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a b s t r a c t

To better understand the current physical and chemical properties of East Asian aerosols, an intensive
observation of atmospheric particles was conducted at Gosan site, Jeju Island, South Korea during 2005
spring. Total suspended particle (TSP) samples were collected using pre-combusted quartz filters and
a high-volume air sampler with the time intervals ranging from 3 h to 48 h. The kinds and amount of
various organic compounds were measured in the samples using gas chromatography–mass spec-
trometry. Among the 99 target compounds detected, saccharides (average, 130� 14 ng m�3), fatty acids
(73� 7 ng m�3), alcohols (41� 4 ng m�3), n-alkanes (32� 3 ng m�3), and phthalates (21� 2 ng m�3)
were found to be major compound classes with polyols/polyacids, lignin and resin products, PAHs, sterols
and aromatic acids being minor. Compared to the previous results reported for 2001 late spring samples,
no significant changes were found in the levels of their concentrations and compositions for 4 years,
although the economy in East Asia, especially in China, has sharply expanded from 2001 to 2005. During
the campaign at Gosan site, we encountered two distinct dust storm episodes with high TSP concen-
trations. The first dust event occurred on March 28, which was characterized by a predominance of
secondary organic aerosols. The second event that occurred on the next day (March 29) was found to be
characterized by primary organic aerosols associated with forest fires in Siberia/northeastern China. A
significant variation in the molecular compositions, which was found within a day, suggests that the
compositions of East Asian aerosols are heterogeneous due to multi-contributions from different source
regions together with different pathways of long-range atmospheric transport of particles.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric aerosols have relevance for the Earth’s radiative
forcing balance directly by scattering (Charlson et al., 1992) or
absorbing sunlight (Ramanathan et al., 2001), and indirectly by
influencing the albedo (Charlson et al., 1987), lifetime (Albrecht,
1989), extent of clouds and precipitation of rain via acting as cloud
condensation nuclei (CCN). Atmospheric aerosols in East Asia,
especially in China, are different from those in Europe and North
America, since coal and biofuel combustion are still a dominant
energy source, and soot and organic aerosols are much more
emitted into the atmosphere in East Asia (Huebert et al., 2003).
Around one fourth of carbonaceous aerosols on the globe are
generated from China (Cooke et al., 1999), where a sharp increase in
NOx emissions from fossil fuel combustion has led to the excess of
: þ81 11 706 7142.
(K. Kawamura).
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NO2 concentrations in the Chinese atmosphere over those in
Europe and North America (Richter et al., 2005). Chinese economic
expansion may be responsible to the increased NO2, organic matter,
and soot in East Asia. Moreover, the presence of Chinese desert dust
adds complexity, since it can scatter sunlight back to space, absorb
solar and terrestrial radiation, and provides an alkaline surface for
the uptake of acidic gases. Those organic and inorganic pollutants
potentially impact the climate and human health on a regional/
global scale via long-range atmospheric transport (Wilkening et al.,
2000; VanCuren and Cahill, 2002; Heald et al., 2006).

Gosan site is located on the western edge of Jeju Island, Korea,
and on the passageways of outflows of Asian dusts and Chinese
polluted air masses. Gosan has been used as a super site during
ACE-Asia campaign to study the atmospheric aerosols in East Asia
and the western North Pacific (Kim et al., 2005). Numerous aerosol
studies have been carried out, both at Jeju island (Arimoto et al.,
2004; Han et al., 2006; Kim et al., 2007), and its surroundings
(Simoneit et al., 2004b). However, they are mostly associated with
inorganic components such as ions and metals, as well as black

mailto:kawamura@lowtem.hokudai.ac.jp
www.sciencedirect.com/science/journal/13522310
http:www.elsevier.com/locate/atmosenv


130º125º

35º

30º

130º120º 125º

120º

35º

30º

Jeju island

Korea

Japan
China

Yellow Sea

East

China

Sea

Japan Sea

Pacific Ocean

Fig. 1. Location map of sampling site (Gosan, Jeju Island) in the East China Sea.
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carbon and organic carbon. In contrast, studies of organic aerosols
on a molecular level are rather sparse (Simoneit et al., 2004b,c). In
spring 2005, an intensive campaign was conducted at Gosan site to
better understand the physical and chemical properties of aerosols
in the current East Asian troposphere (Nakajima et al., 2007).
During the campaign, two dust events were observed in which
unique molecular signatures for various compound classes sug-
gested contributions from marine and terrestrial plants and
microorganisms, and anthropogenic activities.

Here we report abundances and molecular distributions of
organic aerosols collected at Gosan site using the same analytical
protocols (Simoneit et al., 2004c), and compare the results with
previous studies conducted at the same site and its surrounding
areas (Simoneit et al., 2004b,c; Wang et al., 2006, 2007) to detect
any significant changes in the organic aerosol compositions and
concentrations in East Asia. Further, we discuss differences in the
organic chemical compositions between the Asian dust and non-
dust aerosols to better understand the origin and source regions of
the Asian aerosols over the East China Sea.

2. Experimental section

2.1. Aerosol sampling

Gosan site (33�290N, 126�160E, see Fig. 1) is located on a cliff at
71 m above sea level. The site faces the Asian continent but is iso-
lated from residential areas on the island (Kawamura et al., 2004).
During springtime 2005 (March 18–April 8), total suspended
particles (TSP) were collected on a pre-combusted (450 �C, over-
night) quartz filter using a high-volume air sampler installed on the
top of a trailer house, 3 m above the ground. Sampling was per-
formed in general daily, and occasionally continued for two days
when the local air was quite clean. However, when a dust storm
event occurred, the sampling was conducted every 3 h. In total, 21
aerosol samples were collected with different sampling durations
in this study, including six 3-h samples that were obtained during
the two dust storm events (Table 1). After sampling, each filter
sample was placed in a clean glass jar with a Teflon lined screw cap,
transported to the lab in Sapporo, and stored in a freezer room at
�20 �C prior to analysis.
2.2. Sample extraction, derivatization and GC/MS analysis

Detailed methods for extraction, derivatization and gas chro-
matography/mass spectrometer (GC/MS) analysis are described
elsewhere (Simoneit et al., 2004c; Wang et al., 2006, 2007). Briefly,
aliquots of the sample and blank filters were extracted with
a mixture of dichloromethane and methanol (2:1, v/v) under
ultrasonication. The extracts were filtered through quartz wool
packed in a Pasteur pipette, concentrated using a rotary evaporator
under vacuum and then dried under a pure nitrogen stream. The
compounds containing hydroxy/carboxy functional groups in the
extracts were reacted with 60 mL of BSTFA at 70 �C for 3 h. Finally,
the derivatives were diluted with 140 mL of n-hexane containing C13

n-alkane as an internal standard prior to GC/MS determination.
GC/MS analysis of the derivatized fraction was performed using

a Hewlett–Packard 6890 GC coupled to a Hewlett–Packard 5973
MSD. The GC separation was carried out on a DB-5MS fused silica
capillary column (30 m� 0.25 mm i.d., 0.25 mm film thickness)
with the GC oven temperature programmed from 50 �C (2 min) to
120 �C at 15 �C min�1 and then to 300 �C at 5 �C min�1 with final
isothermal hold at 300 �C for 16 min. The sample was injected on
a splitless mode at an injector temperature of 280 �C. The mass
spectrometer was operated on electron impact (EI) mode at 70 eV
and scanned from 50 to 650 Da. GC/MS factors were determined
using authentic standards. Average recoveries of the 66 compounds
including sugars, n-alkanes, fatty acids, fatty alcohols, polyols,
polyacids, ligneous compounds, sterols and aromatic acids were
better than 80%. No serious contamination was found in the field
blanks except for C16:0 and C18:0 fatty acids, whose abundances
were less than 2% of those of real samples. The data reported here
were corrected for the field blanks but not corrected for the
recoveries. Due to the different sampling durations, mean data
reported here are time-weighted as follows:

X ¼
Xn

i¼1

Xi
ti

T

where X is mean concentration of a specified compound, Xi is the
concentration of the specific compound in sample i, ti is the



Table 1
Sample type and dates of atmospheric aerosols used in this study with some
meteorological data.

Sample type Sample
number

Sampling date TSP, mg m�3 T, �C RH,b %

3 h, Daytime 6 28–29, March Nda–748 8–10 51–84
8 h, Daytime 2 March 30, April 4 136, 135 6–10 48–60
12 h, Overnight 4 March 28, 29, 30

and April 4
90–253 6–10 48–84

24 h 6 March 18, 21, 22,
and April 2, 3, 5

141–236 6–19 53–85

48 h 3 March 19–21, 23–25,
and March 31–April 2

94–176 5–12 56–69

a Nd: not determined.
b RH: relative humidity.
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sampling duration of sample i, T is the sum of collecting time of all
samples, and n is the number of samples.
3. Results and discussion

3.1. Compositions, abundances and sources of organic compounds
in the TSP samples

3.1.1. General results
As shown in Table 2, 10 classes of organic compounds were

determined in the samples. Among them, sugars (average, 130�
14 ng m�3), fattyacids (73�7 ng m�3), fattyalcohols (41�4 ng m�3),
n-alkanes (32� 3 ng m�3), and phthalates (21�2 ng m�3) were
detected as major components whereas polyols/polyacids, lignin
and resin products, polycyclic aromatic hydrocarbons (PAHs), sterols
and phthalic (aromatic) acids were as minor classes. On average,
sucrose (51.5� 9.3 ng m�3) is the most abundant single compound,
followed by levoglucosan (36.3� 5.0 ng m�3), bis(2-ethylhexyl)
phthalate (20.4� 2.0 ng m�3), glucose (14.8� 2.7 ng m�3), fructose
(14.3� 2.3 ng m�3), C26 and C28 fatty alcohols (9.9�1.1 and
10.6�1.1 ng m�3, respectively), and malic acid (9.5�1.7 ng m�3).
This molecular distribution is similar to those obtained at the same
site in 2001 spring by Simoneit et al. (2004c), but it is different from
those reported in the winter aircraft measurements over coastal
China, where malic acid is the most abundant, followed by levo-
glucosan, glucose, C19/C20 n-alkanes, and cholesterol (Wang et al.,
2007). This difference may be due to the differences in the sampling
altitudes (aircraft vs ground site) and thus the different transport
and removal processes in the troposphere.

Averaged concentration of the total quantified compounds is
343� 27 ng m�3, accounting for 0.21�0.1% of aerosol particle
mass. Average concentration of TSP is 166�17 mg m�3 during the
campaign, which is similar to the levels reported previously
(Simoneit et al., 2004c). However, a very heavy dust storm event
was observed with a maximal 3-h TSP concentration of 748 mg m�3

on 29 March 2005, along with a moderate dust storm event on 28
March 2005 (285 mg m�3, a maximal 3-h TSP concentration). The
former episode is much heavier than that reported in April 2001
(440 mg m�3 of TSP) at the same site (Simoneit et al., 2004c).
Compared to those in 2001 spring (Simoneit et al., 2004c), no
significant difference was found in the abundances of TSP and
organics in the 2005 spring samples as discussed below. The 2001
samples were mostly collected in April (Simoneit et al., 2004c),
whereas the 2005 samples were mostly collected in March. Such
a difference in the period is probably one of the reasons why we
could not find the significant changes between the two studies
(2001 April and 2005 March). Although it might be expectable that
TSP and organic aerosol concentrations would increase at Gosan
site from 2001 to 2005, transpacific transport of East Asia aerosols
is in general more significant in April than in March (Heald et al.,
2006).
3.1.2. Water-soluble compounds
The water-soluble fraction constitutes a substantial proportion

of organic compounds in atmospheric aerosols and has a significant
impact on the global climate change by acting as CCN due to its
hygroscopic properties (Mochida et al., 2003). Sugars in our aerosol
samples are characterized by a predominance of sucrose
(51.5� 9.3 ng m�3, Table 2). However, this is different from
previous studies of continental Chinese aerosols (Wang and
Kawamura, 2005; Wang et al., 2006, 2007), in which levoglucosan
is the dominant sugar. An extremely high level (254 ng m�3) of
sucrose was observed during the present campaign, which is
around 10 times greater than the levels of other saccharides. A
similar result was observed in the spring 2001 aerosol samples, in
which sucrose concentrations were up to 444 ng m�3 (Simoneit
et al., 2004c).

Primary saccharides such as fructose, glucose, sucrose, and
trehalose are a major fraction of soil organic matter, while
saccharide polyols such as arabitol, mannitol and inositol are
products of fungal metabolism (Simoneit et al., 2004a). Gosan site is
located far from the residential areas and thus the local aerosol
emission is insignificant (Kim et al., 2005). Hence the high abun-
dances of these saccharides in the samples suggest a significant
contribution of re-suspended soil organic matter from agricultural
activities in East Asian countries to the tropospheric aerosols over
Gosan site, although local contribution of soil organic matter could
not be excluded. Concentrations of levoglucosan, a key tracer for
biomass burning (Simoneit et al., 2004c), were 2.8–102 ng m�3

(average 36.3 ng m�3, Table 2) in the aerosol samples, being similar
to those (8–74 ng m�3) reported in 2001 spring (Simoneit et al.,
2004c). This similarity also suggests that biomass burning is an
important source that contributes to the organic aerosol composi-
tions in East Asia.

Polyols and polyacids are detected as a relatively minor
compound class in the samples with a total concentration of
20� 3 ng m�3. Malic acid (9.5�1.7 ng m�3) is the most abundant in
this group, followed by glyceric acid (6.8� 0.8 ng m�3) and glycerol
(3.8� 0.6 ng m�3) (Table 2), being similar to the levels reported in
spring 2001 at Gosan (Simoneit et al., 2004c) but lower than those
(47� 28 ng m�3 for malic acid and 7.3� 4.9 ng m�3 for glyceric
acid) reported in winter Chinese aerosols collected by aircraft
(Wang et al., 2007). Malic and glyceric acids are secondarily
produced by photochemical processes in the air (Kawamura et al.,
1996; Simoneit et al., 2004c). The relatively low abundances in the
Gosan samples could be explained by scavenging and/or dilution
during long-range transport from inland China to the coastal ocean.

Aromatic acids (i.e., phthalic acid, iso- and tere- phthalic acids),
a minor water-soluble compound class, have a total concentration
of 11�2 ng m�3 with phthalic acid being the most abundant fol-
lowed by terephthalic and isophthalic acids (Table 2). The average
concentration of phthalic acid is lower than that (25�13 ng m�3)
reported in 2001 spring (Simoneit et al., 2004c), but close to that
(13�13 ng m�3) reported in the aircraft aerosol samples over East
China (Wang et al., 2007).

3.1.3. Lipid class compounds
Fatty alcohols (C18–C32), fatty acids (C12–C34), n-alkanes (C19–

C36) and phthalates are major lipid class compounds detected in the
samples with PAHs and sterols being relatively minor. The
concentration of total fatty alcohols is 41�4 ng m�3 (Table 2),
which is similar to those (49� 26 ng m�3) reported in spring 2001
(Simoneit et al., 2004c). As shown in Fig. 2a, C30 and C32 fatty
alcohols are one of the dominant species in the current samples but
were undetectable in the 2001 spring samples (Simoneit et al.,
2004c). Long-chain fatty alcohols are mainly derived from higher
plant waxes and loess deposits, although they may also be emitted
to the air by biomass burning (Kawamura et al., 2003). Therefore,



Table 2
Concentrations (ng m�3) of organic compounds in the TSP samples (n¼ 21).

Compounds Min Max Mean Std

I. Sugars
Levoglucosan 2.8 102 36.3 5.0
Arabitol 1.4 13.5 3.8 0.5
Fructose 1.2 38.9 14.3 2.3
Glucose 1.5 81.8 14.8 2.7
Mannitol 1.2 12.4 3.2 0.5
Inositol 0.1 3.4 0.5 0.1
Sucrose 4.6 254 51.5 9.3
Trehalose 0.8 48.6 5.7 1.4

Subtotal 29 331 130 14

II. Fatty alcohols
C18 0.00 1.18 0.40 0.06
C19 0.00 0.75 0.27 0.06
C20 0.00 1.28 0.70 0.08
C21 0.00 1.79 0.86 0.10
C22 0.00 4.03 1.94 0.20
C23 0.00 1.28 0.72 0.07
C24 0.00 5.43 2.50 0.24
C25 0.00 1.80 0.78 0.07
C26 2.91 26.54 9.91 1.05
C27 0.00 1.97 0.94 0.08
C28 2.43 23.4 10.6 1.06
C29 0.00 2.05 0.96 0.14
C30 0.00 10.9 6.05 0.62
C31 0.00 2.29 0.62 0.15
C32 0.00 8.92 3.89 0.55

Subtotal 5 87 41 4

III. Fatty acids
C12:0 0.00 4.29 0.62 0.15
C14:0 0.37 2.32 0.97 0.11
C15:0 0.15 1.05 0.41 0.03
C16:0 2.91 13.7 7.22 0.56
C17:0 0.18 0.68 0.36 0.03
C18:0 2.13 8.23 5.13 0.48
C19:0 0.15 3.27 0.44 0.07
C20:0 0.40 3.86 2.17 0.21
C21:0 0.20 2.16 1.19 0.13
C22:0 2.39 10.6 6.18 0.59
C23:0 0.74 5.86 3.15 0.35
C24:0 2.09 16.4 8.59 0.90
C25:0 0.45 4.24 2.34 0.28
C26:0 1.23 11.1 6.38 0.67
C27:0 0.27 3.56 1.92 0.25
C28:0 1.14 13.3 7.59 0.87
C29:0 0.00 3.88 1.94 0.29
C30:0 1.01 20.7 9.10 1.23
C31:0 0.00 2.39 1.03 0.19
C32:0 0.00 8.15 3.21 0.62
C34:0 0.00 1.86 0.57 0.15
C16:1 0.00 0.50 0.02 0.02
C18:1 0.00 13.4 2.73 0.62
C22:1 0.00 0.70 0.07 0.05

Subtotal 31 125 73 7

IV. Polyols and polyacids
Glycerol 1.45 13.6 3.84 0.63
Glyceric acid 1.82 15.9 6.81 0.75
Malic acid 0.68 24.4 9.45 1.66
Tartaric acid 0.00 3.18 0.05 0.07
Citric acid 0.00 2.08 0.02 0.04

Subtotal 5 54 20 3

V. n-Alkanes
C19 0.00 1.49 0.01 0.03
C20 0.00 1.46 0.38 0.04
C21 0.00 2.59 0.75 0.11
C22 0.16 2.50 1.04 0.10
C23 0.46 3.69 1.86 0.17
C24 0.41 4.33 1.94 0.20
C25 0.85 5.40 3.12 0.26
C26 0.71 3.86 2.05 0.20
C27 1.46 8.64 4.82 0.38
C28 0.56 3.13 1.80 0.16

able 2 (continued )

ompounds Min Max Mean Std

29 1.47 10.1 5.23 0.44
30 0.31 2.12 1.07 0.12
31 0.92 6.65 4.07 0.34
32 0.15 1.39 0.68 0.08
33 0.21 2.30 1.52 0.13
34 0.00 0.96 0.41 0.06
35 0.00 1.16 0.53 0.07
36 0.00 0.73 0.26 0.05

ubtotal 10 51 32 3

I. Lignin and resin products
anillic acid 0.05 0.78 0.27 0.03
yringic acid 0.00 0.29 0.10 0.01
ehydroabietic acid 0.09 4.91 0.79 0.14

ubtotal 0.2 5 1 0.2

II. PAHs
henanthrene 0.00 1.11 0.50 0.06
nthracene 0.03 0.51 0.22 0.04
luoranthene 0.04 1.98 0.78 0.10
yrene 0.04 1.34 0.50 0.07
enzo(b)fluorene 0.00 0.13 0.03 0.01
enz(a)anthracene 0.00 0.13 0.05 0.01
hrysene/triphenylene 0.00 0.94 0.33 0.05
enzo(b/k)fluoranthene 0.05 2.54 0.98 0.13
enzo(e)pyrene 0.01 0.67 0.26 0.03
enzo(a)pyrene 0.00 0.46 0.17 0.02
erylene 0.00 0.07 0.03 0.00
deno(123-cd)pyrene 0.00 0.72 0.27 0.04
ibenz(a,h)anthracene 0.00 0.09 0.03 0.00
enzo(ghi)perylene 0.00 0.61 0.23 0.03
nthanthrene 0.00 0.03 0.01 0.00
oronene 0.00 0.34 0.14 0.02
ibenzo(a,e)pyrene 0.00 0.18 0.06 0.01

ubtotal 0.3 12 5 1

III. Phthalates
ibutyl 0.04 11.6 0.91 0.30
is(2-ethylhexyl) 8.15 37.2 20.4 1.96

ubtotal 8 47 21 2

. Sterols
holesterol 0.00 2.19 0.38 0.09
rgosterol 0.00 15.4 5.18 1.08
tigmasterol 0.00 0.98 0.20 0.07
-Sitosterol 0.00 11.4 2.28 0.62

ubtotal 0.5 19 8 1

. Phthalic acids
h 0.72 18.0 6.00 1.00
oph 0.11 2.77 0.96 0.16
reph 0.53 9.86 4.30 0.72

ubtotal 1.5 31 11 2

otal 115 575 343 27
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high abundances of C30 and C32 fatty alcohols suggest that lipids in
the Gosan aerosols in spring 2005 are more attributable to higher
plant emissions and/or forest fires than those reported in spring
2001. Indeed, the 10-days of backward trajectory analysis showed
that the air masses arriving at Gosan during the campaign mostly
originated from the forest regions in Siberia/northeast China,
where the primary emissions of wax components from higher
plants either by wind ablation or thermal evaporation via forest
fires are significant in the season.

Fatty acids (73�7 ng m�3, Table 2) were detected in a range of
C12–C34 with a peak at C24 or C30 (Fig. 2b), of which carbon pref-
erence index (CPI, even to odd) was 8.4� 3.8 for lower molecular
weight (LMW) fatty acids (C12–C19) and 4.9� 2.2 for high molecular
weight (HMW) fatty acids (C20–C34). Fatty acids that are derived
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Fig. 2. Chain-length distributions of (a) fatty alcohols, (b) fatty acids and (c) n-alkanes in the aerosol (TSP) samples from Gosan site, Jeju Island.
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from terrestrial higher plant waxes are characterized by a strong
even/odd carbon number predominance frequently with a
maximum in C20–C34 range (Simoneit, 1984). Thus, fatty acids in the
2005 spring aerosols also suggest a significant contribution of
higher plant emissions from Siberia/northeastern China over
Gosan site.

A series of n-alkanes (C19–C36) were abundantly detected in the
samples with a predominance of C27, C29 and C31 species (Table 2
and Fig. 2c). Total concentrations of n-alkanes are 10–51 ng m�3

(average, 32 ng m�3) with CPI (odd to even) values of 2.6� 0.6.
Concentrations and molecular distributions of n-alkanes in our
spring aerosols are similar to those reported for 2001 spring
samples (Simoneit et al., 2004c). Generally, LMW n-alkanes (C19–
C24) with no odd/even carbon number preference are more
attributable to fossil fuel combustion, whereas HMW n-alkanes
(C25–C36) from higher plant emissions have a significant odd/even
carbon number predominance (Wang et al., 2007). CPI values were
0.9� 0.4 for the LMW n-alkanes and 3.8� 1.3 for the HMW
n-alkanes, indicating that the former are mainly derived from fossil
fuel combustions and the latter mainly from terrestrial higher
plants (Gagosian et al., 1981).

Seventeen PAHs were determined in the samples with total
concentrations of 5�1 ng m�3 (Table 2), being close to those
(4� 4 ng m�3) reported in spring 2001 (Simoneit et al., 2004c).
Benzo(b/k)fluoranthene is the most abundant in this group, which
is consistent with the aerosols from 14 Chinese mega-cities (Wang
et al., 2006) and the aerosols collected by aircraft over China (Wang
et al., 2007), again confirming that PAHs over Gosan site are mainly
long-range transported from coal combustion sources in China
because benzo(b/k)fluoranthene has been characterized as a major
PAH in coal burning smoke with a highest emission factor in the
country (Wang et al., 2006).

3.2. Organic compounds in the dust storm samples in comparison
to non-dust-storm samples

During the campaign two dust storm events were observed on
March 28 and 29 with maximum TSP concentrations of 285 and
748 mg m�3 in 3-h samples, respectively. These values are about 2–5
times higher than other samples (157�15 mg m�3) collected in the
non-dust-storm periods. Ten days of backward air mass trajectory
analyses demonstrated that the source regions and transport
pathways for the two event samples are totally different (Fig. 3).
The dust event that occurred on 28 March 2005 (hereinafter named
as Dust Storm I) was moderate, and the air masses originated from
the desert areas in the eastern boundary between Mongolia and
China at an elevation of around 4000 m. They moved to the south
along the east coast of China and stayed over the East China Sea for
a few days before arriving at Jeju Island (Fig. 3a). The air masses
associated with this dust event passed over the economically
developed regions along coastal China. Thus the aerosols collected
during Dust Storm I should be influenced by air pollution from
these regions. Another dust event occurred on 29 March (herein-
after named Dust Storm II), whose source region is Siberia at
elevation of more than 2000 m due to the air mass trajectory
analysis. The air masses traveled across the major boreal forest



Fig. 3. Backward air mass trajectory analyses for the two dust storm events: (a) Dust Storm I, and (b) Dust Storm II. The trajectory plots were produced with HYSPLIT4 model from
NOAA ARL Website; duration: 240 h; meteorological data: GDAS1; vertical motion calculation method: model vertical velocity; start point at 100 m above sea level.
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areas in Siberia and the economically developing regions in
northeast China prior to reaching Jeju Island (Fig. 3b). Thus, parti-
cles collected during this event may be influenced by both biogenic
emission from the forests and air pollution from the economically
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Here we focus on two 3-h samples K352 (Dust Storm I) and K355
(Dust Storm II), which were collected at peak of each dust episode,
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Table 3
Comparison of the concentrations (ng m�3) of organic compounds in the two dust
storm (K352, K355) and non-dust (normal samples) samples.

Compounds Dust Storm I
(K352)

Dust Storm
II (K355)

Non-dust samples
(n¼ 15)

I. Fatty acids
C12–C30 40 83 67� 7.1
CPI1

a (C12–C20) 18 5.8 7.0� 1.0
CPI2

a (C21–C30) 8.5 5.4 3.8� 1.1
Major components 16, 22 16, 24 30, 24

II. n-Alkanesb

C19–C34 14 51 31� 2.4
CPI1

a (C19–C24) 1 1.1 0.9� 0.4
CPI2

a (C25–C34) 3.7 5.2 3.3� 1.0
Major components 27, 29 29, 27 29, 27

III. Fatty alcohols
C18–C32 7 75 41� 3.4
CPI1

a (C18–C21) – 7.8 1.5� 0.9
CPI2

a (C21–C32) 16 8.9 8.0� 1.9
Major components 26, 28 26, 28 26, 28

IV. Fossil fuel emissions
n-Alkanesc 8 28 18� 8.1
PAHs 0.3 5.6 4.7� 0.6

Compounds Dust Storm I
(K352)

Dust Storm
II (K355)

Regular samples
(n¼ 15)

V. Biomass-burning tracers
Levoglucosan 3.7 102 36� 4.8
b-Sitosterol 5.6 7.1 2.1� 0.6
Dehydroabietic acid 0.8 1.3 0.7� 0.1
Vanillic acid 0.05 0.8 0.3� 0.03
Syringic acid Nda 0.3 0.1� 0.01

VI. Surface soil dust
Glucose 40 13 14� 2.5
Sucrose 254 42 48� 7.8
Trehalose 2.7 49 5.0� 1.1

VII. Secondary organic aerosols
Malic acid 20 0.8 9.4� 1.6
Glyceric acid 5.9 2.2 6.9� 0.7
Tartaric acid 1.3 Ndd Ndd

Citric acid 2.1 Ndd Ndd

Phthalic acid 4.3 1.9 6.0� 1.0

Totale 482 502 340� 26
TSP, mg m�3 285 748 157� 15
Total/TSP, % 0.17 0.07 0.23� 0.02

a CPI: carbon preference index (even/odd for fatty acids and alcohols, odd–even
for n-alkanes).

b n-Alkanes including biogenic and anthropogenic.
c n-Alkanes derived from fossil fuel emissions are calculated as the average of odd

homologues–adjacent even homologues.
d Nd: not detected.
e Total: all quantified compounds as shown in Table 2.
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to better understand how abundances and compositions of organic
compounds are different when aerosols are sampled during the
dust episodes of different types. Total ion chromatographs,
concentrations, and molecular distributions of organic compounds
in the two samples are shown in Fig. 4, Table 3, and Fig. 5,
respectively. Fatty acids are less abundant in K352 than in K355
with a stronger even/odd carbon preference (Table 3). However,
higher relative abundances of C12 and C14 fatty acids in K352
indicate more contributions from marine sources in Dust Storm I
(Fig. 5a and b) because C12 and C14 fatty acids are enriched in
marine phytoplankton and sea surface waters (Peltzer and Gago-
sian, 1989). The concentration of n-alkanes (51 ng m�3) in K355 is
much higher than that (14 ng m�3) in K352 (Table 3). Higher
abundances of C27–C33 (Fig. 5c and d) and higher CPI of 5.2 (Table 3)
in the range of C25–C34 n-alkanes in K355 than in K352 are indic-
ative of more emissions of higher plant waxes. Fatty alcohol
homologues in K352 are almost undetectable except for C26, C28

and C21, whereas the homologues were abundantly detected in
K355 (Fig. 4 and Table 3). High levels of C26, C28, and C30 fatty
alcohols with a strong even/odd preference in K355 further support
the enhanced higher plant contributions (Peltzer and Gagosian,
1989).

Backward air mass trajectory analysis showed that the air mass
corresponding to Dust Storm II came across the areas of Siberia/
northeastern China at elevations of less than 2500 m (Fig. 3b),
where hot spots of forest fires have been observed from space
(Fig. 6). This suggests that biomass-burning products are signifi-
cantly emitted to the air and long-range transported to Gosan site.
This explanation is consistent with the very high concentrations of
levoglucosan (biomass-burning tracer) and higher plant waxes
(n-alkanes, fatty acids and fatty alcohols) in Dust Storm II sample
(Table 3). The latter components are of terrestrial plant wax origin
and can be emitted to the air by evaporation of plant leaf waxes
under the high temperatures that occur during forest burning
(Kawamura et al., 2003).

n-Alkanes (C19–C24) and PAHs, which are both of fossil fuel
combustion origin, showed higher concentrations in K355 than in
K352. Concentration ratios of specific PAHs can be used to recog-
nize their sources. For example, indeno(1,2,3-cd)pyrene/benzo-
(ghi)perylene (IP/BghiP) is 0.22, 0.50 and 1.3 in the smokes from
gasoline, diesel and coal burnings (Grimmer et al., 1983), and
benzo(ghi)perylene/benzo(e)pyrene (BghiP/BeP) is 0.8 in the
emissions from coal combustion (Nielsen, 1996). In this study, Dust
Storm I sample gave 0.64 for IP/BghiP and 0.85 for BghiP/BeP,
whereas Dust Storm II sample gave 1.13 for IP/BghiP and 0.90 for
BghiP/BeP (Table 4). The higher ratios of these source fingerprints
further demonstrate the significant emissions due to coal burning
in northeast China.

Wood burning for house heating and cooking is common in
northeast China. This process can cause higher levels of biomass-
burning products such as levoglucosan and dehydroabietic acid as
detected in the K355 (Table 3). Moreover, the very high con-
centration of levoglucosan found in K355 (102 ng m�3, Table 3)
suggests a significant contribution from forest fires, probably in
Siberia. Enhanced concentration of dehydroabietic acid in the
K355 sample indicates that burning of conifer resin is associated
with Dust Storm II (Simoneit et al., 2004c). This finding is
consistent with the satellite image of hot spots in Siberia (Fig. 6).
Glucose and sucrose were much more abundant in K352 than in
K355, implying more contribution from soil organic matter
because both sugars are considered as tracers of surface soil
emissions associated with agricultural activity (Simoneit et al.,
2004a). The air parcel represented by K352 had been hovering
over the East China Sea prior to reaching Gosan, where it expe-
rienced higher ambient temperatures and a longer travel time
(Fig. 3a). Thus, an enhanced photochemical oxidation may have
occurred, leading to more production of malic and phthalic acids
in K352 than in K355 (Table 3), which are typical secondary
organic aerosol (SOA) components. Benzo(a)pyrene (BaP) is labile
to photochemical oxidation, whereas benzo(e)pyrene (BeP) is
much more stable. Therefore, the BeP/(BaPþ BeP) ratio can be
used to evaluate the extent of photochemical aging of atmo-
spheric aerosols (Okuda et al., 2002; Tang et al., 2006). In this
study BeP/(BaPþ BeP) was 1.0 in K352 and 0.56 in K355, further
demonstrating an enhanced photochemical alteration in K352
aerosols.

Data on organic components in all the non-dust-storm aero-
sols (regular samples, n¼ 15), excluding the six 3-h dust storm
samples, are compared with the two dust storm samples dis-
cussed above (Table 3). Generally, molecular distributions of
primary organic aerosols including natural and anthropogenic
species in the non-dust samples are similar to those in K355. In
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Fig. 6. Average number of forest fire spots (red dots) in March 2005 in Siberia/
northeastern China (data cited from http://dup.esrin.esa.int/ionia/wfa). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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contrast, molecular distributions of SOA components (especially
malic acid, glyceric acid) in the non-dust-storm samples are
similar to those in K352. Such molecular characteristics can
further be confirmed by the ratios of PAHs and phthalic acids
Table 4
Ratios of PAHs and phthalic acids in the two dust and non-dust samples.

Dust Storm I
(K352)

Dust Storm II
(K355)

Non-dust
samples

IP/BghiP 0.64 1.13 1.16� 0.1
BghiP/BeP 0.85 0.9 0.91� 0.01
isoPh/Pha 0.11 0.09 0.17� 0.01
isoPh/terePha 0.27 0.15 0.23� 0.01
WSOC/WIOCb 3.4 1 0.87� 0.05

a Ph, iso-, and terePh mean phthalic acid, iso- and terephthalic acids, respectively.
b WSOC and WIOC mean water-soluble and water-insoluble organic compounds, resp
(Table 4). The present molecular approach to the Gosan aerosol
samples demonstrates that molecular distributions and concen-
trations of organic tracers are significantly different between
non-dust and dust storm samples. Comparisons of detailed
molecular compositions of aerosol samples further demonstrate
that the two dust storms that occurred at Gosan site within two
days in March 2005 are associated with the long-range atmo-
spheric transport of dust particles from different source regions
(north China and Siberia) and thus have different origins and
chemical compositions.
4. Summary and conclusions

Ten classes of organic species have been determined in TSP
samples collected at Jeju Island, Korea during spring 2005 on
a molecular level by using the TMS derivatization and GC/MS
quantification technique. Among the quantified compounds, sugars
(average, 130�14 ng m�3), fatty acids (73�7 ng m�3), alcohols
(41�4 ng m�3), n-alkanes (32� 3 ng m�3), and phthalates (21�
2 ng m�3) were found as major classes with polyols/ployacids,
lignin and resin products, PAHs, sterols and aromatic acids being
minor. Two types of dust storms were observed on March 28 and
29 with TSP concentrations peaking at 285 and 748 mg m�3,
respectively. The former event was characteristic of secondary
organic aerosols, whereas the latter was characteristic of primary
organic aerosols, which is mainly due to the different source
regions and pathways during the long-range transport of atmo-
spheric aerosols. Such a significant difference in the chemical
compositions found within a day indicates heterogeneity of particle
compositions in East Asia.
Source signature

Gasoline Diesel Coal Reference

0.22 0.5 1.3 (Grimmer et al., 1983)
0.8 (Nielsen, 1996)

1.15 (Kawamura and Kaplan, 1987)

ectively.
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