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Abstract

A numerical simulation study to quantify the effect of upstream transport and fossil-fuel and biomass-burning emissions from East Asia on
the surface ozone near Taiwan has been performed based on data taken April 8—13, 2001, when a cold air outbreak occurred. The TAQM
(Taiwan Air Quality Model) is employed in this study. Results show that, without considering emissions in East Asia, upstream transport of chem-
ical species associated with the movement of the cold air mass increased the levels of CO and ozone near Taiwan from 75 to 180 ppbv, and 35 to
55 ppbv, respectively. Fossil-fuel and biomass-burning emissions can thus result in a significant increase of CO and ozone levels (70—150% and
50—100%, respectively) from the emissionless background. The most noteworthy phenomenon is that biomass burning in Eastern China alone can
contribute up to 20% of the increase for these species, while the biomass burning in Southeast Asia has negligible influence.

© 2007 Published by Elsevier Ltd.
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1. Introduction

Tropospheric ozone plays a significant role in controlling
the chemical composition of the troposphere. Anthropogenic
emissions reportedly exert a strong influence on the abundance
of trace gases, like ozone, in the atmosphere (Crutzen and
Andreae, 1990). The western Pacific is adjacent to the densely
populated region of East Asia, which is a major source of an-
thropogenic emission. The outflow of chemically and radia-
tively important gases, aerosols, and their precursors from
East Asia to the western Pacific are significant in spring
(Wild and Akimoto, 2001). Taiwan is an island beside main-
land East Asia and surrounded by the western Pacific.
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Therefore, it has been noted by several groups that high ozone
levels near Taiwan during winter, spring, and autumn can be
traced to the frequent arrival of mid-troposheric air from
northwestern China (Liu et al., 1995; Akimoto et al., 1996;
Buhr et al., 1996). A number of field studies were therefore
conducted, including both the Pacific Exploratory Mission-
West Phase B (PEM-west B) study in February—March,
1994 (Hoell et al., 1997) and the Transport and Chemical Evo-
lution over the Pacific (TRACE-P) aircraft mission in February—
April 2001 (Jacob et al., 2003).

This study will analyze the effect of upstream ozone trans-
port and photochemical production on the surface ozone level
near Taiwan during spring. Photochemical production associ-
ated with precursors released from fossil fuel- (including bio-
fuel) and biomass-burning sources in East Asia will be
included.
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The study done by Woo et al. (2003) suggests dividing the
biomass sources into three major categories for the Asian re-
gion: forest burning, savanna/grassland burning, and crop res-
idue burning (in the field after harvest). Emitted non-methane
hydrocarbon species with the potential to form atmospheric
ozone come from several sources. Ethane, ethene, internal al-
kenes, and acetylene come from biofuel burning. Ethane, eth-
ene, formaldehyde, and ketones are produced in biomass
burning. In addition, propane, butane, ethane, and formalde-
hyde form from fossil-fuel burning (Klimont et al., 2002;
Woo et al., 2003).

Biofuel emissions arise from the combustion of wood, an-
imal waste (dung), and agricultural waste, and are commonly
treated as an anthropogenic source. In contrast, biomass burn-
ing is treated as a partly natural, partly anthropogenic source.
Hereafter, total anthropogenic emission estimates from Streets
et al. (2003), which include the biofuel contribution, are
named as the fossil-fuel emission in this paper, in contrast to
the biomass-burning emission estimated by Woo et al. (2003).

In spring, cold air outbreaks frequently initiate dust storms
over northern China and Mongolia (Liu et al., 2004). The
Asian Pacific Regional Aerosol Characterization Experiment
(ACE-Asia) was carried out from late March to early May
of 2001 to focus specifically on the study of Asian aerosols.
In the present work, a period that coincides with the so-called
ACE-Asia “perfect storm”™ event that happened during April
4—13, 2001 (Tang et al., 2004) has been selected to perform
the numerical simulation study.

A number of numerical simulation studies concerning the
transport of dust particles (Gong et al., 2003; Liu et al.,
2003; Uno et al., 2003; Satake et al., 2004; Arvarnitis and
Moussiopoulous, 2006; Ginoux et al., 2004; Vautard et al.,
2000), their mixing with anthropogenic pollutants, and their
radiative effect (Chang and Park, 2004; Uno et al., 2004)
have been considered on this perfect storm event. Tang et al.
(2004) reported on the 3-D distribution of aerosols and chem-
ical interactions in the atmosphere, and they concluded that
heterogeneous reactions on dust involving Oz, NO,, SO,,
and HNOj are capable of reducing the levels of these species
and changing the chemical size distribution of the aerosols
within the dust plume. Zhang et al. (2004) and Han (2007)
also performed similar simulations to study ozone transport
over East Asia during March 2001. In their studies, the effects
of aerosols on atmospheric chemistry were ignored. None of
these numerical studies attempted to quantify the individual
effects of upstream transport, and anthropogenic fossil fuel-
and biomass-burning emissions in East Asia.

In this paper, the Taiwan Air Quality Model (TAQM)
(Chang et al., 2000), driven by the PSU/NCAR mesoscale
model (known as MMS5) (Grell et al., 1993), is applied to
quantify the influence of the upstream transport of ozone
and ozone production, due to precursors released from fossil
fuel- and biomass-burning near Taiwan during April 8§—13,
2001. The dust storm is the strongest event to trigger the out-
flow of precursors from land to ocean. Therefore, during dust
storm activity, the effect of precursors on surface air quality
downstream is expected to be high.

2. Model set-up

The TAQM was established by the Taiwan EPA in 1993
through modification of the Regional Acid Deposition Model
(RADM) developed by the US National Acid Precipitation As-
sessment Program. The version used for this study is the sec-
ond generation TAQM, established in 1999. The gas phase
chemical mechanisms of the TAQM employ the RADM2 ap-
proach (transformation of 63 species in 158 reactions) that
was developed by Stockwell et al. (1990). The inorganic
chemical reactions involve 14 stable, four intermediate, and
three abundant stable species. The organic chemical reactions
are represented by 26 stable species and 16 peroxy radicals.
The stable organic species include five alkanes (methane, eth-
ane, and three higher lumped groups), four alkenes (ethene,
terminal and internal alkenes, and isoprene), three aromatics
(toluene, xylene, and cresol), six carbonyls (aldehydes, ke-
tones and dicarbonyls), three organic peroxides, two organic
acids (formic and acetic acid), two organic nitrates, and perox-
yacyl nitrate (PAN). The photolysis rates are calculated as
a function of daytime, latitude, and height for clear-sky condi-
tions, and are then adjusted for the presence of clouds (Madro-
nich, 1987).

The gas-phase photochemical reactions form the well-
known stiff system of differential equations. The TAQM uti-
lizes the RADM chemistry solver (Chang et al., 1987), which
is about five times faster than the Gear solver (Gear, 1971),
which uses operator-splitting. The solver divides all the chem-
ical species into four classes: families of closely interacting
species, short-lived species (mostly radicals and intermedi-
ates), long-lived species, and a special radical grouping of
HO and HO,. Different solution techniques are used for
each of these classes. The model incorporates advanced nu-
merical schemes to improve the precision and efficiency of
computation. The transport scheme in the TAQM accounts
for the horizontal and vertical advection, eddy diffusion, and
local convective mixing that can occur with unstable weather
conditions (Pleim and Chang, 1992). To avoid strong numeri-
cal diffusion, the Bott scheme (Bott, 1989) is adopted for the
advection calculation.

It is possible for many uncertainties to affect the reliability
of this calculation. For instance, aerosols may prompt hetero-
geneous reactions with the gas species. We have done a sensi-
tivity study by reducing the production rate of ozone, NO,,
SO,, and HNOj3 by 6% (Tang et al., 2004) subjectively in ev-
ery time step in order to represent the dust effect on heteroge-
neous uptake. The results show only about £5% change from
the model output which does not consider the dust effect.
Therefore, the effects of aerosols on the ozone chemistry
were ignored in this study.

The TAQM is run from April 6—12 for two stages. In stage
1, April 68, referred to as pre-run, the TAQM is fed by MM5
(Mesoscale Model Version 5) output for meteorological pa-
rameter input at every integral step. The MMS5 starts on
O8LT, April 6, for the initiation of a three-dimensional distri-
bution of chemical species, with the initial and boundary
conditions obtained from Heald et al. (2003) from the
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GEOS-CHEM v.4.33 global 3-D model of tropospheric chem-
istry (http://www-as.harvard.edu/ chemistry/trop/geos) having
2 x 2.5° horizontal resolution and 48 vertical levels. The
monthly-mean output of GEOS-CHEM in April 2001 was
used to initiate the run and set the boundary condition at every
integral step in this 3-day calculation. The GEOS-CHEM out-
put allows the upstream effects from Northern America and
Eurasia on regional air quality to be included. The MMS5 me-
teorological simulations are run in non-hydrostatic mode, us-
ing data produced by the ECMWEF’s (European Centre for
Medium-Range Weather Forecasts) assimilation system.

In stage 2, April 8—12, referred to as the final run, the MM5
output is again fed to the TAQM. The pre-run output from the
TAQM was used for the initial and boundary conditions in this
stage. The simulation outputs obtained from April 10—13 were
used for this study. In this paper, LT stands for the local time,
which is equivalent to —8UTC (Coordinated Universal Time).

Both MMS5 and TAQM apply Cartesian coordinates in the
horizontal domain, with Lambert conformal projection and
o-coordinates in the vertical direction. The model domain is
set to the East Asian region covering an area from northern
China and Mongolia to Taiwan and Southeast Asia. The hori-
zontal grid resolution is fixed at 60 km x 60 km, with 99 x 99
grids. The vertical resolution is non-uniform. Both MMS5 and
TAQM are set to 24 layers in g-coordinates, from the finest res-
olution of ~40 m at the base to the coarser one of ~2 km at the
top. A 5-min time-step is used for both MMS5 and the TAQM.

In general, to resolve the effect of the regional formation of
ozone on the air quality of an urban polluted area, a detailed
nesting approach in modeling is needed, as done by Moussio-
poulos et al. (2006) for Thessaloniki, Greece. Meanwhile, to
study the long range transport effect, a grid system with
half-degree resolution is commonly applied, as done by
Zunckel et al. (2006) for the southern Africa region. Although
results from the nesting approach tend to give better temporal
and quantitative variation of ozone close to the observation,
the half-degree gridding approach tends to generate reasonable
regional features, with limited computer resources needed. In
this research, a 60 km x 60 km grid system is applied for a re-
gion centered at Taiwan.

Emission data, which are a bottom up inventory driven by
regional-specific information on fuels and activity from vari-
ous economic sectors (e.g. domestic, transport, power genera-
tion, industrial), used in this calculation are based on Streets
et al. (2003) and Woo et al. (2003). This emission inventory
includes all anthropogenic sources, biomass-burning, volca-
noes, and biogenic sources. Very detailed high-resolution
emission data near the Taiwan region from the Taiwan EPA
was included. A built-in program in the model has changed
those high resolution datasets into the 60 km x 60 km datasets
that are required by the TAQM. In general, Asian emissions
show strong regional differences which are discussed in detail
by Woo et al. (2003). Fossil-fuel emissions dominate at high
latitudes. Biomass burning dominates at lower latitudes, and
biofuel is predominant in air masses coming from central
China. Following the suggestion by Woo et al. (2003), the bio-
fuel emission is included into the fossil-fuel emission data.

Carmichael et al. (2003) have used measurements obtained
during the NASA Transport and Chemical Evolution over
the Pacific (TRACE-P) experiment, from February to April
2001, in conjunction with regional modeling analysis to eval-
uate emission estimates for Asia. They have concluded that the
inventory performs well for the light alkanes, CO, ethyne,
SO,, and NO,, and have noted that the emission inventories
are of sufficient quality to support preliminary studies of
ozone production.

3. Results
3.1. Synoptic evolutions

On April 8, at 500 hPa, a deep trough extending southwards
from the eastern coast of Russia to southeastern China led the
cold air southeastward to Taiwan. During the analysis period,
two frontal systems passed through Taiwan, on April 9th
(Fig. 1a) and 11th (Fig. 1b), respectively. The high pressure
system over the northwestern corner of the simulation domain
(Fig. 1a) was moving southeastward. The evolution of the syn-
optic system was simulated reasonably well by MMS5. The air
stream lines, shown in Fig. 1b for April 11th, clearly indicate
the advance of cold air from the northwest corner of the sim-
ulation domain toward the Pacific. Along the eastern coast of
China, a high level ozone patch was spreading along the fron-
tal system toward the south (Fig. 1b). Over the Taiwan area,
a northeasterly prevailed.

The backward trajectories for air parcels reaching the
southeastern corner of Taiwan at O8LT on April 13 were de-
rived separately by the NOAA HYSPLIT (Hybrid Single-
Particle Lagrangian Integrated Trajectory) Model and MMS,
and were compared with each other (figures not shown).
This method can be taken as an indirect approach to validate
the reliability of the MMS5 simulation. The HYSPLIT model
adopts the NOAA NCEP reanalysis dataset for this calcula-
tion. The air parcels are back-traced for 72 h on April 13,
2001 from the same starting point, Lanyu (22°02'N and
121°33'E), at 10 m and 3000 m height, and with the same iso-
baric vertical motion options. The trajectories obtained from
the MMS5 simulation outputs are generally similar to those es-
timated by the HYSPLIT model.

3.2. Comparison of model results with observation

Data collected at five different stations along the eastern
coast of Taiwan (Wanli, Yilan, Taitung, Lanyu, and Hengchun)
(Figs. 2, 3) is compared with the model simulation outputs un-
der the influence of both fossil fuel- and biomass-burning
emissions in East Asia. These stations were selected because
they were not affected by major pollution sources along the
populated western coast under prevailing northeasterlies,
though local influence may still affect the local air quality.

The CO levels at the northern tip of Taiwan (i.e. at Wanli)
simulated by the model are higher than those observed levels
on April 10, but get closer in the last 2 days (Fig. 2). Mean-
while, in the cities of Yilan and Taitung, local emissions
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Fig. 1. (a) Contours of surface pressure and the distribution of wind vectors simulated by MMS5 at OSLT on April 9 2001, and (b) streamlines at the surface with
concentration of ozone at 14LT on April 11 2001. LT stands for the local time, which is equivalent to —8UTC.

differences get smaller in the last simulation day. Meanwhile,
the data collected at Hengchen shows an instrument detection
limit of 300 ppbv, which could hamper the detection of de-
tailed temporal and quantitative variation of CO. In general,
the passage of the cold front on April 11th brought in a pol-
luted continental air mass and elevated the CO levels along
the eastern coast of Taiwan.

For the comparison of ozone (Fig. 3), the model results for
Wanli are quite close to the observation. But the model slightly

clearly influence the measured CO levels, resulting in much
higher CO levels than the model outputs, especially during
daytime traffic hours. Such differences can be minimized if
a nested approach is applied to downscale the TAQM model
to the area near these stations. Still, the diurnal variation pat-
tern is well captured at these three stations.

On the southeastern side of Taiwan (i.e. Lanyu) and at the
southern tip of Taiwan (i.e. Hengchen), the simulated CO
levels are slightly lower than the observed ones. The

| O : observation; & : fossil fuel +biomass emission |

*Wanli
1000 Wanli (25°10', 121°40") 1000 Ylan (24°45', 121°44") = Yilan
o o
800 800 A
= = ° Taiwan
| 600 £ 600 o 0o 000
o a o o oo oo o
o 400 AAAAAAA . ASAACAJ éZA R o 400 OO@ ASAAAAZOOO AAAAAA AZAOO ACA)CA)AA o * Taitung
O 200 IS o 866%0 00 0000 o o 200 oo A o apa’ BAN Hengchun
AAAOOO O 000 00 000 AAA % mw a
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1

CO (ppbv)

2001/4/10  2001/4/11

1000
800
600
400
200

2001/4/12  2001/4/13

Taitung (22°45', 121°08')
[¢] [e]

o O o 00 O o]
o AMAA © O AMBA 0O
o A A A AAAAAA
A 700 A8 YN
n N

CO (ppbv)

AAN

AND

0

2001/4/10  2001/4/11

2001/4/12 2001/4/13

2001/4/10 2001/4/11  2001/4/12 2001/4/13

1000 Lanyu (22°02', 121°33")
800
600
400 -
200 ZZEMMW@‘@Q@%O i
2081/4/10 2001/4/11

2001/4/12  2001/4/13

1000
800
600
400
200

0

CO (ppbv)

2001/4/10  2001/4/11

Hengchun (21°57', 120°46)

]

] 000 000000

00000000000000000000 COOALAA
AATCRAAMANNp

VA
AAAADNAAE
P T

2001/4/12  2001/4/13

Fig. 2. The comparison of observation data with the model derived surface CO under fossil-fuel and biomass-burning emission conditions at five monitoring
stations along eastern Taiwan.
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Fig. 3. The comparison of observation data with the model-derived surface ozone under fossil-fuel and biomass-burning emission conditions at five monitoring

stations along eastern Taiwan.

overestimates the ozone level at Yilan and Taitung, most likely
due to the local titration effect of vehicle-emitted NO, which
reduces the ambient ozone level near the measurement sites.
At Lanyu and Hengchun, the model underestimates the ozone
levels before April 11, but then approaches the observed
values. Such results also suggest the arrival of mainland pol-
luted air after the passage of the cold front on April 11.

3.3. Spatial and temporal evolution of surface
carbon monoxide

Carbon monoxide has a lifetime of about 2 months in the
troposphere, with sources directly linked to upstream transport
and anthropogenic emissions. Meanwhile, oxidation of CO
through reaction with OH radicals is the major sink of
CO. Its activity depends highly on the level of OH. During
the simulation period, a continent—ocean contrast exists in
the contour plots of surface CO over East Asia (Fig. 4a),
with high concentration near emission sources in China, Japan,
Korea, Taiwan, and the Indochina Peninsula. Area-mean CO
levels near Beijing and Shanghai reach 360 ppbv, with negligi-
ble diurnal variations. In contrast, over the western Pacific,
south of 25°N latitude, area-mean CO concentration is about
120 ppbv and less than 90 ppbv over the sea surface at the
southwestern corner of the simulation domain.

On April 8, a wide tongue of surface CO, with area-mean
level ranging from 210 to 390 ppbv, extended from the south-
eastern corner of Russia toward the Yangtze River. This high
CO concentration patch gradually expanded southward and
eastward along with the movement of the cold air-mass. On
April 11, it merged with emissions from biomass-burning sour-
ces in the Indochina Peninsula area. A frontal line of CO with
a level higher than 210 ppbv appeared over Japan, Taiwan,
and from Hainan Island to Vietnam on April 11. Then the fron-
tal line gradually moved toward the east. On April 13, a wide

patch of CO appeared, covering almost all of eastern China, in-
cluding the Indochina Peninsula and the northern part of the
Western Pacific. Over the coastline of China, the CO concentra-
tion was as high as 390 ppbv. Eventually, around Taiwan, the
concentration of CO rose up to 360 ppbv. Before April 10,
the area-mean CO level over the sea surface around Taiwan
was 90—120 ppbv. However, this concentration grows to
more than 330 ppbv after the eastward expansion of the high
concentration CO patch, whose advancement over the frontal
passage eventually covered Taiwan.

Results from the model simulated without all East Asian
emissions are shown in Fig. 4b. In this case, the movement
of the cold air-mass can still be identified by taking the ad-
vancement of the 210 ppbv CO patch as a marker. This
210 ppbv CO patch is small on April 8, and exists only in
the northwestern corner of the domain. The patch then ex-
pands southward and has occupied nearly half of the simula-
tion region by the end of the simulation period on April 13.
The effect of the Tibetan Plateau that blocks the air flow
near sea-level can be distinguished by the protruding tongue
of the 180 ppbv CO contour line along the border of the Pla-
teau southward to Hainan. The area-mean level of surface CO
near Taiwan increased from 75 to 180 ppbv from April 8 to 13.
However, there is no high-level CO puff. This event is directly
linked to the fixed upstream transported CO level along the
western border of the simulation domain. According to Aki-
moto et al. (1996), steady inflows from Europe and America
have significant effects on the atmospheric chemistry field in
the East Asian Pacific rim region.

To quantify the effect of anthropogenic fossil-fuel and bio-
mass-burning emission on the evolution of atmospheric chem-
ical species, the percentage change, p (Fig. 5a), can be
estimated by subtracting the without-emission result, Cy,,
from the with-emission result, Cy,, and then dividing the re-
mainder by the former value, i.e.
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Fig. 5. Distributions of the percentage change (%) of surface CO at 02 LT during April 11—13, 2001 with emissions from (a) fossil-fuel and biomass-burning
sources and (b) biomass-burning sources only with respect to those obtained without emissions in the simulation domain.
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The without-emission result can be taken as the contribution
due to upstream transport from outside the simulation domain.
The with-emission result captures the pollution level due to
both upstream transport and emission. The same approach is
applied on the analysis of the biomass-burning-only contribu-
tion (Fig. 5b). Meanwhile, the calculation of the percentage
change can generate negative values at the border of the sim-
ulation domain, implying that the without-emission result is
higher than that with emission. Under the emission case,
chemically destructive reactions of interested species with pol-
lutants outside of the emission sources are abundant. For CO,
active oxidation downstream, away from the emission sources
could cause the occurrence of negative percentage change at
the southern border of the simulation domain. Such a phenom-
enon is particularly clear in the biomass-burning-only case
(Fig. 5b). However, for ozone (Figs. 6, 7), more destructive re-
actions occur in areas near emission sources, and the gradient-
transport effect will then pull molecules out of unpolluted
areas toward the polluted regions. In this case, the upstream
clean region will be affected much more significantly than
the downstream photochemical-production area. Hence, in
Fig. 7, the negative percentage change areas dominate over
the northwestern corner of the simulation domain, although
some negative percentage change areas are also distinguish-
able over the southeastern corner.

On April 8, before the initiation of the southeastward move-
ment of the cold air-mass, the contribution from anthropogenic
sources was responsible for the 80—350% increase in CO
levels near emission sources in China (Fig. 5a). A wide, elon-
gated patch with increased CO levels of up to 250% spread
over the land along the coastline on April 8. Some discrete
points, including the Indochina Peninsula, experienced CO
levels increases of up to 350%. This particular CO patch has
a diurnal variation with higher CO concentration at night.
The CO level increases at night by about 60% near Taiwan
and 20% over the Western Pacific with respect to the with-
out-emission case. After April 10, the patch started to spread
from the land towards the ocean, decreasing the CO level
over land (Fig. 5a). By April 12, the CO concentration had in-
creased to 150% with some discrete patches of 200% over the
Western Pacific. By April 13, the arrival of upstream pollutants
had enhanced the level by 60% around the Taiwan region.
Such enhancement is actually more pronounced during night-
time than in daytime.

Due to the contribution of biomass burning (Fig. 5b),
a 100—350% increase of the CO level over the Indo-China
Peninsula can be observed with a significant diurnal variation.
The CO level is comparatively high in nighttime with respect
to daytime.

After studying the expansion of the vertical concentration
of CO, it has been noted that the remnant from fuel-burning
sources can enhance the CO level by 60% at around 5 km in
height and 100% at 2 km in height over the area between

10°N and 30°N along 105°E longitude. It should be noted
that the highest emissions are observed in this area.

3.4. Spatial and temporal evolution of surface ozone

Ozone is a photochemical product, and its concentration is
affected not only by the abundance of available precursors, but
also by the effectiveness of air-flow transport. Stagnant air-
flow with sufficient sunshine favors the accumulation of local
ozone in polluted urban areas. However, the transportation of
ozone molecules from the mid-troposphere over northern
China during each cold air-mass outbreak in spring, autumn,
and winter plays a crucial role in enhancing the area-mean
ozone level around Taiwan. The upstream transported ozone
level is lowered significantly in summer, due to the inflow of
clean marine air from the Pacific.

Model simulated results in the presence of all emission
sources are plotted in Fig. 6a. In general, the southward move-
ment of the 45 ppbv contour line signifies the transport of the
mainland air mass onto the Pacific Ocean surface. Higher
ozone levels are found over China, Japan, and Korea north
of 25°N, with significant diurnal variation in areas near emis-
sion sources. In the meantime, over the downstream of Shang-
hei (i.e. over the ocean surface between Shanghei and
Taiwan), a high-level ozone plume can be identified with
a noontime peak up to 90 ppbv. This plume gradually moves
southward and causes the ozone level around the Taiwan re-
gion to increase from 40 ppbv to 70 ppbv. As for the north-
western corner of the simulation domain, high area-mean
ozone levels, around 55 ppbv, are stagnant due to a steady up-
stream transport influence (Fig. 6b).

Over most of the Western Pacific, the surface ozone level is
around 55 ppbv before the arrival of the first cold front, i.e. be-
fore April 9. During the cold front passage, the level drops to
30 ppbv over the maritime area around Taiwan, due to the
scavenging effect of rainfall. On April 10, high ozone concen-
trations up to 75 ppbv are observed over land. Then, after
April 10, the higher ozone region starts spreading eastward
due to the passing of the polluted cold air mass towards the
east. Therefore, increases in the ozone level of up to
75 ppbv over the Western Pacific are noted. The level of ozone
increases to 75 ppbv over the Taiwan Straits (the marine area
between Taiwan and China) after April 10. A diurnal variation
in ozone level is recognizable over this area, with the patch ex-
tending over a greater area during the nighttime. At the time of
the arrival of the second cold front, a deep patch of dense
ozone, with levels up to 90 ppbv, is seen over the marine
area between Taiwan and Shanghai on April 11 at 14 LT.

Model simulated results, in the absence of emission from
the sources (Fig. 6b), show that the ozone level over land is
up to 75 ppbv. However, this high concentration is confined
to a small region of the northwest corner of the domain on
April 8. Most of the land and ocean is covered by an ozone
level of 40 ppbv on that day. A small patch of 75 ppbv also oc-
curs in the northeast. Over the Taiwan region, a very low
ozone level of 35 ppbv appears on April 8. After April 10,
the higher level ozone patch in the northwest corner has
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Fig. 6. Distributions of surface Oz (ppbv) at 14 LT during April 10—12, 2001
sources and (b) without emissions in the simulation domain.

started to spread towards the Pacific. After April 12, most of
the land and ocean are covered with a 55 ppbv ozone level.
Eventually, there is a rise of the ozone level up to 55 ppbv
over the ocean, accompanied by a simultaneous decrease of
ozone level over land, down to 35 ppbv in the nighttime. These
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simulated by TAQM (a) with emissions from the fossil-fuel and biomass-burning

results show the transportation of ozone from the land along
with the cold air mass.

To analyze the contribution of anthropogenic emissions to
the increase in ozone level, the percentage change in surface
ozone due to fossil-fuel and biomass burning emissions is
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Fig. 7. Distributions of the percentage change (%) of surface ozone at 14 LT during April 10—12, 2001 with emissions from (a) fossil-fuel and biomass-burning
sources and (b) biomass-burning sources only with respect to those obtained without emissions in the simulation domain.

considered. The percentage change of ozone is calculated in
the same way as CO, and is presented in Fig. 7a. Up to
a 100% increase in ozone level occurs at emission sources
over the land, on April 9. On the other hand, around the

Taiwan region, the percentage increase is 20% on that day. Af-
ter April 10, the high level ozone path is shifted from the land
towards the ocean. On April 11 at 14 LT, an almost 100% in-
crease in ozone level is seen over the sea between Taiwan and
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Fig. 8. Distributions of the percentage change (%) of (a) CO at 02 LT and (b) surface ozone at 14 LT during April 10—13, 2001 with biomass-burning-only emis-
sions (excluding sources in Southeast Asia and Western China) with respect to those obtained without emissions in the simulation domain.

Shanghai, and near the coast of Hong Kong. At night at 02 LT,
a 100% increase of ozone level is recorded over Taiwan. On
April 12, almost the whole patch shifted over the ocean, and
therefore, the land became clean. This cleansing occurred

because the northeasterly flow of the air-mass brought all
the pollutants from the land to the ocean. This process can
be clearly understood from the streamline flow presented in
Fig. 1b.
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The percentage change in ozone level due to biomass-burn-
ing shows a deep patch, demonstrating a 60% increase
(Fig. 7b) over land. However, the ocean is almost clean on
April 9 at 2 LT. Over the Taiwan region, the increase is only
10%. On April 11, the deep patch is shifted to the ocean.
Therefore, the ozone level over Taiwan increases by 20%.
The ozone level increases up to 100% over the Western Pa-
cific. These facts again confirm the transportation of pollutants
from the mainland to the ocean along with the northeasterly
flow.

The model is again run to simulate the CO and ozone level
due to biomass burning from Eastern China, excluding emis-
sions from South East Asia and Western China (Fig. 8). The
results show a negligible difference near Taiwan compared
to the above case which includes biomass-burning from the to-
tal East Asian domain (Figs. 5b and 7b). Therefore, the model
confirms that, in the biomass-burning case, the ozone levels
near Taiwan are mainly affected by biomass-burning emis-
sions from Eastern China.

Finally, to see the effect of emissions from Taiwan, the pol-
lution level due only to Taiwan anthropogenic emissions is
simulated over the domain. The results indicate that the effects
of Taiwan emissions on downstream regions are recognizable
after April 11, after the passage of the second frontal system
and prevailing of the northeasterlies. The region has only ex-
tended to the northern Philippines by April 13. For areas
near Taiwan, Figs. 4—7 present the general features.

4. Conclusion

Cold air outbreaks usually carry a huge amount of materials
out of the mainland toward the western Pacific. However, out-
flows are most influential on downstream surface ozone during
spring and in each dust storm event. In this study, the evolution
of the photochemical field during a perfect dust storm event on
April 6—13, 2001 has been simulated and analyzed. For the
case with only upstream transport, the movement of the air
mass resulted in the surface CO and ozone level near Taiwan
increasing from 75 to 180 ppbv, and 35 to 55 ppbv, respec-
tively. By including the fossil-fuel and biomass-burning emis-
sions in East Asia, significant increases in CO and ozone
levels, of 70—150% and 50—100%, respectively, are noted.
Biomass-burning in Eastern China contributes up to 20% of
the increase for these species. Biomass-burning in Southeast
Asia has a negligible influence near the surface, though it is
important for the chemistry field at higher altitudes.

A sensitivity study that tested the effect of heterogeneous
reactions associated with aerosols and other gases on reducing
the productivity of each species suggested a negligible effect
on the surface ozone field. Therefore, in this study, the aerosol
effect on ozone chemistry has been ignored. In the future, we
will simulate the evolution of dust transport and the chemistry
field simultaneously, to quantify such effects for a much lon-
ger period, e.g. 1 month. As for the evaluation of the effect
of Taiwan emissions on downstream regions, a much longer
period of simulation is also needed to generate sufficient
information.
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