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ABSTRACT: Secondary organic aerosol (SOA) formation from in-use
vehicle emissions was investigated using a potential aerosol mass (PAM)
ﬂow reactor deployed in a highway tunnel in Pittsburgh, Pennsylvania.
Experiments consisted of passing exhaust-dominated tunnel air through a
PAM reactor over integrated hydroxyl radical (OH) exposures ranging
from ∼0.3 to 9.3 days of equivalent atmospheric oxidation. Experiments
were performed during heavy traﬃc periods when the ﬂeet was at least
80% light-duty gasoline vehicles on a fuel-consumption basis. The peak
SOA production occurred after 2−3 days of equivalent atmospheric
oxidation. Additional OH exposure decreased the SOA production
presumably due to a shift from functionalization to fragmentation
dominated reaction mechanisms. Photo-oxidation also produced
substantial ammonium nitrate, often exceeding the mass of SOA. Analysis with an SOA model highlight that unspeciated
organics (i.e., unresolved complex mixture) are a very important class of precursors and that multigenerational processing of both
gases and particles is important at longer time scales. The chemical evolution of the organic aerosol inside the PAM reactor
appears to be similar to that observed in the atmosphere. The mass spectrum of the unoxidized primary organic aerosol closely
resembles ambient hydrocarbon-like organic aerosol (HOA). After aging the exhaust equivalent to a few hours of atmospheric
oxidation, the organic aerosol most closely resembles semivolatile oxygenated organic aerosol (SV-OOA) and then low-volatility
organic aerosol (LV-OOA) at higher OH exposures. Scaling the data suggests that mobile sources contribute ∼2.9 ± 1.6 Tg SOA
yr−1 in the United States, which is a factor of 6 greater than all mobile source particulate matter emissions reported by the
National Emissions Inventory. This highlights the important contribution of SOA formation from vehicle exhaust to ambient
particulate matter concentrations in urban areas.
that are representative of actual traﬃc ﬂeets and driving
conditions.
Recent studies have investigated SOA formation from dilute
vehicle emissions using smog chambers.6,8,13−15 In these
studies, emissions from individual vehicles were photo-oxidized
via UV-irradiation in a smog chamber under various conditions.
With the exception of diesel vehicles equipped with particulate
ﬁlters and oxidation catalysts, all vehicle emissions formed
substantial amounts of SOA with photo-oxidation, and, in most

1. INTRODUCTION
Motor vehicle emissions are an important source of particulate
matter (PM) in urban areas,1,2 adversely aﬀecting public health
and inﬂuencing climate.3,4 Vehicles directly emit PM, which is
mainly comprised of black carbon (BC) and primary organic
aerosols (POA). Vehicle exhaust also forms “secondary” PM
through the oxidation of gas-phase organic emissions to form
secondary organic aerosol (SOA) and the oxidation of oxides of
nitrogen to form nitrate aerosol. 5−8 Substantial SOA
production occurs downwind of urban areas, but models
based on laboratory-measured SOA yields fail to explain these
observations.9−12 A key question is: what role do vehicle
emissions play in ambient SOA production? Addressing this
question requires investigating SOA formation from vehicles
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2.2. OH Oxidation of Vehicle Exhaust. Tunnel air was
sampled into a potential aerosol mass (PAM) ﬂow
reactor14,18−20 where it was oxidized by exposure to hydroxyl
(OH) radicals. The average residence time in the PAM ﬂow
tube was approximately 100 s. The PAM reactor was placed at
the beginning of the sampling line, ∼ 10 cm downstream of the
sample inlet to minimize losses of SOA precursors. A three-way
valve was used to alternately sample tunnel air from the PAM
reactor or a bypass line.
Four UV mercury lamps (BHK Inc.) were used to initiate
photochemistry inside the PAM reactor. The lamps emit light
at 185 and 254 nm. At 185 nm, O2 is photolyzed to produce O3
and H2O is photolyzed to produce OH and HO2. At 254 nm,
O3 is photolyzed to produce O(1D), which reacts with H2O to
produce OH. O3 levels inside the PAM reactor (0−20 ppm) are
not expected to signiﬁcantly inﬂuence SOA formation because
SOA precursors present in vehicle emissions are dominated by
aromatics and saturated hydrocarbons22 that are unreactive
toward O3. High O3 levels may suppress reactions of nitric
oxide (NO) with organic peroxy radicals (RO2) formed from
OH oxidation of vehicle emissions, but the eﬀect on SOA
formation is probably minor.23
OH concentrations were systematically varied by changing
the UV lamp voltages between 0 and 110 V. The OH exposure,
which is the product of OH concentration and average
residence time in the PAM reactor, was determined by
measuring the decay of SO2 as a function of lamp intensity
in oﬄine calibrations. NOx levels in the tunnel were high
(400−1300 ppb); therefore, NOx was a large OH sink. To
account for this sink, the OH calibrations were performed with
a range of NO concentrations representative of tunnel
conditions, where a known amount of NO was added to the
PAM reactor along with SO2 and the corresponding reduction
in OH exposure was measured. SI Figures S4−S6 show the
reduction in OH exposure at low, midrange, and high lamp
intensity respectively in the PAM reactor as a function of [NO].
From these data we calculated the reduced OH exposure for
tunnel measurements as a function of lamp intensity at the
mean tunnel NO mixing ratio (459 ppb). OH exposures ranged
from 7.4 × 1010 to 2.4 × 1012 molecules cm−3 s or
approximately 0.3−9.3 days of equivalent photochemical
aging at a typical urban OH concentration of 3 × 106
molecules cm−3.24 VOCs may also reduce the OH exposure
in the PAM reactor, but this reduction was likely much smaller
than that due to NOx since VOC levels were much lower than
NOx levels. Thus, the estimated OH exposures represent an
upper limit of the actual exposures inside the PAM reactor
during tunnel measurements.
2.3. Instrumentation. Nonrefractory PM1 mass was
measured using an Aerodyne Aerosol Chemical Speciation
Monitor (ACSM),25 which quantiﬁes concentrations of organic,
nitrate, ammonium, sulfate, and chloride species at unit mass
resolution. The ACSM was operated at 1 min resolution in the
tunnel, which is signiﬁcantly higher than the more typical 15−
30 min resolution, because of the relatively high PM
concentrations. ACSM data were corrected for collection
eﬃciency (CE), which was estimated by comparing ACSM
mass concentrations to concurrent scanning-mobility particle
sizer (SMPS, TSI 3080) mass concentrations assuming PM
density weighted by the proportions of major chemical
constituents (i.e., organics = 1.0 g cm−3, ammonium nitrate =
1.73 g cm−3). The range of CE applied to the aged aerosol was
0.5−0.7, depending on extent of oxidation, consistent with the

cases, the amount of SOA exceeded POA after aging the
emissions for less than the equivalent of 1 day at typical
atmospheric oxidant concentrations. However, since vehicle
exhaust can reside in the atmosphere for up to a week or more,
chamber studies may not characterize the full SOA production
potential associated with multiple generations of oxidation.16 In
addition, smog chamber experiments have only been performed
with exhaust from a small number of vehicles that may or may
not be representative of actual in-use vehicle ﬂeets. Many
tunnel studies have characterized primary emissions from large
ﬂeets of motor vehicles,17−19 but to date, no tunnel studies have
quantiﬁed SOA formation from motor vehicle emissions.
In this study, we investigated SOA formation from a large
ﬂeet of on-road vehicles inside the Fort Pitt Tunnel on
Interstate-376 in Pittsburgh, Pennsylvania. The tunnel air was
oxidized with the hydroxyl radical (OH) inside a potential
aerosol mass (PAM) reactor20 over exposures ranging from
several hours to several days of typical atmospheric oxidation.
The data were analyzed to quantify the SOA production and to
characterize SOA composition as a function of oxidant
exposure. The data are compared to ambient measurements
and scaled to provide an estimate of the contribution of in-use
vehicles to SOA formation on the national level.

2. EXPERIMENTAL METHODS
2.1. Sampling Setup in the Fort Pitt Tunnel. Experiments were conducted during a two-week period in May 2013
in the two-lane westbound bore of the Fort Pitt Tunnel on
Interstate-376 in Pittsburgh, Pennsylvania. The bore is 8.5 m
wide, 4.1 m tall, and 1.1 km long with a 2.5% uphill grade so the
vehicles were operating under load. The tunnel is mechanically
ventilated through ducts situated in the tunnel ceiling and by
airﬂow created by traﬃc motion.
Supporting Information (SI) Figure S1 shows time series of
weekday traﬃc ﬂow rate, vehicle speed, and fraction of lightduty vehicles (LDVs) during the study period. Traﬃc data were
collected using a Remote Traﬃc Microwave Sensor operated by
the Pennsylvania Department of Transportation (PennDOT).
An average of 61 450 (±2600 standard deviation) vehicles
passed through the tunnel per day, with hourly traﬃc volumes
peaking between 3500−4000 vehicles per hour during morning
and evening rush hours. Between 90 and 96% of the traﬃc ﬂeet
during the experimental periods consisted of LDVs, which in
the United States, are mainly gasoline-fueled. Vehicles per hour
and fraction of LDVs were fairly steadyneither metric
changed more than 5% during a single experiment. Assuming
an average fuel eﬃciency for new and used LDVs and heavyduty vehicles (HDVs) of 21 and 6 miles per gallon,
respectively,21 80−85% of the fuel consumption during
measurement periods was by LDVs. Pittsburgh city bus routes
do not pass through the tunnel.
Figure S2 in the SI shows the sampling setup in the tunnel.
The sample inlets were inserted through a sealed ventilation slit
in the tunnel ceiling approximately 50 m from the tunnel exit.
Ventilation slits upstream and downstream of the sample inlet
were blocked to reduce dilution of emissions near the sampling
location. Gas and particle sampling lines were 22 m long due to
constraints on where the instrumentation could be deployed.
Gas sampling lines were 0.5 in diameter Teﬂon tubing, and
particle sampling lines were 0.325 in diameter copper tubing.
The Reynolds number for the particle sampling line was <2000,
indicating laminar ﬂow.
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respectively, and MWCO2, MWCO, MWVOC, and MWC are the
molecular weights of CO2, CO, VOC, and carbon (mg mol−1),
respectively, and Cf is the carbon content of fuel. For this study,
we assumed a carbon content of gasoline of 0.86 (kg-carbon kgfuel−1).33 The carbon contributions from CO and VOCs were
typically <1% and ≪1%, respectively.

decrease in CE with organic aerosol (OA) aging reported in
other studies.26−28 Black carbon (BC) mass concentrations
were measured using an Aethalometer (Magee Scientiﬁc model
AE-31).
Gas-phase measurements included carbon dioxide (CO2,
Licor Biosciences model LI-820), carbon monoxide (CO, API
model 300), NOx (Teledyne model 200 EU), and O3 (API
model 400A). For three experiments, samples of tunnel air
upstream of the PAM reactor were collected onto Tenax TA
sorbent tubes. These samples were analyzed oﬀ-line using
thermal desorption system (TDS3, Gerstel Inc.) coupled with a
gas chromatograph (GC) equipped with a mass-selective
detector (Agilent 6890 and 5975) to quantify concentrations
of intermediate volatility organic compounds (IVOCs; see
SI).29 During select experiments, whole air samples (WAS)
were also collected upstream of the PAM reactor using 2 L
evacuated stainless steel canisters equipped with stainless steel
bellows valves. The WAS were analyzed to quantify
concentrations of 49 volatile organic compounds (VOC)C2
− C10 hydrocarbons, including alkanes, alkenes, and single-ring
aromatics using a GC equipped with ﬂame-ionization and massselective detectors.30
2.4. Background Pollutant Concentrations. The
pollutant data measured inside the tunnel were corrected for
urban-background pollutant concentrations, which were a
factor of ∼3−30 times lower than concentrations inside the
tunnel. SI Table S1 lists typical tunnel and background
concentrations of OA, NOx, CO, and CO2.
Background concentrations of PM2.5 and CO were measured
at an urban background site operated by the Allegheny County
Health Department located in the Lawrenceville neighborhood
of Pittsburgh, approximately 6 km northeast of the tunnel site.
Previous studies have demonstrated that this site provides a
good estimate of urban background pollutant levels.31 To
estimate background organic aerosol (OA), we used the
average chemical speciation of PM2.5 from the Pittsburgh Air
Quality Study.32 POA concentrations in the tunnel were
typically 2−5 times higher than the estimated background OA
concentrations, and SOA concentrations in this study were at
least an order of magnitude higher than background OA
concentrations. Background concentrations of CO2 were
assumed to be 400 ppm, which was the minimum CO2 level
measured in the tunnel when traﬃc levels were very low. The
CO2 level in Pittsburgh may ﬂuctuate by ±10 ppm, which is
only ∼5% of the smallest background-corrected CO2 level
measured in the tunnel.
2.5. Calculating SOA Production. SOA production was
quantiﬁed on a fuel-consumption basis using a carbon balance:
SOA production, mg(kg − fuel)−1
OAPAM − OA bypass
=
× Cf
total C

3. RESULTS AND DISCUSSION
3.1. Primary Emissions. Primary emissions data calculated
from the unoxidized tunnel air are listed in SI Table S2. VOC,
BC, NOx, and POA emissions measured in the tunnel fall
within the range of gasoline and diesel emissions reported in
previous studies.33,34 Assuming gasoline/diesel fuel consumption fractions indicated by traﬃc data and reported vehicle class
fractions (see SI), primary emission factors measured in the
tunnel are within ±5−40% of expected emissions based on
emission factors reported in previous vehicle emissions
studies.5,35
3.2. Secondary PM Production. Figure 1 shows time
series of data from a typical PAM reactor experiment. The

Figure 1. Time series of ammonium, sulfate, organics, and nitrate
measured by the ACSM. Shaded periods are when the tunnel air
bypassed the PAM reactor. Equivalent atmospheric oxidation (i.e., ″1
day” at [OH] = 3 × 106 cm−3) is shown at the top of the plot. This
experiment was conducted on May 13, 2013, and is representative of
other experiments.

shaded regions are periods when tunnel air bypassed the PAM
reactor and was not subjected to OH oxidation. The nonshaded
regions correspond to periods when the tunnel air was
processed inside the PAM reactor at a speciﬁc OH exposure,
indicated on the top axis in units of “OH days,” calculated
assuming [OH] = 3 × 106 molecules cm−3.
During bypass periods, Figure 1 indicates that ACSMmeasured nonrefractory PM mass loadings varied between 6−
12 μg m−3 (∼60% organic, 25−30% sulfate, 10−15%
ammonium and nitrate) and that NOx was present mostly in
the form of NO (NO2/NOx < 5%). When tunnel air was
oxidized inside the PAM reactor (nonshaded periods in Figure
1), PM mass loadings increased signiﬁcantly. SOA concentrations (deﬁned as the diﬀerence between the OA measured
downstream of the PAM reactor and the bypass line) ranged
from 5 and 50 μg m−3 depending on OH exposure. SOA
formation from background air was assessed and found to be

(1)
−3

where OAPAM is the OA concentration (mg m ) measured
downstream of the PAM reactor, OAbypass is the OA
concentration (mg m−3) in the bypass line. Total C is the
total carbon concentration, deﬁned by
⎛ ΔCO
ΔCO
ΔVOC ⎞⎟
2
total C = ⎜⎜
+
+
× MWC
MWCO
MWVOC ⎟⎠
⎝ MWCO2

(2)

where ΔCO2, ΔCO, and ΔVOC are the background-corrected
CO2, CO, and VOC concentrations in the tunnel (mg m−3),
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assuming [OH] = 3 × 106 molecules cm−3. The peak SOA
production (∼350 mg kg-fuel−1) was measured at an OH
exposure of 6.9 × 1011 molecules cm−3 s or 2.7 OH days. The
SOA production then decreased with additional OH exposure.
This trend is qualitatively similar to laboratory SOA data from
photo-oxidation of large alkanes.14 At lower OH exposures,
functionalization-dominated reaction mechanisms produce low
vapor pressure gas-phase species to produce SOA. At higher
OH exposures, continued oxidation fragments carbon−carbon
bonds and forms higher vapor pressure products that reduce
SOA levels. This transition from functionalization- to
fragmentation-dominated reaction mechanisms was observed
in all PAM reactor oxidation experiments performed in the
tunnel.
Results from smog chamber SOA formation studies
performed with individual light-duty gasoline vehicles
(LDGVs)5−7 are also plotted in Figure 2. Comparisons can
only be made at the lowest OH exposure given the limited
oxidation in the smog chamber studies. SOA production
measured by Nordin et al.6 and Gordon et al.5 are similar to the
low OH exposure PAM reactor data. However, the Platt et al.7
data shows a much larger mass enhancement at a comparable
OH exposure (about an order of magnitude larger on a fuelbasis; Figure 2a). This may be because the Platt et al.7 data are
based on two experiments with a single LDV, and may not be
representative of a broader range of vehicles and operating
conditions.
Figure 2 suggests that the published smog chamber studies
(except for Platt et al.7) may underestimate the ultimate SOA
production from vehicle emissions due to limited OH exposure.
The peak SOA production measured in the PAM reactor was
about 10 times greater than that measured at low OH exposure
in the smog chamber.
Field studies often characterize the SOA production
downwind of urban areas using the ratio of backgroundcorrected OA (ΔOA) to background-corrected CO (ΔCO) to
account for the eﬀects of dilution on OA levels.11 Figure 2b
plots ΔOA/ΔCO measured in the PAM reactor as a function
of OH exposure. The agreement between the PAM reactor
ΔOA/ΔCO ratio and the Platt et al.7 chamber data suggests
that the Platt et al.7 vehicle may have had high VOC and CO
emissions. Figure 2b also compares the PAM reactor data to the
ΔOA/ΔCO from the parametrization of de Gouw et al. which
was derived from aircraft measurements made downwind of
urban areas in the northeastern United States.10 The peak
ΔOA/ΔCO measured in the tunnel occurs at the same OH
exposure at which ambient ΔOA/ΔCO levels oﬀ in the de
Gouw et al. parametrization.10 In addition, the median ΔOA/
ΔCO measured in the tunnel is very similar to the de Gouw et
al. parametrization (±30% at higher OH exposures). Since as
much as 90% of CO emissions in and downwind of urban areas
are from motor vehicle exhaust,40 this suggests that gas-phase
oxidation of vehicle emissions may explain a large fraction of
SOA production downwind of urban areas.
Figure 2c presents total PM mass enhancements, deﬁned as
the ratio of total PM mass measured downstream of the PAM
reactor to that measured in the bypass line (primary PM mass).
The PM mass is the sum of the species measured by the ACSM
mass plus BC measured by the Aethalometer. The peak PM
mass enhancement was ∼11 (10 times more secondary PM
mass than primary PM emissions) after 2.7 OH days,
demonstrating that the contribution of motor vehicle exhaust
to ambient PM is dominated by secondary aerosol production.

negligible (see SI). Therefore, the SOA production shown in
Figure 1 is due to vehicle exhaust. There was also signiﬁcant
formation of particle-phase ammonium nitrate due to the
oxidation of NO emissions to HNO3 inside the PAM reactor
which was then neutralized by the NH3 emitted by gasoline
vehicles.17,36−38 The ammonium nitrate production exceeded
that of SOA by about a factor of 2, underscoring the signiﬁcant
contribution of motor vehicle emissions to secondary inorganic
aerosol formation. Gordon et al.5 also observed signiﬁcant
ammonium nitrate formation in smog chamber studies with
gasoline vehicles. The conversion eﬃciency of NOx to nitrate
inside the PAM reactor ranged from 7−25% at OH levels at ∼3
OH days, which is consistent with NOx conversion eﬃciencies
observed in the atmosphere.39
Figure 1 indicates that the nitrate levels also decreased at
high OH exposure. We attribute this decrease to evaporation
due to a ∼ 10 °C temperature rise at the highest UV lamp
intensity. This temperature increase likely has minimal eﬀect on
the gas-particle partition of the highly oxidized organic aerosol
formed at high OH exposures.
Figure 2 shows a box-and-whisker plot that summarizes the
SOA data as a function of OH exposure. The top axis shows the
equivalent atmospheric photochemical age in OH days

Figure 2. Box-and-whisker plots of SOA production as (a) fuel-based
emission factors and (b) ΔOA/ΔCO enhancement ratios. Panel (c)
shows total PM mass enhancement including inorganic species and
BC. The symbols in (a) and (b) are SOA production data from
published gasoline vehicle smog chamber studies.13,32,33 Panel (b)
shows the parametrization of ΔOA/ΔCO from de Gouw et al.6
Sample size for each box-and-whisker plot was n = 11.
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3.3. SOA Composition. The ACSM mass spectra indicate
that the chemical evolution of the organic aerosol inside the
PAM reactor is similar to that observed in the atmosphere.
Sample mass spectra at various levels of OH-exposure are
presented in SI Figure S8. Figure 3 plots the correlation

the median SOA production measured at each OH exposure,
this ratio ranged from 8% at 0.3 OH days to 61% at 2.7 OH
days. Therefore, the maximum eﬀective SOA yield inside the
PAM was 61% (23−78%, respectively, for 25th to 75th
percentiles at 2.7 OH days), which is higher than yields
measured in typical single compound smog chamber experiments. However, 2.7 OH days is a much higher oxidant
exposure than in typical chamber experiments. Therefore, the
very high eﬀective yields measured at 2.7 OH days are likely
due, in part, to multigenerational chemistry. In addition, there
are likely SOA precursors that were not quantiﬁed, such as
evaporated POA and other higher molecular weight species.33
The eﬀective yields at lower OH exposures are more consistent
with published smog chamber data.
We also compared the measured SOA formation to
predictions of an SOA model. SOA production was modeled
as a two-step process. First-generation SOA from speciated
precursors was calculated using the SOA module from the
community multiscale air quality (CMAQ) model.51 Brieﬂy,
precursors react to form semivolatile products derived from
ﬁtting smog chamber data. The gas-particle partitioning is
described as a pseudoideal solution at equilibrium. Species
lumping was based on the SAPRC mechanisms (see SI). To
account for alkanes with varying carbon numbers and structures
(linear, branched and cyclic), we used the scheme in Pye and
Pouliot52 to determine n-dodecane equivalent emissions. PAHs
were lumped and modeled to form SOA using the surrogate
naphthalene.52 The model also accounts for unspeciated
precursors, including the IVOC UCM measured with the
Tenax sorbent and organic vapors associated with the
semivolatile POA.49 The mass concentrations of these vapors
were estimated using the measured POA in the bypass line and
the volatility distribution for gasoline exhaust of May et al.50
First-generation SOA production from the POA vapors and the
IVOC UCM were modeled as a n-tridecane (with a reaction
rate constant of 1.51 × 10−11 cm3 molecules−1 s−1).47
The second step of the SOA model was to simulate the
eﬀects of multigenerational processing using the 2-D volatility
basis set (2D-VBS). The ﬁrst generation products were mapped
on the 2D-VBS using the approach of Murphy et al.48 and their
chemical evolution was modeled using the parametrization for
α-pinene from Donahue et al.54
Figure 4 presents the results from the SOA modeling.
Speciated SOA precursors (single-ring aromatics, n-alkanes, and
PAHs) undergoing a single generation of oxidation only
explained about 20% of the median measured SOA after 2.7
OH days. Including SOA formation from unspeciated organics
(POA vapors and IVOC UCM) tripled the predicted SOA
mass, with predicted SOA accounting for about 65% of the OA
after 2.7 OH days (short-dashed line in Figure 4). Therefore,
unspeciated organics are predicted to contribute twice as much
SOA as traditional, speciated precursors.
Figure 4 indicates that the model does not reproduce the
magnitude nor timing of the peak SOA production. There are
several possible explanations for the underprediction of the
peak SOA mass production. The SOA yields in the model were
derived from smog chamber experiments, which may underestimate SOA yields by as much as a factor of 4.49 The model
may not include all SOA precursors. Finally, the model may
underpredict multigenerational SOA production. The 2D-VBS
parametrizes the branching between the functionalization and
fragmentation as a function of the O:C ratio. However, the O:C
ratio of the ﬁrst generation gas phase products was not

Figure 3. Correlation coeﬃcients (r2) between the ACSM mass
spectra (this study) and published ambient PMF factors41 as a function
of OH exposure. These are data from a typical experiment (Evening
rush hour: May 10th, 2013).

coeﬃcient (r2) between OA mass spectra as a function of OH
exposure and published PMF factors derived from ambient
measurements.41,42 Unoxidized tunnel OA closely resembled
the hydrocarbon-like OA factor (HOA; r2 > 0.9) with the
characteristic “picket fence” associated with the electronic
impact ionization of alkyl chains (SI Figure S8).43 Oxidation in
the PAM reactor caused substantial growth in the m/z 44
(CO+2 ) signal, which is associated with organic acids.44 After a
few hours of equivalent atmospheric oxidation in the PAM
reactor, the OA spectra most closely resembled semivolatile
oxygenated OA factor (SV-OOA; r2 = 0.8) but also resembled
HOA factor (r2 = 0.75) and low-volatility oxygenated OA factor
(r2 = 0.65). At higher OH exposures, the ACSM OA mass
spectra most resembled LV-OOA factor (r2 = 0.9). These
trends in the ACSM mass spectra mirror the evolution of OA
downwind of urban areas12 and laboratory studies.12,45,46
3.4. SOA Modeling. Comprehensive organic speciation was
performed on the WAS and Tenax samples to better
understand the SOA formation. These data are summarized
in SI Table S3. They include concentrations of 72 individual
organics, including single ring aromatics, polycyclic aromatic
hydrocarbons (PAHs), alkanes, and alkenes. The emission rates
of these species are comparable to recent dynamometer data
(SI). A large fraction of the IVOC collected on the Tenax
sorbent could not be speciated and therefore was classiﬁed as
an unresolved complex mixture (UCM). The mass of the UCM
was quantiﬁed using surrogate standards, as described in the
online supplemental.
An eﬀective SOA yield can be deﬁned as the ratio of the
measured SOA mass to measured gas-phase organic concentration (median speciated organics plus IVOC UCM). Using
11239
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model simulations: (1) speciated SOA precursors (single-ring
aromatics, PAHs, and alkanes) only explain a small fraction of
the SOA formation from vehicle emissions, (2) unspeciated
SOA precursors (i.e., UCM) contribute largest portion of
predicted SOA, suggesting that unspeciated precursors are the
dominant source of SOA in vehicle emissions consistent with
Gordon et al.,5 and (3) multigenerational processing of both
gases and particles is necessary to explain SOA at longer time
scales.

4. ATMOSPHERIC IMPLICATIONS
The SOA data can be scaled to estimate potential SOA
production from mobile emissions in the United States. This
estimate is deﬁned as the product of the peak measured ΔOA/
ΔCO in Figure 2b (median ∼90 μg m−3 ppmv−1 at 2.7 OH
days) and the U.S. mobile source CO emission taken from the
National Emission Inventory (NEI; 37.3 Tg CO year−1).52 The
NEI attributes 90% of CO emissions in the United States to
mobile sources−on- and oﬀ-road gasoline vehicles.
We estimate SOA production of 2.9 ± 1.6 Tg yr−1 in the
United States from mobile source emissions. This estimate is
somewhat higher than previous estimates. Bahreini et al. (2012)
estimated an SOA formation rate of ∼1 Tg yr−1 in the U.S.
from mobile gasoline sources; de Gouw et al.53 calculated a
production rate of 2.1 Tg SOA yr−1 from urban VOCs. Figure 2
indicates that the measured SOA production also agreed well
with the parametrization of de Gouw et al.,10 supporting the
conclusion that mobile source emissions contribute a large
fraction of anthropogenic SOA downwind of urban areas.
The PAM reactor data also underscore that the contribution
of on-road vehicle exhaust to ambient PM exposure in the
United States is likely driven by secondary aerosol production,
not primary PM emissions. The estimated SOA production
from mobile source emissions is six times higher than the NEI
estimate of primary PM emissions from these sources.
Furthermore, mobile source NOX emissions contribute
signiﬁcantly to secondary nitrate formation. This highlights
the importance of controlling aerosol precursors in on-road
vehicle emissions.

Figure 4. Model-measurement comparison. Measured data (median
OA concentrations) are indicated by + symbols, with error bars
representing 25th and 75th percentiles. The short-dashed line shows
predicted SOA concentration from a single generation of gas-phase
oxidation of speciated and unspeciated SOA precursors. The mediumdashed line show predicted SOA formed from speciated and
unspeciated SOA precursors undergoing multigenerational processing
in the gas-phase. The long-dashed line shows predicted SOA formed
from speciated and unspeciated SOA precursors undergoing multigenerational processing in the gas- and particle-phases. The colored
wedges are the individual contributions from each class of SOA
precursor to SOA from gas- and particle-phase multigenerational
processing (long-dashed line).

measured. It was assumed to be 0.4 based on Murphy et al.,48
which is based on results from α-pinene experiments.50 At an
O:C ratio of 0.4, the 2D-VBS predicts that fragmentation
reactions are dominant. If the O:C ratio of the ﬁrst generation
gas-phase products of vehicle exhaust are less than 0.4, then the
2D-VBS would predict substantial multigenerational SOA
production.
In order to explain the fall oﬀ of the SOA production at high
OH exposure, we had to include heterogeneous oxidation of
OA with OH in the model (assuming an uptake coeﬃcient of 1
or 2 × 10−12 cm3 molecules−1 s−1; long-dashed line in Figure 4).
The distribution of functionalized and fragmented products
from the heterogeneous reactions were assumed to be the same
as those from gas-phase oxidation.51 Therefore, heterogeneous
reactions appear to be an important loss process for highly
oxygenated OA in the PAM reactor.
Figure 4 also indicates that the model does not reproduce the
timing of the peak SOA production. It predicts that the peak
production occurs at lower OH exposures, equivalent to 1 day
of atmospheric aging. This may be due to the model assuming
instantaneous equilibrium gas/particle partitioning. The reaction time scales and residence time inside the PAM reactor
(<100 s) are likely shorter than the partitioning time scales
(order of minutes); therefore, instantaneous equilibrium may
not be a good assumption and should be explored in future
studies.
Although the model predictions do not perfectly reproduce
the measured data, three key conclusions arise from these
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