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A B S T R A C T

Atmospheric brown carbon (BrC) is an important constituent of light-absorbing organic aerosols with many
unclear issues. Here, the light-absorption properties of BrC with different polarity characteristics at a regional
site of Pearl River Delta Region during 2016–2017, influenced by sources and molecular compositions, were
revealed using radiocarbon analysis and Fourier transform ion cyclotron resonance mass spectrometry. Humic-
like substance (HULIS), middle polar (MP), and low polar (LP) carbon fractions constitute 46 ± 17%,
30 ± 7%, and 7 ± 3% of total absorption coefficient from bulk extracts, respectively. Our results show that the
absorption proportions of HULIS and MP to the total BrC absorption are higher than their mass proportions to
organic carbon mass, indicating that HULIS and MP are the main light-absorbing components in water-soluble
and water-insoluble organic carbon fractions, respectively. With decreases in non-fossil HULIS, MP, and LP
carbon fractions (66 ± 2%, 52 ± 2%, and 36 ± 3%, respectively), the abundances of unsaturated compounds
and mass absorption efficiency at 365 nm of three fractions decreased synchronously. Increases in both non-
fossil carbon and levoglucosan in winter imply that the enhanced light-absorption could be attributed to elevated
levels of biomass burning organic aerosols (BBOA), which increases the number of light-absorbing nitrogen-
containing compounds. Moreover, the major type of potential BrC in HULIS and MP carbon fractions are oxi-
dized BBOA, but the potential BrC chromophores in LP are mainly associated with primary BBOA. This study
reveals that biomass burning has adverse effects on radiative forcing and air quality, and probably indicates the
significant influences of atmospheric oxidation reactions on the forms of chromophores.

1. Introduction

Organic carbon (OC) is an important component of atmospheric
aerosols, and it has extremely significant effects on global climate
change, radiative forcing, visibility, air quality, and human health
(Jimenez et al., 2009; Ramanathan et al., 2005). Recently, a certain
type of colored OC, termed atmospheric brown carbon (BrC), has been
shown to absorb sunlight in the near ultraviolet–visible region and
exhibit strongly wavelength-dependent absorbance (Andreae and
Gelencsér, 2006; Hecobian et al., 2010; Wang et al., 2014). BrC has
large impacts on regional climate and hydrological cycles, and causes

large uncertainties when estimating radiative forcing (Moise et al.,
2015; Ramanathan et al., 2005; Wang et al., 2014). Laboratory com-
bustion, chamber simulation experiments, and field studies have de-
monstrated that both primary emissions, such as biomass burning (BB)
(Chen and Bond, 2010; Cheng et al., 2016) and fossil fuel combustion
(Healy et al., 2015; Li et al., 2018; Yan et al., 2017), and secondary
organic aerosol (SOA) formation from biogenic (Nguyen et al., 2013;
Xie et al., 2019) and anthropogenic (Liu et al., 2016a; Xie et al., 2017)
volatile organic compounds (VOCs) can generate light-absorbing spe-
cies.

The characterization of the composition, structure, and optical
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properties of BrC can provide source information and estimate the ef-
fects of BrC on climate (Laskin et al., 2015). Presently, most studies on
BrC in the literature have focused mainly on the absorption properties
in various carbon fractions, molecular composition, as well as specific
chromophores and their formation mechanisms. The solvent extract
method provides an easy way to analyze the light absorption properties
and chemical composition of aerosol. Many studies have shown that the
amount of solar radiation absorbed by water-soluble organic carbon
(WSOC) relative to elemental carbon (EC) is in the range of 1–14% over
the whole solar spectrum (Huang et al., 2018; Kirillova et al., 2014a,
2014b; Yan et al., 2015), and in some biomass burning influenced re-
gions such as Indo-Genic Plain, the ratio could up to 30–40% (Srinivas
and Sarin, 2014, 2019). Additionally, studies have suggested that me-
thanol has a higher BrC extraction efficiency than water (Chen and
Bond, 2010; Cheng et al., 2016; Zhang et al., 2013a). Other than those
polar BrC chromophores appearing in WSOC, methanol extracts contain
water-insoluble absorbing compounds with less polarity, such as poly-
cyclic aromatic hydrocarbons (PAHs) and O-heterocyclic and N-het-
erocyclic PAHs (Chen et al., 2017; Huang et al., 2018; Lin et al., 2018).
In some previous studies, water-insoluble organic carbon (WISOC) even
have higher light-absorption than that of WSOC (Chen et al., 2017;
Zhang et al., 2013a). For example, Zhang et al. (2013a) found that the
WISOC was highly absorbing and on average was 4.2 times more ab-
sorbing than WSOC at 365 nm. And Chen et al. (2017) have indicated
that the relative contributions to the light absorption for WISOC in-
creased from 250 nm to 600 nm, and dominant in the visible region.
The authors attributed the strongly light-absorbing compounds in
WISOC to large molecular weight PAHs, such as quinones.

Several advanced instruments have been used to characterize the
molecular and structural composition of BrC. For example, Chen et al.
(2016, 2017) conducted a series of experiments using Fourier transform
infrared spectroscopy, nuclear magnetic resonance spectroscopy, and
high-resolution aerosol mass spectrometry to investigate the relation-
ships between optical properties and chemical structures of different
organic components. The authors inferred that the light-absorption of
organic aerosols are largely contributed by aromatic, oxygen- and ni-
trogen-containing compounds. However, the detailed information
about chromophores and sources of these compounds in different or-
ganic components are rarely known. Most current studies investigating
the influences of biomass burning events on water-soluble BrC com-
position have used high-resolution mass spectrometry. Their results
showed that BB can obviously lead to the chromophores of nitro-con-
taining compounds increase (Lin et al., 2017; Wang et al., 2019). The
chromophoric organic compounds in WSOC are mainly aromatic car-
boxylic acid, phenols, and nitro-aromatics (Laskin et al., 2015; Moise
et al., 2015). Several studies have determined that nitro-aromatics ac-
count for only 0.1–4% of total/water-soluble BrC light absorption at
365/370 nm in aerosol samples (Mohr et al., 2013; Teich et al., 2017;
Zhang et al., 2013a); however, in cloud water samples, which are
heavily affected by biomass burning, the nitro-phenols and aromatic
carbonyl compounds can account for ~50% of BrC light absorption
between 300 and 400 nm (Desyaterik et al., 2013). In WISOC, never-
theless, the water-insoluble BrC chromophores of PAHs and their de-
rivatives only accounted ~1.7% to total BrC light absorption for am-
bient air samples (Huang et al., 2018), which is much lower than those
of biomass burning organic aerosols (BBOA). Lin et al. (2018) have
reported that PAHs and their derivatives are responsible for more than
40% of solvent-extractable BrC light absorption for fresh BBOA.
Therefore, a large fraction of BrC chromophores has not been eluci-
dated at present.

Generally, the sources of BrC were qualitatively characterized by
tracer-based (e.g. levoglucosan) method and carbon isotopic method
(Kirillova et al., 2014a; Wu et al., 2019; Yan et al., 2015). Many studies
have exhibited that the BrC in the atmosphere have relations with the
elevated BBOA. However, most previous knowledge about the BrC from
these analyses only focus on the water-soluble BrC, while the effects of

sources on the light-absorption properties and molecular composition
of BrC in water-insoluble fractions are not well characterized.

In this study, combining with Fourier transform ion cyclotron re-
sonance mass spectrometry (FT-ICR-MS) and radiocarbon (14C) ana-
lysis, we aim to capture a better understanding of the effects of sources
of atmospheric OC (include WSOC and WISOC) on light-absorption
properties and chemical components. FT-ICR-MS, with its high resolu-
tion and accuracy, can be used to characterize the complete chemical
composition of organic mixtures, e.g., humic-like substances (HULIS)
(Mazzoleni et al., 2010; Song et al., 2018). The 14C method is a pow-
erful technique for analyzing source information related to fossil and
non-fossil carbon origins. The Pearl River Delta region (PRD) is one of
the most developed city clusters in China, with anthropogenic emis-
sions heavily influencing atmospheric brown cloud formation in this
area (Ramanathan et al., 2007). The objectives of this study were to
investigate (1) the concentrations of and seasonal variation in polarity-
dependent BrC in the PRD, (2) the molecular compositions and sources
of major BrC fractions, and (3) the influence of BBOA on the BrC ab-
sorption of major BrC fractions.

2. Materials and methods

2.1. Sample collection and chemical separation

Field observations were conducted at the Guangdong Atmospheric
Supersite, a semi-rural site located at Huaguo Shan (22.7279°N,
112.9290°E), southwest of the city of Heshan (HS), from May 2016 to
April 2017. PM2.5 samples were collected once each week using a
prebaked quartz fiber filter (Munktell; MK360, 20.3 × 25.4 cm2) over a
period of 24 h with a high-volume air sampler (Shanghai XTrust
Analytical Instruments Co., Ltd.) at a flow rate of 1 m3/min. In total, 28
samples were collected, with six pieces of a filter punched out using a
22-mm-diameter steel filter punch for each sample (Table S1 in the
Supporting Information). More details about the experimental strate-
gies used to obtain the HULIS, MP, and LP carbon fractions are de-
scribed in Text S1 in the Supporting Information. Briefly, the filter
samples were first extracted using ultrapure water and then filtered to
obtain the WSOC. Half of the WSOC was used for further HULIS iso-
lation, and the carbon contents and light-absorption properties of non-
HULIS were estimated by calculating the differences between WSOC
and HULIS values (Lin et al., 2012a; Mo et al., 2018, 2017). After ex-
tracted by water, the rest of the filters were freeze-dried to avoid the
interference of water in organic solvents extraction. The mixture of
methanol/dichloromethane (MeOH/DCM = 1:1, v/v) was used for
water-insoluble organic carbon (WISOC) extraction. The non-polar
(NP), LP, and MP fractions were obtained via silica column chromato-
graphy separation with eluent solutions of n-hexane, n-hexane/DCM
(1:2, v/v), and DCM/MeOH (1:2, v/v)–MeOH/NH3·H2O (wt 2%), re-
spectively (Chen et al., 2017; Wozniak et al., 2012). In this study, the
ratios of extracted carbon fractions (WSOC + MP + LP + NP) to total
OC was 88 ± 19%. This ratio was very close to the result reported by
previous study, which applied the similar analytical procedure
(85 ± 6% and 106 ± 10%) (Chen et al., 2017). Therefore, we are
satisfied to adopt that most of organic carbon were extracted by water
and organic solvents.

2.2. UV–vis analysis

A UV–vis spectrophotometer (UNICO) was used for UV–vis ab-
sorption spectra measurements in the range of 250–800 nm at intervals
of 0.5 nm with an accuracy of 10 nm. Quartz cells with a path length of
1 cm were used for placing the extracts. The corresponding blank sol-
vent was scanned for baseline calibration before the absorption spectra
of each type of solution were recorded. The absorbance of field blank
sample extracts were all close to zero between 250 and 800 nm; thus,
we did not have to perform subtractive work for blank correction.
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Details of the calculation for light-absorption properties are provided in
Text S2 in the Supporting Information. The absorption Ångström ex-
ponent (AAE) is widely used to describe the wavelength-dependence of
BrC absorption and the values depend on the types of chromophores,
which are related to sources and atmospheric processes (Li et al., 2016).
Additionally, the mass absorption efficiency at 365 nm (MAE365) is a
useful parameter for extrapolating the optical properties and chemical
composition of BrC.

2.3. Carbon contents, water-soluble ions, and organic tracer analysis

Details of the analysis methods for carbon contents, water-soluble
ions (NH4

+, K+, Cl−, SO4
2−, and NO3

−), and anhydrosugar isomers,
i.e., levoglucosan, galactosan, and mannosan, are provided in Text S3 in
the Supporting Information. Note that OC and EC levels in the filter
samples were determined using an OC/EC analyzer (Sunset Laboratory,
Inc.) with a flame ionization detector operated using the National In-
stitute for Occupational Safety and Health thermal-optical transmit-
tance standard method (NIOSH5040-TOT) (details described in Chen
et al., 2009). The carbon contents of MP, LP, and NP, which dissolve in
organic solvents, were analyzed based on a method described in pre-
vious studies (Chen et al., 2017; Cheng et al., 2012), and the carbon
contents in WSOC and HULIS (in water) were measured using a total
organic carbon analyzer (TOC-VCPH; Shimadzu) in triplicate with a
relative procedural standard deviation of 0.83 mg/L. All sample
quantities presented in this study were corrected using field blanks.

2.4. Electrospray ionization (ESI) FT-ICR-MS analysis

Solutions of polar carbon fractions (obtained with the method de-
scribed above) from the same season were merged for FT-ICR-MS
analysis. Samples were dried again under a gentle stream of nitrogen
gas and then redissolved in 1 mL of MeOH for HULIS and MP or 1 mL of
DCM for LP fractions before FT-ICR-MS analysis. The NP fraction,
which was composed mainly of alkanes and exhibited almost no ab-
sorbance, was not analyzed using FT-ICR MS. Therefore, we focused
only on polar fractions in this study. Samples were analyzed using a
9.4 T solariX XR FT-ICR-MS instrument (Bruker Daltonics GmbH) in the
negative ESI mode (ESI−), and the detection mass range was set at
150–800 m/z. The instrument settings and calibration were similar to
those described in previous studies (Jiang et al., 2016; Mo et al., 2018;
Song et al., 2018). Field blank filters were processed and analyzed
following the same procedures used for the samples, and blank data
were subtracted from those of all samples. A custom software was used
to calculate all mathematically possible formulae for all ions with a
signal-to-noise ratio higher than 10 using a mass tolerance of ± 1.0
ppm. Additional details of the data processing procedure can be found

in Text S4 in the Supporting Information. Note that a shortcoming of
using the ESI− source is that light-absorbing less-polar compounds
such as PAHs cannot be detected. However, the polar compounds are
more easily detected because of easier ionization with an ESI− source
(Lin et al., 2018).

2.5. Carbon isotope analysis

The samples selected for carbon isotopic analysis were the same as
those used for FT-ICR-MS. Briefly, every six samples were selected to
represent a season (Table S1 in the Supporting Information). The six
samples were merged and subjected to the chemical procedures de-
scribed above. HULIS, MP, and LP fractions were obtained and then
concentrated to approximately 250 µL. For the radiocarbon measure-
ments, after evaporating under a gentle flow of ultrapure N2 for ap-
proximately 30–40 min, more than 200 μg of carbon was combusted
into CO2, cryogenically trapped, and then reduced into graphite targets
for 14C determination at the State Key Laboratory of Organic Geo-
chemistry, Guangzhou Institute of Geochemistry, Guangzhou, China

(Zhu et al., 2015). Detailed descriptions of the methods by which 14C
values were expressed and converted can be found in previous studies
by our group (Liu et al., 2016b; Mo et al., 2018). Briefly, 14C values
were expressed as the fraction of modern carbon (fm) after correcting
for the δ13C fractionation. The fm value was further converted into
fraction of non-fossil carbon (fnf) using a correction factor of 1.052
based on the long-term time series of 14CO2 sampled at the background
station (Levin and Kromer, 2004; Levin et al., 2013). The carbon con-
tent in the field blanks was negligible, therefore, no field blank sub-
traction was performed for the isotope analysis in this study.

3. Results and discussion

3.1. Carbon-fraction and light-absorption properties

Table S2 summarizes the concentrations of bulk carbonaceous
components, water-soluble ions, and three anhydrosugar isomers. The
annual mean concentrations of OC, WSOC, HULIS, and MP, LP, and NP
fractions were 8.09 ± 4.53, 3.83 ± 1.94, 2.08 ± 1.16, 1.77 ± 1.06,
0.67 ± 0.36, and 0.69 ± 0.29 µg C/m3, respectively, with the highest
values occurring in winter. Among the carbonaceous fractions, WSOC
accounted for 50 ± 12% of the total OC content. HULIS is the major
component and a strong light-absorbing component of WSOC, ac-
counted for a mean of 54% of the WSOC annually. This proportion is
similar to those reported by previous studies of the PRD (Fan et al.,
2016; Kuang et al., 2015; Lin et al., 2010; Liu et al., 2018). However,
the annual mean concentration of HULIS was 2.08 ± 1.12 µg C/m3,
which is close to or lower than the concentrations reported by the
aforementioned studies. These results indicate that the concentration of
HULIS varies widely, with spatial, temporal, and source differences
(Zheng et al., 2013). Of the WISOC, the MP fraction was the major
component, accounting for 23 ± 7% of the OC (Fig. S1). The LP and
NP fractions accounted for similar percentages, both are ~10% of the
OC. The relative contribution of the WISOC fractions (MP + LP + NP)
to OC (~43%) is consistent with the result of a previous study that
indicated that the difference between methanol-extracted OC and
water-extracted OC can constitute approximately 45% of the OC mass
(Cheng et al., 2016).

Fig. S2 and Fig. 1b show the absorption coefficients (Abs) of the
WSOC, MP, LP, and NP fractions and their relative contributions to the
total light absorption (AbsTotal = AbsWSOC + AbsMP + AbsLP + AbsNP)
in the range of 250–600 nm. Our result revealed that the NP fraction
has an extremely low absorption proportion in the near UV–vis spec-
trum, accounting for less than 1% in all samples. Thus, it is an unim-
portant light absorption constituent and can be overlooked (the same
hereinafter). The major light absorption constituent, WSOC, accounts
for about 60% of the total light absorption in the ultraviolet area and
increases slightly in contribution with wavelength in the visible range.
HULIS contributes an average of about 63% of the WSOC light ab-
sorption in the range of 250–600 nm and accounts for 42 ± 11% of the
total BrC absorption at 365 nm, which is about two times higher than
that of the non-HULIS component (21 ± 8%). The absorption con-
tribution proportions of MP are relatively stable in the entire wave-
length range, accounting for nearly one-third of the total light absorp-
tion. The absorption contributions of LP, which is usually considered to
be aromatic fraction, shows a remarkable decrease from 10% at 250 nm
to about 2% at 600 nm.

Our result is quiet similar with a previous study conducted by Chen
et al. (2017) that MP was the major light-absorption fraction in WISOC
using the similar method. However, their results showed that the
WISOC accounted higher BrC absorption in the visible region
(400–600 nm) than that of the WSOC, while the absorption of WSOC
was dominant in the UV region (250–400 nm). This is different from
our studies that WSOC was the major BrC component both in UV and
visible region. In this study, the Abs365 of WISOC was 0.30–1.97 times
of WSOC, with the mean value of 0.67 ± 0.35. Actually, the difference

H. Jiang, et al. Environment International 144 (2020) 106079

3



in WSOC contribution to BrC absorption can be attributed to the spatial
heterogeneity of emission sources and atmospheric processes. For ex-
ample, Lin et al. (2017) also found a similar trend to ours for the before-
and post-BB influenced aerosol samples in Rehovot. The authors de-
clared the BrC in these samples are mainly composed by highly oxidized
WSOC after comparing with the fresh BBOA samples. In Seoul (Kim
et al., 2016), the light absorption contributed by WISOC showed a clear
seasonal variations, with the dominant light-absorption contributed by
WISOC in summer, while in other seasons, WSOC was the main con-
tributors. The authors attributed it to that photochemically generated
SOA from anthropogenic emissions seems to be the major source in
summer, whereas aged/oxidized compounds were the major source in
other seasons. Therefore, considering the high atmospheric oxidation
level and relative humidity across the year in PRD (Ding et al., 2012),
the higher light absorption of WSOC than WISOC in this study indicates
the possibility of influences of aging and oxidization processes in the
full year. (Gilardoni et al., 2016; Zhong and Jang, 2014)

3.2. Origins of major BrC components

The sources of HULIS, MP and LP fractions were characterized using
tracer-based and 14C methods. Pearson correlation analysis (Table S3)
showed that HULIS and the MP fraction were significantly correlated
(r > 0.7, P < 0.01) with anhydrosugars, indicating that BB has an
important influence on these fractions. Secondary species (i.e., NH4

+,
NO3

−, and SO4
2−) were also moderately (0.4 < r < 0.7, p < 0.05)

or well correlated (r > 0.7, p < 0.05) with the two fractions, which
indicates the possible influences of anthropogenic SOA formation (Fig.
S3). HULIS can be emitted directly as primary emissions (i.e., BB, fossil
fuel combustion) and also be formed from SOAs from biogenic and
anthropogenic emissions (Gao et al., 2006; Graber and Rudich, 2006;
Lin et al., 2010). The LP fractions were weakly (r < 0.5, P < 0.05) or
not correlated with anhydrosugars but were significantly correlated
with species such as EC (r = 0.66, P < 0.01), K+(r = 0.68,
P < 0.01), and SO4

2− (r = 0.60, P < 0.01). Given that other than BB,

K+ has various sources such as sea salt and coal combustion (Li et al.,
2019b). Our results indicate that the possibility influences of anthro-
pogenic sources such as fossil fuel combustion to LP, while HULIS and
MP fraction probably are mainly associated with BB and atmospheric
SOA formation.

Radiocarbon analysis provided more specific information about the
contributions of fossil and non-fossil carbon to the total OC. Although
BrC only accounted a small fraction to extracted carbon fractions,
however, our correlation analysis (Table S3) show that the BrC in each
carbon fraction has same sources with their corresponding carbon
fraction. In this study, the fnf values of the three organic fractions were
strongly polar-dependent with the following values: HULIS
(0.63–0.68) > MP (0.50–0.54) > LP (0.32–0.39) (Fig. 2). In combi-
nation with the result of our group’s previous study that non-HULIS
have a larger non-fossil contribution (~8%) than HULIS (Mo et al.,
2018), therefore, our results show that the BrC aerosols with more polar
functional groups over PRD showed predominance of non-fossil origin.
The high fnf values associated with HULIS in our study provide further
support for the fact that HULIS in the PRD are dominated by biogenic
carbon, whereas the low fnf values associated with the LP fraction in-
dicate that it mainly originates from fossil fuel combustion-associated
sources. Additionally, fossil and non-fossil sources play the same im-
portant roles in the formation of the MP fraction in the PRD. Note that
the fnf values associated with the MP and LP fractions were lower than
those in rural areas (non-fossil carbon-dominant) (Wozniak et al., 2012)
but higher than those of aerosols in urban areas (fossil carbon-domi-
nant) (Currie et al., 1997) of the eastern USA, indicating that WISOC
has different chemical compositions and sources between the PRD and
those areas.

The fnf values associated with HULIS, MP, and LP fractions show a
clear seasonal trend with relatively low values occurring in summer
(Fig. 2). Despite higher biogenic emissions and frequent SOA formation
from biogenic VOCs in the summer season due to relatively high tem-
peratures and strong solar radiation, lower BB emissions (low con-
centration of levoglucosan) and more wash-out processes may lead to

Fig. 1. Annual trends of carbon concentration (a), Abs365(b) for WSOC, HULIS, MP, LP and NP fractions. (c) and (d) shows the seasonal variations of AAE and MAE365

for WSOC, HULIS, MP and LP fractions. Noted that the dash shadow area represents the portion of HULIS in WSOC.
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low non-fossil contributions and overall low mass concentrations.
However, the relative contributions of non-fossil HULIS, MP, and LP
carbon fractions were fairly constant during spring, fall, and winter, but
the absolute mass concentration of non-fossil carbon and the con-
centration of levoglucosan increased sharply in winter, indicating en-
hancement of BB emissions. Indeed, previous studies have reported that
crop-burning events for agriculture and wood/charcoal burning for
domestic heating occur widely during winter in South China (Liu et al.,
2018; Qin et al., 2018; Zhang et al., 2013b).

3.3. Molecular composition of HULIS, MP, and LP fractions

3.3.1. General characterization
Due to the bias of ESI− for less polar and smaller molecules, only

HULIS, MP, and LP fractions were analyzed using ESI-FT-ICR-MS. The
reconstructed mass spectra are presented in Fig. S4. The mean numbers
of detected formulas for the HULIS, MP, and LP fractions were
5415 ± 430, 3456 ± 867, and 2261 ± 739, respectively (Table S4).
More species were detected in the polar fractions, similar to the results
of WSOC contained more species than that observed for WISOC
(Willoughby et al., 2014). The identified molecules were divided into
four categories based on the elements in their molecular formulae:
compounds only containing C, H, and O are assigned into CHO groups
(similarly hereinafter). Significant differences in the HULIS, MP, and LP
compositions are shown in the pie chart in Fig. S4. The peak intensity
percentages associated with HULIS were very similar—CHONS,
25–33%; CHOS, 23–29%; CHO, 21–24%; and CHON, 18–26%. The CHO
species were the most abundant in MP and LP fractions, accounting for
46–60% and 70–81% of the total intensity, respectively. In the similar
study, Chen et al. (2017) also revealed that the relative abundance of
the oxygenated compounds was polarity-dependent by various
methods, which is consistent with our results. On the contrary, the
abundances of sulfur-containing compounds (SOCs; CHOS + CHONS)
were relatively low, only 27–35% for MP and 5–7% for LP. The reason
for the low abundances of SOCs in the relatively weak polar fraction
may be because SOCs such as organosulfates and sulfonates are more
soluble in water. The abundances of CHON compounds in the MP and
LP fractions were close to those in HULIS, which may indicate the wide
polar range and complexity of the composition of nitro-containing
compounds.

3.3.2. SOCs
The aromaticity index (AI) is used to improve the identification and

characterization of aromatic and condensed aromatic compounds, and
the ratio of double-bond equivalents value to carbon number (DBE/C) is
related to the density of double bonds and their aromaticity (Koch and
Dittmar, 2006; Lin et al., 2012a). In this study, more than 96% of SOCs
had AI value lower than 0.5 for all HULIS and MP samples, and more
than 94% of the CHOS compounds in the LP fraction had AI* < 0.5,
which means that they were mainly composed by aliphatic/ olefinic
organosulfates (Table S5). These sulfur-containing compounds are un-
likely to be the main BrC chromophores. Although previous studies
have shown that there is a large number of organosulfates in the fresh
aerosols produced by engine emissions and coal combustion, those fresh
organosulfates tend to be more aromatic with high AI and DBE/C values
and probably were the product of thermal reactions of benzenes with
SO2 during combustion processes (Cui et al., 2019; Fan et al., 2019;
Song et al., 2018). Therefore, the organosulfates detected in this study
are more likely to be SOA products of VOCs, which are formed through
the reaction of unsaturated and long-chain alkenes/fatty acids with SO2

(He et al., 2014; Kuang et al., 2016; Lin et al., 2012b; Zhu et al., 2019).

3.3.3. CHON compounds
Many studies have shown that nitrogen-containing organic com-

pounds (NOCs) such as N-heterocyclic compounds, nitrated phenols,
and nitro-aromatic compounds are important BrC chromophores, and
BB is one of the most important sources of NOCs (Claeys et al., 2012;
Desyaterik et al., 2013; Lin et al., 2016; Mohr et al., 2013; Wang et al.,
2019). However, the N-bases cannot be detected in ESI− mode. Here,
the seasonal trend of the content of CHON compounds was same as that
of the non-fossil sources, i.e., the highest contents of CHON compounds
in HULIS, MP and LP fractions occurred in winter, implying a possible
enhanced contribution of biomass burning. The O/N ratio of CHON
compounds decreased with polarity in the order of HULIS > MP > LP
fraction, indicating that the CHON compounds detected in LP fractions
were less oxidized. According to previous studies, O/N ≥ 3 may in-
dicate nitro (–NO2) or nitrooxy (–ONO2) compounds and O/N < 3
may indicate reduced N compounds (Laskin et al., 2009; Lin et al.,
2012a). In this study, nitro compounds or organonitrates were the
predominant components of CHON compounds, accounting for more
than 90% of the total in HULIS and MP fractions and 70–87% in the LP
fraction (Table S6). The abundance-weighted AI and DBE/C values (AI*
and DBE/C*, abundance-weighted average values were marked by “⁎”)
associated with CHON compounds indicate that there were more aro-
matic structures in HULIS (Table S4). For example, the AI* value as-
sociated with HULIS was usually higher than that associated with the
MP or LP fraction. The double-bond equivalents (DBE) values asso-
ciated with HULIS were in the range of 4–15, whereas a large number of
compounds in MP and LP have DBE values lower than 4. The structures
of molecules with high-intensity peaks observed in the analysis of dif-
ferent polar fractions may indicate the possible sources of CHON
compounds. As shown in Fig. S5, high-intensity peaks arising from
C8H11NO7 and C7H7NO4 with DBE values of 4 and 5, respectively, were
detected in the HULIS analysis. C7H7NO4 has been reported in many
studies and is thought to be methyl-nitrocatechol, which is an im-
portant type of BrC chromophore related to secondary BBOA
(Desyaterik et al., 2013; Lin et al., 2016, 2017; Mohr et al., 2013). In
the MP fraction, the high-intensity peaks arising from C12H7NO4 and
C13H7NO4 could represent potential BrC chromophores because they
have high DBE values of 10 and 11. These compounds most likely to be
the nitration products of naphthalene. The abundant nitrogen-hetero-
cyclic species of C16H10N2O2, with a DBE value of 13, was detected in
the LP fraction and tentatively assigned as indigo. Indigo is a natural
plant pigment and mainly from polygonum (which is a kind of widely
spread plant in China and growth everywhere in the farmland). The
C16H10N2O2 detected in our samples are probably unintentionally
emitted along with the opening biomass burning events, such as straw

Fig. 2. Seasonal trends of concentration of levoglucosan (levo) and non-fossil
fraction carbon in HULIS (fnf-HULIS), MP (fnf-MP) and LP (fnf-LP). The colunm bar
shows the seasonal varibility of sum intensity (S/N) of potentail BrC formulas
detected in HULIS (HULISS/N), MP (MPS/N) and LP (LPS/N). The potentail BrC
formula is selected based on the criteria of 0.5 × c ≤ DBE ≤ 0.9 × c (DBE:
double bond equivalent, c: carbon numbers) which presented in Lin et al.
(2018) Error bars represent the standard deviation of triplicate analysis for fnf

and the standard deviation of seasonal concentrations for levo.
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combustion in the farmland. Moreover, all of these BrC candidate
compounds exhibited an obvious seasonal trend, with a high intensity
in winter and low intensity in summer, which is similar to the trend in
levoglucosan concentrations, further proving the influence of BB on the
molecular composition of CHON compounds (Fig. S6).

3.3.4. CHO compounds
The CHO compounds identified using FT-ICR-MS most probably

bear carboxyl and hydroxyl groups. The ratios of O/C* and H/C* can
reflect the oxidation and saturation states of each compound. In this
study, the O/C* ratios of CHO in the HULIS, MP, and LP fractions were
0.39–0.43, 0.25–0.30, and 0.11–0.13, respectively, and the H/C* ratios
in the three fractions were ranked in the following order: HULIS
(1.21–1.30) < MP (1.41–1.52) < LP (1.58–1.72), indicating that the
degree of oxidation/unsaturation decreased/increased with decreased
polarity. The van Krevelen diagram can provide a better understanding
of distinct structural properties among HULIS, MP, and LP fractions
(Fig. S7). Many intense CHO compounds associated with the MP and LP
fractions were observed in the region A of the diagram, with relatively
high H/C* and low O/C* ratios, which are often attributed to aliphatic
compounds such as fatty acids (Wozniak et al., 2008; Zuth et al., 2018),
whereas the intense CHO compounds associated with HULIS were lo-
cated in the lignin-like region, which represents compounds similar to
the pyrolysis products of lignin. The diagram is consistent with previous
results, indicating that HULIS is composed mainly of terpenoid acids
and aromatic carboxylic acids (Laskin et al., 2015; Lin et al., 2012a;
Zheng et al., 2013). In addition, many molecules found in the three
carbon fractions were located in region B, rather than region A. Un-
saturated hydrocarbons and polycyclic aromatic structures are often
assigned to region B, and the formulae represented by this region may
reflect the influence of anthropogenic sources (Kourtchev et al., 2014).
Fig. S8 further shows the varying trends in DBE values according to
increasing C number. The high-intensity CHO compounds in HULIS
were mostly associated with a DBE range of 3–12 and a carbon number
range of 5–20, whereas the high-intensity compounds in the MP and LP
fractions were generally associated with DBE values of less than 5 and
carbon number values of more than 14. Table S5 also lists that the
relative contents of CHO compounds with AI < 0.5, which were
generally ranked in the following order: HULIS < MP < LP. These
results imply that the CHO molecules with lower polarity are composed
of many higher molecular-weight compounds with a lower degree of
unsaturation. It is worth noting that although the LP fraction usually is
considered an aromatic fraction that contains PAHs, it could not be
detected using the negative ESI ion-source mode employed in this
study.

3.4. Linkages between light-absorption properties and molecular
characteristics

A similar seasonal trend of AAE and MAE365 values was observed for
all carbon fractions, with the highest values appearing in winter, as well
as the higher average values in cold seasons than warm seasons, in-
dicating possibly similar seasonal variations of BrC sources and che-
mical composition (Fig. 1c&d). In this study, the mean AAE values of
HULIS (4.8 ± 0.9) and WSOC (4.6 ± 0.7) in the range of 330–400 nm
(hereinafter the same) were close, and the AAE values of MP
(3.9 ± 0.4) and LP (4.3 ± 0.6) were slightly lower than those of
WSOC and HULIS. The MAE at 365 nm also showed distinct polarity
variations in the descending order of HULIS
(1.6 ± 0.4 m2·g−1C) > MP (1.2 ± 0.3 m2·g−1C) > non-HULIS
(0.9 ± 0.4 m2·g−1C) > LP (0.8 ± 0.4 m2·g−1C) (The difference
between these data have been tested by using one-way ANOVA with
p < 0.01). We also calculated the MAE at 300–700 nm, which show
similar descending trends with MAE at 365 nm for carbon fractions
(Fig. S2). The stronger light-absorption capability exhibited by HULIS
and MP than the other fractions probably demonstrates they contains

more number of chromophores, which further indicates they are major
light-absorbing components.

It is worth noting that the light absorption capacities of BrC usually
related with the aromaticities and degree of conjugation (Laskin et al.,
2015). Atmospheric aging processes also can lead to the enhancement
or photochemical degradation of BrC absorption via changing the mo-
lecular composition, such as O/C ratios (Lambe et al., 2013; Lee et al.,
2014). As shown in Table S4, relative abundance-weighted H/C*, O/C*,
DBE/C* and AI* values in the four categories representing the three
fractions were usually polarity dependent. The O/C*, AI* and DBE/C*
values in each HULIS compound category were significantly higher
than those of the MP and LP fractions, which is similar to the trend of
MAE365. This probably means that the light-absorption capability of the
three fractions was associated with the diversity of oxidation levels and
aromaticities. Additionally, AI* and DBE/C* values associated with
CHON were generally higher than those associated with the CHO ca-
tegories, and the SOCs had the lowest AI* and DBE/C* values, in-
dicating more double-bond structures in CHON groups.

3.5. Influence of BBOA on BrC molecular composition and absorption

The light-absorption properties of BrC can be affected by various
factors. In general, the light-absorption capacity of BrC is directly re-
lated to the molecular composition of the bulk components, which is
usually influenced by different sources and atmospheric processes.
Abs365 is a key parameter that can be used to describe the absorption of
BrC and is used as a proxy of BrC during extraction. The Pearson cor-
relation coefficients for the associations between Abs365 and HULIS,
MP, and LP fractions, as well as EC, levoglucosan, and water-soluble
ions are shown in Table S3 and Fig. S9. Significantly positive correla-
tions were observed between Abs365 of each carbon fraction and le-
voglucosan (r > 0.71, P < 0.01, n = 20, 8 missing values were
precluded) and K+ (r > 0.78, P < 0.01, n = 28), indicating that BB
may have significant effects on BrC in the three carbon fractions. Fur-
thermore, the Abs365 of each carbon fraction also show moderately or
well correlations with EC (tracer of incomplete combustion) and an-
thropogenic ions (e.g. NO3

−, SO4
2− and NH4

+), implying the possible
influence of anthropogenic fossil fuel combustion (e.g., coal, gasoline,
or diesel) on BrC in all three carbon fractions (Wu et al., 2019).

Additionally, the consistent seasonal trends in MAE365, fnf, and le-
voglucosan for all carbon fractions, with higher values in winter (Figs. 1
and 2), indicating that the increase in BrC absorption in winter may also
be caused by more BB emissions. Furthermore, the significant positive
correlation between MAE365 and fnf (r = 0.93, p < 0.01) in the three
fractions in different seasons indicates that BB plays a predominant role
in the BrC absorption of atmospheric aerosols in the PRD (Fig. 3a). As
shown in Fig. 3b, MAE365 values were positively correlated with DBE/
C* values (r = 0.93, p < 0.01), suggesting that the increased BB
emissions led to the high density of double bonds in molecular com-
position, which induced the relatively strong BrC absorption. To avoid
interference from aliphatic compounds, which would likely not be BrC
chromophores, molecule types with DBE values in the range of
0.5 × c ≤ DBE ≤ 0.9 × c (c, carbon number) were selected as po-
tential BrC chromophores (Lin et al., 2018). Significant positive corre-
lations were observed between MAE365 values and the total selected
potential BrC formula number (r = 0.97, p < 0.01) (Fig. 3c). The
percentage intensity in each category of BrC relative to those of all
identified formulae (IntC/Intbulk) are also shown in Table S7. For HULIS,
MP, and LP fractions, the IntC/Intbulk ratios of CHON in winter in-
creased to almost 2–3-fold of those in summer (HULIS, 0.08 vs. 0.15;
MP fraction, 0.06 vs. 0.13; LP fraction, 0.02 vs. 0.6), whereas the IntC/
Intbulk ratios of SOCs did not exhibit obvious seasonal variations. As
shown in Fig. 3d, significant positive correlations were observed be-
tween MAE365 values and the relative contents of potential CHON BrC
(r = 0.88, p < 0.01), confirming that variation in BrC absorption is
mainly affected by N-containing compounds. Aside from the potential
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CHON BrC, the light-absorbing CHO compounds in the LP fraction also
increased greatly (from 0.06 to 0.13). For example, there was a sharp
increase in the intensity of C19H10O2 (S/N increased from 36 in summer
to 384 in winter), which has been detected in freshly emitted BBOA (Lin
et al., 2016). It should be noted that the light-absorbing CHO com-
pounds in the LP fraction were associated with AI* ≥ 0.67 (Table S7),
which indicates that the BrC comprising CHO compounds from BBOA is
more likely to be compounds exhibiting high aromaticity and lower
polarity, such as oxidized-PAHs (Lin et al., 2018).

Combining with the source analysis, we found that the BrC in winter
at PRD was mainly affected by biomass burning, which is characterized
by light-absorption nitrogen-containing compounds (including a large
number of unique nitrogen compounds) and most of them with higher
oxidation levels (O/N ratios ≥3) can be attributed to nitro- compounds
or organonitrates. Previous studies indicate that although the fresh-
emitted BBOA also contains nitro-aromatic compounds, the main
chromophore is aromatic compounds containing the hydroxyl/methoxy
or aldehyde/ketone group (Lin et al., 2016, 2017). Recent simulation
experiments have confirmed that secondary nitrogen-containing BrC
can be formed in BBOA under the presence of NOx (Li et al., 2019a).
Therefore, we speculate that the light-absorbing nitrogen-containing
chromophores detected in winter (high concentration of NO3

−) at PRD
area, are likely to be the secondary products of BBOA after atmospheric
oxidation processes (i.e. nitration process). Also, we noted that the
possibly transformation of compounds from relative lower polar to
higher polar via functionalization (the oxidative addition of polar
functional groups to the carbon skeleton) was shown in the Kroll plot
(Fig. S11) (Kroll et al., 2011). For example, the tentatively identified
formulas of C10H7NO3-7, C11H9NO3-7 and C12H11NO3-7 with relatively
high intensity detected in MP probably are oxidized products of PAHs
(naphthalene); and the tentatively identified formulas of C7H7NO4-5,
C8H7NO3-7, C9H7NO3-7, C9H9NO3-7 detected in HULIS probably are
oxidized products of phenols (Lin et al., 2017). Therefore, our results
probably imply that oxidation processes in atmosphere makes the
chemical composition of BrC less diverse, more persistent and hydro-
philic.

4. Conclusions

This study reports the seasonal variations in light absorption prop-
erties and sources of polar-dependent organic fractions at a typically
regional site of the PRD, which include the high polar fraction of HULIS
in WSOC, as well as the middle polar(MP) and low polar(LP) carbon
fractions in WISOC. The results highlight that the MAE365 values of the
three carbon fractions are well polar-dependent, which shows similar
trends with the average AI and DBE/C values but opposite to the pro-
portions of CHO compounds. Carbon isotopic compositions of polar-
dependent organic fractions, supplemented with FT-ICR-MS, major ions
and organic tracers, indicate that the significant influences of biomass
burning to the BrC absorption of HULIS, MP and LP, although the major
components and sources of these carbon fractions are obviously dis-
tinct. The MAE365 of BrC absorption in winter increased to as high as
1.08–2.44 times of those in summer for different polar carbon fractions,
and the absolute fossil and non-fossil carbon content in winter in-
creased to as high as 1.91–2.10 and 2.33–2.70 times of those in
summer, respectively. Moreover, the relative content of the potential
light-absorbing nitrogen-containing compounds also increased, with
the content increasing 2–3 times in biomass burning influenced seasons
than in summer. This result imply that biomass burning aerosols are
important to the BrC seasonal variations both in rural and urban region
(mainly affected by anthropogenic emissions, e.g. coal combustion and
vehicle emissions). The BrC absorption generally enhanced along with
the frequent haze explosion during the harvest and cold seasons in the
Northern Hemisphere, which partially due to the elevated BB events for
open agricultural residues burning and domestic heating. In the cold
and dry days, the elevated BC and BrC absorb more sunlight and warm
the air, which easily caused the formation of inversion layer and des-
cending of boundary layer. Under these conditions, the more frequent
SOA formations of anthropogenic emissions would aggravate the haze
formations. Hence, controlling regional biomass combustion would be
one of the effective ways to reduce regional air pollution.
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