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e variation of solar radiation has a profound e�ect on the surface energy balance and hydrological cycle. Although the re-
lationship between solar radiation variation and its in�uencing factors has been extensively studied, they are seldom used in
Xinjiang, the largest province in China. In this study, we investigated the spatial distribution and temporal variation in global
radiation (Eg), water vapor content (WVC), aerosol optical depth (AOD), total cloud cover (TCC), and low-level cloud cover
(LCC) in Xinjiang, northwestern China, between 1961 and 2015. e annual average Eg reported at all stations was
5126.3–6252.8MJ·m− 2 with a mean of 5672MJ·m− 2. e highest annual mean Eg of 6252.8MJ·m− 2 occurred in Hami, eastern
Xinjiang, whereas the lowest annual mean Eg of 5126.3MJ·m− 2 occurred in Urumqi, northern Xinjiang. e annual Eg variation
was mainly a�ected by WVC, AOD, TCC, and LCC. Decreases in annual, spring, summer, autumn, and winter Eg trends were
recorded in Xinjiang at rates of − 33.88×10− 2, − 1.92×10− 2, − 1.89×10− 2, − 3.47×10− 2, and − 3.56×10− 2MJ·m− 2·decade− 1, re-
spectively, with decreasing ratios of 9.43%, 5.85%, 0.14%, 8%, and 20.55%, respectively. Increasing trends in annual WVC, AOD,
TCC, and LCC were noted in Xinjiang at rates of 7.12×10− 5mm·decade− 1, 2.74×10− 6 decade− 1, 8.77×10− 5 % decade− 1, and
5.73×10− 5% decade− 1, respectively. In addition, increasing trends in the annual Eg at Yining and Yanqi stations were observed.
e Eg spatial distribution was complex in Xinjiang at the stations observed in this study, which were divided into six groups. Eg at
group 1 showed an increasing trend associated with decreases in the WVC and TCC, whereas decreases in Eg were observed at
groups 2–6, which could have been in�uenced by increases in AOD, TCC, and LCC.

1. Introduction

Global solar radiation is the main energy source at the
Earth’s surface and is the basis for all life worldwide.
Moreover, it is an important factor in determining regional
climates. Both the number of sunshine hours and the
amount of global solar radiation are important physical
quantities for assessing radiation conditions. Various studies
analyzing global solar radiation have shown decreases in
radiation in most parts of the world from the 1950s to the
1990s [1–5]. In addition, many studies have reported vari-
ation in the solar radiation in China. Liang et al. [6] found

that global solar radiation and direct radiation exhibited
decreasing trends from 1961 to 2000, and Yang et al. [7]
reported that the global solar radiation decreased by ∼8%
between 1961 and 2002. Streets et al. [8] found a decrease of
2.7–5.7W·m− 2·decade− 1 in the global solar radiation during
1960–2000, whereas Che et al. [9] reported a decrease of
4.5W·m− 2·decade− 1 during the same period based on data
obtained from 64 sites. Moreover, Qian et al. [10] reported a
decrease in the global solar radiation of 3.1W·m− 2·decade− 1
from 1955 to 2000 based on data obtained from 85 sites; Shi
et al. [11] found a more pronounced decrease of 4.6% dec-
ade− 1 between 1961 and 1989; and Zou et al. [12] reported
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that a decrease in global solar radiation occurred at a rate of
− 2.11× 10− 3MJ·m− 2·decade− 1 in Hunan province during
1980–2013. ,e radiation tended to exhibit a more gradual
decreasing trend in the northern, northeastern, and
southwestern areas than in other areas of China [13]. In
addition, Chen et al. [14] reported that the global solar
radiation decreased − 0.38MJ·m− 2·day− 1 10 years− 1 in Xin-
jiang from 1961 to 2000.

Many factors, such as dimensions of cloud coverage,
altitude, and the presence of aerosols, affect the ability of
global solar radiation to reach the Earth’s surface. Li et al.
[15] estimated the global solar radiation at 116 stations and
reported that the main factors affecting the global solar
radiation at the Qinghai-Tibet Plateau were local cloud
coverage and altitude. He et al. [16] reported that global solar
radiation in the hinterland of the Taklimakan Desert was
significantly weakened by cloud coverage, cloud shape, and
very fine sand particles. It has been suggested that this
decreasing trend in global radiation (Eg) was caused by an
increase in suspended particles. ,e global solar radiation
reaching the Earth’s surface has significantly decreased
during the past 50 years by 0.51± 0.05W·m− 2·year− 1, which
is equivalent to a decrease of 2.7% per decade. ,is is at-
tributed mainly to increases in aerosols and other pollutants,
which changed the optical properties of the atmosphere [4].
Wild [17] suggested that the major modulator in China
during the first half of the global solar radiation trend during
1971–1989 was aerosols, whereas that during the second half
during 1990–2002 was cloud cover reduction. ,e question
of which modulator had the highest contribution to changes
in global solar radiation remains unclear based on previous
research because the relative importance of aerosols, clouds,
and aerosol-cloud interactions can differ, depending on the
region and pollution level [18].

Observational Eg data are scarce despite the existing
radiation estimation models and satellite remote sensing
data, which provide useful methods for studying regional
radiation as well as Eg.,e estimates of global solar radiation
are based mainly on sunshine hours, water vapor, and at-
mospheric optical properties [19–22]. Inversion of global
solar radiation based on satellite remote sensing can provide
detailed spatial distribution information of the surface en-
ergy in large regions and facilitates assimilation of obser-
vational data from sparse ground sites into large areas [23].
,e use of satellite data to estimate global solar radiation
began in the 1960s and includes statistical and physical
inversion methods [24–26]. Many researchers have since
used the observational data from ground stations and sat-
ellite data to study terrestrial global solar radiation. Such
research includes the spatial and temporal distribution
characteristics of global solar radiation and their influencing
factors [27–29]. ,e scope of previous studies has expanded
from a particular region to national and global levels
[1, 5, 30–32]. In addition, previous research includes the
distribution characteristics of solar radiation in the Xinjiang
region. Zhou et al. [33] studied the global solar radiation in
Xinjiang based on surface observations and data of the
National Aeronautics and Space Administration/Global
Energy and Water Exchanges (NASA/GEWEX) Surface

Radiation Budget (SRB) retrieved from satellites. In their
study, the solar radiation retrieved by the NASA/GEWEX
SRB program was shown to be about 10%–30% greater than
that estimated from observational data.

,e vast territory of Xinjiang includes different terrain
and climatic conditions that strongly affect the radiation; the
influences of latitude and solar altitude are also important.
Previous research on Eg in Xinjiang has paid little attention
to the particular conditions at different sites. ,e factors that
affect the ability of global solar radiation to reach the Earth’s
surface in Xinjiang have been less studied; thus, the rela-
tionship between global solar radiation and its potential
causal factors remains unclear. ,erefore, it is important to
determine the factors affecting global solar radiation in
Xinjiang.

,e main objective of this study was to investigate the
long-term trend of global solar radiation in Xinjiang
province during 1961–2015. ,e global solar radiation and
its main influencing factors during this period for each
station in Xinjiang province were analyzed based on the
spatial differences in the variation of global solar radiation.
Moreover, the global solar radiation and its correlations with
the total cloud cover (TCC), low-level cloud cover (LCC),
water vapor content (WVC), and aerosol optical depth
(AOD) were calculated to determine the influences of
variations in the global solar radiation.

2. Data and Methodology

,e study region is Xinjiang province (73.66 E–96.38 E,
34.42N–49.17N) in northwestern China (Figure 1). Its area
of 1.66×106 km2 accounts for 16.6% of the country’s total
area, which makes Xinjiang the largest province in China.
,is region has complex topography including plateaus;
large mountains; sediment basins including the Tarim,
Junggar, and Turpan basins; the Gobi desert; and oases. ,e
complex landform of “three mountains and two basins,”
including the Altai, Tianshan, and Kunlun mountains and
Junggar and Tarim basins, has formed a complex and diverse
climate in Xinjiang [34]. ,e typical arid climate of the
region is associated with these landscape characteristics. In
particular, the region has considerable water and soil
photothermal resources as well as long days. ,e accumu-
lated temperature, temperature differences between day and
night, frost-free periods, and annual solar radiation are all
high and second only to those in Tibet.,erefore, Xinjiang is
rich in solar thermal resources. In addition, the region has
abundant sunshine and heat as well as low precipitation with
uneven spatial and temporal distributions [35, 36].

,e hourly and daily surface meteorological data
recorded at 11 stations in Xinjiang province including Altai,
Tacheng, Yining, Urumqi, Turpan, Hami, Yanqi, Ruoqiang,
Aksu, Kashgar, and Hetian stations were obtained from the
Xinjiang Meteorological Data Center.

,e data of continuously observed daily Eg; annual mean
Eg; WVC; temperature (T); TCC; LCC; visibility at 00 : 00,
06 : 00, 12 : 00, and 18 : 00 LTC; and number of days with
dust present recorded by the 11 stations in Xinjiang were
retrieved for the period 1961–2015. ,e daily Eg exposure at
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all stations is given in units of megajoules per meter. ,e
monthly average was calculated from the daily data, whereas
the seasonal average was calculated from the monthly
average.

,e annual mean Eg values were 5504.8, 5609.2, 5423.2,
5126.3, 5654.9, 6103.3, 5489.9, 5713.9, 5904.9, 5608.9, and
6252.8MJ·m− 2 at the Altai, Tacheng, Yining, Urumqi, Yanqi,
Ruoqiang, Aksu, Kashgar, Hetian, Turpan, and Hami sta-
tions, respectively. ,e annual mean Eg in Xinjiang ranged
from 5126 to 6253MJ·m− 2, with higher (lower) levels of
radiation recorded in the south and east (north and west).
,e highest value was observed at the Hami station in
eastern Xinjiang, whereas the lowest value was observed at
the Urumqi station.

Prior to 1993, the radiation observation instruments
used at all stations in China were manganin-constantan
thermocouple arrays, which included a Soviet style radi-
ometer with an induction surface coated with ordinary black
paint.,e data of these instruments and had relative error of
10%. Since that time, all stations in China have used a
different type of thermoelectric instrument using copper-

plated continuous coil and an induction surface with re-
flective black paint as a fully automatic telemetry radiometer
giving data with relative error of 0.5% [14].

Operation-related problems, zero drift of the sensor,
measurement error, and varying degrees of missing data
occur in the long-term and continuous radiometer obser-
vations in Xinjiang. ,us, to guarantee consistency, quality
control processes were implemented including zero drift
correction, extreme value checks, consistency checks, and
similarity checks. Moreover, the uniformity of radiation data
has been examined, and the outliers, such as missing values
higher than the astronomical radiation and negative values,
were eliminated [37, 38].

In this study, the TCC, which is the proportion of the sky
covered by clouds, and LCC were determined on a scale of
0–10 oktas. ,e logical extreme check, station-by-station
spatial correlation check, time consistency check, spatial
consistency check, and objective test quality control
methods were applied to analyze the observation Eg data.

In the analysis, the AOD was calculated by the following
equations [39, 40]:

δ(λ) �
3.912

V
− 0.0116 

0.55
λ

 
2− v∗

× H1 e
− z/H1( ) − e

− 5.5/H1( )  + 12.5e
− 5.5/H1( ) + H2e

− 5.5/H1( ) f, (1)

f � e
0.42+0.0046Pw+0.015Vz( )exp − 0.0047V2

Z
/Pw( ), (2)

VZ �
3.912

0.0116 − 0.00099Z + ((3.912/V) − 0.0116)e
− (z/0.886+0.0222V)

 
, (3)

where δ(λ) is the AODvalue, λ (= 0.55μm) is the wavelength,V
is the visibility at sea level, V∗ = − 2, H1=0.886+0.0222V(km),
H2=3.77km, f is the correction coefficient, Pw is the ground
water vapor pressure (hPa), and z is altitude (km). Specifically,

Pw � 0.6107e
(17.33T/(239+T))

× RH, (4)

where T is the surface temperature (°C) and RH is the relative
humidity (%) [41].
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Figure 1: Study area and stations in Xinjiang province.
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3. Results

3.1. Trends of Eg, LCC, TCC, AOD, and WVC and ;eir
Relationships

3.1.1. Variation in Eg. Figures 2 and 3 show the annual and
seasonal trends of Eg, TCC, LCC, WVC, and AOD as well as
their smoothed line based on the robust locally weighted
Lowess regression algorithm.,e annual mean Eg values were
16.83MJ·m− 2·day− 1 in the 1960s, 16.37MJ·m− 2·day− 1 in the
1970s, 15.68MJ·m− 2·day− 1 in the 1980s, 15.54MJ·m− 2·day− 1

in the 1990s, 15.28MJ·m− 2·day− 1 in the 2000s, and
15.35MJ·m− 2·day− 1 in the 2010s. A decreasing trend in the
annual Eg at a rate of − 33.88×10− 2MJ·m− 2 decade− 1 was
observed in Xinjiang province during 1961–2015, showing a
decrease of 9.43% (Table 1). ,e annual mean global solar
radiation decreased in northwestern China during 1961–2005
[42]. ,e annual Eg strongly decreased during 1961–1992 at a
rate of − 0.60MJ·m− 2decade− 1 in Xinjiang; afterward, the
annual Eg weakly decreased during 1993–2015 at a rate of
− 0.22MJ·m− 2decade− 1. ,e seasonal mean Eg values were
1.65, 2.00, 1.18, and 0.78MJ·m− 2·day− 1 in the 1960s and 1.57,
1.91, 1.04, and 0.62MJ·m− 2·day− 1 in the 2010s in spring,
summer, autumn, and winter, respectively. As shown in
Table 2, the annual Eg values decreased in spring, summer,
autumn, and winter at rates of − 1.92×10− 2, − 1.89×10− 2,
− 3.47×10− 2, and − 3.56×10− 2MJ·m− 2decade− 1, respectively,
representing decreases of 5.85%, 0.14%, 8%, and 20.55%,
respectively.

3.1.2. Relationship between Eg and LCC. ,e annual mean
LCC values were 5.7%, 4.7%, 5.4%, 8.9%, 12.6%, and 14.9%
in the 1960s, 1970s, 1980s, 1990s, 2000s, and 2010s, re-
spectively. An increasing trend in the annual LCC at a rate of
5.73×10− 5% decade− 1 was observed during 1961–2015 in
Xinjiang province (Table 1). Further analysis revealed that
the annual LCC decreased during 1961–1990 at a rate of
− 3.73×10− 4% decade− 1; afterward, the LCC increased
during 1991–2015 at a rate of 8.84×10− 3% decade− 1. ,e
seasonal mean LCC values were 1.31× 10− 2, 3.33×10− 2,
1.06×10− 2, and 0.68×10− 2% day− 1 the 1960s and
3.83×10− 2, 5.96×10− 2, 3.62×10− 2, and 3.12×10− 2% day− 1

in the 2010s for spring, summer, autumn, and winter, re-
spectively. ,e annual LCC increased in spring, summer,
autumn, and winter at rates of 5.95×10− 4, 6.22×10− 4,
5.64×10− 4, and 5.12×10− 4% decade− 1 (Table 1). Significant
negative correlations were noted between Eg and TCC, with
correlation coefficients of − 0.226 for the annual period and
− 0.311, − 0.386, − 0.259, and − 0.372 for spring, summer,
autumn, and winter, respectively. ,is indicates that dim-
ming in Xinjiang province was likely caused by increases in
the TCC during 1961–2015, particularly in spring, summer,
and winter.

3.1.3. Relationship between Eg and TCC. ,e annual mean
TCC values were 45.9%, 46.1%, 46.4%, 45.3%, 46.0%, and
49.2% in the 1960s, 1970s, 1980s, 1990s, 2000s, and 2010s,
respectively. Moreover, increasing trends for the annual

TCC were observed in Xinjiang province during 1961–2015
at a rate of 8.77×10− 5% decade− 1 (Table 1). ,e seasonal
mean TCC values were 1.57×10− 1, 1.35×10− 1, 1.04×10− 1,
and 1.24×10− 1% day− 1 in the 1960s and 1.52×10− 1,
1.48×10− 1, 1.16×10− 1, and 1.38×10− 1% day− 1 in the 2010s
for spring, summer, autumn, and winter, respectively. ,e
annual TCC increased in summer, autumn, and winter at
rates of 1.12×10− 4, 1.64×10− 4, and 1.67×10− 4% decade− 1,
respectively, but decreased in spring at a rate of
− 2.11× 10− 4% decade− 1 (Table 1).

Negative (positive) trends of Eg (LCC) were observed for
the annual period and all seasons (Figure 2). As shown in
Table 1, significant negative correlations were noted between
Eg and LCC, with correlation coefficients of − 0.612 for the
annual period and − 0.333, − 0.194, − 0.754, and − 0.646 for
spring, summer, autumn, and winter, respectively. ,is
indicates that dimming in Xinjiang province was likely
caused by increase in the LCC during 1991–2015, particu-
larly in autumn and winter.

3.1.4. Relationship between Eg and AOD. ,e annual mean
AOD values were 0.87, 0.92, 0.77, 0.68, 0.87, and 1.01 in the
1960s, 1970s, 1980s, 1990s, 2000s, and 2010s, respectively.
,e annual mean AOD showed an increasing volatility trend
during 1961–2015 at a rate of 2.74×10− 6·decade− 1 (Table 1).
,e seasonal mean TCC values were 1.57×10− 1, 1.35×10− 1,
1.04×10− 1, and 1.24×10− 1%·day− 1 in the 1960s and
1.52×10− 1, 1.48×10− 1, 1.16×10− 1, and 1.38×10− 1% day− 1 in
the 2010s for spring, summer, autumn, and winter, re-
spectively. ,e annual TCC increased in summer, autumn,
and winter at rates of 1.12×10− 4, 1.64×10− 4, and
1.67×10− 4% decade− 1, respectively, but decreased in spring
at a rate of − 2.11× 10− 4%·decade− 1 (Table 1).

3.2. Trends of Eg, TCC, LCC, AOD, andWVC at Each Station.
Figure 4 shows the distributions of the Eg, TCC, LCC, AOD,
and WVC trends at each station. ,e Eg at nine stations
showed decreasing trends, whereas the Yining and Yanqi
stations showed increasing trends distributed mainly in the
central area of Xinjiang (Figure 4(a)). Of the eleven stations,
seven showed decreasing trends in the WVC (Figure 4(b)),
and four showed decreasing trends in the AOD (Figure 4(c)).
,e Yining and Hami stations showed decreasing trends in
the LCC (Figure 4(d)), whereas the Yining, Yanqi, and
Urumqi stations showed decreasing trends in the TCC
(Figure 4(e)).

Further analysis revealed that the Aksu, Kashgar, Hetian,
and Ruoqiang stations and the Altai, Tacheng, and Urumqi
stations located south and north of the Tianshan Mountains,
respectively, showed decreases in the Eg and increases in the
TCC and LCC (Figures 4(a), 4(d), and 4(e)). ,e Yining and
Yanqi stations showed an increasing trend in Eg and de-
creasing trends in the WVC and LCC.

Table 2 shows the multiyear mean of the Eg for all
stations, which ranged from 14.04 to 17.08MJ·m− 2·decade− 1

at the Urumqi and Hami stations, respectively. ,e multi-
year mean of the WVC ranged from 0.025 to
0.036mm·decade− 1at the Altai and Yining stations,
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respectively, and that of the AOD ranged from 0.0011 to
0.0051·decade− 1 at the Hami and Urumqi stations, respec-
tively. ,e multiyear mean of the TCC ranged from 0.114%
to 0.146% decade− 1 at the Turpan and Altai stations, re-
spectively, and that of the LCC ranged from 0.004% to
0.064% decade− 1 at the Ruoqiang and Tacheng stations,
respectively.

,e decreasing trends of the Eg ranged from − 6.42×10− 1

to − 1.28×10− 1MJ·m− 2·decade− 1 at the Tacheng and Hetian
stations, respectively, whereas its increasing trends were

between 1.14×10− 1MJ·m− 2 decade− 1 at the Yining station
and 1.87×10− 1MJ·m− 2 decade− 1 at the Yanqi station. ,e
highest decreasing trends in theWVC, AOD, TCC, and LCC
were − 33.70×10− 4mm·decade− 1, − 4.11× 10− 4·decade− 1,
− 1.48×10− 3%·decade− 1, and − 3.21× 10− 3%·decade− 1 at the
Aksu, Turpan, Turpan, and Hami stations, respectively. ,e
highest increasing trends were 9.32×10− 4mm·decade− 1,
33.97×10− 4·decade− 1, 17.04×10− 3%·decade− 1, and
15.51× 10− 3%·decade− 1at the Ruoqiang, Urumqi, Aksu, and
Yanqi stations, respectively (Table 2).
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Figure 2: Interannual variations in the anomalies of Eg (black solid lines), TCC (red solid lines), and LCC (blue solid lines) smoothed
(dashed lines) by using the Lowess robust locally weighted regression algorithm. (a) Annual. (b) Spring. (c) Summer. (d) Autumn. (e)
Winter.
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Table 1: Annual and seasonal trends in Eg, WVC, AOD, TCC, and LCC per decade and their correlation coefficients.

ANN MAM JJA SON DJF
Trend
Eg (MJ m− 2) −33.88 × 10−2 −1.92 × 10−2 −1.89 × 10−2 −3.47 × 10−2 −3.56 × 10−2

WVC (mm) 7.12 × 10−5 3.01× 10− 5 6.85×10− 5 5.48 × 10−5 2.74 × 10−5

AOD 2.74×10− 6 − 2.74×10− 5 − 1.92×10− 5 1.37×10− 5 4.66 × 10−5

LCC (%) 5.73×10− 5 5.95 × 10−4 6.22 × 10−4 5.64 × 10−4 5.12 × 10−4

TCC (%) 8.77×10− 5 −2.11 × 10−4 1.12×10− 4 1.64×10− 4 1.67×10− 4
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Figure 3: Interannual variations in anomalies of Eg (black solid lines), WVC (red solid lines), and AOD (blue solid lines) smoothed (dashed
lines) by using the Lowess algorithm. (a) Annual. (b) Spring. (c) Summer. (d) Autumn. (e) Winter.
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Table 1: Continued.

ANN MAM JJA SON DJF
Correlation coefficients
WVC −0.662 − 0.158 −0.478 −0.660 −0.593
AOD − 0.048 0.093 0.252 −0.345 −0.462
LCC −0.612 −0.333 − 0.194 −0.754 −0.646
TCC − 0.226 −0.311 −0.386 − 0.259 −0.372

Note. ANN: annual period; MAM:March through April (spring); JJA: June through August (summer); SON: September through November (autumn); and
DJF:December through January (winter). Bold values indicate trends significant at the 95% level.

Table 2: Annual mean daily values of Eg, WVC, AOD, TCC, and LCC and their long-term trends (A) recorded at each station from 1961 to
2015.

Station Alt E g WVC AOD TCC LCC A (Eg) A (WVC) (AOD) (TCC) (LCC)
Altai 735.1 15.08 0.025 0.0018 0.146 0.029 − 2.13×10− 1 6.85×10− 4 − 0.82×10− 4 0.33×10− 3 2.11 × 10−3

Tacheng 555.0 15.37 0.029 0.0027 0.130 0.064 − 6.42×10− 1 − 11.51× 10− 4 4.66×10− 4 2.22×10− 3 13.78 × 10−3

Yining 663.0 14.86 0.036 0.0023 0.134 0.052 1.14×10− 1 − 11.34×10− 4 5.75×10− 4 − 1.04×10− 3 − 3.01× 10− 3

Urumqi 935.0 14.04 0.027 0.0051 0.126 0.056 − 3.58×10− 1 − 6.30×10− 4 33.97×10− 4 3.97×10− 3 7.90×10− 3

Yanqi 1055.8 15.49 0.032 0.0021 0.117 0.048 1.87×10− 1 − 11.51× 10− 4 16.44×10− 4 − 0.22×10− 3 15.51 × 10−3

Ruoqiang 888.3 16.72 0.026 0.0025 0.119 0.004 − 1.68×10− 1 9.32 × 10−4 1.64×10− 4 0.14×10− 3 0.66 × 10−3

Aksu 1103.8 15.04 0.034 0.0014 0.129 0.039 − 4.31× 10− 1 −33.70 × 10−4 0 17.04×10− 3 15.42 × 10−3

Kashgar 1289.0 15.65 0.031 0.0016 0.138 0.030 − 2.30×10− 1 2.19×10− 4 −1.10 × 10−4 4.47 × 10−3 8.11 × 10−3

Hetian 1374.6 16.16 0.029 0.0024 0.125 0.006 − 1.28×10− 1 0 − 1.10×10− 4 0.16×10− 3 1.15×10− 3

Turpan 34.5 15.37 0.032 0.0037 0.114 0.017 −4.67 × 10−1 − 3.01× 10− 4 −4.11 × 10−4 -1.48×10− 3 1.51 × 10−3

Hami 737.9 17.08 0.026 0.0011 0.120 0.016 − 4.08×10− 1 6.85×10− 4 0 2.88×10− 3 −3.21 × 10−3

Note. ALT: altitude at mean sea level. Bold values indicate trends significant at the 95% level. Units: Eg :MJm− 2·decade− 1; WVC: mm; LCC: %; and TCC: %.
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Figure 4: Continued.
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Six groups were classified in this study according to the
long-term trends of Eg, WVC, AOD, TCC, and LCC. For
Group 1, increases in Eg were observed at the Yining and
Yanqi stations. For Group 2, decreases in Eg and increases in
WVC, AOD, TCC, and LCC were observed at the Ruoqiang
station. For Group 3, decreases in Eg andWVC and increases
in AOD, TCC, and LCC were observed at the Urumqi,
Tacheng, and Aksu stations. For Group 4, decreases in Eg
and AOD and increases in WVC, TCC, and LCC were
observed at the Altai, Kashgar, and Hetian stations. For
Group 5, decreases in Eg and LCC and increases inWVC and
TCC were observed at the Hami station. For Group 6,
decreases in Eg, WVC, AOD, and TCC and increases in the
LCC were observed at the Turpan station. To analyze the
main drivers of Eg variations in Xinjiang, the Yining,
Ruoqiang, Urumqi, Hetian, Hami, and Turpan stations were
chosen from each group as a sample (Figure 5).

Figure 5 and Table 2 show that increasing trends in Eg at
rates of 1.14×10− 1 and 1.87×10− 1MJ·m− 2·decade− 1 were
observed at the Yining and Yanqi stations, respectively. ,e
WVC decreased by − 11.34×10− 4 and
− 11.51× 10− 4mm·decade− 1 at these stations, respectively.
Decreasing trends for the TCC at − 1.04×10− 3mm
and− 0.22×10− 3mm·decade− 1 were also observed at the
Yining and Yanqi stations, respectively. ,erefore, the de-
creases in the WVC and TCC might have caused the Eg
brightening in Group 1.

A decreasing trend for Eg at a rate of − 1.68×10− 1

MJ·m− 2·decade− 1 was observed at the Ruoqiang station in
Group 2. Increasing trends for the WVC, AOD, TCC, and
LCC at rates of 9.32×10− 4mm·decade− 1,
1.64×10− 4·decade− 1, 0.14×10− 3%·decade− 1, and
0.66×10− 3%·decade− 1, respectively, were also observed at
the Ruoqiang station. ,erefore, the increases in the WVC,
AOD, TCC, and LCC might have caused the Eg glooming in
Group 2 (Figure 5 and Table 2).

Decreasing trends for Eg at rates of − 3.58×10− 1,
− 6.42×10− 1, and − 4.31× 10− 1MJ·m− 2·decade− 1 were ob-
served at the Urumqi, Tacheng, and Aksu stations, re-
spectively, in Group 3. Decreasing trends were also observed
for the WVC in Group 3, the highest rate of which
was− 33.70×1− 4% decade− 1. Increasing trends for the AOD,

TCC, and LCC showed the highest rates of
33.97×10− 4·decade− 1, 17.04×10− 3%·decade− 1, and
15.42×10− 3% decade− 1 at the Urumqi, Aksu, and Aksu
stations, respectively. ,erefore, the increases in the AOD,
TCC, and LCC could have caused the Eg glooming in Group
3 (Figure 5 and Table 2).

Decreasing trends for Eg at rates of − 2.13×10− 1,
− 2.30×10− 1, and − 1.28×10− 1MJ·m− 2·decade− 1 were ob-
served at the Altai, Kashgar, and Hetian stations, respec-
tively, in Group 4. A decreasing trend for the AOD was also
observed in Group 4, with the highest rate of
− 1.10×10− 4·decade− 1. Increasing trends for the WVC, TCC,
and LCC at the highest rates of 6.85×10− 4mm·decade− 1,
4.47×10− 3%·decade− 1, and 8.11× 10− 3%·decade− 1 were ob-
served at the Altai, Kashgar, and Kashgar stations, respec-
tively. ,erefore, the increases in the TCC and LCC might
have caused the Eg glooming in Group 4 (Figure 5 and
Table 2).

A decreasing trend for Eg at a rate of
− 4.08×10− 1MJ·m− 2·decade− 1 was observed at the Hami
station in Group 5. A decreasing trend for the LCC was also
found in Group 5 at a rate of − 3.21× 10− 3% decade− 1. In-
creasing trends for the WVC and TCC at rates of
6.85×10− 4mm·decade− 1 and 2.88×10− 3%·decade− 1, re-
spectively, were observed at the Hami station. ,erefore, the
increases in the WVC and TCC might have caused the Eg
glooming in Group 5 (Figure 5 and Table 2).

A decreasing trend for Eg at a rate of
− 4.67×10− 1MJ·m− 2·decade− 1 was observed at the Turpan
station in Group 6. Decreasing trends for WVC, AOD, and
LCC were also found in Group 6 at rates of
− 3.01× 10− 4mm decade− 1, − 4.11× 10− 4·decade− 1, and
− 1.48×10− 3%·decade− 1, respectively. An increasing trend
for the LCC was observed at a rate of 1.51× 10− 3%·decade− 1.
,erefore, the increases in the LCCmight have caused the Eg
glooming in Group 6 (Figure 5 and Table 2).

4. Discussion

Observations have indicated solar radiation dimming in
most parts of the world in the 1950s–1990s, with decreasing
values between − 2.3 and − 5.1Wm− 2·decade− 1 recorded at
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Figure 4: Trend of variability in Xinjiang recorded during 1961–2015. (a) Eg (MJ m− 2 decade− 1); (b) WVC (mm decade− 1); (c) AOD
(decade− 1); (d) LCC (% decade− 1); and (e) TCC (% decade− 1).
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global sites [1, 2, 4]. However, the solar radiation in most
parts of the world brightened during the 1980s–2000s with
an increasing value of 2.2Wm− 2·decade− 1at 352 sites. In the
1990s–2000s, the increasing values were 5.1 and
6.6Wm− 2·decade− 1at 17 and 8 sites, respectively [43–45].

In Asia, the solar radiation trends were − 1 to − 8 and
− 2.9Wm− 2·decade− 1 during 1960–1987 and 1966–1990 in
the former Soviet Union and India at 160 and 10 sites,

respectively [46, 47]. ,e decreasing trend values of solar
radiation were − 3.2 to− 3.8, − 7, and − 4.5 to
− 4.9Wm− 2·decade− 1 during the 1950s–2000s and
1960s–1980s in China at 85 and 84 sites, 84 sites, and 64 and
42 sites, respectively [6, 9, 11, 48]. ,e largest decreasing
trend was − 18Wm− 2·decade− 1 at Hong Kong between 1958
and 1992 at one site [49]. However, increasing trends of solar
radiation were 2.7 and 8.9Wm− 2·decade− 1 in Asia during the
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Figure 5: Interannual variations in anomalies of Eg (black solid lines), WVC (red solid lines), and AOD (blue solid lines) smoothed by the
Lowess algorithm (dashed lines) observed at the (a) Yining, (b) Ruoqiang, (c) Urumqi, (d) Hetian, (e) Hami, and (f) Turpan stations in
Xinjiang.
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1990s–2000s at 84 and 86 sites, respectively [11, 17, 50, 51].
During the 1980s–2000s and 2000–2005, the decreasing
trends were − 8.6 and − 4.2Wm− 2·decade− 1 in India and
China, respectively, at 12 sites [18, 52]. During the
1990s–2000s, the decreasing trends were
7.7–8.9Wm− 2·decade− 1 in Japan [17, 50].

In Europe, the solar radiation trends were − 2.7 and
− 3.1Wm− 2·decade− 1 during the 1950s–1980s and
1970s–1980s at 13 and 75 sites, respectively [53, 54]. ,e
largest decreasing trend was − 8.8Wm− 2·decade− 1 in Israel
during 1954–1994 at two sites [55]. However, increasing
trends of solar radiation at 1.4 and 3.3Wm− 2·decade− 1

during the 1980s–2000s were noted in Europe at 75 and 133
sites, respectively [18, 53].

In the Americas, the solar radiation trends were − 2.6 and
− 6 to− 10Wm− 2·decade− 1 during the 1950s–1990s and
1960s–1990s at 7 sites and 43 and 30 sites, respectively
[2, 56, 57]. However, an increasing trend of
8Wm− 2·decade− 1 occurred during 1995–2007 in the con-
tinental United States [58].

In Africa, the decreasing trends in solar radiation were
− 5.4 to − 13Wm− 2·decade− 1 during the 1960s–1990s at 10
sites and 1 site [59, 60].

In Australia, the trend value of solar radiation was
− 4.8Wm− 2·decade− 1during the 1950s–1990s at four sites in
New Zealand. However, an increasing trend of solar radi-
ation at 0.5Wm− 2·decade− 1 during the 1990–2008 also oc-
curred in New Zealand [61].

In Antarctica and the Arctic regions, decreasing trend
values in solar radiation at − 2.8 and − 3.6Wm− 2·decade− 1

occurred during the 1950s–1990s at 12 and 22 sites, re-
spectively [55, 62]. However, at the South Pole, the in-
creasing trend of solar radiation was 4.1Wm− 2·decade− 1

during the 1990s–2000s [17].
In Xinjiang, the glooming trend in solar radiation was

the same as that in most parts of the world during
1961–2015, with a rate of − 33.88×10− 2MJ·m− 2·decade− 1

(-9.28×10− 4Wm− 2·decade− 1). ,e annual Eg strongly de-
creased during 1961–1992 at a rate of − 0.60MJ·m− 2 decade− 1

(− 1.64×10− 3Wm− 2·decade− 1). Afterward, the annual Eg
weakly decreased during 1993–2015 at a rate of
− 0.22MJ·m− 2·decade− 1 (− 0.60×10− 3Wm− 2·decade− 1). ,at
is, after the 1990s, the variation in solar radiation in Xinjiang
showed a decreasing trend that differed slightly from that in
other parts of the world.

,e WVC, AOD, TCC, and LCC are the main factors
affecting the ability of solar radiation to reach the Earth’s
surface.,e AOD, TCC, and LCC showed increasing trends,
which could have caused the glooming of solar radiation in
Xinjiang. It is interesting to note that 16.74%, 108.8%,
34.24%, and 216.34% increases in theWVC, AOD, TCC, and
LCC decreased Eg by 9.43% between 1961 and 2015. ,e
dimming trend of solar radiation was more obvious in
autumn and winter, with the AOD and LCC in winter
showing strong correlation with the solar radiation at the
95% level (Table 1). ,e causes of Eg changes differed among
the groups. ,e decreasing WVC and TCC might have
caused the Eg brightening at the Yining and Yanqi stations
between 1993 and 2012. Further analysis revealed that 15.6%

(8%) and 6.4% (22%) decreases in WVC and TCC increased
Eg by 3.5% (2.7%) between 1961 and 2015 in Yining (Yanqi).
However, the increases in the AOD, TCC, and LCC might
have caused the Eg glooming at the Ruoqiang, Urumqi,
Tacheng, and Aksu stations, whereas the increases in the
TCC and LCC might have caused that at the Hami and
Turpan stations.

5. Conclusions

Based on the observation data of 11 solar radiation stations
in Xinjiang recorded during 1961–2015, this study analyzed
the characteristics and influencing factors of solar radiation
changes in this region. ,e results are summarized below.

(1) ,e Eg value showed characteristics of interdecadal
variation, with values of 16.83, 16.37, 15.68, 15.54,
15.28, and 15.35MJ·m− 2·day− 1 occurring in the
1960s, 1970s, 1980s, 1990s, 2000s, and 2010s. Eg
showed a downward trend at a rate of
− 33.88×10− 2MJ·m− 2·decade− 1 during 1961–2015,
which represents a decrease of 9.43%.,e trend rates
in spring, summer, autumn, and winter were
− 1.92×10− 2, − 1.89×10− 2, − 3.47×10− 2, and
− 3.56×10− 2MJ·m− 2·decade− 1, respectively.

(2) Increases in the WVC, AOD, LCC, and TCC oc-
curred at rates of 7.12×10− 5mm·decade− 1,
2.74×10− 6 decade− 1, 5.73×10− 5% decade− 1, and
8.77×10− 5% decade− 1, respectively, during
1961–2015. ,e annual variation in Eg was affected
by the WVC, AOD, LCC, and TCC. ,e decrease in
Eg in spring was affected by the WVC and LCC; that
in summer was affected by theWVC, LCC, and TCC;
and that in autumn and winter was affected by the
WVC, AOD, LCC, and TCC.

(3) ,e spatial distribution of Eg in Xinjiang was complex.
Eg at the Yining and Yanqi stations showed an in-
creasing trend, whereas that at other stations showed a
decreasing trend. ,e highest decreasing trend of
− 6.42×10− 1MJ·m− 2·decade− 1 was recorded at the
Tacheng station, whereas the lowest decreasing trend of
− 1.28×10− 1MJ·m− 2·decade− 1 was recorded at the
Hetian station. ,e 11 stations were divided into six
groups, each of which had different impact factors for
the Eg variations. An increase in Eg was observed in
Group 1 in association with decreases in theWVC and
TCC. A decrease in Eg was observed in Group 2, which
might have been influenced by increases in the WVC,
AOD, TCC, and LCC.,eAOD, TCC, and LCCmight
have contributed to a decrease in Eg in Group 3. A
decreasing trend in Eg was observed inGroup 4 (Group
5), which might have been influenced by the WVC,
TCC, and LCC (WVC and TCC). A decreasing trend
in Eg influenced by the LCC was observed in Group 6.
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