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Abstract. Organosulfates (OSs) are ubiquitous aerosol components, which has seen intense research over years.
However, spatial and diurnal variations in OS formation in polluted atmospheres remain poorly understood. In
this study, 130 OS species were quantified (or semi-quantified) in ambient fine particulate matter (PM2.5) col-
lected in urban and suburban Shanghai (East China) in the summer of 2021. Isoprene- and monoterpene-derived
OSs were dominant OS groups (averaging 51 % and 19 % of total quantified OSs, respectively), likely indicating
a large biogenic contribution to OS formation in summer. Most OSs peaked during daytime, while monoterpene-
derived nitrooxy-OSs (NOSm) increased during nighttime. Accordingly, OSs were largely produced via daytime
formation processes, rather than nighttime chemistry, except for NOSm. Additionally, although OS formation
in the urban and suburban areas exhibited similar diurnal variations, the average concentrations of biogenic
and anthropogenic OSs decreased significantly from the urban site to the suburban site. Furthermore, we con-
cretized daytime OS formation based on the interactions among OSs, ultraviolet (UV), ozone (O3), and sulfate
(SO2−

4 ). Indeed, the concentrations of most OSs were significantly correlated with the values of UV[O3][SO2−
4 ]

during daytime in both urban and suburban Shanghai. In particular, the correlation between major OSs and
UV[O3][SO2−

4 ] was stronger than the correlation of major OSs with O3 and SO2−
4 ; moreover, there was no sig-

nificant correlation between major OSs and UV. Thus, higher urban OS events were attributed to the enhanced
photochemical processes and sulfate level in the urban area. Overall, this study provides field evidence for the
influence of photochemical processes and anthropogenic sulfate on OS formation and has important implications
for the mitigation of organic particulate pollution.
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1 Introduction

Organosulfates (OSs) are ubiquitous constituents in sec-
ondary organic aerosol (SOA) and can contribute up to
∼ 30 % of organic mass in atmospheric fine particles (PM2.5)
(Tolocka and Turpin, 2012; Surratt et al., 2008; Hettiyadura
et al., 2018). OSs affect the formation, hygroscopicity, light-
absorbing property, and acidity of organic aerosols, as well as
biogeochemical cycles of sulfur (Estillore et al., 2016; Riva
et al., 2019; Fleming et al., 2019), which are tightly asso-
ciated with air quality, human health, and regional climate
(Ramanathan et al., 2001; Menon et al., 2008). Thus, under-
standing the mechanisms and key influencing factors of OS
formation in the ambient atmosphere is of great significance
for an effective assessment of environment and climate ef-
fects of OSs.

Many laboratory studies have suggested that heteroge-
neous and multiphase reactions involving biogenic and an-
thropogenic volatile organic compounds (VOCs), their ox-
idation intermediates, and sulfate or gas-phase sulfur diox-
ide (SO2) are important pathways for the formation of OSs
(Blair et al., 2017; Riva et al., 2016b; Ye et al., 2018). For ex-
ample, the formation of 2-methyltetrol sulfate ester (2-MT-
OS) and 2-methylglyceric acid sulfate ester (2-MGA-OS)
can be attributed to the reactive uptake of isoprene epoxydi-
ols (IEPOX) and isoprene-derived hydroxymethyl-methyl-α-
lactone (HMML) by acidic particles, respectively (Surratt et
al., 2010; Nguyen et al., 2015). The ozonolysis of α-pinene
and limonene in the presence of SO2 can contribute to the
production of monoterpene-derived OSs (e.g., C9H15O7S−

and C10H17O7S−) (Ye et al., 2018). Chamber experiments by
Riva et al. (2016b) showed that the photooxidation of C10–
C12 alkanes is associated with the formation of aliphatic OSs.
More recently, the aliphatic OSs have been identified based
on the uptake experiments of SO2 by oleic acid and other
unsaturated fatty acids (Shang et al., 2016; Passananti et al.,
2016). In addition, the gas-phase oxidation of polycyclic aro-
matic hydrocarbons was found to be an important source of
aromatic OSs (Riva et al., 2015).

Furthermore, OSs have been identified in different ambient
atmospheres, including suburban (Surratt et al., 2007b), rural
(Hettiyadura et al., 2017, 2018; Budisulistiorini et al., 2015),
urban (Kanellopoulos et al., 2022; Stone et al., 2012; Surratt
et al., 2007b), marine (Hawkins et al., 2010), polar (Hansen
et al., 2014), and forest areas (Iinuma et al., 2007a). In par-
ticular, Chen et al. (2021) investigated aerosol OSs across the
Interagency Monitoring of Protected Visual Environments
(IMPROVE) network of the USA (20 sites). Owing to differ-
ent levels of precursors and atmospheric pollution, the abun-
dance and formation pathways of OSs change substantially
in temporal and spatial scales (Wang et al., 2021; Ding et al.,
2022; Jiang et al., 2022; Nozière et al., 2010; O’Brien et al.,
2014). Patently, field observations are valuable for verifying
the mechanistic understanding of OS formation obtained in
the laboratory studies. The importance of atmospheric oxi-

dants and sulfate (or SO2) in the OS formation was proposed
in field observations according to a correlation analysis of
OSs with ozone (O3) (or the sum of O3 and NO2 concentra-
tions) and sulfate (or SO2) (Nguyen et al., 2014; Hettiyadura
et al., 2019; Wang et al., 2018). Notably, these observation-
based studies also highlighted the role of photochemistry of
OS precursors. However, the interactions among ultraviolet
(UV), O3, and sulfate have not been well investigated. In par-
ticular, few studies were performed to systematically reveal
the difference in the formation processes of OSs in polluted
and clean areas, as well as during daytime and nighttime.

Shanghai is a megacity in the Yangtze River Delta (YRD)
region of China. Locally varied ambient conditions such as
O3, SO2, and NOx , relative humidity (RH), and aerosol acid-
ity affect the formation of OSs significantly (Cai et al., 2020;
Wang et al., 2021). Here, 130 OS species were quantified
(or semi-quantified) in PM2.5 samples collected in urban and
suburban Shanghai in summer 2021 to investigate the rela-
tive influence of photochemistry and nighttime chemistry on
OS formation and their linkages with anthropogenic sulfate
pollution. In addition, the potential impacts of aerosol acid-
ity and aerosol liquid water (ALW) on OS formation were
discussed. This study can help to deepen the understanding
of photochemical process and nighttime chemistry of OSs in
the atmosphere.

2 Materials and methods

2.1 Site description and sample collection

Ambient PM2.5 samples were continuously collected in the
urban center and suburban area in Shanghai from 11 to
23 July 2021 (Fig. S1 in the Supplement). The sampling
site in the urban center is located on the roof of a building
(∼ 20 m above the ground) in the Xuhui Campus of Shang-
hai Jiao Tong University. The site is characterized by a typ-
ical urban environment with heavy traffic and dense popula-
tion (∼ 24.76 million people in Shanghai). The aerosol sam-
pler in the suburban area was placed on the roof of a ∼ 20 m
high building in a monitoring station of Pudong Huinan. This
site is closer to the coastline than the urban sampling site
(Fig. S1). Thus, the suburban site is expected to be more
affected by clean air mass from the sea. PM2.5 was sam-
pled onto the prebaked (550 ◦C for ∼ 8 h) quartz fiber filters
(Whatman) using a high-volume air sampler (HiVol 3000,
Ecotech) at a flow rate of 67.8 m3 min−1. The duration of
each sample collection in both urban and suburban areas was
approximately 11 h during the daytime (08:30–19:30 LT) and
12 h during the nighttime (20:00–08:00 LT). Two blank filter
samples were collected at each site during the campaign. A
total of 50 filter samples were collected, which were stored at
−30 ◦C until analysis. It should be pointed out that the con-
centrations of detected OSs could be impacted by the sam-
pling process without denuding SO2 (Kristensen et al., 2016;
Brüggemann et al., 2021). However, if SO2 can heteroge-
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neously react with organic species on filters to form OSs,
these processes should also occur on ambient particle matter
before the sample was collected. Thus, we did not consider
the potential impact of PM2.5 collection without denuding
SO2 on OS measurements in this study. In the future, the rel-
ative importance of the heterogeneous sulfation reactions on
filter and ambient particle matter should be further evaluated
for different environments.

2.2 Chemical analysis and prediction of aerosol acidity
and ALW

A portion of the filter (∼ 15.9 cm2) was extracted with 3
mL methanol in an ultrasonic bath for 30 min, twice. The
sodium camphor sulfonate (1 ppm) was spiked on the filter
punches as an internal standard before extracting. The ex-
tracts obtained each time were combined and filtered through
a 0.22 µm Teflon syringe filter (CNW Technologies GmbH)
and then concentrated to 300 µL under a gentle stream of
ultra-high-purity nitrogen gas. Subsequently, 300 µL ultra-
pure water was added into the concentrated samples, fol-
lowed by centrifugation to get the supernatant for analysis.
OSs were analyzed using an Acquity UPLC (Waters, USA)
coupled to a Xevo G2-XS Quadrupole time-of-flight mass
spectrometer (ToF-MS, Waters, USA) equipped with an elec-
trospray ionization (ESI) source operated in the negative ion
mode. The chromatographic conditions and analytical proce-
dures were detailed in our recent publication (Wang et al.,
2021).

A total of 212 OSs were identified by UPLC-MS anal-
ysis, in which 130 OS species were quantified (or semi-
quantified) (Tables 1 and S1). The quantified (or semi-
quantified) species included isoprene-derived OSs (OSi),
monoterpene-derived OSs (OSm), C2–C3 OSs, aliphatic OSs,
and aromatic OSs (Hettiyadura et al., 2019). It is worth not-
ing that most of identified OSs were semi-quantified using
surrogate standards because of the lack of authentic standards
(Staudt et al., 2014; Hettiyadura et al., 2015). The surro-
gate OS standards included potassium phenyl sulfate (98 %,
Tokyo Chemical Industry), methyl sulfate (99 %, Macklin),
sodium octyl sulfate (95 %, Sigma-Aldrich), glycolic acid
sulfate (artificial synthesis), lactic acid sulfate (artificial syn-
thesis), limonaketone sulfate (artificial synthesis), and α-
pinene sulfate (artificial synthesis) (Olson et al., 2011; Wang
et al., 2017; Hettiyadura et al., 2019, 2017; Wang et al.,
2018), as detailed by our previous study (Wang et al., 2021).
Considering that OSs with similar structures of carbon back-
bone typically have similar MS responses (Wang et al., 2021,
2017), the selection of surrogate standard for a given OS was
primarily based on the similarities in the carbon chain struc-
ture of the standard and targeted OS species (Hettiyadura
et al., 2017). Furthermore, the similarities of the sulfur-
containing fragment ions in the MS/MS spectra of the stan-
dard and targeted OS species have also been adopted (Wang
et al., 2021; Hettiyadura et al., 2019). For OSs that have

been reported in previous studies, MS/MS can further sup-
port their structural identifications (Table 1). However, most
of OSs without identified structural information were classi-
fied and semi-quantified according to their molecular formu-
las and correlation analysis with known OSs and unidentified
OSs (Sect. S1) (Bryant et al., 2021; Hettiyadura et al., 2019).
Details about the standards used for quantitative OS species,
as well as about the classification or identification of OSs,
are shown in Tables 1 and S1, and the Supplement (Sect. S1).
We found that most of OSs without identified structural in-
formation in previous studies and this study had significantly
lower peak intensity compared to those listed in Table 1, im-
plying that these OS compounds have weak impact on total
OS abundance in ambient aerosols. In general, the differen-
tial ionization efficiencies and fragmentation patterns in the
OS measurement may introduce biases (Hettiyadura et al.,
2017). Consequently, the OS species shown in Tables 1 and
S1 should not be regarded as an accurate measure of OS com-
pounds, but a best solution in the absence of authentic OS
standards (Hettiyadura et al., 2015, 2017, 2019; Wang et al.,
2021). The recoveries of OS standards ranged from 84 % to
94 % (87 %± 4 %). Thus, we assumed that there is a high ex-
traction efficiency for major OS species in this study, as indi-
cated by previous studies (Wang et al., 2021; Hettiyadura et
al., 2015). Detailed data quality control was described in our
recent publication (Wang et al., 2021).

The mass concentrations of organic carbon (OC) and el-
emental carbon (EC) were determined via an OC /EC an-
alyzer (DRI Model 2015). The mass concentrations of OC
were converted to those of organic matter (OM) using a con-
version factor of 1.6 (Turpin and Lim, 2001; Wang et al.,
2021, 2018). The mass concentrations of inorganic ions in
PM2.5 samples, including Na+, NH+4 , K+, Mg2+, Ca2+, Cl−,
NO−3 , and SO2−

4 , were measured using an ion chromatograph
system (ICS-5000+, Thermo, USA).

A thermodynamic model (ISORROPIA-II) was used to
predict the mass concentration of ALW and pH (Guo et al.,
2015; Hennigan et al., 2015). The model was operated with
particle-phase concentrations of Na+, SO2−

4 , NH+4 , NO−3 ,
Cl−, Ca2+, K+, and Mg2+, as well as ambient tempera-
ture (T ) and RH as the inputs. Moreover, the forward mode
with the thermodynamically metastable state was selected.
The detailed descriptions on ALW and pH predictions were
shown in our previous studies (Wang et al., 2021; Xu et al.,
2020). In particular, we compared different outputs of the
pH values calculated by ISORROPIA-II between the cases
with and without considering OSs as additional sulfates to
investigate potential impact of OSs on pH prediction (Riva
et al., 2019). The pH values predicted from these two cases
(2.55± 0.93 vs. 2.65± 0.94 at the urban site and 2.17± 0.68
vs. 2.23± 0.74 at the suburban site) have an insignificant
difference. Thus, OSs were expected to have a considerably
small contribution to pH prediction in this study.
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Table 1. Organosulfate quantification using UPLC-ESI(-)-QToFMS(/MS).

2.3 Auxiliary data and data analysis

The transport trajectories of air masses arriving at the sam-
pling sites during the sampling period were created using the

database of NOAA’s Air Resources Laboratory (NOAA’s Air
Resources Laboratory, USA) and MeteoInfoMap software
coupled with TrajStat program (Chinese Academy of Mete-
orological Sciences, China). The data of T , RH, wind speed,
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Table 1. Continued.
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Table 1. Continued.

and UV irradiation, as well as the concentrations of NO,
NO2, O3, SO2, and PM2.5 at the urban and suburban sites
were obtained from the environmental monitoring stations
of Xuhui (∼ 4 km away from the sampling site) and Pudong
Huinan (∼ 10 m away from the sampling site), respectively.
The ventilation coefficient (VC) can be used to character-
ize the state of atmospheric dilution in pollutant concentra-
tions (Gani et al., 2019). The VC value can be expressed as
a product of wind speed and planetary boundary layer height
(PBLH).

3 Results and discussion

3.1 Molecular compositions and concentrations of OSs

The mass concentrations and mass fractions of the OS
species in PM2.5 collected in Shanghai were shown in Fig. 1,
with a focus on their spatial and diurnal differences. On aver-
age, isoprene-derived OSs (i.e., OSi) were the dominant com-
ponents at both urban and suburban sites (Fig. 1a, d), which
accounted for 53.9± 0.1 % and 48.1± 0.1 % of the total OS
masses, respectively. The mass fractions and concentrations
of C5H11O7S− were the highest among all kinds of OSi. In

contrast, OSi containing nitrogen atoms only accounted for
a small proportion of OSi in both urban and suburban areas
(Fig. 1a, d and Table S2). Monoterpene-derived OSs (OSm)
were the second most abundant OS components, whose con-
centrations averaged 30.6± 46.4 and 19.3± 25.7 ng m−3 in
the urban and suburban areas, respectively. Moreover, the
abundance of OSm was also less controlled by nitrogen-
containing OSm. On average, the OS species with two or
three carbon atoms (C2–C3 OSs) and anthropogenic OSs
(OSa) together contributed to 26.8 % and 33.1 % of total OS
concentrations in the urban and suburban areas, respectively
(Fig. 1a, d and Table S3). A similar pattern in the relative
abundance of different groups of OSs was also observed
at the same sites in summer 2020 (Fig. S2). The predomi-
nance of OSi was well documented by many previous obser-
vations in Beijing, China (Wang et al., 2018), Guangzhou,
China (Bryant et al., 2021), and Atlanta, Georgia, USA (Het-
tiyadura et al., 2019), Hong Kong, China (Wang et al., 2022),
Copenhagen, Denmark (Nguyen et al., 2014), Centreville,
AL, USA (Hettiyadura et al., 2017), Zion, Illinois, USA
(Hughes et al., 2021), Birmingham, Alabama, USA (Rat-
tanavaraha et al., 2016), Yorkville, GA, USA (Lin et al.,
2013), Look Rock, TN, USA (Budisulistiorini et al., 2015). A
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reasonable explanation for these cases is that there is a large
biogenic emission of isoprene, particularly during summer
days with higher temperature than in other seasons (Bryant
et al., 2021). Interestingly, we found that the mass concen-
trations of all types of OSs (i.e., total OSi, OSm, C2–C3 OSs,
and OSa) tended to decrease from the urban area to the sub-
urban area. This spatial difference in OS concentrations can
be attributed to varied atmospheric oxidation capacity and
aerosol properties (e.g., sulfate, acidity, and ALW) (Wang et
al., 2021), which will be discussed in detail below.

Table S4 gives an overview of OSs in PM2.5 in differ-
ent regions around the world. The concentrations of total
OSs in our study (more than 102.3 ng m−3) were higher than
those in Copenhagen, Denmark (59.0 ng m−3) (Nguyen et al.,
2014) and Beijing, China (48.7 ng m−3) (Wang et al., 2018).
However, the OSs showed a lower concentration in Shanghai
compared to the observations in Guangzhou (486.4 ng m−3)
(Wang et al., 2022) and Atlanta, USA (Hettiyadura et
al., 2019) (1249.4 ng m−3). The concentrations of OSi in
this study were lower than those observed in summertime
Atlanta, USA (1123.0 ng m−3) (Hettiyadura et al., 2019),
Guangzhou, China (460.2 ng m−3) (Wang et al., 2022), and
Hong Kong, China (163.2 ng m−3) (Wang et al., 2022),
Yorkville, GA, USA (115.11 ng m−3) (Lin et al., 2013), Look
Rock, TN, USA (180.90 ng m−3) (Budisulistiorini et al.,
2015), Birmingham, Alabama, USA (176.30 ng m−3) (Rat-
tanavaraha et al., 2016), Manaus, Brazil (390.00 ng m−3)
(Cui et al., 2018), but higher than Copenhagen, Denmark
(11.3 ng m−3) (Nguyen et al., 2014), Seashore, CA, USA
(22.00 ng m−3) (Chen et al., 2021), National Park, CO, USA
(19.00 ng m−3) (Chen et al., 2021), National Monument, AZ,
USA (3.00 ng m−3) (Chen et al., 2021). For OSm and C2–
C3 OSs, their concentrations also showed a variable range
in different regions (Table S4). The concentrations of OSa in
this study were much higher than those in previous observa-
tions (Hettiyadura et al., 2017; Kanellopoulos et al., 2022),
which is likely explained by more OSa species being quan-
tified or higher air pollution level in this study. It should be
noted that these spatial comparisons for OS levels mentioned
above involved more or less uncertainty due to the lack of
authentic standards for precise quantification of OSs. How-
ever, our semi-quantitative data provides at least literature
reference for future research on these OSs. At the same study
site, the abundances of biogenic OSs (OSi+OSm) were typ-
ically higher than those of other types of OSs, particularly
during the summertime when vegetation grows vigorously
(Table S4). Thus, the yield of summertime OSs in the investi-
gated areas largely depends on the emission level of biogenic
VOCs and the air pollution status.

We found that the contributions of total OSs to OM were
1.3± 0.5 % and 1.9± 0.5 % at urban and suburban sites
in summer 2021, respectively, which were similar to the
cases observed in Birmingham, Alabama, USA (1.7 %) (Rat-
tanavaraha et al., 2016) and Manaus, Brazil (1.3 %) (Cui
et al., 2018). These proportions of total OSs in OM were

larger than those observed in Beijing, China (0.3 %) (Wang
et al., 2018) and Centreville, USA (0.2 %) (Hettiyadura et al.,
2017). However, a significantly higher contribution of total
OSs to OM was observed in Look Rock, TN, USA (36.3 %)
(Budisulistiorini et al., 2015), Great Smoky Mountains Na-
tional Park, TN, USA (7.0 %) (Chen et al., 2021), Shin-
ing Rock Wilderness, NC, USA (5.0 %) (Chen et al., 2021),
Bondville, IL, USA (6.2 %) (Chen et al., 2021), and Atlanta,
USA (10.3 %) (Hettiyadura et al., 2019), where the formation
of OSs was largely impacted by the oxidation of biogenic
VOCs. In particular, total OSs contributed to 1.2± 0.8 % of
OM in summer 2015 and 1.1± 0.8 % of OM in summer
2019 in urban Shanghai (Wang et al., 2021). Thus, although
anthropogenic emission reduction has been vigorously pro-
moted by the local government in recent years (Guo et al.,
2022; Pei et al., 2022), the contribution of SOA to OM in
Shanghai has not decreased significantly (Wang et al., 2021).

Figure 1b, e shows diurnal differences in the mass concen-
trations and mass fractions of the OS components in PM2.5
collected at the urban site. The OSi was the dominant sulfur-
containing species regardless of in daytime and nighttime.
However, the concentrations of OSi exhibited a significant
decrease from the daytime (117.8± 148.1 ng m−3) to the
nighttime (43.9± 62.0 ng m−3), except for isoprene-derived
nitrooxyorganosulfates (NOSi). Moreover, the variations in
OSi mass concentrations (∼ 2 times) were much larger than
those in OSi mass fractions (< 1.2 times). These results in-
dicate that the production of major OSi (e.g., C5H11O7S−,
C5H9O7S− and C5H7O7S−) was weakened during the night-
time. In contrast, the higher concentration for these OSi in the
daytime can be attributed to the increased levels of precur-
sors (e.g., isoprene) (Bryant et al., 2021) and oxidants (e.g.,
O3) (Table S5), as well as the strong photochemistry in the
daytime. Although the average fraction of NOSi was higher
in the nighttime than in the daytime, their concentration
was similar between daytime and nighttime. This is because
several special NOSi (e.g., C5H10NO9S−, C5H8NO10S−,
C4H8NO7S−, and C5H8NO7S−) peaked in the daytime, al-
though C5H9N2O11S− showed a maximum in the nighttime
(Table S2). Previous laboratory studies have suggested that
the formation of C5H10NO9S− is mainly related to qOH oxi-
dation processes (Hamilton et al., 2021). Thus, a strong pho-
tochemical oxidation during daytime can be responsible for
the increases in concentrations of these NOSi (particularly
C5H10NO9S−) from nighttime to the daytime. Overall, the
diurnal variations of other OSs including OSm, C2–C3 OSs,
and OSa were similar to that of OSi, with a higher level in
the daytime than in the nighttime, except for NOSs (Fig. 1
and Tables S2 and S3). It is noteworthy that the fractions and
concentrations of monoterpene-derived NOSs (NOSm) were
higher in the nighttime than in the daytime (Table S2). This
case can be attributed to NO3

q-related nighttime chemistry
(Wang et al., 2018). Thus, these findings further emphasize
the importance of photochemistry for daytime OS formation
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Figure 1. Average distributions in the mass concentrations and mass fractions of various OSs in PM2.5 in different cases: (a, d) urban vs.
suburban for all data, (b, e) daytime vs. nighttime in the urban area, as well as (c, f) daytime vs. nighttime in the suburban area. The areas
divided by dashed lines in panels (a)–(c) indicate C5H11O7S−, OSi-other, NOSi, and NOSm in sequence, as illustrated in panel (b). The
areas divided by dashed lines in panels (d)–(f) indicate aromatic and aliphatic OSs in sequence, as illustrated in panel (d).

and nighttime chemistry for NOS (in particular NOSm) for-
mation in urban Shanghai.

The concentrations of various types of OSs at the suburban
site were lower than those at the urban site in both daytime
and nighttime (Fig. 1b, c). However, the characteristics of
diurnal difference in various OSs at the suburban site were
similar to those observed at the urban site, which showed a
substantially higher OS level in the daytime. A similar case
was also found in Beijing in 2016 (Wang et al., 2018) and
in Shanghai in 2017 (Cai et al., 2020). Clearly, the aerosol
OS abundance in Shanghai was mainly controlled by the OS
formation process in the daytime rather than in the nighttime.

3.2 Time series of the major OSs

Figure 2a–h compares the time series of the major OS species
and inorganic ions in PM2.5 collected at urban and subur-
ban sites. The OSi concentrations peaked during daytime
on 11 and 12 July, with maximum values of 479.8 and
309.5 ng m−3 at urban and suburban sites, respectively. Ow-
ing to the high proportion of OSi in total OSs, total OS

concentrations also showed maximum values during 11 and
12 July. The mass concentrations of total OSs, OSi, and
C5H11O7S− (a major OSi component) decreased from 11 to
14 July (period A; i.e., a relatively polluted period) in both
urban and suburban areas, whereas their concentrations ex-
hibited a quite small fluctuation after 14 July (period B; i.e.,
a clean period). As a result, the mean concentrations of total
OSs and OSi were ∼ 4 times higher in the period A than in
the period B. The temporal variations in the concentrations of
OSm, C8H13O7S− (a major component of OSm) (Schindelka
et al., 2013), OSa, and C2–C3 OSs were similar to those of
total OSs and OSi. However, the dissimilarities in the diurnal
variations of OSs in period A and period B suggest that the
sources or levels of precursors and oxidants associated with
OS formation differed between these two periods. This con-
sideration was further supported by decreasing O3 and NO2
levels from period A to period B (Table S5 and Fig. 2i, j).

Sulfate showed a temporal variation similar to total OSs,
OSi, and OSm concentrations on most days (Fig. 2g, h). We
observed several abnormally high sulfate events during pe-
riod B (from the evening of 17 to 18 July). The transport dis-
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tance of air mass on 18 July was found to be shorter than
that in other days (Fig. S3); moreover, the VC value was
lower on 18 July than on other days (Fig. S4). Thus, this
high sulfate case can be partly attributed to the special mete-
orological conditions on 18 July. In general, sulfate concen-
trations showed a strong correlation with total OSs, OSi, and
OSm concentrations at both sites (P < 0.01, r = 0.76–0.78).
These results indicate that the abundances of OSs in these
two study areas were tightly associated with sulfate-related
particle-phase chemistry (Surratt et al., 2008).

The concentrations of total OSs, OSi, and OSm exhibited
a distinct diurnal variation during period A at both sites, with
a higher concentration in the daytime. The diurnal variation
pattern of OSs was similar to those of O3 and sulfate. These
findings imply an important role of atmospheric oxidation
capacity and sulfate in daytime OS formation. Exceptionally,
although a clear diurnal pattern was also observed for NOSm,
their concentrations peaked in the nighttime, suggesting that
the formation of NOSm was highly affected by the NO3

q-
related nighttime chemistry (Iinuma et al., 2007a; Surratt et
al., 2008). In the period B, the concentrations of various OSs
showed a weak diurnal variation, with a slightly higher level
in the daytime.

As mentioned above, the ambient levels of oxidants (e.g.,
O3 and NO2) and sulfates showed a significant difference in
period A and period B, which were tightly associated with
the formation of OSs (Wang et al., 2021). Cluster analysis
of backward trajectories showed that air masses arriving at
both urban and suburban sites in the period A mainly origi-
nated from the continental region, with significant influences
of anthropogenic emissions (e.g., NOx and SO2) from south-
ern YRD. Furthermore, considering the distinct and similar
diurnal variation of O3, NO2, SO2, sulfate, and OSs during
period A at both sites, aerosol OSs can be assumed to be
mainly formed in local areas. In contrast, these two sampling
sites were primarily affected by air masses transported from
the East China Sea in the period B. Moreover, the average
VC value in the period A was two times lower than that in
the period B (Table S5), implying relatively weaker diffusion
and dilution of air pollutants in the period A. These factors
can be partly responsible for the higher oxidant and sulfate
concentrations in period A than in period B. Similarly, since
the suburban site is closer to the East China Sea with a de-
creased influence from anthropogenic emissions (Fig. 3), the
levels of O3, NOx , and sulfate were higher at the urban site
than at the suburban site (Fig. 2 and Table S5). The differ-
ences in the concentration of oxidants and sulfate might pro-
vide an explanation for the difference in the concentrations
of OSs between periods A and B, as well as between urban
and suburban sites.

3.3 Formation mechanisms of OSs

3.3.1 Isoprene-derived OSs

Previous laboratory studies have suggested that isoprene can
react with qOH to form IEPOX in the gas phase under low
NOx conditions (Fabien et al., 2009). In the daytime, ambi-
ent O3 can be rapidly photolyzed to generate qOH under the
influence of UV (Kourtchev et al., 2015). Thus, O3 and UV
could serve as a proxy of qOH. Considering a significant role
of photochemistry and sulfate-related heterogeneous chem-
istry in the formation of OSs, OSi production is expected
to be closely associated with isoprene, O3, UV, and sulfate.
Specifically, the simplified pathways leading to the formation
of OSi in the atmosphere can be derived as follows.

O3+hv→ O(1D)+O2 JO3 , (R1)

O(1D)+H2O→ 2 qOH k1, (R2)

O(1D)+M→ O(3P)+M k2, (R3)
Isoprene+ qOH→X k3, (R4)

X+SO2−
4 → OSi k4, (R5)

where JO3 is the photolysis rate constant, k1–4 is the second-
order rate coefficient, M is N2 or O2, and X represents the
potential products (e.g., IEPOX and HMML) of isoprene ox-
idation by qOH.

Assuming the concentrations of O(1D) and qOH are in the
steady state, we can derive the following equations (Seinfeld
and Pandis, 2016).

[O(1D)] =
JO3 [O3]

k1 [H2O]+ k2 [M]
, (1)

[ qOH] = 2τOHk1[O(1D)] [H2O] , (2)

where τOH is the average lifetime of qOH. In general, JO3

is linearly dependent on the UV radiation, i.e., JO3 = ϕUV,
where ϕ is the slope of the linear fitting between JO3 and UV
radiation (Li et al., 2022). Combining Eqs. (1) and (2), the
steady-state qOH concentration can be expressed as:

[ qOH]=
2τOHk1 [H2O]JO3 [O3]
k1 [H2O]+ k2 [M]

= αϕτOHUV[O3] , (3)

α =
2k1 [H2O]

k1 [H2O]+ k2 [M]
. (4)

Also, assuming a steady-state to the oxygenated organic in-
termediates (i.e., X), we can derive:

[X]= k3τX
[
Isoprene

]
[OH]

= αϕk3τXτOH
[
Isoprene

]
UV[O3] , (5)

where τX is the average lifetime of X in the atmosphere.
During the strong formation of OSi via the heterogeneous

reactions of X on acidic sulfate, the change in the abundance
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Figure 2. Temporal variations of OSs and other chemical components in PM2.5 as well as other data measured in urban and suburban
Shanghai in summer. (a–b) OSs, OSi, C5H11O7S− (major OSi species), NOSi, and OS /OM (%); (c–d) OSm, C8H13O7S−, and NOSm;
(e–f) OSa and C2–C3 OSs; (g–h) PM2.5, SO2−

4 , and NO−3 ; and (i–j) NO2, NO, SO2, and O3. The sampling periods A and B indicate the
relatively polluted period and the clean period, respectively.

Figure 3. Air mass backward trajectories of the major clusters in different periods in the (a–b) urban and (c–d) suburban areas.
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Figure 4. Mass concentrations of (a, d) OSi, (b, e) 2-MT-OS, and (c, f) C5H7O7S− as functions of UV[O3][SO2−
4 ] and [O3][SO2−

4 ] during
daytime and nighttime in the urban (solid red circles) and suburban sites (solid blue circles). The open circles represent outliers, which was
attributed to several particularly high sulfate events.

of OSi is expected to be proportional to its formation rate:

d[OSi]

dt
∝ k4[SO2−

4 ][X]

∝ αϕk3k4τXτOH
[
Isoprene

]
UV[O3]

[
SO2−

4

]
. (6)

It should be noted that the above equations are derived based
on the assumption that the reaction between O(1D) and H2O
is a major source of summertime qOH in the areas studied.
Given that a linear relationship was observed between atmo-
spheric qOH and JO(1D) in different atmospheres (Stone et
al., 2012), such an assumption seems to be reasonable. When
isoprene is in a steady state in the atmosphere, OSi produc-
tion is expected to be proportional to the product of O3, UV,
and sulfate.

d[OSi]

dt
∝ UV[O3]

[
SO2−

4

]
. (7)

It should be noted that Eq. (7) did not consider the influences
of aerosol acidity, ALW, and other factors (e.g., qOH produc-
tion from the photolysis of nitrous acid and aldehydes during
the daytime). However, the deduction can at least suggest that
the secondary production of OSi is positively correlated with
the value of UV[O3][SO2−

4 ]. Indeed, the concentrations of
daytime OSi and major OSi species showed a linear positive
relationship with the value of UV[O3][SO2−

4 ] at both urban
and suburban sites (r = 0.84–0.92, P < 0.01) (Fig. 4a–c). We
found that the correlation between major OSi species and

UV[O3][SO2−
4 ] was stronger than the correlation of major

OSi species with O3 and SO2−
4 (r < 0.82, P < 0.01); more-

over, there was no significant correlation between major OSs
and UV (P > 0.05). Thus, our results provide field evidence
that the formation of daytime OSi in these two study areas
was mainly controlled by qOH oxidation of isoprene; more-
over, the higher concentration of OSi in the urban area can
be attributed to the stronger atmospheric oxidation capacity
(i.e., higher UV[O3] value) and more serious anthropogenic
sulfate pollution (particularly during period A). We also ob-
served that the OS concentrations did not significantly in-
crease in several high sulfate events in the period B. One pos-
sible explanation is that these abnormal high sulfate events
resulted in excessive SO2−

4 in the formation of OSs.
2-MT-OS and 2-MGA-OS have been identified as im-

portant tracers of isoprene-derived SOA (Hettiyadura et al.,
2019; Cai et al., 2020). During isoprene oxidation by qOH,
these two OS species are produced under low (i.e., IEPOX
pathway) and high (i.e., HMML or methacrylic acid epox-
ide (MAE) pathways) NOx conditions, respectively (Sur-
ratt et al., 2010; Nguyen et al., 2015). The ratios of 2-
MT-OS concentration to 2-MGA-OS concentration in the
daytime were 9.7± 3.1 and 12.1± 5.5 at urban and sub-
urban sites, respectively (Fig. S5b). A 2-MT-OS / 2-MGA-
OS ratio of larger than 1 was also found in observations in
summer 2020 (Fig. S5a), suggesting that low NOx chan-
nel dominated the formation of daytime OSi in the two
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study areas. This finding was similar to previous observa-
tions in Beijing (3.2) (Wang et al., 2020) and Guangzhou
(7.6) (Bryant et al., 2021). Other abundant OSi compounds
including C5H7O7S−, C4H7O6S−, and C5H9O7S− can be
produced by the photooxidation of isoprene, heterogeneous
oxidative aging of 2-MT-OS, or sulfate radical-initiated reac-
tion with methacrolein and methyl vinyl ketone in the aque-
ous phase (Schindelka et al., 2013; Wach et al., 2019; Het-
tiyadura et al., 2015). These OSs showed strong correlations
(r = 0.74–0.90, P < 0.01) with UV[O3][SO2−

4 ], which fur-
ther highlights the significance of the photochemistry in OSi
formation.

In the nighttime, the formation qOH can be primarily at-
tributed to the reactions of olefins and O3 (Paulson and Or-
lando, 1996). As shown in Fig. 4d–f, total OSi and major OSi
compounds were significantly correlated with the product
of O3 and SO2−

4 concentrations (r = 0.96–0.98, P < 0.01).
Since the nighttime oxidant level (including O3 and qOH)
was substantially lower than that in the daytime (Table S5),
the production of OSi was weakened in the nighttime (Ta-
ble S2). It is interesting to note the 2-MT-OS / 2-MGA-OS
mean ratio in the nighttime was 13.1–15.0 (Fig. S5b), which
is significantly higher than the mean ratio (9.7–12.1) in the
daytime, indicating that the IEPOX pathway may be a po-
tential mechanism to generate OSi in the nighttime. Another
possible explanation for the decreased OS concentration in
the nighttime is that these OSs were mainly formed during
the daytime but had a lower abundance in the nighttime due
to deposition and weak nighttime formation. Namely, consid-
ering the strong diffusion effect during the daytime and the
weak diffusion effect at the nighttime (Fig. S4), the nighttime
OSs may be partially derived from OSs formed via photo-
chemical processes during the daytime. This is because the
enhanced diffusion effect during the daytime can result in a
decrease in the amount of OS produced during the daytime
to deposit into the nighttime.

Furthermore, NO3
q chemistry in the nighttime was another

possible pathway to form OSi, particularly NOSs. The night-
time NOS concentration was linearly correlated with the
product of NO2 and O3 ([NO2][O3], i.e., a proxy of NO3

q)
(Fig. S6). Interestingly, most of NOSi (e.g., C5H10NO9S−,
C5H8NO10S−, C4H8NO7S−, and C5H8NO7S−) have higher
concentrations in the daytime, except for C5H9N2O11S−.
Thus, although nighttime NO3

q chemistry was important, the
NOSi formed via photochemistry under the influence of NOx
in the daytime was still the dominant contributor to the total
NOSi in our study areas. Regarding C5H9N2O11S−, its for-
mation pathway is mainly the NO3

q oxidation of C5H9NO5,
as illustrated in Fig. S7 (Hamilton et al., 2021). Accordingly,
the abundance of C5H9N2O11S− peaked during the night-
time (Fig. S8). It should be pointed out that the qOH ox-
idation of C5H9NO5 can also contribute to the production
of C5H10NO9S− (Fig. S7). Clearly, this mechanism can be
responsible for the higher C5H10NO9S− concentrations in
the daytime, as mentioned above. In general, increased OSi

level in the daytime demonstrated that the formation of OSi
in urban and suburban areas was largely controlled by pho-
tooxidation of isoprene in the presence of sulfate in the day-
time, rather than nighttime NO3

q chemistry. Moreover, a de-
crease in average OSilevel from the urban area to the sub-
urban area can be explained by the weakened photooxidation
of isoprene and the decreased anthropogenic sulfate pollution
(particularly in the relatively polluted period).

3.3.2 Monoterpene-derived OSs

The concentrations of the most abundant OSm species
(C10H15O7S− and C8H13O7S−) showed a strong correla-
tion with the value of UV[O3][SO2−

4 ] (and UV[O3][SO2]) in
the daytime at both urban and suburban sites (r = 0.82–0.86,
P < 0.01), indicating that the photooxidation of monoter-
penes was a significant source for OSm. Previous studies also
demonstrated that C10H15O7S− can be produced through the
photooxidation of monoterpenes or sulfate radical reaction
with α-pinene (Surratt et al., 2008; Nozière et al., 2010).

In the nighttime, the concentrations of nitrogen-free OSm
species decreased significantly with a decrease in the O3 lev-
els (Wang et al., 2020). However, NOSm species increased in
concentration in the nighttime and showed a significant cor-
relation with the value of [O3][NO2] (the proxy of NO3

q, as
mentioned above) (r = 0.90–0.95, P < 0.01). Accordingly,
nighttime NO3

q chemistry exerted a significant influence on
the abundance of NOSm in these study areas. A study by
Hamilton et al. (2021) has reported that NO3

q chemistry
plays an important role in the production of NOSm. However,
the overall lower OSm level in the nighttime (Table S2) sug-
gests that daytime OSm production via monoterpenes pho-
tooxidation was still the dominant contributor to total OSm
throughout the day. Although several field studies have re-
ported the abundance of various NOSm (e.g., C10H16NO7S−

and C9H14NO8S−) (Wang et al., 2018; Bryant et al., 2021;
Cai et al., 2020), their structures, formation mechanisms, and
relevant diurnal variations remain large uncertainties, which
need to be deeply explored in future research.

3.3.3 C2–C3 and anthropogenic OSs

The OS species with two or three carbon atoms (C2–C3 OSs)
are generally considered to originate from both biogenic and
anthropogenic emissions (Wang et al., 2020). The abundant
C2–C3 OS species, including C2H3O6S− (glycolic acid sul-
fate; GAS), C3H5O5S− (hydroxyacetone sulfate; HAS), and
C3H5O6S− (lactic acid sulfate; LAS), were significantly cor-
related with the values of UV[O3][SO2−

4 ] in the daytime
at both urban and suburban sites (r = 0.79–0.91, P < 0.01),
indicating that the photochemical processes largely con-
tributed to the formation of C2–C3 OSs. Recently, the het-
erogeneous qOH oxidation of particulate 2-MT-OS has been
shown to generate a series of C2–C3 OSs (e.g., C2H3O6S−,
C3H5O6S−, and C2H3O5S−) (Chen et al., 2020). Moreover,
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Figure 5. Scatterplots of the ALW concentrations with the mass concentrations of total OSs in PM2.5 collected in the (a) urban and (b) sub-
urban areas. Yellow and gray lines show regression lines in the daytime and nighttime, respectively.

C3H5O4S− and C3H7O5S− have previously been reported to
be produced by the photooxidation of diesel vehicle exhausts
(Blair et al., 2017).

Most of the quantified OSa compounds, including
C13H25O5S−, C9H15O7S−, C8H17O4S−, benzyl sulfate
(C7H7O4S−), phenyl sulfate (C6H5O4S−), as well as
C6H9O6S−, C5H7O6S−, and C4H7O4S−, exhibited a strong
correlation (P < 0.01) with the values of UV[O3][SO2−

4 ] in
the daytime. C13H25O5S− has been detected in diesel ex-
haust (Cui et al., 2019), which is the homologous com-
pound of C12H23O5S− produced from dodecane photooxi-
dation (Riva et al., 2016b). A chamber study has detected
C9H15O7S− in decalin SOA and speculated that it was
produced via qOH oxidation of a C9-carbonyl hydroperox-
ide (C9H16O3) and subsequent reaction on acidic sulfate
aerosols (Riva et al., 2016b). In addition, photooxidation of
diesel fuel vapor in the presence of SO2 has been suggested
to be an important source of C6H9O6S−, C5H7O6S−, and
C4H7O4S− species (Blair et al., 2017). The formation of
C7H7O4S− and C6H5O4S− can also be attributed to the pho-
tooxidation of naphthalene and 2-methylnaphthalene (Riva et
al., 2015).

We note that the concentrations of most of C2–C3 OS and
OSa species decreased significantly from the daytime to the
nighttime (Tables S2 and S3). As discussed above, the OSs
observed in the nighttime may partially come from the OSs
generated during the daytime. Thus, the deposition effect
from the daytime to the nighttime was an important factor
controlling nighttime levels of C2–C3 OSs and OSa. In ad-
dition, the nighttime gas-phase oxidation process was also
likely associated with C2–C3 and anthropogenic OS forma-
tion at both urban and suburban sites, as suggested by the
significant correlations of C2–C3 OSs and OSa with O3 and
[O3][NO2] in the nighttime (r = 0.89–0.91, P < 0.01). Over-
all, these results further highlight the importance of photo-
chemistry in controlling the all-day abundance of OSs, as
discussed earlier.

3.3.4 The effects of ALW and pH on OS formation

We have demonstrated that the atmospheric oxidation capac-
ity (e.g., UV[O3] and [O3+NO2]), sulfate pollution, and
nighttime NO3

q chemistry exerted considerable influences
on the formation of OSs in both urban and suburban areas.
In addition, laboratory and field studies have suggested that
aerosol properties including acidity and ALW also play im-
portant roles in OS formation (Iinuma et al., 2007b; Surratt et
al., 2007b; Wang et al., 2020, 2018, 2022). The aerosol pH in
Shanghai in summer averaged 2.7± 0.9 and 2.2± 0.7 in ur-
ban and suburban areas, respectively. The mean pH value was
similar to that in northern China (summer) (Ding et al., 2019;
Wang et al., 2018), but higher than that in the Pearl River
Delta (PRD) region (Fu et al., 2015). In this study, only the
2-MT-OS concentration showed an evidently negative corre-
lation with the pH value (r = 0.58, P < 0.05), suggesting the
aerosol acidity is not a limiting factor for the formation of
most OS species.

A positive correlation was observed between the concen-
trations of OSs and ALW only in the urban area during both
daytime and nighttime (Fig. 5), consistent with our previous
observations in urban Shanghai (Wang et al., 2021). It is in-
teresting to note that although higher ALW concentrations
and lower pH values were observed at the suburban site, the
OS concentrations were significantly higher at the urban site
(Table S5). This result further confirms that atmospheric ox-
idation capacity and sulfate pollution level governed the for-
mation of OSs in urban and suburban Shanghai (particularly
in the relatively polluted period), although ALW and aerosol
acidity also played a role. Therefore, a synergistic regulation
of atmospheric oxidation capacity and anthropogenic SO2
emissions would be important for the mitigation of OS and
SOA pollution in the megacity Shanghai.

4 Conclusions

We investigated the spatial and diurnal variations of aerosol
OS formation in Shanghai in summer. Isoprene- and
monoterpene-derived OSs were found to be the dominant OS
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Figure 6. Conceptual picture showing the characteristic and atmospheric process of OSs in urban and suburban Shanghai.

groups during the entire sampling campaign, likely suggest-
ing that the formation of OSs was largely controlled by bio-
genic VOCs. Most OSs decreased from the daytime to the
nighttime, while NOSm peaked during nighttime. These find-
ings suggested that OSs were mainly produced via daytime
formation processes in both urban and suburban areas, ex-
cept for NOSm. Moreover, the average abundance of various
types of OSs showed a decreasing trend from the urban area
to the suburban area, which can be explained by weakened
atmospheric oxidation capacity and sulfate pollution in the
suburban area (primarily in the relatively polluted period).
Further, daytime OS formation was concretized according to
the interactions among OSs, UV, O3, and SO2−

4 , suggesting
that the concentrations of most OSs were significantly corre-
lated with the values of UV[O3][SO2−

4 ] during daytime in
both urban and suburban Shanghai. We concluded that an
enhancement in the photochemical process and sulfate level
can exacerbate OS pollution in the urban area. These findings
were summarized in a diagram (Fig. 6). Generally, our study
not only deepens the understanding about the importance of
photochemical process and anthropogenic sulfate pollution
in controlling OS formation but also provides potential man-
agement strategies to decrease the abundance of particulate
OSs.
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