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ABSTRACT
Emissions of polluted air in East Asia have gradually decreased over the last decade. Those air pollutants have
been transported over long distances and influenced new particle formation (NPF) in the downstream region.
We obtained 5-year data of the mobility size distribution and SO2 and particulate (PM2.5) emissions on Fukue
Island (32.75�N, 128.68�E), Japan. Frequent NPF events in the 2013 campaign were observed around 60%
under the transboundary transport of polluted air by northwesterly wind. In contrast to the data obtained in
the last 2-year campaign (2016–2017), these NPF events (<25%) may reflect a relatively clean environment.
The daily average SO2 and PM2.5 concentrations over the campaign periods are 2.3±2.2ppb and
17.6±8.5mg�m�3 (February 23 to March 7, 2013), 1.3±0.9ppb and 13.8±4.7mg�m�3 (February 27 to March
18, 2015), 0.8±0.5ppb and 14.7±5.3mg�m�3 (February 27 to March 25, 2016), and 0.5±0.5ppb and
12.1±4.6mg�m�3 (January 28 to April 19, 2017), respectively. These reductions of emissions may be due to the
measures implemented by the local government in the source region to handle the adverse impacts of
environmental pollution. The latest condition of atmospheric nanoparticles on Fukue Island can be used as an
indicator to determine the concentration levels of regional air pollutants in East Asia.
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1. Introduction

The air pollutants in East Asia that are released from vari-
ous locations, such as desert, industrial, forest, urban and
coastal areas, influence the environment. Primary aerosols,
such as particulate matter (PM2.5 and PM1), black carbon
(BC) and organic carbon (OC), as well as gaseous pollu-
tants (SO2 and NOx), are emitted directly to the air and
affect the air quality. Many researchers have reported vari-
ous data about emission sources in East Asia, especially
those in China (Hua et al., 2016; Li et al., 2016; Peng et al.,
2016; Qiu et al., 2016; Wang et al., 2016; Wu et al., 2016;
Xia et al., 2016; Xiong et al., 2016; Zhu and Chertow,
2016; Zheng et al., 2016). Xue et al. (2016a) reported that

the coal-fired industry in Beijing is one of the largest
anthropogenic source contributors. Environmental pollu-
tion has become increasingly serious in the winter-to-spring
season due to the increasing demand for indoor heating.
Lang et al. (2017) reported that the observed annual aver-
age PM2.5 concentration in Beijing was as high as
110 mg�m�3 in 2010 and that it tended to gradually decrease
to 90 mg�m�3 in 2015. They also identified a similar trend in
the annual average SO2 concentration in Beijing, which
decreased from 30 to 10 mg�m�3 during the same period.
Such a trend may be due to the intervention of local gov-
ernment in tackling further environmental damage using
improved pollution control schemes rather than a business-
as-usual scenario (Xue et al., 2016b).
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PM2.5 and SO2 emitted from China and transported
over long distances, as well as rapid increases in air-mass
concentrations, are typically observed under high-pressure
conditions in down-flow regions, such as Fukue Island,
Japan, after facing the frontal passage (Kim et al., 2013;
2016). For instance, during transport, SO2 is oxidized by
OH radicals into H2SO4 through photochemical processes
and then converted into new secondary particles by
homogeneous nucleation in the absence of pre-existing
particles (Chandra et al., 2016). However, in the presence
of pre-existing particles, some sulfuric acid will condense
on them. Such competition adds more complexity to the
new particle formation (NPF) and affects the particle size
distribution.

Our group has conducted field observations at Fukue
Island, Japan, since 2012. This site is located in the
downstream region of the East-Asian plume, where local
air pollution has no significant effect on the environment.
During the first stage, we installed various instruments
(i.e. mobility particle sizer, particle counter, black carbon
and SO2 analyser and aerosol mass spectrometer) and
observed NPF under the large-scale, long-range transport
of polluted air masses (Seto et al., 2013). Then, we identi-
fied and classified NPF based on the initial size of par-
ticle formation and analysed its correlation with SO2 and
PM2.5 concentrations and the chemical composition of
pre-existing particles during the campaign period of
2013–2014 (Chandra et al., 2016). We found that the
transboundary transport of precursor gas (SO2) and pre-
existing particles (PM2.5) influences the formation rate of
newly formed nanoparticles in Fukue Island, Japan. We
investigated the NPF events in the 5-year campaign, par-
ticularly those in the winter-to-spring season, under the
prevailing northwesterly winds. We focused on the
decreasing sulfur dioxide (SO2) and particulate (PM2.5)
emissions in East Asia in relation to the NPF.

2. Data and methods

Field observations were conducted on Fukue Island
(32.75�N, 128.68�E), Japan, during the campaign period
of 2013–2017 in the winter-to-spring season due to the
highest emission of air pollutants occurring throughout
this period. We analysed the data from 4 observation
periods: February 23 to March 7, 2013; February 23 to
March 18, 2015; February 27 to March 25, 2016 and
January 28 to April 19, 2017. The island is located on the
western coast of Kyushu Island, Japan, and it is recog-
nized as an outflow region of air pollutants in East Asia
(Takami et al., 2005; Seto et al., 2013; Chandra et al.,
2016). The site is positioned on the northwestern side of
the island, at 80m above sea level (m a.s.l.) and approxi-
mately 1.5–4 km from the coast. The possible sources of

local emissions, such as downtown regions and the air-
port, are located more than 10 km from the site and are
obstructed by high altitudes of more than 200m a.s.l.
Therefore, the site is insignificantly affected by local
anthropogenic emissions. As shown in Fig. 3, NPF events
occurred under higher SO2 or higher SO4

2� concentra-
tions. Higher organic concentrations do not necessarily
represent evidence of biogenic emissions of NPF events,
as indicated by Modini et al. (2009). The effects of bio-
genic emissions on the NPF event in this study
are minor.

During the first stage, in 2012, we measured the mobil-
ity size distribution between 14 and 670 nm and the par-
ticle number concentration using a Long-Scanning
Mobility Particle Sizer (long-SMPS, TSI Inc.) system
(Seto et al., 2013). NPF starts at sizes clearly below
10 nm (Kulmala et al., 2013); therefore, we added a
Nano-SMPS (TSI Inc.) system to measure the mobility
size distribution with the size range of 2.5–64 nm over the
period of 2013–2015. We then replaced the Nano-SMPS
with a 1 nm-SMPS (Dp> 1 nm) system composed of a
nanodifferential mobility analyzer (1 nm-DMA) (model
3086, TSI, Inc.), a nano-enhancer (model 3777, TSI,
Inc.), and a condensation particle counter (CPC) (model
3772, TSI, Inc.) in the 2016 campaign. We set a 3-min
time resolution on every SMPS. Most recently, in the
2017 campaign, we used nano- and long-SMPS to obtain
long-term field observations (82 days) and 1 nm-SMPS
only for intensive observations. The PM2.5 mass concen-
tration (measured by a Tapered Element Oscillating
Microbalance (TEOM)) and chemical composition of pre-
existing particles in PM1 (measured by an Aerodyne
Aerosol Chemical Speciation Monitor (ACSM)) and SO2

concentration (model 43i, Thermo Scientific, Inc.) data
were available from the observation system of the
National Institute for Environmental Studies (NIES),
Japan. The time resolutions of the TEOM and SO2 ana-
lyser are 60-min and 1-min signal averaging, respectively.

To investigate the air mass transport route reaching
Fukue Island, the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model was used (http://
www.arl.noaa.gov/HYSPLIT_info.php). The 48-h back-
ward trajectories at the sampling altitude (80m a.s.l.)
were calculated every 1 h.

3. Results and discussion

3.1. Data trends of polluted air in the upstream and
downstream regions

Figure 1 shows the monthly average (marked by symbols)
and annual average (marked by lines) PM2.5 concentra-
tions between 2010 and 2017. The PM2.5 concentration
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data in the upstream region (Beijing, Shenyang and
Shanghai) were taken from the U.S. Embassy and
Consulates in China (http://www.stateair.net/web/post/1/1.
html) and were available online starting from January
2010 for Beijing, April 2013 for Shenyang, and January
2012 for Shanghai. Meanwhile, the PM2.5 concentration
data in the downwind region of Fukue Island were meas-
ured by the Ministry of the Environment, Japan, starting
from April 2013 (http://nagasaki-taiki.aa0.netvolante.jp/
graph/monthly).

As clearly seen in Fig. 1, the monthly average recorded
PM2.5 concentration was as high as 200 mg�m�3 in
Beijing. The annual average PM2.5 concentration reached
100 mg�m�3 in 2010 and gradually decreased to 70 mg�m�3

in 2017. A slight difference in PM2.5 concentrations was
observed in Shenyang and Shanghai, which recorded
annual values of �60 and �50mg�m�3, respectively.
However, these concentrations are close to and within
grade 2 based on the National Ambient Air Quality
Standard (� 20mg�m�3 for grade 1 and �60 mg�m�3 for
grade 2, released by the Ministry of Environmental
Protection of China, GB 3095-2012). Meanwhile, the
annual average PM2.5 concentration at Goto station on
Fukue Island was slightly stable at the level of 15 mg�m�3,

which is close to the annual standard value for PM2.5

in Japan (�15mg�m�3; Wakamatsu et al., 2013) and
�3–5 times lower than the concentration in the
upstream region.

Figure 2 shows the SO2 concentration data in the
upstream (Beijing, Liaoning and Shanghai) and down-
stream (Fukue Island) regions. The monthly average SO2

concentration data in Beijing, starting from August 2014,
were taken from the Beijing Environmental Protection
Bureau (http://www.bjepb.gov.cn/bjhrb/xxgk/ywdt/hjzlzk/
dqhjzl/index.html) and the annual average SO2 concentra-
tion data from several cities (Beijing, Liaoning and
Shanghai) of China in 2014–2016 reported by Song et al.
(2017). Meanwhile, the Ministry of the Environment,
Japan, has monitored the SO2 concentrations on Fukue
Island since January 2010 (http://nagasaki-taiki.aa0.netvo-
lante.jp/graph/monthly). Notably, these emissions on
Fukue Island may be influenced by local air pollution
due to the station being located in the downtown area.

As shown in Fig. 2, the monthly average SO2 concen-
trations in Beijing ranged from 3 to 35 mg�m�3. The
annual average SO2 concentrations in Beijing, Liaoning
and Shanghai decreased gradually from 2014 to 2016. In
Liaoning, the annual average SO2 concentration was as

Fig. 1. The monthly average (marked by symbols) and annual average (marked by lines) PM2.5 concentrations between 2010 and
2017. The PM2.5 concentration data in the upstream region (Beijing, Shenyang and Shanghai) were taken from the U.S. Embassy and
Consulates in China (http://www.stateair.net/web/post/1/1.html), and those in the downstream region (Fukue Island) were measured by
the Ministry of the Environment, Japan (http://nagasaki-taiki.aa0.netvolante.jp/graph/monthly). The annual standard for PM2.5 in Japan
(marked by red dots) is �15mg�m�3.
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high as �50mg�m�3 in 2014. A similar trend of SO2 con-
centration data was also reported by Jin et al. (2016) for
several cities (Beijing, Tianjin, Shanghai, Chengdu,
Chongqing, Guangzhou and Shenzhen) in China. They
reported that the concentrations of SO2 in 2010 varied
from 10 to 60mg�m�3 and decreased to �20mg�m�3 by
2014. Meanwhile, the recorded monthly average SO2 con-
centrations (marked by black squares) were as high as
7 mg�m�3 in 2012 and decreased to �2mg�m�3 in 2017.

3.2 Analysis of NPF

In a previous study (Chandra et al., 2016), we classified
NPF into three types based on the initial stage of the par-
ticle formation process. Figs. 3a–c represent the typical
data for each type. A type-A event is a strong event when
the NPF was observed to start from sub-10 nm in the
morning (�10:00) and grow into several tens of nano-
metres in a few hours (Fig. 3a). As seen in Fig. 3d, type-
A was identified by a high concentration of SO2

(>1 mg�m�3) and low concentration of SO4
2– (<3 mg�m�3),

suggesting a freshly formed air mass. The initial size of
nucleation cannot be observed clearly in a type-B event
(Fig. 3b). In this type of event, the identified NPF starts
from 10 nm around noon (�13:00) under low SO2 con-
centrations, high SO4

2– concentrations and low sulfur oxi-
dation ratio (SOR) values (Fig. 3e). Just before the
appearance of particles, the SO2 and SO4

2– concentra-
tions are low, whereas the SOR is almost 1, indicating
the presence of an aged air mass. We calculated the SOR
as a distribution factor and expressed it as the ratio of
non-sea salt sulfate (SO4

2–) to total sulfur (SO4
2– and

SO2) during gas-to-particle formation using the following
equation (Li et al., 2016):

SOR ¼ SO2�
4

SO2�
4 þ SO2

We used the hourly averaged SO4
2– concentration

(mg�m�3) and SO2 gas concentration (ppb) data obtained
from the ACSM and SO2 Analyzer, respectively. The SO2

Fig. 2. The monthly average (marked by symbols) and annual average (marked by lines) SO2 concentration data between 2010 and
2017. The monthly average SO2 concentration data in Beijing were taken from the Beijing Environmental Protection Bureau (http://
www.bjepb.gov.cn/bjhrb/xxgk/ywdt/hjzlzk/dqhjzl/index.html), and the annual average SO2 concentration data in Beijing, Liaoning and
Shanghai were reported by Song et al. (2017). The monthly and annual average SO2 concentrations on Fukue Island were measured by
the Ministry of the Environment, Japan (http://nagasaki-taiki.aa0.netvolante.jp/graph/monthly).
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Fig. 3. The classification of NPF and growth events on Fukue Island, Japan, divided into three types based on the initial stage of the
particle formation process, that is, (a) starting from sub-10 nm (type-A), (b) starting from >10nm (type-B) and (c) exhibiting no
detectable formation or growth (type-C). These typical types were identified using SO2 and SO4

2– concentration data and sulfur
oxidation ratio (SOR) values ((d)–(f)). The daily average PM2.5 concentration against the daily average SO2 concentration and NOAA
HYSPLIT back trajectory for each day are shown in (g)–(l).
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Fig. 4. Mobility size distribution (measured by SMPS), SO2 concentration (measured by SO2 Analyzer), mass concentrations of
sulfate, organic and chloride (PM1; measured by ACSM) and sulfur oxidation ratio (SOR) on: February 23 to March 7, 2013 ((a), (b)
and (c)); February 27 to March 18, 2015 ((d), (e) and (f)); February 27 to March 25, 2016 ((g), (h) and (i)); and January 28 to April 19,
2017 ((j)–(t)). Note that the ACSM data obtained in the 2017 campaign start from April 9, 2017.
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Fig. 4. Continued
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concentration in the gas phase was converted from ppb
to mg�m�3. Days characterised by no detectable formation
or growth of new particles were classified as type-C
(Fig. 3c). SO2 concentrations were scattered from low to
high concentrations, with high concentrations of PM2.5

(Fig. 3i).
The NPF through the secondary organic aerosols from

anthropogenic and/or biogenic precursors has been well
observed and studied in both the field and laboratory
(Baltensperger et al., 2005; Emanuelsson et al., 2013;
Martinsson et al., 2017). We analysed the role of organic
matter and chloride using ACSM data. Figure 4 shows the
mobility size distribution measured by SMPS and the mass
concentrations of organic matter and chloride measured by
ACSM (PM1) on: February 23 to March 7, 2013 ((a), (b)
and (c)); February 27 to March 18, 2015 ((d), (e) and (f));
February 27 to March 25, 2016 ((g), (h) and (i)); and
January 28 to April 19, 2017 ((j–t)). As clearly seen in Fig.
4, some of the event days were identified with high concen-
trations of co-existing organic compounds and SO2, such as
Feb. 23 and Mar. 4, 2013 and Mar. 9, 12 and 14, 2015.
However, several non-event days were also observed under
high concentrations of organic matter. This may be because
secondary organic aerosols occurred in the upstream region
and/or at high altitudes before coming to the site. Note that
ACSM measured the aged air mass (PM1). Therefore, we
speculate that the role of biogenic emissions in the NPF at
the Fukue site is minor. We also measured the chloride con-
tents to assess the presence of sea salt. All of the chloride
concentrations are less than 2mg�m�3. These results suggest
that the ultrafine particles (Dp< 0.1mm) were less contami-
nated by sea salt (<10%).

The results of back trajectory analysis indicated that
for event days (type-A and -B), air masses mostly came

to Fukue Island by northwesterly wind, suggesting the
transport of a polluted air mass (Fig. 3j,k). However, in
some cases of weak event days (type-B), the direction of
the air mass changed; in other words, the air mass was
transported to both the Asian continent and ocean.
Meanwhile, several cases of air mass origins in type-C
were identified under the conditions of short-range trans-
port and low altitudes (Fig. 3l).

The NPF events are identified by a sudden increase in
the particle number concentration. We took the total num-
ber of particle concentrations from nano-SMPS
(2.5<Dp< 60nm) for the 2013, 2015 and 2017 campaigns
and from 1nm-SMPS (1<Dp< 30nm) for the 2016 cam-
paign. On event days, the particle number concentrations
decreased to the ambient number of parti-
cles,� 2� 103 cm�3, before starting the nucleation process;
then, they suddenly increased to more than 5� 103, some-
times exceeding 1� 104 cm�3. The recorded total number
concentrations were as high as 2.2� 104 cm�3 in the 2013
and 2015 observation periods and decreased to less than
1.6� 104 cm�3 in the last two years (2016–2017).

The growth rate of NPF is also an important indicator.
The growth rate (GR) can be obtained by tracing the
increased mode particle diameter (Dmode) during the growth
of new particles (Dal Maso et al., 2005). The GR values of the
NPF events during the campaign periods of 2013–2017 are
1.9–5.5nm h�1, 1.1–4.1nm h�1, 3.1–4.9nm h�1 and
1.5–4.2nm h�1, respectively. The influence of pre-existing par-
ticles was also calculated using the condensation sink (CS) for-
mula from Dal Maso et al. (2005). The identified CS values
were as high as 2.9� 10�2s�1 in 2013 and decreased to less
than 1.3� 10�2s�1 in 2017. In type-A events, GR and CS val-
ues decreased from 2013 to 2016. The larger GR and CS

Fig. 4. Continued
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values in 2013 occurred under the conditions of higher SO2

concentrations (2.3±0.8ppb) and higher numbers of particu-
late concentrations (9.6� 103–19.3� 103 cm�3). In 2016, the
lower GR and CS values resulted in the suppression of NPF
under lower SO2 concentrations (0.9±0.9ppb) and higher
particulate number concentrations (15.5� 103 cm�3). In 2017,
almost the same values of GR and increased CS values com-
pared to those in 2016 occurred under the conditions of lower
SO2 (0.9±0.4ppb) and particulate number concentrations
(6.3� 103–9.6� 103 cm�3). In type-B events, the number
concentrations and GR and CS values tended to decrease.
These results suggest that the NPF mechanism and frequency
varied along with drastic changes in the air quality trans-
ported from the Asian continent. We summarize the charac-
teristics of the NPF and growth events at the Fukue site in
Table 1.

3.3 NPF affected by PM2.5 and SO2 concentrations

We plotted the daily average PM2.5 concentrations
against the SO4

2– concentrations (Fig. 5). Note that the
SO4

2– concentrations were measured by the ACSM, in

which the transmission window of its inlet system ranges
in aerodynamic diameter from 40 nm to 1 mm (PM1).
Types-A, -B and -C are marked by different colours and
shapes. As Fig. 5 shows, days of each type of event were
observed under low concentrations of pre-existing par-
ticles (< 20mg�m�3), except on February 23, 2013 (when
the PM2.5 concentration was 25.2 mg�m�3), March 4, 2013
(30.7mg�m�3) and March 14, 2015 (24.6 mg�m�3). These
days were identified to represent the large-scale transport
of air pollutants with high concentrations of precursor
gas (SO2) and pre-existing particles (PM2.5). Most of the
type-A data points, however, were identified under low
SO4

2– concentrations (< 5 mg�m�3), in contrast with type-
B. This confirmed that a large fraction of SO2 was
unconverted to the particle phase (sulfate). A slight differ-
ence was identified for the type-B and type-C events,
which mostly occurred at high SO4

2– concentrations
(> 5mg�m�3), indicating that most of the sulfate was in
the particle phase. Note that the PM2.5 concentration was
higher in type-C events than in type-A and type-B events.
This result suggested that type-A event days were
observed at the regional scale under freshly formed

Table 1. Characteristics of NPF and growth events at the Fukue site.

Parameters

2013 2015 2016 2017

Type-A Type-B Type-A Type-B Type-A Type-B Type-A Type-B

Total number conc. (Ntot) (10
3 cm�3) 9.6–19.3 5.8–11.5 – 8.1–22 15.5 6.1–11.1 6.3–9.6 4.7–9.2

Growth rate (GR) (nm h�1) 1.9–5.2 2.9–5.5 – 1.1–4.1 3.1 3.1–4.9 2–3 1.5–4.2
Condensation sink (CS) (10–2 s�1) 1.1–1.9 1–2.9 – 0.6–1.7 0.7 0.6–0.8 0.8–0.9 0.2 -1.3
SO2 (ppb) 2.3± 0.8 3.7 ± 4.6 – 1.6 ± 1 1± 0.4 0.9 ± 0.9 0.9 ± 0.4 1± 0.7

Fig. 5. The daily average PM2.5 concentration data plotted against the SO4
2– concentration data.
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nanoparticles and/or a mixed air mass; however, an aged
air mass was identified for types-B and -C.

In Fig. 4, we show the contour plot of the mobility
size distribution data from the nano- and 1 nm-SMPS

obtained over four observation periods. As clearly seen in
Fig. 4a, strong NPF events were observed, and we identi-
fied 8 of 13 observation days as type-A (February 23–25,
28, and March 5) and type-B (March 2–4). In 2015, we

Fig. 6. The normalized frequency of NPF on Fukue Island, Japan, (a) on event and non-event days during the observation period
and (b) only for the event days; PM2.5 and SO2 concentration data represent the average data in each campaign.

Fig. 7. The daily average PM2.5 concentration data plotted against the SO2 concentration data for (a) February 23 to March 7, 2013;
(b) February 27 to March 18, 2015; (c) February 27 to March 25, 2016 and (d) January 28 to April 19, 2017.
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cannot clearly observe type-A events (Fig. 5b), and 11
event days were identified as type-B. Usually, the NPF
shape formed a “banana curve” (Heintzenberg et al.
(2007) and Cheung et al. (2011)); however, in the 2015
campaign, some event days were identified to form an
arch-like shape (Yao et al. (2010), Backman et al. (2012),
Young et al. (2013), Cusack et al. (2013), Skrabalova
et al. (2015) and Salma et al. (2016)). It might be that the
decrease in NPF events caused by dry ambient air
decreased the vapor partial pressure over the particle sur-
face under the conditions of low SO2 concentrations
(< 1 ppb) and low solar radiation (< 600W�m�2).
Moreover, we only identified 3 event days in 28 field
observation days in 2016 (Fig. 5c). In 82 observation
periods during the 2017 campaign, we observed 4 event
days (4.9%) for type-A and 13 event days (15.9%) for
type-B. Thus, the number of events in year-to-year obser-
vations appeared to decrease.

Figure 6a shows the normalized frequency of NPF
events, which was estimated using the ratio of each event
relative to all events, for every type, because the fre-
quency of NPF events was different in every year. As is
clearly shown in Fig. 6a, the normalized frequency of
NPF events has decreased. Type-A comprised �40% of
events in 2013 and decreased to less than 5% in 2017. In
2015, more than 50% of NPF events were only type-B. In
the last 2 years (2016–2017), these events comprised
<20% of each campaign period. Figure 6b shows the nor-
malized frequency for only the event days (type-A and
type-B) and PM2.5 and SO2 concentrations for each
period. In 2013, the events were dominantly type-A under
high concentrations of SO2 and PM2.5. We used these
concentration data (SO2 and PM2.5) from the average
and standard deviation values of each campaign.
However, these conditions shifted type-A events into
type-B events. As is clearly shown in Fig. 6b, the SO2

concentration decreased from �3 ppb in 2013 to �1 ppb
in 2017 under slight decreases in PM2.5 concentrations.
This condition significantly affected the decrease in the
number of strong events in the last three years.

Figure 7a–d shows the daily average PM2.5 concentration
against the SO2 concentrations over four periods in 5 years.
In 2013, we observed large events when the SO2 concentra-
tion level was more than 1ppb and the PM2.5 concentrations
reached 35mg�m�3. However, in the last 3 years (2015–2017),
the PM2.5 concentration was relatively higher than the SO2

concentration. We did not observe large events during these
years. The strong events (type-A) in the last 2 years may
reflect a clean environment. This suggests that the SO2 emis-
sions in the upstream region decreased due to the local gov-
ernment controlling gas emissions, for instance, through
desulfurization technologies in large power plants
(Kurokawa et al., 2013). Note that the daily average SO2

and PM2.5 concentrations in the 2013–2017 campaigns are

2.3± 2.2 ppb and 17.6±8.5mg�m�3, 1.3± 0.9 ppb and
13.8±4.7mg�m�3, 0.8±0.5 ppb and 14.7±5.3mg�m�3 and
0.5±0.5 ppb and 12.1±4.6mg�m�3, respectively. Therefore,
the decrease in SO2 concentrations may have influenced the
NPF events on Fukue Island, Japan.

4. Conclusion

We performed the trend analysis of PM2.5 and SO2 since
2010 in the upstream (several cities in China) and down-
stream regions (Fukue Island, Japan) of anthropogenic
substances that underwent long-range transport. The
gradual decreases in the PM2.5 and SO2 concentrations
between these two regions seemed to exhibit similar pat-
terns. This condition significantly affected the number of
events. In 2013, strong events were observed under high
concentrations of PM2.5 and SO2. This result suggested
that nucleation occurred through homogenous and het-
erogeneous processes. In 2015, we only observed the het-
erogeneous mechanism due to pre-existing particles that
may have inhibited the nucleation rate. Strong events
(type-A) reappeared in the last 2 years (2016–2017). A
clean environmental background may have occurred due
to certain policies in the upstream region. Therefore, the
decreasing sulfur dioxide (SO2) and particulate (PM2.5)
emissions in East Asia affected the NPF events on Fukue
Island, Japan.
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