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In this study, we investigate the influence of long-range transport (LRT) episodes brought in by cold
front on the concentration levels of PM2.5, major aerosol constituents, organic tracers, and PM2.5

source characteristics in Hong Kong, China. PM2.5 samples were collected during January–March
2004 and January–March 2005 and analyzed for major constituents and organic tracer species.
Synopticweather conditions and characteristics of commonair pollutantswere used to categorize
the sampling days to three groups, i.e., groups mainly affected by local emissions or regional
transport (RT) or cold front LRT. Concentrations of PM2.5 mass and its major constituents during
cold-front dayswere lower than those during RT-dominated periods but higher than those during
local emissions-dominated periods. Source apportionment using chemical mass balance (CMB)
indicates that vehicular exhaust was a significant primary OC source of mainly local emissions,
making average contributions of 1.82, 1.50, and 2.39 μg C m−3 to OC in the local, LRT, and RT
sample groups, respectively. During cold front periods, primary OC concentrations attributable to
biomass burning and coal combustion were approximately triple and double, respectively, those
during periods dominated by local emissions. Suspended dust, a minor primary OC source (0.24–
0.40 μg C m−3), also showed increased contribution during cold fronts. The unexplained OC by
CMB (i.e., total OC minus apportioned primary OC), an approximate indicator for secondary OC,
was a significant fraction of OC (>48%) and its mass concentration was much higher in the cold
front LRT and RT sample groups (6.37 and 9.48 μg C m−3) than in the local sample group
(3.8 μg C m−3). Source analysis as well as tracer concentration variation shows that biomass
burning OC and water soluble organic carbon (WSOC) were correlated, suggesting biomass
burning as a significant contributor to WSOC.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Suspended particulate matter (PM) is the most important
pollutant contributing to air pollution in China, especially in
asic Sciences, Sichuan
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economically rapid-growing area such as the Pearl River Delta
(PRD) region. The overall epidemiologic evidence suggests that
particulate air pollution, especially fine combustion-source
pollution common tomanyurban and industrial environments,
is an important risk factor for cardiopulmonary disease and
mortality (Pope, 2000a, 2000b). Many studies also suggested
that exposure to high levels of fine PM during episodic events
are associated with adverse health effects among sensitive
subgroups (Peters et al., 2000; Schwartz et al., 1996).
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The Hong Kong Environmental Protection Department
(HKEPD) has implemented a regular monitoring program for
total suspended particulates and respirable suspended par-
ticulates (RSP) since the mid 1980s, which gathers aerosol
samples once every six days for detailed chemical composi-
tional analyses. A number of studies have used data based on
the regular one-in-six day sampling schedule to investigate
seasonal and spatial variations, undertake source apportion-
ment, and examine the relative importance of local emissions
versus regional transport (Ho et al., 2006; Louie et al., 2005;
Yuan et al., 2006; Zheng et al., 2006). The HKEPD monitoring
program was designed mainly to monitor average concen-
trations. As a result, it was not very useful for understanding
of episodic events, which typically last for about one to three
days. There were a few studies reporting investigations of
episodic events influencing air quality in Hong Kong (Fang
et al., 1999; Fung et al., 2005; Lee and Hills, 2003; Wai and
Tanner, 2005; Wang et al., 2006). Fang et al. (1999) reported
a dust episode associated with LRT from northern China
during 9–10 May 1996. Much higher concentrations of Al, Fe,
and Ca were observed during this episode. Fung et al. (2005)
reported an air pollution episode caused by biomass burning
in the northeast part of the PRD, as indicated by high
concentration of potassium ions during this period. Liu and
Chan (2002) examined the relationship between the winter
episodes and boundary layer dynamics and land–sea
breezes in 1999. Lee and Hills (2003) analyzed pollution
episodes in Hong Kong during 1996–2002 and concluded
that episodic conditions in winter were usually associated
with protracted weak northeast monsoon conditions while
episodes in the spring season were traceable to long-range
transport (LRT) dust storm events originating in deserts
in the north or northwestern China. Wai and Tanner (2005)
suggested that the LRT contributions were significant
and account for ~66% of the PM10 episode days during
1998–2001.

The HKEPD monitoring program did not include detailed
speciation work to a molecular level for the organic carbon
(OC) fraction. Only a few studies have reported chemical
characterization of the OC fraction and source apportioning
of organic aerosol. Zheng et al. (2006) investigated the
composition and sources of fine carbonaceous aerosols in
Hong Kong with chemical mass balance (CMB) model based
on individual organic tracer information collected from a 12-
month ad hoc project in 2000–2001. To our best knowledge,
there is a lack of work on chemical characterization of the OC
fraction and source apportionment during PM episodic
periods in Hong Kong.

In this study, we target to study PM2.5 (particulate matter
of aerodynamic diameter less than 2.5 μm) aerosol charac-
teristics and major OC sources during cold front episodes in
Hong Kong. PM2.5 samples were collected at Yuen Long (YL)
station during January–March 2004 and January–March
2005. High-volume sampling was activated by cold front
episodic forecast. The aims of this study are (1) to obtain
chemical characteristics of fine aerosol during cold front
episodes, includingmajor constituents and individual organic
species; (2) to identify the major sources of fine OC; and (3)
to investigate the effect of cold front episodes on PM2.5 mass,
its major compositions and major OC contributing sources in
Hong Kong.
2. Methods

2.1. Sampling

Samples were collected at Yuen Long (YL), located in the
northwestern corner. It is an air quality monitoring station
where long-term air quality andmeteorologicalmeasurements
are available through the monitoring efforts by HKEPD. As a
result of regional land–sea circulation being located more in
the western side of the Pearl River Estuary, YL station, from
time to time, has the highest PM10 (particulate matter with
aerodynamic diameters of b10 μm) concentrations among all
the air quality monitor stations in Hong Kong (Lo et al., 2006).
The sampling site is 25 m above the ground and located on the
rooftop of a building. Sampling of cold front-influenced air was
activated by episodic forecast during January–March 2004 and
January–March 2005. Each 24-h PM2.5 sample was collected on
a quartz filter (20×25 cm, prebaked at 550 °C for at least 8 h)
using a high-volume air sampler (GT22001; Andersen In-
struments, Smyrna, GA, USA) at a flow rate of 1.13 m3 min−1. A
total of 21 samples were collected. The filter samples were
stored in a freezer at 4 °C until analysis.

2.2. Chemical analysis

A filter punch of 1×1 cm2 in size from each filter was
removed for elemental carbon (EC) and OC analysis using a
thermal/optical aerosol carbon analyzer (Sunset Laboratory,
Forest Grove, OR, USA). The thermal analysis conditions were
the same as those established for the NIOSH method 5040 for
diesel particulate (Birch and Cary, 1996). Duplicate measure-
ments ofOC andECweremade onevery sample, and the average
relative standarddeviations (RSD)were 4% and9% forOC andEC,
respectively (Yang et al., 2005). The water‐soluble organic
carbon (WSOC) content was determined by measuring the OC
content in the aerosol water extracts using a total organic carbon
(TOC) analyzer (Model TOC-5000A, Shimadzu, Kyoto, Japan)
(Yang et al., 2003). A circular punch of 4.7 cm in diameter was
extracted with 10 mL aliquots of UV-oxidized high-purity water
in a sonication bath for 30 min. The water extracts were rid of
filter debris and suspending insoluble particles using a syringe
filter. A 3-mL aliquot of the extract was used for quantification of
carbon content with the TOC analyzer, and the RSD of multiple
consecutive measurements for six aerosol samples were b3%
(Yang et al., 2003). The remaining water extracts were used for
analysis of organic anions (i.e., formate, acetate, methanesulfo-
nate, oxalate), inorganic anions (i.e., Cl−, NO3

−, and SO4
2−) and

cations (i.e., NH4
+, K+, Na+, Ca2+, and Mg2+) using an ion

chromatography (IC) system (DX500, Dionex, Sunnyvale, CA)
(Yang et al., 2005). The recoveries of the target ions spiked into
duplicated blank filter were in the range of 92–108%.

Two filter strips of 1×1.45 cm2 in size were cut for the
quantification of non-polar organic compounds (including n-
alkanes, branched alkanes, polycyclic aromatic hydrocarbons
(PAHs), andhopanes) using in-injectionport thermal desorption
(TD) and subsequent gas chromatography–mass spectrometry
(GC-MS) (GC6890/MS 5973, Agilent, Santa Clara, CA, USA)
analysis method (Ho and Yu, 2004). The minimum detection
limits (MDLs) in nanograms per sample were in the range of
0.08–1.64 ng for alkanes, 0.22–2.28 ng for PAHs and 0.15–
0.68 ng for hopanes. Replicate analyses were conducted on
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every 10th sample. The RSDs for the samples were b6.0%
for targeted compounds (Ho et al., 2008, 2011). One-quarter of
the 20×25 cm2 quartz filter was used for analysis of 15
sugar compounds (i.e., monosaccharides, sugar alcohols,
anhydrosugars, and disaccharides) with solvent extraction
followed by silylation with N,O-bis(trimethylsilyl)trifluoroace-
tamide (BSTFA) and GC-MS detection (Medeiros and Simoneit,
2007; Simoneit et al., 2004). Recoveries of the targeted sugars
were >70%. The reproducibility errors of the methods for the
determination of organic species was b15%. The analysis of
mono- and dicarboxylic acids, ω-oxo-carboxylic acids, mid-
chain ketocarboxylic acids, and aldehydes were carried out
using a method developed in our laboratory (Li and Yu, 2005).
Briefly, one-fourth of the 20×25 cm2 quartz filter was mixed
with a mixture of boron trifluoride (BF3)/butanol (BuOH) for
derivatization. The reaction mixture was washed with water.
The derivatives in the hexane layer were separated from the
mixture and injected into the GC-MS system for analysis. The
recoveries of eight deuterated internal standards spiked into an
aerosol loaded filter sample were in the range of 96.8–105.3%
(except phthalic acid—D4 was 53%). The target analytes had
their MDLs in the range of 0.06–1.8 ng/μL.

Trace elements were quantified by inductively coupled-
plasma atomic emission spectrometry (ICP-AES). A circular
punch of 4.7 cm diameter in size was cut and underwent
microwave-assisted digestion with HNO3/H2O2 added as the
digestion reagent (Swami et al., 2001). Due to the limited
sensitivity of ICP-AES, only abundant elements were quanti-
fied, including Al, Ba, Ca, Cu, Fe, K,Mg,Mn, Na, Pb, V and Zn. The
recoveries of the target elements were in the range of 61–92%,
with SDb9%, except for Al and K (SD>20%). In comparison
with the IC method, the extent of agreement for the cation
species (i.e., K+, Mg2+, and Ca2+) in the 21 aerosol samples
was assessed as a simple linear fit (Figure S1) (hereafter, Figure
S# and Table S# denotes materials provided as supporting
information). Good agreements between the two methods
were indicated by coefficient of determination (R2) values in
Fig. 1. Variations of temperature, wind speed and direction at YL station during sam
shaded areas are cold front-LRT samples).
the range of 0.90–0.99 (n=21) and slope values in the range of
0.89–1.26.

3. Results and discussion

3.1. Synoptic analysis

Synoptic weather conditions (i.e., temperature, relative
humidity (RH), wind speed and direction) andmain air quality
parameters (i.e., air pollution index (API), RSP, SO2, CO, O3)
were obtained from Environmental Central Facility at the Hong
Kong University of Science & Technology (http://envf.ust.hk/)
and time resolution is 1 h. The meteorological and criteria air
pollutant data were examined for individual sampling days in
the two sampling periods (11 January–3 March, 2004 and 31
January–17 March, 2005) (Figures S2–S5) and used to
categorize the 21 samples into local emissions-, regional
transport (RT)-, and cold front LRT-influenced samples. Fig. 1
plot the temperature, wind speed and direction variations at YL
during the two sampling periods. The classifications of
individual samples are listed in Table 1. Samples collected on
days under dominant influence of emissions local to Hong
Kong are referred as local samples. Samples collected on days of
significant regional influence from the PRD are referred as RT
samples. Samples collected on cold front days are referred LRT
samples, as cold fronts bring in air outside the PRD. The wind
direction associated with cold front is very often northerly or
northeasterly, bringing pollutants from northern and eastern
China along the coastline to Hong Kong. It should be noted that
even during RT or LRT-influenced periods, therewas significant
mixing of outside air with locally generated pollutants.

3.1.1. Cold front episodes
Cold front periods were identified by significant drops in

ambient temperature and concurrent increase in wind speed.
There were seven cold front episode samples during our
sampling periods. Theywere 040113, 040117, 040121, 040203,
pling periods. (Linear line separate between Mar. 10, 2004 and Jan. 25, 2005;

http://envf.ust.hk/
image of Fig.�1


Table 1
Concentrations (μg m−3) of major components in PM2.5, OC/EC, and K+/EC ratios during different episodic conditions.

Sample ID a PM2.5 OC EC SO4
2− NO3

− Cl− Na+ NH4
+ K+ Mg2+ Ca2+ Othersb WSOC OC/EC K+/EC

Local emissions-dominated samples
040115 39.53 9.02 3.01 10.83 1.48 0.32 0.48 7.50 0.45 0.07 0.17 0.79 3.20 3.00 0.15
040131 39.92 6.62 2.40 10.46 2.87 0.35 0.35 7.80 0.46 0.05 0.13 4.45 2.47 2.75 0.19
040221 32.88 7.54 3.73 8.50 1.92 1.19 0.38 8.94 0.26 0.04 0.07 −4.23 2.22 2.02 0.07
040229 21.87 3.20 2.21 7.08 0.23 0.00 0.34 5.68 0.20 0.04 0.05 0.92 1.56 1.44 0.09
040301 44.30 8.14 3.21 7.88 1.88 1.00 0.22 6.19 0.56 0.03 0.11 10.20 2.21 2.54 0.17
050228 24.03 7.30 2.79 3.83 2.43 0.26 0.09 4.49 0.42 0.01 0.06 −2.02 2.54 2.61 0.15
050317 47.77 11.93 3.92 7.87 4.02 0.35 0.22 8.12 0.41 0.03 0.08 3.67 4.05 3.04 0.10
Avg. 35.76 7.68 3.04 8.07 2.12 0.58 0.30 6.96 0.39 0.04 0.10 1.97 2.61 2.49 0.13

Samples influenced by cold front-long range transport
040113 58.40 14.43 2.16 16.41 4.32 0.46 0.13 10.44 1.07 0.02 0.18 0.11 6.24 6.68 0.50
040117 41.55 9.51 1.65 10.11 3.82 0.47 0.24 8.33 0.58 0.14 0.07 0.91 4.46 5.75 0.35
040121 53.0 12.98 1.83 14.46 4.86 0.31 0.17 9.39 2.10 0.13 0.20 −1.25 6.84 7.08 1.14
040203 34.08 8.43 2.24 7.01 3.10 0.97 0.12 6.95 0.55 0.01 0.07 −0.44 2.53 3.77 0.25
040303 44.66 9.23 2.55 11.48 1.61 0.22 0.20 7.94 1.11 0.05 0.26 4.47 3.73 3.63 0.44
050131 45.41 12.21 2.39 10.19 6.91 1.13 0.12 9.15 0.92 0.02 0.08 −5.03 4.87 5.11 0.39
050220 78.20 14.90 2.76 23.13 5.87 0.97 0.21 13.48 1.33 0.07 0.17 6.37 7.32 5.40 0.48
Avg. 50.75 11.67 2.23 13.26 4.36 0.65 0.17 9.38 1.10 0.06 0.15 0.73 5.14 5.34 0.51

Samples influenced by regional transport from PRD
040111 48.70 14.90 2.51 10.94 5.00 0.27 0.25 8.62 1.04 0.03 0.17 −3.98 4.54 5.93 0.42
040116 44.43 12.05 3.33 7.70 3.70 0.61 0.16 9.18 1.54 0.04 0.20 −1.30 5.00 3.62 0.46
040130 136.8 25.03 5.90 25.26 17.81 2.20 0.46 21.89 2.60 0.09 0.22 20.33 11.12 4.24 0.44
040222 76.44 19.20 2.84 17.63 3.07 0.27 0.44 11.08 1.56 0.07 0.18 8.59 9.61 6.76 0.55
050204 54.11 11.59 3.88 12.29 5.89 1.35 0.20 10.08 0.38 0.02 0.07 1.39 3.98 2.98 0.10
050222 63.71 16.95 5.21 15.82 7.22 2.04 0.23 11.72 0.89 0.02 0.07 −6.60 5.67 3.25 0.17
050305 64.90 16.22 4.06 17.16 4.69 0.61 0.27 10.01 1.18 0.07 0.27 0.63 6.96 3.99 0.29
Avg. 69.87 16.56 3.96 15.26 6.77 1.05 0.29 11.80 1.31 0.05 0.17 2.72 6.70 4.40 0.35

a The sample ID is sampling date in yymmdd.
b “Others” is the residue mass, i.e., the mass difference between PM2.5 mass and the sum of the major constituents, OM=1.6*OC.
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040303, 050131, and 050220 (the sample names coded in the
format of yymmdd). During each cold front episode, temper-
ature decreased significantly, wind speed increased to higher
than 4 m s−1 and wind direction changed to northerly/
northeasterly (Fig. 1). For example, the temperature decreased
from 18.5 °C to 6 °C during the cold front occurred in 17–21
January 2004 and from 24.3 °C to 6.4 °C during the 2–4
February 2004 cold front. Strong northeasterly wind with an
averagewind speed of 5.1 m s−1was recorded at Tap Shek Kok
wind station on 3 February. Temperature and wind conditions
of other cold fronts were similar and illustrated in Figure S2.
Back trajectories of air masses on these days (Figure S6)
illustrate that the origin of air masses during these cold fronts
were from Southeastern China (mainly from Jiangxi, Fujian,
and Guangdong Provinces). Among them, air masses of 040113
and 040117 samples thatwere originated from Jiangxi Province,
moved towards southeast and reached Hong Kong through the
coastal areas in Southern China. Airmasses influencing the other
cold front samples reached Hong Kong mainly from Jiangxi
Province and directly through Guangdong Province.

During the cold front periods, the criteria air pollutants (API,
RSP, SO2, NO2, O3 and CO) measured at the air quality
monitoring stations covering both rural and urban locations
showed similar concentration levels across Hong Kong (Figure
S3). The lack of spatial variation conformed to the dominant
influence of LRT. In addition, the concentrations of SO2 were at
relatively low levels, consistent with the expectation that SO2

have been oxidized to sulfate during LRT. During all cold front
episodes in this study, the difference in O3 concentrations was
small between rural and urban sites, and high night-time/
morning O3 concentrations were typically observed. These
characteristics were consistent with the observations reported
by Wai and Tanner (2005) for LRT episodes.
3.1.2. Regional transport episodes
Seven sampling days were identified to be associated with

synoptic weather conditions that favor regional transport of air
masses. The period of 29–30 January 2004 was characterized
by elevated concentrations of all major air pollutants, among
which RSP, SO2, CO and NOx increased to 292 μg m−3, 62 ppb,
2.72 ppm and 244.4 ppb, respectively, on 30 January 2004
(Figure S4). Medium northwesterly/northerlywind dominated
HongKong, especially thewestern region. All themonitored air
pollutants hadmuchhigher levels in thewestern region than in
the eastern region. The highest hourly RSP concentrationswere
330 μg m−3 in the western region and 180 μg m−3 in the
eastern region on 30 January 2004. Elevated level in SO2 was
also a characteristic feature of region transport influence. SO2

was at much higher levels during the RT-dominated period
than during cold front LRT-influence period because SO2 was
mainly from within the PRD region and did not experience as
long transport and concomitant oxidation as SO2 transported
from outside the PRD during the LRT periods. Concentrations of
the pollutants started increasing at 8:00 amon 29 January 2004
in thewestern regionwhile the increasing in the eastern region
lagged behind and the increase started at 4:00 am on 30
January 2004 in the eastern region.
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Four sampling days (040116, 040222, 050204, and 050305)
were mainly affected by land–sea circulation due to weak
backgroundwind and sunny periods in the afternoon, trapping
regional air pollutants in the western part of Hong Kong (Lo
et al., 2006). The SO2 concentrations on these days were higher
than 7.64 ppb, which is a typical local emission-affected SO2

level (Lau et al., 2007). For example, SO2 concentration of
040222 reached 83 ppb in the afternoon.

Sample 040111 was collected at the beginning of a cold
front when the PRD air mass was brought to Hong Kong and
accumulated. Sample 050222 was collected immediately after
a cold front. Weak northeasterly wind brought Shenzhen air
pollutants to Hong Kong, accompanied with increased SO2

concentration. Wai and Tanner (2005) examined 4-year
(1998–2001) air quality data in Hong Kong and differentiated
RT and cold front days using certain characteristics of O3. They
observed that O3 concentrations were very low at urban
locations but high in rural areas during regional episodes and
that only small difference inO3 concentrations existed between
rural and urban sites during LRT episodes. At the same time,
there were afternoon peaks of O3 during regional episodes
while higher O3 concentrations in night-time/morning during
LRT episodes. For the 040111 and 050222 samples, O3 had
muchhigher concentrations at the rural sites and relatively low
values at the urban sites. There were afternoon peaks of O3,
consistent with the conclusions of regional episodes by Wai
and Tanner (2005).

3.1.3. Samples dominated by local emissions
Seven sampling periodswere identified to be dominated by

local emissions. Samples 040115, 040131, 040221, 040229, and
040301 were mainly affected by southerly/southeasterly/
easterly wind, which brought clean marine air mass to Hong
Kong. Under such conditions, local emissions were the
dominant sources of PM. There were no significant variations
in the concentrations of RSP, SO2, NO2, CO and O3 at most air
quality stations across Hong Kong (Figure S5). RSP and SO2

were generally at very low levels across Hong Kong while O3

was at higher levels due to lower NO titration effect.
Sample 050317were identified to bemainly affected by local

vehicle/marine according to the spatial pattern of SO2. On this
day, higher levels of SO2 were observed at the monitoring
stations near the city's container port (i.e., at the Kwai Chung
and Shan Shui Po stations)whilemuch lower level at YL and Tap
Mun, two stations located in the northern part of Hong Kong.
Fig. 2. Mass and major compositions of PM2.5 at YL station during different episod
influenced sample group, and (c) regional transport (RT)-influenced sample group
Sample 050228was also identified to bemainly local emissions-
influenced on the basis of low level SO2 in Hong Kong.

3.2. PM2.5 mass concentrations and chemical compositions

3.2.1. Mass concentrations and major ion species
Major compositions of PM2.5 are tabulated in Table 1 and

illustrated in pie charts in Fig. 2. A factor of 1.6 was used to
convert OC to organic matter (OM) mass (Turpin and Lim,
2001). OM ranged from 12.3 to 26.5 μg m−3. With a
percentage contribution of 34.4–37.9%, OM contributed
most to PM2.5. SO4

2− (8.1–15.3 μg m−3) and NH4
+ (7.0–

11.8 μg m−3) were the next two most abundant constituents,
accounting for 21.8–26.1% and 16.9–19.5% of PM2.5, respec-
tively. NO3

− and EC contributed 5.9–9.7% and 4.4–8.5% of PM2.5,
respectively. WSOC account for 27.1–52.7% (avg. 39.4%) of OC.
Identified water-soluble organic species accounted for 18.3–
43.1% (avg. 30.1%) of WSOC on a carbon mass basis.

During cold front episodes, the levels of PM2.5, OM, SO4
2−,

NO3
−, NH4

+, K+, and WSOC were between the levels in the
local emissions-dominated samples and in the RT-dominated
samples (Table 1). The percentage contributions of SO4

2− and
WSOC in PM2.5 during cold front periods were the highest,
accounting for 26.1% and 10.1%, respectively, in agreement
with that secondary products were formed during LRT
(Fig. 2). The most significant difference between cold front
periods and local emissions-dominated periods was K+,
which was 180% higher than that in the local influence-
dominated samples. Generally speaking, EC could originate
from various combustion sources; however, in Hong Kong,
existing measurements point to vehicular emissions to be the
dominant source. This point has been discussed in details by
Lin et al. (2010). Considering that K+ and EC are indicators of
biomass burning and local vehicle exhaust, respectively, one
could use the K+/EC ratio to indicate the relative importance
of the two primary PM sources. The K+/EC ratio was an
average 0.51 (range: 0.25–1.14) during the cold front
periods; an average of 0.35 (range: 0.10–0.55) during RT-
influenced periods, and an average of 0.13 (0.07–0.19) during
local emissions-dominated periods. The much higher K+/EC
ratio during cold front periods and RT-influenced periods
than that during the local emissions-dominated periods
indicated that long range transported air masses from
Northern China and regional air masses had more PM from
biomass burning relative to vehicular emissions.
ic periods. (a) Local emissions-dominated sample group, (b) cold front LRT-
.

image of Fig.�2
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3.2.2. OC, EC, and WSOC
OC showed significant variations among the three different

synoptic weather conditions, with 7.7, 11.7, and 16.6 μg C m−3

during local, cold front, and RT periods, respectively. In
comparison, the variation of EC was much smaller. This
indicates that locally-emitted EC dominated at all times. The
lowest EC level was seen during cold front periods. This was a
combined result of faster dispersion of local pollution due to
the stronger wind and the air mass transported from the north
containing less EC. The OC/EC ratio has long been recognized to
be an indicator of relative contribution of primary and
secondary organic aerosols. The OC/EC ratio exceeding 1.8–
2.75 has been used to indicate significant presence of second
organic aerosols (SOA) (Gelencser, 2004). In this study,
the samples collected during the cold front periods had higher
OC/EC ratios (3.6–7.1), an expected result of more SOA formed
during LRT as well as the deposition of EC during the transport.
In comparison, the samples collected during local emissions-
dominated periods had lower OC/EC ratios (1.4–3.0), reflecting
the presence of more freshly-emitted aerosols. The samples
collected during RT periods also had high OC/EC ratios (3.0–
6.8), indicating significant presence of SOA.

WSOC was a significant fraction and accounted for 27–53%
(avg. 39%) of OC in all three groups of samples, which is similar
to that of semi-rural station (avg. 41%) and higher than those of
urban, roadside, and rural stations (avg. 21–29%) in the PRD
region (Huang et al., 2012). Local-influenced samples had the
lowest fraction (35%), while cold front-influenced samples had
the highest fraction (43%). WSOC was found to be positively
correlated with sulfate (R2=0.79, n=21), a finding also
reported in other studies (e.g., Huang et al., 2006). The
correlationwith sulfate suggests thatWSOCwas of dominantly
regional/secondary origin. The secondary nature of WSOC was
also supported by the observation that samples of high WSOC
concentrations generally also have high OC/EC ratios (Table 1).

3.2.3. Elements
Twelve elements were quantified using ICP-AES, including

Al, Ba, Ca, Cu, Fe, K,Mg,Mn, Na, Pb, V, and Zn. Concentrations of
these elements during different episodic periods are compared
in Figure S7a. The concentration levels of these elements
during cold front episodes were either similar to or slightly
lower than those in the RT-influenced periods while the
concentrations in the local samples were consistently at the
lowest (Figure S7a). The concentrations of Al, Fe, and Ca in the
cold front and RT-influenced samples were much higher than
those in the local samples, indicating transport of dust
materials to Hong Kong. The average concentrations of Al, Fe,
and Ca in the cold front-influenced samples were 194, 292, and
268 ng m−3, respectively, which were 1.4–1.9 times those in
the local emissions-influenced samples. Dust episode from
northern China by LRT with very high concentrations of Al, Fe,
and Ca was reported by Fang et al. (1999).

Crustal enrichment factors (EF) were calculated to compare
the composition of the ambient PM samples with the average
elemental composition of earth's crust (Weast, 1988). The EF of
element Xi is calculated to be (Xi/Al)sample/(Xi/Al)crust. Low EF
values (b5.0) were found for Al, Fe, Mg, and Ca, indicating that
these species in PM2.5 were dominated by crustal material.
Hagler et al. (2007) also found that Si, Ca, Sr and Fe were
dominated by crustal material in Hong Kong. High EF values
(>10) were observed for Cu, K, Pb, V and Zn, consistent with
their expected anthropogenic origin (Figure S7b).

The relative magnitude of EF among the three groups of
samples indicates the possible sources. K and Pb had higher EF
in the RT-influenced samples and cold front samples than those
in the local samples. K is a biomass burning tracer and Pb is
mainly from leaded gasoline and industrial emissions. This
observation indicated that the PRD region and northern China
have more sources of biomass burning and leaded gasoline/
industrial emissions thanHong Kong. In comparison, Ba, Ca, Cu,
Mg, Na, and V had higher EF during local emissions-influenced
periods than RT-influenced and cold front periods. This
observation means that these elements were dominated by
local emissions (e.g., sea salt, ship emissions). Local Cu
emissions may come from vehicular emissions (brake wear)
and/or local printed circuit board manufacturing. The presence
of V in Hong Kong area has been previously related to fuel oil
combustion which is mainly from shipping activities (Yu et al.,
2004). Our measurements were in good agreement with the
study by Hagler et al. (2007).

3.2.4. Individual organic compounds
In the organic fraction, a total of 170 organic compounds

in eight compound classes (n-alkanes, hopanes, PAHs, fatty
acids, sugar compounds, dicarboxylic acids, ketocarboxylic
acids, and dicarbonyls) had been identified and quantified.
They accounted for 8.9–15.8% (avg. 12.6%) of OC on a carbon
mass basis. Comparisons of select individual organic com-
pounds in different episode samples are shown in Figure S8.

3.2.4.1. Alkanes. The total concentrations of n-alkanes (C15–C36)
in local, cold front, and RT samples were 82, 122, and
137 ng m−3, respectively (Figure S8a). The three odd n-
alkanes (C29, C31, and C33-alkanes) are tracers of vegetative
detritus. Their concentration levels during the cold front periods
were lower than those in the RT-influenced periods but higher
than those in the local samples.

The total concentrations of C30–C32 branched alkanes were
6.72, 6.48, and 8.25 ng m−3 during the local emissions-
influenced, cold front, and RT-influenced periods, respectively
(Figure S8b). Similar levels of the individual C30–C32 branched
alkanes were observed among the three types of samples,
indicating that these compounds were mainly associated with
local sources. Branched alkanes are tracers of cigarette smoke
or burning of plants related to tobacco. Contribution of
cigarette smoke in these PM2.5 samples was readily identified
by a predominance of odd number iso-alkanes (i.e., iso-C31 and
iso-C33 more abundant than iso-C30 and iso-C32) and even
number anteiso-alkanes in the range of C29–C33 (i.e., anteiso-
C30 and C32 more abundant than anteiso-C31 and anteiso-C33).
This is because the leaf surface wax of the tobacco plants is
enriched in iso-alkanes and anteiso-alkanes.

3.2.4.2. Hopanes.Hopanes are found in diesel fuel, and present
in lubricating oil used by diesel-powered and gasoline-
powered motor vehicles (Cass, 1998). They are molecular
tracers for PM emitted from motor vehicles (Schauer et al.,
1996). The total concentrations of hopanes were 7.3, 8.1, and
11.6 ng m−3 in the local, cold front and RT-influenced samples,
respectively (Figure S8c). Similar to the branched-alkanes,
hopanes were also found to have similar concentrations in
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the cold front-influenced samples and the local emissions-
influenced samples, indicating that hopanes were mainly
derived from local emissions. Unlike branched-alkanes, the
difference in hopanes concentrations between RT- and local
emissions-influenced samples was obvious, which means that
regional sources had some contribution to hopanes in PM2.5 in
Hong Kong. Hopane data in this study is also consistent with
other measurements in Hong Kong. Yu et al. (2011) studied a
larger data set of hopanes and EC measurements in different
locations from roadway tunnel, roadside to typical urban
locations in HongKong and concluded that vehicular emissions
dominated the ambient concentrations of hopanes in Hong
Kong.

3.2.4.3. PAHs. PAHs are products of incomplete combustion
from various sources, such as fossil fuel combustion, coal
combustion, natural gas combustion and biomass burning. The
total concentrations of PAHswere 8.0, 18.2 and 17.2 ng m−3 in
the local, cold front and RT-influenced samples, respectively
(Figure S8d). Unlike hopanes, PAHswere significantly higher in
the RT-influenced and cold front samples than those in the
local samples. Compared with the relative small variations of
hopanes among different groups of samples, significant
variations of PAHs suggested that there were significant
regional and super-regional sources making contributions to
PAHs. Biomass burning and coal combustion were likely
candidates for such regional and super-regional sources, as
indicated by elevated K+ and sulfate concentrations in the RT-
influenced and cold front samples. PAH data in Yu et al. (2011)
also show strong evidence of biomass burning and other
regional/super-regional combustion sources dominating am-
bient PAH concentrations in Hong Kong. Ratio of Fluoranthene/
(Fluoranthene+Pyrene) is often used to evaluate the sources,
which is between 0.40 and 0.50 for petroleum combustion and
>0.50 for grass, wood or coal combustion (Tan et al., 2011). In
this study, the ratios were 0.49±0.04, 0.52±0.03 and 0.50±
0.04 during local, cold front and RT-influenced samples,
respectively, suggesting that petroleum combustion might be
themain source of PAHs in local emissions-influenced samples,
while biomass and coal combustion might be themain sources
in cold front and RT-influenced samples.

3.2.4.4. Fatty acids. The average concentrations of the total fatty
acids (C6–C32) were 528, 894, and 1236 ng m−3 during the
local emissions-influenced, cold front and RT-influenced
periods, respectively (Figure S8e). The individual species also
had the similar increasing trend from the local samples, cold
front samples, to RT-influenced samples. C16 was the most
abundant compound in all samples, followed by C18. Homo-
logues bC20 are thought to derive in part from microbial
sources while homologues >C22 are from vascular plant wax.
Besides microbial activities, cooking has been found to be a
major contributor of bC20 fatty acids in urban areas. For
example, 21% of the primary fine OC particle emissions in the
Los Angeles areawere due tomeat cooking (Rogge et al., 1991).
A number of other sources also produce fatty acids, such as
biomass burning, vehicle exhaust, and marine aerosol. The
significant increases in the concentration of fatty acids during
the cold front and RT-influenced periods indicate that regional
and super-regional sources had some contribution to fatty
acids in Hong Kong.
3.2.4.5. Sugar compounds. Fifteen sugar compounds, including
fourmonosaccharides (xylose, fructose,mannose and glucose),
two anhydrosaccharides (galactosan and levoglucosan), six
sugar alcohols (glycerol, threitol, xylitol, arabitol, mannitol and
sorbitol), and three disaccharides (sucrose, maltose and
mycose) were quantified (Li, 2008). The most abundant sugar
compound identified in these samples was levoglucosan, with
concentrations of 33, 104, and 185 ngm−3 in the local, cold
front, and RT-influenced samples, respectively. Levoglucosan
has been used as a source-specific tracer for biomass burning
due to a high resistance to degradation in the atmosphere and
the fact that it cannot be generated by noncombustive
processes, e.g., hydrolysis or microbial degradation of carbon-
hydrates (Gelencser, 2004). Its concentration was significantly
higher during cold front and RT-influenced periods compared
to the local emissions-influenced samples, consistent with the
K+ data in showing that Hong Kong was significantly affected
by biomass burning from northern China and the PRD region.

Mono- and di-saccharides and sugar alcohols were identi-
fied as part of the natural background aerosol and are
suggested to be derived from airborne and soil-bornemicrobes
and other biogenic materials (Graham et al., 2002; Simoneit
et al., 2004). The total concentrations of mono- and di-
saccharides and sugar alcohols were 10.5, 18.2, and
31.9 ng m−3 in the local, cold front, and RT-influenced
samples, respectively. The elevated concentrations of sugar
compounds were consistent with the increased contribution
from suspended soil, as indicated by the crustal elemental data.

3.2.4.6. Di-, keto-carboxylic acids and dicarbonyls. A series of
dicarboxylic acids (C2–C24) were quantified. A detailed
description of their individual abundances and discussion of
interspecies relationships are already given in our previous
paper (Li and Yu, 2010). Below is a brief account of the
average values for the total concentrations and the few top
abundant compounds in the three sample groups. The total
concentrations were 740, 985, and 1374 ng m−3 during the
local, cold front, and RT-influenced periods, respectively.
Oxalic acid was the most abundant dicarboxylic acid, ranging
from 539 to 882 ng m−3. Azelic acid (35.6–85.8 ng m−3),
phthalic acid (33.8–77.9 ng m−3) and malonic acid (40.8–
74.8 ng m−3) were the next three abundant dicarboxylic
acid. Succinic acid (11.4–28.6 ng m−3), glutaric acid (6.9–
21.3 ng m−3) and suberic acid (9.4–25.9 ng m−3) were the
third abundant species (Figure S8f).

During local, cold front, and RT-influenced periods, the
total concentrations of keto-carboxylic acids were 108, 171,
and 245 ng m−3, while the total concentrations of dicarbo-
nyls were 39, 93, and 123 ng m−3, respectively. Atmospheric
production of dicarboxylic acids, ketocarboxylic acids and
dicarbonyls through oxidation of hydrocarbon precursors is
an important source for these compounds. The significant
increases during cold front and RT-influenced periods
indicated that more SOA formed during RT and LRT.

3.3. Source apportionment analysis of OC

CMBmodel is widely used to estimate the contributions of
primary sources of OC and PM2.5 (Chow et al., 2007; Schauer
et al., 1996; Schauer and Cass, 2000; Zheng et al., 2002,
2006). Most molecular markers and source profiles used in
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CMB analysis were developed in the U.S. Multiple source
profiles with speciated organics data have been published for
important source classes such as motor vehicles, food
cooking and wood combustion. It is not a trivial issue to
select source profiles which can be used in local studies.
Robinson et al. (2006a, 2006b, 2006c) and Subramanian et al.
(2006) developed a new method to choose suitable markers
and source profiles. The core part of this technique involves
construction of plots of species concentrations (ratio–ratio
plots, R–R plots) in which source profiles appear as points
connected by linear mixing lines. This R–R plots technique is
adopted here to facilitate the selection of source profiles and
their respective characteristic tracers for vehicle exhaust,
cooking, and road dust sources. After selecting source profiles
and tracers, marker-to-OC ratios must be carefully consid-
ered because profiles with small marker-to-OC ratios will
yield higher source contribution estimates than profiles with
large ratios (Robinson et al., 2006c; Subramanian et al.,
2006). Finally, Hong Kong local vehicle exhaust (Yu and
Schauer, 2005), Hong Kong Daoxiang cooking (Yu et al.,
unpublished results) and Hong Kong road dust (Ho et al.,
2003) met the requirement. Among them, the Hong Kong
vehicle exhaust is derived from samples collected in a
roadway tunnel in Hong Kong, without distinguishing diesel
engine exhaust from gasoline-powered engine exhaust.
Wherever possible, source profiles local to Hong Kong or
specific to China were used in the CMB. The source profile of
biomass burning is combined from burning emissions of
cereal straw (including wheat, corn and rice), which is one of
the most abundant biomass burned in China (Zhang et al.,
2007), and six kinds of broad-leaf trees and shrubs in
Southern China (Wang et al., 2009). Source profile of coal
combustion is from Chinese industrial mixed coal : residen-
tial coal briquette=1 : 3 (Zhang et al., 2008). The source
profiles of vegetative detritus and cigarette smoke are
obtained from the United States (Rogge et al., 1993a, 1994).
Ship emission is from Canada (Lee and Kan, 2000). All these
source profiles are plotted in Figure S9. The key tracer species
used in CMB and their concentrations are listed in Table S1.

The CMB results are given in Table 2. Fig. 3 shows the bar
charts of source distributions under different synoptic condi-
tions. Figure S10 compares the measured and calculated
concentrations of the tracers used in CMBmodel, using sample
040116 as an example. Figure S10 demonstrates that the
calculated concentrations of all species are very close to the
measured concentrations. The CMB analysis has identified
vehicular exhaust to be the most important primary contrib-
utor to OC, accounting for 13.3–24.8% (1.5–2.39 μg C m−3) of
fine OC. Biomass burning, coal combustion, and cooking were
the next important sources, accounting for 3.6–9.8% (0.31–
1.62 μg C m−3), 5.6–9.7% (0.44–1.07 μg C m−3), and 6.3–8.3%
(0.62–0.99 μg C m−3) of fine OC, respectively. Suspended dust,
cigarette smoke, ship emission, and vegetative detritus were
minor sources, only contributing 0.44–1.07, 0.24–0.40, 0.21–
0.28, 0.09–0.22, and 0.05–0.21 μg C m−3, respectively.

During cold front periods, contributions of vehicle ex-
haust and ship emission were similar to those estimated for
the local sample group, reflecting the dominance of local
sources. In contrast, OC mass contributions from biomass
burning and coal combustion in the LRT sample group almost
triple and double, respectively, those in the local sample
group. This conclusion agrees with the much higher K+/EC
ratio and higher levoglucosan concentrations during the cold
front and RT-influenced periods than during the local
emissions-influenced periods. The highest contribution of
coal combustion occurred during the cold-front periods,
accounting for 9.7% of OC. This observation indicates that
cold front brought extra coal combustion PM from outside
PRD to Hong Kong. There was also increase in contribution to
OC from suspended dust in the cold front LRT sample group.

The un-apportioned OC, also called “other OC”, is the
difference between the measured OC and the apportioned
primary OC by the CMB model, which consists of secondary
OC as well as some unidentified primary sources. The amount
of other OC was 3.84, 6.37, and 9.48 μg C m−3 during local
emissions-, cold front, and RT-influenced periods, respec-
tively. Diacids are mainly of secondary origin and therefore
part of SOA. Good correlation between other OC and diacids
(R2=0.76, n=21, Figure S11) supports the other OC to be an
approximate indicator for secondary OC. The elevated “other
OC” level in the cold front and RT-influenced periods were
consistent with the more aged air mass characteristics.

It is interesting to observe that the amount of OC
apportioned to biomass burning was highly correlated to
WSOC (R2=0.43, n=21) (Fig. 4). It has been reported that
biomass burning particles contain a large amount of WSOC,
accounting for 20.7–37.5% (Iinuma et al., 2007), 45–75% or
even higher of OC (Graham et al., 2002; Mayol-Bracero et al.,
2002). Work from our group also found biomass burning was
the leading contributor toWSOC for particles in size bin of 1.0–
1.8 μm collected in Shenzhen, a metropolitan city adjacent to
Hong Kong (Huang et al., 2006). An examination of K+ and
sulfate revealed that the twowere highly correlated (R2=0.52,
n=21). The combined observations indicated that biomass
burning emissions serve as significant precursors for secondary
OC or the presence of biomass burning particles facilitates
formation of SOA during RT and LRT.

3.4. Sensitivity test

The source profiles used in this study (Figure S9) are taken as
the base case. When doing sensitivity test of a certain source, all
the other source profiles in the base case remain unchanged. The
source profile selections and sensitivity test results of cooking,
vehicle exhaust, biomass burning and road dust are showed in
Figure S12–S13. For coal combustion, the base case represents
the medium contribution among industrial and residential coal
combustions. The ratios between other cases and base case of
cooking, vehicle exhaust, biomass burning, and coal combustion
are almost within the 1:2 and 2:1 lines. As for road dust, Hong
Kong local road dust had the highest estimated contribution
than other cases, which resulted from its lowest Al/OC ratio.
Althoughboth dust source profiles fromRogge et al. (1993b) and
Ho et al. (2003) had the similar R–R plot (Fe/Al vs. Ca/Al) as
ambient samples, we used local road dust from Ho et al. (2003)
study, since it is more representative of the Hong Kong
condition.

4. Conclusions

In this study, 21 hi-volume PM2.5 samples collected during
January–March 2004 and January–March 2005 were classified



Table 2
Source contributions to fine organic carbon (μg C m−3).

Sample ID Vehicle exhaust Biomass burning Cooking Coal combustion Road dust Cigarette smoke Ship emission Vegetative detritus Other OC a Measured OC %Mass b R2 χ2

Local emissions-dominated samples
040115 2.22±0.33(24.7) 0.29±0.09(3.2) 0.42±0.11(4.6) 0.37±0.06(4.1) 0.2±0.04(2.3) 0.33±0.06(3.6) 0.08±0.02(0.9) 0.17±0.07(1.8) 4.94(54.8) 9.02±0.9 45.2 0.93 1.59
040131 1.23±0.19(18.5) 0.09±0.03(1.3) 0.66±0.14(9.9) 0.11±0.03(1.7) 0.15±0.02(2.2) 0.18±0.03(2.8) 0.11±0.03(1.7) 0.04±0.03(0.7) 4.05(61.2) 6.62±0.66 38.8 0.95 1.09
040221 2.28±0.34(30.2) 0.23±0.07(3) 0.45±0.12(5.9) 0.26±0.05(3.5) 0.51±0.08(6.8) 0.29±0.06(3.8) 0.21±0.05(2.7) 0.12±0.06(1.5) 3.2(42.4) 7.54±0.75 57.6 0.95 1.10
040229 1.01±0.15(31.5) 0.01±0.01(0.3) 0.2±0.05(6.3) 0.04±0.02(1.1) 0.16±0.03(4.9) 0.06±0.02(2) 0.16±0.04(4.9) 0.01±0.02(0.4) 1.55(48.6) 3.2±0.32 51.4 0.94 1.14
040301 2.7±0.51(33.1) 0.61±0.18(7.5) 0.56±0.17(6.9) 1.91±0.23(23.5) 0.31±0.05(3.8) 0.31±0.05(3.8) 0.17±0.05(2.1) 0±0(0) 1.57(19.3) 8.14±0.81 80.7 0.87 2.70
050228 1.55±0.25(21.3) 0.39±0.12(5.3) 1.41±0.3(19.2) 0.38±0.06(5.1) 0.16±0.03(2.2) 0.12±0.03(1.6) 0.09±0.02(1.3) 0±0(0) 3.2(43.8) 7.3±0.73 56.2 0.92 1.48
050317 1.73±0.26(14.5) 0.58±0.17(4.9) 0.64±0.16(5.4) 0.02±0.03(0.2) 0.16±0.03(1.3) 0.19±0.04(1.6) 0.19±0.04(1.6) 0.03±0.04(0.2) 8.39(70.3) 11.93±1.19 29.7 0.91 1.68
Avg. 1.82±0.29(24.8) 0.31±0.1(3.6) 0.62±0.15(8.3) 0.44±0.07(5.6) 0.24±0.04(3.4) 0.21±0.04(2.7) 0.14±0.04(2.2) 0.05±0.03(0.7) 3.84(48.7) 7.68±0.77 51.3 0.93 1.54

Samples influenced by cold front-long range transport
040113 1.94±0.38(13.4) 1.06±0.32(7.3) 0.66±0.19(4.6) 1.39±0.17(9.6) 0.34±0.06(2.4) 0.31±0.06(2.1) 0.08±0.02(0.5) 0.29±0.08(2) 8.36(58) 14.43±1.44 42.0 0.93 1.56
040117 1.28±0.22(13.5) 0.47±0.14(4.9) 0.99±0.23(10.4) 0.48±0.07(5.1) 0.15±0.03(1.5) 0.3±0.06(3.2) 0.07±0.02(0.8) 0.21±0.07(2.2) 5.55(58.4) 9.51±0.95 41.6 0.95 1.27
040121 0.69±0.21(5.3) 1.42±0.42(10.9) 0.26±0.14(2) 1.06±0.13(8.2) 0.83±0.12(6.4) 0.19±0.04(1.5) 0.09±0.03(0.7) 0.12±0.05(0.9) 8.32(64.1) 12.98±1.3 35.9 0.94 1.24
040203 1.53±0.31(18.2) 0.6±0.18(7.1) 1.02±0.24(12) 1.2±0.15(14.2) 0.34±0.05(4) 0.24±0.05(2.9) 0.09±0.02(1) 0.05±0.04(0.6) 3.37(39.9) 8.43±0.84 60.1 0.91 1.97
040303 1.52±0.34(16.5) 0.59±0.18(6.4) 0.58±0.17(6.2) 1.79±0.21(19.3) 0.55±0.08(5.9) 0.22±0.05(2.4) 0.1±0.03(1.1) 0.11±0.06(1.2) 3.77(40.8) 9.23±0.92 59.2 0.92 1.76
050131 1.72±0.31(14.1) 1.16±0.34(9.5) 1.23±0.29(10.1) 0.74±0.11(6) 0.24±0.04(2) 0.15±0.04(1.2) 0.15±0.04(1.2) 0.05±0.04(0.4) 6.78(55.5) 12.21±1.22 44.5 0.91 1.92
050220 1.84±0.34(12.4) 1.58±0.46(10.6) 1.54±0.36(10.3) 0.85±0.13(5.7) 0.35±0.05(2.4) 0.16±0.04(1.1) 0.08±0.02(0.6) 0.08±0.05(0.5) 8.43(56.5) 14.9±1.49 43.5 0.91 1.94
Avg. 1.5±0.3(13.3) 0.98±0.29(8.1) 0.9±0.23(8) 1.07±0.14(9.7) 0.4±0.06(3.5) 0.22±0.05(2) 0.09±0.03(0.8) 0.13±0.06(1.1) 6.37(53.3) 11.67±1.17 46.7 0.92 1.67

Samples influenced by regional transport from PRD
040111 2.16±0.42(14.5) 0.61±0.19(4.1) 1.67±0.38(11.2) 1.45±0.18(9.7) 0.33±0.06(2.2) 0.31±0.06(2.1) 0.15±0.04(1) 0.19±0.07(1.3) 8.03(53.9) 14.9±1.49 46.1 0.94 1.42
040116 2.32±0.46(19.3) 1.14±0.34(9.5) 0.82±0.22(6.8) 1.77±0.21(14.7) 0.25±0.05(2.1) 0.24±0.05(2) 0.17±0.04(1.4) 0.27±0.08(2.2) 5.07(42) 12.05±1.21 58.0 0.97 0.77
040130 3.01±0.58(12) 1.35±0.41(5.4) 0.89±0.27(3.5) 2.01±0.26(8) 0.56±0.1(2.2) 0.42±0.08(1.7) 0.38±0.09(1.5) 0.42±0.12(1.7) 16(63.9) 25.03±2.5 36.1 0.94 1.44
040222 1.62±0.31(8.4) 1.79±0.56(9.3) 0.44±0.19(2.3) 0.78±0.11(4) 0.49±0.08(2.5) 0.34±0.07(1.8) 0.15±0.04(0.8) 0.4±0.1(2.1) 13.2(68.7) 19.2±1.92 31.3 0.94 1.40
050204 2.14±0.31(18.4) 0.65±0.19(5.6) 0.72±0.18(6.2) 0.07±0.04(0.6) 0.16±0.03(1.4) 0.21±0.04(1.8) 0.16±0.04(1.4) 0.04±0.04(0.3) 7.44(64.2) 11.59±1.16 35.8 0.92 1.61
050222 3.21±0.51(19) 2.28±0.66(13.4) 1.52±0.38(9) 0.49±0.12(2.9) 0.24±0.04(1.4) 0.23±0.06(1.4) 0.26±0.07(1.6) 0±0.06(0) 8.71(51.4) 16.95±1.69 48.6 0.91 1.80
050305 2.3±0.41(14.2) 3.5±1.04(21.6) 0.85±0.31(5.2) 0.56±0.12(3.5) 0.44±0.07(2.7) 0.21±0.06(1.3) 0.3±0.08(1.9) 0.12±0.07(0.7) 7.93(48.9) 16.22±1.62 51.1 0.91 1.80
Avg. 2.39±0.43(15.1) 1.62±0.48(9.8) 0.99±0.28(6.3) 1.02±0.15(6.2) 0.35±0.06(2.1) 0.28±0.06(1.7) 0.22±0.06(1.4) 0.21±0.08(1.2) 9.48(56.2) 16.56±1.66 43.8 0.93 1.46

The value in parentheses is the contribution percentage of each source to fine OC.
a Other OC is the difference between measured OC and calculated primary OC.
b %Mass means the sum percentage of estimated primary source contributions in total measured fine OC.
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Fig. 3. Source contributions to fine organic carbon under different meteoro-
logical conditions. (CF: cold front long range transport; RT: regional transport
from PRD).
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into three groups according to meteorological conditions and
criteria air pollutant data. The groups are local emissions-
dominated samples, cold front LRT-influenced samples, and
PRD RT-dominated samples. During the cold front periods, the
levels of PM2.5 and itsmajor constituentswerewithin the range
of those collected in the local emissions-dominated and RT-
dominated samples. However, the highest K+/EC and OC/EC
ratios and the lowest EC concentration occurred during cold
front episodes. Source analysis by CMB model indicates that
vehicle exhaust of mainly local origin was a major source of OC
in all types of samples.When airmasseswere transported from
the PRD region or beyond the PRD, contributions by biomass
burning and coal combustion increased. A more prominent
difference of the cold front periods and the RT-dominated
periods relative to the local emissions-dominated period was
Fig. 4. Scatter plot of OC attributable to biomass burning versus WSOC.
significant increases in the amount of unexplained OC (or other
OC). Other OC was shown to be mainly of secondary origin.
Source analysis aswell as tracer concentration variation indicate
that biomass burning OC and WSOC were correlated.
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