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ABSTRACT 
 

Aircrafts enable the direct measurement of chemical components in the free troposphere (FT). This study employed 
airborne measurements to examine the occurrences of high concentrations of SO2 and NOx in the FT over the coastal 
region west of the Seoul metropolitan area, South Korea. The data from a long-term (1997–2011) airborne measurement 
campaign were used to determine the meteorological conditions favorable for carrying these pollutants into the Seoul area. 
The back trajectory analyses of 21 instances of high FT pollutant concentration events showed ascending patterns from the 
major pollutant sources, mainly the industrial complexes in eastern China, in 9 instances and passing patterns in 12 
instances. In the ascending instances, developing low-pressure systems over the source regions provide favorable 
conditions to uplift air pollutants from the surface into the FT. In the passing instances, an anomalous low-pressure system 
near the surface prevented airflows from descending into the boundary layer and upper-level anticyclonic systems helped 
to keep the ascending airflows in the FT. This study proposes the basic mechanisms for predicting air quality in the Seoul 
area, considering that air pollutants in the FT often entrain into the boundary layer to increase local concentrations. 
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INTRODUCTION 
 

Air pollutants from industrial sources adversely affect 
the health of humans and ecosystems, deteriorate facilities, 
and cause traffic problems by the reduced visibility. 
Because of the health risk, the World Health Organization 
(WHO) has developed an air quality guideline to provide 
the thresholds for health-harmful pollution levels (World 
Health Organization, 2006). Additionally, a number of 
countries have also developed their own standards to 
regulate the ambient air quality. China has limited the 
emissions of major pollutants since 1982 and is planning to 
implement more stringent air quality standards nationwide 
for 10 pollutants including sulfur dioxide (SO2), nitrogen 
dioxide (NO2), nitrogen oxides (NOx), carbon monoxide 
(CO), ozone (O3), particulate matter with diameter ≤ 10 
µm (PM10) and ≤ 2.5 µm (PM2.5), total suspended particles, 
lead (Pb), and benzopyrene, by 2016 (China MEP, 2012). 
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The limit for NO2 (200 µg m–3 in the 1-h average) in cities 
in China is the same as that of the WHO guideline, whereas 
the limits for other gases differ. The limit for SO2 in China 
(WHO) is 150 (20) µg m–3 in the 24-h average, for O3 it is 
160 (100) µg m–3 in the 8-h average, and for PM10 and 
PM2.5 it is 150 (50) µg m–3 and 75 (25) µg m–3 in the 24-h 
average, respectively. It is clear that the current air quality 
standards in China are relatively loose compared with those 
of the WHO. Moreover, while the total emissions of SO2 
in China began to decrease after 2006 (Lu et al., 2010), the 
total emissions of NOx in China have tripled during the period 
1980–2010 (Liu et al., 2013). In 2010, the anthropogenic 
emissions of NOx were estimated at 26.06 Mt, an increase 
of 33.8% from 2005 (Zhao et al., 2013), attributable to the 
rapid growth of industries and the increase in transportation. 

As the Korean peninsula is located generally downwind 
of China, the concentrations of air pollutants in many of the 
metropolitan areas in Korea are affected not only by the 
local emissions but also by the remote emissions in China. 
The west coastal region of Korea has been targeted for the 
monitoring of air pollutant concentrations and flow patterns 
for longer than a decade (e.g., Choi et al., 2001; Kim et al., 
2007; Noh et al., 2007; Koo et al., 2008; Lee et al., 2013) 
to quantify the transboundary transport of pollutants from 
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China, with minimal effect from the local emissions. A 
number of studies have analyzed the air pollutants transported 
in the planetary boundary layer (PBL). However, the 
significance of air pollutants in the free troposphere (FT) 
should also be emphasized, as air pollutants in the FT 
influence radiative transfer and are often transported 
downstream over large distances (Heald et al., 2005; Zhu 
et al., 2007; He et al., 2012). These pollutants often descend 
into the PBL and cause adverse effects on the air quality in 
remote regions and, consequently, on human health (Heald 
et al., 2006; Colette et al., 2008; Cooper et al., 2010). 

Despite the importance of the FT pollutant transport in 
assessing the regional air quality, in-situ air pollutants 
measurements in the FT are rare. Data from satellites or 
lidar suffer from relatively large uncertainties due to the 
indirect measurements of the concentrations of air pollutants 
in the troposphere [for example, the Multi-angle Imaging 
SpectroRadiometer derives an aerosol optical depth over 
global land with an uncertainty of ~20% (Yu et al., 2006), 
and the Raman lidar can measure the profiles of aerosol 
extinction with uncertainty of 15–20% (Schmid et al., 2009)]; 
the distribution of chemical components from satellite 
have been retrieved from calibrated radiances (Deeter et 
al., 2003; Waters et al., 2006; Clerbaux et al., 2009) and 
lidar has detected aerosols with the aerosol optical properties 
such as backscatter coefficient and extinction coefficient 
(Welton et al., 2000; Müller et al., 2007). In situ airborne 
observations are useful for measuring the air pollutants for 
two reasons. Firstly, the global positioning system of the 
aircraft samples the vertical profiles of air pollutants with 
accurate geographical reference, making it possible to 
separate the distribution of the chemical components between 
the PBL and the FT if the PBL height is known. Secondly, 
the concentration of specific components, such as SO2, CO, 
O3, NOx, etc. directly measured from the aircraft, facilitates 
quantitative analysis (e.g., Hatakeyama et al., 2004; Corrigan 
et al., 2008; Wang et al., 2008; Chen et al., 2013; Zhang et 
al., 2014). Airborne measurements allow to distinguish the 
FT air pollutants from those in the PBL, and in turn allow 
to identify the meteorological conditions related with the 
occurrence of high-concentration events in the troposphere. 
This is very useful for improving the prediction of air quality 
after the descent of the airstream from the FT into the PBL. 

In this study, we have analyzed airborne pollutant 
measurements and meteorological conditions in order to 
understand the mechanisms by which air pollutants are 
uplifted into and transported within the FT. As we focus on the 
pollutant transport into the Seoul metropolitan areas in Korea 
from their upstream regions, mainly China, with minimal 
impacts from the local emissions from the metropolitan 
area in Korea, we have selected the measurements over the 
coastal region to the west of Seoul, i.e., the eastern parts of 
the Yellow Sea, for analyses. First, we have identified the 
instances of high pollutant concentrations above the PBL 
by examining the vertical distributions of the airborne 
pollutant measurements over the west coastal region for the 
period 1997–2011. We have examined the pressure patterns 
favorable for the injection of air pollutants into the FT and 
for transport of the injected air pollutants within the FT. 

Recent studies (Jaffe et al., 1999; Tsutsumi et al., 2003; Mari 
et al., 2004) examined the effects of extratropical cyclones on 
the vertical transport of air pollutants in East Asia. It has 
been suggested that warm conveyor belts may play a major 
role in the vertical redistribution of air pollutants (Jacob et 
al., 2003; Miyazaki et al., 2003; Dickerson et al., 2007; Ding 
et al., 2009). Here, we show that the early-stage developing 
low-pressure systems can also uplift air pollutants into the 
FT. 

Data and the analysis methodology are presented below. 
It is followed by analyses of the vertical distributions of 
SO2 and NOx from the airborne measurements and the 
pressure patterns favorable for inflow and transport of air 
pollutants in the FT. Summary follows the analysis section. 
 
DATA AND METHOD 
 

The airborne air pollutant measurement data used in this 
study were provided from the National Institute of 
Environmental Research (National Institute of Environmental 
Research, 2000‒2010; Kim et al., 2001; National Institute 
of Environmental Research, 2011). The data were measured 
on two aircraft platforms, the Chieftain PA-31-350 (Piper 
Aircraft, Inc., USA) used during 1997‒2009 and November 
2010, and King Air C90GT (Raytheon Co., USA) used 
during May 2010 and 2011. Two components (SO2 and 
NOx) have been selected for further study from the seven 
components [SO2, CO, O3, NOx (NO and NO2), NOy, 
volatile organic compounds (VOCs), and the peroxyacetyl 
nitrate (PAN)] in the measurements. These two components 
(SO2 and NOx) are primary pollutants produced directly in 
urban areas and industrial complexes, and that their 
concentrations are closely correlated with particulate matters 
(Vardoulakis and Kassomenos, 2008). These gases have 
been measured over a long period and, in several instances, 
high concentrations in the FT have been detected. SO2 and 
NOx were measured by the ultraviolet fluorescence method 
and the chemiluminescence/photolytic converter method, 
respectively. These two gases were routinely calibrated with 
the span gases. Detection limits for SO2 and NOx are 0.2 
ppb for the case of 10-s average and 0.05 ppb for the case of 
2-min average, respectively. All calibrations were performed 
through the complete Teflon inlet line. The concentrations 
of the two gases were averaged over one-minute intervals. We 
have examined a total of 100 instances of the concentrations 
of SO2 and NOx measured above the PBL over the west 
coastal region of South Korea. The aircraft took off from 
Gimpo International Airport, Taean airfield, and Muan 
International Airport (see Fig. 1(a) for these locations). 
The observation area is located over the eastern region of 
the Yellow Sea (32.64°N‒37.67°N, 124.09°E‒127.37°E) with 
the altitude range below the 5 km level. More details of the 
aircraft measurements can be found in Kim et al. (2001). 

The air quality standards of Seoul have been applied as 
the threshold values in selecting the instances of high 
concentrations of SO2 or NOx (http://cleanair.seoul.go.kr/ 
main.htm). The annual (24-hour) mean threshold values of 
SO2 and NO2 (the air quality standards of Seoul do not 
include the threshold value for NOx) are 10 (40) ppb and 
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Fig. 1. The flight routes (a) and the concentrations of SO2 (b) and NOx (c) in 100 instances, observed over the western 
coastal region of South Korea. The center line of each box plot shows the 50th percentile (median) value and the box 
encompasses the 25th and 75th percentile of the data. Error bars mark the minimum and maximum values. A black dot in 
(a) denotes the Osan site. The gray dashed lines in (b) and (c) represent the air quality standards of Seoul (SO2 > 10 ppb, 
NOx > 30 ppb). 

 

30 (60) ppb, respectively. We used the annual mean threshold 
values because the concentrations of air pollutants in the FT 
are lower than those in the PBL due to the distance from 
the sources and limited detrainment from the PBL. The 
SO2 threshold of Seoul is 10 ppb lower than that of the 
national standard, while the NO2 threshold is the same as 
that of the national standard. Twenty-one events (19 days) 
were selected as instances of high concentration in the FT. 
The daily SO2 and NO2 data from 27 air quality monitoring 
stations in Seoul for the same days have been used to 
compare the concentrations in the FT over the coastal 
region to the west of the metropolitan area with the surface 
concentrations in Seoul. Currently, the surface stations 
measure SO2 and NO2 using the ultraviolet fluorescence 
method and the chemiluminescence method, respectively 
(Seoul Metropolitan Environment, 2014). 

The PBL height was calculated using the sounding data 
at the Osan radiosonde site located about 30 km inland of 
the west coast of Korea (Department of Atmospheric 
Science, the University of Wyoming: http://weather.uwyo. 
edu/upperair/sounding.html). The upper-air sounding is 
performed four times a day (at 00, 06, 12, and 18 UTC); we 
analyzed the data at 00 and 06 UTC. The bulk Richardson 

number (Ri) method was applied for the calculation of the 
PBL height (Kim and Mahrt, 1992; Vogelezang and Holtslag, 
1996; Seidel et al., 2012). The Ri, the ratio between the 
suppression/enhancement of turbulence due to buoyancy 
and the generation of turbulence via vertical shear, is 
calculated as follows 
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where z is the height, the subscript s stands for the surface, 
g the gravitational acceleration, θv the virtual potential 
temperature, and u and v are the zonal and meridional 
wind speed, respectively. If Ri exceeds the critical value of 
0.25 (i.e., turbulence generation by wind shear is less than 
the suppression by buoyancy), mechanical production cannot 
sustain turbulence in a stably-stratified layer (Holton, 
2004). The lowest level z at which the interpolated Ri 
crosses 0.25, z(Ri0.25), is the PBL height. Because of the 
stable stratification during the night and an explosive 
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growth of the PBL into the residual layer for growing 
mixed layer, calculations using the 00 UTC (9 a.m. local 
time) measurements often underestimate the PBL heights. 
In addition, the use of the critical Ri, estimation of the 
surface wind speed, the interpolation of the Ri profile, and 
the vertical resolution of the sounding data can induce 
large uncertainty in calculating the PBL heights when the 
PBL is thin [z(Ri0.25) < 1 km] (Seidel et al., 2012; Kretschmer 
et al., 2014). Despite these uncertainties, we decided to use 
the bulk Ri method because it is suitable for both stable 
and convective boundary layers, identifies a nonnegative 
height in all cases, is not strongly dependent on the vertical 
resolution of soundings, and is suitable for application to 
large data sets. In an effort to reduce uncertainties, we have 
used the radiosonde data to cross-check the height of the 
mixed-layer top, where the vertical profiles of the potential 
temperature, the mixing ratio, and the wind direction and 
speed change abruptly (not shown). 

Weather maps obtained from the Korean Meteorological 
Administration (KMA), were used to examine the 
meteorological conditions related to the ascent of the air 
pollutants. The domain of the maps provided by the KMA 
covers East Asia at a 12-hour time interval. The geopotential 
height on 1000, 850, 700, and 500 hPa, obtained from the 
National Centers for Environmental Prediction-Department of 
Energy (NCEP-DOE) Reanalysis 2 (Kanamitsu et al., 2002), 
with a longitude-latitude resolution of 2.5° × 2.5°, was 
used to examine the meteorological conditions related to 
the transport of air pollutants in the FT. Anomalies of 
geopotential height against monthly climatology were used 
to exclude seasonality, as airborne measurements were 
conducted during all the seasons. 

The back and forward trajectories of airflows were 
calculated by using the National Oceanic and Atmospheric 
Administration (NOAA) Hybrid Single-Particle Lagrangian 
Integrated Trajectory (HYSPLIT) model (https://ready.arl. 
noaa.gov/HYSPLIT_traj.php) (Draxler and Rolph, 2015). 
The National Centers for Environmental Prediction-
National Center for Atmospheric Research (NCEP-NCAR) 
reanalysis data (temperature, geopotential height, pressure 
at the surface, and horizontal and vertical wind) were used 
as the input for calculating the transport of air parcels. The 
72-hour back and forward trajectories were performed with 
a 1-hour time interval for the levels above the PBL. 

 
RESULTS 
 
Vertical Profiles of SO2 and NOx 

The number of airborne observations, 100, in the FT 
over the west coastal region of South Korea was five times 
as large as those over the east- and south coastal region, 
given that the air pollutants emitted in the industrial regions 
in China are transported over the Yellow Sea into the 
Korean peninsula (Kotamarthi and Carmichael, 1990; Xiao 
et al., 1997; Lee et al., 2008; Lee et al., 2014). Among the 
100 flights (Fig. 1(a)), 32, 3, 56, and 9 flights were carried 
out during spring, summer, autumn, and winter, respectively. 
Figs. 1(b) and 1(c) describe the vertical profiles of SO2 and 
NOx for the total instances, respectively. The amounts of 

SO2 and NOx decrease with height, implying that the 
source regions were located at ground level. Given that the 
mean PBL height in Osan is approximately 1000‒1500 m 
(Lee et al., 2013, 2014), the concentrations of SO2 and 
NOx exceed the air quality threshold values (gray lines in 
Figs. 1(b) and 1(c)) above the PBL. The highest elevations 
where SO2 and NOx exceed the threshold values are 2200 
m and 3150 m, respectively. 

To select the instances of high concentrations of SO2 or 
NOx occurring in the FT, the PBL height was calculated as 
presented in the DATA AND METHOD section and cross-
examined against the observed air pollutant profiles. The 
observed concentrations of SO2 or NOx above the PBL 
exceeded the air quality standards in 21 instances (19 days) 
over the coastal region west of the Seoul metropolitan area. 
Table 1 lists the flight dates, chemical components, back 
trajectory patterns (will be discussed in the legend of Fig. 2), 
the PBL height at Osan, and the mean concentrations of 
SO2 and NOx. In the FT, high concentrations mainly 
occurred during autumn and spring (16 and 4 instances), 
corresponding to 29% and 13%, respectively, of the total 
instances measured in the FT. The 25th percentile, median, 
and 75th percentile of SO2 in 21 instances (100 cases in 
Fig. 1) are 0.80 (0.50) ppb, 2.41 (1.60) ppb, and 9.64 (4.20) 
ppb, respectively, and those of NOx are 0.52 (0.32) ppb, 
2.45 (1.72) ppb, and 7.82 (3.68) ppb, respectively. The 
correlation coefficients between the mean concentrations 
of SO2 and NOx (NO2 in Seoul) measured by the aircraft and 
at the Seoul ground station are 0.12 and –0.20, respectively, 
indicating that the concentrations of these gases in the FT 
are not related with the surface concentrations in Seoul. In 
addition, this finding strongly implies that the FT air 
pollutant concentrations must be measured directly, not to be 
extrapolated from the surface values (Corrigan et al., 2008). 

Back trajectory analysis is useful to identify the source 
regions of the FT air pollutants, since the primary pollutants 
rise from the ground where large cities and industrial 
complexes are located and are minimally affected by 
photochemical reactions within the atmosphere. Back 
trajectory analyses over 72-hour periods were performed 
for 21 events to identify the source regions of these events 
of high concentrations of SO2 and NOx in the FT (Fig. 2). 
The location, height, and time of each starting point are set 
as the center of the flight route, the flight altitude above 
the PBL, and the hour when the measurements are started, 
respectively. We categorized 21 back trajectories into two 
groups to classify airflow patterns with the categorization 
contingent upon the ascent of airflows from the ground into 
the FT level. The back trajectories show ascending patterns 
from the ground in 9 instances and passing patterns through 
the FT in 12 instances. In the ascending group, airflows 
descended to the surface of major source regions, then rose 
up into the FT (Figs. 2(a) and 2(b)), suggesting the transport 
of surface pollutants into the FT. Note that these updrafts 
mostly occurs over eastern China (Fig. 2(a)). Most airflows 
arrived at the observation areas one to three days after the 
uplift except in a single case (October 10, 2008) when the 
airflow stayed in the FT over eastern China for six days 
(figure not shown). In the passing group, airflows move 
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Table 1. Date, chemical components, PBL height of Osan, airborne-measured concentrations of SO2 and NOx, and 
concentrations of SO2 and NO2 in Seoul, pertaining to the instances of the concentrations of SO2 or NOx in the FT 
exceeding the air quality standards of Seoul. 

Date Chemical componentsa 
Pattern 
of back 

trajectory

PBL 
height

of Osan 
(m) 

Aircraft-measured 
concentrations 

(ppb) 

Concentrations 
in Seoul (ppb)

SO2 NOx SO2 NO2 
1997-10-03 (a.m.) O3, NOx (NOx) ascending 95.72 - 38.32 9.00 38.00
1997-10-03 (p.m.) O3, NOx (NOx) passing 1693.46 - 35.90 
1997-10-05 (a.m.) SO2, O3, NOx (NOx) passing 95.30 1.27 26.63 5.00 26.00
1997-10-05 (p.m.) SO2, O3, NOx (NOx) passing 1699.93 - 27.43 
1998-11-10 (p.m.) SO2, O3, NOx (SO2,) passing 55.05 16.80 0.59 6.00 24.00
2000-11-18 (a.m.) SO2, O3, NOx (NOx) passing 52.02 0.16 32.53 7.00 34.00
2003-11-14 (p.m.) SO2, O3, NO2 (NO2) passing 809.83 0.36 4.19 5.32 46.53
2003-11-17 (p.m.) SO2, O3, NO2 (NO2) passing 498.07 0.45 0.18 5.26 45.52
2006-06-16 (a.m.) SO2, CO, O3, NO, NO2, NOx (SO2, NOx) ascending 114.54 4.28 5.06 4.01 37.09
2007-04-18 (p.m.) SO2, CO, O3, NO, NOx (SO2, NOx) ascending 893.46 4.86 1.33 6.03 48.26
2007-10-18 (p.m.) SO2, CO, O3, NO, NO2, NOx (NOx) passing 1004.83 2.51 44.86 4.59 43.86
2007-10-21 (a.m.) SO2, CO, O3, NO, NO2, NOx (SO2) ascending 104.32 3.98 2.46 4.84 35.48
2007-10-22 (p.m.) SO2, CO, O3, NO, NO2, NOx (SO2) passing 1437.71 11.16 3.36 6.14 48.69
2008-05-20 (p.m.) SO2, CO, O3, NO, NO2, NOx, VOCs (SO2) ascending 60.10 3.26 2.86 5.19 42.47
2008-05-22 (p.m.) SO2, CO, O3, NO, NO2, NOx, VOCs (SO2) passing 1282.13 3.08 2.90 5.64 35.81
2008-05-26 (p.m.) SO2, CO, O3, NO, NO2, NOx, VOCs (SO2) passing 647.59 1.29 2.20 5.20 44.29
2008-10-10 (p.m.) SO2, CO, O3, NO, NO2, NOx, VOCs (SO2) ascending 78.35 4.50 1.40 6.49 41.52
2008-10-17 (p.m.) SO2, CO, O3, NO, NO2, NOx, VOCs (SO2) ascending 86.23 7.50 2.57 7.98 72.66
2010-11-15 (p.m.) SO2, CO, O3, NO2, NOx (SO2) passing 963.87 41.13 0.14 5.00 20.00
2010-11-18 (a.m.) SO2, CO, O3, NO2, NOx, VOCs (SO2) ascending 52.94 22.87 0.23 7.00 53.00
2010-11-20 (a.m.) SO2, CO, O3, NO2, NOx, VOCs (SO2) ascending 52.38 60.50 0.26 6.00 55.00

a Concentrations of chemical components in parentheses exceeded air quality standards of Seoul in the FT. 

 

 
Fig. 2. The 72-hr back trajectories of the ascending airflows from the major pollution sources (a, b) and the passing 
airflows through the upper atmosphere (c, d). The red squares in (a) denote the updraft areas of the airflows. 

 

through the FT faster than those in the ascending group, 
and there is no contact with the ground (Figs. 2(c) and 
2(d)). Fig. 2(c) shows that these trajectories are mainly 
northwesterlies with some instances of southwesterlies. 

Fig. 2(d) shows the trajectories with the arrival height at 2000 
m; the trajectories calculated for the other arrival altitudes 
above the PBL show similar features. As the lifetime of 
SO2 at northern midlatitudes is 0.67‒1.67 days exhibiting 
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seasonal variation (Chin et al., 1996; Lee et al., 2011) and 
that of NOx is 1 day (Prather et al., 2001), part of the 
amount of observed SO2 and NOx might be from the local 
emission. The distance between the Korean peninsula and 
eastern China and the fast transport of air pollutants in the 
FT, however, supports the fact that air pollutants emitted in 
China are transported into Korea. Note that the back 
trajectories from the HYSPLIT model may not correspond 
exactly with the pathways of the air pollutants since the 
emissions and depositions of air pollutants along the 
trajectories were not taken into consideration (Lee et al., 
2011) and the pollutants with high concentration observed 
from the aircraft might have stayed afloat for a long time 
over northeastern Asia. 

The flight routes for the ascending and passing groups in 
Figs. 3(a) and 3(d) show that the airborne measurements 
focused on the instances where the flights were conducted 
over the coastal region west of the metropolitan area. To 
compare the vertical distributions of SO2 and NOx, their 
FT profiles that exceeded the air quality standards for the 
ascending and passing airflows are described, using box 
plots (Figs. 3(b), 3(c), 3(e), and 3(f)). The amounts of SO2 
and NOx in the ascending group tend to decrease with height, 
whereas the concentration of SO2 in the passing group 
increases with height and that of NOx is high at the middle 
layer. For the ascending group, the mean concentrations of 
SO2 and NOx below (above) median height are 51.0 (31.6) 
ppb and 47.3 (39.3) ppb, respectively. These distributions 
imply that the air pollutants might only reach a limited 

height after the ascent from the ground level. For the passing 
group, the mean concentrations of SO2 below (above) the 
median height are 35.0 (39.4) ppb, whereas those of NOx 
are 37.7 (32.7) ppb. Note that a high NOx concentration 
occurred at the 3152 m level. These suggest that air pollutants 
can be lifted up into higher altitudes from the source regions 
and can be transported far downstream over thousands of 
kilometers, which is similar to the characteristics of the 
case that He et al. (2012) analyzed. Note that peroxyacetyl 
nitrate (PAN) is produced at the expense of NOx, and then 
during the long range transport, as the air parcel descends, 
PAN is reconverted into NOx due to adiabatic increase of 
the air temperature (Hess and Vukicevic, 2003). Considering 
that the airflows descended more than 1 km in 8 of the 
passing group (Fig. 2(d)), there is possibility that NOx was 
transported as PAN in the FT and decomposed as it came 
down to the observation altitude. The mean PBL heights 
over the Osan site at 06/00 UTC (i.e., 15 p.m./9 a.m. local 
time) for the ascending and passing groups are 279.5/84.0 m 
and 1009.3/73.7 m, respectively. The higher daytime PBL 
heights for the latter group mean that the passing airflows 
were located at higher altitudes. 

Ascending airflows contain larger amount of air pollutants 
than the passing airflows. The mean concentrations of SO2 
and NOx for the ascending (passing) group are 41.23 (37.12) 
ppb and 43.26 (35.19) ppb, respectively. These figures show 
a relatively short time for moving into the observation areas 
after the uplift enabled airflows to hold more air pollutants, 
whereas pollutants that have transferred for a longer time 

 

 
Fig. 3. The flight routes (a, d) and the concentrations of SO2 (b, e) and NOx (c, f) which exceed the air quality standards of 
Seoul in the ascending (9 instances) and passing (12 instances) airflows. The center line of each box plot shows the 50th 
percentile (median) value and the box encompasses the 25th and 75th percentile of the data. Error bars mark the minimum 
and maximum values. The gray dashed lines represent the air quality standards of Seoul (SO2 > 10 ppb, NOx > 30 ppb). 
The black squares and diamonds represent the mean PBL height in Osan at 00 UTC and 06 UTC, respectively. 
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could be diluted by dispersion and/or deposition during the 
transport. The longer back trajectories in the passing group 
(i.e., faster wind speed) compared with those in the ascending 
group (Figs. 2(a) and 2(c)), also support the differences in 
the concentrations of SO2 and NOx. 

 
Meteorological Conditions in the Ascending Group 
versus the Passing Group 

It is well known that the occurrences of the low- and 
high-pressure systems are closely related with the vertical 
transport of air pollutants. Therefore, the differences in the 
pressure patterns between the ascending and passing groups 
were examined. For the ascending group, considering that 
the updraft areas of nine airflows differed, weather maps at 
12-hour intervals were examined. Fig. 4 displays the synoptic 
maps on the nine ascending days. In most instances, a surface 
pressure trough or a low-pressure system was located over 
eastern China except for a trough in the event shown in 
Fig. 4(a) where the surface low was located over South 
Korea. The average of the pressure trough and the low-
pressure system is 1017 hPa, approximately 10 hPa below 
that of the adjacent high-pressure systems. In northeastern 
China and southwestern Manchuria, where mega metropolises 
and industrial complexes with large emissions are located, 
a large quantity of air pollutants could rise up into the FT 
as the airflows ascend over these regions. 

Distributions of atmospheric pressure show three patterns 
favorable for the ascent of air pollutants: (1) a surface 
pressure trough, (2) a newly developed low-pressure system, 
and (3) a migratory low-pressure system over the source 
regions. First, pressure troughs were located on the updraft 
areas in four instances (Figs. 4(a), 4(d), 4(h), and 4(i)). 
These troughs developed into low-pressure systems in 12 
to 24 hours over the region or to the east of it (figure not 
shown), except for the instance in Fig. 4(i) that remained 
as a trough over the region. Second, newly developed low-
pressure systems appear in two instances (Figs. 4(b) and 
4(c)) that are wedged between the high-pressure systems. 
In pressure patterns (1) and (2), the spatial scale of the 
pressure troughs and the low-pressure systems are relatively 
small compared with those of the adjacent high-pressure 
systems. The 700-hPa pressure troughs were located to the 
west of the surface pressure troughs/low-pressure systems, 
indicating developing low-pressure systems. Unlike previous 
studies which suggested that the warm conveyor belt in the 
mature low-pressure system with fronts may have caused 
the vertical redistribution of pollutants, these features, shown 
in five instances (Figs. 4(a), 4(b), 4(c), 4(d), and 4(h)), suggest 
that the developing low-pressure systems in the early stage 
without fronts is related to the ascent of air pollutants into 
the FT. Third, a migratory low-pressure systems passed the 
region in three instances (Figs. 4(e), 4(f), and 4(g)). In the

 

 
Fig. 4. Synoptic maps on the ascending days of nine instances. The black circles denote the updraft areas of SO2 and NOx. 
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instance of May 19, 2008, the surface low-pressure at the 
center dropped by 15 hPa in 12 hours. The surface positions 
of the cold and warm fronts imply that the warm conveyor 
belt raises the airstream (Bethan et al., 1998), while the 
mid-latitude cyclone (Fig. 4(e)) is moving eastward. The air 
pollutants can therefore be uplifted into the FT, concurrent 
with a rise of the warm conveyor belt from the low level in 
the bottom left ahead of the warm front. In two instances 
(Figs. 4(f) and 4(g)), the migratory low-pressure systems 
were wedged between the high-pressure systems, with a 
relatively small spatial scale, similar to the features of the 
developing low-pressure systems. The 700-hPa pressure 
troughs, located to the west of the surface low-pressure 
systems, deepened for 24 hours in these three instances. 
The results show that the mechanisms for transporting air 
pollutants through the FT and the PBL differ, given that 
the high-pressure systems are mainly the cause of the 
accumulation and transport of air pollutants in the PBL 
(Hatakeyama et al., 2004; Chuang et al., 2008; Wang et 
al., 2010). 

To determine that pollutants at the ground level are lifted 
into the FT, sea level pressures and weather conditions were 
examined. We only investigated these for the October 2, 
1997 event (Fig. 4(a)), when the airstream rose over South 
Korea, because the daily emission and concentration data of 
SO2 and NOx, necessary for a detailed analysis, are available 
only for Seoul. In this instance, the NO2 concentration (the 
aircraft did not measure SO2 on that day), sea level pressure, 
and the weather conditions observed at stations in Seoul 
were obtained from the KMA. The NO2 concentration was 
37–43 ppb from September 29 to October 3, above the air 
quality standards of Seoul. The sea level pressure remained 
at approximately 1020 hPa and suddenly came down to 
1017 hPa on October 3. The one-day gap between the day 
of the decrease in pressure and the day of ascending in the 
HYSPLIT model calculations seems to be related with the 
difference in the data between the station and the reanalysis. 
Mist and haze were observed throughout the period, implying 
that the accumulated pollutants were abruptly raised into 
the FT without dispersion, because of the sudden drop in 
the atmospheric pressure and the associated low-level 
updraft. We examined the aerosol optical depth at 550 nm 
(AOD550) from the TERRA-Moderate Resolution Imaging 
Spectroradiometer and the air pollution index (API) as an 
alternative parameter for the remaining eight instances 
(figure not shown). The concentrations of aerosols were 
high (i.e., high AOD550) on the ascending areas in eastern 
China in seven instances, reflecting the emissions from 
Chinese urban and industrial centers (Song et al., 2008) 
except in one instance on October 20, 2007. The API at 
stations near the ascending areas showed that the air was 
polluted by PM10 on the day of ascent, or one day before or 
after the day of ascent. This result supports the concept 
that eastern China is the source region of air pollutants in the 
FT, as measured over the coastal region west of the Seoul 
metropolitan area. 

For the passing group, composites of anomalous 
geopotential height were examined to identify the pressure 
patterns conducive to the transport of air pollutants through 

the FT (Fig. 5). On the –1 day, the pressure systems located in 
northeastern China showed more pronounced patterns in 
the upper levels than in those at and near the surface, namely, 
an upper-level anticyclonic structure. The anomalously high 
pressure occurred over eastern China and the Yellow Sea 
at 850 hPa, which is usually just above the PBL, and the 
anomaly became greater at 700 hPa and 500 hPa. This 
implies the presence of the ascending motion toward the 
center of the high-pressure system (Wu et al., 2010), 
supporting the observed high (> 30 ppb) NOx concentration 
at the 3152 m level, shown in Fig. 3(f). On the 0 day, 
pressure systems at 500, 700, and 850 hPa moved to the 
east over the Korean peninsula and the 500 hPa geopotential 
height anomaly at the center was approximately 100 gpm. 
At 1000 hPa, anomalously low pressure, with a geopotential 
height anomaly of about ‒30 gpm at the center, occurred in 
China, suggesting that the airflow at that level could not 
descend into the lower altitudes. These features suggest 
that the airflow in the FT can transport air pollutants over 
long distances with minimal losses by deposition. Composites 
of the anomalous vertical velocity (omega) also support 
these vertical features; the maximum values at 1000 hPa 
over China and at 500 hPa over Korea are both about ‒
0.08 Pa s‒1. Since the number of instances is not sufficient 
to generalize these mechanisms, further studies are required 
on the transport patterns of air pollutants observed by aircraft 
in the FT and on the favorable meteorological conditions. 

It seems that air pollutants in the FT often entrain into 
the PBL to increase the local concentrations. For instance, 
a high concentration, up to 72 ppb, of NOx in the FT was 
measured by the aircraft over the west coastal region of 
South Korea on October 18, 2007, and the airflow descended 
on the Seoul metropolitan area after the observation (figure 
not shown). The mean concentration of NO2 in Seoul was 
43.86 ppb on that day, the highest value in seven days 
(from –3 day to +3 day). Likewise, the forward trajectories 
showed the descending patterns toward Korea, Japan, or 
China for 10 of the 21 instances. This result means that the 
air quality on the surface is affected by the transboundary 
pollutants in the FT, as well as those in the PBL and the local 
emissions. Therefore, continuous monitoring of transported 
air pollutants in the FT is essential. 
 
SUMMARY 
 

We have analyzed airborne pollutant measurements to 
examine the high SO2 and NOx concentration events in the 
FT over the coastal region west of the Seoul metropolitan 
area in South Korea. We selected 21 out of 100 instances, 
in which the concentrations of SO2 or NOx in the FT 
exceeded the air quality standards of Seoul. These instances 
were further categorized into an ascending and a passing 
group over the source regions of the air pollutants, using 
back trajectory analyses. The meteorological conditions 
were also examined to find the pressure patterns favorable 
for the injection of air pollutants into the FT and the 
subsequent transport of the pollutants, as is schematically 
depicted in Fig. 6. In five of the nine instances of the 
ascending group, a low-pressure system in its early stage
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Fig. 5. Composites of anomalous 500, 700, 850, and 1000 hPa geopotential height of 12 passing instances. The left and 
right panels are composites on the day before and on the day of the flight, respectively. (The shaded area denotes the 
regions significant at the 90% confidence level.) 

 

was located on the major source regions in eastern China. 
The smaller spatial scale of the surface low-pressure system 
compared with the neighboring high-pressure systems and 
the 700-hPa pressure troughs located to the west of the 
surface low-pressure system indicated that the low-pressure 
system was developing. These features suggest that a 
developing low-pressure system in its early stage, as well 
as a mature frontal system, creates conditions conducive to 
the ascent of air pollutants into the FT (Fig. 6(a)). Moreover, 
this mechanism differs from that in the PBL, that is, the 
high-pressure system primarily induces the accumulation 
and transport of air pollutants. The vertical profiles of SO2 
and NOx for the ascending group indicate that air pollutants 
could reach a height of approximately 2000 m in only one 
to three days after upliftment into the FT from the surface. 
In the 12 instances of the passing group, the upper-level 
anticyclonic structure helped to uplift the air pollutants 
within the FT, and an anomalous surface low-pressure system 
over China prevented the air pollutants from descending 
into the PBL (Fig. 6(b)). The vertical profiles of SO2 and 

NOx for the passing group imply that these air pollutants 
could be lifted as high as the 3100 m level. These different 
features of the two groups suggest that the source regions 
of transported air pollutants in the FT could vary with 
atmospheric circulations. Moreover, as the air pollutants in 
the FT show higher concentrations when transported from the 
vicinity (e.g., eastern China), it implies that the probability 
of these pollutants having adverse effects is also higher. 

Airborne measurements provide the horizontal and 
vertical distributions of several chemical components, 
which are directly and quantitatively observed in the PBL 
and the FT. Furthermore, using airborne measurements and 
meteorological data together, we have deduced the basic 
mechanisms for the injection of air pollutants into the FT 
and the associated transport of the pollutants. The main 
uncertainties in this study include; (1) the back trajectories 
from the HYSPLIT model may not completely correspond 
with the transport of the air pollutants, (2) the underestimation 
of PBL height by the bulk Richardson number method, (3) 
the insufficient number of airborne measurements, and (4)
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Fig. 6. Schematic diagrams of the pressure patterns in the ascending group (a) and the passing group (b). 

 

the irregular flight plans may also cause uncertainties. 
Nonetheless, our results from this study emphasize the 
necessity of monitoring the vertical distribution of air pollutants 
by using airborne measurements to make provision for the 
adverse effects of the descending air pollutants from the 
FT to the surface. The findings in this study will be useful 
for the prediction of air quality and the forecast of high 
pollutant concentration events in the future. 
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