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H I G H L I G H T S  

� WSOC in a round-year set of samples were characterized for optical properties. 
� Elevated land outflow of water-soluble BrC with high MAE365 was observed in winter. 
� Biomass burning and urban SOA & waste combustion were main sources of Abs365. 
� WSOC from biomass burning and urban SOA & waste combustion showed high MAE365. 
� Microorganism/plankton primary emission was a major source of Abs365 in spring.  
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A B S T R A C T   

Water-soluble brown carbon (BrC) plays an important role in climate change by influencing aerosol radiative 
forcing. There is little information on aerosol BrC over the South China Sea (SCS). In this study, water-soluble 
organic carbon (WSOC) in a round-year set of aerosol samples from a remote island in the northern SCS were 
characterized for optical properties. In-depth information about the sources and input pathways of water-soluble 
BrC was obtained using molecular markers and statistic tools. The highest WSOC concentrations, light absorption 
coefficients at 365 nm (Abs365) and mass absorption efficiencies at 365 nm (MAE365) were observed in winter 
when atmospheric outflow from mainland China and the northern Indo-China Peninsula prevailed. Through the 
year, primary emissions from biomass burning and urban secondary organic aerosols (SOA) & waste combustion, 
respectively, were observed to be associated with higher MAE365 (2.47 � 0.40 m2 g� 1 and 1.97 � 0.22 m2 g� 1) 
and to be the main contributors to Abs365 (22.0 � 3.6% and 31.6 � 3.6%), while biogenic SOA showed little 
contribution. For the first time, microorganism/plankton primary emissions, mainly from the sea, was identified 
to be an important contributor to water-soluble BrC (13.6 � 4.2% of Abs365, MAE365: 0.98 � 0.30 m2 g� 1), 
especially in spring (31% of Abs365). This implies that emissions from microorganism/plankton warrants careful 
consideration in the assessment of global aerosol light absorbance.   

1. Introduction 

Carbonaceous aerosols including organic carbon (OC) and black 
carbon (BC) are ubiquitous in the atmosphere. Light-absorbing carbo
naceous aerosols play an important role in Earth’s climate by impacting 
the radiative forcing (Bahadur et al., 2012; Chung and Seinfeld, 2002; 

Hansen et al., 1997). Generally, OC is considered to scatter light only 
and hence cool the climate (Bond et al., 2011). In contrast, BC is iden
tified as the most effective light-absorbing carbonaceous material and 
thus, the third most important global warming factor, following carbon 
dioxide and methane (Bond et al., 2011, 2013). However, recent studies 
have pointed to the importance of brown carbon (BrC) which is a part of 
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OC but also exhibits strong light absorption properties (Andreae and 
Gelencser, 2006). Different from BC, BrC shows a stronger wavelength 
dependence in ultraviolet wavelengths, suggesting substantial contri
butions of BrC to light absorption at shorter wavelengths (Yang et al., 
2009). Notably, the strong ultraviolet light absorption by BrC may in
fluence the formation of secondary organic aerosols (SOA) and atmo
spheric photochemistry by constraining the generation of ozone (O3), 
hydroxyl (OH), hydroperoxyl (HO2) and alkylperoxy (RO2) (Jacobson, 
1999; Liu et al., 2011; Mok et al., 2016). 

BrC in particulate matters can be measured by optical instruments, 
such as particle-soot absorption photometer, aethalometer, multi-angle 
absorption photometer, and photo-acoustic soot spectrometer (Favez 
et al., 2009; Healy et al., 2015). However, it is a challenge to separate 
BrC from other components that could absorb or scatter light in par
ticulate matters (Coen et al., 2010). In addition, aerosol humidity and 
the multiple scattering effects of filters could increase the measurement 
uncertainty (Coen et al., 2010). By extracting filter samples with ultra
pure water or organic solvent and measuring the absorbance of extracts 
by spectrophotometry, some interference from other light-absorbing 
materials (e.g. dust) can be avoided. 

Water-soluble BrC is a hot topic as it can take part in the cloud 
condensation nuclei (CCN) activity, radiative processes and hence in
fluence climate forcing (Gelencser et al., 2003; Mayol-Bracero et al., 
2002). Water-soluble organic carbon (WSOC) is usually used to study 
water-soluble BrC (Liu et al., 2013). Humic-like substance (HULIS) is a 
class of high molecular weight compounds isolated from WSOC opera
tionally by solid-phase extraction (SPE). Given that HULIS is the main 
light-absorbing component of WSOC, it is also used to study the absor
bance of water-soluble BrC (Mo et al., 2017; Park and Yu, 2016; Varga 
et al., 2001). Recently, the relationship between the chemistry of mol
ecules and the optical properties of BrC has become a major research 
focus (Huang et al., 2018; Laskin et al., 2015). As reported, compounds 
bearing nitrogen-atoms, highly conjugated structures or high unsatu
ration degree were the potential brown carbon chromophores (Laskin 
et al., 2014; Mo et al., 2018). 

Previous studies have reported that BrC is mainly from primary 
combustion emissions of biomass, biofuel and fossil fuel (Bond, 2001; 
Chen and Bond, 2010). In addition to primary emissions, BrC can be 
generated from atmospheric processes (e.g., photooxidation of aro
matics, terpenes, isoprene, limonene, etc.) (Lin et al., 2014; Liu et al., 
2016). It is worth noting that the sources of BrC will influence its 
chemical compositions and further impact light-absorbing properties. 
Other factors such as combustion conditions, atmospheric aging, for
mation pathway, and precursors may also influence BrC absorbance (Du 
et al., 2014; Liu et al., 2016; Saleh et al., 2014; Updyke et al., 2012). 

The relationship between sources and BrC absorbance has been 
explored by collecting source samples, chamber experiments, and field 
experiments. Given that atmospheric aging and SOA formation may 
change aerosol light absorption (Liu et al., 2016; Srinivas and Sarin, 
2014), the optical properties of aerosols obtained from source samples 
and chamber experiments may not accurately represent those of 
ambient aerosols. In field experiments, optical properties and 
dual-isotope carbon analysis of WSOC and HULIS were measured (Bosch 
et al., 2014; Kirillova et al., 2014; Liu et al., 2018; Mo et al., 2018). 
However, the sources of light absorption coefficient at 365 nm (Abs365) 
and corresponding mass absorption efficiency at 365 nm (MAE365) can 
not be quantified. Although a few studies input the raw data of Abs365 to 
a Positive Matrix Factorization (PMF) model to apportion the sources of 
Abs365 (Du et al., 2014; Hecobian et al., 2010), the relationships/path
ways between BrC absorbance and its sources still require further 
detailed study. 

Aerosols over Asia are supposed to contain considerable BrC, since 
major sources of BrC such as biomass burning and fossil fuel combustion 
are extensive in Asia (Reddy and Venkataraman, 2002; Streets et al., 
2003). For instance, in 2003, the annual estimates of open-air biomass 
burning in Asia were about 730 Tg with China contributing 25% of this 

total (Streets et al., 2003). Additionally, the consumption of coal and 
petroleum is also huge in China (Yan et al., 2017). With high emissions 
from biomass burning, a high diversity of combustion types and rela
tively concentrated burning seasons, the Indo-China Peninsula (ICP) has 
been considered as a typical biomass burning region in the world (Lee 
et al., 2011; Lin et al., 2013a; Menzel and Prins, 1996). Located in South 
Asia, the northern South China Sea (SCS) is expected to receive carbo
naceous aerosols from the adjacent lands (Geng et al., 2019). Mean
while, atmospheric aging and SOA formation may occur during 
long-range transport, which may lead to a higher fraction of 
water-soluble organics and changed aerosol light absorption character
istics (Aggarwal and Kawamura, 2009; Bosch et al., 2014; Liu et al., 
2016; Srinivas and Sarin, 2014). As a result, the light-absorbing prop
erties of aerosols over the SCS are potentially influenced by 
water-soluble BrC or its precursors from adjacent mainland areas. 
Furthermore, sea surface temperature, tropical cyclones, precipitation 
and regional climate are likely to be influenced by changes in the 
light-absorbing properties of aerosols over the SCS, a marginal sea 
(Penner et al., 2001; Suntharalingam, 2016). Therefore, it is of impor
tance to understand the water-soluble BrC absorbance of SCS and its 
sources, but data remains sparse. 

A one-year aerosol sampling campaign was conducted on Xieyang 
Island, a small island located in the northern SCS, with the aim of 
characterizing the light absorption properties of water-soluble BrC in 
aerosols over the northern SCS and quantifying their sources. In the 
present study, optical properties of water-soluble BrC were investigated 
by the measurement of optical parameters of WSOC, viz., absorption 
Ångstrom exponent (AAE), MAE365 and Abs365. The sources of WSOC 
were identified and quantified by PMF model and multiple molecular 
markers. In addition, the MAE365 values of WSOC from different source 
types and source apportionment of Abs365 were calculated by multiple 
linear regression analysis (MLRA). A Potential Source Contribution 
Function (PSCF) model was also applied to further define the source 
regions of each source type. 

2. Materials and methods 

2.1. Sampling 

Ambient fine particulate matter (PM2.5) samples were collected with 
a high volume air sampler (24 h, 1 m3 min� 1) on Xieyang Island 
(20.908�N, 109.214�E, a small island located in the northern SCS) from 
31 May 2015 to 30 May 2016. Local contamination is very limited as 
there are only dozens of people living on the island as fishermen. More 
importantly, more than 70% of the air masses arriving over Xieyang 
Island were from the adjacent mainland (Geng et al., 2019). Hence, 
Xieyang Island is a good sampling site to study the atmospheric outflow 
from the mainland. Details about sampling are provided elsewhere 
(Geng et al., 2019). 

2.2. Measurements of WSOC and light absorption 

An aliquot of each loaded filter was extracted with ultrapure water 
(20 mL, resistivity > 18.2 MΩ cm) by an ultrasonicator for 30 min. The 
extract was then filtered through a syringe filter (25 mm � 0.22 μm, 
PTFE membrane, Anpel, China) to remove particles and filter chips. 
Following this, the carbon content of WSOC and corresponding UV–vi
sible spectra (200–800 nm) was detected by a total organic carbon 
analyzer (Vario TOC cube, Elementar, Germany) and UV–visible spec
trophotometer (UV-4802, Unico, China), respectively. Before the 
detection of carbon content, phosphoric acid (Sigma-Aldrich) was added 
to remove carbonates and carbon dioxide. See Supporting Information 
(SI) for the calculation of WSOC optical parameters, viz., AAE, MAE365 
and Abs365. 
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2.3. Measurements of molecular markers 

The molecular markers of primary emissions measured in this study 
include anhydrosugars (including levoglucosan, galactosan and man
nosan), vanillic acid, syringic acid, vanillin, n-alkanes (C23–C35), poly
cyclic aromatic hydrocarbons (PAHs, including fluoranthene (Flua), 
pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[b]flu
oranthene (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 (InP)), steranes & hopanes (including ααα 20R 
24R-ethylcholestane, 17α(H),21β(H)-22R-homohopane, 17α(H),21β 
(H)–22S-homohopane and αββ 20R 24R-ethylcholestane), terephthalic 
acid, sugar alcohols (including mannitol, arabitol and erythritol), oleic 
acid, higher molecular weight fatty acids (HFAs, C20–C30) and lower 
molecular weight fatty acids (LFAs, C10–C18). The methodology used to 
analyze these molecular markers has been provided elsewhere (Geng 
et al., 2019). 

SOA tracers measured in this study include MGA (2-methylglyceric 
acid), C5-alkene triols (including cis-2-Methyl-1,3,4-trihydroxy-1- 
butene, 3-Methyl-2,3,4-trihydroxy-1-butene and trans-2-Methyl-1,3,4- 
trihydroxy-1-butene), MTLs (including 2-methylthreitol and 2-methyl
erythritol), β-caryophyllinic acid, adipic acid and azelaic acid. The 
pretreatment of SOA tracers was same as other polar biomarkers, and 
details have been provided elsewhere (Geng et al., 2019). The gas 
chromatograph mass spectrometer (GC-MS) response factors of adipic 
acid and azelaic acid were determined by authentic standards. But the 
GC-MS response factors of MGA, MTLs and C5-alkene triols were 
replaced by that of erythritol, and the response factor of β-caryophyllinic 
acid was replaced by that of octadecanoic acid (Li et al., 2013). 

2.4. Air mass back trajectories 

Five-day back trajectories were generated by Hybrid Single-particle 
Lagrangian Integrated Trajectory (HYSPLIT) model (http://www.arl. 
noaa.gov/HYSPLIT.php), with details provided elsewhere (Geng et al., 
2019). 

2.5. Positive Matrix Factorization (PMF) model 

PMF is a receptor model that can be applied for source apportion
ment (Jaeckels et al., 2007). In this study, the concentrations of WSOC 
and multiple biomarkers were applied to the model of EPA PMF 5.0 to 
enable source apportionment of WSOC. Details of PMF analysis were 
described in SI. 

2.6. Potential Source Contribution Function (PSCF) model 

The PSCF model can be applied for a source region identification by 
dividing the potential source area into grid cells of i � j (Jain et al., 2017; 
Li et al., 2017; Zhang et al., 2010). In general, PSCFij ranges from 0 to 1. 
The higher PSCFij represents the higher possibility of the ijth cell being 
the source region. See SI for the details of PSCF principle. 

2.7. Quality assurance and quality control 

Three field blanks were collected to quantify and eliminate any 
background contamination. The mean concentration of WSOC in field 
blanks was 27 � 12% of WSOC concentrations in samples, so all con
centrations of WSOC in this study were corrected by the field blank 
values. Blanks of WSOC absorbance (330–700 nm) and SOA tracers were 
negligible. The recoveries of adipic acid, azelaic acid, erythritol and 
octadecanoic acid were 72 � 10%, 75 � 10%, 87 � 5% and 105 � 4%, 
respectively. There was no recovery-correction for the concentrations of 
SOA tracers. 

3. Results and discussion 

3.1. WSOC concentrations 

WSOC significantly correlated with Abs365 (r ¼ 0.86, p < 0.01), 
suggesting that BrC chromophores were important components of 
WSOC. WSOC averaged at 2.11 � 1.53 μg C m� 3 and showed the highest 
concentrations in February (4.88 � 4.21 μg C m� 3) during winter, fol
lowed by October (3.73 � 1.71 μg C m� 3) in the fall (Fig. 1). Air mass 
back trajectories analysis indicates that aerosols of the sampling site 
were mainly from South China (SC) and northern ICP in fall and winter 
(Fig. S1). Therefore, SC and the northern ICP appear to be the main 
source regions for WSOC in the northern SCS. 

3.2. Light-absorbing properties of WSOC 

AAE, Abs365 and MAE365 are typical optical parameters for charac
terizing BrC and are related to sources of BrC (Yan et al., 2014, 2017). 
AAE reflects the dependence of aerosol light absorption on wavelengths. 
MAE365 is generally used to describe the absorption capacity of WSOC, 
and is related to the chemical composition of WSOC. The chemical 
composition of WSOC is influenced by the sources and atmospheric 
reaction/aging. Abs365 is generally used as the surrogate of BrC ab
sorption to avoid interference from non-organic compounds and keep 
consistent with previous studies. Abs365 is determined by emission loads 
and absorption capacity. 

3.2.1. AAE of WSOC 
Generally, BC exhibits a weak wavelength dependence, with an AAE 

close to unity (Bond, 2001). However, the light absorption of BrC in
creases sharply towards shorter wavelengths and the AAE of BrC is much 
higher (Yang et al., 2009). Therefore, AAE can be used to distinguish BC 
and BrC even though the threshold value is uncertain (Laskin et al., 
2015). Throughout the year, AAE of WSOC in the present study averaged 
4.83 � 0.62, corroborating the observation that WSOC has a wavelength 
dependence (Roden et al., 2006). There were no distinct temporal var
iations of AAE values in the present study (Fig. 1), which was similar to 
results for samples measured in urban Xi’an (Huang et al., 2018). The 
mean value of AAE in the present study was lower than those measured 
in the South Asian outflow over the Indian Ocean (7.2 � 0.7) (Bosch 
et al., 2014) and North China outflow over the Yellow Sea (6.4 � 0.6) 
(Kirillova et al., 2014). Given that the absorption of molecules with a 
higher degree of conjugation could extend to longer wavelengths, and 
lead to a lower AAE (Zhang et al., 2013), molecules in aerosols of the 
northern SCS may, therefore, have a higher degree of conjugation than 
those in aerosols of the Indian Ocean and the Yellow Sea. 

3.2.2. Abs365 of WSOC 
The values of Abs365 averaged 3.34 � 3.45 Mm� 1, which were higher 

than measured in remote marine aerosols in other studies (0.1–0.5 
Mm� 1 in the Indian Ocean, Maldives) (Bosch et al., 2014) but was lower 
than measured in large cities (10.22 � 6.93 Mm� 1 in Beijing and 4.48 �
2.97 Mm� 1 in Nanjing) (Cheng et al., 2016; Xie et al., 2020). The mean 
value of Abs365 in our study was similar to values measured over the 
Indo-Gangetic Plain (IGP) during summer (2.1 � 1.4 Mm� 1) but much 
lower than those in the IGP under conditions of active biomass burning 
(9.7 � 7.8 Mm� 1) (Rana et al., 2019). 

As shown in Fig. 1, Abs365 showed higher values in winter (6.75 �
6.69 Mm� 1) with highest values in February (12.10 � 10.39 Mm� 1), 
followed by lower but elevated values in the fall (2.73 � 1.46 Mm� 1), 
spring (2.70 � 1.19 Mm� 1) and summer (2.07 � 1.16 Mm� 1). Similar 
patterns of seasonal variation were also reported in urban areas of 
China, Korea and the United States (Du et al., 2014; Hecobian et al., 
2010; Kim et al., 2016; Xie et al., 2020). In winter, air masses were 
mainly from SC and northern ICP, with about 20% of air masses from 
northern India (Fig. S1). Also, the Abs365 values in our study 
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(1.82–25.63 Mm� 1) were similar to values reported for the IGP (2-21 
Mm� 1) in winter (Srinivas and Sarin, 2014). Although there was no 
report of Abs365 of WSOC in PM2.5 of SC or northern ICP, the annual 
average Abs365 of WSOC in our study was similar to that measured in 
PM10 of Guangzhou (3.57 � 1.34 Mm� 1) (Liu et al., 2018). Hence, there 
was an enhanced land outflow of water-soluble BrC to the northern SCS 
in winter. 

3.2.3. MAE365 of WSOC 
The MAE365 values at the sampling site (1.67 � 0.78 m2 g� 1) were 

higher than those reported for the Indian Ocean (0.5 � 0.2 m2 g� 1) 
(Bosch et al., 2014) and the Yellow Sea (0.7 � 0.2 m2 g� 1) (Kirillova 
et al., 2014), suggesting that the chromophore activity in the aerosols of 
the northern SCS was relatively intense. As shown in Fig. 1, MAE365 
showed distinct seasonal variations with the highest values in winter 
(2.60 � 0.74 m2 g� 1), moderate values in spring (1.71 � 0.62 m2 g� 1) 
but relatively lower values in summer (1.18 � 0.64 m2 g� 1) and fall 
(1.17 � 0.28 m2 g� 1). The temporal variations of MAE365 maybe because 
that source regions and source types of BrC varied in different seasons. 

3.3. Characterization and Source Apportionment of water-soluble BrC 

3.3.1. Source Apportionment of WSOC by PMF and PSCF 
PMF and PSCF analysis enable the sources of WSOC to be identified. 

As shown in Fig. S2, factor 1 is associated with high contributions of 
anhydrosugars and moderate levels of vanillic acid, syringic acid, 
vanillin and PAHs. Anhydrosugars are typical biomarkers of biomass 
burning as they are exclusively from the pyrolysis of cellulose and 
hemicellulose (Simoneit, 2002). Vanillic acid, syringic acid and vanillin 
are derived from the pyrolysis of lignin, and are therefore also used to 
trace biomass burning aerosols (Simoneit, 2002). Furthermore, biomass 
burning is an important source of PAHs (Simoneit, 2002). There are also 
more than 20% of n-alkanes and HFAs in factor 1, which can also be 
released during biomass burning (Simoneit, 2002). Thus factor 1 in
dicates the primary emissions from biomass burning. 

Factor 2 is characterized by high loadings of SOA tracers, such as 
adipic acid, β-caryophyllinic acid, MGA and azelaic acid (Fig. S2). Adipic 
acid is the oxidative product of anthropogenic cyclohexene which has 
been reported in engine exhaust and urban aerosols (Grosjean and Fung, 
1984; Kawamura and Usukura, 1993). MGA is derived from isoprene 
photooxidation through nitrogen oxides (NOx) pathway (Ding et al., 
2016; Lin et al., 2013b). Azelaic acid and β-caryophyllinic acid are SOA 
tracers formed through the oxidation of O3 with oleic acid and β-Car
yophyllene, respectively (Jaoui et al., 2003, 2007; Kawamura and 
Gagosian, 1987). Considering that those SOA tracers are generated 
through NOx/O3 pathway and that urban aerosols have strong NOx/O3 
production (Ding et al., 2013; Pathak et al., 2009; Wang et al., 2006), 

factor 2 is likely to be associated with urban SOA. Apart from SOA 
tracers, factor 2 also shows high/moderate loadings of molecular 
markers from combustion, such as terephthalic acid (originating from 
plastic materials combustion), PAHs (being generated from incomplete 
combustion of organic materials), vanillic acid and syringic acid 
(Kawamura and Pavuluri, 2010; Simoneit, 2002; Tobiszewski and 
Namie�snik, 2012). Hence factor 2 is assigned to urban SOA & waste 
combination, including the burning of plastics and plants. 

Factor 3 is characterized by high loadings of MTLs and C5-alkene 
triols which are typical tracers of isoprene SOA formed through OH/HO2 
pathways (Claeys et al., 2004; Ding et al., 2016; Paulot et al., 2009), 
with almost 30% contributions from MGA and azelaic acid. MGA is the 
oxidation product of isoprene (Lin et al., 2013b). Azelaic acid can be 
generated from the oxidation of oleic acid with OH/HO2 radicals 
(Kawamura and Gagosian, 1987). Considering that the precursors of 
those SOA tracers are mainly from biogenic sources and that the 
OH/HO2 pathways occur under less anthropogenic activities, factor 3 is 
considered to be associated with biogenic SOA. Factor 4 indicates the 
primary emissions from fossil fuel combustion as high loadings of ster
anes & hopanes and n-alkanes are correlated (Fig. S2). In this study, 
n-alkanes mainly originated from fossil fuel combustion (Geng et al., 
2019). Steranes & hopanes are typical tracers of coal combustion and 
internal combustion engine emissions (Oros and Simoneit, 2000; Rogge 
et al., 1993; Simoneit, 2006). 

Factor 5 is identified with microorganism/plankton primary emis
sions as it shows high contributions of sugar alcohols, followed by oleic 
acid and LFAs (Fig. S2). Generally, sugar alcohols are mainly derived 
from fungi, bacteria and marine plankton (Bauer et al., 2008; Burshtein 
et al., 2011; Gosselin et al., 2016). Oleic acid is from the direct emissions 
from the cell membranes of terrestrial plants and marine plankton (Fu 
et al., 2013). LFAs have been reported from microorganisms and marine 
plankton emissions (Kawamura et al., 2003). 

Based on the source apportionment of WSOC by PMF and PSCF, 
15.7% of WSOC was attributed to primary emissions from biomass 
burning (factor 1), mainly originating from SC and the northern ICP 
(Fig. 2 (a) & 3). Next, 28.3% of WSOC was attributed to urban SOA & 
waste combustion (factor 2), with similar source regions to factor 1. 
Factors 1&2 showed higher contributions to WSOC in winter (82%) and 
fall (52%, Fig. S3). Biogenic SOA (factor 3) contributed 22.7% of WSOC, 
also originating from SC and ICP and showing the highest contributions 
in summer (52%), followed by those in fall (37%). Primary emissions 
from fossil fuel combustion (factor 4) contributed 8.6% of WSOC, 
derived from both the mainland and SCS. There were no obvious sea
sonal variations in the contributions from factor 4. WSOC contributed by 
microorganism/plankton primary emissions (factor 5, 24.7%) was 
mainly derived from the SCS, followed by the ICP. Factor 5 showed the 
highest contributions to WSOC in spring (56%), followed by those in 

Fig. 1. Temporal variations of WSOC concentrations, AAE, MAE365 and Abs365.  

X. Geng et al.                                                                                                                                                                                                                                    



Atmospheric Environment 229 (2020) 117484

5

summer (25%). Chlorophyll-a in SCS shows a similar seasonal trend 
(Fig. S4), indicating that marine emissions marked by factor 5 were the 
major source of WSOC in the warm seasons at the study site. In sum
mary, WSOC in aerosols over the SCS at the study site were mainly 
derived from the land outflow of SOA and the marine primary emissions 
from microorganism/plankton. 

3.3.2. Evaluation of MAE365 of WSOC from different sources by multiple 
linear regression analysis (MLRA) 

In order to evaluate the absorption capacity of WSOC from different 
sources, MAE365 of WSOC in each factor (MAE365,fi) was calculated 
through the MLRA of measured Abs365 and modeled WSOC concentra
tions in different factors derived from the PMF analysis (WSOCfi), as 
follows:  

Abs365 ¼ Σ(MAE365,fi � WSOCfi) þ Constant                                     (1) 

The constant was 1.00 � 0.29 (p < 0.01), suggesting that a part of 
Abs365 could not be explained by the five sources. This was reasonable as 
there were residuals of WSOC derived from the PMF model itself. More 
likely, the residuals of WSOC may cover the residuals of identified five 
sources and have light absorption (details were provided in SI). As 
shown in Fig. 2 (b), MAE365 explicated the highest value in primary 
emissions from biomass burning (2.47 � 0.40 m2 g� 1, p < 0.01), which 
was higher than measured in field experiments (1.35 � 0.22 m2 g� 1 in 
the rural southeastern United States and 1.19 m2 g� 1 in Beijing) and 
biomass burning smoke (0.76–1.71 m2 g� 1) (Du et al., 2014; Park and 
Yu, 2016; Washenfelder et al., 2015). The higher MAE365 of biomass 
burning emissions in the present study may be due to atmospheric aging. 

This inference is supported by the increased light absorption of freshly 
aged biomass burning aerosols in ambient and outdoor chamber ex
periments (Zhong and Jang, 2014). The enhanced light absorption of 
freshly aged biomass burning aerosols may be due to the oxidation of 
phenolic compounds in biomass burning emissions (Chang and 
Thompson, 2010; Smith et al., 2016). 

The MAE365 in the primary emissions from fossil fuel combustion 
(0.88 � 0.90 m2 g� 1, p > 0.05) was consistent with previous studies 
(0.20–1.33 m2 g� 1) (Du et al., 2014; Li et al., 2019). The lack of a sig
nificant regression coefficient indicated that the contribution of primary 
emissions from fossil fuel combustion to Abs365 was not significant in the 
aerosols of the northern SCS. If the much higher MAE365 of biomass 
burning emissions than of fossil fuel combustion emissions in the present 
study was generalized to other remote regions, then the influence of 
biomass burning on global aerosol absorption may be stronger than that 
of fossil fuel combustion, because the area of the planet considered 
remote is much larger than the area considered urban, and the contri
butions of biomass burning to WSOC are much higher in remote areas 
compared with those from fossil fuel combustion (Bosch et al., 2014; 
Kirillova et al., 2014). 

The MAE365 value of microorganism/plankton primary emissions 
was 0.98 � 0.30 m2 g� 1 (p < 0.01). No study has yet reported that the 
aerosols from microbial activities are absorbing, although an absorption 
contribution from phytoplankton to particles in seawater has been re
ported (Wang et al., 2008). In addition, microbial activities and 
plankton are sources of amino acids, peptide and protein (Kuznetsova 
et al., 2005; Milne and Zika, 1993). Generally, these compounds have 
higher molecular weight, nitrogen and unsaturated bonds which are the 

Fig. 2. (a) Contribution distribution of different sources to WSOC; (b) MAE365 of WSOC from different sources; (c) Contribution distribution of different sources to 
Abs365; (d) Factor contributions to Abs365 in the different seasons. (Factor 1: Primary emissions from biomass burning; Factor 2: Urban SOA & waste combustion; 
Factor 3: Biogenic SOA; Factor 4: Primary emissions from fossil fuel combustion; Factor 5: Microorganism/plankton primary emissions.) 
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key factors influencing BrC absorption (Di Lorenzo and Young, 2016; 
Satish et al., 2017; Sun et al., 2007) and some amino acids have been 
shown to exhibit strong absorption capacity (Milne and Zika, 1993). In 
addition, amino acids can take part in aldol condensation and promote 
the formation of light absorption oligomer compounds (De Haan et al., 
2010; Gao and Zhang, 2018; Haan et al., 2009; Noziere and Cordova, 
2008). Significantly, these reactions are more important in marine 
aerosols than in non-marine aerosols (Sedehi et al., 2013). Therefore, 
WSOC emitted from microorganism/plankton possibly does have ab
sorption capacity. 

MAE365 in the factor of biogenic SOA was close to zero (� 0.11 �
0.20 m2 g� 1, p > 0.05), which was consistent with the study carried in 
the rural southeastern United States (Washenfelder et al., 2015). The 
absence of a significant regression coefficient suggests that the contri
bution of biogenic SOA to Abs365 was negligible. The negative value of 
MAE365 may be due to the relatively large standard error. In contrast to 
biogenic SOA, the MAE365 values in the factor of urban SOA & waste 
combustion ranked in the second place (1.97 � 0.22 m2 g� 1, p < 0.01), 
indicating a much higher absorption capacity. This finding can be sup
ported by previous studies those have reported that higher MAE365 
values are observed in SOA generated from anthropogenic VOC pre
cursors under high NOx or O3 conditions (Liu et al., 2016; Updyke et al., 
2012). In addition, the combustion emissions of NOx/O3 would poten
tially enhance the light absorption of SOA, because that with the same 
biogenic/anthropogenic precursors, SOA generated through NOx/O3 
pathways has higher MAE365 than SOA generated through OH/HO2 
pathways (Liu et al., 2016; Updyke et al., 2012). So, both precursors and 
SOA formation pathways should be considered when discussing the 

influence of SOA on light absorption. 

3.3.3. Source Apportionment of Abs365 
According to the results for MAE365,fi and WSOCfi, Abs365 of WSOC in 

different factors (Abs365,fi) can be calculated as:  

Abs365,fi ¼ MAE365,fi � WSOCfi                                                        (2) 

As shown in Fig. 2 (a) & (c), although biogenic SOA contributed to 
22.7% of WSOC, the contribution of biogenic SOA to Abs365 was close to 
zero (� 1.4 � 2.5%). Thus, biogenic SOA exhibited little light absor
bance. In contrast, primary emissions from biomass burning was an 
important contributor to Abs365 (22.0 � 3.6%) even though it only 
contributed to 15.7% of WSOC. Associated with higher MAE365 values 
and considerable contributions to WSOC, urban SOA & waste combus
tion was the biggest contributor to Abs365 (31.6 � 3.6%). Microor
ganism/plankton primary emissions contributed to 13.6 � 4.2% of 
Abs365. The contribution of fossil fuel to Abs365 in the present study (4.3 
� 4.4%) was lower than that reported in Guangzhou (10%), as evaluated 
by dual carbon isotope composition (Liu et al., 2018). About 29.9% of 
Abs365 was from other sources. Therefore, for the identified sources, the 
light absorption characteristics of water-soluble BrC over the northern 
SCS were mainly influenced by urban SOA & waste combustion, primary 
emissions from biomass burning and microorganism/plankton primary 
emissions. 

Primary emissions from biomass burning, urban SOA & waste com
bustion were dominated contributors to Abs365 in winter (78%, Fig. 2 
(d)). Consequently, the highest Abs365 and MAE365 were observed in 
winter (Fig. 1). However, MAE365 showed much lower values in fall 

Fig. 3. Potential Source Contribution Function (PSCF) results of the five factors resolved by Positive Matrix Factorization (PMF) model. (Factor 1: Primary emissions 
from biomass burning; Factor 2: Urban SOA & waste combustion; Factor 3: Biogenic SOA; Factor 4: Primary emissions from fossil fuel combustion; Factor 5: 
Microorganism/plankton primary emissions.) 
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(Fig. 1) even though primary emissions from biomass burning and urban 
SOA & waste combustion were still the main contributors to Abs365 
(67%, Fig. 2 (d)). In contrast to winter, the contribution of biogenic SOC 
to WSOC was enhanced in the fall (Fig. S3). Hence the biogenic SOA may 
dilute chromophores. These findings are consistent with the results re
ported by an earlier laboratory study (Liu et al., 2016). 

Although the contributions of microorganism/plankton primary 
emissions to Abs365 were negligible in fall and winter (less than 3%), the 
contributions were much higher in other seasons (Fig. 2(d)). Notably, 
the contribution of microorganism/plankton primary emissions to 
Abs365 was 31% in spring, which was higher than the sum of contribu
tions (26%) from biomass burning primary emissions and urban SOA & 
waste combustion. Given that the contributions of anthropogenic ac
tivities to water-soluble BrC decreases in open ocean, and that micro
organism/plankton primary emissions were mainly from the SCS 
(Fig. 3), autochthonous microorganism/plankton primary emissions 
could be an important contributor of water-soluble BrC in remote/global 
marine aerosols, especially in spring. So, emissions from microor
ganism/plankton may need to be included in the assessment of global 
aerosol light absorbance. 

4. Conclusions 

Based on air mass back trajectory and temporal variations in WSOC 
concentrations, Abs365 and MAE365, there was an enhanced land outflow 
of water-soluble BrC with high light absorption capacity to the northern 
SCS in winter. 

According to the comprehensive analysis of multiple organic mo
lecular markers, PMF modeling and MLRA, the source types of WSOC 
and Abs365 were identified, and the MAE365 values of WSOC from 
different identified sources were calculated. With the highest MAE365 
(2.47 � 0.40 m2 g� 1), primary emissions from biomass burning 
contributed to 22.0 � 3.6% of Abs365 although it only comprised 15.7% 
of WSOC. MAE365 (0.88 � 0.90 m2 g� 1) and contributions of primary 
emissions from fossil fuel combustion to WSOC (8.6%) and Abs365 
(4.4%) were much lower than the primary emissions from biomass 
burning. This implies that the influence of biomass burning on remote 
aerosol absorption may be stronger than that of fossil fuel combustion. 

Biogenic SOA was an important contributor to WSOC (22.7%), while 
its’ MAE365 and contribution to Abs365 was close to zero, indicating that 
biogenic SOA does not contribute significantly to absorbance. In 
contrast, the MAE365 of urban SOA & waste combustion was higher 
(1.97 � 0.22 m2 g� 1), and the contribution of urban SOA & waste 
combustion to WSOC (28.3%) and Abs365 (31.6 � 3.6%) were consid
erable. Thus, the precursors and formation pathways of SOA play an 
important role in determining the light absorption of BrC. 

Microorganism/plankton primary emissions showed moderate 
MAE365 (0.98 � 0.30 m2 g� 1) and contributions to WSOC (24.7%) and 
Abs365 (13.6 � 4.2%). Notably, microorganism/plankton primary 
emissions exhibited the highest contributions to Abs365 in spring (31%). 
This implies that emissions from microorganism/plankton may need to 
be considered in the assessment of global aerosol light absorbance. 

The results of PSCF showed that mainland was the major source 
region of WSOC in the northern SCS apart from microorganism/ 
plankton primary emissions that were mainly derived from the SCS. In 
summary, the atmospheric outflow of primary combustion emissions 
and their SOA derivatives from the mainland, as well as microorganism/ 
plankton marine emissions, were the major sources of water-soluble BrC 
in the northern SCS. 
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