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[1] A significant fraction of the fine particulate matter in Hong Kong is made up of
organic carbon. In order to quantitatively assess the contributions of various sources to
carbonaceous aerosol in Hong Kong, a chemical mass balance (CMB) receptor model in
combination with organic tracers was employed. Organic tracers including n-alkanes,
polycyclic aromatic hydrocarbons (PAHs), steranes, hopanes, resin acids, cholesterol,
levoglucosan, and picene in PM2.5 collected from three air monitoring sites located

at roadside, urban, and rural areas in Hong Kong are quantified using gas
chromatography-mass spectrometry (GC/MS) in the present study. Analyses of some
overlapping species from two separate laboratories will be compared for the first time.
Spatial and seasonal source contributions to organic carbon (OC) in PM2.5 from up

to nine air pollution sources are assessed, including diesel engine exhaust, gasoline engine
exhaust, meat cooking, cigarette smoke, biomass burning, road dust, vegetative detritus,
coal combustion, and natural gas combustion. Diesel engine exhaust dominated fine
organic carbon in Hong Kong (57 &+ 13% at urban sites and 25 + 2% at the rural site).
Other sources that play an important role are meat cooking and biomass burning,

which can account for as much as 14% of fine organic carbon. The primary sources
identified by this technique explained 49%, 79%, and 94% of the measured fine organic
carbon mass concentration at the rural, the urban, and the roadside sites, respectively. The
unexplained fine OC is likely due to secondary organic aerosol formation.
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1. Introduction

[2] The rapid economic growth in the past few decades in
Hong Kong and the Pearl River Delta (PRD) has resulted in
high levels of fine particulate matter (PM). Epidemiological
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studies have shown that fine particulates are more related to
adverse health effects than total suspended particulate
matter [Lall et al., 2004]. In urban areas, fine particulate
pollution poses a health risk to the local population and
contributes to the formation of smog [Cohen, 2000; Schauer
et al., 2002a]. In Hong Kong, this problem is more severe in
winter. The Hong Kong Environmental Protection Depart-
ment (HKEPD) has implemented a regular monitoring
program for total suspended particulates (TSP) and respira-
ble suspended particulates (RSP) since the mid 1980s. In
Hong Kong, the long-term and the episodic PM levels have
exceeded the air quality standards developed in the United
States [Louie et al., 2005]. Carbonaceous aerosol, which
includes both organic carbon and elemental carbon (EC), is
the major component of fine particulate matter in Hong
Kong, accounting for ~70% of the PM2.5 (particles with an
aerodynamic diameter less than or equal to 2.5 pum) mass
concentration at a roadside site, ~50% at urban sites, and
~30% at rural sites [Louie et al., 2005]. However, a
comprehensive characterization of fine organic aerosol as
well as its major sources is still lacking.

[3] There are some efforts of aerosol source apportion-
ment in Hong Kong, including the application of principle
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component analysis to TSP data by Fung and Wong [1995]
and positive matrix factorization analysis for PM10 (par-
ticles with an aerodynamic diameter equal to or less than
10 pum) by Lee et al. [1999]. To the best of our knowledge,
source apportionment of organic carbon in PM2.5 has not
yet been done in Hong Kong.

[4] Organic carbon is one of the major components in
PM2.5 in the atmosphere, accounting for 10—70% of the
total dry fine particulate mass in urban areas [Cao et al.,
2004; Turpin et al., 2000; Yang et al., 2005]. However,
compared to the inorganic species, identification and quan-
tification of organic carbon as well as its major sources are
far from well understood because OC is a complex mixture
of hundreds of organic compounds emitted from a variety of
sources. In general, ~20% of the fine organic carbon in
aerosol is solvent extractable and GC-resolvable, including
alkanes, fatty acids, polycyclic aromatic hydrocarbons,
alkanols, and other polar compounds [Sin et al., 2005;
Zheng et al., 2000].

[5] The recent application of organic molecular markers
to CMB has proven to be a valuable tool in determining the
contribution of specific sources to organic carbon and fine
particulate matter in the atmosphere [Schauer et al., 1996;
Watson and Chow, 2001; Zheng et al., 2002]. In CMB
modeling, the ambient concentration of each tracer com-
pound in the model is reconstructed from the best fit linear
combination of source emission profiles, and the contribu-
tions of major sources are estimated.

[6] In 2000-2001, a 12-month ad hoc project was
therefore launched in Hong Kong aiming to better under-
stand the chemical composition as well as the sources of
carbonaceous aerosol in PM2.5. As part of this project, the
present study has two objectives which include (1) investi-
gating the seasonal and spatial variations of the organic
tracers in the fine particulate matter and (2) identifying the
major sources of carbonaceous aerosol in Hong Kong. The
results from this study provide important information of
aerosol sources which is necessary for effective air quality
management strategies.

[7] PM2.5 samples from the same three sampling sites
during the same study period were also analyzed for solvent
extractable and GC-resolvable organic compounds by the
Government Laboratory of Hong Kong Special Adminis-
trative Region (HKSAR) [Sin et al., 2005]. A direct
comparison of organic compound analysis was made be-
tween two laboratories. To our best knowledge, this is the
first comparison of organic compound analysis in ambient
aerosol samples.

2. Methods
2.1. Sampling

[8] Samples were obtained every sixth day from three
sites in Hong Kong including Hok Tsui (HT), Tsuen Wan
(TW), and Mong Kok (MK) (see Figure 1). Each 24 hours a
PM2.5 sample was collected on a quartz fiber filter from
November 2000 to October 2001 using R&P Partisol sam-
plers with a 2.5 pum inlet and a flow rate of 16.7 L min~".
The MK site, about 2 m above the ground, is a roadside
site located in a mixed commercial and residential area.
The TW site, which is located on the rooftop of a
government building (about 15—18 m above the ground),
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represents an area of mixed residential and commercial
activities. The rural HT site is located at the southern tip of
Hong Kong Island, and experiences the least impact of
anthropogenic activities among the three sites.

[9] The PM2.5 samples at each site were combined into
seasonal composites before solvent extraction. The number
of filters in each composite sample is shown in Table 1. The
starting and ending dates for each season match those for the
analysis of the organic compound analysis by the Govern-
ment Laboratory of HKSAR, allowing the direct comparison
of results. The winter, spring, summer, and fall seasons
represent the PM2.5 filters collected from the following
periods respectively: 11 December 2000 to 13 March
2001, 17 March 2001 to 16 May 2001, 19 May 2001 to
20 September 2001, and 21 September 2001 to 31 October
2001.

2.2. Chemical Analysis

[10] OC and EC data were provided by the Government
Laboratory of HKSAR. The measurements were done using
the NIOSH thermal evolution technique as described by
Birch and Cary [1996]. The fraction of water soluble
organic compounds (WSOC) was obtained by water extrac-
tion of filter samples. The water extracts were used to
determine the total WSOC concentration and quantify the
individual components of WSOC. The experimental proce-
dure of organic speciation analysis has been well described
in the previous publication [Zheng et al., 2002], and is
briefly described here. Deuterated internal standards as well
as six sets of standard mixtures (PMSTD#1-#6) were
used for identification and quantification of organic
compounds in ambient samples. The deuterated standards
were spiked in each sample before extraction, including
benzaldehyde-d,, dodecane-d,¢, decanoic acid-d,o, phthalic
acid-3,4,5,6-d,, acenaphthene-d, levoglucosan-l Cs,
hexadecane-d;,4, eicosane-dy,, heptadecanoic acid-ds3, 4,4’-
dimethoxybenzophenone-dg, chrysene-d;,, octacosane-dsg,
aaa-20R-cholestane-dy, cholesterol-2,2,3,4,4,6-d,,
dibenz(ah)anthracene-d;4, and hexatriacontane-d4. The
amount of the internal standard mix spiked into each
composite sample is proportional to the amount of the
organic carbon that presents in the sample, with about
250 microliters of the internal standard mix spiked per
milligram of OC.

[11] Each sample was ultrasonically extracted using hex-
ane (twice), and a mixture of benzene and isopropanol (2:1)
(three times) for 15 min for each extraction. The extract was
filtered and reduced to about 5 mL by a rotary evaporator. It
was further blown down using the ultrapure N,. The extract
was split into two fractions, with one fraction derivatized by
diazomethane to convert the organic acids to their methyl
ester analogues. After derivatization, the extract was ready
for the GC/MS analysis.

[12] A Hewlett-Packard GC/MSD (6890 GC and
5973MSD) equipped with a 30 m 1. x 0.25 mm id. X
0.25 pm film thickness HP 5 MS capillary column was
used. The operation conditions were: isothermal hold at
65°C for 2 min, temperature ramp of 10°C min~' to 300°C,
isothermal hold at 300°C for 22 min, GC/MS interface
temperature of 300°C. The flow of the carrier gas (ultrapure
He) was 1 mL min~'. The injection volume was 1 uL
for each sample. The scan range was 50—500 amu, and
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Figure 1. Sampling locations in the present study including the rural site (Hok Tsui), the urban site

(Tsuen Wan), and the roadside site (Mong Kok).

the sample was analyzed under electron ionization mode
(70 eV).

[13] Identification of the target compounds in the extracts
was confirmed by comparing with the retention time and
mass spectrum of the same compound in six sets of standard
mixtures (PMSTD). For those compounds that could not be
found in PMSTD, the identification was made using a
commercially available standard such as picene and two
secondary standards (a wood smoke secondary standard and
a candle wax secondary standard) as well as the National
Institute of Standards and Technology Mass Spectral Data-
base. Quantification of the target compounds was calculated
using the relative response factor (RRF) of each compound
to a corresponding deuterated internal standard that has
similar retention time and chemical structure. All solvents
(hexane, dichloromethane, methanol, isopropanol) are Op-
tima Grade (Fisher Scientific Inc.). Benzene from E&M
Scientific Ominisolv was distilled prior to use.

[14] The solvent-extractable organic compound (SEOC)
analysis by the Government Laboratory of HKSAR has
been detailed by Sin et al. [2005]. In brief, internal stand-
ards including hexadecane-dz4, eicosane-d,,, tetracosane-
dso, triacontane-ds,, acenaphthalene-d,(, phenanthrene-d,
chrysene-d,,, and perylene-d;, were spiked to the samples
before extraction. The solvent system used for extracting
SEOC from aerosol samples ultrasonically includes (1) 30 mL
of hexane for 30 min, (2) 20 mL of 2:1 v/v mixture of
toluene and isopropanol for 15 min, and (3) 10 mL of 2:1 v/v

mixture of toluene and isopropanol. The extracts were
combined, filtered with Whatman 42 filter paper, concen-
trated, and added with 0.5 mL of the 14% boron trifluoride
in methanol to etherify fatty acids at 85 °C for 30 min.
Distilled DI water was added to quench the reaction and the
organics were extracted by 2 mL dichloromethane for three
times. The extracts were evaporated under nitrogen, recon-
stituted with 10 mL of hexane, and reconcentrated to 1 mL
under nitrogen. Then the extracts were subjected to column
chromatography to separate each extract into four fractions
(aliphatic hydrocarbon, PAHs, methyl esters of fatty acids,
and alcohols). The alcohols were further derivatized by
adding 20 uL of 1% trimethylchlorosilane at 70 °C for 30 min.
For identification of SEOC, each fraction was then injected
to a Thermo Finnigan GCQ GC/MS using an ion trap mass
spectrometer with a DB-5 capillary column. For quantifi-
cation, GC-flame ion detection analysis with a HP-5 capil-
lary column was used for aliphatic hydrocarbon and methy]l
esters of fatty acids, while a Trace 2000 GC and a Voyager
mass spectrometer with a DB-5 MS capillary column,
operated under the selected ion mode, was used for PAHs
and alcohols.

2.3. CMB Modeling

[15] Hong Kong PM2.5 samples were subjected to the
organic tracer-based CMB analysis developed by Schauer et
al. [1996]. The CMB7.0 model was applied to estimate the
contributions of major sources to the measured organic
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Table 1. Atmospheric Concentrations of Organic Tracers (ng m ), EC, and OC (ug m ) in PM2.5"
Hok Tsui (HT) Tsuen Wan (TW) Mong Kok (MK)

Compound Spring  Summer  Fall Winter  Spring  Summer  Fall Winter  Spring  Summer  Fall  Winter
Pentacosane 0.42 nd 0.43 2.61 3.67 2.84 1.30 7.09 6.87 6.95 423 129
Hexacosane 0.58 0.28 0.45 2.34 3.03 2.85 1.29 5.46 431 4.75 2,66  7.87
Heptacosane 0.76 0.28 0.79 223 3.20 2.75 2.10 5.68 4.69 4.23 4.03  8.05
Octacosane 0.59 0.35 0.61 1.56 1.75 1.68 1.25 3.04 1.87 1.93 1.84 248
Nonacosane 0.79 1.61 1.10 2.52 2.68 3.15 2.14 4.83 391 3.40 3.91 7.37
Triacontane 0.37 0.25 0.44 0.99 1.10 1.15 0.97 2.25 1.63 1.31 1.73 240
Hentriacontane 0.73 0.47 1.08 2.48 2.90 2.88 291 6.44 7.32 5.82 6.86 103
Dotriacontane 0.30 0.19 0.36 0.80 0.85 0.97 0.90 2.03 1.79 1.51 1.70  2.90
Tritriacontane 0.30 0.20 0.53 1.10 1.29 1.27 1.52 2.90 3.37 2.63 339 521
17c(H)-213(H)-29-norhopane ~ 0.08 0.04 0.02 0.15 0.75 0.60 0.24 1.13 2.61 2.78 2,66 394
17c(H)-213(H)-hopane 0.09 0.06 0.04 0.26 0.78 0.71 0.32 1.23 2.28 2.45 225 340
22,29,30-trisnorhopane nd nd nd nd 0.07 0.10 nd 0.23 0.68 0.66 0.67 1.28
20S,R-5c(H),145(H), nd nd nd nd 0.17 0.09 nd 0.23 0.58 0.49 0.43  0.99
176(H)-cholestanes
20R-5a(H),14(H), 0.11 0.18 0.27 0.20 0.62 0.59 0.47 0.48 1.07 1.19 0.60 1.18
17a(H)-cholestane
20S,R-5c(H),145(H), nd nd nd nd 0.14 0.06 nd 0.26 0.53 0.48 0.51  0.78
175(H)-ergostanes
20S,R-5a(H),145(H), nd nd nd nd 0.42 0.37 0.08 0.56 1.42 1.50 1.40 1.97
175(H)-sitostanes
Levoglucosan 14.6 3.40 29.8 154 69.8 77.0 8.56 172 53.0 72.2 271 458
Cholesterol 0.12 nd nd nd 1.12 nd nd 0.28 433 1.31 nd 1.98
Benzo(b)fluoranthene 0.083 0.027 0.087  0.30 0.41 0.42 0.24 1.06 1.24 2.04 2.08  0.50
Benzo(k)fluoranthene 0.11 0.030 0.095  0.38 0.49 0.40 0.24 1.18 1.09 434 1.94  0.68
Benzo(a)pyrene 0.036 0.010 0.067  0.18 0.27 0.31 0.16 0.78 0.78 0.98 098  0.38
Indeno(cd)fluoranthene 0.033 0.015 0.041  0.14 0.14 0.10 0.091 0.42 0.24 nd nd 0.082
Indeno(cd)pyrene 0.11 0.043 0.12 0.38 0.36 0.24 0.26 1.19 0.35 nd 0.58  0.16
Benzo(ghi)perylene 0.11 0.056 0.13 0.38 0.55 0.41 0.30 1.46 0.60 nd 1.49 0.29
Picene nd nd nd 0.062 nd nd nd 0.13 nd nd nd nd
iso-Nonacosane nd nd 0.01 0.10 nd nd 0.16 0.32 nd nd 0.34 1.12
anteiso-triacontane nd nd 0.01 0.07 0.69 0.53 0.24 0.76 1.57 1.88 0.78  2.01
iso-hentriacontane nd nd 0.01 0.05 0.76 0.75 0.45 1.10 2.53 2.39 1.31  4.08
Elemental carbon (EC) 1.32 0.72 1.44 1.85 5.76 6.09 5.04 6.54 17.8 21.4 194  20.1
Organic carbon (OC) 2.75 1.84 3.72 4.97 6.08 5.47 7.02 9.82 13.9 13.3 133 187
EC to OC ratio 0.48 0.39 0.39 0.37 0.42 0.46 0.38 0.67 1.29 1.61 146 1.07
Number of filters 10 21 6 21 22 6 20 10 22 6 20

nd, not detected.

carbon concentrations at the three monitoring sites during
each season [Watson et al., 1990]. The organic tracer
concentrations, along with the concentrations of Al, Si,
and EC supplied by HKEPD serve as inputs to the CMB
model.

[16] Key input parameters to the CMB model include
source profiles of diesel engine exhaust, gasoline engine
exhaust, vegetative detritus, biomass burning, cigarette
smoke, road dust, meat cooking, and natural gas combus-
tion that were obtained from previous studies in North
America and applied to this study [Hildemann et al.,
1991; Rogge et al., 1993a, 1993b; Schauer, 1998; Schauer
et al., 1999a, 1999b, 2002b; Zheng et al., 2002; McDonald
et al., 2003]. The meat cooking source profile was recon-
structed by combining the cholesterol data from the chicken
under-char source test by McDonald et al. [2003] with the
other organic compound data from the source test by
Schauer et al. [1999a]. The coal source profile was obtained
from the analysis of fine particulate matter emitted from
burning Datong coal in China [Zheng et al., 2005]. Given
that these source profiles have not been directly measured in
Hong Kong, the model inputs serve as best estimates of the
actual emission profiles based on available data. Tracer
species are limited to a few tracers per source and they
are expected to be more specific to sources than locations. A

sensitivity test is performed and discussed in the following
text to evaluate the impact of source profiles on CMB
results.

3. Results and Discussion

[17] Organic tracer concentrations provide semiquantita-
tive insight on the sources of carbonaceous aerosol since the
tracers are highly specific for distinct sources. The tracer
compounds including n-alkanes, PAHs, steranes, hopanes,
resin acids, cholesterol, levoglucosan, and picene were
identified and quantified in the PM2.5 samples collected
from the three HKEPD monitoring sites of MK, TW, and
HT. Concentrations of major organic tracers are listed in
Table 1. Table S1' presents concentrations of other mea-
sured organic compounds.

3.1. Intercomparison Between Two Laboratories

[18] Two different methods for the analysis of n-alkanes
and PAHs were employed separately by the Government
Laboratory of HKSAR and our research group, represented
by GIT in Figure 2. Analyses of these overlapping species

'Auxiliary materials are available at ftp://ftp.agu.org/apend/jd/
2006jd007074.
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Figure 2. Comparison of the concentrations of n-alkanes and PAHs measured by two different
laboratories (GIT, Georgia Institute of Technology; GL of HKSAR, Government Laboratory of the Hong
Kong Special Administrative Region). The R?, slope (m) and intercept (b) are shown.

in ambient aerosol samples from two separate laboratories
are compared for the first time. The method used in this
study and the method applied in the Government Labora-
tory of HKSAR will be designated as “‘the tracer analysis™
and “the SEOC analysis,” respectively, in the following
discussions. The uncertainty of the organic tracer analysis at

GIT has been determined by the Standard Reference Mate-
rial for Urban Dust (SRM1649a) and authentic standard
mixtures (PMSTD). The tracer analysis shows that the
recoveries of authentic standards are in the range of 83—
143%, while recoveries of nine PAHs in SRM1649a range
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Figure 3. Seasonal and spatial distributions of elemental carbon (EC) and organic carbon measured
(OC) as well as ratios of EC to OC at three sites in Hong Kong: HT, Hok Tsui; TW, Tsuen Wan; MK,
Mong Kok; SPR, spring; SUM, summer; FAL, fall; WIN, winter.

from 70 to 144%. The uncertainty of organic species is
compound specific and less than 20% in general.

[19] Some alkanes and PAHs were analyzed by both the
tracer analysis and SEOC analysis. A regression analysis
was conducted with the concentrations of n-alkanes and
PAHs and the slopes, intercepts, as well as the R* values are
shown in Figure 2. The comparison shows a better agree-
ment for n-alkanes than PAHs, with both R* and slope
values of around 0.8 for n-alkanes. PAH concentrations are
lower than alkanes in general and a lower R? (0.452) and
slope (0.576) were obtained. Many factors may contribute
to the difference in organic compound concentrations
reported from two individual laboratories, including the
selection of internal standards, filter extraction procedures,
and the instrumental conditions.

3.2. Organic Tracers in PM2.5

[20] The seasonal and spatial distributions of OC and EC
as well as EC to OC ratios are shown in Figure 3. In general,
the highest concentrations of fine particulate organic carbon
were observed at each site during the winter. During the
winter, the combination of less precipitation, the more
northerly flow from the land, and the lower mixing heights
associated with cooler surface temperature results in higher
concentrations across Hong Kong [Hagler et al., 2006;
Louie et al., 2005].

[21] Different emission sources can be characterized by
their EC/OC ratios as can be seen from the source profiles

used in the present study. The EC combined with OC
provides important information for diesel engine exhaust,
which has higher EC/OC ratios (1.24) than most of the other
sources including gasoline exhaust with (0.45) and without
(0.12) a catalyzed converter, coal combustion (0.3), wood
combustion (0.06—0.25), road dust (0.08), vegetative detri-
tus (0.03), and meat cooking (0). Fuel oil is an exception
with a EC/OC ratio (6) higher than diesel engine exhaust.
The EC concentration alone is able to implicate the impor-
tance of diesel exhaust to the total organics in PM only
when the contribution from other EC sources (e.g., fuel oil
and coal combustion) is insignificant. Much more EC was
measured at MK, followed by TW and HT. Spatial varia-
tions of EC/OC ratios are obvious between monitoring sites.
The EC/OC ratios range from 1.1 to 1.6 for MK, and are
below 0.7 for TW and HT. Higher EC/OC ratios at the
roadside MK site indicate that EC sources at MK may be
significantly impacted primarily by diesel exhaust. It is
reasonable to assume that MK is not significantly impacted
by emissions from fuel oil and coal combustion due to the
close proximity of the MK monitoring site to a main road.
The consistently high EC concentration at the MK site
demonstrates the dominance of diesel exhaust in PM
emissions from mobile source at this site. Although high
EC/OC ratios have been measured for cold-start gasoline
powered vehicles in cold environments, this is not expected
to be important at the roadside site in Hong Kong since it is
located in the subtropics. EC exhibited less seasonal varia-

6 of 16



D20313

tions compared to OC, thus the lower EC to OC ratios in
winter are most likely due to the higher OC concentrations
measured in colder season.

[22] In the present study, the total concentrations of
n-alkanes (C;7,—Cs6) for HT, TW and MK ranged from
4.3-23.6,20.4-58.6 and 53.6—125.6 ng m >, respectively.
The seasonal as well as the spatial variations were signifi-
cant. At all three monitoring sites, n-alkanes were only found
in significantly higher concentrations in the winter season
as compared with the other seasons. MK had much higher
n-alkane concentrations than TW, followed by the remote
HT site. The carbon preference index (CPI) can be used to
determine the distribution of biogenic and anthropogenic
sources for n-alkanes in fine particles [Simoneit, 1986].
The CPI of n-alkanes is defined as the sum of the
concentrations of the odd carbon number alkanes divided
by the sum of the concentrations of the even carbon
number alkanes. Vegetative detritus, emitted to the atmo-
sphere from the abrasion of protrusions on plant leaves,
contains more odd carbon number alkanes than even
carbon number alkanes, which results in a higher CPI
(>1). Moreover, it should be noted that smoke from low-
temperature biomass combustion fire is enriched in odd-
carbon isomers, which could also result in high CPIs.
Anthropogenic emissions (e.g., petroleum residues) have
no evidence of carbon preference and thus its CPI is close
to 1. Urban sites, with large contributions from anthropo-
genic emissions, generally have CPIs ranging between 1.1
and 2.0, while rural areas with more biogenic influence
generally have CPIs above 2.0 [Simoneit, 1989; Zheng et al.,
2000]. The CPIs of n-alkanes in the present study ranged
from 1.25 to 1.73, similar to the value (ranging from 1.26 to
1.50) reported by the Government Laboratory of HKSAR
[Sin et al., 2005]. The similar low CPI values were also
found by Zheng et al. [2000], who suggested that most
n-alkanes in Hong Kong are from petroleum residue.

[23] Hopanes and steranes (H+S) are found in diesel fuel,
and present in lubricating oil used by both diesel-powered
and gasoline-powered motor vehicles [Cass, 1998]. They
can be used as molecular tracers for the fine particulate
matter emitted from motor vehicles [Schauer et al., 1996].
Figure 4 shows the seasonal and spatial distribution of H+S.
Very high concentrations of H+S were found at MK (13.6—
20.7 ng m ), followed by TW (1.51-6.31 ng m>) and
HT (0.36-0.42 ng m—3). Generally, more H+S was
observed in winter while the difference was minor for the
spring, summer, and fall seasons except for the TW Fall
sample.

[24] The ratios of H+S to fine organic carbon were
calculated and shown in Figure 4. Since H+S is predomi-
nately from motor vehicles, the ratios implicate the relative
importance of automobile emissions to OC. The highest
average ratio was found at the MK site (1.1e-3), while the
lowest average ratio was at the HT site (1e-4). This clearly
showed that the impact from primary emissions of automo-
biles was more important at the roadside MK site. The
seasonal variation of ratios of H+S to fine organic carbon at
the MK site was insignificant, suggesting that the contribu-
tion of automobile emissions to fine OC near the MK site
remains relatively constant for all seasons though fine
organic carbon concentrations are the highest in winter
and lower during the other seasons.
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[25] In addition, the ratio of H+S to elemental carbon is
also a helpful indicator to evaluate the importance of diesel
vs. gasoline exhaust contributions. Source tests revealed that
diesel-powered vehicles and gasoline-powered vehicles
emit H+S and EC in different ratios. Diesel-powered
vehicles are important sources of both EC and H+S, while
gasoline-powered vehicles are important sources of H+S but
minor contributors to EC. Therefore emissions from differ-
ent types of engine (i.e., diesel and gasoline) would have
diagnostic H+S to EC ratios, with the H+S/EC ratios being
4.6¢-4 and 0.15 for the diesel- and gasoline-powered vehicle
exhausts, respectively [Schauer et al., 1999b, 2002b]. A
higher H+S/EC ratio indicates a greater contribution from
gasoline exhaust, assuming that diesel and gasoline exhaust
are the only major sources of H+S. In the present study, the
average H+S to EC ratios were 8e-4 at MK (7e-4—1e-3),
6.5¢e-4 at TW (3e-4—1e-3), and 3.5¢-4 at HT (3e-4—5¢-4)
(Figure 4). These ratios are close to that of diesel engine
exhaust, suggesting that diesel exhaust is indeed an impor-
tant source of fine primary OC in Hong Kong.

[26] Levoglucosan is a major constituent of fine particle
emissions from cellulose during biomass burning and has
been widely accepted as a major tracer for biomass burning
[Simoneit et al., 1999]. The distribution of levoglucosan is
shown in Figure 5. The levels of levoglucosan were the
highest in winter (154-458 ng m°), com}pared to spring
(15-70 ng m~>), summer (3—77 ng m°) and fall (9—
271 ng m°), indicating the highest impact of biomass
burning during winter. Potassium also peaked in winter and
exhibited a positive correlation with levoglucosan (correla-
tion coefficient as 0.6614). This correlation coefficient is
relatively low, which is probably due to the wide range of
values of levoglucosan in aerosol samples in Hong Kong
(3.40—-458 ng m~>). Levoglucosan concentrations also
varied from site to site. The highest values of levoglucosan
were measured at MK (53—458 ng m >, 215 ng m > on
average), while samples collected from TW and HT had less
levoglucosan, with the annual average for TW and HT as 81
and 51 ng m >, respectively. Unlike the U.S., there is no
large-scale prescribed burning or active wood burning
activities in homes during winter in Hong Kong. It is more
likely that the significant increase of levoglucosan concen-
trations in winter measured at all three sites is due to
transport from the surrounding regions of HKSAR. How-
ever, it is important to note that the combustion of charcoal
for making food (e.g., hotpot cooking) and barbecues is
popular in HK, especially at the densely populated MK site
during winter. Unfortunately, the source profile for charcoal
combustion is still not available. However, it is quite
possible that the activities related to charcoal combustion
at restaurants, snack bars, and even households at MK
during winter contributes to the extremely high level of
levoglucosan found in the MK fall and winter samples.

[27] Cholesterol is an excellent marker for the fine
particulate matter released from meat cooking. In the
present study, cholesterol was only detectable in 6 of the
12 seasonal samples. The presence of cholesterol in particle
emissions was mainly found in spring and winter. Choles-
terol was not found in all samples collected from the
summer and fall seasons except the MK summer sample.
Slightly higher concentrations of cholesterol were found at
MK (not detectable to 4.33 ng m ), followed by TW (not
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Figure 4. Seasonal and spatial distributions of hopanes and steranes (H+S), ratio of H+S to organic
carbon (OC), and ratio of H+S to elemental carbon (EC) at three sites.

detectable to 1.12 ng m ) and HT (not detectable to [28] PAHs are the products of incomplete combustion
0.12 ng m ). This suggests that meat cooking is more from various sources, such as fossil fuel combustion and
active at the MK site than at the other two sites, which is biomass burning. The seasonal and spatial variations of
not surprising given that MK is located in a mixed and PAHs are shown in Figure 6. The concentrations of total
densely populated residential and commercial area. PAHs varied significantly by seasons and sites. The highest
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Figure 5. Seasonal and spatial distribution of levoglucosan measured at three sites in Hong Kong.

concentrations were found in winter for HT and TW, but in
fall for MK. The annual average PAH concentrations for
HT, TW and MK were 1.6, 6.0 and 12.8 ng m*3, respec-
tively. PAH concentrations at MK were less variable than
the other two sites. This suggests that diesel- and gasoline-
powered vehicles, which are major sources of PAHs,
continuously impacted the MK site.

[29] Important sources for PAHs include automobile
emissions, coal combustion, biomass burning, and natural
gas combustion. Picene is a tracer of coal burning [Oros
and Simoneit, 2000]. Picene was detected in only 2 of the
12 samples, which were the winter samples from HT and
TW. However, picene was detected in nearly all PM2.5
samples from five sites during four seasons in Beijing
[Zheng et al., 2005]. The level of picene stayed undetect-
able at MK in all seasons. This finding further supported
that EC at MK was mainly from vehicular emissions.
Picene was found at HT and TW but not at MK in winter
indicating emissions of coal combustion do not exhibit
significant impact on the roadside site. Figure 5 shows that
levoglucosan concentration increased significantly only
during winter, indicating that contribution from biomass
burning became more important during winter. However,
at MK the PAH concentrations remained high especially
during summer and fall. This suggests that PAHs measured
at MK are mainly from local mobile source emissions.
Compared to other seasons, the higher levels of PAHs
found in winter at TW and HT sites might be partially due
to the increase of biomass burning and coal combustion in
winter.

[30] An interesting finding was that PAH distributions
were different among the three sites. The grouped PAHs
according to their molecular weight were normalized by the
total PAHs (Figure 7). Higher proportions of the low
molecular weight PAHs (with molecular weight of 202—
228) were found at MK as compared to HT and TW. MK is
a roadside site which is only 2 m above the ground while
TW is about 15—18 m above the ground and HT is a remote
rural station. As a result, PAHs from fresh and local
emissions dominate total PAHs at MK. Broman et al.
[1991] suggested that some gas-phase PAHs are more
susceptible than others to degradation via gas-phase reac-
tions with the OH radical, so the semivolatile low molecular
weight PAH components may be reduced when the distance
from the source increases. Atkinson and Arey [1994] also
found the short atmospheric lifetimes of 3—5 hours for
fluoranthene and pyrene when reacted with OH radical. MK
was found to have lower proportions of coronene and PAHs
with molecular weight of 276, which is opposite to the HT
and TW sites. Besides the factor of fresh vs. aged aerosols,
the difference of the distribution pattern in Figure 7 might
be also due to the different sources of PAHs at MK and at
HT and TW. The previous work by Rogge et al. [1993c]
showed that some high molecular weight PAHs such as
benzo(ghi)perylene and coronene are mainly emitted from
automobiles without a catalytic convertor. The presence of
coronene at HT and TW but not at MK (except the winter
sample) as well as the greater proportions of the high
molecular weight PAHs (MW =276) at HT and TW indicate
that there may be more emissions from noncatalyst powered
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Figure 6. Seasonal and spatial distributions of PAHs measured at three sites in Hong Kong.

vehicles at HT and TW as compared to MK. The percen-
tages of some methyl substituted PAHs (the PAHs with
molecular weight 202) to the total PAHs were also found to
be higher at MK than at HT and TW (Figure 7). It has been
reported that crude oils and many refined petroleum prod-
ucts have a higher ratio of methyl substituted PAHs to
unsubstituted PAHs than the ratio found in engine exhaust
emissions due to thermal dealkylation within the engine
[Tancell et al., 1995]. However, Jensen and Hites [1983]
reported that decreasing the exhaust gas temperature (de-
creased engine load) would increase the total emission rate
for alkyl-PAHs. The present study indicates that the higher
emissions of methyl-PAHs at MK may be due to an increase
in traffic congestion (longer time periods of decreased
engine load) as compared to TW and HK.

3.3. PM2.5 Organic Carbon Apportionment

[31] The results of the CMB source apportionment are
given in Figure 8 and Table 2, which are statistically
significant with the average R? x?, and degree of freedom
as 0.93, 2.40, and 16, respectively. The percent explained
mass ranged from 34 to 111%. The R%, x?, and degrees of
freedom were derived from the characteristics of the fitting
species and the comparison of measured value to the
modeled value for each fitting species in the model. Up to
nine sources including diesel exhaust, gasoline exhaust,
meat cooking, cigarette smoke, biomass burning, road
dust, vegetative detritus, coal combustion, and natural

gas combustion were included in this study. /so-nonacosane,
anteiso-triacontane, and iso-hentriacontane are used as the
major tracers for cigarette smoke. Since iso-nonacosane,
anteiso-triacontane, and iso-hentriacontane can also be from
vegetative detritus, the estimate of cigarette smoke in the
present study could be influenced by this additional source.
Therefore cigarette smoke in Table 2 can be viewed as an
upper limit estimate.

[32] The highest concentrations of organic carbon were
observed at MK as previously discussed. This is not sur-
prising given that the location is influenced directly by
mobile source emissions. The CMB results showed that
the dominant source of fine organic carbon at MK was
diesel exhaust, which was estimated to account for 60% of
the fine particulate organic carbon concentration. Gasoline
exhaust was estimated to account for about 8% of measured
fine OC at MK. As discussed earlier, the measured H+S to
EC ratio also indicates the significant contribution by diesel
vehicles at this roadside site. Other sources are estimated to
play an important role including meat cooking and biomass
burning, which could account for as much as 26% of the fine
OC. The average absolute difference between the primary
fine particulate organic carbon concentrations estimated by
the CMB model and the measured OC was only 4% at MK.
This suggests that OC at this site was mainly primary in
origin.

[33] In contrast to MK, HT experienced the lowest OC
concentrations among all sampling sites. The CMB model
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estimated that diesel exhaust accounted for about 25% of
the organic carbon at Hok Tsui throughout the year. An
interesting finding was that the CMB model only accounted
for 34—64% of the fine organic carbon mass concentrations

at this rural site. The remainder, classified as “Other OC”
in Figure 8, could be attributed to uncertainties in the
CMB model and more likely the existence of particulate
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organic carbon formed through secondary formation in the
atmosphere.

[34] Fine particulate organic carbon concentrations in
Tsuen Wan, a relatively populated urban site in Hong Kong,
were also significantly influenced by diesel exhaust. About
55% of the fine OC at this site was estimated to be from
diesel engine exhaust. Gasoline engine exhaust was esti-
mated to account for <5% of primary OC at Tsuen Wan.

[35] The results suggest that organic carbon concentra-
tions at all sites were significantly impacted by diesel
engine exhaust, with a relatively small contribution from
gasoline exhaust. On the basis of the emission inventory,
Barron and Steinbrecher [1999] estimated that 98% of
respirable suspended particulates in Hong Kong were from
diesel vehicles while only 2% were from petrol vehicles
though 70% of motor vehicles in Hong Kong were
powered by gasoline. This corresponds well to our findings
that diesel emission is indeed a very important component
of measured fine organic carbon and fine particulate matter
in the atmosphere. However, this study also shows that
distinct spatial distributions of diesel exhaust exist with the
highest level at the roadside site and the lowest level at the
rural site. The lack of uniformity of organic carbon
concentrations from diesel exhaust at the MK, TW and
HT sites for a given season also suggests that local Hong
Kong diesel emissions dominate the diesel component of
OC.

[36] The road dust source at HT exhibited similar levels
compared to the values at TW and MK, ranging from 0.18
to 0.59 ug m>. At all three sites, similar seasonal patterns
of the road dust source can be seen with the lowest levels in
summer and increased levels during spring and winter.
Since the lowest OC content was measured at the rural
HT site, the road dust is relatively more important to OC at
HT than those at the other sites. It is very likely that the
Hong Kong sites, particularly HT, are also impacted by
wind blown dust from longer-range transport. Certainly this
can be true during the spring when dust storms commonly
occur in arid regions of China. It has been reported by Fang
et al. [1999] that Asian dust can be transported to Hong
Kong under appropriate meteorological conditions. There-
fore our estimates here should be taken as an upper limit of
road dust contribution to fine OC.

[37] Other sources such as meat cooking, cigarette smoke,
and natural gas combustion exhibited similar spatial varia-
tions as diesel and gasoline engine exhaust with the highest
level found at the densely populated MK site and the lowest
level at the rural HT site.

[38] The relatively higher levels of unidentified OC or
“Other OC” at the TW and HT sites suggest that the
secondary formation of organic compounds may play an
important role in fine OC in Hong Kong. The results of the
WSOC analyses indicate that the ratio of WSOC to OC at
MK, TW, and HT range from 14—-26%, 30—45%, and 49—
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The results clearly show that the CMB results of road dust
are not sensitive to the source profiles. The relative differ-
ences are minor, ranging from 8 to 19%.

4. Conclusions

[42] Similar to EC and OC, the organic tracers exhibited a
distinct spatial pattern with the highest levels of hopanes and
sternanes, PAHs, levoglucosan, and cholesterol measured at
the roadside MK site, indicating the strong impact of mobile
source and residential activities at this site. The CMB
analysis identified diesel exhaust, gasoline exhaust, biomass
burning, and meat cooking as the major sources of fine
organic carbon in Hong Kong. The contributions from
cigarette smoke, road dust, coal combustion, and vegetative
detritus to fine OC were minor with the average contribution
from each source less than 8%. The absolute dominance of
diesel exhaust in fine OC found at both the urban and rural
sites was a distinguished characteristic of Hong Kong fine
aerosol. However, the highest impact was observed at the
roadside site throughout the year, followed by the urban site,
and the rural site. In winter, higher OC at all sites was
primarily due to the higher diesel exhaust and wood burning
source contributions. This corresponded well to the higher
concentrations of hopanes, steranes, and levoglucosan mea-
sured in PM2.5 in Hong Kong.

[43] The lack of uniformity of diesel related organic
carbon concentrations across the sampling sites for each
season suggested that local sources (i.e., sources within
Hong Kong) were most likely responsible for the diesel
contribution to particulate matter. More than 85% of fine
OC at the roadside MK site was explained by the primary
emissions, indicating that fresh and local emissions domi-
nate at this site. At Hok Tsui and Tsuen Wan, the uniden-
tified organic carbon can account for on average 51% and
19% of the OC mass, respectively. In combination with the
relatively high concentrations of water soluble organic
compounds at HT, it suggested that secondary formation
of organic particulate matter could have an important
influence on fine OC concentrations measured in rural sites
in Hong Kong.

[44] The source profiles which can best describe the local
source emission characteristics were employed to estimate
the source contributions to fine OC in Hong Kong. How-
ever, a sensitivity test was employed to assess how sensitive
the CMB outputs of biomass burning, meat cooking, and
road dust are to various source profiles available in the
literature. In general, meat cooking source was the most
sensitive source category, followed by biomass burning
source. Only minor differences, with the relative difference
ranging from 8 to 19%, can be seen for road dust source
when different road dust source profiles were applied in
CMB. A comparison of organic compound analysis results
with actual PM2.5 samples between two laboratories
showed a better agreement for alkanes than PAHs, which
normally exhibit a lower concentration in aerosol.
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