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The long-range transport of oxidized sulfur (sulfur dioxide (SO2) and sulfate) and oxidized
nitrogen (nitrogen oxides (NOx) and nitrate) in East Asia is an area of increasing scientific
interest and political concern. This paper reviews various published papers, including
ground- and satellite-based observations and numerical simulations. The aim is to assess
the status of the anthropogenic emissions of SO2 and NOx and the long-range transport of
oxidized S and N pollutants over source and downwind region. China has dominated the
emissions of SO2 and NOx in East Asia and urgently needs to strengthen the control of their
emissions, especially NOx emissions. Oxidized S and N pollutants emitted from China are
transported to Korea and Japan, due to persistent westerly winds, in winter and spring.
However, the total contributions of China to S and N pollutants across Korea and Japan were
not found to be dominant over longer time scales (e.g., a year). The source–receptor
relationships for oxidized S and N pollutants in East Asia varied widely among the different
studies. This is because: (1) the nonlinear effects of atmospheric chemistry and deposition
processes were not well considered, when calculating the source–receptor relationships;
(2) different meteorological and emission data inputs and solution schemes for key physical
and chemical processes were used; and (3) different temporal and spatial scales were
employed. Therefore, simulations using the same input fields and similar model
configurations would be of benefit, to further evaluate the source–receptor relationships
of the oxidized S and N pollutants.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

East Asia has experienced rapid growth of populations and
economies in recent years. Extensive use of fossil fuel has
caused a significant increase of emissions of sulfur dioxide
p.ac.cn (Junling An).

o-Environmental Science
(SO2) and nitrogen oxides (NOx) (Streets et al., 2003). As a
result, sulfur (S) and nitrogen (N) pollutants have damaged
public health and degraded regional air quality; examples of
these impacts include acid deposition (Cogbill and Likens,
1974; Streets et al., 1999; Hao et al., 2000; Han et al., 2001; Tang
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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et al., 2010), photochemical smog (National Research Council,
1991; Ma et al., 2002; Wang and Kwok, 2003), and heavy haze
(Quinn and Bates, 2003; Wu et al., 2005; Che et al., 2007; Tie et
al., 2009; Liu et al., 2013). Hence, increasing emissions of S and
N pollutants in East Asia have become a focus of research.

Since the 1980s, anthropogenic emissions of SO2 and NOx

have leveled off acrossNorthAmerica and Europe, following the
implementation of stricter legislation (NADP, 2000; Akimoto,
2003; Richter et al., 2005; Stern, 2006; Monks et al., 2009). In
contrast, anthropogenic emissions have increased across East
Asia, due to economic growth (Zhang et al., 2009). Cofala et al.
(2012) reported that East Asia contributes about 36% SO2 and
29% NOx to global emissions, much more than those of the
United States and Europe. Oxidized S (SO2 and sulfate) and
oxidized N (NOx and nitrate) pollutants produced in East Asia
can be transported not only to neighboring but also distant
countries that are in downwind regions or continents, affecting
air quality and climate forcing there. Many observations in the
North Pacific have provided extensive evidence for the trans-
port of oxidized S and N pollutants from East Asia (Hoell et al.,
1996, 1997; Huebert et al., 2003; Jacob et al., 2003; Singh et al.,
2009). Furthermore, oxidized S and N pollution from East Asia
has long been observed in the western areas of Canada, the US,
and beyond (Jaffe et al., 1999; Biscaye et al., 2000; van Curen and
Cahill, 2002; Grousset et al., 2003; Stohl et al., 2007; van
Donkelaar et al., 2008). As a result, the long-range transport of
oxidized S and N pollutants is an area of increasing scientific
interest and political concern (Arndt and Carmichael, 1995;
Ichikawa and Fujita, 1995; Huang et al., 1995; Streets et al., 1999).

S and N are emitted into the atmosphere as SO2 and NOx

and then are transformed into sulfate and nitrate. Oxidized S
and N pollutants can be transported away from source areas
in association with air flows or dust storms. In this review
paper, we summarize the literature from oxidized S and N
field observations (ground, aircraft, and satellite), and model
simulations. The aim is to characterize the levels and trends
of SO2 and NOx emissions and depict the features of long-
range transport (including transport pattern, transport
pathways, seasonal variability, and the quantification of
trans-boundary transport), along with providing some sug-
gestions for the mitigation of atmospheric oxidized S and N
pollutants.
1. SO2 and NOx emissions

1.1. Trends and amounts of SO2 and NOx emissions

The emissions of SO2 and NOx from East Asia in the 1990s
surpassed those from North America and Europe, and are
expected to continue to exceed them for decades (Streets et
al., 2000; Akimoto, 2003). China, the world's most populous
country, has been undergoing persistent rapid industrializa-
tion and urbanization over the last two decades. As a result,
SO2 and NOx emissions in China have dominated the changes
within East Asia (including China, Japan, South Korea, North
Korea, and Mongolia) in recent years. Until 2006, SO2

emissions in China accounted for about 94.6% of the total
emissions in East Asia, and NOx emissions accounted for
about 81.7%. During the same period, SO2 emissions in Japan
and South Korea only accounted for about 2.7% and 1.2% of
the total emissions in East Asia, and NOx emissions in the two
countries accounted for about 9.4% and 5.1%, respectively
(Zhang et al., 2009). In the light of this situation, SO2 and NOx

emissions in the past, present, and future are shown to help
understand the regional atmospheric environment. Fig. 1
shows the temporal evolution of SO2 and NOx emissions
between 1980 and 2020 in Asia. The data are from Foell et al.
(1995); Arndt et al. (1997); Streets and Waldhoff (2000); Streets
et al. (2000, 2001); Hao et al. (2002), the State Environmental
Protection Administration, China (SEPA, 2003), Streets et al.
(2003); Ohara et al. (2007), and Zhang et al. (2007, 2009).

Due to the Asian economic crisis, after 1995, emissions of
SO2 did decrease for a few years. In contrast, there has been an
ongoing increase of NOx emissions since 1980, with the highest
growth having occurred after 2000 (Monks et al., 2009). The
annual average growth of NOx emissions between 1990 and
1997 was about 6.2%, considerably larger than the SO2 growth
rate, which was only 2.2%, per year (Streets et al., 2001).

Similarly, Chinese SO2 emissions also experienced a highly
significant increase between 1980 and 1995. The emissions of SO2

have been controlled by the Chinese government since the
middle of the 1990s (Hao et al., 2000), through a reduction in
economic growth, the mining of higher quality coals, enhanced
environmental awareness, and a reduction in industrial coal use;
as a result, a slowdown in the growth of SO2 emissions appeared,
and a reduction actually occurred in 1997 (Streets et al., 2000).
However, the decreasing trend could not last long, and SO2

emissions started to increase again after 2000, due to the
economic boom and growing infrastructure investments in
China (Larssen et al., 2006; Ohara et al., 2007; Zhang et al., 2009;
Tang et al., 2010). In preparation for the 2008Olympic Games, SO2

emissions over East China showed a remarkable decrease after
2007, because of strong controls on pollutant emissions (Zhang et
al., 2012). In contrast to the pattern of SO2 emissions, NOx

emissions in China have continued to grow rapidly since 1980.
During 1994–2000, NOx emissions in China increased by 13% (the
transport and chemical evolution over the Pacific (TRACE-P)
inventory; Streets et al., 2003), and the increasing trend acceler-
ated further to 55% between 2001 and 2006 (the intercontinental
chemical transport experiment-phase B (INTEX-B) inventory;
Zhang et al., 2009). These NOx trends during 1996–2004 were
validated by tropospheric satellite observations, which demon-
strated a highly significant increase of about 50% in annual
growth rates over the industrial areas of China (Richter et al.,
2005).

A few studies have estimated the future emissions of SO2

andNOx in China in 2020 (van Aardenne et al., 1999; Streets and
Waldhoff, 2000; Ohara et al., 2007). The results from the regional
air pollution information and simulation (RAINS-Asia) have
suggested that SO2 emissions will increase from 23.0 Tg in 1990
to 30.6 Tg in 2020 (33% growth rate), if considerable advance-
ments in control technologies occur, or by 164% if current
practices are not altered. Growth rates of NOx emissions are
expected to be even greater. Emissions of NOx are projected to
increase from 2.9 Tg N in 1990 to somewhere in the range of 9.3
Tg N by 2020 (180% growth rate), or more than 210% if there are
no changes in environmental policies and control. Although
these studies have indicated that NOx emissions from China
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have increased markedly and will continue to increase further,
there are no agreements in place to limit such growth at
present.

Although the overall trends of SO2 and NOx emissions are
consistent among the inventories and studies from 1980 to 2020,
themagnitudes of the SO2 andNOx emissions have varied, due to
different estimations of energy consumption. The Chinese SO2

and NOx emissions derived from several emission inventories
and studies during 1985–2010 together with the deviations based
on the regional emission inventory in Asia (REAS) show that the
emission estimates are significantly different between both
emission inventories and years (Table 1). For SO2 emissions, the
RAINS-Asia values were higher than those of REAS, with the
highest deviation of 27.3%. The SEPA values were lower than
those of REAS from 1995 to 2003, and the deviation changed from
−12.7% to −41.1%. The estimates of Streets et al. (2000) were
lower than those of REAS by −3.4% to −10%. The values of
TRACE-P and INTEX-B were more than 20% lower than those of
REAS. NOx emissions estimated by RAINS-Asia, Hao et al. (2002),
and Streets et al. (2001) were higher than those of REAS, with the
deviation ranging from 1.3% to 29.4%. The discrepancy in NOx

emissions between TRACE-P and REAS was −16.2%. The esti-
mates of Zhang et al. (2007) for the period 1995–2003were slightly
lower than those of REAS, with the largest deviation being −8.2%.

1.2. Sector source fractions of SO2 and NOx emissions

The SO2 and NOx emissions from different sectors in China, in
the past (1995), present (2006), and future (2020), show a change
in the contribution of each sector over time (Fig. 2). Industry,
power plants, and domestic sources were the highest contrib-
utors to SO2 emissions, responsible for about 53%, 27%, and 17%,
respectively, in 1995. Power plants (59%), instead of industrial
sources (31%), became the highest contributors to SO2 emis-
sions by 2006. The contribution of power plants to SO2

emissions is likely to be much smaller in 2020, due to emission
control measures (Streets and Waldhoff, 2000). The major
sources of NOx emissions in all time periods were industry,
power plants, and transportation. The contribution of power
plants increased from 34% in 1995 to 44% in 2006, and that of
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Fig. 1 – SO2 and NOx emissions in
transportation doubled from 12% to 24%; this reflects the
significant increase of some energy-consuming activities, for
example, total thermal-based electricity generation and total
vehicle numbers (Zhang et al., 2009). Similar to the SO2

emissions, the contributions of the industry sector to NOx

emissions are expected to increase from 2006 to 2020.

1.3. Spatial distribution and seasonality in SO2 and NOx
emissions

Ohara et al. (2007) and Zhang et al. (2009) presented the
geographical distributions of SO2 and NOx concentrations in
Asia. For countries in East Asia, the SO2 emissions were mainly
concentrated in populated and industrialized areas of China,
i.e., the Northeastern Plain, the Beijing–Tianjin–Hebei region,
the Yangtze River Delta, Pearl River Delta, and the Sichuan
Basin. For NOx emissions, besides the areas mentioned above,
the southern areas of the Korean Peninsula and Japanwere also
important contributors. Regarding the total amounts over
China, SO2 and NOx emissions show weak seasonal variations,
with ratios of 1.4 and 1.3 between their maxima and minima
values, because their main sources are industrial and transpor-
tation emissions, which only have small seasonal cycles (Zhang
et al., 2009). However, seasonal variations can be characterized
from region to region; high pollution levels in winter and low
levels in summerhavebeen found inNorthwest China,whereas
the inverse seasonal variation is found in South China; these
differences are attributed to energy demands and meteorolog-
ical conditions (Zhang et al., 2012).
2. Long-range transport of oxidized S and N
pollutants

2.1. Trans-boundary transport of oxidized S and N from China
to Japan and South Korea

2.1.1. Field experiments
Long-range transport of oxidized S and N pollutants from
China to Japan and South Korea has been a central issue in
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recent years. Under the influence of westerly flows, air
pollutants can be transported eastwards across continental
Asia to the Korean peninsula and Japan. Increases in the
concentrations of anthropogenic oxidized S and N pollutants
have often been observed in recent years (Takami et al., 2005;
Hatakeyama et al., 2011; Kang et al., 2013). Analyses of SO2

emissions and deposition in Japan have concluded that Japan
receives more sulfur deposition than that which can be
attributed to its own emissions (Fujita, 1996; Arndt et al.,
1997), due to the long-range transport of pollutants from
continental Asia. Chiwa et al. (2013) and Takashima et al.
(2011) showed that Japan has been receiving increasing levels
of atmospheric nitrogenous pollutants from eastern regions
of continental Asia over the last few decades. By analyzing
the acid deposition monitoring network in East Asia (EANET)
data, Lu et al. (2010) showed that a 1% increase in SO2

emissions in China corresponds to increases by approxi-
mately 0.71% and 1.15% in Japan and South Korea, respec-
tively, of both SO2 and SO4

2− concentrations. Aikawa et al.
(2010) found a clear longitudinal gradient in the measured
SO4

2− concentrations over the East Asian Pacific Rim region.
The longitudinal gradient peaked in winter and was lower in
summer; the winter peak was explained by the highly
efficient transport of SO4

2− from the Asian continent during
this period.

2.1.2. Quantified transport
Chemical transport models have become critical tools in
quantifying oxidized S and N trans-boundary transport. In
the early to mid-1990s, long-range transport models started
being applied in Asia (Arndt and Carmichael., 1995; Ichikawa
and Fujita, 1995; Huang et al., 1995). Since this time, several
regional transport models have been used in Asia (Table 2). In
contrast to field observations, models can reflect chemical
and physical processes during transport, provide more
generality (compared to individual long-range transport
case studies) based on long-term (monthly, seasonal, and
annual) simulations, and present a large-scale (regional or
global) view of the distribution of concentrations and
deposition of pollutants. Thus, many researchers have used
models to quantitatively evaluate the trans-boundary trans-
port of oxidized S and N pollutants from source to receptor
Table 1 – Comparison of the difference between the emissions o
and studies in China.

Study 1985 1990 1995 1996 1997

SO2 RAINS-Asia 2.9%
SEPA −12.7% −19.0% −19.3%
Streets et al. (2000) −3.4% 3.1% −5.3% −7.7% −10.0%
TRACE-P
INTEX-B

NOx RAINS-Asia 4.3%
Hao et al. (2002) 21.4% 21.0% 16.6%
Streets et al. (2001) 28.0% 16.5% 17.4% 19.6% 22.3%
TRACE-P
Zhang et al. (2007) −3.7% −4.5% −5.0%

All the data show the deviation based on REAS, calculated by the formul
RAINS-Asia: the regional air pollution information and simulation; TRACE
intercontinental chemical transport experiment-phase B; SEPA: State En
inventory in Asia.
regions, by controlling the emissions from a source region
and thereby clarifying the source–receptor relationships.

Some researchers have considered that the primary source
of oxidized S and N deposition within each country in East
Asia was the respective country's own anthropogenic emis-
sions. For example, Huang et al. (1995) found that about 93.7%
of the S deposited within Japan and 90.0% within South Korea
were from internal sources, while China accounted for only
3.5% of Japan's total S deposition and 7.9% of South Korea's.
Similarly, Ge et al. (2014) concluded that the emissions from
China contribute 13% of S and 7% of Nwet deposition in Japan.
Holloway et al. (2002) considered that China contributed 18%
of nitrate deposition in Japan and 26% in South Korea. Lin et
al. (2008) calculated that long-range transport from eastern
China contributed >20% of anthropogenic reactive nitrogen as
well as sulfur deposition in East Asia.

In contrast, other researchers have found that China is a
major, and significant, source of oxidized S and N pollutants
across the whole region. For example, Ichikawa and Fujita
(1995) and Ichikawa et al. (1998) estimated that about 40% of
the total sulfur deposition in Japan was from sources in
continental Asia, and of these, China was a major source,
accounting for one-half of the anthropogenic wet sulfate
deposition in Japan. Arndt et al. (1998) found that China and
South Korea play a major role in the sulfur deposition in
southern and western Japan. Kajino et al. (2013) considered
that the contribution of three regions in China that produce
high levels of emissions accounted for approximately 50%–
60% of the total deposition of nitrate in South Korea and
Japan. Aikawa et al. (2010) suggested that the proportional
contribution of Chinese SO4

2− to the total concentrations in
Japan throughout the year was approximately 50%–70% or
40%–60%, depending on different emissions of SO2 in China.

In order to investigate the differences in estimates, of the
contribution of oxidized S and N pollutants from China to the
concentration or deposition of these pollutants in Japan and
South Korea, the search periods, emission data, and model
parameters of relevant studies have been compared (Table 3).
The large disagreement in the various source-receptor esti-
mates could be explained by three possible reasons. First, the
quantitative source–receptor relationships considered by
different studies were based on different periods and spatial
f SO2 and NOx, calculated by different emission inventories

1998 1999 2000 2001 2002 2003 2010

27.3%
−23.7% −31.2% −27.6% −33.5% −39.7% −41.1%

−26.0%
−21.8%

1.3% 29.4%
6.9%

−16.2%
−6.6% −6.5% −7.8% −7.7% −5.9% −8.2%

a: Emission−REAS
REAS � 100%.

-P: the transport and chemical evolution over the Pacific; INTEX-B: the
vironmental Protection Administration; REAS: the regional emission
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scales. Compared with short-term simulations (a month,
Huang et al., 1995), long-term simulations (at least one year
covering four seasons) can contain seasonal meteorological
variations, which are significant for the estimates of source–
receptor relationships. Secondly, the estimates vary because
of the highly nonlinear relationship between both the
atmospheric chemistry and deposition processes as well as
changes in the emissions from each source region, when
employing methods such as the zero-out or brute-force
methods to derive the source–receptor relationships. The
third reason for the disagreement in source-receptor esti-
mates between studies is that there are differences between
the input meteorological and emission data and solution
schemes for key physical and chemical processes used in the
models. These differences are especially dominant in mete-
orological fields, emissions, chemical conversion rates, and
removal rates (Carmichael et al., 2002; Wang et al., 2008; Park
et al., 2014). The variation in the concentrations of primary
pollutants (SO2 and NOx) can be significantly influenced by
changes in their emissions and meteorological conditions
(McGregor and Bamzelis, 1995; Chang and Lee, 2007). For
example, weaker winds can lead to the accumulation of
pollution and strongerwinds can quickly disperse air pollutants
(Lo et al., 2006; Gietl and Klemm, 2009). Furthermore, the
differences of oxidized S and N emissions among inventories
and studies (Fig. 1, Table 1) can easily lead to an overestimation
or underestimation of SO2 andNOx concentrations. The relative
change of SO2 and NOx emissions in source and receptor
countries in different research periods has important impacts
on the source-receptor estimates. SO2 emissions in China have
experienced a relatively rapid increase, whereas those in Japan
showed a slight decrease from 1980 to 2010; for NOx emissions
both China and South Korea have experienced a sharp increase
within the 30 years (Table S1). The assimilated meteorological
fields, using field observations and improved oxidized S and N
emissions data from satellite measurements, would be a good
way to reduce the large differences in the input data. Inprevious
studies (Huang et al., 1995; Ichikawa and Fujita, 1995; Arndt et
al., 1998; Holloway et al., 2002), the oxidation rates of SO2 and
NO2 were obtained from a look-up table corresponding to the
varying conditions, or were assumed to be proportional to the
concentrations of SO2 and NO2. Actually, the formation of SO4

2−

and NO3
− significantly depends on the concentrations of OH

(SO2+2OH→H2SO4, NO2+OH→HNO3), which therefore plays a
critical role in the chemical conversions (Seinfeld, 2004),
especially near the source areas (e.g., within few hundred
kilometers). Concentrations of OH radical were taken into
account in calculating the concentrations of SO4

2− and NO3
− in

more recent studies (Lin et al., 2008; Aikawa et al., 2010; Kajino
et al., 2013; Ge et al., 2014). However, the deviation of OH
concentrations remains large, due to uncertainties in the
emissions of volatile organic compounds (VOCs) (Wang et al.,
2014), which are the main sources of OH. There were also large
variations in thewaydry andwet deposition of oxidized S andN
pollutants were dealt with. In the studies by Huang et al. (1995);
Ichikawa and Fujita (1995); Arndt et al. (1998); Holloway et al.
(2002), and Kajino et al. (2013), simplified removal rates (e.g., a
function of a precipitation rate or a pollutant concentration)
were adopted. Arndt et al. (1998) performed a simple test to
show the differences, by assuming a precipitation rate of 1 mm/
hr and a SO2 concentration of 10 μg/m3 and concluded that
removal rates differed by one or two orders of magnitude. Low
removal rates result in large transport rates of pollutants away
from source locations. The scavenging coefficient is more
complicated and associated with many factors, so Lin et al.
(2008); Aikawa et al. (2010), and Ge et al. (2014) used a cloud
module to calculate in-cloud and precipitation scavenging and
wet deposition amounts.

2.2. Trans-Pacific transport of oxidized S and N from East Asia

2.2.1. Field experiments
The regional trends of oxidized S and N pollutants have been of
particular concern in Europe and North America since the 1970s.



Table 2 – Chemical transport models used in Asia and their main characteristics.

Name Type Organization/country Main focus References

CRIEPI trajectory
model

Lagrangian
1-layer

CRIEPI, Japan Long-term evaluation Ichikawa and Fujita
(1995)

ACDEP ASIA Lagrangian
1-layer

CRIEPI, Japan and National
Environmental Research Institute
of Denmark

Long-term evaluation Carmichael et al. (2001)

YU-SADM 3D Eulerian Yonsei University, Korea Episodic and long-term
estimation of S sources and
contributions

Carmichael et al. (2001)

ATMOS-2 Lagrangian
multi-layer

University of Iowa Long-term evaluation Arndt and Carmichael
(1995)

RIAM/RAMS 3D Eulerian Kyushu University, Japan Episodic and long-term chemical
climate studies

Hayami and Ichikawa
(2001)

OPU-Model 3D Eulerian Osaka Prefecture University, Japan Long-term deposition Carmichael et al. (2001)
STEM 3D Eulerian CGRER, University of Iowa Episodic and long-term studies Carmichael et al. (1991)
MATCH 3D Eulerian Swedish Meteorological and

Hydrological Institute
Long-term concentrations and
depositions of O3 and acid
substances

Robertson et al. (1999)

CFORS 3D Eulerian Japan Transport and optical thickness
of major tropospheric aerosols

Uno et al. (2003)
Satake et al. (2004)

RADM 3D Eulerian The United States Episodic and long-term studies Chang et al. (1987)
MSSP 3D Eulerian Kyoto University, Japan Episodic and long-term studies Kajino et al. (2004)
Polair3D 3D Eulerian France Episodic and long-term studies Boutahar et al. (2004)
PATH 3D Eulerian Hong Kong Environmental

Protection Agency
Episodic and long-term studies Carmichael and Ueda

(2008)
CADM 3D Eulerian Korea Episodic and long-term studies Lee et al. (1998)
RAQM 3D Eulerian The Institute of Atmospheric

Physics, Chinese Academy of
Sciences

Episodic and long-term studies An et al. (2001)
Han et al. (2006)

NAQPMS 3D Eulerian The Institute of Atmospheric
Physics, Chinese Academy of
Sciences

Episodic and long-term studies Wang et al. (2001)

CMAQ 3D Eulerian EPA, the United States Episodic and long-term studies Byun and Ching (1999)
CAMx 3D Eulerian ENVIRON, the United States Episodic and long-term studies ENVIRON (2011)
WRF-chem 3D Eulerian NCAR, the United States Episodic and long-term studies Grell et al. (2005)
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However, scientific data that could quantify the budget of
oxidized S and N pollutants in East Asia were not available
until the 1990s (Table 4). A series of experiments were conducted
across East Asia, the North Pacific and western North America,
to study Asian pollution outflow, chemical processes and
long-range transport over the northwestern Pacific Ocean. For
example, the National Aeronautics and Space Administration
(NASA) funded three experiments: the Pacific Exploratory
Mission-West A and B (PEM-West A and PEM-West B), the
TRACE-P, and the INTEX-B. In addition, the Asian Pacific regional
aerosol characterization experiment (ACE-Asia) was funded by
the International Global Atmospheric Chemistry Program
(IGAC). The EANET, in which 10 countries in Asia participate,
also provides data to determine trends of acid deposition fluxes.
Table 4 lists detailed information, including the observation
period, region, objective, and platform of these field experi-
ments. Based on the observational data, there was extensive
evidence of pollution transport from East Asia to the North
Pacific. Substantial increases of oxidized S andN pollutants were
observed at the upper tropospheric levels in 1991 during the
PEM-West A experiment (Singh et al., 1996; Talbot et al., 1996).
Further, concentrations of NOx and SO2 in the Asian boundary
layer outflow were about 2–5 times higher during the TRACE-P
experiment than during PEM-West B, due to the economic
growth of Asia during 1994–2001 (Dibb et al., 2003; O'Sullivan et
al., 2004; Talbot et al., 2003; Liu et al., 2003).

2.2.2. Satellite remote sensing
Satellite observations can be used to provide new evidence for
long-range transport of air pollutants by expanding spatial and
temporal scales (Yu et al., 2008; Li et al., 2010; Clarisse et al.,
2011; Hsu et al., 2012; Yu et al., 2012, 2013). Tropospheric
columns of SO2 and NO2 can be derived from satellite retrievals
of the global ozone monitoring experiment (GOME), the
scanning imaging absorption spectrometer for atmospheric
cartography (SCIAMACHY), the ozone monitoring instrument
(OMI), and the infrared atmospheric sounding interferometer
(IASI), among others. In addition, satellite measurements from
the moderate-resolution imaging spectroradiometer (MODIS),
multi-angle imaging spectroradiometer (MISR), and the
cloud-aerosol lidar with orthogonal polarization (CALIOP),
have been used to retrieve the distributions of aerosol particles
and their properties, with an improved accuracy of aerosol
optical depth (AOD) and enhanced capability of characterizing
the aerosol type.

Many remote sensing observations have suggested that
the long-range transport of sulfur species from East Asia
occurs quite frequently and could exert strong impacts on
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large areas downstream. Li et al. (2010) observed the transport
and evolution of a plume containing substantial SO2 and high
loadings of dust particles from China to the Northwest Pacific,
using OMI and MODIS satellite sensors. Clarisse et al. (2011)
observed that a SO2 plume formed over northeastern China
and was transported to North America in five days, using IASI
measurements. Hsu et al. (2012) analyzed SO2 data observed
by OMI during 2005–2008, and reported 16 SO2 long-range
transport episodes, out of 62 Asian outflow events.

2.2.3. Quantified transport
Large influences of the outflow of the S pollutants from East
Asia have been confirmed by many model studies using the
source-receptormethod. An analysis by Liu et al. (2008) showed
that sulfate from East Asia contributed approximately 20%–80%
of the northern hemisphere sulfate found near the surface.
Zhang et al. (2004) estimated that about 42% of S compounds
(~25% as SO2) emitted in East Asia were transported out of the
region. Calculations by Satake et al. (2004) indicated that the
eastward outflow of S accounted for 27% of all S emitted, during
the ACE-Asia intensive observation period in spring 2001. Tan
et al. (2002) showed that 20% of the anthropogenic SOx

(SO2 + SO4
2−) emitted over East Asia were exported from the

region, primarily in the form of sulfate aerosols, during the late
winter/early spring period.

2.3. Transport processes and influencing factors

2.3.1. Transport pattern
Intensive field campaigns over the western and eastern
Pacific Ocean (e.g., TRACE-P, ACE-Asia, PEM-West) have
shown that Asian aerosols are a complex mixture of dust
and anthropogenic particles. Asian dust events from desert or
loess areas in China and Mongolia occur frequently in Korea
and Japan, and sulfate and nitrate have been predominantly
found in the fine dust particles (Sugimoto et al., 2003; Zhang et
al., 2003; Shimizu et al., 2004; Takami et al., 2005; Kim et al.,
2012; Lee et al., 2013; Kunwar and Kawamura, 2014; Choi and
Lee, 2014). Luan and Jaeglé (2013) found that 2/3 of the East
Asian sulfate aerosol export events during spring were
associated with substantial dust export.
Table 4 – Large field measurement networks or missions that h

Name Period Region O

INTEX-B 17 April 2006–15
May 2006

Pacific Ocean and western
North America

Trans-Pa
pollution

EANET 2001–now Ten countries in East Asia Acid depo
TRACE-P February

2001–April 2001
Northwest Pacific Asian pol

transport
Ocean

ACE-Asia March 2001–May
2001

East Asia and Northwest
Pacific

Aerosol p

PEM-West B February
1994–March 1994 Northwest Pacific

Long-ran
ozone an
sulfur spPEM-West A September

1991–October 1991

INTEX: the intercontinental chemical transport experiment; EANET: the a
Pacific regional aerosol characterization experiment; PEM: the Pacific Exp
Pacific.
SO2 is not transported far away from the source regions
itself, but it can be converted to sulfate (SO4

2−) via heteroge-
neous and homogeneous reactions during transport
(Arimoto et al., 1996; Zhang and Gao, 2007). Similarly, NOx

is usually dominant near its sources and its export is
facilitated by converting into filterable nitrate (NO3

−) or by
the export of peroxyacetylnitrate (PAN), which can be
transported long distances at cold temperatures (Singh et
al., 1986). Field observations have shown that most of the
increases in the nitrogen-containing reactive compounds
within the outflow occur as PAN (only 0.5% as NOx), and most
of the SOx occur as sulfate. Furthermore, export efficiencies
to the marine boundary layer and the free troposphere were
different, at around 20%–40% and 15%, respectively, for the
nitrogen-containing reactive compounds, and around 25%–
45% and 10%–20%, respectively, for the SOx (Koike et al., 2003;
Miyazaki et al., 2003).

2.3.2. Transport pathways
Lifting in the warm conveyor belt (WCB) of mid latitude
cyclones, associated with rapid transport by the strong
westerly winds, was considered the dominant pathway for
the outflow of pollutants from Asia to the Pacific (Jacob et al.,
2003; Singh et al., 2009). The relative lack of precipitation in
the WCB means that sulfate and nitrate aerosols were
efficiently injected into the middle troposphere; thus
trans-Pacific transport of Asian pollutants usually occurs in
the free atmosphere. Observations over the Pacific from the
TRACE-P and INTEX-B experiments showed that the
trans-Pacific transport of Asian pollutants (e.g., sulfate)
generally occurred at higher altitudes (around 2–5 km). Luan
and Jaeglé (2013) examined the vertical profiles of aerosol
extinction coefficients, using satellite observations together
with a global chemical transport model, and concluded that
the outflows of sulfate from Asia occur at an altitude of about
2–6 km. Xiao et al. (1997) suggested that anthropogenic S,
emitted from source regions in East Asia, is largely limited to
the lower 4 km of the atmosphere, based on a regional-scale
chemical model. In addition to the WCB mechanism, the local
weak trough and saddle field over northeastern Asia were
found to be another important uplifting mechanism of
ave investigated long-range transport of pollutants.

bjective Platform Reference

cific Asian
transport

Airborne Singh et al. (2009)

sition in East Asia Ground stations An et al. (2002)
lution outflow and
across the Pacific

Airborne
Jacob et al. (2003)

roperties Airborne, ship, ground
stations

Huebert et al. (2003)

ge transport of
d its precursors,
ecies

Airborne and ground
stations

Hoell et al. (1997)

Hoell et al. (1996)

cid deposition monitoring network in East Asia; ACE-Asia: the Asian
loratory Mission; TRACE-P: transport and chemical evolution over the
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pollutants from continental Asia to the northwestern Pacific
Rim (Li et al., 2013).

It should bementioned that Huang et al. (1996) found some
SO2 and SO4

2− transport paths on different vertical layers in
East Asia, using a sulfur deposition and transport model. They
showed that both SO2 and SO4

2− were usually transported from
west to east under the influence of westerly flows in higher
layers. In lower layers, S transport was different, dependent
on season; the pathway was from northwest to southeast in
winter and from southwest to northeast in summer. Arndt et
al. (1998) showed that China's influence was most evident in
southern and western Japan, with the smallest impact on
areas in the north.

2.3.3. Seasonal variation
Transport patterns of oxidized S and N significantly vary
throughout the year. Generally, the long-range transport of
oxidized S and N pollutants is more pronounced in spring and
winter, and trans-boundary oxidized S and N deposition levels
peak during the two seasons (Kim et al., 2003; Lin et al., 2008;
Luan and Jaeglé, 2013; Lee et al., 2014). A comparison between
PEM-West A (in autumn) and PEM-West B (in spring)
observations found that the western Pacific is more strongly
impacted by sources of pollutants from continental Asia in
spring, when westerly winds prevail (Kondo et al., 1997). The
levels of reactive nitrogen in the continental air mass were
found to be significantly higher during PEM-West B than
during PEM-West A (Kondo et al., 1997). Some studies have
attempted to apply backward trajectory models to identify the
long-range transport and sources of observed polluted air
masses that may affect air quality in South Korea and Japan
(He et al., 2003; Kang et al., 2010, 2013; Kitayama et al., 2010;
Takashima et al., 2011; Sakata et al., 2013; Zaizen et al., 2014).
The backward trajectories in winter and spring, which were
attributed to enhanced emissions and dominant westerly
winds, were considered to carry more oxidized S and N
pollutants than in summer and autumn. For example,
Kitayama et al. (2010) detected remarkable seasonal changes
and found that winter concentrations of SO4

2− in precipitation
in Japan were two to four times larger than summer ones, due
to the long-range transport of the pollutant from continental
Asia. Zaizen et al. (2014) tracked the air parcels of Mt.
Kiso-Komagatake (3000 m above sea level) and suggested
that the main sources of aerosols (including sulfate) in winter
and spring were from continental Asia.
3. Recommendations

Trans-boundary issues have been serious concerns in East
Asia, in particular the long-range transport of air pollutants
from China to South Korea and Japan, due to persistent
westerlies in this region. Increased energy demand will result
in a large increase in SO2 and NOx emissions in East Asia
(especially in China) in the future; there are strong research
needs to mitigate NOx emissions in future studies of air
pollution.

The source–receptor relationships for oxidized S and N
pollutants have been integrated with chemical transport
models. In view of different conclusions drawn by different
researchers about the source–receptor relationships, three
recommendations were identified here. Firstly, tagged species
methods, such as particulate matter source apportionment
technology (PSAT) (Wagstrom et al., 2008), can significantly
reduce the nonlinear effects that occur due to large changes in
model inputs; however, few studies have applied such
methods to identify the source–receptor relationships. Sec-
ondly, the uncertainties of SO2 and NOx emissions among the
inventories and studies have greatly affected the concentra-
tions of SO2 and NOx. There is an urgent requirement to
improve field and satellite measurements of SO2 and NOx, and
VOC emissions. Lastly, model comparison studies, such as the
Model Inter-Comparison Study Asia Phase I and II (Carmichael
et al., 2002; Carmichael and Ueda, 2008), have resulted in a
better understanding of model performance and uncer-
tainties. It may be true that the models would be highly
consistent in identifying the main source–receptor relation-
ships, if the same model inputs and parameters were used.

Furthermore, satellite-based studies have been generally
used to assess air quality across oceans or continents, and few
studies have centered in country-to-country scale pollutant
transport due to coarse spatial resolution. High resolution
data (e.g., 3 km) are needed to examine pollutant outflow and
evaluate the influence of upwind countries on downwind
countries.

It is obvious that observational studies and model simula-
tions in isolation are insufficient to answer all the questions
that arise in estimating trans-boundary air pollution. Field
measurements, satellite observations, and model evaluations
need to be linked to allow us to understand the mechanisms
of long-range transport across global, regional, and country-
to-country scales.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2015.08.028.
CRIEPI: Central Research Institute of Electric Power Industry;
YU-SADM: Yonsei University-sulfur acid deposition model;
ATMOS: atmosphere; RIAM: Research Institute for Applied
Mechanics; RAMS: regional atmospheric modeling system;
OPU: Osaka Prefecture University; STEM: sulfur transport
Eulerian model; MATCH: mesoscale atmospheric transport
and chemistry; CFORS: the regional-scale aerosol transport
model Chemical Weather Forecasting System; RADM: the
regional acid deposition model; MSSP: a regional-scale
Eulerian Model System for Soluble Particles; Polair3D: the 3D
Eulerian chemistry-transport-model POLAIR; RAQM: an im-
proved regional air quality model; NAQPMS: the nested air
quality prediction modeling system; CMAQ: the models-3
community multiscale air quality; CAMx: the comprehensive
air quality model with extensions; WRF: weather research
forecast; CGRER: the Center for Global and Regional Environ-
mental Research; EPA: Environmental Protection Agency;
ENVIRON: ENVIRON International Corporation; NCAR: Nation-
al Center for Atmospheric Research.
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