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HIGHLIGHTS

e Chemical components in NR-PM; in Southeast China during 2017-2020 were presented.

e Formation of sulfate and OOA in summer was dominated by photochemical reactions.

e The dominant pathway for secondary aerosols in winter varied across years.

e Enhanced atmospheric oxidation capacity contributed to the increasing oxidation degree of OA.

ARTICLE INFO ABSTRACT
Keywords: This study presents the variation of chemical components in non-refractory submicron aerosols (NR-PM;)
Secondary aerosol measured by Q-ACSM in a coastal city of Southeast China in summer and winter during the years 2017, 2018,

Atmospheric oxidation capacity
Photochemical reaction
Aqueous-phase reaction

and 2020. As we know, long-term data on aerosol chemical composition were scarce in this region. The mass
concentration of NR-PM; decreased evidently, but the chemical composition of NR-PM; showed a minor vari-
ation with OA increased and NO3 decreased over the years. PMF/ME-2 models were performed to identify OA

factors resolving POA, less oxidized OOA (LO-OOA), and more oxidized OOA (MO-OOA) in this study. Secondary
components made dominant contributions of 85.1%-90.7% to NR-PM;, and OOA became more important in
aerosols with time. The SOR, NOR, and MO-OOA/LO-OOA ratio as a function of LWC and Oy, combined with the
diurnal variation of secondary aerosols (SAs), were performed to explore the main formation mechanism of NOs,
S04, and OOA. The results indicate that SO4 and OOA factors in summer were mainly affected by photochemical
reactions, while the characteristics and the main formation pathways of NO3 and OOA factors in winter varied
largely across the different years. The oxidized degree of OA had elevated in 2020 compared to 2017 and 2018 as
the f44 (ratio of m/z 44 to total signal) of OA increased. Our study on the annual variation of aerosol chemical
composition and the dominant formation pathways of secondary components will provide a scientific reference

for air quality improvement.

1. Introduction concentrations in the atmosphere are mainly determined by primary
emissions, secondary processes, and meteorological conditions (Bressi
Aerosols are critical to climate change and human health (Heal et al., et al., 2016; Gu et al., 2020; Sun et al., 2015, 2016; Zhu et al., 2021).

2012; IPCC, 2021; Kreyling et al., 2006; Poschl, 2005). Aerosols mass Secondary aerosols (SAs) make outstanding contributions to aerosols, e.
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g. SAs contributed 64%-92% to non-refractory submicron aerosols
(NR-PM;) in major cities of Asia (Zhou et al., 2020). The properties and
environmental effects of SAs are distinguishable from those of primary
emission aerosols (Li et al., 2017a). For example, the enhanced hygro-
scopicity of SAs would alter the aerosols scattering and cloud formation
ability (Gunthe et al., 2011), thereby affecting visibility and climate.
Previous studies have indicated that the aerosols pollution events in
China in recent years were caused by the increase of SAs derived mainly
from photochemical reactions and aqueous-phase reactions (Huang
et al., 2020; Zheng et al., 2015). Severe aerosols pollution events have
been reported to be related to high relative humidity (RH) (Hu et al.,
2016; Li et al., 2017b). Simultaneously, atmospheric oxidation capacity,
usually represents by the concentration of Oy (NO, + O3), was reported
to be enhanced in recent years and to contribute significantly to the
formation of SAs (Lei et al., 2021; Li et al., 2021a; Liu et al., 2021).
Therefore, understanding the characteristics and formation pathways of
SAs is essential to reduce the mass concentration of aerosols and miti-
gate its impact on the environment and humans.

The concentrations of SO and NO; have reduced substantially due to
control policies in recent years, but the contributions of sulfate and ni-
trate to aerosols were not expected to follow (Huang et al., 2014; Xu
et al., 2015). One of the reasons is that the increase in atmospheric
oxidation capacity compensated for the reduction of the precursors (Sun
et al., 2020). Nitrate was reported as an important driver for aerosols
growth, because it had a prominent proportion of aerosols during severe
aerosols pollution events (Xiao et al., 2021; Xu et al., 2019; Yang et al.,
2021; Zhao et al., 2020). The diurnal trend of sulfate with a peak con-
centration at midday or afternoon was widely observed, which indicated
that photochemical reactions were the dominant pathway of sulfate
formation (Dai et al., 2019; Sun et al., 2012; Xu et al., 2014; Zhao et al.,
2020). In addition, previous studies have found a rapid increase of sul-
fate associated with high RH in some aerosols pollution events, sug-
gesting the contribution of aqueous-phase oxidation of SO, to sulfate
(Hu et al., 2016; Sun et al., 2014; Wang et al., 2014). Nevertheless, the
mechanism for SO, conversion to sulfate in aerosols is now under dis-
cussion, and the opinions are quite controversial (Cheng et al., 2016;
Harris et al., 2013; Liu et al., 2020a, 2020b; Wang et al., 2020; Zheng
et al., 2020). Due to the complex interactions between gaseous pre-
cursors and atmospheric oxidation capacity, the future air quality
improvement will also be challenging (Lei et al., 2021; Sun et al., 2020).

Organic aerosol (OA) is the dominant component of NR-PM; (Brito
etal., 2014; Dai et al., 2019; Zhou et al., 2020). Regarding its origin, OA
could be classified into primary OA (POA) and secondary OA (SOA).
SOA is resulted from chemical conversion of pre-existing particles,
nucleation, or gas-to-particle condensation (Hallquist et al., 2009; Kroll
and Seinfeld, 2008). Previous studies have reported that atmospheric
photochemical aging reaction is a crucial pathway for the formation and
evolution of SOA (An et al., 2019; Chen et al., 2021). Nevertheless,
aqueous-phase reactions were found to have a significant influence on
the formation of SOA during periods of low atmospheric oxidative ca-
pacity (Wang et al., 2017). The results indicate that the formation of
SOA via aqueous-phase reactions or photochemical reactions strongly
depends on the differences in meteorology and atmospheric oxidation
capacity (Dai et al., 2019; Hu et al., 2016; Xu et al., 2017). The oxidation
degree of SOA showed a spatial and seasonal variability. Jimenez et al.
(2009) found a common trend of the fraction of more oxidized SOA in
OA increasing from urban to rural areas. The oxidation degree of SOA
was reported to be related to solar radiation and temperature as the ratio
of less/more oxidized SOA was low in warm seasons (Via et al., 2021).
Besides, it’s generally considered that more oxidized SOA had a high
contribution to OA in long-distance transport air masses (Gu et al., 2020;
Sun et al., 2018). Up to now, the driven formation pathways of oxidized
OA remain poorly understood (Xu et al., 2017). Therefore, in-depth
analysis of inter-annual and seasonal differences in the formation
mechanism of SAs under the impact of distinct emission sources and
meteorological conditions would help comprehensively understand the
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properties of aerosols and improve the accuracy of model simulations.

In this study, an Aerodyne Aerosol Chemical Speciation Monitor
(ACSM) with high time resolution was deployed to monitor the chemical
composition of NR-PM; in Xiamen, a coastal city of Southeast China, in
the summer and winter of 2017, 2018, and 2020. Xiamen is the trans-
portation channel of the two most economically developed regions, the
Yangtze River Delta and the Pearl River Delta, which is also affected by
mixing air masses from continents and marine. As we know, the moni-
toring data of chemical composition of aerosols in many years were
scarce in Southeast China. The PMF/ME-2 method was performed to
determine the primary and oxidized OA factors, including primary OA
(POA), less-oxidized oxygenated OA (LO-OOA), and more-oxidized
oxygenated OA (MO-OOA). The objectives of this study were to (1)
describe the seasonal and annual variations of chemical composition of
NR-PM; in the years of 2017, 2018, and 2020 in Xiamen, Southeast
China, (2) identify the main formation pathways of sulfate and nitrate in
summer and winter of the different years, and (3) investigate the char-
acteristics of OA factors, the oxidation degree of OA, and the main for-
mation pathways of OOA in the study region.

2. Experimental methods
2.1. Observation site and periods

The field observation site (118°03'E, 24°36’N, 80 m a.s.]) was located
in the Institute of Urban Environment, Chinese Academy of Sciences
(IUE) in Jimei District, Xiamen (Fig. S1). IUE is a suburban site with two
roads 100 m away to the northwest and northeast, respectively. Xiamen
is a subtropical city with a warm climate and high RH throughout the
year. The prevailing wind is the ocean monsoon from the southeast di-
rection in summer and the land wind from the north and northeast of
China in winter. Six field observation campaigns were conducted in
August and December, representing summer and winter, respectively.
The specific time periods were 1-15 August 2017, 3-31 December 2017,
1-22 August 2018, 1-22 December 2018, 6-31 August 2020, and 1-17
December 2020.

2.2. Observation instruments

Chemical composition of NR-PM; including organics aerosol (OA),
nitrate (NO3), sulfate (SO4), ammonium (NHy4), and chloride (Chl) was
measured by an ACSM. The detail of ACSM instrument operation can be
found in previous studies (Ng et al., 2011; Sun et al., 2012; Tiitta et al.,
2014). Briefly, aerosols were sampled at the main inlet at a flow rate of 3
L min~! and dried using a Nafion dryer system (Perma Pure, New Jersey,
USA) to keep the RH below 40% (Sun et al., 2012; Zhao et al., 2020). A
subsample flow of 0.085 L min~! passed through a critical orifice and
entered an aerodynamic lens that focused the particles into a narrow
beam. Particles were then flash-vaporized at 600 °C in high vacuum
conditions and ionized by hard-electron impact (70 eV), and the
resulting fragments were analyzed by a quadrupole mass spectrometer
(Ng et al., 2011). The time resolution of ACSM was about 15 min with a
scan from m/z 10-150 amu (atomic mass unit) at 200 m s amu ! rate.
The ionization efficiency (IE) and relative ion efficiency (RIE) calibra-
tions were performed using size-selected ammonium nitrate (NH4NO3)
and ammonium sulfate ((NH4)2SO4) particles (300 nm) by a differential
mobility analyzer (DMA, TSI Co., US) and counted by a condensation
particle counter (CPC) (Ng et al., 2011). The data is corrected using the
calibration parameters obtained closest to the observation period. Spe-
cifically, the IE was 5.67 x 101! for the periods 2017 and 2018 and
4.27 x 107! for 2020. The RIE for ammonium and sulfate was 5.69 and
0.8 for the periods 2017 and 2018, 5.49 and 0.53 for 2020. The default
RIE values were used for nitrate (1.1), OA (1.4), and chloride (1.3)
(Canagaratna et al., 2007; Ng et al., 2011). NH4NO3 might induce an
overestimation of OA at m/z 44 (Pieber et al., 2016), but the data of this
study did not do corrections for m/z 44 for some reasons. Firstly, the



Y. Chen et al.

discrepancies in f44 result in significant differences in the PMF factor
profile analysis but not in the total factor contribution (Frohlich et al.,
2015). Secondly, previous studies on Q-ACSM measurement have re-
ported the interference of ammonium nitrate to f44 was 7.54 + 0.63%
(Pieber et al., 2016) and 3.6%-7.8% (Tobler et al., 2021) relative to
nitrate. Considering that NH4NOj3 fractions are typically low compared
to OA for ambient data sets, the influence of ammonium nitrate on fa4
might be minor.

Hourly PM;5 concentration was determined using a continuous
particulate monitor (TEOM 1405-D, Thermo Co., USA) by the method of
tapered element oscillating microbalance. Carbon oxide (CO), ozone
(O3), sulfur dioxide (SO3), and nitrogen oxides (NOy) were measured by
gas analyzers (Thermo Fisher Scientific, Waltham, MA, USA). Black
carbon (BC) was determined with model AE-31 Aethalometer (Magee
Co., USA). The concentration of BC used in this study was detected at
880 nm with a time resolution of 5 min. Temperature (T), RH, solar
radiation (SR), and ultraviolet (UV) were obtained from an automatic air
station of Xiamen. The detailed meteorological data for each summer
and winter in the three different years could be referred to Table 1.

2.3. ACSM data analysis

The data of ACSM was analyzed with the standard Wave Metrics Igor
Pro based data analysis software (version 6.37). The data analysis pro-
tocols were referred to the previous studies (Sun et al., 2012; Wang et al.,
2017). The collection efficiency (CE) values were calculated using al-
gorithms described by Middlebrook et al. (2012). The yielded
composition-dependent CEs ranged from 0.46 + 0.02 to 0.51 + 0.08.

Positive matrix factorization (PMF) was applied to identify the OA
factors with the Igor Pro based PMF evaluation toolkit (PET) by
analyzing the high time resolution mass spectra (Paatero and Tapper,
1994; Ulbrich et al., 2009). The OA factors of 2020 derived from the
PMF all showed unexpected high f44 values compared to the results of
2017 and 2018. Thus, we further constrained the POA of 2020 by SoFi
(version 6.G) along with the multi-linear engine (ME-2) algorithm
(Canonaco et al., 2013). Specifically, we used the average spectra profile
of POA in 2017-2018 as constraints to analyze the source of organic
matrices in 2020. The constraint value (a-value) was selected from 0 to 1
with 0.1 as an interval.

Table 1
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In this study, PMF/ME-2 analysis of OA mass spectra resolved three
OA factors including POA, LO-OOA, and MO-OOA (Fig. S2). The iden-
tification of OA factors was verified by distinguishing mass spectrum,
analyzing diurnal variation of the factors, and comparing the time series
of the factors and external tracers (Paatero and Tapper, 1994). In this
study, only values of m/z < 120 were used, because the fraction of
signals m/z > 120 in total signals was minor and the uncertainties of
m/z > 120 were large (Sun et al., 2012; Zhang et al., 2020). The large
uncertainty above m/z 120 was likely caused by the low ion trans-
mission efficiency and the large interferences of naphthalene signals on
some m/z’s (e.g., m/z 127, 128, and 129). “Bad” ions with a
signal-to-noise ratio (SNR) < 0.2 were removed, while “weak” ions with
a SNR of 0.2-2 were down-weighted by a factor of 2.

2.4. Estimation of aerosol liquid water contents (LWC)

Liquid water contents (LWC) can be contributed from both inorganic
species (W;j) and organic species (W,). The thermodynamic model
ISORROPIA-II has been extensively used to predict W; (Fountoukis and
Nenes, 2007). In this study, the input of ISORROPIA included meteo-
rological data (RH, T), the mass concentration of inorganic components
(NOs, SO4, NHy4, and Chl) from ACSM, and Na*, K*, Ca%*, Mg?*, and
gas-phase NH3 was measured by MARGA ADI 2080 (Metrohm,
Switzerland). Forward mode and metastable were adopted in this study.
W, were calculated based on an aerosol hygroscopicity parameter,
describing as follows (Petters and Kreidenweis, 2007):

W, _MoaPy % ko o)

Poa (# -1

where mgj, is the organic aerosol mass concentration from ACSM. py, is
water density, and a typical organic density (poa) of 1.4 g cm ™ is used
(Kuwata et al., 2011), koa is calculated by the result of 2.10 x fs4 - 0.11
(Mei et al., 2013), which results in the average values of 0.15 + 0.04 for
summer and winter 2017, 0.16 + 0.05 for summer 2018, 0.20 + 0.05 for
winter 2018, 0.29 + 0.09 for summer 2020, and 0.31 4 0.08 for winter
2020 in this study. As shown in Fig. S4, LWC present a positive trend as a
function of RH in all six periods.

Concentrations (mean + sd) of NR-PM;, chemical components, gaseous pollutants, and meteorological parameters in six observation periods.

Summer 2017 winter 2017

Summer 2018

Winter 2018 Summer 2020 Winter 2020

NR-PM; 21.0+ 7.6 245 +£12.7 18.6 £ 9.6 19.5 £ 15.9 10.1 £5.7 13.6 £ 9.8
PM, 5 329 +9.5 42.7 £ 19.6 20.1 £9.5 35.0 +£24.3 18.0 + 8.8 21.6 +£18.2
Components (ug m~3)

OA 9.64 £+ 3.94 9.94 + 497 7.89 + 4.90 8.42 £ 6.04 5.24 £ 3.04 6.28 + 4.28
NOs3 2.16 £ 1.79 6.13 +£ 4.72 2.51 +£2.23 4.63 £ 5.43 0.74 £ 0.80 2.73 £3.53
SO4 6.56 + 2.02 4.92 +£1.95 5.55 + 2.96 3.55 + 2.35 3.03 £1.88 2.71 £ 1.40
NH4 2.46 £ 0.87 3.02 £1.63 2.49 +£1.27 2.50 £+ 2.29 1.02 + 0.66 1.35 £ 1.05
Chl 0.21 £ 0.19 0.45 £ 0.44 0.13 £0.13 0.36 + 0.43 0.05 £ 0.05 0.17 £ 0.19
BC 2.10 £ 0.84 1.42 + 0.69 1.47 £ 0.76 1.86 +1.21 0.88 £ 0.53 0.65 + 0.38
Gaseous pollutants (ug m~3)

CO (mg m3) 0.44 £ 0.17 0.49 £ 0.16 0.58 £ 0.14 0.60 £+ 0.15 0.48 £0.11 0.54 £ 0.17
SO, 6.1 +4.8 9.4+5.9 6.1 +3.1 13.2+ 4.0 4.7 £ 3.0 15.6 + 2.2
NO, 26.9 + 14.8 35.5 £ 19.0 30.5 +15.4 44.1 £ 22.3 18.4 +£12.1 10.0 + 6.8
NOyx 35.1 £ 24.1 44.9 + 36.3 43.7 +£ 38.1 59.5 + 44.6 29.3 £21.2 15.1 £10.8
O3 58.9 £ 49.2 59.9 + 34.0 61.5 £ 55.2 39.0 £ 29.9 46.3 £+ 40.9 45.7 £ 23.8
Oy 86.0 + 40.0 95.3 + 28.6 91.0 + 47.6 82.9 + 31.5 64.6 + 38.5 53.9 + 21.8
Meteorology

T (°C) 30.3 £ 2.4 16.3 + 2.7 20.7 £ 2.1 18.7 £ 3.2 30.1 £ 2.6 17.6 + 2.9
RH (%) 829 +£9.5 64.9 +£13.2 80.6 £ 9.7 78.0 £ 11.7 719 £11.1 67.6 +£ 9.6
SR (w m~2) 215 + 284 126 + 192 228 + 304 - - -

UV (wm™2) - 6.4 +10.0 12.7 £16.9 6.5 +10.1 12.8 +16.8 5.3 +8.9
Other parameters

SOR 0.46 £ 0.17 0.30 £ 0.12 0.38 £ 0.12 0.14 £+ 0.07 0.32 £ 0.20 0.10 + 0.05
NOR 0.06 £ 0.04 0.12 £ 0.07 0.06 £+ 0.04 0.06 £+ 0.05 0.04 £ 0.03 0.18 £0.15

Note: NOy is the sum of NO and NO,. Oy is the sum of O3 and NO,. T: temperature, RH: relative humidity, SR: solar radiation. UV: ultraviolet. SOR: sulfur oxidation rate.

NOR: nitrogen oxidation rate.
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3. Results and discussion
3.1. Temporal variations of NR-PM;

The average mass concentrations of NR-PM; at the observation site
were 21.0, 18.6, and 10.1 pg m ™~ in summer and 24.5, 19.5, and 13.6 g
m? in winter in the years of 2017, 2018, and 2020. The total PM; (NR-
PM; + BC) and PMjy s concentrations were closely correlated (r
0.89-0.95). The slopes of PM; vs. PM; 5 were 0.79, 0.99, and 0.65 in
summer relative to 0.71, 0.65, and 0.50 in winter of 2017, 2018, and
2020, respectively. The NR-PM; concentrations in winter were signifi-
cantly higher than those in summer (p < 0.001, T-test). Moreover, the
NR-PM; concentrations changed more drastically in winter (coefficient
of variation, CV = 0.52, 0.81, and 0.72) than in summer (CV = 0.36,
0.52, and 0.57). As shown in Fig. 1la, the concentration of NR-PM;
showed a decreasing trend from 2017 to 2020. The decreases in summer
were 11.4% from 2017 to 2018 and 45.7% from 2018 to 2020, while in
winter, they were 20.4% and 30.1% respectively. The average wind
speeds in summer and winter for the three years are comparable, with an
average value of <2.0 m s 1. The boundary layer height (BLH) was
comparable in three summers, while the BLH was extremely high in
winter 2020 (719 m) relative to winter 2017 (577 m) and 2018 (415 m),
which could partly contribute to low PM; concentration in winter 2020.

The average concentration of individual chemical components in
NR-PM; generally showed a decreasing trend among years. The con-
centrations of OA, NH4, and Chl showed a minor seasonal variation.
Whereas the concentrations of NO3 and SO4 were significantly different
between summer and winter (p < 0.001, T-test). Specifically, NO3 con-
centrations in winter of 2017, 2018, and 2020 were 2.8, 1.8, and 3.7
times than those in summer, while SO4 concentrations were obviously
elevated in summer compared to winter.

OA was the dominant chemical component in NR-PM;, with a pro-
portion of 40.6%-52.0% over the six observation periods. The OA pro-
portions in NR-PM; of this study are similar to the results reported from
Guangzhou (45%-53%), Beijing (40%-51%), and Shanghai (43%-51%)
(Guo et al., 2020; Sun et al., 2015; Zhu et al., 2021). As shown in Fig. 1b,
the proportion of OA significantly increased and the proportion of NO3
decreased in 2020 relative to the previous two years, whereas the pro-
portion of SO4 was stable from year to year. There was a minor differ-
ence (<5%) in the proportion of OA in NR-PM; between summer and
winter. Secondary inorganic aerosols (SIA, include SO4, NO3, and NHy)
had an outstanding contribution to NR-PM;. The SIA was dominated by
sulfate (taking 29.9%-30.2% of NR-PM;) in summer, while the pro-
portion of nitrate elevated in winter (20.6%-25.1%) and became the
dominant SIA species. In addition, the proportion of NH4 (10.0%—
13.4%) in NR-PM; did not show a pronounced difference among the
years and seasons in this study. The proportion of Chl in NR-PM; was

25 8
— [ e
a H
(a) e
20 _ —
'S oA -6
E @® BC
=0 15
— -4
nzr 10
[« 4
Z
5

2017.08 2017.12 2018.08 2018.12 2020.08 2020.12

Atmospheric Environment 285 (2022) 119243

relatively small (0.5%-1.9%). It is important to note that the measure-
ment of Chl was subject to large uncertainties due to very low concen-
trations and potential determination problems (Tobler et al., 2020).

3.2. Formation pathways of sulfate and nitrate

The contribution of SO4 and NO3 to NR-PM; had a minor difference
among years but a significant difference between seasons. The mass
concentration of SO4 and its proportion in NR-PM; were remarkably
higher in summer than in winter, while the seasonal variations of NOg
were exactly opposite. The seasonality of SO4 and NOs in the study re-
gion is consistent with the results of previous studies conducted in
Houston, USA (Dai et al., 2019), Marseille, France (Chazeau et al.,
2021), Xinglong, the North China Plain (Li et al., 2021b), and Shanghai,
the Yangtze River Delta of China (Zhao et al., 2020; Zhu et al., 2021), but
different from those in Beijing (Gu et al., 2020; Hu et al., 2016).

3.2.1. Sulfate

In this study, the higher SO4 concentration in winter than in summer
(Table 1) was inconsistent with the seasonality of SO,. Sulfur oxidation
rate (SOR = [SO4]1/([SO4] + [SO2]), [x] is molar concentration) was
calculated to determine the degree of the oxidation of SOz to SO4. The
SOR values in the summer of 2017, 2018, and 2020 (0.46, 0.38, and
0.32) were all remarkably higher than those in winter (0.30, 0.14, and
0.10, Table 1). The seasonality of SO, and SOR suggests that the elevated
SO4 concentration and its proportion in NR-PM; in summer might be
mainly contributed by the formation process of SO4. As shown in Fig. 2,
the SOR in the summer of 2018 and 2020 increased with the increase of
Oy within the observed range. In this study, the sulfate concentration in
the summer of 2018 and 2020 peaked around midday, just after its
precursor SOy (Figs. S5 and 6). The daytime peak of sulfate in summer
has been reported in a number of previous studies (Xu et al., 2014; Yang
et al., 2020; Zhou et al., 2010). This phenomenon could be ascribed to
the photochemical formation of sulfate, although it was also contributed
by the advection of sulfate from cloud chemistry. The relationship be-
tween SOR and Oy and the diurnal pattern of sulfate suggest a promotion
effect of photochemical reactions on the conversion of SO5 to SO4, which
was likely responsible for the elevated SO4 concentration in the summer
of 2018 and 2020 despite the precursor SOz was low.

Differently, the SOR in summer 2017 did not show a distinct trend
with Oy (Fig. 2) and the highest SOR values presented in the case of
extremely high RH (>85%). In addition, the sulfate concentrations in
summer 2017 increased over night and peaked in the early morning
(Fig. S5). The summer of 2017 was characterized by higher RH than the
summer of 2018 and 2020, and the diurnal highest RH (~90%, Fig. S7)
occurred in the early morning. Thus, we could speculate that an
important contribution of aqueous-phase reactions to the formation of

0.7%

1%

0.5%

0.1%

11.7% 13.4%

(b

2017.08

2018.08
1.8%

2020.08

1.9% 1.3%

BC (ng m™)

12.3%

12.9% 0.2%

2017.12 2018.12 2020.12

Fig. 1. Monthly average of chemical composition (a) and its proportion (b) in NR-PM;.
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sulfate and eventually to the elevated SO4 in summer 2017.

3.2.2. Nitrate

Nitrogen oxidation rate (NOR = [NO3]/([NOs] + [NOz])) was also
calculated to determine the degree of the oxidation of NO5 to NOs. The
seasonal variation of NO3 with higher concentrations in winter than in
summer was partly contributed by the seasonal fluctuations of BLH.
What’s more, the high temperature in summer would lead to a rapid
decomposition of nitrate, which suppresses the partitioning of nitrate
from gas to the particulate phase (Meng et al., 2011; Seinfeld and Pandis,
2016; Sun et al., 2012) and results in low concentrations of nitrate.

In terms of the proportion of NO3 in NR-PM;, the elevated NOg
proportion in winter 2017 coincided with high NOR and high NO,
concentrations compared to summer. The NOR in summer 2017
increased with the increase of Oy in a range of 70-130 pg m ™~ and LWC
in a range of 2.5-20 pg m >, and then decreased with much higher Oy
(>130 pg m~>) and LWC (>20 pg m ) (Fig. 2). As showed in Fig. S5, the
increase of NO3 concentration after 9:00 was likely caused by photo-
chemical formation due to intensive sunlight. Note that the NO3 con-
centration in winter 2017 kept increasing and reached a peak in the
early night. A previous study has observed a similar increase in nitrate in
the afternoon, which was linked to an increase of [Dust] x [NO2] (Liu
et al., 2020a). Thus, the possible formation pathway of nitrate was the
heterogeneous reactions of NO; on the surface of particles which usually
occurred under relatively high O3 and medium RH.

The elevated NOgs proportion in winter 2018 might be mainly
contributed by high precursor NO;, considering that the NOR values
between the two seasons were comparable. Whereas, the elevated NO3
proportion in winter 2020, accompanied by low NO3, was mostly related
to the efficient formation of nitrate. The NOR in the winter of 2018 and
2020 both increased with increasing Oy and increasing LWC in the whole
observed ranges. The diurnal variation of NO3 was characterized by two
peaks in the morning and the early night, respectively. The dominant
formation pathways of nitrate in the atmosphere include the oxidation
of NO3 by OH radicals in the gas phase, heterogeneous uptake of NO3 on
the surface of particles, and the heterogeneous reactions of NyOs at night
(Pandis, 2004). It’s reasonably speculated that the morning peak was
related to photochemical processing from precursor NO5 and subsequent
gas to particle partitioning, while the early night peak was due to the
hydrolysis of NoOs,

3.3. Characteristics of OA factors

3.3.1. Identification and variations of OA factors

OA contributed 40.6%-52.0% to NR-PM; over the six observation
periods in this study. To better investigate the chemical characteristics
of OA, OA was identified to POA and OOA including LO-OOA and MO-
OOA in this study (Fig. S2). The POA was a mixed primary OA from
multiple sources. The POA mass spectrum featured strong hydrocarbon-
like OA (HOA) signals, mainly C,H3,.1 (m/z 27, 41, 55, 69, 83, 97) and
CnH3n1 (m/z 29, 43, 57, 71) (Ng et al., 2011; Sun et al., 2016; Wang
et al., 2016). In addition, the temporal variations of POA concentrations
correlated closely with fragment ions characterizing cooking OA (COA,
i.e., m/z 55 and m/z 98), biomass burning OA (BBOA, i.e., m/z 60 and
m/z 73), and coal combustion OA (CCOA, i.e., m/z 77, m/z 91, and m/z
115). The POA profiles among the six study periods were similar, with a
high correlation coefficient (r) of 0.920-0.995. OOA, usually a surrogate
for SOA, has a strong signal at m/z 44. The OOA was classified as
MO-0OO0A and LO-OO0A according to f4 for each individual period. Note,
the f44 used to divide LO-OOA and MO-OOA was not consistent among
the six study periods. As shown in Fig. S3, the mass spectrometry
(including fa4 values) of MO-OOA and LO-OOA factors was very similar
and could be comparable between winter and summer in the same year
but significantly varied across different years.

The average contribution of POA to NR-PM; ranged from 8.6% to
14.0% over the six observation periods, while OOA accounted for
30.4%-38.0% of NR-PMj. As secondary chemical components, the ratio
of organic to inorganic component (i.e. OOA/SIA) had a clear increase in
2020 compared to 2017 and 2018 (Fig. 3), which reveals that SOA was
increasingly important in NR-PM;. The proportion of OOA in NR-PM; in
the study region is comparable to those reported from Singapore (40% in
2015), India (40% in 2015), Italy (38% in 2013-2014), and western
Mediterranean (38% in 2012-2013), but higher than those conducted in
Shanghai (25% in 2016-2017) and Beijing (20% in 2012-2013; 30% in
2020) (Budisulistiorini et al., 2018; Bressi et al., 2016; Chakraborty
etal., 2018; Hu et al., 2017; Minguillén et al., 2015; Sun et al., 2020; Zhu
et al., 2021).

The diurnal variation of POA was consistent among different years
and seasons, showing a distinct bimodal structure (Fig. 4a and b). The
peaks appeared in the morning and evening rush hours, indicating that
traffic emissions contributed significantly to POA. The result is sup-
ported by a good correlation between POA and BC that is derived mainly
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Fig. 3. The proportion of OA factors in NR-PM; and the ratio of OOA/SIA in six
observation periods.

from traffic emissions (Fig. S8). The decrease in POA at midday and
afternoon was likely due to the dynamics of the BLH. In addition, the
enhanced solar radiation at midday and afternoon would promote the
oxidation of POA to SOA, which also contributed to the decrease of POA.

In contrast to POA, the diurnal variation of OOA factors was signif-
icantly different between seasons. During summer, the diurnal variation
of LO-O0OA and MO-OOA was consistently characterized by a peak at
midday (Fig. 4c, e), very similar to those of summer SO4, which was
probably caused by the enhancement of photochemical reactions due to
stronger solar radiation. Differently, the peaked concentrations of MO-
OOA declined more slowly than those of LO-OOA. This phenomenon
has also been reported in previous studies, which was widely ascribed to
the transformation of LO-OOA to MO-OOA and the contribution of long-
distance transport air masses, usually with abundant MO-OOA (Cao
et al., 2018; Duan et al., 2019; Li et al., 2021a; Li et al., 2021b; Zhao
et al., 2017; Zhao et al., 2020). Whereas in winter, the diurnal variation
of LO-OOA and MO-OOA was less consistent over the three years. One of
the reasons is that the oxidation degree of the OOA factors was not
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comparable across the different years as mentioned above. In addition,
the diurnal variation of winter OOA factors was more affected by mul-
tiple factors than a similar dominant factor. Winter is generally char-
acterized by weak solar radiation, stable atmospheric boundary layer
structure, and poor vertical diffusion of air pollutants. The diurnal
variation of the OOA factors in the winters, except for winter 2018,
basically showed an increase from the morning to the late afternoon,
which was likely due to the synergistic effect of multiple factors,
including secondary formation, transportation, and the gradual accu-
mulation of OOA in the atmosphere (Huang et al., 2020; Li et al., 2021b;
Sun et al., 2018).

3.3.2. Oxidation degree of OA

The f44 values in the component mass spectrometry reflects the ab-
solute oxidation degree of aerosols. As shown in Fig. 5, the f44 of OA had
a pronounced increase in 2020, indicating that the OA of 2020 was more
oxidized than those of the previous two years. It is reported that the
atmospheric oxidation capacity in China had increased in recent years,
as the surface O3 concentration exhibited a climbing trend (Li et al.,
2021c; Qin et al., 2022). In this study, we found that the annual trend of
fas of OA was not corresponded to Oy concentration (Table 1). The
possible reason might be the Oy concentration monitored in very short
period for each individual observation campaign was largely affected by
meteorological change. Long-term observations of conventional pollut-
ants in the study region have revealed that Oy concentrations in the
atmosphere substantially increased in 2020 compared to 2017 and 2018
(Fig. S9). The atmospheric oxidation capacity is also affected by other
radicals, such as hydroxyl radical (OH-) and nitrate radical (NOs-), in
addition to Oy. In this study, the NOy decreased significantly in 2020
compared to 2017 and 2018 (Table 1). It has been reported that NOy
reduction leads to the increases in oxidants (i.e. OH-, HOy-, and NOs-),
and the increases of those oxidants in turn promote secondary aerosol
formation (Huang et al., 2021; Liu et al., 2020c; Wang et al., 2021).
Furthermore, many studies indicated that the gas-phase oxidation ca-
pacity increases with the decrease of aerosol concentrations, which
would facilitate the conversion of precursors to secondary aerosols (Gu
et al., 2020; Liu et al., 2021; Sun et al., 2020). Therefore, the increased
oxidation degree of OA in 2020 could be explained by the increased
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Fig. 5. The f44 (ratio of m/z 44 to total signal in the component MS) of OA in six
observation periods.

atmospheric oxidation capacity and the decreased aerosol concentration
in this year.

Additionally, long-distance transport air masses, relative to short-
distance air masses, generally carry more oxidized OOA due to the
extensive oxidation processes during the transport. The backward tra-
jectory cluster results (Fig. S10) showed that the study region was
significantly affected by air masses from the Philippine Sea in summer
2020 and long-distance transport air masses from Beijing-Tianjin-Hebei
region and northwest China in winter 2020, compared to the corre-
sponding periods of the other two years. Thus, it could be speculated
that the more effect of long-distance transport air masses on the study
region also contributed to the high oxidation degree of OA in 2020.

3.3.3. Formation mechanism of OOA

The relationships of MO-OOA/LO-OOA ratios with LWC and Oy
would shed light on the formation mechanisms of OOA (Xu et al., 2017).
Consistently in the summer across the different years, the variations of
MO-0O0A/LO-OO0A ratios did not show a distinct trend with Oy, but the
ratios were generally low at high O, levels (>70 pg m~3) compared to
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those at low Oy levels (Fig. 6d ~ f). Simultaneously, the
MO-OOA/LO-OOA ratios did not increase with the increasing LWC in
this study, thus aqueous phase reactions were unlikely the dominant
formation pathways for MO-OOA in summer. Previous studies have re-
ported a strong correlation between LO-OOA and VOC photochemical
products and a pronounced diurnal peak of LO-OOA at midday, indi-
cating that photochemical reactions favor the formation of LO-OOA
(Chen et al., 2021; Duan et al., 2020; Hu et al., 2016; Li et al., 2018).
In this study, the diurnal variation of LO-OOA and MO-OOA in summer
was similarly characterized by a peak at midday (Fig. 4). Thus, we could
speculate that the photochemical reactions were the main formation
pathways of OOA factors in summer and it was more efficient for
LO-OOA formations than for MO-OOA formations.

In contrast to summer, the variation of MO-OOA/LO-OOA ratios with
LWC and Oy in winter was substantially different across the three years.
The MO-OOA/LO-OOA ratios in winter 2017 slightly decreased with Oy
when Oy was lower than 90 pg m~2 and increased with Oy when Oy
exceeded 90 pg m~3 (Fig. 6j). Meanwhile, the ratios increased with the
increasing LWC in the range of 2.5-20 pg m~> (Fig. 6g). The high O
(>90 pg m~) and moderate LWC levels (2.5-20 pg m 3, corresponding
RH < 80%) relating to high MO-OOA/LO-OOA ratios in winter were
mostly the daytime condition (Figs. S3 and 7). As mentioned above, the
diurnal variation of LO-OOA and MO-OOA in winter 2017 both
increased in the morning with intensive solar radiation, which was
related to photochemical reactions. Whereas, the concentrations of LO-
OOA and MO-OOA peaked in the late afternoon instead of around
midday. This result might be the synergistic effect of various factors,
such as heterogeneous reactions under high Ox and moderate LWC
conditions, transportation, and gradual accumulation. Previous studies
indicated that photochemical aging would further transform LO-OOA
into MO-OOA (Morgan et al., 2010; Sun et al., 2011, 2018; Via et al.,
2021; Xu et al.,, 2017; Zhan et al., 2021). Hence, it was reasonably
speculated that photochemical processing mainly contributed to
LO-O0A at low Oy conditions, while at high Oy conditions, photo-
chemical processing played a role in the transformation of LO-OOA to
MO-OOA.

In winter 2018, the MO-OOA/LO-OOA ratios showed a distinct
increasing trend with the increase of LWC (Fig. 6h) and the increase of
Oy (Fig. 6k). The diurnal variation of LO-OOA and MO-OOA in winter
2018 was quite flat compared to other winters, which was unlike the
result derived from one dominant formation pathway (Fig. 4). The result
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Fig. 6. Variations of MO-OOA/LO-OOA ratios as a function of LWC and Oy in summer (a ~ f) and winter (g ~ 1) during 2017, 2018, and 2020. Mean (square), median
(horizontal line), 25th and 75th percentiles (lower and upper box lines), and 5th and 95th percentiles (lower and upper whiskers) are displayed in the box.
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suggests that both photochemistry and aqueous-phase chemistry might
contribute to OOA factors and be more efficient for the formation of MO-
OOA than LO-OOA in winter 2018. In addition, the high Oy in winter
2018 corresponded to a relatively low WS (Fig. S11). The low WS is not
conducive to the diffusion of pollutants, which probably was beneficial
to further in situ oxidation of LO-OOA and resulted in a relatively high
oxidation degree of LO-OOA in this period (Fig. S2). Whereas, the MO-
OOA/LO-OOA ratios in winter 2020 distinctly decreased with the in-
crease of LWC and Oy (Fig. 6i, 1), which was completely opposite to those
of winter 2018. However, in terms of diurnal variations, we did not find
the concentration of LO-OOA increased more remarkably than MO-OOA
with the increase of LWC and Oy (Fig. 4). It could be speculated that,
transportation, rather than local formation, played an important role in
affecting the characteristics of OOA in winter 2020.

4. Conclusions

(1) This study investigated the chemical composition of NR-PM; in
summer and winter of the years 2017, 2018, and 2020 in a coastal
city of Southeast China. The total mass concentration of NR-PM;
showed a decreasing trend from 2017 to 2020. The OA propor-
tion generally increased, the NO3 proportion decreased, and the
SO4 proportion was relatively stable among the years. The OOA
contributed 30.4%-38.0% to NR-PM;. The ratio of OOA/SIA
increased in 2020, indicating that SOA was increasingly impor-
tant to aerosols.

(2) The proportion of SO4 and NO3 in NR-PM; showed a significant
seasonal variation. SO4 was the dominant SIA in summer, but the
contribution of NO3 to NR-PM; remarkably increased and
became the dominant SIA in winter. Despite the SO in summer
was low, the elevated SO4 concentration in summer could be
resulted from the efficient formation of SO4, mostly via photo-
chemical oxidation. While the high proportion of NO3 in NR-PM;
in winter was contributed by high precursor NO,, and/or efficient
formation of NOgs, in addition to low temperature.

(3) The oxidized degree of OA elevated from 2017 to 2020 as the fa4
values increased. The more effect of long-distance transport air
masses on the study region contributed to the high oxidation
degree of OA in 2020. Photochemical reactions were the domi-
nant pathway of OOA formation in all summers, which was more
efficient for the formation of LO-OOA than MO-OOA. Whereas in
winter, the diurnal variations and the main formation pathways
of OOA varied across the years, which suggests the synergy of
multiple factors like formation pathways and transport. The OOA
in winter 2017 was mainly contributed by photochemical pro-
cessing, which also played a role in the transformation of LO-OOA
to MO-OOA.
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