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Abstract. This study investigates dimming and brightening 1 Introduction
of surface solar radiation (SSR) during 1961-2005 in China

as well as its relationships to total cloud cover (TCC) This Based on ana|ysis Of inter-annual Changes in So|ar radia_
is inferred from daily ground-based observational records ation at the Earth’s surface (SSR) from pyranometer measure-
45 pyranometer stations. A statistical method is introducedments or proxy data, a number of studies have pointed to
to study contributions of changes in the frequency of TCC3 widespread decrease of SSR from the early 1960s to the
categories and their atmospheric transparency to the secul@ie 1980s (“global dimming”) (Liepert, 2002; Stanhill and
SSR trend. The surface records suggest a renewed dimmingohen, 2001). More recent studies have used data records
beyond 2000 in North China after the stabilization in the ypdated to include the 1990s, and these studies suggest that
1990s; however, a slight brightening appears beyond 200@he decline in SSR diminished during the 1980s, and lev-
in South China. Inter-annual variability of SSR is negatively gled off or even reversed towards an increase during the
correlated with that of TCC, but there is a positive correla- 19g9gs (“brightening”) (Wild et al., 2009a, b, and references
tion between decadal variability of SSR and TCC in mosttnerein). A few studies have shown a significant decline in
cases. The dimming during 1961-1990 is exclusively at-SSR during 19611990 over much of China, especially in
tributable to decreased atmospheric transparency, a portiogastern China where SSR has declined by more than 6% per
of which is offset by TCC frequency changes in Northeastdecade (Li and Zhou, 1998; Che et al., 2005; Liang and
and Southwest China. The dimming during 1961-1990 inxja, 2005; Ren et al., 2005: Shi et al., 2008: Xia et al.,
Northwest and Southeast China primarily results from de-2006). In the 1990s, the downward trend leveled off or even
creased atmospheric transparency under all sky conditionéhanged sign (Che et al., 2005; Xia et al., 2006). Analysis
and the percentage of dimming stemming from TCC fre- of SSR data updated through 2005 from 9 pyranometer sites
quency changes is 11% in Northwest and 2% in Southeash China suggests that to some extent the phase of stabiliza-
China. Decreased atmospheric transparencies during 199kipn/brightening during the 1990s may no longer be continu-
2005 in North China in most cases lead to the dimming. TCCing in the new millennium (Wild, 2009b). This is supported
frequency changes also contribute to the dimming during thisyy analysis of sunshine duration data updated through 2005
period in North China. This feature is more pronounced infrom 618 sites in China (Xia, 2010). The decrease in SSR
summer and winter when TCC frequency changes can achetween the 1960s and 1980s is accompanied by concurrent
count for more than 80% of dimming. In South China, in- declines in total cloud cover (TCC) and rainy days (Kaiser,
creased atmospheric transparencies lead to the brighteningygsg: Liang and Xia, 2005). An analysis using the more re-
during 1991-2005. A substantial contribution by TCC fre- jiaply observed frequencies of cloud-free and overcast sky
quency changes to the brightening is also evident in springshows that cloud-free days have increased 0.60% and over-.
and autumn. cast days have decreased 0.78% per decade in China dur-S
Keywords. Atmospheric composition and structure (Trans- ing 1954-2001 (Qian et al., 2006). Concurrent declines in
mission and scattering of radiation) TCC and SSR before the 1990s lead to the speculation that
there should be other causes for the dimming, among which ©
aerosols emitted as a result of human activities is the most O
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Yang, 2000). Visibility was reduced by 35% from the 1960s lyzed. Figure 1 presents the four sub-regions: (1) Northeast
to the 1980s in south China and frequencies of good visibility(NE); (2) Northwest (NW); (3) Southeast (SE); (4) South-
(>20 km) decreased by more than 20% per decade in eastemest (SW).
China (Che et al., 2007; Liang and Xia, 2005). Some sun- All data were converted to departures from normal
light would be prevented from reaching Earth’s surface as aanomalies), with normals approximated by period means of
result of increased aerosol loading. Using synoptic cloud andrCC and SSR data. The monthly anomalies of TCC and SSR
satellite retrievals of SSR under clear and cloudy skies ovehave been averaged by season (winter is defined as Decem-
China, it was pointed out that aerosols are major modulatorger, January, and February, spring as March, April, and May,
of SSR during 1971-1989 and half of the 1990-2002 SSRsummer as June, July, and August, and autumn as Septem-
trend can be attributed to a reduction in cloud cover (Nor-ber, October, and November) and an annual average has been
ris and Wild, 2009). It should be noted that the cause of theobtained from the average of the four seasons. Annual and
decadal variability of SSR is still not fully understood and seasonal deviations from the long-term mean have been de-
certainly it needs further study. termined for each station, and these deviations have been av-
Using daily SSR and TCC data from 45 sites in China eraged for stations within each of the four regions. A simple
during 1961-2005, the first objective of this study is to in- and robust estimator of trends per decade is computed based
vestigate how SSR is further evolving into the new millen- on the non-parametric Kendall rank correlation (tau), which
nium. Secondly, correlations between SSR and TCC havés used to assess the temporal development of SSR and TCC.
been studied to determine the degree of agreement between
the high and low frequency parts of both quantities. Thirdly,
a statistical method is applied to determine how much of3 Spatio-temporal variability of SSR and TCC, as well
any SSR change is attributable to changes in the frequency as their correlations
of TCC categories and how much to changes in their atmo-
spheric transparencies. The annual and seasonal time series of SSR and TCC,
together with their fits from the robust locally weighted
“Lowess” regression algorithm for a better visualization of
2 Data and methodology long-term and decadal variability, are presented in this sec-
tion. In order to determine the degree of agreement between
There are 122 pyranometer sites in China. But only 45 sites§SR and TCC, the correlation coefficient between the time
have no missing data of no more than 2 years during 1961-series of SSR and TCC is calculated and its significance is
2005, and these sites are used in the analysis. The daigetermined using a two-tailtest. In the first step of corre-
are provided by the Climate Data Center, Chinese Meteorotation calculations, the raw (i.e., non-detrended) time series
logical Administration (CDC/CMA). These data have been of SSR and TCC anomalies are used. In order to distinguish
used to detect secular trends in SSR and cloud cover (Kaisepetween the decadal and inter-annual agreement of the two
1998; Qian et al., 2007; Shi et al., 2008; Xia et al., 2006). measures, we detrended the raw time series and recalculated
The Yanishevsky thermoelectric pyranometer was used tahe correlations between the higher (inter-annual variability)
measure global SSR before about 1990 and since then thgnd the lower (multiannual to decadal variability) frequency
DFY-4 pyranometer was used. The error has been estimategarts of each series. A fit is determined by the robust lo-
to be less than 5% (Ma et al., 1998; Qiu et al., 2008; Shically weighted regression algorithm “Lowess” to represent
et al., 2008). Ground-based observations of TCC (in unitsthe long-term signal, which is subtracted from the raw series
of tenths of sky cover) are based on subjective estimates byo derive the detrended residuals or high-frequency changes
experienced individuals at stations. Observations are carrie@Makowski et al., 2009). Given that SSR generally turned
out according to the recommendations of the WMO (World from dimming to brightening and the DFY-4 pyranometer
Meteorological Organization). Quality assurance checks, inteplaced the Yanishevsky thermoelectric pyranometer at the
cluding gross errors and the consistency of calendar dateseginning of 1990s, therefore, analyses are applied to data
were performed by CDC/CMA (Ma et al., 1998). for the years of 1961-1990 and for the years of 1991-2005
24-30 years worth of data are required to obtain mearseparately.
value of either cloud cover or SSR being within 1% accu-
racy with 95% confidence (Hoyt, 1978). These lengths 0of3.1 NW region
time are comparable to the periods of time on which climatic
changes occur. This implies that one site alone is not adeThe linear trends per decade during 1961-1990 and during
quate to determine climatic trends in cloud cover or in SSR.1991-2005 are-6.4 W n12 and —2.9 W n12, indicating a
Rather, a network of stations of sufficient density to deter-renewal of dimming during the new century (Fig. 2a). The
mine mean cloud cover or SSR is needed for climatic changeseasonal time series of SSR resembles the annual time se-
studies. Therefore, the 45 sites are classified into four subries except that the spring SSR series levels off beyond 2000.
classes and the regional averages of SSR and TCC are anA-weak upward tendency is observed for the annual series
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Fig. 1. Locations of pyranometer stations in China in are classified into four sub-regions, i.e., Northwest (NW), Northeast (NE), Southeast
(SE) and Southwest (SW).

of TCC. The seasonal TCC series during 1961-1990 (exthe 1990s (Fig. 3) and SSR decreases by 3.9W.nirhe
cept for the autumn series) also show an increasing trendeasonal time series of SSR also decreases significantly from
(~0.1 tenths). A strong increase in TCC is observed during1960s to 1980s (see trends in Table 1). Notice in Fig. 3b—e
1991-2005 in all seasons except spring. The largest increagbat, for the seasonal series, a renewed dimming trend ap-
in TCC (0.49 tenths) during 1991-2005 appears in autumnpears beyond 2000. The annual TCC series also show a de-
which is in good agreement with the most pronounced de-creasing trend from the 1960s to the end of 1990s, and af-
creasing trend in SSR-6.5W nT2). Notice also in Fig. 2  terwards there is an increasing trend that is mostly because
that inter-annual variability of SSR follows that of TCC and TCC increases in summer and winter (Fig. 3). The inter-
there is a strong and significant inverse correlation betweerannual variability of SSR is strongly inversely related to that
them at seasonal to annual resolutions (see correlation coebf TCC and the correlation coefficients excee@.75. One
ficients in Table 2). The low frequency component of SSR isinteresting feature is that the low frequency components of
also inversely correlated to the corresponding component 06SR and TCC show a decreasing trend from the 1960s to the
TCC in nearly all cases except for the autumn series duringl980s, thereby leading to a significant positive correlation
1961-1990. Note in Fig. 2 that during 1991—-2005, a decreasfTable 2). This implies that the dimming during this period
ing trend in SSR is closely related to an increasing tendencyannot be explained by the decadal variability of TCC. On
of TCC. This indicates that a portion of a renewed dimming the contrary, the decadal variability of SSR inversely follows
in the new millennium is likely attributable to TCC changes. that of TCC since the 1990s and the negative correlation co-
efficients exceed-0.90 in all seasons except in autumn. This
3.2 NE region suggests that the dimming during 1991-2005 can be partly
attributable to the decadal variability of TCC.

The annual SSR decreases significantly by 7.0 mper
decade during 1961-1990. There is some indication for a
renewal of dimming beyond 2000 after the stabilization in
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20} NW Region @] Table 1. The annual and seasonal trends in surface solar radiation
(SSR) and total cloud cover (TCC) during 1961-1990 and during
10'% f 1 1991-2005.
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Fig. 2. Time series plots of annual anomalies of surface so- MAM _4.37 0.03 —1.56 0.27
lar radiation (SSR), total clouq cover (TCC), and_ low ploud SW JIA _0.85 -0.15 586 -0.04
cover (LCC), plotted together with the smoothed series using ro- SON _435 -—003 4.99 _0.22
bust locally weighted regression algorithm “Lowess” in Northwest DJF ~1.68 —0.20 5.42 —0.15

China:(a); spring(b); summer(c); autumn(d); winter (e).

3.3 SEregion 3.4 SWregion

] The annual time series of SSR shows a decreasing trend from
The annual SSR series decreases by 12.0W/per decade  the 1960s to the end of 1990s. Dimming is strong for the
during 1961—19290 (Fig. 4 and Table 1). Afterward, a positive gnyring and autumn time series. Brightening seems to ap-
trend (3.7W <) appears up to the end of the analyzed pe-peqr peyond 2000, especially for the spring, summer, and
riod. The temporal behavior of seasongl SSRtime series genstumn time series (Fig. 5b—d). The annual time series of
erally resembles that of the annual series. However, the turntcc shows a significant decreasing trend during 1961-2000
ing point from dimming to brightening appears early (at the 5 thereafter an increasing trend. The seasonal TCC anoma-
beginning of the 1980s) in summer. The brightening is notjies during 1961-1990 generally show a decreasing trend but
significant in autumn and winter during 1991-2005. An 0b- 4yring 19912005, they show an increasing trend or level
vious upward tendency is observed for the annual TCC serieggt  \we can also see a strong negative correlation between
from the 1960s to the beglnnln.g of 1970s aljd TCC decreaseg,e high frequency portions of SSR and TCC in this region.
gradually thereafter. The spring TCC series resembles thggy the low frequencies, an inverse correlation between SSR
annual series. However, for other seasons, TCC shows gnq TCC is often intervened by a positive correlation. The
very large decadal fluctuation and the seasonal TCC showgerse correlation appears during 1991-2005 for the sum-
a weak increasing trend during 1991-2005. The short-teMyer aytumn, and winter time series and the correlation co-

variability of SSR is negatively correlated to that of TCC (Ta- gfficients are—0.99. —0.99. and—0.87 respectively (see Ta-
ble 2). There is a strong inverse correlation between the low,o 2).

frequency component of SSR and TCC for the spring time
series during both periods. In Fig. 4, it is observed that an
upward tendency of SSR during 1991-2005 is generally ac-
companied by a decreasing trend in TCC and thereby, the
correlation coefficients between the low frequency compo-
nents are generally negative. This suggests that the SSR vari-
ability during 1991-2005 is closely related to that of TCC.

Ann. Geophys., 28, 1121432 2010 www.ann-geophys.net/28/1121/2010/
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Table 2. Correlation coefficients between annual and seasonal time series of surface solar radiation and total cloud cover.

1125

“Raw” denotes

coefficients for the original anomalies time series; “High” denotes the remaining high-frequency, inter-annual variations after detrending
with the Lowess algorithm; and “High” denotes the correlations of the low-frequency part of the original time series as derived from Lowess.
Coefficients given in bold are significant at the 95% level.

1961-1990 1991-2005
Annual Spring Summer Autumn Winter Annual Spring Summer Autumn  Winter
High -0.59 -0.68 -0.71 -0.73 -0.83 -049 -0.81 —0.34 —-0.56 —-0.88
NW Low -0.70 -0.68 —0.95 0.07 -040 -0.89 -0.32 —0.98 —-0.94 -0.96
Raw —0.46 —0.59 —0.63 -042 -051 -055 -0.79 —0.49 —-0.64 —0.90
High -0.76 —-0.86 —0.75 -0.75 -0.87 -0.82 -0.89 —0.89 —-0.87 -0.83
NE Low 0.86 0.72 0.73 0.62 010 -1.00 -0.94 —0.98 0.51 -0.98
Raw 0.19 -0.21 —0.09 —-0.03 -0.47 -0.87 -0.90 —-0.91 —-0.82 -0.90
High -0.83 -0.77 —0.82 -090 -097 -0.75 -0.84 -0.72 —0.93 -0.96
SE Low —-0.08 -0.92 -0.14 0.19 -025 -0.74 -0.97 -0.41 —-0.48 -0.60
Raw -0.37 -0.59 —0.43 -057 -0.79 -0.68 -0.91 —0.69 —-0.89 -0.95
High -0.71 -0.70 —0.88 -0.67 -0.87 -0.36 -0.34 —0.67 —-0.68 -0.85
SW  Low 0.75 -0.18 —0.45 -0.21 0.35 0.22 0.28 —0.99 —-0.99 -0.87
Raw —0.17 -0.64 -0.72 —-051 -0.66 —-0.38 -0.38 —0.66 —-0.75 -0.85
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Fig. 3. The same as in Fig. 2, but in Northeast China.

4 Contributions of changes in the frequency of cloud
cover categories and their atmospheric transparency

to the secular trend in SSR

1960 1970 1980 1990 2000
Year

1960 1970 1980 1990 2000
Year

Fig. 4. The same as in Fig. 2, but in Southeast China.

TCC plays in the interannual and decadal variability of SSR
through determining the degree of agreement between the
high and low frequency parts of SSR and TCC. However,

further study is required to

understand how much of any

Notice in Sect. 3 that there is a very complex spatio-temporalSSR change is attributable to a change in the frequency of
variability of SSR. We can get some hints about the role thatfTCC categories and how much to changes in the atmospheric
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4.1 NW region

20 SW Region @ |

As shown in Fig. 6 (upper panel), an outstanding feature dur-
ing 1961-1990 is that atmospheric transparency for all TCC
categories decreases by about 0.25% per decade. This is the
primary cause for the dimming. TCC frequency changes do
support a portion of the dimming in all seasons except in
1960 1970 1980 1990 2000 autumn, and the percentages attributable to this are 16%,
24%, and 11% in spring, summer, and winter, respectively.
TCC frequency change during 1991-2005 is the dominant
factor determining SSR decadal variability (bottom panel of
Fig. 6), although atmospheric transparency change still plays
an important role. The percentages of the total SSR trend at-
tributable to TCC frequency changes are 100%, 79%, 48%,
and 88% for 4 seasonal series.

20 @1 59 @)
0 MNM /\/\A.{\ JiN 4.2 NE region
vv i \/“‘”LWWWW
20 VW 20 The dimming during 1961-1990 (the upper panel of Fig. 7) is

1960 1970 19$2ar1990 2000 1960 1970 19$2ar1990 2000 entirely attributable to a decline in SSR under all TCC cate-
gories. Decreased atmospheric transparency under any TCC

category leads to total seasonal SSR declines cf£3.9%

per decade in four seasons. The overall effect of TCC fre-

quency changes on SSR leads to a total seasonal SSR in-

crease, thereby offsetting part of dimming that stems from

transparency. In order to quantitatively estimate the contri- decreased atmospheric transparency.  Atmospheric trans
bution of TCC variability to that of SSR, eleven TCC cate- P pa Y- P :
. : : _ parency for most TCC categories during 1991-2005 still
gories are defined, i.e., TCC=0, 0-1, 1-2, 2-3, 3-4, 4-5, 5= . : L
. o shows a decreasing trend (bottom panel of Fig. 7), which is
6, 6-7, 7-8, 8-9, 9-10 tenths, representing conditions fron - o o
. an important cause for the dimming. A quite different feature
clear sky, cloudy sky, to overcast. Following the method

) . : during this period, as compared to the years 1961-1990, is
introduced _by Karl and Kn!ght (_Karl and Knight, 1.998) tp that TCC frequency changes contribute to the dimming in all
study contributions of precipitation frequency and intensity

S ; seasons except in spring. This feature is more pronounced in

to secular trends of precipitation amount, the proportion of : R .
. . . . summer and winter and about 90% of dimming is explained
any trend in total SSR that is attributable to changes in fre-
. by TCC frequency changes.

quency of any TCC category versus changes in atmospheric
transparency is studied. This is calculated for the frequency
component by determining the average SSR ) for any 4.3 SEregion

TCC category and the trend in the frequency of TCC cate-
gories (TRD). Then the change in SSR due to the trend in pimming during 1961-1990 is primarily and perhaps even

20

0

Anomaly

-20

1960 1970 1980 1990 2000 1960 1970 1980 1990 2000

o

Fig. 5. The same as in Fig. 2, but in Southwest China.

the frequency of TCC categories is simply defined by exclusively attributable to decreased atmospheric trans-
parency (Fig. 8). A very interesting feature is that contri-
TRDcc=Eg4 (TRDy) butions by atmospheric transparency changes increase with

TCC, and this feature is more pronounced in spring and
In this analysis, TRRc is expressed as a percentage of SUMMEr. An outstanding feature during 19912005 is that

the mean seasonal or annual total SSR. For the atmospherft€rly all atmospheric transparencies show an increasing

transparency component, the trend is directly calculated as §€nd, Which results in the brightening of SSR. The bright-
residual using the expression ening in spring is enhanced by changes in frequency of TCC

categories that contributes to about 63% of the brightening.

Increased atmospheric transparency is the unique reason for
TRDAr=TRD-TRDcc the brightening in summer and winter, about 26% and 57%

of which is offset by TCC frequency changes. A significant
where TRD is the trend in total SSR for specific TCC classdecrease in the frequency of days with TCC less than 1 tenth
intervals. The analysis is applied to data during 1961—-1990n autumn leads to a decreasing trend in SSR, which is the
and during 1991-2005 separately for the same reason. exclusive cause for the dimming in this season.
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Fig. 6. Seasonal trends in Northwest China during 1961-1990 (upper panel) and during 1991-2005 (bottom panel) expressed as percent of
mean SSR per decade for various categories of total cloud cover in tenths (upper); the contribution to the SSR trends attributed to trends in
total cloud cover frequency (middle) and the contribution to the SSR trends attributed to trends in the atmospheric transparency (bottom).
The values represent the sum of trends in SSR and the total contributions to those trends attributable to trends in total cloud cover frequency
and trends in the atmospheric transparency.
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Fig. 7. The same as in Fig. 6, but in Northeast China.

4.4 SW region

Cloud cover in tenths

Cloud cover in tenths

quency changes. This is more pronounced in summer and
winter and the percentage of dimming offset by TCC fre-

Atmospheric transparency for any TCC category shows a deguency changes is 87% and 84%, respectively. A renewed
creasing trend during 1961-1990, which is the unique causeimming in spring during 1991-2005 is entirely attributable

for the dimming (Fig. 9). The dimming is, to some extend, to changes in frequencies of TCC categories. Changes in
offset by a positive contribution to SSR due to TCC fre- frequency of TCC categories contribute to a brightening by
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Fig. 8. The same as in Fig. 7, but in Southeast China.
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8% in summer and 53% in autumn during 1991-2005. The5 Discussion
brightening in winter during 1991-2005 is completely at-

tributable to increased atmospheric transparency (Fig. 9).
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TCC appears to be an important modulator to SSR, as re-

vealed by a significantly negative correlation between the
high frequency components of SSR and TCC. Correla-
tion between the long-term behavior of SSR and TCC is
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Fig. 9. The same as in Fig. 8, but in Southwest China.
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somewhat complex. The dimming during 1961-1990 is ac-2009). However, we can still see that a portion of the dim-
companied by a decreasing trend in TCC (Li et al., 1998; Chaming is likely attributable to changes in TCC in a few cases.
et al., 2005; Liang and Xia, 2005) and an increasing trend inFor example, TCC changes account to some extent for the
clear days (Qian et al., 2006), indicating negligible contribu- dimming in northwest China in nearly all seasons except in
tion by TCC to the SSR trend over China (Norris and Wild, autumn and in southeast China (in spring and winter). This is
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confirmed by negative correlations between the decadal scaleffset by TCC frequency changes. This feature is more pro-
behavior of SSR and TCC. Furthermore, this is reasserted bypounced in the Northeast and Southwest China regions. In
guantitative estimates of the contribution of TCC frequencythe Northwest region, TCC frequency changes do contribute
changes to the total SSR trend. During 1991-2005, part ofo the dimming in all seasons except in autumn, and the per-
decadal SSR variability in most cases can be attributed taentage attributable to this effect in each season is 16%, 24%,
changes in TCC. This is in accordance with results of Nor-and 11% in spring, summer and winter, respectively. In addi-
ris and Wild (2009), but our results show spatial and sea-ion, about 10% of spring and winter dimming during 1961—
sonal variations of TCC contribution. There are many cases990 in Southeast China is likely attributable to TCC fre-
in which more than half of decadal SSR variability can be quency changes.
attributable to TCC changes. For example, more than half Dimming of SSR during 1991-2005 in North China pri-
of dimming in northwest China (all seasons) and in north- marily results from TCC frequency changes. This feature
east China (summer and winter) could be explained by TCGs more pronounced in summer when no less than 80% of
changes. However, we also observed that TCC made negldimming is explained by TCC frequency changes. Increased
gible contribution to the winter SSR trend in south China.  atmospheric transparency generally results in an increase of
During 1961-1990, atmospheric transparency decreaseSSR of 1-3% per decade during 19912005 in South China,
for nearly all TCC categories. A decline in clear sky trans- which is enhanced by TCC frequency changes in spring and
parency is very possible a result of increased aerosol loadingutumn.
(Luo et al., 2001; Qiu and Yang, 2000). It was observed that

the aerosol radiative effect on SSR under clear sky in NorthAcknowledgementsThe radiation and cloud data were provided by

China Plain and the angtze Delta region '_S comparable Yhe climate Data Center, Chinese Meteorological Administration.
that of cloud effects (Li et al., 2007a, b; Xia et al., 2007). Thjs research was supported by the Knowledge Innovation Program
Note that the contribution by changes in atmospheric transof the Chinese Academy of Sciences (KZCX2-YW-QN201), the
parency to explained variance in SSR under cloudy and overNational Basic Research Program of China (2009CB723904) and
cast conditions is generally comparable to that under cleathe National Natural Science Foundation of China (40775009 and
sky. In south China, we can see that the contribution by40875084).

changes in atmospheric transparency increases as TCC goes Topical Editor P. M. Ruti thanks one anonymous referee for
up in summer, which is likely associated with aerosol indirect her/his help in evaluating this paper.

effect.
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