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Abstract. Solar radiation is one of the most important factors 1  Introduction

affecting climate and environment, and its long-term varia-

tion is of much concern in climate change studies. In the lightAs the ultimate energy source for the lives on our planet, so-
of the limited number of radiation stations with reliable long- lar radiation incident at the Earth’s surface drives most of the
term time series observations, this paper presents a new evakater, energy, and carbon cycles of the Earth’s system, and
uation of the long-term variation of surface solar radiation it is also a major determinant of the climate conditions of
over China by combining quality-controlled observed dataour habitats (Wild et al., 2009b). Changes in the amount of
and two radiation models. One is the ANN-based (Artificial solar radiation have received prominent attention due to its
Neutral Network) model and the other is a physical model.potential influences on the environmental, societal, and eco-
The two models produce radiation trends comparable to th@omic aspects of people’s living (Pinker et al., 2005). These
observed ones at a few validation stations possessing reliablehanges could be the consequences from either or both natu-
and continuous data. Then, the trend estimate is extended byl and anthropogenic factors such as large amount of emis-
the ANN-based model to all 96 radiation stations and further-sion by volcanic eruption, emission of pollutants from indus-
more extended by the physical model to all 716 China Mete-trial or commercial activities, and climatic change. Measure-
orological Administration (CMA) routine stations. The new ment of solar radiation is of primary importance because it
trend estimate is different from previous ones in two aspectsprovides the most essential information for evaluation of cli-
First, the magnitude of solar radiation over China decreasetnate changes and global warming due to its high sensitivity
by about—0.23 W nT2yr—! between 1961 and 2000, which to the anthropogenic disturbances (Ramanathan et al., 2001).
is greatly less in magnitude than trend slopes estimated in.ong-term variations in the observed records of surface so-
previous studies (ranging ovei0.41~ —0.52WnT2yr~1).  |ar radiation have been widely investigated in many countries
Second, the “From Dimming to Brightening” transition in (Stanhill et al., 1995, 1997, 1998; Abakumova et al., 1996;
China during the late 1980sthe early 1990s was addressed Liepert et al., 1997, 2002; Wild et al., 2009a, 2009b; Gilgen
in previous studies, but this study indicates the solar radiatioret al., 1998, 2009). They found that the intensity of solar ra-
reached a stable level since the 1990s and the transition igiation incident on the Earth’s surface has a decreasing trend
not noticeable. These differences indicate the importance ofabout 6 to 9 W m?2 from the 1960s to the 1990s, i.e. about
data-quality control and analysis approaches. Finally, an 0b5%). This decreasing trend is believed to have a profound
vious transition from brightening to dimming around 1978 is impact on the climate, hydrological cycle, plant photosynthe-
found over the Tibetan Plateau, where aerosol loads are veryis, solar power intensity, and daylighting availability. How-
low, indicating that the importance of cloud changes in alter-ever, Wild et al. (2005) found that the decreasing trend does
ing solar radiation may be comparable to that of the aerosohot persist into the 1990s and they reported that there is a
changes. recovery trend since the late 1980s in most regions of the
world. This result well agrees with satellite observation on
the land surface of the Earth (Pinker et al., 2005). This tran-
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There are also many similar studies which have been don¢he CMA radiation stations. Though CMA has 122 radia-
to investigate the long-term variations of surface solar radi-tion stations, long-term solar radiation observation stations
ation over China. A preliminary study of the solar radiation are sparsely available in the Mainland of China, comparing
data collected at three observation stations in the Yangtzéo the entire China territory and to the number of all CMA
River Delta Region was done by Zhang et al. (2004), androutine weather stations. This situation is particularly true in
a decreasing trend of surface solar radiation was found beWest China. For example, there are only four radiation sta-
tween 1961 and 2000. Che et al. (2005) analyzed the varitions (Lhasa, Shiquanhe, Naqu, and Germu) over the Tibetan
ations in annual mean solar radiation data collected at 64lateau, though its area occupies about one fourth of China.
radiation stations for the period from 1961 to 2000. Liang Second, it is always difficult to obtain a quality-consistent
and Xia (2005) did a similar study only with the data at 42 long-term dataset for this type of studies, due to the retrofit
first-class stations recognized by the CMA. Both studies in-of obsolete instruments, removal of stations, and poor main-
dicated that there is a decreasing trend of solar radiation inenance of the instruments. Therefore, a strict station selec-
China before the 1990s but it does not persist thereafter. Withion is of primary importance for better identifying the trend
the same data of the 42 first class stations, Xia et al. (2006df solar radiation. Third, most of the radiation stations are
divided China into four regions (South China, North China, located in developed urban or suburban areas, and thus, early
Northeast China, and West China) and they found that thereeported decreasing trends may be not able to represent the
are negative trends over all the four regions between 196bnes in vast developing and less polluted areas.
and 2000 while there are positive trends over all the four Therefore, it is not straightforward to quantify the
regions between 1984 and 2000. Furthermore, Averagingadiation trend in China with available radiation data,
over 43 stations in China, Ye et al. (2009) derived the timedue to their discontinuity, quality-inconsistency, and non-
series of annual mean solar radiation anomalies from 196epresentativeness. In order to get rid of their potential im-
to 2007 and identified a trend transition (from dimming to pacts, this study combines quality-controlled data and two
brightening) at 1990. radiation models to estimate the trend of surface solar radi-

However, the quality control process of the radiation dataation over China. First, a quality control scheme is adopted
in the above studies is still primitive or vague. In fact, someto select long-term reliable observation data from 96 radia-
recent study results revealed that systematic errors often odion stations and the selected dataset is applied to derive true
cur in the radiation measurements. Shi et al. (2008) pointedadiation trends at the selected stations. Second, the derived
out that the quality of solar radiation data obtained in Chinaradiation trends are used to verify the capability of the two
is often doubted. For example, there is an obvious abnorradiation models when used to estimate the radiation trend.
mal low solar radiation level presented by the data collectedOne model is the Artificial Neural Network (ANN) -based
from three Tibetan stations (Naqu, Shiquanhe, and Lhasainodel, and the other one is a hybrid model developed in Yang
for the period between 1988 and 1992. More abnormal datat al. (2006). The ANN-based model is trained with reliable
are found in Tang et al. (2010). The trends reported in pretadiation data that are available in recent years and then it
vious studies may have been distorted by erroneous observés used to extend the radiation records to a long period for
tional data. In order to avoid this problem, Shi et al. (2008) each radiation station. This approach extends the trend es-
introduced a quality control scheme in their study. Upon an-timate from a few selected radiation stations to all radiation
alyzing the data obtained by 72 radiation stations betweerstations. Moreover, the hybrid model estimates solar radi-
1961 and 2000, they agreed that a trend transition happeneation from sunshine duration data and other meteorological
in the early 1990s. However, they also pointed out that themeasurements and it works at all CMA stations, making it
transition might be caused by the large scale of retrofit to rapossible to estimate the radiation trend across China.
diation instruments at CMA stations around the early 1990s. The rest of this paper is organized as follows. Dataset and
Moreover, using the corresponding climatological values tomethods used in this study are described in Sect. 2. Section 3
replace erroneous and suspected data in the measured tiregaluates the trends produced by the two radiation models
series is a step in their quality control scheme, which mightagainst the observed one at the stations with continous and
also introduce extra uncertainties into their analysis. Nor-quality-consistent data. In Sect. 4, the spatio-temporal pat-
ris and Wild (2009) used cloud cover data to exclude suspiterns of solar radiation trend over China are given. Section 5
cious data at 23 radiation stations over China, and reachegdresents comparisons with previous estimates and satellite
that surface solar radiation over China decreased by a staestimate. Discussions on uncertainties of the methods are
tistically significant 1.1 W m2yr—1 between 1971 and 1989 presented in Sect. 6 and conclusions are given in Sect. 7.
and increased by a non-significant 0.4 W4yr—1 between
1990 and 2002. However, they also noticed that their re-
sults could not represent the entire country since many ar-
eas lacked solar radiation measurements. There are several
other factors which may contaminate the trend analysis. The
first one is the representative problem with the number of
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Fig. 1. The spatial distribution of 716 CMA stations, among which there are 96 radiation stations denoted by five-pointed star symbols.

2 Dataset and methods are described in Yang et al., 2008). The errors of the two
pyranometers would not exceed 5% as pointed out by Shi et
2.1 Observation data al. (2008). However, these standard calibration procedures

were not strictly conducted at some stations, especially for
Daily meteorological data at 716 CMA routine weather sta-the periods from the late 1960s to the early 1980s and from
tions were released at the CMA Meteorological Information the early 1990s to the middle 1990s (CMA 2005).
Center. The data at each station comprise air temperature, air This problem is also confirmed in Table 1, which shows
pressure, relative humidity, sunshine duration and precipitathe rates of obviously erroneous and suspected data at all 16
tion. Solar radiation was first measured in 1957, and then, itgadiation stations that have continuous time series for the pe-
measurement was gradually conducted at a total of 122 stariod of 1961~ 2006. The obviously erroneous and suspected
tions. However, the measurement at some stations stopped thata are identified by two relaxed physical tests. First, the
the past. Since 1994, there are 96 stations remaining to meaneasured radiation should not exceed the extraterrestrial ra-
sure solar radiation and a new type of radiometer was used atiation (Hp) and not less than the lower bound (OH3 ac-
these stations. Figure 1 shows the geographical distributiomording to Geiger et al., 2002). Second, the measured ra-
of 716 stations. Among them, the 96 radiation stations arediation should not exceed the clear-sky daily radiation too
marked by five-pointed star symbols. much (generally, no more than 10%). The erroneous and sus-

Meanwhile, attention needs to be paid to both availability pected rates for the earlier period (1961993) are clearly

and quality consistency of the radiation data. Among the 96greater than those for the latter period (1992006), indi-
stations, “complete records” (defined as a set of data that coneating larger measurement uncertainties during the earlier
tain at least 20 days records in every month) between 196period. Therefore, the radiation trend cannot rely on the mea-
and 2006 are available only at 16 radiation stations (see Tasurements without cautious data quality check. Another is-
ble 1). In the history of CMA radiation measurement, two sue is severe data discontinuity at some radiation stations (not
different types of the radiometers have been used to meashown), which also limits the application of radiation data in
sure solar radiation before 1994 and afterwards, respectivelyrend analysis.
One is imitated based on those used in the former Soviet In the light of these calibration problems before 1994, the
Union, and the other is the so-called DFY-4 manufactured byradiation data for this period are controlled by a scheme de-
China. These instruments are calibrated by a set of standarscribed in Tang et al. (2010). As a result, spurious data and
procedures based on a time table (The detailed procedurésaccurate measurements in the observations are excluded.
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Table 1. The rates of obviously erroneous and suspected data for two separate time periods 1898land 1994- 2006) at all 16 radiation
stations that contain continuous time series from 1961 to 2006. The numbers in parentheses are the rates of data with obvious positive biase:
The unit of the rate is percentage (%).

Station name  Haerbin Yining Urumchi Tulufan Hetian Mingin Datong Taiyuan

Station code 50953 51431 51463 51573 51828 52681 53487 53772
1961~1993 7.33(5.43) 10.13(7.17) 5.16(2.03) 2.22(2.13) 0.91(0.59) 6.05(5.51) 13.38(12.38) 8.37 (5.89)
1994~2006 1.22(1.05) 6.09(2.44) 2.99(0.13) 0.48(0.46) 0.23 (0) 2.01(1.98) 0.91(0.70)  0.36 (0.17)

Station name  Beijing Zhengzhou  Yichang Gushi Nanjing Hangzhou  Guangzhou Shantou
Station code 54511 57083 57461 58208 58238 58457 59287 59316
1961~1993 10.69(9.26) 4.06 (1.09)  7.46 (0.25) 9.44(3.43) 6.33(1.79) 8.09(0.32) 4.16 (0.23) 1.60 (0.03)
1994~2006 2.42(0.76) 2.61(0.02) 5.42(0.04) 1.25(0.25) 2.89(0) 7.37(0.87) 2.70(0) 0.11 (0)

Table 2. The numbers of the stations for different purposes during different time periods in this study. The numbers in parentheses are for
the comparison of trend estimates between ANN and the hybrid model.

Radiation data sources Number of stations
Total Validation Analysis Comparison with ~ Comparison with
previous estimates  satellite estimates
1979~2006 1961 2006 1961 2000 1984~ 2006
Observation 96 10 - - -
ANN estimate 96 10 —(67) - -
Hybrid estimate 716 10 459 (67) 459 592

After the quality control, there remain only a few stations Considering the possible transition from solar dimming
with “complete records” for a long term, for instance, six sta- to brightening that was suggested in previous studies, we
tions for the years from 1979 to 2006. Therefore, we intro- separated the period into two sub-periods (196989 and
duce the ANN-based model and the hybrid model to extendl990~ 2006) and investigated the trend in each period.
the radiation trend analysis to all stations and longer peri-However, this separation is not applied to two cases. First,
ods, before which the trend estimates are evaluated againgiie validation of the methods (in Sect. 3) hinges on reli-

the ones derived from these six stations. able radiation data, which are available only for the period
of 1979~ 2006. If this period is divided into two periods,
2.2 Data selection for validation, analysis, and the sample size would be too small and thus leads to large
inter-comparison uncertainties. The other case is the trend analysis for the Ti-

) , , betan Plateau (in Sect. 4), where we find a transition of the
Three types of stations and periods were selected for different, jistion trend occurred in 1978 instead of 1989.
purposes. (1) To validate the estimated trends, the selected

radiation stations must contain credible and continuous ob» 3 ANN-based model

servation data. Moreover, the number of selected radiation

stations cannot be too small and the time series cannot be topn ANN employed in the present study is a commercial
short. Therefore, the time period from 1979 to 2006 was Secomputer package (Demuth et al., 2008). It is an informa-
lected for the validation. (2) For trend analysis, time series as;qp, processing system which is often applied to recognize
long as possible is necessary to investigate the possibility Of)atterns, fit a function, and cluster data. Recently, many re-
the trend transition from solar dimming to brightening, and gearchers utilized ANN-based models to estimate surface so-
thus the time period from 1961 to 2006 was selected. (3) Ty radiation (e.g. Tymvios et al., 2006; Mubiru and Banda,
compare with previous estimates, the period from 1961 t050g: jiang, 2009). Their results did show its superior per-

2000, which was adopted in previous studies, was selecteqqmance over the traditional regression methods applying
To compare with the satellite estimate, the period from 1984, |4 diation estimates. In this study, a feed-forward back-

to 2006, which is the Iongt_ast period cpvered by satellite pmd'propagation (BP) neural network is adopted. It consists of
uct, was selected. As different periods are concerned, th

) - 1ed, Ngeyeral layers of neurons that are linked with connections.
numbers of the selected stations are different for the individ-A heuron is a simplified mathematical model like a biologi-

ual purposes, as shown in Table 2. cal neuron, and a connection is the unique link between the
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sending and the receiving neurons for information transportreceived at ground level under clear skies. They are calcu-
The first and last layers of neurons are called input and outpulated through the expressions as shown in the followings:
layers, respectively. Between these layers are one or more

hidden layers. Simply speaking, neurons receive inputs and 1 2
combine them, and then perform operations and output thek» = ﬁ/lofbdf, (6a)
final results. 2 lzl
In the present ANN-based modeling, the input layer has
six parameters including daily air temperature range, pre- 12

cipitation, sunshine duration, daily mean air temperature, airR; =

pressure and relative humidity. The only one hidden layer has 2—h

20 neurons equipped with hyperbolic tangent sigmoid trans-

fer function which can be expressed as: where Iy is the solar irradiance on a horizontal level at the
top of the atmosphere; is the sunrise, and is the sun-

(1) set,7p andzg are the broadband direct radiative transmittance
et et and the diffuse radiative transmittance. They can be approx-

In the last layer, there is only one neuron to produce the outimated by:

put of estimated daily solar radiation and the transfer func-

/ IoFqdt, (6b)

n

et —e ¥

flx)=

tion of this layer is a logistic sigmoid function which can be T~ TozfwTgTrTb, (72)
expressed in the following: T4~ 0.5T 07T Tw(1— TaTr), (7b)

1
fx)= g (2 wherezr, Ta, Toz Tw, andtg are, respectively, solar radiation

transmittance of five damping processes in the atmospheric
All of the ANN works are performed by MATLAB neural  |ayer viz. Rayleigh scattering, aerosol extinction, 0zone ab-

network toolbox. For more detailed theoretical k”0W|edgesorption water vapor absorption, and permanent gases ab-
of ANN, we can refer to Neural Network Toolbox™ 6 User's gqntion. The detailed calculation of these transmittances can

Guide (Demuth et al., 2008). _ be found in Yang et al. (2006).
In this study, quality-controlled observation data between Inputs of the model are daily mean air temperature, rela-

1994 and 2006, which are deemed reliable, are er_nployed tAve humidity, air pressure, sunshine duration,ikmgstrbm
train the ANN-based model at each of the 96 radiation Sta‘turbidity, and the thickness of ozone layer. Tﬁaagstrbm

tions. The dataset collected before 1994 are not used for thiﬁjrbidity is produced by the Global Aerosol Data Set 2.2a
training, because of its quality issue. The trained model iS(GADS) model (Koepke et al., 1997; Hess et al., 1998).
then applied to trace back the daily solar radiation beforerpg thickness of ozone layer is obtained from Total Ozone
1994 at each radiation station. Mapping Spectrometer (TOMS) zonal means provided by
NASA/GSFC Ozone Processing Team (bétp://toms.gsfc.
nasa.gov/ozone/ozong.htmi).

The hybrid model taken in the present study is a physical 'n€ hybrid model was recognized by many researchers
model which was developed by Yang et al. (2001) and therfGueymard, 2003a, b; Paulescu and Schlett, 2004; Madkour
further improved by Yang et al. (2005, 2006). The latest ver-&t &l-, 2006) as one of the best broadband models. It has been
sion of the hybrid model was presented in Yang et al. (2006)2/S0 applied to provide solar radiation input data for hydro-
and used in this study. The model is described by the follow-°9ical modeling in Tang et al. (2007, 2008). In the present

2.4 Hybrid model

ing mathematical equations: study, this hybrid model is applied to expand the radiation
dataset to the 716 CMA stations and then estimate the radia-

Rsw= RswcIr Tc, (3)  tiontrend in China.

Rsw.cir = Rp+ Ry, 4) 2.5 Trend analysis method

7. =0.2505+1.14681/N —0.3974n/N)?, ) In this study, the linear regression is used to determine the

P ) trends of solar radiation for both simplicity and comparabil-
where Rsy, (Wm™) |s_tr21e.all-sky daily-mean surface solar jw with previous trend estimates. In Sect. 5.1, trends ob-
radiation, Rsw.cir (Wm™) is the clear-sky daily-mean sur-  tined with an advanced method (dynamic harmonic regres-
face solar radiation.z. is the transmittance to account for gjgn) will be used to compare with the linear ones and vali-

scattering and absorption that reduce sunshine durati@.  gate the feasibility of the linear regression. The linear regres-
the actual sunshine duration, aNds the maximum possible  gion model can be expressed by

sunshine durationR;, (Wm~2) is the daily-mean direct ra-
diation, andR,; (W m~2) is the daily-mean diffuse radiation y=a-+bx+e, (8)

www.atmos-chem-phys.net/11/393/2011/ Atmos. Chem. Phys., 1148632011
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Table 3. Replacement of the radiation data collecting from four additional radiation stations used for trend validation (see the text).

Station Year Problem Number of Monthly-mean of ~ Monthly-mean of
code month effective daily observation data ~ ANN estimates
data available in (W m?) (Wm=2)
problem month
53614 1987 9 12 191.4 205.3
56959 1995 8 11 175.2 158.4
58208 1990 7 18 249.8 223.2
59287 1983 2 16 64.9 53.1
1983 3 19 84.6 71.7
1990 12 14 106.5 127.4

wherey denotes the time series of surface solar radiation, Figure 2 shows the comparison of the annual mean so-
the time series of years,the residualsg the intercept, and lar irradiance time series during 1972006 among the ob-

b the slope (decreasing or increasing rate). The regressiogserved, the estimated by the ANN-based model, and the es-
parameters: and b are determined by the least-square fit- timated by the hybrid model at the ten validation stations se-

ting. The confidence levels of the trend slope are determinediected above. It can be found that the estimated values by
according to the Studentistest with the following mathe- the ANN-based model are close to the observed ones. The

matical expression: hybrid model also produces similar inter-annual variability
2011/2 though it slightly overestimated the values. The trends de-
t=rl(n=2)/(1=rH]"*, (9 rived from the two models are compared with the observed

. : - ones in Fig. 3. It is shown that the model-derived trends are

wherer is the correlation coefficient between the observed . .

time series and the fitted time series. aris the total number comparable to the observed ones, and their correlation coef-
’ ficients are greater than 0.8p & 0.01). These high correla-

of years. .
The 95% confidence intervals of the trend slope can bet|on values demonstrate that the two models can be used to

given by the range from from-b1.96(SE) to b+ 1.96(SE) estimate surface solar radiation trend.

according to Wigley (2006). SE denotes the standard devia: In order to obtain the rqdlatlon trend; ".’lt more'statlons,'the
. S o two models are then applied to all radiation stations. During
tion of the distribution ob, and the formula for SE is:

the period from 1961 to 2006, only 67 radiation stations have
1 2 1/2 “complete records” of meteorological parameters that are re-
2 - . 4
SE= { -2 : [Z(e )] / [Z ((X —x) )} } ., (10) quired to apply the two models. Figure 4 compares the trends
derived by the two models at the 67 radiation stations during
wherex denotes the mean value of 1961~ 2006. We can find that the trends derived by the two
independent models match each other very well and their cor-
relation coefficient is up to 0.93(< 0.01). Therefore, the

3 Validation of radiation trends in the models hybrid model is believed to be capable of reproducing the

. L trend of surface solar radiation.
In order to use the estimated solar radiation to re-evaluate

the long-term trends, we need to validate the trends of the

estimated against the observed ones. After the quality con4 Trend of surface solar radiation over China

trol, only six stations’ data taken from 1979 to 2006 have

“complete records” and consistent quality. In order to en-Based on the above reasoning, the hybrid model is used to ex-
hance the representation of the validation dataset, other foulend the trend analysis to all CMA stations. Although there
stations, which have “complete records” except for a feware 716 CMA stations, only 459 stations can provide “com-
months (no more than three months from 1979 to 2006), arelete records” for the years from 1961 to 2006. In this sec-
also selected. The monthly-mean values of these months ar#n, discussed are the results at the 459 stations.

replaced by the ANN estimated ones. Details of these re- Figure 5a~ b shows the spatial distributions of the trend
placements are listed in Table 3. The ten selected radiatioslopes in surface solar radiation at the 459 stations with
stations are: Beijing, Geermu, Guangzhou, Gushi, Jinghong;complete records” for the years from 1961 to 1989, and for
Nanjing, Tulufan, Urumchi, Yinchuan, and Zhengzhou. Ra-the years from 1990 to 2006. For the time period between
diation data collected at these stations provide the validatior1 961 and 1989, negative trend slopes are seen at 380 stations
basis. and are statistically significant at 195 of them. The trend

Atmos. Chem. Phys., 11, 39866 2011 www.atmos-chem-phys.net/11/393/2011/



W.-J. Tang et al.: Solar radiation trend across China in recent decades 399

250 T T T T T T 250 T T T T T T
(a) Urumchi —e—Obs e ANN --e--- Hybrid
200 {1 200}
150f
3001980 1985 1990 1995 2000 2005 2501980 1985 1990 1995 2000 2005
R (c) Geermu ——Obs = ANN == Hybrid | (d) Yinchuan —=—Obs -+ ANN -+~ Hybrid
§250 E 200}y
B2 o AT : % v
57200 o
o n L L L L L g 150 L L I 1 n L
S 50,1980 1985 1990 1995 2000 2005 8 1980 1985 1990 1995 2000 2005
'§ (e) Beijing —e—Obs e ANN --e--- Hybrid —5 2501 (f) Jinghong ~ —*—Obs -+ ANN ---e-- Hybrid
.:200‘ oo, . T : 200F o= o -, s .A....o....-"“,! » 4
& [ N s
2150 1 @ 150}
= , . . . . . = . . . . . .
8 50,1980 1985 1990 1995 2000 2005 g 1980 1985 1990 1995 2000 2005
= (g) Zhengzhou ——Obs =+~ ANN ~e=Hybrid | 5200 (h)Gushi ~ ——Obs ===~ ANN -+ Hybrid
2200F {12
= . & 1507
150F SN
v
L 1 1 L L " 1 ]00 L 1 1 1 1 1
2501980 1985 1990 1995 2000 2005 1980 1985 1990 1995 2000 2005
(i) Nanjing —+—Obs = ANN - Hybrid 200F  (j) Guangzhou—e— Obs == ANN =~ Hybrid
200_ 1 v"";, ot )
1500 .,...‘..‘.‘.‘{M‘.‘,'-..‘,.\_..".__....‘ ",.....-...... "
’v..,___.__.__'/'
100 1 1 1 1 1 L ]00 1 1 1 1 1 1
1980 1985 1990 1995 2000 2005 1980 1985 1990 1995 2000 2005
Year Year

Fig. 2. Comparison of the annual mean solar irradiance time series between 1979 and 2006 among the observed, the estimated by the
ANN-based model, and the estimated by the hybrid model at ten radiation stations with “complete records”.
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Fig. 3. Comparison of solar radiation trend slopes at ten validation stations during~12096: (a) between the observation and the ANN-
based model estimate, aflg) between the observation and the hybrid model estimate. The filled black circles denote trend slopes, and the
bars denote the 95% confidence intervals of the estimated trend slopes. The unit of the trend%tywjm

slopes at the other 79 stations are positive and are statisticallgificant at 68 of them. During the period between 1961 and
significant at 20 of them. For the time period between 19901989, “dimming” occurred over most of China, especially
and 2006, negative trend slopes are seen at 211 stations aim southern China, and “brightening” mainly occurred over
are statistically significant at 74 of them. The trend slopesparts of the Tibetan Plateau. During the period between 1990
at the other 248 stations are positive and are statistically sigand 2006, “dimming” mainly occurred over most of North
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curred in Yunnan Province, Guangxi Province, part of Xin-
jiang Uygur Autonomous Region, Inner Mongolia, Guang- Fig. 5. Spatial distribution of the trend slopes of annual mean solar
dong Province, Gansu Province, and Shaanxi Province. irradiance estimated by the hybrid model at CMA statiqa$from

Figure 6 shows the variations of the solar radiation av-1961 to 1989, andb) from 1990 to 2006. The derived trends for
eraged over all CMA stations in the entire China betweenl1990~ 2006 may havej larger uncertainties due to the small size of
1961 and 2006, with the fitted linear curve. The linear S2MPIes. The solid triangle symbol means a trend that passes the
trend between 1961 and 1989 is negative and it is abouf"gmﬁcance testyt < 0.05).

—0.2540.11 W n12 yr-1 with significance at a 95% level

of confidence. However, the linear trend between 1990 and

2006 is 0.04+ 0.16 (which is negligible), suggesting that the the decrease of solar radiation in the Tibetan Plateau, where
transition from dimming to brightening during the late 1980s human activities are still limited as far as the aerosol loads
to the early 1990s did not apparently happen in our resultare concerned. The Tibetan Plateau has very low aerosol
though it was reported in previous studies (Che et al., 2005|oads (Cong et al., 2009), which provides a unique condition
Liang et al., 2005; Shi et al., 2008; Ye et al., 2009). In fact, to identify the effect of cloud change on the solar radiation
the decreasing trend just slowed down and reached a steadityend. According to our statistics, “complete records” for the
low level after the 1990s. This difference can be attributed toyears between 1961 and 2006 are available at 38 stations over
the inconsistent quality of the data used in the previous studthe Tibetan Plateau. Figure 6 presents the variation of an-
ies. As shown in Tang et al. (2010), there was an abruptlynual mean surface solar radiation averaged over the Tibetan
increase at some stations around 189894, when CMA  Plateau during 1964 2006. There exists an obvious trend
upgraded its radiometers. The “jump” of the measured raditransition from brightening to dimming around 1978 over
ation, however, is not found in the radiation values derivedthe Plateau. An increasing trend about G+1G.19 W nt2

from the ANN-based model and the hybrid model. yr—1is found over the Plateau during 19611978, suggest-

As indicated by Wang et al. (2009), aerosol loads in-ing solar radiation change over the Plateau is different from
creased on average over all continental regions between 19#@at over the entire China during this period. Since 1979,
and 2006, which was especially obvious in South and Eastlecreasing trends occurred at both the Plateau scale (about
Asia (including India and China). This seems to be a pos-—0.2240.12 W nT2yr—1) and at the regional scale of China
sible reason for the decline of surface solar radiation acrosgabout—0.11-+0.09 W n2yr~1), and the magnitude of the
Chinain recent decades. However, this does not help explaitrend for the Plateau is even larger than that for the whole
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China. Therefore, the decrease in surface solar radiation OVefaple 4. Comparison of solar radiation trend slopes across China

China could not be merely simply explained by the increas-qying 1961~ 2000 between previous reports and present study.
ing aerosol emissions and may happen under a large-scale

background for the whole climatic change. Authors Collected observation data  Trend slopes
(Number of Stations) (W m?yr—1)

. , : . Che et al. (2005) 64 —0.45
5 Con:lparlsons with previous studies and Liang et al. (2005) 42 —052
satellite estimate Shi et al. (2008) 72 —0.41
, : _ _ Present 459 —0.23
5.1 Comparisons with previous estimates Preserd 71 —021
Present 72 -0.21

Several previously reported trend slopes of surface solar ra-
dl_atlon across C.’hma between 1961 and 2000 are .Compareﬂdenotes the trend slope derived by the hybrid model at 459 CMA stations.

with our result in Table 4. The number of radiation Sta- 2 genotes the trend slope derived by the ANN-based model at 71 radiation stations.
tions used in each Study is also indicated in this table. The denotes the trend slope derived by the hybrid model at 72 radiation stations.
values reported by other studies are ranged fred41 to

_,O'gzvxm g/r ’ w.hlcE_are sd|gn|f|2cantly greater in rrlrjag— timates. However, there are more erroneous and suspected
nitude than the one in this study-0.23Wm“yr—). This data in the earlier period, as shown in Table 1. In particu-

large discrepancy is mainly aftributed to some Shortcomingsiar, the rates of data with obvious positive biases during the

and uncertainties in the previous studies, as explained belov\éarlier period (1961 1993) are generally greater than those
during the latter period (1994 2006). Including these bi-

First, the large scale of new instruments retrofit 10 the yqeq gata would lead to a trend larger in magnitude than the
CMA radiation stations around the early 1990s and irreg-i, ih

ular calibration operations might have introduced inconsis- Second, data provided by a station is not always at the
tency in data quality, but the observed radiation data With—Same location in some cases because this station moved
out data quality control were used for the trend analysis ing g1 one place to another one. For example: Yantai was

some previous studies. Spme s_tu_dies r_nay_have introducelc}loved to Fushan in 1992; Chongging moved to Shapingba
a quality control scheme in their investigation, but uncer-;, 19gg: Changsha relocated in the same city in 1988: and

tainties still presented, as substitution of erroneous data bY_onghua (Shanghai) relocated within Shanghai in 1991. Un-
climatological values were applied to produce their final re'fortunately, these stations were used for trend analysis in

sults. To give a more quantitative evaluation, we used theg, e previous studies. All these uncertainties or problems

original data at the 16 stations in Table 1 to estimate they, 5y have distorted the radiation trend, but they are largely
trend for the period of 1962~ 2000, and produced a trend . ~4ad in the present study.

of —0.50+0.14 W n12yr~1, which is close to previous es-
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Fig. 7. Time series of annual mean daily sunshine duration during 498100. The five-pointed star symbols denote values averaged over
all radiation stations, and the circle symbols denote values averaged over all CMA routine stations. The star symbol (*) denotes a trend that
passes the significance tept<€ 0.05). The unit of the trend is hour ye‘a1r.

One may suppose that the trend difference between thi§.2 Comparisons with satellite-based estimate
study and previous studies may be partially attributed to
the representativeness of the stations used. Previous studhe globally-available Global Energy and Water Cycle
ies only used the sparsely distributed radiation stations whil€Experiments-Surface Radiation Budget (GEWEX-SRB; Cox
this study used all available routine meteorological stations€t al., 2006) product provides the possibility to estimate the
Theoretically speaking, the latter will be more representa-radiation trend worldwide. Figure 8 compares the annual
tive of the whole China. To quantify the effect of the rep- mean solar irradiance time series from 1984 to 2006 aver-
resentativeness of the radiation stations on the trend ovefged over the 592 stations between the satellites estimates
China, we re-calculate the trend slope at the 71 radiation sta@nd the hybrid model estimates. Both estimates exhibit that
tions between 1961 and 2000 by the ANN-based model angurface solar radiation over China experiences a decreasing
the one at 72 radiation stations by the hybrid model. TheProcess, but the satellite-derived trend slope is much larger
averaged trend slopes derived by the two models are botH magnitude than the one derived by the hybrid model. This
—0.21Wnr2yr-1. In other words, only a small part of the could indicate that the trend derived from the GEWEX-SRB
trend slope difference between this study and previous studProduct over the entire China is overestimated. To further
ies can be accounted for by the limited representativeness oferify this, Fig. 9 shows the trend slopes comparison between
the radiation stations. To further show this issue, F|g 7 Com.the satellite estimate and the observation at the ten valida-
pares the sunshine duration trends between the average ové@n stations selected in Sect. 3. The trend slopes derived
all the radiation stations and the one over all the CMA rou-from the GEWEX-SRB product are negative at all the ten
tine stations during 196% 2000, indicating both are similar Vvalidation stations, and most of them are inconsistent with
to each other. Again, this indicates that the trend slope repthe observed ones. Their correlation coefficient is only 0.12.
resented at the radiation stations can represent the one in thiherefore, the ability of satellites to explore variations of sur-
entire China approximately. face solar radiation needs to be improved, at least over China.

In summary, the significantly more negative trend slopesThis result is consistent with the point made by Norris and
in previous studies are not mainly attributed to the represenWild (2007) that satellite-based surface radiation records are

tativeness of the radiation stations but the inconsistent qualitylot reliable for trends, both due to the lack of time-varying
of the original radiation data. aerosol and due to artifacts in the satellite cloud record.

6 Discussions on method uncertainties
6.1 Analyzing trend with dynamic harmonic regression

To investigate whether a linear fitting can capture the varia-
tions of surface solar radiation effectively, a more advanced
method, dynamic harmonic regression (DHR), was used to
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wherey; is the observed time series (here: surface solar ra-
1.0 R=0.12 1 diation). T; is a low-frequency component, describing the
’ long-term variation S; is the seasonal component, is the
cyclical component (normally longer period), asds an ir-
0.5¢ 1 regular or “noise” component describing model residuals. In
g this study,S; does not exist because our data are annual mean
_ values.
0.0 AT ] In order to isolate the trend, the first step in the analysis
T o o o = is to identify the most significant harmonics in the series by
R 2 ! means of auto-regressive spectrum analyzing. These cycli-
-0.5 L AF — L L i cal terms are then removed using a combination of a Kalman
T+ I filter and a fixed interval smoother. Finally, the trend is de-
1= I rived with the adjusted data (i.e. the raw data with the cycli-
-LOy | cal component removed). Actually, the Integrated Random
’ - . Walk (IRW), which is the subset of DHR model, was used to

-1.0 -0.5 0.0 0.5 1.0 calculated trend in this study since seasonalfty loes not
Trends derived from the observation exist

Fig. 9. Comparison of radiation trend slopes during 1982006 Ffor brevllty, Wg.otmy choose tf(;e annu;’;llcrr':/le:nttll:[r_]e Seéles of
between the observation and the GEWEX-SRB product at ten vaSurtace solar ra. lation averaged over a S a_lons uring
idation stations. The filled black circles denote trend slopes, and-961~2006. Figure 10 compares the trend derived by the

the bars denote the 95% confidence intervals of the estimated tren@HR With that by the linear fitting. Clearly, the two trends
slopes. The unit of the trend is WA yr—1. are very close to each other between 1961 and 1989. Also,

the trends from the two methods since 1990 are essentially
consistent: the DHR produces a weaker trend with large un-
compare with the linear fitting in this sub-section. DHR is certainties and the linear fitting gives a trend that does not
a sophisticated statistical time-series tool and can be usepass the significance test & 0.05). Therefore, the linear
to provide long-term trend information and forecast scenar—regression method can approximately provide the trend in-
ios. The detail of the model can be found in previous studiesformation in solar radiation.
(Young et al., 1999; Tych et al., 2002; Becker et al., 2008).
The DHR model contains the trend, cyclical, seasonal and.2 Effect of model uncertainties on trend estimate
white noise components, and can be expressed by the basic

Trends derived from the satellite estimate

equation Model uncertainties may affect the trend estimate. The
ANN-based model has higher accuracy than the hybrid
i =T + S8+ C; +e, (1)) model, and thus we use the latter to analyze this effect. The
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the trend estimate, and uncertainty is given at 90% confidence limits.

hybrid model is constructed based upon a spectral radiaare negligible, and therefore, the estimated trends for the four
tive transfer model for clear skies, and its major uncertaintyextreme cases do not show any distinctive difference with the
comes from tuning two parameters in the model to link sun-one for the default case. Other combinations of the two pa-
shine duration with solar radiation. The calibrated parame+ameters should produce trends similar to the default one.
ters aren andb in the following expression (other parts are Therefore, the uncertainties of the model parameters negligi-
essential physical and so not discussed): bly affect the trend estimate, though the magnitude of solar
te=a+bmn/N)+(1—a— b)(n/N)2 (12) radiation has an uncertainty of several W

To specify the uncertainty of the parameters, we select7 :
. . . ' ) Conclusions
seven stations of the National Oceanic and Atmospheric

Administration’s (NOAAS) Surface Radiation Budget Net- |, yiq stdy, we revisited the solar radiation trend over China
work (SURFRAD), which have high-quality radiation data p, radiation observations and two radiation models. One is
between 1997 and 2008 (downloaded frduttp:/Mww.  no ANN-based model, which can estimate surface solar ra-
srrb.noaa.gov/surfrad/index.himlo analyze the uncertainty  iation at all radiation stations, and the other is a physical

bounds of the parameters. The reosukt 180.2505£0.0181 o6l which can estimate surface solar radiation at all 716
and b = 1.1468+ 0.0529 at a 95% confidence level. N~y stations from sunshine duration data and other routine
this study, \2Ne have used. = 0.2505+ 1'146&”./]\_’) - meteorological data. These two models prove to be able to
0.3974n/N)“ to calculate the surface solar radiation. TO egtimate the radiation trend after the evaluation against ob-
investigate the influence of the model uncertainty, we choS&gyeq radiation trends at ten stations with reliable long-term
four extreme conditions (taking the upper and lower boundsp jiation records. The two models also show comparable es-
of parametersa and b) to re-calculate the surface solar g ateq of the radiation trends at other radiation stations, and
radiation at 716 stations. The mathematical eXPressiongy s the hybrid model provides a means to estimate the ra-
of the default (Case0) and the four extreme conditionSgiation trend from routine meteorological data at all CMA
(Casel~ Cased) are given below: stations.
CaseQ 7. = 0.2505+ 1.1468n/N) — 0.3974n/N)%,  (13) The new estimate confirms that there was a decline of sur-
5 face solar radiation in the entire China since the 1960s, as in-
Caselr, =0.2324+1.093%n/N) —0.3263n/N)%,  (14)  icated in previous studies. However, this study suggests the
Case2 r. = 0.2324+ 1.1997n/N) — 0.4321(n/N)2, (15)  trend slope is-0.23Wnt?yr—* between 1961 and 2000,
5 whereas previous studies gave much larger values in magni-
Case3 1, =0.2686+1.0939n/N) —0.3625n/N)“, (16)  tude, ranging from-0.41to—0.52 W nT2yr~1. Meanwhile,
Cased r. — 0.2686+1.1997(n/N) — 0.4683n /N2 (17 it is found that the trend over China was also overgspmated
fe ot (n/N) An/N) (A7) by the GEWEX-SRB satellite product. Another striking re-
Figure 11 shows the differences between the default case arglilt that differs from previous studies is that the radiation
the four extreme cases for time series during 19@D06 av-  reached a stable level since 1990, and the phenomenon of
eraged over all CMA stations. The trends in the differencesthe transition from dimming to brightening around the year
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Fig. 11. The differences between the default case and the four extreme cases for the time series between 1961 and 2006 averaged over a
CMA stations. The five cases are explained in the text.

1990 in China was not observed, at least not significant, al- and g-HCH in the Arctic provide insight into the effects of leg-
though it was reported in several previous studies. Previous islation and climatic fluctuations on contaminant levels, Atmos.
conclusions possibly resulted from radiation data with poor Environ., 42, 8225-8233, 2008.

quality, since erroneous and suspected data often exist. Ikhe, H. Z., Shi, G. Y., Zhang, X. Y., Arimoto, R., Zhao, J. Q., Xu,
contrast, the new trend slope excluded this deficiency with L~ Wang, B., and Chen, Z. H.: Analysis of 40 years of solar
the aid of the models. radiation data from China, 1961-2000, Geophys. Res. Lett., 32,

Increasing emissions of aerosols might contribute to the L06803, doi:10.1029/2004G1.022322, 2005. ,

. o . L China Meteorological Administration: radiation data explain, 2005
decline of surface solar radiation over the entire China in re- (in Chinese) .
cent decades. However, the aerosol loads made by huma@ong, Z., Kang, S., Smimov, A., and Holben, B.: Aerosol optical
activities are still negligible in the Tibetan Plateau, but the properties at Nam Co, a remote site in central Tibetan Plateau,
decrease of solar radiation over the Plateau was larger in Atmos. Res., 92, 42—-48, 2009.
magnitude than that of the whole China since the end of theCox, S. J., Stackhouse Jr., P. W., Gupta, S. K., Mikovitz, J. C.,
1970s. This phenomenon cannot be fully explained by the in- Zhang, T. P, Hinkelman, L. M., Wild, M., and Ohmura, A.: The
creasing emission of aerosols, and further investigations are NASA/GEWEX Surface Radiation Budget Project: Overview

needed to understand the radiation variations over China. ~ @nd analysis, paper presented at 12th Conference on Atmo-
spheric Radiation, Am. Meteorol. Soc., Madison, Wis., 2006.
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