
ABSTRACT 

Particulate sulfate in PM2.5, sulfur dioxide (SO2) and
size-segregated aerosol particle number concentra-
tions were measured at a site (32�19′N, 129�59′E) on
the southwestern Japan coast from 5 March to 10
April, 2010. Results show frequent episodic increases
of sulfate and SO2. Compared to the average concen-
tration of sulfate 4.4±2.7 μg m-3 in the whole obser-
vation period, episodic sulfate reached 10.5-20.1 μg
m-3. The variation of sulfate always synchronized
with aerosol particles in the size range of 0.1-0.5 μm,
indicating the episodic sulfate was a consequence of
the increase of the sub-micron particles. SO2 did not
have remarkable increase in any episodes of sulfate
increase. During the passage of low pressure systems
which loaded Asian dust in postfrontal air, concen-
trated sulfate appeared right behind the front but be-
fore dust arrival, suggesting the dominance of dust-
free particulate sulfate. Weather and backward tra-
jectory analyses revealed that air parcels with high
sulfate passed eastern and northeastern China or
Korean peninsula before arriving at the site. In con-
trast, those with high SO2 passed an active volcano,
Mt. Sakurajima, about 100 km in the south, suggest-
ing the SO2 was more likely from the volcanic emis-
sion. The ratio of sulfate to total sulfur compounds
(SO4

2-)/(SO4
2-++SO2) was 0.31-0.89 in continentally

originated air while was 0.25-0.43 in the air having
passed the volcano, showing more efficient conver-
sions of SO2 to sulfate in the air from the continent.
The close dependence of the conversion on humidity
in the continentally originated air was confirmed. 

Key words: Sulfur compounds, East Asia, Anthropo-
genic source, Volcanic emission, Asian dust 

1. INTRODUCTION

Sulfur-containing compounds play an important role
in climate change on a global scale and also in air pol-
lution in regional and local scales. They are emitted
into the atmosphere from natural and anthropogenic
sources. Estimates showed that the total sulfur emis-
sion was approximately 98-120 Tg (S) yr-1, and anthro-
pogenic emission mainly in the state of sulfur dioxide
(SO2) from fossil-fuel combustion in power plants,
industries and traffic was 73-80 Tg (S) yr-1 (Seinfeld
and Pandis, 1998). Major sources of natural emissions
include dimethylsulfiede (DMS) from ocean surface
and SO2 from volcanic emissions and they contribute
approximate 15-25 Tg (S) yr-1 and 9.3-11.8 Tg (S) yr-1,
respectively (Seinfeld and Pandis, 1998; Lovelock et
al., 1972). The oxidation of SO2 and DMS in the atmo-
sphere transfers these species eventually into sulfate,
which is the primary precursor gaseous species to ini-
tiate secondary particle formation in the natural atmo-
sphere. Sulfate particles substantially influence the
distribution of solar radiative energy in the air directly
by scattering and absorbing sunlight and indirectly by
acting as cloud condensation nuclei (Chuang et al.,
1997; Charlson et al., 1992).  

In general, SO2 emissions in populated areas are
mainly from anthropogenic activities. In contrast, the
concentration of nuclei in the remote marine atmosph-
ere is largely controlled by DMS emissions from the
sea surface (Savoie and Prospero, 1989). Besides, large
volcanic eruptions such as Pinatubo eruption injected
SO2 directly into the stratosphere, where the gaseous
species was gradually converted to sulfate aerosols
(Robock, 2000; Solomon, 1999). SO2 is oxidized by
OH to produce gas-phase sulfuric acid (H2SO4) in the
atmosphere, and part of the H2SO4 is in turn neutraliz-
ed by other species such as ammonia to produce salt
such as ammonium sulfate. H2SO4 and its neutralized
substance, via nucleation, produce new particles in the
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atmosphere. The lifetime of SO2 against reaction with
OH is about 1-2 weeks. Atmospheric oxidation of SO2

also takes place by H2O2 in the clouds. SO2 was remov-
ed rapidly by aqueous phase reactions and transform-
ed into sulfate (Hewitt, 2001; Jacob, 1999). Another
important process for SO2 conversion to sulfate is the
heterogeneous reactions on pre-existing airborne par-
ticles, such as droplets, sea salt, mineral particles and
soot (Seinfeld and Pandis, 1998). This process some-
times contributes substantially to the formation of sul-
fate in the air in particular when it is heavily polluted
by particulate matters (Dentener et al., 1996; Luria
and Sievering, 1991).  

Anthropogenic emission of air pollutants in East Asia
is a public concern. SO2 emission in this area is one of
the most substantial sources of SO2 in the Asian con-
tinent and it contributed approximately 66% of total
Asian SO2 emission (Zhang et al., 2009). SO2 emission
in China slowly declined between 1996 and 1999 be-
cause of the reduction of fuel consumption due to the
Asian economic downturn (Streets et al., 2003, 2000).
However, it increased by 53% from 2000 to 2006 be-
cause of the rapid economic growth (Lu et al., 2010;
Zhang et al., 2009; Ohara et al., 2007). It has been
confirmed that that the westerlies in the middle latitude
of northern hemisphere brought SO2 or its subsequent
products into downstream areas although the concen-
tration of SO2 observed in Japan was much smaller
than that in China (Igarashi et al., 2004). 

Transport and dispersion of anthropogenic SO2 and
sulfate in the outflow of the Asian continent in the
downstream areas have been extensively investigated
by field observations (e.g. Sahu et al., 2009; Hatake-
yama et al., 2004; Koike et al., 2003) and model simu-
lations (e.g. Heald et al., 2006; Takemura et al., 2003;
Uno et al., 2003). Anthropogenic pollutants such as
nss-SO4

2-, nitrate and mineral dust showed a spring
maximum at North Pacific area (Prospero and Savoie,
2003; Prospero et al., 1989). The air parcels from Asian
continent arrived at central Pacific in 2-3 days (Tu et
al., 2004) and on the western coast of the United States
in ~7 days (Jaffe et al., 1999; Andreae et al., 1988).
Model study by Takemura et al. (2003) suggested that
the contribution of the anthropogenic aerosol, such as
carbonaceous and sulfate particles, to the total optical
thickness was comparable to that of Asian dust. How-
ever, the observational data on sulfur compounds, in
particular sulfate, in Asian continental flow are far less
adequate for the investigation of their environmental
impacts and model validations. 

In the spring 2010, we conducted a short-term obser-
vation campaign at a coastal site in southwestern Ja-
pan, where no locally anthropogenic emissions of sul-
fur compounds were expected. SO2, particulate sul-

fate and size-segregated number concentrations of aero-
sol particles larger than 0.1 μm were in situ observed.
Episodic increases of SO2 and sulfate were frequently
encountered. We found that the episodic increase of
sulfate was likely from the outflow of Asian continent
whereas that of SO2 was caused by the emission of
volcanic activities. In this paper we report these results
and discuss the transformation of SO2 to sulfate in the
outflow of Asian continent based on our observational
data.

2. OBSERVATION AND DATA
ANALYSIS

An observatory, named Amakusa Environmental Re-
search Unit (AERU), was developed at the west coast
of Amakusa Island, Kumamoto Japan (32�19′N, 129�
59′E, 35 m asl.). Fig. 1 shows its geographic position.
There are no industries and factories in this area and
local anthropogenic emissions of sulfur compounds
are not expected. When air parcels are from west, nor-
thwest, southwest and south directions, any pollutants
in the air can be considered as non-locally originated
matters. Therefore, the site is quite suitable to observ-
ing atmospheric pollutants flowing into the areas from
other places. Its 100 km northeast is the city of Kuma-
moto with a population of 0.7 million, 350 km north-
west is the southmost of Korean peninsula, 800 km
west is the coastal area of eastern China with mega
cities such as Shanghai, and 1500 km northwest is a
cluster area in northern China with mega cities such as
Beijing. There are two active volcanoes, where vol-
canic gases and ashes are constantly emitted and may
influence the atmospheric composition at AERU. One
is Mt. Sakurajima, about 110 km in the south, and the
other is Mt. Aso, about 140 km in the northeast (Fig.
1).

The observations were carried out at AERU between
5 March and 10 April 2010. Number concentrations of
atmospheric aerosol particles were measured every 15
minutes from 5 March to 6 April using two optical par-
ticle counters, Rion KC-01D and KC-18 (Rion Corpo-
ration, Japan). The size ranges of aerosol particles mea-
sured with Rion KC-18 are ¤0.1, 0.15, 0.2, 0.3 and
0.5 μm diameter, and those with Rion-KC01D are
¤0.3, 0.5, 1.0, 2.0 and 5.0μm diameter. The Rion KC-
18 was operated with an automatic diluting unit (Rion
KD-06), which diluted the aerosol particle concentra-
tion into 1/100 before being measured by the Rion KC-
18. The flow rate of Rion KC-01D was 0.5 L min-1

and that of Rion KC-18 was 0.3 L min-1. A cascade
impactor with its jet nozzle diameter 1.0 mm was fixed
at the inlet tube to Rion KD-06 and Rion KC-18 to re-
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move large particles. Estimation with the flow rate re-
vealed that particles larger than 2.3μm were efficiently
trapped by the impactor. The concentration of sulfur
dioxide (SO2) was measured every 15 minutes by a
UV fluorescence instrument (Thermo Environmental
Instruments, USA, Model 43C-TL) at a flow rate of
0.5 L min-1. The detection limit of SO2 were 0.5 ppbv.
The concentration of sulfate in particles smaller than
2.5 μm aerodynamic diameter (PM2.5) was measured
every 20 minutes by using a Sulfate Particulate Ana-
lyzer (Thermo Environmental Instruments, USA, Mo-
del 5020 SPA) at a flow rate of 0.5 L min-1. This instru-
ment thermally converts sulfate to gaseous SO2 in the
thermal reduction oven operating at 1000 degrees, mea-
sures the SO2 concentration by a pulsed UV fluores-
cence analyzer, and then calculates the mass concen-
tration of particulate sulfate (Schwab et al., 2006). Am-
bient air was introduced into these instruments from
inlets which were fixed at 60 cm above the roof of the
unit. Teflon tubes were applied for the measurements
of particle number concentrations and SO2 and a cop-
per tube for sulfate. The length of the tubes for the
measurements of particle number concentration, SO2

concentration, and sulfate concentration was approxi-
mately 1.5 m, 2.0 m, and 2.5 m, respectively.

Local meteorological records including pressure,
temperature, relative humidity, precipitation, wind
speed and direction were obtained from the Ushibuka
Local Meteorological Observatory (32�12′N, 130�
33′E, 3 m asl.), which is an official meteorological ob-
servatory of Japan Meteorological Agency and locat-
ed about 15 km of AERU on the southern coast of
Amakusa Island.

For comparing the obtained data with weather con-
dition, we referred to weather charts publicly opened

by the Japan Meteorological Agency. Isentropic back-
ward trajectories of air parcels approaching AERU
during the observation period were calculated by using
the on-line NOAA HYSPLIT (Hybrid Single-particle
Librarian Integrated Trajectory) model (Draxler and
Rolph, 2003) at NOAA Air Resources Laboratory’s
website (http://ready.arl.noaa.gov/HYSPLIT_traj.php).

3. RESULTS AND DISCUSSION

Fig. 2 shows the time series of one-hour averaged
sulfate, SO2 and particle number concentrations in the
observation period. For reference of weather, surface
meteorological conditions of sea-level pressure, preci-
pitation, temperature, relative humidity, wind speed
and direction are also shown in the figure. Cold front
passages are marked by dotted lines. The weather
changed alternatively by low and high pressure sys-
tems with periods of a few days, which resulted from
the passage of cyclones and anticyclones in the middle
latitude westerly of northern hemisphere. This is the
typical weather in this area in spring. As a consequen-
ce, air parcels at AERU during this period were fre-
quently from the Asian continent and a few from other
areas. Asian dust events are also frequently encoun-
tered in this area in springtime. In this study, presence
of Asian dust in the atmosphere was identified by high
concentration of coarse aerosol particles. We regard
Asian dust intrusions to have happened when the con-
centration of particles larger than 5μm became higher
than 100 particles L-1. This occurred on 16, 20-21
March and 3 April (Fig. 2(b)).

Sulfate, sulfur dioxide and aerosol concentrations
increased and decreased in response to the change of
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Fig. 1. Location of the observatory, Amakusa Environmental Research Unit (AERU). 
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the weather. Since precipitation could result in efficient
removal of those matters and the removal efficiencies
were unknown, records of sulfate, SO2 and aerosols in
precipitation periods were excluded in data analysis
and processing and are not included in the following
description and discussion. Table 1 shows the statisti-
cal results of sulfate and SO2 concentrations within the

whole observation period after extracting data when
there was precipitation at Amakusa.

Sulfate concentration was usually less than 5μg m-3.
However, there were episodic short-time increases.
Although the average sulfate concentration during the
entire observation period was 4.4±2.7μg m-3, sulfate
concentration exceeded 10μg m-3 in 8 periods (marked
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Fig. 2. Time series of SO2 and sulfate in PM2.5 (a), aerosol number concentrations (b) at AERU, wind direction and speed (c) and
precipitation, pressure, temperature and relative humidity (d) at the Ushibuka Regional Meteorological Observatory from 5
March to 10 April 2010. Passages of cold fronts are indicated by dotted lines.
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by green arrows in the figure: around 14, 15, 18, 19-
20, 20-21 March, and 3, 4, 7 April). Maxima in these
episodes reached 10.1-20.1μg m-3 and the time of high
sulfate lasted for 4-20 hours. Since we did not measure
chemical compositions of aerosol particles, it is uncer-

tain how much sea salt contributed to the sulfate con-
centration. According to the previous studies, sea-salt
related sulfate in particulate matters usually occupied
only a small fraction in total sulfate in this area when
the air parcels were from the Asian continent (Hatake-
yama et al., 2004; Koike et al., 2003). 

Whenever sulfate showed a remarkable increase,
SO2 also increased a little with the maximum concen-
trations usually smaller than 2 ppbv. However, besides
those accompanying sulfate increases, SO2 had short-
term remarkable increases. The mean SO2 concentra-
tion during the observation period was 0.77±1.00
ppbv, but SO2 concentration exceeded 4 ppbv in 6 short
periods (marked by red arrow in the figure: around 14,
15, 22, 31 March, and 4, 10 April). The remarkable
increases of SO2 appear to be weakly related to sulfate
although they were also accompanied by only a little
increases of sulfate, except two periods around 15
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Table 1. The statistics of SO2 and sulfate concentrations obs-
erved at AERU from 5 March to 10 April 2010, along with
meteorological data recorded at the Ushibuka Regional Mete-
orological Observatory during the period. Data influenced by
precipitation were excluded.

Min Median Mean Max SD

SO2 (ppbv) 0.08 0.51 0.77 10.27 1.00
Sulfate (μg m-3) 0.07 3.91 4.37 20.09 2.67
Pressure (hPa) 1004 1017 1017 1022 5.43
Temperature (�C) 2.1 12.7 12.71 22.5 3.92
RH (%) 26 65 64.83 93 17.34
WS (m/s) 0.1 2.8 3.19 9.1 1.82

Fig. 3. Surface weather chart for postfrontal case (0300 21 March 2010) (a) and prefrontal case (0300 15 March 2010) (c), and
backward trajectories for high sulfate events on 15, 18, 19-20, 20-21, 25-26 March, 2, 3 5-6 and 6-7 April 2010 (b) and high SO2

events on 14, 15, 22, 30, 31 March, 4 and 10 April 2010 (d). All trajectories were started at the altitude 500 m.
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March when an increase of SO2 was apparently inter-
rupted and separated into two by an increase of sul-
fate.

The number concentration of aerosol particles in the
range of 0.1-0.5μm always synchronized with increase
and decrease of sulfate. However, particles larger than
1 μm, that are usually dominated by mineral (Asian
dust) and sea-salt particles in this area (Zhang et al.,
2006), did not always follow the pattern of variation of
sulfate (e.g. the period of 15-16 March when sulfate
remarkably increased). This indicates that the sulfate
was present principally in sub-micron particles. 

3. 1  Episodic Increase of Sulfate
During the observation period, four cyclones with

cold fronts passed over the observation area and cold
fronts also swept the south part of Kyushu area on 6,
9, 24 March and from 5 to 9 April. Weather conditions
such as pressure, temperature and wind direction chan-
ged drastically before and after the frontal passages.
Sulfate and aerosol number concentrations showed epi-
sodic increases around the passages of cyclones. Fig.
3 shows examples of surface weather charts of post-
and prefrontal cases and isentropic backward trajec-
tories for high sulfate and SO2 episodes. Air parcels

with high sulfate concentration were characterized by
continental origins. The increases of sulfate appeared
in the postfrontal air on 15, 20-21 March and 2 April
when the air came from eastern or northeastern China.
Some of the increases were accompanied by Asian
dust in postfrontal air on 16, 20, 21 March and 3 April.
In these cases, the pressure decreased more than 10
hPa within 24 hours and the relative humidity rapidly
declined by ~40%. Wind direction changed from west-
erly to northwesterly within short periods. On the other
hand, the high-sulfate episode on 19-20 March appear-
ed in the prefrontal air. The backward trajectories in-
dicate that the air parcels were from eastern or south-
eastern China.

It is noted that increases of sulfate were also observ-
ed in periods between frontal passages. For example,
increases of sulfate with a little increased SO2 were
observed on 17-18 March. Sulfate and SO2 concentra-
tions remained approximately constant until the pres-
sure started to decline. After that, the low-pressure
approached Japan from eastern China. Atmospheric
pressure reached maximum at 0900 on 17 March, and
then gradually decreased. SO2 concentration slightly
increased during 0800-1900 on 17 March when rela-
tive humidity showed very low values. A remarkably
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Fig. 4. Scatter plots of sulfate concentration versus total aerosol surface area concentration (a) and volume concentration (b) in
the range of 0.1-2 μm particles during high concentration events (15, 18, 19-20, 20-21, 25-26 March, 2, 3, 5-6 and 6-7 April
2010). Open boxes and circles indicate the data of the extreme Asian dust event on 21 March 2010, which were excluded in the
correlation coefficient (R) calculation.
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high sulfate episode occurred around 1100-1700 on 18
March after the high-pressure center passed. The back-
ward trajectories show that the corresponding air par-
cels were from northeastern China.

Increases of sulfate with a little increased SO2 also
occurred when cold fronts passed the south part of
Kyushu area. For example, increases of sulfate were
observed during 10-14 March after a cyclone, and re-
latively high concentrations of both sulfate and SO2

were observed in the prefrontal and postfrontal air on
5 April.

3. 2  Sulfate and Aerosol Particles
In order to investigate the dependence of the sulfate

on particles in different size ranges, correlation coeffi-
cients (R) of sulfate with volume and surface area con-
centrations of particles in the range of 0.1-2μm during
the high sulfate episodes were calculated. All particles
were assumed in a spherical shape. Fig. 4 shows scat-
ter plots of sulfate versus total aerosol volume concen-
tration and surface area concentration. After excluding
the data of 21 March when an extreme dust event pass-
ed, a good correlation (R==0.71) is confirmed between
aerosol volume and sulfate concentrations. The corre-
lation between surface area concentration and sulfate
concentration is poor (R==0.50). These results indicate
that sulfate was in principle present inside the particles
rather than their surface. The variation of the number
concentration of fine mode particles is usually depen-

dent on the pollution status of air parcels; a typical
chemical composition for continental fine mode parti-
cles in troposphere is sulfate (37%), organic carbon
(24%), ammonium (11%), and etc (Heintzenberg,
1989).

The increase of coarse mode particles in southwes-
tern Japan in spring is usually caused by Asian dust
which originates from the arid and semi-arid areas in
the Asian continent (Iwasaka et al., 1988; Duce et al.,
1980). The particles are usually characterized by mine-
ral components frequently mixed with sea salt and the
size range of larger than 1μm (Zhang et al., 2003; Oka-
da et al., 1991). Asian dust events also appeared dur-
ing our observation on 16, 20, 21 March and 3 April,
after the passage of cyclones. In particular, an extreme
dust event occurred on 20 and 21 March when the
number concentration of particles ¤5 μm increased
from 10 L-1 up to about 3800 L-1 after the cyclone,
accompanied by a dramatic increase of sulfate. Close
examinations of the time series of sulfate and particle
number concentrations reveal that there were slight time
lags between peaks of sulfate and those of number con-
centration of Asian dust in all dust events. The maxi-
mum sulfate and fine-mode particles appeared first,
and then coarse-mode particles started to increase. Fig.
5 shows the cases on 16 and 20-21 March. Similar time
lags between anthropogenic aerosols and Asian dust
were reported by Uematsu et al. (2002) who summa-
rized that sulfur particles appeared first and dust parti-
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Fig. 5. Elapsed time series of sulfate concentration and fine and coarse-mode particle number concentrations after the frontal
passages on 15 and 21 March 2010. 
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cles arrived 12 hours later at Nagasaki (33�N, 130�E),
a city in the upwind area of AERU (Fig. 1). In the pre-
sent results, the time lag of sulfate and coarse-mode
particles were 9 hours for the case on 16 March and 2
hours for the case on 20-21 March. Thus, mixture states
of dust and sulfate were extremely inhomogeneous and
varied case by case, whereas fine mode particles can
be applied as an index showing the evolution of sul-
fate.

3. 3  Episodic Increase of SO2

Investigation of variations of SO2 upon meteorologi-
cal conditions revealed that episodic increases of SO2

also appeared around the passage of cyclones. An ex-
ample of surface weather charts (at 1500 15 March)
when SO2 concentration was 5.59 ppbv, and the isen-
tropic backward trajectories for the high-SO2 episodes
on 14, 15, 22, 30-31 March, and 4, 10 April are also
shown in Fig. 3. The episodic SO2 increases occurred
in the prefrontal air when a high-pressure system exist-
ed at the northwestern Pacific Ocean to the east of Ja-
pan. The cyclones appeared in southeastern China and
moved to southwestern Japan. Backward trajectories
and wind directions indicate that the air parcels with
high SO2 were from offshore ocean areas and passed
Mt. Sakurajima before arriving at AERU. Therefore,
we consider the SO2 in the air parcels to be mainly
from the emission of the active volcano Mt. Sakuraji-
ma. According to the records of Kagoshima Local Me-
teorological Observatory, Mt. Sakurajima erupted 135
times and SO2 emission was estimated 1200-2000 ton
/day during March 2010. According to the backward
trajectory analysis, the air parcel was transported from
Mt. Sakurajima to Amakusa within 3-7 hours. In addi-
tion, eruptions with volcanic plumes rising up to 1000-
1800 m were recorded at the times corresponding to
all the high SO2 episodes in our observation. Thus, it is
plausible that the episodic high SO2 were of volcanic
origin. In an early previous case study, high SO2 influ-
enced by Mt. Sakurajima was observed in elevated
layers in Kyushu at the time of high pressure system
leaving away from this area and the weather charts
were similar to that shown in Fig. 3(c) (Uno et al.,
1997).  

3. 4  Conversion of SO2 to Sulfate
The ratio of the sulfate concentration (SO4

2-) to total
sulfur compounds (SOx) (==(SO4

2-)++(SO2)) is an effec-
tive index for the extent of conversion of SO2 to sul-
fate in air parcels (Sahu et al., 2009; Miyakawa et al.,
2007), assuming that total sulfate was dominated by
the sulfate in PM2.5. Fig. 6 shows the scatter-plot of
(SO4

2-)/(SOx) versus relative humidity in the continen-
tally and volcanically originated air parcels. The (SO4

2-)

/(SOx) in the continentally originated air parcels varies
between 0.31 and 0.89 with the average 0.65 (standard
deviation 0.22). The value is similar to those observed
during aircraft observations over the Sea of Japan, the
Yellow Sea, and the northwestern Pacific, from surface
to 1 km elevation (Jacob et al., 2003; Koike et al.,
2003). In contrast, (SO4

2-)/(SOx) in the volcanically
originated air parcels ranges 0.25-0.43 with the aver-
age 0.35 (standard deviation 0.10). The values are sig-
nificantly smaller than those in the continentally ori-
ginated air parcels, plotting within a different area in
Fig. 6.

In order to obtain insights of SO2-to-sulfate conver-
sion in the air parcels during the long-range transport,
we compare the concentrations of sulfur compounds
and (SO4

2-)/(SOx) ratios obtained in this study with
those from observations at various locations in the east-
ern Asia. Table 2 shows the averages of SO2 and sul-
fate concentrations and (SO4

2-)/(SOx) in continentally
originated air observed at AERU, along with previous-
ly published data observed at Lin’an, China (30�25′N,
119�44′E) (Wang et al., 2004) and at Gosan, South
Korea (33�17′N, 126�10′E) (Sahu et al., 2009). Extre-
mely high SO2 and sulfate concentrations have been
reported in China (Takegawa et al., 2009; Li et al.,
2007; Wang et al., 2004). At Lin’an, a background
observatory in polluted regions in eastern China locat-
ed about 1000 km west of AERU, SO2 and sulfate con-
centrations in the spring of 2001 were 15.9±14.6 ppbv
and 17.3±6.6μg m-3, respectively (Wang et al., 2004).
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Fig. 6. Scatter plot of the ratio (SO4
2-)/(SOx) versus relative

humidity of the continental and volcanic air parcels. Continen-
tal air parcels were observed on 15, 18, 19-20, 20-21, 25-26
March, 2, 3, 5-6 and 6-7 April 2010. Volcanic air parcels were
observed on 14, 15, 22, 30-31 March, 4 and 10 April 2010.
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Thus, (SO4
2-)/(SOx) is 0.24±0.10 at Lin’an. SO2 con-

centration as high as 96.5 ppbv (averaged value 17.8
ppbv) was also observed during spring 2005 at down-
wind areas of Beijing, the capital city of China and
located in northern China (Li et al., 2007). The in situ
measurements during 2005 spring at Gosan, located
about 350 km northwest of AERU, showed that SO2

and sulfate concentrations in air parcels from China
were 3.1±2.9 ppbv and 3.99±3.40 μg m-3, respect-
ively (Sahu et al., 2009). The (SO4

2-)/ (SOx) at Gosan
is 0.26±0.12, not much different from the value at
Lin’an. Compared to the observations in eastern China
and South Korea, continentally originated air parcels
in the present study show considerably high (SO4

2-)/
(SOx) and reduced SO2 concentration. 

Koike et al. (2003) reported that 55-75% of SOx can
be removed before the air parcels leave the Asian con-
tinent, the consequence of which is reduction of SO2

and sulfate concentrations at downwind areas such as
South Korea and Japan. Sulfate concentration in the
continentally originated air parcels observed at AERU
was higher than those at Gosan. This result suggests
that the conversion of SO2 to sulfate could compen-
sate the loss of sulfate under certain conditions alth-
ough the total sulfur compounds decreased as the air
parcels moved eastward.

It appears that the rate of conversion of SO2 to sulfate
was rapid during the transport from Asian continent to
Japan after comparing the concentrations of sulfur
compounds in China, South Korea, and Japan. Back-
ward trajectories (Fig. 5(a)) show that the air parcels
with high sulfate arrived at AERU after passing throu-
gh either Lin’an, Gosan or both. Assuming that the
data in Table 2 represent typical concentrations of sul-
fur compounds during every spring, the much higher
(SO4

2-)/(SOx) at AERU than at the others indicates
that SO2 in the air was efficiently converted to sulfate
en route from Lin’an and Gosan to AERU. We infer
that the high conversion efficiency was due to the hu-
mid maritime environment over the East China Sea.
Before arriving at Gosan, the air experienced a very
short time of marine environment where humid air
must be entrained into the air parcels, but the time was
likely too short for an efficient conversion. After pas-
sing Gosan, the air parcels continued to move in the
marine environment until they arrived at AERU, and

this accelerated the conversion under humid conditions.
Consequently, sulfur compounds in the air parcels
observed at AERU were mainly in the form of sulfate
while SO2 occupied a smaller fraction in the total sul-
fur compounds.

Humidity is a key factor influencing the conversion
efficiency, water vapor in the air parcels enhancing the
conversion (Jacob, 1999; Seinfeld and Phandis, 1998).
In particular, the conversion and removal of SO2 in the
pre- and post-frontal air of cyclones are expected be
much more rapid than under other conditions. Episo-
dic sulfate increases at AERU were always present in
air parcels of high humidity (Fig. 2). The correspon-
dent relative humidity of air parcels with sulfate con-
centration larger than 10μg m-3, 5-10μg m-3 and less
than 5 μg m-3 were 70.0±9.9%, 63.5±12.3%, and
58.4±17.0%, respectively. In consequence, the (SO4

2-)
/(SOx) ratios in continentally originated air parcels also
show a dependence on humidity (Fig. 6). The depen-
dence of the conversion efficiency on humidity can be
further supported by the data around 17 March when
the air parcel was from the northwestern China and
Korean peninsula. During the episode, SO2 concentra-
tion was 1.77±0.34 ppbv, higher than the local aver-
age but much lower than in the air parcels influenced
by volcanic gases. Sulfate concentration was 3.19 μg
m-3, lower than the local average. The ratio of (SO4

2-)/
(SOx) for the episode was the smallest (0.31±0.07) of
all the high sulfate episodes. Even if SO2 might have
been entrained at Korean peninsula, the small value in-
dicates a lower conversion efficiency than in the other
continentally originated air parcels (Fig. 6). The major
difference of the air during this episode from the others
was the low humidity (35.2±5.38%). Dry and stable
layers with enhanced SO2 which were originated from
East Asia have been also observed over the Pacific (Tu
et al., 2004).

In contrast to the continentally originated air parcels,
no obvious correlation is confirmed between (SO4

2-)/
(SOx) ratio and relative humidity in the air parcels of
episodic SO2 that had passed the volcano Mt. Sakuraji-
ma. The (SO4

2-)/(SOx) ratios are usually smaller than
those for the continentally originated air parcels des-
pite rather high relative humidity (Fig. 6). The reason
for the absence of the correlation is probably the short
time for SO2 to be converted to sulfate because it takes
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Table 2. Inter-comparison of SO2 and sulfate concentrations and (SO4
2-)/(SOx) ratios observed at sites in China, South Korea

and AERU. The data are shown in averages with standard deviations.

SO2 (ppbv) Sulfate (μg m-3) (SO4
2-/SOx) [ppbv/ppbv] Observation periods References

Lin’an, China 15.9±14.6 17.3±6.6 0.24±0.10 Feb-April, 2001 Wang et al., 2004
Gosan, South Korea 3.1±2.9 3.99±3.40 0.26±0.12 March-April, 2005 Sahu et al., 2009
Amakusa, Japan 0.77±1.00 4.37±2.65 0.66±0.19 March-April, 2010 This study



only a few hours for the air parcels to arrive at AERU
after passing the volcano. Based on all these results,
we suggest that the efficient conversion of SO2 to sul-
fate in continentally originated air is the major reason
why high SO2 was rarely observed around Japanese
islands when air parcels from the Asian continent with
high sulfate were frequently encountered. Note that
the arrivals of all the air parcels discussed above were
not accompanied with precipitation. 

4. CONCLUSIONS

Observations at AERU, located on the Japan south-
western coast in spring 2010, revealed episodic but not
mutually correlated increases of particulate sulfate in
PM2.5 and gaseous SO2. The episodic sulfate increases
were caused by air parcels from the Asian continent
and Korea peninsula. Their maxima reached 10.5-20.1
μg m-3 although the average in the whole observation
period was 4.4±2.7 μg m-3. The variation of sulfate
concentration always synchronized with and correlated
well with the volume concentration of aerosol particles
in the size range of 0.1-0.5μm, indicating the presence
of the sulfate was a consequence of SO2 oxidation and
accumulation in associated with particles in the sub-
micron range. In contrast, the episodic SO2 was found
to have been caused by emissions from a volcano, Mt.
Sakurajima, approximately 100 km in the south. De-
tailed analyses of the observed data during the passage
of dust-loading low pressures revealed differences in
phase between sulfate and dust concentrations, sug-
gesting an isolated status of the air with maximum sul-
fate from dusty one. The ratio of sulfate to total sulfur
compounds ranged 0.31-0.89 in continentally originat-
ed air while it was 0.25-0.43 in the air having passed
over the volcano. A close dependence of the conver-
sion of SO2 to sulfate on humidity in the continentally
originated air was confirmed. The present results sug-
gest that, on the southwest Japan coast in spring, sul-
fur compounds in the continentally originated air par-
cels are mainly in the state of particulate sulfate, while
substantial increases of SO2 are usually due to emis-
sions from volcanic activities close to the area.
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