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ABSTRACT

This paper presents a study on long-term surface solar radiation (SSR) changes over China under clear- and

all-sky conditions and analyzes the causes of the ‘‘dimming’’ and ‘‘brightening.’’ To eliminate the nonclimatic

signals in the historical records, the daily SSR dataset was first homogenized using quantile-matching (QM)

adjustment. The results reveal rapid dimming before 2000 not only under all-sky conditions, but also under

clear-sky conditions, at a decline rate of29.76 0.4Wm22 decade21 (1958–99). This is slightly stronger than

that under all-sky conditions at 27.4 6 0.4Wm22 decade21, since the clear-sky dimming stopped 15 years

later. A rapid ‘‘wettening’’ of about 40-Pa surface water vapor pressure (SWVP) from 1985 to 2000 was found

over China. It contributed 2.2% to the SSR decline under clear-sky conditions during the whole dimming

period (1958–99). Therefore, water vapor cannot be the main cause of the long-term dimming in China.

After a stable decade (1999–2008), an intensive brightening appeared under the clear-sky conditions at a rate

of 10.6 6 2.0Wm22 decade21, whereas a much weaker brightening (20.8 6 3.1Wm22 decade21) has been

observed under all-sky conditions between 2008 and 2016. The remarkable divergence between clear- and all-

sky trends in recent decades indicates that the clouds played two opposite roles in the SSR changes during the

past 30 years, by compensating for the declining SSR under the cloud-free conditions in 1985–99 and by

counteracting the increasing SSR under cloud-free conditions in 2008–16. Aerosols remain as the main cause

of dimming and brightening over China in the last 60 years, although the clouds counteract the effects of

aerosols after 2000.

1. Introduction

Surface solar radiation (SSR) is an important part of

the global energy balance. It is the energy source for the

general circulation and the water cycle. It influences the

plant photosynthesis and carbon uptake, and deter-

mines, to a large extent, the climatic conditions on our

planet (Muneer 2004; IPCC 2014; Shi 2007; Wild 2012).

Significant decadal changes in SSR have been found at

widespread locations, with a decline since the 1950s and a

subsequent increase starting in the 1980s (Wild et al. 2005;

Wild 2009, 2012; Pinker et al. 2005; Stanhill and Cohen

2001; Stanhill 2005). China’s SSR records demonstrated

similar characteristics (Shi et al. 2008; Yang et al. 2013;

Qian et al. 2006; Tang et al. 2011; Wang and Wild 2016;

He et al. 2018; Wang et al. 2012). These phenomena are

well known as ‘‘global dimming’’ and ‘‘global brighten-

ing’’ (Wild et al. 2005;Wild 2009, 2012; Pinker et al. 2005;

Stanhill and Cohen 2001; Stanhill 2005).

Efforts have been made to identify the reasons caus-

ing the SSR long-term trend and its reversal. It has been

recognized that the availability of extended records

under both clear- and all-sky conditions provides a

unique opportunity to study separately the role of clouds

on the one hand and the transparency of the cloud-free
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atmosphere on the other hand in the SSR changes.

Based on the SSR data under clear- and all-sky condi-

tions with 1-min time resolution from the Baseline

Surface Radiation Network (BSRN; Ohmura et al.

1998),Wild et al. (2005) found that processes under both

clear- and all-sky conditions contributed to the bright-

ening during the 1990s, possibly pointing to an interplay

of direct and indirect aerosol effects. Kumari and

Goswami (2010) segregated daily SSR data into clear-

and cloudy-sky composites and discovered an aerosol-

induced SSR decline in India at ;6Wm22 decade21

(cloud-free) from 1981–2006 while clouds nearly dou-

bled the rate to ;12Wm22 decade21 (cloudy). On the

basis of homogenized daily SSR data, Manara et al.

(2016) found stronger SSR trends under clear-sky than

all-sky conditions, especially during dimming (from the

1960s to the 1980s) and concluded that the aerosol ra-

diative effect was to some extent masked by the clouds.

Jahani et al. (2017) illustrated that the dimming in Iran

since the 2000s is a combined effect of increased aerosol

and cloud fraction, based on a comparison between

clear- and all-sky trends. Qian et al. (2006, 2007) divided

the SSR data (without homogenization) into clear-sky

and all-sky data to analyze the effects of clouds, aerosol,

and water vapor on the SSR long-term trend over China.

Wang et al. (2009) established a global climatology of

inverse visibilities under clear-sky conditions over land

from 1973 to 2007 and interpreted it in terms of changes in

aerosol optical depth and the consequent impacts on SSR.

X.Yang et al. (2018) showed that decreasing trends of SSR

induced by aerosols contributed to the decadal surface

cooling during winter in Hong Kong during the last two

decades, while there was still a warming trend in summer

due to low loading and weak variation of aerosols.

SSR observations are sensitive to relocation and

changes in observational instruments and schedules

(Manara et al. 2016, 2017; Sanchez-Lorenzo et al. 2013,

2015; Hakuba et al. 2013; S. Yang et al. 2018). Many

studies have pointed out serious temporal inhomogeneity

issues in the Chinese historical SSR data (e.g., changes in

the measurement times and environments, relocation,

and instrument updates) resulting in misleading climate

change results. Efforts to diminish the inhomogeneity

have been made (Wang et al. 2013, 2015; S. Yang et al.

2018; Tang et al. 2011). Unfortunately, most of these stud-

ies focused on monthly data rather than on daily data,

which are a necessary prerequisite for clear-sky analyses.

The main objective of this study is to study the tem-

poral changes not only under all-sky conditions, but

particularly also under clear-sky conditions over the

period from 1958 to 2016, and to analyze the causes of

the dimming and brightening based on the development

of a homogenized daily SSR dataset over China. The

dataset used in this study is described in section 2, where

the clear-sky identification, the calculation of the an-

nual and regional series, and the data homogenization

method are also presented. The results of the long-term

SSR trend analysis, including the national average SSR

series under clear- and all-sky conditions for China, are

shown and discussed in section 3. Finally, the conclu-

sions of this study are presented in section 4.

2. Data and methods

Daily SSR and cloud fraction (CF) data for 119 sites in

China (Fig. 1), as well as the related metadata at Chi-

nese routine weather stations, were released by the

ChinaMeteorological Administration (CMA), National

Meteorological Information Center (NMIC), in 2013

and are updated every 1–2 months (http://data.cma.cn).

Data quality-control procedures have been applied, in-

cluding the spike value tests to remove the records that

are higher than the SSR under clean air conditions

(without cloud and aerosol) as derived from the Simple

Model of Atmospheric Radiative Transfer of Sunshine

(SMARTS) of Gueymard (2001), and the stuck value

tests to identify and discard repetitive recordings of the

same values in the data series. All data that pass the tests

are classified as ‘‘credible’’; the others are diagnosed

further by experts at the stations and identified as

‘‘doubtful’’ or ‘‘wrong.’’ Only the credible data, which

account for about 95% of the data, are used in the

present study. The surface water vapor pressure is cal-

culated from homogenized surface daily temperature

(Xu et al. 2013) and humidity datasets (Zhu et al. 2015),

FIG. 1. Distribution of 119 SSR stations in China. The red and

blue circles represent the sites withmore and fewer than 10 years of

SSR records under clear-sky conditions, respectively. The stations

marked with red circles are used in this study. A cross in the circle

stands for the method of the CF data obtained after 2013. The red

crosses show continued CF observations after 2013; the blue

crosses display discontinued CF observations after 2013, estimated

from nearby stations; the circles without a cross represent stations

with no suitable CF estimates after 2013.
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in which the dramatic shifts caused by nonclimatic in-

fluences in the historical records were eliminated. All

daily SSR data have been homogenized to eliminate the

nonclimatic changes in the historical records (section 2a).

A less strict clear-sky definition (CF threshold) (section 2b)

and improved annual and regional average calculation

approaches (section 2c) have been used to obtain more

samples and reduce the influence of limited sample size

under clear-sky conditions, particularly for the humid

regions and rainy seasons.

a. Data homogenization

S. Yang et al. (2018) used the RHtestsV4 software

package (Wang and Feng 2013) and metadata to ho-

mogenize China’s monthly SSR records. We also used

this package to homogenize China’s daily SSR records.

The package has been widely used to alleviate historical

data inhomogeneity issues (Vincent et al. 2002; Zhang

et al. 2005; Wan et al. 2010; Dai et al. 2011; Wang et al.

2014). It includes a relative test for cases when highly

related and good-quality data are available for use as

reference series, as well as an absolute test that tests the

candidate series directly when a suitable reference is not

available. The relative test is based on the penalized

maximal t test (PMT;Wang et al. 2007) and is applied to

the difference series between the candidate and the

reference series. The absolute test is based on the pe-

nalized maximal F test (PMF; Wang 2008) and was ap-

plied in this study to double-check the results. All tests

are conducted at the 5% significance level.

The homogenization of the daily SSR data was done

in this study mainly based on the results of homoge-

neity tests applied to the corresponding monthly SSR

data as done by S. Yang et al. (2018), who applied a

relative test or absolute test to detect changepoints in

monthly SSR records, depending on whether a refer-

ence series is available. They used neighboring surface

sunshine duration (SD) data as reference data when

available. A total of 159 changepoints detected by

S. Yang et al. (2018) representing the months with in-

homogeneity issues were first modified to the dates in

accordance with metadata, and were then double-

checked using the RHtestsV4 software package. As a

result, 122 out of the 159 changepoints were confirmed

for the daily SSR series, and 37 changepoints were

proven to be induced by gross errors and were elimi-

nated by the quality control of the daily data. Here we

also identified 53 additional changepoints, which were

left unidentified in themonthly series due to the limited

sample size and lack of metadata support, especially in

recent years (after 2011).

For all changepoints that were determined to be sig-

nificant artificial changepoints, the quantile-matching

(QM) adjustment method (Wang et al. 2010, 2014)

without reference series is used to adjust the SSR data

series to the latest segment. The objective of the QM

adjustments is to adjust the base series so that the em-

pirical probability distributions of all segments of the

detrended base series match each other. The adjustment

values were estimated from the detrended base series.

The adjustment values depend on the empirical fre-

quency of the data to be adjusted; namely, they vary

from one value to another in the same segment, de-

pending on their corresponding empirical frequencies.

As described in many studies (Manara et al. 2016,

2017; S. Yang et al. 2018; Wang et al. 2015), SD is highly

correlated with SSR, showing good spatial consistency.

Thus, the homogenization effects on the daily series are

assessed by comparing the change in SSR with the cor-

responding change in SD averaged over the neighboring

stations.

In Fig. 2, Rc is the change in SSR defined as the ratio

of the average of daily SSR for the 2 years before a

changepoint to the one for the 2 years after the

changepoint. The term Rn is similar to Rc but is the ratio

for the average result of the nearby SD stations [all

stations within 250-km radius that have good correla-

tions with SSR of the candidate station generally

(S. Yang et al. 2018) were used to calculate Rn]. Clearly,

there are remarkable changes within a short time in the

FIG. 2. Comparison of changes in SSR and SD before and after

the changepoints. The blue and green circles represent the results

obtained from the raw and adjusted SSR daily data, respectively.

On the x axis Rc is the change in SSR level defined as the ratio

between the SSR level (mean) for the 2 years before and after a

changepoint. On the y axis Rn is similar to Rc but for the average

result of the nearby SD stations (all stations within a 250-km

radius).
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raw SSR daily data (blue circles), with Rc ranging from

0.48 to 2.47 (sample volume for Rc is 175 points) while

the corresponding SD changes at nearby SD stations are

minimal, withRn varying from 0.73 to 1.48 (same sample

volume as Rc). The RMSE and absolute relative error

betweenRc of the raw SSR data andRn reach 0.26% and

18.6%, respectively. However, for the adjusted data, the

Rc and Rn values are comparable, with all green circles

distributed around the 1:1 line and Rc varying from 0.74

to 1.48. The RMSE and absolute relative error between

Rc of the adjusted data and Rn are 0.08% and 5.5%,

respectively, which aremuch lower than those of the raw

data. All these results indicate that there are significant

irregularities in the raw SSR data causing spatial in-

consistencies. The SSR homogenization alleviates these

issues effectively.

b. Clear-sky identification

In this study, the threshold of maximum CF to

consider a day as cloud-free is set at 15%, which is

slightly higher than the commonly used level of 10%

(Qian et al. 2006, 2007). The difference caused by using

the slightly higher CF threshold was evaluated by com-

paring the monthly SSR climatology under different

clear-sky thresholds (10% and 15%) with the one under

true cloud-free conditions (0% CF). The average relative

error of the monthly SSR climatology varies from20.7%

(with 10%CF defined as clear sky) to21.2% (with 15%

CF defined as clear sky), while the number of sites with

at least 10 years of clear-sky data increases from 61 to 95.

That is, the new CF threshold barely reduces the rep-

resentativeness of clear sky and provides more samples

for this study. Thus, we chose to use the 15% threshold

in this study.

It should be noted that although there used to bemore

than 2400 observatories monitoring CF in China, two-

thirds of them terminated this operation in 2013. Con-

sequently, 67 out of 119 SSR sites no longer have CF

data after 2013 (see Fig. 1). To resolve the issue of

missing CFs after 2013, we estimated cloud cover using

neighboring station data according to this formula:

CF0
5

�
3

j51

CF
j
r
j

�
3

j51

r
j

, (1)

where CF0 denotes the estimated daily cloud fraction

of the candidate station, rj is the correlation coefficient

between the candidate station and its jth highly corre-

lated (rj . 0.7) nearby site, which has the daily cloud

fraction of CFj.

The performance of the estimated CF in the clear-sky

identification is evaluated by the rate ofmisjudgments of

clear-sky conditions defined as

R
mis

5
�n

i

N
, (2)

n
i
5

�

1, CF
i
. 15% and CF0

i# 15%

0, CF
i
, 15% and CF0

i# 15%
. (3)

The subscript i refers to the ith day, CF and CF0 are

measured and estimated CF, respectively, and N is the

number of days. The threshold of clear-sky CF is set as

15%. We retained and used only the estimated cloud

cover with Rmis # 15% in this study.

Figure 1 shows the availability of CF data at the 119

SSR stations after 2013. We were able to obtain suitable

estimates of CF for 56 out of the 67 sites where CF ob-

servation was terminated in 2013 (see blue crosses in

Fig. 1). For the other 11 stations (circles without the

cross), we could not obtain reliable CF estimates due to

too-few neighboring clear-sky data that can be used for

the estimation.

c. Annual and regional series calculation

SSR in China shows a notable seasonal cycle. It is

determined by the changes in the insolation at the top

of the atmosphere (TOA) and the atmospheric trans-

mittance. The ideal annual clear-sky series should

include each month of the year, but there are fewer

clear-sky samples in summer (June–August) than in the

other seasons because of the Asian monsoon climate

and associated cloudiness (Ding and Chan 2005; Chang

2004; Shi and Xu 2006; Li et al. 2016).

The feasibility of calculating the annual series based

on seasonal series rather than monthly series is evalu-

ated. We use the clear-sky index (CSI; the ratio between

the measured SSR and the insolation at the TOA)

to evaluate the consistency in monthly SSR because

it removes the effect of the varying solar radiation

received at the TOA and stands for the relative SSR

independent of the incident radiation level at the

TOA. Figure 3 illustrates the comparisons of CSI be-

tween different months. The circles in Fig. 3 represent

long-term averages of monthly CSI under cloud-free

conditions at 119 stations. It is obvious that there is a

significant seasonal variation of the CSI in China. The

CSI in the months representing summer conditions

(June and July) is lower than that in the months repre-

senting winter (January and February), whereas a high

coherence can be found in the summer and winter sea-

sons. This implies that it is possible to calculate the an-

nual series based on the seasonal series only if there is no
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missing seasonal value in the year. Otherwise, this can

introduce significant biases.

Based on these results, the annual SSR series of each

site was calculated in this study as follows:

1) Calculate the daily CSI and select the days with CF

lower than 15% as the clear-sky data.

2) Obtain seasonal CSI data if there are at least five clear-

sky days within the season, and convert them to

seasonal SSR series by multiplying with the seasonal

mean incident radiation at the TOA. The annual series

is then the average of the four seasonal SSR series.

3) The years without clear-sky data are also treated as

missing in the all-sky series to remove the influence

of different sample sizes on the comparison between

SSR under clear- and all-sky conditions.

As a result, there are 95 stations with clear-sky SSR

series exceeding 10 years (red circles in Fig. 1), which

were used in this study. They almost cover the whole

country, with fewer sites in the southwestern and south-

ern regions because of the humid and cloudy climate

(Ding and Chan 2005; Chang 2004; Shi and Xu 2006).

The calculation of the regional average series was

done in this study as follows:

1) Obtain the grid box average SSR value for each 58 3

58 grid box, using the first difference method (FDM)

(Peterson and Easterling 1994), which has been

proven to be suitable for an irregular observation

network with diverse record lengths, as well as

starting and ending times, and which is able to use the

maximum station density for the calculation of long-

term changes. The formulas for calculating the FDM

average SSR series for each box are given as follows:

FDMj
n2i 5 SSRj

n2i11 2 SSRj
n2i , (4)

SSR
n
5mean (SSRj

n) , (5)

FDM
n2i

5mean (FDMj
n2i) , (6)

SSR
n2i

5 SSR
n
1FDM

n2i
, (7)

for i5 1, 2, . . . , n2 1 and j5 1, 2, . . . ,m2 1,m. SSR

and FDM are the surface solar radiation record and

first difference series of each station, respectively; X

denotes the average of X over a grid box; subscript i

denotes the ith year; superscript j denotes the jth

station falling in the grid box; and n and m stand for

the length of series and the number of stations in the

box, respectively.

2) Calculate the regional SSR FDM series and the re-

gional average SSR of the last year by area-weighted

averaging of the FDM series and SSR records of the

last year over all grid boxes that contain data over

the region.

3) Translate the regional average FDM series into SSR

series by (7) and obtain the SSR anomaly series by

subtracting the mean of the reference period 1961–90.

This regional averaging method is similar to the one

used by S. Yang et al. (2018). Here, the recovery of re-

gional SSR series from FDM series was done at the last

step. Thus the regional series includes all gridded FDM

series regardless of the climatological mean value during

the specific reference period. The grids that have SSR

observation after the reference period for anomaly se-

ries calculation (1961–90) could be utilized in this study.

3. Results

a. Clear- and all-sky SSR long-term trends

Figure 4 displays the area-weighted average SSR

anomaly series over China for the period 1958–2016 as

FIG. 3. Comparison of climatological CSI (the ratio between the measured daily SSR and the insolation at TOA) identified at 119

stations between different months: (b) comparison of CSI between summer (July) and winter (January), and correspondence of CSI in the

(a) summer (June and July) and (c) winter (January and February).

15 SEPTEMBER 2019 YANG ET AL . 5905

Unauthenticated | Downloaded 08/28/22 02:45 AM UTC



derived under all-sky and clear-sky conditions. Both

gray and black curves are all-sky SSR anomaly series,

but the gray curve stands for the result derived from all

SSR observations (119 sites; all circles in Fig. 1), while

the black one was obtained from those 95 sites that

have at least 10 years of data under clear-sky condi-

tions, that is, the same sample size as used in the cal-

culation of clear-sky series (red line in Fig. 1). The gray

and black curves show very small differences, which

suggests that the change from 119 to 95 sites barely

affects the Chinese SSR anomaly series. The results

from the 95 sites also well represent the SSR change

over China.

Irrespective of the presence or absence of clouds,

China experienced surface solar dimming from 1958

to 1985. The decline rates reach 211.9 6 0.6 and

29.2 6 0.7Wm22 decade21 for clear sky and all sky,

respectively (Table 1). The total reduction in SSR over

the 28 years is about 26 and 21Wm22 for clear sky and

all sky, respectively (determined as the difference be-

tween the averages over the first and the last 5 years of

the period). A remarkable divergence between the

clear-sky (red curve) and all-sky (black curve) time se-

ries appears after 1985. The red curve (clear sky) de-

creases continually until 1999 and begins to increase

after a stable decade from 1999 to 2008. The total de-

crease in SSR under clear sky from 1958 to 1999 comes

up to around 31Wm22 followed by a recovery of about

6Wm22 from 2008 to 2016 (determined as the differ-

ence between the averages over the first and the last 4

years of the period). The declining (1958–99) and rising

(2008–16) rates are 29.7 6 0.4 and 10.6 6 2.0Wm22

decade21, respectively (Table 1). In the meantime, the

black curve (all sky) remains at nearly the same mean

level in the last 30 years (1985–2016), with a small

change rate of 20.7 6 0.4Wm22 decade21 over this

period (Table 1). This slightly differs from the all-sky

time series we previously published (S. Yang et al.

2018) due to improvements in data quality control,

homogenization, and the calculation of the regional

series (details in section 2). It is interesting to see that

although the SSR under clear- and all-sky conditions

differ in their evolution during the last 30 years, the

recent SSR levels under either clear- or all-sky condi-

tions are close to those in the early 1980s.

The key message here is that the similar trends under

clear- and all-sky conditions before the 1980s suggest

that the changes in atmospheric transmittance in the

cloud-free atmosphere dominate the change in Chinese

SSR in this period. However, in more recent years, the

brightening only appeared under clear-sky conditions

but not under all-sky conditions, indicating that the

clouds tend to counteract the increased SSR owing to

the improvement in atmospheric transmittance, which

results in a near-stable SSR level.

Figure 5 shows the decadal trends of the Chinese area-

weighted average SSR anomaly time series given in

Fig. 4 for different periods. The left and right panels

show for the results obtained from the all-sky and clear-

sky SSR time series, respectively. The x axis and y axis

indicate the starting and ending years of the period of

the trend, respectively. The minimum length of the

period is 8 years. The Chinese SSR decline rate under

all-sky conditions during the dimming period ranges

from215.0 to21.0Wm22 decade21. Thus, the maximal

decline is much stronger than the one observed in Eu-

rope (Wild 2009; Sanchez-Lorenzo et al. 2013, 2015);

while the subsequent upward trend in the brightening

period is around 1.0–2.5Wm22 decade21, the maximal

upward trend is weaker than the brightening trend

in Europe (1.0–4.0Wm22 decade21; Sanchez-Lorenzo

FIG. 4. Area-weighted average SSR anomaly series over China

for the period 1958–2016 as derived under all-sky (black and gray

lines) and clear-sky (red line) conditions. The reference period for

the determination of the anomalies is 1961–90. Black and gray

curves refer respectively to the result derived from all SSR ob-

servations (119 sites; all circles in Fig. 1) and the result obtained

from those 95 sites that have at least 10 years of records under

clear-sky conditions (red circles in Fig. 1), i.e., the same sample size

as used in the calculation of clear-sky series.

TABLE 1. Decadal trends of the Chinese area-weighted average

SSR anomaly time series (Wm22 decade21) under all-sky (black

line in Fig. 4) and clear-sky (red line in Fig. 4) conditions for six

different periods. An asterisk indicates trends with at least 5%

significance.

Period All sky Clear sky

1958–2016 24.9 6 0.3* 26.1 6 0.5*

1958–85 29.2 6 0.7* 211.9 6 0.6*

1958–99 27.4 6 0.4* 29.7 6 0.4*

1985–2016 20.7 6 0.4 20.2 6 0.6

1985–99 22.6 6 1.3 25.4 6 1.2*

2008–16 20.8 6 3.1 10.6 6 2.0*
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et al. 2015). Figure 5 (left) illustrates that the dimming

disappeared gradually after 1980, and there was no

significant brightening following it. Compared with

the all-sky panel, the clear-sky panel (Fig. 5, right)

demonstrates a quicker SSR decline rate before 1990,

varying from 220 to 21.0Wm22 decade21, and a

stronger increasing trend after the early 2000s, ranging

from 1 to 10Wm22 decade21. The conversion from

dimming to brightening is much more distinct, and the

trends in most of the boxes are more intensive and sig-

nificant, particularly for the recent two decades. This

suggests that the clouds tend to weaken the cloud-free

SSR change over most of the last 58 years, and nearly

completely mask the clear-sky brightening seen in re-

cent years.

Figure 6 displays the SSR trends at each site derived

under all-sky and clear-sky conditions during different

periods. Nearly all stations experienced significant

dimming from 1960 to 1985 under both all-sky and clear-

sky conditions (Figs. 6a,d). The decline rate under clear

sky is stronger than that under all sky atmost of the sites.

In Fig. 6d 51.5% of sites show a quick decrease in SSR

(#210Wm22 decade21), whereas this value is only

29.7% in Fig. 6a. In the following 15 years (1985–99),

19.3% of sites began to brighten significantly under all-

sky conditions, while the percentage under clear sky is

7.0%. Most of the sites in Fig. 6b show either more

intensive brightening or weaker dimming than that in

Fig. 6e, suggesting that the clouds extinguish less SSR in

this period than before and induce the divergence of

Chinese SSR series between clear and all sky in 1985–99

(Fig. 4). This situation reversed in the recent decade

(2008–16): the clouds tend to mask the brightening trend

under the cloud-free conditions, with fewer sites with sig-

nificantly and strongly ($10Wm22 decade21) increasing

SSR seen in Fig. 6c (21.5%) than in Fig. 6f (38.0%),

especially for the southeastern region where trends un-

der clear- and all-sky conditions are often of opposite

signs (Figs. 6c,f).

b. The contribution of the increased water vapor

Aerosols are regarded as one of the most important

radiative forcing factors and the major cause of SSR

changes under clear-sky conditions (Qian et al. 2007;

Wild 2012; Wang et al. 2012; Tang et al. 2010; Wang

and Wild 2016; Norris and Wild 2009; Yang et al.

2016a,b; X. Yang et al. 2018). Water vapor is also an

important radiative forcing factor (Cess 1974; Forster

et al. 2007). Despite the fact that the absorbing radia-

tive effect of water vapor in shortwave is weaker than

in longwave radiation, it is still necessary to evaluate

its influence on the detected SSR changes in China,

considering the rapid increase of water vapor in

the atmosphere over China in recent decades (Qian

et al. 2007).

Figure 7 shows the area-weighted average surface

water vapor pressure (SWVP) anomaly series over

China for the period 1958–2016 on annual and sum-

mer- and winter-mean bases with respect to 1961–90

based on the sites labeled as red circles in Fig. 1. There

is barely a seasonal difference and major changes in

SWVP are only seen between 1985 and 2000 with a

rapid ‘‘wettening’’ of 40-Pa SWVP, which exactly

matches with the continuous dimming period under

clear skies in the last 15 years of the twenty-first cen-

tury. Thus, it can be concluded that the water vapor is

FIG. 5. The decadal trends of the Chinese area-weighted annual average SSR anomaly time series

(Wm22 decade21) shown in Fig. 1 for different periods. Panels show results of (left) all-sky (black curve in Fig. 1)

and (right) clear-sky (red curve in Fig. 1) time series. The x axis and y axis stand for the start and end years of the

period of the trends, respectively. Solid squares represent a trend with at least 5% significance.
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unrelated to the dimming before 1985 and the bright-

ening after 2008 due to its only marginal change during

these periods, but it contributes to the decline of SSR

during 1985–99.

The radiative effect caused by the increasing SWVP

is estimated by a radiative transfer model, namely the

Simple Model of Atmospheric Radiative Transfer of

Sunshine (SMARTS) developed by Gueymard (2001).

The algorithms used by SMARTS were developed to

match the output from the MODTRAN 4.0 (Berk et al.

1999) complex bandmodels within 2%. The results show

that increasing SWVP by about 40 hPa in the model

(corresponding to the increase between 1985 and 2000)

induces a change of20.69Wm22 in SSR, accounting for

about 10.0% of the SSR decrease (26.9Wm22) under

clear-sky conditions over the dimming period of the last

15 years and about 2.2% of the total SSR decline under

clear sky during the whole dimming period under clear-

sky conditions (31Wm22, the decrease in SSR between

1958 and 2000).

a. all sky, 1960 1985

b. all sky, 1985 1999

c. all sky, 2008 2016

d. all sky, 1960 1985

e. clear sky, 1985 1999

f. clear sky, 2008 2016

FIG. 6. Geographical distribution of trends at SSR stations as estimated under (a)–(c) all-sky and (d)–(f) clear-sky conditions during

(top) 1960–85, (middle) 1985–99, and (bottom) 2008–16. The blue and red triangles stand for downward and upward trends, respectively.

The triangle sizes are proportional to absolute change rates. Filled triangles indicate trends with at least 5% significance.
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Figure 8 shows the water vapor influence on changes

in SSR at individual stations during the steadily in-

creasing period of surface water vapor (1985–2000, in

Fig. 7). The triangles in Fig. 8 are calculated by the

SMART model, representing the estimated differ-

ences between SSR in 1985 and 2000 (5-yr smoothing

average), which are only influenced by the variation of

SWVP. It can be found that during this period the in-

creases in water vapor over China contributed to a large-

scale dimming, and the western region shows stronger

dimming than that in the eastern region. However, the

contribution from water vapor to the SSR changes are

on small: from about 21.5 to 20.5Wm22.

These results indicate that the water vapor contributes

to the dimming to a small extent, but it cannot be the

main cause of long-term dimming over China. Aerosols,

which have been deemed to be among the most in-

fluential factors in the changing Earth’s energy balance,

particularly in the shortwave (IPCC 2014; Yu et al.

2006), and have experienced significant changes over

China (Wu et al. 2014; Sogacheva et al. 2018; de Leeuw

et al. 2018), are thus left as major suspects of causing the

identified dimming and brightening under cloud-free

conditions in China in the last 60 years.

It should be noted that the short wavelength radia-

tive effects of water vapor in this study were estimated

from the surface measurements of relative humidity.

Although a previous study has pointed out the possi-

bility of using surface humidity measurements as proxy

data for integrated water vapor (Ruckstuhl et al. 2007),

there is no doubt that the application of water vapor

profiles e.g., from radiosonde or global positioning sys-

tem (GPS) (Bevis et al. 1992) measurements could fur-

ther refine our above estimate of the shortwave radiative

effect of water vapor.

4. Summary and discussion

In this study, we have applied a procedure to homoge-

nize China’s daily SSR data and used the homogenized

data to assess the SSR trends specifically under clear-sky

conditions over the period 1958–2016. Compared to our

previous study focusing on the homogenization ofmonthly

SSR data (S. Yang et al. 2018), 37 changepoints caused by

gross errors are eliminated through the efforts in the

quality control of the daily data, and 53 new changepoints

were identified, which were not identified in the monthly

series due to limited sample size, especially in recent years

(after 2011) where metadata are not available.

Irrespective of the presence or absence of clouds,

China experienced surface dimming from 1958 to 1985.

This is followed by a remarkable divergence between

clear- and all-sky conditions: the dimming continued in

the next 15 years only under clear-sky conditions,

whereas there is no noticeable SSR change under all-

sky conditions. In addition, an intensive brightening

appeared in the recent decade (2008–16) under cloud-

free conditions, which is not discernable under all-sky

conditions. This indicates that clouds played two oppo-

site roles in the SSR change in the most recent 30 years:

compensating for the reduced SSR under cloud-free

conditions in 1985–99 and counteracting the increasing

SSR under cloud-free conditions in 2008–16.

The remarkable SSR changes under clear-sky condi-

tions indicate that the atmospheric transmittance over

China kept decreasing from 1958 to 1999 and began to

recover after 2008. A rapid wettening by about 40-Pa

SWVP (surface water vapor pressure) over China is

found during 1985–2000, which matches exactly with the

continuous dimming period under the clear-sky condi-

tions in the last 15 years of the twentieth century.

FIG. 7. The area-weighted average SWVP anomaly series over

China for the period 1958–2016 based on 95 stations collocated

with the SSR stations used in this study. The reference period

is 1961–90.

FIG. 8. The model-estimated changes in SSR at individual sites

caused solely by the steady increase in water vapor from 1985

to 2000.
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We estimate that the wettening from 1985 to 2000 con-

tributed about 10.0% to the SSR decline in this period

but is not the main cause of the long-term clear-sky SSR

changes in China. Thus aerosols remain as the main pos-

sible cause of dimming and brightening under cloud-free

conditions. Therefore our results suggest that the aero-

sol loadings in China had been increasing before 2000

and started to decline around 2008. This conclusion is

also in line with aerosol studies over China based on

either in situ (Wu et al. 2014) or remote sensing obser-

vations (Sogacheva et al. 2018; Zheng et al. 2018). Their

findings pointed out that aerosol optical depth (AOD)

had been increasing before the 2000s and began to de-

crease after that, in line with our results. Their turning

point matches well with the one of the clear-sky SSR

series presented here.

It is interesting to find that clouds have nearly masked

the brightening under clear-sky conditions in the recent

decade, whereas clouds weakened the radiative effect

and compensated for the reduced SSR caused by in-

creasing aerosols in the dimming period (before 2000). It

seems that the cloud radiative effects may be related to

the aerosols. The clouds began to extinguish more solar

radiation when the aerosol load over China turned to

decline (Wu et al. 2014; Sogacheva et al. 2018; Zheng

et al. 2018). Aerosol indirect and semidirect effects (Qiu

et al. 2017; Zhao et al. 2012, 2018; Garrett and Zhao

2006; Zhao and Garrett 2015; McFarquhar et al. 2011;

Johnson 2003; Zhou et al. 2017; Kudzotsa et al. 2016a,b;

Koren et al. 2008; Feingold 2005; Koch and Del Genio

2010; Allen and Sherwood 2010; Brioude et al. 2009; Fan

et al. 2008; Haywood and Boucher 2000; Lohmann and

Lesins 2002; Quaas et al. 2010; Lohmann and Feichter

2005; Albrecht 1989) are supposed to play an important

role.

The results inferred in the present study on the re-

spective roles of aerosols and clouds in solar radiation

received at Earth’s surface over the recent 58 years

may provide a reference for the assessment of the

performance of climate models over China. The aero-

sol indirect and semidirect effects have not been the

focus of this paper. More efforts are needed to con-

strain these, including applying more detailed clouds

and aerosols information retrieved from satellites such

as CloudSat (Stephens et al. 2002), CALIPSO (Winker

et al. 2009), and AIRS (Aumann et al. 2003), as well as

from in situ stations such as BSRN (Ohmura et al.

1998) and model simulations such CMIP6 (Eyring

et al. 2016).
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