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ABSTRACT: Biogenic secondary organic aerosol (BSOA) makes up a
significant proportion of organic aerosol, and its formation chemistry,
composition, and physical properties can be influenced by anthropogenic
emissions, especially in urban areas. Organosulfates (OSs) are an important
class of tracers for BSOA and have been well-studied over the past decade,
although detailed ambient studies of diurnal variations are still lacking. In this
study, fine particulate matter samples were collected eight times a day across
summer and winter campaigns at an urban site in Guangzhou, China.
Guangzhou is heavily influenced by both biogenic and anthropogenic
emissions, allowing for biogenic−anthropogenic interactions to be studied.
Individual OSs and nitrooxy OSs (NOSs) species derived from monoterpenes
and isoprene were analyzed using ultrahigh-performance liquid chromatog-
raphy tandem mass spectrometry (UHPLC−MS2) and quantified using three
authentic and proxy standards. The observations show strong diurnal variations of monoterpene derived OSs and NOSs, which
peaked during the night, with concentrations increasing from the early evening, highlighting the role of NO3-oxidation chemistry.
Isoprene derived OSs/NOSs showed strong seasonal profiles, with summer and winter average concentrations of 181.8 and 69.5 ng
m−3, respectively, with exponential increases observed at temperatures above 30 °C. Low-NO formation pathways were dominant in
the summer, while high-NO pathways became more important in the winter. Isoprene OS formation was strongly dependent on the
availability of particulate sulfate (SO4

2−), suggesting an extensive heterogeneous chemistry of oxidized isoprene species. Overall, this
study provides further insights into biogenically derived OS and NOS formation within highly anthropogenically influenced
environments.

KEYWORDS: isoprene, monoterpenes, heterogeneous, diurnal variations, sulfate, Orbitrap

■ INTRODUCTION

Organosulfates (OSs) are key contributors of atmospheric
secondary organic aerosol and have been detected in ambient
aerosols in both clean and polluted sites around the world.1−10

OSs have been shown to make up significant portions of
organic aerosol (OA) and PM2.5 (particulate matter less than
2.5 μm in diameter) mass,11−13 with isoprene derived OSs
accounting for up to 8% of organic matter.14 Radiocarbon
measurements have shown that OA is dominated by modern
carbon even in urban areas,15−19 suggesting that biogenic
sources could be playing a key role in OA and PM2.5 formation.
Chamber studies have shown the formation of particle-

bound OSs from gas-phase oxidation of biogenic volatile
organic compounds (VOCs) such as isoprene,20−22 mono-
terpenes,7,21 sesquiterpenes,23 and green leaf volatiles24 via
OH, NO3, and O3 oxidation pathways in the presence of
sulfate aerosol or SO2. Many of the species identified in these
chamber studies have also been detected in ambient samples,
with isoprene derived OSs as some of the most abundant
biogenic OS markers quantified.4,25 It should be noted that

while these OS and NOS species are termed as BSOA due to
their VOC precursors they are formed through interactions
with anthropogenic pollutants. The formation mechanisms of
OSs have been studied extensively,13 with OS formation
through an acid catalyzed ring opening of epoxides considered
to be the most important route,7,21,26−28 especially for those
derived from isoprene. However, several other routes have
been proposed such as sulfate radical addition to an
unsaturated precursor in the aqueous phase,29,30 direct sulfate
esterification of an alcohol precursor,21 or the replacement of
nitrate groups within organonitrate species with sulfate.31,32

Recent studies have reported the formation of OSs both
directly and indirectly from the reaction of unsaturated species
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with SO2.
33−35 Nitrooxy-OSs (NOSs) are a sub class of OS

and have been observed in several locations,1,6,8,36−43 but their
formation pathways are less well-studied.21,44−46 NOS species
have been shown to form from the reaction of sulfate with
organic nitrate species, formed during OH photo-oxidation of
VOCs via a reaction of the peroxy radicals with NO. Organic
nitrates can also be formed from nitrate radical initiated
oxidation of VOCs,45,47 which becomes increasingly important
at night when the concentration of NO3 radicals is higher and
concentrations of OH are reduced.48 Recent studies by
Liebmann et al. in 2019 and Hamilton et al. in 2021 indicate
that, under low-NO conditions, nitrate radical chemistry can
also play an important role in organic nitrate production
during the daytime.48,49

Several factors make the accurate identification and
quantification of individual OS species in ambient aerosol
challenging,50 but it is important for understanding aerosol
formation, properties, and the factors that affect the OS
contribution to PM2.5. First, the compositionally complex
samples, which contain thousands of multifunctional com-
pounds, can lead to significant matrix effects as seen for
isoprene derived OSs (OSi) species.1,6 Second, BSOA suffers
from a lack of authentic standards, meaning proxy standards
must be used. Recently, several studies have synthesized a
number of OS authentic standards derived from isoprene and
monoterpenes and quantified them in ambient samples.10,51,52

These studies have shown that differences in ionization
efficiencies between several authentic monoterpene OSs and
proxy standards can be significant, with Wang et al. in 2017
showing a factor 6.4 difference between the two extremes on
the ionization scale, highlighting the need for future studies to
focus on more accurate quantification.51

Guangzhou is a megacity in South China situated in the
Pearl River Delta (PRD) region, with an approximate
population of 15 million. To the south are the densely
populated cities of Macao, Shenzen, and Hong Kong, while
there is relatively less urbanization to the north of Guangzhou.
Guangzhou like the rest of China historically experiences high
levels of pollution but less extremely than northern cities.
Recently introduced pollution controls have started to take
effect, reducing the concentrations of some pollutants.53,54

Unlike in some other cities in China, nonfossil secondary
species account for higher fractions of OA during both high-
and low-PM episodes in Guangzhou even during the winter.12

Guangzhou has a subtropical climate, with mild winters and
hot rainy summers due to Asian monsoons. This promotes
high emissions of biogenic VOCs55 into a region that is heavily
influenced by anthropogenic emissions, providing a good case
study of biogenic−anthropogenic interactions.
Multiple studies have now identified and quantified OSs in

ambient samples, however many of these used long sampling
times,4,6,8,10 which does not allow for ambient diurnal
variations to be resolved, thus hindering the determination of
formation mechanisms and sources. This study employs one of
the highest time resolution filter collection regimes for OS and
NOS to date, with eight filters collected per day in Guangzhou.
Over 300 ambient PM2.5 samples were collected over two
intensive campaigns during the summer and winter and were
analyzed using ultrahigh-performance liquid chromatography
tandem mass spectrometry (UHPLC−MS2). Over 40 biogenic
OS and NOS species were quantified using a mixture of
authentic and proxy standards. Diurnal variations of different
tracers were comprehensively investigated and linked to

different formation pathways. Biogenic−anthropogenic inter-
actions were also investigated to better assess the formation
pathways of OSs and NOSs under real atmospheric conditions.

■ MATERIALS AND METHODS

Filter Collection. Ambient aerosol filter samples were
collected in Guangzhou, China at the Guangzhou Institute for
Geochemistry (GIG) as part of the Natural Environmental
Research Council’s (NERC) NITRO-PM project. The
sampling took place on top of a 12-story mixed use office
and laboratory building (23.145 N, 113.364 E). The site was
surrounded by residential buildings, with a six-lane road ∼500
m to the south and a forest park ∼4 km to the north. PM2.5

samples were collected during the summer (31/07/2019−23/
08/2019, n = 147) and winter (20/11/2019−12/12/2019, n =
167) using an Ecotech HiVol (Ecotech, Knoxfield, Australia)
with a selective PM2.5 inlet and a flow rate of 1.1 m3 min−1.
Filters were prebaked to remove residual organics at 500 °C
for 5 h before use. After collection, samples were wrapped in
foil and stored at −20 °C until analysis. Filter samples were
collected eight times a day on most days: 06:00−08:00,
08:00−10:00, 10:00−13:00, 13:00−15:00, 15:00−17:00,
17:00−19:00, 19:00−21:00, 21:00−06:00. On some days,
lower time resolution samples were collected due to extreme
weather conditions, including Tropical Cyclone Wipha
between the first and third of August 2019.

Extraction. The extraction of the filter is similar to that
used previously by Bryant et al. in 2020. Initially, using a
standard square filter cutter, an aliquot of the filter was taken,
with an area of 47.61 cm2 (6.9 cm × 6.9 cm), which was then
cut into roughly 1 cm2 pieces and stored in a 20 mL glass vial.
Next, 8 mL of LC−MS grade MeOH (Optima, Fisher
Chemical) was added to the sample and sonicated for 45
min. Ice packs were used to keep the bath temperature below
room temperature, with the water swapped midway through.
Using a 5 mL plastic syringe, the MeOH extract was then
pushed through a 0.22 μm filter (Millipore) into another
sample vial. An additional 2 mL (2 × 1 mL) of MeOH was
added to the filter sample and then extracted through the filter
to give a combined extract of ∼10 mL. This extract was then
reduced to dryness using a Genevac vacuum concentrator. The
dry sample was then reconstituted in 50:50 MeOH/H2O
(Optima, Fisher Chemical) for analysis. Extraction efficiencies
of 2-methyl glyceric acid organosulfate, camphorsulfonic acid,
and pinonic acid were determined using authentic standards
spiked onto a prebaked clean filter and recoveries were
calculated to be 71%, 99%, and 85%, respectively.

Ultrahigh-Performance Liquid Chromatography Tan-
dem Mass Spectrometry (UHPLC−MS2). The extracted
fractions of the filter samples were analyzed using an Ultimate
3000 UHPLC (Thermo Scientific) coupled to a Q Exactive
Orbitrap MS (Thermo Fisher Scientific) using data dependent
tandem mass spectrometry (ddMS2) with a heated electrospray
ionization source (HESI). The UHPLC method uses a
reversed-phase 5 μm, 4.6 mm × 100 mm, polar end-capped
Accucore column (Thermo Scientific, 17326-102130) held at
40 °C. The mobile phase consisted of water (A) and methanol
(B), both with 0.1% (v/v) of formic acid (98% purity, Acros
Organics). A gradient elution was used, starting at 90% (A)
with a 1 min postinjection hold, decreasing to 10% (A) at 26
min, returning to the starting mobile-phase conditions at 28
min, followed by a 2 min hold, allowing the re-equilibration of
the column. The flow rate was set to 0.3 mL min−1. A sample
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injection volume of 4 μL was used. The capillary and auxiliary
gas heater temperatures were set to 320 °C, with a sheath gas
flow rate of 45 (arb.) and an auxiliary gas flow rate of 20 (arb.).
Spectra were acquired in the negative ionization mode with a
scan range of mass-to-charge (m/z) 50−750. Tandem mass
spectrometry was performed using higher-energy collision
dissociation with a stepped normalized collision energy of
65 115. The isolation window was set to m/z 2.0 with a loop
count of 10, selecting the 10 most abundant species for
fragmentation in each scan.
Data Processing and Compound Library. A mass

spectral library was built using the compound database
function in Tracefinder 4.1 General Quan software (Thermo
Fisher Scientific). To build the library, compounds from
previous studies23,30,47,56−58 were searched for in an afternoon
and a nighttime filter sample extract analysis using the Xcalibur
software. Identified compounds were input into the compound
library in the generic form: CcHhOoNnSs (where c, h, o, n, and s
represent the number of carbon, hydrogen, oxygen, nitrogen,
and sulfur atoms, respectively). Where multiple isomers were
observed, each isomer was added to the library independently,
on the basis of its retention time (RT). The UHPLC/ESI-HR-
MS data for each standard and ambient sample were analyzed
using Tracefinder general Quan software (Thermo Fisher
Scientific). Blank subtractions were undertaken for all ambient
samples, using a field blank. Tracefinder extracted compound
peak areas from each sample on the basis of the assigned
library. The mass tolerance of the method was set to 3 ppm,
with the RT window set to 10 s. The peak tailing factor was set
to 2.0 and the detection algorithm used was ICIS, with a
nearest RT detection strategy. The minimum signal-to-noise
(S/N) for a positive identification was set to 3.0. The
suitability of the peak was also assessed for a positive
identification, with the peak height at which to compare the
symmetry of the left and right sides of the peaks set to 40% and
symmetry threshold, which is the minimum percentage
difference considered symmetrical set to 70%.
Calibration and Matrix Effects. The accurate quantifica-

tion of BSOA is difficult owing to a lack of authentic standards.
This study employs one proxy (camphorsulfonic acid, Sigma-
Aldrich) and two authentic standards (2-methyl tetrol
organosulfate (2-MT-OS) and 2-methyl glyceric acid organo-
sulfate (2-MG-OS)). The authentic standards were obtained
from Surratt’s group at The University of North Carolina at
Chapel Hill.59 Standards were run across a 9-point calibration
curve (2 ppm−7.8 ppb, R2 > 0.99). We also evaluated the
matrix effect of the ambient samples on the signal response of
the three standards used for quantification. The measured
signal intensity of the standards in a blank solvent matrix were
compared to the ambient aerosol matrix. A 10 μL mixture
containing camphorsulfonic acid, 2-MG-OS, and 2-MT-OS at
10 ppm was spiked into either 100 μL of ambient filter sample
extract or into 100 μL of blank 50:50 (MeOH/H2O) solvent.
The samples were run as described above. The matrix effect
factors were then calculated by taking the compound areas
from the spiked ambient samples, subtracting the areas of
compounds that were already present in the ambient sample,
and then dividing by the compound areas in the blank matrix.
If no matrix effect was present, the ratio would equal 1. Table
S1 shows the ratios across eight ambient samples collected
during both campaigns, which represent a mixture of high and
low PM2.5 concentrations across different times of day. 2-MT-
OS showed a significant matrix effect, with an average matrix

ratio of 0.29 ± 0.23, suggesting a 71% suppression in signal
response. In contrast, 2-MG-OS showed little matrix
suppression with an average of 0.84 ± 0.18. Matrix correction
factors were applied alongside calibrations to different
compound classes and for compounds eluting at different
times. Species eluting before 2 min (mainly isoprene-derived
OS) were quantified using an average gradient of 2-MG-OS
and 2-MT-OS across the 9-point calibration curve, and a
matrix correction factor of 0.57 ± 0.16 was applied on the basis
of the average matrix effect factors for 2-MG-OS and 2-MT-
OS. 2-MG-OS and 2-MT-OS identified in the ambient samples
were quantified using their own authentic standards and
corrected with their own specific factors of 0.84 ± 0.18 and
0.29 ± 0.14, respectively. For species eluting after 2 min,
camphorsulfonic acid was used a proxy and corrected with a
matrix effect factor of 0.68 ± 0.23. Camphorsulfonic acid has
been shown to be the most accurate proxy standard by
comparison with synthesized authentic monoterpene OS
standards from α-/β-pinene and limonene.51 Due to the
limited number of studies investigating the matrix effects of
aerosol samples, conclusions of the underlying causes cannot
be drawn. However, the suppression is likely due to the large
numbers of coeluting inorganic and organic species, reducing
the ionization efficiency of the marker compounds.60

Uncertainties for the calibration of 2-MG-OS and 2-MT-OS
were calculated from the standard deviation uncertainty in the
repeated measurements of the nine calibration points and the
standard deviation of the matrix effects calculated in Table S1.
The uncertainties associated with 2-MG-OS and 2-MT-OS
were calculated to be 25% and 48%, respectively, mainly due to
the large uncertainties in the matrix correction factors. For
species quantified by the average of 2-MG-OS and 2-MT-OS,
we estimated the error to be the sum of the errors associated
with 2-MG-OS and 2-MT-OS (56%). For OS/NOS species
eluting after 2 min, the uncertainty (36.5%) was estimated on
the basis of the standard deviation of the camphorsulfonic acid
calibration and the difference in matrix effect factors as well as
the use of proxy standards. Recently, a study that synthesized
authentic NOSMT standards quantified the same NOSMT

species as in this study and observed very similar
concentrations.61 For example, for the MW295 isomers, they
found a mean concentration of 12.3 ng m−3 in Guangzhou in
the winter, with the full range of observed concentrations
across four cities (Hong Kong, Guangzhou, Beijing, and
Shanghai) of 1.2−39.3 ng m−3. This compares very well with
our estimated mean concentration of 11.1 ng m−3 and range of
0.32−26.7 ng m−3.61 This would suggest that the use of the
camphorsulfonic acid proxy standard gives a reasonable
calibration compared to the use of authentic standards.

Gas-Phase Measurements. Additional gas-phase and
meteorological measurements were collected alongside the
filter samples at the site (Table S2). Data included the
following nitrogen species: NO, NO2, and NOX measured by
Chemiluminescence with a Thermo Scientific 42i-TL. Ozone
was measured via ultraviolet with a Thermo Scientific 49i, and
SO2 was measured via pulsed fluorescence with a Thermo
Scientific 43i-TLE. Finally, PM2.5 was measured by a
continuous particulate monitor (BAM-1020, Met One instru-
ments Inc.).

Ion Chromatography. Inorganic sulfate and nitrate were
quantified using ion chromatography using a method outlined
in Xu et al. in 2020.62 An area of 6.9 cm2 was cut from each
filter and cut into small pieces and transferred to a 15 mL vial.
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Two milliliters of 18.2 MΩ·cm deionized water was added to
each vial before being sonicated for 30 min. A Dionex ICS-
1100 with a DS6 heated conductivity cell and a Dionex AS-DV
carousel with Chromeleon Data system software were used for
data analysis. For anion mode, a Dionex AG14A 4 mm guard
column was used with a Dionex AS14A 4 mm analytical
column and a DRS Dionex ADRS 600 suppressor. The anion
eluent was prepared using 1.698 g of Na2CO3 and 0.168 g of
NaHCO3 with 2 L of >18.2 MΩ deionized water added 1 L at
a time. After each 1 L addition, the eluent bottle was sonicated
in degas mode for 30 min. The column was equilibrated at an

oven temperature of 35 °C and a current of 45 mA. Anions
were calibrated using 12-point calibration curves: 0.01, 0.05,
0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, and 100 ppm. The
autosampler delivered 350 μL at 4 mL/min to the instrument
that used 100 μL and was at a flow rate of 1 mL/min for ion
separation and detection.

■ RESULTS AND DISCUSSION

Meteorology and Anthropogenic Pollutants. Figure 1
shows the time series of the following measured pollutants:
NO, NO2, O3, and PM2.5 alongside particulate sulfate during

Figure 1. Time series of pollutants across the summer (left) and winter (right) campaigns. The highlighted section in the summer campaign
indicates typhoon Wipha. The blue dotted lines indicate midnight of each day.
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the two sampling periods (summer on the left, winter on the
right). Mean and maximum values are shown in Table S2 for
both campaigns, along with additional aerosol anion data. The
meteorological conditions between the two campaigns were
quite different with a mean temperature (±sd) of 30.4 ± 2.9
°C in the summer compared to 18.3 ± 4.2 °C during the
winter campaign. The mean relative humidity in summer (77.6
± 10.6%) was roughly double that of the winter campaign
(40.6 ± 14.7%). The mean wind speed was much lower during
the winter campaign (1.9 ± 1.0 ms−1) compared to that of the
summer (6.0 ± 3.9 ms −1).
Figure S1 shows the average diurnal profiles for temperature,

RH, O3, NO, NO2, SO2, and PM2.5. The mean ozone mixing
ratios were higher in the summer (43.1 ± 37.3 ppbv) than the
winter (31.8 ± 23.1 ppbv) with a strong diurnal variation
peaking midafternoon. The mean NO concentration was
around double in the winter campaign (12.1 ± 22.6 ppbv)
compared to that of the summer (5.4 ± 9.4 ppbv). NO mixing
ratios showed a strong diurnal variation in both campaigns,
peaking during the morning rush hour. Due to ozone titration,
NO concentrations reached <0.5 ppb on average in the
afternoon during the summer campaign similar to previous
observations in Beijing.63 NO was also lower during the day in
winter with an afternoon average of ∼1.5 ppb. During the
winter, several periods of high NO concentrations were
observed, as shown in Figure 1 (20−25 November, 30
November, and 9−12 December). The SO2 mixing ratios were
only measured in the winter campaign with an average of 2.9 ±
1.1 ppbv, with a morning peak around 07:00−08:00 am
(Figure S2). Inorganic ions were measured via ion chromatog-
raphy. Lower mean particulate SO4

2− concentrations were
observed in the summer (5.6 ± 3.7 μg m−3) compared to those
in winter (7.8 ± 6.0 μgm−3), while the average particulate
NO3

− concentration during the winter campaign (6.0 ± 6.0 μg
m−3) was double that of the summer campaign (3.6 ± 3.0 μg
m−3). The mean PM2.5 concentrations were similar across both
campaigns, with neither campaign showing a strong diurnal
variation.
Biogenic Organosulfates and Nitrooxyorganosul-

fates. Monoterpene Nitrooxy Organosulfates (NOSMT). The
monoterpene derived NOS (NOSMT) species include 26 C9/10

species with five unique molecular formulas across both
campaigns (C10H17NO7S, C10H17NO8S, C10H17NO9S,
C10H19NO9S, and C9H15NO8S). Species matching these
formula have been shown to form in laboratory simulations
from monoterpene photo-oxidation in the presence of NO and
from dark NO3 radical chemistry.56 In this study, the total
NOSMT mean (±sd) concentration in the summer was 8.3 ± 8
ng m−3 and that in winter was 13.1 ± 7.1 ng m−3. The increase
during the winter campaign may be due to higher NOX

concentrations, higher sulfate levels, or lower temperatures
promoting condensation.64 Higher summertime biogenic
monoterpene concentrations have been modeled previously
in the PRD.65 Potential additional, nonbiogenic sources of gas-
phase emissions of monoterpenes in the winter include
increased biomass burning or cooking.66−72 However, the
lack of gas-phase observations of monoterpenes means it is not
possible to draw conclusions currently. C10H17NO7S was the
dominant species across both campaigns, contributing ∼85%
of the NOSMT mass on average, with summer and winter
concentrations of 7.1 ± 7.3 and 11.1 ± 6.5 ng m−3,
respectively. These concentrations are comparable to concen-
trations observed in Shanghai (summer average, −5.71 ng m−3;

winter average, −4.22 ng m−3)6 and summertime in Beijing
(12 ng m−3)73 with C10H17NO7S again identified as the most
dominant NOSMT across both studies. These concentrations
are also similar to those quantified by authentic standards
across four Chinese megacities (Hong Kong, 5.61 ng m−3;
Guangzhou, 12.32 ng m−3; Shanghai, 16.51 ng m−3; Beijing,
13.15 ng m−3). He et al. in 2014 also observed higher
wintertime NOSMT concentrations at a regional background
site in the PRD, although the reported C10H17NO7S
concentrations were much higher (52.4 and 151 ng m−3 for
summer and winter, respectively).74

Parts a and b of Figure 2 show the mean concentration of
the sum of NOSMT species during each filter collection time

across the summer and winter campaigns, respectively. Several
of the tracers were only identified in a small number of
samples, and only tracers identified in more than 40% of the
samples were included in the diurnal variations and carried
forward for correlations. A strong diurnal variation is seen
during both campaigns, peaking at night, with a minimum
during the afternoon. A more pronounced increase in
concentrations is observed in the 17:00−19:00 filter during
the winter compared to that in the summer, likely due to the
earlier sunset of 17:45 compared to 19:00 in the temperatures
associated with lower tracer concentrations in the summer.
This nighttime enhancement was also seen previously in
Beijing and Shanghai.6,73 Although monoterpenes were not
measured as part of this study, nighttime enhancements of
monoterpenes have been observed previously in Beijing.73 In
contrast, He et al. in 2014 observed that C10H17NO7S in the
background PRD peaked during the day, with daytime
concentrations on average ∼3 times higher than those at night.

Figure 2. Diurnal variations of (A) NOSMT during summer, (B)
NOSMT during winter, (C) OSMT during summer, and (D) OSMT

during winter. The lower and upper parts of the box represent the
25th and 75th percentiles, with the upper and lower lines extending
no further than 1.5× the interquartile range of the highest and lowest
values within the line, respectively. Any data points outside of this
range are shown as red circles.
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Surratt et al. in 2008 outlined both a daytime and nighttime
route to the formation of the dominant NOSMT

(C10H17NO7S).
21 The nighttime formation pathway proceeds

via NO3 radical oxidation, while the daytime formation route
predominantly proceeds via hydroxyl radical oxidation
followed by a reaction of the peroxy radical with NO.
NOSMT can also be formed during the day and night through
monoterpene ozonolysis.75 NOSMT concentrations increased
strongly with increasing SO4

2− concentrations in summer
nighttimes (Figure S3), but limited correlations were observed
during the day and in the winter. This suggests that, during the
summer, nighttime SO4

2− is a limiting reagent, but other
periods are VOC oxidation limited. The maximum observed
NOSMT concentrations during the summer and winter were
58.7 and 28.3 ng m−3, respectively, both of which were
observed during the 06:00−08:00 filter collection. The diurnal
variation of monoterpenes measured in a previous study
indicates higher monoterpene concentrations at night in
Guangzhou, while daytime concentrations were roughly half
the nighttime concentrations.76 As such, the lower daytime
NOSMT concentrations could be linked to the monoterpene
emission profile, decomposition via photolysis, or further OH
oxidation of the NOS species..77,78 NOSMT concentrations
showed generally decreased concentrations with increasing
temperatures throughout the day across both campaigns
(Figure 3), although the trend is not strong. Under higher

temperatures, increased photolysis is expected, leading to
higher OH radical concentrations79 as well as photolysis of
NOSMT species. Therefore, under higher temperatures during
the day, an enhanced degradation of the NOSMT markers is
expected. Under higher temperatures, NOSMT species will be
more volatile and thus their equilibrium partitioning may shift

toward the gas phase. In contrast, at night, higher temperatures
lead to increased NOSMT concentrations, potentially as a result
of higher monoterpene emissions.80

No conclusive direct correlation between NOSMT concen-
trations and NO2 was observed across either campaign, with R2

< 0.10 both during the day and at night, although higher
NOSMT concentrations were generally observed with elevated
NO2 levels in both seasons within reasonable uncertainties,
suggesting that formation via NO3 initiated oxidation is
important (Figure S4).
On the basis of previous observations in Beijing, NO3

initiated oxidation can happen both at night and also during
the day as a result of very low NO mixing ratios.48 Only a 2 ppt
of NO3 accounted for 40% of isoprene nitrate production in
the late afternoon. However, the relative role of OH versus
NO3 oxidation on the production of daytime monoterpene
nitrates is unknown. The campaign average steady state NO3

concentration diurnal profile was estimated using eq 1, with k1
= 1.4 × 10−13 exp(−2470/T) and k5 = 1.8 × 10−11 exp(110/
T)79 and is shown in Figure S5. JNO3

values were estimated

using the TUV model based on 1 day from the middle of each
campaign.80 During the summer campaign, the calculated NO3

concentrations increased slightly throughout the morning and
afternoon to ∼3 pptv, before a sharp increase during the late
afternoon into the evening reaching ∼20 pptv, before a
minimum around 08:00 of ∼0.1 pptv. The winter diurnal
variation shows two peaks in NO3 concentrations; the first
peak around 04:00 at ∼2 pptv before a morning minimum and
then another peak around 17:00−5 pptv in line with ozone
concentrations. The average diurnal variation of the NOSMT

species, shown in Figure 2, is consistent with the calculated
average NO3 concentration profiles. However, no direct
correlation was observed between the individual NOSMT

concentrations and concurrent NO3 concentrations (R2 <
0.2), likely due to the multigenerational and heterogeneous
pathways of these tracers. Further work is needed to
understand the factors controlling NOSMT in polluted areas
during the day.
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Monoterpene Organosulfates (OSMT). The identified
monoterpene derived OSs (OSMT) included 44 C9/10 species
during the summer and winter campaigns, as shown in Table 1.
These OSMT have been shown to be produced from either
photooxidation or nitrate radical oxidation of monoterpene
VOCs,23,56 followed by reactive uptake or sulfate radical
reaction.29 Total OSMT concentrations were roughly double
during the winter (5.6 ± 0.8 ng m−3) compared to those in the
summer (2.4 ± 0.8 ng m−3), similar to results seen in other
areas in China.6,73

C9H16O6S was the most abundant OSMT species during the
summer with an average concentration of 0.9 ± 0.4 ng m−3,
with similar concentrations observed previously in Shanghai
(1.17 ng m−3).6 Much lower concentrations were observed in
Beijing (0.06 ng m−3).73 C10H16O5S was the second most
abundant OSMT species during the summer (0.46 ± 0.2 ng
m−3) and was previously identified in Denmark, with
concentrations of 0.8 and 0.6 ng m−3 observed at urban and
semirural sites, respectively.40 The highest OSMT concentration
observed across either campaign was C9H16O7S during the
winter, with a time averaged mean concentration of 2.72 ± 0.2

Figure 3. Binned correlation plots between markers and temperature:
(A) NOSMT during summer, (B) NOSMT during winter, (C) OSMT

during summer, and (D) OSMT during winter. The points represent
the mean concentration ± SD within each temperature range bin.
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ng m−3, similar to concentrations (2.5 ± 2.3 ng m−3) observed
at an urban site in Copenhagen, Denmark during the
summer.40 C9H16O7S showed the most prominent winter
enhancement, with winter concentrations ∼8 times higher than
those observed in the summer.
As for the NOSMT, many of the OSMT species were only

identified in a small number of the samples, and only tracers
that were identified in at least 40% of the samples were used
for analysis. Total OSMT species identified showed nighttime
enhancement with a minima during the afternoon, as shown in
Figure 2c,d. This nighttime peak of OSMT species is likely
linked to the nighttime enhancements of precursor mono-
terpene concentrations.76 Previous laboratory studies of
monoterpenes with NO3 radicals have also shown the
formation of OSMT with the same molecular formulas as
measured here.56 Interestingly, none of the OSMT species
showed a significant correlation (R2 < 0.10) toward SO4

2−

across either campaign, although the highest OSMT concen-

trations did generally occur under the highest SO4
2−

concentrations (Figure S3). SO2 was measured during the
winter campaign, but again no significant correlation (R2 < 0.1)
was observed toward the OSMT tracers. Chamber studies have
shown that, for the reactive uptake of monoterpene derived
epoxides to acidic sulfate aerosol, extreme acidity levels
typically not observed in ambient environment are required
and as such is not thought to be a major route to OSMT

formation.81 Much like the NOSMT species, OSMT showed no
direct correlation toward NO2 concentrations at any time of
day (R2 < 0.15), although higher daytime OSMT concentrations
were associated with higher NO2 concentrations during both
campaigns. Another potential route of formation could be the
degradation of nitrates or NOSMT species to OSMT species
through hydrolysis.31,32 This is further evidenced by the strong
correlation between NOSMT and OSMT concentrations (Figure
S6) during the summer campaign (R2 = 0.87), while a weaker
correlation was observed in the winter (R2 = 0.32), although

Table 1. Molecular Formula, Retention Times, and Time Weighted Means (ng m−3) of Nitrooxy Oganosulfates (NOS) and
Organosulfates (OS) from Monoterpenes (MT) and Isoprene (i) Observed Across Summer and Winter Campaigns in
Guangzhoua

molecular
formula

summer
concentration
(ng m−3)

winter
concentration
(ng m−3) retention time (min)

NOSMT

C10H17NO7S 7.15 11.11 9.40, 10.50, 11.27, 11.64,
11.97, 12.37, 13.10,
13.76

C10H17NO8S 0.48 0.62 4.77, 4.98, 5.55, 5.98,
6.40, 6.97, 7.18, 8.39

C10H17NO9S 0.31 0.42 3.84, 6.61, 8.50, 9.03,
10.47, 13.27, 17.55

C10H19NO9S 0.04 0.05 5.55

C9H15NO8S 0.37 0.91 3.41, 5.98

NOSMT sum 8.34 13.10

OSMT

C10H16O5S 0.46 0.83 2.88, 3.84, 4.87, 5.66,
7.18, 7.43, 8.39, 9.38,
10.51, 11.29, 11.75,
12.8, 13.76

C10H16O6S 0.05 0.08 9.07, 10.47

C10H16O7S 0.09 0.65 2.74, 3.7, 7.04, 12.06

C10H18O5S 0.33 0.26 2.89, 3.37, 6.86

C10H18O6S 0.16 0.17 3.41

C10H18O7S 0.07 0.07 6.08, 7.43

C10H18O8S 0.04 0.07 9.38, 10.51, 11.29, 11.75,
11.99, 12.38, 13.76

C9H16O6S 0.90 0.74 2.86, 3.44, 6.90, 7.37,
7.74, 8.84

C9H16O7S 0.32 2.72 1.72, 2.85, 3.41, 4.52,
6.68, 6.97

OSMT sum 2.44 5.60

NOSi

C5H10O11N2S 9.65 6.96 1.36, 1.68, 1.92, 2.95,
3.59

C5H9O10NS 8.17 2.50 0.94

C5H11O9NS 5.21 1.40 0.86

C5H11O8NS 0.61 0.40 1.09

C5H9O13N3S 0.05 0.01 7.86, 8.22, 8.4

NOSi sum 23.68 11.27

OSi

C5H12O7S 57.42 4.79 0.71

C2H4O6S 23.95 11.71 0.73

C8H14O6S 13.47 10.94 1.48

molecular
formula

summer
concentration
(ng m−3)

winter
concentration
(ng m−3) retention time (min)

OSi

C3H6O5S 12.20 6.74 0.73

C4H8O7S 11.84 5.71 0.73

C5H8O7S 11.76 5.68 0.73

C5H10O7S 11.44 5.02 0.73

C5H10O6S 11.24 5.52 0.79

C4H8O6S 10.85 5.41 0.74

C6H10O7S 9.04 8.60 0.74

C5H10O5S 8.00 19.53 0.93

C8H14O7S 6.96 1.90 0.74

C8H12O7S 5.79 2.52 0.74

C3H6O6S 5.61 5.08 0.73

C2H6O5S 5.13 9.26 0.73

C5H10O8S 4.48 1.11 0.73

C2H4O5S 4.28 3.10 0.73

C5H8O5S 3.91 1.89 0.85

C4H8O5S 3.36 3.73 0.75

C6H12O7S 3.28 2.44 0.83

C8H14O8S 2.62 1.97 0.74

C3H6O7S 2.01 2.36 0.75

C5H12O6S 1.67 1.04 0.74

C5H8O9S 1.46 0.60 0.64

C4H6O6S 1.41 2.66 0.74

C3H8O6S 1.31 1.26 0.75

C7H10O6S 0.87 0.89 0.74

C8H14O10S 0.68 0.46 0.73

C8H10O4S 0.01 0.30 0.78

isoprene OS 236.07 132.20

OSi 181.79 69.45

total BSOA 216.25 99.42
aOSi species in bold had R correlation coefficients of less than 0.6
towards 2-MT-OS or 2-MG-OS and were therefore not used in the
analysis of OSi formation. Isoprene OS is the sum of all potential
isoprene OS species quantified in this study, while OSi is the sum of
all isoprene OS species, which had an R of greater than 0.6 towards
either 2-Mt-OS or 2-MG-OS. Total BSOA is the sum of all quantified
markers in this study.
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no dependence on RH was observed in either campaign.
Further work is needed to determine the hydrolysis pathways
of these NOSMT species leading to OSMT in aqueous particles.
Isoprene Nitrooxy Organosulfates (NOSi). Eleven isoprene

nitroxy organosulfate (NOSi) tracers were identified in the
samples across the two campaigns, including mononitrated
(C5H9O10NS, C5H11O9NS, C5H11O8NS), dinitrated
(C5H10O11N2S), and trinitrated (C5H9O13N3S) species. Unlike
the NOSMT species, NOSi concentrations were roughly double
during the summer (23.7 ± 19.7 ng m −3) than those in the
winter (11.3 ± 10.2 ng m−3), likely due to higher isoprene
emissions. Three mononitrated species have been observed in
ambient samples previously in Shanghai6 and Beijing.1,6,8,48

The most abundant mono-NOSi across both campaigns was
C5H9O10NS, with average concentrations of 8.2 ± 9.8 and 2.5

± 3.0 ng m−3 across the summer and winter campaigns,
respectively. This is consistent with previous summertime
measurements in Beijing in 2015 (9.17 ng m−3)1 and Shanghai,
also for summers 2015 (2.14 ng m−3) and 2019 (7.39 ng
m−3).6 Interestingly Wang et al. in 2021 did not identify
C5H9O10NS during the winter samples collected in Shanghai
during 2016 and 2019. C5H9O10NS was first observed by
Nestorowisz et al. in 2018 via smog chamber experiments and
is suggested to form from the photo-oxidation of isoprene in
the presence of NO. More recently, it has been suggested that
it could be produced from the heterogeneous sulfate reaction
with isoprene hydroxy-α-lactone species formed from the
oxidation of isoprene nitroxy aldehyde by NO3 or OH
radicals.46,82 The average diurnal variation of C5H9O10NS
observed during the summer is almost flat, with a slight uptick

Figure 4. Diurnal variations of three mononitrated NOSi species across (A, C, and E) the summer (left) and (B, D, and F) the winter (right). Data
points were then colored by the average temperature over the filter sampling time period. Where temperature measurements were not available, the
data points are in gray.
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during the afternoon, in line with expected peak isoprene
emissions, while in the winter, the diurnal variation showed
enhancement during the night and early morning (Figure 4
a,b). The diurnal variations also highlight the temperature
dependences of the concentrations, with the points colored by
color, with overlapping temperature scales. During both
campaigns, lower temperatures are associated with lower tracer
concentrations. Lower isoprene concentrations are linked to
lower temperatures, with this variation in isoprene emissions
likely the driver for the limited diurnal variation. Strong
correlations (R2 = 0.61) toward inorganic sulfate were
observed during the day during the summer campaign but
no correlation occurred at night (R2 = 0.16), while during the
winter campaign, a weaker correlation was seen during the day
(R2 = 0.26) and similar correlation during the night (R2 =
0.18). C5H9O10NS showed no direct correlation toward NO or
NO2 across the two campaigns (R2 < 0.1). Overall, this
suggests that particulate sulfate concentrations play a role in
controlling in the formation of C5H9O10NS, especially during
the summer.
C5H11O9NS was the second most abundant of the mono-

NOSi tracers, with summer and winter concentrations of 5.2 ±
7.0 and 1.4 ± 1.8 ng m−3, compared to Beijing during the
summer at 12.6 ng m−31,48 and Shanghai at 6.82 and 0.24 ng
m−3 during the summer and winter, respectively.6 Hamilton et
al. in 2021 proposed that this species is formed from the acid
catalyzed heterogeneous uptake of isoprene nitroxy hydrox-
yepoxide via the initial NO3 oxidation of isoprene. NO3

oxidation is thought to be competitive with OH radicals in
the formation of isoprene nitrates in Beijing during the
afternoons as a result of low NO concentrations, similar to
those observed in Guangzhou. The average diurnal profiles of
C5H11O9NS during the summer and winter are shown in

Figure 4c,d, respectively. During the summer, a slight increase
in concentrations during the afternoon is observed, while
during the winter, a slight increase is observed during the
evening. No correlation was observed toward NO or NO2

throughout either campaign, but a strong correlation toward
particulate SO4

2− (R2 = 0.62) was observed in the summer
daytime samples, compared to R2 = 0.22 during the winter
daytime.
In contrast to the other mono-NOSi species, C5H11O8NS

showed similar concentrations during the summer and winter
campaigns, with concentrations of 0.61 ± 0.6 and 0.4 ± 0.4 ng
m−3, respectively. C5H11O8NS showed the clearest nighttime
enhancement across both campaigns, as shown in Figure 4e,f.
C5H11O8NS was first identified by Surratt et al. in 2008 in
chamber experiments and previously identified in Beijing
during the summer with a lower mean concentration of 0.11 ng
m−3.1 No studies to our knowledge have proposed a formation
route for this species, with the species being identified in both
isoprene/H2O2/NO/acidic seed and isoprene/HONO/neutral
seed experiments. Unlike the other mono-NOSi species,
C5H11O8NS showed a weak correlation toward sulfate, with
the highest correlation observed during the summer daytimes
(R2 = 0.26). C5H11O8NS showed a limited direct correlation
toward either NO or NO2 mixing ratios. However, when the
concentrations of C5H11O8NS, across both campaigns were
plotted against binned NO2 (10 ppb bins size) and NO (5 ppb
bin size), the average concentrations increased under more
polluted conditions, as shown in Figure 5.
The dinitrate NOSi species (C5H10O11N2S) were identified

across the summer (9.7 ± 6.3 ng m−3) and winter (7.0 ± 6.5
ng m−3) campaigns, with four isomers identified in the summer
compared to five during the winter. The dominant isomer in
terms of concentration eluted at 1.92 min and accounted for

Figure 5. C5H11O8NS vs binned NOX concentrations across both campaigns: (A) NO2 and (B) NO. NO2 concentrations were filtered to below 70
ppbv due to a limited number of data points. Data points were then colored by the average temperature over the filter sampling time period. Where
temperature measurements were not available, the data points are in gray.
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76% and 85% of the summer and winter total C5H10O11N2S
concentrations, respectively. Figure S7 shows the diurnal
variations of the isomers, which were identified in at least one
filter sample per collection period. The isomers generally show
a clear nighttime enhancement, with a minimum during the
afternoon, suggesting that nighttime formation is the dominant
route. High variability in concentrations of the dinitrate NOSi
were observed, most likely due to isoprene emission.
For the winter samples in Figure S7b,d, there is a clear

temperature dependence in the concentrations observed.
C5H10O11N2S was first identified by Surratt et al. in 2008 via
photo-oxidation in the presence of NOX or nighttime NO3

oxidation. C5H10O11N2S was previously identified in Beijing,
where four isomers were identified, with a strong nighttime
enhancement and an average concentration of 2.6 ng m−3.1,48

Two dark NO3 radical formation pathways have been
proposed for this dinitrated species. Ng et al. in 2008
suggested formation via an isoprene hydroxynitrate from two
subsequent NO3 attacks, followed by reaction with sulfate.47

Hamilton et al. in 2021 proposed a different route via
heterogeneous uptake onto sulfate of a dinitrated epoxide
species formed via two subsequent NO3 radical additions. A

daytime formation route has also been proposed via the photo-
oxidation of isoprene in the presence of NO.83 Figure S8
shows the concentrations of the two dominant C5H10O11N2S
isomers against binned NO2 concentrations during the
summer (left) and winter (right) and show general increases
in concentration with increasing NO2 levels. No correlation
with NO or NO3 concentrations was observed during either
campaign. The lack of correlation toward NO3 is likely due to
the comparatively long lifetimes of the NOS species at night
compared to NO3 with NO3 concentrations quickly dropping
throughout the night during both campaigns. The
C5H10O11N2S markers also show high concentrations during
the morning sample, under low NO3 concentrations, likely due
to nonlocal sources or boundary layer conditions.
C5H10O11N2S unlike the mononitrated species showed no
correlation toward SO4

2− during either campaign (R2 < 0.10),
suggesting that SO4

2− is not a limiting reagent in the formation
of this dinitrate, which has been observed previously in
Beijing.48 Overall, this suggests that C5H10O11N2S is limited by
the availability of NO3 radicals rather than particulate sulfate
concentrations, but further work is needed to understand the
formation routes in the real atmosphere.

Figure 6. (A) Correlation between OSi concentrations and particulate sulfate, colored by season. (B) Correlation between OSi and the product of
[O3][SO4

2−], colored by season. (C) Correlation between OSi concentration and NO, colored by season. (D) Correlation between OSi and
temperature across both campaigns, colored by SO4

2− concentrations, with the shape indicating the campaign.
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Isoprene Organosulfates (OSi). Thirty-one OSi tracers
were identified across the summer and winter (Table 1), while
two OSi species were exclusively observed in the summer
(C5H12O8S and C8H10O4S) but were only minor components
of the total summertime OSi concentrations (0.16%) and so
were not considered further to allow for a direct comparison
between the two seasons. Figures S9 and S10 show correlation
plots (corPlot, Openair, R package) containing the OSi tracers
from the summer and winter, respectively. The plots highlight
the strong correlations between the species. The number
represents the Pearson coefficient (R) between the two species,
i.e., 60 is an R of 0.6. More elongated circles represent higher
correlations either positive (to the right) or negative (to the
left), while darker red circles represent higher positive
correlations and lighter green/blue circles represent stronger
negative correlations. In both campaigns, there are several
tracers that have weaker correlations toward the rest of the
tracers, which is more pronounced during the winter campaign,
with C5H10O5S and C4H6O6S showing anticorrelations,
suggesting a mixed biogenic/anthropogenic source. The two
most well-studied isoprene tracers are C5H12O7S and
C4H8O7S. For quality control, OSi tracers that did not show
a moderate (R > 0.60, as shown in Figures S9 and S10)
correlation toward at least one of these tracers in either
campaign were removed from the data set. This was done to
improve the confidence that these tracers are from isoprene
chemistry rather than other sources. Eighteen OSi tracers were
therefore used in the analysis across both campaigns and going
forward known collectively as OSi.
The most abundant tracer during the summer campaign was

C5H12O7S (2-methyl tetrol organosulfate, 2-MT-OS) with an
average concentration of 57.4 ± 90.4 ng m−3 accounting for
32% of the total OSi. Much lower concentrations of 2-MT-OS
were seen during the winter campaign, with an average
concentration of 4.8 ± 7.1 ng m−3 and a lower contribution
(6.9%) to the total OSi concentration. 2-MT-OS is one of the
most common isoprene tracers and has been identified in
multiple locations globally, including China,1,6,8 the US,4,5,84

Europe,40 and South America.85 2-MT-OS is formed via the
reactive uptake of isoprene epoxydiols (IEPOX) with
particulate sulfate and is often used as a marker of “low-NO”
isoprene photochemistry.27,63 C4H8O7S (2-methyl glyceric acid
organosulfate, 2-MG-OS) is another common OSi tracer,
formed via reactive uptake onto the sulfate of methacrylic acid
epoxide (MAE) or hydroxymethyl−methyl lactone (HMML)
via a “high NO” formation pathway.14,27,86,87 2-MG-OS
showed less seasonality than 2-MT-OS with summer and
winter concentrations of 11.8 ± 15.7 and 5.7 ± 4.9 ng m−3,
respectively. 2-MG-OS concentrations could be influenced by
high average temperatures during both campaigns (summer,
30.4 °C; winter, 18 °C) due to the rapid thermolysis of
peroxymethacryloyl (PMA), the precursor to methacryloylper-
oxynitrate (MPAN) above 20 °C.88 During the summer, the
average 2-MT-OS/2-MG-OS ratio was 7.6, with a maximum of
49.2, which occurred under low NO conditions for an urban
area (ca. 0.48 ppb). Mean NO concentrations were roughly
double during the winter (12.1 ppb) compared to those in the
summer (5.37 ppb). The average 2-MT-OS/2-MG-OS ratio
observed in summer was very similar to previous observations
in Shanghai (6.8−7.8).6 The largest observed 2-MT-OS/2-
MG-OS ratios are in line with those seen in the southeastern
United States (33.8).4 During the winter, the average 2-MT-
OS/2-MG-OS ratio was 0.73 (range 0.01−3.8). The lowest 2-

MT-OS/2-MG-OS ratios occurred during the lowest NO
concentrations, likely due to the extremely low afternoon NO
concentrations and long sampling periods and were similar to
those observed in summertime Beijing (0.55, Bryant et al. in
2020), suggesting that wintertime oxidation conditions in
Guangzhou are similar to those during summer in Beijing.
Newland et al. in 2021 showed that up to 30% of isoprene
derived peroxy radicals (ISOPOO) from OH oxidation can
react with HO2 rather than NO during the afternoon in Beijing
when NO concentrations drop to less than 1 ppb.
Strong correlations were observed between the majority of

tracers identified as OSi (R = 0.50−0.97), as shown in Figures
S9 and S10, indicating similar formation pathways or losses.
The OSi tracers concentrations were summed to allow for an
investigation of what influences OSi formation in Guangzhou.
Total OSi concentrations showed moderate correlations
toward particulate sulfate across both campaigns as shown in
Figure 6a (summer, R2 = 0.55; winter, R2 = 0.40). Interestingly,
the gradients of the best fits during the summer and winter are
very different, with the summer gradient ∼6.7 times higher
than that of the winter. During the summer, every additional 1
μg m−3 of sulfate available increases the OSi concentrations by
∼52 ng m−3 but only 7.7 ng m−3 in the winter. Bryant et al. in
2020 showed a stronger correlation between OSi species with
the product of ozone (as a proxy for photochemistry) and
particulate sulfate in Beijing, highlighting the role of both local
photochemistry and particulate sulfate in OSi formation.
However, in Guangzhou, the correlation of total OSi
concentrations toward [O3][SO4

2−] were lower (summer R2

= 0.32 and winter R2 = 0.20) than the correlations toward
sulfate (Figure 6b). The correlation of [O3][SO4

2−] is likely to
be weaker at longer photochemical ages when the O3

concentration is not directly related to the photochemical
formation of the OSi local to the observation site. During the
summer, the highest total OSi concentrations occurred under
the lowest NO concentrations (0−5 ppb, Figure 6b),
highlighting the importance of “low-NO” oxidation routes for
isoprene emissions during the summer.
The OSi tracers showed strong seasonality in comparison to

the other tracer groups, with average summer and winter
concentrations of 181.8 (1.84−1049.8 ng m−3) and 69.5 ng
m−3 (7.8−229.4 ng m−3), respectively. This large difference in
concentrations is likely due to both changes in isoprene
emissions,65 and solar irradiance and has been observed at
other locations.6,41

OSi concentrations greatly increased with temperature
above 30 °C, as shown in Figure 6d. This type of temperature
dependence has been seen for isoprene emissions previ-
ously.80,89 Overall, this suggests that increased OSi concen-
trations are driven by primary isoprene emissions as well as the
availability of sulfate for uptake into the particle phase.

■ CONCLUSION

PM2.5 filter collection was conducted to investigate the
formation processes of organosulfates (OSs) and nitrooxy-
organosulfates (NOSs) across a summer and winter campaign
in Guangzhou, a southern Chinese megacity, influenced by
high biogenic and anthropogenic emissions. The targeted
analysis of OSs and NOSs from isoprene and monoterpenes
was undertaken, with tracers quantified using both authentic
and proxy standards. Quantified biogenic OS and NOS
concentrations averaged 216.3 and 99.4 ng m−3 during the
summer and winter, respectively, with OSi contributing 84%
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and 70%. The majority of monoterpene derived OS and NOS
species showed strong nocturnal enhancements, owing to
increased precursor emissions and/or NO3 oxidation chem-
istry. OSMT showed a limited correlation to potential reactants
but showed a strong correlation toward NOSMT species,
especially during the summer, suggesting a potential NOSMT to
OSMT degradation route. Several NOSi species were identified,
with mixed formation routes via both daytime OH and ozone
initiated photo-oxidation and nocturnal NO3 oxidation. Several
of the mononitrated species showed moderate correlations to
particulate sulfate (R2 = 0.61), while the dinitrated species
were poorly correlated (R2 < 0.1). 2-MT-OS was the most
abundant isoprene tracer during the summer campaign, with
an average concentration of 57.4 ng m−3, 32% of the total OSi.
2-MT-OS/2-MG-OS ratios during the summer (7.6) com-
pared to those in the winter (0.73) suggest that low-NO
formation pathways were dominant in the summer, as seen in
Beijing previously. OSi species showed a strong temperature
dependence, with concentrations increasing sharply with
temperatures above 30 °C, likely due to increased precursor
isoprene emissions. OSi showed a direct relationship toward
particulate sulfate, especially during the summer and highlights
the extensive heterogeneous chemistry occurring. Future
studies should focus on increasing the time resolution of
observations of OS/NOS, taken alongside detailed speciated
VOC measurements and NO3 radical measurements, to allow
for more detailed diurnal variations to be studied as well as
improving our ability to accurately quantify tracers through the
synthesis of standards or new quantification techniques.
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Natural Abundance 13C and 14C Analysis of Water-Soluble Organic
Carbon in Atmospheric Aerosols. Anal. Chem. 2010, 82 (19), 7973−
7978.
(20) Gómez-González, Y.; Surratt, J. D.; Cuyckens, F.; Szmigielski,
R.; Vermeylen, R.; Jaoui, M.; Lewandowski, M.; Offenberg, J. H.;
Kleindienst, T. E.; Edney, E. O.; Blockhuys, F.; Van Alsenoy, C.;
Maenhaut, W.; Claeys, M. Characterization of Organosulfates from
the Photooxidation of Isoprene and Unsaturated Fatty Acids in
Ambient Aerosol Using Liquid Chromatography - Electrospray
Ionization Mass Spectrometry. J. Mass Spectrom. 2008, 43 (3),
371−382.
(21) Surratt, J. D.; Gómez-González, Y.; Chan, A. W. H.; Vermeylen,
R.; Shahgholi, M.; Kleindienst, T. E.; Edney, E. O.; Offenberg, J. H.;
Lewandowski, M.; Jaoui, M.; Maenhaut, W.; Claeys, M.; Flagan, R. C.;
Seinfeld, J. H. Organosulfate Formation in Biogenic Secondary
Organic Aerosol. J. Phys. Chem. A 2008, 112 (36), 8345−8378.
(22) Surratt, J. D.; Murphy, S. M.; Kroll, J. H.; Ng, N. L.;
Hildebrandt, L.; Sorooshian, A.; Szmigielski, R.; Vermeylen, R.;
Maenhaut, W.; Claeys, M.; Flagan, R. C.; Seinfeld, J. H. Chemical
Composition of Secondary Organic Aerosol Formed from the
Photooxidation of Isoprene. J. Phys. Chem. A 2006, 110 (31),
9665−9690.
(23) Chan, M. N.; Surratt, J. D.; Chan, A. W. H.; Schilling, K.;
Offenberg, J. H.; Lewandowski, M.; Edney, E. O.; Kleindienst, T. E.;
Jaoui, M.; Edgerton, E. S.; Tanner, R. L.; Shaw, S. L.; Zheng, M.;
Knipping, E. M.; Seinfeld, J. H. Influence of Aerosol Acidity on the
Chemical Composition of Secondary Organic Aerosol from β-
Caryophyllene. Atmos. Chem. Phys. 2011, 11 (4), 1735−1751.
(24) Shalamzari, M. S.; Vermeylen, R.; Blockhuys, F.; Kleindienst, T.
E.; Lewandowski, M.; Szmigielski, R.; Rudzinski, K. J.; Spólnik, G.;
Danikiewicz, W.; Maenhaut, W.; Claeys, M. Characterization of Polar
Organosulfates in Secondary Organic Aerosol from the Unsaturated
Aldehydes 2-E-Pentenal, 2-E-Hexenal, and 3-Z-Hexenal. Atmos. Chem.
Phys. 2016, 16 (11), 7135−7148.
(25) Xu, L.; Guo, H.; Boyd, C. M.; Klein, M.; Bougiatioti, A.;
Cerully, K. M.; Hite, J. R.; Isaacman-VanWertz, G.; Kreisberg, N. M.;
Knote, C.; Olson, K.; Koss, A.; Goldstein, A. H.; Hering, S. V.; Gouw,
J. de; Baumann, K.; Lee, S.-H.; Nenes, A.; Weber, R. J.; Ng, N. L.
Effects of Anthropogenic Emissions on Aerosol Formation from
Isoprene and Monoterpenes in the Southeastern United States. Proc.
Natl. Acad. Sci. U. S. A. 2015, 112 (1), 37−42.
(26) Surratt, J. D.; Kroll, J. H.; Kleindienst, T. E.; Edney, E. O.;
Claeys, M.; Sorooshian, A.; Ng, N. L.; Offenberg, J. H.; Lewandowski,
M.; Jaoui, M.; Flagan, R. C.; Seinfeld, J. H. Evidence for
Organosulfates in Secondary Organic Aerosol. Environ. Sci. Technol.
2007, 41 (2), 517−527.
(27) Surratt, J. D.; Chan, A. W. H.; Eddingsaas, N. C.; Chan, M.;
Loza, C. L.; Kwan, A. J.; Hersey, S. P.; Flagan, R. C.; Wennberg, P. O.;

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00204
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

M



Seinfeld, J. H. Reactive Intermediates Revealed in Secondary Organic
Aerosol Formation from Isoprene. Proc. Natl. Acad. Sci. U. S. A. 2010,
107 (15), 6640−6645.
(28) Iinuma, Y.; Müller, C.; Berndt, T.; Böge, O.; Claeys, M.;
Herrmann, H. Evidence for the Existence of Organosulfates from β-
Pinene Ozonolysis in Ambient Secondary Organic Aerosol. Environ.
Sci. Technol. 2007, 41 (19), 6678−6683.
(29) Nozier̀e, B.; Ekström, S.; Alsberg, T.; Holmström, S. Radical-
Initiated Formation of Organosulfates and Surfactants in Atmospheric
Aerosols. Geophys. Res. Lett. 2010, 37 (5), L05806.
(30) Schindelka, J.; Iinuma, Y.; Hoffmann, D.; Herrmann, H. Sulfate
Radical-Initiated Formation of Isoprene-Derived Organosulfates in
Atmospheric Aerosols. Faraday Discuss. 2013, 165 (0), 237−259.
(31) Darer, A. I.; Cole-Filipiak, N. C.; O’Connor, A. E.; Elrod, M. J.
Formation and Stability of Atmospherically Relevant Isoprene-
Derived Organosulfates and Organonitrates. Environ. Sci. Technol.
2011, 45 (5), 1895−1902.
(32) Hu, K. S.; Darer, A. I.; Elrod, M. J. Thermodynamics and
Kinetics of the Hydrolysis of Atmospherically Relevant Organo-
nitrates and Organosulfates. Atmos. Chem. Phys. 2011, 11 (16), 8307−
8320.
(33) Passananti, M.; Kong, L.; Shang, J.; Dupart, Y.; Perrier, S.;
Chen, J.; Donaldson, D. J.; George, C. Organosulfate Formation
through the Heterogeneous Reaction of Sulfur Dioxide with
Unsaturated Fatty Acids and Long-Chain Alkenes. Angew. Chem.,
Int. Ed. 2016, 55 (35), 10336−10339.
(34) Kristensen, K.; Bilde, M.; Aalto, P. P.; Petäjä, T.; Glasius, M.
Denuder/Filter Sampling of Organic Acids and Organosulfates at
Urban and Boreal Forest Sites: Gas/Particle Distribution and Possible
Sampling Artifacts. Atmos. Environ. 2016, 130, 36−53.
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