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g r a p h i c a l a b s t r a c t
� A total of 115 NPOCs were detected in
the marine aerosols over the north-
ern South China Sea.

� Biomass burning in southern/south-
eastern China was the major source
for NPOCs in marine aerosols in the
open sea area.

� Fossil fuel combustion was the
considerable source of NPOCs in
marine aerosol samples with strong
continental influence.

� Terrestrial plant contributed to the
higher molecular weight n-alkanes in
marine aerosols.
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Filter samples of total suspended particle (TSP) collected during a cruise campaign over the northern
South China Sea (SCS) from September to October 2013 were analyzed for non-polar organic compounds
(NPOCs) as well as organic carbon (OC), elemental carbon (EC) and water-soluble ions. A total of 115
NPOCs species in groups of n-alkanes, polycyclic aromatic hydrocarbons (PAHs), iso-/antiso-alkanes,
hopanes, steranes, methylalkanes, branched alkanes, cycloalkanes, alkenes and phthalates were detected.
The characteristics of NPOCs in marine TSP samples were investigated to understand the sources from
the Asian continent and other regions. The concentrations of total NPOCs ranged from 19.8 to 288.2 ng/
m3 with an average of 87.9 ng/m3, which accounted for 0.8e1.7% (average 1.0%) of organic matter (OM).
n-Alkanes was the predominant group, accounting for 43.1e79.5%, followed by PAHs (5.5e44.4%) and
hopanes (1.6e11.4%). We found that primary combustion (biomass burning/fossil fuel combustion) was
the dominant source for the majority of NPOCs (89.1%). Biomass burning in southern/southeastern China
via long-range transport was proposed to be a major contributor of NPOCs in marine aerosols over the
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Hopanes
Biomass burning
Long-range transport
northern SCS, suggested by the significant correlations between nss-Kþ and NPOCs groups as well as the
analysis of air mass back-trajectory and fire spots. For the samples with strong continental influence, the
strong enhancement in concentrations of n-alkanes, PAHs, hopanes and steranes were attributed to fossil
fuel (coal/petroleum) combustion. In addition, terrestrial plants waxes were another contributor to
NPOCs.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Marine aerosol is one of the most important natural aerosol
systems globally (O'Dowd and De Leeuw, 2007). It has been re-
ported that marine aerosol can play an important role in global and
regional climate directly by back scattering solar irradiation and
indirectly via forming cloud condensation nuclei (CCN) (Meskhidze
and Nenes, 2006). Generally, aerosol is not only the main route for
marine species transferring to the continent but also a major
channel for terrestrial species transporting to the ocean (Duce et al.,
1991). Hawkins et al. (2010) highlighted that the aerosols in the
marine boundary layer were mostly mixtures of local primary (e.g.,
sea salt and organic compounds from sea spray), local secondary
(e.g., sulfate from dimethyl sulfide oxidation), and long-range
transport products. In recent years, the strong influence of conti-
nental emissions (both natural and anthropogenic) in the atmo-
spheres of coastal and open ocean areas has been observed (Ding
et al., 2007, 2013; Fu et al., 2011; Kunwar and Kawamura, 2014).
Measurements of organic tracers can support more accurate source
apportionment. Non-polar organic compounds (NPOCs) such as n-
alkanes, polycyclic aromatic hydrocarbons (PAHs) and hopanes are
organic compounds of special interest because they are ubiquitous
in the terrestrial atmosphere and emitted fromwell-known sources
including anthropogenic (e.g., fossil fuel combustion, petroleum
residues and biomass burning) and biogenic emissions (e.g., higher
plant leaf waxes) (Simoneit, 1989, 2002; Simoneit et al., 1991).
Therefore, the variation and composition of NPOCs could be used to
trace the contribution of different sources and to understand the
influence of how much continental emissions could influence
marine aerosols.

The South China Sea (SCS) is a marginal sea surrounded by fast-
developing regions. Anthropogenic pollutants and natural products
could be introduced into the atmosphere over the SCS through
long-range transport (Zhang et al., 2007; Lai et al., 2010). Their
chemical compositions including water-soluble ions, elements and
organophosphate in airborne particles have been studied (Hsu
et al., 2007; Zhang et al., 2007; Lai et al., 2015). However, with
the exception of one study which reported the results of NPOCs in a
sample collected in a round-the-world cruise passing through the
SCS (Fu et al., 2011), very little research has been conducted to study
NPOCs in marine aerosol particles in this region.

Herewe present the results of NPOCs in total suspended particle
(TSP) samples collected over the northern SCS during a cruise
campaign. With this dataset we demonstrate that biomass burning
in southern/southeastern China can influence marine aerosols over
the SCS via long range transport in the open sea samples while
other continental sources are also discussed.
2. Method

2.1. Sample collection

TSP samples (n ¼ 10) were collected in the northern SCS during
a 20-d cruise campaign from September to October 2013 (Fig. A1). A
high volume aerosol sampler (~1 m3/min, Tisch, USA) was placed in
the upper deck of the research vessel. One filed blank filter was
obtained. All samples were collected onto pre-baked (550 �C)
quartz fiber filters (8 � 10 inches, Pall MI, USA). After sampling, the
filters were sealed with prebaked aluminum foil and stored in a
freezer at �20 �C.

2.2. Chemical analysis

2.2.1. Non-polar organic compounds
An in-injection port thermal desorption-gas chromatography/

mass spectrometry (TD-GC/MS) method was used to determine
NPOCs including n-alkanes, iso-/antiso-alkanes, methylalkanes,
branched alkanes, cycloalkanes, alkenes, PAHs (parent, alkylated-
and oxy-PAHs), hopanes, steranes and phthalates. This method has
less contamination from solvent impurities and higher sensitivity
compared to solvent extraction (SE) followed by GC/MS. The
detailed description of this method has been presented in previous
publications (Ho et al., 2008, 2011). Briefly, for each sample, a filter
aliquot (1.0 cm2) was cut into pieces and inserted into the TD glass
tubes for placement into the split/splitless injector liner of an
Agilent 6890 GC/5975 MS detector (Santa Clara, CA, USA). The
temperature of the injector port was set at 50 �C before analysis and
then manually raised to 275 �C for desorption in a splitless mode.
During this period, the temperature in GC oven was kept at 30 �C.
After the injector temperature reached the set point, the oven
temperature program started. The limits of detection (LODs) for the
TD-GC/MS method are listed in Table A1.

2.2.2. Carbonaceous fractions and water-soluble ions
Organic carbon (OC) and elemental carbon (EC) were analyzed

(punch of 1.0 cm2) using the thermo-optical transmittance (TOT)
method (NIOSH protocol) (Sunset, OR, USA) (Birch and Cary, 1996).

Water-soluble ions were detected (punch of 4.0 cm2) by ion
chromatography (Dionex ICS3000, Thermo Fisher, MA, USA).
Briefly, the cut portion was extracted in 3 mL ultra-pure water. A
CS12 column (4 � 250 nm) with 20 mM methanesulfonic acid
(MSA) eluent and AS11-HC column (4� 250 nm)with 30mMNaOH
eluent were used for the determination of 5 cations (i.e. Naþ, NH4

þ,
Kþ, Mg2þ and Ca2þ) and 5 anions (i.e. MSA�, Cl�, SO4

2�, C2O4
2� and

NO3
�), respectively. The LODs are shown in Table A2.

2.3. Quality assurance/quality control (QA/QC)

Contamination from the ship exhaust was prevented by
manually shutting off the sampling pumpwhen the ship stopped or
was under unfavorable wind conditions. The contamination from
the ship exhaust is confirmed to be negligible based on the previous
publication (Lai et al., 2015). All the data reported here were cor-
rected for the field blank.

2.4. Air mass back-trajectory and fire spot analysis

Air mass back-trajectory analysis was preformed along the
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sampling route using NOAA's HYSPLIT model at a height of 200 m
and with a backward tracing of 72 h. Fire spots were obtained from
the Fire Information for Resource Management System (FIRMS)
operated by National Aeronautics and Space Administration (NASA)
of the United States (https://earthdata.nasa.gov/data/near-real-
time-data/firms).

3. Results and discussion

3.1. NPOCs and other chemical components

Concentrations of OC and EC were 4.6 mg/m3 (1.1e15.5 mg/m3)
and 1.1 mg/m3 (0.2e4.7 mg/m3), respectively. The fraction of organic
matter (OM) could therefore be estimated as 9.6 mg/m3 using an OC
multiplying factor of 2.1 for aged aerosols (Turpin and Lim, 2001). A
total of 115 NPOCswere quantified in the TSP samples. These NPOCs
are grouped into ten classes, including n-alkanes, PAHs, iso-/antiso-
alkanes, hopanes, steranes, methylalkanes, branched alkanes,
cycloalkanes, alkenes and phthalates. The concentrations of NPOCs
are summarized in Table 1 and Table A3. The total concentrations of
NPOCs (SNPOCs) ranged from 19.8 to 288.2 ng/m3 with an average
of 87.9 ng/m3. SNPOCs accounted for 0.8e1.7% (average 1.0%) in
OM. Water-soluble ions (WSI) were the major faction of TSP with
the average concentration of 26.1 mg/m3 (SWSI). SO4

2�, Cl� and Naþ

were the most abundant ions accounting for 50.0%, 11.6% and 16.4%
of SWSI, respectively. The high abundances of Cl� and Naþ indicate
the direct contribution of sea salt spray during the cruise campaign
(O'Dowd and De Leeuw, 2007).

The relative abundances of NPOCs over the northern SCS are
shown in Fig. A2. n-Alkanes were the most abundant NPOCs group,
accounting from 43.1% to 79.5% for SNPOCs (average 62.6%). Similar
abundance variation trends were observed for both SPAHs
(5.5e44.4%) and hopanes (1.6e11.4%). PAHs are related to incom-
plete combustion processes of most fuels such as fossil fuels and
biofuels which are more dominant in the continent rather than in
Table 1
Mass concentrations of investigated non-polar organic compounds (NPOCs) in aerosol sa

NPOCs Continental-
influenced

Oceanic-influenced

Q01 Q04 Q05 Q02

n-Alkanes
LMW (C15 ~ C24) 41.9 9.6 11.8 6.1
HMW (C25 ~ C38) 82.3 68.5 16.0 9.6
Subtotal 124.2 78.1 27.7 15.7
Cmax C25 C27 C29 C29
CPIa 1.2 1.4 2.2 1.8
PAHs
Parent PAHs 118.6 51.0 2.5 1.0
Alkylated-PAHs 4.5 3.7 0.2 0.2
Oxy-PAHs 4.8 3.0 0.3 0.2
Subtotal 127.9 57.6 3.0 1.5
Fla/(Fla þ Pyr)b 0.5 0.6 0.6 0.6
Ant/(Ant þ Phe)c 0.5 0.5 0.4 0.3
BeP/BaPd 1.2 1.6 3.5 4.7
Hopanes 19.6 19.0 1.6 0.4
Steranes 3.6 3.5 0.4 0.1
Branched alkanes 1.6 1.0 2.0 0.7
Cycloalkanes 2.5 2.2 3.4 0.6
Iso-/antiso-alkanes 7.8 5.9 1.3 0.2
Methylalkanes 0.2 0.1 0.6 0.2
Phthalates 0.2 0.1 0.1 0.02
Alkenes 0.7 1.2 0.3 0.3
Total NPOCs 288.2 168.7 40.4 19.8

a CPI, carbon preference index: (C21 þ C23 þ C25 þ C27 þ C29 þ C31 þ C33 þ C35 þ C37)
b Fla, Fluoranthene; Pyr, Pyrene.
c Ant, Anthracene; Phe, Phenanthrene.
d BeP, Benzo[e]pyrene; BaP, Benzo[a]pyrene.
oceans though they could also be produced in maritime trans-
portation (Alves, 2008; Liu et al., 2013). Hopanes are specific bio-
markers of petroleum and coal (Oros and Simoneit, 2000).
Therefore, the higher abundance of PAHs and hopanes can be
regarded as the indicators of continental influence. In addition,
other NPOCs accounted for relatively minor fractions of SNPOCs
(�5%).

3.2. Variation of NPOCs

Variations of NPOCs along the cruise track are shown in Fig. 1.
The top two highest SNPOCs concentrations were observed in the
samples, Q01 (288.2 ng/m3) and Q04 (168.7 ng/m3). These two
samples are expected to be highly influenced by the continental
emissions as Q01 was collected when the ship departed from
Guangzhou and Q04 was taken on the way to Hainan Island.
Interestingly, not all samples collected in the coastal area showed
an elevation of the SNPOCs concentration. For example, Q05 was
collected when the ship was sailing to the open ocean area and
leaving Hainan Island after a stopover. It was taken in a close coastal
area with Q04, but had a much lower (about 75%) SNPOCs con-
centration (40.4 ng/m3) comparedwith that of Q04. The differences
could be attributed to the influences of continental and oceanic
sources via long-range transport (suggested by the back-trajectory
analysis, see Fig. A3). The rest of the samples were collected in the
open ocean area and the concentrations of SNPOCs ranged from
19.8 to 84.5 ng/m3.

In order to estimate the influences of continental and oceanic
emissions, we have applied sea salt (Cl� þ 1.47 � Naþ) as the
oceanic tracer and hopanes and PAHs as the continental tracers. The
samples can be classified into three groups: continental-, oceanic-
and mixed-influenced. As shown in Fig. 2, the differences could be
clearly demonstrated between the continental- and oceanic-
influenced samples with higher hopanes and PAHs concentra-
tions but lower sea salt concentrations in continental-influenced
mples collected over the northern South China Sea in 2013 (ng/m3).

Mixed-influenced

Q03 Q06 Q07 Q09 Q10 Q11

6.4 16.3 8.6 20.9 19.3 20.3
12.3 14.9 26.8 27.0 30.3 24.8
18.7 31.1 35.4 47.8 49.6 45.1
C29 C25 C25 C25 C25 C29
2.7 1.5 1.5 1.5 1.3 1.6

1.3 2.0 2.5 6.5 8.8 7.1
0.5 0.4 0.7 0.6 0.3 1.0
0.2 0.3 0.3 0.5 0.5 0.7
1.9 2.7 3.4 7.5 9.6 8.8
0.5 0.6 0.5 0.5 0.6 0.5
0.3 0.4 0.4 0.4 0.5 0.4
3.2 2.7 2.9 1.8 2.3 1.8
0.4 2.5 5.3 9.6 4.7 8.3
0.2 0.7 1.2 2.2 1.0 1.9
0.9 3.0 1.0 4.2 1.8 4.4
1.5 5.5 2.4 6.1 1.4 4.9
0.2 1.4 3.5 4.7 1.9 3.4
0.4 0.9 0.2 1.2 0.2 1.1
0.1 0.2 0.04 0.9 0.03 0.5
0.7 0.9 1.1 0.2 0.4 0.4
25.2 49.0 53.5 84.5 70.6 78.6

/(C22 þ C24 þ C26 þ C28 þ C30 þ C32 þ C34 þ C36 þ C38).

https://earthdata.nasa.gov/data/near-real-time-data/firms
https://earthdata.nasa.gov/data/near-real-time-data/firms


Fig. 1. Variation of non-polar organic compounds in marine aerosols along the cruising track in the northern South China Sea.

Fig. 2. Variations of PAHs, hopanes and sea salt in TSP samples over the northern South China Sea.
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samples (Q01 and Q04) and vice versa in the oceanic-influenced
samples (Q02, Q03, Q05 and Q06). The rest of the samples (Q07,
Q09, Q10 and Q11) were characterized for mixed-influenced sam-
ples. The classification was further confirmed by the air mass back-
trajectory analysis (Fig. A3). The big difference of NPOCs concen-
trations between Q04 and Q05 could then be explained by the in-
fluence of different air masses.

The homologous n-alkanes (C15eC38) were the most abundant
group of NPOCs ranging from 15.7 to 124.2 ng/m3 (average 47.3 ng/
m3). Other minor groups of iso-/antiso-alkanes, methylalkanes,
branched alkanes and cycloalkanes hadmuch lower concentrations
than that of n-alkanes (Table 1). In addition, two alkenes that were
quantified in the aerosols ranged from 0.2 to 1.2 ng/m3 with an
average of 0.6 ng/m3.

The highest concentrations of n-alkanes were observed in
continental-influenced samples (average 101.2 ng/m3), followed by
the mixed-influenced (average 44.5 ng/m3) and oceanic-influenced
samples (average 23.3 ng/m3). The concentration range of n-al-
kanes in oceanic-influenced samples (15.7e31.1 ng/m3) was com-
parable with that measured in the western North Pacific
(1.3e30.5 ng/m3), while the levels in the mixed- (35.4e49.6 ng/m3)
and continental-influenced samples (78.1e124.2 ng/m3) were close
to those observed in Sapporo Island (31.45e87.3 ng/m3) and Gosan,
Jeju Island (9.61e150.3 ng/m3), respectively (Simoneit, 2004).
However, much lower concentrations of n-alkanes were reported in
Chichi-Jima Island (0.17e14 ng/m3, average 1.7 ng/m3) in which n-
alkanes were mainly derived from terrestrial higher plant waxes
and in Okinawa Island which has insignificant anthropogenic ac-
tivities (average 7.9 ± 6.1 ng/m3) (Kawamura et al., 2003; Wang
et al., 2009). The results suggest the anthropogenic influences on
marine aerosols over the northern SCS.

The carbon number distributions were characterized by weak
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odd-carbon-numbered predominance (carbon preference index,
CPI, ranging from 1.2 to 2.7) with carbon number maxima (Cmax) at
C25, C29 or C27. The CPIs were close to unity, more consistent with n-
alkanes derived from non-biogenic sources (Simoneit et al., 1991).
CPIs can reach around 10 with the predominant contribution of
terrestrial higher plant waxes (Simoneit, 1989).

Twenty-two parent PAHs (3e7 rings), seven alkylated-PAHs and
four oxy-PAHs were determined in the TSP samples (Table A3). The
SPAHs concentration ranged from 1.5 to 127.9 ng/m3 (average
22.4 ng/m3). Parent PAHs ranged from 1.0 to 118.6 ng/m3, ac-
counting for 80.7% of SPAHs, followed by alkylated-PAHs (11.5%)
and oxy-PAHs (7.7%). The parent PAHs concentrations in oceanic-
influenced (1.0e2.5 ng/m3) and mixed-influenced samples
(2.5e8.8 ng/m3) were similar to those reported in the western
North Pacific (0.3e2.4 ng/m3) and Gosan, Jeju Island
(0.005e7.78 ng/m3), respectively (Simoneit, 2004). Differences in
SPAHs concentrations were observed among the continental-
influenced (average 92.8 ng/m3), mixed-influenced (average
7.4 ng/m3) and oceanic-influenced samples (average 2.3 ng/m3),
indicating an overwhelming contribution by the continental
outflow to continental-influenced samples.

A series of hopanes (C27eC35 without C28) were detected with
the predominance of C29ab or C30ab. Again, the same descending
order of concentration levels were observed in the three groups of
samples: continental-influenced (average 19.3 ng/m3) > mixed-
influenced (average 7.0 ng/m3) > oceanic-influenced samples
(average 1.2 ng/m3). Similar patterns were also found for steranes.

Phthalates arewidely used in plasticizers as well as in cosmetics,
lubricants, and other products (Thuren and Larsson, 1990). Five
phthalates were detected in the samples, with the total concen-
trations ranging from 0.02 to 0.9 ng/m3 (average 0.2 ng/m3). Pre-
vious studies showed that phthalates were ubiquitous in vapour or
in the particle phase in the marine atmosphere (Simoneit, 2004;
Xie et al., 2005; Fu et al., 2013). However, the sources for outdoor
phthalates are not well defined and their levels can be greatly
affected by their equilibrium partition between the gas and particle
phases, which may be determined by the temperature difference of
the sampling period (Xie et al., 2005).
3.3. Terrestrial plant emissions

n-Alkanes derived from marine microbial and algae are abun-
dant in lower carbon number (<C20) with Cmax in C15, C17 or C19
(Simoneit, 1989). Therefore, the contribution of marine emissions
to n-alkanes was minor as Cmax was observed at higher molecular
weight n-alkanes (HMW, �C25) in our study.

Terrestrial plant emissions are major sources for HMW n-al-
kanes (Eglinton and Hamilton, 1967). The ratios of HMW/LMW
ranged from 0.9 to 7.2, suggesting the importance of terrestrial
plant emissions (Table 1). The highest concentrations of HMW n-
alkanes were observed in the continental-influenced samples (Q01:
82.3 ng/m3 and Q04: 68.5 ng/m3), which were much higher than
those in mixed- (average 27.2 ng/m3) and oceanic-influenced
samples (average 13.2 ng/m3). Particularly for Q04, the ratio of
HMW/LMWwas 7.2 and the Cmax was C27 (vs C25 for Q01), showing
the important contribution of terrestrial plant emissions. Q04 was
collected in the coastal area of Hainan Island where tourism has
developed in the past decades instead of other conventional in-
dustries. HMW n-alkanes such as C29 and C31 contributed a major
fraction to n-alkanes in the oceanic-influenced samples. For
example, Q02, Q03 and Q05 had a Cmax of C29, suggesting an input of
terrestrial plant emissions to n-alkanes via long-range transport.

Terrestrial plant emissions can be demonstrated by higher plant
wax n-alkanes. They were calculated as:
Wax Cn ¼ Cn � Cnþ1 þ Cn�1ð Þ � 0:5

where negative values are taken as zero, wax Cn is the concentra-
tion of plant wax n-alkanes (Simoneit et al., 1991). The concentra-
tions of wax n-alkanes were higher in the continental-influenced
(average 11.1 ng/m3) than those in mixed-influenced (average
6.0 ng/m3) and oceanic-influenced (average 5.3 ng/m3) samples
(Fig. 3). The contributions of terrestrial plant emissions to Sn-al-
kanes were more significant in oceanic-influenced (14.8e34.1%,
average 23.5%) rather than those in mixed-influenced (9.9e19.1%,
average 13.8%) and continental-influenced (7.8e16.1%, average
11.9%) samples.
3.4. The importance of biomass burning

We observed significant correlations between EC and PAHs, n-
alkanes, iso-/antiso-alkanes, hopanes and steranes (Table A4).
These compounds account for 89.1% of SNPOCs. It suggests that the
majority of NPOCs were highly related to the sources of EC. EC is
regarded as a tracer for primary combustion including both fossil
fuels and biomass burning (Ho et al., 2002).

The diagnostic ratios of atmospheric PAHs are often used to
evaluate source contributions (Yunker et al., 2002). A plot of Fla/
(Fla þ Pyr) against Ant/(Ant þ Phe) (Fig. A4) indicates a predomi-
nant pyrogenic source of grass, wood and coal combustion for
PAHs. It supports our conclusion that biomass burning is an
important source for the samples. Furthermore, the ratios of BeP/
BaP are used to distinguish local and transport sources (Grimmer
et al., 1983). As BaP is more reactive than its isomer (BeP), the ra-
tio of Bep/BaP (>1) indicates strong photochemical oxidation and/
or aging processes during long-range transport, while the ratio
being close to 1 suggests the local emissions. In our study, BeP/BaP
ratios were higher in oceanic-influenced (2.7e4.7) samples than
those in other samples, pointing to the contribution of long-range
transport. Fresher and more local emissions might have an effect
on the continental-influenced samples with lower ratios (Q01:1.2,
Q04:1.6). However, the diagnostic ratios of PAHs could not effi-
ciently distinguish the relative contributions of fossil fuel com-
bustion and biomass burning.

Water-soluble potassium (Kþ) has long been considered as a
tracer for biomass burning (Andreae, 1983) but it can also be
derived from sea salt in a marine environment (Riley and Chester,
1971). To avoid the influence of sea salt, we used non-sea-salt Kþ

(nss-Kþ ¼ Kþ � 0.037 � Naþ) as a marker of biomass burning
(Kunwar and Kawamura, 2014). In oceanic-influenced samples (i.e.
Q03 and Q05) Kþ was found to be mostly derived from sea salt.
Variable levels of nss-Kþ (0.02e0.69 mg/m3) were obtained in other
samples. The levels of nss-Kþ in the continental-influenced
(average 0.63 mg/m3) and mixed-influenced (average 0.42 mg/m3)
samples were relatively higher than those reported (average
0.16 mg/m3) in Cape Hedo, Okinawa in winter when biomass
burning was an important contributor (Kunwar and Kawamura,
2014).

We observed a fair correlation between nss-Kþ and EC
(R2 ¼ 0.44). However, a good correlation was found for the data set
consisting only of mixed- and oceanic-influenced samples
(R2 ¼ 0.74), showing that biomass burning is the major primary
combustion source (Andreae, 1983). It is also confirmed by the good
correlations between nss-Kþ and other NPOC groups of n-alkanes
(R2 ¼ 0.84), PAHs (R2 ¼ 0.86), hopanes (R2 ¼ 0.53) and steranes
(R2 ¼ 0.46) after excluding the continental-influenced samples. The
different patterns were expected for Q01 and Q04 since they were
more directly influenced by continental sources (both anthropo-
genic and natural) (see detail discussion in Section 3.5). Air mass



Fig. 3. Concentrations of wax n-alkanes and contributions to Sn-alkanes in TSP samples over the northern South China Sea.

Fig. 4. Correlations between EC and nss-Kþ (a1, a2), n-alkanes and nss-Kþ (b1, b2), PAHs and nss-Kþ (c1, c2), hopanes and nss-Kþ (d1, d2). Data points of continental-influenced
samples are included in the figures on the left side but they are excluded in those on the right side.
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back-trajectories and fire spots were used to confirm the influences
of biomass burning (Fig. 5aed).

Here we further present the case study for the samples with the
high nss-Kþ concentrations including Q01 (0.69 mg/m3), Q10
(0.59 mg/m3), Q04 and Q09 (both 0.56 mg/m3). When these samples
were collected, the air masses passed through the low altitude at-
mosphere over the southern or southeastern China, where rela-
tively high numbers of fire spots were observed. It suggests that the
emission of biomass burning in southern/southeastern China via
long-range transport was a major contributor for NPOCs in marine
aerosols over the SCS.

3.5. Excessive NPOCs in strong continental-influenced cases

Based on the discussion above, biomass burning was the
dominant source for the NPOCs in the oceanic- and mixed-
influenced samples. Therefore, we assume that they represent the
source of aerosol samples over the northern SCS without strong
input of continental outflow including both anthropogenic and
natural sources. The excessive levels of NPOCs were then estimated
in the continental-influenced samples (i.e. Q01 and Q04) based on
the correlations between nss-Kþ and NPOCs. The enhanced emis-
sions of the NPOCs were reflected in n-alkanes, hopanes and ster-
anes with one-fold increase in both Q01 and Q04, pointing to the
large contribution of the continental sources.

The main sources of PAHs are fossil fuel combustion and
biomass burning. As shown in Fig. 4c1 and c2, a relatively poor
correlation between nss-Kþ and PAHs was obtained
(R2

oceanic þ mixed þ continental ¼ 0.41 vs R2
oceanic þ mixed ¼ 0.86). It

suggested that the PAHs in the continental-influenced samples
were mainly derived from fossil fuel combustion rather than
biomass burning. The elevated portions of PAHswere 11- and 5-fold
Fig. 5. 7-day back-trajectories and fire spots for the samples with high nss-Kþ concentratio
and (d) Q09 (September 30eOctober 08). Solid line for back-trajectories at 200e500 m; da
higher than those derived from biomass burning in Q01 and Q04,
respectively. The results indicate that the contribution by fossil fuel
combustion should not be neglected in the strongly continental-
influenced samples. In addition, the minor contribution from fos-
sil fuel combustion observed in Q04 compared to Q01 could be due
to less emissions (e.g., from heavy industries and power plants) in
Hainan Island than in the Pearl River Delta region (Xing et al., 2011).
4. Conclusions

NPOCs, as well as carbonaceous fractions and water-soluble
ions, were investigated in the aerosol samples collected over the
northern SCS during a cruise campaign. Based on the contributions
of continental and oceanic emissions, the samples were categorized
into three groups: continental-, oceanic- and mixed-influenced
samples. The correlations among NPOCs and EC (R ¼ 0.82e0.99)
show that primary combustion (biomass burning/fossil fuel com-
bustion) was the predominant source for 89.1% of SNPOCs. For
oceanic- and mixed-influenced samples, biomass burning in the
southern/southeastern China via long-range transport was sug-
gested to be a major source for NPOCs in marine aerosols. In
contrast, for continental-influenced samples, the contribution of
fossil fuel (coal/petroleum) combustion should not be ignored as it
results in the strong enhancement of PAHs. Terrestrial plant emis-
sions, characterized by wax n-alkanes, were suggested to be
another contributor to NPOCs. This study shows that NPOCs could
serve as the tracers to indicate the influence of continental outflow
onmarine aerosols. We expect that NPOCs in marine aerosols could
be further studied to understand the interaction between conti-
nental and oceanic air masses in the coastal and open ocean areas
of the SCS.
ns: (a) Q01 (September 14e22), (b) Q10 (October 01e09), (c) Q04 (September 20e28),
sh line for those above 500 m; dots for satellite-retrieved open fire.
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