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ABSTRACT: Oxygenated volatile organic compounds (OVOCs)
and secondary organic aerosol (SOA) formation potential of
ambient air in Guangzhou, China was investigated using a field-
deployed oxidation flow reactor (OFR). The OFR was used to
mimic hours to weeks of atmospheric exposure to hydroxyl (OH)
radicals within the 2−3 min residence time. A comprehensive
investigation on the variation of VOCs and OVOCs as a function
of OH exposure is shown. Substantial formation of organic acids
and nitrogen-containing OVOC species were observed. Maximum
SOA formation in the OFR was observed following 1−4 equiv
days’ OH exposure. SOA produced from known/measured VOC/
IVOC precursors such as single-ring aromatics and long-chain
alkanes can account for 52−75% of measured SOA under low NOx and 26−60% under high NOx conditions based on laboratory
SOA yield parametrizations. To our knowledge, this is the first time that the contribution (8−20%) of long-chain (C8−C20) alkane
oxidation to OFR SOA formation was quantified from direct measurement. By additionally estimating contribution from
unmeasured semivolatile and intermediate volatility compounds (S/IVOCs) that are committed with C8−C20 alkanes, 64−100% of
the SOA formation observed in the OFR can be explained, signifying the important contribution of S/IVOCs such as large cyclic
alkanes to ambient SOA.
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1. INTRODUCTION

Organic aerosols (OA), accounting for 20−70% of the fine
particle mass concentrations,1−3 can substantially impact air
quality, human health, and climate.4−7 Despite its ubiquity, OA
is still the least understood component of ambient aerosols due
to its complex physicochemical properties that change as a
function of atmospheric processing.8−10 OA, comprised of
thousands of individual species, can be directly emitted to the
ambient air as primary organic aerosols (POA) or formed as
secondary organic aerosols (SOA) through condensation from
oxidation products of gas-phase organic precursors including
volatile organic compound (VOC) and/or semi/intermediate
VOC species (S/IVOC),8,11,12 as well as from heterogeneous
and multiple phase reactions.13,14 Large discrepancies have
been found between measured and simulated OA with various
types of models in urban areas.15,16 This large gap is mainly
caused by the incomplete understanding of precursors,
formation, and aging processes of SOA in urban plumes.17

Recently, the development of field-deployable oxidation flow
reactors (OFR) has provided a new approach to investigate

SOA formation.18−21 The advantages associated with OFR
include its portability for investigating SOA formation in the
field under real-world conditions, and access to a wide range of
OH exposures (several hours to months) within minutes of
real time.22−27 The latter enables the study of the multi-
generational SOA oxidative aging process including formation
of early generation, lower volatility oxidation products followed
by later-generation, and higher-volatility oxidation products
formed from fragmentation reactions which also can result in
net SOA mass losses.14,28,29

So far, OFR field studies include measurement locations at
forest areas,23,24,29,30 urban downtown,22,26,27,3132,33 road-
side,26,32 tunnel environments,25 and aircraft.34 Those studies
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found up to a factor of 4 increase in the SOA:POA ratio as a
function of OH exposure in OFR. Further, OH oxidation of
traditional VOC precursors in OFRs is thought to contribute
only a fraction (∼20−50%) of the observed SOA formation,
with remaining SOA formation typically attributed to the
oxidation of S/IVOCs and oxygenated VOCs (OVOCs) with
potentially large SOA yields as in ambient SOA forma-
tion.22,25,27,35,36

Overall, contributions of S/IVOCs to SOA formation in
real-world urban environments are poorly constrained due to
the analytical challenges associated with measurements, their
variable emission factors from different sources, and overall
low level of characterization in laboratory chamber studies
relative to VOCs.37,38 For example, Lu et al.39 showed S/
IVOCs emitted from sources such as diesel, gas-turbine
engines have substantially higher SOA formation potential
than traditionally well-studied VOCs such as monoaromatics,
whereas S/IVOC and traditional VOC emissions from gasoline
engine contribute similar amount to SOA formation. Similarly,
while some box22,40 and 3-D41 modeling work show important
S/IVOC contributions to SOA formation in urban environ-
ments, other models42−44 found less. In situ OFR-based
studies of the SOA formation potential in urban regions,
coupled with direct measurements of both reactive VOC and
S/IVOC precursors, may provide new insight on this issue.
In this study, we investigated the in situ OVOC and SOA

formation potential of ambient air at a typical urban area in
China using an OFR. A comprehensive suite of VOCs and
primary and secondary OVOCs were measured as a function of
OH exposure. Similarly, secondary organic and inorganic
aerosol formation was characterized as a function of photo-
chemical age and compared with results from previous OFR
studies. The combined set of gas- and condensed-phase
measurements was used to estimate contributions of individual
SOA precursor to the observed SOA formation in the OFR.
Notably, for the first time, we estimated SOA contributed from
C8−C20 alkanes, where C12−C20 alkanes are key IVOC species,
based on direct measurement of their consumption in the
OFR.

2. EXPERIMENTAL SECTION
2.1. Field and Laboratory Experiments. The field

campaign PRIDE-GBA (Particles, Radicals, Intermediates
from oxiDation of primary Emissions in Greater Bay Area)
was conducted in Guangzhou city, China from October to
November 2018.45 The observation site (23.13°N, 113.26°E),
located in a typical downtown urban area, was on the roof of a
9-story building in the campus of Geoscience Institute at
Guangzhou (GIG), Chinese Academy of Science (CAS)
(Supporting Information (SI) Figure S1). Ambient temper-
ature and relative humidity (RH) during the campaign ranged
from 17 to 31 °C (23.7 ± 2.8 °C in average) and 40 to 95%
(72 ± 17%), respectively.
2.2. Oxidation Flow Reactor (OFR). SI Figure S2 shows a

schematic of the OFR-based experimental setup. During
PRIDE-GBA, ambient air was exposed to OH radicals
generated in an aerodyne potential aerosol mass (PAM)
OFR.18−20 The PAM OFR is a cylindrical vessel with an
internal volume of 13.3 L. Two low pressure mercury UVC
lamps covered by segmented heat shrink tubing were enclosed
in type 214 quartz sleeves and mounted symmetrically in the
opposite corners of the OFR (SI Figure S2). A nitrogen purge
gas flow of 0.2−0.3 L min−1 was introduced into the sleeves to

cool the lamps and to prevent ozone formation between the
lamps and sleeves.23,29

OH and HO2 radicals were generated via photolysis of O2 +
H2O at λ = 185 nm plus photolysis of O3 at λ = 254 nm.46−48

The RH and temperature in ambient air and the OFR were
monitored by an ambient meteorological station on site and a
sensor set in the backplate of OFR (SI Figure S3). A
fluorescent dimming ballast was used to control the photon
flux and OH concentration by regulating the voltage applied to
the lamps through the control software. In typical measure-
ment sequences, we cycled through eleven lamp voltage
settings (including light off) every 2−3 h.
To maximize transmission of ambient gas and aerosol

species through the OFR inlet, a 1.5 m-long conductive PFA
tube (1/4 in., o.d.) wrapped with aluminum foil was used based
on the results of Deming et al.49 Gases and particles were
sampled from the OFR through separate Teflon and stainless-
steel sample lines, as shown in SI Figure S2. A makeup flow
was added to maintain constant flow through the OFR and
ambient sampling line to minimize dead volumes. The OFR
was sampling ambient air all the time. The total flow rates
through the OFR were between 4.7 and 7.5 L min−1 depending
on instrument deployment after OFR at different periods
during field measurements corresponding to a calculated mean
residence time of 110−170 s. Within the residence time range,
no kinetic limitation for condensation of SVOC/LVOC was
found due to the high ambient condensation sink in this study
(OA concentration is >1.5 ug m−3).50,51

2.3. Instrumentation. The chemical composition of
ambient and oxidized aerosols in OFR were detected by a
high-resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS, hereafter termed as “AMS”, Aerodyne Research Inc.
Billerica, MA) coupled with standard vaporizer (SV)52 at a
time resolution of 2 min.53,54

The ionization efficiency (IE) of the AMS was calibrated
every 3−5 days with monodisperse 400 nm dry pure
ammonium nitrate particles (NH4NO3). A stable IE/airbeam
variation across the entire campaign (<5%) was found. Two
Nafion dryers (Puma Pure Inc., U.S.) were used to maintain
sample RH < 40% before entering the AMS. A chemical
composition-based collection efficiency (CDCE) correction
was applied to the AMS data sets.55 OA elemental ratios were
obtained by fitting the high-resolution peaks of ions detected
by ToF-MS, and corrected with the new calibration parameters
reported in Canagaratna et al.56

In addition to the AMS, a scanning mobility particle sizer
(SMPS) was used to measure particle size distribution
(mobility diameter = 14−650 nm) at a time resolution of 4
min. The total residence time of the ambient sampling line to
the AMS and SMPS was ∼3 s, and a 30 s delay ahead of data
acquisition was applied when alternating between OFR and
ambient lines to avoid air-lag influences from nucleation
explosion from OFR. SI Figures S4 and S5 show good
agreement on particle mass concentrations between the AMS
vs SMPS measurements.
A proton-transfer reaction time-of-flight mass spectrometer

alternating between H3O
+ and NO+ ion chemistry (referred to

“PTR-MS” hereafter, Ionicon Analytik and Kore Technology,
Austria)57,58 and an iodide-adduct long time-of-flight chemical-
ionization mass spectrometer (referred to “I-CIMS”, Aerodyne
Research Inc., U.S.)59 were used to measure VOCs, IVOCs,
and OVOCs from November 9 to November 20 with 10−30 s
time resolution. The PTR-MS was calibrated daily with a 16-
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component VOC gas standard mix under both dry and
ambient RH.45 In calibrating mixing ratios of OVOCs
measured with the CIMS, a voltage scanning procedure was
performed after consideration of relative transmission
efficiency for the ions. Detailed information on this CIMS
calibration can be found in a separate instrument overview
paper in Ye et al.59 This assumption does not change
interpretation of trends in individual compounds as a function
of OH exposure but may bias the calculated relative
abundances of individual OVOCs. Mean mixing ratios,
proposed molecular structures, and OH reaction rate
coefficients (kOH) are summarized in SI Tables S1 and S2.
O3 were measured with an O3 analyzer (model 205 dual beam,
2B Technologies Inc., U.S.) at a time resolution of 10 s.
2.4. Wall Loss and LVOC Fate Correction. Losses of gas

and aerosol species to OFR walls were calculated by
normalizing their mass concentrations measured in OFR

with the lights turned off to corresponding mass concen-
trations measured through the ambient sample line immedi-
ately before and after sampling the dark OFR.23 Negligible wall
losses were observed for VOCs, IVOCs, and small organic
acids measured with the PTR-MS and CIMS (SI Table S2).
The wall loss correction for low volatile organic compounds
(LVOCs), which are oxidized products from VOCs, was also
performed according to the estimation method in Palm et al.23

In this study, an upper limit of only 20% of the LVOCs was
lost to the wall due to the high condensation sink of aerosols in
OFR (SI Figure S6). For consistency with previous studies,22,23

all LVOC fate correction including LVOC wall loss, gas-
reaction of LVOCs with OH radicals, and LVOC exiting OFR
pathways were corrected to the final SOA mass concentration
in OFR. In the model, we assumed the formed SOA was
predominately contributed by the LVOC, similar to Palm et
al.23

Figure 1. Relative ratios of gas-phase organic compound concentration between OFR and ambient air as a function of atmospheric-equivalent
photochemical age in OFR. In Figure 1a,b, theoretical decays were also calculated with the kOH from literatures assuming VOCs only react with OH
radicals, and assuming laminar flow with the measured RTD shown in SI Figure S8. All the VOC species were measured by the PTR-MS and
CIMS. Detailed information on instrumentation, kOH used for different VOC species can be found in SI Tables S1 and S2.
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We measured campaign-average wall losses of 5% for OA,
and 1% for sulfate, 28% for nitrate, and 41% for chloride
aerosols detected with the AMS (SI Figure S7). Our OA wall
losses are similar to values (4−5%) reported in other ambient
PAM OFR studies.22,23,29,34 The strong positive correlation
between nitrate and chloride loss with RH suggested the high
RH is the leading factor for OFR denuding effect in this study
(SI Figure S8). This might be due to the nitrate and chloride
are more sticky to the wet internal wall at higher RH.
2.5. Estimated Contribution of VOC and IVOC

Precursors to SOA Formation in OFR. To estimate the
SOA contributed from VOC and IVOC consumption in the
OFR that was measured with PTR-MS, we applied laboratory
SOA yield parametrizations based on 4-product38,44 and 5-
product60 volatility basis set (VBS) distributions of the
effective saturation concentration (C*) at 298 K (SI Table
S3). Because SOA yields are in some cases influenced by NOx

levels, laboratory SOA mass yields obtained in both low and
high NOx chemistry regimes were applied in this analysis as
upper and lower limit values. The laboratory SOA mass yield
under high NOx condition already include the SOA masses
from organic nitrate contribution. We used a box model51 to
simulate the RO2 fate in OFR under our field study condition.
The results showed when only HO2 and NO pathways were
compared, an average 21% ± 17% of RO2 reacted with NO
and left with HO2 (79%) in the OFR of this campaign (SI
Figure S9a) by assuming a reaction rate coefficient of 1e-11
cm3 molecule−1 s−1 for both reactions. The dominance of HO2

oxidation pathway with RO2 is mainly due to the NOx quick
oxidation by OH, HO2, and O3 reactions in the OFR under
high OH exposures (>5 days) suppress the role of NOx in
OVOC and SOA formation in our studies.51,61 However, the
fraction of NO pathway could increase up to 80−95% as the
ambient NO concentration got higher and OH equivalent
aging time is below 2 days, as shown in SI Figure S9b.

2.6. OFR OH Exposure Calibration in the Laboratory
and Field Studies. The integrated OH exposure (OHexp),
defined as the product of the mean OH concentration and
OFR residence time, was calculated from the decay of reactive
gas-phase tracers46,48 using a setup as shown SI Figure S2b and
laboratory experimental conditions summarized in SI Table S4.
Based on these series of OHexp calibration experiments, a set of
parameters (SI Table S5) for empirical OHexp estimation eq
(SI eq S1) was recalibrated. The detailed calibration procedure
and results can be found in SI Section 1. Overall, both
laboratory with standard gases of SO2 and VOCs (SI Figures
S11−15) and field studies (Figure 1a) show the new set of
parameters obtained here is applicable for estimating the
OHexp in field-deployed OFR when RH is >20%.

3. RESULTS AND DISCUSSIONS

3.1. VOC Oxidation and OVOC Formation in OFR.
Figure 1 shows the study-average behavior of representative
VOCs, IVOCs, and OVOCs measured as a function of OH
exposure in the OFR. Concentrations of primary VOCs such as
alkanes, aromatics and isoprenoids decrease in the OFR
relative to their ambient levels (Figure 1a,b). The rate of decay
of these primary VOCs generally tracks the theoretical decay
curves calculated from their literature kOH values (SI Table S1)
and the OH exposure in the OFR. For example, benzene (kOH
= 1.22 × 10−12 cm3 molec.−1 s−1) decays the slowest whereas
isoprene and monoterpene (kOH = 1.0 × 10−10 −5.23 × 10−11

cm−3 molec.−1 s−1) decay much faster.
The wide spectrum changes of overall organic species in

ambient vs OFR during a typical period is shown in Figure 2.
The largest absolute VOC decay was associated with toluene
(Figure 2a), due to its high ambient concentrations57,58 and
moderate kOH value62 (SI Table S1) that enabled significant
consumption in the OFR over the range of OHexp studied here.
For similar reasons, significant consumption of other aromatic

Figure 2. VOC composition in ambient and OFR measured by (a) the PTR-MS and (b) the CIMS at a typical time point (November 18, 17:00−
18:00). The isoprene and C8−C20 alkanes in Figure 2a,c were measured by PTR-MS NO+ mode, and others are from PTR-MS H3O

+ mode. The
OHexp in the OFR is equivalent to ∼4 days of photochemical ages. This data point shows a comparison ratio of ∼1:1 between RO2+HO2 versus
RO2+NO ratio. We classified the measured VOC species into different categories by their assigned molecular structure in PTR-MS. The category of
the CIMS was based on ion elemental composition. Mass spectrum differential of gas-phase organic species between ambient and OFR in the (c)
PTR-MS and (d) CIMS. The color code is consistent with their corresponding pie charts. The black and gray sticks in Figure 2c are the formed
ions and depleted ions in the PTR-MS without categorization as shown in Figure 2a. The black ions in Figure 2d is the depleted ions detected by
the CIMS.
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species such as C8, C9 aromatics, benzene, and styrene was
observed (Figure 2).
On the other hand, compounds such as phenol and cresol

decayed more slowly than expected based on their kOH values
(Figure 1b). The formation of cresol was found in OFR at low
OH exposures (<1 equiv day). This behavior is observed
because these compounds are emitted directly from primary
sources yet are also important first- and second-generation
oxidation products that are formed from the reaction of
benzene and toluene with OH and HO2 radicals.63−65 At
higher OH exposure, oxidation of phenol and cresol resulted in
large production of later generational oxidation products such
as catechol and methyl catechol whose concentrations were
enhanced by up to 20−25 at an equivalent photochemical age
of ∼10 days (Figure 1d).
Additionally, C1−C5 OVOCs were detected at enhanced

levels in the OFR, including carbonyls such as formaldehyde
(CH2O), acetone (C3H6O), acrolein (C3H4O), and acids such

as formic acid (CH2O), acetic acid (C2H4O), butyric acid
(C4H8O2), pyruvic acid (C3H4O3), pentanoic acid (C5H10O2),
isocyanic acid (HNCO) and hydrocyanic acid (HCN) (Figure
1c,d and Figure 2). These compounds are known oxidation
products of biogenic23,66 and anthropogenic VOCs.67−69 Here
we hypothesize that these organic acids formation are formed
primarily from multigenerational oxidation of VOCs70,71 and/
or heterogeneous oxidation of particles,72 with potentially very
minor contributions from OA photolysis (<1% of total OA) at
185/254 nm.47,73

Among all the molecules measured by the CIMS (Figure 2
and SI Figure S15) OVOCs with 1−2 oxygen atom (CxHyO
and CxHyO2) are the mostly increased molecules (a factor of
30 for absolute concentrations), the fraction of which increased
from 55% to 80% as the absolute total OVOC concentration
enhanced 20 times in OFR. Less formation of OVOCs
containing 3−6 oxygen atoms (a factor of 7.5) was observed.
Large amount of newly formed OVOCs with seven or more

Figure 3. (a) Enhancement of absolute mass concentration of OA and other inorganic species (sulfate, nitrate, ammonium, and chloride) as a
function of estimated photochemical age, assuming ambient OH concentration = 1.5 × 106 molec. cm−3.79 Corrected enhanced OA enhancement
results using a LVOC fate model23 are also shown. The enhanced OA data used insubsequent analysis of this study are all LVOC fate corrected.
The scaled enhancement ratio is shown on the right axis. (b) Enhanced OA /ΔCO (i.e., ΔOA/ΔCO) as a function of photochemical age at
Guangzhou and comparison with OFR results obtained in other anthropogenic influenced areas. Note LVOC wall loss from the Beijing study31 and
Tunnel study in Pittburgh25 were not corrected, although the correction should be small (<20%) based on their high aerosol concentrations.23

ΔCO = measured CO − background CO (135 ppb) was used in this study (c) Comparison of total OA/ΔCO versus photochemical age at
Guangzhou and Los Angeles studies.22 The total OA in OFR is the sum of ambient OA and newly formed OA. Equation 1 was used to fit the line.
Fitted parameters are shown in Figure 3c. The SIMPLE model was calculated based on updated correlationship between VOC emission ratio and
normalized Monoaromatic VOC reactivity (sum of benzene, toluene and C8 reactivity versus ΔCO) reported in Nault et al.17 The detailed
introduction about SIMPLE model can be found in Hodzic and Jimenez et al.41 (d) The diurnal variation of maximum OA enhancement and
ΔOA/ΔCO in the OFR, and the diurnal variations of ambient VOC and IVOC concentration measured by PTR-MS are also shown. The diurnal
variation time in the x-axis of Figure 3d refers to local time.
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oxygen atoms (7.6 ppb, a factor of 40 enhancement) were also
found. The highly oxidized molecules may be generated
following autoxidation of peroxyl radicals, especially under low
OH exposure,51 and have been observed following the OH
oxidation of aromatic and olefinic VOCs.68,74

Finally, the fraction of nitrogen and sulfur-containing
OVOCs also increased from 0.15 to 3.4 ppb (a factor of 22)
and from 0.002 to 0.58 ppb (a factor of >100), respectively,
with OH exposures. (Figure 2). Isocyanic acid (HNCO), a
toxic compound for human health,75 is the most enhanced
nitrogen-containing species. The greatly enhanced ratio of
HNCO in OFR (up to a factor of 25) supports that
photochemistry is an important formation pathway for ambient
HNCO under urban environments.76,77

3.2. Secondary Aerosol Formation in OFR. Time series
and the average mass concentration of OA in the ambient air
and OFR are shown in SI Figure S18. Much higher SOA
formation was observed in the OFR during polluted periods (a
factor of 2.6), with elevated concentrations of ambient aerosols
and VOC precursors, than clean periods (SI Figure S18e). The
high SOA formation potential measured in the OFR during
polluted periods suggests that the full impact of haze events is
realized over extended atmospheric aging time scales that are
relevant to regional transport.

Figure 3 shows the average absolute enhancement in aerosol
mass concentrations (OFR output, ambient) as a function of
OHexp. The OA enhancement increased rapidly at lower OHexp

and peaked around 2 equiv days (peak conc. = 11.5 μg m−3)
due to efficient condensation of semivolatile and low-volatility
oxidation products generated in the OFR.2 At OHexp ≥ 4 days,
the SOA concentration started to decrease due to heteroge-
neous oxidation-induced OA fragmentation14 Ammonium and
nitrate aerosol enhancements of up to 0.8 and 2.7 μg m−3 were
observed at OH exposure ∼1 equiv day followed by lower
enhancements at higher OHexp. This enhancement in
secondary ammonium nitrate aerosol in OFR was mainly
contributed by the reaction NO2 + OH →HNO3 followed by
NH3 + HNO3 → NH4NO3.

22,25 These inorganic nitrate
formation in OFR were also supported by the similar NO2

+/
NO+ ratio from enhanced nitrate (0.35−0.38) compared to
that from pure inorganic NH4NO3 calibration aerosols
(∼0.37) and more neutralized aerosols at higher OHexp (SI
Figure S17). The reason we did not see organic nitrate
influences to NO2

+/NO+ ratio is likely due to the low
contribution of organic nitrate concentration from RO2 + NO
pathways to the NO2

+/NO+ ratio (<6%) compared to
abundant ammonium nitrate formation in OFR.

Figure 4. (a) Composition of initial VOC emissions in ambient air, which was obtained by averaging VOC results when photochemical age = 0 (b)
Measured ambient VOC composition, which is also the OFR input. All the VOC data were obtained based on PTR-MS measurement (see details
in SI). (c) Measured SOA versus predicted SOA in ambient and OFR. SOA mass yield from high and low NOx chemical regions are both shown
here. Tsi.,44 Elu.,60 Wang.,57 Ma38 refer to different parametrizations of SOA yields from literature (SI Table S3). LVOC fate correction has been
applied to the measured SOA concentration in OFR. The solid color bars represent the SOA estimated based on the observed consumption of
VOCs and C8−C20 linear alkanes in OFR. The orange and purple dashed line bars represent the SOA contributed from cyclic alkanes and SVOCs
constrained based on SOA formation from C8−C20 linear alkanes.
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Figure 3b compares the SOA formation potential of ambient
air in Guangzhou with results obtained from previous OFR-
based field studies in urban areas. To account for different
dilution levels among the different studies, SOA mass
concentrations were normalized to background-corrected CO
levels (ΔCO).78 This analysis assumes CO is a conserved
tracer that is coemitted with reactive anthropogenic SOA
precursors. Overall, ΔOA/ΔCO increases and then decreases
as a function of OHexp, with maximum ΔOA/ΔCO values
observed between 1 and 4 equiv days (Figure 3b) of OH
exposure equivalent time. These results suggest qualitatively
similar SOA formation pathways are accessed via OH exposure
across different urban studies.
For the absolute mass concentrations formed in OFR

(accounting for direct effects of dilution), as shown in Figure
3b the ΔOA/ΔCO reported from near-source roadside and
tunnel studies was generally higher than at urban background
sites in Guangzhou, Los Angeles (LA) and Beijing, highlighting
the potentially important influences of emission composition
and secondary effects of atmospheric dilution on the measured
SOA formation potential. Across the urban background sites,
ΔOA/ΔCO values obtained in Guangzhou were higher than in
LA and Beijing. We note that overall a similar VOC
composition mix was measured in Guangzhou and LA, and
that concentrations of those VOCs were approximately 1.7
times higher in Guangzhou than in LA (SI Figure S18), which
is similar to the ΔOA/ΔCO ratio (1.7) between these two
cities, yielding a similar VOCs normalized SOA formation
potential (1.5 μg m−3 ppb−1).
The OFR data can provide a unique opportunity for

investigating the OA evolution from urban plumes since urban
emission-dominated air masses would be difficult to distinguish
after several days of aging due to the physical dilution and
mixing.22 In an attempt to use ΔOA/ΔCO values observed in
the OFR to constrain ambient OA/ΔCO values downwind of
Guangzhou, we fit eq 1 to ambient and OFR OA/ΔCO as
described in22,80

{ }Δ
= +

Δ
+ *

Δ
[ − ]τ

−
e

OA
CO

POA BGSOA
CO

VOC
CO

1
t( )

(1)

Where OA is the sum of ambient OA plus OFR formed OA;
(POA+BGSOA)/ΔCO is the primary OA plus regional
background SOA, constrained at 37.4 μg m−3 ppm−1 based
on the source apportionment results from the direct AMS
measurement in this study, which can be found in details in
Chen et al.50 t is the OH equivalent photochemical age
assuming an OH concentration of 1.5 × 106 molecules cm−3

for intercomparability with other studies.79 Note that the value
of t here does not apply to the actual ambient SOA formation.
VOC*/ΔCO is the primary emission ratio, that is, normalized
primary VOC precursor concentration at photochemical age =
0 and τ is the time scale for urban SOA formation. We
calculate a maximum VOC* /ΔCO = 45 ± 1.6 μg m−3ppm−1

and t = 0.4 ± 0.1 days in Guangzhou compared to VOC*/
ΔCO = 56 ± 1.6 μg m−3 and t = 0.3 ± 0.1 days in LA (Figure
3c) The OFR OA/ΔCO line lies at the lower range of the
updated SOA SIMPLE model results constrained based on
ambient SOA measurement,17 suggesting the updated SIMPLE
model slightly overestimates the average VOC*/ΔCO in this
study (73 ± 24 μg m−3ppm−1), however, is still within the
uncertainty range. Because we did not extend OA/ΔCO
variation beyond OHexp = 10 equiv days, the lifetime of OA

mass loss due to heterogeneous oxidation at higher OHexp is
not constrained by our measurements.
Figure 3d shows the diurnal variation of the maximum

observed SOA enhancement in the OFR (Figure 3d). Higher
SOA formation in the nighttime than daytime was observed,
which is consistent with higher mixing ratios of total
anthropogenic VOC precursors such as aromatics and long-
chain alkanes in the nighttime (Figure 3d).. This enhanced
nighttime SOA formation in OFR has also been found in the
other OFR field studies no matter in urban22,26 or forest
environments.23,24 The enhanced SOA formation during night
due to OH oxidation indicate larger SOA formation potential
from precursors at night.

3.3. Comparison between Measured and Predicted
SOA Formation in OFR. Figure 4 shows the study-average
SOA enhancement of 7.7 μgm−3 measured in the OFR
(“formed SOA in OFR” bar) following ∼5 equiv days of OH
exposure, and the SOA concentrations calculated from the
measured consumption of C8−C20 linear alkanes, mono- and
poly-aromatic hydrocarbons, isoprene, and monoterpenes;
Here we assume SOA fragmentation is minor at lower
OHexp.

22,29

Depending on the parametrization that is applied, oxidation
of these measured precursors explains ∼51−73% of the
observed SOA in OFR when low-NOx SOA yield values are
applied, versus 26−58% if high-NOx SOA yield values are
assumed. The vapor wall-loss-corrected SOA yield para-
metrization from Ma et al.38 serves as the upper limit estimate
of SOA contribution from these precursors in all cases.
For comparison, the SOA estimation based on the ambient

VOC oxidation using a time-resolved approach by considering
OH photooxidation from Wang et al.81 was also shown here
(“Esti. SOA fr. VOCs” bar). In this method, the primary
emission ratio of ambient VOC species versus CO was
estimated when ambient photochemical age was zero.
Photochemical age (0−0.5 days here) was calculated from m
+p-xylene to ethylbenzene based on their different reaction
rates with OH radicals82 The composition of ambient VOCs
from primary emissions and observations on-site are shown in
Figure 4a,b, respectively. The consumption of VOCs in
ambient air was calculated based on their absolute concen-
tration differences. The measured ambient SOA (“meas. amb
SOA” bar) is estimated as the sum of the oxygenated OA
factors (72% of OA) from the AMS ambient OA source
apportionment results.
The Wang et al. method accounts for 26% of the observed

ambient SOA formation if high NOx laboratory SOA yield
values are applied (Figure 4c), which is in agreement with the
∼25% fractional contribution of measured precursors to SOA
enhancement observed in the OFR when the same SOA yield
parametrization used by Wang et al. (2020) is applied here. We
also investigated the photochemical age influences on SOA
closure estimation since the ambient photochemical age (0−
0.5 days) in this study is less than that from OFR (<5 days). SI
Figure S21 shows the variation of the ratio of measured SOA
vs estimated SOA in OFR at different photochemical age
categories (<5 days) is within 20−30%, suggesting a small
impact of photochemical age on SOA closure estimation. The
ambient estimation represents the SOA formation from
emission to the current observation site, while the SOA
formation in OFR more resembles the plume oxidation in the
later aging process. The similarity of SOA estimation results
between ambient and OFR data sets supports the useful and
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representative of OFR for investigating ambient SOA
formations.
Across all cases that were studied, we estimate that OH

oxidation of C8−C20 linear alkanes contributed less SOA than
single-ring aromatic VOCs. Contribution from cyclic alkanes
were not constrained by our measurements, but may
contribute a factor of ∼1.3 higher SOA formation than linear
alkanes that are coemitted from gasoline vehicles.83 The
updated emission inventory shows that ambient S/IVOCs in
Guangzhou was mainly contributed by vehicle emissions
(45%) and industry (38%).84 A recent local tunnel study in
Guangzhou suggested the ambient IVOCs from vehicle
emission was dominated by gasoline vehicles (80%).85 If we
assume that ambient cyclic and linear alkane concentrations in
Guangzhou are present in similar ratios as emitted by gasoline
vehicles, then the total SOA contribution from linear and cyclic
alkanes increases from 8 to 20% (linear only) to 17.5−46%.
The updated IVOC contribution to SOA is comparable to the
traditional VOCs (13−68%) when different SOA yields were
applied, as shown in Figure 4c.
The inability of ambient OFR-based studies to apportion all

the observed SOA formation to the OH oxidation of known
precursors has been observed in both urban27,86 and forest
source regions.23,24 The typical explanation attributed to this
underestimation is the oxidation of unmeasured S/
IVOCs,11,37,40 which may include: (i) early generation
oxidation products of VOCs in ambient air that are further
oxidized in the OFR to generate additional SOA. (ii) Primary
S/IVOCs, including newly identified volatile chemical
products (VCP),12 that can be important SOA precursors in
urban environments.17,27

Although SVOCs were not measured here, Akherati et al.42

used POA to constrain S/IVOC emissions and modeled
SVOCs can contribute 20% (low NOx condition) and 95%
(high NOx condition) of IVOC-derived SOA production in
southern California. Since similar VOC-normalized SOA
potential was observed between Guangzhou and Los Angeles,
these estimated SOA ratios between SVOCs and IVOCs might
also be applicable in this study. If such parametrization is used,
the total SVOCs can contribute 4−10% fractions of total SOA
formed in OFR at low NOx chemical regimes and 22−33% in
high NOx chemical regimes, as shown in Figure 4c. Note that
results are obtained based on a very simple ratio between
modeled SVOC-SOA vs IVOC-SOA results, which might
result in large uncertainty on the SVOC-SOA estimation in
OFR here.
The total S/IVOC contribution generally contributes more

than traditional VOCs under high NOx condition, however
varied under low NOx condition. In total, when the Ma
parameters are applied, the observed SOA can be fully
explained from the measured VOCs/IVOCs plus estimated
SOA from unmeasured S/IVOCs (e.g., cyclic alkanes) under
high NOx condition, and Tsimpidi et al.87 parametrization get
closest estimation (92%) for low NOx conditions. In other
parametrizations, 75−90% (low NOx) and 64−71% (high
NOx) of SOA mass can be explained signifying the important
S/IVOC contribution to ambient SOA formation.
Although unmeasured S/IVOC species cannot be directly

quantified from our measurements, the measured/missed SOA
shows better temporal correlation with VOCs of styrene,
monoterpene, and C9 aromatics which have high kOH of 2−6 ×
10−11 s−1 molecules cm−3, as shown in SI Figure S22. This is
similar to the results from Los Angeles, where Ortega et al.22

suggests species including S/IVOC with a similar source
footprint and lifetime as C9 aromatic produce most of the
urban SOA based on the better correlation of formed SOA in
OFR vs C9 aromatic in LA study. This conclusion might also
be applicable to our study here. Note that the monoterpenes
measured in our study are probably dominated by the emission
of anthropogenic sources, for example, fragranced VCP,88,89 as
good correlations between monoterpene and anthropogenic-
originated C8 aromatic species, as well as with CO were
observed (SI Figure S23).50

4. IMPLICATION OF THIS STUDY
An in situ OFR was used to investigate the OVOC and SOA
formation from OH oxidation of gas-phase precursors present
in urban plumes in Guangzhou, China. The greatly enhanced
OVOC concentrations following OH exposure in the OFR
signify the importance of gas-phase oxidation reactions.
Maximum SOA formation potential was observed at a
photochemical age of ∼2 equiv days of atmospheric OH
exposure in this study, compared to 1−4 equiv days’ OH
exposure in other urban OFR studies. We can explain 52−75%
of observed SOA formed under low NOx conditions and 25−
60% of SOA under high NOx conditions from precursors
whose consumption in the OFR was directly measured. When
SOA contributed by unexplained S/IVOCs was further
estimated, 75%−100% formed SOA in OFR can be explained,
emphasizing the important contribution from ambient S/
IVOC species to SOA. Investigating SOA formation under an
expanded set of variable and high-NOx OFR photochemical
conditions using methods described in Lambe et al.90,91 and
Peng et al.92 will be performed in future studies.
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