4.88 �1.8 1965e1982 235 1245 48.8
46 329 �24 29.5 1953e1968 236 1246 48.7
47 421 49.2 �124 1964e1986 237 1247 48.6
48 425 45.4 �76 1950e1982 238 1248 48.1
49 426 50.7 �127 1968e1977 239 1249 47.8
50 436 50.3 �111 1961e1979 240 1250 47.5
51 437 49.6 �120 1961e1985 241 1251 47.3
for analysis, the Program of Climate Model Diagnosis and Inter-
comparison (PCMDI), the World Climate Research Programme's
(WCRP) Working Group on Coupled Modelling (WGCM) and the
Coupled Model Intercomparison Project (CMIP) and the Institute
for Climate and Atmospheric Sciences at ETH Zurich for providing
the Global Energy Balance Archive (GEBA) database.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jclepro.2019.03.268.

Appendix
Lon Time series No. Station Lat Lon Time series

11.2 1964e1997 381 1684 46.6 7.12 1981e2010
13.1 1937e2006 382 1690 58.5 26.8 1955e1994
13.2 1964e1996 383 2039 45.8 127 1961e2010
12.2 1964e1998 384 2040 43.8 87.6 1959e2010
8.13 1973e1998 385 2041 41.7 123 1961e2010
9.55 1981e1998 386 2042 39.9 116 1957e2010
7.12 1966e1998 387 2043 36.1 104 1959e2003
10.2 1949e2010 388 2044 31.4 121 1991e2010
8.13 1976e1998 389 2045 30.7 104 1961e2003
10.2 1958e2010 390 2046 30.6 114 1961e2010
8.05 1977e1998 391 2047 25 103 1961e2010
6.1 1973e1998 392 2048 23.1 113 1961e2010
8.13 1982e1998 393 2072 �22 114 1987e2006
10.2 1957e1998 394 2073 5.93 116 1989e2007
7.12 1973e1991 395 2077 42.6 9.15 1991e2010
9.15 1979e1998 396 2099 60.4 15.3 1989e2010
7.12 1976e1998 397 2100 57.7 12.2 1988e2008
8.13 1981e1998 398 2101 59.4 13.2 1983e2010
10.2 1981e1998 399 2102 55.7 13.2 1989e2010
7.12 1976e1998 400 2103 58.6 16.3 1989e2010
9.97 1957e2007 401 2104 63.2 14.5 1983e2007
6.67 1958e2007 402 2105 63.8 20.3 1989e2010
8.13 1979e1998 403 2106 56.9 14.7 1983e2010
11.1 1976e1998 404 2107 57.7 18.4 1983e2010
7.12 1981e1998 405 2108 47.3 9.35 1981e2010
11 1981e1998 406 2110 46.8 6.95 1981e2010
9.2 1979e1998 407 2111 46.8 9.15 1988e2010
13.5 1979e1996 408 2112 46.4 6.1 1981e2010
11.7 1961e2010 409 2114 47.6 7.12 1989e2010
7.12 1973e1998 410 2118 46.4 9.15 1981e2010
11.2 1953e2005 411 2134 47.1 2.03 1987e2010
12.3 1965e2001 412 2374 48.5 �105 1995e2010
�3.8 1986e2010 413 2377 34.3 �90 1995e2010
¡5.9 1981e2010 414 2394 40.1 �89 1995e2010
�3.1 1991e2010 415 2401 24.5 54.4 1982e1997
�6.1 1985e2000 416 2411 47.5 9.15 1994e2010
�1 1981e2010 417 2431 62.4 25.4 1991e2010
26.7 1953e2009 418 2450 43.4 �8.1 1995e2010
23.4 1957e2010 419 2471 43.5 5.08 1980e2010
24.4 1957e1991 420 2472 44.6 4.07 1994e2010
3.2 1973e1995 421 2488 56.5 �3.1 1988e2010
4.03 1974e2010 422 2490 50.9 5.08 1978e2010
0 1974e2010 423 2492 56.8 60.6 1964e1995
2.33 1978e1995 424 2493 53.3 50.5 1964e1993
2.02 1971e1995 425 2511 45 7.73 1964e1985
6.1 1967e2010 426 2515 45.8 21.3 1994e2010
7.63 1974e2010 427 2581 50.4 80.3 1965e1991
�1.7 1967e2010 428 2643 45.4 142 1961e2008
3.05 1977e2002 429 2646 43.8 142 1961e2008
0.72 1978e2010 430 2647 44.9 143 1975e2002
5.08 1977e2010 431 2648 44 142 1973e2002

(continued on next page)
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Table.A1 (continued )

No. Station Lat Lon Time series No. Station Lat Lon Time series No. Station Lat Lon Time series

52 438 50.3 �108 1961e1987 242 1252 47.2 �1 1986e2010 432 2649 42.9 143 1961e2008
53 440 43.7 �79 1960e1989 243 1255 46.3 4.07 1969e1995 433 2650 42.8 140 1973e2002
54 443 49.9 �97 1950e1984 244 1256 46.2 �1 1972e1995 434 2651 42.3 141 1973e2002
55 458 46.9 �68 1954e1966 245 1257 45.8 1.02 1968e2010 435 2652 42 143 1973e2002
56 459 32.9 ¡80 1951e1976 246 1258 45.8 3.05 1978e2010 436 2654 40.8 141 1961e2008
57 461 38.8 �92 1951e1976 247 1259 44.8 0 1978e2010 437 2655 40.5 142 1973e2002
58 463 31.8 �106 1952e1976 248 1260 44.6 6.1 1980e2010 438 2656 39.7 141 1961e2008
59 466 32.8 �97 1950e1971 249 1263 44.2 �1 1969e1996 439 2657 38.9 140 1961e2002
60 467 36.8 �120 1953e1976 250 1264 44.1 3.05 1967e2002 440 2658 38.3 140 1961e2007
61 468 48.2 �107 1959e1973 251 1265 44.1 5.05 1968e2000 441 2660 38.3 140 1961e2008
62 470 47.5 �111 1955e1974 252 1266 43.7 7.12 1971e2010 442 2661 37 141 1961e2008
63 471 36.1 �80 1956e1974 253 1267 43.6 3.05 1975e2010 443 2662 37.9 139 1972e2002
64 472 35.3 �76 1952e1974 254 1269 43.4 �0.4 1978e1995 444 2663 36.7 137 1961e2002
65 473 39.7 �86 1952e1965 255 1270 43.2 2.03 1980e1995 445 2664 37.1 138 1961e2007
66 474 30.1 �93 1954e1976 256 1272 42.7 2.87 1980e2010 446 2665 36.6 140 1961e2002
67 477 36.1 �115 1950e1969 257 1274 41.9 8.13 1970e2010 447 2666 36.1 136 1973e2002
68 478 34.7 �92 1953e1974 258 1276 60.1 �1 1952e2010 448 2667 36.4 139 1971e2002
69 479 33.9 �118 1953e1975 259 1278 57.2 �3.1 1984e2010 449 2668 35 137 1961e2008
70 481 42.4 �123 1953e1973 260 1279 57.2 �2 1968e2010 450 2669 35.7 139 1973e2002
71 482 25.8 �80 1952e1961 261 1283 55.3 �3.1 1956e2010 451 2670 35.7 141 1972e2002
72 485 36.1 �87 1965e1979 262 1284 54.7 �6.1 1968e2007 452 2671 34.6 138 1972e2002
73 487 36 �84 1950e1976 263 1285 53.8 �1 1959e1975 453 2673 35.7 140 1961e2008
74 488 35.4 �98 1952e1974 264 1286 53.8 ¡2 1959e1975 454 2675 35.5 135 1961e2008
75 490 33.4 �112 1952e1969 265 1289 52.8 �1.3 1959e1975 455 2676 34.9 132 1961e2002
76 492 44.1 �103 1952e1974 266 1290 52.7 1.02 1984e2000 456 2677 35.3 136 1961e2008
77 494 45.6 �94 1955e1974 267 1293 52.1 �4.1 1957e2010 457 2678 34 131 1961e2008
78 496 29.5 �98 1957e1972 268 1295 52 �0.4 1958e1975 458 2679 34.4 132 1961e2008
79 497 34.9 �120 1950e1974 269 1297 51.7 0 1957e1975 459 2680 34.7 136 1961e2008
80 498 46.5 �84 1954e1974 270 1299 51.5 0 1958e2006 460 2681 34.2 129 1961e2008
81 499 47.5 �122 1952e1976 271 1300 51.5 0 1951e1980 461 2682 33.3 130 1961e2008
82 503 28 �83 1953e1973 272 1301 51.4 0 1965e2000 462 2683 33.2 132 1961e2008
83 850 47.4 8.57 1981e2007 273 1303 50.2 �5.1 1984e2010 463 2684 32.7 130 1961e2008
84 863 22.3 114 1984e2007 274 1304 49.2 �2 1968e1999 464 2685 32.8 131 1961e2008
85 867 23.1 72.6 1964e2005 275 1311 38 23.4 1960e1985 465 2686 31.9 131 1961e2008
86 870 21.8 72.2 1968e1990 276 1317 47.7 16.6 1964e1989 466 2687 33.9 133 1961e2002
87 878 8.48 77 1989e2008 277 1319 47.5 21.4 1964e1985 467 2688 34.3 134 1961e2008
88 879 43.3 146 1961e2007 278 1320 47.4 19.3 1964e2006 468 2689 33.6 134 1961e2008
89 880 43.1 141 1958e2007 279 1322 46.9 19.3 1964e1980 469 2690 28.4 130 1961e2008
90 881 39.7 140 1961e2008 280 1324 46.9 20.5 1980e2006 470 2691 24.8 125 1961e2008
91 882 39.7 142 1961e2007 281 1329 55.4 �7.1 1982e2010 471 2692 25.8 131 1961e2008
92 883 38.3 140 1961e2007 282 1330 54.2 �10 1982e2010 472 2693 44 144 1961e2008
93 884 37.4 137 1972e2007 283 1331 54.2 �7.1 1982e2010 473 2703 35 138 1973e2002
94 885 36.3 138 1973e2005 284 1332 53.4 �6.1 1976e2010 474 2705 34.8 139 1972e2002
95 886 36.1 140 1958e2007 285 1333 53.1 �7.1 1971e2010 475 2706 33.1 140 1971e2002
96 887 35.4 133 1961e2007 286 1334 52.7 �7.1 1969e2009 476 2733 39.5 76 1958e2000
97 888 34.8 136 1967e2007 287 1335 51.9 �10 1964e2010 477 2734 36.4 94.9 1957e2000
98 889 33.6 130 1960e2009 288 1338 64.1 �22 1957e2005 478 2736 29.7 91.1 1961e2000
99 890 33.5 136 1961e2007 289 1339 46.5 11.2 1964e1989 479 2737 34.7 114 1961e2000
100 891 32.7 133 1961e2008 290 1340 46 13.2 1964e1988 480 2739 23.4 117 1961e2000
101 892 31.6 131 1961e2009 291 1341 45.9 7.7 1964e1980 481 2740 22.8 108 1961e2000
102 893 27.1 142 1970e2009 292 1342 45.7 13.8 1969e2001 482 2741 20 110 1961e2000
103 894 26.2 128 1962e2007 293 1343 45.4 9.15 1964e1985 483 2742 26.1 119 1961e2000
104 895 24.3 124 1964e2010 294 1344 45.5 12.3 1964e1989 484 2743 30.2 120 1961e2000
105 896 24.3 154 1970e2010 295 1345 45.2 7.65 1964e1985 485 2744 32 119 1961e2000
106 897 41.7 130 1965e1992 296 1347 44.5 11.2 1964e1989 486 2745 31.9 117 1961e2000
107 898 39 126 1965e1992 297 1348 44.4 8.13 1964e1989 487 2748 26.6 107 1961e2000
108 899 38 126 1965e1992 298 1352 44 8.13 1964e2003 488 2749 25.3 110 1961e2000
109 901 37.8 129 1986e2009 299 1353 43.7 10.4 1964e2003 489 2750 22 101 1961e2000
110 902 37.6 127 1986e2009 300 1358 42.4 14.2 1964e1987 490 2751 34.3 109 1961e2000
111 903 35.1 129 1986e2009 301 1359 42.1 12.2 1964e2010 491 2752 36.7 117 1961e2000
112 904 34.8 126 1986e2009 302 1360 41.8 12.6 1964e2009 492 2753 43.7 112 1957e2000
113 906 49.9 92.1 1964e2009 303 1361 41.5 15.3 1964e2010 493 2754 38.5 106 1961e2000
114 907 49.6 100 1964e2002 304 1364 40.9 9.5 1964e1988 494 2755 37.8 113 1961e2000
115 908 47.9 107 1964e2006 305 1365 40.9 14.2 1964e1989 495 2756 43.9 125 1959e2000
116 909 47.8 96.9 1964e1996 306 1367 40.7 17.3 1964e2005 496 2757 39.1 117 1959e2000
117 910 43.6 104 1966e1998 307 1368 40.6 8.13 1964e1989 497 2758 37.1 79.9 1957e2000
118 912 22.2 114 1964e1988 308 1369 40 15.3 1964e2003 498 2759 42.8 93.5 1961e2000
119 925 73.5 80.4 1938e1988 309 1370 39.3 9.15 1964e1995 499 2760 36.6 102 1959e2000
120 926 71 �179 1964e1994 310 1371 39 17.3 1964e1989 500 2761 50.3 127 1961e2000
121 927 70.6 162 1954e1993 311 1372 38.7 13.2 1964e1997 501 2769 47.7 88.1 1960e2000
122 929 67.6 133 1964e2003 312 1373 38.2 15.3 1964e2001 502 2770 44 81.3 1960e2000
123 930 65.8 88 1964e1995 313 1374 37.9 12.5 1964e1996 503 2771 40.2 94.7 1957e2000
124 931 63.3 143 1964e1987 314 1375 37.1 14.2 1966e1997 504 2772 32.5 80.1 1971e2000
125 932 62.1 130 1964e1987 315 1376 36.8 12 1964e1999 505 2773 31.2 97.2 1961e2000
126 933 60.4 77.9 1964e1989 316 1379 53.1 6.1 1978e2009 506 2774 28.6 116 1961e2000
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Table.A1 (continued )

No. Station Lat Lon Time series No. Station Lat Lon Time series No. Station Lat Lon Time series

127 934 60.3 102 1964e1987 317 1380 52.9 4.07 1978e2010 507 2776 49.2 120 1960e2000
128 935 59.4 143 1964e1982 318 1381 52.1 5.08 1964e2009 508 2778 46.8 130 1961e2000
129 936 56.8 60.6 1964e1989 319 1382 51.5 3.6 1978e2009 509 2779 30.7 111 1961e2000
130 937 54.9 73.4 1964e2008 320 1384 60.4 5.08 1965e2010 510 2780 28.8 105 1984e2000
131 938 53.3 50.5 1964e1989 321 1386 54.2 15.3 1964e2010 511 2781 25 98.5 1961e2000
132 939 53 159 1964e1986 322 1389 52.3 21 1964e2010 512 2782 31.5 105 1978e2000
133 940 52.3 104 1964e1993 323 1391 51.8 20.3 1970e2010 513 2783 29.5 103 1961e2000
134 941 52 113 1964e1991 324 1393 49.3 20 1964e2010 514 2784 31.5 92.1 1961e2000
135 942 50.4 80.3 1964e1988 325 1395 41.8 �6.1 1964e2010 515 2785 33 97 1960e2000
136 943 48.5 135 1964e1986 326 1396 41.1 �8.6 1964e1989 516 2786 35.7 111 1961e2000
137 944 46.9 143 1964e1994 327 1397 40.4 �7.6 1964e1979 517 2787 40.1 113 1961e2000
138 946 46.8 61.7 1964e1979 328 1398 40.2 �8.1 1964e1989 518 2788 36 106 1985e2000
139 947 43.1 132 1964e1993 329 1400 38.7 �9.2 1964e2010 519 2789 39 88.2 1957e2000
140 948 41.3 69.3 1964e1992 330 1402 38.6 �7.1 1964e1989 520 2790 38.6 103 1961e2000
141 1044 43.8 �80 1969e1985 331 1403 37 �7.1 1964e1986 521 2791 25.9 115 1961e2000
142 1049 16.3 �62 1989e2009 332 1404 47.2 27.5 1964e2010 522 2792 42.9 89.2 1960e2000
143 1051 14.6 �61 1987e2007 333 1405 46.8 23.4 1964e2010 523 2802 36.1 114 1961e1990
144 1054 19.3 �99 1967e2006 334 1406 45.8 21.3 1964e1980 524 2804 43.6 122 1976e2000
145 1055 46.8 �56 1973e2009 335 1407 45.5 28.5 1970e2010 525 2805 42.8 129 1960e2000
146 1068 �12 131 1953e2001 336 1408 44.5 26.4 1964e2010 526 2806 41.6 120 1963e2000
147 1070 �16 150 1978e1993 337 1409 44.2 23.4 1988e2007 527 2807 38.9 122 1971e2000
148 1073 �18 128 1969e1986 338 1410 44.2 28.5 1970e2006 528 2812 26.9 100 1961e2000
149 1077 �20 119 1969e1991 339 1412 67.9 20.3 1970e2010 529 2813 23.4 103 1961e2000
150 1082 ¡24 134 1953e2000 340 1413 65.6 22.4 1965e2010 530 2823 32.2 116 1961e2000
151 1102 ¡33 152 1965e1982 341 1414 59.4 18 1922e2010 531 2832 41.8 82.9 1957e1990
152 1106 �34 142 1969e2004 342 1415 64.6 40.5 1964e1995 532 2834 40.7 111 1971e1991
153 1118 �38 141 1969e2005 343 1416 60 30.3 1964e1995 533 2835 39.4 110 1961e1991
154 1120 �38 145 1970e1992 344 1417 55.8 37.6 1964e2010 534 2836 37.5 121 1961e2000
155 1131 �18 177 1966e2008 345 1418 55.7 37.5 1971e1995 535 2837 29.5 104 1973e1990
156 1140 5.3 100 1975e2005 346 1419 54.9 23.4 1964e1993 536 2838 26.9 104 1961e1990
157 1141 3.12 102 1973e2007 347 1420 50.4 30.5 1964e2010 537 2840 30.3 121 1961e1990
158 1142 �21 164 1997e2010 348 1421 46.5 30.6 1964e2010 538 2841 28.2 113 1961e1987
159 1144 �37 175 1970e1989 349 1433 39.7 �32 1964e1981 539 2842 29.9 106 1961e1987
160 1145 �40 175 1965e1991 350 1434 38.7 �27 1964e1989 540 2843 31.2 121 1961e1990
161 1147 �41 175 1965e1991 351 1435 37.8 �26 1964e1985 541 2844 22.6 113 1965e1990
162 1148 �43 173 1965e1991 352 1436 46.1 14.2 1964e1991 542 2845 24.8 114 1961e1990
163 1149 �44 170 1967e1988 353 1438 45.9 16 1964e2004 543 2846 27.7 107 1961e1990
164 1150 �46 168 1965e1991 354 1439 45.8 16 1965e1987 544 2847 30.8 106 1973e1990
165 1153 14.6 121 1964e1996 355 1442 45.5 13.6 1974e1982 545 2848 30.8 108 1961e1990
166 1154 1.37 104 1965e2004 356 1444 44.8 20.3 1964e1991 546 2849 29.6 116 1961e1990
167 1156 19.3 167 1954e1976 357 1445 44.8 17.3 1964e1991 547 2851 32.7 109 1961e1990
168 1159 48.3 16.7 1967e1983 358 1449 43.5 16.4 1964e1979 548 2852 27.3 104 1961e1990
169 1162 48.1 14.6 1964e1984 359 1453 42.1 19.3 1965e1985 549 2854 35.5 117 1964e1990
170 1164 47.8 13.2 1965e1980 360 1456 41.1 21.4 1969e1988 550 2855 40.5 124 1961e1990
171 1165 47.8 13 1957e2003 361 1478 47.6 7.12 1981e2007 551 2867 52 5.65 1938e2006
172 1169 47.3 11.2 1969e1993 362 1479 48.3 16.4 1964e2010 552 3707 51.1 25.9 1994e2010
173 1171 47.1 13 1964e2010 363 1481 50.1 14.4 1986e2010 553 3750 46.9 8.15 1981e2007
174 1172 47 15.3 1964e2010 364 1569 46.8 9.15 1935e1977 554 3751 47 7.13 1981e2007
175 1173 46.7 14.2 1964e2010 365 1570 46.8 9.83 1947e2007 555 3752 45.9 7.12 1981e2007
176 1174 51.2 2.92 1968e1993 366 1572 47.5 8.53 1959e2010 556 3753 46.2 6.11 1981e2010
177 1175 51 3.05 1968e2007 367 1573 47.4 8.13 1969e1995 557 3754 46.6 8.15 1989e2007
178 1176 50.8 4.35 1961e2009 368 1593 47.7 9.15 1977e1993 558 3755 46.7 8.15 1981e2007
179 1179 50 5.4 1968e2007 369 1598 50.7 �1 1958e1975 559 3756 47.1 6.11 1981e2007
180 1181 43.2 27.9 1964e1991 370 1614 38.5 �122 1950e1969 560 3757 46 8.14 1981e2007
181 1182 42.7 23.3 1964e2009 371 1615 42.8 �84 1950e1969 561 3758 47 8.13 1981e2007
182 1183 42.6 23.4 1970e1989 372 1619 41.5 �71 1950e1969 562 3759 47.4 8.52 1981e2007
183 1187 46.8 9.15 1978e2007 373 1623 33.2 �84 1950e1966 563 3760 46.5 9.18 1982e2007
184 1188 46.2 8.13 1939e2010 374 1626 42.4 �77 1950e1969 564 3761 46.2 7.34 1981e2007
185 1189 50.3 15.3 1953e2010 375 1633 34.1 �118 1951e1969 565 3762 47.4 9.4 1981e2007
186 1190 49.8 18.2 1986e2010 376 1643 34 �117 1950e1969 566 3783 56.5 �3.1 1987e2007
187 1191 49.1 20.1 1973e1991 377 1653 40.8 �78 1950e1969 567 3811 �32 116 1975e1993
188 1192 49.1 13.2 1986e2010 378 1659 60.3 24.4 1971e2010 568 3816 21.5 40.6 1975e1990
189 1193 48.9 16.3 1986e2010 379 1661 62.4 25.4 1958e1980
190 1195 48.2 17.3 1964e2010 380 1662 69.8 27 1972e2010
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Fig. A1a. Anomaly variations of potential photovoltaic power (PV), aerosol optical thickness at 550 nm (AOD) and total cloud fraction (CLT) at stations 2756, 891, 1102 and 319.
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Fig. A1b. At stations 459, 1229, 1208 and 1286.



Fig. A1c. At stations 194, 1082, 870 and 2401.
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