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Emissions from gasoline and diesel vehicles are predominant anthropogenic sources of reactive gas-phase organic carbon and
key precursors to secondary organic aerosol (SOA) in urban areas.
Their relative importance for aerosol formation is a controversial
issue with implications for air quality control policy and public
health. We characterize the chemical composition, mass distribution, and organic aerosol formation potential of emissions from
gasoline and diesel vehicles, and ﬁnd diesel exhaust is seven times
more efﬁcient at forming aerosol than gasoline exhaust. However,
both sources are important for air quality; depending on a region’s
fuel use, diesel is responsible for 65% to 90% of vehicular-derived
SOA, with substantial contributions from aromatic and aliphatic
hydrocarbons. Including these insights on source characterization
and SOA formation will improve regional pollution control policies, fuel regulations, and methodologies for future measurement,
laboratory, and modeling studies.
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rganic aerosol (OA) in the atmosphere is detrimental to
human health and represents a highly uncertain forcing of
climate change (1). The use of petroleum-derived fuels is an important source of reactive gas-phase organic carbon that provides
key precursors to the formation of secondary OA (SOA) and
tropospheric ozone (1). Controlling these emissions from gasoline
and diesel vehicles is central to air quality mitigation policies in
urban areas (2). Previous work has concluded that further research is necessary to elucidate all organic sources of SOA precursors (3, 4). Signiﬁcant controversy exists over the contributions
of precursors from gasoline and diesel vehicles, and the relative
importance of each for SOA formation remains in question, in
part because of insufﬁcient chemical characterization of fuels and
emissions, and the difﬁculty of ambient measurements of gasphase compounds emitted from diesel sources (1, 4–8).
In the United States, diesel fuel accounts for 21% of on-road
fuel use (by volume), with off-road sources increasing total use to
28% diesel. In California, the diesel share of on-road use ranges
from approximately 10% in coastal cities to more than 30% in
agricultural regions (SI Appendix, Table S1) (2, 9, 10). Noncombusted hydrocarbons from the fuels are emitted in the exhaust of
gasoline and diesel engines, and also via evaporation from gasoline vehicles and service stations. These compounds in unburned gasoline and diesel fuel dominate vehicular emissions of
reactive gas-phase carbon that have the potential to form SOA
(11, 12). Previous work has shown nontailpipe emissions account
for ∼30% of gasoline-related emissions in urban regions, but
limited work exists constraining the emissions and SOA formation potential of gas-phase organic carbon from gasoline and
diesel sources (13). By using extensive fuel analyses and ﬁeld data
from two sites that include many compounds with no previous in
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situ measurements, we present the most comprehensive data to
date on the chemical composition, mass distribution, emissions,
and SOA formation potential of nontailpipe gasoline, gasoline
exhaust, and diesel exhaust. We determine the relative importance of gasoline and diesel sources for SOA formation in, and
downwind of, urban regions. We assess these results in the context of other studies during the past decade and discuss their
signiﬁcant implications for air pollution measurement, modeling,
and control.
Results and Discussion
A total of 40 gasoline and 12 diesel fuel samples from California
were collected (coincident with ﬁeld data) and characterized by
using several gas-chromatography methods, yielding comprehensive speciation of the “unresolved complex mixture” in diesel
fuel. This was accomplished by using soft photoionization techniques, and provides unprecedented detail on the molecular
identiﬁcation and mass distribution of hydrocarbons in diesel fuel
(14). Gasoline and diesel fuel, and thus their emissions of unburned hydrocarbons, can be classiﬁed by vapor pressure and span
the volatile organic compound (VOC) range and the less volatile
intermediate-volatility organic compound (IVOC) range (Fig. 1).
Gasoline hydrocarbons fall mostly within the VOC range, with
some aromatics extending into the IVOC range, whereas only
30% of diesel fuel hydrocarbons are in the VOC range. Diesel fuel
is widely distributed across molecules containing 8 to 25 carbon
atoms with a peak around 10 to 13 carbon atoms (Fig. 2A). This
peak is a result of aromatics and cycloalkanes, as straight and
branched alkanes are evenly distributed between 10 and 20 carbon
atoms. Aromatic and aliphatic hydrocarbons make up 23% and
68% of diesel fuel, respectively. By comparison, gasoline contains
∼30% aromatics, with the remainder of the nonethanol fraction
dominated by straight and branched alkanes with less than 10
carbon atoms (Table 1 and Fig. 2A).
To examine contributions from each source to reactive gasphase organic carbon in the ambient atmosphere and on-road
emissions measured in a roadway tunnel, we used a chemical mass
balance model with effective variance weighting on overconstrained
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least-squares regressions (SI Appendix) (15). The model uses a
subset of measured compounds and capitalizes on differences in
the chemical composition of sources to assess the magnitude of
total noncombusted hydrocarbon emissions from each source.
The source proﬁles used as a priori information are constructed
from liquid fuel data to represent gasoline and diesel exhaust,
and vapor-liquid equilibrium calculations to represent nontailpipe
gasoline emissions. Equivalent chemical composition in exhaust
and liquid fuel has been reported previously for gasoline and is
demonstrated in this work for gasoline and diesel at both measurement sites (SI Appendix, Fig. S1) (16). Extensive diagnostics
were used to assess model performance, including comparisons
against independent compounds to conﬁrm the model’s ability to
predict the behavior of reactive VOCs and IVOCs emitted by
gasoline and diesel sources (SI Appendix, Figs. S2–S4).
Emission factors for noncombusted gas-phase organic carbon
in exhaust were determined to be 0.38 ± 0.11 gC·L−1 for gasoline
and 0.86 ± 0.25 gC·L−1 for diesel vehicles, which are consistent
with values calculated by using California’s emissions model for
the same period (17). With respect to contributions of noncombusted hydrocarbons from gasoline and diesel exhaust, diesel
accounted for 24% at the tunnel study in a coastal city, compared
with 56% in the urban center of an agricultural region. Accounting for differences in emission factors and fuel densities, this
is consistent with on-road fuel sales data in both regions—11%
and 33% diesel fuel by volume, respectively (SI Appendix,
Table S1) (10).
Gentner et al.
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Fig. 1. Distributions of chemical classes for diesel (blue) and gasoline (red)
are distinct with some overlap as shown via GC/MS for representative fuel
samples. Fuels span both the VOC and IVOC volatility ranges. Chemical
classes are represented by their dominant mass fragments and shown as a
function of n-alkane carbon number.

To assess the importance of gasoline and diesel sources for
SOA in urban areas, we calculated bulk SOA yields for all three
sources and compared them in context of our emission factors
and source contributions. Data on SOA yields are limited for
many of the hydrocarbons; the mass fraction of diesel, gasoline,
and nontailpipe gasoline emissions that have unknown yields are
66%, 25%, and 7%, respectively. Thus, we modeled high-NOx
SOA yields by using published data (where available) and an
estimation of yields and uncertainties for unknown values based
on best estimates from various plausible scenarios (Fig. 2B and
SI Appendix, Fig. S5).
For the same mass of unburned fuel emissions reacted, diesel
exhaust forms 6.7 ± 2.9 times more SOA than gasoline exhaust
(bulk SOA yields of 0.15 ± 0.05 and 0.023 ± 0.007 μgSOA·μg−1,
respectively). Considering differences in emission factors, diesel
exhaust is expected to form 15 times more SOA than gasoline
per liter of fuel burned. For populated regions with 10% to 30%
diesel fuel use, this implies that diesel exhaust is responsible for
two to seven times more SOA than gasoline exhaust (Fig. 3).
Nontailpipe gasoline emissions were 39% to 77% lower than
gasoline exhaust emissions and produce negligible SOA as a result of a substantially lower yield (0.0024 ± 0.0001).
Our methods also allowed us to examine the most important
chemical classes and mass distribution of SOA formation. The
vast majority of SOA from gasoline sources is a result of its aromatic content, whereas diesel SOA is predicted to be 47 ± 7%
from aliphatics, with the remainder from aromatics (Fig. 2B and
Table 1).
Regional estimates of daytime SOA concentrations from diesel
and gasoline using our model results and calculated SOA yields
are consistent with independent positive matrix factor analysis
results for aromatic and aliphatic SOA from fossil fuel combustion in the San Joaquin Valley using aerosol MS (AMS) and
Fourier transform IR spectroscopy (FTIR) measurements. Based
on our model results, we expect an average of 1.3 ± 0.4 μgOA·m−3
from motor vehicles compared with average 1.0-μm particulate
matter concentrations of 1.8 to 2.1 μg OA·m−3 from FTIR and
AMS data, respectively (18). These independent data also
support the predominance of diesel SOA in the San Joaquin
Valley, as young aerosol (O:C ratios of 0.27–0.36) was 58%
aliphatic and 42% aromatic (18).
SOA models have made considerable progress by using a parameterization known as the volatility basis set to estimate contributions from unmeasured intermediate and semivolatile compounds (5, 19). Together with traditional explicit models for
individual hydrocarbons in the VOC range, models are better able
to predict the magnitude of observed SOA, but not all temporal
patterns or physical/chemical characteristics (3, 19, 20). Here we
evaluate the inclusion of SOA precursors in these models and
their distribution in gasoline and diesel exhaust. Aromatics with
single or multiple rings have rightfully received considerable
attention historically, but their distribution between gasoline and
diesel emissions has been relatively unexplored. Gasoline exhaust
dominates emissions of C7 and C8 aromatics. C9 aromatic content is four times greater in gasoline than in diesel, and there are
nearly equivalent amounts of C10 aromatics. For an urban region
with 15% diesel fuel use, this implies that gasoline emits more
than 90% of the C9 aromatics and 75% of the C10 aromatics.
Gasoline SOA from C9 and C10 aromatics represent 26% and
14% of total SOA from gasoline, respectively, and C9–11 aromatics
represent 5% of SOA from diesel exhaust (Table 1). Emissions of
naphthalene and similar small polycyclic aromatic hydrocarbons
(PAHs) are shared by gasoline and diesel vehicles, but represent
only a minor contribution to potential SOA formation as a result
of their minor weight fractions in the fuels (Fig. 2 and SI Appendix, Tables S9 and S10).
We examined the compounds included in SOA models and
found that 20% to 30% of the SOA formed from gasoline

Fig. 2. Distribution of mass (A) and SOA formation potential (in μg SOA·μg−1; B) in diesel and gasoline fuel (representative of exhaust) and nontailpipe gasoline
emissions. Distributions in A and B are colored by chemical class. Fuel properties (density, carbon fraction) and bulk SOA yields (at an organic particle loading of
10 μg·m−3) are superposed on A and B, respectively. Predicted SOA from gasoline exhaust is much lower than diesel and dominated solely by aromatic content,
whereas diesel SOA is produced from a mix of aromatic and aliphatic compounds. A distribution of the SOA potential uncertainties is provided in SI Appendix, Fig. S5.

exhaust was not included in recent urban studies (21–23) (SI Appendix). Given the contributions of C9–11 aromatics to SOA formation from gasoline and diesel vehicles, it is important that they
are better represented in explicit traditional SOA models or the
extension of volatility basis set modeling to include the 107 and
108 μg·m−3 effective saturation concentration (C°) bins that fall
in the VOC range (SI Appendix, Fig. S6) (5, 19, 22). For recent
urban studies, we scaled up traditional compound-explicit SOA
models (without the volatility basis set) to include the missing
20% to 30% of gasoline SOA and contributions from diesel

(assuming 15% diesel fuel use) and calculated a ﬁvefold increase
in modeled SOA from vehicular exhaust. Such an inclusion
dramatically improves model closure, which has typically underestimated SOA in urban regions by 80% to 90% (19), but
additional contributions from other sources of SOA precursors
remain critical to model all observed SOA. Further chamber and
modeling studies on SOA yields of aromatics with nine or more
carbon atoms are important to reduce uncertainties in the SOAforming potential of gasoline and diesel exhaust emissions and
their overall contribution to SOA in urban regions. Additional

Table 1. Distribution of mass and SOA potential by chemical class for diesel exhaust, gasoline exhaust, and nontailpipe gasoline
Weight by carbon, wtC%

Compound class
Total aliphatic
Straight-chain alkanes
Branched alkanes
Cycloalkanes (single straight alkyl chain)
Cycloalkanes [branched/multiple
alkyl chain(s)]
Bicycloalkanes
Tricycloalkanes
Single-ring aromatics
Polycyclic aromatic compounds
Alkenes (straight, branched, cyclic)
Ethanol

Diesel
exhaust
68
7
23
2.5
18

±
±
±
±
±

8
1
2
0.2
2

13
4.8
19
4

±
±
±
±
0
0

1
0.6
2
2

Gasoline
exhaust
58
7.7
40
4.3
6.2

±
±
±
±
±

29
0.32
3.6
6.9

0
0
±
±
±
±

2
0.3
1
0.1
0.3

1
0.02
0.1
0.5

Potential SOA formation, wt%

Non-tailpipe
gasoline
85
20
60
1.03
5.0

±
±
±
±
±

4
1
3
0.04
0.2

0
0
2.7 ± 0.1
0.0003
7.4 ± 0.3
4.4 ± 0.4

Diesel
exhaust
47
11
14
1.2
11

±
±
±
±
±

4
2
2
0.3
2

6
4
36
17

±
±
±
±
0
0

1
1
9
8

Gasoline
exhaust
0.38
0.09
0.12
0.13
0.04

±
±
±
±
±

0.07
0.003
0.003
0.07
0.02

0
0
96 ± 22
3.2 ± 0.9
0
0

Non-tailpipe
gasoline
0.9
0.02
0.13
0.7
0.05

±
±
±
±
±

0.4
0.001
0.01
0.4
0.03

0
0
99 ± 6
0.01 ± 0.01
0
0

The wt% by total mass for each source can be found in the SI Appendix, Table S2.
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studies on the SOA yields of cyclic alkanes with ﬁve- and sixmembered rings are also of interest because they are unstudied
and represent 37% of diesel and 11% of gasoline fuel.
In 1993, with the goal of mitigating emissions of particulates
and nitrogen oxides, California regulated diesel fuel to have less
than 10% single-ring aromatics and 1.4% polycyclic aromatic
hydrocarbons, but concerns about engine performance and the
cost of fuel production led the state to allow higher aromatic
levels in diesel fuel (24) (SI Appendix). It is evident from our data
(Table 1) that the vast majority of diesel fuels sold in California
are certiﬁed alternative formulations that contain nearly double
the aromatic content than initial regulations intended. Although
the fuel regulations were designed to help control primary particulate emissions (i.e., black carbon), this enhancement of aromatic content in diesel fuel increases the SOA potential of diesel
emissions, especially for hydrocarbons with 9 to 17 carbon atoms.
Signiﬁcant progress is being made to improve heavy-duty diesel
engine performance with postcombustion control technology,
which may affect emissions of gas-phase organic carbon, but it is
clear that attention to gasoline and diesel fuel composition and
emissions of reactive organic gases is necessary to control SOA
precursor contributions from all vehicle classes. Furthermore,
this work has focused on organic carbon emissions originating
from fuels, but emissions of unburned motor oil from both gasoline and diesel vehicles represent an additional source of organic carbon. Although total consumption of oil is minor relative
to fuel, oil contributes gas and particle-phase compounds with
lower volatilities than diesel fuel and should continue to be
monitored in ﬁeld, laboratory, and modeling studies.
Comparing observed concentrations of OA to carbon monoxide has been insightfully used in numerous past studies to
examine primary emissions of vehicular (and other anthropogenic) OA and track the formation of SOA in the atmosphere (6,
21, 25–30). ΔOA/ΔCO ratios, and slopes determined from the
regression of these values, originate at smaller values following
emission before any atmospheric processing. Over the course of
1 to 2 d, ratios change dynamically and increase with the formation of SOA and further atmospheric processing, as the lifetime of CO is relatively long compared with the other processes.
A diverse range of ΔOA/ΔCO slopes has been observed across
Gentner et al.
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Fig. 3. The percent contribution of gasoline and diesel exhaust to SOA over
0% to 50% diesel fuel use demonstrates the predominance of diesel sources
for SOA formation. SOA contributions form the two sources are equivalent
at 6% diesel fuel use. The United States and California state averages shown
are based on total on- and off-road use. The urban areas in California shown
are for on-road fuel use only; off-road contributions will increase the diesel
fraction of total use by several percent, but are not available at this scale.

the studies in which this technique has been used (30). In the
context of this method, we review data from numerous ﬁeld
campaigns with our observations and SOA yield modeling results
to assess the behavior of vehicular OA and the contribution of
nonvehicular SOA to total observed OA. We calculate predicted
ΔOA/ΔCO ratios from oxidized gasoline and diesel emissions,
and the combined effect of emissions from both these sources
and photochemical processing in the atmosphere. We also
evaluate differences in ΔOA/ΔCO ratios between the week
and weekend, and assess the suitability of using solely ΔOA/ΔCO
slopes to determine the contributions of gasoline and diesel
sources to SOA.
By using derived SOA yields and emission factors for reactive
gas-phase organic carbon and CO, we predict ΔOA/ΔCO ratios
for a mixture of gasoline and diesel fuel use for comparison with
our observations in the San Joaquin Valley (Bakersﬁeld, CA)
and other urban studies during the past decade (Fig. 4 and SI
Appendix). Predicted ΔOA/ΔCO slopes for a range of typical fuel
use are consistent with observed ΔOA/ΔCO values in Los Angeles,
Tokyo, and Mexico City after initial SOA formation occurring
in the ﬁrst 6 h of processing (Fig. 4B) (6, 25, 26). We predict
“young” ΔOA/ΔCO ratios well, but as air masses develop from
a relatively young photochemical age of ∼6 h to ∼1 d, ΔOA/ΔCO
ratios increase. A three- to fourfold increase was observed in
Mexico City, and the effect of increased processing can also be
observed in Tokyo, where ΔOA/ΔCO slopes for multiple seasons
depict a clear seasonal trend, with the greatest slope occurring
in the summer for processed air parcels, whereas less-processed
parcels remain consistent with expected ratios for a mix of gasoline and diesel emissions (19, 25, 26).
In the San Joaquin Valley, the increase in ΔOA/ΔCO ratios
appears to be coincident with the transition of young semivolatile
aerosols to more aged aerosols with lower volatility as shown by
the increase in O:C ratios that peaks with ΔOA/ΔCO ratios in
the afternoon (Fig. 4) (3, 19, 26). Similarly, a greater fraction of
low-volatility OA was observed in the summer in Tokyo (3). Aged
ΔOA/ΔCO ratios exceed our predictions despite the consistency
demonstrated earlier in this work between average daytime observed vehicular OA concentrations measured by AMS with predicted SOA from motor vehicles. This suggests that the comprehension of all OA transformation processes is incomplete and
further work remains to understand the development of lowvolatility OA observed in urban plumes globally, a conclusion
supported by recent observations and consideration of other
mechanisms (3, 20, 31, 32).
Examining differences between weekdays and weekends is another common and insightful metric for assessing emissions and
chemical processes. We observed no weekday/weekend difference
in the distribution of emissions between gasoline and diesel exhaust in Bakersﬁeld, as daytime values of both decreased by ∼40%
over the weekend (SI Appendix, Fig. S7). However, weekend OA
concentrations (total and vehicular) were greater as a result of
increased photochemical aging evidenced by higher ΔOA/ΔCO
ratios (Fig. 4C and SI Appendix, Fig. S8). Recent work focused
on Los Angeles reported that gasoline is vastly more important
than diesel as a source of SOA precursors based on the observation that weekend ΔOA/ΔCO slopes were marginally similar
to weekday slopes, with similar photochemical ages despite large
differences in diesel activity (6). Similar to Los Angeles, OA
concentrations and ΔOA/ΔCO ratios are higher in Bakersﬁeld
over the weekend, but this occurs despite no change in the relative
use of gasoline and diesel, suggesting that increased OA at both
locations over the weekend is a function of decreased diesel NOx
emissions leading to faster photochemical processing, and is independent of changes in the mix of fuel use (33). The ubiquitous
increase in ΔOA/ΔCO ratios with increased processing for vehicular and total OA is independent of the mixture of gasoline
and diesel, and ΔOA/ΔCO slopes alone are insufﬁcient to

Fig. 4. Comparisons of OA vs. CO show the behavior of primary and secondary OA in the atmosphere and are used to examine vehicular OA and total OA in
the San Joaquin Valley (Bakersﬁeld, CA) and numerous other urban sites (6, 18, 21, 25–29). Photochemical aging increases ΔOA/ΔCO ratios and is represented
by increased O:C ratios shaded in each panel. (A) Best estimates for ΔOA/ΔCO ratios expected for pure gasoline and diesel emissions are added to a ΔPOA/
ΔCO value of 9.4 μg·m−3·ppmv−1 CO to account for primary OA and shown with a range of ΔPOA/ΔCO values (21, 30). Vehicular OA is determined from AMS
factor analysis and observations are well constrained at Bakersﬁeld with the exception of the most aged air parcels, whose ΔOA/ΔCO ratios are greater than
expected for the mix of gasoline and diesel use. (B) Predicted ΔOA/ΔCO slopes for a range of fuel mixtures ranging from 5% to 40% diesel agree with
observations of relatively young aerosol in urban areas and vehicular OA at Bakersﬁeld. Observed ΔOA/ΔCO ratios increase with degree of aging and/or the
inﬂuence of other SOA precursor sources that do not emit CO, which are prominent at Bakersﬁeld and sites a–c. (C) Weekday and weekend diurnal averages
of vehicular ΔOA/ΔCO show greater ratios in the afternoon and over the weekend as a result of increased photochemical aging. Ratios are calculated with
a 90 ppbv CO background, and SDs are shown in SI Appendix, Fig. S8.

discern organic SOA precursor contributions from gasoline vs.
diesel given the variability in Los Angeles measurements (SI
Appendix, Fig. S9) (6).
Nonvehicular anthropogenic and biogenic sources also lead to
elevated ΔOA/ΔCO ratios with higher slopes occurring in regions with large nonvehicular sources, such as Mexico City, the
Southeast United States, and the Po Valley of Italy (Fig. 4B).
ΔOA/ΔCO ratios in the San Joaquin Valley span a broad range
of values observed at other sites and the importance of other
SOA sources is supported by elevated ΔOA/ΔCO ratios in aged
air masses and episodic contributions of low O:C OA from other
sources (Fig. 4B and SI Appendix, S10) (6, 21, 25–29).
Our expanded measurement capabilities for gasoline and
diesel compounds in the liquid fuels and the ambient atmosphere produce a more complete picture of SOA formation from
motor vehicles. We provide the ability to predict emissions of
SOA precursors and SOA formation that is consistent with fuel
use data and ambient measurements. SOA from diesel sources
outweighs gasoline contributions, and other sources provide sig18322 | www.pnas.org/cgi/doi/10.1073/pnas.1212272109

niﬁcant precursors in many urban regions. The inclusion of our
insights will allow for the development of more effective pollution control policies and inform the design of future studies
in the ambient atmosphere, laboratory experiments, and modeling efforts.
Materials and Methods
In situ gas-phase organic carbon measurements were made by using an automated sampling system coupled to a gas chromatograph and mass spectrometer at the Caldecott Tunnel in Oakland, CA, and in Bakersﬁeld, CA, as
part of the California at the Nexus of Air Quality and Climate Change
(CalNex) campaign. Ofﬂine analyses used gas chromatography and MS to
analyze the composition of gasoline and diesel fuels. Estimates of bulk SOA
yields for each source and SOA yields for precursors without established
yields were calculated via a Monte Carlo analysis by using all appropriate
laboratory and modeling data. OA in Bakersﬁeld was measured in situ with
AMS and ofﬂine via FTIR analysis of ﬁlter samples. SI Appendix provides
further detail on the instrumentation, analytical methods, and results presented in this work.
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