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Abstract

The East Asian countries have been affected by atmospheric gaseous pollutants (in particular SO2) transported from the

Asian continent as well as Asian dust storms. For investigation of the impact of these anthropogenic trace gases on local

air quality in Korea, ground-based measurements using a Multi-Axis Differential Optical Absorption Spectroscopy

(MAX-DOAS) system and in situ gas analyzers as well as synoptic meteorological data and scattered sunlight spectra

obtained by the satellite-borne instrument, Scanning Imaging Absorption Spectrometer for Atmospheric Chartography

(SCIAMACHY) launched on board of Environmental Satellite (ENVISAT) in March 2002, were utilized to retrieve SO2

and trace its transport from the Asian continent to Korea in May 2005. The ground-based measurements were carried out

in the region of interest, at Korea Global Watch Observatory (KGAWO) in Korea. Plumes of high SO2 over Chinese

industrial areas and their transport to the Korean peninsula were observed in SCIAMACHY data in the period of 21–26

May 2005. Highly increased SO2 was measured by the MAX-DOAS system and in situ gas analyzer in the period of 27–29

May 2005 at KGAWO. These observations are supported by the meteorological results that the air-masses picking up

these high SO2 plumes while passing over the Chinese industrial and metropolitan areas were transported to the Korean

peninsula. The tropospheric SO2 VCDs over these Chinese industrial and metropolitan areas ranged up to

1.4� 1017mol cm�2 in SCIAMACHY data. These SO2 plumes resulted in increased SO2 surface levels of up to 7.8 ppbv

(measured by an in situ gas analyzer) at KGAWO.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Anthropogenic emissions of atmospheric pollu-
tants in East Asian countries are of great concern
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because of their impact on the atmospheric envir-
onment on regional and intercontinental scales.
The East Asian countries have been affected by
atmospheric gaseous pollutants (in particular SO2)
transported from the Asian continent as well as
Asian dust storms containing a toxic mixture of
heavy metals and carcinogens accumulated as the
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clouds pass over Chinese industrial areas (Koike
et al., 2003; Zhang et al., 2003; Tu et al., 2004; Jaffe
et al., 2005). Rapid economic growth and increasing
fossil fuel energy consumption in China in the past
decades has resulted in large emissions of reactive
sulfur compounds into the atmosphere.

Sulfur dioxide (SO2) is an important trace species
in the atmosphere, both under background condi-
tions and in polluted areas (Chin and Jacob, 1996;
Berglen et al., 2004). It is released into the tropo-
sphere as a result of anthropogenic and natural
phenomena. The SO2 emitted is chemically con-
verted to sulfuric acids in the atmosphere both in
the gaseous and aqueous phases (Chin and Jacob,
1996). When these acids precipitate, damage is
caused to ecosystems and buildings. Related forma-
tion of sulfuric acid (sulfate) aerosols can cause
human respiratory morbidity and mortality. Sulfate
aerosols have a cooling effect on the Earth’s surface
(Intergovernmental Panel on Climate Change
(IPCC), 2001). These sulfate particles reflect
energy coming from the sun, thereby decreasing
the amount of sunlight reaching and heating
the Earth’s surface. Myhre et al. (2004) suggested
that most of the lower stratospheric sulfate aerosol
is of anthropogenic origin and a global mean
radiative forcing due to the anthropogenic influence
on the stratospheric aerosol layer results in
�0.05Wm�2. This represents a new climate forcing
mechanism and emphasizes anthropogenic sulfur
emission as an important cooling mechanism
(Myhre et al., 2004).

Anthropogenic emissions of SO2 occur predomi-
nantly at the continental surface and chemical
conversion and loss processes take place during
transport. Air pollutants are transported in the
atmosphere via advection and turbulent diffusion
processes. Their concentrations in the free tropo-
sphere are usually lower than those in the boundary
layer, because a large fraction of the species remains
within boundary layer and a small fraction of them
is transported to the free troposphere. Those air-
masses uplifted from the source region are trans-
ported to the Korean peninsula by prevailing
westerly wind increasing with altitude (Koike
et al., 2003). Processes of transport and the regional
budget of anthropogenic nitrogen and sulfur com-
pounds over the East Asia region have been
investigated using model simulations and aircraft
measurements (Chin et al., 2000; Tan et al., 2002;
Koike et al., 2003; Stohl et al., 2003; Guttikunda
et al., 2005).
Since the 1970s, Differential Optical Absorption
Spectroscopy (DOAS) has been used as a powerful
tool for the detection of atmospheric trace species
on a real-time basis (Platt, 1994). Using the DOAS
technique, a number of atmospheric trace gases can
be retrieved from the UV and visible region of the
spectra, including O3, NO2, BrO, OClO, SO2,
HCHO, CHOCHO, and H2O (Hausmann and
Platt, 1994; Hebestreit et al., 1999; Afe et al.,
2004; Wittrock et al., 2006). The Multi-Axis
Differential Optical Absorption Spectroscopy
(MAX-DOAS) technique is a passive DOAS
technique using scattered sunlight from several
viewing directions in addition to conventional
zenith pointing. The measurements using low-view-
ing angles emphasize the absorption path in the
lowermost atmospheric layers and the sensitivity
for absorbers in the boundary layer is strongly
enhanced, while the photons received from the
zenith-looking telescope have traveled a relatively
long path in the stratosphere and a comparatively
short path in the troposphere (Hönninger et al.,
2004). A MAX-DOAS system using a single
telescope for receiving the scattered sunlight
was used to investigate local air quality in
this work. Satellite remote sensing techniques,
in particular using the DOAS technique, have
been employed for the measurement of atmospheric
trace species on global and regional scales
(e.g., Wagner and Platt, 1998; Palmer et al., 2003;
Richter et al., 2005; Wittrock et al., 2006).
The SCIAMACHY (Scanning Imaging Absorption
Spectrometer For Atmospheric Chartography,
http://www.iup.uni-bremen.de/sciamachy/), satellite
instrument launched on board of ENVISAT
in March 2002 (Bovensmann et al., 1999),
performs continuous measurements of transmitted,
reflected and scattered sunlight in the ultraviolet,
visible, and shortwave infrared wavelength
region. The radiance measurements contain infor-
mation on concentration and distribution of atmo-
spheric trace gases showing spectral absorption
features in the absorbed wavelength interval
(Bovensmann et al., 1999). Here, SCIAMACHY
measurements in the nadir (down-looking) mode
were utilized to retrieve SO2 and to trace its
transport from the Asian continent to East Asian
countries.

The objective of this work was to investigate the
impact of atmospheric trace gases (mainly SO2)
transported from the Asian continent on air
quality over Korea. To achieve this objective, the

http://www.iup.uni-bremen.de/sciamachy/
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following scientific questions were addressed in this
study:
(1)
 What is the extent of long-range transport of
anthropogenic trace gases (e.g., SO2) from the
Asian continent?
(2)
 What is the impact of these atmospheric trace
gases on local air quality over Korea?
More specifically, ground-based and satellite
measurement data as well as meteorological data
have been utilized to investigate the impact of the
anthropogenic trace gases transported from the
Asian continent in May 2005 over Korea.

2. Data set

The data sets used in this work include MAX-
DOAS data, in situ air-quality monitoring data,
SCIAMACHY Level 1 data, and global grid final
run (FNL) meteorological data. Ground-based
measurements using a MAX-DOAS system (NO2

and SO2) and in situ analyzers for NOx (ML9841A,
Teledyne Instruments), SO2 (ML9850, Teledyne
Instruments), CO (ML9830, Teledyne Instruments),
O3 (ML9812, Teledyne Instruments), and PM10

(b-ray PM10, FH62C14, Thermo Andersen) were
carried out to obtain local air-quality data in the
region of interest from 20 May to 9 June 2005, at
the Korea Global Atmosphere Watch Observatory
(KGAWO) (36.561N, 127.471E) located on An-
myeon Island off the west coast of Korea.

2.1. Ground-based MAX-DOAS data

Our sequential MAX-DOAS system mainly con-
sists of a small aluminum box containing a
miniature spectrograph and a telescope. The minia-
ture spectrograph (OceanOptics USB2000, cross
Czerny-Turner type, 1/f ¼ 4) consists of a grating
(2400 groovesmm�1) yielding spectral coverage be-
tween 289 and 431 nm (at 0.7 nm FWHM spectral
resolution) and a CCD detector (2048 pixels at
14 mm center-to-center spacing) (Lee et al., 2005b).
The MAX-DOAS box was attached directly to a
stepper motor, allowing sequential measurement of
scattered sunlight at various elevation angles
between 01 and 901 above the horizon. MAX-
DOAS measurements were made from the roof of
the KGAWO building (43m above sea level)
during daytime from 27 May to 9 June 2005 (UT).
The viewing azimuth angle of the MAX-DOAS
telescope was 3401 (01 means true north direction),
looking to the sea. Scattered sunlight signals
were recorded at telescope elevation angles of 31,
61, 101, 201, and 901. Each measurement sequence
took about 10–20min. Measured MAX-DOAS
spectra were analyzed to identify and quantify
levels of SO2 and NO2 using their specific structured
absorption features in the ultraviolet region (Platt,
1994).

The spectra taken by the MAX-DOAS system
were calibrated using mercury lamp line peaks
corrected for dark current and electric offset signal
by subtracting the dark current and offset signals
recorded. Then the spectra were calibrated again by
fitting them to a solar reference spectrum, and slant
column densities (SCDs) of SO2 and NO2 were
derived from the calibrated DOAS spectra using the
WinDOAS V2.10 software package (Van Roozen-
dael and Fayt, 2001). Scattered sunlight is highly
structured due to solar Fraunhofer lines. Literature
reference absorption cross-section spectra as well as
the Fraunhofer Reference Spectrum (FRS) and
Ring spectrum were simultaneously fitted to the
scattered sunlight spectra using the nonlinear least-
square method, in addition to a polynomial order fit
to remove broad band structures (Stutz and Platt,
1996). A scattered sunlight spectrum taken at an
elevation angle of 901 (zenith direction) around
noon on (local time) of a cloudless day (30 May
2005) was used as the FRS, when only negligible
background trace gas absorption was present. High-
resolution reference absorption spectra were taken
from the literatures (Greenblatt et al., 1990; Simon
et al., 1990; Vandaele et al., 1997; Wilmouth et al.,
1999; Bogumil et al., 2003). The Ring spectrum was
calculated from the FRS (Bobrowski et al., 2003;
Hönninger et al., 2004; Lee et al., 2005b). All
reference absorption cross-section spectra were
convoluted with the instrumental function to match
the spectral resolution of the MAX-DOAS system
used in this study. The specifications for the
evaluation of SO2 and NO2 are summarized in
Table 1. The fitting errors for the MAX-DOAS SO2

and NO2 were o15% and 7%, respectively. The
retrieved SCDs from MAX-DOAS spectra recorded
at a 901 elevation angle were subtracted from those
obtained at other elevation angles during each
scanning sequence. This procedure yielded differ-
ential SCDs (DSCDs) ( ¼ SCD(a, y)�SCD(901, y)),
where a is the elevation angle and y the solar zenith
angle and removed absorptions by trace gases in the
stratosphere (Leser et al., 2003).
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Table 1

Specifications for the evaluation of MAX-DOAS and SCIAMACHY data

Data Molecule Wavelength range

(nm)

Polynomial order Cross-sections included in the fitting procedure

MAX-DOAS SO2 303.5–316 3 SO2
a, NO2

b, O3
c, BrOd, ClOe, Ringf, FRSg

NO2 399–418 3 NO2
b, O4

h, O3
c, Ringf, FRSg

SCIAMACHY SO2 315–327 4 SO2
i, O3

c, Ringj, USampk, ETAl

The cross-sections of NO2, O3, and SO2 for the evaluation of MAX-DOAS were I0-corrected (Aliwell et al., 2002).
aSO2 at 293 K (Bogumil et al., 2003).
bNO2 at 294 K (Vandaele et al., 1997).
cTwo O3 cross-sections obtained at 223 and 243 K (Bogumil et al., 2003) were included in the fitting routine.
dBrO at 298 K (Wilmouth et al., 1999).
eClO at 300 K (Simon et al., 1990).
fRing spectrum.
gFraunhofer Reference Spectrum.
hO4 at 296 K (Greenblatt et al., 1990).
iSO2 at 295 K (Vandaele et al., 1994).
jRing spectrum (Vountas et al., 1998).
kUndersampling correction.
lPolarization dependency of the SCIAMACHY instrument.
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2.2. Meteorological data

FNL data which uses the Global Spectral
Medium-Range Forecast model to assimilate multi-
ple sources of measured data and forecast meteor-
ology are available from the National Oceanic and
Atmospheric Administrations (NOAA) Air Re-
source Laboratory (ARL; ftp://www.arl.noaa.gov/
pub/archives/fnl/). FNL data were used to estimate
synoptic conditions over the study area and to
calculate backward trajectories of air-masses with
the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT-4; http://www.arl.noaa.gov/
ready/hysplit4.html). The HYSPLIT-4 model was
also used to characterize the transport pattern of
air-mass flow over the study area. Vertical motions
are calculated using the isentropic method with
5-day backward trajectory calculations (500, 1000,
and 2000m above the ground level). Moreover,
local meteorological data that included wind speed
and direction were also collected by an automatic
weather station (AWS) installed 40m above the
ground level at KGAWO.

2.3. SCIAMACHY data

The SCIAMACHY is one of the instruments on
board European Space Agency’s (ESA) Environ-
mental Satellite (ENVISAT) which was launched in
a sun-synchronous orbit on 1 March 2002 and is in
nominal operation since August 2002 (Bovensmann
et al., 1999). The SCIAMACHY instrument is an
eight channel grating spectrometer measuring light
scattered by the Earth’s atmosphere and surface in
nadir, limb, and occultation (both solar and lunar)
geometries. SCIAMACHY covers the spectral
region from 220 to 2400 nm with a spectral
resolution of 0.25 nm in the UV, 0.4 nm in the
visible and less in the NIR. The size of the nadir
ground-pixels depends on wavelength range and
solar elevation and can be as small as 30� 30 km2.
In the above wavelength regions, several trace gases
(e.g., BrO, NO2, CHOCHO, HCHO, SO2, OClO,
O3, etc.) have been detected (Eisinger and Burrows,
1998; Wagner and Platt, 1998; Afe et al., 2004;
Buchwitz et al., 2005; Richter et al., 2005; Wittrock
et al., 2006).

The SO2 analysis for SCIAMACHY is based on
the DOAS retrieval method (Eisinger and Burrows,
1998; Afe et al., 2004; Richter et al., 2006). The
wavelength range of 315–327 nm was used for the
SO2 DOAS fit as the differential absorptions are
large and interference by other species is small. In
addition to the SO2 cross-section (Vandaele et al.,
1994), two ozone cross-sections (Bogumil et al.,
2003), a synthetic Ring spectrum (Vountas
et al., 1998), an undersampling correction (Chance,
1998), and the polarization dependency of the
SCIAMACHY instrument are included in the fit
(see Table 1). Daily solar irradiation measurements
taken with the ASM diffuser are used as back-
ground spectrum. Most of fitting errors over East

ftp://www.arl.noaa.gov/pub/archives/fnl/
ftp://www.arl.noaa.gov/pub/archives/fnl/
http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html
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Asia during the period of interest were o200%, and
the data with fitting errors o150% were used in the
following procedure. A latitude dependent offset
was removed by subtracting the column taken on
the same day at the same latitude in the 180–2301
longitude region from the total column by the
reference sector method (Richter and Burrows,
1999; Sierk et al., 2006). A cloud screening is
applied to remove those measurements with a cloud
fraction of 40.6 as determined from SCIAMA-
CHY measurements using the SACURA algorithm
(Kokhanovsky et al., 2006). Then the tropospheric
slant column was converted to a vertical tropo-
spheric column using an appropriate air-mass
factor (AMF). The AMF is defined as the ratio of
the observed slant column to the vertical column. It
was calculated with a radiative transfer model,
SCIATRAN (from Institute of Environmental
Physics and Remote Sensing, University of Bremen,
Germany), assuming full multiple scattering, surface
albedo of 0.03, solar zenith angle of 401, maritime
(LOWTRAN) aerosol loading, and a SO2 vertical
profile which remains invariant from 0 to 1 km,
decreases exponentially from 1 to 10 km and reaches
drop down to zero above 11 km. The error induced
from the AMF calculation by this assumption for
boundary layer SO2 was o20% (Eisinger and
Burrows, 1998; Afe et al., 2004).

3. Results and discussion

3.1. Ground-based measurements

Fig. 1 shows the DSCDs and mixing ratios of
atmospheric SO2 and NO2 measured by the MAX-
DOAS system at KGWO located at Anmyeon from
27 May to 9 June 2005 (UT). The temporal
variations of atmospheric NO2, SO2, PM10, CO,
NO, and O3 concentrations measured by in situ
monitors at KGWO from 21 May to 10 June 2005
(UT) are plotted in Fig. 2. Relatively high SO2 and
NO2 levels were observed during two periods: 27–29
May (the first event period) and 4–7 June 2005 (the
second event period). High SO2 DSCDs observed
by the MAX-DOAS system during the first period
decreased to low values, and then they slightly got
higher during the second period. The SO2 trend
determined by the MAX-DOAS system was not in
agreement with that seen by the in situ gas analyzer
during the first event period, unlike in the case of
NO2. Relatively high NO2 DSCDs were observed
during both periods. Relatively high PM10 concen-
trations were also observed during the first event
period.

The discrepancy in SO2 trends between the MAX-
DOAS and in situ monitors during the first event
period could be due to the inhomogeniety of air-
masses. The major difference between the MAX-
DOAS system and in situ instruments is that the
passive MAX-DOAS system relies on the sun as its
light source. Therefore, instrumental differences
associated with measurement principles (i.e., line-
integrating versus point measurement) need to be
considered for an evaluation of MAX-DOAS
performance (Lee et al., 2005a). The KGAWO site
could be affected by the long-range transport of
pollutants from the Asian continent. The air-mass
transported from the Asian continent could be in
the upper part of the boundary layer over the
KGAWO site, and might have spread horizontally
and towards the ground during the first event
period. It is believed that the aged air-mass had an
impact during the first event period. This is
supported by HYSPLIT-4 modeling results
indicating the air-mass transport from Asian
continent (to be discussed in Section 3.2), satellite
SO2 images (to be discussed in Section 3.3),
and high SO4

2�/SO2 ratios of PM1 samples collected
by an URG PM1 sampler as summarized in Table 2.
The MAX-DOAS system could have detected the
SO2 in the upper part of the boundary layer
as well as near the ground, while the in situ monitor
measured it only near the ground. This could
cause inconsistency of SO2 trends between the
MAX-DOAS system and in situ monitor during
the first event period. NO2 levels in the boundary
layer could be more affected by local sources near
the measurement site than by the long-range
transport during the event periods as NO2 has
relatively short lifetime compared to SO2. It is
believed that the majority of NO2 measured during
the event periods could be attributed to local
sources such as increased traffic around nearby
resorts rather than the long-ranged transport from
Asian continent. This could be supported by higher
NO concentration during the event periods, com-
pared to other periods. Therefore, temporal varia-
tion between the MAX-DOAS and in situ monitor
was relatively consistent for NO2 during the
measurement period.

In addition to the long-range transport of
pollutants, local sources (e.g., increased traffic
around nearby resorts on a weekend) could have
contributed to the high concentrations of SO2 and



ARTICLE IN PRESS

May 27 May 29 May 31 Jun 2 Jun 4 Jun 6 Jun 8

0

1

2

3

4

5

0

10

20

30

40

0.0

0.5

1.0

1.5

2.0

0

2

4

6

0

2

4

6

0

1

2

3

0

1

2

3

0

2

4

6

8

M
ix

in
g
 r

a
ti
o

M
A

X
-D

O
A

S
 [
p
p
b
v
]

Date [UT]

 
M

ix
in

g
 r

a
ti
o

In
-s

it
u
 [
p
p
b
v
]

SO2

 
NO2

SO2

NO2

 

3° 6° 10° 20°

D
S

C
D

M
A

X
-D

O
A

S
 [
1
0

1
6
 m

o
le

c
u

le
s
/c

m
2
]

In-situ monitor

MAX-DOAS

In-situ monitor

MAX-DOAS

Fig. 1. Differential slant column densities (DSCD) and mixing ratios of SO2 and NO2 at different elevation angles (denoted on the top of

the figure) determined by the MAX-DOAS system at KGAWO. Mixing ratios by the MAX-DOAS system were calculated using DSCD at

the elevation angle 61 and a 1 km well-mixed boundary layer (for details see Section 3.1). The date at the tic-mark denotes 0:00 h (UT) of

the given day.
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NO2 during the first event period, particularly on 29
May 2005. The increased concentrations of SO2 and
NO2 observed during the second period on a
weekend could be attributed to local sources.

The mean DSCDs of SO2 and NO2 observed
during the measurement period can be converted to
mixing ratios. Assuming that the trace gases were
homogeneous within the 1 km height of the bound-
ary mixing ratios were calculated as (Ziemke et al.,
2001)

M ðppbvÞ ¼ 1:25�
DSCD ðmolecules cm�2Þ

dAMF

�
1

2:688� 1016 ðmoleculesDU�1Þ
�

1

DP ðatomÞ
,

ð1Þ
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Fig. 2. Mixing ratios of SO2, NO2, PM10, CO, and NO obtained by in situ monitors at KGAWO. The date at the tic-mark denotes 0:00 h

(UT) of the given day.

Table 2

SO4
2�/SO2 ratios determined for each PM1 sample collected for 24 h

27 May 29 May 30 May 31 May 4 June 5 June 6 June 7 June 8 June

SO4
2�/SO2 ratio 6.05 1.36 5.98 0.82 1.37 0.76 1.77 1.41 2.74
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where M is the mixing ratio, dAMF is a differential
airmass factor (AMF(a ¼ 61)–AMF(a ¼ 901)), and
DP is the pressure difference between surface and
1 km height of boundary layer, which was deter-
mined to be 0.113 from US standard atmosphere,
1976 (Seinfeld and Pandis, 1998). The AMFs
for this work were calculated using the Monte
Carlo radiative transfer model described in von
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Friedeburg et al. (2004) which includes multiple
Rayleigh and Mie scattering, surface albedo,
refraction, and full spherical geometry. Assuming
301 solar zenith angles, 5% ground albedo, and
trace gas profiles where the absorption was below
1 km in the boundary layer, the dAMFs were
calculated to be 4.8 at 310 nm for SO2 and 5.7 at
410 nm for NO2, respectively, based on an aerosol
profile measured by a collocated LIDAR instru-
ment on 29 May (UT). The mixing ratios converted
from DSCDs of SO2 and NO2 observed during the
measurement period are shown in Fig. 1. Assuming
that the trace gases were well mixed within the 1 km
height of the boundary layer, the mean mixing
ratios of SO2 and NO2 were estimated to be 0.62
(70.60) ppbv and 0.80 (70.77) ppbv, respectively.

The mixing ratios of SO2 and NO2 derived from
the MAX-DOAS data are much lower compared to
those obtained by the in situ monitors. The AMF
for the calculation of SO2 and NO2 mixing ratios
depends strongly on their vertical profiles (e.g.,
Hönninger et al., 2004; Richter et al., 2005, 2006). It
is believed that a lot of SO2 was above the boundary
layer for the high SO2 events. High SO2 plume could
be above the boundary layer on 27–29 May, and is
already decreasing on 29 May when it was detected
by the in situ monitor. There is some separation of
viewing angles in the SO2 during the measurement
period indicating a boundary layer signal where the
in situ sensor detects elevated SO2. The plume could
be on top of the boundary layer and did not lead to
more separation but rather to an offset in all
viewing directions. In the case of NO2, the NO2 is
not well mixed in the boundary layer and therefore
the mixing ratio at the surface is usually larger than
Table 3

Measurement results of ground-based in situ air quality monitoring in

Case w/o the eventsa 1st event case

NO2 SO2 CO PM10 NO2 SO2

Mean 6.5 1.0 57.2 29.1 9.3 1.6

Std 3.1 0.8 19.7 11.3 4.6 1.6

Max 27.8 4.0 155.4 66.2 34.5 7.8

Min 2.3 0.0 25 0.0 3.2 0.0

Med 4.3 1 54 29.5 9.2 1.2

N 1728 1728 1728 1721 432 432

Mean, Std, Max, Min, Med, N denote the mean, standard deviation, m

each case, respectively.
aThe period of excluding the first event period (27–29 May) and the
what would be expected from an l km well-mixed
layer.

Table 3 summarizes the statistical results of
atmospheric NO2, SO2, CO, and PM10 concentra-
tions determined by the in situ gas analyzers. The
measurement period of 20 May to 10 June 2005 was
divided into three periods with the events previously
mentioned. Fig. 3 shows the meteorological para-
meters measured at KGAWO during the above
period, indicating that wind was northerly or
northwesterly during the event periods. A high-
pressure system was located over the Northeast of
China until 26 May 2005 and during the two events
periods, and then low pressure settled in from 27
May to 2 June 2005. As in the cases of NO2 and
SO2, relatively high CO and PM10 concentrations
were observed during the first period, but not during
the second event period in the case of PM10. The CO
concentration measured during the first event
period was higher than that obtained during
the second period, as shown in Table 3. During
the first event period, the mean concentrations
of CO and PM10 were 137.3736.4 ppmv and
68.2716.8 mgm�3, respectively.

3.2. Synoptic conditions and air-mass backward

trajectories

Fig. 4 shows the mean sea-level pressure charts
with wind vector at 850 hPa from 20 May to 10 June
2005. As shown in Fig. 4, the time series for mean
sea-level pressure indicate that the continental high-
pressure system was located over Northeastern
China and the prevailing airflows in the rim regions
was northerly or northwesterly during 21–26 May
struments during period of 21 May to 10 June 2005

2nd event case

CO PM10 NO2 SO2 CO PM10

137.3 68.2 8.2 1.1 81.5 30.6

36.4 16.8 3.4 0.6 25.8 8.4

200.1 108.0 24.4 3.3 182.8 52.5

57.4 23.8 2.9 0.0 41.9 1.4

145.9 69.3 7.5 1.1 74.4 8.4

172 431 552 552 552 552

aximum, minimum, median values, and the number of data for

second period (4–7 June) from 20 May to 10 June 2005.
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Fig. 3. Meteorological data collected by an automatic weather station installed 40m above the ground level at KGAWO. WD, WS,

Temp., and RH denote the wind direction, wind speed, temperature, and relative humidity, respectively.
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2005. The wind was westerly or southwesterly
during 27 May to 1 June, was northerly or north-
westerly during 2–4 June, and then changed to be
westerly or southwesterly from 7 June 2005. High
SO2 VCDs were observed around the Korean
peninsula by SCIAMACHY during 21–26 May
2005 (see Section 3.3).

Air-mass backward trajectories were calculated to
investigate the sources and pathway of air-masses
reaching Korea. The NOAA/ARL HYSPLIT-4
model was used to calculate backward trajectories
of air-masses with a 00 UTC (09:00 h local time)
arrival time at Anmyeon, Korea. The 5-day (120 h)
backward trajectories at three heights of 500, 1000,
and 2000m (above the ground level) are plotted in
Fig. 5. The top and bottom graphs of air-mass
trajectory analysis show the horizontal and vertical
motion of an air-mass, respectively. As shown in
Fig. 5, the trajectory lines show that the air-masses
reaching Anmyeon passed over Northeast China
and Korea at all altitudes. The trajectory results
show that the air-mass from Mongolia moved to
the southeast, and then it picked up the high SO2

plume while passing over Chinese industrial areas
(36–441N and 114–1241E) and metropolitan areas
(e.g., Beijing) of Northeast China, before arriving at
Anmyeon. Vertical movement of the trajectory
shows that the air-mass can be affected by emissions
from Chinese industrial and metropolitan areas. In
particular, backward trajectories for the altitudes of
500 and 1000m passed through the industrial areas
in China. The interesting results were that the air-
mass for each altitude stayed in Northeast China for
around 4 days and then reached Anmyeon, Korea.

3.3. Satellite images of SO2

Fig. 6 shows the tropospheric vertical columns of
SO2, obtained from SCIAMACHY spectral data.
The sub pixel gaps marked as white color in Fig. 6
were induced by cloud screening to remove those
pixel data with a cloud fraction 40.6 as mentioned
in Section 2.3. The SCIAMACHY scanned once per
3 days over Korea. The data focus on the period
from 18 May to 10 June 2005. No significant SO2

values were seen over the study area of around East
China and the Korean peninsula during the period
of 18–20 May. Enhanced SO2 values were detected
over industrial areas in Northeast China, around
the Korean peninsula, and over West Sea around
the longitude 1241 during 21–23 May. SCIAMA-
CHY SO2 VCDs over these areas ranged up to
1.4� 1017mol cm�2. From 24 to 26 May, these
enhanced SO2 values were detected around West
Sea coast and East Sea (around 1321E and 401N)
and were as high as 1.3� 1017mol cm�2. Note that
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Fig. 4. Mean sea-level pressure charts with wind vector at 850 hPa over Northeast Asia for the period of 20 May to 10 June 2003 (UT).

The mean sea-level pressure contour interval is 4 hPa. Meteorological data are from the NOAA/ARL FNL archive.
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Fig. 5. HYSPLIT backward trajectories, indicating the origin of airmasses observed at KGAWO in May 2005: left, 27 May; right, 28

May. Asterisks indicate the start point of the backward trajectories; other marks along the trajectories are spaced 12 h apart. The bottom

plots show the height (above the ground level) as functions of the time in h before the start of the trajectory.
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Fig. 6. Tropospheric SO2 vertical columns from SCIAMACHY retrieval. The daily plots are shown in the period of 21–29 May 2005 of

interest. The other plots are based on 6-day mean data.
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there was no significant emission source of SO2 in
West Sea and East Sea. They could be the result of
transport from the area where the high SO2 plumes
were detected during the period of 21–23 May since
the wind was northwesterly around the Korean
peninsula during this period (see Fig. 4). No
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Fig. 6. (Continued)

C. Lee et al. / Atmospheric Environment 42 (2008) 1461–14751472
significant SO2 values were observed from 27 May
to 10 June. However, the SO2 values around the
Korean peninsula slightly increased during the
period of 1–7 June, and then decreased from 8
June. The maximum SO2 columns were
7.0� 1016mol cm�2 around the Korean peninsula
during the period of 27 May to 4 June. High SO2

plumes have been observed over the area of latitude
22–241 and longitude 132–1361 as shown in the first
plot of Fig. 6. However, they did not have an effect
on air quality over Korea during the measurement
period because of the meteorological conditions as
shown in Fig. 4.

The high SO2 values from SCIAMACHY data
were observed over Chinese industrial areas during
the period of 21–25 May and over West Sea coast
during the period of 22–26 May. As seen on the
meteorological maps of Fig. 4, the wind was
southeasterly and HYSPLIT-4 modeling results
show the air-masses detected at KGAWO had
passed over Chinese industrial areas where high
SO2 and low NO2 were detected by SCIAMACHY
during the period (b). During the period of 21–26
May relatively high NO2 was observed over the West
Sea, compared to other periods. The SO2 VCD from
the SCIAMACHY retrieval over Chinese industrial
areas (36–441N and 114–1241E) where the air-masses
passed before arriving at Anmyeon was as high as
1.4� 1017mol cm�2, and the SO2 VCD integrated
over these areas (

R
x

R
y
VCDSO2

ðx; yÞdxdy) was
�2.3� 1032molecules (�2.4� 104 SO2 ton). The
SO2 VCD retrieved from SCIAMACHY data at
KGAWO was 3.4� 1015mol cm�2 (�1.4 ppbv, as-
suming that the trace gases were well mixed
within 1 km height of the boundary layer) on 28
May 2005. The mean SO2 concentrations were 1.4
and 1.6 ppbv (ranged to 1.8 and 7.8 ppbv) by the
MAX-DOAS system and an in situ gas analyzer,
respectively, at KGAWO during the first event
period.

High NO2 columns were observed during the
above measurement periods over East China (and
also over Seoul located in the middle of the Korea
peninsula), as shown in Fig. 7. Relatively high NO2

was observed over the West Sea region during 21–26
May 2005, compared to other periods.
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4. Conclusions

Atmospheric pollutants (in particular SO2) origi-
nating from the Asian continent were transported to
the Korean peninsula during May 2005, with the
movement of these air-masses being dependent on
synoptic weather conditions. Trajectory calculations
show that the air-masses passed over the Chinese
industrial areas and picked up the high SO2 plumes,
before arriving at KGAWO (the ground-based
measurement site). The tropospheric SO2 VCDs
over these Chinese industrial areas ranged to
1.4� 1017mol cm�2 in SCIAMACHY data. The
SO2 plume originating from the Asian continent
extended far to the Southeast over Korea and
moved out to the East Sea. Relatively high SO2

levels were observed by the ground-based MAX-
DOAS system over the KGAWO site during
27–29 May 2005 and ranged to 2.5� 1016 and
6.2� 1016DSCDmol cm�2 at the elevation angle 61.
Mean surface SO2 values measured at the KGAWO
site by the in situ gas analyzer ranged to 7.8 ppbv,
which was highly affected by SO2 plumes originat-
ing from Chinese industrial and metropolitan
areas. The atmospheric trace gases transported
from the Asian continent could have impact on
the regional air quality over Korea. The estimation
of anthropogenic trace gas emissions and their
transport from space have difficulties due to
inadequate coverage of satellite data in time and
space. However, the satellite remote sensing techni-
ques can help investigate the extent of long-range
transport of anthropogenic trace gases and their
impact on local air quality, complementing ground-
based measurement.
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