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Abstract

In order to verify the enhancement of ozone and carbon monoxide (CO) during springtime in East Asia, we
investigated weather conditions and data from remote sensors, air quality models, and air quality monitors.
These include the geopotential height archived from the final (FNL) meteorological field, the potential vorticity
and the wind velocity simulated by the Meteorological Mesoscale Model 5 (MM5), the back trajectory estimat-
ed by the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model, the total column amount
of ozone and the aerosol index retrieved from the Total Ozone Mapping Spectrometer (TOMS), the total col-
umn density of CO retrieved from the Measurement of Pollution in the Troposphere (MOPITT), and the con-
centration of ozone and CO simulated by the Model for Ozone and Related Chemical Tracers (MOZART). In
particular, the total column density of CO, which mightoriginate from the combustion of fossil fuels and the
burning of biomass in China, increased in East Asia during spring 2000. In addition, the enhancement of total
column amounts of ozone and CO appeared to be associated with both the upper cut-off low near 500 hPa and
the frontogenesis of a surface cyclone during a weak Asian dust event. At the same time, high concentrations
of ozone and CO on the Earth’s surface were shown at the Seoul air quality monitoring site, located at the
surface frontogenesis in Korea. It was clear that the ozone was invaded by the downward stretched vortex
anomalies, which included the ozone-rich airflow, during movement and development of the cut-off low, and
then there was the catalytic photochemical reaction of ozone precursors on the Earth’s surface during the day.
In addition, air pollutants such as CO and aerosol were tracked along both the cyclone vortex and the strong
westerly as shown at the back trajectory in Seoul and Busan, respectively. Consequently, the maxima of ozone
and CO between the two areas showed up differently because of the time lag between those gases, including
their catalytic photochemical reactions together with the invasion from the upper troposphere, as well as the
path of their transport from China during the weak Asian dust event.
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1. INTRODUCTION

The oxidation of CO in the presence of NOx is
directly related to ozone production as ozone precur-
sors in the troposphere. Correlation between CO and
ozone is strong and consistently negative due to titra-
tion of ozone by NO (Cardenas et al., 1998).

CO is more concentrated in the troposphere, with
much lower concentrations in the stratosphere (Pan
et al., 1998; Cicerone, 1988). The major sources of
CO are the oxidation of CH4 via formaldehyde
(HCHO), biomass burning, oxidation of hydrocarbons
(mainly natural), and fossil fuel combustion (War-
neck, 2000). The main sink of CO is OH oxidation
to CO2, and its smaller sink is consumed by soils or
transported to the stratosphere (Hobbs, 2000). The
large variability in the global tropospheric CO bud-
get is mainly associated with the variability of global
distribution of tropospheric hydroxyl (OH). Jacob
(1999) reported that CO in the troposphere could be
oxidized by the OH molecules originating from ozone
transported across the tropopause. Wang et al. (1999)
also indicated that the increased CO could indirectly
intensify global warming and perturb the stratospheric
ozone through stratosphere and troposphere exchange
(STE) by increasing the lifetimes of trace gases such
as CH3Cl and CH3CCl3. In general, CO and ozone
(O3) can be used as excellent tracers for studies on
long-range transport, convection, and STE of air
pollutants. For example, CO in models of global CO
budgets has been estimated to have an average atmos-
pheric lifetime of approximately weeks or two months
(Warneck, 1988).

The exchange of chemical species between the
stratosphere and troposphere may play an important
role in atmospheric chemistry. In order to assess
enhancements of O3 and CO during springtime in
East Asia, STE has to be well understood, as it is
due to tropopause folding in the rear of the upper jet
streak, the strongest mean westerly within the jet
stream. For example, the downward transport from
the stratosphere presents a significant source of tro-
pospheric ozone and constitutes the removal mecha-
nism for many stratospheric species, including ozone

depletion (Seinfeld and Pandis, 1998). The STE of
ozone-rich air occurs in weather conditions of the
cut-off low related to the polar and subtropical jet
stream at mid-latitudes (Cooper et al., 1998; Astin
and midgley, 1994; Davies and Schuepbach, 1994).
In particular, Kim et al. (2002) reported that the
enhancement of ozone and aerosol over Korea during
Asian dust events occurred in the presence of the
upper cut-off low and the surface high pressure sys-
tem. Kondratyev and Varotsos (2000) observed also
a sharp tropospheric ozone increase due to the cross-
tropopause exchange. Of course, it is important to
understand the vertical structure between the long-
range transport of tropospheric CO and the STE of
ozoneunder such weather conditions. But there still
remain many uncertainties from a limited number of
studies on the STE of ozone-rich air. Therefore, it is
essential to investigate the spatial distribution of O3

and CO concentrations from remote sensing and air
quality model data, as well as the model data together
with synoptic weather conditions.

Many research groups have been conducting O3

and CO measurements to investigate long-term effects
using ground-based and airborne instruments (Carde-
nas et al., 1998; Yurganov et al., 1997, 1995; Khalil
and Rasmussen, 1994; Novelli et al., 1994; Tompson
et al., 1994; Hubler et al., 1992; Marenco et al.,
1989). These measured data have also been manag-
ed by a global surface O3 and CO monitoring net-
work, the Climate Monitoring and Diagnostic Labo-
ratory of the National Oceanic and Atmospheric Ad-
ministration Cooperative Air Sampling Network
(NOAA CASN/CMDL, http://www.cmdl.noaa.gov/
ccg/flask/sites.html). Additionally, we need to moni-
tor the variation of total column amounts of ozone
and CO on a global scale from satellite remote sens-
ing. The data for amount of total ozone have been
mainly obtained with the Total Ozone Mapping
Spectrometer (TOMS, http://toms.gsfc.nasa.gov/aero-
sols/aerosols.html) instrument on board the Nimbus-
7 satellite since late 1978. Four TOMS instruments
have been sent into space: Nimbus-7 (1978~1993),
Meteor-3 (1991~1994), ADEOS (1996~1997),
and Earth Probe (1996-present). These TOMS instru-
ments have provided excellent data for total ozone
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amount and aerosol index (Fioletov et al., 1999).
The total ozone amount is retrieved by viewing the
backscattered ultraviolet albedo from the underlying
surface and atmosphere in the Huggins band (from
310 nm to 350 nm) of the ozone absorption spectrum.

The satellite measurement of CO has been made
by the Measurement of Air Pollution from Satellites
(MAPS) instrument. MAPS has flown on the space
shuttle on four occasions (http://www.stomy.larc.gov)
and has provided global measurements (Reichle and
Coauthors, 1999; Reichle et al., 1990). It is, however,
limited in term of spatial resolution, vertical resolu-
tion and temporal extent. That is, there was a great
need for long-term high resolution measurements of
tropospheric CO. A new instrument known as the
Measurement of Pollution in the Troposphere
(MOPITT) provides such a data set. In particular,
MOPITT is a nadir-viewing eight-channel infrared
spectroscopy on board the Earth Observing System
(EOS) Terr spacecraft in 1999. Its main objectives
are to retrieve profiles and total column densities of
CO and CH4 (http://www.atmosp.physics.utoronto.ca/
MOPITT/home.html). The retrieved total CO densi-
ties can anticipate an accuracy of 10 percent (Warner
et al., 2001).

Recently, we have found an enhancement during
springtime in East Asia from spatial distribution of
the total CO amount retrieved by MOPITT. At the
same time, we discovered that the total ozone amount
retrieved by TOMS was also shown under special
weather conditions. Therefore, the purpose of this
study is to briefly describe the spatial characteristics
of total CO densities retrieved by MOPITT, and then
to verify the enhancement of CO and O3 in East Asia
(especially in Korea) using air quality modeling data
as well as ground-based and satellite data under the
weather conditions.

2. DATA AND INSTRUMENTS

The TOMS instrument for total ozone amount and
aerosol index is used in this study to detect temporal
and spatial distribution of ozone and aerosols. Fur-
thermore, to verify the enhancement of ozone and

CO on the Earth’s surface, time series of ozone and
CO were derived by using ultraviolet photometry
and gas filter correlation radiometer, respectively,
during the period of May 2000 at Busan (35.23�N,
129.07�E) and Seoul (37.5�N, 127.0�E) in Korea.
The technique and types of the measurement are intro-
duced by http://www.dasibi.com. These Dasibi
models for air quality monitoring instrumentation
are DASIBI 1008-AH for ozone and DASIBI 3008
for carbon monoxide. The accuracy of these Dasibi
instruments has also been maintained during the
measurement of air quality (http://www.dasibi.com).
Relative uncertainty in the atmospheric concentrations
obtained by the commercial equipment in routine
analysis is estimated to be less than 5%.

To understand the sudden enhancement of total
CO densities in East Asia during spring 2000, the
MOPITT instrument data were also used. This instru-
ment orbits the earth in a near-polar sun-synchronous
configuration at approximately 700 km. The nadir
viewing MOPITT instrument is an eight-channel
gas correlation radiometer that measures CO profiles
from terrestrial thermal radiation in the spectral region
near 4.7 μm and total column densities of CO and
CH4 from reflected solar radiation in the spectral
region near 2.3 μm and 2.2 μm, respectively (Warner,
2001). The MOPITT instrument makes use of two
methods to modulate the transmittance in the gas
cell: the cell pressure through the pressure-modulated
cell (PMC) and the cell length through a length-
modulated cell (LMC) (Drummond and Mand, 1996).
These moulted radiometers, which include two PMCs
and two LMCs for measurement of the CO profile
and two LMCs each for total column densities of
CO and CH4, result in eight separate spectral channels
by separating the 2- and 4.7 μm chennels after mono-
chromatic radiation is filtered by the gas cell tans-
mission fuction. Consequently, the MOPITT instru-
ment measures outgoing thermal emission from the
atmosphere and surface in the thermal channels (1,
3, 5 and 7), and reflected solar radiation in the solar
channels (2, 4, 6 and 8; channels 4 and 8 are CH4

solar channels) that has passed through the atmos-
phere, been reflected on the surface, and transmitted
back up through the atmosphere. Each channel pro-
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duces an average signal, which represents mainly
the background radiance (including Earth’s surface
and cloud characteristics), and a differential signal,
which is more sensitive to atmospheric CO and CH4

changes (Pan et al., 1995). In the solar channels relat-
ed to total CO densities, the difference signals are
sensitive to the absorption by CO as well as the solar
intensity and surface reflectivity by solar radiation,
and the average signals are sensitive to the solar inten-
sity and surface reflectivity. Total CO densities are
obtained by taking ratios of the difference signals to
the average signals, which depend only on the absorp-
tion by CO. The retrieved total CO densities have
the MOPITT pixels, 22×22 km in size, and can anti-
cipate 10% precision (Warner et al., 2001; Wang et
al., 1999; Pan et al., 1998). More detail MOPITT
instruments are summarized by http://www.atmosp.
physics.utoronto.ca/MOPITT/home.html.

3. SPATIAL DISTRIBUTION OF TOTAL
CO COLUMN FROM MOPITT
INSTRUMENT

Many standard retrieval techniques from the
MOPITT instrument have mainly been introduced
to retrieve the CO and CH4 profiles (Warner et al.,
2001;Wang et al., 1999; Pan et al., 1998). Consequ-
ently, the standard MOPITT retrieval outputs inclu-
de CO mixing ratios at surface, 850 hPa, 700 hPa,
500 hPa, 350 hPa, 250 hPa and 150 hPa, surface tem-
perature, surface thermal channel emissivity, and
error variance of each of these variables. However,
a defect of the retrieval technique for CO profiles is
that it is difficult to determine the concentration in
the boundary layer. This deficiency can be overcome
by measuring total CO densities using the scattered
sunlight from the surface in the 4285/cm band of CO
(channel 2 and 6). The MOPITT CO retrieval algori-
thm is based on the maximum likelihood method.
The optimal estimation method of trace gases can
be used as follows (Rodgers, 1976): Xn++1==Xa++SX

Kn
TKnSXKn

T++Sε[Y-Yn-Kn (Xa-Xn)], S==(SX
-1

++Sε
-1)-1, where Xn is the estimated atmospheric CO

column vector at iteration n, Xa is the a priori (or

background) CO information vector, Yn is the cal-
culated radiance signal vector at Xa given by for-
ward model, F(X). K (==∂F/∂X) is the weighting
function matrix, which can be calculated either an-
alytically or by a finite difference method. S is the
error covariance matrix of the solution, SX is the co-
variance matrix of the a priori CO information, and
Sε is the measurement error covariance matrix. The
superscript T represents matrix conjugate.

In these methods, we retrieved total CO column
densities using the improved MOPITT CO algorithm
during the periods of six months from May to Octo-
ber 2000. The validation results of the MOPITT
retrievals of total CO column densities were good
quantitative agreement with ground-based spectro-
scopic measurements (Drummond et al., 2002; Drum-
mond and Mand, 1996). Fig. 1 shows the monthly
mean of total CO column densities in the East Asian
region during the periods. The spatial resolution of
MOPITT output data is 0.25�×0.25�, including
latitude from 10�N to 70�N and longitude from 70�E
to 170�E. In particular, we found the enhancement
of total CO densities in the Asian region, and the
highest density of total CO was shown in May in
East Asia including China.

The enhancement of CO in East Asia may originate
in the combustion of fossil fuels and the burning of
biomass in springtime. In general, biomass is a major
source of CO in tropical areas. Using a background
tropospheric chemistry model, de Laat et al. (2001)
showed that spatial distributions of CO emission
from the two sources in China were about 10% of
the global emission inventory (32.2 and 59.0 Tg CO
yr-1, respectively). Fang et al. (2001) also suggested
that the forest biomass carbon storage in China bet-
ween 1980 and 1998 was increased by 4.75 petagram
of carbon. In addition, spatial distributions of CO
emission from the burning of biomass in Indonesia
and Southeast Asia include about 6.5% of the global
emission inventory (de Laat et al., 2001). These
results also agreed well with spatial distributions of
high CO levels as seen in Fig. 1. The monthly mean
distribution of total CO densities remained consistent
except for May.
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4. METEOROLOGICAL CONDITION
AND ENHANCEMENT OF DAILY
TOTAL CO AND OZONE

We investigated the daily data to understand enh-
ancement of total CO densities in May in East Asia.
Total CO densities increased suddenly during a weak

Asian dust event in May as seen in Fig. 2. In parti-
cular, Asian dust occurs mainly in the strong wester-
ly and travels behind cold fronts during springtime
when arid regions are not covered by vegetation, and
originate from the Gobi desert in Mongolia and north-
ern China, the Taklimakan Desert in western China,
and Loess plateaus in eastern China. Fig. 2 is to
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Fig. 1. Spatial distribution of total CO column density (××1015 molecular/cm2) using MOPITT from May to October 2000.
(a)~~(f) May, June, July, August, September, and October.
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Fig. 3. Geopotential heights at 500 hPa (thick lines) and 1,000 hpa (color filled) at 1500 LST on 2~~5 May 2000. (a)~~(d)
2, 3, 4 and 5 May 2000.

(a) (b)

(c) (d)

Fig. 2. Variability of total CO column density (××1015 molecular/cm2) during the period of (a) 1~~3 May 2000 and (b) 4~~6
May 2000 over East Asia.
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show the daily mean variation of total CO densities
of 3 days from 1 to 6 May 2000. Enhancements of
total CO densities were shown in Russia, China, and
subtropical areas including India and Southeast Asia,
possibly originating in areas of industrial pollution
and biomass burning on 1~3 May 2000. In addition,
over the next three days (4~6 May 2000), total CO
densities increased on the Korean peninsula, which
may have been due to advection from adjacent areas,
frontal transport, photochemical CO formation, sur-
face industrial emissions, uptake by plants and bio-
mass burning, and a deep convection downdraft asso-
ciated with exchange between the free troposphere
and the boundary layer.

In order to verify the origin of total CO densities,
we investigated weather maps and TOMS satellite
data on 1~6 May 2000, including meteorological
parameters such as geopotential height and isentropic

potential vorticity simulated by the final (FNL) data
and the Climate Data Assimilation System (CDAS)
data, respectively.

Fig. 3 shows the synoptic weather maps overlapped
by both geopotential heights (thick lines) at 500 hPa
and surface high and low pressure (filled colors) at
1,000 hPa in East Asia on 2~5 May 2000. Typical
examples of the cut-off low are shown over Korea
and the eastern Pacific. They are due to development
of a strong vortex between the upper cut-off low and
the surface low as they relate to the jet stream in
springtime or wintertime in the mid-latitudes (Eagle-
man, 1985). That is, the low-pressure area at surface
is connected with the low-pressure center in the
upper atmosphere. This connection causes the cut-off
low, which has greater wind speeds near the ground
than other types of frontal cyclones. It travels very
slowly, its rate of movement is the same as the dis-
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Fig. 4. TOMS total ozone (Dobson Unit, right legends) and aerosol index (left legends) in East Asia on 2~~5 May 2000.
(a)~~(d) 2, 3, 4 and 5 May 2000.
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placement speed of the whole meander in the jet
stream, and it is north of the trough of the jet stream.
This type of cyclone may complete a life cycle that
includes the occlusion process. In Fig. 3, the cut-off
low over Korea was extinguishing, but that of the east-
ern Pacific was developing during the given period.

The enhancements of total CO densities appear
along the boundary of the surface anticyclone region
behind the frontogenesis associated with the cut-off
low or the surface cyclone, which is due to the whole
meander in the jet stream, as shown in Figs. 2 and 3.
At the same time, we discover that this is similar to
the spatial distribution between geopotential heights
at 500 hPa and total ozone amounts as seen in Figs.

3 and 4. The spatial distribution between the two,
especially, is in good agreement with the cut-off
lows. In Fig. 4, aerosol indexes show Asian dust
event days. Also shown is the fact that their spatial
distributions are similar to those of total CO densities
located behind the surface frontogenesis related to
the cut-off low or the surface cyclone. As a result,
we realized that the enhancements of total CO densi-
ties were associated with movement of the cut-off
lows or the surface cyclones, which was due to the
jet stream during springtime. Furthermore, the cut-
off lows were connected with the enhancements of
total O3 amounts.

Theoretically, the enhancement of total O3 is relat-
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Fig. 5. Spatial distributions of the isentropic potential vorticity (IPV) in 300 K in East Asia at 1500 LST on 2~~5 May
2000. (a)~~(d) 2, 3, 4 and 5 May 2000.
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ed to the isentropic potential vorticity (IPV), which
is very useful as an indicator of the STE of ozone-
rich air, and is also associated with the absolute vor-
ticity or the cut-off low. These relationships have
previously been used to estimate stratospheric con-
tribution to air masses containing elevated ozone in
the troposphere (Kim et al., 2002; Moon et al., 2002;
Fenn et al., 1999). Ertel’s isentropic potential vorti-
city acts as a dynamical tracer for distinguishing
between the stratospheric and tropospheric air. This
is given as: IPV==-gㆍ(f++ζ)ㆍ∂θ/∂p, where (f++ζ)
and ∂θ/∂p are the absolute vorticity on an isentropic
surface and the static stability, respectively, g is the
gravitational acceleration, and θ is the potential
temperature. Tropopause values of IPV in the mid-
latitudes are generally 1.6 potential vorticity units (1
PVU==10-6m2/s K kg). The total ozone amount (TO)
can also be expressed by integrating from the sur-
face potential temperature (θs) to ∾ as a function of
the cut-off low (f+ζ) to the level above the surface

pressure ps: TO (ps)== [(χ(θ)ㆍ (f++ζθ))/(IPV (θ)ㆍ
M)]dθ, where χ is the mass mixing ratio of ozone, 
and M is the ozone molecular mass. Fig. 5 represents

spatial distribution of the IPV in 300 K. It shows that
spatial distribution of the IPV is similar to that of
geopotential height and total amount of ozone and
as seen in Figs. 3 and 4.

Fig. 6 also shows vertical cross-section along the
SE (136�E, 20�N)-NW (116�E, 50�N) axis, which
passed through Seoul at 1500 LST on 2 and 3 May
2000. Meteorological factors such as the potential
temperature (K, lines), circulation vectors between
the ageostrophic wind speed (m/sec) and vertical
wind speed (0.001 m/sec), and the potential vorticity
(filled color) are represented along with the vertical
cross-section. Stratospheric intrusions into the tro-
posphere were observed by vertical circulation vec-
tors as well as through values higher than 1.6 PVU,
called the tropopause in the atmosphere. It was clear
that the tropopause folding event, which showed
potential vorticity contours dipping deep into the
troposphere from the stratosphere, as seen in Fig. 6,
occurred along with the cut off low during the given
period. Although we did not introduce the vertical
cross-section along the SE (130�E, 20�N)-NW (150
�E, 50�N) axis, which passed through the center of
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Fig. 6. Vertical cross-section along the SE (136��E, 20��N)~~NW (116��E, 50��N) axis at 1500 LST on (a) 2 and (b) 3 May 2000.
The vertical cross-sections includes meteorological factors such as the potential temperature (K, lines), circula-
tion vectors between the ageostropic wind speed (m/sec) and the vertical wind speed (0.001 m/sec), and the poten-
tial vorticity (filled color).
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the cut-off low over East Asia during the same period,
the tropopause folding was much stronger in this case
than that which passes through Seoul. In general, it
is dependent on both a very strong vorticity within
the jet stream and a large thermal gradient particular-
ly at the surface. Consequently, during the develop-
ment of the cut-off low in the upper troposphere as
seen in Figs. 3~6, the total ozone amount increased
along the downward stretched vortex anomalies.
That is, the ozone-rich air can be invaded along the
elongated movement of the cut off low as a result of
tropopause folding along the meandering of the jet
stream over East Asia. Of course, the ozone-rich air
invading the lower troposphere through circulation
wind vectors, as seen in Fig. 6, can have an effect

on the enhancement of surface ozone concentration.

5. ENHANCEMENT OF CO AND OZONE
CONCENTRATION ON SURFACE

Above all, Asian dust moves to the Korean Penin-
sula under a weather condition of cut-off lows as
shown in Fig. 4. Between 3 and 5 May 2000, Asian
dust that occurred in the Gobi desert moved across
the Yellow River, the Yellow Sea, the Korean penin-
sula, and the East Sea. However, the intensity of this
Asian dust was weaker than that of other Asian dust
events. It can also be expected that the surface enh-
ancement of CO concentration on the Korean penin-
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Fig. 7. Hourly variation CO (left panel) and ozone (right panel) mixing ratios at the surface air quality monitoring sites
in (a) Seoul and (b) Busan, Korea during the period of 1~~6 May 2000.



sula was partially due to long-range transport of the
dust during this weak Asian dust event as seen in
Figs. 2 and 4.

To identify the temporal variation of CO and O3

related to the cut-off low, we investigated the con-
centration of CO and O3 measured at each quality
monitoring site in Seoul and Busan during the period
of 1~6 May 2000. Fig. 7(a) shows the hourly mean
concentration of CO (left panel) and O3 (right panel)
at the Seoul monitoring sites during the period, res-
pectively. When the weak Asian dust event occurred
in Seoul on May 3~5, the concentration of CO and
O3 increased suddenly in negative correlation between
the two. Of particular note, it indicates that the O3

concentration around 80 ppbv can be affected indi-
rectly by the CO concentration because of diurnal
variation, which may be presumed as the photoche-
mical reaction of ozone precursors from local emis-
sion sources as well as their intrusion associated with
the upper cut-off low in metropolitan Seoul during
the episode days. However, these air quality data at
Busan monitoring sites show different patterns from
those of the Seoul monitoring sites as seen in Fig.

7(b). When Asian dust occurred in Busan on May 4,
concentrations of CO and O3 increased partially or
weakly in an irregular relationship between the two.
In this case, the O3 concentrations were below 60
ppbv, which might be affected not by the cut-off low
but the weak long-range transport.

In order to analyze the spatial origin of CO and
O3 during the period of 1~6 May 2000, backward
trajectories were depicted by using the Hybrid Single-
Particle Lagrangian Integrated Trajectory Model
(HYSPLIT, 1997) from the final (FNL) meteorologi-
cal field. Fig. 8 shows isentropic back trajectories of
air parcels at 1 km, 3 km and 5 km over Seoul and
Busan at 1200 UTC on May 2 and 2100 UTC on
May 3, respectively. It indicates that the origins of
these concentrations between the two regions are
different from each other. The cut-off cyclone over
Korea causes prevailing CO and O3 concentrations
in Seoul. That is, it is clear that the back trajectories
over Seoul are shown along the cyclonic flow con-
nected with the cut-off low. However those of Busan
are due to long-range transport from China at all
heights.
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Fig. 8. Backward trajectory (a) at 1200 UTC on 2 May 2000 (Seoul: 37.5��N, 127��E) and (b) at 2100 UTC on 3 May 2000
(Busan: 35��N, 129��E).
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The relative importance of chemical reactions and
long-range transport of these gases in East Asia can
be analyzed by using a chemical transport model
incorporating the Asia emission inventory. In order
to verify enhancements of CO and O3 in Korea, we
used the modeling data simulated by the Model for
Ozone and Related Chemical Tracers 2 (MOZART-
2), a global chemical transport model (http://www.
acd.ucar.edu/gctm/), which was driven by offline
meteorological fields of the European Centre for
Medium-Range Weather Forecasts (ECMWF) and
2000 emission inventories during the 2001 Asia
Pacific Aerosol Characterization Experiment (ACE-
Asia) (Horowitz et al., 2003). The ACE-ASIA emis-
sion inventory includes NOx and CO emissions from
the combustion of fossil fuels and the burning of bio-
mass. Fig. 9 shows spatial distributions of CO and
O3 simulated by MOZART-2 at levels of surface,

850, 500 and 200 hPa on 2 May 2000. The CO con-
centration decreased at 850 hPa but increased at sur-
face in Korea. Consequently, it was clear that the
enhancement of CO concentration in Seoul as shown
in Figs. 2 and 7 was due partially to long-range tran-
sport from China in fact that the simulated data was
lower than the observed data. Particularly, the O3

concentration decreased from 200 hPa to surface over
Korea. As a result, we can say that the enhancement
of O3 concentration in Seoul was due partially to
intrusion from the upper troposphere as well as long-
range transport from spatial distribution of O3 con-
centration at each level as seen in Figs. 5, 6 and 8.
Above all, in Fig. 9 (a~c), we discovered that the
spatial distribution of ozone concentration was similar
to that of total ozone amount related to the cut-off
low over East Asia as shown in Figs. 3, 4 and 5.

Finally, during development of the cut-off low
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Fig. 9. Spatial distribution of O3 and CO concentration on 2 May 2000 simulated by MOZART-2. (a)~~(c) O3 at levels of
200 hPa, 500 hPa and surface, (d)~~(e) CO at levels of 850 hPa and surface.
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from the tropopause into 500 hPa, the downward
stretched vortex anomalies increase the amount of
surface O3 and total O3 (see Fig. 7). At the same time,
air pollutants such as CO, O3 precursors, and aero-
sols located behind the frontogenesis under the cut-
off low are transported by the strong westerly from
China to Korea. Then the sudden daytime enhance-
ment of ozone in the Seoul metropolitan area is expect-
ed both by the catalytic reaction of ozone precursors
including CO and by the transport of ozone itself
originating from a slow moving cut-off low located
over Korea. Like this, severe ozone episodes in
Korea often occur in the late springtime during a
weak Asian dust event.

Consequently, we can understand that both the
cut-off low and the surface frontogenesis in spring-
time play an important role in ozone episodes above
80 ppbv during a weak Asian dust event.

6. CONCLUSIONS

Recently, we have found the enhancements of total
CO retrieved by MOPITT in East Asia. The spatial
distribution of monthly and daily total CO column
densities was the highest in East Asia in springtime
when the westerly was strong and the biomass burn-
ing was active. In addition, daily total CO densities
were shown behind the surface frontogenesis under
the weather condition of the cut-off low related to
the jet stream during a weak Asian dust event. At
the same time, the weather condition of the cut-off
low increased the total O3 amount during the period.
This indicates that not only ozone-rich air in the
upper troposphere and stratosphere can be invaded
along the elongated movement of the upper cut off
low, but also O3-precursor-rich air, including CO or
dusts in the lower troposphere, can be transported
along the isentropes with the surface frontogenesisby
a strong westerly under the upper cut off low. In fact,
such a result was obtained by indentifying the back
trajectory, the isentropic vorticity, and the global
chemical modeling data over East Asia.

These intrusions and transports of CO and O3

under the cut-off low during the weak Asian dust

event play an important role in metropolitan cities
such as Seoul and Busan, Korea. Actually, under the
weather conditions in Seoul, the enhancements of
O3 concentration were shown at about 80 ppbv during
the day between 3~5 May 2000, which was due to
the catalytic chemical reactions of ozone precursors
including CO, as well as the intrusion of O3 from the
upper troposphere. However such phenomena in
Busan were weaker than in Seoul because the region
was out of the range of the cut-off low.
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