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• Fluorophores were mainly related to
less‑oxygenated HULIS and primary
emissions.

• Continental-influenced WSOC showed
higher light absorption coefficient and
efficiency.

• Continental-influenced WSOC had
relatively more unsaturated and aromatic
molecules.

• More organohalogen compounds were
identified in marine air masses
influenced WSOC.
Figure. Discrepancies of optical properties and molecular compositions between Con-influenced and Mar-influenced
WSOC.
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To evaluate the optical properties and molecular composition of water-soluble organic carbon (WSOC) in the atmo-
sphere of coastal cities, particle samples were collected in Tianjin, Qingdao and Shanghai, three coastal cities in eastern
China. Subsequent analysis by ultraviolet visible and fluorescence spectrometer and electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometry were performed. The results showed that the concentration
levels and light absorption ability of WSOC decreased from the north to south cities, ranking as Tianjin > Qingdao
> Shanghai. Three major fluorescent components including less‑oxygenated humic-like substances (52–60 %),
highly‑oxygenated humic-like substances (15–31 %) and protein-like substances (17–31 %) were identified in
WSOC based on the fluorescence spectroscopy and parallel factor analysis, which might be closely related to anthro-
pogenic emissions and continental sources as well as secondary formation processes. Five subgroups ofmolecular com-
ponents were further identified inWSOC, including the predominant CHON compounds (35–43%), sulfur-containing
compounds (i.e., CHONS and CHOS compounds, 24–43%), CHO compounds (20–26%) and halogen-containing com-
pounds (1–7 %). Compared to marine air masses influenced samples, WSOC affected by continental air masses
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exhibited higher light absorption coefficients and generally had a higher degree of aromaticity and unsaturation, as
well as contained more molecular formulas of WSOC, especially enriched with sulfur-containing compounds. In con-
trast, relatively more abundant halogen-containing compounds were identified in the marine air masses influenced
samples. Overall, this study provided new insights into the light-absorbing and chemical properties ofWSOC in coastal
cities, especially under the influences of continental and marine air masses.
Fig. 1. The location map of the three sampling sites in this study.
1. Introduction

Water-soluble organic carbon (WSOC) is a critical constituent of
atmospheric organic aerosols, which accounts for a substantial fraction
(20–80 %) of atmospheric organic aerosols (Du et al., 2014a; Kirillova
et al., 2014a). WSOC can be originated from primary emissions
(e.g., biomass burning and coal combustion) (Hecobian et al., 2010;
Olson et al., 2015; Yan et al., 2015) or secondary formation through
the oxidation of atmospheric volatile organic compounds (VOCs) (He
et al., 2021; Lin et al., 2015; Weber et al., 2007). Previous studies
have shown that WSOC could enhance the hygroscopicity of particles
and influence the activity of cloud condensation nuclei (CCN), and has
a significant impact on the global climate (Fuzzi et al., 2001; Seinfeld
et al., 2016). In the past decades, special attention has been paid to
the physicochemical properties of WSOC, especially for the components
with strong light-absorption ability, which are defined as brown carbon
(BrC) (Andreae and Gelencsér, 2006). The sources and light absorption
properties of water-soluble brown carbon (WS-BrC) have been found to
have significant temporal and spatial variations (Du et al., 2014b;
Hecobian et al., 2010; Kirillova et al., 2014b; Yuan et al., 2020). A com-
prehensive understanding of the optical properties, sources and molec-
ular compositions of WSOC in different regions is necessary to assess
their climate effects. However, previous studies are mainly focused on
the inland urban areas especially some megacities, while researches
on the WSOC in coastal regions are still scarce.

Located in the junction of land and ocean, atmospheric organic aerosols
in coastal cities could be affected by continental emissions and sea breezes,
and may have significant regional characteristics (Bai et al., 2020; Ding
et al., 2004; Kuang et al., 2015; Tolis et al., 2015). Aerosols in coastal cities
may enrich with sea spray-derived organicmatters when influenced byma-
rine biological activities (Bao et al., 2018). For example, low molecular
weight organic molecular compositions (e.g., n-alkanes, fatty acids) have
been observed in the coastal atmosphere under the influence of sea breezes
due to the transport of marine organic matters (Fan et al., 2020). In addi-
tion, a recent study indicated that WSOC influenced by marine air masses
was more enriched with saturated and lower oxidation level primary
marine biological compounds (Mo et al., 2022). Furthermore, ship emission
may be a non-negligible contributor to the light-absorbing component of
WSOC in port cities (Bai et al., 2020; Yu et al., 2018). Halogen and dimethyl
sulfide (DMS) or isoprene emitted from the ocean can affect the secondary
formation of organic aerosols in the atmosphere by changing the concen-
tration levels of OH, HO2, NO3 and O3 in the coastal atmosphere (Gantt
et al., 2010; Muñiz-Unamunzaga et al., 2018). The oxidation of VOCs
(e.g., polycyclic aromatic hydrocarbons, furan or monoterpenes) by
chlorine atom could also be an important source of organic aerosols in
coastal regions (Cabanas et al., 2005; Cai and Griffin, 2006; Tanaka
et al., 2003; Wang et al., 2005). However, most of the current organic
aerosol related studies in coastal cities were mainly focused on water-
soluble ions, small molecule organic acids (e.g., dicarboxylic acids), or
formation mechanisms of marine secondary organic aerosols (Bikkina
et al., 2017; Tolis et al., 2015; Zhou et al., 2018).

So far, the knowledge about the optical properties and molecular compo-
sition of WSOC in coastal regions is still very limited. In particular, the mea-
surement and research of organochloride in particulate matter in coastal
areas are still very few. In this study, fine particulate matter (PM2.5) samples
were collected in three typical coastal port cities in eastern China in winter.
The primary objectives of this study include (1) investigating the similarities
and differences of optical properties and molecular composition of WSOC in
2

different coastal cities, and (2) exploring the discrepancies of chemical prop-
erties of WSOC under the influences of continental and marine air masses.

2. Materials and methods

2.1. Sample collection

PM2.5 samples were collected in Tianjin (TJ), Qingdao (QD) and Shang-
hai (SH) (Fig. 1). These three cities are important coastal and port cities in
eastern China, whichmay be affected by continental and oceanic airmasses
as well as ship emissions. Tianjin locates in the Beijing-Tianjin-Hebei re-
gion, and is adjacent to the Bohai Sea of China. Qingdao is situated on the
heavily polluted Shandong Peninsula, adjacent to the Yellow Sea and
downwind of the North China Plain. And Shanghai locates in the Yangtze
River Delta region, bordering on the East China Sea. These three cities
can be representative of coastal cities in the three of the typical regions in
China, and in northern and southern China, respectively, with differences
in ambient temperatures and anthropogenic and biogenic source emissions.
Therefore, the selection of these three cities provides an opportunity to
better understand the optical properties and molecular composition of
atmospheric water-soluble organic aerosols under the influence of dif-
ferent air masses and emission sources.

The TJ site has been described in our previous study (Zhou et al., 2023).
Briefly, it was located on the campus of Tianjin Medical University
(39.11°N, 117.19°E) and surrounded by residential buildings. The QD site
was located on the rooftop of one teaching building on the campus of Qing-
dao Research Institute of Northwestern Polytechnical University (36.35°N,
120.67°E), which was mainly surrounded by villages and residential build-
ings. The SH site was situated on the rooftop of the building of the Shanghai
Environmental Monitoring Center (31.17°N, 121.44°E), locating in a mixed
district of residential, commercial and teaching areas, and there was amain
traffic road about 300 m away. A mid-volume air sampler (TH-150A,
Wuhan Tianhong, China) was used to collect PM2.5 samples on quartz-
fiber filters (90 mm; Whatman, grade QMA 9.0CM, USA) at a flow rate of
100 L·min−1. Daily PM2.5 samples were collected from 29 November
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2019 to 6 January 2020 in TJ and from12 November to 25 December 2019
in QD, respectively. The sampling duration for each sample was 23.5 h,
with the collection time starting at 8:00 am and stopping at 7:30 am on
the next day. Samples in SH were collected on quartz-fiber filters
(8 × 10 in.; Whatman, grade QMA 8 × 10IN, USA) using a high-volume
air sampler (Tisch Environment, USA) at a flow rate of 1.13 m3·min−1

from 12:00 pm to 10:00 am the next day (22 h) during December 1–28 of
2020. All quartz-fiber filters were prebaked at 550 °C for 5.5 h before sam-
pling to remove potential organicmatters. After sampling, thefilter samples
were wrapped in prebaked aluminum foils and stored under−20 °C in the
refrigerator until further analysis.

2.2. Chemical analysis

A punch of 1.5 cm2 subsample taken from each filter sample was ana-
lyzed by the thermal optical transmittance (TOT) carbon analyzer (Sunset
Laboratory, Inc., Tigard, OR, USA) following the National Institute for Oc-
cupational Safety and Health (NIOSH) protocol to determine the concentra-
tions of organic carbon (OC) and elemental carbon (EC). Sucrose standard
solution was applied to test the status of the instrument before and during
the measurement, and OC and EC concentrations were corrected by a stan-
dard curve to ensure the accuracy and reliability of the results. Besides, an
area of 6 cm2 cut from each sample was extracted by ultra-sonication for
30 min with ultrapure water (>18.2 MΩ·cm, 25 °C, Direct-Q, Millipore).
The water extracts were then filtered with a PTFE pore syringe filter
(0.45 μm;Pall, USA) to remove insolublematerials. A portion of the extracts
was used to quantify the WSOC concentrations by an Elementar vario TOC
cube elemental analyzer (Elementar, Germany).

2.3. Light absorption and fluorescence analysis

Light absorption spectrum of WSOC was recorded by a spectrophotom-
eter (TIDAS®S 300 UV/VIS 1972 DH, J&M, Germany) coupled with a 1 m
long-path liquid waveguide capillary cell (LWCC-3100, World Precision In-
struments Inc., USA) over the wavelength range of 250–700 nm with the
scanning interval of 1 nm. Ultrapure water was used for blank correction
during the measurements. The light absorption coefficient (Absλ, Mm−1)
of WSOC at the wavelength λ was calculated as follows,

Absλ ¼ Aλ−A700ð Þ � Vl

Va � L
� ln 10ð Þ ð1Þ

where Vl (mL) is the volume of the filtered extract, Va (m3) is the air volume
corresponding to the extracted filter area, and L is the optical path length
(1 m here). Aλ is the absorbance at wavelength λmeasured by the spectro-
photometer. In this study, Abs365 was chosen as a proxy for the absorbance
of WS-BrC to exclude the interferences of other substances (e.g., nitrate,
etc.) (Hecobian et al., 2010). A700 was chosen to reduce the effects of base-
line drift during the measurement and ln (10) was used to convert the ab-
sorption coefficient from log base 10 to natural logarithm.

Mass absorption efficiency (MAE, m2·g−1) was widely used to charac-
terize the light absorption ability of WSOC, and was calculated as follows,

MAEλ ¼ Absλ
CWSOC

(2)

where CWSOC (μg·m−3) represents WSOC mass concentration.
The spectral dependence of light absorption for WSOC could be de-

scribed by the Ångström absorption exponent (AAE), which was obtained
by a linear regression fitting of the light absorption over the wavelengths
of 330–400 nm according to the Eq. (3),

AAE ¼ � ln Abs λ1ð Þ=Abs λ2ð Þð Þ
ln λ1=λ2ð Þ (3)

About 3 mL of the aqueous filter extracts were used for fluorescence
measurement using a fluorescence and absorbance spectrometer (Duetta™,
3

Horiba Scientific, Japan). Excitation-emission matrix (EEM) spectrum with
excitation (Ex) and emission (Em) wavelength range of 250–600 nm was
obtained, with scanning intervals set to 5 and 2 nm and slit width fixed at
5 nm. Parallel factor analysis (PARAFAC) with the non-negativity con-
straint of ultrapure-water-corrected EEM data was performed using the
DOMFluor toolbox for MATLAB R2020a to identify the potential chromo-
phore components at the three sites (Stedmon and Bro, 2008). Besides,
fluorescence indices were calculated to provide source information on at-
mospheric organic aerosols. The fluorescence index (FI, the ratio of emis-
sion intensity of 450 nm to 500 nm under the Ex of 370 nm), biological
index (BIX, the ratio of emission intensity of 380 nm to 430 nm under the
Ex of 310 nm) and humidification index (HIX, the ratio of the integrated
emission intensity in the ranges of 435–480 nm to 300–345 nm under the
Ex of 255 nm) were determined according to the following equations (Wu
et al., 2021), respectively,

FI ¼ F Ex ¼ 370 nm, Em ¼ 450 nmð Þ
F Ex ¼ 370 nm, Em ¼ 500 nmð Þ (4)

BIX ¼ F Ex ¼ 310 nm, Em ¼ 380 nmð Þ
F Ex ¼ 310 nm, Em ¼ 430 nmð Þ (5)

HIX ¼ F Ex ¼ 255 nm, Em ¼ 435 � 480 nmð Þ
F Ex ¼ 255 nm, Em ¼ 300 � 345 nmð Þ (6)

2.4. Molecular composition analysis and related data treatment

The 48-h backward air mass trajectory was calculated (at 500 m above
ground level) for every single day with the national oceanic and atmo-
spheric administration (NOAA) Hybrid Single-particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model (https://www.ready.noaa.gov/
HYSPLIT_traj.php) (Stein et al., 2015). Cluster analysis implied that air
masses arriving at the sampling sites including continental and marine air
masses (Fig. S1), with 16–42% of air masses frommarine. Samples affected
by continental air masses (Con-influenced) and marine air masses (Mar-in-
fluenced) were identified and selected at each site for further Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR MS) analysis
(Fig. S2). A subsample with an area of 15.9 cm2 was punched from the se-
lected sample and was extracted with 20mL ultrapure water using an ultra-
sonic bath for 30 min and then filtered by a 0.22 μm PTFE membrane
(Anpel, China) to remove insoluble particles. The extraction was further
adjusted to pH = 2 by adding HCl (1 M) and then passed through a
preconditioned solid-phase extraction (SPE) cartridge (Oasis HLB, 30 μm,
200 mg/cartridge; Waters, Milford, MA, USA). Organic compounds
retained on the SPE cartridgewere further elutedwithmethanol containing
2 % ammonia (v/v, 6 mL) and dried under a gentle high-purity nitrogen
(N2) stream. After that, the dried-eluate was re-dissolved in methanol and
then analyzed by the FT-ICR MS.

In this study, a solariX XR FT-ICRMS (Bruker Daltonics GmbH, Bremen,
Germany) equipped with a 9.4 T refrigerated actively shielded
superconducting magnet (Bruker Biospin, Wissembourg, France) and a
ParaCell analyzer cell (Gamry Instruments, Warminster, PA, USA) was
adopted. More detailed description of the instrument andmeasuring condi-
tions could be found in Mo et al. (2018). Briefly, the samples were ionized
in the negative ion mode using the electrospray ionization ion source (ESI-)
(Bruker Daltonics). The ion accumulation time was set to 0.6 s, and a total
of 100 continuous 4 M data points of FT-ICR transients were added to
enhance the signal-to-noise (S/N) ratio. The detection mass range was set
tom/z 100–800 and the mass spectra were calibrated externally with argi-
nine clusters in the negative ion mode using a linear calibration. The final
spectrum was internally recalibrated with typical O3 class species peaks
using quadratic calibration in DataAnalysis ver. 5.0 (Bruker Daltonics). A
typical mass-resolving power (m/Δm50%, in which Δm50% is the magni-
tude of the mass spectral peak full width at half-maximum peak

https://www.ready.noaa.gov/HYSPLIT_traj.php
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height) > 450,000 at m/z 319 with <0.2 ppm absolute mass error was
achieved.

An algorithm for D-labeled UHR-MS spectra (FTMSDeu) developed by
Fu et al. (2022)was used to calculate all themathematically possible formu-
las for all ions with S/N ≥ 10 and mass tolerance of ±1 ppm. Each of the
detected molecular formulas (CcHhOoNnSsCljBrkIl) contains certain ele-
ments, including carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulfur
(S), chlorine (Cl), bromine (Br), and iodine (I). The calculator was set as C1-

50H1-60O1-15N1-5S1-3Cl1-3Br1-2I1-2, and the identified formulas containing
isotopes (i.e., 13C, 18O, 34S, 37Cl, 81Br) were not discussed. To rule out the
compounds that were unlikely to exist in nature, the H/C, O/C, N/C and
S/C ratios were limited to 0.3–3.0, 0–3.0, 0–0.5 and 0–2.0, respectively. Be-
sides, all the calculated formulas that disobey the nitrogen rule were ex-
cluded. Finally, the identified molecular formulas were apportioned to
five major groups, including CHO (containing carbon, hydrogen and oxy-
gen atoms, the other groups are defined analogously), CHON, CHONS,
CHOS and halogen-containing compounds (HCCs, including CHOX,
CHONX, CHONSX, and CHOSX, where X represents halogen atoms includ-
ing Cl, Br and I). Therein, HCCs were further classified into thirteen
subgroups (i.e., CHOBr, CHOCl, CHOClBr, CHOI, CHONBr, CHONCl,
CHONClI, CHONI, CHONSBr, CHONSCl, CHOSBr, CHOSCl and CHOSI)
based on C, H, O, N, S, and halogen atoms (Cl, Br, and I).

The double-bond equivalents (DBE) and themodified aromaticity index
(AImod) of compounds were calculated as follows (Fu et al., 2022),

DBE ¼ 1þ 2c � hþ jþ kþ lð Þ þ n
2

(7)

AImod ¼ 1þ c � 0:5o � s � 0:5 hþ nþ jþ kþ lð Þ
c � 0:5o � n � s

(8)

where c, h, o, n, s, j, k, and l refer to the stoichiometric number of C, H,O, N,
S, Cl, Br, and I atoms in per formula. And if AImod < 0, then it was regarded
as AImod = 0.

The molecular parameters (MP) were assessed with relative intensity
weight by the following equation,

MPi,w ¼ ∑ Inti �MPið Þ
∑Inti

(9)

whereMP and Int are themolecular parameters (e.g., molecular weight, O/
C, H/C, DBE, and AImod, etc.) and the intensity of formula i, respectively.

For CHOS1 compounds, an alternative notation was introduced using
O⁎ (defined as x - 3, where x represents the number of O atoms) (Tao
et al., 2014). The new aromaticity index (AI⁎) was calculated by the follow-
ing equation (Su et al., 2022),

AI∗ ¼ DBE � O∗ð Þ= c � O∗ð Þ (10)

where c represents the number of C atoms.

2.5. Other analysis

The concentrations of primary organic carbon (POC) and secondary or-
ganic carbon (SOC) were estimated based on the EC-tracer method, which
has beenwidely used in previous studies (Lin et al., 2009; Zhou et al., 2023)
as follows,

SOC ¼ OC � EC� OC=ECð Þmin (11)

POC ¼ OC � SOC (12)

where (OC/EC)min denotes the minimum OC/EC ratio during the sampling
period at each site (Castro et al., 1999).

In addition, the potential source contribution function (PSCF) analysis
based on the HYSPLIT model was performed to identify the source areas
of atmospheric WSOC following the method described by Li et al. (2023).
And here, the median of WSOC concentrations during the sampling period
4

was used as the threshold criteria. Besides, a t-test (two sample equal vari-
ance) with two-tails at the 95 % confidence level was executed to evaluate
the significance level of data differences in this study.

3. Results and discussion

3.1. Spatial variations of chemical and optical characteristics of WSOC among
different coastal cities

3.1.1. Concentration levels
Themass concentrations of carbonaceous components (e.g., OC, EC and

WSOC) during the sampling periods were summarized and shown in
Table 1 and Fig. 2. Generally, the concentrations of carbonaceous compo-
nents exhibited similar spatial variations among the three sites. The highest
OC and WSOC average concentrations were observed in TJ (OC: 10.02 ±
6.06 μg·m−3; WSOC: 5.96 ± 3.21 μg·m−3), followed by QD (OC: 8.69 ±
5.60 μg·m−3; WSOC: 4.68 ± 3.01 μg·m−3) and SH (OC: 3.31 ±
1.48 μg·m−3; WSOC: 2.01 ± 0.85 μg·m−3). The higher concentrations in
northern cities (p < 0.01) might be related to the increased anthropogenic
emissions during the wintertime heating period in northern China (Rai
et al., 2021). The WSOC concentrations observed in this study were lower
than those previously reported in other Chinese inland cities, such as
Beijing (Du et al., 2014a; Li et al., 2020b), Xi'an (Li et al., 2020a; Shen
et al., 2017; Yuan et al., 2020), Ji'nan (Wen et al., 2021) and Nanjing
(Bao et al., 2022; Xie et al., 2020). The PSCF maps of WSOC showed that
WSOC in TJ and QD was mainly affected by the transport of aerosols
from the southern edge of the North China Plain, which was one of the
most polluted regions in China (Zhang et al., 2021) and the impacts of
long-range transmission from the northwest direction cannot be ignored
(Fig. S3). In contrast, WSOC in SHwas generally impacted by the emissions
from local and its surrounding regions such as Jiangsu and Zhejiang
provinces.

The averageWSOC/OC ratio (0.55–0.61 on average, Table 1) measured
at the three sites was a little higher than the values reported in other studies
(0.29–0.50 on average) (Choudhary et al., 2021; Li et al., 2020a; Liu et al.,
2019; Yuan et al., 2020). The higher WSOC/OC ratio might be associated
with the secondary formation and/or sources with a high WSOC/OC emis-
sion ratio such as biomass burning (Jin et al., 2020; Salma et al., 2010;
Zhang et al., 2022). During the study period, the OC/EC ratio varied from
4.38 to 15.33 with a mean value of 7.99 ± 2.08, 6.45 ± 1.15, 10.05 ±
2.69 in TJ, QD and SH, respectively. The OC/EC ratio was overall higher
than 2.0 and fell within the range of 4.8–21.6 reported for biomass burning
aerosols in previous studies (Srinivas et al., 2016; Tang et al., 2020). This
further suggested the important impacts of biomass burning and secondary
formation on the carbonaceous components in the three cities.

3.1.2. Light absorption and fluorescence properties
Abs365 and MAE365 were commonly used to evaluate the light absorp-

tion ability of WS-BrC. Fig. 2 and Table 1 demonstrated the average
Abs365 and MAE365 values in the three cities. MAE365 varied from 0.47
to 1.34 m2·g−1 (mean value: 0.89 ± 0.22 m2·g−1) in TJ, from 0.12 to
1.74 m2·g−1 (mean value: 1.03 ± 0.34 m2·g−1) in QD and from 0.35 to
0.81 m2·g−1 (mean value: 0.56 ± 0.11 m2·g−1) in SH. Overall, the
MAE365 values were comparable to or a little higher than those reported
in Guangzhou of China, Leipzig/Melpitz of Germany and Los Angeles of
the United States (0.70–0.86 m2·g−1) (Fan et al., 2016; Liu et al., 2018;
Soleimanian et al., 2020; Teich et al., 2017). However, they were much
lower than those reported in heavily polluted cities, such as Beijing, Xi'an
and Nanjing in China (1.04–1.85 m2·g−1) and New Delhi, Patiala and
Kanpur in India (1.16–1.60 m2·g−1) (Chen et al., 2018; Cheng et al.,
2016; Huang et al., 2018; Kirillova et al., 2014b; Satish et al., 2017;
Srinivas et al., 2016; Yan et al., 2015; Yuan et al., 2020). Compared
among the three coastal cities, MAE365 values ranked from high to low as
QD > TJ > SH (p < 0.05). The varieties in light absorption ability could
be attributed to the different sources and formation mechanisms of WS-
BrC in different regions. For example, coal combustion or biomass burning



Table 1
Statistical summary of mass concentrations of carbonaceous components in PM2.5, and light-absorbing and fluorescent parameters of WSOC in the three cities.

Species Tianjin Qingdao Shanghai

Range (average ± std.) Range (average ± std.) Range (average ± std.)

OC (μg·m−3) 1.93–32.18 (10.02 ± 6.06) 1.63–31.64 (8.69 ± 5.60) 1.69–7.98 (3.31 ± 1.48)
EC (μg·m−3) 0.35–2.53 (1.20 ± 0.53) 0.31–4.23 (1.34 ± 0.83) 0.18–0.73 (0.35 ± 0.16)
WSOC (μg·m−3) 1.67–14.07 (5.96 ± 3.21) 1.13–17.19 (4.68 ± 3.01) 0.97–4.59 (2.01 ± 0.85)
POC (μg·m−3) 1.66–11.86 (5.64 ± 2.47) 1.37–18.52 (5.86 ± 3.62) 0.91–3.64 (1.72 ± 0.79)
SOC (μg·m−3) 0.00–20.32 (4.38 ± 3.94) 0.00–13.12 (2.83 ± 2.49) 0.00–4.34 (1.59 ± 0.94)
OC/EC 4.69–13.27 (7.99 ± 2.08) 4.38–9.02 (6.45 ± 1.15) 4.96–15.33 (10.05 ± 2.69)
WSOC/OC 0.37–0.87 (0.60 ± 0.12) 0.23–0.81 (0.55 ± 0.12) 0.49–0.76 (0.61 ± 0.07)
Abs365 (Mm−1) 0.89–18.71 (5.57 ± 3.83) 0.21–16.02 (4.80 ± 3.09) 0.33–2.40 (1.12 ± 0.53)
MAE365 (m2·g−1) 0.47–1.34 (0.89 ± 0.22) 0.12–1.74 (1.03 ± 0.34) 0.35–0.81 (0.56 ± 0.11)
AAE330–400 3.67–7.34 (6.54 ± 0.64) 4.70–12.58 (9.17 ± 0.88) 5.46–9.13 (6.61 ± 0.68)
FI 1.36–1.66 (1.48 ± 0.06) 1.34–1.75 (1.58 ± 0.09) 1.42–1.82 (1.57 ± 0.09)
BIX 0.84–1.10 (0.97 ± 0.06) 0.74–1.26 (1.08 ± 0.11) 0.91–1.25 (1.02 ± 0.08)
HIX 2.09–3.52 (2.91 ± 0.37) 1.23–2.38 (1.69 ± 0.32) 1.42–2.61 (1.98 ± 0.26)
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related heating activities were more extensive during wintertime in TJ and
QD in northern China, which might cause increased emissions of much
stronger light-absorbing organic species (Yan et al., 2017). Especially, the
QD site was located in suburban areas and surrounded by villages with sig-
nificant residential combustion activities in winter. Fig. S4a depicted that
the light absorption coefficients of WSOC were strongly correlated with
EC concentrations in the three cities (TJ: r = 0.87, QD: r = 0.90, SH:
r = 0.79; p < 0.01), indicating that WS-BrC was closely correlated with
combustion sources, as EC was usually described as a tracer for primary
combustion emissions (Cabada et al., 2004). Moreover, Abs365 also exhib-
ited strong correlations with SOC (r = 0.96, 0.88, 0.76 in TJ, QD and SH,
respectively, p < 0.01; see Fig. S4b), suggesting that secondary formation
was another important contributor to light absorption species apart from
primary emissions, especially for TJ.

Fluorescent components in WSOC were resolved by EEM-PARAFAC
analysis and the corresponding spectra were shown in Fig. 3. Generally,
five fluorophores were resolved in TJ (C1-C5), and four fluorophores
were identified in QD (P1-P4) and SH (F1-F4), respectively. Component
C1 (Ex/Em = 250 (325)/394 nm), C2 (Ex/Em = 250 (305/350)/
Fig. 2. (a) The average mass concentrations of OC, EC, WSOC and the ratios of OC/E
(d) MAE365 of WSOC at the three sampling sites.
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426 nm), C4 (Ex/Em = 250/418 nm), and C5 (Ex/Em = 260 (375)/
497 nm) in TJ and P1 (Ex/Em = 250 (320)/397 nm), P2 (Ex/Em = 250
(360)/462 nm), P4 (Ex/Em = 250/389 nm) in QD, as well as F1 (Ex/
Em ≤ 250 (320)/394 nm), F2 (Ex/Em = 250 (295/350)/458 nm), F4
(Ex/Em = 265/294 (394) nm) in SH were identified as humic-like sub-
stances (HULIS). Among them, C1, C4, P1, P4, F1 and F4 could be further
classified as less‑oxygenated species (LO-HULIS), while C2, C5, P2 and F2
were corresponding to highly‑oxygenated species (HO-HULIS) (Chen
et al., 2020; Chen et al., 2016b). The LO-HULIS was usually associated
with anthropogenic emissions or continental sources (Wen et al., 2021),
while HO-HULIS might be potentially influenced by biomass burning or
secondary formation processes. The second peak at high Ex wavelength
(Ex ≥350 nm) of these HO-HULIS (i.e., C2, C5, P2 and F2) suggested
there might contain condensed aromatic moieties and conjugated bonds.
Meanwhile, the longer Em wavelength might be associated with higher
aromaticity and unsaturated chemical structures from biomass burning or
secondary formation (Deng et al., 2022; Jiang et al., 2022b). Apart from
HULIS, protein-like substances (PRLIS) with Ex and Em distributed in
shorter wavelength areas (Ex/Em = 200–300/275–360 nm) were also
C and WSOC/OC, (b) the mass concentrations of POC and SOC, (c) Abs365, and



Fig. 3. The fluorescent components in WSOC identified by the EEM-PARAFAC analysis in (C1-C5) Tianjin, (P1-P4) Qingdao, and (F1-F4) Shanghai.
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identified (Chen et al., 2016b). In this study, C3 (Ex/Em = 275/336 nm),
P3 (Ex/Em= 270/336 nm) and F3 (Ex/Em = 275/328 nm) components
were related to PRLIS (Chen et al., 2016a; Chen et al., 2020). Previous stud-
ies indicated that the spectra of PRLIS in atmospheric particle samples
might be highly overlapped with that of naphthalene and had a strong
correlation with fossil fuel combustion derived low molecular weight n-
alkanes (Deng et al., 2022; Wu et al., 2019). Overall, LO-HULIS accounted
for the highest proportion (52–60 %) in the fluorescent chromophores of
WSOC at the three sites, followed by HO-HULIS (15–31 %) and PRLIS
(17–31 %) (Fig. S5).

The fluorescence indices of WSOC were further investigated and sum-
marized in Table 1. TheHIXwas used to evaluate the aromaticity of organic
matters, and a higher HIX value usually corresponds to a higher degree of
polycondensation and aromaticity (Qin et al., 2018). The HIX values in TJ
(2.91 ± 0.37), QD (1.69 ± 0.32) and SH (1.98 ± 0.26) in this study
were comparable to those of primary emitted aerosols (0.6–3.4) and fresh
secondary organic aerosols (SOA, 1.7–2.3) (Deng et al., 2022; Fu et al.,
2015; Lee et al., 2013; Tang et al., 2021; Xie et al., 2016), but lower than
those of aged SOA (4.2–6.1) (Lee et al., 2013). This suggested the relatively
lower aging and humified degree of WSOC, which was consistent with the
highest contributions by LO-HULIS in the three cities. Combined with dif-
ferent fluorescence indices, Fig. S6 showed that the indices in this study
were mainly distributed in the region close to those for aerosols from pri-
mary emissions and fresh secondary formation (Wu et al., 2021). Specifi-
cally, the indices of TJ were comparable to those from biomass burning
(Fu et al., 2015; Tang et al., 2021), while the indices of QD and SH were
close to the values of continental or biological aerosols and fresh SOA (Li
et al., 2022).

3.1.3. Molecular composition characterization
The molecular composition of WSOC was determined based on FT-ICR

MS analysis in the negative ESI mode. The number of the identified formu-
las and intensity-weighted molecular parameters were summarized in
Table S1. Generally, a larger number of compounds were identified in QD
(5877±984) than those in TJ (5495±168) and SH (5687±98), indicat-
ing the WSOC compositions in QD might be more complex. Nonetheless,
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there were similar proportional contributions by each subgroup of the iden-
tified molecular compounds at the three sites. CHON compounds were the
predominant subgroup (35–43 % of the total formulas), followed by sulfur-
containing compounds (including CHONS and CHOS groups, 24–43 %),
CHO compounds (20–26 %) and HCCs (1–7 %) (Fig. S7). Therein,
about 83–91 % of the CHON compounds contained oxygen-to‑nitrogen
ratio (O/N) ≥ 3, indicating such compounds might contain at least one
nitro (-NO2) or nitrooxy (-ONO2) functional group, which might be nitro-
substituted compounds or organonitrates (Song et al., 2019). The excessive
number of O atoms indicated that these compounds might also contain
other O-containing functional groups such as hydroxyl and carboxylic func-
tional groups (Lin et al., 2012).

About 70–85 % of the CHONS compounds had a ratio of O/
(4S + 3 N) ≥ 1, which could account for the existence of both sulfate
(-OSO3H) and nitrate (-ONO2) functional groups, suggesting that such
compounds might be nitrooxy-organosulfates (NOSs) (Jiang et al.,
2022a). These compounds might be generated by the oxidation of bio-
genic/anthropogenic precursors (e.g., VOCs) in the presence of NOx

and SO2 (Wang et al., 2021a). The Van Krevelen (VK) diagram of
CHONS compounds shown in Fig. S8 indicated that the CHONS com-
pounds were mainly concentrated in the region of O/C > 0.5 and H/
C > 1.5. Their relative abundance increased with the O/C ratio within
a certain range, implying there were more NOSs with a higher degree
of oxidation, and atmospheric oxidation might be an important factor
affecting the formation of NOSs (Wang et al., 2021b).

Most CHOS compounds had the oxygen-to‑sulfur ratio (O/S) > 4, indi-
cating that such compounds might contain one sulfate (-OSO3H) or sulfo-
nate (-SO3) functional groups, which might be organosulfates formed by
the oxidation of VOCs in the presence of highly acidic sulfate seed aerosols
(Riva et al., 2015). Notably, several formulas previously identified in biomass
burning (e.g., C9H12O4, C9H10O4, C12H14O5, C15H19O8N, C19H26O7N2, etc.),
coal combustion emissions (e.g., C8H6O4, C12H16O4, C7H7O4N,
C12H10O8N2, C9H7O5NS, C10H7O7NS, C8H10O5S, C9H12O6S, etc.) and SOA
generated by oxidation of VOCs (e.g., C5H7O4N, C10H17O7NS, C10H17O9NS,
C15H24O7S, C9H16O6S, C10H18O6S, C12H24O5S, etc.) were detected in all sam-
ples analyzed in this study (Ng et al., 2008; Perraud et al., 2010; Song et al.,
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2019, 2018; Surratt et al., 2008; Tang et al., 2020;Wang et al., 2021a), imply-
ing that there were non-ignorable impacts of both primary emissions
and secondary formation on the molecular composition of WSOC at
the three sites. Besides, several CHOS compounds (e.g., C16H26O3S,
C17H28O3S, C18H30O3S, C19H32O3S), which had been reported to be
emitted from cargo ships with heavy fuel oils in port cities, were also
detected in all samples in this study (Bai et al., 2020). Such CHOS com-
pounds accounted for a non-negligible proportion of CHOS compounds
at the three sampling sites (TJ: 0.3–1.9 %; QD: 0.2–1.3 %; SH:
0.7–4.0 %; the ratio of relative abundance). This suggested that cargo
ship emissions might have non-negligible effects on the molecular com-
position of aerosols in the three port cities.

Discrepancies in the molecular composition also existed among the
three sites. The formulas identified in TJ and QD had similar DBEw, DBE/
Cw and AImod,w, and all were higher than those in SH (DBE/Cw: p < 0.05;
DBEw and AImod,w: p > 0.05), indicating that the molecule of WSOC in TJ
and QD had a higher degree of unsaturation and aromaticity. The unique
formulas identified at each site relative to the other two sites were
displayed in the VK plots (Fig. 4). Molecules in different regions in the VK
diagram were further divided into eight compound categories (A-H)
according to the O/C and H/C ratios. From this, the unique formulas in
TJ were mainly carboxylic-rich alicyclic molecules (CRAMs-like) with
lower H/C and O/C values. The unique formulas in QD included CRAMs-
like molecules, highly oxygenated organic compounds and carbohydrates-
like substances with higher oxidation degree (higher O/C ratio). In con-
trast, more aliphatic/peptides-like species or CRAMs-like molecules with
higher saturation and lower oxidation degree (in the upper left region of
the VK diagram) could be found in SH. These discrepancies might be
related to the differences in sources or atmospheric chemical processes in
different regions.

3.2. Influences of continental versus marine air masses on the light absorption
properties and molecular composition

3.2.1. Impacts on the light absorption properties
Air masses arriving at the three sampling sites were calculated and

divided into continental and marine air masses. The average Abs365 of
WSOC affected by the continental air masses observed at the three sites
(TJ: 5.71 ± 3.92 Mm−1; QD: 5.06 ± 3.12 Mm−1; SH: 1.23 ±
0.32 Mm−1) were slightly higher (p > 0.05) than those affected by the ma-
rine air masses (TJ: 4.64 ± 3.06 Mm−1; QD: 4.07 ± 2.86 Mm−1; SH:
1.06 ± 0.60 Mm−1) (Fig. S9). This agreed well with a recent study by
Mo et al. (2022), which also found that Con-influenced WSOC exhibited
higher light absorption coefficient. To be noted that, a larger sample size
is needed to drawmore reliable conclusions. Several key BrC chromophores
Fig. 4. The Van Krevelen diagrams of unique formulas of each site relative to the o
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(e.g., C6H5O3N, C8H9O3N, C10H17O7NS, C16H26O3S, C17H28O3S,
C18H30O3S, C19H32O3S) identified in a previous study (Bai et al., 2020)
were also detected in this study. Cleary, all of these chromophores had a
higher proportion in Con-influenced WSOC (TJ: 2.9 %; QD: 2.1 %; SH:
5.0 % in total, the ratio of relative abundance and the same below) than
those in Mar-influenced WSOC (TJ: 2.7 %; QD: 1.2 %; SH: 2.9 % in total;
p > 0.05). However, the MAE365 values of Con-influenced WSOC were
equivalent to or only slightly higher than those affected by marine
air masses, which might be because of the corresponding much higher
WSOC mass concentrations under the influence of continental air masses
(Fig. S9). Furthermore, it might also be attributed to the weaker light-
absorbing components in the marine source aerosols.

3.2.2. Diversities of molecular composition under the influence of different
air masses

The molecular characterization of WSOC in samples affected by conti-
nental and marine air masses was further investigated based on the results
of FT-ICR MS analysis. As shown in Table S1, there were more formulas
identified in the Con-influenced samples (from 5663 to 6861) than that in
theMar-influenced samples (from4893 to 5589; p> 0.05). And compounds
in the Con-influenced samples had higher average molecular weight at all
sites, indicating Con-influenced samples might have more complex molec-
ular composition. The higher AImod,w and DBEw values of Con-influenced
samples in TJ and QD further suggested these samples were characterized
with higher aromaticity and unsaturation than Mar-influenced samples.
In contrast, Con-influenced samples in SH were less aromatized and unsat-
urated compared toMar-influenced samples, which might be related to the
aging of Mar-influenced organic aerosols emitted from the open ocean dur-
ing long-distance transmission, while the continental air masses transmit-
ted to SH were mainly from near regions (Fig. S2). Accordingly,
molecules of Con-influenced WSOC generally had a higher degree of aro-
maticity and unsaturation, but the possible aging process during the trans-
mission of air masses should also be considered.

CHON compounds were the most abundant compounds in all samples.
These compounds were classified into different subgroups according to N
and O numbers, and here we only discussed the N1Ox subgroup with the
highest proportion. As shown in Fig. 5a, the N1O3-N1O13 subgroups domi-
nated the total CHON compounds, with the number of subgroups increas-
ing from N1O1 to N1O8, and then decreasing from N1O9 to N1O15 under
different cases. However, the distributions of the formulas of N1Ox sub-
groups varied at different sampling sites under the influences of marine
and continental air masses. For example, all of the N1Ox subgroups exhib-
ited a larger number of formulas in Mar-influenced samples than those in
Con-influenced samples in SH, indicating that there might be more
oxygen-containing functional groups in Mar-influenced samples in SH.
ther two sites in samples affected by (a) continental and (b) marine air masses.



Fig. 5. (a) Distributions of the CHON1 compounds according to the number of N andO atoms, and (b) relative percentages of themolecular formulas for aliphatic (AImod=0),
olefinic (0 < AImod < 0.5), and aromatic (AImod ≥ 0.5) subgroups in CHON compounds at the three sampling sites.
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This might be associated with the transmission aging process. By contrast,
the formulas number of N1O1-N1O7 subgroups in Mar-influenced samples
was relatively larger in TJ, while N1O8-N1O13 subgroups were relatively
more abundant in Con-influenced samples, suggesting there might be less
highly‑oxygenated nitrogen-containing compounds inMar-influenced sam-
ples in TJ. On the contrary, Mar-influenced samples in QD had more
highly‑oxygenated species (N1O12-N1O15). Fig. 5b interpreted that Mar-
influenced samples were characterizedwith a lower proportion of aromatic
CHON compounds (14–26 % in formulas), whereas, they were enriched
with more aliphatic compounds (22–41 % in formulas), which might be
associated with the emission of primary marine biological components
(Mo et al., 2022). Furthermore, the H/Cw ratios (AImod,w values) for the
CHON compounds in Mar-influenced samples were within the range of
1.07–1.28 (0.23–0.42), which were slightly higher (lower) than those
found for CHON compounds in Con-influenced samples (H/Cw: 1.06–1.20;
AImod,w: 0.31–0.42), respectively. These suggested that the CHON com-
pounds in Mar-influenced samples might be with higher degree of saturation
but low aromaticity, which might be related to biogenic marine emissions.

In this study, more S-containing (CHONS and CHOS) compounds were
identified in Con-influenced samples. This might be associated with the re-
action of high concentrations of biogenic/anthropogenic precursors
(e.g., isoprene, monoterpenes, polycyclic aromatic hydrocarbons) and an-
thropogenic pollutants (NOx, SO2, sulfate) (Brüggemann et al., 2020;
Wang et al., 2020). CHONS compounds in Con-influenced samples had
lower O/Cw but higher DBEw and DBE/Cw values, indicating these com-
pounds had a lower degree of oxidation and saturation but higher aromatic-
ity (Table S1). As shown in Fig. S10, most of the unique CHONS compounds
in Con-influenced samples were characterized with 5–25 C atoms, 2–15 O
atoms and 1–11 of DBE values, which had a wider range than those in
Mar-influenced samples. The unique CHONS compoundswith higher abun-
dance mainly included C5H5O4NS, C5H6O4N2S, C10H7O8NS, C11H7O9NS,
C13H26O10N2S, C16H22O11N2S, etc. These compounds with two N atoms
might contain a nitrogen-containing heterocyclic structure. However,
there was no more specific structure information determined in this study
and further research was needed to reveal their structures. Additionally,
CHOS compounds could be further classified into CHOS1 and CHOS2 sub-
groups, with CHOS1 compounds accounting for the majority of CHOS com-
pounds (96–99% in formulas). According to the O*/C ratio and AI* values,
six subgroups (A-F) of CHOS1 compounds were further classified and
plotted in Fig. 6. Obviously, there were a larger number of high unsatu-
rated and unsaturated aliphatic CHOS compounds with higher O/S ratio
(O/S ≥ 10, subgroup C and D) in Con-influenced samples (55–176 for-
mulas with a proportion of 6.1–15.6 % in CHOS formulas) than those in
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Mar-influenced samples (15–93 formulas with a proportion of
2.0–15.5 % in CHOS formulas). These high-O/S ratio compounds
might be related to SOA from biomass burning or the oxidation of bio-
genic VOCs (Su et al., 2022).

3.3. Halogen-containing organic compounds

To be noted that, a portion of molecules were identified as
organohalogen compounds at the three sampling sites in this study. The
number of formulas andmolecular parameters of these HCCs were summa-
rized in Table S1. Generally, the formulas and relative number contribu-
tions of HCCs in all identified formulas in Con-influenced samples (TJ:
207 and 3.66 %; QD: 92 and 1.34 %; SH: 336 and 5.81 %) were lower
than those in Mar-influenced samples (TJ: 373 and 7.00 %; QD: 308 and
6.29 %; SH: 373 and 6.67 %) (Figs. 7 and S7). Furthermore, CHOX
(53–174 formulas and 0.77–3.26 % proportion) and CHONX (21–198
formulas and 0.30–3.54 % proportion) were the most abundant sub-
groups of HCCs in all samples, especially CHOCl (32–158 formulas
and 0.46–2.83 % proportion) and CHONCl (15–198 formulas and
0.22–3.54 % proportion) compounds. Previous studies indicated that
the oxidation of VOCs by the Cl atomwas an important source of organic
aerosols in marine boundary layers and coastal regions (Cai and Griffin,
2006). And the oxidation of organics in marine areas by the Cl atom
might be analogous to or even exceed that of OH under some conditions
(Cabanas et al., 2005; Spicer et al., 1998). In marine areas, water was
volatilized from seawater droplets under the actions of the wave by
leaving behind dissolved solid suspended particles mainly containing so-
dium chloride (NaCl). Therefore, NaCl might have reacted with gaseous
substances such as N2O5 or ClONO2 to generate Cl atoms (Finlaysonpitts,
1993; Graedel and Keene, 1995). Besides, the high content of Cl atoms in
marine or coastal areas could also be attributed to the photolysis of
chlorine-containing molecules (Chang et al., 2002; Singh and Kasting,
1988; Spicer et al., 1998).

The CHOCl and CHONCl compounds in Mar-influenced samples had a
higher degree of saturation, but lower aromaticity compared to those in
Con-influenced samples (see Table S1). This might be because the precur-
sors from marine were generally saturated compounds such as monoter-
penes (Yu and Li, 2021). As shown in Fig. S11, a portion of the CHOCl
and CHONCl compounds contained more than six C atoms and DBE ≥ 4,
suggesting there might be a benzene ring structure and the Cl atom might
exist by replacing the H atom on the alkyl group connecting with the ben-
zene ring. Some compounds with lower unsaturation (DBE≤ 3) might be
the reaction products of the Cl atom and some heterocyclic aromatic



Fig. 6.Modified Van Krevelen diagrams of CHOS1 in samples affected by (a1-a3) continental air masses and (b1-b3) marine air masses at each site.
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hydrocarbons or monoterpenes (e.g., furan and its derivatives, α-
pinene, etc.) (Cabanas et al., 2005; Cai and Griffin, 2006). In general,
these organochloride compounds might be formed by the reaction of
Cl atoms with biologic or anthropogenic VOCs through the substitution
of H atoms in C\\H bonds or the addition of C_C bonds (Ziemann and
Atkinson, 2012).

Furthermore, certain Br/I-containing compoundswere also identified in
this study, which might be the oxidation products of VOCs by anthropo-
genic or oceanic Br/I atoms. Previous studies had indicated that Br could in-
duce significant multiphase chemistry in organic aerosols in the marine
boundary layer (Lambe et al., 2022; Liao et al., 2012). Meanwhile, organic
compounds from the reaction of iodine or iodinated methane from coastal
biota or biologically active sea surfaces with VOCs could be important com-
ponents in iodine-initiated new particle formation in coastal regions (Wan
et al., 2022). Therefore, the reaction of halogen atoms and VOCs emitted
from the ocean might be an important source of HCCs in Mar-influenced
samples. More future research should be proceeded to reveal the formation
mechanism and composition of HCCs.
Fig. 7. Distributions of the subgroups of HCCs according to the C, H, O, N, S atoms
and different types of halogen atom.
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4. Conclusions

This study investigated the optical properties and molecular character-
istics of WSOC in three coastal cities in eastern China. The results suggested
that themass concentrations of carbonaceous components and light absorp-
tion coefficients of WSOC ranked from high to low from north to south as
TJ>QD> SH,whichmight be related to the increased anthropogenic emis-
sions during the winter heating period in northern cities. Moreover, the
EEM-PARAFAC analysis indicated that fluorescent components of WSOC
mainly included two types, that is, HULIS and PRLIS. Less‑oxygenated
HULIS (52–60 %) was the most abundant fluorophore, which might be as-
sociated with the anthropogenic emissions or continental sources, followed
by highly‑oxygenated HULIS (15–31 %, which might be mainly from sec-
ondary formation), and PRLIS (17–31 %). The fluorescence indices further
demonstrated that the fluorescent components in WSOC were mainly from
primary emissions, while secondary formation was also non-negligible.

Molecular characteristics of WSOC were analyzed by (ESI-) FT-ICR MS
and the identified formulas were classified into five main subgroups, in-
cluding CHO, CHON, CHONS, CHOS and HCCs. The CHON compounds
were the predominant subgroup in all samples, accounting for 35–43 %
of the identified compounds, followed by sulfur-containing compounds
(including CHONS and CHOS groups, 24–43 %), CHO compounds
(20–26 %) and HCCs (1–7 %). Many compounds identified in this study
had been proven to emit from biomass burning and coal combustion or sec-
ondary formation in previous studies, indicating that there were important
impacts of both primary emissions and secondary formation on the molec-
ular composition of WSOC at the three sites. Moreover, many CHOS com-
pounds (e.g., C16H26O3S, C17H28O3S, C18H30O3S, and C19H32O3S) emitted
from cargo ships were identified in all analyzed samples, indicating the
non-negligible contribution of port emissions to the composition of WSOC
at the three coastal sites. In addition, there existed discrepancies in molec-
ular characteristics of WSOC between different cities, whichmay be related
to the differences of sources or atmospheric chemical processes in different
regions and needs more in-depth research.

Samples affected by continental and marine air masses were further
compared. The average Abs365 of Con-influenced WSOC was higher than
that of Mar-influenced WSOC. By comparison, Mar-influenced samples
contained more aliphatic CHON compounds with lower aromaticity,
which might be associated with sea-biological activities. In contrast, there
were more unsaturated molecules with higher aromaticity in Con-
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influenced samples, including CHON and CHONS compounds. In addition,
there were a larger number of high unsaturated and unsaturated aliphatic
CHOS compounds with a higher O/S ratio (O/S ≥ 10) in Con-influenced
samples, whichmight be related to SOA frombiomass burning or the oxida-
tion of biogenic VOCs. To be noted that, HCCs were also discussed in this
study. CHOCl and CHONCl compounds were the main HCCs in all samples,
and both of them were more abundant in Mar-influenced samples. The
HCCs in Mar-influenced samples might be associated with the oxidation
of VOCs by halogen atoms. More efforts should be made to better under-
stand the formation mechanism of HCCs compounds in coastal areas in
the future. Furthermore, in-depth research on the relationships between
molecular composition and light-absorbing properties as well as the forma-
tion mechanism of light-absorbing compounds under the influences of dif-
ferent air masses are warrantedwith a large sample size in different seasons
and a long-term field observation in coastal areas.
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