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Abstract-Atmospheric aerosols were collected from October 1990 to February 1992 in northern Kyushu 
(Tsushima and Ogori), Japan and Seoul, Korea, simultaneously using identical sampling system and 
chemical analysis methods. Observed data were analyzed with meteorological data to clarify the seasonal 
variations in aerosol concentration and composition. Dominant ion components of aerosol were SOi- in 
anion and NHf in cation. The concentrations of ion components were higher in winter than those in 
summer. Equivalent concentration ratio of particulate nitrate and sulfate (NO-/SO:-) showed high value 
in Ogori having a peak in winter season. Equivalent concentration ratio of Ca ‘+ and sulfate (Ca*‘/SO:-) 
is highest in Seoul and shows no seasonal variation. On the contrary, Tsushima and Ogori showed low 
value in summer season. In summer, this area is affected by the atmospheric high-pressure system which 
developed at the southern Kyushu sea area and southerly monsoon wind predominate. As the result of this, 
supply of Ca 2 + from soil should be diminished in summer. Equivalent concentration ratio of particulate 
Cl- and Na+ (Cl-ma+) in August was half compared with the ratio observed in February. Episode 
analysis of June 1991 and February 1992 indicated the transportation of pollutants from the outside of 
Japan. Air masses from the Chinese continent have been concluded to bring the greatest amount of 
anthropogenic pollutants to Korea and Japan. Copyright 0 1996 Elsevier Science Ltd 

Key word index: Atmospheric aerosol, sulfate, nitrate, ammonium, equivalent concentration ratio of 
aerosols. seasonal variations in aerosol concentration. 

INTRODUCTION 

Air pollutants such as sulfur dioxide and nitrogen 
oxides are transformed to the aerosols and removed 
through the dry- and wet-deposition processes from 
the atmosphere. The lifetime of aerosols are longer 
than reactive gaseous pollutants, and it will be import- 
ant to know the role and weight of background aero- 
sol to clarify the urban aerosol problem. Gotaas 
(1982) analyzed long-range transport of sulfur and the 
rate of transformation to sulfate using aircraft 
measurement. Air trajectory indicated that the pol- 
luted air mass observed aloft over Oslofjord (Norway) 
was transported from England. Estimated trans- 
formation rate was 2 x lO-‘j s-l. Wakamatsu et al. 
(1990) estimated the rate of transformation to sulfate 
using volcanic plume measurement from Sakurajima 
(Japan) and found 3.8 x 10m6 s-l. As the results of 
rapid increase in fossil fuel consumption in Asian 
country long-range transport of air pollution has be- 
come a serious environmental issue. Mukai et al. 
(1990) measured chemical composition in aerosols 

collected on the island located in the Sea of Japan and 
found long-range transportation of aerosols from the 
mainland of Japan in summer and from Asian conti- 
nent in water. Seasonal variations in aerosol concen- 
tration and composition are important factors to 
understand the dynamic behavior of aerosols in the 
atmosphere. Composition and concentrations of 
aerosol components will be different in space, time 
and season due to the emission intensity, emission 
type, chemical reaction and meteorology. In this 
study, atmospheric aerosols were collected simulta- 
neously covering Japan and Korea using three identi- 
cal sampling systems. Observed data were analyzed 
with meteorological data to clarify the seasonal and 
area1 variations in atmospheric aerosol concentration 
and composition. 

EXPERIMENTAL 

Aerosols have been collected at three locations in Japan 
and Korea. As shown in Fig. 1, Seoul and Ogori sites are 
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Fig. 1. Sampling site. 

located in the inland, while Tsushima in the isolated island. 
Sampling site in Seoul is located in the NW part of Seoul 
city. The elevation at the sampling site is 40 m from sea level 
and sampler was located at the house top, 10m from the 
ground. Two heavy roads having four traffic lanes are 
located at 30 m south and 100 m west from the site. Ogori 
city is a small town in the suburbs of Fukuoka. The popula- 
tion of this city is 47,000 and 45.5 km* in area. The major 
production in agricultural products and no significant indus- 
try exists around the sampling site. The elevation is 20 m and 
sampler was located at 2.5 m from the ground. Tsushima 
island is located on Japan and Korea border sea area. The 
population of this island is 46,000 and 708.25 km2 in area. 
The sampling point is located in a remote area and no 
residence within 2 km around the site and no large pollution 
source exist. T’he elevation of the site is 380 m above sea level 
and sampler was located at 3 m from the surface. 

Aerosol samples at three stations were basically collected 
in the same period every two months from August 1990 to 
February 1992 by using Model 195 automatic tape air sam- 
pler (Kimoto Electric Co. Ltd). Sampling period is one week 
for a month. The sampling period at Tsushima site was from 
12th to 26th of the month which was also the sampling week 
at Seoul and Ogori. Aerosols were collected during 4 or 8 h 
successively on rolled polytetrafluoroethylene (PTFE) filters 
(size 100 mm x 10 m, Type AF-O7P, Sumi-tomo Electric Co. 
Ltd.). Sampling rate was approximately 167 Lmin-‘. The 
water-soluble particulate components for anion (SO:-, 
NO;, Cl-) were analyzed by ion chromatography 

and cation (Ca*+, Na+ , Kf, Mg’+) were analyzed by atomic 
absorption spectrometer, and NH: was analyzed by In- 
dophenol method. Detection limits are 0.01 fig m- 3 for NH: 
and Mg’+, 0.05pgm-3 for SO:-, NO;, 0.06~gm-3 
for Ca*+, 0.08 pgrne3 for Na+, K+, 0.12 Mgrne3 for Cl-, 
respectively. 

RESULTS AND DISCUSSION 

Seasonal variation of the aerosols 

During August 1990 to February 1992, nine series 
of observation were conducted at three sites in Japan 
and Korea. The average concentrations of aerosol in 
the same sampling period, about one week for the 
month, at the three monitoring sites are summarized 
in Table 1. In August 1990, sampling was conducted 
only at Seoul site. In October 1990 and 1991, samp- 
ling at Tsushima site was not conducted. 

Average particulate anion concentrations during 
the whole observed period were 13.4 pgmW3, 6.3 pg 
mW3 and 6.4 pgmd3, and particulate-cation concen- 
trations were 6.4 pgrnm3, 2 pgm-3 and 4.6 pgrne3 at 
Seoul, Tsushima and Ogori, respectively. Dominant 
aerosol components in anion and cation were sulfate 
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and ammonium. Monthly variations of average con- 
centration in sulfate, nitrate, ammonium, calcium and 
chloride at Seoul, Tsushima and Ogori are shown 
in Fig. 2a-e. Monthly average particulate-sulfate 
concentration was highest in Seoul with a sharp fluc- 
tuation. In Tsushima and Ogori, particulate-sulfate 
concentrations were almost similar and concentration 
levels in each month were almost constant through- 
out the observational period except in February 1992 
(Fig. 2a). Nitrate concentrations at Ogori were much 
higher than that in Tsushima in every month (Fig. 2b). 
In Seoul, the monthly variations of sulfate and am- 
monium concentrations showed the same pattern. 
The ammonium concentration of Ogori was relatively 
high (Fig. 2~). Calcium concentration was highest in 
Seoul and lowest in Tsushima except in February 
1992 (Fig. 2d). The variation of chloride concentration 
showed the same pattern at three sites (Fig. 2e). The 
seasonal variation of particulate nitrate was observed 
at three sites: the concentration was lower in summer 
than that observed in winter. In Tsushima and Ogori, 
the concentrations of chloride and ammonium were 
lower in summer. Willison et al. (1985) compared 
seasonal variation in atmospheric aerosol concentra- 
tion in northern England and found that fine partic- 
ulate nitrate and chloride concentrations had pro- 
nounced wintertime maxima and summertime min- 
ima. Sopauskiene and Budvytyte (1994) discussed 
chemical characteristics of atmospheric aerosol in ru- 
ral site of Lithuania and found a seasonal variation of 
the major aerosol components such as sulfate and 
ammonium having a wintertime maxima. 

Relationship between aerosol species 

Relationship between monthly average equivalent 
concentrations of anion and cation in Seoul, 
Tsushima and Ogori are shown in Fig. 3. In Seoul and 
Tsushima, anion and cation concentrations were well 
balanced except in February 1992. From the equiva- 
lent concentration relationship between anion and 
cation, the total equivalent anion concentration was 
higher than that of cation during February 1992 in 
Tsushima. On the other hand, in Ogori, cation con- 
centration was higher than anion concentration 
throughout the observational period. 

Equivalent concentration ratio of ammonium and 
sulfate (NHa/SO$-) is shown in Fig. 4. Ammonium 
concentration is higher in Ogori comparing with that 
in Seoul and Tsushima. Relationship between am- 
monium and nitrate + sulfate (NHz/NO; + SO:-) 
at Ogori site is also shown in Fig. 4. This shows 
counter anion for NH: is SO:- in Seoul and 
Tsushima and NO; + SO:- in Ogori. 

Seasonal variation of equivalent concentration ra- 
tio of aerosol components between October 1990 and 
February 1992 are shown in Fig. Sac. Ratio of nitrate 
and sulfate (NO;/SO:-) showed large value in Ogori 
having a peak in winter season. Ratios of Ca’+ and 
sulfate (Ca* +/SO: -) were highest in Seoul and shows 
no seasonal variation. On the contrary, Tsushima and 

Ogori showed low value in summer season. In sum- 
mer, this area is affected by the atmospheric high- 
pressure system which developed at the northern 
Pacific Ocean and southerly seasonal wind predomi- 
nate. As a result of this, supply of Ca2+ from soil 
should diminish in summer. Ratio of Cll and Nat 
(Cl-/Na+) in August was half compared with the 
ratio observed in February due to the Cll loss in 
summer. The main source of Cl- in the atmosphere is 
sea salt and the equivalent concentration ratio of Cl 
to Naf is approximately 1.18. During the summer 
observation, this ratio was smaller than one. 
Kadowaki (1977) showed the Cll loss reaction in 
summer based on the field measurement in Nagoya. 
Particulate nitrate which is observed in coastal area is 
formed as a result of following reaction between gas- 
eous and particles from ocean spray: 

NaCl(particle) + HN03(gas) 

3 NaNO,(particle) + HCl(gas). 

The particulate sulfate is distributed in fine particles 
and the particulate nitrate is distributed in coarse 
particles in summer, and it is estimated that the ni- 
trate exists in sodium nitrate. 

Episode analysis of the aerosol concentration 

Two high-concentration episodes (June 1991 and 
February 1992) were observed during this series of 
observation at Tsushima site. In Tsushima, the aero- 
sol concentration was observed within 4 or 8 h inter- 
vals from 12th to 26th of every other month as a rule. 
The mean and maximum concentrations of each ob- 
servation month in Tsushima are shown in Table 2. 
Comparing with the six series of observation in 
Tsushima during December 1990 and February 1992, 
the highest average concentrations F-, Cl-, NO;, 
SO:-, Ca2+ and Mg2+ were detected in February 
1992. The highest maximum concentrations of F-, 
NO;, SO:- and Mg2+ were also detected in Feb- 
ruary 1992. The second highest concentration was 
detected in June 1991. For example the maximum 
particulate-sulfate concentration was 38.59 pgrnm3 
on February 1992 and 36.88 pgrnm3 on June 1991. 

June 1991 episode. Variations of NH:, SO:- and 
NO; in June 1991 in Tsushima and Ogori are shown 
in Fig. 6a and b. At Tsushima site, the equivalent 
concentration peaks of particulate sulfate and partic- 
ulate ammonium were observed on 14th, 17-19th and 
22-23rd of June having the similar value of more than 
400 neqm-3. At Ogori site, the equivalent concentra- 
tion peaks of particulate sulfate and particulate am- 
monium were observed on 15th, 18-19th and 22223rd 
of June. This similar time variation observed at two 
sites indicates the existence of wide area1 air pollution 
covering the northern Kyushu district. In Tsushima, 
nitrate concentration was at low level. On the other 
hand, at Ogori site, particulate ammonium and par- 
ticulate nitrate showed similar pattern with sulfate 
and ammonium. 
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Fig. 5. Seasonal variation of equivalent concentration ratio of aerosol components between October 1990 
and February 1992. (a) Ratio of nitrate and sulfate (NO;/SO:-). (b) Ratio of Ca2+ and sulfate 

(Ca2’/SO:-). (c) Ratio of Cl- and Na+ (Cl-/Na+). 

Tsushima is an isolated island and the sampling walled by mountains. Under this topography, 
site is located on the hill 380 m above sea level. transported pollutants aloft entrained into the mixed 
Under these topographical conditions the wind layer and will be diluted. For these reasons, partic- 
is not affected by configurations of the ground ulate sulfate observed in Ogori is lower than 
and pollutants such as sulfate which were observed Tsushima. In addition, at Ogori site, it seems to be 
at this site may be remaining intact aloft. On the affected by the relatively higher concentrations of 
other hand, Ogori site is located in the inland nitric oxide, nitrogen dioxide and ammonium gases 
of Kyushu and northeastern and the western sides are near the surface. 
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February 1992 episode. Variations of NH:, SO:- 
and NO; in February 1992 in Tsushima and Ogori 
are shown in Fig. 7a and b. In Tsushima and Ogori, 
the concentration peak of particulate sulfate were 
observed during the 12th and 14th but sulfate ex- 
ceeded over ammonium in equivalence in Tsushima. 
To clarify this, the data of February 1992 were com- 
pared with that of February 1991 as shown in Fig. 8a 
and b. The slope coefficients are 0.96 in Ogori in 
February 1991, 1.01 in Tsushima in February 1991 
and 1.03 in Ogori in February 1992, while the value is 
0.57 in Tsushima in February 1992. In February 1991 
and 1992, in Ogori, the equivalent ratio of total cation 
to anion was almost unity, while the ratio was found 
to decrease in Tsushima during February 1992. 
It is clear that the total equivalent anion concentra- 
tion in Tsushima was richer than that of cation in 
February 1992, and the slope coefficient (ratio of 
cation to anion) in February 1992 was remarkably 
small compared with that in February 1991. During 
the series of this study the main cation components 
such as Ca2+, Mg2+, K+, Na+ and NH: were entire- 
ly analyzed. 

Comparing with whole observation, the case in 
Tsushima in February 1992 is exceptional; that is, the 
total anion significantly exceeded total cation. More- 
over, during this period sulfate concentration was 
extremely high. Although H+ concentrations have 
not directly been measured in this study, considering 
these observational results we concluded the existence 
of “acid aerosol” such as sulfuric acid or ammonium 
hydrogen sulfate in the air which was sampled in 
Tsushima in February 1992. 

The comparison of sulfate and nitrate for February 
1991 is shown in Fig. 9a. In the case of 1991, nitrate 
took a low concentration level in Tsushima while 
a concentration peak of nitrate was detected in Ogori. 
The data of February 1992 are shown in Fig. 9b. High 
concentrations of sulfate and nitrate were detected 
both in Ogori and Tsushima. The relationship be- 
tween sulfate and nitrate was found at the two sites 
during February 1992. Accordingly, the aerosols ob- 
served in Tsushima in February originated from 
anthropogenic pollutants. 

The meteorological pattern on 13 February 1992 
belongs to the typical winter monsoon season in 
Japan. The atmospheric high-pressure system located 
at the western side of Japan and low-pressure system 
located at the eastern side. Under these atmospheric 
pressure conditions, northwesterly general wind pre- 
dominated during the observation. The isentropic 
backward air trajectory at the level of 850 hPa was 
calculated using the method of Hayashida et al. (1991) 
and is shown in Fig. 10. Calculated results of 11, 12 
and 13 February 1992 indicated that the air mass was 
transported from the northwesterly direction. From 
this analysis the high concentration of nitrate and the 
imbalance of the ionic concentration observed in 
Tsushima indicate the transportation of anthropo- 
genie pollutants from the west. 
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Fig. 6. The diurnal variations of NH:, SOi- and NO; on June 1991 in (a) Tsushima and (b) Ogori. 

SUMMARY 

Aerosol concentrations were observed during Oc- 
tober 1990 and February 1992 at Ogori (Fukuoka 
prefecture, Japan), Tsushima (Nagasaki prefecture, 
Japan) and Seoul (Korea) in order to analyze the 
seasonal variations in atmospheric aerosol concentra- 
tion and composition in northern Kyushu, Japan and 
Seoul, Korea. 

(1) Average aerosol concentrations during 
the whole observed period were 13.4pgmW3, 
6.3 pgrnm3 and 6.4 pg m _ 3, for anion and 6.4 pg m - ‘, 
2 pgrne3 and 4.6 pg me3 for cation in Seoul, 
Tsushima and Ogori, respectively. Major aerosol 
components in anion and cation were sulfate and 
ammonium. 

(2) Particulate-sulfate concentration was highest in 
Seoul especially in winter season. In Tsushima and 
Ogori, concentration levels were almost constant 

throughout the observational period except in Febru- 
ary 1992 in Tsushima. Particulate-nitrate concentra- 
tion was highest in Ogori and lowest in Tsushima 
except in February 1992. Particulate-ammonium con- 
centration did not show seasonal variation. Calcium 
concentration was highest in Seoul and lowest in 
Tsushima except in February 1992. Seasonal vari- 
ation of particulate-chloride concentration showed 
the same pattern at three sites. 

(3) Monthly average particulate-ammonium con- 
centration at Ogori was 2.5 times higher in August 
1991 and particulate-nitrate concentration was 9.5 
times higher in June 1991 compared with the observa- 
tion at Tsushima. Particulate-nitrate concentrations 
at Ogori were much higher than that in Tsushima in 
each month. The monthly average concentrations of 
particulate sulfate were almost similar in each month. 
On the other hand, the concentrations of particulate 
nitrate, chloride and ammonium were lower in sum- 
mer than that observed in winter. 
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Fig. 9. Relationship between NO; and SO:- in Tsushima 
and Ogori during (a) February 1991 and (b) February 1992. 

(4) In Seoul and Tsushima, anion and cation con- 
centrations were well balanced except during Febru- 
ary 1992. On the other hand, in Ogori, cation concen- 
tration was higher than that of anion throughout the 
observational period. Particulate-ammonium concen- 
tration is higher in Ogori comparing with that in 
Seoul and Tsushima. The counter anion for NH: is 
SOi- in Seoul and Tsushima and NO; + SO:- in 
Ogori. 

(5) Ratio of nitrate and sulfate (NO;/SO$-) 
showed a large value in Ogori having a peak in winter 
season. Ratio of Ca*+ and sulfate (Ca*‘/SO:-) was 
highest in Seoul and showed no seasonal variation. 
On the contrary, Tsushima and Ogori showed low 
value in summer season. In summer, this area is affec- 
ted by the atmospheric high-pressure system which 
developed at the northern Pacific Ocean area and 
southerly seasonal wind predominate. As a result of 

Sadward trajectory slarted al 09OOJST.11 Feb. 1992 
-I 

f 

Sadward trajectory started at 09OUST.12 Feb. 1992 

f 

/ 

Sackward trajedory started al 09OWST.13 Feb. 1992 

Fig. 10. Calculated results of the isentropic backward tra- 
jectory at the level of 850 hPa on 11, 12 and 13 February 
1992. Backward trajectory started at 09OOJST in Seoul, 
Tsushima and Ogori, respectively. Mark on the trajectory 

line ( x ) shows 6 h interval. 
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