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Abstract: The clean air actions of the Chinese government since 2013 have led to rapid reduction
in anthropogenic emissions during the last five years. In this study, we present a regional-scale
insight into the transition of aerosol properties during this special period based on integrated
Moderate Resolution Imaging Spectroradiometer (MODIS), Multi-angle Imaging Spectroradiometer
(MISR), and ground-based AERONET (AErosol RObotic NETwork) observations. As a response,
aerosols in eastern China have exhibited notable reversal in both the amount and optical properties.
Regional haze pollution with Aerosol Optical Depth (AOD) > 1.0 in northern China declined from
more than ~80 days per year to less than ~30 days. While fine-mode particles exhibited a continuous
decrease by ~30-40% during the time period of 2013–2018, the levels of coarse aerosols had no regular
variations. MISR fraction AOD of different size modes shows that there has been an obvious overall
decline in coarse particles over eastern China, but natural sources such as long-range dust transport
make a considerable contribution. The Single Scattering Albedo (SSA) increased steadily from 2001
to 2012 by more than ~0.05. In contrast, aerosol absorption has been getting stronger since 2013,
with SSA increasing by ~0.03, due to a much larger reduction in sulfate and nitrate. The drastic
transition of aerosol properties has greatly changed aerosol radiative forcing (ARF) in eastern China.
The negative ARF at the top (TOA) and bottom (BOA) of the atmosphere decreased by ~30 and
~50 W/m2, respectively, in Beijing during the 2001–2012 period. Although aerosol loading continued
to decline after 2013, the magnitudes of TOA and BOA ARF have increased by ~10 and ~30 W/m2,
respectively, since 2013, due largely to the enhanced aerosol absorption. Our results suggest that
more comprehensive observations are needed to improve understanding of the intense climate and
environment effects of dramatic aerosol properties in eastern China.

Keywords: aerosols; satellite; reversal; eastern China; anthropogenic emissions

1. Introduction

Atmospheric aerosols are complex and dynamic mixtures of tiny solid and liquid particles
originated from both natural processes and anthropogenic activities. Through intensive and intricate
interactions with solar radiation and clouds [1], these small particles play a critical role in the climate
system. Moreover, exposure level to the pollution of fine particles has a close and robust correlation
with an increase in morbidity and mortality of adverse epidemic diseases [2]. However, the spatial
and temporal distribution of aerosol loading and their properties are very heterogeneous due to their
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diverse emission sources and short lifetime, exerting large uncertainties on quantifying their climate
and health effects [3]. Thus, continuous and integrated observations from regional to global scales are
essential in understanding the role of aerosols in climate change and air quality [4].

As one of the largest pollution hotspots in the world, the huge anthropogenic emissions in
eastern China have led to serious air pollution problems associated with obvious adverse effects [5,6].
The aerosol over China is characterized by heavy loading and intricate properties [7,8], which is further
complicated by its interactions with Asian monsoon [9] and meteorological variables [10]. These aerosol
particles can modify clouds’ droplet size and lifetime [11], and thereby affects the frequency and
intensity of regional precipitation [12]. In the other hand, an aerosol’s radiative effects, depending
on its constituents and vertical profiles, can in turn regulate the chemical and physical processes of
air pollution [13,14]. Nevertheless, the amount and sources of anthropogenic emissions in eastern
China during the past few decades have undergone dramatic changes due to both rapid economic
development and changing control measures [5,15–17].

In particular, the clean air actions of the Chinese government since 2013 have greatly improved
particle pollution in China with large reduction in anthropogenic emissions [17]. There has not only
been a substantial decrease (~30–50%) in the concentration of fine particles with a diameter ≤2.5 µm
(PM2.5) [18], but also notable changes in particle chemical composition and the involved formation
mechanism. For instance, there has been a rapid transition regarding aerosol composition from
sulfate-driven to nitrate-driven in Beijing during winter due to a much larger decline in sulfate [19].
By contrast, the surface ozone (O3) level exhibits a remarkable increase trend [20]. It has been found
that light extinction of aerosols at high concentrations can strongly inhibit O3 production rate [14,20].
Furthermore, the rapid decline of anthropogenic emissions in China can bring about considerable
variability in aerosol optical and microphysical properties [21], which is significant in atmospheric
chemical and physical processes. However, how the aerosol properties in eastern China change under
such special period is still not clear.

In this study, we provide a comprehensive insight into the response of aerosol optical and
microphysical properties to rapid changes of anthropogenic emissions in eastern China since
2013 based on integrated observations from multiple satellites including Moderate Resolution
Imaging Spectroradiometer (MODIS) and Multi-angle Imaging Spectroradiometer (MISR), and ground
AERONET (AErosol RObotic NETwork). Section 2 introduces the utilized satellite aerosol products
and ground measurements. The overall trends of aerosol loading are examined with satellite aerosol
products in Section 3.1. Variations of aerosol optical and microphysical properties are analyzed by
AERONET inversions in typical regions in Section 3.2. Then, we evaluate the influence of the transition
in aerosol properties on radiative forcing in Section 3.3. Section 4 discussed the potential cause of
reversals in aerosol properties and related uncertainties. Finally, Section 5 provides a brief summary of
the work.

2. Data and Methods

2.1. Satellite Aerosol Products

The MODIS instrument onboard Terra satellite since 2000, and Aqua since 2002, provides near-daily
global observations on spectral radiation of the Earth-atmosphere system with 36 channels in 0.4–14 µm
and a wide swath of ~2330 km. Although multi-band satellite instruments such as MODIS mainly
retrieve one quantitative aerosol parameter of Aerosol Optical Depth (AOD) over land, MODIS AOD
has been the most widely used satellite aerosol product due to its advantage in spatial and temporal
resolutions. The current Collection (C) 6.1 MODIS aerosol products include Deep Blue (DB) AOD at
10 km, and Dark Target (DT) retrievals at 3 and 10 km. While MODIS DT algorithm is implemented
to retrieve aerosols over dense vegetation by the spectral relationship in surface reflectance between
visible and shortwave infrared bands [22], DB retrieval is available over all cloud-free and snow/ice-free
surfaces by utilizing a pre-calculated spectral surface reflectance database [23]. Considering DT
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retrievals is usually not available in heavy pollution conditions and bright surfaces in China [24],
C6.1 MODIS DB AOD was selected to have a regional-scale view on variations of the aerosol loading
in China.

The recent Version (V) 23 MISR products provide aerosol optical and microphysical properties
with an increased spatial resolution at 4.4 km and an improved retrieval algorithm [25]. Besides four
visible/near-infrared spectral bands (446, 558, 672, and 866 nm), MISR aboard Terra satellite observes the
Earth-atmosphere system at nine view angles (0◦ at nadir and±26.1◦,±45.6◦,±60.0◦, and±70.5◦ forward
and backward of the satellite track) using nine cameras. With additional multi-angle measurements,
MISR retrievals can infer aerosol types with 74 aerosol mixtures defined by particle size, shape, complex
refractive index, and scale height [26,27].

Among MISR retrievals of aerosol microphysical properties, MISR particle size has the most
robust performance compared with ground observations [28]. By dividing AOD into three size bins of
small, medium, and large mode, with specific particle radii <0.35, 0.35-0.7, and >0.7 µm, respectively,
MISR fraction AOD can provide a regional map of anthropogenic emission hotspots as well as blowing
dust in urban/industrial areas [27]. In particular, the multi-angle measurements of MISR are sensitive
to the non-spherical shape of airborne dust in coarse particles [26], which can be used to identify dust
events and their sources. However, the narrow swath width of ~380 km limits application of MISR
aerosol products due to the low temporal resolution of a nine days cycle. To avoid the influence of
low temporal representativity, we take mean values of V23 MISR retrievals in the 2013–2018 period
as a whole, and compare these with those in the 2007–2012 and 2001–2006 periods to see the general
changes in aerosol properties.

2.2. AERONET Observations and Air Quality Monitoring Network

The AERONET is a ground-based aerosol remote sensing network of Sun photometers established
since early 1990s. With standard instrument calibration and data processing, AERONET aims to provide
continuous, long-term aerosol optical, microphysical and radiative properties [29]. By measuring
direct solar irradiance, AERONET retrieves spectral AOD with very high accuracy (~0.01–0.02) every
5–15 min, which is usually taken as ground truth in the validation of satellite retrievals [21,24].
Moreover, combined with directional sky light measurements, aerosol microphysical parameters,
including complex refractive index, volume size distribution and non-spherical fraction, can be
inversed [30]. Then, derivative aerosol properties, such as Single Scattering Albedo (SSA), scattering
phase function, and depolarization ratio, can be calculated. It should be noted that accurate SSA
(uncertainties within ~0.03) or complex refractive index can only be retrieved for AOD440 > 0.5 and
solar zenith angle >50◦ conditions [31]. By contrast, the reliable retrieval of particle volume size
distribution can be achieved in most of the size range (0.1 and 7 µm) for nearly all the situations with
retrieval errors <10% in the maxima of the size distribution.

The recent V3 AERONET products have been improved to realize automatic inversions [32].
The V3 Level 1.5 AERONET products include automatic cloud screening and quality control, and have
additional pre-field and post-filed calibration for Level 2.0 results. To examine temporal changes of
aerosol optical and microphysical properties, AERONET inversions in typical regions of China were
utilized (Figure 1). Also, spectral flux and aerosol radiative forcing products were examined to evaluate
the influence of changes in aerosol properties. Despite numerous AERONET sites currently existing in
China, continuous and long-term observation is only available in several sites. The selected AERONET
sites are located in the megacity of Beijing and its surrounding rural areas in Xianghe, industrial city
of Xuzhou, and rural area in Taihu of the Yangtze River Delta, respectively. The Taihu site is in a
small peninsula in the northern part of the Taihu Lake, and there is one city to the north >30 km away.
Considering that the Taihu site is mainly surrounded by the lake, we took it as a background site here.
The V3 Level 2.0 AERONET product was preferable in this study, and Level 1.5 inversion was used
when the Level 2.0 result was not available.
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Figure 1. Multi-angle Imaging Spectroradiometer (MISR) Aerosol Optical Depth (AOD) in 2018 and
location of the used AERONET (pentagram) and air quality monitoring (dot) sites.

Meanwhile, the Chinese government has established a national air quality monitoring network in
major cities since 2013, which measures six primary atmospheric pollutants, including PM2.5, PM10,
and their gaseous precursors, nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon monoxide (CO) as
well as O3. By 2015, there were more than 1400 national monitoring sites with unified quality-control
standards. The Environment Protection Agency (EPA) of China releases real-time hourly concentration
of the six air pollutants (http://106.37.208.233:20035/). The map of annual mean concentration of the
two key atmospheric pollutants, PM2.5 and O3, from all the national sites was used as an indicator for
changes of air quality during 2013–2018. In addition, we selected PM2.5 concentration in six megacities,
including Beijing, Shijiazhuang, Xuzhou, Zhengzhou, and Wuhan, to show detailed temporal variations
of the particle pollutants (Figure 1).

3. Results and Analysis

3.1. General Trends of the Aerosol Loading since Emission Reduction in 2013

Figure 2 shows the annual variation of PM2.5 concentration in China during the 2013–2018 period.
It can be seen that there was a rapid decline in PM2.5 when the EPA of China began to cut down
anthropogenic emissions from 2013. The annual concentration of PM2.5 in 2013 exceeded the standard
of good air quality (75 µg/m3) in almost all of the cities in eastern China. Only remote areas such as
Tibet (<20 µg/m3), with few anthropogenic emissions, and the Pearl River Delta (<50 µg/m3) which
underwent earlier air quality improvement, reached the standard (Wang et al., 2016). The annual mean
PM2.5 concentration in the capital of China, Beijing, was 85.1 µg/m3 in 2013 (Table 1), and even exhibited
a slight increase in 2014. Moreover, PM2.5 in the industrial city of Shijiazhuang and Zhengzhou was
up to 149.3 and 109 µg/m3, respectively, during 2013. By contrast, PM2.5 was obviously lower in
Xuzhou (73.8 µg/m3) and Nanjing (77.3 µg/m3), which are not in the center of the PM2.5 hotspot in the
North China Plain (NCP). Although variation in PM2.5 is not notable in Figure 2 during 2014, PM2.5 in
Shijiazhuang and Zhengzhou declined by more than 20 µg/m3.

http://106.37.208.233:20035/
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Figure 2. Annual mean of 24-h PM2.5 over mainland of China in 2013–2018.

Table 1. Variations in annual mean PM2.5 concentration (µg/m3) and corresponding variance in typical
megacities of eastern China.

Site 2013 2014 2015 2016 2017 2018

Beijing 85.1 ± 64.5 85.3 ± 69.1 79.1 ± 70.9 71.1 ± 69.1 57.0 ± 54.4 49.5 ± 42.7
Shijiazhuang 149.3 ± 110.9 125.6 ± 97.4 86.9 ± 65.5 94.6 ± 88.4 81.4 ± 62.6 69.5 ± 49.5

Xuzhou 73.8 ± 43.2 67.0 ± 43.2 63.6 ± 37.9 59.7 ± 40.2 67.2 ± 42.0 66.2 ± 47.8
Zhengzhou 109.0 ± 72.3 87.9 ± 50.2 94.9 ± 59.4 77.7 ± 68.7 70.7 ± 53.4 64.1 ± 49.9

Nanjing 77.3 ± 49.5 73.9 ± 40.5 56.6 ± 35.8 47.5 ± 31.4 40.7 ± 28.9 43.1 ± 32.6
Wuhan 92.2 ± 64.9 80.7 ± 50.3 69.2 ± 42.5 56.2 ± 35.5 51.9 ± 34.8 47.9 ± 29.9

During 2015, a remarkable decrease of PM2.5 appeared in central and southern China, but PM2.5

in the NCP remained higher than 75 µg/m3 in most cities (Figure 2). It is worth noting that PM2.5

concentration in nearly all the cities reached the good level, except in the central part of NCP, during
2016. Then, a large decline (~20 µg/m3) occurs in PM2.5 in the NCP, with slight changes in other
regions, in 2017 and 2018. The particle pollution in China has been greatly improved from 2013 to 2018,
with PM2.5 in almost all the major cities reaching a good level (<75 µg/m3), and even comes up to an
excellent level (<35 µg/m3) in many cities of southern China. By 2018, the PM2.5 hotspot was mainly
concentrated in the central part of the NCP (~60–70 µg/m3) and cities around deserts in western China
(>80 µg/m3). There was an overall ~30–40 µg/m3 decline for PM2.5 in eastern China, indicating the
evident effects of clean air actions [17]. It should be stated that PM2.5 in Xuzhou only decreased by less
than 10 µg/m3, due largely to a difference in the emission reduction amount. Additionally, the variance
in annual PM2.5 is almost at similar levels with the PM2.5 concentration itself, demonstrating that PM2.5

pollution under the unfavorable meteorological conditions in winter is still a challenge [18].
Satellite observation provides a regional insight into spatial-temporal variations of the aerosol

loading over eastern China (Figure 3). Consistent with variations of PM2.5, MODIS DB AOD exhibits a
large decease in regional scales. During 2013, high-AOD (>0.8) was prevalent over nearly the whole
NCP and Sichuan Basin, and aerosol loading in southern China was also at a relatively high level (>0.6).
Similar to PM2.5, the spatial coverage of aerosol hotspot (AOD > 0.8) became much smaller in 2014,
especially in the Sichuan Basin and southern China. MODIS AOD continued to decline from 2015 to
2016. By contrast, MODIS AOD was at close level (~0.5) in most regions of eastern China in 2017–2018
except some spatial variations over the NCP. Despite a notable decline in PM2.5 concentration over the
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NCP during 2018, MODIS AOD had little change and even got higher in the NCP. The column AOD
was largely influenced by the vertical distribution and hygroscopic growth of aerosols in addition to
the amount [33], which has a nonlinear relationship with PM2.5 mass concentration near the surface.
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The continuous ground observations in AERONET sites enable a long-term view in the temporal
variations of aerosol loading (Figure 4). The AERONET AOD in Beijing during 2001-2018 exhibits
dramatic changes, with large monthly fluctuations from ~0.3 in winter to >0.8–1.2 in summer. There is
an increasing trend for aerosol loading in Beijing in 2001–2008, and then AOD has had a steady decline
since 2010. The sudden decline in aerosol loading in 2009 is related with a temporary economic
turndown in China [34]. It is worth noting that the fluctuation of monthly AOD has become much
smaller since 2013, but got slightly higher in 2018, which is consistent with MODIS results. Also,
the temporal variations of AOD in the Xianghe, Xuhzou, and Taihu sites show similar trends as that
in Beijing. Although the Taihu site is located in the background area of the Yangtze River Delta,
aerosol loading in Taihu is at similar levels as that in Xianghe and Xuzhou, demonstrating the regional
distribution of the AOD hotspots in eastern China.

Compared with aerosol loading, the frequency of regional haze pollution (AOD > 1.0) is more
sensitive to changes in the general emission level in eastern China [15]. Figure 5 displays the annual
frequency of MODIS AOD >1.0 in 2013–2018. During 2013, frequent haze pollution was prevalent in
the NCP, with MODIS AOD >1.0 exceeding 80 days. Also, there are several striking haze hotspots
(>50) in the Sichuan Basin and Central China. While the frequent haze pollution in the NCP only
exhibited a slight decline in 2014, a notable decease occurred in the Sichuan Basin from ~60–70 to
~20 days. The regional haze pollution reduced by about 20 days in 2015, which can be said to have
largely contributed to the obvious decrease of aerosol loading over the NCP (Table 1). The haze
hotspot in the NCP got smaller with a continuous decline in 2016–2018, and was only concentrated
(~60 days) in the southern part of Beijing by 2018. Overall, the frequency of haze pollution is less than
30 days in most regions of eastern China, with a great decrease for more than one half. The continuous
and large decline in regional heavy pollution events in eastern China demonstrates the substantial
overall reduction in aerosols and gaseous precursors, which is consistent with changes in the emission
inventories [17].



Remote Sens. 2020, 12, 523 7 of 16

Remote Sens. 2020, 12, x FOR PEER REVIEW 6 of 16 

 

of aerosols in addition to the amount [33], which has a nonlinear relationship with PM2.5 mass 
concentration near the surface. 

 
Figure 3. Annual mean of MODIS DB AOD over China during 2013–2018. 

The continuous ground observations in AERONET sites enable a long-term view in the temporal 
variations of aerosol loading (Figure 4). The AERONET AOD in Beijing during 2001-2018 exhibits 
dramatic changes, with large monthly fluctuations from ~0.3 in winter to >0.8–1.2 in summer. There 
is an increasing trend for aerosol loading in Beijing in 2001–2008, and then AOD has had a steady 
decline since 2010. The sudden decline in aerosol loading in 2009 is related with a temporary 
economic turndown in China [34]. It is worth noting that the fluctuation of monthly AOD has become 
much smaller since 2013, but got slightly higher in 2018, which is consistent with MODIS results. 
Also, the temporal variations of AOD in the Xianghe, Xuhzou, and Taihu sites show similar trends 
as that in Beijing. Although the Taihu site is located in the background area of the Yangtze River 
Delta, aerosol loading in Taihu is at similar levels as that in Xianghe and Xuzhou, demonstrating the 
regional distribution of the AOD hotspots in eastern China. 

 
Figure 4. Temporal variations of monthly AERONET AOD. Figure 4. Temporal variations of monthly AERONET AOD.

Remote Sens. 2020, 12, x FOR PEER REVIEW 7 of 16 

 

Compared with aerosol loading, the frequency of regional haze pollution (AOD > 1.0) is more 
sensitive to changes in the general emission level in eastern China [15]. Figure 5 displays the annual 
frequency of MODIS AOD >1.0 in 2013–2018. During 2013, frequent haze pollution was prevalent in 
the NCP, with MODIS AOD >1.0 exceeding 80 days. Also, there are several striking haze hotspots 
(>50) in the Sichuan Basin and Central China. While the frequent haze pollution in the NCP only 
exhibited a slight decline in 2014, a notable decease occurred in the Sichuan Basin from ~60–70 to ~20 
days. The regional haze pollution reduced by about 20 days in 2015, which can be said to have largely 
contributed to the obvious decrease of aerosol loading over the NCP (Table 1). The haze hotspot in 
the NCP got smaller with a continuous decline in 2016–2018, and was only concentrated (~60 days) 
in the southern part of Beijing by 2018. Overall, the frequency of haze pollution is less than 30 days 
in most regions of eastern China, with a great decrease for more than one half. The continuous and 
large decline in regional heavy pollution events in eastern China demonstrates the substantial overall 
reduction in aerosols and gaseous precursors, which is consistent with changes in the emission 
inventories [17]. 

 
Figure 5. Annual frequency of MODIS AOD > 1.0 during 2013–2018. . 

3.2. The Transition of Aerosol Optical and Microphysical Properties 

The drastic changes in anthropogenic emissions not only result in a large reduction in aerosol 
loading in China, but can also exert significant influence on aerosol properties. Figure 6 displays 
annual variations in the volume size distribution in typical AERONET sites during the 2013–2018 
period. The aerosol particles in eastern China have a prevalent bimodal distribution. The fraction of 
the coarse mode gets lower from north to south, with the influence of dust transport getting weaker 
[6]. Along with the rapid decline in AOD, the fine-mode aerosols exhibit continuous decrease by ~30–
40% in Beijing, Xianghe, and Xuzhou. In contrast, fine particles in the background site of Taihu have 
distinct temporal variations with regional aerosol loading, which could be driven by regional 
transport under variable meteorological conditions. Moreover, the fine-mode volume of aerosols in 
Taihu is at a similar level to those in the NCP, and even gets obviously higher during the years 2016–
2018. It can be seen that regional aerosol loading around Taihu remains at a high-level of ~0.6 (Figure 
3), and variations in the humid meteorological conditions can have an important contribution. 
Correspondingly, the median radius of fine-mode aerosols in Taihu gets larger in 2016 and 2017, 
which is believed to be largely due to hygroscopic growth and ageing agglomeration during the 
transport process [33]. 

Figure 5. Annual frequency of MODIS AOD > 1.0 during 2013–2018.

3.2. The Transition of Aerosol Optical and Microphysical Properties

The drastic changes in anthropogenic emissions not only result in a large reduction in aerosol
loading in China, but can also exert significant influence on aerosol properties. Figure 6 displays
annual variations in the volume size distribution in typical AERONET sites during the 2013–2018
period. The aerosol particles in eastern China have a prevalent bimodal distribution. The fraction of
the coarse mode gets lower from north to south, with the influence of dust transport getting weaker [6].
Along with the rapid decline in AOD, the fine-mode aerosols exhibit continuous decrease by ~30–40%
in Beijing, Xianghe, and Xuzhou. In contrast, fine particles in the background site of Taihu have distinct
temporal variations with regional aerosol loading, which could be driven by regional transport under
variable meteorological conditions. Moreover, the fine-mode volume of aerosols in Taihu is at a similar
level to those in the NCP, and even gets obviously higher during the years 2016–2018. It can be seen that
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regional aerosol loading around Taihu remains at a high-level of ~0.6 (Figure 3), and variations in the
humid meteorological conditions can have an important contribution. Correspondingly, the median
radius of fine-mode aerosols in Taihu gets larger in 2016 and 2017, which is believed to be largely due
to hygroscopic growth and ageing agglomeration during the transport process [33].
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Despite the large decrease in fine-mode aerosols, there is no clear spatial and temporal trend
for the coarse particles in eastern China (Figure 6). Different from fine particles dominated by
anthropogenic emissions, coarse particles mainly originate from the long-range transport of airborne
dust in deserts and local wind-blown dust from roads and human activities [6]. The annual volume
of coarse-mode particles in Beijing is no more than 0.5-0.6 µm3/µm2 in all the radius range during
2015–2017, but increases to 0.7–0.9 in 2013, 2014, and 2018. By comparison, the volume of coarse-mode
aerosols in Xianghe and Xuzhou exhibits distinct temporal changes, implying different local sources.
While dust transport is regulated by meteorological conditions, the amount of local dust can be
influenced by both anthropogenic sources and control policy [17]. In addition, the volume of the coarse
particles still accounts for a considerable fraction in the background site of Taihu, indicating the wide
distribution of dust aerosols in eastern China.

Considering that the annual AOD of coarse particles can be influenced by both local sources and
long-range transport, the MISR total AOD and dust AOD in 2003–2007, 2008–2012, and 2013–2018
were compared to evaluate the overall variations in coarse particles in eastern China (Figure 7).
Consistent with MODIS and AERONET observations, there has been large decrease in MISR AOD
over eastern China during the last three five-year stages. While aerosol loading over the deserts in
western China only shows slight changes, the non-spherical AOD of dust particles has a notable
decline over eastern China. Consistent with the emission inventory [17], MISR non-spherical AOD
demonstrates that there was an overall decline in coarse particles over eastern China. During 2003–2007,
several hotspots of dust AOD (>0.25) were distributed in heavy pollution regions, especially in the
NCP. Then, non-spherical AOD in the NCP decreased obviously, and only kept high values over
some cities in 2008–2012, indicating that local dust is predominated in these non-spherical particles.
The lower non-spherical AOD during 2013–2018 implies that the air quality control measures of China
have largely reduced anthropogenic emissions of dust particles. Unlike fine particles dominated by
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anthropogenic sources, the irregular variations of coarse particles indicate that natural sources such as
long-range dust transport provide a significant contribution to coarse particles in eastern China [6,35].Remote Sens. 2020, 12, x FOR PEER REVIEW 9 of 16 
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To provide a large-scale view on aerosols of different sizes in eastern China, the small (<0.35 µm),
medium (0.35–0.7 µm), and large modes (>0.7 µm) of MISR AOD during the last three five-year stages
are presented (Figure 8). MISR small-mode AOD exhibits prevalent high values (>0.3) in the populated
regions of eastern China, while it is very low (<0.1) over the deserts of western China. Despite a notable
decrease in the total AOD, the small-mode AOD in eastern China still has a high background value
(>0.2). By contrast, medium-mode aerosols are mainly concentrated in the Sichuan Basin and central
China (>0.15), where moist meteorological conditions can favor the accumulation and hygroscopic
growth of fine particles [33]. Along with the rapid decline in anthropogenic emissions, the mean value
of medium-mode AOD during 2013–2018 was lower than 0.1 in these hotspots. Since MISR large-mode
AOD includes non-spherical retrievals, they have similar variations, but MISR large-mode AOD is
obviously lower, which could be due to the average of non-dust days.

Moreover, aerosol absorption in eastern China exhibits a prominent reversal, with dramatic
changes in anthropogenic emissions since 2013. Figure 9 shows the temporal variations of SSA in
the four AERONET sites. During the early two five-year stages, there was a continuous decrease
in the absorption ability of aerosols in eastern China. SSA in the megacity of Beijing increased by
more than ~0.05 in 2001–2012. However, SSA in Beijing, Xuzhou, and Taihu began to decline after
2013, demonstrating the enhancement of aerosol absorption with substantial reduction in fine particles.
There was an overall 0.03–0.05 decrease in the SSA of these AERONET sites. It should be stated that
SSA in the town of Xianghe near Beijing displays different temporal variations. The SSA in Xianghe
was at close high values around 0.95 in the summers of 2005–2008, but increased rapidly, from ~0.85
to ~0.93, during winter. After a sudden decline of ~0.03–0.05 in 2009–2010, the SSA in Xianghe rises
again since 2011. Besides the overall effects of control measures, changes in local emission sources
can also contribute to variations in SSA, such as in Xianghe. The marked reversal in the trends of
aerosol absorption proves that the rapid changes in anthropogenic emissions have obviously modified
regional aerosol optical properties in eastern China [17].
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3.3. Influence and Implication of Drastic Changes in Aerosol Properties

Generally, the rapid reduction in anthropogenic emissions in China has led to dramatic changes
in aerosol loading and optical properties, which can in turn alter photochemical process and regional
climate effects [12–14]. Figure 10 shows the long-term trend of downward spectral flux of blue (440 nm)
and red (675 nm) band at the bottom of the atmosphere (BOA) in the megacity of Beijing. With the
increase in aerosol loading, spectral solar flux reaching the BOA exhibits a large decrease by almost
~100 W/m2 during 2001–2006. Then, surface solar flux in summer increases from ~400 W/m2 in 2007 to
~550–600 W/m2 in 2017. The variations in surface solar flux in Beijing are generally consistent with
changes in AERONET AOD, implying that the decrease in aerosol loading has substantially enhanced
solar radiation near the surface.
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Despite the rapid decline in PM2.5 concentration, regional O3 pollution in summer has been a
major air quality problem in eastern China. As shown in Figure 11, the average of daytime maximum
8-h O3 concentration in northern China increased from ~120 µg/m3 in 2013 to ~170 µg/m3 in 2018,
indicating prevalent O3 pollution exceeding the O3 standard of 160 µg/m3 in China. It has been found
that high-concentration aerosols can reduce O3 production rate by ~25% in Beijing though intense
light extinction [14]. As one of the primary gaseous precursors of both PM2.5 and O3, the emission
of NOx decreased obviously during the years 2013–2018 [17]. However, the large enhancement of
surface solar radiation in eastern China can promote the formation of O3 in summer. Also, model
simulations suggest that the reduction of PM can stimulate O3 production by slowing down the aerosol
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sink of hydroperoxyl radicals [20]. In the other hand, more emission of O3 precursors, VOCs, can make
O3 pollution more complicated due to nonlinear VOC/NOx ratios [36]. Therefore, stricter control
measurements should be taken accordingly, due to the favorable environment for O3 formation.
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Figure 11. Annual mean of daytime maximum 8-h O3 over the mainland of China during the summers
of 2013–2018.

The dramatic changes in aerosol amounts and properties led to the rapid transition of aerosol
climate effects. Figure 12 displays variations in aerosol radiative forcing (ARF) in Beijing during the
period of 2001–2018. As one of the largest aerosol hotspots in the world, the negative ARF at the top
of the atmosphere (TOA) in northern China is up to −50–−20 W/m2, which is an order of magnitude
higher than the global mean level of −2.40 (± 0.6) W/m2 [37]. The negative TOA ARF steadily decreased
in magnitude during 2001-2012 from ~−50 W/m2 to ~−20 W/m2, remaining at a high level. However,
reversal began to appear from 2013 onwards, with the amount of TOA ARF increasing to ~−30 W/m2.
By contrast, ARF at the bottom of the atmosphere (BOA) has a much larger magnitude, as well as
temporal variations. The magnitude of BOA ARF was ~−140–−80 W/m2 during 2001–2007, and then
declined continuously to ~−50 W/m2 in 2008–2013. Consistent with the TOA trends, the BOA ARF
effect got larger, to ~−80–−50 W/m2 from 2013. Considering notable decrease in aerosol loading,
the enhancement of aerosol absorption can be seen as the main driver of increased ARF. Regarding
the difference between TOA and BOA ARF, the ARF of the atmosphere was more than 30 W/m2 in
2001–2010, indicating considerable heating effects. Consistent with variations of SSA, ARF of the
atmosphere gets smaller as SSA increases, and has become larger since 2013. It is worth noting that
there are some extreme BOA and TOA ARF values even lower than −200 and −100 W/m2, respectively.
Since monthly ARF can be influenced by clouds, the prevalent haze pollution (AOD > 1.0–3.0) can be
predominant in certain cloudy months [5,15]. By changing the amount of solar radiation absorbed in
the atmosphere and reaching the Earth’s surface, the large variation of ARF in the regional scale can
exert significant influences on atmospheric stability and surface temperature, which in turn can further
modify evaporation and cloud formation [8–13].
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4. Discussion

The combined satellite and ground observations show that the rapid reduction in anthropogenic
emissions in eastern China has led to a notable reversal in trends of aerosol properties. The strict
control measures implemented by the Chinese government since 2013 have not only greatly improved
air quality, but also altered the fraction of different emission sources. As shown in Beijing, the particle
pollution has changed from being sulfate-driven to nitrate-driven during winter [18]. Despite the
overall reduction in nearly all of the primary anthropogenic emissions, such as SO2, NOx, and black
carbon, since 2013, the changes in sulfate and nitrate are much larger than that of black carbon, due to
the control measures on SO2 and NOx [17]. Thus, aerosol absorption in eastern China exhibits an
increasing trend. By contrast, the much larger increase in sulfate and nitrate than black carbon led to
increasing SSA before 2013. Moreover, with the continuous decline in fine particles, coarse particles
such as natural dust become more important in PM2.5 and aerosol properties, which can change particle
size distribution. In addition, increased emissions such as active VOCs can lead to a higher fraction of
secondary organic aerosols in oxidation. Despite similar optical properties in the four AERONET sites,
a large spatial difference can exist due to diverse sources in eastern China.

While there have been numerous aerosol remote sensing sites in China [7], few have continuous
long-term observations. Despite only four AERONET sites being used, consistent trends of aerosol
properties in these sites demonstrate the regional transition of particle pollution under the background
of national air quality control measures. Although AERONET aerosol parameters have respective
uncertainties [31], their retrieval errors are systematic deviation caused by fixed assumptions rather
than random bias [30]. Thus, the relative variation of long-term trends in aerosol properties is reliable
and robust [22]. The reversal of trends in aerosol optical properties in the two time periods before and
after 2013 is remarkable, exhibiting a consistent response to variations in anthropogenic emissions.
Additionally, the low sampling frequency of the monthly mean values in cloudy seasons can lead to
some extreme values, but shows no marked impact on long-term trends [15].

Previous studies in China have shown intense interactions between aerosols and the boundary
layer [13], aerosols’ indirect effects on clouds [11–22], and photochemistry [14,20]. Within the last
five years, the frequent haze pollution (AOD > 1.0) in northern China has decreased from more than
80 days/year to less than 30 days, and aerosol properties, including absorption and size distribution,
have undergone rapid reversal in variation trends. As shown in Beijing, large changes have occurred
in ARF at both the TOA and BOA, which can exert significant influence on atmospheric relative,
temperature, stability and cloudiness [1,3,4]. The changing aerosol properties associated with different
components directly determine the formation of cloud condensation nuclei (CCN). Comprehensive
observations are needed to investigate and quantify the interactions between the rapid transition of
aerosol properties and the atmospheric environment and regional climate.
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5. Conclusions

The clean air actions of the Chinese government since 2013 have greatly reduced anthropogenic
emissions within the last five years, which could lead to considerable changes in aerosol properties,
but this is still not clearly understood. In this study, we provide an overview on characteristics of
aerosol properties during this special period based on combined MODIS, MISR, and ground AERONET
observations. The amount and optical properties of aerosols in eastern China exhibit drastic transition
during 2013–2018, with notable reversals compared with those before 2013. Consistent with variations
in PM2.5, MODIS AOD decreased from ~0.8 to ~0.5 in the hotspot region of eastern China, and frequency
of regional haze pollution declined by more than ~60%. While the volume of fine-mode particles
exhibited a continuous decline from 2013, the levels of coarse aerosols have no regular variations.
MISR fraction AOD of different size modes shows that there is an overall reduction in coarse particles
during 2013–2018, but natural sources make a considerable contribution. Contrary to the increased SSA
(>0.05) during 2001–2012, aerosol absorption gets stronger with decreasing SSA (~−0.03) since 2013.

The trends in aerosol properties since 2013 have substantially modified aerosol radiative effects in
eastern China. While the magnitude of TOA ARF in Beijing decreased by more than 20 W/m2 during
the 2001–2012 period, the negative TOA ARF has increased by ~10 W/m2 since 2013. The BOA ARF
exhibited much variation, and declined from ~−100 W/m2 to ~−50 W/m2. Then, BOA ARF shifted
to increase by ~30 W/m2 from 2013 onwards. Despite the decreasing AOD since 2013, the enhanced
aerosol absorption can be seen as the main driver of the reversal in trends of ARF. Considering the
dramatic variations in trends of aerosol properties, the associated interactions between air pollution
and regional climate under this complicated background should be further studied.
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