
remote sensing  

Article

Satellite-Derived Correlation of SO2, NO2, and
Aerosol Optical Depth with Meteorological
Conditions over East Asia from 2005 to 2015

Chin-An Lin 1,2, Yi-Chun Chen 1,* , Chian-Yi Liu 3 , Wei-Ting Chen 4 , John H. Seinfeld 5 and
Charles C.-K. Chou 1

1 Research Center for Environmental Changes, Academia Sinica, Taipei 11529, Taiwan
2 Department of Atmospheric and Environmental Sciences, University at Albany,

State University of New York, Albany, NY 12222, USA
3 Center for Space and Remote Sensing Research, National Central University, Chungli 32001, Taiwan
4 Department of Atmospheric Sciences, National Taiwan University, Taipei 10617, Taiwan
5 Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena,

CA 91125, USA
* Correspondence: yichunchen@gate.sinica.edu.tw

Received: 6 June 2019; Accepted: 20 July 2019; Published: 24 July 2019
����������
�������

Abstract: Intense economic and industrial development in China has been accompanied by severe
local air pollution, as well as in other downwind countries in East Asia. This study analyzes satellite
observational data of sulfur dioxide (SO2), nitrogen dioxide (NO2), and aerosol optical depth (AOD)
to explore the spatial distribution, long-term temporal variation, and correlation to meteorological
conditions over this region over the period 2005–2015. SO2 and NO2 data are retrieved from the
ozone monitoring instrument (OMI) onboard the National Aeronautics and Space Administration
(NASA) Aura satellite, while AOD data are from the moderate-resolution imaging spectroradiometer
(MODIS) onboard the NASA Aqua satellite. Spatial distributions of SO2, NO2, and AOD show the
highest levels in the North China Plain (NCP), with hotspots also in Southeastern China (SC) and the
Sichuan Basin (SB). Biomass burning also contributes to a high level of AOD in Southeast Asia in
spring and in Equatorial Asia in fall. Considering the correlation of pollutant levels to meteorological
conditions, monitoring data show that higher temperature and higher relative humidity (RH) favor
the conversion of SO2 and NO2 to sulfate and nitrate aerosol, respectively. The impact of stronger
lower tropospheric stability facilitates the accumulation of SO2 and NO2 in NCP and SC. Transport
of SO2 and NO2 from intense source regions to relatively clean regions is highly influential over
East Asia; such transport from the NCP leads to a considerable increase of pollutants in SC, SB,
Taiwan Island (TW), and Taiwan Strait (TWS), particularly in winter. Aerosols generated by biomass
burning in Southeast Asia and anthropogenic aerosol in SC are transported to TW and TWS and lead
to the increase of AOD, with the highest levels of AOD in SC, TW, and TWS occurring in spring.
Precipitation results in the removal of pollutants, especially in highly polluted regions, the effect of
which is most significant in winter and spring.
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1. Introduction

With the rapid economic developments in China in the past decades, the increased emissions of
air pollutants from industries, power plants, vehicles, and fuel combustion in general have raised
concerns about health and air quality over East Asia [1]. Two air pollutants of great importance in
China are sulfur dioxide (SO2) and nitrogen dioxide (NO2) [2–5].
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The source of SO2 is mainly from the combustion of coal and fuel by power plants and industries.
Anthropogenic SO2 chiefly remains within the planetary boundary layer (PBL) and is highly related to
public health. NO2 arises primarily from anthropogenic sources of NO, such as combustion of fuel
by power plants, refineries, and motor vehicles. Furthermore, SO2 and NO2 can be oxidized in the
atmosphere to form sulfate and nitrate, which contribute to fine particulate matter with aerodynamic
diameter ≤2.5 micrometers (PM2.5). PM2.5 is associated with issues of public health, environmental
acidification, and reduced visibility. Particulates can also have an impact on the weather or climate by
directly scattering or absorbing insolation or by indirectly changing the reflectivity of cloud, cloud
lifetime, and efficiency of precipitation [6,7]. Moreover, long-range transport of air pollution from China
has been recognized to influence air quality in downwind regions, such as Taiwan [8,9], Korea [10],
Japan [11], United States [12–14], and Canada [14,15]. In the presence of sunlight, NOx (NO + NO2)
interacts with volatile organic compounds (VOCs) to generate ozone (O3), which is also a toxic air
pollutant and greenhouse gas.

Ground-based measurements of these species tend to be limited to confined areas, such as cities.
Satellite observations can cover an extensive region and have the advantage of monitoring temporal
and spatial variations. The ozone monitoring instrument (OMI) aboard the Aura satellite provides
levels of SO2 and NO2 with an extensive data record and higher spatial resolution as compared with
other satellite instruments, such as global ozone monitoring experiment (GOME) and scanning imaging
absorption spectrometer for atmospheric chartography (SCIAMACHY) [16]. OMI SO2 and NO2 data
have been widely used to quantify emissions and evaluate regional trends of SO2 and NO2 [1,16–21].
Generally, the levels of SO2 in the United States and Europe have exhibited a continuously decreasing
trend from 2005 to 2015 because of air quality regulations and economic recession [16]. The level of
NO2 in the United States showed a downward trend from 2005 to 2009, while NO2 in Europe showed
insignificant change from 2005 to 2015 [16,20,22]. However, the levels of SO2 and NO2 in China show
several dramatic upward and downward trends owing to rapid economic development, technological
changes, and environmental regulatory policy [16,21]. The enforcement of desulfurization produced a
significant effect on the decrease of SO2 in 2008 [23], while the reduction of NO2 in China was one
result of China’s 12th Five Year Plan (2011–2015) [24]. Moreover, the level of these species in the areas
adjacent to China is potentially affected by long-range transport from China and, therefore, may also
be sensitive to the economic and regulatory changes in China.

In addition to emission changes due to policy and economic development, meteorological factors
play important roles in the formation of aerosol from precursor gaseous pollutants (SO2 and NO2) [7].
Several previous studies have been conducted to investigate the correlation between pollutant levels
and meteorological conditions [25–29]. With higher temperature, relative humidity, and insolation, SO2

and NO2 can be transformed photochemically to sulfate and nitrate [25,26]. The correlations between
meteorological factors and pollutants in the studies cited above were mostly derived from ground-level
measurements. As noted above, satellite data can compensate for the limitations of ground-based
measurements, especially in regions where in-situ measurements are not available. Moreover, the
industrial structure, level of economic development, and environmental regulatory policies differ
from region to region. To specifically explore the change of pollutant levels and correlations between
pollutants and meteorological conditions in East Asia, we select the following six monitoring regions:
North China Plain (NCP), Southeastern China (SC), Sichuan basin (SB), Taiwan Island (TW), Taiwan
Strait (TWS), and South China Sea (SCS). Three of the most important industrial areas in China are
located in Bohai Economic Rim, Yangtze River Delta, and Pearl River Delta. Bohai Economic Rim and
Yangtze River Delta are in the North China Plain, while Pearl River Delta is in Southeastern China.
Situated in Sichuan Basin, Chongqing is the most important inland industrial area in China and is
mainly composed of heavy industry. As compared with industrial regions in China, the level of air
pollution in Taiwan (Taiwan Island and Taiwan Strait) is less severe. The air pollution in Taiwan
comes from both local emission sources and transport of pollutants from China [8,9]. The South
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China Sea is a relatively unimpacted area and can be considered a reference for evaluating the level of
anthropogenic pollutants.

The objectives of this study include (1) evaluation of the spatiotemporal variation of SO2, NO2, and
aerosol optical depth over East Asia; and (2) investigation of the correlation of these to meteorological
conditions for each monitoring region over East Asia. Section 2 describes the data and methods used
in this study. Analysis and results, including spatial and temporal evaluation of SO2, NO2, and aerosol
optical path in China; the seasonal cycle of pollutants; and the impacts of meteorological conditions,
are given in Section 3. Discussion and conclusions are given in Section 4.

2. Materials and Methods

2.1. Gaseous Pollutant Data

The gaseous pollutant data used in this study to examine the characteristics of air pollution
over East Asia are from the ozone monitoring instrument (OMI). Launched in 2004, OMI is onboard
National Aeronautics and Space Administration (NASA) Aura satellite and has a relatively high spatial
resolution (13 km × 24 km) as compared with other satellite instruments for detecting trace gases. OMI
derives the atmospheric composition of ozone (O3), sulfur dioxide (SO2), nitrogen dioxide (NO2), and
other trace gases by measuring the backscattered sunlight from the earth in the range of ultraviolet and
visible wavelengths. The objectives and detailed design of OMI have been previously reported [30].

We use the 0.25◦ level-3 (L3) daily OMI operational planetary boundary layer (PBL) SO2 product,
which contains the vertical column density of SO2 in Dobson units (1DU = 2.69 × 1016 molecules cm−2).
OMI PBL SO2 data are derived from the wavelengths in the range of 310.5 to 340 nm and are retrieved
by the principal component analysis (PCA) algorithm [31]. To ensure the data quality, OMI PBL SO2

data exclude observations with (1) cloud radiance fraction > 0.2, (2) solar zenith angle > 70◦; and (3)
row anomaly [16,32]. Since SO2 from volcanic eruptions may contaminate the data, the threshold for
filtering transient volcanic emission is defined when one grid point of SO2 data exceeds 10 DU over
East Asia [16].

The 0.25◦ level-3 (L3) daily OMI operational tropospheric NO2 product is also used in this
study, which is the column integral of NO2 between the earth’s surface and tropopause. The L3 OMI
tropospheric NO2 data are retrieved from the wavelengths in the range from 405 to 465 nm with the
NASA standard product algorithm [20] and Koninklijk Nederlands Meteorologisch Instituut (KNMI)
Dutch-OMI-NO2 (DOMINO) algorithm [33]. The slant column density of NO2 is retrieved first and is
converted to tropospheric vertical column density by applying vertical NO2 profile (shape profile) air
mass factor interpolated from the look-up tables after subtracting the stratospheric contribution of NO2.
OMI L3 tropospheric NO2 product further excludes the observations with cloud radiance fraction >0.3
and solar zenith angle >85◦ to ensure the data quality. The OMI L3 data of PBL SO2 and tropospheric
NO2 are available in NASA GES DISC archive at http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI.

2.2. Aerosol Data

As a component of the earth observing system (EOS), the moderate-resolution imaging
spectroradiometer (MODIS) aboard the NASA Terra and Aqua satellites provides level-2 aerosol
products [34]. Because the local equator-crossing time of Aqua is close to that of Aura, we apply the
aerosol optical depth (AOD) data from MODIS Aqua. Then, we further derive the level-3 0.25◦ daily
AOD data from level-2 10 km AOD swath data with the quality flag of at least 2 (2: good; 3: very good)
to ensure the data quality and match to gaseous pollutant data.

Previous studies have pointed out that aerosol optical depth observed by satellite is closely
correlated to the concentration of aerosol in the atmosphere [35,36]. It is reported that the seasonal
cycle observed by MODIS is consistent with ground-based observation, including micro-pulse lidar
and the aerosol robotic network (AERONET) [35]. Therefore, AOD data may be deemed suitable as an
evaluation tool to examine the spatiotemporal variation of aerosol over East Asia and can be used to
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cross-compare with measured gaseous pollutants. The uncertainty of the MODIS AOD is ± 0.03 ± 0.05
× AOD over the ocean and ± 0.05 ± 0.15 × AOD over the land [37].

2.3. Meteorological Data

The correlation between airborne species and meteorological conditions is also investigated. The
0.25◦ daily precipitation data from Tropical Rainfall Measuring Mission (TRMM 3B42 v7) [38,39] and
0.25◦ daily meteorological data from European Centre for Medium-Range Weather Forecasts (ECMWF)
ERA-Interim reanalysis are used [40]. The meteorological variables include 850 hPa temperature,
850 hPa relative humidity, 850 hPa wind field, and the derived lower tropospheric stability (LTS) from
1 January 2005 to 31 December 2015. The definition of LTS is LTS = θ700 − θsurface, where θ700 and
θsurface are potential temperature at 700 hPa and at the surface, respectively.

2.4. Region of Study

This study investigates the spatiotemporal variation of air pollutants over East Asia (95◦E–150◦E,
–10◦S–45◦N) with a focus on both highly polluted regions (North China Plain (NCP), 110◦E–120◦E,
30◦N–40◦N; Sichuan Basin (SB), 102◦E–110◦E, 25◦N–33◦N; Southeastern China (SC; land only),
110◦E–120◦E, 20◦N–30◦N), downstream regions (Taiwan Island (TW; land only), 118◦E–122◦E,
22◦N–27◦N; Taiwan Strait (TWS; ocean only), 118◦E–122◦E, 22◦N–27◦N), and a clean region (South
China Sea (SCS), 110◦E–120◦E, 12◦N–18◦N), as shown in Figure 1. Note that for Taiwan Island (TW)
and Taiwan Strait (TWS), the data are selected only over land and ocean, respectively. The duration
studied is from 1 January 2005 to 31 December 2015.
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Figure 1. Summary of monitored regions, including North China Plain (NCP), Southeastern China
(SC; land only), Sichuan Basin (SB), Taiwan Island (TW; land only), Taiwan Strait (TWS; sea only), and
South China Sea (SCS).

3. Results

3.1. Spatial Distribution of Airborne Species over East Asia

Figure 2 shows the 2005–2015 averaged spatial distribution of AOD from Aqua MODIS for each
season. The source of aerosol is most likely attributed to the combustion of fossil fuel from power
plants and industry, biomass burning, and long-range transport of dust. High values of AOD occur
over the North China Plain, Sichuan basin, and Southeastern China from factories and power plants.
In addition, the high signal of AOD over the Bohai Sea and the Yellow Sea may be a result of heavy
ship emissions, long-range transport of aerosols from the NCP, and strong hygroscopic growth of fine
mode aerosols over the humid environment [41–43]. The AOD over China is much higher than that of
other countries in East Asia and exhibits the highest level in spring and summer. Meanwhile, hotspots
of AOD are also observed in Southeast Asia in spring and in Equatorial Asia in autumn owing to
biomass burning [44].
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Figure 2. Spatial distribution of aerosol optical depth (AOD) from Aqua moderate-resolution imaging
spectroradiometer (MODIS) for each season in East Asia 2005–2015.

The spatially averaged SO2 from 2005–2015 over East Asia for each season is illustrated in Figure 3.
Anthropogenic SO2 is mainly the result of the combustion of fossil fuel and coal by power plants,
factories, and refineries [45]. Therefore, hotspots of SO2 occur over highly industrial regions, such as
the North China Plain, Sichuan Basin, coastal industrial areas in Southeastern China, and Tokyo. In
contrast to the seasonal cycle of AOD in China, SO2 exhibits the highest level in winter and the lowest
level in summer. The level of SO2 in winter might be related to the added emissions from house heating
and/or stronger stability, while the lower SO2 level in summer could be due to less emissions, as well
as more efficient precipitation, and/or more efficient photochemical conversion of SO2 to sulfate.Remote Sens. 2019, 11, x FOR PEER REVIEW 6 of 22 
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Because NO2 is mostly a result of vehicle emissions [7], hotspots of NO2 lie in highly urbanized
areas such as Beijing, Shanghai, Guangzhou, Seoul, and Tokyo, as shown in Figure 4. NO2 is mainly
anthropogenic in origin and NO2 levels over the ocean are low. The seasonal cycle of NO2 in China is
the same as that of SO2, with the highest level in winter and the lowest level in summer, which is the
result of the combination of emission source and the impact of meteorological fields.
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3.2. Temporal Evolution of Pollutants

3.2.1. Method of Seasonal Adjustment

Typically, time series data can be decomposed into three components: a secular trend component
(T(t)), a seasonal component (S(t)), and an irregular component (I(t)). Therefore, the time series of the
monthly-averaged value of SO2, NO2, and AOD (Y(t)) in this study can be assumed as follows:

Y(t) = T(t) × S(t) × I(t). (1)

It should be noted that we derived the monthly-mean SO2, NO2, and AOD data from daily data
to analyze the temporal variation; therefore, t indicates time (month) here. Typically, the seasonal
component can be represented by sine and cosine harmonic series [20]. However, with the considerable
changes in inter-annual concentration of pollutants over East Asia, the amplitude of the seasonal
component could also change dramatically. To account for the varying seasonal component, one can
apply a locally-weighted smoothing technique [46] or a locally-weighted seasonal filter [47]. In this
study, the locally-weighted seasonal filter is applied to derive the seasonally adjusted component
(SA(t)), which is used to substitute for the seasonal component (S(t)) in Equation (1). We adopted the
locally-weighted seasonal filter by considering an additional four monthly-averaged data from years
adjacent to the target year to derive the seasonally adjusted component as shown below:

SA(t) =
1
9

S(t− 24) +
2
9

S(t− 12) +
3
9

S(t) +
2
9

S(t + 12) +
1
9

S(t + 24). (2)
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As mentioned above, S(t) and t indicate seasonal component and calendar month, respectively.
SA(t) in Equation (2) is referred to as locally-weighted seasonally adjusted component.

Then, by dividing the original time series by the locally-weighted seasonal component, the
seasonally adjusted time series can be used to evaluate the temporal variation of species. The seasonally
adjusted time series (Y′(t)) can be represented as follows:

Y′(t) =
Y(t)

SA(t)
= T(t) × I(t). (3)

Moreover, the method of moving average is beneficial for evaluating the transition points caused
by economic development and environmental policy. Therefore, we further calculate the five-month
moving average data from the seasonally adjusted time series to assess the transition point and divide
the trend into upward and downward patterns.

3.2.2. Temporal Evaluation of Pollutants for Each Monitoring Region

Figure 5a–c show the overall original time series of monthly-averaged SO2, NO2, and AOD in
the North China Plain (NCP) from 2005 to 2015, respectively. The noticeable seasonal cycles of SO2

and NO2 show highest levels in winter and lowest levels in summer, especially for NO2, which is
consistent with the results reported in the works of [21,22]. As shown in Figure 5d–f, with the seasonal
filter, the seasonally adjusted data are more compatible with the regression line than the original data.
The overall trends of SO2 and AOD show continuous decreasing trends, while that of NO2 shows
an increasing trend. However, irregular upward and downward variations still exist, particularly
for SO2 and AOD. To better understand the temporal variation of species as a result of energy and
environmental policies, we divided the seasonally adjusted data into pre-peak and post-peak trends
according to the peak of yearly-mean data (Figure 5g–i).Remote Sens. 2019, 11, x FOR PEER REVIEW 8 of 22 
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Figure 5. Long term trends of SO2, NO2, and AOD over the North China Plain. (a–c) original with
overall trend line, (d–f) seasonally adjusted time series with overall trend line, (g–i) five-month moving
average with pre-peak and post-peak trend lines and histogram for seasonally adjusted data, and (j–l)
yearly mean time series.

As illustrated in Figure 5g–i, the thick solid line indicates the five-month running mean of SO2,
NO2, and AOD with pre-peak and post-peak trend lines, respectively. The seasonally adjusted data
are illustrated by the histogram. SO2 in the NCP increases from 2005 to 2007, at the rate of 0.082 DU
per year due to industrial development. Then, in 2007, the Chinese government introduced a new
Five-Year Plan (FYP) to promote the installation of desulfurization devices on power plants and restrict
emissions of SO2 [48]. Furthermore, the emissions of SO2 were further stringently controlled for the
Beijing 2008 Olympic Games [48]. As a result, the level of SO2 starts to decrease after mid-2007 and
decreases even more strongly in 2008. Although, there is a temporary rebound of SO2 in 2011 due to the
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economic recovery [21] or the end to the emission controls. The post-peak trend of SO2 approximately
exhibits a decreasing pattern (−0.036 DU per year) from 2007 to 2015, which is in agreement with the
decreasing rate of SO2 reported elsewhere [16,21]. SO2 in NCP decreased by about 70% from 2007 to
2015 [16], and SO2 in the Henan Province, located in the North China Plain, declined with the rate of
0.043 DU per year from 2007 to 2014 [21].

For NO2 over the NCP, there is an increasing trend of NO2 from 2005 to 2012 (0.02 DU per year)
attributable to the rapid growth of population, and significant increase of motor vehicles, and economic
recovery [21]. Because of the stricter emission control policy for the Beijing Olympic Games and the
economic recession in 2008, there was also a temporary drop of NO2 as observed for SO2. After 2012, a
new environmental policy of China 12th FYP (2011–2015) was established to further restrict emissions
of NO and to reduce NO2 by 12% in 2015 from the 2010 level [24]. Consequently, the level of NO2

continuously declined from 2012 to 2015 at the rate of –0.036 DU per year (Figure 5h).
The overall trend of AOD shows a decreasing pattern with the rate of −0.0028 per year (Figure 5f).

However, with several upward and downward variations in the span between 2005 and 2011, the
overall trend line is statistically insignificant. The AOD in the NCP starts to decline by −0.035 per year
only when both SO2 and NO2 show decreasing trends after 2012 (Figure 5g–i).

The patterns of change of SO2 and NO2 in the NCP and Southeastern China (SC) are very similar
(Figure 5g−h and Figure 6a−b). The SO2 level in SC also increased from 2005 to 2007 (0.038 DU
per year) and declined afterward (−0.008 DU per year) as a result of the implementation of flue gas
desulfurization (FGD) measures. Besides, the NO2 level in SC increased slightly from 2005 to 2011
(0.005 DU per year) and then showed a decreasing trend (−0.009 DU per year) due to stricter emission
controls after 2011.

Remote Sens. 2019, 11, x FOR PEER REVIEW 9 of 22 

 

more noticeable inter-annual variations. Additionally, the drastic drop of AOD in SC in 2008 and 
2013 is a result of the economic recession and stringent emission controls for the Beijing Olympic 
Games and 12-th FYP, respectively. 

 
Figure 6. Five-month moving averaged seasonally adjusted time series of SO2, NO2, and AOD over 
(a–c) Southeastern China, (d–f) Sichuan Basin, (g–i) Taiwan Island, (j–l) Taiwan Strait, and (m–o) 
South China Sea. The pre-peak and post-peak trend lines are indicated by red and green lines, 
respectively, for SO2 and AOD, and are indicated by red and yellow lines, respectively, for NO2. 
Besides, the seasonally adjusted data are also shown by histogram. 

As shown in Figures 3 and 4, a high SO2 level exists in the Sichuan Basin (SB), while the NO2 
level in SB is lower. Unlike the pattern of SO2 in the NCP and SC, SO2 in SB shows a decreasing trend 
from 2006 to 2015, with a rate of −0.015 DU per year (Figure 6d). On the other hand, the temporal 
variation of NO2 level in SB is similar to that in the NCP and SC, albeit with a lower level of NO2. 
NO2 in SB shows an increasing trend from 2005 to 2013 (+0.004 DU per year) and a decreasing trend 
(−0.01DU per year) afterward. The AOD in SB exhibits an upward trend with an increasing rate of 
0.047 per year from 2005 to 2007 and a downward trend with decreasing rate of −0.016 per year after 
2007. The pattern of AOD in SB is similar to that of SO2, indicating that the AOD in SB is also mainly 
controlled by sulfate as that in SC. 

As for Taiwan Island (TW; Figure 6g), the SO2 level remains nearly constant. The NO2 level in 
TW (Figure 6h) shows an upward trend (+0.002 DU per year) from 2005 to 2011 and a downward 
trend (−0.003 DU per year) after 2011 due to the slowdown of economic development. However, the 
trend of AOD in TW does not follow that of SO2 or NO2, which is possibly the result of other 
significant sources of aerosol (e.g., organic aerosols) or the influence of transport of aerosol from 
China. Aerosol in the NCP and SC is potentially brought to Taiwan Island by the northeasterly wind 
in winter and southwestern wind in summer, respectively. Therefore, the temporal variation of 
aerosol in China, especially Southeastern China, could influence the trend of AOD in TW to a certain 
extent. In Figure 6i, the pattern of AOD in TW is very similar to that in SC and also with the dramatic 
drop of AOD in 2008 and 2013, just as the pattern of AOD in SC. 

Adjacent to Taiwan Island and Southeastern China, the SO2 level in Taiwan Strait remained 
nearly steady (Figure 6j). Most of the NO2 in TWS (Figure 6k) is transported from TW and SC, 
therefore, the pattern of NO2 in TWS is the same as that in TW and SC. The AOD in TWS exhibits a 
continuously decreasing trend with the rate of –0.002 DU per year from 2005 to 2015 (Figure 6l). 

As the background reference, the levels of SO2 and NO2 over the South China Sea (SCS) are much 
lower than those in other regions. As illustrated in Figures 6m–o, the trend lines of SO2 and NO2 

Figure 6. Five-month moving averaged seasonally adjusted time series of SO2, NO2, and AOD over
(a–c) Southeastern China, (d–f) Sichuan Basin, (g–i) Taiwan Island, (j–l) Taiwan Strait, and (m–o) South
China Sea. The pre-peak and post-peak trend lines are indicated by red and green lines, respectively, for
SO2 and AOD, and are indicated by red and yellow lines, respectively, for NO2. Besides, the seasonally
adjusted data are also shown by histogram.

As illustrated in Figure 6b, the magnitude of the increasing rate of NO2 is smaller than that of the
decreasing rate of SO2 in the span between 2007 and 2011 in SC. Therefore, the temporal variation of
AOD in SC is mainly controlled by SO2 and exhibits a similar pattern as the SO2 in SC, albeit with
more noticeable inter-annual variations. Additionally, the drastic drop of AOD in SC in 2008 and 2013
is a result of the economic recession and stringent emission controls for the Beijing Olympic Games
and 12-th FYP, respectively.
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As shown in Figures 3 and 4, a high SO2 level exists in the Sichuan Basin (SB), while the NO2 level
in SB is lower. Unlike the pattern of SO2 in the NCP and SC, SO2 in SB shows a decreasing trend from
2006 to 2015, with a rate of −0.015 DU per year (Figure 6d). On the other hand, the temporal variation
of NO2 level in SB is similar to that in the NCP and SC, albeit with a lower level of NO2. NO2 in SB
shows an increasing trend from 2005 to 2013 (+0.004 DU per year) and a decreasing trend (−0.01DU
per year) afterward. The AOD in SB exhibits an upward trend with an increasing rate of 0.047 per
year from 2005 to 2007 and a downward trend with decreasing rate of −0.016 per year after 2007. The
pattern of AOD in SB is similar to that of SO2, indicating that the AOD in SB is also mainly controlled
by sulfate as that in SC.

As for Taiwan Island (TW; Figure 6g), the SO2 level remains nearly constant. The NO2 level in TW
(Figure 6h) shows an upward trend (+0.002 DU per year) from 2005 to 2011 and a downward trend
(−0.003 DU per year) after 2011 due to the slowdown of economic development. However, the trend
of AOD in TW does not follow that of SO2 or NO2, which is possibly the result of other significant
sources of aerosol (e.g., organic aerosols) or the influence of transport of aerosol from China. Aerosol
in the NCP and SC is potentially brought to Taiwan Island by the northeasterly wind in winter and
southwestern wind in summer, respectively. Therefore, the temporal variation of aerosol in China,
especially Southeastern China, could influence the trend of AOD in TW to a certain extent. In Figure 6i,
the pattern of AOD in TW is very similar to that in SC and also with the dramatic drop of AOD in 2008
and 2013, just as the pattern of AOD in SC.

Adjacent to Taiwan Island and Southeastern China, the SO2 level in Taiwan Strait remained nearly
steady (Figure 6j). Most of the NO2 in TWS (Figure 6k) is transported from TW and SC, therefore, the
pattern of NO2 in TWS is the same as that in TW and SC. The AOD in TWS exhibits a continuously
decreasing trend with the rate of –0.002 DU per year from 2005 to 2015 (Figure 6l).

As the background reference, the levels of SO2 and NO2 over the South China Sea (SCS) are much
lower than those in other regions. As illustrated in Figure 6m–o, the trend lines of SO2 and NO2 remain
almost constant, indicating no considerable change of sources of SO2 and NO2. However, the AOD in
SCS shows a slightly decreasing trend (−0.002 per year).

It should be noted that in each monitored region, a certain fraction of the measured AOD is
probably from the organic component of aerosols (see Figure S1 in Supplementary Materials). Thus,
the trends in AOD cannot be attributed entirely to sulfate and nitrate aerosols.

3.3. Impact of Meteorological Conditions on Pollutants

Figure 7 shows the summary of seasonal cycles of SO2, NO2, and AOD for monitoring regions.
The level and the variation of SO2 is very dissimilar among the monitoring regions, whereas the NO2

seasonal cycle is quite consistent among all regions with the highest and lowest levels of NO2 occurring
in winter and summer, respectively. On the other hand, the AOD in the NCP shows the highest level
in summer, while AOD in all the other regions exhibits the highest level in spring. Other than emission
sources, the meteorological condition play key factors in determining the seasonal cycle of pollutants
and is discussed in the following.
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3.3.1. Correlation Coefficient between Meteorological Factors and Pollutants

In this section, we calculate the correlation coefficients between pollutant levels (SO2, NO2, and
AOD) and meteorological conditions from the regionally-averaged monthly-mean pollutant data
and meteorological data. To explicitly investigate the impact of meteorological factors on each of
pollutants (SO2, NO2, and AOD), the meteorological data are further screened by SO2, NO2, and AOD,
respectively. The summary of the correlation coefficients is shown in Table 1.

First, we investigate the correlation between pollutant levels and 850 hPa temperature. The
correlations between SO2 and temperature are statistically significant among the NCP, SC, and SB,
with negative correlation coefficients (Table 1). This indicates that a higher temperature promotes
the photochemical reaction of SO2 to sulfate. However, the correlation coefficients in TWS and SCS
are statistically positive, which is possibly the result of the impact of transportation of SO2 or natural
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sources of SO2 over the sea, such as dimethyl sulfide from phytoplankton. The correlation coefficients
between NO2 and temperature are negative and statistically significant among all monitored regions,
indicating that higher temperature promotes the transformation of NO2 into nitrate, and/or more
efficient decomposition of NO2 into NO. As a result of photochemical reactions, aerosol (sulfate and
nitrate) is generated from SO2 and NO2 and will consequently lead to the decrease of SO2 and NO2

and increase of AOD. Nonetheless, only the correlations between AOD and temperature in the NCP
and SB are statistically significant and positive. This is possible because the impact of transport of
aerosol or other significant sources of aerosol, such as organics, may be more influential than the effect
of photochemical reactions in other regions.

Table 1. Summary of correlation coefficient of pollutants (sulfur dioxide (SO2), nitrogen dioxide (NO2),
and aerosol optical depth (AOD)) to meteorological factors (850 hPa temperature, 850 hPa relative
humidity (RH), and lower tropospheric stability (LTS)) for monitoring regions. Statistically significant
(p-value < 0.05) correlation coefficient is marked with bold letters.

North China Plain (NCP) Taiwan Island (TW)

850 hPa Temp 850 hPa RH LTS 850 hPa Temp 850 hPa RH LTS

SO2 −0.696 −0.457 0.527 SO2 0.007 −0.175 0.086

NO2 −0.885 −0.618 0.685 NO2 −0.871 −0.391 0.632

AOD 0.351 0.356 −0.435 AOD −0.082 −0.086 −0.358

Southeastern China (SC) Taiwan Strait (TWS)

850 hPa Temp 850 hPa RH LTS 850 hPa Temp 850 hPa RH LTS

SO2 −0.542 −0.574 0.408 SO2 0.284 0.021 −0.194

NO2 −0.811 −0.656 0.743 NO2 −0.862 −0.324 −0.271

AOD 0.05 0.153 −0.442 AOD −0.274 −0.267 0.244

Sichuan Basin (SB) South China Sea (SCS)

850 hPa Temp 850 hPa RH LTS 850 hPa Temp 850 hPa RH LTS

SO2 −0.310 −0.127 0.128 SO2 0.544 0.117 −0.473

NO2 −0.328 −0.420 −0.167 NO2 −0.489 0.346 0.145

AOD 0.505 0.109 −0.108 AOD 0.048 −0.192 0.083

Both higher temperature and higher humidity are beneficial to the conversion process from SO2

and NO2 to sulfate and nitrate, respectively [25,26]. Therefore, the relationship between SO2 and
relative humidity (RH) is expected to be similar to that between SO2 and temperature. As a result,
the correlation coefficients between SO2 and RH are all negative and statistically significant in the
NCP and SC, as they are between SO2 and temperature (Table 1). Furthermore, the correlation of
NO2 to relative humidity is also similar to that of NO2 to temperature among all monitored regions,
except SCS. This is perhaps because the RHs in the SCS are relatively high and invariable, and the
seasonal variation of RH in the SCS is different from that in other regions. However, the magnitude of
the correlation coefficient between NO2 and RH is smaller than that between NO2 and temperature,
inferring that the effect of temperature may be more important than the effect of RH in the conversion
process. With respect to the correlation of AOD to RH, the effect of RH on AOD is ambiguous and
AOD does not clearly increase with increasing RH or decreasing RH. That is, under the condition of
higher RH, there may be more clouds or higher probability of precipitation to wash out the suspended
aerosol. The influence from the hygroscopic growth and the wet scavenging of aerosol needs to be
considered more carefully under different conditions and with specific precipitation amount.

As to the effect of lower tropospheric stability (LTS), the correlations of SO2 and NO2 to LTS are
statistically significant and positive in the NCP, SC, and TW. More SO2 and NO2 accumulate when the
atmosphere is more stable [28]. However, the correlations of SO2 and NO2 to LTS are negative in TWS
and SCS, where most SO2 and NO2 are transported from the adjacent megacities or industrial regions



Remote Sens. 2019, 11, 1738 12 of 21

over land. Therefore, under the condition of strong stability, the wind speed could be weak and the
pollutants are not transported effectively into TWS or SCS. Additionally, the correlation of AOD to LTS
is negative in the NCP, SC, and TW. The higher LTS and more stable atmosphere may be associated
with limited aerosol and particulate material mixing up to a high PBL, resulting in lower AOD.

The long-term trends of these meteorological fields (850 hPa temperature, 850 hPa RH, and
lower LTS) for each monitored region are also investigated (see Figures S2–S7). The seasonal cycle of
2005–2015 mean SO2, NO2, AOD, and meteorological fields in each monitored region are displayed in
Figures S8–S13 for the reader’s reference.

3.3.2. Transport of Pollutants

In this section, we further explore the effect of transport of aerosol from one region to another
region. Here, we categorize the daily regionally-averaged SO2, NO2, and AOD data according to the
daily regionally-averaged wind speed and wind direction from ECMWF, and then derive the figure of
dependency of each pollutant on the wind to analyze the impact of transport of aerosols.

Figure 8 shows the summary of wind dependency of SO2, NO2, and AOD in the North China
Plain for each season. The NCP is the most polluted region over East Asia, with most of the pollutants
generated locally rather than transported from outside of the NCP. Therefore, the dependency of SO2 on
wind is insignificant, and the level of SO2 is very high in all directions among all seasons. Higher levels
of NO2 occur in the condition of west or northwest wind, while NO2 shows the lowest level in the east
sector, probably owing to the injection of fresh air from the sea. The dependency of AOD on wind direction
indicates southwest and south wind bring more moisture to the North China Plain in spring, summer, and
autumn, which favors hygroscopic growth of the aerosol, and consequently an increase of AOD.Remote Sens. 2019, 11, x FOR PEER REVIEW 13 of 22 
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As shown in Figure 9, additional SO2 and NO2 are brought by northeast wind from the NCP to
SC, causing a considerable increase of SO2 and NO2. The concentrations of SO2 and NO2 increase
with increasing wind speed, indicating the effectiveness of transport. As for the AOD, the transport of
aerosol is not only from the NCP by the northeast wind, but also from Southeast Asia by the southwest
wind. As noted, biomass burning aerosols in Southeast Asia can potentially contribute to a high value
of AOD in SC. Under a southwest wind, the transport of aerosols from Southeast Asia leads to the
increase of AOD in the southwestern part of SC from spring to fall. Consistent with the biomass
burning season in Southeast Asia in spring, the highest level of AOD in SC also occurs in spring, as
illustrated in Figure 7. The impact of transport of aerosols on the increase of AOD in SC is substantial
and may be the cause of the insignificant correlation between AOD and other meteorological factors
that relate to photochemical reactions, such as temperature and RH (Table 1).Remote Sens. 2019, 11, x FOR PEER REVIEW 14 of 22 
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Because of the geographic and topographic conditions, the impact of transport of pollutants is
insignificant in SB. NO2 and AOD exhibit higher concentrations in the northeast sector and south
sector only when in the condition of strong (wind speed ≈10 m s−1) northeastern and southern wind,
respectively (not shown).

Over Taiwan island, SO2 shows higher concentration in the north sector, and the concentration
of SO2 increases with increasing wind speed (Figure 10). However, NO2 in TW shows no clear
dependency on wind direction among all seasons. Therefore, the highest level of NO2 in TW in winter
is probably caused by a combination of meteorological conditions and local sources of NO2, such as
emissions from vehicles and power plants.
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Compared with wind dependency of AOD in SC, the wind dependency of AOD in TW also
illustrates a higher level of AOD in the southwest sector. Therefore, the increase of AOD in TW
from spring to autumn may be mainly the result of the transport of aerosol from Southeast Asia or
Southeastern China by southwest wind. Particularly in the spring, the level of AOD in TW is the
highest and is much higher than that in other seasons (Figure 7). The transport of aerosols from
Southeastern China and Southeast Asia possibly also leads to the insignificant correlation of AOD to
temperature and relative humidity as SC.

With few locally-generated anthropogenic pollutants in the Taiwan Strait, the concentrations in
TWS are highly dependent on transport. The pattern of dependency of pollutants on the winds in TWS
is similar to that in TW, albeit with other sources of pollutants transported from TW by eastern winds
(not shown). Besides, AOD in TWS also exhibits the highest level in spring, which is in agreement
with the AOD in SC and in TW (Figure 7).

The South China Sea is surrounded by Southeastern China, the Philippines, Southeast Asia, and
Borneo. As shown in Figure 11, most of the SO2 in SCS is brought in by the southwest wind from
Southeast Asia from spring to autumn. However, NO2 in SCS is not only transported from Southeast
Asia, but also from SC and the Philippines under strong northeasterly winds.

Figure 11 shows that the AOD in SCS is also highly dependent on wind and closely related to
the location of the intertropical convergence zone (ITCZ). In spring and winter, the northeast wind
brings aerosol from the Philippines and SC to SCS and leads to a higher level of AOD in the northeast
sector. On the other hand, in summer and autumn, AOD in SCS is not only transported from the
north or northeast, but also from Southeast Asia and Borneo by the southwest wind. The impact
of transportation of biomass burning aerosols from Southeast Asia on the increase of AOD is even
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more important than the locally generated aerosol in SC, TW, and TWS, potentially explaining the
insignificant correlation of AOD to temperature and RH.Remote Sens. 2019, 11, x FOR PEER REVIEW 16 of 22 
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3.3.3. Effect of Precipitation

To explore the effect of precipitation, we separate the 0.25◦ daily pollutant (SO2, NO2, and AOD)
data based on the existence of precipitation. In this study, the data with and without precipitation
are selected when the precipitation from TRMM is >5 mm day−1 and <0.1 mm day−1, respectively.
Furthermore, the pollutant data are selected one day after the precipitation data in order to compare
the level of pollution affected by precipitation and that not affected by precipitation.

Figure 12 shows the seasonal cycles of SO2, NO2, and AOD with and without precipitation for
each monitoring region. The seasonal cycle of precipitation rate in each region is illustrated by the
histogram in Figure 12. Overall, as expected, the level of SO2 after precipitation is lower than without
precipitation. Also, the level of NO2 with precipitation is slightly less than that without precipitation.
The effect of precipitation on AOD is not as clear, varying from region to region and month to month.
While the precipitation is associated with more efficient wet scavenging, the lower air temperature and
weak insolation in a precipitation day are also associated with limited photochemical decomposition
of SO2/NO2. The two opposite effects might offset each other and result in a minor difference of
AOD/SO2/NO2 between the precipitation days and the non-precipitation days.
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AOD) with and without precipitation are presented by the dashed and solid line, respectively. The SO2,
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4. Discussion and Conclusions

This study evaluates the spatiotemporal variation of pollutants (SO2, NO2, and AOD) over East
Asia, and derives the correlation of their levels to meteorological factors for various monitoring regions
(North China Plain, Southeastern China, Sichuan Basin, Taiwan Island, Taiwan Strait, and South China
Sea). The OMI derived SO2 and NO2 show high values in China, especially in the North China Plain.
SO2 and NO2, the precursors of sulfate and nitrate aerosols, are the two dominant pollutants in China.
Therefore, the spatial distribution of AOD in China is consistent with that of SO2 and NO2 and with
the highest level in the NCP. Additionally, there are hotspots of AOD in Southeast Asia in spring and
in Indonesia in fall as a result of biomass burning.

The temporal variation of pollutants of each monitored region is diverse owing to different
environmental policies, economic development, and industrial structure. SO2 levels in the NCP, SC,
and SB exhibit a decreasing trend after around 2007 due to the installation of desulfurization devices,
while the temporal variations of SO2 level in TW, TWS, and SCS are statistically insignificant during
the period from 2005 to 2015. NO2 levels in all monitoring regions, except SCS, show a decreasing
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trend after around 2012 because of the economic recession and China’s 12th Five Year Policy to further
restrict the emission of NO in the NCP, SC, and SB.

Because of the difference in the composition of aerosols, the temporal variation of AOD among
the monitoring regions is much more complicated. In the NCP, the level of AOD is controlled by both
SO2 and NO2, and started to decline after 2012 when both SO2 and NO2 decrease. On the other hand,
the level of AOD shows a decreasing trend after 2007 in SC, SB, and TW, which is mainly the result of
the installation of desulfurization devices and the resultant reduction of sulfate aerosol.

Additionally, the seasonal cycle of SO2 is disparate among all monitored regions, while the
seasonal cycles of NO2 in all regions are identical, with the highest level occurring in the winter and
the lowest level in the summer. The highest level of AOD in the NCP occurs in the summer, but
in other regions, it occurs in the spring. The difference in seasonal cycles of pollutants among the
monitoring regions could be a result of the impact of meteorological factors. Therefore, the correlations
of pollutants to 850 hPa temperature, 850 hPa relative humidity, and lower tropospheric stability were
derived and the effect of transport of aerosol and precipitation were also investigated.

A summary of the correlations of pollutant levels to meteorological conditions for all monitoring
regions is given in Figure 13. Because photochemical reactions transform SO2 and NO2 to sulfate and
nitrate aerosol, respectively, more efficiently under the condition of higher temperature and higher
relative humidity, the correlations of SO2 and NO2 to temperature and RH are negative (statistically
significant) in most regions. However, the correlation between SO2 and temperature is positive in
TWS, and SCS, which is possibly attributable to a natural source of SO2 over the sea. Furthermore,
the correlation of AOD to temperature and RH is positive (statistically significant) only in the NCP
and SB, but not in the other monitored regions. This may be because of aerosol transport or other
significant aerosol sources in other monitoring regions. With respect to lower tropospheric stability,
higher stability causes accumulation of SO2 and NO2 in the NCP and SC. However, the correlation of
AOD to LTS is negative in the NCP, SC, and TW. A more stable atmosphere may be associated with
limited aerosol and particulate material mixing up to a relatively high PBL, resulting in lower AOD.

The level of aerosol in less polluted regions is potentially influenced by the transport of aerosol
from highly polluted regions. Transport of SO2 and NO2 from the NCP causes the increase of SO2

and NO2 level in SC, SB, TW, and TWS, especially under the prevailing northeastern wind in winter.
The level of SO2 and NO2 in the northeastern sector increases with increasing wind speed, indicating
the effect of transport of SO2 and NO2. In addition to the transport of aerosol from the NCP, biomass
burning aerosol in Southeast Asia and anthropogenic aerosol in SC, respectively, contribute to the
noticeable increase of AOD in SC and TW under southwestern wind from spring to fall. The effect
of precipitation leads to the decline of SO2, NO2, and AOD, especially in highly polluted regions.
While the precipitation is associated with more efficient wet scavenging, the lower air temperature and
weak insolation in a precipitation day are also associated with limited photochemical decomposition
of SO2/NO2, leading to an insignificant difference of pollutants between precipitation days and
non-precipitating days.

Overall, this study investigates the characteristics of pollutants (SO2, NO2, and AOD) and the
correlation of pollutants to meteorological conditions over East Asia. This can be further applied to
understand the variations of East Asian pollutants under future climate change.
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