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A B S T R A C T

To investigate chemical characteristics and sources of humic-like substances (HULIS) in the background region
of Southwest China, daily PM2.5 samples were collected on Weizhou Island from 14 March 2015 to 14 April
2015. Water soluble inorganic ions, organic carbon (OC), elemental carbon (EC), water-soluble organic carbon
(WSOC), HULIS, oxalate, levoglucosan and mannosan were analyzed. Average concentration of PM2.5 was
32.5 ± 12.6 μg/m3 with SO4

2−, OC and NH4
+ as the three most abundant components. Average concentration

of HULIS was 5.00 ± 2.21 μg/m3 with daily values ranged from 1.46 to 10.36μg/m3. The carbon content of
HULIS (HULIS-C) contributed 35.6% ± 7.2% of OC and 76.8% ± 12.9% of WSOC, indicating HULIS-C as one
of the most important species in OC and WSOC in this region. The concentration of HULIS correlated well with
those of non-sea salt (nss) K+, levoglucosan, oxalate, OC, EC, WSOC, SOC and WSOC/OC, suggesting dominant
source factors from both biomass burning and secondary aerosol formation. Contributions from crust and sea salt
source factors to HULIS were minimal as indicated by its poor correlation with nss-Ca2+, Mg2+ and Na+.
Research flight observations showed increasing biomass-burning indicators with increasing altitude, likely due
to aerosols produced from biomass burning in Southeast Asia, which were then uplifted by deep convection to
the middle troposphere and transported to this area. This hypothesis was supported by negative correlations
between HULIS and sea level pressure when high-altitude air masses were transported from the Southeast Asian.
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Air mass backward trajectory analysis suggested Southeast Asian as the dominant source region for HULIS on
Weizhou Island.

1. Introduction

Humic-like substances (HULIS) contain several functional groups
such as hydroxyl, carbonyl, nitrate, and nitroxy organosulfate chemi-
cals (Reemtsma et al., 2006; Altieri et al., 2009; Mazzoleni et al., 2010).
They are major components of water soluble organic carbon (WSOC)
(Kiss et al., 2002; Feczko et al., 2007) and can be found in atmospheric
particles, fumes, clouds and precipitation. They have strong water so-
lubility and surface activity and impact significantly on human health,
natural environment, climate, and ecology (Facchini et al., 2000; Kiss
et al., 2005; Lin and Yu, 2011). For example, they can influence the
formation of cloud condensation nuclei and ice nuclei (Dinar et al.,
2006), the hygroscopic growth of aerosols, and atmospheric chemistry
processes (Gysel et al., 2004).

HULIS are released directly from biomass and residual oil combus-
tion and can also be formed by secondary reaction (Kuang et al., 2015;
Tan et al., 2016b). Low efficiency residual oil combustion releases high
contents of HULIS such as from ship emission, while high efficiency
combustion releases little HULIS such as from traffic vehicles. Coal
combustion at low temperature could also be a source of HULIS (Tan
et al., 2016b). Secondary aerosol formation processes producing HULIS
including aqueous-phase oxidation and heterogeneous reactions have
been demonstrated in laboratory or smog chamber studies (Hoffer
et al., 2004; Holmes and Petrucci, 2006; Surratt et al., 2008). One class
of HULIS, Organosulfates, has been found to be formed in sulfation
processes involving heterogeneous reactions between oxidation pro-
ducts of biogenic volatile organic compounds and sulfate aerosols in
chamber and field studies (Surratt et al., 2008; Lin et al., 2012).

Many studies of atmospheric HULIS in China have focused on urban
areas (Kuang et al., 2015; Tan et al., 2016b), and little is known about
their pollution levels, sources, and physicochemical characteristic in
regional background areas. The present study aims to fill this gap by
selecting a remote site, Weizhou Island, in southwest China to measure
HULIS and other important chemical components in PM2.5. Field cam-
paign was conducted during the monsoon season, corresponding to the

biomass burning periods in Southeast Asia, knowing that air pollution
has been rising in this region due to recent economic development and
long range transport could bring pollutants to this remote site. Che-
mically-resolved PM2.5 data are analyzed in detail with a focus on
characterizing HULIS' pollution levels, sources and formation mechan-
isms.

2. Experimental

2.1. Sampling site

Weizhou Island is situated in the middle of the north bay in the
Guangxi Autonomous Region, and is located in the fringe zone of South
China, Southwest China, and Southeastern Asian Economic Circles. The
sampling site (21°02′N, 109°06′E) is located in the southernmost of the
Weizhou Island, surrounded 270° by the sea. The sampling apparatus is
about 15m above the ground. Few industrial activities exist on the is-
land, making it an ideal place for atmospheric background study. It is,
however, on the transport route of pollutants from South Asia to inland
China, so the site can be used for observing the influence of the regional
and long-range transport of polluted air masses.

Daily (23-h starting at 8 a.m.) samples of PM2.5 were collected with
a high volume air sampler (Graseby-Andersen, GMW High Volume Air
Sampler) at a flow rate of 1.13m3/min. A total of 31 samples were
collected from 14 March 2015 to 14 April 2015 (The sample was not
collected on 16 March 2015 due to the instrumental fault). Before
sampling, What-man quartz fiber filters (20.3×25.4 cm) were pre-
fired at 500 °C for 4 h to remove organic species. Once sampled, the
loaded filters were stored at −20 °C in a refrigerator before chemical
analysis.

At the same time, gaseous pollutants and particulate matter were
also monitored. The gas analyzers were installed in an air-conditioned
mobile laboratory (Fig. 1). Teflon pipelines were used as sampling in-
lets to reduce the reactivity with monitoring species. Ozone (O3) was
measured by a Thermo 49i analyzer using the ultraviolet (UV)

Fig. 1. The sampling location (Weizhou Island) and instruments.
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photometric method. Carbon monoxide (CO) was measured by a
Thermo, 48i analyzer with the non-dispersive infrared method. Nitric
oxide (NO) and Nitrogen dioxide (NO2) were measured by a Thermo,
42CTL using the chemiluminescence method. Thermo 43CTL was uti-
lized to measure Sulfur dioxide (SO2) based on the pulsed UV fluores-
cence method. PM1.0, PM2.5 and PM10 were measured by Thermo
Model 5030 and FH62-C14 with the β-ray absorption method. Me-
teorological data shown in Fig. 2 were obtained from the Weizhou Is-
land Meteorological Bureau Station.

2.2. Chemical analyses

2.2.1. WSOC and other major aerosol compounds
Water soluble species were isolated from PM2.5 samples with ul-

trasonication; among these, WSOC was measured with a total organic
carbon Analyzer (TOC) equipped with a non-dispersive infrared (NDIR)
detector (Analyticjena AG multi N/C 3100, Germany) (Xiang et al.,
2017) while water soluble inorganic ions were quantified using an ion
chromatography (Dionex ICS 900 and 1100). OC and EC were de-
termined using a DRI Thermal/Optical Carbon analyzer based on a
thermal/optical reflectance (TOR) method. The concentrations of le-
voglucosan and mannosan were quantified by high-performance anion-
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) on a separate Dionex ion chromatography system (DX-
500, Dionex). Detailed description of the measurement methods and
quality control procedures can be found in Cheng et al. (2009) for OC/
EC, Tan et al. (2009, 2014, 2016a) for water soluble inorganic ions, and
Kuang et al. (2015) for anhydrosugars.

2.2.2. Isolation and detection of HULIS
The isolation of HULIS was performed by a one-step SPE extraction

method, which was applied by previous studies (Kiss et al., 2005; Lin
et al., 2010b; Fan et al., 2016). Briefly, four pieces of the filter samples
(d= 2 cm) were ultrasonically extracted with Milli-Q water (18.2MΩ)
in an ultrasonic bath for 10min and the entire procedure was repeated
twice. The extracts were filtered with polytetrafluoroethylene (PTFE)
membranes (0.22 μm) to remove suspended insoluble particle and filter
debris. The pH value of the extracts was acidified to 2 with HCl before it
was loaded on a SPE cartridge, and introduced into a preconditioned
SPE cartridge (Oasis HLB, 30 μm, 60 mg/cartridge, Waters, USA). Low
molecular weight soluble species passed through the SPE cartridge and
appeared in the effluent, while the HULIS fraction was retained on the
SPE cartridge. Finally, the retained fractions were eluted with 1mL

methanol containing 2% (w/w) ammonia. The HULIS eluate was eva-
porated to dryness under a gentle stream of nitrogen gas and re-dis-
solved in 10mL water and then analyzed by an ELSD (Model 3300,
Alltech, USA).

Various techniques are available for quantifying HULIS, as recently
reviewed in Graber and Rudich (2006) and Zheng et al. (2013). ESLD
has been proved to be reliable in quantifying HULIS (Zheng et al., 2013)
and was adapted in the present study. The HPLC injector port and ELSD
detector were connected with a PEEK tube (polyaryletheretherketone,
1.5 m and 0.127mm) for a stable baseline. HPLC was operated with
20% acetonitrile (HPLC grade) and 80% Milli-Q water mobile phase at
a flow rate of 0.6mLmin−1. NAFA (Nordic Aqueous Fulvic Acid), SRFA
(Suwannee River Fulvic Acid), and sucrose were used to establish a
calibration curve for the analyzer. Subsequently, the standard solutions
of SRFA at concentrations of 0, 10, 25, 50, 100 and 250 ng/μL were
used to calibrate the instrument. Detection limit of HULIS was defined
as 3 times the signal-to-noise ratio plus the average blank value, and
was estimated to be 7 ng/μL in this study. The determination method
uncertainty of the HULIS was determined to be less than 10%. Field,
method and spiked blanks (standards spiked into solvent) were per-
formed every 10 samples to verify the reliability of the sampling pro-
cedure and analysis procedure.

2.2.3. The calculation of non-sea salt water soluble inorganic ions and SOC
Sea salt inorganic ions were first estimated based on Na+-tracer

method and were then subtracted from the total to get non-sea salt ions:

Sea salt-X (ss-X)= a ∗ Na;

non-sea salt-X (nss-X)=X-a ∗ Na;

where X represents the mass concentrations of SO4
2−, K+ or Ca2+, and

a is the typical conversion factor relative to Na+, having a value of
0.0252 for SO4

2−, 0.037 for K+ and 0.0385 for Ca2+ based on average
seawater mass compositions (Balasubramanian et al., 2003; Jusino-
Atresino et al., 2016).

Secondary organic carbon (SOC) was calculated using EC as the
tracer (Castro et al., 1999):

SOC = OC – (OC/EC)pri*EC

Where (OC/EC)pri is estimated using a subset of samples with the
lowest OC/EC ratios. In this study, the ratios of OC/EC all exceeded 3.0,
Castro et al. (1999) suggesting that SOC began to form when the ratio of
OC/EC was more than 2. Thus, the value of 2.0 was selected for (OC/

Fig. 2. The time series of meteorological factors.
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EC)pri. This value has also been used to assess SOC in many background
regions such as the Qinghai-Xizang (Tibet) Plateau (Xu et al., 2015) and
Mount Tai (Wang et al., 2012).

2.2.4. Back trajectory calculation
Air mass backward trajectory analysis was conducted to explore the

geographical distributions of potential sources for HULIS observed on
Weizhou Island. 72-h backward air mass trajectories arriving at the
sampling site 500m above the ground, which were considered to be
able to capture the transport of airborne particles from distant sources,
were generated using the HYSPLIT model (Draxler and Rolph, 2003).
All trajectories were classified into four clusters (Fig. 5), representing
air masses arriving at the site from northeast, east, south, and southwest
directions, respectively. The frequencies of the Clusters 1–4 were
19.4%, 25.8%, 9.7%, and 45.2%, respectively. The concentrations of
HULIS and other chemical species associated with each Cluster are
shown in Table 1.

3. Results and discussion

3.1. Chemical composition of PM2.5

PM2.5 and its chemical components measured on Weizhou Island are
shown in Fig. 3 and Table 1. Monthly average (± standard deviation)
PM2.5 was 32.5 ± 12.6 μg/m3 with daily values ranging from 14.8 to
64.9 μg/m3. The sum of OC, EC and water soluble inorganic ions
(SO4

2−, NO3
−, NH4

+, Cl−, Na+, K+, Ca2+ and Mg2+) accounted for
78.9% of PM2.5. Sulfate, Nitrate and Ammonium (SNA) accounted for
89.9 ± 5.0% of water soluble inorganic ions and 43.7 ± 8.4% of
PM2.5, and SOC accounted for 52.5 ± 10.9% of OC and 12.7 ± 5.7%
of PM2.5, indicating that secondary inorganic and organic aerosols were
the major portions of PM2.5. The three most abundant chemical com-
ponents in PM2.5 were SO4

2−, OC and NH4
+, accounting for 26.4%,

23.6% and 10.1% of PM2.5, respectively.
PM2.5 measured on Weizhou Island was much lower than those

observed in the major cities in China (Fan et al., 2016; Tan et al.,
2016b; Zhao et al., 2016), also lower than that at a marine background
site on Tuoji Island (Zhang et al., 2016) in China, but higher than those
observed at the background/rural sites in Europe and America, such as
a rural site in the UK (10.5 μg/m3) (Harrison and Yin, 2010) and a

central Mediterranean coastal site (13.9 μg/m3) (Glavas et al., 2008).
WSOC on Weizhou Island was similar to those in urban areas in China,
while OC was much lower. The ratio WSOC/OC was usually used as an
indicator of the formation of secondary organic aerosol (SOA) (Zhang
et al., 2007; Aggarwal and Kawamura, 2009). The WSOC/OC ratio on
Weizhou Island was 46.8% ± 13.4%, higher than those at the urban
sites of China, such as Beijing (27.8%) (Xiang et al., 2017) and
Guanzhou (28.3%) (Huang et al., 2012), and lower than those at the
background sites of Europe, such as Aveiro (54.0%), Puy de Dome
(73.3%) and Schauinsland (78.0%) (Feczko et al., 2007). Thus, the
degree of aerosol aging was more severe in Weizhou Island during
sampling, compared to those observed in urban cities.

3.2. The level of HULIS

As shown in Table 1 and Fig. 3, monthly average HULIS was
5.00 ± 2.21μg/m3 with daily values ranging from 1.46 to 10.36μg/m3.
The carbon fraction of HULIS, referred to as HULIS-C, accounted for a
significant portion (9–72%) of WSOC (Kiss et al., 2002; Feczko et al.,
2007). Concentrations of HULIS-C can be estimated from those of
HULIS by dividing a conversion factor. For HULIS isolated by SPE
method, the conversion factor ranged from 1.8 to 2.3, with 1.81 for
urban HULIS (Salma et al., 2007), 1.93 for rural aerosol (Kiss et al.,
2002), 1.94 for a rural site during a harvest season (Lin et al., 2010b),
2.04 for biomass burning (Salma et al., 2010), and 1.89–2.28 in
Guangzhou (Song et al., 2012). Weizhou Island is a remote site, and
thus 1.9 was used for a conversion factor of HULIS/HULIS-C in this
study. Monthly average HULIS-C on Weizhou Island was
2.63 ± 1.16 μg/m3 with daily values ranged from 0.77 to 5.45 μg/m3.
The ratios of HULIS-C/OC and HULIS-C/WSOC were 35.6% ± 7.2%
and 76.8% ± 12.9%, respectively, indicating HULIS-C as the most
important components of WSOC and as the important components of
OC in this area.

The concentrations of HULIS on Weizhou Island were at similar
levels to several urban sites in China such as in Guangzhou
(4.6 ± 3.2 μg/m3), Shanghai (4.96 μg/m3) and Lanzhou
(4.69 ± 3.27 μg/m3) (Fan et al., 2016; Tao et al., 2016; Zhao et al.,
2016), but was lower than the those in total suspended particles (TSP)
at an urban site of Wushan in Guangdong province (5.8–13.4 μg/m3)
(Song et al., 2012). However, HULIS levels on Weizhou island were

Table 1
The chemical composition of PM2.5 on Weizhou Island (μg/m3).

Species Mean ± std Range #Cluster 1 #Cluster 2 #Cluster 3 #Cluster 4

PM2.5 32.5 ± 12.6 14.8–64.9 43.3 ± 9.0 35.2 ± 9.9 35.3 ± 26.2 25.6 ± 8.0
HULIS 5.00 ± 2.21 1.46–10.36 5.73 ± 1.69 4.53 ± 1.54 6.77 ± 3.77 4.58 ± 2.32
OC 7.20 ± 2.35 3.28–11.79 8.19 ± 1.70 6.62 ± 1.99 8.32 ± 3.88 6.87 ± 2.48
EC 1.69 ± 0.65 0.71–3.45 2.14 ± 0.74 1.77 ± 0.64 1.83 ± 0.86 1.43 ± 0.50
WSOC 3.47 ± 1.74 1.26–10.20 3.79 ± 0.95 3.33 ± 1.29 4.90 ± 4.65 2.87 ± 1.44
SOC 3.81 ± 1.57 1.31–7.65 3.91 ± 0.51 3.07 ± 1.21 4.66 ± 2.41 4.02 ± 1.84
SO4

2- 8.55 ± 3.86 3.92–16.92 13.35 ± 3.05 10.15 ± 2.57 8.41 ± 4.90 5.60 ± 1.38
NH4

+ 3.36 ± 1.71 1.11–6.60 5.10 ± 1.36 4.32 ± 1.38 3.37 ± 2.29 2.06 ± 0.63
NO3

− 2.31 ± 1.42 0.54–6.08 2.11 ± 1.19 3.52 ± 1.61 2.28 ± 1.88 1.71 ± 0.95
K+ 0.53 ± 0.20 0.22–1.07 0.58 ± 0.20 0.50 ± 0.17 0.60 ± 0.33 0.51 ± 0.21
Na+ 0.35 ± 0.20 0.08–0.83 0.25 ± 0.13 0.28 ± 0.22 0.28 ± 0.08 0.45 ± 0.19
Cl− 0.28 ± 0.21 0.03–1.13 0.18 ± 0.11 0.26 ± 0.13 0.23 ± 0.04 0.35 ± 0.28
Ca2+ 0.16 ± 0.06 0.07–0.34 0.20 ± 0.06 0.15 ± 0.04 0.13 ± 0.03 0.15 ± 0.07
Mg2+ 0.06 ± 0.03 0.02–0.12 0.07 ± 0.02 0.05 ± 0.03 0.05 ± 0.01 0.07 ± 0.03
nss-SO4

2- 8.54 ± 3.86 3.91–16.91 13.35 ± 3.05 10.14 ± 2.57 8.40 ± 4.90 5.59 ± 1.38
nss-K+ 0.51 ± 0.20 0.22–1.05 0.57 ± 0.20 0.49 ± 0.16 0.59 ± 0.34 0.49 ± 0.21
nss-Ca2+ 0.14 ± 0.06 0.06–0.31 0.19 ± 0.06 0.14 ± 0.03 0.12 ± 0.04 0.13 ± 0.06
C2O4

2- 0.27 ± 0.11 0.04–0.50 0.30 ± 0.11 0.23 ± 0.12 0.25 ± 0.04 0.29 ± 0.11
Levoglucosan 0.28 ± 0.25 0.05–1.20 0.27 ± 0.18 0.26 ± 0.16 0.56 ± 0.56 0.24 ± 0.22
Mannosan 0.05 ± 0.03 0.02–0.13 0.05 ± 0.02 0.04 ± 0.02 0.07 ± 0.05 0.05 ± 0.04
WSOC/OC 46.8% ± 13.4% 29.0%–86.6% 46.1% ± 4.1% 49.1% ± 7.9% 52.0% ± 29.9% 44.4% ± 15.0%
HULIS-C/OC 35.6% ± 7.2% 21.1%–54.4% 36.4% ± 3.8% 35.7% ± 4.5% 41.3% ± 5.0% 33.9% ± 9.4%
HULIS-C/WSOC 76.8% ± 12.9% 45.0%–94.2% 78.4% ± 6.6% 73.3% ± 5.4% 77.3% ± 23.2% 77.1% ± 13.8%
Lev/Man 6.15 ± 2.82 2.17–14.42 5.49 ± 2.45 6.32 ± 1.15 7.17 ± 2.56 6.56 ± 3.46
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generally much higher than observations in Europe and North America,
such as at European marine environment (< 0.1 μg/m3) (Salma et al.,
2007), six background sites (0.08–1.78 μg/m3) (Feczko et al., 2007),
and urban sites (1.09–4.7 μg/m3) (Salma et al., 2007; Baduel et al.,
2010), and at a rural site of New York (0.84–1.33μg/m3) (Pavlovic and
Hopke, 2012). The HULIS-C/WSOC ratio from the present study was
higher than the majority of literature values, including Shanghai (48%)
and Lanzhou (45%) in China, background sites in Europe (Aveiro
(23%), Puy de Dome (23%) and Schauinsland (14%)), Budapest (62%)
in Hungary and New York (39%) in America (Feczko et al., 2007; Salma
et al., 2007; Pavlovic and Hopke, 2012; Tan et al., 2016b; Zhao et al.,
2016).

3.3. Potential sources of HULIS

Potential sources of HULIS were first explored through Pearson
correlation analysis with those chemical components with well-known
sources. WSOC is mainly derived from biomass burning and secondary
formation (Huang et al., 2012; Du et al., 2014). HULIS-C represent
76.8% of WSOC mass indicated their common sources during the entire
sampling period. SOC can be a measure of SOA production (Rengarajan
et al., 2011). A good positive correlation between HULIS and SOC
(R=0.729, p < 0.01) indicated potential production of HULIS from
secondary aerosol formation. The poor correlation between HULIS and
nss-SO4

2- (R= 0.377, p < 0.05) suggested the main sources of HULIS
and nss-SO4

2- might be different (Alexander et al., 2012).
EC is directly emitted from primary sources, mainly due to in-

complete combustion of fossil fuels (Offenberg and Barker, 2000;
Pathak et al., 2011). A good positive correlation between HULIS and EC
(R= 0.752, p < 0.01) suggested possible emissions of HULIS from
primary sources. To further confirm the contributions from primary
sources to the observed HULIS, Pearson correlation analysis was also
conducted with water soluble inorganic ions and Levoglucosan. Cl−

and Na+ shared a common source of sea salt on Weizhou Island, but the
concentrations of Cl− was lower than Na+ suggesting strong Cl−

depletion (Niemi et al., 2006). The poor to no correlation between
HULIS and Na+ (R=0.102), nss-Ca2+ (R=0.291), or Mg2+

(R=0.220) suggested negligible production of HULIS from sea salt and
crust sources. A weak positive correlation between HULIS and SNA
(R=0.414, p < 0.05) implied their different dominant sources
(Sutton et al., 2000; Wang et al., 2006; Hellsten et al., 2008). Le-
voglucosan and nss-K+ can be tracers for biomass burning (Zhu et al.,
2015; Tao et al., 2016). Levoglucosan is a more robust biomass burning
tracer compound than K+. Nearly all biomass activities emit levoglu-
cosan but only burning of certain biomass types emit K+ (e.g. wood
burning emit little K+) (Lin et al., 2010a). As shown in Fig. 4, HULIS
had a positive correlation with levoglucosan (R=0.625, p < 0.01)
and nss-K+ (R=0.836, p < 0.01) and EC also had a good correlation
with nss-K+ (R=0.651, p < 0.01), which may indicate HULIS, EC,
Levoglucosan and nss-K+ had similar sources during the measurement
period. Levoglucosan may be oxidized by exposure to free radicals,
which has important implications for the use of levoglucosan as a tracer
for biomass burning emissions in source apportionment studies
(Hennigan et al., 2010; Hoffmann et al., 2010). This may be the reason
for the better correlation of HULIS with K+ than with levoglucosan, as
was also found at background sites in Europe (Feczko et al., 2007). In-
cloud processing (Yu et al., 2005; Huang et al., 2006), biomass burning
(Huang et al., 2006; Yu et al., 2014; Zhang et al., 2017) and hetero-
geneous reactions on sea salts (Huang et al., 2006) all produce oxalate.
Oxalate had a good correlation with nss-K+ (R=0.585, p < 0.01) and
Na+ (R=0.512, p < 0.01), but not with nss-SO4

2- (R=0.175) in the
present study, suggesting that the main sources of oxalate might be
biomass burning and heterogeneous reactions on sea salts. The good
correlation between HULIS and oxalate (R= 0.623, p < 0.01) further
confirmed that both HULIS and oxalate had biomass burning sources.
Thus, HULIS observed on Weizhou Island should be from various pri-
mary and secondary sources.

The ratio of levoglucosan/mannosan (Lev/Man) has been used to
distinguish between different types of biomass burning, e.g., with va-
lues of 4.0 ± 1.0, 22.0 ± 8.3 and 33.0 ± 19.0 for combustion of

Fig. 3. Time series of chemical composition of PM2.5 on Weizhou Island.
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cork, hardwood and crop residue, respectively (Engling et al., 2006;
Saarnio et al., 2012; Sang et al., 2013). Lev/Man in the present study
ranged from 2.17 to 14.42, suggesting the combustion of cork and
hardwood being the important sources of HULIS in this region.

3.4. Geographical origins of HULIS

Air masses in Cluster 1 passed over mainland China such as Guangxi
and Guangdong provinces, and accounted for 19.4% of the sampling
days. Anthropogenic emissions in these areas increased rapidly in the
past two decades due to the rapid industrialization and urbanization,
which have caused high levels of PM2.5 and its major chemical com-
ponents (Tao et al., 2017). Biogenic emissions in these areas are also
high due to high forest coverage and strong solar radiation (Liu et al.,
2013). The average concentration of HULIS from this pathway was
5.73 ± 1.69μg/m3, and the highest daily concentrations of PM2.5, EC,
nss-SO4

2-, and oxalate were observed in this cluster. High ratios of SO2/
NOx and CO/NOx were previously observed in Pearl River Delta area

(PRD), which were attributed to the use of relatively high sulfur con-
taining fuel and low efficient combustion technology (So and Wang,
2003). The ratios observed in this Cluster in the present study were 0.45
for SO2/NOx and 77.4 for CO/NOx, and were the highest among the
four clusters. While the ratio of SO2/NOx was within the range of
previously reported values in the PRD region (0.4–1.26), the ratio of
CO/NOx was much higher (11.9–52.0) (Wang et al., 2005; Zhao et al.,
2011). These relatively high ratios indicated possible influences of PRD
emissions.

Air masses in Cluster 2 originated from Taiwan Strait and passed
over Leizhou Peninsula, and accounted for 25.8% of the sampling days.
The Taiwan Strait, located between Taiwan Island and mainland China,
is one of the busiest marine transportation routes in Asia, and thus
subject to large quantities of anthropogenic emissions. The average
concentration of HULIS was 4.53 ± 1.54μg/m3, and the concentration
of NO3

− was the highest in this cluster among the four clusters.
Air masses in Cluster 3 originated from marine air in the South

China Sea, and accounted for 9.7% of the sampling days. The average

Fig. 4. The concentration of HULIS with other major aerosol compounds.
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concentration of HULIS was 6.77 ± 3.77μg/m3, and the highest
average concentration of OC, WSOC, WSOC/OC, HULIS, nss-K+ and
levoglucosan were all related to Cluster 3 among the four clusters. In
particular, the highest daily concentration of HULIS was 10.36μg/m3 on
March 21, associated with air masses in Cluster 3. In contrast to other
clusters, the most abundant chemical species in PM2.5 in Cluster 3 were
OC, sulfate and ammonia. The above phenomenon can be explained by
active biomass burning activities in the tropical Southeast Asia (Lin

et al., 2010b), as further discussed below.
Air masses in Cluster 4 were originated from Southeast Asia, but

were diluted by marine air before reaching the island, and accounted
for 45.2% of the sampling days. Air quality in this region has been
worsen rapidly in recent years due to rapid economic development. The
average concentration of HULIS was 4.58 ± 2.32μg/m3, and most of
the other chemical components in PM2.5 had the lowest concentrations
in Cluster 4 among the four clusters; the only exception was Na+, which

Fig. 5. 72-h Back trajectories of air masses arriving at the sampling site.

Fig. 6. Occurrence of wildfires derived from MODIS images and back trajectories: background during 9–11 April (A) and biomass burning events during 20–21 March
(B), 17–19 March (C), and 12–14 April (D).
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has the highest concentration in Cluster 4. The concentrations of nss-K+

and levoglucosan in Cluster 4 were similar to those in the other three
clusters, indicating that biomass burning had a significant impact on
Weizhou Island regardless of air mass origins.

Cluster 4 dominated air mass pathways reaching to Weizhou Island.
HULIS had a negative correlation with sea level pressure (R=−0.532,
p < 0.05) for Cluster 4, probably because Cluster 4 was from long
distance transport. HULIS produced in Vietnam and Laos were likely
first lifted to high altitudes and then transported to the sampling site.
Data obtained from research flights (unpublished) showed that
Acetonitrile (CH3CN), a strong biomass-burning indicator, increased
with altitude (1500–3000m) for air masses transported from Southeast
Asia.

To further illustrate the influence of regional biomass burning ac-
tivities on HULIS, active fire points were obtained from the Fire
Information for Resource Management System (FIRMS) generated by
the Moderate Resolution Imaging Spectroradiometer satellite (https://
firms.modaps.eosdis.nasa.gov/firemap/). A value of 0.47μg/m3 was
taken as the background level concentration for nss-K+ in this area,
which was observed at 27–28 March when a strong wind scavenged
pollutants from the whole region. Back trajectories and fire points
showed that the dominant air masses for this period were from South
China Sea with minor biomass burning activities. Three biomass
burning episodes were identified during the sampling period according
to the following criteria: (a) the back trajectory analysis showed a
uniform source region; (b) the fire map showed fire spots in the region
during the same period; and (c) the concentration of nss-K+ was higher
than the background level of (0.47μg/m3). One strong episode was
observed on March 20–21. Air masses arriving at the site at 500m al-
titude were from the South China Sea and Vietnam, Myanmar and Laos
where covered with active biomass burning areas (see Fig. 6B).

4. Conclusions

To understand the long range transport of air pollutants in the
northern Gulf of China, the joint research project - Long-Range Trans-
Boundary Air Pollutants in Southeast Asia was implemented in spring
2015 to measure PM2.5 chemical components on Weizhou Island. HULIS
was selected as the focus of the present study. Monthly average HULIS
was 5.00 ± 2.21μg/m3 with daily values ranging from 1.46 to
10.36μg/m3. HULIS-C was an important portion of OC and a major
portion of WSOC on Weizhou Island. Various biomass burning types
and secondary aerosol formation were important sources of HULIS.
Transoceanic transport of air pollutants from Southeast Asian biomass
burning emissions was one of the major sources of the observed OC,
WSOC, WSOC/OC, HULIS, nss-K+ and levoglucosan on the Weizhou
Island. Interregional transport of air pollutants from mainland China
also had great impacts on PM2.5, EC, nss-SO4

2-, and oxalate. Source-
receptor analysis should be conducted in the future to identify domi-
nant source factors and quantify their contributions to important PM2.5

chemical components, which requires a good knowledge of emission
inventories and a data set of chemically-resolved PM2.5 covering all the
seasons.
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