
ABSTRACT

We measured the concentrations of five aromatic
hydrocarbons (benzene, toluene, ethylbenzene, m,p-
xylene, and styrene) in the atmosphere during four
seasonal campaigns at Deokjeok and Jeju Islands in
the Yellow Sea from October 2005 to June 2006.
Toluene was the most abundant aromatic hydrocar-
bon, with median of 0.24 ppb at Deokjeok and 0.20
ppb at Jeju, followed by benzene (0.21 ppb, 0.15
ppb) and m,p-xylene (0.06 ppb, 0.06 ppb). Aromatic
hydrocarbon measurements exhibited the typical
seasonality of the major emission sources, such as
vehicle exhaust, solvent evaporation, and regional
circulation patterns. The ratios of m,p-xylene/ethyl-
benzene of 1.57 at Deokjeok and 1.05 at Jeju ref-
lected the degree of proximity to outflows of each
source region, South Korea and China. The toluene/
benzene ratios of 1.0 were consistently both on field
observations and on the 3-D chemical model simula-
tion, which is slightly higher than that in the Western
Pacific area. It implied that the air over the Yellow
Sea was influenced to a great extent by the sur-
rounding areas. We confirmed that current emission
inventories of aromatic hydrocarbons in Northeast
Asia reasonably reproduced temporal and spatial
variations of toluene and benzene over the Yellow
Sea.
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1. INTRODUCTION

A significant fraction of non-methane hydrocarbons
(NMHCs) in the atmosphere exists as forms of aro-
matic compounds, such as benzene, toluene, ethylben-
zene, m,p-xylene, o-xylene (BTEX), and styrene. In
Northeast Asia, aromatic compounds have been con-
tinuously increasing over the last decades (Tang et al.,
2009). With growing industrial development, their
emissions are expected to rise in the coming decades
(Wang et al., 2005a; Street et al., 2003).

The concentration ratios among various hydrocar-
bons have been widely used as tracers for the history
of air masses and as indicators of anthropogenic acti-
vities (Baker et al., 2011; Barletta et al., 2009; Iovino
et al., 2009; Liu et al., 2008; Monod et al., 2001;
Brocco et al., 1997; Clarkson et al., 1996; Nelson and
Quigley, 1983). The atmospheric lifetime for benzene
(57 h) is four times longer than that of toluene (14 h) in
the summer season (Rappenglück et al., 1998). Thus,
as air is transported away from a source region, the
toluene/benzene ratio likely will decrease due to suc-
cessive differential photochemical degradation. A cha-
nge in this ratio with distance traveled has been obser-
ved in air masses transported from the Asian conti-
nent in a few cases (Wang et al., 2005b; Kato et al.,
2004; Hsieh and Tsai, 2003).

Regional and national estimates of emissions of
hydrocarbons, including aromatic compounds, over
Asia are subject to a high degree of uncertainty (within
the range of 35-59%) (Street et al., 2003). Hence, the
measurement of concentrations of major aromatic
compounds in background air and chemical transport
model comparisons are very important for evaluating
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uncertainties in their emission inventories. The objec-
tives of this study are to determine the concentrations
of major aromatic compounds and to investigate their
temporal and spatial variations during different sea-
sons at two islands in the northern and southern part
of the Yellow Sea. We examined the concentrations
and ratios of selected aromatic hydrocarbons to eval-
uate their photochemical characteristics during the
transport process. In addition, we evaluated the current
emission inventories of these chemical species by
comparing observations with the results of 3-D chem-
ical transport modeling.

2. METHODS

2. 1  Sampling
We measured aromatic hydrocarbon concentrations

at two island sites in the northern and southern part of
the Yellow sea: Deokjeok and Jeju Islands, respective-
ly (Fig. 1). Deokjeok Island, which has an area of 20.9
km2 and a population of about 900, is located 75 km
west of the Korea Peninsula. Samples were collected
on the roof of an elementary school on the southeast-
ern coast of the island. The southwest to northeastern
areas of Deokjeok Island are mostly pine forest, where-
as the rest of the island faces the sea. No local emis-
sion sources were found near the sampling location.
Jeju Island lies ~100 km to the south of the Korean
Peninsula, ~250 km west of Kyushu, Japan, and ~500
km east-northeast of Shanghai, China. On Jeju Island,
sampling was conducted at Gosan; it is considered an
ideal location to monitor the regional background
atmosphere of East Asia because no local industrial
sources exist (Lim et al., 2011; Chen et al., 1997;
Carmichael et al., 1996). Gosan lies 75 m above sea
level and is located on the western tip of Jeju Island.
This observational station was designated as a super-
site for the ACE-Asia (Aerosol Characterization Ex-
periment-Asia) program in 2001 (Huebert et al., 2003)
and for the ABC-EAREX2007 (Atmospheric Brown
Cloud-East Asia Regional Experiment 2007) program
(Lee et al., 2007).

Samples were collected at the same time on the same
date at the two stations during four different seasons:
October 15-25, 2005; January 5-20, 2006; April 1-16,
2006; and June 6-16, 2006. At the Jeju Island site,
eight samples (each accumulated for 3 h) were collect-
ed each day using an automated tube sampler. At the
Deokjeok site, samples were taken manually every 3 h
from 6 am to 12 am and a 6-h integrated sample was
collected from 12 am to 6 am. Air samples were col-
lected in 12-cm long glass adsorption tubes (ID==6
mm) packed with Tenax TA (60/80 mesh) and Car-

bosieve SIII (60/80) that were purged with high purity
helium at 330�C for 2 h and sealed prior to each cam-
paign period (McClenny et al., 2002; US EPA, 1999a;
McClenny and Colón, 1998). Air samples passed
through a Nafion Dryer filled with silica gel and then
a crystalline KI trap at 100 ml min-1 (1 atm, 25�C)
before reaching an adsorption tube to remove water
vapor and oxidants, respectively. Adsorption tubes
containing samples were brought to the laboratory and
analyzed within 3 weeks of collection.

2. 2  Analytical Methods
Adsorption tubes containing samples were analyzed

using a GC/FID (Donam 6200, Donam Instrument
(Seong Nam, South Korea) equipped with a cryofo-
cusing preconcentration unit (Aerotrap 6000, Tekmar,
USA). Samples were desorbed using a homemade
thermal desorption unit at 300�C for 5 min, transferred
to a cryogenic pre-concentration trap at -120�C, then
transferred to a cryofocusing unit at the tip of a GC
column. The aromatic compounds were separated in
a 60-m long, 0.32-mm ID, 1.0 μm film thickness DB-
1 fused silica column (J&W Scientific, USA). The GC
column oven temperature was programmed to start at
35�C for 5 min and then to increase at a rate of 5�C
/min to 200�C, then stay at 200�C for 5 min. To cali-
brate the GC/FID, adsorption tubes were prepared in
the same way as the samples, but diluted concentra-
tions from a 100 ppb TO-14A calibration mix (Supelco,
USA) and a dynamic dilutor (Entech, USA) were used.
R-square values for standard calibration curves for the
six investigated aromatic compounds were ¤0.995.
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Fig. 1. Locations of the sampling sites in the Yellow Sea.
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The detection limits for the compounds were deter-
mined using average field blanks plus three folds of
their standard deviations. The detection limits for ben-
zene and toluene were 0.02 and 0.06 ppb, respectively
(Table 1); the limits for ethylbenzene, m, p-xylene,
styrene, and o-xylene were 0.01 ppb. The precision
determined from the relative standard deviation of the
lowest standard concentration (~0.6 ppb) ranged from
4% to 8%, and the analytical accuracy ranged from 11
% to 13% at the same lowest standard concentration.

2. 3  Chemical Transport Model
We used CAMx (Comprehensive Air Quality Model

with Extensions) to model the regional distribution of
aromatic compounds; CAMx is a Eulerian photochem-
ical dispersion model that allows for an integrated
“one-atmosphere” assessment of gaseous and particu-
late air pollution over many scales ranging from urban
to regional (ENVIRON, 2004). One of important com-
ponents of the CAMx probing tools, the Reactive
Tracer (RTRAC) Source Apportionment for air toxics,
is particularly suitable for simulating benzene and
other individual aromatic compounds (Morris et al.,
2003). RTRAC has been widely used to simulate the
photochemical conditions and distribution of air toxins
over various regions of the world (Tesche et al., 2006;
Tanaka et al., 2003; Dunker et al., 2002). In our study
the model domain covered North East Asia (centered
at 40�N and 120�E, covering the eastern part of China,
Korea, and Japan) with 97×90 horizontal grids by 60
km resolution. We used the MM5 model (NCAR/Penn
State Mesoscale Model) for CAMx meteorological
input fields. Initial and boundary conditions in MM5
were initialized from NCEP AVN final analysis. Emis-
sions of NOX, SO2, CO, and volatile organic com-
pounds (including benzene) were prepared from emis-
sion inventories compiled by Ohara et al. (2007). The
CAMx model was run using the CB-IV chemical me-
chanisms scheme. We selected the spring as simulation
period for the CAMx modeling analysis; at this time
of year the long-range transport and active horizontal
mixing processes prevailed.

3. RESULTS AND DISCUSSION

3. 1  Side-by-side Comparisons
Due to the complexity of the measurements, partic-

ularly when compounds are present at low concentra-
tions, accurate determination of aromatic compounds
is very challenging. Measurements using the adsor-
bent method are particularly vulnerable to various
artifacts (Sanchez and Sacks, 2004; McClenny et al.,
2002). Thus, it is necessary to assess the quality of
measurements before further data analysis. To evalu-
ate the overall quality of sampling and analytical pro-
cedures using the adsorbent tube samplers, we collect-
ed three 6 L SUMMA canister samples at the Deok-
jeok site while the adsorption tube samples were being
continuously taken during the campaign in June 2006
(US EPA, 1999b). These canister samples then were
analyzed using a cryo pre-concentration unit (Entech,
USA) and GC/MSD (Agilent, USA) in the laboratory.

Table 1 shows the results for the aromatic compoun-
ds measured from the tube samples using GC/FID ver-
sus the canister samples using GC/MSD. The detec-
tion limits were low enough to verify inter-comparison
of selected species using GC/FID and GC/MSD met-
hods even in these background level conditions. The
first set of comparisons shows the excellent agreement
between the two methods for all measured species,
even at very low concentration levels. In contrast, the
other two comparisons clearly indicate that the tube
method tends to yield higher concentrations than the
canister method. Schmidbauer and Oehme (1988)
reported that sufficiently low blanks in absorbents
could be maintained for a storage period of 1 week.
However, our samples had to be stored for up to 3
weeks before analysis. This relatively long storage
period might have increased the possibility of adverse
positive effects in adsorbents. It is noteworthy that the
most significant difference in our comparisons occur-
red near the detection limits. In general, the calculated
detection limits, precision, and accuracy for benzene,
toluene, ethylbenzene, and m,p-xylene were adequate
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Table 1. Detection limits, precision, and accuracy of aromatic compound analysis using (A) GC/FID with an adsorption tube
used in this study compared to (B) GC/MSD with canister sampling during the experiment.

Species Precision Accuracy Detection limit Comparison #1 Comparison #2 Comparison #3
% % (ppb) ppb A B A B A B

Benzene 3.8 12 (0.06) 0.02 0.10 0.07 0.17 0.07 0.11 0.05
Toluene 6.8 12 (0.06) 0.06 0.17 0.17 1.76 1.19 0.14 0.09
Ethylbenzene 4.0 11 (0.06) 0.01 0.02 0.02 0.06 0.02 0.06 0.01
m,p-xylene 5.2 12 (0.06) 0.01 0.03 0.02 0.06 0.02 0.08 0.01
Styrene 5.7 13 (0.06) 0.01 0.03 0.03 0.05 0.01 0.02 0.01
o-xylene 4.4 11 (0.06) 0.01 0.03 0.01 0.06 0.01 0.06 0.01



to assess their behaviors in this relatively clean air.
Particularly, the observed variations of benzene, tolu-
ene, and m,p-xylene concentration compared to their
analytical uncertainties were large enough to discuss
further detail.

3. 2  General Characteristics
Table 2 lists the statistical summary of the major

aromatic compound measurements taken during the
four sampling campaigns. Among the target aromatic
hydrocarbons, toluene was the most abundant at both
sites. The means, medians, maxima, and standard devi-
ations of all measured compounds at the Deokjeok
site were higher than those at Jeju, which clearly illus-
trates that the Deokjeok site experiences more anthro-
pogenic influences due to its proximity to a major
industrial region in Korea. The benzene median (0.15
ppb) at the Jeju site was slightly lower than those
(0.17-0.20 ppb) of benzene at the same latitude mea-
sured during the PEM-WEST B and TRACE-P stud-
ies, which were conducted mainly in the late winter
and early spring of 1994 (Blake et al., 2003; Blake et
al., 1997). If we consider only the spring (0.16 ppb)
and winter (0.18 ppb) medians at the Jeju site, the ben-
zene level over this region did not change much over
the 1990s. In contrast, the toluene levels at the Jeju
site during the spring and summer of this study were
very high compared with those of other similar coas-
tal background locations in the East Asia (Wang et al.,
2005b; Yang and Lo, 1998).

Each day during each sampling campaign, we sam-
pled the air seven times at the Deokjeok site and eight
times at the Jeju site to investigate the possible diur-
nal variation of aromatic compound concentrations.
Although no statistically significant diurnal variations
were found at either sampling sites, we did observe
seasonal variations (Fig. 2). Benzene concentration
was highest in winter and lowest in summer at both
sites. This observed seasonal tendency of benzene is
consistent with the general circulation pattern of the
air in the study region, which facilitates the effective

transport of continental outflows during winter and the
inflow of relatively clean marine air during summer.
Accordingly, several researchers have reported that in
many Asian cities, high benzene concentrations cor-
respond to increased traffic activity in winter (Morino
et al., 2011; Lee et al., 2002; Na and Kim, 2001; Sin
et al., 2000). Solvent usage is known as the largest
source of atmospheric toluene, ethylbenzene, and
xylene (Brocco et al., 1997). The observed summer
and fall maxima of xylene and ethylbenzene at both
sites can be explained by the evaporation rate and sea-
sonal solvent sales figures in Korea (Na and Kim,
2001). However, spring maxima of toluene at both
sites likely reflect the increased influences of local
sources in the islands.

3. 3  Relationships between Aromatic
Compounds

We found a good linear correlation between m,p-
xylene and ethylbenzene at both sampling sites. Nel-
son and Quigley (1983) reported that the ratio of these
two compounds is constant in the range of 3-4 for
their various sources, such as vehicle exhaust, solvent
petrol, and fuel evaporation. Monod et al. (2001) con-
firmed that these two compounds exhibited the strong
linear relationship and that their ratios remained rela-
tively constant at different source locations in Europe,
Asia, and South America because they share common
emission sources (Table 3). They also identified this
ratio as a useful tool for estimating the photochemical
age of an air mass. In this study, the ratios of m,p-
xylene/ethylbenzene determined by the slope of the
fitted line were 1.57 at the Deokjeok site and 1.05 at
the Jeju site. The distinct and well-defined ratios at
these two sites confirm that they can be useful to trace
the photochemical age of air masses over this region.
Correlations among species in our results, such as tol-
uene, ethylbenzene, and m,p-xylene, were generally
high, indicating that they were emitted from common
source types (probably solvent usage).

The toluene/benzene ratio also can be used to trace
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Table 2. Statistical summary of major aromatic hydrocarbon measurements taken during the four sampling campaigns at the
Deokjeok and Jeju Island sites.

Deokjeok Jeju

Mean Median Std* Min* Max* Mean Median Std Min Max

Benzene 0.23 0.21 0.16 nd 1.03 0.17 0.15 0.12 nd 0.96
Toluene 0.66 0.24 1.16 nd 8.89 0.46 0.20 0.74 nd 8.01
Ethylbenzene 0.08 0.04 0.13 nd 1.09 0.05 0.03 0.06 nd 0.47
m,p-xylene 0.14 0.06 0.24 nd 2.37 0.08 0.06 0.08 nd 0.60
Styrene 0.02 0.01 0.07 nd 1.08 0.02 0.01 0.04 nd 0.44
o-xylene 0.06 0.04 0.08 nd 0.71 0.02 0.02 0.02 nd 0.23

*Std, min, and max stand for standard deviation, minimum, and maximum. All concentrations are in ppbv.



air mass age. The changes in its ratio with distance
and transport time from Asian source regions have
been consistently observed and characterized by other
studies (Wang et al., 2005b; Kato et al., 2004; Hsieh

and Tsai, 2003). However, meaningful correlations be-
tween toluene and benzene concentrations are not vis-
ible in our results.
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Table 3. Comparison of BTEX ratios at various sites over the North Pacific region.

Deokjeok* Jeju* East Asia1) Southern Eastern HongKong4) Taiwan5) Seoul6)
China2) China3)

m,p-xylene/ethylbenzene 1.57 1.05 2.0 3.3
Toluene/benzene7) 3.21 2.25 0.7 5.4 1.8 6.7 2.8-6.0 6.4
Toluene/benzene8) 1.40 0.96

*This study; 1)Kato et al., 2001; 2)Wang et al., 2005b; 3)Guo et al., 2004; 4)Sin et al., 2000; 5)Chang et al., 2004; 6)Na and Kim, 2001; 7)This study
with all data; 8)This study with the local effect

Fig. 2. Statistical distributions of measured species during the sampling periods at the (a) Deokjeok and (b) Jeju sites.
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3. 4  Model Comparison
The most effective way to characterize the regional

distribution of trace species is to compare observa-
tions with mesoscale model calculations. With model
results, it is often possible to see details of air mass
history and transport paths. In our study, the selected
simulation period for comparison covers 1-13 April,
2006 with a 2-day spin-up from March 29. Fig. 3
shows the comparison of simulated toluene and ben-
zene concentrations with the observed data from the
Deokjeok and Jeju sites. Overall, the model simulated
the general trends and levels of both toluene and ben-
zene at the Deokjeok site and benzene at the Jeju site.
Based on the regional weather changes that occurred
over the Yellow Sea during the spring campaign, we
divided the data into five consecutive periods (A to E
in Fig. 3). Periods A, C, and E were characterized by
a prevailing low pressure system with precipitation
over the region. At the Deokjeok site, enhanced tolu-
ene/benzene ratios are conspicuously visible in the
measured data during these low pressure conditions.
However, the observed toluene/benzene ratios at the
Jeju site do not show any systematic variations with
changing weather patterns. Observed toluene concen-
trations in Jeju site were almost always higher than
simulated ones. The Jeju site was constantly influen-
ced by a local toluene source presumably from con-
struction activities that occurred at the same time as

our sampling campaigns.
The toluene concentration field simulated by the

CAMx model revealed that the Deokjeok and Jeju sites
were under the direct influence of Korea during the C
and E periods. In particular on 5 April, a strong pollu-
tion plume that originated from the Korean Peninsula
stretched out from Deokjeok to Jeju site. Concurrent
increases of observed toluene, benzene both at the
Deokjeok and Jeju sites characterize well this Korean
outflow. On two occasions (periods B and D), conti-
nental outflow from eastern China reached the Yellow
Sea. These were periods without any precipitation or
local contamination. During these two periods, the
continental outflow signals in the model were very
well captured at the Jeju site. However, local toluene
contamination at the Jeju prevents us from verifying
its influences using the data that were measured. At
the Deokjeok site, continental outflow was evident
only during period B; it was not clear during period
D, as the marine air over the Deokjeok site was stag-
nant for several days.

If the air in Deokjeok during period B originated
from a continental area and was free of local contam-
ination, it provides an excellent opportunity to assess
current toluene and benzene emission inventories in
China. Fig. 4 depicts the toluene and benzene relation-
ship in the simulated and observed data at the Deok-
jeok site during period B. The ratio was 1.0, and this

62 Asian Journal of Atmospheric Environment, Vol. 9(1), 57-65, 2015

Fig. 3. Comparisons of observed and simulated toluene and benzene concentrations at the (a) Deokjeok and (b) Jeju sites.
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was consistently derived for both measured and cal-
culated values. Our toluene/benzene ratios are slightly
higher than those from Okinawa Island, which ranged
from 0.6 to 1.1 with an average of 0.7 (Kato et al.,
2004), which is reasonable considering the difference
in air mass ages from the source regions.

With these results, we believe that the toluene and
benzene emission inventories in China compiled by
Ohara et al. (2007) correctly reflect the spatial and
temporal distribution of these species over the Yellow
Sea. A simple calculation with toluene and benzene
concentration can be used to as a marker to trace the
air mass history over this region if local influences are
properly excluded. However, it should be stressed that
this result was derived from a very limited data set.
Additional characterizations using other chemical trac-
ers for more extended periods of observation, such as
hydrocarbons with a longer lifetime, are necessary to
properly assess the air mass history and emission in-
ventories in future studies.

4. CONCLUSIONS

Concentrations of five aromatic hydrocarbons (ben-
zene, toluene, ethylbenzene, m,p-xylene, and styrene)
were successfully determined during four different
seasons at Deokjeok and Jeju Islands in the Yellow
Sea. Among the measured aromatic hydrocarbons, tol-
uene was the most abundant, followed by benzene and

m,p-xylene, at both measuring sites. While benzene
levels (median of 0.15 ppb) were comparable to those
reported in other studies performed in the same region,
we found toluene levels to be sporadically high due to
local influences at both sites, with more severe effects
at the Jeju site. Benzene showed a maximum in winter,
which reflects the increased traffic emissions that
occur during that same season. m,p-xylene and ethyl-
benzene showed rather broad maxima over fall and
summer, which reflects the combined effect of elevat-
ed solvent evaporation and solvent usage.

The good linear correlations between m,p-xylene
and ethylbenzene had a slope of 1.57 at the Deokjeok
site and 1.05 at the Jeju site. The larger slope and
better correlation at Deokjeok compared to Jeju indi-
cate that the Deokjeok site has been consistently in-
fluenced by less diverse sources in close proximity. It
is known that the Jeju site is a suitable sampling loca-
tion for regional background air with various air mass
histories over the Northeast Asia. However, this was
not true for toluene due to local contamination from
construction activity at the Jeju site, particularly dur-
ing the spring and summer campaigns 2006.

Using the 3-dimensional chemical transport model
CAMx coupled with current emission inventories of
toluene and benzene over Asia, we were able to con-
firm that current emission inventories of aromatic
hydrocarbons in Northeast Asia reasonable reproduc-
ed temporal and spatial variations of toluene and ben-
zene over the Yellow Sea. We found toluene/benzene
ratios to be 1.0 at the Deokjeok site in the continental
outflow cases for both measurement and simulation.
This value was slightly higher than the 0.7 found at
Okinawa Island, which implied that the air over the
Yellow Sea was relatively fresh compared to that in
the Western Pacific area.

ACKNOWLEDGEMENT

The authors thank all participants in the field cam-
paigns, chemical analysis, and model configurations.
We especially thank Jeongmin Kwon, Bumkeun Seo,
Jimin Chun, Yoo Jung Kim, and Seungbok Lee. This
work was supported by the Korea National Institute of
Environmental Research. This work was supported by
the National Research Foundation of Korea Govern-
ment (NRF-2010-0010773).

REFERENCES

Baker, A.K., Schuck, T.J., Slemr, F., van Velthoven, P.,
Zahn, A., Brenninkmeijer, C.A.M. (2011) Characteri-

Aromatic Hydrocarbons in the Yellow Sea 63

Fig. 4. Correlations between toluene and benzene with linear
regression lines for the observed and the calculated for the
period of continental outflow influences at the Deokjeok site.

0 0.2 0.4 0.6 0.8

Benzene ppb

T
ol

ue
ne

 p
pb

Simulated data
Best fit for simulated data
Measured data
Best fit for measured data

Y=1.001×X
R2=0.873206

Y=0.987×X
R2=0.955594

0.8

0.6

0.4

0.2

0



zation of non-methane hydrocarbons in Asian summer
monsoon outflow observed by the CARIBIC aircraft.
Atmospheric Chemistry and Physics 11, 503-518, doi:
10.5194/acp-11-503-2011.

Barletta, B., Meinardi, S., Simpson, I.J., Atlas, E.L.,
Beyersdorf, A.J., Baker, A.K., Blake, N.J., Yang, M.,
Midyett, J.R., Novak, B.J., McKeachie, R.J., Fuelberg,
H.E., Sachse, G.W., Avery, M.A., Campos, T., Wein-
heimer, A.J., Rowland, F.S., Blake, D.R. (2009) Char-
acterization of volatile organic compounds (VOCs) in
Asian and North American pollution plumes during
INTEX-B: identification of specific Chinese air mass
tracers. Atmospheric Chemistry and Physics 9, 5371-
5388.

Blake, N.J., Blake, D.R., Chen, T.-Y., Collins Jr., J.E.,
Sachse, G.W., Anderson, B.E., Rowland, F.S. (1997)
Distribution and seasonality of selected hydrocarbons
and halocarbons over the western Pacific basin during
PEM-West A and PEM-West B. Journal of Geophys-
ical Research 102, 28315-28331.

Blake, N.J., Blake, D.R., Simpson, I.J., Meinardi, S., Swan-
son, A.L., Lopez, J.P., Katzenstein, A.S., Barletta, B.,
Shirai, T., Atlas, E., Sachse, G., Avery, M., Vay, S.,
Fuelberg, H.E., Kiley, C.M., Kita, K., Rowland, F.S.
(2003) NMHCs and halocarbons in Asian continental
outflow during the Transport and Chemical Evolution
over the Pacific (TRACE-P) Field Campaign: Com-
parison With PEM-West B. Journal of Geophysical
Research 108, 8806, doi:10.1029/2002JD003367.

Brocco, D., Fratarcangeli, R., Lepore, L., Petricca, M.,
Ventrone, I. (1997) Determination of aromatic hydro-
carbons in urban air of Rome. Atmospheric Environ-
ment 31, 557-566.

Carmichael, G.R., Zhang, Y., Chen, L.-L., Hong, M.-S.,
Ueda, H. (1996) Seasonal variation of aerosol compo-
sition at Cheju Island, Korea. Atmospheric Environ-
ment 30, 2407-2416.

Chang, C.C., Sree, U., Lin, Y.S., Lo, J.G. (2005) An exam-
ination of 7:00-9:00 pm ambient air volatile organics in
different seasons of Kaohsiung city, southern Taiwan.
Atmospheric Environment 39, 867-884.

Chen, L.-L., Carmichael, G.R., Hong, M.-S., Ueda, H.,
Shim, S., Song, C.H., Kim, Y.P., Arimoto, R., Prospero,
J., Savoie, D., Murano, K., Park, J.K., Lee, H.-G., Kang,
C. (1997) Influence of continental outflow events on
the aerosol composition at Cheju Island, South Korea.
Journal of Geophysical Research 102, 28551-28574.

Clarkson, T.S., Martin, R.J., Rudolph, J., Graham, B.W.L.
(1996) Benzene and toluene in New Zealand air.
Atmospheric Environment 30, 569-577.

Dunker, A.M., Yarwood, G., Ortmann, J.P., Wilson, G.M.
(2002) The decoupled direct method for sensitivity
analysis in a Three-Dimensional air quality models
implementation, accuracy, and efficiency. Environmen-
tal Science and Technology 36, 2965-2976.

ENVIRON (2004) User’s Guide Comprehensive Air Qual-
ity Model With Extensions (CAMx) Version 4.00.
ENVIRON International Corporation, Novato, Califor-

nia (available at www.camx.com) January, 2004.
Guo, H., Wang, T., Simpson, I.J., Blake, D.R., Yu, X.M.,

Kwok, Y.H., Li, Y.S. (2003) Source contributions to
ambient VOCs and CO at a rural site in eastern China.
Atmospheric Environment 38, 4551-4560.

Hsieh, C.C., Tsai, J.H. (2003) VOC concentration charac-
teristics in Southern Taiwan. Chemosphere 50, 545-
556.

Huebert, B.J., Bates, T., Russell, P.B., Shi, G., Kim, Y.J.,
Kawamura, K., Carmichael, G., Nakajima, T. (2003)
An overview of ACE-Asia: Strategies for quantifying
the relationships between Asian aerosols and their cli-
matic impacts. Journal of Geophysical Research 108,
8633, doi:10.1029/2003JD003550.

Iovino, P., Polverino, R., Salvestrini, S., Capasso, S. (2009)
Temporal and spatial distribution of BTEX pollutants
in the atmosphere of metropolitan areas and neighbour-
ing towns. Environmental Monitoring and Assessment
150, 437-444.

Kato, S., Kajii, Y., Itokazu, R., Hirokawa, J., Kodae, S.,
Kinjo, Y. (2004) Transport of atmospheric carbon
monoxide, ozone, and hydrocarbons from Chinese
coast to Okinawa Island in the Western Pacific during
winter. Atmospheric Environment 38, 2975-2981.

Lee, S.C., Chiu, M.Y., Ho, K.F., Zou, S.C., Wang, X.
(2002) Volatile organic compounds (VOCs) in urban
atmosphere of Hong Kong. Chemosphere 48, 375-382.

Lee, M., Song, M., Moon, K.J., Han, J.S., Lee, G., Kim,
K.-R. (2007) Origins and chemical characteristics of
fine aerosols during the Northeastern Asia regional
experiment (Atmospheric Brown Cloud-East Asia
Regional Experiment 2005). Journal of Geophysical
Research 112, D22S29, doi:10.1029/2006JD008210.

Liu, P.-W.G., Yao, Y.C., Tsai, J.H., Hsu, Y.-C., Chang,
L.-P., Chang, K.-H. (2008) Source impacts by volatile
organic compounds in an industrial city of southern
Taiwan. Science of the Total Environment 398, 154-
163.

Lim, S., Lee, M., Lee, G., Kim, S., Yoon, S., Kang, K.
(2011) Ionic and carbonaceous compositions of PM10,
PM2.5 and PM1.0 at Gosan ABC superstation and their
ratios as source signature. Atmospheric Chemistry and
Physics Discuss 11, 20521-20573.

McClenny, W.A., Colón, M. (1998) Measurement of vola-
tile organic compounds by the US Environmental Pro-
tection Agency Compendium Method TO-17: Evalua-
tion of performance criteria. Journal of Chromatogra-
phy A 813, 101-111.

McClenny, W.A., Oliver, K.D., Jacumin Jr., H.H., Daugh-
trey Jr., E.H. (2002) Ambient level volatile organic
compound (VOC) monitoring using solid adsorbents-
Recent US EPA studies. Journal of Environmental
Monitoring 4, 695-705.

Monod, A., Sive, B.C., Avino, P., Chen, T., Blake, D.R.,
Rowland, F.S. (2001) Monoaromatic compounds in
ambient air of various cities: A focus on correlations
between the xylenes and ethylbenzene. Atmospheric
Environment 35, 35-149.

64 Asian Journal of Atmospheric Environment, Vol. 9(1), 57-65, 2015



Morino, Y., Ohara, T., Yokouchi, Y., Ooki, A. (2011)
Comprehensive source apportionment of volatile organ-
ic compounds using observational data, two receptor
models, and an emission inventory in Tokyo metro-
politan area. Journal of Geophysical Research 116,
D02311, doi:10.1029/2010JD014762.

Morris, R.E., Lau, S., Yarwood, G. (2003) Development
and application of an advanced air toxics hybrid pho-
tochemical grid modeling system. Presented at 96th
Annual Conference and Exhibition of the A&WMA,
San Diego, California.

Na, K., Kim, Y.P. (2001) Seasonal characteristics of
ambient volatile organic compounds in Seoul, Korea.
Atmospheric Environment 35, 2603-2614.

Nelson, P.F., Quigley, S.M. (1983) The m,p-xylenes: eth-
ylbenzene ratio. A technique for estimating hydrocar-
bon age in ambient atmospheres. Atmospheric Envi-
ronment 17, 659-662.

Ohara, T., Akimoto, H., Kurokawa, J., Horii, N., Yamaji,
K., Yan, X., Hayasaka, T. (2007) An Asian emission
inventory of anthropogenic emission sources for the
period 1980-2020. Atmospheric Chemistry and Physics
7, 4419-4444.

Rappenglück, B., Fabian, P., Kalabokas, P., Viras, L.G.,
Ziomas, I.C. (1998) Quasi-continuous measurements
of non-methane hydrocarbons (NMHC) in the greater
Athens area during MEDCAPHOT-TRACE. Atmos-
pheric Environment 32, 2103-2121.

Sanchez, J.M., Sacks, R.D. (2004) On-line multi-bed sorp-
tion trap for VOC analysis of large-volume vapor sam-
ples: injection plug width, effects of water vapor and
sample decomposition. Journal of Separation Science
28, 22-30.

Schmidbauer, N., Oehme, M. (1988) Comparison of solid
adsorbent and stainless steel canister sampling for very
low ppt-concentrations of aromatic compounds (›C6)
in ambient air from remote areas. Fresenius’ Journal
of Analytical Chemistry 331, 14-19.

Sin, D.W.M., Wong, Y.C., Louie, P.K.K. (2000) Moni-
toring of ambient volatile organic compounds at two
urban sites in Hong Kong from 1997 to 1998. Indoor
and Built Environment 9, 221-227.

Street, D.G., Bond, T.C., Carmichael, G.R., Fernandes,
S.D., Fu, Q., He, D., Klimont, Z., Nelson, S.M., Tsai,
N.Y., Wang, M.Q., Woo, J.-H., Yarber, K.F. (2003)

An inventory of gaseous and primary aerosol emis-
sions in Asia in the year 2000. Journal of Geophysical
Research 108, 8809, doi:10.1029/2002JD003093.

Tanaka, P.L., Allen, D.T., McDonald-Buller, E.C., Chang,
S., Kimura, Y., Mullins, C.B., Yarwood, G., Neece,
J.D. (2003) Development of a chlorine mechanism for
use in the carbon bond IV chemistry model. Journal of
Geophysical Research 108, 4145, doi:10.1029/2002JD
002432.

Tang, J.H., Chan, L.Y., Chang, C.C., Liu, S., Li, Y.S.
(2009) Characteristics and sources of non-methane hyd-
rocabons in background atmospheres of eastern, south-
western, and southern China. Journal of Geophysical
Research 114, D03304, doi:10.1029/2008JD010333.

Tesche, T.W., Morris, R., Tonnesen, G., McNally, D.,
Boylan, J., Brewer, P. (2006) CMAQ/CAMx annual
2002 performance evaluation over the eastern US.
Atmospheric Environment 40, 4906-4919.

U.S. Environmental Protection Agency (EPA) (1999a)
Compendium of methods for the determination of
volatile organic compounds in ambient air using active
sampling onto sorbent tubes. Compendium Method TO-
17. U.S. EPA.

U.S. Environmental Protection Agency (EPA) (1999b)
Compendium of methods for the determination of toxic
organic compounds in ambient air, Second Edition,
Compendium Method TO-15. U.S. EPA.

Wang, X., Mauzerall, D.L., Hu, Y., Russell, A.G., Larson,
E.D., Woo, J.-H., Street, D.G., Guenther, A. (2005a) A
high-resolution emission inventory for eastern China
in 2000 and three scenarios for 2020. Atmospheric
Environment 39, 5917-5933.

Wang, T., Guo, H., Blake, D.R., Kwok, Y.H., Simpson,
I.J., Li, Y.S. (2005b) Measurements of trace gases in
the inflow of South China Sea background air and out-
flow of regional pollution at Tai O, Southern China.
Journal of Atmospheric Chemistry 52, 295-317.

Yang, K.L., Lo, J.G. (1998) Volatile hydrocarbons (C6-
C10) measurements at remote sites of Taiwan during
the PEM-West A experiment(1991). Chemosphere 36,
1893-1902.

(Received 17 September 2014, revised 3 February 2015, 
accepted 12 February 2015)

Aromatic Hydrocarbons in the Yellow Sea 65


