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ABSTRACT: Mobile sampling studies have revealed en-
hanced levels of secondary organic aerosol (SOA) in source-
rich urban environments. While these enhancements can be
from rapidly reacting vehicular emissions, it was recently
hypothesized that nontraditional emissions (volatile chemical
products and upstream emissions) are emerging as important
sources of urban SOA. We tested this hypothesis by using gas
and aerosol mass spectrometry coupled with an oxidation flow
reactor (OFR) to characterize pollution levels and SOA
potentials in environments influenced by traditional emissions
(vehicular, biogenic), and nontraditional emissions (e.g., paint
fumes). We used two SOA models to assess contributions of
vehicular and biogenic emissions to our observed SOA. The
largest gap between observed and modeled SOA potential
occurs in the morning-time urban street canyon environment, for which our model can only explain half of our observation.
Contributions from VCP emissions (e.g., personal care products) are highest in this environment, suggesting that VCPs are an
important missing source of precursors that would close the gap between modeled and observed SOA potential. Targeted OFR
oxidation of nontraditional emissions shows that these emissions have SOA potentials that are similar, if not larger, compared to
vehicular emissions. Laboratory experiments reveal large differences in SOA potentials of VCPs, implying the need for further
characterization of these nontraditional emissions.

■ INTRODUCTION

Atmospheric particulate matter (PM) with diameter smaller
than 2.5 μm (PM2.5) has deleterious effects on human health,1

and it also affects the Earth’s climate.2 Numerous ambient
measurements have shown that organic aerosol (OA)
comprises a dominant fraction of PM mass in most regions
of the atmosphere, including urban areas.3−5 After emission,
primary OA and coemitted reactive organic gases evolve in the
atmosphere, resulting in formation of secondary OA (SOA),
which is a dominant contributor to global OA mass.4,6

Atmospheric chemistry models often underpredict urban
SOA formation, likely because the emission inventories used
by these models are missing large sources of rapidly reacting
SOA precursors.7−10 Recent studies have proposed that
organic gas emissions from volatile chemical products

(VCPs; e.g., pigment coatings, personal care products) are
an important source of urban SOA precursors, rivaling those
from traditional sources, such as gasoline and diesel
vehicles.9,11 Radiocarbon dating of urban aerosol has also
implied that an important source of urban SOA is volatile
organic emissions of petrochemical origin, that is, vehicles and
VCPs.12,13 While some recent studies have studied the SOA
potential of single VCP compounds,14 the hypothesis that
VCPs are significant urban SOA precursors has not yet been
experimentally tested. It is, however, likely that these VCP
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constituents may have significant SOA mass yields under
atmospherically relevant conditions. It is thus critical to
understand how VCP emissions contribute to urban SOA
formation. Aside from VCPs, upstream organic emissions (e.g.,
oil and natural gas extraction and enrichment, refineries, tar
sands exploration, etc.) are significantly underpredicted in the
National Emission Inventory, and their role in atmospheric
chemistry is thus poorly constrained.15,16 One reason for this is
that these large industrial facilities contain several different
subunits and thus have fugitive emissions from several points
along the process that are difficult to quantify.17,18 A mass
balance of organic compounds through the U.S. petrochemical
industry revealed that of the 17 Tg of organic gas emissions in
2012, only 5 Tg were from gasoline and diesel exhaust, with
upstream emissions and VCPs contributing roughly equally to
the remaining 12 Tg.9 While particulate matter levels are
regulated both at points of emission19 and in ambient air,20

regulations on these nonmobile and upstream sources of
reactive organic gases are less stringent. Further, these organic
gases are regulated with attention to their potential to form
tropospheric O3, and less attention is paid to their SOA
potential. Identification of organic gases that are efficient SOA
precursors can thus aid in reducing discrepancies between
observed and modeled SOA, and better constrain the annual
SOA budget at the national scale.
At the intraurban scale, recent high-spatial-resolution

measurements have shown spatial variabilities in VCP tracers
and SOA, with above-background enhancements in city
centers and industrial regions.5,21−24 This suggests that
different intraurban environments have different extents/rates
of SOA production because of greater emissions. In addition to
spatial variabilities, diurnal patterns of observed SOA are also
consistent with those of precursor emissions from vehicles and
VCPs.21,23 It is thus reasonable to expect that rapidly reacting
SOA precursors from VCPs influence these observed spatial
and temporal variabilities in intraurban SOA.
In this study, we investigate differences in SOA formation

potentials across different urban environments using a compact
oxidation flow reactor (OFR) deployed in a mobile laboratory.
We show results of OFR sampling in typical urban environ-
ments, and also in environments that are more heavily
influenced by nontraditional emissions. We also present results
of laboratory experiments that underscore the magnitudes and
source-dependent variabilities in SOA potentials of VCPs. The
objective of this study is to empirically test two hypotheses in
densely populated urban environments: (a) nontraditional
emissions, such as VCPs are an important source of rapidly
reacting SOA precursors and (b) intraurban variability in SOA
potential occurs due to traditional (vehicles, biogenic) and
nontraditional sources similarly.

■ METHODS
We performed measurements in/around Pittsburgh, PA and
New York City, NY metro areas. We oxidized ambient air in
our oxidation flow reactor (OFR), measured the amount of
SOA produced in the OFR, and used these measurements to
infer the SOA potential in different urban environments. Our
primary goal was to distinguish different sources of SOA and to
assess the importance of traditional and nontraditional SOA
precursor sources. Because anthropogenic emissions are
variable both spatially and temporally, our use of the term
“environment” is not just defined in space (e.g., street canyon),
but also in time (e.g., morning-time street canyon). We visited

five environments: (1) morning-time urban street canyon, (2)
morning-time urban low-rise, (3) afternoon-time urban low-
rise, (4) industrial coke production plume, and (5)
construction site. The air quality in the first three environ-
ments is heavily influenced by vehicular emissions, and thus,
we collectively refer to them as typical urban environments.
The industrial facility is the largest metallurgical coke
manufacturing facility in the U.S. and is a well-documented
strong source of PM2.5 (900 tons per year25,26), and hazardous
organic gases.27 At the construction site, spray-painting and
sealcoating activities were a strong source of VCP emissions.
We collectively refer to the industrial and construction sites as
nontypical urban environments.
We also reproduced the VCP-influenced plumes in the

laboratory using a select few VCPs (e.g., personal care
products) and characterized variabilities in SOA potential
across different VCP types.

Outdoor Sampling Locations and Instrumentation.
We performed morning-time urban street canyon measure-
ments in downtown Pittsburgh, PA (majority buildings >20 m
tall), and in Harlem, New York City, NY (majority buildings
<20 m tall) in July 2018. We performed coke production
plume measurements in Clairton, PA in October 2018.
Pittsburgh and Harlem measurements were performed in the
morning (8 AM to 11 AM). Measurements in Harlem were
also done in the afternoon (1 PM to 4 PM). Measurements in
Clairton were done from 7 AM to 9 AM. Sampling locations
and other details about the environments are shown in the SI.
We measured aerosol mass and chemical composition with a

high-resolution time-of-flight aerosol mass spectrometer
(AMS; 1 min sampling; Aerodyne Research Inc.), and aerosol
size distributions with a scanning mobility particle sizer
(SMPS; 3 min sampling; TSI Inc.). These instruments were
deployed in the Carnegie Mellon University (CMU) mobile
laboratory. Every 10 min, the aerosol sampling source was
alternated between the OFR and a bypass (ambient) line to
measure real-time enhancement of aerosol mass upon
processing in the OFR.
Ambient organic gases were measured by high-resolution

proton-transfer-reaction time-of-flight mass spectrometers
(PTRMS) external to the CMU van. With the exception of
the industrial site in Clairton, we used the customized “NOAA
PTR-ToF-MS”23,28 aboard the NOAA Chemical Sciences
Division mobile laboratory.23 In Clairton, we used a
commercial PTR-ToF-4000 (Ionicon Analytik). A list of
species measured and analyzed by these instruments is
provided in the SI.
At the construction site (Oakland neighborhood, Pittsburgh;

Figure S10), we performed mobile OFR sampling of VCP
fumes. To capture rapid variability, the AMS and SMPS only
sampled through the OFR (lamps held at steady voltage), with
the AMS sampling every 20 s.

Oxidation Flow Reactor (OFR). We used a custom-built,
3.6 L cylindrical aluminum OFR, operated at a nominal flow
residence time (τ) of 1 min. In the OFR, hydroxyl radical
(OH) is formed upon controlled photolysis of oxygen and
humidity present in the inflowing air (details in SI). We
injected CO at the reactor inlet (nominally 3 ppm of CO after
mixing with ambient air), and used its decay to estimate real-
time OH concentrations in the OFR.29,30 This approach
inherently accounts for any effect of varying ambient OH
reactivity (e.g., from NOx) on OH concentrations inside the
OFR. We also calibrated OH concentrations offline, and
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verified our calibrations against the Peng et al.31 model (Figure
S2). We systematically varied OH exposures (OHexp = [OH] ×
τ) by stepping the voltage supplied to the ultraviolet lamps.
OHexp was then converted to an equivalent atmospheric age
assuming a daily average OH concentration of 1.5 × 106

molecules cm−3.32 In a typical OFR experiment, we stepped
through 4−5 different lamp voltage settings, including a “dark”
setting (i.e., lamps off). We used the ratio of ambient OA to
that measured through dark reactor (typically 1.2) to account
for any particle mass lost to reactor surfaces. We also evaluated
other loss mechanisms in our OFR, such as photolysis,
excessive fragmentation, etc., using previously published
models (details in SI).31,33

Data Analysis. AMS data were processed using SQUIR-
REL 1.57I and PIKA 1.16I routines in Igor Pro.34 Data were
corrected for transmission and ionization efficiencies of the
AMS, and composition-dependent collection efficiency.35

Hydrocarbon-like OA (HOA) from vehicles was estimated as
a linear combination of select high-resolution tracer fragments
in the OA mass spectra (C4H9, C4H7, and CO2

+ at m/z 57, 55,
44, respectively), similar to approaches reported previ-
ously29,36,37 (details in Figure S11).

Estimating Unmeasured SOA Precursors. Atmospheric
organic mixtures consist of compounds that are present in a
single phase (particles and gases), and compounds that are in
two-phase equilibria. The two-dimensional volatility basis set
(2D-VBS)38,39 framework describes the mass distribution of
these organic mixtures using volatility bins, with nonvolatile
and low-volatility bins (N- and LVOCs) containing particle-
phase mass, semivolatile bins having a mixture of particle- and
gas-phase compounds (SVOCs), and bins of higher volatilities
(intermediate-volatility organic compounds (IVOCs), and
VOCs) containing gas-phase mass. The OA measured by the
AMS thus consists of all N- and LVOCs, and particle-phase
SVOCs. Gases measured by the PTRMS are mostly VOCs,
since it is challenging to measure gas-phase S/IVOCs with this
technique.40−42 However, these S/IVOCs are important SOA
precursors43,44 and improve closure between modeled and
observed SOA.8,30,45

Zhao et al.46,47 showed that the IVOC-to-HOA ratios of
gasoline and diesel vehicle emissions are 6.2 ± 4.4 and 8.0 ±
3.6, respectively (integrated over the cold-start unified drive
cycle). Recently, Lu et al.48 showed a relationship between
SVOC and IVOC mass fractions across a variety of emission
sources including gasoline and diesel vehicles. We use the

Figure 1. (a) OA and (b) SOA precursors in urban (left axes) and industrial (right axes) environments. Error bars on OA data are 1 σ. S/IVOCs
from vehicles are estimated using published emission factor ratios of S/IVOCs-to-OA for gasoline and diesel vehicle emissions.46−48 Error bars on
S/IVOCs indicate bounds of estimated combustion S/IVOCs, arising from the uncertainties in the IVOC-HOA relationships of Zhao et al.46,47

Because of the lack of information about chemical composition of coke production emissions, we did not estimate S/IVOCs for the industrial site.
Due to lack of resolution about isomers, we only show the chemical formulas of the oxygenated VOCs.
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IVOC-to-HOA ratios of Zhao et al.,46,47 and the SVOC-IVOC
relationship of Lu et al.48 to estimate combustion S/IVOCs
from vehicular emissions in our typical urban environments.
SOA Prediction. We predicted SOA from measured and

estimated ambient precursor concentrations and source types
at the typical urban environments and the coke manufacturing
site, though we did not account for any S/IVOCs for the latter.
While emission factors have been published on individual S/
IVOCs,18 we are not aware of studies that have published the
total (speciated + unspeciated) S/IVOC emissions in coke
production emissions.
We used speciated and source-based approaches to predict

SOA production in the OFR. In the speciated approach, we
used the individual precursor concentrations (from Figure 1),
their respective reaction rate constants with OH, and
previously characterized SOA yields from literature (details
in Table S1). We used high-NOx SOA yields if available,
thereby invoking the assumption of high-NOx regimes in our
typical urban environments. For combustion S/IVOCs, we
used the rate constant used previously to represent reactivity of
unresolved complex mixtures of organic gases in OFR
conditions,49 and the n-alkane surrogate yields for gasoline
and diesel emissions reported by Jathar et al.50 We calculated
SOA formation at 2 days of OHexp, since this is the time scale
for peak SOA formation in the OFR.29,45,51

The source-based approach follows Saha et al.29 Here, we
consider vehicular and biogenic emissions as two important
SOA precursor groups in typical urban environments. We
considered ambient monoterpene and isoprene measurements
collectively as “biogenic” (while using their individual yields
from the OFR measurements of Lambe et al.52), and HOA as a
metric for vehicular emissions. We used the peak OA
enhancement ratio observed inside a highway tunnel by
Tkacik et al.51 as the maximum possible SOA that can be
achieved from OFR-oxidation of air influenced by vehicular
emissions. Since Lambe et al.52 and Tkacik et al.51 reported
OFR-based SOA measurements, these parametrizations also
account for multigenerational chemistry that may occur under
the high OH conditions in the OFR. We only estimated
biogenic SOA for the coke manufacturing site.

■ RESULTS AND DISCUSSION
Ambient Organic Concentrations in Typical Urban

Environments. In Figure 1, we present ambient OA and SOA
precursor concentrations in typical urban and industrial
environments where we performed stationary sampling. We
grouped important SOA precursors consistently with how they
are typically grouped in chemical transport models.53

Ambient OA in the typical urban environments are similar to
each other (10−13 μg m−3) and to previous urban measure-
ments.5,54 We estimated HOA concentrations of 0.8, 0.3, and
0.1 μg m−3 in the street canyon, morning-time low-rise, and
afternoon-time low-rise urban environments, respectively.
These values are consistent with those reported previously
for high- and low-source urban environments in the
U.S.21,22,55,56 OA and precursor levels were much higher (90
μg m−3 OA, 60 μg m−3 precursors) at the industrial site,
because we sampled directly downwind of the Clairton coke
works plant during a strong meteorological inversion, which
can trap the pollutants near ground level.57−60 These gas- and
particle-phase measurements are consistent with previous
fenceline measurements performed downwind of this industrial
facility.25,61

Figure 1 also shows estimated S/IVOCs emitted from
gasoline and diesel vehicles in the typical urban environments.
Among these environments, the largest amount of observed +
estimated precursors are in the street canyon (20.1 ± 3.7 μg
m−3). This point is reinforced later in Figure 2c, in which the

hatched bars represent the ratios of OA to precursors in the
different environments. This ratio is lowest for the urban street
canyon environment, indicating highest amount of unreacted
precursors relative to ambient OA (in other words, SOA
potential).
Of the three typical urban environments, the street canyon

has the highest concentrations of aromatics. This is expected
because of high levels of traffic and reduced dispersion in the
street canyon. However, Figure 1 also shows more
monoterpenes (MTs) in the street canyon than in the urban
low-rise environments and the industrial environment, despite
the latter having a denser tree cover (see Figures S7−S9). The
ratio of monoterpenes to isoprene is highest in the densely
populated street canyon, followed by the urban low-rise
environments, and then the sparsely populated semirural

Figure 2. OA mass enhancements in different environments, reported
as (a) absolute (AEOA = OFR − ambient) and (b) relative (REOA =
OFR/ambient) enhancements versus integrated OH exposure in the
OFR. OH exposure is converted to equivalent atmospheric age
assuming daily average ambient [OH] = 1.5 × 106 molecues cm−3.
Lighter dots are individual data; circles are binned averages. For
comparison, literature data show results of similar OFR experiments
performed in typical urban environments. In panel c, the ambient OA
(hatched bars, reversed) and peak AEOA (solid bars) in each
environment are normalized to the amount of ambient aromatics.
The purpose of this is simply to relate the SOA potential to the
unreacted organic gases shown in Figure 1, and thus we use total
concentrations of aromatics as a proxy for all SOA precursors. Each
bar represents a different environment and is colored accordingly.
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industrial area. Since we sampled in the typical urban
environments within a month, these intraurban MT/isoprene
variabilities are likely due more to local emissions than to
seasonal variations of natural MT emissions. While MTs (e.g.,
α-pinene) and isoprene are the dominant SOA precursors
emitted from the biosphere, some reactive MTs are also used
as ingredients in VCPs (e.g., limonene, which reacts with OH
4× faster than α-pinene,62 is used in household cleaning and
personal care products63). Thus, compared to the exclusively
naturally emitted isoprene, MTs can exhibit larger spatial and
temporal variability across urban environments,64 with larger
contributions in areas with high population density.
Similar to MTs, concentrations of VCP tracers are highest in

the street canyon, followed by the low-rise environments.
PCBTF (parachlorobenzotriflouride) is commonly used as a
solvent in paints, coatings, inks, etc.65 D5 (decamethylcyclo-
pentasiloxane) is widely used in consumer products, such as
deodorants, and commonly observed in urban air, especially
populous areas.23 Oxygenated VOCs, a potentially important
class of VCP-emitted precursors,9,66,67 are also higher in the
urban street canyon compared to the low-rise environments, as
shown in Figure 1. These pieces of evidence all suggest that the
influence of VCP emissions was strongest in the street canyon,
followed by the morning-time urban low-rise environment.
Measured SOA Potentials in Typical Urban Environ-

ments. Figure 2a and b shows the absolute and relative OA
mass enhancements (AEOA = OFR − ambient, REOA = OFR/
ambient, respectively) with increasing equivalent (equiv)
atmospheric age in the OFR for different environments.
Overall, in all environments, the mass enhancement increases
with increasing equivalent age, peaking at 1.5 to 2 equiv days,
and then decreases with additional aging, consistent with
previous OFR results.29,45,49,68 This trend occurs because at
shorter ages (<2−3 days), functionalization and condensation
mechanisms dominate the chemical processing, while at longer
ages (>3 days) fragmentation mechanisms are more
important.29,45,51 Figure 2c shows the ratios of ambient OA
and peak AEOA, respectively, to the unreacted aromatics
measured in the different environments. Aromatics are
important anthropogenic SOA precursors.8,69 Hence, ratios
with aromatics are meant to relate the SOA potentials in
different environments to the amount of traditional urban
precursors shown in Figure 1.
We will focus on the three typical urban environments in

this section and discuss the Clairton coke works plume results
in a later section. Among the typical urban environments, the
street canyon has the highest SOA formation, with the largest
peaks in both REOA (2.5 × ambient OA), and AEOA (15 μg
m−3). In the urban low-rise, peak AEOA of 5 and 1 μg m−3 are
observed in the morning and afternoon, respectively,
corresponding to REOA of 1.5 and 1.1 × ambient OA. This
morning-afternoon shift in SOA potential is consistent with the
findings of Ortega et al.,45 and indicates increased morning-
time emissions of precursors (from vehicles and VCPs23). As
proposed by Ortega et al.,45 this phenomenon occurs because
of rapid oxidation of these morning-time emissions, reducing
the SOA potential in the afternoon. This phenomenon is more
clearly illustrated in Figure 2c. The ratios of ambient OA and
peak SOA to aromatics complement each other in describing
the SOA potential of an environment. Simply put, a smaller
ratio of ambient OA to aromatics indicates a larger SOA
potential, and thus would be accompanied by more SOA per
unit aromatics in the OFR. We observe this trend for all three

typical urban environments (all of which have similar ambient
OA levels). The ambient OA/aromatics ratio is lowest in the
street canyon, suggesting that there is a large pool of unreacted
precursors in that environment. As a result, the SOA potential
should be (and is) highest in the street canyon. Further, from
morning to afternoon, this ambient reactive pool is either
consumed or advected away, resulting in lower SOA potential
in the afternoon.45

While aromatics are an indicator of anthropogenic emissions
of SOA precursors, there are other important precursors
emitted in typical urban environments, especially in the
morning, for example, S/IVOCs from vehicles.8,44 Non-
vehicular sources likely also contribute substantially to these
S/IVOCs. Two possible nonvehicular S/IVOC sources could
be cooking emissions8 and VCPs.9,11 While cooking emissions
have been shown to substantially impact urban OA,5,21,22,70,71

several recent studies suggest that oxidation of cooking
emissions forms negligible SOA,72−74 although contrary
findings also exist.75 Nonetheless, the diurnal profiles of
cooking emissions peak at noontime.21 Thus, if cooking
emitted important SOA precursors, these would have a
stronger effect on urban SOA during lunch time. However,
this effect is observed neither here nor in previous
observations.45

VCP emissions from personal care products are higher in
areas of higher population density,23 and their diurnal profiles
peak in the morning,23 which coincides with the increased
morning-time SOA potential observed here. We thus
hypothesize that in addition to traditional sources, VCP
emissions also have an important influence on our observed
SOA potentials across typical urban environments. This
hypothesis is not only consistent with the findings presented
here, but would also support previously reported findings of
higher SOA in urban street canyons.21,22 We further investigate
this hypothesis in the next section.

Predicted SOA Potentials in Typical Urban Environ-
ments. In this section, we compare SOA potential observed in
the OFR to that predicted using our speciated and source-
based approaches. Results of SOA predictions are shown in
Figure 3 as solid bars (speciated approach) and hatched bars
(source-based approach).
The speciated approach predicts less SOA potential than the

source-based approach. This is likely because of several
reasons. First, SOA yields derived from environmental
chamber experiments are often underpredicted due to wall
effects.76 Second, while SOA yields have been shown to
depend on NOx levels,77 literature yields for precursors are
often classified into two NOx conditions (low NOx and high
NOx). Since we used high NOx yields in our calculations, SOA
predicted using this approach is conservative. Third, the
PTRMS misses important SOA precursors, such as alkanes,
cycloalkanes, etc., that could also contribute to SOA. Fourth, at
the OH concentrations in the OFR, multigenerational
chemistry can also affect the SOA yield. Fifth, following Jathar
et al.50 and Drozd et al.,78 we treat all S/IVOCs as either n-
tridecane (gasoline) or n-pentadecane (diesel), thereby
missing the multicomponent complexities of the actual vehicle
emissions. Instead of relying on chamber-derived yields, the
source-based approach relies on OFR-measured SOA enhance-
ment ratios (REOA). As a result, these alternate yields are not
only not influenced by wall effects, they also implicitly account
for influences of NOx and multigenerational chemistry at OFR-
relevant OH levels. Further, since Tkacik et al.51 performed
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OFR-oxidation of air inside a highway tunnel, their REOA is
representative of vehicular emissions. For the purposes of this
study, the speciated approach should thus be thought of as a
lower bound of the predicted SOA potential.
Overall, both our SOA prediction approaches follow the

same trend as the OFR-measured peak AEOA: the largest SOA
potential occurs in the street canyon, followed by morning-
time urban low-rise, and then the afternoon-time urban low-
rise environment. Further, both approaches are able to explain
the OFR-measured SOA potential for the afternoon urban low-
rise environment (within 7%). However, both approaches
underestimate SOA potential in the other two environments.
For example, the source-based approach is on average unable
to explain 7.5 and 2.7 μg m−3 SOA potential in the street
canyon and morning-time urban low-rise. It is unable to
explain nearly 50% of the observed SOA in both these urban
environments. This suggests that there are important sources
of SOA precursors in addition to traffic and biogenics in street
canyon and morning-time urban low-rise environments.
Figure 3 shows that the predicted SOA from vehicular S/

IVOCs is relatively insensitive to the vehicle fleet composition
(i.e., gasoline versus diesel vehicles). Assuming a pure diesel
fleet (instead of pure gasoline) for the street canyon
environment only increases the predicted SOA by 0.7 μg
m−3, still preserving the gap of about 7 μg m−3 between
observed and predicted SOA. In addition to fuel type, vehicle

operating conditions can also impact the S/IVOC emissions.
Zhao et al.47 showed that cold-start emissions have a higher
IVOC/OA ratio. However, the source-apportionment results
of Gu et al.22 and Sun et al.54 both showed traffic emissions
starting to peak at 6 AM in Pittsburgh and New York,
respectively. Since our urban morning measurements begin
after 8 AM local time, cold starts are unlikely to explain the
additional observed SOA in the morning. Additionally, many
vehicles arriving at the street canyon environment in
Pittsburgh first traveled on a highway and were thus
presumably warmed up.
Zhao et al.44 measured ambient IVOCs and aromatics in the

Los Angeles urban background and found that they had
negligible weekend/weekday variations. This suggested that
there is an important source of S/IVOCs in urban areas that
has little weekend/weekday dependence. Domestic gasoline
vehicles and VCPs (e.g., personal care products) fit this
description. Our measurements suggest that influence of VCP
emissions was strongest in the street canyon, followed by the
morning-time low-rise environment. We, therefore, hypothe-
size that the unexplained SOA in our typical urban environ-
ments is the result of oxidation of noncombustion and
nonbiogenic precursors, including S/IVOCs and oxygenated
VOCs emitted from VCPs. To close the SOA mass balance in
these environments would require 15−20 μg m−3 of unreacted,
C15-equivalent S/IVOCs (or other VOCs not measured by the
PTRMS) to be present in the street canyon environment (5−7
μg m−3 in the urban low-rise). Following our hypothesis, the
amount of SOA potential from VCPs (8 μg m−3) is larger than
that from vehicles (6.3 μg m−3) in the street canyon
environment. The ratio of SOA potentials of VCPs to that of
vehicles is 1.3. This VCP/vehicle ratio of SOA potential is
comparable with the estimate of McDonald et al.9 for Los
Angeles urban background (ratio of SOA potential of
consumer VCPs to fossil fuel combustion emissions = 1.4).
Our findings therefore empirically support the hypothesis of
McDonald et al.,9 that compared to vehicles, VCPs contribute
an equal if not great amount of SOA relative to vehicular
emissions.
Our analysis attributes aromatics and MTs to vehicles and

biogenic sources, respectively. By extension, the SOA that was
predicted from these precursors using the speciated approach
was attributed to “vehicle” and “biogenic” origin, and only the
difference between this predicted SOA and the OFR-observed
SOA was attributed to VCPs. However, it is very likely that a
fraction of the ambient aromatics and monoterpenes were
VCP-emitted,23 and we therefore misattributed them.

SOA Potentials in Environments Influenced by
Nontraditional Emissions. In the previous section, we
compared our OFR-measured SOA using speciated and
source-based modeling of traditional sources, and attributed
the unexplained SOA to nontraditional sources, such as VCPs.
While we lumped all VCPs into a single surrogate compound
(C15), this is a broad generalization because different VCPs
have widely varying chemical compositions and thus different
SOA yields. Similarly, other relatively less characterized
sources of SOA precursors also likely have varying chemical
compositions. For instance, the industrial coke production
plume in Clairton had a largely different mixture of organic
species (with much higher aromatic concentrations) relative to
typical urban environments (Figure 1). In this section, we first
discuss OFR-produced SOA ∼ 3 km downwind of this
industrial coke manufacturing site. Next, we discuss results of

Figure 3.Measured and predicted SOA in different environments at 2
equiv days of OHexp. The peak absolute OA enhancements (AEOA)
measured in the OFR (from Figure 2) are shown as green bars, with
error bars indicating propagated variations of individual ambient and
reactor OA data. SOA predictions are shown within pink tints.
Source-based (hatched bars) and speciated (solid bars) approaches
are used separately to predict SOA. The speciated approach was run
separately to account for different S/IVOC-OA relations for gasoline
(gray) and diesel (black) emissions, as shown in Figure 1. Error bars
on the speciated approach results indicate propagated uncertainties in
gasoline and diesel S/IVOC-HOA relations, uncertainties in literature
yields, and variations in gas-phase measurements. Errors on hatched
bars indicate bounds calculated by choosing minimum and maximum
yields reported in relevant OFR literature.
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mobile sampling at the construction facility in Pittsburgh,
where the air quality was largely influenced by VCP emissions.
Lastly, we present results of laboratory experiments that
underscore the variability of SOA yields from a select few
VCPs.
Industrial Coke Production Site: A Source of Upstream

Emissions. Concentrations of gas- and particle-phase organics
in the industrial coke production plume are almost 8 times
higher than in the typical urban environments (Figure 1).
These high concentrations are due to a combination of high
emissions and trapping of the plume under a meteorological
inversion.57−60 The chemical composition of this plume was
also largely different than in typical urban environments.
Aromatics, such as benzene and styrene, contributed nearly
two-thirds of the measured organic gases, with benzene
contributing 56% of the aromatics (benzene contributed 15%
of aromatics in the typical urban environments).
In addition to posing a direct health threat to the downwind

suburban vicinity, the organic gases in this industrial plume are
also important SOA precursors. As seen in Figure 2, the largest
AEOA, 125 μg m

−3, is observed in this plume. The AEOA values
observed here are similar to those observed in a highway
tunnel by Tkacik et al.51 The AEOA in both these environments
are comparable and can be thought of as SOA potentials in
insufficiently ventilated areas with high concentrations of SOA
precursors.
Despite high pollutant concentrations, the peak REOA in the

industrial environment is lower than that observed in the street
canyon. However, the SOA potential of this industrial plume, if
inferred from the ratio of peak AEOA to aromatics (Figure 2c),
is higher than the street canyon. This is because the chemical
composition of the industrial plume is different than that in the

street canyon, with a larger aromatics fraction. During coke
production, volatile material is removed from coal via
destructive distillation in the absence of oxygen. These
emissions would thus be expected to span a wide range of
volatilities. The nonvolatile and low-volatility organics cool and
condense upon emission, resulting in the high OA levels
observed downwind. While volatile organics, such as single-
ring aromatics are measured by the PTRMS, S/IVOCs are
likely also emitted but are not measured by our methods. This
is evidenced by the large (120 μg m−3) gap between the SOA
measured in the OFR, and that predicted by the speciated
approach. Approximately 300−500 μg m−3 of C15-equivalent
S/IVOCs would need to be present in this plume to close this
SOA gap. The fenceline measurements of Weitkamp et al.25

showed that this coke manufacturing facility emits on average
420 Mg of primary organic aerosol annually. Using this as a
scaling factor, our results show that this industrial site emits
1400−2300 Mg of S/IVOCs, which, via SOA formation, result
in an annual average of 580 Mg additional OA (i.e., more than
twice the primary OA). While McDonald et al.9 showed that
the magnitude of upstream emissions is significant at the
national level, our findings complement this by emphasizing
their SOA contribution.

Urban Construction Site: A Source of VCPs. In this section,
we show that in a ∼250 m vicinity of a construction site,
potential aerosol mass has a variability of over 10 μg m−3, and
this variability is strongly influenced by VCP emissions
associated with construction activity. Figure 4 shows time
series of measured ambient organic gases and OFR-produced
SOA around two parts of a construction site in Pittsburgh. The
AMS data shown are only products exiting the OFR, while the
gas data are ambient concentrations measured adjacent to the

Figure 4. Time series of quasi-mobile OFR sampling performed near two active construction sites in Pittsburgh. Gas-phase measurements (plotted
as lines) are at 1 s resolution, while aerosol measurements (plotted as shaded area and markers) are at 20 s resolution. Data are shown for when
sampling vans were parked adjacent to VCP sources, that is, (a) a freshly seal-coated parking lot and (b) ongoing spray-painting activity. Gas
measurements are at OFR inlet, while particle−phase measurements are at OFR outlet. Aerosol data timestamps are adjusted to account for
nominal residence time through OFR and plumbing.
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OFR and can, thus, be thought of as concentrations entering
the OFR. An expanded version of this time series is shown in
Figure S15, including measurements made sufficiently distant/
upwind from the construction sites to be used as background
reference. At this upwind location, REOA was 1.8 ± 0.1, similar
to typical urban low-rise environments (Figure 2).
During the first few minutes (until 12:24) of the time series,

measurements were made 10 m away from a freshly seal-coated
parking lot (4a). At this location, two sets of sharp peaks
(labeled as peak 1 and peak 2) occur in the time series of all
gases shown in the figure (ΔD5 > 5 μg m−3, ΔPCBTF > 3 μg
m−3, and ΔMT, Δacetone, Δaromatics > 20 μg m−3). These
peaks are accompanied by a 10 μg m−3 increment in SOA
formed in the OFR. Figure 4b shows measurements collected
50 m downwind of another part of the construction site (∼250
m from the sealcoated parking lot) during active spray
painting. Once again, sharp peaks in D5, PCBTF, aromatics,
and acetone (labeled as peak 3) were accompanied by an AEOA
of 10 μg m−3.
Sharp peaks in organic vapors likely indicate the sampling

inlet going in and out of the emissions plume. The resulting
absolute SOA enhancement increases by over 10 μg m−3 at
both the parking lot and the spray painting site, and relative
enhancement doubles in response to the VCP spikes. While
driving away from the seal-coated parking lot, the time series of
all gases and OFR-output OA fall to “baseline” levels,
suggesting that the SOA increments were caused by the spikes
in organic gases.
While the increments in OFR-produced SOA are similar at

the parking lot and the spray-painting sites, the composition of
the emissions are different. At the parking lot, two distinct sets
of gas peaks occur ∼1 min apart: peak 1 includes MT, D5, and
PCBTF, while peak 2 is aromatics. PCBTF is used as a tracer
for paint products, while D5 is used as a tracer for personal care
products. The correlation in these two tracers suggest that we
not only measured the fumes from painting activities but likely
also from personal care product emissions from the workers at
the construction site. The aromatics in peak 2 may represent
emissions from another activity occurring at the parking lot, or
could be from another source, for example, a passing vehicle.
Because of flow smearing across the OFR (residence time of

1 min) and plumbing, we cannot apportion the observed OFR-
produced OA between the sources that generated peaks 1 and
2. However, the time series in Figure 4a suggests that at least
some of the enhanced SOA production at the parking lot is
associated with the VCP-rich peak 1. Similarly, the SOA spike
at the spray-painting site (Figure 4b) is associated with VCPs
in peak 3.
Spikes of monoterpenes were observed at both the parking

lot and spray painting sites. While the PTRMS cannot inform
further detail about the type of MT (e.g., α-pinene versus
limonene), a time-series-based approach can be used to
distinguish MT contributions from VCPs (sudden peaks in
time series due to highly local sources) versus biogenic
(smoother change in time series while traversing from
downtown to suburban green space). The MT increments
shown in Figure 4 are thus likely also VCP influenced.
Correlated increments of tracers, such as PCBTF and D5,
further reinforce the likelihood that the MTs are VCP-emitted.
Laboratory Experiments on SOA Formation Potential of

VCPs. We investigated SOA potential of different VCPs in the
laboratory. In these experiments, we injected a short (10−20 s)
pulse of fumes from different VCPs into the OFR (Figure

S12). Time series of gas- and particle-phase organics for the
different VCPs are shown in Figure S13. The PTRMS data
show substantial signal across a suite of organic gases at the
OFR inlet. As the pulse travels through the OFR, there is a
subsequent, smeared SOA response at the OFR outlet,
measured by the AMS. The composition and magnitude of
VCP emissions vary across different VCPs, and thus, the
amount of SOA observed in the OFR also differs. For example,
the oil-based paint fumes contained SOA precursors such as
aromatics and MTs, whereas the sunblock lotion vapors did
not contain any traditional SOA precursors. Yet, both sources
produced SOA in the OFR. To quantify SOA potential, we
normalized the SOA response (ΔOA = area under OA peak)
to the acetone response (Δacetone). While acetone is not an
SOA precursor, we used it as a proxy for precursors because it
is a common component of VCP emissions across wide range
of sources.9 ΔOA/Δacetone, thus, gives a measure of the
surrogate yield that we can compare across VCP mixtures.
Instead of using just acetone, we also calculated a yield using
the total response in all VOCs (Figure S14). Both forms of
yields show orders-of-magnitude variation in the SOA
potential, suggesting a wide range of both VCP composition
and SOA formation potentials (Figure 5).

■ IMPLICATIONS OF THIS STUDY
We performed in situ oxidation of air in different urban
environments and found that traditional (vehicular and
biogenic) sources of SOA precursors do not fully explain the
observed SOA potential. This finding is consistent with
previous studies.7,8,10 Our data further suggest that VCPs
and other upstream sources (oil and gas extraction, coke ovens,
etc.) can explain this additional SOA potential. While our in
situ oxidation informs SOA potentials over long atmospheric
time scales (∼2 days), these differences in SOA potential also
explain the previously reported intraurban and morning-
afternoon differences in ambient SOA.21

Figure 5. Ranked SOA potential of different VCPs tested in the lab,
along with the SOA potential at the construction site. Note that the
axis is logarithmically spaced. SOA potential is calculated by
normalizing the amount of SOA formed in the OFR (i.e., area
under peak in OA time-series; ΔOA) to the area under the peak in
acetone time-series (Δacetone). While acetone is not an SOA
precursor, we used it as a proxy for precursors because it is a common
component of VCP emissions across wide range of sources.9
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VCPs occur in a wide range of formulations, and thus exhibit
a wide range of SOA potentials. Emissions from VCPs and
upstream sources collectively account for 70% of the total
emissions of petrochemical organic gases.9 Our findings imply
that these emissions also have significant contribution to SOA
at the national level, and that characterization of their reactivity
and SOA yield under different atmospherically relevant
environmental conditions is warranted for achieving closure
between modeled and observed urban aerosol levels, and for a
better scientific understanding of human exposure to urban
aerosols.
In addition to urban outdoor environments, our findings

also have important implications for SOA formation in other
types of environments: (a) sites of oil sands exploration,
recently shown to be important upstream emission sour-
ces,79,80 and global SOA sources,79,81,82 and (b) indoor
microenvironments, where strong oxidizing agents (typically
O3,

83 but sometimes also OH84) are present, and where VOC
emissions are much higher than those outdoors.9
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