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ARTICLE INFO ABSTRACT

Continental outflow influences concentration and chemical composition of marine aerosols, which has an im-
portant impact on regional biogeochemistry and climate. Aerosols sampling for molecular marker study was
conducted from June 2015 to May 2016 at Xieyang Island in the northern South China Sea (SCS), to learn the
impact of outflow from Indo-China Peninsular (ICP) and South China (SC). Xieyang Island was under the in-
fluence of air masses from ICP and SC nearly 70% of the year. Levels of anhydrosugars were higher during
October to early March. They were lower in April and May, although biomass burning events in ICP were most
intensive and half of air masses back trajectories passed through ICP in this period. Significant correlations
between levels of anhydrosugars, polycyclic aromatic hydrocarbons, n-alkanes, high molecular weight n-fatty
acids and terephthalic acid were observed, suggesting co-emissions of these compounds. Source types of aerosol
primary organic matter (POM) tracked by these markers, namely open burning of municipal wastes, fossil fuel
combustion, higher plant emissions and biomass burning, largely contributed in fall and winter with SC to be an
important source region. However, levels of sugar alcohols (a group of biogenic aerosol tracers) were higher in
warm seasons with ICP and SCS to be the main source regions, and were poorly correlated with levels of other
molecular markers. Carbon preference index of n-alkanes also increased in warm seasons, indicating enhanced
higher plant wax emissions. It suggested that there was a close link between biogenic emissions of sugar alcohols
(or n-alkanes) and the growing activities of related organisms. Besides continental outflow, there were marine
sources of steranes, hopanes (fossil sources tracers) and mannitol (a sugar alcohol), since their levels were higher
for aerosol samples basically influenced by air masses originated from SCS.

Keywords:

South China Sea
Indo-China Peninsula
South China

Aerosol molecular markers
Continetal outflow

Source apportionment

1. Introduction combustion and biomass burning are two major anthropogenic sources

of carbonaceous aerosols in Asia continent (Feng et al., 2007; Zhao

Covering about 70.9% of the Earth's surface, oceans are important
source regions of natural aerosols (O'Dowd and de Leeuw, 2007).
Marine aerosols can significantly alter the global cloud condensation
nuclei budget and hence affect water cycle and climate of the world
(O'Dowd and de Leeuw, 2007; Penner et al., 2001). Carbonaceous
aerosols account for a significant fraction of marine aerosols (O'Dowd
and de Leeuw, 2007; O'Dowd et al., 2004). In addition to emissions
originated from the oceans, continental outflow is also an important
source of carbonaceous aerosols in marine environment (Feng et al.,
2007; Fu et al., 2011; O'Dowd and de Leeuw, 2007; Zhao et al., 2016).

Asia continent is one of the most important source region of at-
mospheric aerosols (Ramanathan and Crutzen, 2003). Fossil fuel

* Corresponding author.
E-mail address: gczhong@gig.ac.cn (G. Zhong).
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et al.,, 2016). The Indo-China Peninsula (ICP), including Myanmar,
Thailand, Vietnam, Laos and Cambodia, is one of the regions with most
intensive biomass burning activities in the world (Lin et al., 2013).
Agricultural burning starts from late winter and peaks in spring every
year (Lin et al., 2009). Such burnings mostly are forest fires and crop
residue burning taking place at open field and can be clearly showed by
satellite images of fire counts (Fig. S1) (Lin et al., 2009; Shi and
Yamaguchi, 2014). China has a great consumption of coal for industry
and petroleum for vehicles, but biomass burning is also popular in this
region by means of crop residue burning and domestic biofuel burning
(Streets et al., 2003; Lai et al., 2016).

The South China Sea (SCS) is a marginal sea surrounded by ICP and
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South China (SC). There have been few studies on continental outflow
of aerosols from ICP and SC to SCS, especially for carbonaceous aerosols
(Atwood et al., 2013; Chuang et al., 2013; Pani et al., 2016; Xiao et al.,
2017; Zhao et al., 2016; Zheng et al., 2018). Some studies on con-
tinental outflow of carbonaceous aerosols to SCS only covered a short
period (no longer than one season) (Zhao et al., 2016; Song et al., 2018;
Zheng et al., 2018). Composition and sources of carbonaceous aerosols
in SCS are still not well understood.

The analysis of organic molecular markers is a typical way to trace
sources of aerosols. Anhydrosugars (levoglucosan, galactosan and
mannosan) are derived from pyrolysis of cellulose and are widely used
as typical tracers of biomass burning (Fraser and Lakshmanan, 2000;
Mochida et al., 2010; Nolte et al., 2001). Lipid compounds, hopanes,
steranes and polycyclic aromatic hydrocarbons (PAHs) are also useful
tracers for sources including fossil fuel combustion, higher plant waxes
emissions, microorganism and marine plankton emissions (Fu et al.,
2011; Simoneit, 1989). Levels of molecular markers were commonly
used as inputs to receptor models (such as positive matrix factorization,
PMF) for source apportionment of aerosols (Jaeckels et al., 2007).

To improve our understanding of continental outflow of carbonac-
eous aerosol from ICP and SC to SCS, year-round aerosol sampling for
molecular marker study was conducted from June 2015 to May 2016 on
a small coastal island (i.e. Xieyang Island, Fig. 1) in the northern SCS.
There are few human activities on the island, what makes it an ideal site
to study aerosols outflow from ICP and SC. Contributions of different
source types to primary organic matter (POM) in carbonaceous aerosols
were estimated based on molecular markers and PMF analysis. These
results combining with air masses back trajectory and potential source
contribution function (PSCF) model analysis were used to investigate
typical source regions of each source type.

2. Experimental section
2.1. Sample collection

The Xieyang Island (Fig. 1) is a coastal island of 1.89km? in
northern SCS. There are only dozens of people living on the island as
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fishermen. Local pollution is expected to be very little. Most regions of
the island are hilly with highest elevation of 149 m above sea level
(ASL). Our sampling site (20.908°N, 109.214°E) was located at a con-
crete platform of a hill of Xieyang Island. Elevation of our sampling site
was 80 m ASL. Residence of people on the island concentrates in a small
region at lower elevations.

Atmospheric fine particle (PM, 5) samples were collected on micro-
quartz fiber filters (Munktell, 203 X 254 mm, pre-combusted at 500 °C
for 6h) by a high volume air sampler in flow rate of 1m® min™ for
about 24h. One sample was taken every week from June 2015 to
February 2016 to obtain 40 samples. Two samples were taken every
week from March to May 2016 to obtain 29 samples. Filter samples
were wrapped in prebaked aluminum foils, packed in airtight poly-
ethylene bags and stored at — 20 °C prior to analysis.

2.2. Thermal-optical carbon analysis

Each filter sample was punched in size of 0.544 cm? for analysis of
organic and elemental carbon (OC and EC) by using a thermal-optical
carbon analyzer (Atmoslytic Inc., Calabasas, CA) following the
IMPROVE_A thermal-optical reflectance (TOR) protocol. More details
can be found in the reference (Zong et al., 2016). The detection limits of
this method were 0.82 and 0.20 ug cm ™2 for OC and EC, respectively.
Relative standard deviations of replicate analysis were ~1.0% for OC,
EC and TC. OC and EC were undetectable in field filter blanks.

2.3. Non-polar organics analysis

Non-polar organic molecular markers such as PAHs (fluoranthene
(Flua), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo
[blfluoranthene (BbF), benzo[k]fluoranthene (BKF), benzo[a]pyrene
(BaP), dibenzo[a,h]anthracene (DahA), benzo[g,h,i]perylene (BghiP)
and indeno[1,2,3-c,d]pyrene (Ind)), n-alkanes (Co3—Css), steranes and
hopanes (aaa 20R 24R-ethylcholestane, 17a(H),21(3(H)-22R-homo-
hopane, 17a(H),21B(H)—22S-homohopane and afif 20R 24R-ethyl-
cholestane) were quantified by gas chromatograph mass spectrometer
(SHIMADZU, GCMS-QP2010) equipped with a DB-5MS column
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Fig. 1. Geographical location of Xieyang Island (marked with a red star) in the northern South China Sea (A) and clusters of air mass back trajectories from June 2015
to May 2016 (B). SA: South Asia; AGL: above ground level. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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(Agilent, 30m x 0.25mm X 0.25um). Surrogates of PAHs (phenan-
threne-d;o, chrysene-d;,, perylene-d;,), n-alkanes, steranes and ho-
panes (n-tetracosane-ds) were added to check the recoveries before 24-
h Soxhlet extraction of the filter samples with dichloromethane (DCM).
The extract was concentrated to about 1 mL by a rotary evaporator
afterwards. The concentrated extract was then loaded onto a glass
column packed with anhydrous sodium sulfate, neutral silica gel and
neutral alumina, and eluted with 20 mL DCM/hexane (1:1, v:v). The
eluate was further concentrated to 50 uL under gentle stream of high
purity nitrogen. Prior to GC-MS analysis, hexamethylbenzene was
added as internal standard.

PAHs concentrations were corrected by recoveries of PAHs surro-
gates (60%-110%). Concentrations of n-alkanes, steranes and hopanes
were not corrected by recoveries of their surrogate (100 = 6%). Along
with the analysis of field samples, seven laboratory blanks were ana-
lysed too. The method detection limits (MDLs) were defined as average
of laboratory blanks plus three times standard deviations of laboratory
blanks. The detected non-polar organics in field blanks were below
MDLs, so the results were not corrected by field blanks.

2.4. Polar organics analysis

Polar organics were analyzed, including biomass burning tracers
(galactosan, mannosan, levoglucosan, vanillin, syringic acid, vanillic
acid), sugar alcohols (mannitol, arabitol and erythritol), n-fatty acids
(C10—C30), oleic acid and terephthalic acid. Briefly, filter samples were
spiked with internal standards (methyl-3-D-xylopyranoside and pal-
mitic acid-dz;) before 36-h Soxhlet extraction using DCM/methanol
(93:7, v:v). Anhydrous sodium sulfate was added into the extracts to
remove water.

The extracts were concentrated using a rotary evaporator, dried
under gentle stream of high purity nitrogen. Derivatization of the polar
organics was done by adding 200 pL N,O-bis-trimethylsilyl-tri-
fluoroacetamide (1% trimethylchlorosilane) and 100 uL anhydrous
pyridine, followed by heating at 70 °C for 1 h. After derivatization, the
samples were dried under nitrogen blowing. Hexane (200 uL) was
added prior to measurment using GC-MS (Agilent GC7890 A coupled
with 5975C MSD) equipped with a DB-5MS column
(30m x 0.25mm X 0.25 um). The recoveries of polar organics ranged
from 69% to 113%. Concentrations of polar compounds were not re-
covery-corrected but corrected by field blanks.

2.5. Air masses back trajectories

Five-day backward trajectories were generated by Hybrid Single-
particle Lagrangian Integrated Trajectory (HYSPLIT) model (http://
www.arl.noaa.gov/HYSPLIT.php). The applied meteorological data
were obtained from Gridded Meteorological Data Archives of Air
Resources Laboratory (ARL) (http://ready.arl.noaa.gov/archives.php).
All trajectories ending at the sampling site (2m above ground level)
were calculated at 2h intervals during the 24h sampling period.
Clustering trajectories of all samples showed that Xieyang Island was
under the influence of air masses from ICP and SC nearly 70% of the
year (Fig. 1).

2.6. Positive matrix factorization (PMF)

Details of PMF analysis were described in the Supplement. PMF has
been widely used in source apportionment of aerosols (Jaeckels et al.,
2007). Concentrations of species and corresponding uncertainties are
required for performing PMF model. Furthermore, considering that the
uncertainty plays a key role in application of PMF model, an appro-
priate level of uncertainty should be taken seriously. For the species
above MDLs, the uncertainties were calculated by square root of the
sum of squares of detection limits, and the products of detected con-
centrations and corresponding relative uncertainies of the compounds
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estimated from the analytical error (Choi et al., 2015; Qadir et al.,
2013). The values below MDLs were replaced by the half of detection
limits with uncertainties of 5/6 detection limits (Choi et al., 2015;
Hovorka et al., 2015). Missing data were approximated as the geo-
metric means of corresponding compounds and the uncertainties were
assigned to four times the geometric means (Choi et al., 2015; Polissar
et al., 1998; Shrivastava et al., 2007).

In order to get the source profiles of POM, EPA PMF 5.0 model was
applied. POM level was set as a total variable and was obtained from
organic carbon content by multiplying a factor of 1.8 (Turpin and Lim,
2001). The chemical species applied to PMF analysis including n-al-
kanes (Cy3—Css), steranes and hopanes, PAHs, n-fatty acids (C;0-Cso),
terephthalic acid, anhydrosugars, vanillin, vanillic acid, syringic acid,
oleic acid and sugar alcohols. For some species, the percentage of values
below detection limits peaked at 28%, and the missing data accounted
for up to 4%.

To physically find out the reasonable results and a model method
matched well with the data, 3 to 7 factors were tested. Considering Q
values, scaled residuals and source profiles, 5 factors were chosen to
interpret the source profiles. The key basis of choosing optimum factors
was interpretability, which was defined by how PMF apportioned
source-class-specific groups of molecular markers (Shrivastava et al.,
2007). A four-factor model was rejected as it set tracers of higher plant
wax and waste incineration into one group. A six-factor model was also
rejected because erythritol was taken out of the group of microbial
activities to form a separate factor without other chemical species’
support. A five-factor model was adopted as it had distinctive groupings
of chemical species and logical explanation of 85.7% of POM.

2.7. Potential source contribution function (PSCF)

Based on the HYSPLIT model, PSCF was widely applied to source
identification and appointment (Jain et al., 2017; Li et al., 2017; Zhang
et al., 2010) by dividing the potential source area into grid cells of i X j.
The ijth component of a PSCF field is defined as:

PSCF,'j = ﬂ
ij

Where PSCEFj is the possibility of air parcel loaded with species of
high concentrations originating from the ijth cell. n; represents the
number of trajectory endpoints fall in the ijth cell and m;; is the number
of air masses, from the same cell, loaded with species whose con-
centrations are greater than the corresponding criterion values.
Generally, PSCF; ranged from O to 1. And the higher the PSCF;; value is,
the greater possible the source region is. In this study, PSCF model was
performed to identify potential source regions of source profiles derived
from PMF analysis, and the threshold values were set as the 75th per-
centile of corresponding factors.

3. Results and discussion
3.1. Anhydrosugars

Levoglucosan, galactosan and mannosan are products of cellulose
pyrolysis (Simoneit et al., 1999). They have been used as molecular
markers of biomass burning aerosols in many studies (Fu et al., 2011;
Jiang et al., 2018; Simoneit et al., 1999). In the present study, mean
concentration of levoglucosan (20.54 = 35.86ngm™>) was higher
than those of galactosan (0.95 * 1.62 ngm_s) and mannosan
(1.59 + 2.71 ngm™3). Mean levoglucosan level in our study was sig-
nificantly higher than those observed in remote marine aerosols from
the Arctic and western North Pacific (Table 1) (Chen et al., 2013; Fu
et al., 2013; Kawamura et al., 2003). However, it was much lower than
those previously reported for aerosols from regions supposed to be
closer to biomass burning emission sources in ICP or SC, namely Sonla
in northern Vietnam and Guangzhou in SC (Table 1) (Nguyen et al.,
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Table 1
Comparison of molecular markers’ mean concentrations (unit: ng m~>) of our study with those reported for other regions.
Sampling region Period Levo n-alkanes HFAs LFAs References
Arctic Ocean* 2009.08 0.37 = 0.36 0.82 = 1.3 (C15—Cs4) 0.58 = 0.06 (C20—Cs2) 2.34 = 0.33 (Cg—Cyo) Fu et al. (2013)
Western North Pacific*  1990.04-1993.11 0.62 1.8 (C20—C3¢) 3.5 £ 2.3 (Cx0—Cs2) 10.4 + 8.2 (C12—Ci9) (Chen et al., 2013; Kawamura
2006.01-2010.01 0.54 - - - et al., 2003)
East China 2014.05-06 - 47.1 = 37.0 (C19—C36) 14.3.4 + 189 (C30—C3zz) 72.6 += 47.0 (Cg—Cyo) Kang et al. (2017)
Sea*
Hong Kong, winter 130 195 (C16—Css) 54.8 (Cy0—Csq) 169.6 (Co—Cy9) (Wang et al., 2006; Zhao et al.,
South China** 2003 2014)
summer 6.2 10 (C16—Css) 5.7 (C20—Cz4q) 170 (Co—Cy9)
2003
Guangzhou, winter 848 994 (C16—Css) 301.7 (C20—Cs4) 961.6 (Co—Cy9)
South China** 2003
summer 49 155 (C16—Css) 26.9 (Co0—Csa) 427.5 (Co—Ciq)
2003
2009.11-12 118 - 32.04 (C20—Cs2) 154 (C14—Ci0)
Sonla, 2013.02-04 1620 = 893 - - - Nguyen et al. (2016)
Northern
Vietnam**
Xieyang 2015.06-2016.05 20.54 + 35.86 37.82 * 40.25 81.69 + 101.47 39.07 = 37.00 our study
Island** (C23—Css) (C20—Cs0) (C10—C1s)

*data for total suspended particles;

**data for PM, 5; Levo: levoglucosan; HFAs: high molecular weight fatty acids; LFAs: low molecular weight fatty acids;

—: mean concentration of the sampling period was not given.

2016; Zhao et al., 2014). It was also slightly lower than mean le-
voglucosan level of aerosols from a background site on Hainan Island of
China (42 = 33ng m~%) (Zhang et al., 2012), which is also an island in
SCS as Xieyang Island but with much larger area (35,400 km?) and
population (9.25 millions).

Temporal variation of anhydrosugars could be resulted from dif-
ference of source regions and difference of biomass burning intensity of
the source regions in different periods. During June to September, open
biomass burning events were most intensive in China but much less
popular in ICP based on MODIS fire count data (Fig. S1). Air masses
arriving at our sampling site originated mostly from ICP and just oc-
casionally from China in this period (Fig. 2A). Thus, relatively low le-
vels of anhydrosugars were observed during June to September (Fig. 3).

Open biomass burning events in ICP started to increase since
December, then reached its maximum in March and April, and started to
decrease since May (Fig. S1). It was interesting that low levels of anhy-
drosugars were observed during April and May (Fig. 3), even though
open biomass burning events were very popular in ICP and 46% of air
masses back trajectories passed through ICP in this period (Fig. 2D).
Previous studies have proposed a transport mechanism of biomass
burning pollutants from ICP to East Asia involving uplift of the pollutants
and further transport by westerly winds at high altitudes (Lin et al., 2009,
2013). The pollutants at high altitudes could be monitored at locations
with high elevations, as reported for the Mountain Lulin site in Taiwan
(2862m ASL) (Lee et al., 2011). The pollutants also could reach low
elevations under strong downward wind conditions and be detected, as
reported for southern Taiwan and Hong Kong (Chan, 2017; Yen et al.,
2013). However, this case was not observed for the continuous aerosols
measurement at Dongsha Island in the SCS (Atwood et al., 2013). Low
anhydrosugars’ levels observed during April and May in our study was
likely due to uplift of biomass burning aerosols from ICP, as well as a lack
of strong downward wind to bring down the aerosols at high altitudes to
our sampling site at low elevation.

Elevated concentrations of anhydrosugars were observed at Xieyang
Island during October to early March (Fig. 3). In this period, SC was the
main source region of anhydrosugars, because air masses back trajec-
tories largely passed through SC (Fig. 2B and C). The MODIS fire count
data showed that open biomass burning events in China were moderate
in October, February and March, but very little from November to
January (Fig. S1). MODIS fire count data was not able to reflect indoor
biomass burning activities. High concentrations of anhydrosugars were
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still found from November to January, suggesting that indoor biofuel
combustion for domestic heating was popular in cold season. Anhy-
drosugars’ levels peaked in February, which seems attributed to both
open biomass burning and domestic biofuel combustion. Firstly, com-
paring with October, open biomass burning events in February were
more concentrated in SC (Fig. S1), which was closer to our sampling
site. Secondly, open biomass burning was more popular in February
than in November to January. Thirdly, domestic biofuel combustion
was probably still intensive in China until February, but less popular in
March due to the warmer weather.

Generally, the ratio of levoglucosan and mannosan (L/M) as well as
the ratio of mannosan and galactosan (M/G) can be used to distinguish
biomass burning aerosols from different types of biomass, since L/M
and M/G ratios do not change significantly with burning temperature
(Fabbri et al., 2009). In the present study, L/M and M/G ratios of
aerosols from burning of different types of biomass were compiled
based on results from previous studies on emission inventories (Bari
et al., 2009; Engling et al., 2006, 2009; Fine et al., 2001, 2002; Oros
et al., 2006; Schmidl et al., 2008; Sullivan et al., 2008). L/M and M/G
ratios were calculated for individual aerosol samples, whose corre-
sponding air mass back trajectories mainly originated from SC or ICP
(Fig. 4). The results showed that burning of all types of biomass
(namely softwoods, hardwoods and herbaceous plant) was common in
ICP, whereas burning of softwoods was not frequent in SC (Fig. 4).

3.2. Steranes and hopanes

Steranes and hopanes exist in coal and crude oil (Oros and Simoneit,
2000; Rogge et al., 1993). It was found that motor vehicles dominated
contributions of steranes and hopanes in atmosphere in urban areas, so
these compounds have been used as molecular markers of vehicle
emissions (Hildemann et al., 1991; Schauer et al., 1999). Steranes and
hopanes are present in fuel and lubricating oil, and released by both
gasoline-powered and diesel-powered motor vehicles (Kleeman et al.,
2008; Schauer et al., 1999). Concentration ratios of hopanes to steranes
(Rp/s) can be used to show difference of source types (Feng et al., 2007).
In the present study, Ry, fell within a narrow range from 0.13 to 0.27
(0.20 *= 0.03) in the whole sampling year, which suggested that there
was little temporal variation of source types of steranes and hopanes.

Levels of steranes and hopanes were found to be obviously higher
for samples mainly influenced by air masses from SCS (Fig. 5). This
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Fig. 2. Back trajectories in June to September 2015 (A), October 2015 (B), November 2015 to early March 2016 (C) and April to May 2016 (D).

showed a marine source of steranes and hopanes. Shipping emissions
have been recognized to be an important source of atmospheric fine
particle pollution in recent years (Zhang et al., 2017). The SCS is host to
some of the world's busiest international sea lanes. The Pearl River
Delta in SC is home to three of ten busiest ports in the world. Besides
international sailing vessels, fishing boats are also a main contributor of
shipping emissions in China, especially in its southern coastal areas
(Zhang et al., 2017, 2018). Ships are typically equipped with diesel-
powered engines, which are known for their high emissions of carbo-
naceous aerosols (Eichler et al., 2017). Lubricating oil used for the ships
is also a major constituent of ship exhaust particles (Eichler et al.,
2017). In our study, shipping emissions were likely the main source of
steranes and hopanes for samples mainly influenced by air masses from
SCS, so Ry /s of these samples represented a petroleum signature (e.g.
diesel and lubricating oil) but not coal. Since narrow range of Ry, s has
been observed for all samples, continental outflow of steranes and ho-
panes from ICP and SC was likely attributed to petroleum sources too.

3.3. PAHs

PAHs in ambient aerosols are derived from petrogenic sources or
incomplete combustion of biomass and fossil fuels (Tobiszewski and
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Namiesnik, 2012). Concentrations of PAHs in our study ranged from
0.12 to 12.26 ngm ™ >. The mean concentration (1.74 + 1.91ngm %)
was similar as levels of PAHs in aerosols collected from SCS during a
cruise in 2007 (~1-3 ngm’?’) (Liu et al., 2014). Diagnostic ratios of
PAHs were used in previous studies to differentiate source types re-
leasing PAHs (Table 2) (Leung et al., 2014; Tobiszewski and Namiesnik,
2012). The ratios of BaA/(BaA + Chr), IcdP/(IcdP + BghiPe) and Flua/
(Flua + Pyr) showed that petrogenic sources contributed insignif-
icantly to PAHs in our study (Table 2). The BaA/(BaA + Chr) values
indicated coal combustion sources. However, the IcdP/(IcdP + BghiPe)
and Flua/(Flua + Pyr) values were close to the cutoff values of pet-
roleum combustion sources and grass, wood and coal combustion
sources. So significance of these sources’ contributions cannot be fur-
ther estimated by diagnostic ratios.

There was a very significant correlation between levels of PAHs and
anhydrosugars (r = ~0.8, p < 0.01, Table 3), but it could not reach a
conclusion that biomass burning was an important source of PAHs.
Anhydrosugars' levels also significantly correlated with those of ter-
ephthalic acid, which is a molecular marker of plastics combustion
(r=~0.8, p < 0.01). Actually, levels of many molecular markers
were significantly correlated with each other, including n-alkanes, high
molecular weight n-fatty acids, PAHs, terephthalic acid and
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Fig. 3. Temporal variations of molecular markers' concentrations (y-axis). HFAs: high molecular weight n-fatty acids; LFAs: low molecular weight n-fatty acids.

anhydrosugars (r = 0.6, p < 0.01, Table 3). These good correlations
indicated co-emissions of these chemicals from similar source regions,
but they might be from different source types. Weak correlation was
observed for PAHs' levels and levels of steranes and hopanes (Table 3).
PAHs’ levels were higher for aerosol samples mainly influenced by air
masses from SC and ICP (Fig. 5). This case was different from that of
steranes and hopanes, as mentioned in Section 3.2. Thus, PAHs of our
sampling site were contributed more by continental outflow compared
to shipping emissions.

3.4. n-Alkanes

n-Alkanes (C3—C3s) in aerosols are emitted from terrestrial higher
plant waxes and incomplete combustion of fossil fuels. Average level of
n-alkanes in our study was lower than those reported for two coastal
cities (i.e. Guangzhou and Hong Kong) in SC (Table 1) (Wang et al.,
2006; Zhao et al., 2014), but was higher than that found in the western
North Pacific and comparable to that of East China Sea (Table 1) (Chen
et al., 2013; Kang et al., 2017). Carbon preference index (CPI) is the
ratio between concentrations of odd and even carbon number n-al-
kanes. CPI can be used to distinguish source types of n-alkanes. CPI
values are about 5-10 for n-alkanes from terrestrial higher plant waxes,
but are close to unity for n-alkanes from incomplete combustion of
fossil fuels (Fu et al., 2011; Kawamura et al., 2003). Mean CPI value
was 1.83 = 0.63 in our study, excluding an outlier (9.08). The mole-
cular distributions of n-alkanes peaked at C,;. Generally, lower mole-
cular weight n-alkanes (Cp0-Co¢) are derived from incomplete com-
bustion of fossil fuels, while higher molecular weight n-alkanes (= C,;)
are derived from higher plant waxes (Fu et al., 2011; Kawamura et al.,
2003). It suggested that n-alkanes in aerosols of Xieyang Island were
from both terrestrial higher plant waxes and incomplete combustion of
fossil fuel, but the latter was dominant.

As we mentioned in Section 3.3, PAHs were more likely from con-
tinental outflow, while steranes and hopanes were partly contributed
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by shipping emissions. There was a good correlation between levels of
n-alkanes and PAHs (r = 0.62, p < 0.01). Significant correlation was
also observed for levels of n-alkanes and steranes and hopanes
(r = 0.44,p < 0.01). It seems emissions from both continental outflow
and shipping deserved attention for n-alkanes. As shown in Fig. 5, mean
concentration of n-alkanes for samples influenced by air masses from
SCS were lower than that for samples influenced by air masses from SC,
but was still higher than that for samples influenced by air masses from
ICP.

There was a clear increasing trend of CPI values (namely con-
tribution of higher plant waxes emissions to n-alkanes) from November
to May, and a clear decreasing trend from June to September (Fig. 6).
There was little difference among CPI values of aerosol samples influ-
enced by air masses from ICP (2.02 = 0.70), SCS (1.97 + 0.83) and
SC (1.64 = 0.39). It meant that contributions of terrestrial higher plant
waxes emissions were independent of source regions. The emissions
probably were closely linked with climate parameters like temperature,
which affected plant growing activities.

3.5. n-Fatty acids

High and low molecular weight n-fatty acids (HFAs and LFAs) in
ambient aerosols are released from different source types. HFAs are
from terrestrial higher plant waxes (Medeiros et al., 2006; Simoneit,
1977). LFAs are derived from anthropogenic activities (e.g., fossil fuel
combustion, biomass burning and cooking) and biogenic (e.g., micro-
organism and marine plankton) emissions (Fine et al., 2001; Kawamura
et al., 2003; Rogge et al., 1993; Rogge et al., 1991; Zhao et al., 2007a,
b). Mean concentration of HFAs (Cy-C3¢) in our study
(81.69 = 101.47ngm™>) was higher than those for aerosols in the
Arctic and Pacific Oceans, as well as the East China Sea (Table 1). As
mentioned in Section 3.4, the contribution of terrestrial higher plant
waxes emissions to n-alkanes enhanced in warm periods. However,
HFAs’ levels did not increase in warm periods. It might be because
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biomass burning also contributed to HFAs.

Mean concentration of LFAs (Cy9-Cig) in our study
(39.07 + 37.00ngm~3) was also higher than those for the Arctic and
Pacific Oceans (Chen et al., 2013; Fu et al., 2013), but lower than that
for the East China Sea (Kang et al., 2017). The latter is adjacent to
eastern China, where population was huge and anthropogenic emis-
sions were intensive. Although there could be marine sources of LFAs,
LFAs’ levels were lower for samples mainly influenced by air masses
from SCS (Fig. 5).

3.6. Sugar alcohols

The sugar alcohols (mannitol, arabitol and erythritol) are mainly
released by biogenic sources like fungi, bacteria, marine plankton and
lower plants (Bauer et al., 2008; Burshtein et al., 2011; Gosselin et al.,
2016). In the present study, mannitol and arabitol (12.26 + 15.05 and
8.67 + 10.70ngm ™ >, respectively) were more abundant than ery-
thritol (6.68 = 7.26 ng m ™), similar as results of two remote islands
(Okinawa and Chichijima Islands) in western North Pacific (Chen et al.,
2013; Verma et al., 2018; Zhu et al., 2015). Sugar alcohols showed
weak correlation with other molecular markers obviously contributed
by continental outflow (i.e. PAHs, terephthalic acid and anhydrosugars,
Table 3). They show distinctive temporal variations with high levels in
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spring and summer (March to July) and low levels in fall and winter
(August to December, Fig. 3). There were high levels of sugar alcohols
in summer in Okinawa and Chichijima Islands too (Chen et al., 2013;
Verma et al., 2018; Zhu et al., 2015), indicating that abundance of
sugar alcohols was affected by growing activities of organisms releasing
these compounds.

Levels of arabitol were well correlated with those of mannitol
(r=0.65, p < 0.01) and erythritol (r = 0.71, p < 0.01), whereas
correlation between levels of mannitol and erythritol was less sig-
nificant (r = 0.41, p < 0.01). Significant correlations among these
sugar alcohols were also reported for aerosols from Okinawa and
Chichijima Islands, as well as global oceans (Chen et al., 2013; Fu et al.,
2011; Verma et al., 2018; Zhu et al., 2015), but correlations between
erythritol and mannitol (or arabitol) were occasionally less significant
too (Chen et al., 2013; Verma et al., 2018). It meant that co-emissions of
mannitol and arabitol always took place, while source types and/or
regions sometimes might be more different for erythritol. In our study,
levels of mannitol were higher for samples influenced by air masses
from SCS, indicating contribution of marine sources (Fig. 5). Levels of
erythritol were lower for samples influenced by air masses from SC, but
comparable for samples influenced by air masses from SCS and ICP.

3.7. Source apportionment of POM

Five factors were resolved by PMF (Fig. 7). Factor 1 was dominated
by terephthalic acid, which is commonly released by burning of plastic
materials (Kawamura and Pavuluri, 2010). Contributions of vanillic
acid, syringic acid, vanillin and PAHs were also significant in factor 1.
Vanillic acid, syringic acid and vanillin can be derived from pyrolysis of
lignin (Simoneit, 2002). PAHs are mainly produced by incomplete
combustion of organic materials (Tobiszewski and Namiesnik, 2012).
Thus, factor 1 should be associated with open burning of municipal
waste, involving burning of plastic materials and plants. Open burning
of municipal waste has been reported to be common in Southeastern
Asia and rural areas of China (Kawamura and Pavuluri, 2010; Zhang
et al., 2011). Factor 2 was characterized by n-alkanes, steranes and
hopanes. Loadings of PAHs and LFAs were also high in factor 2. All
these markers can be emitted by fossil fuel combustion (Fu et al., 2011;
Kawamura et al., 2003). There could be other source types for n-al-
kanes, PAHs and LFAs, but steranes and hopanes are specific tracers of
fossil sources (Oros and Simoneit, 2000; Rogge et al., 1993). Thus,
factor 2 should be associated with fossil fuel combustion.

Factors 3 was characterized by mannitol, arabitol and erythritol,
which are tracers of emissions from fungi, bacteria, marine plankton
and lower plants (Bauer et al., 2008; Burshtein et al., 2011; Gosselin
et al., 2016). Oleic acid also significantly contributed to factor 3, and it
is derived from emissions of terrestrial plants and marine plankton (Fu
et al., 2013). Factor 3 should be associated with microorganism and
lower plant emissions. Factor 4 was dominated by HFAs, which re-
presents higher plant emissions (Medeiros et al., 2006; Simoneit, 1977).
LFAs was the second highest component of factor 3, followed by n-
alkanes. LFAs and n-alkanes can be released by various biogenic sources
and higher plants, respectively (Fine et al., 2001; Kawamura et al.,
2003; Rogge et al., 1993; Rogge et al., 1991; Zhao et al., 2007a, b). So
factor 4 should be associated with higher plant emissions. Factor 5 was
clearly associated with biomass burning, with high loadings of typical
biomass burning tracers (galactosan, mannosan and levoglucosan)
(Simoneit et al., 1999), tracers of lignin pyrolysis (i.e. vanillic acid,
syringic acid and vanillin) (Simoneit, 2002), and tracers of incomplete
combustion of organic materials (i.e. PAHs) (Tobiszewski and
Namiesnik, 2012).

So five types of POM source have been identified, and their con-
tributions have been apportioned to be 13.21% for open burning of
municipal waste (factor 1), 17.56% for fossil fuel combustion (factor 2),
27.04% for microorganism and lower plant emissions (factor 3),
30.71% for higher plant emissions (factor 4), and 11.47% for biomass
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Fig. 5. Average molecular levels of aerosol samples influenced by air masses originaed from ICP, SCS, SC and multiple source regions (Mix).

burning (factor 5). It meant that contributions of natural (or biogenic)
sources (factor 3 and 4) to POM were comparable with those of an-
thropogenic sources (factor 1, 2 and 5). Natural (or biogenic) sources
have been reported to be significant for aerosols of islands and marine
aerosols in previous studies too (Zhang et al., 2014). There was a year-
round monitoring study on carbonaceous aerosols carried out recently
at a background site of Hainan Island in SCS. Biogenic sources con-
tributed to carbonaceous aerosols comparably to fossil sources or bio-
mass burning based on radiocarbon analysis (Zhang et al., 2014). In a
study of global marine aerosols, marine natural emissions contributed
4-14% to organic aerosols in coastal regions, and higher (22-33%) in
North Pacific and North Atlantic (Fu et al., 2011).

It deserves our attention that continental outflow of biomass
burning aerosols might be underestimated in our study. As mentioned
in Section 3.1, lower levels of anhydrosugars found in April and May
were likely due to a transport mechanism proposed in previous studies
involving uplift and high-altitude transport of biomass burning aerosols
from ICP to East Asia (Lin et al., 2009, 2013). These aerosols trans-
ported at high altitudes were overlooked for the near-ground sampling

Table 2

at Xieyang Island in our study. Sampling at high elevations or sampling
of wet deposition would be helpful for a better understanding of out-
flow of biomass burning aerosols from ICP.

In our study, microorganism and lower plant emissions con-
centrated in spring and summer, while other sources mostly took place
in fall and winter (Fig. 8). Seasonality of microorganism and lower
plant emissions seems consistent with growing activities of related or-
ganisms in different seasons. PSCF results showed that SCS and ICP
were the main source regions of microorganism and lower plant emis-
sions (Fig. 9). SC was the main source region of aerosols produced by
open burning of municipal waste, biomass burning and higher plant
emissions. Northern ICP also contributed a significant part of aerosols
released by biomass burning and open burning of municipal waste.
Source regions of fossil fuel combustion distributed not only in SC and
northern ICP, but also in SCS. Marine sources of fossil fuel burning
aerosols were attributed to shipping emissions. As discussed in Section
3.2, steranes and hopanes (fossil source tracers) were found to be ob-
viously higher for samples mainly influenced by air masses from SCS,
suggesting shipping emissions.

PAHs diagnostic ratios of emission sources and ambient aerosol of our sampling site and other sampling sites in South China.

BaA/(BaA + Chr) IcdP/(IcdP + BghiPe) BaP/BghiPe Flua/(Flua + Pyr)
Coal combustion 0.2-0.35" - -
Vehicular emissions > 0.35" - -
Petrogenic <0.2" <0.2" - < 0.4¢
Combustion >0.35" - -
Petroleum combustion - 0.2-0.5" - -
Grass, wood and coal combustion - > 0.5" - > 0.5¢
Non-traffic emissions - < 0.6° -
Traffic emissions - > 0.6° -
Fossil fuel combustion - - 0.4-0.5¢
Xieyang Island (our study) 0.34 = 0.07 0.51 = 0.01 0.34 = 0.17 0.52 = 0.02

Note: Diagnostic ratios used for emission sources were compiled in (Tobiszewski and Namiesnik, 2012).

—: no data.
2 (Akyiiz and Hasan, 2010).
b (Yunker et al., 2002).
¢ (Katsoyiannis et al., 2007).
d (De La Torre-Roche et al., 2009).
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Table 3
Pearson correlations (r values) between levels of molecular markers.
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Steranesand hopanes n-alkanes PAHs LFAs HFAs Terephthalic galactosan mannosan levoglucosan mannitol arabitol

acid

n-alkanes 0.44

PAHs 0.11 0.62

LFAs —-0.05 0.27 0.22

HFAs 0.15 0.74 0.71 0.36

terephthalic 0.14 0.67 0.77 0.39 0.87

acid

galactosan 0.14 0.67 0.83 0.30 0.84 0.87

mannosan 0.16 0.64 0.83 0.32 0.82 0.85 0.98

levoglucosan 0.06 0.60 0.80 0.37 0.81 0.85 0.96 0.94

mannitol 0.50 0.16 -0.18 -0.18 —0.05 —-0.15 -0.10 —-0.09 —0.24

arabitol 0.09 -0.10 —-0.20 —-0.20 —-0.14 -0.17 -0.15 -0.16 —0.29 0.65

erythritol 0.02 —-0.29 —0.26 -0.27 —0.24 -0.22 —0.24 —0.24 -0.33 0.41 0.71

Note: bold numbers underlined show r values with p < 0.01.

CPI
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HFAs: high molecular weight fatty acids; LFAs: low molecular weight fatty acids;

2015

5 - .
P T & % B
& & S
X Ny Y > > &
SO GO O .},0" & ¥ W
W g VR

> 2016

Fig. 6. Temporal variations of CPI values of n-alkanes.

Factor Profiles (percent of species sum, %)

4. Conclusion

One-year sampling of atmospheric fine particle (PM, s) was carried
out at Xieyang Island in the northern South China Sea (SCS), an outflow
region of aerosols from Indo-China Peninsular (ICP) and South China
(SC). We investigated levels, sources and temporal variations of mole-
cular markers like anhydrosugars, steranes, hopanes, PAHs, n-alkanes,
n-fatty acids, sugar alcohols and so on. PMF and PSCF analysis were
used to identified source types and regions of aerosol primary organic
matter (POM), respectively. There were five source types contributed to
aerosol POV, including open burning of municipal waste (13.21%),
fossil fuel combustion (17.56%), higher plant emissions (30.71%), mi-
croorganism and lower plant emissions (27.04%) and biomass burning
(11.47%). It meant contributions of anthropogenic and natural (or
biogenic) sources were similar.
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Contributions of microorganism and lower plant emissions mainly
took place in spring and summer with SCS and ICP to be the main
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burning of municipal waste, fossil fuel combustion and biomass burning
were partly contributed by northern ICP too. Besides continental out-
flow, there were significant marine sources of fossil fuel combustion
(likely shipping emissions) as well as microorganism and lower plant
emissions. It was revealed by the PSCF analysis results and also higher
levels of steranes and hopanes (fossil sources tracers) and mannitol (a
tracer of microorganism and lower plant emissions) for aerosol samples
basically influenced by air masses originated from SCS.

It deserves our attention that continental outflow of biomass
burning aerosols might be underestimated in our study. Lower levels of
anhydrosugars were found in April and May, when biomass burning
events in ICP were most intensive and half of air masses back trajec-
tories of our sampling site passed through ICP. This result was likely
due to a transport mechanism proposed in previous studies involving
uplift and high-altitude transport of biomass burning aerosols from ICP
to East Asia (Lin et al., 2009, 2013). These aerosols transported at high
altitudes were overlooked for the near-ground sampling at Xieyang Is-
land. Sampling at high elevations or sampling of wet deposition would
be helpful for a better understanding of outflow of biomass burning
aerosols from ICP.
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