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Abstract
Ambient fine particulate matter (PM2.5) samples were collected from September 2013 to May 2015 in three cities in East Asian
countries (Beijing, China; Seoul, South Korea; and Nagasaki, Japan) in order to analyze the spatiotemporal trends of PM2.5

chemical constituents including organic matter (OM), elemental carbon (EC), water-soluble inorganic ions (NO3
−, SO4

2−, and
NH4

+), and trace elements. The average PM2.5 mass concentration were 125 ± 6.80 μg m−3, 44.6 ± 0.84 μg m−3, and 17.4 ±
0.37 μg m−3 in Beijing, Seoul, and Nagasaki, respectively. Higher carbonaceous concentrations were observed during winter in
Beijing and Seoul, while higher concentrations were found during spring in Nagasaki. The highest seasonal averages of organic
carbon (OC) to EC ratios were found during spring in Beijing, winter in Seoul, and fall in Nagasaki. The concentrations of
secondary OC and its ratio to OC were high during fall and winter. For ion species, NO3

− was dominant in Beijing and Seoul,
while SO4

2− was dominant in Nagasaki. Increased contributions of mobile sources in Beijing and Seoul were observed, with
higher NO3

−/SO4
2− ratios than those in Nagasaki. Three groups of air masses were found for the three cities using cluster analyses

based on 72-h backward trajectories. The cluster from the Bohai economic zone had the highest concentration of PM2.5 for
Beijing. For Seoul, a cluster that originated from the Yellow Sea near an industrial area in Liaoning Province and passed through a
highly polluted industrial area in southwestern Seoul had high PM2.5 concentrations. A long-range transported cluster that
originated in and crossed through heavily industrialized areas in China and South Korea for Nagasaki had higher ion species
concentrations. The results of this study are useful to identify the current levels of PM2.5 and its chemical properties to establish a
control plan for PM2.5 for Northeast Asia, including China, South Korea, and Japan.
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Introduction

Ambient PM2.5, which is a major air pollutant, is mainly com-
prised of organic matter (OM), elemental carbon (EC), ion
species, and trace elements. Exposure to PM2.5 is more asso-
ciated with increases in cardiopulmonary health outcomes
than exposure to larger particles (Dockery et al. 1993;
Schwartz et al. 1993), and approximately 12% of premature
deaths that are related to respiratory illnesses and cancers are
attributed to PM2.5 exposure (Zhang et al. 2017a, b, c).
Unusual high concentration events of PM2.5 have been fre-
quently observed in East Asian countries, and their annual
average PM2.5 levels are higher than the WHO’s PM2.5 stan-
dards (25 μg m−3 for 24-h and 10 μg m−3 for annual average
concentration) (Xie et al. 2016). The rapid development of
China’s economy has resulted in an increase in energy con-
sumption, especially coal-dependent energy, and an increased
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number of vehicles; this has led to an increase in anthropo-
genic emissions of PM2.5 in megacities. Thus, PM2.5 exposure
is one of major public health problems in China (Chan and
Yao 2008; Zhang et al. 2017a, b, c).

Long-range transported air pollutants from China have
largely impacted PM2.5 levels in many urban environments
downwind of China, including South Korea and Japan.
Several previous studies have demonstrated that health out-
comes related to air pollution in South Korea and Japan, such
as premature mortality, are influenced by both local emissions
and long-range transported air pollution (Anenberg et al.
2014; Zhang et al. 2017a, b, c and the references there in).

To create a PM2.5 management plan that is optimized for
East Asia, the levels of PM2.5 concentrations and the distribu-
tion characteristics of its chemical constituents should be iden-
tified. Several studies have shown results for chemical constit-
uents at different sampling sites in different cities or countries.
Some of these studies examined specific components such as
organic matters or polycyclic aromatic hydrocarbons,
(Jimenez et al. 2009; Hayakawa 2016) or measured PM2.5

and compared results from other papers conducted PM2.5 in
different cities during the same period (Shimada et al. 2016).
In this study, PM2.5 and its major chemical constituents were
measured in three East Asian cities and the results were com-
pared to identify the current levels of PM2.5 and its chemical
properties between the cities. Finally, transportation pathways
were identified through cluster analyses in order to better un-
derstand the characteristics of long-range transportation and
contributing emission sources.

Materials and methods

Sampling

Ambient PM2.5 and its chemical species were observed at the
central location of Beijing and Seoul and at the suburban
location of Nagasaki (Figure S1). The Beijing site was the
roof (7th floor, ~ 21 m above ground) of the Department of
Occupational and Environmental Health Sciences at Peking
University School of Public Health (39.983° N, 116.355° E),
which is surrounded by commercial buildings and is situated
100 m from the Xueyuan Road. The Seoul site was the roof
(5th floor, ~ 17 m above ground) of the School of Public
Health at Seoul National University (37.581° N, 127.001°
E) and hence it was amenable to observe several types of
pollutant emissions, such as residential, commercial, and traf-
fic emissions. The Nagasaki site was the roof (4th floor, ~
12 m above ground) of the Institute of Tropical Medicine at
Nagasaki University (32.772° N, 129.868° E). Although
Nagasaki is less urbanized than Beijing and Seoul, the sam-
pling site is surrounded by residential and commercial areas,
which makes the site to be suitable for representing the city.

The 24-h integrated PM2.5 samples were collected on one
in 3-day schedules from November 2014 to April 2015 in
Beijing, from September 2013 to May 2015 in Seoul, and
from February 2014 to May 2015 in Nagasaki. These samples
were collected using a three-channel system, which was com-
posed of three filter packs (URG Corp.), similar to the EPA
Compendium Method IO-4.2 (Zhang et al. 2017a, b, c). Each
channel was composed of a size-selective inlet, cyclone, vac-
uum pump, and dry gas meter. Based on the flow rate which
was monitored for each channel using independent dry gas
meters, cyclones (URG-2000-30EH and URG-2000-30EN,
URG) provide a particle size cutoff. Flow rate for ionic species
was 10 L/min and that of carbonaceous species and trace
elements were 16.7 L/min.

Although the measurements were obtained under the same
conditions in three cities, some limitations were inevitable.
Unlike Seoul and Nagasaki, where the measurement periods
covered all four seasons, measurements in Beijing were con-
ducted only for 6 months. The BComparisons of PM2.5 be-
tween Beijing, Seoul, and Nagasaki^ section describes our
effects to overcome this limitation.

Chemical analysis

Filters were pre-treated at a laboratory in Seoul and sent to
each of the sampling sites. The PM2.5 mass was measured by
weighing Teflon filters (47 mm Pall Life Sciences, 1 μm pore
size) with a microbalance (ANDHM-202, precision 10−2 mg),
and the filters were analyzed using X-ray fluorescence (XRF,
XEPOS 03 Plus gas, SPECTRO) for trace elements. Water-
soluble ion species (NO3

−, SO4
2−, and NH4

+) were collected
on Zefluor membrane filters (47 mm Pall Life Sciences, 1 μm
pore size) and analyzed using ion chromatography (Thermo
Fisher Scientific, ICS-1100). Organic carbon (OC) and ele-
mental carbon (EC) were collected on quartz microfiber filters
(47 mm Pall Life Sciences, PALLFLEX Membrane Filters)
and analyzed using thermal/optical transmittance with the
National Institute of Occupational Safety and Health 5040
method (Thermal/Optical Carbon Aerosol Analyzer, Sunset
Laboratory Inc.) (Winberry et al. 1999). All the filter samples
and field blanks were safely sealed, frozen, and sent to the
laboratory at the Seoul National University, where the chem-
ical analyses were performed.

Trajectories calculation and cluster analysis

The Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) 4 model (Draxler 2010; Wang et al. 2014) was
used with one of the meteorological data Global Data
Assimilation System (GDAS) 0.5° to calculate simple air
parcel trajectories, which are defined as the paths of small
particles of air at a certain point and time (Stohl et al. 2002;
Draxler 2010). A 72-h backward trajectory was computed
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as 6-h intervals from 00:00 UTC (Coordinated Universal
Time; local time was 16:00, 22:00, 04:00, and 10:00 for
Beijing and 15:00, 21:00, 03:00, and 09:00 for Seoul and
Nagasaki) for each sampling day with an endpoint height of
1/2 mixing height over the planetary boundary layer. In total,
412, 1072, and 808 backward trajectories were acquired for
Beijing, Seoul, and Nagasaki, respectively. Trajectories were
statistically analyzed and combined into groups, which are
called clusters. Applying the cluster analysis minimizes the
trajectory differences within one cluster and maximizes the
differences between the clusters (Stein et al. 2015).

Results and discussion

Overview of PM2.5 concentrations

A total of 103, 268, and 202 PM2.5 samples were collected in
Beijing, Seoul, and Nagasaki, respectively. Averagemass con-
centrations of PM2.5 and its chemical constituents in the three
cities are summarized in Table 1. Figure 1 shows the seasonal
averaged mass concentrations of PM2.5 in the three cities. The
four seasons were divided into 3-month periods to easily com-
pare the seasonal variations of PM2.5. The conversion factor
for OC to OMwas used as one of the methods for PM2.5 mass
closure (Srinivas and Sarin 2014). OM is usually estimated by
multiplying the mass concentrations of OC by an appropriate
conversion factor. The OM to OC conversion factors ranged
from 1.1–3.7 in previous studies (Perrone et al. 2012; Xing
et al. 2013; Srinivas and Sarin 2014 and the references there
in). A conversion factor of 1.6 is usually used for rural areas.
Persistent burning of lump coal and a high contribution of
biomass burning in China led to high OC. More oxygenated
OC resulted in a higher OM/OC ratio; thus, a factor of 1.7 was
applied in this study (Kim et al. 2006; Xing et al. 2013). OM
was the major contributor to PM2.5 with seasonally averaged
values in the range of 19.4–63.8% across the sampling sites.
Trace elements, which were analyzed by XRF, were classified
as crustal (Al, Ca, Fe, K, Mn, Si, and Ti) and non-crustal (Cl,
Cr, Cu, Mg, Na, Pb, V, Zn, Br, and Ni) by their origin, and a
dust oxide model was applied for crustal species using the
following equation (Gu et al. 2010).

[Crustal] = 1.889 × [Al] + 1.4 × [Ca] + 1.43 × [Fe] +
1.205 × [K] + 1.582 × [Mn] + 2.139 × [Si] + 1.668 × [Ti]

The average PM2.5 mass concentration during the sampling
period was 125 ± 6.80 μg m−3, with a range of 7.1 to
743.8 μg m−3 in Beijing. The PM2.5 mass concentration level
was 1.67 times higher than the class 2 standard for PM2.5 in
China in 2012 (GB3095-2012, 75 μg m−3), which is applied
to all areas of China, except for special regions, such as na-
tional parks. The seasonal change in PM2.5 were observed as:
fall (163 ± 39.2 μg m−3) > spring (125 ± 34.4 μg m−3) > win-
ter (110 ± 13.8 μg m−3), which could be explained by haze in

fall and Asian dust in spring. PM2.5 levels in fall were 1.48 and
1.30 times higher than those in winter and spring, respectively.
Several previous studies have focused on the haze in winter,
but the haze occurs frequently in fall (especially in China).
Both local and regional transported sources are the major rea-
sons of the haze with the meteorological conditions, such as
low wind speed, and high humidity (Hua et al. 2015).
Anthropogenic sources caused the haze in urban usually and
the dominant constituents of PM2.5 during the haze are OM
and ionic species (Tan et al. 2009). Even in the winter, with the
lowest average concentration amounts, PM2.5 mass concentra-
tions were 1.47 times higher than the class 2 standard in
Beijing.

PM2.5 mass concentrations ranged from 3.8 to 236.2μgm−3,
with an average of 44.6 ± 0.84 μg m−3 during the sampling
period in Seoul. The seasonal variations in PM2.5 in this study
were winter (54.1 ± 4.37 μgm−3) > spring (45.0 ± 2.19μgm−3)
> fall (37.4 ± 2.90 μg m−3) > summer (32.5 ± 3.87 μg m−3) and
showed the same seasonal trends that were previously pub-
lished in Kim et al. (2007). The high concentrations of PM2.5

in winter were probably due to the increase in emissions, such
as those from heating and coal combustion, and also because of
lowered mixing heights (Kim et al. 2007; Son et al. 2012). The
high frequency of air masses from the Gobi Desert may be the
most likely cause of a higher average PM2.5 mass concentration
during spring in Seoul.

The average PM2.5 mass concentration during the sampling
period was 17.4 ± 0.37 μg m−3, with a range of 3.4 to
73.3 μg m−3 in Nagasaki. The seasonal average PM2.5 con-
centrations were 19.5 ± 1.18 μg m−3, 16.6 ± 1.50 μg m−3,
16.4 ± 1.85 μg m−3, and 12.9 ± 1.14 μg m−3 in spring, sum-
mer, winter, and fall, respectively. High PM2.5 concentrations
in spring, with high mass concentrations of crustal constitu-
ents found in previous studies showed that long-range trans-
port (LRT) is the major source of PM2.5 in Japan (Kaneyasu
et al. 2014; Wang and Ogawa 2015).

Carbonaceous constituents

The average concentrations of OC and EC in Beijing were
37.9 ± 3.72 μg m−3 and 3.21 ± 0.26 μg m−3, accounting for
30.4% and 2.6% of the total PM2.5 concentration, respectively
(Table 1 and Fig. 2). In Beijing, although the average PM2.5

concentration was highest in fall, the average OC and EC
concentrations were highest in winter (Table S1). The ratios
of OC/EC in winter were also high in Beijing, which could be
closely related to higher coal consumption for heating in win-
ter (Sun et al. 2004). The average concentrations of OC and
EC in Seoul were 6.34 ± 0.20 μg m−3 and 1.09 ± 0.03 μg m−3,
accounting for 14.2% and 2.44% of the total PM2.5 concen-
tration, respectively. The average concentrations of OC and
EC in Nagasaki were 3.70 ± 0.14 μg m−3 and 0.47 ±
0.02 μg m−3, accounting for 21.3% and 2.7% of the PM2.5
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concentrations, respectively. The highest concentrations of
OC and EC were found in winter for Beijing and Seoul, but
in spring for Nagasaki.

The relationships between OC and EC in the three cities, as
demonstrated by linear regressions, are shown in Figure S3.
Strong OC and EC correlations were obtained in Beijing, with
a coefficient of determination (R2) of 0.87, 0.98, and 0.89 for
spring, fall, and winter, respectively. The correlation between
OC and EC concentrations would be strong if the major
sources of OC and EC were emissions from primary sources.
This suggested that similar emissions and transportation pro-
cesses affected the correlation of OC and EC (Zhang et al.
2011; Zhang et al. 2017a, b, c and the references there in).
Strong OC and EC correlations during fall in Beijing indicated
influences from common sources, such as coal combustion,
biomass burning, and mobile sources (Cao et al. 2005; Zhang
et al. 2011). OC and EC concentrations were less strongly
correlated in Seoul (R2 = 0.14–0.62) and Nagasaki (R2 =
0.11–0.63) than in Beijing. In order to identify the sources
of carbon species, the OC/EC ratio was also used (Kong
et al. 2010). In Beijing, the average OC/EC ratio in spring

(11.0 ± 0.71) was higher than in other seasons. The highest
average OC/EC ratios were found in winter in Seoul (7.45 ±
0.38) and in fall in Nagasaki (10.1 ± 0.54). The ranges of OC/
EC ratios were 2.70–18.0 (average 10.6) for Beijing, 1.41–
18.4 (average 6.23) for Seoul, and 2.14–29.3 (average 8.65)
for Nagasaki. The significantly high OC/EC ratios (OC/EC >
2.0) indicated that secondary organic carbon (SOC) might
have formed (Zhao et al. 2015; Zhang et al. 2017a, b, c and
the references there in).

The concentrations of SOC could be calculated using EC as
a tracer of primary emission sources because EC originates
only from primary emissions and resists chemical reactions
(Kim et al. 2007; Lin et al. 2009). Two equations were applied
to calculate SOC (Lim and Turpin 2002).

OCpri ¼ OC=ECð Þpri � ECþ Z
OCsec ¼ OCtot−OCpri

where OCpri is the primary OC (POC), (OC/EC)pri is an esti-
mated value of the primary OC/EC ratio, OCsec is the SOC,
and OCtot is the total mass concentration of OC. POC from

Table 1 Concentrations of PM2.5

and its chemical constituents
observed across the sampling
sites

Species (average ± S.E.) Beijing Seoul Nagasaki

Measurement periods Nov. 2014~Apr. 2015 Sep. 2013~May 2015 Feb. 2014~May 2015

Number of samples 103 268 202

PM2.5 (μg m−3) 125 ± 6.80 44.6 ± 0.84 17.4 ± 0.37

OM (μg m−3) 64.5 ± 3.15 10.8 ± 0.17 6.29 ± 0.12

EC (μg m−3) 3.21 ± 0.13 1.09 ± 0.02 0.47 ± 0.01

OC/EC 10.6 ± 0.16 6.22 ± 0.08 8.66 ± 0.15

NO3
− (μg m−3) 8.31 ± 0.49 6.92 ± 0.21 1.55 ± 0.06

SO4
2− (μg m−3) 5.11 ± 0.31 6.67 ± 0.19 2.24 ± 0.06

NH4
+ (μg m−3) 3.81 ± 0.26 4.21 ± 0.10 0.90 ± 0.03

NO3
−/SO4

2− 2.14 ± 0.12 1.23 ± 0.03 1.00 ± 0.06

Cl (μg m−3) 5.02 ± 0.28 0.51 ± 0.02 0.15 ± 0.01

Al (μg m−3) 1.80 ± 0.08 1.13 ± 0.07 0.69 ± 0.04

Ca (μg m−3) 1.68 ± 0.06 0.55 ± 0.03 0.29 ± 0.02

Cr (μg m−3) 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Cu (μg m−3) 0.16 ± 0.00 0.06 ± 0.00 0.05 ± 0.00

Fe (μg m−3) 1.64 ± 0.05 0.70 ± 0.02 0.45 ± 0.01

K (μg m−3) 2.34 ± 0.14 0.62 ± 0.02 0.29 ± 0.01

Mg (μg m−3) 0.50 ± 0.03 0.22 ± 0.01 0.19 ± 0.01

Mn (μg m−3) 0.11 ± 0.01 0.04 ± 0.00 0.02 ± 0.00

Na (μg m−3) 1.48 ± 0.07 0.44 ± 0.01 0.60 ± 0.01

Pb (μg m−3) 0.10 ± 0.01 0.02 ± 0.00 0.01 ± 0.00

Si (μg m−3) 6.96 ± 0.29 5.18 ± 0.36 2.97 ± 0.21

Ti (μg m−3) 0.22 ± 0.01 0.12 ± 0.01 0.06 ± 0.00

V (μg m−3) 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Zn (μg m−3) 0.41 ± 0.02 0.11 ± 0.00 0.05 ± 0.00

Br (μg m−3) 0.08 ± 0.00 0.03 ± 0.00 0.01 ± 0.00

Ni (μg m−3) 0.26 ± 0.01 0.08 ± 0.00 0.09 ± 0.00
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non-combustion sources is represented as Z in the equation
(Lim and Turpin 2002; Snyder et al. 2009). To calculate (OC/
EC)pri and POC from non-combustion sources, a Deming re-
gression was used (Saylor et al. 2006; Lin et al. 2009).

The calculated (OC/EC)pri values in Beijing were 7.41,
7.04, and 7.05 for spring, fall, and winter, respectively. The
values were 2.76, 4.31, 3.02, and 3.24 for Seoul in spring,
summer, fall, and winter. In the same order, the values were
3.45, 3.51, 7.46, and 4.81 for Nagasaki. According to the
previous studies (Cao et al. 2005 and the references there
in), OC/EC ratios are 1.1, 2.7, and 9.0 for motor vehicles, coal
combustion, and biomass burning, respectively. Higher (OC/
EC)pri values of three seasons in Beijing and fall in Nagasaki
than that of other seasons in Nagasaki and whole seasons in
Seoul may indicate the influence of biomass burning.
Relatively lower (OC/EC) pri may be resulted from the contri-
bution of motor vehicle and coal combustion.

Seasonal mass concentrations and the ratios of POC and
SOC to OC are presented in Table 2. SOC concentrations in
Beijing were 10.5 ± 4.22 μg m−3, 12.8 ± 4.28 μg m−3, and
17.2 ± 2.69 μg m−3, contributing 35.0%, 37.0%, and 41.4%
of OC in spring, fall, and winter, respectively. For Seoul, the

estimated SOC were 2.39 ± 0.20 μg m−3, 2.15 ± 0.23 μg m−3,
1.53 ± 0.19 μg m−3, and 4.13 ± 0.45 μg m−3, contributing
37.7%, 57.9%, 30.2%, and 50.1% of OC in spring, summer,
fall, and winter, respectively. Estimated SOC concentrations
in Nagasaki were 2.24 ± 0.17 μg m−3, 1.49 ± 0.21 μg m−3,
0.90 ± 0.19 μg m−3, and 0.76 ± 0.16 μg m−3, contributing
53.7%, 49.4%, 24.5%, and 24.4% of OC during spring, sum-
mer, fall, and winter, respectively. OCwas dominated by POC
in Beijing while POC was comparable with SOC in Seoul and
Nagasaki. Calculated ratios of SOC/OC in Beijing showed
slightly lower than those in Xi’an (33.4%) (Zhang et al.
2015) and higher than Lin’an (28.1%) (Zhang et al. 2017a,
b, c) and Beijing (16.2–32.3%) (Zhao et al. 2013). Compared
with the results of the estimated SOC in other cities in South
Korea, the estimated SOC in this study was lower than those
in Incheon (58.2%) (Choi et al. 2013) and Chuncheon (Han
et al. 2011) (35–63%). Higher mass concentrations of SOC
and the portion to OC were shown during winter in Beijing.
For Seoul, mass concentration of SOCwas higher during win-
ter while the percentage of SOC to OC was higher during
summer. As high temperatures and sunlight are favorable for
SOC formation, SOC usually has a higher percentage in

Fig. 1 Seasonal PM2.5 mass concentrations and its chemical constituents (Beijing: Nov. 2014–Apr. 2015, Seoul: Sep. 2013–May 2015, and Nagasaki:
Feb. 2014–May 2015)

Fig. 2 Seasonal mass
concentrations of OC and EC in
PM2.5 (Beijing: Nov. 2014–
Apr. 2015, Seoul: Sep. 2013–
May 2015, and Nagasaki:
Feb. 2014–May 2015)
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summer. However, stagnant air with low temperature favored
the partitioning of semi-volatile organic compounds (SVOC)
(Han et al. 2011; Zhang et al. 2017a, b, c). In contrast, mass
concentration and the percentage were both higher during
winter in Nagasaki. The higher concentrations of PM2.5 with
long-range transportation through westerlies and hot and hu-
mid climate conditions even in springmay explain the unusual
seasonal concentrations of SOC in Nagasaki.

Water-soluble inorganic ions

Secondary pollutants were the major sources of aerosols, as
SO4

2−, NO3
−, and NH4

+ accounted for much higher percent-
ages of the total mass concentration. In Beijing, the highest
concentrations of NO3

− (10.3 ± 2.80 μg m−3), SO4
2− (7.11 ±

2.07 μg m−3), and NH4
+ (5.07 ± 1.60 μg m−3) were found in

spring (Fig. 3). Nitrate would be favor to form with cooler
temperatures if ammonium is sufficiently present in the atmo-
sphere. For the reason, many previous studies reported that
NO3

− concentration is higher during winter than summer with
sufficient NH4

+. Seasonal mass concentrations of NH4
+ were

also high during winter and spring (4.87 ± 0.42 μg m−3 and
4.71 ± 0.31 μg m−3, respectively), similar to results from pre-
vious studies (Seinfeld and Pandis 1998; Kim et al. 2007).
Averagemass concentrations of NO3

− in Beijing were approx-
imately 20% higher than those in Seoul, and the mean SO4

2−

concentrations were lower than those in Seoul. The lower
mass concentrations of SO4

2− in Beijing were attributed to
the absence of summer during the study period.

The seasonal average concentrations of SO4
2− (7.82 ±

0.58 μg m−3 for spring, 5.88 ± 0.66 μg m−3 for winter, 5.51
± 1.60 μg m−3 for summer, and 3.94 ± 0.42 μg m−3 for fall)
were lower than those of NO3

− (8.05 ± 0.85μgm−3 for winter,
7.58 ± 0.60 μg m−3 for spring, 3.84 ± 0.63 μg m−3 for fall, and
3.67 ± 0.72 μg m−3 for summer) in Seoul (Fig. 3). The possi-
ble reason for this is that Seoul may receive polluted air, in-
cluding NO3

−, from increased mobile sources transported
from China, and it also has a large nitrogen oxide (NOx) con-
tribution from local mobile sources (He et al. 2003). NO3

− and
NH4

+ concentrations showed typical seasonal variations, with
higher concentrations during winter than that of in summer;
this may be because NOx and NH3 would be difficult to con-
vert to NO3

− and NH4
+, respectively given high temperatures

in summer (Zhou et al. 2016; Zhang et al. 2017a, b, c and the
references there in).

In Nagasaki, the mass concentrations of the three ion spe-
cies were high in summer (2.30 ± 0.37 μg m−3 for NO3

−, 2.83
± 0.40 μg m−3 for SO4

2−, and 1.24 ± 0.18 μg m−3 for NH4
+)

(Fig. 3). This result was caused by the higher intensity of
sunlight and the high temperatures in summer, which promot-
ed photochemical reactions in the atmosphere (Sun et al.
2004). The formation of SO4

2− and NO3
− is highly dependent

on temperature, and usually, SO4
2− shows high concentration

at high temperature, whereas NO3
− shows higher concentra-

tion at low temperature (Wang et al. 2005). However in
Nagasaki, there were no typical trends for all three ion species
since the temperature does not drop below freezing even in
winter and also a very high temperature and humidity in
summer.

The mass ratio of NO3
−/SO4

2− has been used to estimate
the relative importance of mobile and stationary sources
(Kong et al. 2010; Gao et al. 2015; Xu et al. 2016). High
NO3

−/SO4
2− values implied stronger influences from mobile

sources in the case of decreased SO4
2− concentrations, be-

cause the ratios of NOx/SOx from gasoline and diesel emis-
sions were estimated to be 13:1 and 8:1, respectively (Kong
et al. 2010; Xu et al. 2016). The average mass ratios of NO3

−/
SO4

2− during the study period were 2.14 ± 0.24 (range 0.26–
16.0), 1.24 ± 0.07 (range 0.003–8.02), and 1.00 ± 0.12 (range
0.04–13.6) for Beijing, Seoul, and Nagasaki, respectively. The
mass ratio of NO3

−/SO4
2− in Beijing was two times higher

than that in Seoul. This may have been caused by the increase
in mobile sources of emissions due to vehicle growth in
Beijing, which increased from 2.1 million in 2003 to 5.4 mil-
lion in 2013 (Gao et al. 2015). The average ratio of NO3

−/
SO4

2− in Seoul was 1.24 ± 0.07, and the average concentration
of NO3

− was 24% higher than that of SO4
2−. The higher pro-

portion of NO3
− in Seoul may be due to the production of a

large amount of NOx from high population density and traffic
volume. The mass ratio of NO3

−/SO4
2− was 1:1 in Nagasaki,

which was relatively small compared to that in Beijing. Unlike
Beijing and Seoul, which have high rates of motor vehicle and
public transportation use, trams are very common along the
major roads in Nagasaki, which results in less contribution
from mobile sources. In addition, the lack of direct impacts
from local industrial sources may imply that the major emis-
sion sources that affect NO3

− and SO4
2− are from other cities

Table 2 Seasonal mass concentrations of POC and SOC and the ratios
of POC and SOC to OC

POC SOC

μg m−3 % μg m−3 %

Beijing Spring 19.5 ± 2.69 65.0 10.5 ± 4.22 35.0

Fall 21.8 ± 4.24 63.0 12.8 ± 4.28 37.0

Winter 24.3 ± 2.55 58.6 17.2 ± 2.69 41.4

Seoul Spring 3.94 ± 0.12 62.3 2.39 ± 0.20 37.7

Summer 1.56 ± 0.10 42.1 2.15 ± 0.23 57.9

Fall 3.55 ± 0.25 69.8 1.53 ± 0.19 30.2

Winter 4.12 ± 0.26 49.9 4.13 ± 0.45 50.1

Nagasaki Spring 1.93 ± 0.13 46.3 2.24 ± 0.17 53.7

Summer 1.53 ± 0.10 50.6 1.49 ± 0.21 49.4

Fall 2.77 ± 0.16 75.5 0.90 ± 0.19 24.5

Winter 2.36 ± 0.13 75.6 0.76 ± 0.16 24.4
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or countries through long-range transportation. Through long-
range transportation overseas, HNO3 is usually neutralized
with cation compounds, such as Ca, which leads to a larger
contribution of H2SO4 formed by the oxidation of SO2. The
descending order of NO3

−/SO4
2− ratios in Beijing, Seoul, and

Nagasaki may confirm the effect of long-range transportation.

Trace elements

Asmentioned in the BOverview of PM2.5 concentrations^ sec-
tion, trace elements were grouped as crustal and non-crustal

and their seasonal mass concentrations were shown in Fig. 4.
The average concentrations of crustal and non-crustal species
in Beijing were 14.8 ± 1.12 μg m−3 and 8.01 ± 0.78 μg m−3,
accounting for 11.8% and 6.40% of the total PM2.5 concen-
tration, respectively. A higher concentration of crustal species
was shown in spring (17.4 ± 3.02 μg m−3, accounting for
13.9% of total PM2.5). The non-crustal species concentration
in winter was considerably higher (8.63 ± 1.10 μg m−3) ac-
counting for 7.82% of PM2.5 in Beijing. In Seoul, the average
concentrations of crustal and non-crustal species were 8.36 ±
1.00 μg m−3 and 1.49 ± 0.06 μg m−3, accounting for 18.7%

Fig. 3 Seasonal mass
concentrations of ion species in
PM2.5 (Beijing: Nov. 2014–
Apr. 2015, Seoul: Sep. 2013–
May 2015, and Nagasaki:
Feb. 2014–May 2015)
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and 3.33% of the total PM2.5 concentration, respectively.
Seasonal variations in crustal and non-crustal species were
higher in winter (10.2 ± 3.60 μg m−3 and 2.25 ± 0.17 μg m−3)
and spring (9.72 ± 0.92 μg m−3 and 1.45 ± 0.07 μg m−3) in
Seoul. Concentrations of crustal and non-crustal species in
Nagasaki were 4.77 ± 0.58 μg m−3 and 1.14 ± 0.05 μg m−3, re-
spectively, during the study period. In Nagasaki, higher seasonal
average concentrations of crustal species were found during
spring and winter (6.84 ± 1.03 μg m−3 and 4.68 ±
1.44 μg m−3), which was similar to Beijing and Seoul, while
average concentrations of non-crustal species were higher dur-
ing summer and spring (1.25 ± 0.17 μg m−3 and 1.22 ±
0.07 μg m−3). Asian dust was identified as a major contributor
of PM2.5 and its species, such as crustal species, in many previ-
ous studies (Kim et al. 2007; Han et al. 2011 and the references
there in). In Korea and Japan, over 60% and 80% of total Asian
dust events issued by the Korean Meteorological Agency and
Japan Meteorological Agency, respectively, occurred during the
spring season of this study period. Therefore, the highest sea-
sonal mass fractions of crustal species to PM2.5 were shown
during spring in the three cities, which accounted for 13.9%,
21.6%, and 35.0% in Beijing, Seoul, andNagasaki, respectively.

Comparisons of PM2.5 between Beijing, Seoul,
and Nagasaki

As mentioned above (BSampling^ section), the sampling pe-
riods of Beijing, Seoul, and Nagasaki were different. To com-
pare the results of PM2.5 measured in the three cities on equal
terms, results from the same time period (November 2014 to
April 2015) were comparatively analyzed (Fig. 5). Despite
comparisons among the same time periods, the chemical com-
positions of PM2.5 were different among the three cities. In
addition, different sources and the regions were affected by
long-range transport (e.g., Seoul by northeast China, and
Nagasaki by from eastern coastal regions in China through
southern parts of South Korea).

During the period, a total of 104, 109, and 88 PM2.5 sam-
ples were measured and the average mass concentrations of
PM2.5 were 125 ± 13.6 μg m

−3, 51.0 ± 3.07 μg m−3, and 15.3
± 1.01 μg m−3 in Beijing, Seoul, and Nagasaki, respectively
(For Beijing, the results of mass concentrations and the per-
centage of chemical constituents to PM2.5 were the same as
the results described in the BOverview of PM2.5

concentrations^ section). Average mass concentrations of

Fig. 5 Mass concentrations of
chemical constituents of PM2.5

and its percentage to the PM2.5 in
three cities during Nov. 2014 to
Apr. 2015

Fig. 4 Seasonal mass
concentrations of crustal and non-
crustal species in PM2.5 (Beijing:
Nov. 2014–Apr. 2015, Seoul:
Sep. 2013–May 2015, and
Nagasaki: Feb. 2014–May 2015)
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PM2.5 measured in Beijing were 2.5 and 8.2 times higher than
those in Seoul and Nagasaki. OM was the highest constituent
in Beijing (64.5 μg m−3, 51.6% to PM2.5) and Nagasaki
(6.29 μg m−3, 39.9% to PM2.5), while ionic species were
higher (17.8 μg m−3, 32.4% to PM2.5) in Seoul. Among the
ionic species, NO3

−was higher in Beijing and Seoul (8.31 and
6.97 μg m−3, respectively), while SO4

2− was higher in
Nagasaki (1.58 μg m−3). PM2.5 measured in Seoul showed
higher fraction of crustal species (21.5%) than the total period
of the study (18.7%) because the period includes spring (ex-
cept May). For Nagasaki, crustal constituents accounted for
26.4% during the period and 27.4% during total study period.

A total 32 samples were collected on the same day in three
cities during the study period. They were divided into three
groups (Nov–Dec, Jan–Feb, and Mar–Apr) and the chemical
compositions of PM2.5 were presented in Figure S4. OM was
the major component of PM2.5 and EC was higher in order to
Mar–Apr > Jan–Feb > Nov–Dec in all three cities. NO3

− was
the highest component among the ion species in Beijing and
Seoul. In Nagasaki, NO3

− was higher during Nov–Dec, while
SO4

2− was higher from January. Crustal species was high in
order to Nagasaki > Seoul > Beijing during Mar–Apr.

Backward trajectory cluster analysis

Three groups of backward trajectories were obtained for each
city based on their origins, and transportation paths of each
group were expressed by one cluster mean backward trajecto-
ry (Fig. 6). The mass concentrations and the ratios of PM2.5

mass concentrations which are on average explained by the
species for each cluster are given in Figures S5–S7.

For Beijing, cluster 1 had higher PM2.5 mass concentrations
(194 ± 14.5 μg m−3) than cluster 2 (72.0 ± 7.23 μg m−3) and
cluster 3 (98.0 ± 8.03 μg m−3) (Fig. 6a and Table S2). Cluster
1, which was the shortest, showed a typical local transportation

pattern and accounted for 36% of total trajectories. Cluster 1
for Beijing had high concentrations of OM (90.5 ±
6.72 μg m−3, accounting for 46.7%) and ion species (28.8 ±
2.23 μg m−3, accounting for 14.8%). The local cluster for
Beijing spent muchmore time passing over the Bohai econom-
ic zone, which is a highly industrialized and densely populated
zone in China (Zhang et al. 2009; Gao et al. 2011). The higher
mass concentrations of PM2.5 and its constituents for cluster 1
seems to be due to accumulated primary particles generated
from industrial areas (Cao et al. 2011; Zhang et al. 2017a, b, c).
Cluster 2 (28%) originated in Russia and moved quickly
through industrial cities in Siberia, Mongolia, and Inner
Mongolia before arriving in Beijing. Cluster 3, which occupied
36% of the total backward trajectories, originated neat the bor-
der between Russia and Mongolia and moved northwest to
Beijing through Mongolia and Inner Mongolia. Clusters 2
and 3 were northwest clusters representing long-range trans-
portation, and they had higher mass ratios of crustal species to
PM2.5 (17.2% and 11.7% for cluster 2 and cluster 3, respec-
tively) than cluster 1 (10.2%).

Figure 6b shows the cluster mean trajectory plot of Seoul.
Cluster 1 (26%) originated in the southeastern area of Russia
and crossed through North China and North Korea to Seoul.
Low concentrations of ion species and crustal species oc-
curred in cluster 1, which was transported over a long range
but did not cross Mongolia or the highly industrialized zone.
The shortest and most frequent cluster for Seoul (cluster 2)
accounted for 62%. Cluster 2 originated from the Yellow Sea
near Dalian, which is a port city of Liaoning province with a
well-known, large industrial area. The air massesmoved to the
southwest part of Seoul, which includes Ansan, Dangjin, and
Taean and contains industrial complexes. Long residence
times over industrial zones with high emissions from point
sources caused the high concentrations of PM2.5, OM, and
ion species. High concentrations of dominant ion components

(a) Beijing (b) Seoul (c) Nagasaki

Fig. 6 Mean backward trajectory clusters of a Beijing, b Seoul, and c Nagasaki (72-h air parcel backward trajectories every 6 h in each day)
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(NO3
−, SO4

2−, and NH4
+) were associated with the local clus-

ter of Seoul (43.5%) (He et al. 2003). Cluster 3 originated in
Russia and passed through Mongolia; it was transported over
a long distance and was associated with high concentrations of
crustal species (33.0%).

Figure 6c shows the three cluster mean trajectories from
local (cluster 1, accounting for 28%) and long-range transpor-
tation, with clusters 2 and 3 accounting for 61% and 10%,
respectively. The local air masses (cluster 1), originating from
the Pacific Ocean near Miyazaki, crossed to Kagoshima in
Kyushu. The total mass ratio of ion species was high at
32.6% compared to the average PM2.5 mass concentration
(14.0 ± 0.46 μg m−3) for the local cluster. In a previous study
(Kaneyasu et al. 2014), NO3

− in Kyushu was considered to
originate from locally emitted air pollutants rather than from
those transported over a long range. A similar result was shown
in the present study, with the highest concentrations of NO3

−

(1.92 ± 0.12μgm−3) in cluster 1. Cluster 2, which originated in
the northern part of China near Beijing and passed through
North Korea and South Korea to Nagasaki, had the highest
concentrations of PM2.5, OM, and SO4

2−. PM2.5, particularly
SO4

2− (2.51 ± 0.08 μg m−3) and OM (6.90 ± 0.17 μg m−3),
were largely dominated by long-range transported aerosols
(Kaneyasu et al. 2014). In addition to SO4

2−, cluster 2 also
had high NO3

− and NH4
+ concentrations because it originated

in and crossed through highly industrialized zones in China
and South Korea. Cluster 3 originated in Russia, moved north-
west through Mongolia, and quickly moved through Inner
Mongolia. The directions of clusters 2 and 3 for Nagasaki were
almost the same, but because of their origins and residence
times in industrialized areas, PM2.5 concentrations were much
higher in cluster 2 (19.5 ± 0.53 μg m−3) than in cluster 3 (14.0
± 0.98 μg m−3). Results of seasonal cluster analysis and that of
PM2.5 chemical constituents for each clusters in three cities
were added in Figure S8–S10.

Conclusion

The characteristics of PM2.5 and its chemical constituents in
Beijing, Seoul, and Nagasaki were identified in this study. The
average PM2.5 concentration was 125 ± 6.80 μg m−3, and the
highest seasonal concentration was found in fall (163 ±
39.2 μg m−3). In Seoul, the average concentration of PM2.5

was 44.6 ± 0.84 μg m−3, and higher and lower concentrations
were found in winter (54.1 ± 4.37 μg m−3) and summer (32.5
± 3.87 μg m−3), respectively. The average PM2.5 concentra-
tion in Nagasaki was 17.4 ± 0.37 μg m−3, which was 7.2 and
2.6 times lower than that in Beijing and Seoul, respectively.
High PM2.5 concentrations in Nagasaki were found during
spring, with high concentrations of crustal species owing to
the effect of long-range transportation, especially on Asian
dust. The average ratios of carbonaceous species to PM2.5

were 32.9%, 16.6%, and 24.0% in Beijing, Seoul, and
Nagasaki, respectively. OC and EC were weakly correlated
in Seoul (R2 = 0.14–0.62) and Nagasaki (R2 = 0.11–0.63),
while they were strongly correlated in Beijing (R2 = 0.87–
0.98). The average NO3

− concentration was higher than that
of SO4

2− in Beijing, owing to the rapid increase in mobile
emissions. Similar to Beijing, the NO3

− concentration was
slightly higher than that of SO4

2− in Seoul and Nagasaki.
High NO3

−/SO4
2− values, which were found in Beijing and

Seoul, implied strong effects from mobile sources.
Identification of three transportation pathways of air masses
were conducted for each city. The shortest cluster (36%) in
Beijing which represents local emissions showed the highest
concentrations of PM2.5. The most frequent cluster for Seoul,
which originated at the Yellow Sea near one of the port cities
in Liaoning Province and passed through industrial complexes
located in the southwest of Seoul, had high PM2.5 concentra-
tions. A cluster that originated near a highly industrialized
zone in the northern part of China and passed through North
Korea and South Korea to Nagasaki had the highest PM2.5,
OM, and SO4

2− concentrations. These results verified that
local emissions and long-range transported emissions should
be considered mutually in order to control PM2.5 in Northeast
Asia. The findings of this study signify that long-range trans-
portation sources and local sources of PM2.5 should be con-
sidered simultaneously to implement efficient mitigation plans
of PM2.5 in East Asia.
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