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Abstract

The long-range and transboundary transport of acid deposition precursors in East Asia has become an important issue
due to the industrial development in this area in recent years. To represent an entire year's impact by long-range
transport for Taiwan's acid deposition, six episodes in 1993 were selected for study using Taiwan Air Quality Model,
which was developed on the basis of the Regional Acid Deposition Model system. The six episodes cover "ve types of
weather conditions including the Northeasterly monsoon, Spring stationary front, Mei-Yu front, Summer shower, and
Autumn front. Two emission conditions were simulated for each episode to quantify the long-range transport e!ect. One
condition takes all emissions within the simulated domain into account as a base case, while another condition excludes
Taiwan's emission and considers all of the other emissions as a control case. The results of the present study indicate that
contributions of long-range transport to Taiwan's sulfur depositions range from 9 to 45% and nitrogen depositions from
6 to 33% for the six episodes. The most serious e!ect of long-range transport is the northeasterly monsoon episode for
both total sulfur and total nitrogen deposition. The entire year contribution by long-range transport is estimated to be
39% for wet sulfate deposition, and 37% for wet nitrogen deposition for Taiwan. ( 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Routine acid deposition monitoring in Taiwan has
been conducted since 1990. Currently there are 12
monitoring stations. The pH values in the past years
ranged from 4.21 to 5.34 for all sites with the lowest
values in northern Taiwan in the wintertime. However,
the prevailing winds in northern Taiwan are northeas-
terly during the wintertime and its upstream area has
very few emission sources. Thus, acid deposition prob-

ably is a!ected by long-range transboundary transport.
In fact, Wu et al. (1991) found that the major source of
long-range transport (LRT) a!ecting Taiwan air quality
in a typical northeasterly monsoon period was from
Shanghai area of Mainland China. Kitada et al. (1992)
also report that a signi"cant ratio (30}40%) of the sulfate
present in high acidic precipitation in winter in the west-
ern coastal area of Japan comes from Mainland China.
Ichikawa and Fujita (1995) have further estimated that
Mainland China is a major source of wet sulfate depo-
sition in Japan and it contributes about 50% of Japan's
overall anthropogenic deposition. In contrast, Huang et
al. (1995) estimate that Mainland China contributes only
3.5% of Japan's total sulfur deposition based on higher
wet SO

2
and sulfate removal rates. Highly parameterized

representations of wet and dry removal rates are usually
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"t to the limited data observed under particular areas
and weather conditions. Whether these empirical para-
meters are applicable to other substantially di!erent
environments is di$cult to assess.

The problems of acid deposition result from a complex
series of interactions among atmospheric chemical spe-
cies that are emitted from both anthropogenic and natu-
ral sources. Some of these compounds are subsequently
oxidized into more acidic forms through a complicated
series of chemical, meteorological and physical interac-
tions, while others are neutralized or unchanged. Consid-
ering the uncertainty of simple empirical relationships
derived from limited data and trajectory model with
highly parameterized deposition rates for acid depo-
sition, it might be useful to use an integrated theoretical
modeling system that includes the relevant physical and
chemical phenomena for studying the LRT problem.
Taiwan Air Quality Model (TAQM), starting with Re-
gional Acid Deposition Model (RADM) (Chang et al.,
1987; Chang, 1990), has been established with a prelimi-
nary validation (Chang and Jeng, 1995). Consequently,
the TAQM with some modi"cations will be used in the
present study to simulate the acid deposition in East
Asia. Because the transport and precipitation patterns in
East Asia show signi"cant variations throughout the year
(Arndt et al., 1998), six episodes covering di!erent weather
types will be modeled to capture the entire year's picture.
The results should enhance a better understanding of the
role of LRT of pollutants in Taiwan's air quality.

2. Description of TAQM

The TAQM was developed for modeling the air qual-
ity and acidic deposition in Taiwan. Initially, TAQM
was an extension and adaptation of the existing RADM
version 2 (RADM2) (Chang et al., 1987; Chang, 1990),
developed for the USEPA under the National Acid Pre-
cipitation and Assessment Program. With further modi-
"cations, TAQM allows the use of nonhydrostatic
meteorological data, generated by the Penn State/NCAR
Mesoscale Model, version 5 (MM5) (Grell et al., 1993).
This allows the model to have a much wider applicabil-
ity, rather than limited to the condition of hydrostatic
balance in the meteorological data. Atmospheric trans-
port, source emission, dry and wet deposition removal,
and chemical transformation govern the air concentra-
tion of each atmospheric trace species in the model.
TAQM solves a set of chemical species conservation
equations
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where C is the species volume mixing ratio, < is the
three-dimensional velocity vector at each grid point in the
model domain, K

%
is the eddy di!usivity used to para-

meterize the subgrid-scale #uxes, P
#)%.
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production and loss rates due to chemical interactions, E is
the emission rate, (LC/Lt)

#-06$4
is the time rate of change of

concentration due to cloud e!ects, and (LC/Lt)
$3:

repres-
ents the change in concentration due to dry deposition.

The horizontal coordinate system in the TAQM uses
a Lambert conformal projection for the simplicity of
numerical implementations and compatibility with
MM5. TAQM uses a terrain following non-hydrostatic
p coordinate system in the vertical direction. The vertical
coordinate p is de"ned as a function of a selected refer-
ence state of the atmosphere (which does not change with
time) and has the following form:
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where P
T0

is the reference pressure at the top of the
model and is set to 100 mb, P

0
is the reference pressure at

a given point (x, y, z), and P
S0

is the reference pressure at
the surface at position (x, y). The selected reference state
of the atmosphere is established according to hydrostatic
balance (Dudhia, 1993):
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where ¹
S0
"280 K, A"50 K and P

00
"1000 mb.

The vertical eddy di!usion calculation is based on
K-theory for non-convective atmospheric conditions as
described in Chang et al. (1987). Under convective condi-
tions, a non-local closure asymmetrical mixing scheme
developed by Pleim and Chang (1992) is implemented.

Chemical reactions involving the oxidation of organic
compounds and NO

x
are most important to the forma-

tion of ozone. The gas phase chemical mechanisms of the
TAQM employ the RADM2 approach (transformation
of 63 species in 158 reactions) developed by Stockwell et
al. (1990). The inorganic chemistry reaction consists of 14
stable, 4 intermediate and 3 abundant stable species,
whereas the organic chemistry is represented by 26 stable
species and 16 peroxy radicals. The stable organic species
include 5 alkanes (methane, ethane, and 3 higher lumped
groups), 4 alkenes (ethene, terminal and internal alkenes,
and isoprene), 3 aromatics (toluene, xylene, and cresol),
6 carbonyls (aldehydes, ketones, and dicarbonyls), 3 or-
ganic peroxides, 2 organic acids (formic and acetic acid),
2 organic nitrates, and peroxyacyl nitrate (PAN). Clear
sky photolysis rates are calculated as a function of
daytime, latitude and height. Photolysis rates are
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enhanced above clouds and are reduced below clouds
sometimes to near zero values (Madronich, 1987).

The rate of change of atmospheric trace gases due to
dry deposition is commonly simulated in terms of dry
deposition velocity (Chang et al., 1987). The dry depo-
sition #uxes are determined from deposition velocities
and the species concentrations in the model surface layer.
A series resistance modeling approach is employed to
account for deposition velocity in the TAQM. Clouds
play an important role in the vertical redistribution,
chemical transformation, and removal of trace species in
the troposphere. It is computationally impractical to
calculate explicitly the e!ects of both cloud- and re-
gional-scale phenomena in the framework of a regional
model, and thus these e!ects are parameterized. The
parameterization method in the TAQM is described else-
where (Walcek and Taylor, 1986; Chang et al., 1987).
Changes in trace species concentration due to rainout or
chemical reactions of soluble and reactive gases in
a cloud are computed using a box aqueous chemical
model. Cloudwater composition is computed using a hy-
brid equilibrium and kinetic chemical model, and the pH
is determined by solving an ion balance as described in
Walcek and Taylor (1986).

A set of partial di!erential equations of mass conserva-
tion for the species in atmosphere is solved numerically
with "nite di!erence approximations. Because of the
unique mathematical characteristics of the principal
components of Eq. (1), the operator splitting technique is
used to optimize the accuracy of the overall solution
technique and the operational e$ciency of the model.
TAQM uses a positive de"nite and mass conservative
fourth-order "nite di!erence scheme for the two horizon-
tal one-dimensional advection operators (Bott, 1989a, b).
In the vertical section, a new second-order scheme with
non-uniform grid sizes of Bott's type has been derived
and applied. The standard second-order Crank}Nicol-
son implicit scheme is applied to each of the 1-D di!usion
equation in #ux conservative form taking into account
the non-uniform grids in the vertical direction. The gas-
phase photochemical reactions form a well-known sti!
system of di!erential equations. TAQM uses the RADM
chemistry solver (Chang et al., 1987) which is about "ve
times faster than Gear solver (Gear, 1971) if operator
splitting is imposed. The solver divides all the chemical
species into four classes: families of closely interacting
species, short-lived species (mostly radicals and
intermediates), long-lived species, and a special radical
grouping of HO and HO

2
. Di!erent solution techniques

are used for each of these classes.

3. Approach

Long term simulation can be implemented to obtain
annual acid deposition patterns using either a trajectory

model (Arndt et al., 1998) or a hybrid model, which
employs a trajectory model for far sources and Eulerian
model for nearby sources (Hayami and Ichikawa, 1995;
Ichikawa and Fujita, 1995). For a comprehensive Euler-
ian model such as TAQM, long term simulation is usu-
ally not applicable with limited computation resources
and inconvenience to analyze the model results. The
typical simulation period for this type of model is 3}5 d,
which can generally cover a major acid deposition episode.
Depending on the weather type, the source-receptor rela-
tionship for acidic deposition can be di!erent. In order to
obtain a better understanding of such relationships and to
accommodate the restrictions, it is necessary to select
representative episodes for the present model study.

The domain in this study is divided into 64]60 uni-
form grids horizontally with a 60 km]60 km resolution.
It covers Taiwan, South and North Korea, a major part
of Mainland China and Japan, as well as part of the
Philippine.

3.1. Description of selected episodes

To represent annual in#uence of LRT on Taiwan's
acid deposition, six episodes in 1993 were selected for
study. Because the northeasterly monsoon season can
extend almost six months (October to March), two
monsoon episodes during the season were selected. The
periods of six episodes that cover 5 types of weather
conditions are described below:

Episode 1: Northeasterly monsoon I (NM1): 00Z, 15
January } 00Z, 19 January 1993. A continental cold high-
pressure (1037 hPa) formed on 14 January 1993 and
moved to southeast during the next few days. Severe cold
air with strong northeasterly wind advanced to Taiwan
Area due to the strong pressure gradient accompanied
with the combination of the Siberian high pressure and
Aluetian low-pressure system. Wild-spread cloud band
expanded from east of Japan to southeast Mainland
China, and the front system brought Taiwan precipita-
tion all over the island during this episode. This is the
typical weather system (the so-called Asian cold surge)
that occurs occasionally in the East Asian winter. This
cold surge decayed on January 18 due to the weakened
continental cold high pressure by the modi"cation of the
moving fraction and warm boundary; it then disappeared
on January 19. The model results of accumulative pre-
cipitation and average wind "eld at sixth layer
(&850 mbar) during the episode are shown in Fig. 1.

Episode 2: Spring stationary front (SSF): 00Z, 14
April}00Z, 19 April 1993. In spring, continental cold high
pressure system is weakened but it still controls the
weather of East Asia. This episode occurred on 12 April
1993; there was a stationary front formed among the
sea-modi"ed high pressure, cold continental high pres-
sure and the Paci"c high pressure. It lasted for 6 d over
the coastline of East Asia, and rainfall reported by all the

K.-H. Chang et al. / Atmospheric Environment 34 (2000) 3281}3295 3283



Fig. 1. Spatial distribution of accumulative precipitation (up-
per) and average wind "eld (lower) during the period of north-
easterly monsoon (I) episode.

surface observation stations of Taiwan Island. On 19
April, the continental high pressure moved to East Sea
and pushed the front passed over Taiwan and ended the
episode.

Episode 3: Mei-Yu front (MYF): 00Z, 27 May}00Z, 31
May 1993. During May and June the long-lived station-
ary front usually occupies Taiwan Area. These weather
system, a!ecting Taiwan area at this period, is the
so-called Mei-Yu front. While these fronts move from
southwestern China to Taiwan, it could bring abundant
rainfall and triggers #ash #ooding episodes. In this event,
a Mei-Yu front located on the East Asia from southeast
Japan passed through Taiwan and extended to the south
mainland China. The cloudy, rainy weather lasted for 5 d
but changed on 31 May since the sub tropical Paci"c
high-pressure moved to the northwest.

Episode 4: Summer shower (SS): 00Z, 25 June}00Z, 29
June 1993. Local shower usually occurs in summer warm

season in Taiwan due to the presence of the orographic
warm and moist cloud. On 24 June 1993, Typhoon
Coryn moved from Philippine to Hong-Kong and the
surrounding typhoon circulation advected the unstable
air mass to Taiwan. Local circulation due to warm ter-
rain surroundings played a signi"cant e!ect on the local
precipitation until the Coryn was far away from Taiwan
on 29 June.

Episode 5: Autumn front (AF): 00Z, 30 September}00Z,
3 October 1993. A low-pressure moved from southern
Mainland China to the northeast of Taiwan island and
connected with the Japan low pressure to form an ex-
panded front system in East Asia. This autumn seasonal
front passed through Taiwan Area in a short time and
then the post-front wide-spread cloud system a!ected
Taiwan for a few days. During front passage, precipita-
tion was obstructed by the high mountain terrain (Cen-
tral Mountain Range) in Taiwan; hence, no rain found in
the southern part of Taiwan. But in the post-front period,
the strong stratiform cloud rained all over the island.

Episode 6: Northeasterly monsoon II (NM2): 00Z, 13
December}00Z, 17 December 1993. The northeasterly
monsoon dominates the winter weather of Taiwan.
Strong northeasterly cold front causes low temperature
and rainfall at that time. A continental high pressure
moves from Mainland China to the ocean modi"ed by
the warm sea. The front located on the north of Taiwan
Strait for a few days then moved eastward since the
Paci"c high pressure was weakened. This typical winter
weather system obviously made long-lasting northeaster-
ly wind over Taiwan Area. The wind speed observed in
this episode, however, is much weaker than episode 1,
and the pollution is not as serious as in episode 1.

3.2. Base and control case

In order to quantify the impact of transboundary and
LRT on Taiwan's acid deposition, two di!erent emission
conditions, treated as TAQM input, are simulated separ-
ately using the same meteorological data for each epi-
sode. One condition considers all emissions in Taiwan
and other countries in East Asia, called base case, while
control case considers all emissions in the countries in
East Asia except for Taiwan. Because Taiwan is assumed
without discharging any emission in the control case, the
acid deposition spreaded over Taiwan would have been
transported from other countries and could be counted
as the contribution of LRT. Moreover, the ratio of the
deposition amount in the control case to that in the base
case can be expressed as an impact ratio of the LRT.

4. Emission data

Emission data for Taiwan were obtained from Taiwan
Emission Data System (CTCI, 1995). The database
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Table 1
Estimates of Taiwan emissions in 1993

SO
x

NO
x

THC
Mg S yr~1 (%) Mg N yr~1 (%) Mg yr~1 (%)

Point source 256,260 (91.5%) 109,130 (35.2%) 148,770 (15.9%)
Area source 5650 (2.0%) 7380 (2.4%) 352,120 (37.6%)
Line source 18,150 (6.5%) 193,420 (62.4%) 434,580 (46.5%)
Total 280,060 (100%) 309,930 (100%) 935,470 (100%)

Fig. 2. Spatial distribution of typical SO
x

emission in East Asia.

Fig. 3. Spatial distribution of typical NO
x

emission in East
Asia.

proposed by Akimoto and Narita (1994) was adopted for
countries in East Asia except for Taiwan.

4.1. Taiwan emission data

The 1993 database is adopted in this study to be
consistent with selected episodes. Three categories of
point, line, and area sources are included in the database
with spatial resolution of 1 km by 1 km. Pollutants in the
database include SO

x
, NO

x
, TSP, PM

10
, CO, THC

(total hydrocarbon), and Pb. The emission amounts for
each type of source are estimated using the emission
factor method. Each point source in the database con-
tains information for annual emission rate, stack charac-
teristics, fuel type, operating duration, and process code,
among others. Since the data resolution is "ner than that
of the model domain in this study, all of the emission
records are processed and allocated into suitable grid
cells in the model domain. The estimates of Taiwan
emission for SO

x
, NO

x
and THC are presented in

Table 1.

4.2. Asia emission data

The emission database of Akimoto and Narita (1994),
without classi"cation by source type, includes three pol-
lutants (SO

x
, NO

x
and CO

2
) with 13 longitude by 13

latitude resolution. The emission amounts are estimated
on the basis of the individual fuel consumption and metal
production in each economic sector for each coun-
try/region in Asia. The emission data from Akimoto and
Narita's database are assumed to be area sources and
emitted on the surface. Each 13]13 grid emission
amount is divided by di!erent weightings into 25 grids.
After this partition step, the data resolution (0.23]0.23)
is "ner than the model's 60 km]60 km resolution; the
data can then be allocated into suitable grid cells in the
model domain. Note that the emission rate for THC is
estimated from the NO

x
emission using the ratio of the

THC to NO
x

emission in Taiwan. To account for the
emission data in 1993 from the base-year of 1987, the
growth rate of 30% for Japan and 35% for other coun-
tries including Mainland China for both SO

x
and NO

x
was used.

4.3. Spatial distribution of SOx and NOx emission

After the compilation of emission preprocessor, the
typical spatial distributions of anthropogenic SO

x
and

NO
x

emissions over the model domain are shown in
Figs. 2 and 3, respectively. Taiwan is surrounded by
ocean and two-thirds of the surface area is occupied by
mountains (up to 300 m). There are two major cities in
Taiwan. Taipei is a capital city with dense and the largest
population, while Kaohsiung is a heavily industrialized
city. The major pollutant areas in Taiwan are located
in Taipei and Kaohsiung metropolitan areas, e.g., SO

x
and NO

x
emission intensities are about 1.7 and

0.8 g s~1 km~2, respectively, in Taipei. The largest emis-
sion sources of both SO

x
and NO

x
within the simulated

domain are around the Shanghai metropolitan area. The
other major source areas for SO

x
are Beijing, Nanjing,

Tianjing and Guangzhou in mainland China, as well as
Seoul and Pusan in South Korea, while those for NO

x
are Tokyo and Osaka in Japan, Beijing, Nanjing and
Guangzhou in mainland China, Hong Kong, as well as

K.-H. Chang et al. / Atmospheric Environment 34 (2000) 3281}3295 3285



Fig. 4. Comparison between model simulations and observa-
tions for daily precipitation (mm) for the six episodes.

Fig. 5. Comparison between model simulations and observa-
tions for wet sulfate concentration (leq l~1) in rain water for the
six episodes.

Fig. 6. Comparison between model simulations and observa-
tions for wet nitrate concentration (leq l~1) in rain water for the
six episodes.

Seoul and Pusan in South Korea. Compared to the NO
x

emission distribution, SO
x

emission is distributed more
extensively in Mainland China, with little in Japan.

5. Results and discussion

5.1. Comparison of model results with observations

The wet deposition was measured with an automatic
bucket sampler on a daily basis in 12 monitoring stations
so that the model results could be compared with the
daily measured data. The scatter plots of model results
with observed data for precipitation, sulfate and nitrate
are shown in Figs. 4}6, respectively. Only few stations
have observation data in the episodes of SSF, SS, and
AF. The model tends to underestimate for precipitation,
especially in SS and NM2 episodes although the model
results are agreeable for the NM1 episode. The model
also slightly underestimates sulfate concentration in rain-
water. For nitrate concentration in rainwater, however,
the model results show no signi"cant bias, but more
scattered. Nonetheless, the majority of data are still lying
within the error of a factor of 3 for sulfate and nitrate.

The underestimation for sulfate may be due to hand-
ling of emission database. Since Akimoto and Narita
database used does not classify the emission into point,
line, and area sources, all emissions treated as area sour-
ces except for Taiwan in this study may not be suitable,
especially for SO

x
. This is because SO

x
emission is most-

ly discharged by stacks from power plants and industrial
combustion processes, while NO

x
emission is also dis-

charged from vehicles at the ground level in addition to

stacks. The emission transported at a higher e!ective
stack height (stack height plus plume rise) should be of
more concern for LRT. Also, the relatively high impact
ratios of LRT for wet sulfate deposition as compared to
that for wet nitrate deposition ("rst three episodes,
Table 2) implies that the contribution of LRT is more
important for the wet sulfate deposition than wet nitrate

3286 K.-H. Chang et al. / Atmospheric Environment 34 (2000) 3281}3295



T
ab

le
2

Im
p
ac

t
ra

ti
o
s

(%
)
o
f
lo

n
g-

ra
ng

e
tr

an
sp

o
rt

o
n

ac
id

ic
de

po
si
ti
o
n

fo
r

T
ai

w
an

du
ri
n
g

va
ri
ou

s
ep

is
o
d
es

.

E
p
is
o
d
e

1
2

3
4

5
6

N
o
rt

he
as

te
rl
y

m
o
n
so

o
n

(I
)

(1
/1

5/
93
}
1/

19
/9

3)

S
pr

in
g

st
at

io
n
ar

y
fr
on

t
(4

/1
5/

93
}
4/

19
/9

3)

M
ei

-Y
u

fr
on

t
(5

/2
7/

93
}

5/
31

/9
3)

S
um

m
er

sh
ow

er
(6

/2
5/

93
}
6/

29
/9

3)

A
ut

u
m

n
fr
on

t
(9

/3
0/

93
}
10

/3
/9

3)

N
o
rt

he
as

te
rl
y

m
o
n
so

o
n

(I
I)
(1

2/
13

/9
3}

12
/1

7/
93

)

H
yd

ro
ge

n
io

n
,
[H

`
]

56
35

30
54

43
56

W
et

d
ep

os
it
io

n
Su

lfa
te

54
35

28
46

35
50

T
o
ta

l
su

lfu
r

54
35

28
46

35
50

D
ry

d
ep

os
it
io

n
SO

2
36

1.
3

3.
7

1.
0

1.
7

9.
6

Su
lfa

te
77

15
36

25
62

35
T
o
ta

l
su

lfu
r

38
2.

5
8.

6
2.

9
3.

8
10

T
o
ta

l
su

lfu
r

d
ep

o
si
ti
o
n

(a
s

S)
45

16
19

14
9.

4
32

W
et

d
ep

os
it
io

n
N

it
ra

te
39

30
23

48
38

57
P
A

N
40

39
35

32
33

73
T
o
ta

l
ni

tr
o
ge

n
39

30
23

48
38

57
D

ry
d
ep

os
it
io

n
N

O
2.

4
0.

5
0.

02
0.

5
0.

6
1.

6
N

O
2

4.
0

0.
5

0.
7

0.
3

2.
5

2.
4

N
it
ra

te
31

4.
2

8.
9

3.
9

18
17

T
o
ta

l
ni

tr
o
ge

n
29

3.
5

7.
5

3.
2

17
13

T
o
ta

l
ni

tr
o
ge

n
d
ep

os
it
io

n
(a

s
N

)
33

10
12

5.
8

22
31

K.-H. Chang et al. / Atmospheric Environment 34 (2000) 3281}3295 3287



Fig. 7. Evolution of the SO
x

concentration and wind "eld during the northeasterly monsoon (I) episode at the model sixth level (&1000
m). One "gure for every 12 h from 6 pm 1/15/93 to 6 am 1/19/93 Taiwan time.
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Fig. 8. Comparison of wet sulfate depositions between base case
(upper) and control case (lower) during the northeasterly mon-
soon (I) episode.

deposition, even though all the sources of LRT are emit-
ted at the ground level in the model. The dual e!ect of
emission and LRT, therefore, may explain the fact that
the degree of underestimation for sulfate is slightly signif-
icant than that of nitrate.

5.2. Ewect of LRT in northeasterly monsoon (I) episode

Because of the seasonal variations in meteorological
patterns in East Asia, every country in this region has the
potential as being the source of pollutants for other
countries during some part of the year. Conversely, each
country has the chance of being the receptor of others'
pollutants. The northeasterly monsoon (I) episode is
chosen to illustrate this phenomenon. This episode is
a typical winter outbreak weather, due to southeastward
movement of a continental cold airmass from Siberia.
Coupling with a low-pressure system near the east of
Japan, strong pressure gradients are formed in the sea-
land adjacencies of East Asia. Northeasterly winds blow
directly to Taiwan and bring cold and cloudy weather
with precipitation. In the period of this episode from 1/14
00Z (8 am local time) to 1/19 00Z, 1993, precipitation was
observed all over Taiwan, especially in the northern
part of Taiwan. The rainwater samples in western
Taiwan exhibited higher acidity. Among the monitoring
records, the Taipei station located in northwestern
Taiwan was observed to have the highest rainwater acid-
ity with a pH value of 3.5, while the rainwater acidity in
the station located in southeastern Taiwan was close to
the natural pH value of 6.2. The fact that the central
mountain ranges in Taiwan exhibit a blocking e!ect
implies that acidic materials may come from Mainland
China.

5.2.1. Evolution of SOx concentration
The sixth vertical layer of model (850 mb and 1000 m

above ground level), selected as a target layer, sits around
the planetary boundary layer such that the pollutants are
moved quickly and not a!ected by the terrain structure.
The SO

x
concentration (including SO

2
and sulfate in the

air) distribution in East Asia is shown every 12 h for 4 d
in Fig. 7. During the episode of northeasterly monsoon
the air stream starting from Mongolia was moving to
northeast of China, and then splitting into two streams.
One is moving toward east, across Japan, and then to-
ward northeast. Another is moving toward south, and
then turning toward southwest around Yellow Sea, along
the coast of China to South China Sea. At the "rst SO

x
distribution scenario (6 p.m., 1/15/93), the SO

x
concen-

tration is low in Japan and Taiwan. As time progressed,
there were signi"cant SO

x
pollutant concentrations in

the same area. The pollutant front moved from Shanghai
area to Taiwan, and to some extent, from Korea and
north of China to Japan. The in#uence of LRT lasted
until 1/18/93, in which the SO

x
almost covered the entire

sky of Japan and Taiwan. Thereafter, the SO
x

concentra-
tion was di!used gradually.

5.2.2. Comparison between base and control case
In the northeasterly monsoon (I) episode, the accumu-

lative wet and dry deposition distributions of sulfate for
both base and control cases are shown in Figs. 8 and 9,
respectively. Similar plots for nitrate are shown in Figs.
10 and 11. Major wet sulfate and nitrate depositions
occurred in the northern part of Taiwan, East China Sea,
western part of South Korea, and southern part of Japan
during this episode. Since the spatial distribution in the
base case is similar to that in the control case (w/o
emission from Taiwan), the high wet sulfate deposition
(400 g ha~1 in Taipei) clearly indicates that Taiwan is
strongly a!ected by long-range and transboundary
transport in the northeasterly monsoon period.
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Fig. 9. Comparison of dry sulfate depositions between base case
(upper) and control case (lower) during the northeasterly mon-
soon (I) episode.

Fig. 10. Comparison of wet nitrate depositions between base
case (upper) and control case (lower) during the northeasterly
monsoon (I) episode.

In order to quantify the impact of LRT on Taiwan, the
deposition amounts for all of the grids are summed for
each substance containing sulfur and nitrogen. The sum-
med values for the base and control cases are then used to
calculate the impact ratio of LRT for Taiwan's acid
deposition for each substance, as well as total sulfur and
nitrogen compounds. For example, the wet sulfate im-
pact ratio of 54% (Table 2) was obtained by dividing the
value of the control case (1.2]109 g) to that of the base
case (2.2]109 g). Data in Table 2 further indicate that
LRT contributes about 39% of wet nitrate deposition,
smaller than that for wet sulfate deposition (54%).

Compared to wet deposition, the spatial distribution
patterns of dry nitrate depositions are very di!erent; the
value in control case is clearly smaller than that in base
case resulting in a lower impact ratio of 31%. For com-
parison, the impact ratio for dry sulfate is 77% (Table 2).
In addition to secondary pollutants (e.g., 40% in PAN),

dry SO
2

deposition in Taiwan was also a!ected by LRT
(impact ratio of 36%), because of intensive SO

x
emission

in Shanghai area coupled with strong northeasterly wind
to Taiwan. The dry NO

2
deposition was, however, a!ec-

ted only slightly by about 4%. In short, the total sulfur
deposition including wet (sulfate) and dry (SO

2
and

sulfate) depositions during the 4-d episode was
1.9]109 gm (as S) of which 45% was contributed from
LRT, while total nitrogen (wet nitrate/PAN and dry
NO

x
/nitrate) depositions is 6.6]108 g (as N) of which

33% came from other countries.

5.3. The ewect of LRT in other episodes

Because transport patterns show signi"cant variations
in di!erent episodes, such as continental out#ow in
the winter episodes and onshore #ow in the summer
episodes, the LRT impact also presents signi"cant
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Fig. 11. Comparison of dry nitrate depositions between base
case (upper) and control case (lower) during the northeasterly
monsoon (I) episode.

di!erences. The ratios contributed by LRT for hydrogen
ion deposition in Taiwan ranged from 30 to 56%
(Table 2), with the lowest in episode 3 (Mei-Yu front) and
the highest in both northeasterly monsoon episodes. For
all other substances, the northeasterly monsoon (I) epi-
sode yields the most signi"cant e!ect of LRT, with the
northeasterly monsoon (II) episode next.

Since the impact ratios for both northeasterly mon-
soon episodes are relatively consistent, it is expected that
di!erent episodes of the same weather type could provide
similar behavior. Thus, selected episodes in this study
may re#ect a representation of their corresponding
weather types. The impact ratios of long range transport
for total sulfur deposition in the six episodes vary from
9 to 45%, with the lowest in the Autumn front, while
those for total nitrogen depositions range from 6 to 33%,
with the lowest in the summer shower.

5.4. Annual impact ratio and budget analysis

The annual average of impact ratio of LRT is cal-
culated as:

D
0
"+

i

D
i
]=

i
, (5)

where D
0

is the annual average of impact ratio, D
i
the

impact ratio for episode i, and =
i
the weighting factor

for episode i. The weighting factor for each weather type
is obtained from Lin and Chen (1997) based on the
contribution ratio of the annual deposition amount. Brie-
#y, the contribution of a particular parameter (wet sulfate
or nitrate) for each episode to all 12 acid deposition
monitoring stations was estimated (5]12 matrix), e.g.,
16, 20, 26, 36, and 3%, respectively, for the wet sulfate
deposition at the Taipei station for the Monsoon, au-
tumn front, summer shower, Mei-Yu front and Spring
front. The sum of the weighting factors for "ve weather
types should be equal to one. The average weighting
value for each episode of all stations was then deter-
mined, and these values are shown in Table 3. The annual
average impact ratio of LRT for Taiwan is about 43% for
hydrogen ion deposition, and 39 and 37% for wet sulfate
and wet nitrogen deposition, respectively (Table 3). These
ratios should be considered as conservative estimations,
especially for sulfur, because all emission sources of
foreign areas are treated as the area source and dis-
charged at the ground level in the model as discussed
previously. In addition, the LRT ratio obtained by com-
paring base and control case is based on the assumption
that both precursors (e.g., SO

x
and NO

x
) and oxidizers

(e.g., O
3

and H
2
O

2
) are transported in the same way.

The precursors could be transported over a long dis-
tance, mixed with the oxdizers usually supplied by
Taiwan, and then converted to acidic substances. Thus,
the acidic substances could be underestimated around
Taiwan in the control case due to underestimation of
oxidizers supplied by Taiwan. Nevertheless, the LRT
contributes the largest part in the summer shower for wet
sulfate/nitrate and hydrogen ion depositions because its
weighting factor is the highest (except for [H]) among
these pollutants. For comparison, the impact ratios of
LRT for total sulfur deposition in Japan range from 15 to
83% (excluding volcanoes e!ect) at di!erent locations
(Arndt et al., 1998).

The sulfur and nitrogen budgets for Taiwan are pre-
sented in Tables 4 and 5 for all episodes. On the basis of
1993 Taiwan emission, about 3070 Mg sulfur were emit-
ted during each 4-d episode and 280 Gg in the entire year
in Taiwan; the corresponding values for nitrogen are
3400 Mg and 310 Gg. The total sulfur depositions includ-
ing wet and dry depositions range from 21 to 58% of
total Taiwan sulfur emission for six episodes, while nitro-
gen depositions from 9 to 36%. The annual average
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Table 3
Annual impact ratios (%) of long-range transport for hydrogen ion, wet sulfate and wet nitrate depositions in Taiwan

Impact ratio (%) Weighting factor (%) Annual impact ratio
contribution (%)

(1) Hydrogen ion deposition
Northeasterly monsoon! 56 14 7.7
Autumn front 43 14 5.9
Summer shower 54 28 15
Mei-Yu front 30 38 11
Spring stationary front 35 6 2.2
Annual impact ratio 43

(2) Wet sulfate deposition
Northeasterly monsoon! 52 18 9.1
Autumn front 35 13 4.6
Summer shower 46 32 15
Mei-Yu front 28 31 8.7
Spring stationary 35 6 2.0
front
Annual average of impact ratio 39

(3) Wet nitrate deposition
Northeasterly monsoon! 48 16 7.7
Autumn front 38 13 5.1
Summer shower 48 33 16
Mei-Yu front 23 31 7.0
Spring stationary front 30 6 1.8
Annual average of impact ratio 37

!Values in this row are the average of northeasterly monsoon (I) and (II).

would be in between these values, but it cannot be exactly
estimated because the annual budget of dry deposition is
di$cult to calculate due to unavailable weighting factors
in various weather conditions. The wet sulfur depositions
range from 4 to 24% of total emission for various epi-
sodes and the annual average adjusted by the weighting
factors in Table 4 is 13%, whereas the wet nitrogen
depositions vary from 2 to 7% with an annual average of
4%. Clearly, most nitrogen is deposited in dry form
rather than wet form. The average wet sulfur deposition
contributed by LRT is about 5% of total Taiwan emis-
sion, while that contributed by native sources is around
8%.

6. Conclusions

The major objective of this study was to explore the
role of LRT for acid deposition in Taiwan using the
TAQM. According to the results of this study, the annual
average ratio impacted by long-range and transboundary
transport in Taiwan is about 39% for wet sulfate depos-

ition, and 37% for wet nitrate deposition. The e!ect of
LRT is strongly dependent upon the weather type. Fur-
ther, it has been demonstrated that there is a signi"cant
di!erence between primary (e.g., SO

2
) and secondary

pollutants (e.g., sulfate) a!ected by the LRT. The results
indicate that the e!orts for achieving local precursor
reduction might not be adequate enough to improve
Taiwan's acid deposition. Consequently, a sensible way
to improve current acid deposition problems is to devel-
op regional cooperation among the countries and areas
in East Asia to reduce all of their emissions simulta-
neously and separately.
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