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ABSTRACT: Secondary organic aerosol (SOA) is formed
from the atmospheric oxidation of gas-phase organic com-
pounds leading to the formation of particle mass. Gasoline- and
diesel-powered motor vehicles, both on/off-road, are important
sources of SOA precursors. They emit complex mixtures of gas-
phase organic compounds that vary in volatility and molecular
structurefactors that influence their contributions to urban
SOA. However, the relative importance of each vehicle type
with respect to SOA formation remains unclear due to
conflicting evidence from recent laboratory, field, and modeling
studies. Both are likely important, with evolving contributions
that vary with location and over short time scales. This review
summarizes evidence, research needs, and discrepancies
between top-down and bottom-up approaches used to estimate SOA from motor vehicles, focusing on inconsistencies between
molecular-level understanding and regional observations. The effect of emission controls (e.g., exhaust aftertreatment
technologies, fuel formulation) on SOA precursor emissions needs comprehensive evaluation, especially with international
perspective given heterogeneity in regulations and technology penetration. Novel studies are needed to identify and quantify
“missing” emissions that appear to contribute substantially to SOA production, especially in gasoline vehicles with the most
advanced aftertreatment. Initial evidence suggests catalyzed diesel particulate filters greatly reduce emissions of SOA precursors
along with primary aerosol.

■ INTRODUCTION: GAS- AND PARTICLE-PHASE
ORGANIC COMPOUNDS IN URBAN AREAS

With more than 1.6 billion vehicles globally, motor vehicle
emissions are major contributors to ambient concentrations of,
and human exposure to, air pollutants, including airborne
particles less than 2.5 μm in diameter (i.e., PM2.5). These
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atmospheric aerosols have important implications for human
health.1−5 Toxicological and epidemiological studies have
shown the multifaceted, detrimental health effects (e.g.,
cardiovascular, pulmonary, and cognitive) linked to aerosol
exposure, which is a dominant factor in the 3−4 million global
deaths annually attributed to outdoor air pollution.1,3−6

PM2.5 is predominantly comprised of organic carbon,
elemental (i.e., black) carbon, sulfate, nitrate, ammonium, and
other inorganic constituents such as metals.7−9 Organic aerosol
(OA) comprises a significant and variable fraction (20−90%) of
PM2.5.

7,8,10,11 Primary organic aerosol (POA) is directly emitted
by sources such as biomass burning, cooking, and internal
combustion engines that run on gasoline or diesel fuel.
Secondary organic aerosol (SOA) is formed via the
atmospheric oxidation of both biogenic and anthropogenic
gas-phase organic compounds (e.g., volatile organic compounds
(VOCs)).12−15 SOA, sometimes quantified as the surrogate
oxidized organic aerosol (OOA), typically comprises a greater
fraction of OA, especially after longer atmospheric processing
times in urban areas and in downwind plumes.7,8,11 On urban
and regional scales, emissions from on- and off-road motor
vehicles are prominent contributors to observed concentrations
of PM2.5 and OA, via both direct primary emissions and
through emissions of reactive organic gases that are SOA
precursors.
Organic compounds in the atmosphere exist over a wide

range of molecular weights and functionalities (e.g., carbonyl or
acid groups), which together determine their volatility (i.e.,
vapor pressure) and other properties.13,14 Both gas- and
particle-phase compounds can be classified by volatility,
which governs their partitioning between the gas- and
particle-phase. Organic compounds are generally divided by
effective saturation concentrations (C*) into volatile organic
compound (VOC), intermediate-volatility organic compound
(IVOC), semivolatile organic compound (SVOC), low-
volatility organic compound (LVOC), and extremely low-
volatility organic compound (ELVOC) ranges.9 The exact

breakdown of compounds is dependent on total organic aerosol
concentrations, but the compounds in each range are roughly as
follows: VOC (≤C12), IVOC (∼C13−C19), and SVOC (∼C20-
C26). The primary and secondary organic compounds that
comprise organic aerosol are on the lower end of this volatility
spectrum including ELVOCs and LVOCs, as well as SVOCs,
which exist in both phases.9 A large fraction of IVOCs and
SVOCs have only recently been measured with any chemical
detail due to difficulties with sampling and analysis.15−17 Yet,
IVOCs and SVOCs have substantial SOA yields (i.e., g SOA g−1

reactant) and are considered important contributors to SOA in
urban and downwind environments.12,15,18−22

■ A CONCISE HISTORY OF KNOWLEDGE ON URBAN
SOA

SOA was first reported in Los Angeles by Haagen-Smit
(1952)23 in conjunction with tropospheric ozone formation,
colloquially known together as “photochemical smog.”
Subsequent research using photochemical oxidation “smog”
chambers and studies of air pollution events in the South Coast
air basin identified precursors and chemical mechanisms of
SOA formation.24−29 This included an emphasis on aromatic
compounds, which were identified as key anthropogenic
precursors with prevalent emissions from motor ve-
hicles.24,26,30−32 Odum et al. (1997)30 examined the SOA
formation potential of vaporized gasoline and attributed the
observed SOA to C7−10 aromatic precursors.
A systematic underprediction of SOA in models was

identified in studies of urban environments and downwind
plumes in the mid-2000s, as highlighted by Volkamer et al.
(2006)33 Here, we define “urban SOA” as SOA formed from
VOC precursors emitted within the urban area. SOA formed
outside the urban area (e.g., from regional BVOC emissions)
may be present within the urban area, but it is not part of the
“urban SOA” discussed in this paper. With a growing
understanding of the prevalence and chemical/physical
processes occurring across the spectrum of volatilities, Donahue

Figure 1. Contributions of pre-DPF diesel vehicles to total on-road motor vehicle exhaust emissions for varying levels of diesel consumption in the
U.S., ca. 2010 (relative emission factors (g kg−1) will change substantially with penetration of control technologies such as catalyzed DPF filters, the
composition (i.e., age) of the light-duty gasoline vehicle fleet, and in regions with a larger fleet of light-duty diesel vehicles (e.g., Europe)). Labeled
curves show percentages of on-road exhaust emissions attributable to diesel engines, with the remainder attributed to gasoline vehicles. The
percentages vary with fuel use and air pollutant of interest. The intersection of the diesel fuel use fraction and the colored horizontal bands
corresponds to ranges of values for the curved contours that specify diesel emission contributions to overall on-road emissions of that pollutant. For
example, at the U.S. average of 24% diesel fuel use, the percentage of POA from diesel ranges 75−85% based on likely values for diesel/gasoline
ratios of corresponding emission factors. See Dallmann et al.197 for source data. Note: the lower VOC range has been adjusted based on variance in
VOC EFs in Table 1.
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et al. (2006)34 developed the volatility basis set (VBS), and
Robinson et al. (2007)12 applied it to diesel exhaust emissions
to better model urban SOA and parametrize the dynamic
partitioning and chemical aging of IVOCs and SVOCs. This
framework allowed for mass closure between observed and
predicted SOA but with issues reproducing observed diurnal
dynamics and SOA properties.35−37 Improved laboratory
experiments spurred revised, increased SOA yields of
VOCs.38 Yet, chamber yields from all types of compounds
may still be significantly underestimated due to losses of vapors
to Teflon chamber walls.39−41

Comprehensive chemical characterization of diesel fuel
provided unprecedented detail on the VOCs, IVOCs, and
SVOCs, which included straight, branched, monocyclic,
bicyclic, and tricyclic alkanes, as well as aromatic and polycyclic
aromatic hydrocarbons (PAHs).15,42 This highlighted the broad
spectrum of understudied SOA precursors and the necessity of
further experiments and modeling studies on SOA yields for a
diversity of atmospherically relevant chemical classes.15 It also
emphasized the value of whole emissions photochemical
oxidation experiments to better characterize the SOA formation
potential of the complex mixture of precursors in motor vehicle
emissions.12

Meanwhile, field measurements in Los Angeles during the
CalNex 2010 study observed little change in ambient SOA
concentrations with large decreases in diesel traffic over the
weekenda surprising result considering the current under-
standing of SOA yields and the prevalence of potential SOA
precursors in diesel emissions.15,43,44 Contemporary smog
chamber studies with emissions from newer, low emission
gasoline vehicles (LEV) have shown a marked increase in the
effective SOA yield of gasoline vehicle exhaust (Table 2)
despite large decreases in the magnitude of gas-phase organic
compound emissions (Note: LEV-1 and LEV-2 meets U.S. Tier

1 and 2 standards, respectively, with Tier 2 broadly similar to
Euro 5 standards, Figure S1).45−48

The contributions from varying types of motor vehicles to
urban SOA remains an active field of research with major
implications for air quality management policies worldwide,
with recent papers highlighting the growing importance of
emissions beyond the on-road vehicle fleet in the developed
world.49,50 In the following sections of this review, we
summarize and synthesize relevant research that has been
published over the past 5−10 years and provide insights into
the remaining questions, challenges, and greatest uncertainties,
as well as trends and impacts with a global perspective.

■ MOTOR VEHICLE EMISSIONS: DIVERSITY IN
VEHICLE CLASSES AND EMISSIONS OF ORGANIC
COMPOUNDS

In addition to organic gases and aerosols, on- and off-road
motor vehicles (and similar mobile sources) are major sources
of nitrogen oxides (NOX = NO + NO2), carbon monoxide
(CO), black carbon (BC), and carbon dioxide (CO2).

50−57

Motor vehicles are also significant sources of ammonia (NH3)
and sulfur dioxide (SO2), as well as other metals and other
inorganic chemical species (Figure 1).58−60 There is consid-
erable variability in emission rates and composition between
vehicles and vehicle types, with major differences based on
vehicle class, size, fuel type (gasoline, diesel, biofuel), operation
mode, model year, engine/post-combustion control technol-
ogy, and differences in regulations between on- and off-road
vehicles (and other off-road equipment) (Table 1). Further-
more, the chemical composition of gasoline and diesel
emissions has evolved with changes in engine and post-
combustion control technologies over the past several
decades.15,61−68

Table 1. Summary of Gas-Phase Organic Compound Emission Factors from Motor Vehiclesa

U.S. Units Method, Notes, Source

Gasoline: Fleet-wide Pre-LEV LEV-1 LEV-2
(1967−1993) (1994−2003) (2004−2012)
5.3 ± 4.4 1.6 ± 1.4 0.44 ± 0.36 g/L Dynomometer, geometric avg (N = 15, 23, 25 vehicles)46,49,67

0.78 5.6 (3.8−24) 0.81 (0.56−3.1) 0.09 (0.07−0.18) g/L EMFAC (fleet averages with ranges across model year
averages)166

5.2 ± 6.2 1.1 ± 0.9 0.47 ± 0.48 g/L EPA Kansas City Study (summer), geometric average ± std.
deviation (N = 88, 143, 6 vehicles)67,191

5.9 ± 5.9 1.6 ± 1.1 0.40 ± 0.07 g/L EPA Kansas City Study (winter), geometric average ± std.
deviation (N = 137, 144, 5 vehicles)67,191

0.68 ± 0.2 g/L 2010, Tunnel103

4.2 ± 0.4, 3.4 ± 0.2 g/L 1994, Tunnel (Aug., Oct.)69

2.5−4.0 g/L 1994−1997, Tunnel192

Diesel: Fleet-wide non-DPFb DPF-equipped
(−2010) (2010−)
0.61−1.1 ND−0.011 g/L Medium- and heavy-duty diesel vehicles (N = 3, 2 vehicles),

Dynomometer45,67, MD and HD
0.09−0.85 g/mile Transit buses, N = 4 vehicles,67,193

1.3 ± 0.4 g/L 2010, Tunnel103

Europe Units Method, Notes, Source

Gasoline: Euro-5
0.19 ± 0.07 g/L N = 7 vehicles,194 geometric average

(running + cold start emissions)
0.82 g/L N = 1 vehicle,47 (running + cold start emissions)
0.13 g/L N = 1 vehicle195 (running + cold start emissions)

aRunning emission factors unless otherwise noted. bNon-DPF (diesel particulate filter) diesel includes DOC and 3-way catalysts.
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Fuel composition, engine design/technology (including
computerized control), and exhaust aftertreatment technology
are all determining factors in the composition of emissions.
Gasoline engines use spark ignition of a lower molecular weight
fuel with compounds in the C4−C10 range (premixed with air)
compared to diesel engines with compression ignition of
heavier fuels (C9−C25) at higher temperatures and fuel-lean
conditions to achieve greater efficiencies (Figure 2A).51 The
organic composition of gasoline and diesel fuel has been
intentionally controlled over the past 50 years in the U.S. and
elsewhere via several regulated reformulations. They were
modified to improve engine performance, fuel efficiency, and
compatibility with catalytic converters, and also to reduce
emissions (organic gases/aerosols, CO, NOX, BC, SO2, lead)
and to minimize the ambient photochemical production of
ozone (O3) from emissions of reactive VOCs and
NOX.

51,61,68,69 Reformulations have reduced volatility, reac-
tivity, trace impurities, and/or propensity for forming NOX,
CO, or BC in the exhaust.61,68−70

Historically, gasoline engines have been identified as the
major on-road source of VOC emissions in urban areas and
have been a principal focus of VOC emission control
efforts.50−54 This was justified because fuel sales of gasoline
greatly exceeded diesel in the U.S., and combustion of diesel
fuel occurs with excess air (i.e., under overall fuel-lean
conditions), leading to relatively low VOC emission rates in
diesel exhaust.51 Also the vapor pressure of diesel fuel is low
compared to gasoline, so non-tailpipe, evaporative emissions of
VOC are inherently low for diesel vehicles.15 These
assumptions have influenced emission control policy decisions
around the world; historically, VOC control has prioritized of
gasoline vehicle emissions, and efforts focused on diesel
emissions have emphasized control of primary PM2.5 and
NOX emissions.71−74 Additionally, IVOCs or SVOCs have
never been directly regulated.
Both gasoline and diesel vehicles use lubricating motor oils

that contain a complex mixture of high molecular weight
hydrocarbons from 20 to 36 carbon atoms that are regularly
observed in exhaust.75 Several studies with a variety of methods

have shown that the components of motor oil dominate POA
emissions from the in-use motor vehicle fleet.75−77 Several
other studies suggest that for individual gasoline vehicles POA
derived from fuel components can contribute half to most of
POA in exhaust, albeit with considerable vehicle-to-vehicle
heterogeneity.78−80 For tested light-duty gasoline vehicles, the
POA formed from fuel during combustion were in the LVOC
or ELVOC range (C* ∼ 10−2−10−3), while contributions from
motor oil are concentrated in the SVOC range with a small
fraction in the LVOC range.79 All POA emissions can strongly
influence gas-particle partitioning and remain an important area
of research concurrent with this review’s focus on SOA and
their precursors.
New on-road diesel vehicle emissions standards effectively

require exhaust aftertreatment technologies, including diesel
particulate filters (DPF) and diesel oxidation catalysts (DOC)
(Euro 6/VI, Tier 2 U.S., and the U.S. EPA 2007 diesel truck
rule), and retrofits are required or incentivized dependent on
location (e.g., California, select megacities).73,74 Their impacts
are discussed in this review.
The relative use of gasoline and diesel fuel varies regionally

and temporally (Table S1, Figure S2).15,81 The dominance of
gasoline-related VOC emissions has been especially notable in
the U.S., where gasoline has been and remains the fuel of choice
for nearly all light-duty passenger vehicles. The situation differs
in Europe where diesel-powered passenger vehicles are much
more common following a rapid expansion in their usage in the
1990s. In both locations, the diesel contribution to overall VOC
emissions has been increasing over time due to (1) substantial
progress in reducing VOC emissions from gasoline engines and
(2) more rapid growth in diesel fuel sales compared to
gasoline.52,53,57,82

Past VOC source apportionment studies have used speciated
measurements of ambient VOC concentrations in urban
air.83−85 The diesel contribution to ambient VOCs has been
difficult to discern and is rarely reported in such studies. This is
because most speciated hydrocarbon measurements, especially
routine monitoring data, typically focus on lighter compounds
in the C2−C8 range. This excludes most of the hydrocarbons

Figure 2. (A) Chemical composition of diesel fuel, gasoline, and evaporative gasoline emissions, with (B) SOA yield of each emission profile shown
as a sum of SOA contributions; both are shown as a function of compound class and carbon number. Partitioning of oxidation products is calculated
at an organic aerosol concentration of 10 μg m−3 after ∼6 h of photochemical aging. Note: “branched cycloalkanes” refers to those with more than a
single linear alkyl substituent.15
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found in unburned diesel fuel, whereas gasoline contributions
are strongly represented in the list of measured hydrocarbons.
New measurements of VOCs and IVOCs allowed for the
examination of the relative prevalence of gas-phase organics
from diesel and gasoline in urban environments.15,86,87 Diesel
vehicles were found to contribute 24 ± 14% and 56 ± 18% of
uncombusted VOCs + IVOCs from motor vehicle exhaust at
two near/on-road Californian field sites; both are consistent
with regional fuel sales data multiplied by emission factors for
gasoline and diesel.15

Laboratory and in-use estimates of gas- and aerosol-phase
organic compound emission factors span several orders of
magnitude (Table 1), from as high as ∼50 g kg-fuel−1 to as low
as ∼0.001 g kg-fuel−1 with some dependence on engine design
and operation mode (e.g., 2- vs 4-stroke gasoline engines or
emissions during cold starts).67,88 Cold starts, which occur after
several hours of nonoperation, are a major source of emissions
for gasoline vehicles and have greater emissions due to two
issues: (1) Low engine temperatures lead to incomplete
combustion that allow non/partially combusted fuel com-
pounds to exit engine cylinders. (2) Effective operation of the
catalytic converter requires a warm-up period to reach sufficient
catalyst operating temperatures.89 The magnitude of cold-start
emissions increases greatly in cold weather conditions and
varies with vehicle type and year.90,91 Studies have recently
drawn attention to the large differences between 4-stroke and
2-stroke gasoline engines. The 2-stroke engines, such as in
scooters and lawn/gardening equipment, emit large quantities
of VOCs, CO, and PM2.5 due to incomplete combustion and
fuel/oil that escapes the engine without ever being
ignited.67,88,92,93,124 These off-road mobile sources and other
engines are becoming relatively more important due to
successful regulation of the on-road fleet.50

■ CONTRIBUTION OF MOTOR VEHICLES TO URBAN
SOA

The chemical composition of urban aerosol varies considerably
with location and season, with OA typically comprising a major
fraction in addition to sulfate, nitrate, and BC aerosols.11

Emissions of POA and gas-phase SOA precursors from motor
vehicles have historically been major contributors to urban OA
and remain major contributors (Figure 3).50,94,95 The relative

importance of motor vehicles for urban SOA depends on the
magnitude and distribution of all anthropogenic and biogenic
sources of SOA precursors. Following multiple generations of
oxidation chemistry, motor vehicles are currently estimated to
contribute 2.9 ± 1.6 Tg SOA yr−1 in the U.S.96 compared to a
total of 3.1 Tg SOA yr−1 from all urban emissions in the U.S.,22

both of which are uncertain and considerably smaller than total
biogenic contributions.14 SOA formed from biogenic VOC
emissions within the urban area is typically small, but urban
SOA exists in a regional background that often has a large
biogenic contribution (e.g., southeastern U.S.) that are
enhanced by anthropogenic nitrogen and sulfur emissions.22,97

Observations of fossil and contemporary isotope abundances
in aerosol samples provide evidence that nonfossil (non-
vehicular) sources (e.g., cooking, biomass burning, and biogenic
emissions) comprise a substantial fraction of observed OA in
some but not all urban locations.98−101

There are several pieces of relevant evidence supporting the
importance of motor vehicle SOA in most urban areas. First,
motor vehicles are major sources of gas-phase organic
compounds (including VOCs) that are known to be efficient
SOA precursors (e.g., aromatics) are emitted in large quantities
from motor vehicles (shown in both inventories and
observations).50,62,63,68,102−104 Second, long-term trends in
primary emissions of POA and SOA precursors are consistent
with OA concentration trends in Los Angeles (Figure 3).50

Third, oxidation chamber results demonstrate that motor
vehicle exhaust is efficient at forming SOA,45,46 which implies
large concentrations of predicted SOA when combined with
observed precursors and their emission inventories.15,105

Fourth, oxidation flow reactor results of traffic exhaust in a
tunnel result in a similar magnitude of SOA formation as in
urban air using the same reactor (Figure S3).96,106,107 Fifth,
source apportionment of urban OA identify major contribu-
tions that are interpreted as dominated by SOA from motor
vehicles as opposed to other sources.44,108 Lastly, ambient
observations of urban aerosol composition via AMS are similar
to both POA and oxidized aerosol in laboratory/tunnel studies
(Figure 4), and similar results have been observed for Fourier
transform infrared spectroscopy (FTIR) and radiocarbon
measurements suggesting a dominance of fossil fuel sources
for SOA from urban sources.11,12,22,96,99,109,110

■ SYNTHESIS OF APPROACHES: LOOKING FROM
THE TOP-DOWN AND THE BOTTOM-UP

Several approaches have been used to estimate or constrain the
quantity of SOA that can form from the complex mixtures of
organic compounds emitted from gasoline and diesel vehicles.
Estimation methods include top-down approaches based
primarily on ambient air quality measurements and bottom-
up methods that focus on in-depth characterization of fuels/
emissions and individual vehicle testing, which includes the
oxidation of fresh exhaust from single vehicles in chambers to
simulate potential SOA formation in the ambient atmosphere.
Here, we review these different approaches and synthesize their
results, identifying key points of uncertainty and directions for
future research.

Figure 3. Trends in primary and potential secondary organic aerosol
emissions for all mobile sources and on-road gasoline only in Los
Angeles (lines with shaded 95% confidence intervals, left axis), shown
with observed concentrations of organic aerosol (black solid and
dashed lines, right axis) constrained by ambient measurements
(markers).50
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■ BOTTOM-UP METHOD #1: UNDERSTANDING SOA
FORMATION POTENTIAL USING UNBURNED
GASOLINE AND DIESEL FUEL AS EMISSION
SURROGATES

Overview. Recent studies have provided near-comprehen-
sive chemical characterization of diesel and gasoline liquid fuels
with the necessary detail to probe the complex mix of organic
gas-phase compounds that comprise the majority of gasoline
and diesel emissions.15,42 Along with an understanding of the
relationship between the composition of organics in liquid fuels
and emissions, fuel composition provides a useful avenue to
predict the overall SOA yields of these complex mixtures and
identify the SOA precursors responsible for the greatest
fraction(s) of potential SOA.
Source apportionment via chemical mass balance receptor

models (with a priori source profiles constructed from fuel
speciation) has been used with ambient concentration data to
estimate the relative contributions of SOA precursors from
motor-vehicle sources at multiple field sites.15,103 Average fuel
composition is reported to be relatively consistent within a
region at a given time but was only explicitly studied during
summer in California when formulations are more tightly
controlled.15 Thus, a very detailed offline hydrocarbon
speciation with a statistically significant number of fuel samples
is representative of the regional fuel supply. With the exception
of typical products of incomplete combustion (see below), the
relative concentrations of unburnt fuel components in exhaust
have been shown to be largely statistically consistent with liquid
fuel (Figure S4).15,103,111 Studies have confirmed the
abundances of gas-phase SOA precursors from unburnt fuel
at urban sites.15,86,103 They have also successfully apportioned
gas-phase organic compound emissions from motor vehicle
sources; results from a 2010 Caldecott (Oakland, CA) tunnel
study were shown to be consistent with those from Bakersfield,
CA, in terms of the composition of uncombusted fuel in
gasoline (and diesel) exhaust emissions and the relative

magnitude of gasoline vs diesel emission rates adjusted by
relative fuel sales.15

Fuel composition data can be used to estimate SOA
formation from the exhaust. The overall SOA yield of the
complex mixture of organic gases in either diesel or gasoline
emissions was estimated as the sum of the potential SOA of
each fuel component. The fuel composition-weighted potential
SOA for each species was estimated using published yield data
for individual compounds (OH-initiated oxidation with NOX)
where available; otherwise, best estimates of yields and
uncertainties were derived for unstudied compound types
based on existing experimental and theoretical studies of SOA
yields (e.g., see references within ref 15 and refs 112 and 113).
Only 66% and 25% of the unburnt fuel components in gasoline
and diesel exhaust (by mass) had published yield data,
respectively.15

Method Results. On the basis of fuel composition,
measured emission factors, relative fuel sales, source apportion-
ment results from ambient sites, and estimated overall SOA
yields, the results of this method suggest that both gasoline and
diesel are important sources of SOA precursors. Unburnt fuel in
diesel exhaust was estimated to have an effective SOA yield of
0.15 ± 0.05 gOA g−1, larger than the yield of unburnt fuel
components in gasoline exhaust (0.023 ± 0.007 gOA g−1)
(Figure 2).15 The chemical composition of evaporative gasoline
emissions (non-tailpipe) contains a minor concentration of
SOA precursors (0.0024 ± 0.0001 gOA g−1). Predicted yields
are consistent with chamber oxidation of unburned liquid
gasoline and diesel fuel in Jathar et al. (Figure S5), very closely
for gasoline and within the uncertainties for diesel.19

A clear result from this approach is that C6−12 aromatics are
responsible for virtually all of the SOA from unburnt fuel
components in gasoline exhaust, with 96% of SOA estimated to
arise from single-ring aromatics and 3% from PAHs, which is
consistent with Odum et al.15,30 This revealed that 20−30% of
the potential SOA from these precursors are not included in
traditional compound-explicit SOA models.15 For diesel fuel,
single-ring and polycyclic aromatics were estimated to be
responsible for 36% and 17% of SOA respectively, while alkanes
were responsible for 47%.15 The results highlight the
importance of IVOCs for diesel SOA, yet found that the
C9−11 aromatics (VOCs) (Figure S6) contribute almost 30% of
the mass and 5% of diesel potential SOA.15 There are
significant differences in the SOA formation potential of
alkanes depending on carbon number, degree of branching, and
presence of cyclic structure.15,112,114 The dominant alkane SOA
precursors were IVOCs and SVOCs from the larger half of the
diesel fuel mass rangeC16 and above (Figure 2).15 This
precursor size dependence for SOA formation potential is
largely responsible for the 7 times difference between the
overall SOA yields of unburnt fuel between gasoline and diesel.

Advantages. This method utilizes a molecular level
understanding of fuels and atmospheric oxidation, which
enables the identification of compound-specific uncertainties
and development of reformulation strategies. The comprehen-
sive speciation of fuels provides the ability to predict the
composition of unburnt fuel emissions that have historically
been unspeciated due to a lack of resolution in the unresolved
complex mixture or low concentrations of individual minor
isomers. The results can be translated to other areas through
the analysis of regional fuel samples and data on fuel sales and
accurate, validated emission factors, or inventories for the
region.

Figure 4. Statistical comparison of aerosol mass spectra observed from
chamber oxidation of diesel exhaust to mass spectra from urban
observations of hydrocarbon-like organic aerosol (HOA), and
semivolatile- (SV) and low-volatility- (LV) oxidized organic aerosol
(OOA). Coefficients of determination (R2) between mass spectra
show similarities between urban secondary organic aerosol and
oxidized diesel vehicle exhaust with increased OH exposure.11
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Key Uncertainties and Standing Questions. One key
assumption of this approach is that SOA precursors emitted by
motor vehicles are overwhelmingly due to unburnt fuel
components, and products of incomplete combustion are
responsible for negligible amounts of potential SOA. There is
uncertainty with the extent that fuel composition can be used as
a proxy for SOA precursors in vehicle exhaust, which is also
discussed in the following approach and the synthesis section as
the predicted SOA based on fuels does not always match
observations. Fuel-based SOA precursors that are emitted
unburnt in exhaust are compositionally consistent with fuels,
but there are enhancements in benzene, cyclohexane and
cyclopentane that are intermediate species formed during the
combustion of larger molecules.15,69,103,111 Large differences
tend to occur with products of incomplete combustion.
However, it has been suggested that the composition of
organics in exhaust can also be skewed by the enrichment of
larger compounds with the lowest combustion efficiency.115,116

Commonly measured products of incomplete combustion
(e.g., light alkanes, alkenes, small oxygenated species) comprise
a significant fraction (30−50%)67,103 of exhaust emissions, but
based on the current state of knowledge they have only minor
direct implications on SOA formation via gas-phase chem-
istry.117,118 This has been shown for gasoline exhaust, both
historically69,111 and more recently.67,103 In addition to small
alkane/alkene products of incomplete combustion, diesel
exhaust also contains a significant fraction of carbonyls as
byproducts of pyrolysis, the prominent smaller species of which
are not known to form SOA via gas-phase chemistry.64,67,103,117

A key standing question is quantifying the potential SOA
production from combustion or exhaust aftertreatment by-
products. However, they have not been characterized, only
inferred based on individual vehicle tests (next section). Recent
research has highlighted the importance of SOA precursors in
fresh gasoline exhaust that have gone unspeciated by available
measurement techniques and are not present in liquid fuels.
Jathar et al. reports that a substantial fraction of SOA precursors
are unidentified and not resolved by traditional gas
chromatography.119 (See further discussion below in the
synthesis section.)
This approach does not account for emissions related to

lubricating oil hydrocarbons, which have large contributions to
diesel and gasoline POA (including 2-stroke engines with
premixed oil and fuel) but are only minor contributors to new
aerosol formation.75−77 Miracolo et al. report that contributions
of motor oil to new OA are minor compared to exhaust (Figure
S7).120 However, they can change the composition of measured
SOA through the oxidation of POA.121 The theoretical SOA
yields used from the literature for individual fuel components
are limited by the current state of knowledge at ∼3−6 h of
oxidation. Furthermore, the SOA yields used in this method are
currently irreversible and need to be refined to be consistent

with the current understanding of SOA partitioning and aging.
It is important to note that the published yields for individual
compounds used in this method are subject to underestimation
and uncertainty due to recently observed losses of condensing
IVOCs and SVOCs to smog chamber walls during oxidation
experiments.40 Similar to the uncertainty issues of the bottom-
up method #2, the underlying smog chamber experiments, and
interconnected theoretical modeling, is hampered by these wall
losses and underestimated SOA yields.

■ BOTTOM-UP METHOD #2: OXIDATION CHAMBER
EXPERIMENTS WITH DILUTE VEHICLE EMISSIONS

Overview. SOA production from the exhaust of individual
vehicles can be investigated by directly sampling and then
photochemically aging actual emissions in reaction chambers.
There have been 10 such independent studies, comprising
light-duty gasoline vehicles (LDGV):46−48,122 light-, medium-,
and heavy-duty diese l vehic les (LDDV, MDDV,
HDDV);45,123,124 small (<50 cm3 engine displacement)
gasoline scooters (GS); lawn and garden equipment;46,125

and gas turbines.126,127 The tested vehicles incorporate a range
of prominent engine and exhaust aftertreatment technologies,
including DPFs and DOCs.

Method Results. Several conclusions emerge across
multiple studies. First, SOA dominates the OA fraction in all
the gasoline vehicle chamber studies even after relatively short
OH exposures.96,128 However, the ratios of SOA/POA vary
dramatically (from 1 to >500) with vehicle age, engine load,
and dilution in the chambers. Nordin et al. observed large OA
enhancements (5−50 mg SOA kg-fuel−1) during six experi-
ments with emissions from three different idling LDGV (Euro
2, 3 and 4) after OH exposures of ∼5 × 106 molecules cm−3

h.48 These results are consistent with Gordon et al.46 who
report 20 to 60 mg-SOA kg-fuel−1 (although with somewhat
lower SOA/POA ratios) after the same OH exposure; however,
comparisons between the studies is complicated by differences
in engine load (idle48 vs urban driving46). Platt et al. report
∼250 mg kg-fuel−1 of SOA (and SOA/POA ∼ 10) from Euro 5
LDGV emissions or about 5 times more SOA than in the other
LDGV studies.47 This disparity may be due in part to the much
higher chamber COA in Platt et al. compared to other studies or
the formation of ammonium nitrate from ammonia in the
exhaust.47

Second, effective SOA yields observed in experiments with
dilute exhaust from modern gasoline vehicles (i.e., LEV-1/2)
are much higher (up to a factor of 10; Table 2) than those
predicted or observed for unburnt gasoline.15,19 This implies
that gasoline vehicle exhaust is enriched in SOA precursors
relative to fuel. In contrast, exhaust from older (pre-LEV)
gasoline vehicles and diesel vehicles had similar SOA yields as
predicted/observed from unburned fuels.15,19 The net effect of

Table 2. Reported SOA Yields for Gasoline and Diesel Vehicles

SOA Yield of Motor Vehicle Emissions [g SOA produced g−1 precursor reacted]

Method Gasoline Diesel

Fuel composition-based estimatesa,15 0.023 ± 0.07 0.15 ± 0.05
Chamber oxidation of vaporized unburned fuela,19 0.01−0.04 0.07−0.2
Chamber oxidation of dilute emissions45,46 U.S. vehiclesb Pre-LEV: 0.008 0.10 ± 0.05

LEV-1: 0.03−0.17
LEV-2: 0.07−0.25

aSOA yields are normalized to OA loading 10 μg m−3. bSOA yields are calculated with mass loadings ranging 3−45 μg m−3, see references for details.
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these results is that the SOA production from diesel emissions
per unit fuel is roughly comparable to SOA produced with
emissions from LDGV conforming to modern emissions
standards.
Third, the SOA formed in smog chamber experiments with

dilute gasoline and diesel vehicle exhaust generally cannot be
explained by the oxidation of VOC precursors that are included
in traditional compound-explicit models (e.g., single-ring
aromatics).45−47,119 The one exception is that better mass
balance closure is found for exhaust from older, higher-emitting
gasoline vehicles.46,48 The SOA formation from diesel exhaust
is adequately explained by the IVOCs present in the fuel, but
the observed SOA formation from gasoline exhaust cannot be
explained by fuel composition (Table 2). The chemical
composition of these “missing” gasoline exhaust precursors is
not yet known nor is it clear if they are formed/enriched in the
engine as products of incomplete combustion or during exhaust
aftertreatment, highlighting the need to apply more advanced
characterization techniques to actual emissions.
These chamber experiments suggest that traditional aromatic

emissions still play an important role in SOA formation, but
alone, they are no longer a sufficient predictor of SOA
production from gasoline vehicles. However, the use of
aromatic-free fuel replacements for gasoline decreased SOA
formation by a factor of 10+ in two studies. One study used two
scooters (with low emissions standards) with an aromatic-free
alkylate fuel and ultraclean oil, and another study used a gas
turbine engine to compare Fischer−Tropsch synthetic jet fuel
to conventional military jet fuel (JP-8).125,126 Aromatic fuel
content appears to be only partially responsible for diesel
exhaust SOA. For example, Gordon et al. found that SOA
production from HDDV emissions remains constant regardless
of whether 9%, 12%, or 28% aromatic diesel fuel is used, which
confirms the shared role of aromatic and aliphatic precursors in
ambient diesel SOA (Figure 2).15,45

Fourth, SOA does not dominate total carbonaceous PM2.5
(POA + BC + SOA) from non-DPF-equipped diesel exhaust.
This is due to large BC emissions from non-DPF diesel and
because SOA production from diesel emissions per unit fuel is
roughly comparable to that from LDGV emissions. SOA
production from the emissions of two LDDV with and without
a deactivated oxidation catalyst (254−461 mg kg-fuel−1)123 is
comparable to the 250 mg-SOA kg-fuel−1 produced from
LDGV emissions in Platt et al.47 Median SOA production from
one HDDV and two MDDV without a DPF was 35 mg kg-
fuel−1close to the median from experiments with 15 different
LDGV (spanning model years 1987−2011)while diesel BC
was 20 times greater than LDGV BC.45,46

Fifth, catalyzed aftertreatment, especially DOC + DPF, is
extremely effective at eliminating SOA from diesel combustion
emissions. Gordon et al. found nearly zero SOA production
from emissions from two different DOC + DPF-equipped
HDDV operated over an urban driving cycle.45 In addition,
SOA from the emissions of a single LDDV were dramatically
reduced from 461 to 19 mg kg-fuel−1 after a DOC was
installed.123 Furthermore, SOA production for warm and cold
idle experiments with the active DOC-equipped LDDV were
identical, which suggests that the DOC (rather than changes to
the engine temperature/load) mitigates SOA formation.123

Advantages. The primary advantage of the chamber-based
approach is that it provides a direct measurement of the SOA
production from actual emissions. This is important given the
often poor performance of SOA models, which is due to the

complexity of the SOA chemistry and incomplete character-
ization of SOA precursors. Chamber experiments with dilute
exhaust also enable direct evaluation of models that use
emission surrogates like unburned fuel to estimate SOA
production. In fact, model evaluation using chamber data
with dilute exhaust played an important role in expanding the
range of SOA precursors beyond single-ring aromatics.12

Chamber experiments with dilute exhaust also provide a
straightforward approach to explore the effect of different
driving cycles, fuel composition, engines, and exhaust after-
treatment technologies on SOA production.

Key Uncertainties and Standing Questions. While the
chambers allow for testing of individual vehicles, it is
challenging to develop large enough data sets to represent
the entire in-use fleet, with studies limited to a small number of
vehicles. In particular, sample sizes are likely too small to
capture high-emitters that are responsible for the bulk of
fleetwide emissions.52,65,129−131

All chamber oxidation studies, both dilute-exhaust studies
and single-precursor experiments used to derive yield data for
models, impart some uncertainty based on how well they
represent atmospheric oxidation conditions (radical branching,
VOC/NOX ratios, mixture of organics). There are potential
losses of emitted IVOCs and SVOCs in transfer lines or exhaust
dilution manifolds prior to the chamber. Experimental yields
may be systematically and variably low due to losses of
semivolatile precursors and gas-phase oxidation products to
chamber walls.39−41 These chamber-related concerns are
somewhat reduced by studies that directly compare SOA
formation between vehicles.
A challenge with the chamber experiments with dilute

exhaust is that the complexity of exhaust makes it difficult to
understand which component(s) of the exhaust are driving
SOA formation (i.e., SOA mass closure). An excellent example
of this issue is the unexpectedly high SOA yields of LEV-1/2
vehicle exhaust. SOA mass closure studies have demonstrated
large uncertainty regarding the precursors responsible for SOA
production in the chamber tests. In general, bottom-up, model-
based SOA estimates based on compound-specific SOA yields
cannot explain the measured SOA production in dilute
exhaust.12,45,46,48,115,119 This is especially true for vehicles
manufactured over the past two decades that meet LEV-1/2 or
Euro 5 standards. For example, both Platt et al. and Gordon et
al. report that emitted aromatics (≤C9 plus naphthalene)
accounted for <20% of the observed SOA production from
LDGV.45,47 While Nordin et al. found that a much higher
fraction (60%) of the SOA produced in their LDGV
experiments could be explained by aromatic emissions, they
still were unable to account for 100% of the observed SOA
production with idling old model vehicles.48 They hypothesize
that the balance of SOA (40%) was due primarily to
unmeasured midweight VOCs such as C10 and C11 aromatics
and naphthalene, while the fuel-based approach (bottom-up
method #1) only attributes 21% of SOA from gasoline to C10
and larger aromatics.15,48 Yet, Zhao et al.116 shows that
alkylated benzene contributes substantially to unspeciated
IVOCs in gasoline vehicle exhaust, pointing again to the need
to apply advanced characterization techniques to actual exhaust.
The key remaining question is why effective SOA yields of

gasoline exhaust from newer vehicles (LEV-1/2) is higher than
older vehicles, despite lower NMOG and traditional SOA
precursor emissions, tighter emissions standards, and no
observed changes in the measured organic composition of
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emissions. This has led to an emphasis on unspeciated
emissions and their importance for gasoline SOA, which is
discussed further in the synthesis section.119

■ TOP-DOWN METHODS

Top-down methods #1−#3 all use ambient measurements of
some type and are largely focused on the composition of
organic aerosols. These composition data are often augmented
by activity information and temporal or spatial variability (top-
down methods #2 and #3). Direct analysis of chemical
composition data (#1) has largely been insufficient to yield
conclusions on the relative importance of motor vehicle types
on SOA, so the results of methods #2 and #3 are discussed in
more detail.

■ TOP-DOWN METHOD #1: CHEMICAL
COMPOSITION OF AMBIENT OA

Overview. The chemical composition of ambient OA is
commonly measured by multiple techniques (with different
goals and priorities) and presents a potential way to estimate
the contribution of gasoline and diesel precursors to SOA when
combined with source apportionment analysis.94,132−134 For
example, Aerosol Mass Spectrometry (AMS) is commonly used
to measure the total mass concentration of OA by vaporizing
and directly ionizing the collected aerosol, with less compound-
specific resolution relative to GC-MS.11,135,136 Thermal-
desorption gas chromatography (GC) or GC-MS is among
the standard methods in analysis of ambient OA to quantify
concentrations of specific primary and secondary components
of OA.
Note: The ratios of SOA formed from motor vehicle

emissions to total OA or BC in motor vehicle emissions can
also be used to examine their influence on urban areas; they
have been surveyed in several recent papers and change over
time, with strong dependence on vehicle model year and
exhaust aftertreatment.45,46,67,88 Yet, these ratios systematically
underestimated the role of SOA in urban areas in the past due
to method assumptions.137

Method Results. The very complex nature of ambient OA
means that detailed molecular speciation can only be achieved
for a subset of species, leading to direct quantification of only a
small fraction of OA mass.94,95,137 Furthermore, full closure
between the measured OA mass and results of source
apportionment by CMB is not achieved in most studies.134,138

Studies have used a few specific SOA tracers as proxies to
assess SOA from chemical compound classes (e.g., aromatics,
monoterpenes) but not source-specific tracers.139−143 This
chemically speciated data has been insufficient to discriminate
SOA from different fossil sources and as specific oxidized
tracers have not been identified yet.
Bulk characterization of OA using methods that do not

provide detailed molecular composition also provides insight
into SOA concentrations. One approach uses off-line FTIR
analysis of OA, in which organic functional group composition
of POA and SOA is determined.144,145 Recent work has
reported that FTIR spectra can be analyzed with positive matrix
factorization (PMF) to quantify SOA components with
different compositions of functional groups, but the different
components are not specific to either gasoline or diesel
emissions.146 AMS spectra can also be analyzed with PMF to
quantify total SOA as well as contributions of different sources
to SOA, with more success at present for some biogenic SOA

sources.44,97,147 Quantification of diesel vs gasoline SOA
separately from ambient AMS data has not been reported to
our knowledge. Yet, AMS measurements have been used to
estimate the amount of SOA from diesel and gasoline emissions
by examining the weekly cycle in SOA concentrations, and this
analysis is described in more detail in the next section.

Advantages. This approach directly analyzes all atmos-
pheric OA, its properties, and chemical dynamics in the
ambient atmosphere.

Key Uncertainties and Standing Questions. In general,
source apportionment of SOA using tracer composition
measurements is difficult due to incomplete speciation of the
entire SOA mass, possible atmospheric transformations (e.g.,
oxidation, oligomerization, gas-particle partitioning, deposition)
of SOA tracers, and potential variability of tracer/SOA ratios.
Quantification of SOA contributions using functionalized SOA
tracers may also be affected by sampling inefficiencies,
variability in oxidation conditions between lab and field studies
(incl. chamber losses), atmospheric oxidation of tracers, or
instability of these compounds during analysis with a variety of
methods.138,139,148 Further research in the area of tracer
identification and characterization is thus required, especially
studies that evaluate individual tracer oxidation pathways in
comparison to overall oxidation and SOA formation, as well as
tracer gas-particle partitioning. The development of more
sophisticated analytical techniques, for example, the thermal
desorption aerosol gas chromatograph (TAG),95 two-dimen-
sional TAG,149,150 GC coupled with soft ionization,42 and very
high or ultra high resolution MS, are promising instruments for
measurement of tracers that could not be detected by more
traditional techniques as well as quantification of such tracers in
laboratory-generated and ambient OA. Improved character-
ization of existing bulk techniques such as FTIR and AMS in
terms of their response to specific SOA sources,147 as well as
development of new techniques such as those based on
chemical ionization mass spectrometry (CIMS) (e.g., FIG-
AERO-HRToF-CIMS151) may also lead to improvements in
this area.

■ TOP-DOWN METHOD #2: DAY OF WEEK
ANALYSES UTILIZING INTRA-WEEK VARIABILITY
IN DIESEL FUEL USE AND TOTAL OA OR SOA
CONCENTRATION DATA (FROM FACTOR
ANALYSIS)

Overview. In many urban environments, lower diesel
vehicle traffic volume is observed on weekends compared to
weekdays, whereas light-duty gasoline vehicles have more
consistent traffic activity throughout the week.55,152 For
example, in the Los Angeles Basin where there are minimal
influxes of regional pollution, there is a very strong weekday/
weekend pattern in BC concentrations, which is emitted
predominantly by diesel vehicles. In contrast, there is little
weekday/weekend pattern in mixing ratios of CO and benzene,
emitted mainly from gasoline-fueled vehicles.43,44,153 Using
fuel-use data and vehicular BC emission factors, it was
estimated that diesel emissions were 54% lower on the
weekends compared to weekdays.43 Such regular perturbations
to emissions from diesel vehicles have been used in recent
studies to estimate the contributions of gasoline and diesel
emissions to SOA.43,44

Urban VOC emissions are from a mix of vehicular and
nonvehicular sources, but urban NOX emissions are dominated
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by diesel vehicles. So, less diesel activity over the weekend
results in significantly lower NOX concentrations, altering
ambient VOC/NOX ratios and, in many cases, increasing the
rate of atmospheric processing by increasing the OH
concentration.153−155 This “weekend effect” with increased
ozone concentrations over the weekend has long been observed
in different cities.55,152,153,156,157 In 1995, Turpin et al. reported
some of the first evidence of a SOA weekend effect, where SOA
concentrations in Los Angeles were greatest on Saturday.29

When comparing SOA formation on weekends and weekdays,
it is thus critical to account for both differences in chemical
processing of precursors during weekdays versus weekends and
differences in source emissions. Analyses have corrected for this
using weekday and weekend data from air masses with similar
degrees of photochemical aging determined from the observed
ratios of vehicle-dominated hydrocarbons with different OH-
oxidation rates (e.g., benzene vs toluene) or the NOx/NOy
ratio.43,44,49,158

Two recent studies in LA used this effect to determine source
impacts on SOA formation using ambient total OA and urban
SOA enhancement measurements normalized to CO (i.e.,
ΔOA/ΔCO and ΔSOA/ΔCO) with airborne and ground site
data.43,44 In the airborne study (with OA mass measurements),
contributions of POA to ambient measured OA were accounted
for using ΔPOA/ΔCO values from other urban areas with
adjustments made for weekend ratios to account for changes in
emissions from diesel vehicles or other sources (e.g., cook-
ing).44,105,159,160 Weekday ΔSOA/ΔCO ratios were then
compared to weekend ratios while controlling for photo-
chemical processing to determine the relative contribution of
diesel vehicles across the six flights. For the ground site study,
AMS data obtained over 6 weeks from Pasadena, CA, were also
analyzed using PMF to determine the contribution of urban
sources to SOA.44 The weekday vs Sunday concentration of
urban SOA enhancements (normalized by ΔCO) were then
similarly compared for air parcels with similar photochemical
ages.44 This removes the need for assumptions about weekday/
weekend differences in ΔPOA/ΔCO emissions. A follow-up
study reported the ratios from the same data sets for Saturdays,
as well as for the urban-dominated SV-OOA PMF component,
and found a similar lack of difference between weekdays and
weekend days.49

Method Results. From the average difference between
weekday to weekend ΔSOA/ΔCO regressions with similar
photochemical ages, the aircraft-based study estimated a range
of diesel contributions to SOA in the LA Basin: 0−20% and 0−
47% depending on the assumed POA/CO ratio.43 In the
ground AMS-based study, the rates of increase in the total
SOA-to-ΔCO ratio (per unit photochemical age) were
determined to be 108 ± 5 and 98 ± 8 μg sm−3 ppmv−1

day−1 for weekdays and Sundays, respectively, with no

significant difference between the weekday and Sunday
data.44 These slopes are also similar to those observed when
oxidizing air dominated by vehicle emissions in a tunnel.96

Using the ratio of the ambient slopes (1.1 ± 0.1), the diesel
vehicle contribution to the urban SOA budget was estimated to
be 19(+17/−21)%. A follow-up study on Pasadena apportioned
SOA using a box model incorporated several recent SOA
parametrizations and was constrained by measurements (where
possible); they reported a similar percentage of SOA from
diesel, 16−27%,22 consistent with the two field studies.

Advantages. This method allows for an experiment on the
scale of urban atmospheres due to well-known changes in diesel
activity and emissions. The airborne data used in Bahreini et
al.43 provided a basin-wide view of SOA formation.

Key Uncertainties and Standing Questions. The
primary weakness of this top-down approach is the assumption
that precursor emissions for urban SOA in Los Angeles are
dominated by motor vehicles. However, there is a possibility of
important and unidentified SOA precursors from nonvehicular
sources. On the basis of the California Air Resources Board’s
2010 inventory, mobile sources contribute only ∼50% of total
reactive organic gases (ROG) emissions in the South Coast Air
Basin, while area-wide and stationary sources contribute
∼38%.49 Yet, ambient measurements in Pasadena (2010)
suggest that gasoline emissions explain much of the variability
in anthropogenic C2−C10 hydrocarbons (i.e., NMHC) and
oxygenated VOC concentrations, along with a clear source of
light alkanes from oil and gas production/use.161,162 Zhao et al.
found minimal weekday−weekend variation in IVOC concen-
trations and emphasized the importance of nondiesel vehicle
sources.87 Fossil-fuel driven emissions appear to contribute
75% of the afternoon increase in SOA mass formed from urban
sources and observed in Pasadena with the remaining 25% from
nonfossil sources.99 A key question is the attribution of fossil
SOA in the LA Basin, while the nonfossil fraction may be
mostly due to SOA from in-basin cooking emissions.22,99

The weekend reduction in NOX emissions appears to have
less of an effect on oxidation rates in Los Angeles than
expected, highlighting that large changes in weekend NOX-
driven oxidation conditions are not ubiquitous.163 Yet, OH and
HO2 concentrations are still higher during the weekend due to
the decrease in NOX.

164 Additional uncertainties include the
limited representation of urban areas with these two studies in
LA, and the short duration of sample collection (i.e., six flights
and six weeks, respectively). However, the SOA formation rates
in LA were similar to those observed at other locations such as
the NE U.S. and Mexico City.44 Currently, the VOC/NOX
ratios in most urban environments are in the high-NOX SOA
formation regime.37,44 Large future changes in NOX concen-
trations could affect VOC/NOX on weekends and weekend
SOA formation due to changes in the branching ratio of RO2

Table 3. Observed Concentrations of Elemental Carbonaceous Aerosol (i.e., Black Carbon), Fossil Fuel-Derived Primary
Organic Aerosol, and Fossil Fuel-Derived Secondary Organic Aerosola

Black Carbon[ug/m3] Fossil Fuel-Derived POA[ug/m3] Fossil Fuel-Derived SOA[ug/m3]

Marseilles, France 1.8 0.82 0.65
Barcelona, Spain 1.4 0.9 1
Paris, France 1.1 0.87 0.57

Zurich, Switzerland 1.3 0.51 0.55
Bakersfield, U.S. 0.31 0.61 2.5
Pasadena, U.S. 0.63 1.4 2.9

aDetermined using carbon isotopes in PM2.5 measurements. Data from refs 98, 99, and 196.
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reactions (NO vs HO2 channels) during weekends compared to
weekdays and changing SOA formation potentials, complicat-
ing the interpretation of this top-down method.

■ TOP-DOWN METHOD #3: COMPARING OA
COMPOSITION ACROSS URBAN AREAS WITH
DIFFERENT RELATIVE GASOLINE−DIESEL FUEL
USAGE

Overview. There are large differences in diesel fuel use in
the U.S. and Europe (Table S1). Carbon isotope measurements
can also provide an additional constraint for top-down analysis
on regional scales by assessing how the fossil to nonfossil
fraction of SOA varies with regional variations in fuel use.
Zotter et al. compared fossil vs contemporary SOA from several
European cities with greater diesel passenger car use.99 They
observed 2−3 times higher BC concentrations but 20% less
SOA compared to LA.99

Method Results. Table 3 compares the relative contribu-
tion of vehicular emission componentsincluding BC, POA
and SOAin major modern European cities and in the LA
Basin (Bakersfield and Pasadena). In European cities where the
fraction of diesel passenger cars is much larger than in the U.S.,
BC constitutes a larger fraction of PM2.5 (1.2−1.8 μg m−3 vs
∼0.5 μg m−3 in the LA Basin; Table 3). Conversely, in the LA
Basin, the average levels of fossil SOA are 4−5 times higher
than in European cities (∼3 μg m−3), despite lower fossil BC
concentrations.99 Combined with the higher proportions of
gasoline cars in the U.S. compared to Europe, this suggests that
gasoline emissions may dominate over diesel in the formation
of fossil SOA.
Advantages. This method capitalizes on strong fuel use

differences between Europe and the U.S. to provide a novel
perspective to evaluate OA contributions.
Key Uncertainties and Standing Questions. There are

known issues and uncertainties with the carbon isotope
analytical method.99,165 One uncertainty is that the data
analysis method assumes that the photochemical ages of
sampled air masses at the different locations are comparable.
Additional analysis of photochemical ages are required to
confirm the observed trends, especially considering potential
differences in photochemical conditions between the studied
cities. Possible differences between other nonvehicular sources
presents uncertainty with such a comparative analysis, so it is
best done in connection with an AMS−PMF analysis.

■ RECONCILING EVIDENCE ACROSS METHODS

In summary, using fuel as surrogate for the chemical
composition of emissions (bottom-up method #1) suggests
that gasoline and diesel vehicles both contribute to urban SOA,
with diesel comprising a greater fraction. Chamber experiments
(bottom-up method #2) with dilute gasoline exhaust find SOA
yields from post-1993 (U.S.) vehicles are much higher than
expected from unburned gasoline, but the underlying cause is
unclear. Analysis of weekday vs weekend OA in Los Angeles
(top-down method #2) suggests that diesel vehicles are not the
dominant source, which is consistent with the chamber
experiments showing enhanced SOA yields in modern gasoline
vehicles. However, the SOA predicted from gasoline vehicles
alone is not enough to explain the observed fossil SOA in LA.
This contributes to a broader uncertainty about the overall
importance of vehicles to urban SOA budget since contribu-

tions from vehicles have been decreasing due to tightening
emission standards.
There are several areas where the methods are in agreement

but also some key uncertainties within and between methods
that we review as points of future research.

Synthesizing Bottom-Up Methods #1 and #2. Both
bottom-up methods predict that aromatics and high molecular
weight alkanes (>C10) are important SOA precursors for
diesels. These appear to be primarily unburned fuel
components.15,115 There is less agreement between the two
methods for gasoline vehicles, especially for newer generation
gasoline vehicles (LEV-1 (Tier 1) and Euro 5 onward), which
affect the interpretation of results from the top-down methods.
Chamber experiments with dilute exhaust are much higher than
just unburned fuel, which may not be a good surrogate for SOA
precursors in exhaust from modern gasoline vehicles. Currently
(2016), CARB’s emission factor model estimates that pre-LEV,
LEV-1, and LEV-2 vehicles make up 5%, 26%, and 69% of the
greater-LA vehicle population, which equates to 4%, 21%, and
75% of fuel consumption and 38%, 42%, and 20% of the ROG
emissions from light-duty gasoline vehicles, respectively.166

This suggests highly variable exhaust composition and SOA
yields across the fleet.
To investigate the unexpectedly high SOA yields of LEV-1/2

gasoline vehicle exhaust, a carbon mass balance was used to
estimate emissions of “unspeciated” gas-phase organics in
motor vehicle exhaust (in that study unspeciated = compounds
larger than C12 or oxygenated compounds of any size).119

Unspeciated organic compounds accounted for 30 ± 15% of
gas-phase organic emissions from LEV-1/2 gasoline vehicles.
Jathar et al. attributed the vast majority of SOA mass (roughly
of 80%) to these unspeciated organics.46,119 To explain the
measured SOA mass, the effective SOA yield of these
unspeciated organic emissions was equivalent to that of a C13
n-alkane. Yet, gas-phase organic compounds larger than a C12
are minor in gasoline fuels or existing speciated exhaust studies,
with the exception of POA emissions of motor oil.15,46,75,103

Studies should consider the possibility that the “missing” SOA
precursors are partially oxidized fuel (or oil) components
emitted as polar compounds that go undetected by typical
measurement techniques. This could occur due to engine
chemistry with changes in engine technology or exhaust
aftertreatment, especially oxidation catalysts (driven by stricter
emissions standards) may cause a fraction of the fuel
components to be emitted as highly oxidized organics in
tailpipe emissions of light-duty gasoline vehicles. Studies should
also confirm that select fuel or oil components are not
selectively enriched during combustion. Zhao et al. observed
IVOC emissions from gasoline vehicles, but they increased
proportionally with total NMHCs, which does not explain the
LEV-1/2 increase in SOA yield.116 Similarly, May et al.
observed the same distribution of VOC compound classes
between pre-LEV, LEV-1, and LEV-2.67

Uncertainties and Considerations Across All Methods.
In addition to the uncertainties pointed out within each
method, we discuss key points here.
Motor vehicle emissions are an important source for urban

SOA in the developed world, but it is possible that it no longer
dominates due to the dramatic reduction in emissions over the
past few decades in response to strict vehicle emission
standards. For example, Ensberg et al. could not reproduce
observed SOA formation in Los Angeles with motor vehicle
emission alone, although this may be due, in part, to low biases
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in chamber yields and/or the lack of inclusion of important
precursors in their model (Figure S8).49 Furthermore, the
speciated composition and sources of primary IVOCs are still
highly uncertain, and recent analysis suggests that there is little
weekday−weekend variation in the mixing ratios of primary
IVOCs in Pasadena and hypothesizes fossil sources other than
on-road vehicles as the dominant source of these species.87,161

The discussed studies define “unspeciated” precursors
differently depending on the available instrumentation. The
bottom-up method #2 studies refer to all hydrocarbons above
C12 as unspeciated,46,67,167 while the bottom-up method #1
studies refer to speciated IVOCs and SVOCs with resolution by
carbon number and compound class and some prominent
isomers.15,103 The degree of resolution in studies is
increasing,116 but there remains a clear need for enhanced
chemical characterization with molecular insight at the isomer
level of actual vehicle exhaust. This will empower oxidation
studies, source apportionment, and discernment of gasoline,
diesel, and nonmotor vehicle sources necessary for compre-
hensive air quality management plans.
Cold-start emissions are a major source of gasoline vehicle

emissions. Historical and recent studies report cold-start
emissions resemble unburned fuel along with variable amounts
(35−50%) of products of incomplete combustion, sometimes
similar to running emissions.48,89 If true, then cold-start
emissions would be captured by the VOC source apportion-
ment approaches (e.g., bottom-up method #1). Gasoline
running emission factors from tunnels could have a low bias
due to the exclusion of cold-start, idling, or low-load emissions,
although Ensberg et al. included a distribution of drive cycles,
all of which under-predicted SOA in LA (Figure S8), but this
may have been due to other causes (above).15,49,116,168

Conversely, recent work compared the observed ambient
SOA formation to PAM chamber oxidation of tunnel air and
found good agreement between SOA/ΔCO ratios as a function
of photochemical age (Figure S3).96,107

The bottom-up methods and results are based on the
assumption that environmental reactors and chambers that
have been used to simulate SOA formation from individual
precursors and motor vehicle emissions are representative of
urban oxidation chemistry. There is certainly potential for
experimental artifacts introduced through differences in oxidant
exposure, organic aerosol loadings, vapor/particle wall losses in
transfer lines and reactors/chambers, and relative abundance of
NOX. It is critical to point out that the body of work presented
here does not fully account for aqueous processing, which may
alter the relative importance of precursors for SOA (e.g.,
aldehydes). The assumption is made that both our chambers
and ambient studies are not largely impacted by aqueous
processing given the relatively dry field sites, other aqueous
SOA studies in urban areas,169,170 and the lack of observed
differences in OA/ΔCO between days with cloudy and clear
mornings over downtown LA.22

Pieber et al.171 report that ammonium nitrate (NH4NO3) or
other nitrate salts can lead to overestimation of OA with AMS
measurements in chamber or ambient environments. This
effect is particularly pronounced when concentrations of
NH4NO3 are much greater than OA; yet is correctable and is
not ubiquitous across AMS instruments.171 Yields from some of
the vehicle studies where nitrate ≫ OA may need some
correction for this effect; however, most published SOA yields
use scanning mobility particle sizer (SMPS) measurements in
experiments with low nitrate/OA ratios.38 Future studies

should consider this effect since newer gasoline vehicles with
advanced NOx post-combustion control technology have
higher ammonia emission factors.59,172,173

The impacts of gasoline and diesel emissions on urban SOA
should be viewed in the context of all emitted organic and
inorganic chemical species in urban areas, especially considering
recent advancements in our understanding of the enhancement
of biogenic SOA in the presence of anthropogenic emissions.97

There may be synergistic effects between gasoline and diesel
emissions, such that SOA formation in an air mass is not
necessarily the sum of potential SOA in that same air mass.

■ IMPLICATIONS AND CHALLENGES FOR THE
DEVELOPED AND DEVELOPING WORLD

Vehicular emissions and motor vehicle SOA have been
declining for decades in the U.S., Canada, Europe, and Japan
due to tightening regulations and the resulting improvements in
vehicle technology. On the basis of the collection of evidence, it
is likely that both gasoline and diesel are, and will continue to
be, important sources of SOA precursors in urban areas but not
the only sources of concern in the developed world. Decades of
gasoline-focused VOC emission regulations have likely
increased the importance of diesel precursors, but changes in
modern gasoline emissions and the recent requirements for
diesel exhaust aftertreatment technologies (e.g., DPF) may have
shifted the balance back to gasoline. Future developments will
continually change the importance of gasoline vs diesel
emissions for SOA and their overall impact.
In the next 40 years, China, India, Brazil, and Russia will add

more than 1.5 billion vehicles globally with 5−10% annual
growth in sales. Motor vehicle emission standards and
compliance in the developing world (Brazil, Russia, India,
China, South Africa) lag behind those in the U.S., Canada,
Europe, and Japan by roughly one equivalent standard (i.e.,
LEV-2 rather than LEV-3 or Euro 5 rather than Euro 6, Figure
S1). Regulatory gaps between developed and developing
nations continue to narrow, but location-dependent hetero-
geneity in vehicle fleets due to fuel use/formulation,
regulations, and/or technology penetration will likely persist.
Several key takeaways and challenges emerge from this

review:
Existing U.S. regulations will create a new generation of

vehicles (LEV-3/Tier 3) with even lower VOC emissions. Yet,
across developed and developing regions, SOA from gasoline
vehicles appears to be caused by a combination of known
emissions of unburned fuel components across the fleet and
unspeciated SOA precursors in new vehicle models, as well as
large contributions from outlier high emitters that comprise a
small fraction of the in-use vehicles. Fuel reformulation is an
option to reduce known SOA precursor components (i.e.,
aromatics), but existing evidence is unclear on how effective
reformulation will be for SOA control since the precursors to
the majority of SOA formed from LEV-1/2 exhaust are
unknown, and it is unclear if (and how) the SOA precursors are
derived from fuel components. Internationally, fuel composi-
tion standards (including aromatic content) varies for gasoline
(and diesel fuel),15,174,175 which could potentially affect
potential SOA per liter of fuel burned.
In areas with more diesel vehicles (Europe and some parts of

the developing world), existing emissions standards would
suggest that on-road diesels contribute significantly to SOA and
air pollution in urban environments. Since the vast majority of
SOA precursors in diesel exhaust are unburned fuel, stricter
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VOC emissions standards requiring the use of catalyzed
aftertreatment technologies will likely reduce SOA formation.
The newest standards in the developed world require diesel
exhaust aftertreatment for all on-road (and soon off-road)
vehicles;176 diesel particulate filters and diesel oxidation
catalysts dramatically reduce POA emissions, gas-phase SOA
precursors, and diesel-derived SOA. However, there are
concerns regarding emissions of ultrafine particles (mixed
organic/inorganic) from DPF-equipped vehicles, depending on
sulfur content of fuels.177−179 Real-world tests on technology
efficacy over their lifetime are key to answer questions about
durability in the real world when deployed on large numbers of
vehicles and low-speed operation emissions.
Stricter VOC and NOx emissions standards for all motor

vehicles are intended to provide benefits for SOA and overall
air quality. However, nonroad anthropogenic sources, off-road
sources (e.g., construction/agricultural equipment), and outlier
high-emitting on-road vehicles likely also have significant air
quality impacts. This includes small off-road engines (e.g., lawn
equipment, generators). Two-stroke vehicles are popular in
Asia, Africa, and parts of Southern Europe. Given their very
high VOC emissions, 2-stroke engines likely have a dispropor-
tionate effect on SOA formation. Already, several city and
national governments (e.g., Lahore, Pakistan, Dhaka, Bangla-
desh, Taiwan) are considering, or have implemented, 2-stroke
bans in metropolitan areas.

■ FUTURE RESEARCH PRIORITIES
We identify several areas related to emissions, oxidation, and
urban chemistry:

• Characterizing the unspeciated ∼30% of LEV-1/2 gasoline
emissions: The identities and formation mechanisms of
the unspeciated gasoline emissions observed in chamber
studies are key to unraveling the relative importance of
gasoline and diesel sources on urban SOA (and gas-phase
organics). The application of novel measurement
techniques (e.g., chemical ionization151,180,181) is promis-
ing given the possible oxidized/polar nature.

• New vehicles: How will VOC emissions and SOA yields
from emerging LEV-3 vehicles (Tier 3 standards, starting
2017) compare to their predecessors? How will new
technologies such as gasoline direct injection (GDI)
influence SOA precursor emissions?

• Real-world emissions and conditions: Bottom-up studies
need to include a range of realistic vehicle operating
modes (including idle, creep),116,168 test vehicles that are
representative of the fleet’s population, and sampling/
analytical instrumentation and methods that minimizes
the loss of organic analytes. Lab and field studies are
needed to evaluate the lifetime efficacy of exhaust
aftertreatment technologies (e.g., DPF) and to monitor
vehicle compliance, potentially with on-board sensors.

• Emerging fuels and/or fuel formulation: Existing differ-
ences in conventional fuel composition may have impacts
on SOA yield; the effects of further strategic
reformulation or alternative fuels require further study.
Sustainable practices and issues related to energy security
have led to an increase in use and research on synthetic
(e.g., Fischer−Tropsch fuels) and biofuels (e.g., ethanol,
biodiesel).182−184 These fuels are radically different from
conventional gasoline and diesel in terms of their
molecular composition and thus SOA formation

potential. Aromatic-free fuels appear to significantly
reduce gasoline SOA production,125 while the use of
soy-based biodiesel has resulted in negligible differences
in SOA production in a gas-turbine engine.126

• Chamber studies: SOA formation resolved by dynamom-
eter driving cycle (especially cold starts) with oxidation
flow reactors (e.g., PAM chamber185) and experiments
using real-world vehicle exhaust (from a roadway tunnel
or busy roadside96) are valuable in characterizing SOA
formation in the laboratory from actual emissions.
Additionally, the effect of co-emitted sulfur species on
oxidation chemistry/products and nighttime oxidation
with NO3 radical are important avenues of further
research.

• SOA yield studies on understudied SOA precursors: There is
a lack of experimental or theoretical studies on SOA
yields for several known classes of compounds, including
C9+ aromatics (single-ring and PAH), C5/C6 cyclo-
alkanes, bicycloalkanes, and tricycloalkanes. Similar
studies will also be needed for uncharacterized gasoline
exhaust.

• Multigenerational SOA formation occurring af ter the initial
stages of oxidation: SOA yields are limited in their
treatment of increasing photooxidation. Individual SOA
yields are limited to only a few generations of oxidation
and need to be parametrized in a way that accounts for
higher degrees of oxidation or a reversible equilibrium
with revolatilization of highly aged organics following
reactions that result in fragmentation. One option,
oxidation flow reactors, may allow reaching higher
oxidation levels.96,186

• Measure/correct chamber yields for losses of precursor and
oxidation products to walls and determine how yield
underestimates change with compound class, size, and
oxidation conditions: Experimental yields can be biased
low due to wall losses of gases but will vary for aromatics
vs aliphatics and other precursors that require several
generations of oxidation chemistry to condense.39−41

This effect could lead to the underestimation of yields for
chamber experiments with individual compounds and the
complex mixtures in gasoline or diesel exhaust.

• Past and future changes in urban chemistry: Research
should explore indirect effects of motor vehicle emissions
on SOA formation chemistry in addition to direct effect
as SOA precursors. This includes changes in POA mass
for partitioning, changes in radical and oxidant
production (e.g., OH, O3, NO3) that affect rates of
photochemical processing of not only urban air but also
of biogenic emissions downwind of urban areas, and the
effect of aqueous processing in a variety of regions/
climates. Furthermore, the effect of changing urban
VOC/NOx ratios on SOA from motor vehicle precursors
needs to be evaluated.

• Auto-oxidation of unsaturated, nonaromatic hydrocarbons:
C10 and smaller alkenes have recently been shown to
quickly form highly oxidized “extremely-low” volatility
organic compounds (ELVOCs) and SOA.187,188 Re-
search on the propensity of unsaturated hydrocarbons in
gasoline and diesel exhaust to auto-oxidize in urban air is
necessary since the addition of this chemistry may
change the apportionment of motor vehicle SOA.

• Modeling SOA from motor vehicles: Advancements in
chemical modeling capabilities are necessary to better
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represent/parametrize the complex organic mixtures in
vehicle emissions. Partially or fully explicit chemical
modeling (master chemical mechanism (MCM)189 or
Generator of Explicit Chemistry and Kinetics of Organics
in the Atmosphere (GECKO-A)190) that incorporates
greater detail on motor vehicle SOA oxidation
precursors/yields/mechanisms will likely better repre-
sent/parametrize the complex organic mixtures. A simple
parametrization includes speciation by compound class
within the volatility bins of dynamic VBS-based models
(Figure S6) to describe emissions, SOA potential, and
oxidation products with a limited, but useful, amount of
chemical detail.15 The precursor chemical structure will
inform fragmentation vs functionalization and product
volatilities.

• Comprehensive emissions data: The next generation of
chemistry models will need more comprehensive
emissions data. Historically, inventories have focused
on including VOC because of their contribution to
atmospheric reactivity and ozone formation. However,
lower volatility species (e.g., IVOC) with lower emission
rates disproportionally contribute to SOA formation.
More measurements are needed of these emissions, and
they need to be formally included in inventories.

• Largest molecular weight compounds in the VOC range
f rom diesel vehicles: These need to be included in either
chemically explicit or VBS models, especially the
aromatics, which are efficient SOA precursors (Figure
S6).

• Further examination of f ield data f rom more cities for
weekend−weekday ef fects: This needs to be studied in
organic aerosol and tracer species and for long-term
trends in time series of organic aerosol, especially in
several locations with varied motor vehicle sources.
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