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Abstract

The chemical composition of precipitation in East Asia was analyzed on the basis of the results of cooperative
monitoring performed during the period from 1992 to 1993. The wet deposition of soluble ions was characterized by two
major factors; the geographical distribution of precursor production through natural and anthropogenic activities, and
the meteorological conditions such as wind system and rainfall pattern due to the Asian monsoon. Although north-
eastern China had the largest anthropogenic emission source, precipitation with relatively high pH value was observed.
At islands in the northern Paci"c far from major anthropogenic emission sources, precipitation with relatively low pH
value was observed. It was suggested that ammonia and calcium were constantly produced in the continent, and that the
higher concentrations of these bases in the atmosphere were incorporated into precipitation elements and neutralized the
acidity due to H

2
SO

4
and HNO

3
from fossil fuel combustion. The ratio of [nssCa2`#NH`

4
]/[nssSO2~

4
#NO~

3
] in

precipitation was highest on the continent, moderate in the Korean Peninsula and the Japanese Islands, and lowest in the
northern Paci"c; in other words, this ratio decreased as the distance from the continent increased. In the central region of
East Asia, which is a!ected by both continental cold, dry air masses and subtropical warm, humid air masses, the
frequency distribution of pH of precipitation showed a bimodal pattern in which unimodal patterns of northern China
and that of the Japanese Islands were superimposed. The wet deposition of nssSO2~

4
, NO~

3
, nssCa2`, and NH`

4
showed

relatively small di!erences between the sites, while that of Na` and Cl~, relatively large di!erences between the sites,
re#ecting the "eld of ionic concentration and amount of precipitation in East Asia. ( 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Research on precipitation chemistry in East Asia was
initiated by the European agricultural chemists in the
second half of the 19th century. Such research was stimu-
lated by J. von Liebig, who postulated that su$cient
amounts of nitrogen compounds for the growth of agri-
cultural plants were supplied from the atmosphere.

*Corresponding author.

Miller (1913) summarized precipitation chemistry data
obtained up to the beginning of the 20th century from
various sites around the world, including Tokyo, Hanoi,
Ceylon, Calcutta, Madras, and East Java. The data for
Tokyo were collected between 1883 and 1885 under the
guidance of O. Kellner, who was invited from Germany
(Kellner et al., 1886). His successors continued to conduct
surveys at the Agricultural Experimental Stations be-
tween 1913 and 1933 and at the Kobe Marine Meteoro-
logical Observatory between 1935 and 1961 (Fujita, 1997;
Ishikawa and Hara, 1997).
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In the mid 1970s, the World Meteorological Organiza-
tion (WMO) set up precipitation chemistry monitoring
sites at several locations in East Asia as the Background
Air Pollution Monitoring Network (WMO, 1978). In the
1980s, industrial activity in East Asia increased signi"-
cantly, and much attention was focused on qualitative
changes in precipitation. In mainland China, the "rst
national symposium on acid deposition was convened in
Beijing in 1981. In 1982, national acid deposition projects
covering the southwestern region were initiated by the
National Environmental Protection O$ce (Zhao et al.,
1988; Hao, 1991). In Korea, chemical analysis of precipi-
tation began in Seoul and Ulsan in 1978. In addition,
monitoring using automatic samplers was introduced by
the Environmental Agency at 45 sites in 1983 (Lee, 1996;
Kim, 1997). In Taiwan, monitoring of acid deposition
was introduced at 10 sites by the Environmental Protec-
tion Administration in 1990, and two more sites were
added in 1993 (Jeng, 1995; Chen et al., 1996). In Japan,
surveys on `wet air pollutiona were conducted in the
metropolitan areas during the latter half of the 1970s
(Okita, 1983). In 1983, acid deposition monitoring was
introduced at 29 sites by the Environment Agency to
collect fundamental data on the chemical composition of
precipitation, and its e!ects on lakes and soils (JEA, 1987;
Katoh et al., 1989; Hara, 1993).

Thus, each country or region in East Asia has been
conducting its own research on precipitation chemistry.
A critical review of worldwide acid deposition monitor-
ing data, including that from East Asia before 1992,
has been published (WMO, 1997). However, due to the
limited quality and quantity of the available data on
atmospheric acidity, it has so far been di$cult to assess
current or future levels of atmospheric acidity or sulfur
and nitrogen #uxes to the surface (Ayers et al., 1997).

To compile and consolidate the results of the monitor-
ing conducted by each organization, the Institute of
Water Conservancy and Hydroelectric Power Research
(IWHR), Kon-Kuk University (KKU), Taiwan Power
Company (TPC), and the Central Research Institute of
Electric Power Industry (CRIEPI) began cooperative
precipitation chemistry monitoring, using identical wet-
only samplers, in October 1990 (CRIEPI, 1993). In this
study, on the basis of the data collected between June
1992 and May 1993, a period in which intense monitor-
ing was conducted in East Asia, we analyzed factors
a!ecting the chemical composition of precipitation in
these regions.

2. Methods of monitoring

2.1. Monitoring network

The middle latitudes of the Northern Hemisphere, in
which East Asia is located, exhibit wide variations in

climate. For example, although located at similar latit-
udes, the Asian Continent, Korean Peninsula, Arcuate
Islands, and north Paci"c Ocean di!er signi"cantly in
climate. The two important factors that a!ect the cli-
mates of East Asia are the wind system and the amount
of precipitation. Several methods for classifying climates
in East Asia have been proposed. Trewartha et al. (1967)
classi"ed East Asian climates into four types: Continental
Warm Summer (DA), Continental Cool Summer (DB),
Subtropical Humid (CF), and Steppe (BS). However, the
detailed climatic conditions in each region are much
more complex. Even within the same climate region, the
factors that control rainfall may di!er; for example, in the
Korean Peninsula those on the Yellow Sea side di!er
from those on the Sea of Japan side, in Taiwan those on
the Taiwan Strait di!er from those on the Paci"c Ocean
side, and in the Japanese Islands those on the Sea of
Japan side di!er from those on the Paci"c Ocean side.

Taking into consideration various climate conditions
and geological factors, 18 sites that allowed easy collec-
tion of climatic data were selected. The central part of
northern China was observed in this study. Southwestern
China, where the e!ects of acid deposition on terrestrial
ecosystems have been reported, was not included in this
monitoring network. Fig. 1 shows the cooperative pre-
cipitation monitoring network as of May 1993 superi-
mposed on a modi"cation of the KoK ppen system of
climate classi"cation (KoK ppen, 1936; Trewartha et al.,
1967).

2.2. Monitoring method

Precipitation samples were collected at 10-day inter-
vals using a wet-only sampler. To prevent snow accumu-
lation and freezing of the samplers, the driving part and
funnel surface were heated automatically when the tem-
perature fell below 03C. The amount of precipitation was
measured using a tipping-bucket rain gauge.

The precipitation samples obtained from each site
were transported to chemical laboratories in Beijing
(IWHR), Seoul (KKU), Taipei (National Taiwan Univer-
sity), and Tokyo (CRIEPI), and each laboratory used its
own analytical method. The analytical parameters in-
cluded pH, conductivity, Na`, K`, Ca2`, Mg2`, NH`

4
,

SO2~
4

, NO~
3
, and Cl~. Since there was no standard

solution for chemical analysis of precipitation over East
Asia, identical precipitation samples collected in Japan
were sent to each laboratory to verify the conformity of
the analytical data. For conductivity and pH measure-
ment, samples were analyzed without pretreatment. For
other parameters, samples were "ltered through a Mil-
lipore "lter with a pore size of 0.45 lm before analysis.

The accuracy of the data obtained for each parameter
was con"rmed using two indices, the ratio of TA (total
anion) to TC (total cation) and the ratio of ECobs (mea-
sured conductivity) to ECcal (calculated conductivity),
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Fig. 1. Cooperative monitoring network for precipitation as of May 1993 superimposed on a modi"cation of the KoK ppen system of
climatic classi"cation in East Asia.

based on the method proposed by Miles and Yost (1982).
Screening was performed using a graph on which the
values of TA/TC and ECobs/ECcal were plotted; the
analysis data satisfying the condition that the deviations
of both index values were within $0.2 was identi"ed. As
described later, this checking method did not con"rm
a su$cient level of accuracy for the data obtained from
northern China, where relatively high pH values were
observed.

3. Meteorological conditions

In the summer of 1992, the North Paci"c anticyclone
extended over the Japanese Islands, resulting in a period
of high temperature that lasted until the end of Septem-
ber. The monthly precipitation between June and Sep-
tember, which generally controls the annual precipitation
in the Asian continent, was low on the Sea of the Japan
side of western Japan where the stationary front had been

less active, as well as in the region from southern Korea
to the Shandong Peninsula in mainland China. In con-
trast, the monthly precipitation was higher than normal
in the region from the Nansei islands of Japan to the
eastern coast of China. The monthly precipitation during
the autumn was lower than normal, due to the lower
activity of the stationary front and the small number of
northward-moving typhoons.

During the winter of 1992/1993, remarkably high tem-
peratures prevailed from eastern Siberia to northern
China. Northwestern China experienced a great sand-
storm during the "rst half of May 1993 due to cyclones.
Southern China received large amounts of rainfall during
the spring and summer due to cyclones and typhoons. In
Korea and Japan, signi"cantly low temperatures were
recorded; monthly average temperatures during the sum-
mer deviated from normal by almost 33C. The average
amount of rainfall during the summer (June}September)
at 11 meteorological stations located near monitoring
sites, 873 mm, was approximately 4% lower than normal.
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In contrast, the average amount of rainfall during the rest
of the year (October}May) at 11 meteorological stations,
1075 mm, was approximately 12% lower than normal.

During the monitoring period, eruptions occurred at
12 volcanoes in the Japanese Islands. Based on the data
for volcanic activity at Sakurajima during the last dec-
ade, approximately 0.35 Tg S a~1 of SO

2
, an amount

almost equal to the total emission of SO
2

from all sta-
tionary sources in Japan, may have been emitted. The
yellow sand phenomenon, transport of soil particles from
the Asian continent, were observed in Japan on 7 Febru-
ary, 1}3, April and 11 May 1993. In particular, the
phenomenon observed at the beginning of April extended
over most of Japan. The concentration of particulate
calcium at six sites in Kangwha, Yangyang, Goto,
Amami, and Oki was over three times the annual average
value of 0.56 lg m~3 during this period (Fujita and
Takahashi, 1994).

4. Results

4.1. Chemical composition of precipitation in East Asia

Table 1 shows the average concentration of ions in
precipitation during a summer season (June}September,
1992) and a non-summer season (October, 1992}May,
1993), weighted with the amount of precipitation in the
respective periods, for the 18 sites in East Asia. The
concentrations of SO2~

4
, Ca2`, and NH`

4
were high at

sites in northern China and low at sites in Japan. In
contrast, concentrations of Na` and Cl~ were high at
sites in Japan and low at sites in China. Di!erences in the
concentration of K`, Mg2`, and NO~

3
between regions

were low, relative to those of the above-mentioned ions.
Generally, the ionic compositions at sites in Taiwan or
Korea were intermediate between those obtained from
mainland China and Japan. The total amount of ions was
highest at Beijing and lowest at Taimali.

A comparison of TA and TC values showed that TA
was generally identical to TC at all sites except for those
in northern China. At sites in China, TA was generally
lower than TC, and the di!erence between TA and TC
increased with the increasing pH during the period from
winter to spring. Summation of the concentration of
HCO~

3
, which equilibrates with 340 ppb of CO

2
in the

atmosphere, brings TA to a level almost identical to that
of TC.

When the origin of ions in precipitation was estimated
using sodium as an index of sea salts, the ratio of sea
salts/non-sea salts (ss/nss) di!ered signi"cantly between
monitoring sites. At sites on the Asian continent such as
those in Beijing and Jinan, more than 85% of ions orig-
inated from non-sea salts. In contrast, at sites on the
small island, such as Hachijo and Amami, more than
85% of ions originated from sea salts. The ratio of

NO~
3
/nssSO2~

4
(N/nssS), which have been used as an

index for evaluating the condition of acidi"cation, were
between 0.14 (Nanjing) and 0.78 (Tokyo). This result
agreed with those of the previous studies in which the
contribution of sulfuric acid to acidi"cation in China
(Hao, 1991), and that of nitric acid to acidi"cation in the
metropolitan areas of Japan (Tamaki et al., 1991; Hara,
1993) were found to be signi"cant.

4.2. Frequency distribution of pH

Fig. 2 shows frequency distributions of pH of precipi-
tation observed at each site during the monitoring peri-
od. The annual average pH over the 18 sites was approx-
imately 4.9. The maximum value of the annual average
pH was observed at Jinan (pH: 6.1), and the minimum
value, at Tokyo (pH: 4.5). The maximum pH value during
the 10-day period was observed at Beijing (pH: 8.0), and
the minimum values, at Tokyo and Nangoku (pH: 3.9).

The frequency distribution of pH at most monitoring
sites was similar to a unimodal distribution. However,
the distribution pattern di!ered considerably between
areas, as shown by the median pH value of 6.0 to 6.5 in
northern China and that of 4.5}5.5 in Japan. We refer to
the former pattern as type A, and the latter as type B. The
distribution pattern of pH in Japan was similar to type
`Ia, which was de"ned by Kitamura et al. (1991) based on
the monitoring results obtained using bulk-samplers at
29 sites.

Based on a comparison of the pH frequency distribu-
tions at four sites located at almost the same longitude
(line A}B in Fig. 1), namely Beijing (BJ), Jinan (JN),
Nanjing (NJ) and Taichung (TC), the distributions at
Beijing and Jinan were classi"ed as type A, and that at
Taichung as type B. In contrast, the distribution pattern
at Nanjing, which lies between Jinan and Taichung, was
a bimodal distribution (type C) in which types A and
B were superimposed. The median values were observed
to lie in two ranges, pH 4.5}5.0, and pH 6.0}7.0, and were
similar to the median values of types A and B, respective-
ly. A distribution pattern with a broadened base similar
to that of type C was also observed at Kangwha (KW),
western coast of the Korean Peninsula.

4.3. Wet deposition of ions

Fig. 3 shows the wet deposition of sea salt and non-sea
salt ions during a summer season and a non-summer
season at each monitoring site. The wet depositions was
high at sites on islands in the northern Paci"c where the
weather was warm and humid, and at sites facing the
Sea of Japan where a large amount of snow fell in the
winter season. However, the total wet deposition of ions
was low at sites on the Asian continent where the weather
was cold and dry. The annual average wet deposition
originating from sea salts was 442 leq m~2 a~1 with
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Fig. 2. Frequency distribution of pH of precipitation observed at each monitoring site during the period between June 1992 and May
1993.

Fig. 3. Wet deposition of sea salt and non-sea salt ions at each
monitoring site during a summer season (June 1992}September
1992) and a non-summer season (October 1992}May 1993).

a coe$cient of variation of 0.80, and the di!erences
between regions were marked. In contrast, the annual
average wet deposition originating from non-sea salts
was 186 leq m~2 a~1 with a coe$cient of variation of
0.32, and the di!erences between the regions were rela-
tively low.

Fig. 4 shows seasonal variations in precipitation (up-
per) and wet deposition of sea salt and non-sea salt
sulfate (lower) at Beijing, Kangwha, Kashima, and
Hachijo which is located near the line C}D in Fig. 1. In
general, in East Asia, the amount of precipitation is high
in the warm season (April}September) and low in the
cold season (October}March). For example, Beijing re-
ceives approximately 92% of its annual precipitation
(645 mm) during the warm season and Tokyo, approxim-
ately 63% (1460 mm). Exceptions are observed in the
coastal areas of the Sea of Japan; for example, Kashima
receives approximately 55% of its annual precipitation
(2383 mm) during the cold season. The wet deposition of
sulfate in the warm season was higher than that in the
cold season at Beijing, and that in the cold season was
higher than that in the warm season at Kashima, re#ect-
ing these seasonal variations of rainfall. The contribution
of non-sea salt sulfate to total sulfate di!ered signi"cantly
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Fig. 4. Seasonal variations in the amount of precipitation (up-
per) and wet deposition (lower) of sea salt sulfate (hatched areas)
and non-sea salt sulfate (clear areas) at Beijing, Kangwha,
Kashima, and Hachijo.

between sites and seasons. The non-sea salt sulfate ac-
counts for more than 95% of the total sulfate at Beijing,
and that of more than 85%, at Kangwha. This ratio was
maintained throughout the year at both sites. The non-
sea salt accounts for approximately 67% of the total
sulfate at Kashima, and that of approximately 33% at
Hachijo. This ratio tends to be high in the warm season
and low in the cold season at both sites.

5. Discussion

Many studies have been performed in order to analyze
the chemical composition of the precipitation in East
Asia. Galloway et al. (1987) compared the chemical com-
position of the precipitation in China with that in the

eastern United States and the remote areas of the South-
ern Hemisphere, and found that the wet deposition rate
of sulfur in China was 7}130 times higher than that of the
remote areas. They also suggested that the original acid-
ity, de"ned as [H`#Ca2`#NH`

4
], is more than two

orders of magnitude greater than the measured acidity
[H`] in northern China. Kawaratani and Fujita (1990)
monitored precipitation at six sites in southern Kyushu
of Japan. They found that the pH of precipitation
collected leeward of Sakurajima was extremely low, due
to the incorporation of HF and HCl contained in the
volcanic emissions. Dokiya et al. (1995) monitored pre-
cipitation at Hachijo and Amami, islands in the Paci"c
Ocean. They suggested that the wet deposition of
nssSO2~

4
and nssCa2` in the northern Paci"c was in-

#uenced by the transport of sulfur and calcium from the
Asian continent. Lee et al. (1989), Tsuruta (1989) and
Nishikawa et al. (1992) analyzed ionic concentrations of
precipitation during the occurrence of the yellow sand
phenomenon. They found that the concentration of cal-
cium was extremely high, which resulted in a high pH
value in the early spring. Weng et al. (1993) analyzed the
chemical composition of precipitation in the suburban
areas of Beijing. They found that the concentrations of
calcium and ammonia were markedly high and suggested
that the chemical composition of the precipitation in the
Beijing area was a!ected by the local environment.
Yamaguchi et al. (1991), Ohizumi et al. (1991), Toriyama
et al. (1991), and Fujita and Takahashi (1996) analyzed
the chemical composition of precipitation at sites on the
Sea of Japan side and found that the wet deposition of
sulfate in winter was higher than that in summer. They
speculated, based on trajectory analysis, budget analysis,
and stable isotope analysis, that the high concentration
was due to the long-range transport of sulfur from the
Asian continent by seasonal winds.

The studies conducted during the last decade suggest
that ionic concentrations in precipitation in East Asia are
in#uenced mainly by two factors. The "rst factor is the
meteorological conditions such as wind system and rain-
fall pattern due to Asian monsoons. The second factor is
the geographical distribution of emission sources of
chemical substance through natural and anthropogenic
activities. To clarify factors a!ecting both temporal and
spatial variations in the ionic concentrations, we con-
sidered the origin of each chemical substance and dis-
cussed the relationship between meteorological and geo-
graphical conditions and the wet deposition of ions in
East Asia.

The origin of each chemical substance has not yet been
clari"ed completely. However, based on the information
obtained to date, the emission sources can be outlined as
follows;

f Since the production of atmospheric sea salt particles
is generally thought to be directly related to wind

S. Fujita et al. / Atmospheric Environment 34 (2000) 525}537 531



speed, those regions of ocean that experience relatively
high wind speeds are also areas of high atmospheric
sea salt production (Erickson and Duce, 1988). The
most important region of sea salt production is
thought to be the northwestern Paci"c in the cold
season and the central-western Paci"c in the warm
season.

f The Japanese Islands are one of the most active vol-
canic regions in the world. In the southwestern region
of Japan, where Sakurajima is located, the annual
emission of volcanic sulfur is 0.5 TgS a~1, which is
equivalent to the level of anthropogenic emissions in
Japan (Fujita et al., 1992). No active volcanoes exist on
the Asian continent.

f Soil particles derived from the deserts of the Asian
continent are frequently transported over the Japanese
Islands to the central North Paci"c during the spring
(Ichikuni, 1978; Uematsu et al., 1983; Nishikawa et al.,
1991; Hao, 1993). According to the results of the analy-
sis performed in the deserts, atmospheric calcium
exists mostly in the form of CaCO

3
, or sometimes in

the form of CaSO
4
(Hseung and Jackson, 1952; Okada

and Kai, 1995).
f The annual emission of sulfur dioxide originating from

fossil fuel combustion in East Asia is estimated to be
about 12 TgS a~1. The emission in the coastal regions
of Gulf of Bo Hai and the Yellow Sea is relatively high
(Fujita et al., 1991; Akimoto and Narita, 1994;
Ichikawa et al., 1997).

f The annual emission of nitrogen oxides originating
from fossil fuel combustion is estimated to be about
4 TgN a~1. Although the geographical distributions of
emission sources of nitrogen oxides and sulfur dioxide
are almost the same, major sources are located separ-
ately within several metropolitan areas (Akimoto and
Narita, 1994).

f The major anthropogenic sources of ammonia in East
Asia are the application of chemical fertilizer, live-
stock, and energy consumption. The total ammonia
emission in China accounts for 55% of the total emis-
sion in Asia (Zhao and Wang, 1994). The largest emis-
sion-producing region is considered to be the agricul-
tural region of the Asian continent.

The pH of precipitation is generally determined by the
nature and relative proportions of acids and bases in
solution. According to the current understanding of at-
mospheric chemistry, nssSO2~

4
and NO~

3
in precipitation

exist as sulfuric acid and nitric acid when they are ini-
tially formed in the atmosphere. Fig. 5 shows annual
emissions of sulfur dioxide per grid square as of 1990
(Ichikawa et al., 1997) superimposed on the geographical
distribution of production sources of sea salt, volcanic
sulfur, soil particles, and ammonia in East Asia. The
regional emission sources of sulfur dioxide in East Asia
are located in the eastern coastal regions of the continent.

Fig. 5. Annual emissions of sulfur dioxide per grid square as of
1990 superimposed on the geographical distribution of produc-
tion sources of sea salt, volcanic sulfur, soil particles, and ammo-
nia in East Asia.

Volcanic emissions of sulfur account for less than 5% of
the total emission in East Asia. Although the geographi-
cal distributions of emission sources of nitrogen oxides
and sulfur dioxide are almost the same, major sources of
nitrogen are located separately within several metropoli-
tan areas. Therefore, although the e!ects of volcanoes
may be taken into account as occasional sources, concen-
tration of [nssSO2~

4
#NO~

3
] in precipitation can be

used as an index to demonstrate the e!ect of human
activities in East Asia.

Sulfuric acid and nitric acid are subjected to neutral-
ization to some extent before being deposited on the
ground surface. As shown in Table 1, nssCa2` and NH`

4
account for the major portion of non-sea salt cations in
precipitation. Calcium is also emitted into the atmo-
sphere through production and combustion processes.
Emissions of calcium from cement factories in the Beijing
area (Hao, 1991) and the abrasion of roads in areas of
heavy snowfall in Japan (Noguchi, 1995) should also be
considered. Nevertheless, as shown in Fig. 5, the major
broad emission source of calcium is considered to be
located in the deserts of the continent. The major emis-
sion sources of atmospheric ammonia are agricultural
activities on the continent (Zhao and Wang, 1994); the
level of ammonia emission from Japan and Korea is
lower (Murano et al., 1996). Because the broad produc-
tion sources of both calcium and ammonia are on the
continent, concentration of [nssCa2`#NH`

4
] in pre-

cipitation may be used as an index to demonstrate the
e!ect of air masses of continental origin.

The regions of ocean that experience relatively high
wind speeds are also areas of high atmospheric sea salt
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production. As shown in Table 1, Na` and Cl~ account
for the major portion of the sea salt ions in precipitation.
The composition of precipitation in coastal regions is
dominated by the presence of NaCl, the concentration of
which decreases exponentially with distance from the
coast. Beyond 100 km from the coast, the concentration
levels o! at about 30 lmol l~1 (Brimblecombe, 1996).
The average concentration of Cl~ and Na` at Beijing
and Jinan is approximately 65 leq l~1, which is lower
than 25% of the average concentration at 11 sites in
Japan (290 leq l~1). As shown in Fig. 5, the broad
production source of sea salt is considered to be the
northwestern Paci"c in the cold season and the central-
western Paci"c in the warm season, concentration of
[Cl~#Na`] in precipitation may be used as an index to
demonstrate the e!ects of air-masses of oceanic origin.

As mentioned above, the major soluble ions in precipi-
tation are SO2~

4
, NO~

3
, Ca2`, NH`

4
, Na`, and Cl~ in

East Asia, the three indexes [nssSO2~
4

#NO~
3
],

[nssCa2`#NH`
4
], and [Na`#Cl~] may be used to

evaluate the origin in terms of the air mass and the
qualitative characteristics of ions in precipitation.
Tsuruta (1989) de"ned the value of [nssSO2~

4
#NO~

3
]

as acidifying potential AP and that of [nssCa2`#NH`
4
]

as neutralizing potential NP, and discussed the qualitat-
ive di!erences in precipitation between Japan, China,
and the United States. Here, AP is identical to the `input
aciditya de"ned by Morgan (1982). Hara (1993) de"ned
the value of !log [nssSO2~

4
#NO~

3
] as `pAia and

discussed the di!erence in latent acidity of precipitation
between various locations. Fig. 6 shows the relationship
between annual averages of AP and NP at various sites.
The solid lines pDi, de"ned here as !log Di, where
Di"[nssSO2~

4
#NO~

3
]![nssCa2`#NH`

4
], can be

used as an index for the acidity of precipitation.
As shown in Fig. 6, the relationship NP'AP holds at

Beijing and Jinan in northeastern China. Although the
value of AP is high, that of NP is higher. This relation-
ship is maintained throughout the year. This means that
the amounts of ammonia and airborne particles (for
example, CaCO

3
), su$cient to neutralize acids, are con-

stantly produced through natural and anthropogenic
activities on the continent. The higher concentrations of
these bases in the atmosphere are incorporated into
cloud droplets or falling precipitation and neutralize
some of the precipitation acidity caused by H

2
SO

4
and

HNO
3

from fossil fuel combustion. Consequently, al-
though northeastern China has the largest emission sour-
ces of SO

2
, precipitation with relatively high pH value is

observed throughout the year. If bases were not present
in the atmosphere, the annual average value of original
pH would be about 3.4 for Beijing and 3.5 for Jinan.

Conversely, the relationship NP(AP holds at
Hachijo and Amami in the Paci"c Ocean. Although the
value of AP is low, that of NP is lower. This relationship
is maintained throughout the year. Therefore, although

Fig. 6. Relationship between annual averages of AP
("[nssSO2~

4
#NO~

3
]) and NP ("[nssCa2`#NH`

4
]) at

various sites in East Asia. Solid lines indicate the values of pDi
("!log Di), where Di" AP!NP.

Hachijo and Amami are located more than 1000 km
from the major SO

2
and NO

x
emission sources in East

Asia, precipitation with relatively low pH value is ob-
served throughout the year. If bases were not present in
the atmosphere, the annual average value of the original
pH would be 4.7 for Hachijo and 4.6 for Amami. The
ratio NP/AP in precipitation was highest in northern
China (1.19 for Beijing), moderate in the Korean Penin-
sula (0.83 for Kangwha) and the Japanese Islands (0.57
for Kashima and 0.52 for Tokyo), and lowest in the
northern Paci"c (0.30 for Hachijo). This ratio decreased
exponentially with distance from the continent to ocean,
indicating that the average residence time di!ers between
bases (NH

3
#CaCO

3
) and acid gases (SO

2
#NO

x
) in

the lower atmosphere.
Fig. 7 shows the relationship between the annual aver-

ages of NP and SP ("[Na`#Cl~]) at various sites.
The relationship NP'SP holds in the Asian continent,
NPOSP in the Korean Peninsula, and NP(SP in the
Arcuate Islands and the northern Paci"c. This means
that the ionic concentrations of the precipitation in
Korean Peninsula is a!ected by both continental dry air
masses and subtropical humid air masses, depending on
the meteorological conditions.

To clarify the relationship between ionic concentra-
tions in precipitation and meteorological conditions
characterized by monsoon, subtropical, and temperate
climates, we now focus on the precipitation pattern as
well as the upper wind system in East Asia. Fig. 8 shows
the distribution of annual precipitation in East Asia and
the position of air mass (vector average for each month)
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Fig. 7. Relationship between annual averages of NP
("[nssCa2`#NH`

4
]) and SP ("[Na`#Cl~]) at various

sites in East Asia.

24 h before arrival at the 850 hPa isobaric surface over
Tushima, center of the monitoring region. The annual
precipitation in East Asia tends to be high in the south-
eastern region and low in the northwestern region, ex-
cluding the northwest coast of Japan. The southeast
coasts of Japan and Taiwan receive more than 3000 mm
of rainfall per year, while the interior of Mongolia re-
ceived less than 200 mm. With respect to seasonal cha-
nges, the monthly precipitation is generally high in sum-
mer under the warm humid air masses, and low in winter
under the cold dry air masses. Little data is available
concerning annual precipitation over the ocean.

As shown in Fig. 8, the predominant wind system over
East Asia varies depending on the season. In the warm
season, in which the subtropical high-pressure system
over the Paci"c is dominant, the direction of wind at
Tushima may be from the East China Sea or the Paci"c
Ocean. In the cold season, the predominant wind system
over Tushima is northwesterly, from the continent to the
East China Sea and the Korean Peninsula. The run of
wind during the period between December and February
is particularly long.

As shown in Fig. 4, a high concentration of sulfate in
precipitation is frequently observed in winter season at
sites on the Sea of Japan side. This is explained by the fact
that strong northwesterly wind from the Siberian high-
pressure system over the continent carries a dry air mass
over the sea. This air mass receives moisture, and be-
comes unstable as it passes over the Sea of Japan. When
the wet air reaches the central mountain range of the
Japanese Islands, heavy snowfall results on the Sea of

Fig. 8. Annual amounts of precipitation in East Asia (solid line)
and the positions of air mass (vector average for each month)
24 h before arrival at the 850 hPa isobaric surface over
Tsushima (solid circles).

Japan side. Sulfur compounds emitted from the continent
and carried over the sea are incorporated into snow
clouds in this process. Since the production of sea salt is
directly related to wind speed, sea salt sulfate produced
from the sea are also incorporated into snow clouds or
scavenged by snow #akes below cloud layers, and depos-
ited with non-sea salt sulfate on the Sea of Japan side.
After losing part of its sulfur content in this way, the dry
air mass passes over the central mountain range to the
Paci"c Ocean.

Although there are various complex causes of precipi-
tation in East Asia; the wet deposition is basically a #ux
that is determined as the product of the ionic concentra-
tion and the amount of precipitation. Therefore, as
shown in Table 1 and Fig. 3, the wet deposition of
nssSO2~

4
, NO~

3
, nssCa2`, and NH`

4
, which showed high

concentrations on the continent and low concentrations
over the ocean, was canceled by precipitation, which
showed low amounts on the continent and high amounts
over the ocean, resulting in relatively small di!erences
between the sites. Conversely, the wet deposition of Na`,
and Cl~, which showed high concentrations over the
ocean and low concentrations in the continents, was
ampli"ed by precipitation, which showed high amounts
over the ocean and low amounts on the continent,
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resulting in relatively large di!erences between the sites
in East Asia.

6. Conclusions

Factors controlling the chemical composition of pre-
cipitation in East Asia were analyzed on the basis of the
results of cooperative monitoring at 18 sites between
June 1992 and May 1993. The major soluble ions in this
region were SO2~

4
, NO~

3
, Ca2`, NH`

4
, Na`, and Cl~.

The wet deposition of soluble ions was characterized by
two major factors: meteorological conditions such as
wind system and rainfall pattern due to the Asian mon-
soon, and the geographical distribution of precursor pro-
duction through natural and anthropogenic activities.
Although the origins of these ions have not yet been
clari"ed completely, it was considered that nssSO2~

4
and

NO~
3

mainly originated from industrial activities,
nssCa2` and NH`

4
mainly originated from the continent;

and Na` and Cl~ mainly originated from the ocean.
Since the origins of ions were geographically classi"ed

as the continent and the ocean, three indexes of AP
[nssSO2~

4
#NO~

3
], NP [nssCa2`#NH`

4
], and SP

[Na`#Cl~] could be used to evaluate the qualitative
characteristics of precipitation in East Asia. In north-
eastern China, the value of AP was high, that of NP was
higher. It was suggested that amounts of ammonia and
airborne calcium su$cient to neutralize acids were con-
stantly produced through natural and anthropogenic
activities in this region. The higher concentrations of
these bases in the atmosphere were incorporated into
precipitation elements and neutralized some of the pre-
cipitation acidity caused by H

2
SO

4
and HNO

3
from

fossil fuel combustion. Consequently, although north-
eastern China has the largest anthropogenic emission
source, precipitation with relatively high pH value was
observed. Conversely, at islands in the northern Paci"c,
the value of AP was low, that of NP lower. Therefore,
although these islands are located far from the major
anthropogenic emission sources, precipitation with rela-
tively low pH value was observed. The ratio of NP/AP
was highest in northeastern China, moderate in the Ko-
rean Peninsula and the Japanese Islands, and lowest in
the northern Paci"c. The "nding that this ratio decreases
with distance from the continent, might re#ect the di!er-
ence in the average residence time between bases and acid
gases in the lower atmosphere.

In the central part of East Asia, ionic concentrations of
precipitation were a!ected by both continental cold and
dry air masses and subtropical warm and humid air
masses. Thus, pH of precipitation showed a broad distri-
bution in which both e!ects were superimposed. The wet
deposition of nssSO2~

4
, NO~

3
, nssCa2`, and NH`

4
, which

showed high concentrations on the continent and low
concentration over the ocean, was canceled by precipita-

tion, which showed low amounts on the continent and
high amounts over the ocean, resulting in relatively small
di!erences between the sites. Conversely, the wet depos-
ition of Na` and Cl~, which showed high concentrations
over the ocean and low concentrations in the continents,
was ampli"ed by precipitation, which showed high
amounts over the ocean and low amounts on the conti-
nent, resulting in relatively large di!erences between the
sites in East Asia.
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