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� A strong seasonal variation of 16 PAHs in PM2.5 over ECS was observed.
� Five sources of PAHs in PM2.5 over ECS were apportioned using PMF.
� The Asian continental outflow plays a key role on the PAHs in PM2.5 over ECS.
� Airesea exchange was a potential source for LMW PAHs in PM2.5 over ECS.
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a b s t r a c t

A receptor site in the East China Sea (ECS),w66 km off the shore of Shanghai, was used to investigate the
seasonally atmospheric transport of land-based PAHs. Positive matrix factorization (PMF) modeling and
back trajectories were performed to apportion the sources of the 16 USEPA priority PAHs (16 PAHs). In the
process, three episodes were observed in all seasons except summer. These episodes provided additional
insight to the transport mechanisms of these air pollutants in this most developed region of China. The
average concentrations (in ng/m3) of PAHs in PM2.5 in fall, winter, spring and summer were 5.26 � 5.36,
10.41 � 8.58, 3.93 � 2.31 and 0.97 � 0.25, respectively, and with an annual average of 5.24 � 5.81. Low
molecular weight (LMW) PAHs (i.e., 2w 3-ring) was a dominant contributor for the 16 PAHs in PM2.5 over
the ECS (36.2%), especially in summer (55.6%). The source apportionment by PMF analysis indicated that,
based on yearly average, vehicular emission (27.0%) and coal combustion (24.5%) were the two major
sources of PAHs, followed bybiomass burning (16.5%), petroleum residue (16.3%) and airesurface exchange
(15.7%). The highest source contributor for PAHs in fall and winter was coal combustion (30.5%) and
vehicular emission (34.5%), respectively; while in spring and summer, the airesurface exchange contrib-
uted the most (27.1% and 59.5%, respectively). The specific composition patterns of 16 PAHs and PMF
modeling results manifested that the airesea exchange could be a potential source for the LMW PAHs in
PM2.5 over the ECS, especially in warm season.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a family of organic
compounds that consist of fused aromatic rings. They are originated
mainly from pyrogenic processes such as domestic and industrial
coal combustion, biomass burning and vehicle emission (Harrison
et al., 1996; Lima et al., 2005). PAHs are potentially carcinogenic
or mutagenic and are associated with fine particles (i.e., PM2.5:
aerodynamic diameter < 2.5 mm), therefore, they can be trans-
ported in the atmosphere to remote regions as far as the Arctic
(Sofowote et al., 2011) and Antarctica (Masclet and Hoyau, 1994).
This makes PAHs potentially important in the marine biogeo-
chemical cycle and budget.

The ECS, a marginal sea off east China, is adjacent to the Yangtze
River Delta (YRD). The YRD, covering 1.1% of the area of China
(about 99,600 km2), is the home to 108 million people (8.1% of the
total population of China). The GDP of the YRD was 8214 billion
yuan (renminbi, Chinese currency unit) in 2011, which represents
17.4% of the entire Chinese economy (www.hktdc.com). Shanghai,
the biggest city in China, is the center of economy and
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manufacturing (light and heavy industry) of China. The circulation
pattern of this region is influenced by the East Asian Monsoon,
making the ECS as a downwind region of the Asian continental
outflow and a sink of the pollutants transported not only from the
YRD but also from North China (Lin et al., 2011; Zhang and Gao,
2007). Studying the contribution of anthropogenic pollutants in
the ECS would provide useful information on these pollutants at
the sources.

The outflow of the East Asian continental pollutants (crustal
materials, dust, organic and elemental carbon, etc.) to the Bohai
Sea, Yellow Sea, ECS, and northwest Pacific Ocean has been inves-
tigated (Duce et al., 1980; Gao et al., 1997; Hsu et al., 2009; Huebert
et al., 2004). There also have been studies conducted on islands to
investigate the pollutants transported from the land: Little Wheat
Island (Gao et al., 1996), Tokchok Island (Lee et al., 2002), Gosan
Island of Korea (Lee et al., 2006) in the Yellow Sea, and Cheju Island
(Chen et al., 1997) and Amami and Miyako Islands around the ECS
(Kaneyasu and Takada, 2004). The characteristics and sources of the
carbonaceous components and ions in the aerosols at Changdao
Island, located at the demarcation line between the Bohai Sea and
Yellow Sea, were analyzed (Feng et al., 2007, 2012). However, there
has been no report on the occurrence and sources of organic pol-
lutants, such as PAHs in fine particles in atmosphere in the ECS. In
this study, 80 seasonal PM2.5 samples were collected at a remotely
small island in the ECS from October 2011 to August 2012. The
objectives of this work are to examine the seasonal variation of the
PAH concentration and composition, and to apportion the sources
and contributions of the PAHs using positive matrix factorization
(PMF), a receptor modeling.

2. Materials and methods

2.1. Sampling site and sample collection

The PM2.5 samples were collected at Huaniao Island
(N30.86�, E122.67�) in the ECS approximately 66 km east to the
shore off Shanghai (Fig. 1). Driven by the East Asian monsoon,
the wind pattern arriving at Huaniao Island is mostly from west
to east and north to south. This makes the island as an ideal
observation site to assess the continental outflow to the north-
west Pacific Ocean. To minimize the influence of local anthro-
pogenic emissions, the sampling apparatus was placed on the
rooftop of a three-story building (about 50 m above sea level) on
the northwest side of the island, about 2 km from the popula-
tion center. The permanent population on Huaniao Island is less
than 1000 and there is almost no industry. Children and elderly
people account for 80% of the total population. Most of the
population is concentrated on the southeast of the island where
a wharf is situated. There are only two automobiles on the is-
land for delivery and passengers. Liquefied natural gas is used
for cooking and the residents favor seafood best prepared by
steaming or boiling. Biomass burning is controlled by the local
government. This suggests that the PAH emissions from local
anthropogenic activities is very low when compared with those
transported from the mainland.

Quartz filters (20 � 25 cm2, 2600QAT, PALL, USA) were used to
collect PM2.5 samples by a PM2.5 sampler (Guangzhou Mingye
Huanbao Technology Company) at a flow rate of w335 m3/day (Li
et al., 2006). Sampler began to collect sample at 9:00 am on day
one and stopped at 8:30 am on the next day, ensuring the duration
time for a sample was about 23.5 h. About 20 samples were ob-
tained in each season. A total of 80 PM2.5 samples were collected
from October 23, 2011 to August 20, 2012. Two parallel operational
sample blanks were obtained in each season. Before collecting the
samples, the filters were wrapped in aluminum foil and baked
together at 450 �C for 4 h to remove the residual organic
contaminants.
2.2. Analytical procedures

The PAH analytical procedure and quality assurance/quality
control (QA/QC) followed that described elsewhere (Mai et al.,
2003; Guo et al., 2009). Briefly, prior to Soxhlet extraction a
mixture of deuterated compounds including naphthalene (Nap-
d8, m/z 136), acenaphthene (Ace-d10, m/z 164), phenanthrene
(Phe-d10, m/z 188), chryene (Chr-d12, m/z 240) and perylene (Per-
d12, m/z 264) was added to all samples for the determination of
the recovery rate. The Soxhlet extraction was for 48 h using
dichloromethane (DCM) as the extracting solvent. The sample
extracts were concentrated to about 5 ml using a vacuum rotary
evaporator. Hexane (HEX) was used and the extracts were further
concentrated to approximately 2 ml. All samples were then
transferred into 22 ml glass cylinder tubes and concentrated to
about 1 ml under gentle N2 stream. The N2 had a purity of 99%. The
concentrated extracts were sequentially purified in the chroma-
tography column filled with 3 cm deactivated alumina (Al2O3),
3 cm silica gel (SiO2) and 1 cm anhydrous sodium sulfate (Na2SO4)
and eluted with 20 ml of DCM/HEX (1:1, v: v). Prior to analysis for
PAHs, the extracts were reduced to about 500 mL under a stream of
purified N2. Sample vial (2 ml) was prepared for the final
concentrated extract and hexamethylbenzene (HMB) was used as
internal standard to quantify the 16 PAHs. GCeMS analysis: all
samples were injected with HMB, and then concentrated to about
200 mL preparing for GCeMS analysis. The GC-MSD (Agilent GC
6890 N coupled with 5975C MSD, equipped with DB5-MS column,
30 m � 0.25 mm � 0.25 mm) had helium as carrier gas. The GC
operating processing was: held at 60 �C for 2 min, ramped to
290 �C at 3 �C/min and held for 20 min. The sample was injected
split-less with the injector temperature at 290 �C. The post-run
time was 5 min with oven temperature at 310 �C. The standard
samples of 16 USEPA priority PAHs (16 PAHs) and 5 deuterated
PAHs were purchased from Accu Standard, Inc. (USA). 16 targeted
PAHs are as follows: 2-ring: naphthalene (Nap); 3-ring: ace-
naphthylene (Ac), acenaphthene (Ace), fluorene (Fl), phenan-
threne (Phe), anthracene (Ant); 4-ring: fluoranthene (Flu), pyrene
(Pyr), benzo[a]anthracene (BaA), chrysene (Chr); 5-ring: benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene
(BaP), dibenzo[a,h]anthracene (DBA); 6-ring: indeno[1,2,3-cd]
pyrene (IP), benzo[ghi]perylene (BghiP).
2.3. QA/QC

Organic reagents (DCM, HMX) used in laboratory were purchased
from Shanghai ANPEL Scientific Instrument Company (HPLC grade,
purity: 95%). All vessels were firstly rinsed with hot potassium
dichromate-sulfuric acid lotion, then laid for overnight and washed
using18.2UMilli-Qwater.Afterpacking thesevesselswithaluminum
foil, they were put in muffle furnace at 450 �C for 4 h. All utensils
would be rinsed twice with reagents before used. Nominal detection
limits for individual PAHs ranged from0.008 to 0.08ng/m3 (Mai et al.,
2003). The targeted 16 PAHs compounds were not detected in the
procedural blank; the PAH recoveries of the standard-spiked matrix
ranged from 85% to 95%; and the paired duplicate samples agreed to
within 15% of the measured values (n ¼ 10). The average surrogate
recoveries were 69% � 13% for Nap-d8, 75% � 16% for Ace-d10,
90%� 13% for Phe-d10,105%� 10% for Chr-d12 and 103%� 12% for Per-
d12, respectively. Sample resultsweredisplayedasblankcorrectionby
subtracting an average blank from each sample. Reported concen-
trations here were not recovery corrected.



Fig. 1. Sampling site in the ECS.
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2.4. PMF modeling

Detailed descriptions of PMF modeling application on source
apportionment can be seen at EPA PMF 3.0 Fundamentals & User
Guide (www.epa.gov/heasd/products/pmf). In brief, the PMFmodel
is based on the following equation:

Xij ¼
Xp

k¼1

AikFkjþ Rij

where Xij is the concentration of the jth congener in the ith sample of
the original data set; Aik is the contribution of the kth factor to the ith
sample; Fkj is the fraction of the kth factor arising from congener j;
and Rij is the residual between the measured Xij and the estimated
Xij using p principal components.

Q ¼
Xn

i¼1

Xm

j¼1

0
B@Xij�Pp

k¼1 AikFkj
Sij

1
CA

2

where Sij is the uncertainty of the jth congener in the ith sample of
the original data set containingm congeners and n samples. Q is the
weighted sum of squares of differences between the PMF output
and the original data set. One of the objectives of PMF analysis is to
minimize the Q value.

Importantly, there is a critical step in PMF analysis to determine
the number of factors. Too few factors may not separate sources
well, whereas too many factors may split a true source into two or
more non-existing sources. Therefore, the frequency distributions
of the scaled residuals as well as changes in the Q value must be a
minimum or stable. This kind of method of determining the
number of factors was described previously (Lee et al., 1999; Lin
et al., 2011). In this study, the number of factors from 3 to 7 was
examined with the optimal number of factors determined from the
slope of the Q value versus the number of factors. For each run, the
stability and reliability of the output were checked based on the Q
value, residual analysis and correlation coefficients between
observed and predicted concentrations. Finally, a 5-factor solution,
which gave the most stable results and easily interpretable factors
when taking the background of the PAH emission sources in China
into consideration (Xu et al., 2006), was chosen for the data sets.
Before the analysis, a data set including unique uncertainty values
of each data point was created and inserted into the model. An
uncertainty of 20% for each PAHs data set was used based on the
results from regularly analyzing the standard reference material
according to Mai et al., (2003).

2.5. Air mass back trajectory analysis

Air mass back trajectory was used to trace atmospheric trans-
port path in this study. 3-day back trajectories at Huaniao Island at
1200 UTC were calculated at 700 m above ground level at 12-
h intervals for the sampling days. HYSPLIT Trajectory Model from
the National Oceanic and Atmospheric Administration (NOAA)
(http://ready.arl.noaa.gov/hysplit-bin/trajasrc.pl) was used as the
database. The integrated air masses were compiled by ArcGIS 9.3
(http://www.esri.com/).

3. Results and discussion

3.1. Occurrence of PAHs

The seasonal variation of the concentrations of 16 USEPA pri-
ority PAHs (16 PAHs) in the PM2.5 samples (histogram) and the
ambient temperatures (solid line) at Huaniao Island in the ECS are

http://www.epa.gov/heasd/products/pmf
http://ready.arl.noaa.gov/hysplit-bin/trajasrc.pl
http://www.esri.com/


Fig. 2. Concentrations of 16 PAHs (histogram) and ambient temperature (solid line) at
Huaniao Island in the ECS.
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shown in Fig. 2. The concentrations of the individual PAHs are in
Table S1. The concentrations of the 16 PAHs ranged from 0.78 to
36.08 ng/m3 (average: 5.24 � 5.81 ng/m3). Table 1 showed that the
mean concentration at Huaniao Island was lower than the other
two receptor sites in China by a factor of 2e5 (Feng et al., 2007; Zhu
et al., 2014). However, compared to those studies around the world,
such as Lake Superior (Baker and Eisenreich, 1990), Amami and
Miyako Islands (Kaneyasu and Takada, 2004), Haven Beach in
Chesapeake Bay (Gustafson and Dickhut, 1997), Petrana in Western
Greece (Terzi and Samara, 2004), andMediterranean and Black Seas
(Castro-Jiménez et al., 2012), the concentrations of PAHs in PM2.5
at Huaniao Island of the ECS were much higher.

A strong seasonal variation of the 16 PAH concentrations was
observed (Fig. 2) with the highest in winter (10.41 � 8.58 ng/m3)
and lowest in summer (0.97 � 0.25 ng/m3), and intermediates in
fall and spring, 5.26 � 5.36 ng/m3 and 3.93 � 2.31 ng/m3, respec-
tively. This seasonal trendwas similar to the areas influenced by the
Asian monsoon (Feng et al., 2007; Lee et al., 2006). The correlation
between the PAH levels in the PM2.5 and ambient temperature was
found to have a slightly negative correlation (R2 ¼ 0.33, n ¼ 80).
This indicates that ambient temperature may not be nearly as
important as the other factors, such as emission sources and
transport paths, on the PAH concentrations.

3.2. Compositions of PAHs

The 16 PAHs can be classified according to their properties and
sources into 2 w 3-ring (Nap, Ac, Ace, Fl, Phe, Ant), 4-ring (Flu, Pyr,
BaA, Chr), and 5 w 6-ring (BbF, BkF, BaP, IP, DBA, BghiP) PAHs. The
seasonal variations of the 3 group contributions at Huaniao Island
and Shanghai are shown in Fig. 3. The PM2.5 samples from
Shanghai and Huaniao Island were simultaneously collected. A
Table 1
Comparison of atmospheric PAH concentrations in PM2.5 over the ECS with those in oth

Location Type of site Description

East China Sea Remote island PM2.5
Yellow and Bohai Sea Remote island PM2.5
North China Plain Background site TSP
Lake Superior Remote island TSP
Around East China Sea Remote island PM2.5
Chesapeake Bay Background site TSP
Western Greece Background site TSP
Mediterranean and

Black Seas
Cruise campaign TSP
distinctly different composition pattern between the two sampling
sites can be observed. Over the four seasons at Huaniao Island, the
2 w 3-ring PAHs contributed the most (36.2%), followed by the
5 w 6-ring (33.5%) and the 4-ring (30.3%). In Shanghai, however,
the 5 w 6-ring contributed the most (56.5%), followed by 4wring
(31.0%) and 2 w 3-ring (12.4%). It can also be seen that the 2 w 3-
ring PAHs at Huaniao Island had the most pronounced seasonal
variation. In fall and winter, the 2 w 3-PAHs contributed 24.9% and
22.2% of the 16 PAHs, respectively; while in spring and summer, the
contributions increased notably and were as highly as 41.9% and
55.6%, respectively (Fig. 3a). The high contribution of the 2w 3-ring
PAHs in spring and summer at the ECS were significantly different
from those reported in the urban areas in China, such as Shanghai
and Qingdao. As shown in Fig. 3b, the 2 w 3-ring PAHs only
accounted for 8.1% in spring and 11.7% in summer of the 16 PAHs in
Shanghai, respectively. In spring and summer in Qingdao, the
2w 3-ring PAHs were found to contribute 8.1% of the 16 PAHs (Guo
et al., 2009). These differences indicate that these 2 w 3-ring PAHs
in PM2.5 over the ECS may be specific in sources. This will be
further discussed below.

3.3. Source identification of PAHs using diagnostic ratios

The diagnostic ratio method has been widely used to identify
and characterize PAH emission sources. The distributions of the
homologues are strongly associated with the formation mecha-
nisms of the carbonaceous aerosols (Kavouras et al., 2001). The four
diagnostic ratios used were Phe/(Phe þ Ant), Flu/(Flu þ Pyr), BaA/
(BaA þ Chr) and IP/(IP þ BghiP), and the results are in Table 2. Phe/
(Phe þ Ant) varied from 0.86 to 0.99, suggesting that coal com-
bustion/biomass burning was the dominant source. Flu/(Flu þ Pyr)
in each season were 0.44e0.96, indicating a mixed contribution
from the combustion of liquid fossil fuels as well as biomass and
coal burning. BaA/(BaA þ Chr) in all seasons were 0.29e0.57,
characterizing petrogenic and pyrolytic origins. IP/(IP þ BghiP) in
fall were 0.45e0.58, implying a mixed sources of coal, biomass and
fuel combustion. In winter, they were all above 0.5, indicating a
strong contribution from coal and biomass combustion. In spring
and summer, IP/(IP þ BghiP) were less than 0.5, implying a main
source from the fossil fuel combustion.

3.4. Source apportionment by PMF

PMFmodeling, which quantitatively estimates the contributions
from specific sources, has been widely used to apportion the
sources of PAHs in aerosols on the basis of spatially distributed data
sets. In this study, an 80 � 15 (80 samples with 15 PAHs each) data
set was introduced to the EPA PMF 3.0 model to estimate the source
contributions of the 16 PAHs. As DBAwas under the detection limit
in most of the samples, it was excluded from the analysis. After
testing from 3 to 7 factors, a 5-factor solution was adopted.
er regions in the world.

Concentrations (ng/m3) Reference

5.24 � 5.81 This study
33.60 � 39.21 Feng et al. (2007)
18.95 � 16.51 Zhu et al. (2014)
0.12 � 0.06 Baker and Eisenreich (1990)
1.49 � 0.43 Kaneyasu and Takada (2004)
0.005e0.50 Gustafson and Dickhut (1997)
0.8 � 0.84 Terzi and Samara (2004)
0.51e3.06 and 0.94e2.45 Castro-Jiménez et al. (2012)



Fig. 3. Seasonal variations of relative compositions of 2 w 3-ring, 4-ring and 5 w 6-ring PAHs in PM2.5 at Huaniao Island in the ECS (a) and Shanghai (b).
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Correlation indices between the estimated concentrations and the
measured concentrations were between 0.58 (Nap) and 0.99 (Phe,
Flu, BbF, BkF, IP and BghiP), suggesting that the measured con-
centrations were well explained by the 5 factors selected. 5 source
contributions on whole samples and PMF factor profiles are shown
in Fig. 4.

Factor 1 accounted for 24.5% of the sum of the measured 15
PAHs. It has high loadings of Flu and Pyr, and moderate contribu-
tions from Chr, BbF, BaP and BghiP. Flu and Pyr have been consid-
ered to be markers of coal combustion (Harrison et al., 1996). Coal
combustion was estimated to contribute 20% of the total 16 PAH
emissions in China in 2003 (Xu et al., 2006). According to NBSC
(http://www.stats.gov.cn/english/), coal consumption in China
accounted for more than 70% of the total energy used in 2011. The
rapid industrialization of the coastal areas of China dramatically
increased coal consumption in the past decades. Although the en-
ergy structure in northeast China has been shifting since the early
1990s from coal to oil and/or natural gas, and large-scale
improvement of combustion facilities has been implemented, coal
combustion is still an important source of PAHs in the aerosols and
sediments (Lin et al., 2011; Ma et al., 2011).
Factor 2 contributed 27.0% of all the measured 15 PAHs. High
loadings of BbF, IP and BghiP andmoderate loadings of Flu, Pyr, BbA,
Chr and BkF were observed. Similar profile of high loadings of IP
and BghiP were also observed in the sediments from the Bohai and
Yellow Sea (Lin et al., 2011). Hereby, factor 2 is characterized as
vehicular emissions. The YRD, including the most developed re-
gions in China (Jiangsu and Zhejiang provinces, and Shanghai), has
been experiencing very rapid increase in vehicles, private or public.
Shanghai had 3.10 � 106 vehicles in 2011, a significant source of
vehicular emissions by any measure.

Factor 3 explained 16.5% of the sum of the measured 15 PAHs. It
was dominated by Phe, Flu and BbF, with moderate loadings of Chr,
BkF, BaA, IP and BghiP. Flu, BbF and BkF are three of the most
abundant species in the burning of agricultural refuse which can
also emit moderate amount of Phe, BaA, IP and BghiP (Rajput et al.,
2011). In rural China, agricultural refuse or firewood are still the
most important fuels used for cooking and space heating. They are
often burned in primitive stoves without forced blast, emitting
ample organic pollutants including PAHs.

Factor 4 accounted for 15.8% of all measured 15 PAHs. It was
highly loaded with Nap, Ace, Fl, Phe, moderately with Flu, Pyr, Chr,

http://www.stats.gov.cn/english/


Table 2
Diagnostic ratios of PAH in PM2.5 in each season at Huaniao Island in the ECS.

Phe/Phe þ Ant Flu/Flu þ Pyr BaA/BaA þ Chr IP/IP þ BghiP

Fall 0.86e0.93 0.56e0.59 0.34e0.57 0.45e0.58
Winter 0.95e0.99 0.44e0.96 0.29e0.49 0.56e0.77
Spring 0.88e0.93 0.53e0.64 0.35e0.51 0.46e0.50
Summer 0.88e0.91 0.55e0.59 0.36e0.51 0.43e0.47
Diagnostic ratios 0.5 gasoline <0.4 Unburned petroleum <0.2 petrogenic <0.5 engine fuel combustion

0.65 diesel 0.4e0.5 liquid fossil fuel 0.2e0.35 petrogenic and combustion
0.76 coal >0.5 wood, coal combustion >0.35 pyrolytic sources >0.5 coal/biomass combustion

References Yunker et al., 2002 Yunker et al., 2002 Simcik et al., 1999 Yunker et al., 2002
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and slightly with the 5 w 6-ring PAHs. This profile contains more
volatile PAHs (i.e., 2w 3-rings) and is readily found in summer. Nap
has been used as a tracer of the fugitive loss of petroleum products
(Khairy and Lohmann, 2013). Ace, Fl and Phe are abundant in nat-
ural mineral dust transport (Moon et al., 2008). Moreover, the low
molecular weight (LMW) PAHs are favored in airesea exchange
(Cheng et al., 2012; Gigliotti et al., 2002). Other studies confirmed
that the water column could contribute to the PAHs burden in the
atmosphere, particularly in the summer months (Nelson et al.,
1998). In addition, it has been suggested that soil could also be a
potential source of PAHs in atmosphere driven by higher temper-
atures (Agarwal, 2009). LMW PAHs can be transported long dis-
tances and deposit on surfaces. Accordingly, factor 4 was attributed
to airesurface exchange. Such kind of “airesurface exchange” was
believed to contribute to 25% of the atmospheric PAHs
(gas þ particle) in the Hudson River Estuary Airshed (Lee et al.,
2004). The “exchange” here indicates a possible re-emission of
Fig. 4. 5-factor loadings by PMF analysis from 16 PAHs data of 80 PM2.5 samples c
aged PAHs from “contaminated soil” or volatilization of PAHs
directly from the water column of ECS into the atmosphere, to be
absorbed later by the particles.

Factor 5 accounted for 16.3% of all the measured 15 PAHs. The
profile was dominated by Phe and other 3w 4-ring PAHs. This kind
of profile has been suggested to be mainly from crude oil leakage or
refined petroleum release (Zakaria et al., 2002). This source can be
emissions due to fuel handling and/or refueling of ships in the ECS
and leakage on land. Consequently, factor 5 was selected to
represent petroleum residue source.

The seasonal contributions of each source to the 15 PAHs are
in Fig. 5. A strong seasonal variation is observed: the highest
contributor in fall was coal combustion (30.5%) and in winter it
was vehicular emission (34.5%), while airesurface exchange was
the main contributor in both spring (27.1%) and summer (59.5%).
The wind direction in fall and winter at Huaniao Island was
mostly from the west (Zhu et al., 2013), indicating a strong
ollected at Huaniao Island in the ECS and the source contribution percentages.



Fig. 5. Contributions of the five sources to 16 PAHs in PM2.5 over the ECS in four seasons.
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influence of the continental outflow on this receptor site. The
intense manufacturing activities of the YRD and North China
demand large amount of energy provided mostly by coal-fired
power plants, and the large vehicular fleet is the rapid growing
source of emissions. Moreover, the contribution from petroleum
residue (28.3%) in winter increased much more than that of fall
(4.4%). Petroleum residue-derived PAHs mainly consist of the
more volatile PAHs with 3 w 4-rings. These PAHs are readily
partitioned to the particle phase at lower temperatures, leading
to high PAHs in the PM2.5 in winter. In contrast, in the winter of
Changdao Island and Qingdao, coal combustion was the larger
contributor of PAHs in PM2.5 than vehicular emission (Lin et al.,
2011), because of the space heating strategy or policy in North
China. Technically, space heating is not allowed in the south in
winter, while in the north, coal-fired centralized heating is pro-
vided. Air-surface and air-sea exchanges of LMW PAHs are
temperature-sensitive processes and are both important in this
study. Considering the high concentrations of the 2 w 3-ring
PAHs in the PM2.5 as described above (Fig. 3a) and the south-
easterly winds in the summer in the ECS, it is reasonable to infer
that the airesea exchange in the ECS could be a crucial
contributor of these LMW PAHs in the PM2.5. The further study
of airesea exchange of PAHs in the water column and the gas
phase would prove to be interesting and fruitful.

3.5. Influence of long-range transport of air mass during episodes
on the PAH levels

Three-day air mass back trajectories at 700 m originating at
Huaniao Island and the concentrations of the PAHs in the PM2.5 are
in Fig. 6. It can be seen that most of the air parcels arriving at
Huaniao Island in the summer were from the east (open sea);
whereas in the winter they were transported from northern China.
In spring and fall, the air masses were mostly from the land with
some from the sea. Therefore, only in the summer the atmosphere
over Huaniao Island is not mainly influenced by continental
outflow. Three episodes were observed in each season except
summer as designated by the red back trajectories and histograms
in Fig. 6: (1) 11e13 Nov., 2011, (2) 24e25 Dec., 2011, and (3) 31
March and 3e5 April, 2012.
In the fall episode (11e13 Nov., 2011), the average concentration
of the 16 PAHs was 12.49 ng/m3 while the non-episodic average
was only 4.87 ng/m3. The 4w 5-ring PAHs, such as Flu, BaA and BbF,
increased dramatically during this episode. PMF results revealed
that biomass burning PAHs were more than doubled (14.0% of the
total PAHs in the non-episodic days and 30.0% in the episodic days).
The fire map during this episode is shown in Fig. S1 (http://firms.
modaps.eosdis.nasa.gov/firemap/). The red spots were the fire
spots observed in the episode. It could be seen that the air masses
passed over the fires before arriving at Huaniao Island. In addition,
our yet to be published elemental data showed high Kþ in the
PM2.5 during the episode, suggesting significant contribution from
biomass burning (Feng et al., 2012).

In the winter episode (24e25 Dec., 2011), the average concen-
tration of the 16 PAHs was at 28.74 ng/m3; while for the non-
episodic average it was only 8.25 ng/m3, an over three-fold differ-
ence amid. Fossil fuel combustion-derived PAHs, such as Phe, Pyr,
BbF and BaP, increased remarkably. Back trajectories suggested that
the air masses were from northern China where coal-fired boiler
and biomass were usually used for heating space in thewinter (Tian
et al., 2009; Zhang and Tao, 2008). PMF results showed that the
contribution from coal combustion and biomass burning to the 16
PAHs increased from 22.0% in the non-episode to as high as 40.3% in
this episode. Ambient temperature was extremely low in northern
China (http://www.tianqihoubao.com/weather/city.aspx) and
Huaniao Island (Fig. 2) in this episode. Therefore, the increasing
emission levels of the PAHs during the episode could be attributed
to intensive coal and biomass usage when the cold air stroke at
northern China.

In the spring episode (31 March and 3e5 April, 2012), the
average concentration of the 16 PAHs was 8.50 ng/m3; while the
non-episodic average was only 3.33 ng/m3. PMF results showed
that coal combustion (30.6%) and vehicular emissions (19.9%)
contributed 50.5% of the total PAHs in the episode, while in the
other days they only contributed 20.5% (11.4% for coal combustion
and 9.1% for vehicular emissions). It can be seen that the air masses
were from remote northern China where Asian dust storm events
frequently occur during the spring season (Duce et al., 1980; Zhang
and Gao, 2007) and they passed over eastern Chinawhere there are
extensive anthropogenic activities. More importantly, our yet to be
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published data about the concentrations of Ca and Al also increased
notably during this episode, and the Ca/Al was 0.96e1.06, sug-
gesting the mixing of transported mineral dust with local anthro-
pogenic emissions (Yuan et al., 2008). This indicated that the high
level of PAHs in this episode could be attributed to the contribution
from the long-range transport of East Asian dusts mixed with
anthropogenic pollutants in the transport path.

4. Conclusions

The annual average concentration of 16 PAHs in PM2.5 was
5.24� 5.81 ng/m3. The seasonal composition pattern of the 16 PAHs
in PM2.5 over the ECS was significantly different from those re-
ported at urban areas in China. Diagnostic ratios revealed coal/
biomass combustion and vehicular emission as the main sources of
PAHs. PMF identified that the highest source contributor for PAHs
in fall was coal combustion (30.5%) and in winter it was vehicular
emission (34.5%); while in spring and summer it was airesurface
exchange (27.1% and 59.5%, respectively). The results obtained by
air mass back trajectory analysis and source apportionment using
PMF complemented each other well, thus generating a more
comprehensive understanding of the sources of PM2.5-bound PAHs
in episodes over the ECS.
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