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ABSTRACT: Vehicle emissions are an important source of urban particular
matter. To investigate the secondary organic aerosol (SOA) formation potential of
real-world vehicle emissions, we exposed on-road air in Beijing to hydroxyl radicals
generated in an oxidation flow reactor (OFR) under high-NOx conditions on-
board a mobile laboratory and characterized SOA and their precursors with a suite
of state-of-the-art instrumentation. The OFR produced 10−170 μg m−3 of SOA
with a maximum SOA formation potential of 39−50 μg m−3 ppmv−1 CO that
occurred following an integrated OH exposure of (1.3−2.0) × 1011 molecules
cm−3 s. The results indicate relatively shorter photochemical ages for maximum
SOA production than previous OFR results obtained under low-NOx conditions.
Such timescales represent the balance of functionalization and fragmentation, possibly resulting in different spatial distributions of
SOA in different seasons as the oxidant level changes. The detected precursors may explain as much as 13% of the observed SOA
with the remaining plausibly contributed by the oxidation of undetected intermediate-volatility organic compounds. Extrapolation of
the results suggests an annual SOA production rate of 0.78 Tg yr−1 from mobile gasoline sources in China, highlighting the
importance of effective regulation of gaseous vehicular precursors to improve air quality in the future.
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1. INTRODUCTION

Particles having an aerodynamic diameter greater than 2.5 μm
(PM2.5) affect radiative forcing, visibility, and human health.
Traffic emissions are an important source of PM2.5 in urban
areas. Vehicles emit primary particles such as primary organic
aerosol (POA) and black carbon (BC) that contribute to about
6−37% of the PM2.5 mass in urban environments globally.1

Vehicles also emit gaseous inorganic and organic compounds
that can form secondary aerosols following reaction with
atmospheric oxidants such as hydroxyl (OH) radicals.2 For
example, OH oxidation of sulfur dioxide (SO2) and nitrogen
oxides (NOx) generates sulfuric and nitric acid, which react
with ammonia (NH3) to form particulate sulfate, nitrate, and
ammonium. Similarly, oxidation of volatile organic compounds
(VOCs) and intermediate-volatility or semivolatile organic
compounds (I/SVOCs) with saturation concentrations of >3
× 106 and (300−3) × 106/0.3−300 μg m−3, respectively,
produces secondary organic aerosol (SOA).3

Significant efforts have been made to characterize the SOA
formation potential of VOCs and I/SVOCs that are present in
motor vehicle emissions. Environmental chamber studies
suggest that SOA concentrations obtained from atmospheric
oxidation of these VOCs and I/SVOCs exceed POA
concentrations over timescales that are relevant to local and
regional transport with reported SOA-to-POA ratios ranging
from 1 to >500.2 Known SOA precursors in motor vehicle

emissions include single-ring aromatics, long-chain alkanes,
alkylcyclohexanes, polycyclic aromatic hydrocarbons (PAHs),
and oxygenated VOCs (OVOCs). Some of the IVOCs (e.g.,
naphthalene (Nap), substituted naphthalenes, and C7−C15
alkylbenzenes) have greater SOA yields than the single-ring
aromatic precursors (e.g., benzene, toluene, and xylenes).4−7

However, comprehensive characterization and speciation of
atmospheric I/SVOCs are challenging, in part, because they
mostly contribute to the unresolved complex mixture (UCM)
that is present in traditional gas chromatography-based
techniques.8 The detection of oxygenated I/SVOCs presents
additional analytical challenges.8

Attempts to extrapolate results from simplified laboratory
chamber studies to complex, city-scale motor vehicle fleet
emissions are exacerbated by mixed contributions from
gasoline and diesel vehicles with a wide range of emission
standards and control technologies. Emissions from old-type
diesel and gasoline (e.g., pre-LEV in the United States)
vehicles have similar SOA formation potential as unburned
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fuels.9 Correspondingly, emissions from older diesel vehicles
formed more SOA than gasoline vehicle emissions because of
the heavier fuels.10,11 On the other hand, modern diesel
vehicles equipped with a diesel particle filter (DPF) and a
diesel oxidation catalyst (DOC) produce much less POA and
SOA than older ones without the after-treatment system.12

Similar effective SOA yields were found for gasoline vehicles
with different engine technologies and certification standards.13

Gasoline vehicles that meet new stringent emission standards
may therefore produce less SOA because of the reduced
nonmethane organic gas (NMOG) emissions. However, real-
world conditions introduce a factor of 3−50 variability in the
SOA formation potential depending on the specific driving
condition, e.g., hot/cold start or idle/cruise modes.14,15 NOx
levels strongly affect the SOA formation from vehicle
emissions.10,11 Inconsistency of the reported SOA yields
remains between the chamber and the OFR studies.11,13

Thus, measurements of the SOA formation potential of mixed-
fleet motor vehicle conditions under realistic driving
conditions are urgently needed to provide inputs to chemical
transport models.
One recent approach to addressing these issues involves the

application of OFR to study the in situ oxidative aging of SOA
precursors present in city-scale fleet vehicle emissions
contributed by a range of vehicles, fuels, and operating
modes.16−18 The OFR experiments conducted in a US traffic
tunnel suggest that vehicle-derived SOA may be 6 times
greater than primary PM2.5 vehicle emissions.16 Similarly,
roadside OFR experiments in Hong Kong suggest that vehicle-
derived SOA exceeds primary PM2.5 vehicle emissions in China
by a factor of 3.5.18 However, large uncertainties remain in the
understanding of vehicle contributions to SOA because of the
limited number of OFR-related studies of ambient vehicle fleet
emissions to date and the lack of such studies under high-NOx
conditions. To build on these recent studies, we deployed an
OFR on a mobile laboratory platform and conducted on-road,
real-time measurements of the SOA formation potential of
motor vehicle emissions in Beijing under high-NOx conditions.

2. MATERIALS AND METHODS
The PKU mobile laboratory is built on an IVECO Turin V
diesel vehicle.19 On-board instruments are powered by two sets
of uninterruptible power systems that have 192 V/100 Ah
LiFePO4 batteries, which allow a continuous operation of over
10 h at a full instrument load. Two types of OFR experiments
were performed, including (1) mobile OFR experiments in
November 2018 for eight nonhaze days and one haze day
when the daily mean PM2.5 mass concentration was over 75 μg
m−3 during 9:00 a.m. to 4:00 p.m. on the 4th ring road and (2)
stationary OFR experiments during the nonhaze daytime in the
Datunlu Tunnel (40.0089° N, 116.4074° E) on 20 February
2019 and by the roadside of the 4th Ring Road (39.9912° N,
116.3263° E) on 18−19 February 2019. Details about the
sampling locations are provided in Section S1 and Figure S1 in
the Supporting Information (SI). The average traffic volume
on the 4th Ring Road was about 4000−8000 vehicles per hour,
and more than 90% of the fleet consisted of light-duty gasoline
vehicles (LDGVs) that meet National Stage III to V emission
standards equivalent to Euro 3−5.
A suite of instruments was used during the mobile laboratory

campaign (Figure S2 in the SI). An Aerodyne potential aerosol
mass (PAM) OFR was used to generate OH and NO via
photolysis of O2, H2O, and N2O at λ = 185 nm and photolysis

of O3 at λ = 254 nm by four low-pressure mercury fluorescent
lamps, which can be named as OFR185-iN2O experiments.20,21

Fluorescent dimming ballasts were used to regulate the current
applied to the lamps. To achieve different OH concentrations
in the OFR, the UV irradiance was varied by systematically
changing the control voltage applied to the ballasts. Mass
concentrations of nonrefractory PM2.5 (NR-PM2.5) species
were measured by a capture vaporizer (CV)-based Aerodyne
time-of-flight aerosol chemical speciation monitor (TOF-
ACSM) with a time resolution of 40 s.22 VOCs including
OVOCs were measured by an Ionicon proton transfer
reaction-quadrupole ion guide time-of-flight mass spectrometer
(PTR-QiTOF) with a time resolution of 2 s.23 Carbon dioxide
(CO2), nitrogen dioxide (NO2), nitrogen oxides (NO), SO2,
carbon monoxide (CO), and ozone (O3) were measured by
gas analyzers (Licor LI-7500; Teledyne T500U; Ecotech
9841A, 9850A, 9830A, and 9810A, respectively). A weather
station was mounted on the front top of the vehicle, which
measures temperature and relative humidity (RH) (Rotronic,
HC2-S3). Detailed information about instrument operation,
calibration, and data analysis is provided in Section S2 and
Tables S1 and S2 in the SI. VOC species detected by the PTR-
QiTOF were categorized into several groups, including single-
ring aromatics for benzene, toluene, C8-aromatics, C9-
aromatics, and styrene; olefins for butenes, methylcyclopen-
tenes, and methylcyclohexenes; C2−C4 carbonyls for acetalde-
hyde, acetone, and methyl ethyl ketone; PAHs for naphthalene,
methylnaphthalene (MN), C2-naphthalene, C3-naphthalene,
C4-naphthalene, acenaphthene, fluorene, C1-fluorene, phenan-
threne or anthracene, C1-phenanthrene or anthracene, C2-
phenanthrene or anthracene, fluoranthene or pyrene, and C1-
fluoranthene or pyrene; volatile chemical product (VCP)
tracers for decamethylcyclopentasiloxane (D5), dodecamethyl-
cyclohexasiloxane (D6), and parachlorobenzotriflouride; and
other OVOCs for all detected OVOCs expect C2−C4
carbonyls (Table S2).24

Sampling inlets were installed in the front of the vehicle at
3.4 m above ground level (Section S3 in the SI). For ambient
measurements, particles were sampled through a stainless steel
cone-shape isokinetic inlet. The sampling flow then passed
through a cyclone (URG, 2000−30EH) to remove coarse
particles. The size-cut of the cyclone was about 2.5 μm at a
flow rate of 15.9 L min−1. VOCs were sampled through a
Teflon line, and particles were removed from the PTR-QiTOF
sample flow with an in-line Teflon filter. Other gas pollutants
were sampled separately through a Teflon inlet line and then
delivered to the inorganic gas analyzers via a glass manifold.
Self-pollution from the vehicle exhaust during driving was
minimized by positioning the exhaust exit to the back end and
keeping the driving speed around 60 km h−1. Above 30 km h−1,
the influence of mobile lab emissions on the concentrations of
ambient gaseous pollutants became negligible (Figure S3 in the
SI). The data that were collected at a speed of less than 30 km
h−1 during occasional traffic jams have been removed from the
analysis.
Over the range of OFR conditions that were used, the

integrated OH exposure was calculated by measuring the decay
of benzene and toluene present in ambient air using the PTR-
QiTOF.25 The OH exposure ranged approximately (1.0−5.6)
× 1011 molecules cm−3 s. Corresponding equivalent photo-
chemical aging timescales ranged from 0.8 to 4.3 days’
exposure to an OH concentration of 1.5 × 106 molecules
cm−3.26 The NO/HO2 ratio ranged from approximately 2 to
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10, estimated by an OFR-based photochemical box model
(Section S2).20 Although the NO/HO2 ratios in the OFR are
lower than ambient conditions, a good high-NO condition can
be achieved by the OFR185-iN2O technique following the
guidelines introduced by Peng et al.21 The overall contribution
of non-OH reactants to gas-phase chemistry including the
VOC photolysis at 185 and 254 nm and the NO3 chemistry
should be negligible based on semiquantitative assessments by
the Peng et al. toolkit.27 The TOF-ACSM, PTR-QiTOF, and
gas analyzers (except for CO) alternated sampling the OFR
output (15 min) and the ambient bypass line (5 min) at 4.5 L
min−1 every 20 min. When the instruments sampled the
ambient bypass line, a 4.5 L min−1 makeup flow was pulled
through the reactor to reduce stagnation and to decrease the
re-equilibrium time after switching back to OFR sampling.
The SOA formation potential of ambient motor vehicle

emissions is expressed as the ratio of the maximum absolute
enhancement of OA (OAAE) generated in the OFR to the
background-subtracted mixing ratio of CO, assuming that CO
represents a primary tracer for combustion whose reaction
with OH is slow over typical regional transport timescales.28,29

Previous studies often use the CO concentrations measured at
upwind or nearby relatively clean sites as the background CO
levels.16−18 For the mobile measurements (17 km × 18 km)
herein, it is difficult to determine the background site. We
therefore derived the correlation slopes between OAAE and
COmeasured as statistically meaningful ΔOAAE/ΔCO (Section
S4 in the SI).30 Only nonhaze on-road data were used for this
calculation because the SOA potential (SOAP) can be
significantly affected by sources other than vehicle emissions
during the haze events. We assume that on-road gas pollutants
(CO and SOA precursors) are mainly from vehicle emissions
during nonhaze days in winter in Beijing because major
industry and power plants have been relocated out of the

capital area. Nearby low-intensity local sources such as
restaurants and off-road engines are expected to have little
impact on the on-road measurements with a driving speed of
60 km h−1 over the city. For stationary measurements, the
influence might be large during episode periods depending on
the speed and direction of surface wind, and thus, we only used
those measurements for comparisons of known precursor
contributions. OAAE and CO were grouped by 0.5-day
equivalent photochemical age, and the regressions were
conducted by the reduced major axis method.
Contributions of known SOA precursors to the measured

OAAE were calculated from their oxidative loss in the OFR with
corresponding SOA yields obtained from the OH oxidation of
these precursors in environmental chamber studies.4,5,31 Some
SOA precursors lack yield parameterizations, for which we
used the SOA potential (SOAP)32 and the fractional aerosol
coefficient (FAC) methods33 to estimate their contributions to
the measured OAAE in the OFR instead. Section S5 and Tables
S3 and S5 in the SI provide details about the methods and
parameters used herein. The SOA yields were calculated for
the OA concentrations measured downstream of the OFR at
the mean ambient temperature of the measurement periods.
OAAE values have been corrected for particle wall losses in the
OFR, which are approximately 10% (Figure S5 in the SI).

3. RESULTS AND DISCUSSION

3.1. Primary Emissions. Figure 1 shows on-road ambient
concentrations of particulate and gaseous pollutants measured
during this study. The mean mixing ratios of CO and NOx
during nonhaze days are a factor of 2 higher than CO and NOx
levels observed at urban and suburban sites in Beijing, largely
contributed by the on-road traffic emissions.34,35 The mean
SO2 mixing ratio of 5.4 ± 2.4 (±1 σ) ppb is lower than

Figure 1. Results from ambient measurements on the 4th Ring Road of Beijing. The top row shows ambient concentrations of gaseous and
particulate pollutants. The bottom row shows the concentration enhancements under haze conditions relative to nonhaze conditions. The box and
whisker plots show the mean and median, 75th and 25th percentiles, and 90th and 10th percentiles. Error bars for the bar plots represent
propagated standard deviations. VOC categories are described in the Materials and Methods section.
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previous findings in Beijing (10.2 ± 7.3 ppb), which is
consistent with the emission regulations that led to an annual
reduction rate of ∼19% for anthropogenic SO2 from 2013 to
2018 in China.36,37 During the severe-haze measurement
period, the mean concentration of CO increased from 1.5 to
3.0 ppm, whereas the concentrations of NO were similar to
those measured during the nonhaze periods. This suggests that
our measurements were influenced by nonvehicular combus-
tion sources during the severe-haze period. The SO2 mixing
ratios show no significant enhancement during the severe-haze
period compared to the clean case, which may be explained by
the large conversion of gaseous SO2 to sulfate by photo-
chemical and aqueous processes.34 The average mass
concentrations of NR-PM2.5 were 30.7 ± 24.7 and 155 ± 27
μg m−3 for the nonhaze and severe-haze days, respectively. NR-
PM2.5 was dominated by OA and nitrate, which is consistent
with previous urban-site observations.38,39 Concentrations of
particulate nitrate, sulfate, ammonium, and chloride were each
enhanced by a factor of 5 (nitrate) to 18 (sulfate) during the
severe-haze period relative to nonhaze days, on which
heterogeneous or aqueous chemistry may play an important
role (Figures 1b and S6). Meanwhile, the mass concentrations
of OA were elevated by a factor of 3, of which about 62% of
the increase was perhaps contributed by SOA as indicated by

the positive matrix factorization (PMF) analysis of OA.22

Details about the PMF analysis are provided in Section S2.2 in
the SI.
Analytes measured with PTR-QiTOF were dominated by

OVOCs and single-ring aromatic compounds, and their
concentrations were enhanced by up to a factor of 4 during
the severe-haze measurement period. Isoprene concentrations
are higher than typical concentrations observed in urban
environments,35,40 potentially because of high isoprene
emissions from Chinese motor vehicles.41 Largely elevated
isoprene concentrations during heavy traffic periods and
concurrent plumes of isoprene along with benzene and toluene
indicate that the measured isoprene was mainly contributed by
vehicle emissions. The toluene-to-benzene (T/B) ratio was 1.6
± 0.5 during nonhaze measurement periods, which is
consistent with the T/B ratio of 1.5−3.0 for fresh vehicle
emissions.42−44 During the severe-haze period, the T/B ratio
became lower (1.3 ± 0.5), explained by faster OH oxidation of
toluene than benzene present in regionally transported air
masses that contributed to the haze.45 Concentrations of
tracers for VCPs that are emitted from noncombustion sources
are significantly lower in Beijing than in Pittsburgh and New
York, highlighting the possibility of relatively low usage of such
products in China.46

Figure 2. (a) OAAE obtained by the OFR experiments in ambient environments and (b) SOA formation potential corresponding to the near-traffic
sources under different OH exposures. OH exposure is shown as equivalent atmospheric age, assuming a daily mean OH concentrations of 1.5 ×
106 molecules cm−3. Updated OHexp for results of Tkacik et al.16 are taken from Figure S3 in the study of Gentner et al.2 Only the upper- and
lower-bound OAAE values in Palm et al.53 are shown. For our study, only on-road data were used in panel (a) and only nonhaze data were used to
calculate the SOA formation potential in panel (b). In panel (b), error bars on the SOA potential represent the 95% confidence intervals of the
regression slopes between OAAE and CO (Section S4) and error bars on equivalent photochemical age represent the standard deviations.
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3.2. Potential SOA Formation. Following exposure to
OH radicals in the OFR, concentrations of ambient VOCs
(e.g., single-ring aromatic compounds) decreased and concen-
trations of OVOCs (e.g., acetic acid and acetaldehyde) and OA
increased (Figure S7). The OA concentrations generated in
the OFR ranged from 10 to 170 μg m−3 during the campaign
in contrast with ambient concentrations of 2.5−80 μg m−3

(Figure 1a). The concentrations of sulfate showed a small
change of less than 10 μg m−3 after the OFR exposure, which is
consistent with the low concentrations of SO2 in the sampling
air. The mass concentrations of ammonium and nitrate
increased by 5−100 μg m−3 due to the thermodynamic
equilibrium of ambient NH3 and HNO3 that was generated in
the OFR following the reactions of NO + O3 → NO2 + O2 and
NO2 + OH→ HNO3, including both contributions of ambient
NOx and OFR NOx originated from N2O. Based on the
photochemical box model, we roughly estimated that
approximately 10% of the HNO3 was generated from ambient
NOx with the remaining HNO3 originating from NOx
generated in the OFR by N2O photolysis.20 Similar to the
tunnel study in Pittsburgh,16 NH3 emitted from gasoline
vehicles was sufficient to neutralize the particle-phase nitrate
(Figure S8 in the SI). Sun et al. show on-road NH3
concentrations of 20−40 ppb in Beijing.47 Under rich
ammonia conditions, the formation of ammonium nitrate is
perhaps sensitive to HNO3 availability, highlighting the
importance of mobile source contribution to nitrate.48

Figure 2a shows OAAE as a function of OH exposure
observed in this study and in previous OFR studies obtained in
urban,49−51 forest,52,53 and near-traffic environments.16−18

Depending on the composition and concentration of SOA
precursors, OAAE may vary considerably even in the same kind
of environment. Various and abundant precursors typically
present in urban environments, leading to greater OAAE than in
forests.49−51 Notably, we observed OAAE of 50−75 μg m−3

during nonhaze periods and OAAE > 100 μg m−3 during the
severe-haze period on road in Beijing. These OAAE values are a
factor of 5−500 higher than OAAE observed in previous urban
and forested OFR studies. The large OAAE is presumably due
to our close proximity to motor vehicle emissions, enabling
high concentrations of anthropogenic SOA precursors with
potentially high SOA yields to be sampled into the OFR,

whereas other studies with lower OAAE are conducted further
from sources and thus sampled ambient air that had been
subjected to more dilution or contained lower SOA formation
potential.
OAAE values initially increase with increasing OH exposure

and then decrease above an equivalent photochemical age of
approximately 1−2 days in a manner that is qualitatively
consistent with the other studies shown in Figure 2a where
peak OAAE values are over 1−4 days of equivalent atmospheric
OH oxidation. This trend reflects a transition from oxidative
aging conditions that initially favor the addition of oxygen-
containing functional groups to the carbon backbone of the
SOA precursors, thereby increasing the yield of SOA (i.e., so-
called “functionalization”) prior to carbon−carbon bond
cleavage with continued OH exposure that decreases the
SOA yield (“fragmentation”).54−56 In general, a net loss of 20−
90% of the peak OAAE may occur beyond 10 days of equivalent
photochemical age ([OH] = 1.5 × 106 molecules cm−3).
Figure S9 in the SI shows the mass spectra and the variations

of OA factors that are identified by the PMF analysis on the
CV-based OA spectra. Two primary OA factors were resolved
and labeled as HOA (i.e., hydrocarbon-like OA) and COA
(i.e., cooking OA), and three oxygenated OA factors were
labeled as OOA1, OOA2, and OOA3, for which the suffixes 1,
2, and 3 signify ordinal ranking with respect to the extent of
oxidation from low to high (Figure S9a). The mass
concentration of HOA decreased, whereas the concentrations
of the three OOAs increased after exposed to OH in OFR
(Figure S9b). COA show insignificant changes in concen-
tration, suggesting possibly much slower heterogeneous aging
than HOA. The increase and later decrease of the mass
fraction of OOA3 in OA with increasing OH exposure are
consistent with the evolution from functionalization to
fragmentation, which is similar to that observed in atmospheric
aging of OA.56 Fragmentation may explain the earlier increase
of the more oxidized OOA3 than the less oxidized OOA2 as
well as the reverse change of their mass fraction at the
photochemical age of 3 days. At high OH exposure,
fragmentation becomes more important in product formation.
The less oxidized OOA2 perhaps represents fragmented
condensable products.

Table 1. Maximum SOA Potential and the Corresponding Equivalent Photochemical Age at [OH] = 1.5 × 106 Molecules cm−3

for Traffic Sources

sampling location

maximum SOA potential
(μg m−3 OA ppmv−1 CO)b [maximum
SOA potential corrected for LVOC loss]

LVOC fates:
fraction of

condensing onto
aerosols

equivalent
photochemical
age (days) vehicle type reference

tunnel (spring: 16 °Ca) 91 (64−151)c >90%f 2−3 90−96% light-duty vehicles
(mainly gasoline-fueled)

Tkacik et
al.16

on-road (winter: 8 °C) 44 (39−50)d >95% 1−1.5 >90% light-duty gasoline
vehicles

this
studyg

roadside 1 m away from a
major road
(winter: 18 °C)

38 ± 65e [48] 50−80% 2−3 40.8% gasoline, 30.3% diesel,
and 28.9% liquefied
petroleum gas vehicles

Liu et
al.18

10 m away from a
highway (winter:
6 °C)

20 [110] <30% 3−4 ∼95% light-duty vehicles Saha et
al.17

10 m away from a
highway
(summer: 26 °C)

62 ± 18e [180] <40% 2−3 ∼95% light-duty vehicles Saha et
al.17

aMean temperature during the measurement period. bUncorrected for vapor wall loss. cThe 25th to 75th percentile of the results. dThe 95%
confidence intervals of the regression slopes. eStandard deviation of the results. fRoughly estimated based on the studies of Li et al.76 and Ahlberg et
al.61 gOnly for nonhaze days.
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Figure 2b shows the SOA formation potential (ΔOAAE/
ΔCO) of traffic emissions as a function of OH exposure. The
maximum SOA formation potential of 44 (39−50 correspond-
ing to the 95% confidence intervals of the regressions in Figure
S10 in the SI) μg m−3 OA ppmv−1 CO occurred at 1−1.5 days
of equivalent photochemical age (see Section S4 for details).
The loss of low-volatility organic compounds (LVOC)
estimated by the fate model of Palm et al. is less than 5%
(Figure S11 in the SI).52 This ΔOAAE/ΔCO value falls within
the envelope of maximum ΔOAAE/ΔCO of 20−91 μg m−3

(48−180 μg m−3 corrected for LVOC loss) OA ppmv−1 CO
values observed in previous OFR studies on motor vehicle
emissions (Table 1). Factors that may contribute to the spread
in observed ΔOAAE/ΔCO values across the different studies
include (1) ambient temperature, (2) vapor wall losses in the
OFR, (3) vehicle fleet composition, and (4) photochemical
conditions (e.g., NOx conditions). We discuss each of these
factors below.
Ambient temperature may affect SOA formation by altering

engine combustion conditions or the gas-particle partitioning
of semivolatile species.57 Incomplete combustion on cold starts
may lead to greater emissions at lower temperatures.8,13,58−60

In this study, the fleet emissions represent mainly hot-running
conditions. The temperature effects on the SOA formation are
therefore more likely related to the shifts in gas-particle
partitioning rather than the differences in engine opera-
tions.8,13,58,60 Lower temperatures may favor the condensation
of semivolatile compounds, thereby potentially reducing the
concentrations of primary emissions available for OH
oxidation, but increase the SOA yields by favoring the
condensation of oxidation products that are formed.57 For a
temperature change from 26 to 6 °C (Table 1), the former
reduction of the precursor emissions is perhaps a few percent,8

while the increase of SOA yields is expected to be more
significant (e.g., ∼90% increase of the yield for benzene). The
net effect is enhanced SOA formation potential at lower
temperatures. However, the two highest ΔOAAE/ΔCO values
(i.e., 62 and 91 μg m−3 OA ppmv−1 CO) were obtained at

relatively high ambient temperatures (Table 1). We therefore
conclude that temperature is unlikely the primary factor
governing the spread in ΔOAAE/ΔCO values summarized in
Table 1.
Vapor wall losses in OFRs potentially reduce the amount of

material available for OH oxidation or condensation.52

Unaccounted-vapor wall loss may contribute to some of the
spread in reported ΔOAAE/ΔCO values across the different
OFR experiments.61 The calculated upper-limit vapor wall loss
in near-road OFR studies ranged from <5 to 70%. The LVOC
loss depends largely on the particle size distributions. Our
study and the tunnel study in Pittsburgh have much greater
particle surface area concentrations than the other roadside
studies and therefore negligible LVOC loss. The wintertime
ΔOAAE/ΔCO of 20 μg m−3 ppmv−1 CO reported by Saha et
al.17 has the highest calculated vapor wall loss fraction of >70%.
For such cases, the correction of LVOC loss may introduce a
large uncertainty.
The motor vehicle fleet composition affects the measured

SOA formation potential because SOA yields are precursor-
dependent. Different countries have different vehicle types,
emission standards, and after-treatment devices, potentially
resulting in different emission factors of specific SOA
precursors.2 Figure S12 in the SI compares VOC/benzene
and IVOC/benzene emission factors in LDGV-dominant fleets
characterized in this study and in a tunnel study in
Pittsburgh.1616 Concentrations of Nap and MN are about
14−84 ppt (25th−75th percentiles; the same below) in
Pittsburgh and 0−32 ppt in Beijing, with corresponding Nap/
benzene and MN/benzene ratios of 0.37 and 0.20 in
Pittsburgh and 0.04−0.26 and 0−0.11 in Beijing. Thus, higher
ΔOAAE/ΔCO values in the US studies might be partially
explained by the greater emissions of Nap and MN that have
high SOA yields, even though the Chinese vehicle fleet
sampled in this study contained higher emissions of VOCs
such as isoprene that have low SOA yields. Notably, recent
studies suggest that the effects of vehicle technologies on the
composition of gasoline vehicle emissions are small, although

Figure 3.Mean observed OAAE corresponding to the equivalent photochemical age of 1.5 ± 0.2 days and the predicted OAAE contributed from OH
oxidation of precursors measured with PTR-QiTOF. Error bars show the standard deviations of the data for each case with the sample size shown
as n below. VOC categories are described in the Materials and Methods section. Selected OVOCs include CH3OH, C2H6O, C4H8O, C4H8O2,
C5H6O, C6H6O, and C8H10O.
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there may be a small enhancement of IVOC emissions relative
to NMOG emissions from the new-type vehicles.10,11,13,60,62,63

Moreover, the measurements described herein are the first
ambient OFR study to incorporate N2O to generate NO at
levels that can compete with HO2 for reaction with organic
radicals (RO2). This different photochemical regime may result
in different SOA chemistry than in previous urban OFR
measurements where RO2 + HO2 and RO2 + RO2 reactions
were the primary RO2 loss pathways.

64 The lower signal ratios
of m/z 46:30 (i.e., NO2

+/NO+) for particles out of OFR than
the ratios for ambient particles and pure ammonium nitrate
suggest the enhancement of organonitrates in the reactor
resulting from the RO2 + NO pathway (Figure S13 in the
SI).22,65 We also observed enhanced formation of nitrophenol
in the OFR by PTR-QiTOF, which confirms the high-NOx
conditions in the reactor (Figure S14 in the SI). Chamber and
OFR experiments have shown different SOA production levels
of gasoline vehicle emissions under different NOx condi-
tions.10,11,13,66 NOx conditions might be an important reason
for the spread in ΔOAAE/ΔCO values in Table 1.
The equivalent photochemical ages corresponding to the

maximum SOA formation potential range from 1 to 4 days
(Table 1). The equivalent photochemical age corresponding to
the maximum SOA formation potential reflects the timescale
to balance the functionalization and fragmentation, which may
determine the spatial distribution of the SOA production from
vehicle emissions. Factors that contribute to this spread may
include (1) photochemical conditions in the OFR (e.g., NOx
conditions that were discussed above), (2) SOA precursor
structure and OH reactivity, and (3) uncertainty in the
calculated OH exposure. For instance, first-generation
products contribute predominantly to the SOA mass for
some precursors like single-ring aromatics and naphthalene,4,5

for which the timescale of maximum SOA production is
perhaps determined by the reaction rates of precursors with
OH and varies by precursors.67 On the other hand, delayed
timescales of maximum SOA production are expected for cases
involving multigeneration contribution to SOA (e.g., the
oxidation of some n-alkanes).67,68 We further note that our
use of online benzene and toluene measurements likely
reduces associated uncertainty to calculated OH exposure
values relative to previous studies that relied on offline OH
exposure calibrations.16−18

Figure 3 compares the observed OAAE values in this study
for the equivalent photochemical age of 1.5 ± 0.2 days with the
corresponding OAAE values calculated from the OH oxidation
of known SOA precursor classes that were measured with the
PTR-QiTOF. The contribution of PTR-speciated compounds
to observed OAAE ranged from 4 to 13% and in most cases is
dominated by aromatic compounds, aside from roadside
episode II, during which the SOA formation potential of
speciated monoterpenes exceeded that of the aromatics. Unlike
the on-road measurements, the roadside measurements might
be influenced by nearby local sources. PTR-speciated OVOCs
(including C1−C2 alcohols, C4−C6 acetates, C6−C8 phenols,
and benzaldehyde) contributed <1% of the observed OAAE
based on their assumed SOA formation potential. For
unspeciated OVOCs (or fragments) up to m/z 500, the
signals measured by PTR-QiTOF either increase or show
negligible losses in the OFR, which unlikely contribute to a
significant amount of the observed SOA. We hypothesize that
IVOCs, e.g., linear alkanes, cycloalkanes, alkenes, and ethyl-
and propyl-substituted aromatics, that the PTR-QiTOF is

insensitive to, contribute the majority of the remaining
unexplained OAAE.

24 Consistently, a recent chassis dynamom-
eter study on China Stage V gasoline vehicles shows that 80%
of the SOA formed from the exhaust oxidation was contributed
by IVOCs.69

4. ATMOSPHERIC IMPLICATIONS
The OA:CO-based parameterization is commonly used in
chemical transport models to simulate the SOA production
from combustion sources.70,71 We obtained a maximum SOA
formation potential of 44 (39−50) μg m−3 OA ppmv−1 CO for
the fleet emissions in Beijing under high-NOx conditions. We
assume that the fleet composition in Beijing (i.e., a mixture of
National Stage III−V vehicles for 90% of the fleet) is similar to
other cities considering the intensive increase in the number of
vehicles in operation nationwide in China in the past 10 years.
The CO emissions from the transportation sector were 25.2 Tg
in 2017 in China,37 and about 88% of these CO emissions
were contributed by gasoline vehicles according to the China
Mobile Source Environmental Management Annual Report of
2019. With these values, we roughly estimate an annual SOA
production rate of 0.78 (0.69−0.89) Tg yr−1 in China from
mobile gasoline sources. This annual production rate is almost
52 times higher than the mobile gasoline primary PM2.5
emissions in the Multiresolution Emission Inventory for
China (MEIC).37,72 By contrast, the PMF analysis herein
indicates that the mass ratio of OOA (i.e., OOA1 + OOA2 +
OOA3) to HOA is 8 ± 11 for 1−1.5 days of equivalent
photochemical age, highlighting the importance of SOA
production from mobile gasoline sources and the possibility
of underestimation of traffic-related POA in the inventory.
Moreover, NOx and NH3 associated with mobile sources
contribute additional particulate inorganic nitrate. Despite
effective reductions in SO2 and NOx emissions in the past 10
years,37 the mass concentrations of SOA and nitrate in PM2.5
remain high.73 Observations underscore the importance of
effective regulation of gas-phase precursors in vehicle emissions
to directly reduce secondary aerosol formation in the future,
even as car emissions and ozone levels are reduced.
The shorter equivalent photochemical age for reaching the

maximum ΔOAAE/ΔCO in this study may point to the
potential role of NO in competing with HO2 for reaction with
RO2, thereby decreasing the OH exposure that is required to
achieve maximum SOA formation, although other factors like
precursor composition may also contribute. To the extent that
the high-NOx photochemical conditions in the OFR measure-
ments herein mimic the oxidative aging processes that present
in Beijing and other polluted cities, the maximum SOA
potential would occur over an ambient timescale less than 1−
1.5 days for a mean OH concentration of 1.5 × 106 molecules
cm−3. In Beijing, the daily maximum OH concentrations
during clean episodes may reach 107 molecules cm−3 in
summer and 2 × 106 molecules cm−3 in winter.74,75 Thus, the
integrated OH exposure may vary by about a factor of 5 across
different seasons, suggesting seasonal atmospheric transport
time for achieving maximum SOA formation potential. The
influence of secondary pollution from mobile sources is
plausibly local in summer. By contrast, the maximum SOA
formation possibly occurs after a couple of days of aging, which
is more relevant to regional transport in winter. Further
reduction of vehicle emissions may localize the SOA formation
in urban environments as emission controls improve. Chemical
transport models assume a default timescale of 1 day for
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anthropogenic SOA formation processes,71 which can
introduce unclear spatial uncertainties depending on the actual
OH exposure in different seasons. Further investigations are
needed to better understand the links between the oxidative
timescales and the resulting spatial distribution of SOA in
polluted areas.
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