'.) Check for updates

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

Geophysical Research Letters

RESEARCH LETTER
10.1029/2020GL091105

THongrong Shi and Jingiang Zhang con-

tributed equally to this work.

Key Points:

« Surface solar radiation (SSR)
increases with an unprecedented
rate of 0.70-1.16 W m > yr™" for
2014-2019 in eastern and central
China

« The relative roles of aerosol and
clouds in producing the SSR trends
are estimated with a novel method
using surface and satellite data

« The strongly declining aerosol
radiation effect due to strict air
pollution controls is the main cause
of the upward SSR trends

Supporting Information:

« Supporting Information S1

Correspondence to:
B. Zhao and X. Xia,
bin.zhao@pnnl.gov;
xxa@mail.iap.ac.cn

Citation:

Shi, H., Zhang, J., Zhao, B., Xia, X.,

Hu, B., Chen, H., et al. (2021). Surface
brightening in eastern and central
China since the implementation of

the Clean Air Action in 2013: Causes
and implications. Geophysical Research
Letters, 48, €2020GL091105. https://doi.
0rg/10.1029/2020GL091105

Received 2 OCT 2020
Accepted 18 DEC 2020

© 2020. American Geophysical Union.
All Rights Reserved.

Surface Brightening in Eastern and Central China Since
the Implementation of the Clean Air Action in 2013:
Causes and Implications

Hongrong Shi"' 1, Jingiang Zhang"**', Bin Zhao* (), Xiangao Xia"** 0, Bo Hu’,
Hongbin Chen"*?, Jing Wei®” 0, Mengqi Liu"®, Yuxuan Bian® ©©, Disong Fu?, Yu Gu’ ©, and
Kuo-Nan Liou’

'Key Laboratory of Middle Atmosphere and Global Environment Observation, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing, China, Collaborative Innovation Center on Forecast and Evaluation of
Meteorological Disasters, Nanjing University of Information Science & Technology, Nanjing, China, *College of
Earth and Planetary Science, University of Chinese Academy of Sciences, Beijing, China, *Pacific Northwest National
Laboratory, Richland, WA, USA, °State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric
Chemistry, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China, °State Key Laboratory of
Remote Sensing Science, College of Global Change and Earth System Science, Beijing Normal University, Beijing,
China, "Department of Atmospheric and Oceanic Science, Earth System Science 19 Interdisciplinary Center, University
of Maryland, College Park, MD, USA, ®State Key Laboratory of Severe Weather, Chinese Academy of Meteorological
Sciences, Beijing, China, °Joint Institute for Regional Earth System Science and Engineering and Department of
Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA, USA

Abstract Surface brightening has been observed in China since 2005. However, it remains unclear
whether the brightening has accelerated recently in response to the strictest ever air pollution control
policies since 2013. By combining intensive surface and satellite observations, we find an unprecedented
rapid increasing trend in surface solar radiation (SSR) of 0.70-1.16 W m > yr~' over the eastern and
central China for 2014-2019. Using a novel method to identify the relative contributions of aerosol and
cloud radiative effects to the SSR trends, we find that the strongly declining aerosol radiative effect due

to the strict air pollution controls is the main cause of the upward SSR trends; cloud variations should
not be the main reason. Distinction exists in seasonal trends of SSR, with decreasing trends in winter and
increasing trends in other seasons. Air pollution controls play an important role in regulating SSR, which
has valuable implications for photovoltaic power generation.

Plain Language Summary Since 2013, China has implemented the strictest ever air
pollution control policies, which resulted in substantial reductions in aerosol concentrations. However,

it is still unclear how the recent stringent control measures affect the surface solar radiation (SSR),

the primary energy source for the Earth system. Moreover, it remained a critical challenge in previous
observational studies to properly disentangle the effect of aerosols on SSR changes from the effect of
cloud variations. Using ground-based and satellite-based measurements, we find a dramatic increasing
trend in SSR during 2014-2019 over the eastern and central China, which is among the world's fastest
brightening in the last few decades. Further, we use a novel method to elucidate the relative contributions
of the aerosol and cloud radiative effects to the SSR trends. The results show that the strongly declining
aerosol radiative effect due to the strict control policies plays a dominant role in producing the upward
SSR trends. Our finding indicates that the air pollution control actions can lead to not only considerable
environmental and health improvements, but also increases in solar photovoltaic energy production. This
is potentially an important cobenefit of air pollution controls in China which deserves more attention in
future decision making.

1. Introduction

Surface solar radiation (SSR) is the Earth's primary natural source of energy. Variation in SSR can greatly
influence the weather and climate (Wild et al., 2005), hydrological cycle (Ramanathan et al., 2001), carbon
cycle (Bright et al., 2012), water evaporation (Roderick & Farquhar, 2002), and crop yield potential (Stanhill
& Cohen, 2001). Furthermore, the SSR is essential for the solar photovoltaic (PV), which, as a potential
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alternative to fossil fuels, has been expanding exponentially worldwide over the past two decades. PV ca-
pacity in China is expected to reach at least 400 GW by 2030, accounting for 10% of China’s primary energy
(CNREC, 2014; Sun et al., 2014). For better assessment and utility of the solar energy, it is important to well
understand the interannual variations in SSR across China and the driving factors behind the variations.

The temporal trends in SSR have been investigated widely over China, particularly considering that China
has serious and rapidly changing aerosol pollution which has a significant effect on SSR (Li et al., 2016;
Liang & Xia, 2005; Xia et al., 2007). For example, by analyzing 40 years of surface radiation and sunshine
duration measurements in China, Che et al. (2005) found that global and direct solar radiation decreased
significantly while diffuse radiation increased over the latter half of the twentieth century. During this
dimming period, Qian et al. (2006) found that the trends of total cloud cover and low cloud cover are both
negative averaged over China, which is not likely to explain the decreasing SSR. By considering elevated
aerosol optical depth, they speculated that increased air pollution may result in less solar radiation reaching
the surface. By conducting transient sensitivity experiments based on a global climate model with sophis-
ticated treatment of aerosol and cloud microphysics, Folini and Wild (2015) found that the dimming in
eastern China between 1950 and 2000 was partly associated with increasing SO, and carbonaceous aerosol
emissions. The above studies arrived at a consistent conclusion that SSR has decreased in the past century
in China and an increase in aerosol loading is a plausible cause.

In contrast to the above earlier studies, a transition from dimming to brightening has been revealed around
2005. By analyzing the trend of SSR during 2005-2015, Li et al. (2018) found a brightening trend over East
China, which was attributed to the aerosol optical depth (AOD) decrease and single scattering albedo (SSA)
increase. Schwarz et al. (2020) implied that the surface brightening after 2005 in China was associated with
the decreasing atmospheric absorption, but it was not clear which factors induced the decreasing absorp-
tion, such as aerosols, clouds, or other factors. Previous observation-based studies usually inferred the effect
of aerosols on SSR trends by simply examining the relationships between the trends in SSR and aerosols.
They seldom quantitatively evaluated the relative contributions of aerosols and clouds to the SSR trends,
which prevented an accurate attribution of observed SSR trends to the two factors.

Since 2013, China has implemented the Air Pollution Prevention and Control Action Plan and a strength-
ened second-phase of the plan (also called “Defending the Blue Sky Action Plan”) to set stricter targets than
ever for the reduction of emissions of pollutants (Council, 2013, 2018). Consequently, annual mean PM, s
(particulate matter with diameter less than 2.5 um) concentrations over major metropolitan regions dropped
by 30-50% from 2013 to 2018, in response to substantial reductions in emissions of multiple pollutants, es-
pecially SO,, primary PM, s, and NOy (Ding et al., 2019; Zhai et al., 2019). Although the large decrease in
PM, 5 concentrations has been confirmed by observational and modeling studies (Leung et al., 2020; Wang
et al., 2019), it is still unclear how the strict air pollution controls influence the SSR and how important
they are relative to cloud variations. To address this question, we use SSR datasets from 2014 to 2019 over
the eastern and central China (ECC) from extensive surface and satellite observations to explore the SSR
temporal trends. Compared with previous observational studies, a major innovation of this study is that we
elucidate the relative contributions of the aerosol and cloud radiative effects (AREs and CREs) to the SSR
trends by exploiting the high-temporal-resolution surface observational data to identify scenes affected and
unaffected by clouds and aerosols. The surface-based estimate of AREs and CREs are further intercompared
with satellite-based estimates. The results are expected to help us better understand the impact of air pollu-
tion controls on radiation budget, regional climate, and solar photovoltaic energy production.

2. Region, Data, and Methods
2.1. ECC Region

We focus on the ECC region (21-41°N, 102-122°E), where the aerosol loadings are extremely high and
therefore strict control measures have been taken since 2013. The ECC domain covers most of China's major
metropolitan regions, including the North China Plain, the Yangtze River Delta, and the Pearl River Delta.
The research domain and observation stations are shown in Figure S1.
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Figure 1. Illustration of (a) the clear-sky identification method and (b) the determination of monthly aerosol radiative effect (ARE) and cloud radiative effect
(CRE) based on hourly observations from CERN network. The data of this case are from the CSA station (31.53°N, 120.68°E, see location in Figure S1) on
June 15, 2018 (a) and during the period of June 2018 (b). In left panel, solid lines are downward solar radiation at top of atmosphere (Rroa in red), SSR (Rops in
black), and clear-sky SSR (Rcs in blue). Dashed lines are the indices used to identify the clear-sky SSR. Black stars represent identified clear-sky conditions. K
is the ratio of Rops to Ryoa. K{' is the modified K, proposed by Perez et al. (1990). K. is the ratio of Rops to Res. AK,’ is the variation of the K,’. The scenes marked
by stars are identified as the clear-sky conditions (K; < 0.82; 0.65 < K;’ < 1; K. > 0.65; A K’ < 0.05). In right panel, gray squares are hourly SSR values over

1 month. Blue dots are clear-sky SSR. ARE is determined by the difference between the background clear-sky value (clear-sky without aerosols, green line) and
mean clear-sky value (clear-sky with aerosols, blue line). CRE is calculated as the difference between averaged all-sky (black line) and clear-sky (blue line) SSR
measurements. CERN, Chinese Ecosystem Research Network; SSR, surface solar radiation.

2.2. Surface Observational Data and Clear-Sky Screening Method

SSR data during 2014-2019 at 17 stations of the Chinese Ecosystem Research Network (CERN) over ECC
is used. The CERN network was established to investigate the surface radiation budget and its spatial and
temporal variations in China (Liu et al., 2017; Shi et al., 2018). The CM11 pyranometers with an accuracy
of 3% are used for SSR measurement (Hu et al., 2007). The pyranometers are calibrated each year using the
“alternate method” (Forgan, 1996). Quality control of SSR is performed based on two main principles: (i)
SSR is smaller than the extraterrestrial global solar radiation, and (ii) SSR is larger than the expected mini-
mum values (10 W m™2) in overcast conditions (Liu et al., 2017). The data failed the quality control would be
treated as missing value. Quality controlled hourly SSR is integrated to calculate daily mean SSR, in which
the number of missing hourly daytime values must be less than 3. Subsequently, monthly SSR is calculated
based on daily SSR if the percentage of valid daily values exceeds 30%.

To investigate whether the SSR varying trends are associated with aerosols or clouds, the aerosol radiation
effect (ARE) and cloud radiation effect (CRE) on the SSRs are analyzed under clear-sky and all-sky condi-
tions, respectively. By calculating and examining several clear-sky indices, clear-sky screening procedure is
applied to hourly CERN SSRs to detect clear-sky scenes. An hourly SSR value is regarded as clear-sky if it
meets the following four criteria simultaneously; otherwise it is treated as cloudy condition. First, K;, the
ratio of SSR to extraterrestrial solar radiation at the top of the atmosphere (TOA), should not exceed 0.82.
Second, the K/, modified K, proposed by Perez et al. (1990), should be between 0.65 and 1.0. Third, the var-
iability of K, within 3 h should not exceed 0.05. Fourth, K., the ratio of SSR to the expected clear-sky SSR,
should exceed 0.65. Here, the expected clear-sky SSR is calculated from a parameterized radiative transfer
model named REST-2 (Gueymard, 2008), which was derived by a minimal water vapor pressure (0.25 hPa)
and a background-level aerosol optical depth (AOD) of 0.1 at 550 nm. As an example, Figure 1a illustrates
how clear-sky scenes at the CSA station (31.53°N, 120.68°E, see location in Figure S1) on June 15, 2018 are
identified by using the above tests. Results show that the method can effectively screen out scenes with SSR
reduction caused by clouds (e.g., the abrupt SSR reduction between 12:00 and 13:00 local time due to the
clouds blocking the sunlight in Figure 1a) and hence identify clear-sky conditions.
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Similar to the method in (Li et al., 2007), clear-sky SSR measurements are analyzed on a monthly basis to de-
termine the monthly mean AREs. To account for the aerosol effects on SSR, all clear-sky data in each month
are used to determine the background clear-sky values (clear-sky without aerosols) and mean clear-sky value
(clear-sky with aerosols) and then to estimate monthly AREs. Specifically, the highest hourly values within
a month (the outer envelope of hourly cloud-free SSR values) are considered to be the clear-sky background
(green line in Figure 1b). The monthly mean hourly clear-sky values are considered to be the clear-sky val-
ues with the aerosol effects (blue line in Figure 1b). AREs here are calculated as the differences between the
two averaged over 24 h. Similarly, CRE is calculated as the daily mean difference between all-sky (black line
in Figure 1b) and clear-sky (blue line in Figure 1b) SSR measurements. Then the daily AREs and CREs are
aggregated to monthly, seasonal, and annual AREs. We also do a sensitivity scenario with changed clear-sky
screen criteria. The results indicate that, while the uncertainty may affect the magnitude of ARE and CRE (Li
& Trishchenko, 2001), it has a smaller influence on their interannual trends (details in Text S1 and Figure S2).

2.3. Satellite Data

The Clouds and the Earth's Radiant Energy System (CERES) instrument, deployed on the Earth Observing
System's Terra and Aqua satellite platforms, consists of a scanning radiometer collecting radiometric meas-
urements in the shortwave (0.3-5 um), longwave (8-12 um), and broadband (0.3-100 um) channels (Wiel-
icki, 1996). The National Aeronautics and Space Administration CERES_SYN1deg Ed4.1 hourly averaged
SSR products during 2014-2019 are used (Doelling et al., 2016). Surface fluxes in SYN1deg are derived from
TOA fluxes combined with aerosol and cloud properties derived from Moderate Resolution Imaging Spect-
roradiometer (MODIS) and geostationary satellites (GEO), where each geostationary satellite instrument is
calibrated against MODIS (Doelling et al., 2013). CERES_SYN1deg Ed4.1 provides SSR data at four types
of atmospheric conditions: (i) all-sky, (ii) clear-sky, (iii) all-sky without aerosols, and (iv) clear-sky without
aerosols (pristine). Type (iii) conditions are computed by removing aerosols from the all-sky computations.
Type (iv) conditions are computed by removing aerosols from clear-sky computations, that is, including only
molecular scattering and absorption. In this study, we calculate the impact of aerosols on SSR (i.e. ARE)
using the difference between clear-sky without aerosols and clear-sky (with aerosols) conditions. Similarly,
we calculate the impact of clouds (i.e. CRE) using the difference between all-sky and clear-sky conditions.

Previous studies concluded that CERES_SYN1deg, with substantially less average biases, outperforms oth-
er satellite-derived datasets, such as the International Satellite Cloud Climatology Project Radiative Flux
Data (ISCCP), the Global Energy and Water Exchanges Surface Radiation Budget dataset 3.0 (GEWEX),
and the Modern-Era Retrospective Analysis for Research and Applications (MERRA) (Li et al., 2017; Rutan
et al., 2015). Here, we validate daily SSR data against CERN pyranometer measurements during 2014-2019,
which showed that the mean bias (MB: CERES minus CERN), mean absolute bias (MAB), root mean square
error (RMSE), and correlation coefficient are —10.35 W m™2, 26.16 W m™2, 32.43 W m 2, and 0.94 W m™2,
respectively (shown in Figure S3). These results indicate a reasonable performance of CERES SSR, which is
generally consistent with previous studies (Feng & Wang, 2018; Wang et al., 2015). Two datasets (CERN and
CERES) inevitably have slight differences because of their different observation approaches and retrieval
methods, which cause certain differences in the magnitude of trends derived from these two datasets. Nev-
ertheless, a significant increasing pattern of SSR is consistently presented by these two-independent data
sources, which strengthens the reliability of our results.

We utilize AOD (550 nm) and cloud fraction (CF) observations from the MODIS onboard Terra and Aqua
satellites, each of which provides near-daily global coverage. Both AOD and CF are obtained from the Level
3 Atmosphere products (MODO08, Collection 6.1 for Terra and MYDO08, Collection 6.1 for Aqua). Compar-
ison of MODIS-retrieved AOD and CF with other ground and satellite-based datasets showed reasonable
agreement (Harris et al., 2014).

We employ a high-resolution (1 km) and high-quality PM, s dataset for China generated from MODIS AOD
dataset using the Space-Time Extra-Trees (STET) model (Wei et al., 2020, 2021). The PM, s estimates agree
well with ground measurements (cross-validation R* 0.86-0.90; RMSE: 10.0-18.4 pg/m’ from 2013 to 2018)
(Wei et al., 2021). We calculate the PM, 5 trends from the monthly PM, s anomalies during 2014-2019 across
China (Wei et al., 2019).
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Figure 2. Trends of anomaly SSRs during 2014-2019 over the eastern and Central China (ECC). (a) Monthly SSR averaged across 17 stations from CERN
surface observations in ECC. (b) Monthly SSR averaged across 17 stations from CERES satellite retrievals in ECC. (c) Monthly SSR averaged over the entire ECC
from CERES. (d) Spatial distribution of the trends of SSR in ECC. Black dotted lines are moving averaged value with 12-months window. Dash lines in blue
represent the regression lines and those in red represent the Sen's slopes (** marked as the significance level p < 0.05). Black dots in (d) indicate that the trend
is above 95% significance level with M-k test. The inhomogeneous y-axes plotting scales is used to an individual panel in (a)-(c). CERES, Clouds and the Earth's
Radiant Energy System; SSR, surface solar radiation; CERN, Chinese Ecosystem Research Network.

2.4. Statistical Method

The interannual trends with statistical significance at the 0.05 level are determined using two methods: the
simple linear regression associated with Student's t-test and the Sen's slope associated with Mann-Kendall
(M-k) test. The simple linear regression is a popular method to quantify trends of time series. The Sen's
slope associated with M-k test is a nonparametric method for identifying a monotonic trend of a time series
with any skewed distribution (Mann, 1945). We thus perform both parametric and nonparametric tests to
ensure that the two methods produce consistent results.

3. Results and Discussion
3.1. Observed Trend in SSR

Figures 2a and 2b show the trends of SSR anomalies at 17 stations over ECC during 2014-2019. For both
surface and satellite datasets, a statistically significant increasing tendency is revealed by the SSRs with
Sen's slopes of 1.16 W m™ yr~' for CERN observation and 0.84 W m™ yr™' for CERES measurement,
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respectively. Although two datasets have slight difference in trends, a significant increasing pattern of SSR
is consistent by two-independent data sources. The corresponding regression slopes are 1.03 W m™2 yr™* for
CERN and 0.68 W m™ yr" for CERES, respectively. We further examine the satellite-derived SSRs averaged
over the entire ECC domain (Figure 2c), which also present a significant positive trend with a Sen's slope
of 0.70 W m ™2 yr™" and a regression slope of 0.56 W m™* yr™', similar to the trends at the 17 observational
stations over ECC.

Figure 2d shows the spatial distribution of the trends of annual mean SSR from the CERES dataset. The SSR
shows an increase over most of ECC, with the most significant increase occurring in northern and central
parts of the domain (=2 W m™ yr™!). However, the SSRs over southern and western parts of ECC show
insignificant increases or even a weak decline in certain grids.

As mentioned earlier, a “dimming” trend (i.e., decrease in SSR) has been reported in China until 2005 when
the “dimming” shifted to “brightening” over East China (Li et al., 2018; Schwarz et al., 2020). To put our re-
sults into the context of a longer timescale, we display the time series of annual mean SSR from CERN and
CERES datasets averaged across 17 stations in ECC during 2005-2019 in Figure S4. Overall, the SSRs during
2005-2019 showed a weaker increase with regression slopes of 0.27 W m™ yr™* for CERN observations and
0.11 W m~? yr~* for CERES measurements. In contrast, a much larger increase was revealed after 2013, as
described above. The difference in SSR trends between these two periods indicates that the recovery of SSR
in China has accelerated, which probably benefits from the stricter air pollution control action after 2013.
It has been well-documented that the SSRs in Europe and United States have been increasing gradually
in the last 2-3 decades with a trend of round 0.3 W m™ yr™" in Europe for 1985-2012 (Sanchez-Lorenzo
et al., 2015) and 0.6 W m™? yr~" in United States for 1996-2011 (Augustine & Dutton, 2013). Therefore,
during 2014-2019, ECC has witnessed some of the world's highly rapid brightening in the last few decades.

The trends of seasonal mean SSR anomalies are presented in Table S1. Both the surface observations and
satellite measurements show increasing trends with statistical significance in summer but decreasing
trends in winter. The seasonal mean SSRs from CERN stations have Sen's slopes of —3.66 W m ™2 yr ™! in
winter, 1.87 W m™? yr™ ! in spring, 3.00 W m~? yr~" in summer, and 3.99 W m™? yr™! in autumn. Similarly,
the co-located CERES observations have Sen's slopes of —1.22, 2.66, 2.05, and 2.36 W m > yr ' in the four
seasons. The regression slopes are very similar to the corresponding Sen's slopes, though the magnitude can
be slightly different. In summary, our results show positive annual SSRs trends during 2014-2019, and the
trends are positive in all seasons except winter.

3.2. Drivers for the SSR Varying Trend

The two major factors affecting SSR—aerosols and clouds are examined in this section to better understand
the SSR varying trends. Figure 3 shows the trends of annual mean ARE, CRE, AOD, and CF anomalies from
ground-based and satellite-based datasets during 2014-2019 over the ECC domain. Details of magnitudes
of ARE and CRE are in Text S2 and Figure S5. The annual mean AREs averaged across 17 stations exhibit
declining trends with regression slopes of —0.24 W m™ yr™" for CERN and —0.70 W m~? yr~* for CERES
(Figures 3a and 3b). Similarly, the satellite-derived ARE averaged over the entire ECC domain (Figure 3c)
shows a significant negative trend with a regression slope of —0.55 W m™2yr™*. The Sen's slopes of AREs are
close to the regression slopes, confirming the aforementioned trends. The change in ARE is closely related
to the change in aerosol loadings. During 2014-2019, AOD averaged over the ECC domain has a significant
declining trend with a regression slope of —0.03 yr™* (Figure 3d). Meanwhile, surface PM, s concentrations
have also decreased substantially during this period (Leung et al., 2020; Zhai et al., 2019). It has been well
recognized that the large decrease in PM,s and AOD during this period is mainly caused by substantial
emission reductions associated with stringent control policies (Ding et al., 2019; Leung et al., 2020; Zhang
et al., 2019). Therefore, the decreasing trends in ARE largely benefit from the decrease in aerosol loadings
due to recent substantial emissions reductions in China.

The annual CREs (in Figures 3e-3g) from both surface and satellite measurements show insignificant
trends. For surface measurements, the annual mean CRE averaged across 17 stations has negligibly small
slopes (regression slope of —0.02 W m™>yr' and Sen's slope of 0.09 W m™2yr™"). As a result, the significantly
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Figure 3. Annual trends of anomaly aerosol radiative effect (ARE), cloud radiative effect (CRE), aerosol optical depth (AOD), and cloud fraction (CF)

from CERN surface observations and CERES and MODIS satellite measurements during 2014-2019 over the ECC. (a), (¢) ARE and CRE trends from CERN
observations averaged over 17 stations across ECC. (b), (f) ARE and CRE from CERES averaged over 17 stations across ECC. (c), (g) ARE and CRE from CERES
averaged over the entire ECC. (d), (h) The AOD and CF from MODIS averaged over the entire ECC. Dash lines in blue represent the regression lines and those
in red represent the Sen's slopes (** marked as the significance level p < 0.05). CERN, Chinese Ecosystem Research Network; CERES, Clouds and the Earth's
Radiant Energy System; MODIS, Moderate Resolution Imaging Spectroradiometer; ECC, eastern and central China.
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Figure 4. Spatial distribution of trends in (a) aerosol radiative effect (ARE), (b) cloud radiation effect (CRE) derived from CERES measurements, and (c)
aerosol optical depth (AOD) and (d) cloud fraction (CF) from MOIDS measurements during 2014-2019. Black dots indicate that the trend is above 95%
significance level with M-k test. CERES, Clouds and the Earth's Radiant Energy System; MODIS, Moderate Resolution Imaging Spectroradiometer.

decreasing ARE acts as the dominant driver for the increasing trends in SSR. For the satellite measurements,
the CREs averaged across 17 stations or over the entire ECC domain both have negative slopes (regression
slopes of —0.34 W m™>yr™" for 17 stations and —0.26 W m™ yr* for the ECC domain), but the slopes are not
statistically significant because of large interannual fluctuations. This is consistent with the insignificant
decreasing trend in satellite-observed annual mean CF (Figure 3h). Since the CRE trends are insignificant
and have smaller magnitude than the ARE trends, the satellite-based results also indicate that the strongly
declining ARE plays a dominant role in producing the upward annual SSR trends.

Figure 4 shows the spatial distribution of the trends of annual ARE, CRE, AOD, and CF from 2014 to 2019
in the ECC domain. The ARE decreases almost everywhere across the ECC domain, with statistically sig-
nificant decreases of approximately —2 W m™ yr™' over northern and central parts of the domain where
the prominent AOD decreases occur. Similarly, large rate of aerosol loading change happened in the same
domain parts due to the strict air pollution controls (Figure S6). The CRE decreases to some extent in a
majority of the domain and increases in some other parts; however, the trends are generally insignificant
except for a few scattered points. The highly inhomogeneous distribution of CRE leads to an overall ef-
fect that is much smaller than ARE, though the magnitude of CRE can be comparable to ARE at certain
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locations. Again, these results confirm our conclusion that clouds should not be the main reason for the
upward trends of SSRs in ECC.

In the previous section, we have shown different trends of seasonal mean SSRs, with decreasing trends
in winter and increasing trends in other seasons. This can be explained by the following seasonal differ-
ences in CRE and ARE. The CRE decreases in spring, summer, and autumn but increases in winter (with
regression slope of 1.26 W m™> yr~* for 17 stations from CERN and 1.64 W m~> yr~* for CERES), largely
because of opposite CF trends in winter and other seasons during the period studied (Table S1). The ARE
exhibits decreasing trends in all seasons, but the trends are much weaker in winter (with a regression slope
of —0.16 W m~* yr™! for CERN and —0.33 W m > yr~* for CERES) than in summer (-0.53 W m” yr" for
CERN and -0.57 Wm™yr" for CERES) (Table S1). The seasonal difference in ARE trends agrees with that
of AOD which shows a smaller decrease in winter (regression slope of —0.02 yr ') and a larger decrease in
summer (—0.06 yr™'). Also, this seasonal difference in ARE trends agrees with the seasonal difference in the
trends of PM, s discussed in our previous study (Leung et al., 2020), which found a much slower decrease in
wintertime PM, s (—3.2% yr~') since 2014, in contrast to a drastic summertime decrease (—10.3% yr™"). This
seasonal discrepancy is mainly because the wintertime aerosol decrease is buffered by unfavorable chemical
processes associated with increased oxidants and insufficient NH; supply. In winter, the combined effect of
the CRE increase and the relatively weak ARE decrease results in the decrease in SSR. On the contrary, the
stronger ARE decrease and the concurrent CRE decrease in summer together lead to the rapidly increasing
summertime SSR.

4. Conclusions and Implications

By using the ground-based and satellite-based observations, this study aims to examine the surface solar ra-
diation (SSR) variations over eastern central China (ECC) after the implementation of the Clean Air Action
plan in China in 2013, and, more importantly, to identify the relative contributions of aerosol radiative effect
(ARE) and cloud radiative effect (CRE) to the SSR varying trends. The main conclusions are summarized
as follows.

A significant increase tendency is revealed by the SSRs for both CERN and CERES datasets for 2014-2019
(Sen's slopes of 1.16 W m™> yr ™' and 0.84 W m ™ yr™! averaged at 17 stations, respectively). The SSR trend for
2014-2019 is larger than that for 2005-2019, which indicates that the recovery of SSR in China has acceler-
ated after 2013. The SSR shows an increase over most of ECC, with the most significant increase occurring
in northern and central parts of the domain (>2 W m™2yr™").

For both CERN and CERES datasets, the annual mean AREs present strongly declining trends. However,
the annual mean CREs show insignificant trends with large fluctuations. These results indicate that the
strongly declining ARE plays a dominant role in producing the upward annual SSR trends, and cloud vari-
ations should not be the main reason for the SSR increase over ECC.

Distinction exists in the trends of seasonal mean SSRs. Both the CERN and CERES observations show
strong increasing trends with statistical significance in summer but decreasing trends in winter when the
combination of strong CRE increase and weak ARE decrease results in decreasing SSR. In summer, the
decrease trends in ARE could be attributed to the strongest declining of aerosol loading in this season.

In this paper, we conclude that after the implementation of stringent air pollution control actions in 2013,
the recovery rates of SSR have been faster than ever before. Serious concerns over the negative health effects
of severe air pollution, including from secondary aerosol precursors, continue to push China toward poli-
cies that aim to reduce aerosol concentrations (Schwarz et al., 2020). Given the success of current air pol-
lution control policies, it is plausible that air pollutant emissions will continue to decline between now and
2030 (Cali et al., 2017), which will likely continue to recover SSR. The recent fastest-ever and ongoing SSR
recovery over ECC is expected to significantly increase solar PV electricity generation potential. As a result,
the air pollution control actions can lead to not only considerable environmental and health improvements,
but also increases in solar photovoltaic energy production. This is potentially an important cobenefit of air
pollution controls in China which deserves more attention in future decision making. Additionally, we do
a preliminarily discussion on the trends in SSR over the northwest China, where large PV power plants are
located. (shown in Text S3 and Figure s7).
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