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HIGHLIGHTS

© SO%~ and H* i had an increased impact on low-NOx SOA; products and later-generation SOAy; products.
e The HO, channel was the main chemical reaction of SOA during haze periods.
o Biomass-burning plumes promoted precursor emissions and the formation of SOA during haze events with regional transport.

ARTICLE INFO ABSTRACT

Keywords: Secondary organic aerosol (SOA) plays an important role in global climate change and air quality, and SOA
Secondary organic aerosol (SOA) tracers tracers most directly characterize the sources and formation mechanisms of SOA. Four seasons of observation of
PMzs SOA tracers was carried out in a coastal city of southeastern China. Fourteen PM; s-bound SOA tracers, including
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Air pollution
Formation mechanisms

isoprene (SOA)), o/B-pinene (SOAy), B-caryophyllene (SOAc), and toluene (SOA,), were measured using the
GC-MS method. The concentrations of SOA tracers in Fuzhou were 25.9 - 19.9 ng m > (SOAy), 7.45 + 8.53 ng
m~3 (SOAp, 3.15 + 1.99 ng m~3 (SOA(), and 2.63 + 1.54 ng m—3 (SOAL). The elevated SOA| concentration in
summer was mainly controlled by high biogenic isoprene emission and strong oxidation, and biomass burning
contributed strongly to DHOPA (SOA,) in fall. SO%’ and Hjysity had an increased impact on later-generation
SOA; products and low-NOx SOAy products. Based on the ratio of MGA/MTLs and MBTCA/(PA + PNA), at-
mospheric oxidation capacity (Ox, =NO»+03) had a significant impact on the aerosol aging of SOA tracers. The
increased proportions of low-NOx SOA; products were 3.23-7.21 times higher than those of high-NOx products
from non-haze to haze periods, suggesting the influence of high SO3~ concentration and RH on the reaction
channel for SOA; formation. The percentages of later-generation SOAy products during RT were 2.46 times
higher than those of first-generation products, suggesting the influence of aerosol aging during the regional
transport. Both continental Asian outflow and biomass-burning plumes promoted precursor emissions and the
formation process of SOA during the haze pollution events. These related findings help to understand the
occurrence, sources and formation of SOA in coastal areas.
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1. Introduction

Secondary organic aerosol (SOA) is an important component of at-
mospheric aerosols, which have important effects on visibility, climate
change and human health (Ervens et al., 2011; Ehn et al., 2014; Liu
et al., 2019). SOA is believed to be made up of biogenic SOA (BSOA),
which is transformed from biogenic volatile organic compounds, with
anthropogenic SOA (ASOA) also playing an important role in urban
areas (Fu et al., 2016; Stone et al., 2010; Rattanavaraha et al., 2016).
Due to the complexity of SOA precursors and formation mechanisms,
there remains a lack of comprehensive understanding of the chemical
composition, sources, condensation, and distribution of SOA.

The composition, main sources and reaction mechanisms of SOA can
be characterized most directly using SOA tracers (Jaoui et al., 2007;
Feng et al., 2013). The temporal and spatial distribution and sources of
SOA tracers have been investigated based on field observations (Tang
etal., 2018; Ding et al., 2011); related results have shown that emissions
of NOx, SO2, Ox (Ox = O3+NOy), sulfate, and POA (primary organic
aerosol) originating from anthropogenic activities can increase BSOA
yields by different amounts (Carlton et al., 2018; Zhang et al., 2019).
Moreover, aerosol acidity, controlled by sulfate, relative humidity (RH),
and liquid water content (LWC), increases SOA amounts via the
salting-in effect and acid-catalyzed reactions (Li et al., 2013; McFiggans
et al., 2019). NOx levels impact the proportions of low- and high-NOx
products of isoprene (Hong et al., 2019) and enhance secondary
monoterpene reactions via nitrate radical oxidation (Xu et al., 2015). Ox
and POA increase SOA yields via atmospheric oxidation and emissions of
precursors, respectively (Zhang et al., 2019). SO5 and sulfate can in-
crease aerosol acidity by providing abundant acidic particles to accel-
erate SOA production, while high RH and LWC reduce aerosol acidity by
influencing viscosity and the phase diffusion of the aerosol particulates
to inhibit SOA production (Li et al., 2013; Liu et al., 2014b; Slade et al.,
2014). However, there are still uncertainties as to the distribution and
sources of SOA tracers, due to the complexity of the different precursors
and environmental conditions.

Globally, studies on the distribution characteristics of SOA tracers
have mainly concentrated on densely populated areas, rural areas
neighboring cities, and remote areas (such as plateau areas and moun-
tain background sites) (Shen et al., 2015; Ghirardo et al., 2016; Lyu
etal., 2017; Kleindienst et al., 2012). In China, such studies have mainly
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concentrated on areas with severe air pollution, such as
Beijing-Tianjin-Hebei, the Yangtze River Delta, and the Pearl River Delta
region (Hu et al., 2008; Feng et al., 2013; Liu et al., 2014a). However,
there is a lack of research on southeastern coastal areas with subtropical
features, relatively high humidity, dense vegetation, and strong atmo-
spheric oxidation. The typical geographical environment in the south-
eastern coastal areas provides a good opportunity to study the pollution
characteristics of aerosol under the influence of multiple factors. Our
previous ground-based observations in a mountainous forest area
showed that BSOA tracers were the largest contributor to SOA (Hong
et al., 2019). Moreover, in urban regions, the combined effects of port
shipping emission, sea salt aerosol, and monsoon on the formation and
transformation of atmospheric aerosols have been observed (Fu et al.,
2009; Xu et al., 2018). An in-depth study on the characteristics and
sources of SOA tracers in urban agglomerations will therefore be of great
significance for understanding the formation of SOA in coastal areas.

In this study, we chose the coastal city of Fuzhou to conduct field
monitoring of SOA tracers for one year, and focused on (1) the seasonal
pattern of SOA tracers and their contribution to secondary organic
carbon (SOC), (2) the effects of high and low NOx, aerosol aging degree,
acidity, sulfate, and regional transport on SOA tracers, and (3) source
and pollution identification by SOA tracers during typical haze events.
These findings will help to understand the formation mechanisms of
SOA in coastal areas, and provide a scientific basis for more in-depth
research on haze pollution.

2. Materials and methods
2.1. Field sampling

The coastal city of Fuzhou (26.11°N, 119.29°E), with 54.7% forest
coverage, is the core area for rapid urbanization in the southeast of
China. Fuzhou is located at the west coast of the Taiwan Strait, and haze
events occasionally occur in winter due to local sources and long-range
transport from the Yangtze River Delta. Aerosol sampling campaigns
were carried out on the rooftop of a 15 m high building in the old town of
the city, surrounded by residential areas. Daily PMs s filter samples were
collected, using an air sampler (TH1000H, Wuhan Tianhong, China) at a
flow rate of 1.05 m> min’l, during Oct.—Nov. of 2016 (fall) and Jan.—
Feb. (winter), Apr.—-May (spring), and Jul.-Aug. (summer) of 2017.

Table 1
Concentrations of secondary organic aerosol (SOA) tracers (ng-m ~>), secondary organic carbon (SOC) (ugC-m~3), and criteria air pollutants (pg-m~>) in four seasons.

Components Fall Winter Spring Summer

avg.+std. min-max avg.+tstd. min-max avg.+tstd. min-max avg.+tstd. min-max
2-methylglyceric acid (MGA) 0.57 £ 0.35 0.12-1.45 0.83 £ 0.36 0.42-1.69 1.4+1.29 0.51-5.15 3.28 £1.61 1.43-6.39
C5-alkene triols 0.67 £ 0.9 0.06-3.04 0.19 £0.15 0.03-0.58 0.44 £ 0.33 0.09-1.01 1.5+ 1.24 0.31-4.24
2-methyltetrols (MTLs) 5.15 £ 5.16 0.51-19.2 1.33 £ 0.76 0.5-3.33 4.69 + 4.95 0.57-16 15+ 8.27 4.33-32.7
Sum of isoprene SOA tracer (SOAy) 6.4 + 6.28 0.78-23 2.36 + 1.19 1.12-5.5 6.52 + 6.2 1.23-22.2 19.8 + 10.2 7.61-39.4
Pinic acid (PA) 4.24 £ 3.17 1.22-12 4.4 + 412 0.58-17.1 4.22 + 3.36 1.04-12.1 3.8+ 1.66 1.62-7.24
Pinonic acid (PNA) 1.83+1.6 0.37-5.73 3.61 £ 2.26 0.44-8.26 6.52 + 3.72 1.26-12.2 9.16 + 5.05 2.48-16.1
3-hydroxyglutaric acid (HGA) 7.15 £ 6.98 0.4-25.9 6.29 + 4.58 0.55-17.2 9.95 + 8.54 0.57-32.1 13.1 +8.59 2.6-24.8
3-acetylglutaric acid (AGA) 0.61 £+ 0.51 0.13-1.81 0.45 £+ 0.35 0.02-1.53 0.65 + 0.58 0.06-2.22 1.12+ 0.9 0.06-2.94
3-hydroxy-4,4-dimethylglutaric acid (HDMGA) 2.64 £ 2.87 0.37-11.5 273+19 0.23-7.22 4.82 +£4.13 0.32-13.4 6.52 + 4.04 1.23-12.1
3-methyl-1,2,3 butanetricarboxylic acid (MBTCA) 3.28 + 3.61 0.44-11.6 1.26 + 1.07 0.18-3.93 3.86 + 4.09 0.47-15.5 8.98 + 6.26 1.78-18.4
Sum of a/p-pinene SOA tracer (SOAy) 19.8 +17.1 3.78-57.1 18.7 + 12.4 3.5-53.1 30.0 + 21.2 4.35-77.5 42.7 + 24.0 13.1-76.3
2,3-Dihydroxy-4-oxopentanoic acid (DHOPA/SOA,) 2.43 £1.58 0.83-6.3 2.84 £1.66 0.52-6.31 2.3 +1.56 0.1-6.01 2.92 +£1.29 1.25-4.6
B-caryophyllinic acid (CPA/SOA() 2.41 £ 1.55 1.01-5.57 4.46 + 2.31 0.36-8.82 2.59 £ 1.55 0.37-5.1 2.38 +£1.02 1.09-3.92
malic acid 7.99 +£7.53 1.59-30.2 8.03 +£5.43 0.77-20.1 9.66 + 8.72 0.19-34.4 147 £11.4 0.84-34.6
levoglucosan 39.5+27.1 7.6-105 62.3 +28.3 21.3-121.5 58.3 £71.5 15-279 28.1 +£20.6 6.74-75.6
SOC isoprene (SOCy) 0.04 £ 0.04 0.01-0.15 0.02 £ 0.01 0.01-0.04 0.04 £ 0.04 0.01-0.14 0.13 + 0.07 0.05-0.25
SOC a/p-pinene (SOCyy) 0.33 £ 0.29 0.06-0.97 0.32 £ 0.21 0.06-0.9 0.51 + 0.36 0.07-1.31 0.72 £ 0.41 0.22-1.29
SOCp-caryophyllene (SOCc) 0.1 +£0.07 0.04-0.24 0.19+0.1 0.02-0.38 0.11 £ 0.07 0.02-0.22 0.1 £ 0.04 0.05-0.17
SOC tolune (SOC,) 0.31 £0.2 0.11-0.8 0.36 £ 0.21 0.07-0.8 0.29 £ 0.2 0.01-0.76 0.37 £ 0.16 0.16-0.58
NO, 32 +121 15-52.2 29.3 £10.5 15.5-46.9 36.2 £ 15.5 19.9-62.3 32.1 +£12.2 14.7-54.2
O3 47.5 £19.3 17.6-75.2 71.5 + 48.4 9.35-168 41.2 +£26.8 7.98-102 60.5 + 23.4 17.6-104
PM;o 39.7 £17.7 18.7-70.8 42.4 £13.4 15.9-73.7 60.9 + 34.2 27-152 48.8 +£ 23.1 21.4-85.1
PMy 5 26 +£12.3 11-48 33.2 +£10.7 16.6-53.8 39.1 £ 25.7 15-115 23.6 £ 10.6 9.02-41.3
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Quartz filters (Whatman, USA, 47 mm and 8 x 10 inch) were used for
water-soluble inorganic ions, organic carbon (OC), elemental carbon
(EC) and SOA tracers. 61 sets of PMs 5 samples (15 sets of PM; 5 samples
in fall, 21 in winter, 14 in spring, 11 in summer) and 4 sets of blank
samples were collected. Due to the rainfall during the sampling period,
there are fewer samples in summer. Meanwhile, strict quality assurance
and quality control were applied throughout the sampling period,
including checking the flow of the samplers and cleaning the PMs 5
cyclone. The sampled filters were stored at —20 °C, covered with
aluminum foil, until pretreatment analysis. During the sampling
campaign, meteorological data were measured at the monitoring sites.

2.2. Chemical analysis

Aliquots of the filters were extracted three times each with
dichloromethane/methanol (2:1 vol ratio) under ultrasonication for 10
min. The solvent extracts were filtered through a polytetrafluorethylene
(PTFE) syringe filter (SCAA-214, Shanghai ANPEL, China, 0.22 pm pore
size), concentrated using a water bath nitrogen blower (WD-12, Hang-
zhou AOSHENG, China), and dried with a flow of high-purity nitrogen.
The extracts were then derivatized with 50 pL of N,O-bis-(trimethylsilyl)
trifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride, and 10 pL
of pyridine at 70 °C for 3 h. The derivatives were diluted by the addition
of 140 pL of n-hexane containing 1.057 ng pL~" of the internal standard
(C13 n-alkane) prior to gas chromatography/mass spectrometer
(GC-MS) analysis. The SOA tracer analysis procedure is described in
detail in our previous study (Hong et al., 2019). The derivatized extracts
were analyzed using GC-MS (Agilent 7890A/5975C, Agilent Technol-
ogies, Inc., USA) with a DB-5MS fused silica capillary column (i.d. 30 x
0.25 mm, 0.5 pm film thickness). One microliter of the sample was
injected in splitless mode, and high-purity helium (99.99%) was used as
the carrier gas at a constant flow of 1.0 mL min'. The GC temperature
was initiated at 100 °C (held for 2 min), then increased to 300 °C at 6
°C-min~}, and finally kept at 300 °C for 10 min. The MS was operated in
electron ionization (EI) mode at 70 eV and the MS scanned from m/z 50
to m/z 650.

This study analyzed isoprene tracers (SOAr: 2-methylglyceric acid
(MGA), two 2-methyltetrols (MTLs: 2-methylthreitol and 2-methylery-
thritol), and three Cs-alkene triols (cis-2-methyl-1,3,4-trihydroxy-1-
butene, trans-2-methyl-1,3,4-trihydroxy-1-butene, and 3-methyl-2,3,4-
trihydroxy-1-butene)), o/p-pinene tracers (SOAp;: 3-hydroxyglutaric
acid (HGA), pinic acid (PA), pinonic acid (PNA), 3-methyl-1,2,3-butane-
tricarboxylic acid (MBTCA), 3-hydro-4,4-dimethyglutaric acid
(HDMGA), and 3-acetylglutaric acid (AGA)), one sesquiterpene tracer
(SOA(: p-carophyllene (CPA)), one toluene tracer (SOAx: 2,3-dicarboxy-
levulinic acid (DHOPA)), a biomass burning tracer (levoglucosan) and a
small-molecule carboxylic acid (malic acid) (Table 1). For the quanti-
fication of levoglucosan, malic acid, HGA, PA, and PNA concentrations,
their GC/MS response factors were determined using authentic stan-
dards. Owing to the lack of commercial standards, MBTCA, HDMGA and
AGA (SOA), tracers) concentrations were determined using malic acid as
a standard (Fu et al., 2010). Concentrations of MGA, the Cs-alkene triols,
and the MTLs (SOA| tracers) were quantified using erythritol as a stan-
dard. The CPA concentration was estimated using the response factor of
PA, and the DHOPA concentration was calculated assuming that the
response factor of this acid was equivalent to that of citramalic acid (Fu
et al., 2010; Ding et al., 2017).

Cations (Na*, NHZ, K, Ca>*and Mg?") and anions (F~, ClI~, NO3
and SO%™) were measured via by an ion chromatography (IC) analyzer
(ICS-3000, Dionex Inc., USA). The filter was extracted with ultrapure
water via ultrasonic bath, and the extracts were then filtered. Cations
were analyzed with an IonPac CSRS-4 suppressor with an IonPac
CS12Ax250 mm analytical column and anions were analyzed with an
IonPac ASRS-4 suppressor with an IonPac AS11HC x 250 mm analytical
column.

EC and OC in PMys were measured using a thermal-optical
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transmittance (TOT) carbon analyzer (Sunset Model-4, USA),
following the National Institute for Occupational Safety and Health
(NIOSH) protocol. The filter placed in the oven was heated in a pure
helium (He) and a mixed atmosphere (98% He+2% Og) up to 850 °C in
stepwise increments to convert all organic compounds into CO3 by a
manganese dioxide (MnOj) catalyst. Then non-dispersive infrared
(NDIR) system detected CO5. In this stage, OC and EC split was corrected
as the laser transmittance returned to the initial value. The detailed
analytical procedure is described in our previous study (Deng et al.,
2018; Liu et al., 2020).

The atmospheric pollutants O3, SO, NO-NO2-NOx, and CO were
measured using online Thermo Instruments TEI 49i, 43i, 42i, and 48i
(Thermo Fisher Scientific, Waltham, MA, USA), respectively. The
meteorological parameters temperature (T), pressure (P), wind direction
(WD), wind speed (WS), and relative humidity (RH) (MAWS 301, Vai-
sala, Finland) were measured simultaneously.

2.3. Quality control and quality assurance

Using the same analytical method, none of the targeted compounds
was detected in the field or laboratory blanks. The recovery rates of
citramalic acid, erythritol, PA, PNA, HGA, malic acid, and levoglucosan
(authentic standards spiked into solvent with prebaked quartz filters)
were 90 &+ 16%, 79 + 11%, 68 + 8%, 79 + 18%, 94 + 23%, 67 + 7%, and
108 + 36%, respectively. In the duplicate samples (n = 6), the targeted
compounds differed by less than 15%. The reported concentrations of
SOA tracers were not corrected for recovery. Ketopinic acid (KPA), used
as the surrogate for the quantification of all SOA tracers, was added into
each filter (Kleindienst et al., 2007) and the recovery rates of KPA were
kept at 101 + 27%. The errors in analysts measurement were included
the uncertainties in field blanks, spike recoveries, repeatability, and
surrogate quantification. Based on the empirical approach of calculating
uncertainties from surrogate quantification (Stone et al., 2012), the
estimated uncertainties of SOA tracers’ measurement ranged from 10%
(MTLs) to 124% (CPA) (Table S1).

To measure the concentrations of water-soluble ions in PMj 5, a point
concentration of 10 ppm of standard solution was tested for every 10
samples, and the correlation coefficient of the standard curve applied to
these tests should be greater than 0.995. The detailed analytical pro-
cedure is described in our previous study (Liu et al., 2020). The error in
the repeated samples of ions was less than 10%, while the measurement
error of PMs 5 was less than 5%.

2.4. Data analysis

2.4.1. Aerosol acidity calculation

Aerosol acidity was estimated using a thermodynamic model,
ISORROPIA-II (http://isorropia.eas.gatech.edu), according to our pre-
vious studies (Wu et al., 2020). The daily averaged SO%_, NO3, NHZ,
Na*, Cl7, K*, Ca®", and Mg?" concentrations measured in PMj 5 as well
as RH, T, and NHs were used as inputs into the model. The ISORROPIA-II
model estimates the concentrations of free H" (H insitus ug~m_3) and
liquid water content (LWC, pg-m’3) (Hennigan et al., 2015). The pH
values from ISORROPIA II were calculated using the following equation:

1000 x H*inmu}

pH:—lg{ LWC (€]

2.4.2. Estimation of SOC using a tracer-based method

A tracer-based method was applied to estimate the SOC formed
through the oxidation of isoprene (SOCi), o/B-pinene (SOCy), p-car-
yophyllene (SOC¢), or toluene (SOC,p) (Kleindienst et al., 2007; Offen-
berg et al., 2007). Kleindienst et al. (2007) obtained the mass fraction of
tracers in SOC (fsoc) for individual precursors by using smog-chamber
experimental data for different hydrocarbon/NOx mixtures:


http://isorropia.eas.gatech.edu
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Table 2

Concentrations (ng-m’3) of SOA tracers and the estimated SOC (ng~m’3) around the world.
Site Season Isoprene products o/p-pinene products p-caryophyllene products Toluene products Reference

SOA" soc® SOA SOC SOA SOC SOA SOC

Urban
Fuzhou, China (PM, s5) Four seasons 7.45 0.04 25.9 0.42 3.15 0.13 2.63 0.33 This study
Jinan, China (PM3 s) Four seasons 41.8 0.27 19.4 0.06 NA NA 1.1 0.13 Liu et al. (2019)
Pearl River Delta, China Four seasons 23.2 0.11 47.2 0.8 3.85 0.17 NA NA Zhang et al. (2019)
Kathmandu, Nepal Four seasons 174 0.83 59.3 1.01 6.31 0.27 19.4 2.45 Wan et al. (2019)
Shanghai, China (PM, s) Four seasons 15.3 0.1 4.13 0.02 0.58 0.03 1.33 0.17 Feng et al. (2013)
Mumbeai, India (PM;) Summer-winter 2.6 0.01 19.2 0.08 3.15 0.137 25.5 3.23 Fu et al. (2016)
Birmingham, AL, USA (PM;5) Spring-summer 202 1.92 126 211 1.97 0.05 1.92 0.24 Kleindienst et al. (2010)
Mexico City, Mexico (PM,5) Spring 33.9 0.22 48.4 0.21 3.4 0.15 14.7 1.86 Stone et al. (2010)
Fuzhou, China (PM;s) Summer 19.8 0.11 42.7 0.72 2.38 0.1 2.92 0.37 This study
Hong Kong, China (PM; s) Summer 30 0.19 198 3.36 13 0.57 NA© NA Hu et al. (2008)
Riverside, CA, USA (PM,s) Summer 23.3 0.15 43.89 0.74 0.92 0.04 NA NA Kleindienst et al. (2012)
Suburban/Rural
Guangzhou, China (PM;5) Four seasons 56.6 0.18 35.1 0.6 4.04 0.18 1.51 0.19 Yuan et al. (2018)
Wuxi, China (TSP) Summer 152 0.87 15.3 0.26 6.73 0.29 3.62 0.46 Ding et al. (2014)
Sanya, China (TSP) Summer 65.3 0.37 3.12 0.05 3.05 0.13 1.51 0.19 Ding et al. (2014)
Mountain/valley
Mt. Wuyi, China (PMz5) Four seasons 45.3 0.21 29.6 0.13 5.99 0.23 0.24 0.03 Hong et al. (2019)
Mt. Fuji, Japan (TSP) Summer 69 0.34 39 0.17 0.74 0.03 NA NA Fu et al. (2014)
Marine
Alert, Canada (PM, s5) Winter-summer 0.3 0.002 1.65 0.008 0.12 0.005 NA NA Fu et al. (2009)
East China Sea (TSP) Summer 8.4 0.04 11.6 0.05 2.9 0.13 NA NA Kang et al. (2018)
Arctic Ocean (PM, 5) Summer 4 0.06 4.8 0.04 0.017 0.0006 NA NA Fu et al. (2013)
@ The SOA is the sum of all the corresponding tracers.
Y SOC are estimated using the tracer-based method.
¢ “NA” means not available.

[OC] = Yiltril/fsoc @

where [SOC] is the mass concentration of SOC and }; [tri] is the con-
centration of various types of SOA tracers. The fgo¢ values of isoprene,
a/p-pinene, B-caryophyllene, and toluene were 0.155 + 0.111, 0.059 +
0.111, 0.023 + 0.0046, and 0.0079 + 0.0026, respectively. It is assumed
that the smog-chamber fgoc values are the same as those in the ambient
air. The SOC from different SOA tracers was estimated using the above
equation.

The correlations between different SOA tracers and meteorological
parameters were examined using the Pearson correlation method (IBM
SPSS Statistics for Windows, Version 19.0., SPSS Inc., US). The differ-
ences for chemical species in different seasons were studied using an
ANOVA test.

3. Results and discussion
3.1. Concentrations of SOA tracers and estimated SOC concentrations

As shown in Table 1, SOAy (25.9 + 19.9 ng m~>) was the predom-
inant component of total SOA tracers, followed by SOA; (7.45 + 8.53 ng
m~%), SOA¢ (3.15 + 1.99 ng m~>) and SOA, (2.63 + 1.54 ng m™>).
Isoprene mostly originates from deciduous plants and broad-leaved
trees, while monoterpene, including a/p-pinene, is mainly emitted by
citrus and coniferous plants (Carlton et al., 2009; Fu et al., 2009; Ding
et al., 2014; Shrivastava et al., 2017). The ratio of coniferous to
broad-leaved forest in Fuzhou is roughly 13:1 (Xie et al., 2016), resulting
in the highest proportion of SOA); during the whole year. For the esti-
mated SOC, the descending order of SOA tracers is as follows: SOCy
(0.44 £ 0.34 pgm3) > SOC, (0.33 £ 0.19 pg m ) > SOC¢ (0.14 + 0.09
pg m~3) > SOC; (0.04 + 0.05 pg m~>). Although the percentage of SOA,
tracer was the lowest (8 &+ 4%), SOCy made a relatively high contribu-
tion (36 + 10%) to the total SOC. The results indicated that aromatic
hydrocarbon emitted from anthropogenic activities potentially have a
great impact on SOC in urban areas.

The characteristics of total SOA tracers and the estimated SOC had
significant differences in four seasons (Panoya < 0.05). The concentra-
tions of total SOA tracers in Fuzhou were: summer (72.2 + 37 ng m’3) >
spring (45 + 29.4 ng m~3) > fall (31 & 26 ng m~3) > winter (28.6 &

15.7 ng m ). Because of flourishing vegetation and photoreactions, the
concentrations of SOA; and SOA); were the largest in summer and lowest
in winter (Fu et al., 2010; Lin et al., 2013). SOA¢ concentration was the
highest in winter. CPA, the only tracer of SOA, had a significant positive
correlation with levoglucosan (P < 0.05), indicating the impact of
biomass burning (Kawamura et al., 2005; Wang et al., 2010; Ding et al.,
2017; Ciccioli et al., 2014). The variations of SOA4 (2.31-2.84 ng m )
and SOC, (0.29-0.37 pg m~>) concentrations in four seasons were
neglected, but the proportion of SOCs were relatively high in fall and
winter. As shown in Fig. S1, air masses originated from inland China to
the monitoring site were frequently observed, suggesting the influence
of continental Asian outflow. And fossil fuels combustion, solvent use
and biomass burning were the main sources of aromatic hydrocarbons in
urban areas. Ding et al. (2017) also found that the increase of biomass
burning emissions and heating for warmth promoted the elevated SOAx
concentration in fall and winter.

Many studies have shown that atmospheric oxidation (Ox) has
various effects on SOA tracers in different seasons. (Ding et al., 2011;
Pathak et al., 2004; Fu et al., 2009; Shrivastava et al., 2017). In this
study, significant correlations between SOA tracers and Ox (P < 0.05)
were found in summer and fall, while insignificant correlations were
observed in winter and spring (Table S2). Seasonal variations of corre-
lation parameter were consisted with the pattern of Ox level (Table S4).
CPA and DHOPA showed significant correlations with levoglucosan in
fall (r > 0.47, P < 0.05), indicating the influence of biomass burning.
Crop residue burning during harvest periods was frequently happened in
central and eastern China, and affected the monitoring site under
long-range transport (Feng et al., 2013; Hong et al., 2019; Al-Naiema
et al., 2020). In addition, positive significant correlations among malic
acid and CPA with DHOPA were observed in all seasons, suggesting that
the formation of SOA in urban areas was obviously affected by anthro-
pogenic activities.

In Table 2, the concentrations of isoprene, o/f-pinene, [-car-
yophyllene and toluene SOA tracers and the estimated SOC in different
areas around the world are presented. In this study, the concentrations
of SOA; were much lower than those at suburban, rural and mountainous
forest sites, such as Wuxi, Sanya, Guangzhou, Mt. Wutyi and Birming-
ham (Kleindienst et al., 2010; Ding et al., 2014; Rattanavaraha et al.,
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Fig. 1. Concentrations and percentages of isoprene SOA tracers (SOA;: Cs-al-
kenes triols, 2 methylglyceric acid (MGA), 2-methyltetrols (MTLs)) in
different seasons.

2016; Hong et al., 2019). SOAy concentrations were comparable to
those in most cities, but much lower than in Hong Kong and Birming-
ham, which might be mainly due to strong emissions of biogenic VOCs
and atmospheric oxidation conditions (Hu et al., 2008; Fu et al., 2016;
Feng et al., 2013). Overall, the SOA, concentrations at urban sites were
higher than in mountains, and the lowest concentrations of SOA tracers
in marine studies were found. For the estimated SOC, major precursor of
SOA tracers at urban sites was mainly from aromatic hydrocarbon and
o/B-pinene, relying on the difference of local sources and the
gas-particle partitioning of the oxidation products (Fu et al., 2016; Stone
et al., 2010). The largest contribution of SOA¢ on the total SOC at Mt.
Wuyi and Mumbai were observed, indicating the impact from local and
regional biomass burning (Hong et al., 2019; Fu et al., 2016). For oceans,
the emissions of BSOC originated mainly from continental outflow and
marine phytoplankton (Kang et al., 2018; Fu et al., 2009, 2013). High
concentrations of SOA tracers and SOC were found over the East China
Sea, compared with polar oceans (Kang et al., 2018).

3.2. Pollution identification by SOA tracers

3.2.1. Identification of NOx levels by isoprene tracers

As shown in Fig. 1, seasonal variations of SOA; concentrations are
following the order: summer (19.8 4+ 10.2 ng m~3) > spring (6.52 + 6.2
ng m_g) > fall (6.4 + 6.28 ng m_g) > winter (2.36 + 1.19 ng m_3). The
highest ratio of MGA/MTLs (Table S3) was observed in winter, reflecting
the influence of NO/NO; channel for SOA formation. Previous studies
found that MGA is an oxidation product of isoprene under high-NOx
conditions, and then undergoes oxidation by NOx via the NO/NO,
channel (Surratt et al., 2010; Hong et al., 2019). In addition, significant
correlation between MGA and DHOPA concentrations (r = 0.74, P <
0.05) was found, indicating the contribution of anthropogenic activities
emissions, including vehicles and industry. That is the reason why MGA
concentrations in urban areas always higher than that in mountainous
areas and polar sites (Fu et al., 2014; Ding et al., 2017; Jaoui et al.,
2010). In contrast, the percentages of MTLs and Cs-alkene triols, formed
by the OH and HOy radicals via the HO, channel under low-NOx con-
ditions, were observed in summer. There was also a positive correlation
between MTLs and Cs-alkene triols (r = 0.87, P < 0.05). MTLs were the
main components of SOA;, with a percentage of 66 + 9%, which is
comparable to previous findings (Hong et al., 2019; Ding et al., 2012; Hu
et al., 2008; Hu and Yu, 2013).

In addition, the isoprene SOA tracers also could be influenced by
other factors, including Ox, aerosol acidity and metrological factors
(Edney et al., 2005; Jaoui et al., 2010; Surratt et al., 2007; Zhang et al.,
2011). Recent studies have found that isoprene ozonolysis with acidic
particles could enhance the production of substantial MTLs (Riva et al.,
2016). In this study, the ratio of MGA/MTLs in fall (0.12) and summer
(0.21) were lower than that in winter (0.61), probably the impact of
atmospheric oxidation capacity. The results could be explained by the
correlations between Ox and SOA tracers in section 3.1. Under low-NOx
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Fig. 3. Concentrations and percentages of o/p pinene tracers (SOAy: 3-hydrox-
yglutaric acid (HGA), pinic acid (PA), pinonic acid (PNA), 3-methyl-1,2,3-buta-
netricarboxylic acid (MBTCA), 3-hydro-4,4-dimethyglutaric acid (HDMGA),
and 3-acetylglutaric acid (AGA)) in four seasons.

conditions, isoprene epoxydiol (IEPOX) could be converted to Cs-alkene
triols and MTLs by acid-catalyzed ring opening and nucleophilic addi-
tion (Paulot et al, 2009; Li et al., 2013). As shown in Fig. 2, SO%_ had a
stronger positive effect on MTLs concentrations (slope: 0.72) than
Cs-alkene triols (slope: 0.08). The result is attributed to the fact that
sulfate could increase the production of MTLs (Ding et al., 2011; Chan
etal., 2011; Jaoui et al., 2010). Moreover, Cs-alkene triols and MTLs had
significant correlations with Hjpgiry (r > 0.37, P < 0.05) and SO3~ (r >
0.43, P < 0.05) (Table S5), which could be explained by the facts (1)
when the H'j. concentration is relatively high, SO% enhance
IEPOX-derived SOA formation by providing particle water required for
IEPOX uptake, and (2) SO~ also promotes acid-catalyzed ring-opening
reactions (Surratt et al., 2010; Xu et al., 2015). We also found that SOA;
had positive and negative correlations with T (0.76 > r > 0.63, P < 0.05)
and RH (P > 0.05), respectively.

3.2.2. Indication of aerosol aging by a/f-pinene tracers

The photochemical oxidation products of o/B-pinene include first
generation products (PA, PNA) and later-generation products (HGA,
AGA, HDMGA and MBTCA) (Szmigielski et al., 2007). As shown in
Fig. 3, HGA (31 + 9%) was the main component of o/p-pinene tracers,
followed by HDMGA (14 + 5%), MBTCA (12 + 6%), and AGA (3 + 1%).
The patterns of SOA tracers were consisted with the findings of previous
studies (Hu et al., 2008; Ding et al., 2011; Hong et al., 2019). In this
study, PA and PNA accounted for the proportions of 20 + 8% and 23 +
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15%, respectively, which were much higher than those in background
areas (PA: 9% and PNA: 3%), reflecting relatively fresh aerosols in urban
areas (Hong et al., 2019). Reacted with O3 and OH, PA and PNA were
transformed into MBTCA, which could be promoted by temperature and
strong radiation (Szmigielski et al., 2007; Hu et al., 2008). Generally, the
ratio of MBTCA/(PA + PNA) is used to evaluate the aging degree of
SOAy (Ding et al., 2014). Offenberg et al. (2007) found that preliminary
products of SOAy; in chamber experiments showed the MBTCA/(PA +
PNA) ratio of 0.31-0.66. In this study, the lowest value of this ratio was
observed in winter (0.16), which could be attributed to the contribution
of primary emissions during the sampling period (Table S3). The highest
ratio of MBTCA/(PA + PNA) was found in summer (0.64), indicating the
impact from photochemical oxidation. In addition, the ratio of
HGA/MBTCA was used to distinguish the contribution of a-pinene or
B-pinene on the formation of monoterpene SOA tracers (Jaoui et al.,
2005; Ding et al., 2014). The averaged ratio of HGA/MBTCA in Fuzhou
was 3.12, suggesting that f-pinene was the major precursor for mono-
terpene SOA tracers. However, the lowest ratio of HGA/MBTCA was
found in summer, implying the relatively high contribution of a-pinene
on SOAy (Hong et al., 2019; Lewandowski et al., 2013).

Due to its low vapor pressure, PA could readily nucleate and occur in
higher proportions in particle phase (Bhat and Fraser, 2007; Fu et al.,
2014, 2016). However, in this study, the averaged concentration of PNA
(9.16 + 5.05 ng m’3) was higher than that of PA (3.80 + 1.67 ng m’3).
Moreover, the PA proportion had a significant decreasing trend from
winter to summer, while PNA remained stable (10 + 6%) during this
period. This is mainly attributed to the fact that PNA was produced from
ozonolysis of a/f-pinene via two Criegee intermediates and strongly
depended on RH, while the formation of PA only related to one Criegee
intermediate (Ma et al., 2008). H jpsitu in Fuzhou was lower one to four
orders of magnitude than that in the Pearl River Delta, Xiamen, Beijing,
Shanghai, and HongKong (Yao et al., 2006; Ding et al., 2011; Pathak
et al., 2011; Wu et al., 2020). PNA and PA concentrations had no cor-
relations with Hjpgira (P > 0.05), while HGA, AGA, HDMGA and MBTCA
concentrations had positive correlations with Hipg, (P < 0.05). The

(MBTCA), 3-hydro-4,4-dimethyglutaric acid
B MGA (HDMGA), and 3-acetylglutaric acid (AGA)), (d) NHj,
B Calkenc triols ~ NO3» SO3, and (e) PMyo, PMys, OC, EC. The gray

and pink shaded part was represented for pollution
events caused by local accumulation and regional
transport, respectively. (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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limited impact of H' s,y on PNA and PA was due to (1) high aerosol
acidity could accelerate SOAy; production via the salting-in effect and
acid-catalyzed reactions (Xu et al., 2016), (2) high acidity could promote
the release of semi-volatile PNA and PA from particle phase into gas
phase to balance the vapor pressure, and (3) there was relatively low
aerosol acidity and its constant status at the monitoring site (Yu et al.,
1999; Ding et al., 2011). Most tracers of SOAy; in Fuzhou had positive
correlations with T (0.69 > r > 0.47, P < 0.05) and negative correlations
with RH (P > 0.05). Only later-generation products of SOAy; had sig-
nificant correlations with H ity (r > 0.27, P < 0.05) and SO3~ (r >
0.35, P < 0.05) (Table S5), suggesting that high concentrations of sulfate
could also promote the formation of later-generation products. Because
sulfate determines aerosol acidity and surface area, then promotes BSOA
formation via acid-catalyzed heterogeneous reactions. On the basis of
this analysis the abundance of sulfate was concluded to affect the SOAy
formation in coastal city of the southeastern China, consistent with
previous reports (Rattanavaraha et al., 2016; Zhang et al., 2019). A
recent study also found that SOAy;, SOA;, and SOA¢c were positively
correlated with sulfate in the PRD (Zhang et al., 2019).

3.3. Characteristics and sources of SOA tracers during haze pollution
events

SOA tracers are mostly produced by VOCs in the atmosphere through
photochemical reactions, and play an important role in understanding
the sources and formation mechanism of SOA. Previous studies have
shown that SOA contributes to 30-77% of PM5 5 and 44-71% of organic
aerosols during heavy haze (Huang et al., 2014). Defined as having
visibility less than 10 km, three haze events during the monitoring
period were chosen to study the pattern of SOA tracers with elevated
PM, 5 concentrations in coastal areas (Fig. 4). The periods (10-16 Nov.
2016 and 14-16 Feb. 2017) with low wind speed and temperature
inversion were divided into LA1 and LA2 (“Local Accumulation™), which
was conducive to accumulating air pollutants. Another haze case was
affected by northerly airflow bringing air pollutants to the coastal areas
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Table 3

Concentrations of SOA tracers (ng-m’s), compositions of PM, 5 (pg-m’s),
criteria air pollutants (ug-m>) and meteorological parameters during haze and
non-haze days.

Components Non-haze Haze
Fall (n Winter LAl LA2 RT (n
=11) (n =15) m=4) m=3) =3)
2-methylglyceric acid 055+ 072+ 0.65 1.03 1.13
(MGA) 0.25 0.3 + 0.58 + 0.58 + 0.27
Cs-alkene triols 0.59 + 0.13 + 09 + 0.25 0.47
0.83 0.05 1.17 +0.2 +0.11
2-methyltetrols (MTLs) 5.04 + 1.04 + 5.45 1.77 2.38
5.08 0.41 + 6.15 +1.35 + 0.46
Sum of isoprene SOA 6.18 1.89 + 6.99 3.06 3.98
tracer +6.03 0.65 +7.89 +212 +0.58
Pinic acid (PA) 3.5+ 2.87 + 6.26 7.98 8.44
1.74 1.42 +542 +6.1 +7.58
Pinonic acid (PNA) 1.46 + 379+ 2.87 2.52 3.8+
0.92 2.31 + 2.68 +1.91 2.81
3-hydroxyglutaric acid 6.56 +  4.25 + 8.77 8.91 13.8
(HGA) 6.78 2.38 +835 +567 +3.17
3-acetylglutaric acid 054+ 029+ 0.79 0.84 0.86
(AGA) 0.45 0.14 +0.7 +0.61 +0.18
3-hydroxy-4,4- 264+ 208+ 2.65 2.82 5.88
dimethylglutaric acid 3.09 1.42 +256 +£134 +1.41
(HDMGA)
3-methyl-1,2,3 285+ 094+ 4.46 1.78 2.33
butanetricarboxylic acid 3.07 0.75 +5.18 +1.87 +1.11
(MBTCA)
Sum of a/p-pinene SOA 17.5 14.2 + 25.8 24.8 35.2
tracer +14.5 7.52 +24.3 +16.5 +15.7
2,3-Dihydroxy-4- 2.34 + 2.08 + 2.7 + 3.32 6.14
oxopentanoic acid 1.43 0.78 2.15 + 1.44 + 0.22
(DHOPA)
B-caryophyllinic acid 216+ 439+ 3.08 3.88 54+
(CPA) 1.21 2.63 + 2.34 +1.73 0.37
levoglucosan 348+ 613+ 52.3 62.1 67.2
18.8 28 +442 +464 +17.3
malic acid 7.75 + 5.99 + 8.67 8.82 17.4
7.84 3.56 +7.68 +549 +£341
MBTCA/(PA + PNA) 0.55 + 0.14 + 0.4 + 0.16 0.23
0.44 0.05 0.21 + 0.07 + 0.08
NO, 30.2 + 27.6 + 37.1 33.3 33.9
12.3 9.85 +11.6 +135 +£126
O3 445+ 749+ 55.6 61.5 46.2
19.5 54.6 +18.7 + 29.5 + 15.3
PM;o 382+ 380+ 43.6 47.7 58.5
18.8 10.6 +161 +158 +13.4
PM; 5 233 + 30.2 + 33.3 36.2 45.3
10.3 8.58 +15.7 +154 +£9.45
EC 1.06 + 148+ 1.26 1.84 2.69
0.42 0.55 +064 +077 +0.75
oC 5.89 + 5.58 + 9.55 6.87 9.49
2.2 1.39 +499 +298 +1.84
Wind speed (m-s~h) 1.72 + 1.73 £ 1.22 1.33 1.94
0.82 0.57 + 0.34 + 0.65 +0.18
T (°C) 214+ 104+ 20.4 15.1 15.2
4.25 2.05 +4.09 +27 +1.45
SoF 7.09+ 473+ 7.77 3.68 6.83
4.37 2.24 +3.7 +0.95 +218
NHj 285+ 615+ 1.96 3.71 6.28
2.7 3.19 + 1.31 + 0.58 + 1.61
NO3 2.29 + 3.86 + 3.52 6.45 9.35
2.26 1.69 +309 +039 25

of Fujian Province during 18-20 Feb. 2017, which was defined as
“Regional Transport” (RT) (Fig. 4).

3.3.1. Overview of SOA tracers

As shown in Fig. 4, all SOA tracers showed a similar temporal vari-
ation of OC (P < 0.05), suggesting the contribution of SOA tracers de-
rivative from isoprene, o/B-pinene, B-caryophyllene and toluene to
organic aerosols. The concentrations of SOA tracers clearly increased
during the pollution period, compared with non-haze periods. The dif-
ference in SOA| concentration between fall (6.4 + 6.28 ng m’3) and
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winter (2.36 + 1.19 ng m3) was larger than that in SOAy; between fall
(19.8 £17.1ng m_g) and winter (18.7 + 12.4 ng m_3) (Table 3), which
was consistent with the fact that SOA; had more significant positive
correlations with T than SOAy;. The variations of related SOA tracers
during LA1, LA2 and RT were evaluated during haze and non-haze
periods.

The increased proportions going from non-haze to haze periods of
low-NOx SOA| products were 3.23-7.21 times higher than those of high-
NOx products (Table 3), which could be explained by high S02" con-
centration and RH in the monitoring site. The insignificant increases in
high-NOx products were due to high RH during haze, with the HOy
channel the main chemical reaction for SOA; formation (Ren et al.,
2019). The increases in proportions of later-generation SOA); products
during RT were 2.46 times higher than those of first-generation prod-
ucts, and the proportions of first-generation products were enhanced
during LAl and LA2. Meanwhile, the increases in proportion of
later-generation products of SOAy; during RT were 5.52 and 1.78 times
higher than those during LA1 and LA2, respectively, suggesting the in-
fluence of aerosol aging through regional transport. Regional transport
promoting secondary reactions was also proved by the ratio of
MBTCA/(PA + PNA) and the varied concentrations of SNA (SO%’, NOs3,
and NH3).

3.3.2. Identification of pollution sources by SOA tracers

As shown in Fig. 5, DHOPA, malic acid, CPA and levogluconsan
showed a similar temporal pattern during LA1 and LA2. The concen-
trations of malic acid and levoglucosan increased during RT, while
DHOPA and CPA concentrations were basically constant, indicating the
combined effects of regional transport (especially biomass burning) and
local sources. According to the Fire Information for Resource Manage-
ment System (FIRMS, https://firms.modaps.eosdis.nasa.gov/firemap/,
Fig. S2), the fire spots in Fujian Province during pollution periods were
more active than those during non-haze days. Air Mass Trajectory
analysis during RT showed that 8% of air masses originated from
Kazakhstan, 42% from Bohai, and 50% from Fujian province (Fig. S3).

During 9-13 Feb. 2017, the O3 hourly concentrations were remark-
ably high, and DHOPA concentrations were much lower than those
during the period of haze pollution (Fig. 5). Except for Os, other factors
are also involved into the process of DHOPA formation. Aromatic hy-
drocarbons, which are the main precursors of ASOA and can be emitted
from biomass/biofuel burning, fossil fuels and solvent use, produce ring-
opening products by reacting with reactive species, then react with NOx
to form DHOPA (Yuan et al.,, 2018). In this study, the atmospheric
oxidation affected DHOPA formation mostly. However, there is still
many uncertainties as to the generation mechanisms of DHOPA, and
further research is needed for deeply understanding the formation of
ASOA.

4. Conclusions

PM, s-bound SOA tracers were investigated at an urban site in a
coastal area of southeastern China, to characterize the formation and
sources SOA and haze pollution indicators. The concentrations of BSOA
tracers were comparable to those in most cities and much lower than
those in suburban, rural, and mountainous forest sites around the world.
SOA| tracers controlled by precursor emission of isoprene formed the
main component in summer, and biomass burning contributed strongly
to DHOPA (SOA,) in fall. Four categories of SOC had a similar seasonal
pattern to the corresponding SOA tracers. In this study, SO%’ and H jnsitu
had an increasing impact on low-NOx SOA; products and later-
generation SOAy products via the salting-in effect and acid-catalyzed
reactions. Based on the ratio of MGA/MTLs and MBTCA/(PA + PNA),
atmospheric oxidation (Ox) has a significant impact on the aerosol aging
of SOA tracers. Three haze pollution events were observed, and possible
factors causing the formation of SOA were discussed. The HO, channel
was the main chemical reaction for SOA during haze, although the NO/
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Fig. 5. Variations of (a) levoglucosan, malic acid, (b) sesquiterpene SOA tracer (SOAc: p-carophyllene (CPA)), aromatic SOA tracer (SOAx: 2,3-dicarboxylevulinic
acid (DHOPA)), (c) NO,, Os, and (d) meteorological parameters (RH and temperature).

NO; channel of SOA formation was very important in winter. In addi-
tion, high concentrations of SOA tracers during LA1 and LA2 were
heavily impacted by local anthropogenic activities including biomass
burning under low wind speed and stagnant meteorological conditions.
Meanwhile, both continental Asian outflow and biomass-burning
plumes promoted the formation process of SOA in the coastal city dur-
ing the RT period.
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