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Abstract. To better understand the formation of biogenic secondary organic aerosol (BSOA), aerosol samples
with a 4 h time resolution were collected during summer and winter in the southeast of China, along with online
measurements of trace gases, aerosol chemical compositions, and meteorological parameters. The samples were
analyzed by gas chromatography–mass spectrometry for PM2.5-bound secondary organic aerosol (SOA) tracers,
including isoprene (SOAI), α/β-pinene (SOAM), β-caryophyllene (SOAC), and toluene (ASOA). The average
concentrations of total SOA tracers in winter and summer were 38.8 and 111.9 ng m−3, respectively, with the
predominance of SOAM (70.1 % and 45.8 %), followed by SOAI (14.0 % and 45.6 %), ASOA (11.0 % and 6.2 %)
and SOAC (4.9 % and 2.3 %). Compared to those in winter, the majority of BSOA tracers in summer showed sig-
nificant positive correlations with Ox (O3+NO2) (r = 0.443–0.808), HONO (r = 0.299–0.601), ultraviolet (UV)
(r = 0.382–0.588) and temperature (T ) (r = 0.529–0.852), indicating the influence of photochemical oxidation
under relatively clean conditions. However, in winter, BSOA tracers were significantly correlated with PM2.5
(r = 0.407–0.867), NO−3 (r = 0.416–0.884), SO2−

4 (r = 0.419–0.813), and NH3 (r = 0.440–0.757), attributed to
the contributions of anthropogenic emissions. Major BSOA tracers in both seasons were linearly correlated with
aerosol acidity (pH) (r = 0.421–0.752), liquid water content (LWC) (r = 0.403–0.876) and SO2−

4 (r = 0.419–
0.813). The results indicated that acid-catalyzed reactive uptake onto sulfate aerosol particles enhanced the for-
mation of BSOA. In summer, the clean air mass originated from the ocean, and chlorine depletion was observed.
We also found that concentrations of the total SOA tracers were correlated with HCl (R2

= 0.545) and chlorine
ions (r = 0.280–0.639) in PM2.5, reflecting the contribution of Cl-initiated volatile organic compound (VOC) ox-
idations to the formation of SOA. In winter, the northeast dominant wind direction brought continental polluted
air mass to the monitoring site, affecting the transformation of BSOA tracers. This implied that anthropogenic
emissions, atmospheric oxidation capacity and halogen chemistry have significant effects on the formation of
BSOA in the southeast coastal area.
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1 Introduction

Secondary organic aerosol (SOA) has attracted widespread
scientific research concerns due to its potential impacts on
climate change, human health and air quality (Shrivastava et
al., 2017; Reid et al., 2018; Zhu et al., 2019; Wang et al.,
2021b). Understanding the formation of SOA and assess-
ing its relevance for environmental effects become an inte-
gral part of aerosol chemistry (Charan et al., 2019; Xiao et
al., 2020; Palmer et al., 2022). However, due to its complex
precursors and atmospheric physical or chemical processes,
SOA prediction by air quality models remains highly uncer-
tain (McFiggans et al., 2019). Therefore, it is necessary to
better explore missed SOA sources and unknown SOA for-
mation mechanisms.

SOA is produced by the conversion of biogenic and an-
thropogenic volatile organic compounds (BVOCs and AV-
OCs) through complex homogeneous and heterogeneous re-
actions (Charan et al., 2019; Xiao et al., 2020; Mahilang
et al., 2021). BVOCs are the main precursors of SOA on
a global scale, while AVOCs are the predominant contrib-
utors to SOA in urban areas (Hallquist et al., 2009; Wang
et al., 2021a). Recently, laboratory, field and modeling stud-
ies have shown that anthropogenic emissions greatly affect
the formation of biogenic secondary organic aerosol (BSOA)
(Hoyle et al., 2011; Shrivastava et al., 2019; P. Zhang et al.,
2019; Y. Q. Zhang et al., 2019; Mahilang et al., 2021; Xu
et al., 2021). Anthropogenic air pollutants, such as NOx ,
SO2, NH3 and aerosols, could influence the conversion of
BVOCs to the particulate phase and the production of nitro-
gen and sulfur compounds (Wang et al., 2020). NOx is one
of the important drivers of SOA formation and yields during
both day- and nighttime through alternating the fate of per-
oxy radicals (RO2

q) (Sarrafzadeh et al., 2016; Newland et al.,
2021). While qOH dominates the photochemical oxidation of
BVOC during daylight hours, NO3

q becomes one of the main
oxidants for BSOA and organic nitrate formation at night.
SO2 also plays an important role in changing SOA formation
from BVOC photooxidation and ozonolysis through sulfuric
acid formation and acid-catalyzed heterogeneous reactions
(Zhao et al., 2018; P. Zhang et al., 2019; Xu et al., 2021).
In addition, NH3 and amines can affect the SOA yields and
composition through both gas-phase and heterogeneous re-
actions by reacting with sulfuric or nitric acid to generate
secondary inorganic aerosols (SIA) (Ma et al., 2018; Liu et
al., 2021; Lv et al., 2022). However, due to complex pre-
cursors and atmospheric processes, the combined effects of
anthropogenic emissions and meteorological factors on the
formation of SOA are not fully understood.

The coastal area of southeastern China is under the East
Asian monsoon control, which causes an obvious alternation
of polluted and clean air masses from continental and ocean
area, respectively (Wu et al., 2019; Hong et al., 2021). Also,

the local geographical environment, including relatively high
humidity, dense vegetation and strong atmospheric oxida-
tion capacity, provides a good chance to study the sources
and formation mechanisms of SOA. In our previous stud-
ies, ground-based observations in a mountainous forest area
of this region showed that BSOA tracers were the largest
contributor to SOA, and the aerosols were highly oxidized
(Hong et al., 2019). However, with the development of rapid
urbanization, anthropogenic emissions will be of great sig-
nificance on SOA formation (Liu et al., 2020). Halogen radi-
cals (chlorine, bromine, iodine) have an important role in tro-
pospheric oxidants chemistry and organic aerosol (OA) for-
mation (X. Wang et al., 2021). Therefore, it is necessary to
investigate the sources and formation mechanisms of SOA
in coastal urban areas, so as to provide a scientific basis for
the estimation of regional SOA budgets and PM2.5 pollution
control.

In this study, a continuous PM2.5 sampling campaign with
a 4 h time resolution was conducted in a coastal city of
southeastern China during the winter and summer period.
Seasonal, diurnal variations and secondary organic carbon
(SOC) contributions of SOA tracers were analyzed. Atmo-
spheric processes identified by SOA tracers in different sea-
sons were further analyzed. Finally, the combined effects of
anthropogenic emissions and major environmental factors on
promoting SOA formation were discussed.

2 Materials and methods

2.1 Sample collection

The sampling was performed at the Institute of Urban
Environment, Chinese Academy of Sciences (118.06◦ E,
24.61◦ N), which is located in a suburban area of Xia-
men, a coastal city of southeastern China. Detailed infor-
mation about the air monitoring supersite was described
in our previous study (Hong et al., 2021). Briefly, time-
resolved (00:00–08:00, 08:00–12:00, 12:00–16:00, 16:00–
20:00, 20:00–24:00 CST – China standard time) PM2.5 sam-
ples were collected on the rooftop of the station (about 70 m
above the ground). The sampling was carried out using a
high-volume (1.05 m3 min−1) sampler (TH-1000C, Wuhan
Tianhong, China) with a PM2.5 inlet from 10 to 18 January,
and from 5 to 14 July 2020. All samples were collected onto
prebaked (450 ◦C, 6 h) quartz fiber filters. Field blank sam-
ples were also collected. The sample filters were separately
sealed in aluminum foil and stored in a freezer (−20 ◦C) prior
to analysis.

2.2 SOA tracers analysis by GC–MS

The isoprene-derived SOA (SOAI) tracers included two
methyltetrols (MTLs: 2-methylthreitol (MTL1) and 2-
methylerythritol (MTL2)), C5-alkene triols (cis-2-methyl-
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1,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihydroxy-
1-butene, and 3-methyl-2,3,4-trihydroxy-1-butene) and 2-
methylglyceric acid (MGA). The monoterpene-derived SOA
(SOAM) tracers were composed of pinic acid (PA), pinonic
acid (PNA), 3-hydroxyglutaric acid (HGA), 3-methyl-
1,2,3-butanetricarboxylic acid (MBTCA), 3-hydroxy-4,4-
dimethylglutaric acid (HDMGA), and 3-acetylglutaric acid
(AGA). The β-caryophyllene-derived SOA (SOAC) tracer
was β-caryophyllenic acid (CPA), the toluene-derived
SOA (SOAA) tracer was 2,3-dihydroxy-4-oxopentanoic acid
(DHOPA) and levoglucosan (LEV) as a tracer of biomass
burning. Due to the lack of authentic standards, surrogate
standards (including erythritol, malic acid, PA and citra-
malic acid) were used to compensate for unavoidable as-
say variance of SOAI, SOAM, SOAC and SOAA tracers in
each sample during the pretreatment process, respectively
(Fu et al., 2009). However, inherent low volatility of isoprene
SOA tracers could cause the uncertainties of using the gas
chromatography–mass spectrometry (GC–MS) method, and
low-volatility oligomers might break down into monomers,
such as C5-alkene triols and 2-methyltetrols (Lopez-Hilfiker
et al., 2016; Hu et al., 2016). Therefore, some uncertainty re-
mained in quantifying the abundance of certain SOA tracers.

The analytical procedure of 15 SOA tracers was published
in our previous studies (Hong et al., 2019; Liu et al., 2020).
Briefly, the filter samples were ultrasonically extracted with
a mixture of dichloromethane and methanol (2 : 1, v/v) three
times for 10 min. The mixed extracts were filtered with a
polytetrafluoroethylene (PTFE) filter (0.22 µm), dried with
high purity N2 (99.99 %), and then derivatized with 60 µL
of N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) with
1 % trimethylsilyl chloride and 10 µL of pyridine at 70 ◦C
for 3 h. At last, 140 µL of internal standard solution (13C n-
alkane solution, 1.507 ng µL−1) was added into the samples.
Then, relative response factors (RRFs) of surrogate and inter-
nal standard were calculated to quantify the targeted organic
tracers in each sample. Details of SOA tracers’ calculated
concentrations based on RRFs were presented in our previ-
ous studies (Hong et al., 2019; Liu et al., 2020).

Fifteen SOA tracers were determined by gas
chromatography–mass selective detector (GC–MSD)
(7890A/5975C, Agilent Technologies, Inc., USA) with
a DB-5 MS silica capillary column (i.d. 30× 0.25 mm,
0.25 µm film thickness). A 1 µL sample was injected with
splitless mode and high purity helium (99.999 %) was used
as carrier gas at a stable flow of 1.0 mL min−1. The GC
temperature was initiated at 100 ◦C (held for 1 min) and then
to 300 ◦C at 5 ◦C min−1, and kept at 300 ◦C for 10 min. The
operation mode is an electron ionization (EI) mode of 70 eV.
The method detection limits (MDLs) for erythritol and PNA
were 0.01 and 0.02 ng m−3, respectively. The recoveries of
erythritol, PNA, malic acid, PA and citramalic acid were
67± 2 %, 73± 1 %, 75± 1 %, 88± 7 % and 82± 8 %,
respectively. SOA tracers were not detected in the field blank
samples.

2.3 Observations in the air monitoring supersite

Water-soluble inorganic ions (WSII) in PM2.5 (Cl−, SO2−
4 ,

NO−3 , Na+, K+, NH+4 , Mg2+, and Ca2+) and gas pollu-
tants (HCl, HONO, HNO3, NH3) were measured hourly us-
ing a monitoring device for aerosols and gases in ambient
air (MARGA 2080; Metrohm Applikon B.V.; Delft, Nether-
lands). Internal calibration was carried out using LiBr stan-
dard solutions. The detection limit of Cl−, SO2−

4 , NO−3 , Na+,
K+, NH+4 , Mg2+, and Ca2+ were 0.01, 0.04, 0.05, 0.05, 0.09,
0.05, 0.06 and 0.09 µg m−3, respectively.

Hourly mass concentrations of PM2.5 and PM10 were
measured using a tapered element oscillating microbalance
(TEOM1405, Thermo Scientific Corp., MA, USA). NO2,
SO2, and O3 were monitored using continuous gas an-
alyzers (TEI 42i, 43i, and 49i, Thermo Scientific Corp.,
MA, USA). Ambient meteorological parameters includ-
ing relative humidity (RH), temperature (T ), wind speed
(WS), and wind direction (WD) were obtained by an ul-
trasonic atmospherium (150WX, Airmar, the USA). Pho-
tolysis frequencies were determined using a photolysis
spectrometer (PFS-100, Focused Photonics Inc., Hangzhou,
China), including the photolysis rate constants J (O1D), J
(HCHO_M), J (HCHO_R), J (NO2), J (H2O2), J (HONO),
J (NO3_M) and J (NO3_R), and the spectral band ranged
from 270 to 790 nm. Boundary layer height (BLH) based
on ERA-5 reanalysis dataset was downloaded from the
following link: https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5 (last access: 14 December 2021).

2.4 Estimation of SOC using a tracer-based method

The fraction of SOC formed by the oxidation of monoter-
pene, isoprene, β-caryophyllene and toluene was estimated
using a tracer-based method (Kleindienst et al., 2007; Hong
et al., 2019). It is defined as [SOC] =

∑
i[tri]/fSOC,

where [SOC] represents the mass concentration of SOC
(µgC m−3) and

∑
i [tri] means the sum of the concentration

of individual SOA tracers (µg m−3). The carbon mass frac-
tions (fSOC) of monoterpene, isoprene, β-caryophyllene and
toluene were 0.231± 0.111, 0.155± 0.039, 0.023± 0.005
and 0.008± 0.003, respectively, based on smog-chamber ex-
perimental data (Kleindienst et al., 2007).

2.5 Aerosol acidity and OH calculation

The forward mode of the ISORROPIA II thermodynamic
model was used to calculate the aerosol acidity (pH) (Foun-
toukis and Nenes, 2007). ISORROPIA II can calculate liq-
uid water content (LWC), based on total SO2−

4 , NO−3 (gas
HNO3 plus particle NO−3 ), Cl−, ammonia gas (NH3 plus par-
ticle NH+4 ), non-volatile cations (Na+, K+, Ca2+, Mg2+),
and meteorological factors (RH and T ) (Rumsey et al., 2014;
Guo et al., 2016). The pH value from ISORROPIA II was
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calculated using the following equation:

pH=−lg
(

1000×H+

LWC

)
, (1)

where H+ is the hydronium ion concentration loading for an
air sample (µg m−3).

The OH concentration ([OH]) was estimated using the
NO2 and HONO concentrations and the photolysis rate con-
stants (J ) of NO2, O3, and HONO, according to the follow-
ing improved empirical formula (Wen et al., 2019):

[OH] = 4.1× 109 (2)

×
J (O1D)0.83

× J (NO2)0.19
× (140×NO2+ 1)+HONO× J (HONO)

0.41×NO2
2+ 1.7×NO2+ 1+NO× kNO+OH+HONO× kHONO+OH

2.6 Statistical analysis

Correlation analysis by SPSS 22.0 software (IBM, Armonk,
NY, USA) was used to study the relationship among SOA
tracers, meteorological parameters and criteria air pollutants.
One-way analysis of variance (ANOVA) was adopted to ex-
amine the variations of different factors.

2.7 Backward trajectory analysis

Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) was used to analyze the impacts of air masses
on Xiamen during different seasons. Backward trajectories of
72 h were calculated every hour at a height of 500 m. The me-
teorological data with a resolution of 1◦ longitude× 1◦ lati-
tude were obtained from the NCEP/GDAS. Cluster analysis
was adopted using the total spatial variance (TSV).

3 Results and discussion

3.1 Overview of air pollutants

The concentrations of criteria air pollutants, including SO2,
CO, NO2, O3, PM2.5 and PM10, and meteorological pa-
rameters during winter and summer are shown in Fig. 1.
The concentrations of PM2.5 in winter ranged from 14.9
to 75.3 µg m−3 with an average of 42.1 µg m−3, which was
much higher than that (the average of 18.4 µg m−3) in sum-
mer, ranging from 12.8 to 46.4 µg m−3. The concentrations
of CO, NO2 and PM10 showed similar seasonal trends to the
pattern of PM2.5. In contrast, O3 had the highest concentra-
tion in summer, which was attributed to the formation of pho-
tochemical reactions under strong UV radiation and the weak
titration of nitrogen oxides. Meanwhile, the concentration of
SO2 (8.37± 0.79 µg m−3) in summer was also higher than
that (2.63± 1.95 µg m−3) in winter, mainly attributed to the
influence of coal combustion and ship emissions. The mon-
itoring site was located approximately 15 km away from the
Xiamen port area and a coal-fired power plant (4× 300 kW)
in the south. Southerly winds prevailed in summer, which

might have caused the relatively high concentration of SO2
in the monitoring site.

3.2 Temporal variations of SOA tracers and estimated
SOC

Temporal variations of individual SOA tracers are shown
in Fig. S1 in the Supplement. The average concentra-
tions of total SOA tracers in winter and summer were
37.3 and 111.3 ng m−3, respectively. The predominance of
SOAM (26.6 ng m−3), followed by ASOA (4.60 ng m−3),
SOAI (4.35 ng m−3) and SOAC (1.76 ng m−3) was ob-
served in winter while in summer, SOAI (54.4 ng m−3) and
SOAM (47.8 ng m−3) were the main contributors to total
SOA tracers, followed by ASOA (6.64 ng m−3) and SOAC
(2.45 ng m−3). In summer, BSOA tracers showed much
higher concentrations in the daytime (149.3 ng m−3) than at
night (60.1 ng m−3), while inverse results were observed in
winter (30.4 and 35.0 ng m−3 in the day- and nighttime, re-
spectively). As shown in Table S2 in the Supplement, in
summer, SOAI ranged from 21.3 to 293.2 ng m−3 (average
of 82.0± 66.2 ng m−3) in the daytime and the concentra-
tions of SOAI ranging from 6.81 to 110.1 ng m−3 (aver-
age of 26.8± 24.6 ng m−3) were observed at night. How-
ever, in winter, the concentrations of isoprene SOA tracers
in the daytime, ranging from 1.36 to 11.1 ng m−3 (average
of 3.79± 2.37 ng m−3), were lower than those (average of
4.91± 3.75 ng m−3) in the nighttime. As shown in Fig. 2,
diurnal variations of SOAM, SOAI, CPA and DHOPA trac-
ers in summer showed high levels in the afternoon (12:00–
16:00 CST), due to the impacts of beneficial photochemical
oxidation conditions caused by high temperature and strong
UV radiation. The related SOA tracers were consistent with
the emissions of their precursors including BVOCs and AV-
OCs, similar to our previous studies (Hong et al., 2019; Liu
et al., 2020). However, the SOA tracers in winter showed the
lowest concentrations in the morning (08:00–12:00 CST), re-
lated to the favorable dispersion conditions caused by the in-
creasing planetary BLH (Fig. 1). The LEV, a typical tracer
of biomass burning, with a similar seasonal and diurnal trend
to other tracers, was observed. However, LEV may not be
as stable in the atmosphere, especially under high RH condi-
tions (Hoffmann et al., 2010). In this study, it could be diffi-
cult to reflect the real concentration of LEV. A correlation of
CPA with LEV was carried out (Fig. S2), just to discuss the
impacts of biomass burning on the distribution of CPA trac-
ers through local or long-range transport. Totally, high con-
centrations of BSOA tracers were found in the daytime and
in summer, indicating the effects of temperature on BVOC
emissions and their photochemical oxidations. The concen-
trations of BSOA tracers in winter increased in the nighttime,
due to the changing nocturnal boundary layer.

As shown in Fig. S2a and b, SOA tracer-based SOC in
winter and summer were estimated. The concentrations of
SOC in summer were higher than those in winter, attributed
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Figure 1. Time series of criteria air pollutants and meteorological parameters during the sampling period.

to the increase of flourishing vegetation emissions and pho-
tochemical reactions under high temperature and strong solar
radiation conditions. For individual SOA tracers, the concen-
trations of monoterpene-derived SOC were comparable to
the toluene-derived SOC, which were higher than isoprene-
derived SOC and β-caryophyllene-derived SOC. An obvi-
ous trend of diurnal variations of isoprene-derived SOC in
summer was observed, which was consistent with the di-
urnal pattern of isoprene concentration (Fig. S3). However,
no similar trend was found in winter, attributed to the influ-
ence of low temperature on inhibiting the emissions of iso-
prene from various kinds of plants. In addition, the toluene-,
monoterpene-, isoprene- and β-caryophyllene-derived SOC
in summer accounted for 40.0 %, 39.2 %, 15.7 % and 5.1 %
of the total SOC, respectively (Fig. S2c, d). However, in win-
ter, the percentages of toluene-, monoterpene-, isoprene- and
β-caryophyllene-derived SOC were 47.2 %, 42.1 %, 3.2 %
and 7.6 %, respectively. The percentages of isoprene-derived
SOC estimated from different precursors varied significantly
among the seasons. High temperature enhanced the emis-
sions of isoprene, and strong solar radiation favored the for-
mation of isoprene SOA tracers, contributing to the high-
est isoprene-derived SOC percentage in summer (Ding et
al., 2014). The highest percentages of toluene-derived SOC
(47.2 %) in winter were related to anthropogenic emissions
and adverse diffusion conditions.

3.3 Atmospheric process indication of BSOA tracers

As shown in Fig. 3, percentages of different types of SOA
tracers in winter and summer were calculated. In summer,
the monoterpene, isoprene, toluene and β-caryophyllene
SOA tracers accounted for 45.8 %, 45.6 %, 6.2 % and 2.3 %
of the total SOA tracers, respectively. However, in win-
ter, the percentages of monoterpene, isoprene, toluene and
β-caryophyllene SOA tracers were 70.1 %, 14.0 %, 11.0 %
and 4.9 %, respectively. The percentage of SOAI tracers de-
creased sharply due to the impacts of temperature on iso-
prene emissions, which was consistent with our previous
findings (Hong et al., 2019). Meanwhile, the concentrations
of SOAM tracers were the largest in both seasons, due to
a large amount of monoterpene emissions from the related
plant species. Xiamen is an international garden city, which
is located in the coastal area of southeastern China. Monoter-
pene, such as α/β-pinene, is mostly emitted by coniferous
plants and most flowers and fruits, while isoprene originates
from broad-leaved trees and deciduous plants (Ding et al.,
2014; Shrivastava et al., 2017; Yang et al., 2021).

The first (PA and PNA) and later generation (HGA, AGA,
HDMGA and MBTCA) products were used to evaluate the
aging degree of SOAM (Ding et al., 2014; Hong et al., 2019).
In this study, HGA (32.2 %) was the major component of
α/β-pinene tracers, followed by PA (30.5 %), PNA (21.8 %),
HDMGA (7.3 %), MBTCA (6.8 %), and AGA (1.5 %). The
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Figure 2. Diurnal variation of individual SOA tracers during winter (a, c, e) and summer (b, d, f).

percentages of PA and PNA were much higher than those
in mountainous background areas (PA: 9 % and PNA: 3 %)
(Hong et al., 2019), suggesting the contribution of prelimi-
nary products to SOA in urban areas. As shown in Fig. 3, the
percentages of PA and PNA in winter (21.8 % and 14.2 %)
were higher than those in summer (14.2 % and 10.7 %).
Reacting with atmospheric oxidants including O3 and OH,
PA and PNA were transformed into MBTCA (Offenberg
et al., 2007). This is the reason why the proportions of
PA and PNA had a significant decreasing trend from win-
ter to summer. The ratio of MBTCA / (PA+PNA) in sum-
mer and winter were 0.16± 0.09 and 0.12± 0.07, respec-
tively, which also proved the impacts of atmospheric oxi-
dation capacity on the aging degree of SOAM. In addition,
the ratio of HGA /MBTCA could be used to distinguish
the contribution of α-pinene or β-pinene to the SOAM for-
mation (Jaoui et al., 2005; Ding et al., 2014). Low ratio of
HGA /MBTCA (∼ 1.0) showed that α-pinene was the major
precursor for SOAM (Lewandowski et al., 2013). The ratio
of HGA /MBTCA with an average of 5.78 in Xiamen was
high, suggesting the contribution of β-pinene to SOAM.

As shown in Fig. 3, MTLs and C5 alkene triols were
the main components of the total SOAI, with an average
percentage of 68.0± 14.9 %, indicating a low-NOx envi-
ronment (Ding et al., 2014; Liu et al., 2020). In summer,
the percentages of MTLs and C5 alkene triols to the to-
tal SOA tracers in summer (21.8 % and 14.2 %) were ob-
viously higher than those in winter (4.2 % and 4.3 %). This
was consistent with the fact that the concentrations of NO2
(14.8± 7.46 µg m−3) in summer were significantly lower
than those (32.7± 32.6 µg m−3) in winter. Previous studies
found that MTLs and C5 alkene triols were formed by the
OH and HO2 radicals via the HO2 channel under low-NOx
conditions (Surratt et al., 2010). C5 alkene triols are mainly
produced by acid-catalyzed reactions of Isoprene Epoxydi-
ols (IEPOX) in the gas phase, while MTLs are formed by
ring-opening products of IEPOX (Surratt et al., 2007, 2010).
The ozonolysis of isoprene was also an important pathway
for MTLs in the presence of acid sulfate aerosols (Riva et al.,
2016).

The typical tracer of sesquiterpenes, CPA, is formed by the
photooxidation of β-caryophyllene (Jaoui et al., 2007). As
shown in Fig. 3, CPA in winter and summer accounted for
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Figure 3. Percentages of isoprene, monoterpene, β-caryophyllene and toluene SOA tracers in winter (a) and summer (b).

5.0 % and 2.3 % of the total SOA tracers, respectively. This
is because the percentage of SOAI has significant increases
in summer. The concentrations of CPA (2.5± 2.0 ng m−3)
in summer were higher than that (1.7± 0.8 ng m−3) in win-
ter, probably attributed to the emissions of β-caryophyllene
driven by temperature and solar radiation. The CPA has a
good correlation with DHOPA in summer (Fig. S4), sug-
gesting the influence of photochemical oxidation (Liu et al.,
2020). However, the CPA was not correlated with LEV in
both seasons, reflecting the limited contribution of biomass
burning (Y.-Q. Zhang et al., 2019).

3.4 Impacts of aerosol acidity on BSOA formation

Aerosol acidity (pH) was an important factor in SOA forma-
tion (Surratt et al., 2007; Offenberg et al., 2009; P. Zhang et
al., 2019; Y. Zhang et al., 2019). Time series of aerosol pH
calculated by ISORROPIA II is shown in Fig. 4. The PM2.5
in Xiamen was moderately acidic with a daily pH range from
3.68 to 4.67. The highest aerosol pH was observed in winter,
and the lowest pH in summer. This is with similar seasonal
trend, close to the Yangtze River Delta (YRD) region, but
obviously lower levels than those in the North China Plain
(NCP) cities of China (Zhou et al., 2021). In general, the
aerosol pH in Chinese cities were higher than those in the
United States and Europe.

A declining pH trend during the daytime was observed
(Fig. 4), which was related to the changes of chemical com-
positions and environmental conditions. The aerosol pH lev-
els (∼ 3 to 6) were related to a shift from sulfate- to nitrate-
dominated aerosols (Guo et al., 2017). According to the mul-
tiphase buffer theory, the peak buffer pH (pKa∗) regulated the
aerosol pH, and temperature could obviously cause the varia-
tion of aerosol pH (Zheng et al., 2020). To further discuss the
impacts of aerosol pH on BSOA formation in a coastal city,
we analyzed the relationship between BSOA tracers and seed
particles with different pH and LWC (Fig. S5 and Table 1).

In Table 1, the BSOA tracers were linearly correlated
with aerosol pH and SO2−

4 . In summer, BSOA tracers in the
particle phase were found to increase with increasing acid-
ity, which was attributed to the presence of acid-catalyzed
aerosols. For example, isoprene SOA tracers are mainly
formed through acid-catalyzed reactive uptake of isoprene-
derived epoxydiols (IEPOX) onto sulfate aerosol particles.
In our previous studies, we have reported that high concen-
trations of MTLs were related to sulfate, which could signif-
icantly promote the formation of isoprene-SOA tracers (Liu
et al., 2020). Other studies also found that sulfate could in-
crease the BSOA production by promoting acid-catalyzed
ring-opening reactions (Xu et al., 2015). In contrast, posi-
tive correlations between BSOA tracers and aerosol pH in
winter were observed, indicating that the formation of BSOA
was predominantly enhanced by other factors, except for the
aerosol pH. The aerosol pH in winter was higher than in
summer, probably due to the influence of nitrate-dominated
aerosols. Also, the aged aerosols through long-range trans-
port might have resulted in the increase of BSOA tracers and
aerosol pH.

In addition, positive correlation between BSOA tracers
and LWC were observed (Table 1), probably attributed to the
effects of LWC on determining the peak buffer pH (pKa∗).
Zheng et al. (2020) reported that the buffering effect of am-
monia suppresses the contribution of different chemical com-
positions in aerosol particles, making LWC the primary de-
terminant of aerosol pH. Other studies have demonstrated
that the uptake coefficient of first-generation oxidation prod-
ucts, especially for carbonyl compounds, might depend on
RH (Luo et al., 2019). Meanwhile, high LWC could re-
duce the aerosol particle viscosity, which is a benefit to the
generation of the reactive intermediate such as IEPOX, or
other oxidation products of VOC into an aqueous-phase of
aerosol particles, thereby promoting the formation of BSOA
(P. Zhang et al., 2019; Y. Zhang et al., 2019).
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Figure 4. Diurnal variations of aerosol acidity (pH) during the wintertime (a) and summertime (b) period. (The boxes with error bars
represent the 10th, 25th, 75th, and 90th percentiles.)

3.5 Impacts of chlorine on BSOA formation

Halogen radicals (Cl, Br and I) originated from sea salt
aerosol (SSA) and have an important role in tropospheric oxi-
dants chemistry (X. Wang et al., 2021). In this study, chlorine
depletion was frequently observed in summer (Fig. 5b), indi-
cating that HCl can be formed through acid (such as H2SO4
and HNO3) displacement of SSA Cl−. Moreover, concentra-
tions of the total SOA tracers were positively correlated with
HCl (Fig. 5a), suggesting the enhancement of SOA precursor
transformation. Previous studies have found that Cl-initiated
VOC oxidations could contribute to the formation of SOA
(Wang and Ruiz, 2017; Dhulipala et al., 2019).

Under ammonia-rich conditions, HCl partitioned into the
aqueous particulate phase mostly took place, and chlorine
ions could affect aqueous oxidation of secondary organic
compounds (Xu et al., 2021). As shown in Table 1, most
of the SOA tracers in winter were correlated with the con-
centrations of chlorine ions in PM2.5, while inverse results
were observed in summer. In winter, the dominant wind di-
rection is northeast (Fig. 6), and chlorine mainly came from
continental polluted air mass, such as industrial and combus-
tion emissions. So, anthropogenic pollutants through long-
range transport might cause the enhancement of SOA tracer
concentrations at the monitoring site. However, in summer,
negative correlations of BSOA tracers and chlorine ions in
PM2.5 were found, probably due to the influence of chlorine
depletion. As shown in Fig. 6, the dominant wind direction is
southerly, and chlorine mainly originated from the spray of
sea salt.

3.6 Enhanced formation of BSOA by anthropogenic
emissions

Recent studies have indicated that anthropogenic emissions
might affect SOA formation through multiple chemical pro-
cesses, based on laboratory studies and field observations
(Kari et al., 2019; Shrivastava et al., 2019; Y.-Q. Zhang et al.,
2019; Cheng et al., 2021; Xu et al., 2021). In this study, we
conducted the correlation analysis of individual SOA tracers
and Ox (= O3+NO2), HONO, OH, SO2, NH3, PM2.5, sul-
fate, nitrate, as well as meteorological parameters (including
T , RH and UV) (Table 1).

Most of the SOA tracers have a significant positive corre-
lation with NH3, suggesting an enhancement effect on the
formation of SOA (Table 1). NH3 could affect the SOA
yields through both gas-phase and heterogeneous reactions
(Na et al., 2007; Ma et al., 2018; Hao et al., 2020). Gas-
phase reactions between NH3 and organic acids (such as PA
and PNA) produced ammonium salts in the particle phase,
which contributed to the increased SOA formation. How-
ever, not all gas-phase organic acids (e.g., MGA and pyru-
vic acid) could demonstrate gas-to-particle conversion (Na
et al., 2007). When SOA formation had ceased, the addition
of excessive NH3 would result in the rapid decomposition of
the main SOA species, due to the nucleophilic attack of NH3
(Ma et al., 2018).

As an indicator of atmospheric oxidation capacity, the tro-
pospheric odd oxygen Ox (O3+NO2) was calculated. As
shown in Table 1, the majority of SOA tracers in summer
showed significant positive correlations with Ox (R > 0.5,
P < 0.001). However, in winter, a part of SOAM tracers (e.g.,
HGA, MBTCA and HDMGA) were found to be significantly
correlated with Ox . In addition, HONO and OH radicals,
another critical indicator of atmospheric oxidation capacity,
were also discussed. In this study, the concentration of OH
radicals calculated from HONO in summer was higher than
those in winter. In summer, the SOAI tracers were correlated
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Figure 5. Correlations of total SOA tracers and HCl (a) and chlorine depletion (b) in different seasons.

Figure 6. Backward trajectories analyses during the winter (a) and summer (b).

with OH radicals (Fig. 7b), consistent with previous find-
ings that OH radicals could promote the formation of SOA
(Sarrafzadeh et al., 2016; Liu et al., 2019; Song et al., 2019;
J. Zhang et al., 2019). Due to its photolysis to produce OH
radicals during the daytime, HONO could facilitate SOA for-
mation. In winter, the concentrations of SOAI, SOAM and
ASOA tracers were correlated with HONO (Fig. 7a). These
results indicated high concentrations of HONO and sufficient
UV radiation could enhance the photochemical reactions of
VOCs, which is consistent with our previous results on the
formation of peroxyacetyl nitrate (PAN) (Hu et al., 2020). As
for T and UV, it exhibited significantly positive correlations
with the related SOA tracers, especially in summer. These
results suggested that SOA tracers were produced from the
photooxidation of VOC precursors (Cheng et al., 2021).

In addition, the SOA tracers were significantly positively
correlated with PM2.5 and its components, including NO−3
and SO2−

4 . In the coastal cities of southeastern China, with
the development of rapid urbanization, air pollution caused
by motor vehicles and industrial emissions is becoming more

frequent in winter (Wu et al., 2020). The Xiamen port is one
of the top 10 ports in China, resulting from the impacts of
ship emissions and port activities on ambient air quality (Xu
et al., 2018), and the number of motor vehicles increased
sharply in recent years. We also found that the 90th per-
centile of maximum daily average 8 h (MDA8) O3 concen-
trations in Xiamen has increased significantly from 2015 to
2020 (Fig. S6). During the past several years, the elevated
secondary inorganic components, including NO−3 , SO2−

4 and
NH+4 , accounted for 40 %–50 % of the total PM2.5, and or-
ganic matter (OM) ranged from 30 % to 40 % (Wu et al.,
2019; Hong et al., 2021). These results also implied the ef-
fects of anthropogenic emissions and enhanced atmospheric
oxidation capacity on the secondary formation of aerosol par-
ticles under atmospheric stagnant conditions.

4 Conclusions

Pollution characteristics and source identification of BSOA
tracers during summer and winter in coastal areas of south-
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Figure 7. Relationship of SOA tracers and HONO (a) and its estimated OH (b).

eastern China were investigated. The average concentration
of total BSOA tracers in summer was higher than that in win-
ter, with the predominance of SOAM, followed by SOAI and
SOAC. The BSOA tracers in summer were predominantly
produced by the influence of photochemical oxidation under
relatively clean conditions. However, in winter, the forma-
tion of BSOA tracers were attributed to the impacts of an-
thropogenic emissions and atmospheric stagnant conditions.
In addition, the results also indicated that acid-catalyzed re-
active uptake onto sulfate aerosol particles enhanced the for-
mation of BSOA in both seasons. We further found that Cl-
initiated VOC oxidations potentially accelerated the transfor-
mation of BSOA precursors through SSA originating from
the ocean in summer and anthropogenic emissions in win-
ter. This study demonstrated the combined effects of anthro-
pogenic pollutants and atmospheric oxidation capacity on the
formation of BSOA in coastal area.
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