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Abstract. The effects of photochemical aging on emissions

from 15 light-duty gasoline vehicles were investigated us-

ing a smog chamber to probe the critical link between the

tailpipe and ambient atmosphere. The vehicles were recruited

from the California in-use fleet; they represent a wide range

of model years (1987 to 2011), vehicle types and emission

control technologies. Each vehicle was tested on a chas-

sis dynamometer using the unified cycle. Dilute emissions

were sampled into a portable smog chamber and then photo-

chemically aged under urban-like conditions. For every ve-

hicle, substantial secondary organic aerosol (SOA) forma-

tion occurred during cold-start tests, with the emissions from

some vehicles generating as much as 6 times the amount of

SOA as primary particulate matter (PM) after 3 h of oxida-

tion inside the chamber at typical atmospheric oxidant lev-

els (and 5 times the amount of SOA as primary PM after

5 × 106 molecules cm−3 h of OH exposure). Therefore, the

contribution of light-duty gasoline vehicle exhaust to ambi-

ent PM levels is likely dominated by secondary PM produc-

tion (SOA and nitrate). Emissions from hot-start tests formed

about a factor of 3–7 less SOA than cold-start tests. There-

fore, catalyst warm-up appears to be an important factor in

controlling SOA precursor emissions. The mass of SOA gen-

erated by photooxidizing exhaust from newer (LEV2) vehi-

cles was a factor of 3 lower than that formed from exhaust

emitted by older (pre-LEV) vehicles, despite much larger

reductions (a factor of 11–15) in nonmethane organic gas

emissions. These data suggest that a complex and nonlin-

ear relationship exists between organic gas emissions and

SOA formation, which is not surprising since SOA precur-

sors are only one component of the exhaust. Except for the

oldest (pre-LEV) vehicles, the SOA production could not be

fully explained by the measured oxidation of speciated (tra-

ditional) SOA precursors. Over the timescale of these exper-

iments, the mixture of organic vapors emitted by newer vehi-

cles appears to be more efficient (higher yielding) in produc-

ing SOA than the emissions from older vehicles. About 30 %

of the nonmethane organic gas emissions from the newer

(LEV1 and LEV2) vehicles could not be speciated, and the

majority of the SOA formed from these vehicles appears to
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be associated with these unspeciated organics. By compar-

ing this study with a companion study of diesel trucks, we

conclude that both primary PM emissions and SOA produc-

tion for light-duty gasoline vehicles are much greater than for

late-model (2007 and later) on-road heavy-duty diesel trucks.

1 Introduction

Ambient fine particulate matter (PM) is comprised of a com-

plex mixture of constituents, including sulfates, nitrate, am-

monium, organic material (organic aerosols), elemental car-

bon (EC), crustal materials, trace elements, and water. Or-

ganic aerosols often contribute a third or more of fine PM

mass, but their sources are poorly understood (Kanakidou et

al., 2005; Turpin et al., 2000). Primary organic aerosol (POA)

is emitted directly “from the tailpipe”; secondary organic

aerosol (SOA) is formed in the atmosphere from the oxi-

dation of gaseous precursors. Numerous reports have shown

that the secondary fraction of fine organic PM (SOA) dom-

inates POA, even in urban areas with substantial fresh POA

emissions (Jimenez et al., 2009; Subramanian et al., 2007;

Stone et al., 2009). However, chemical transport models sys-

tematically underpredict SOA levels (de Gouw et al., 2005;

Heald et al., 2005; Volkamer et al., 2006), especially dur-

ing photochemical episodes (Vutukuru et al., 2006). Motor

vehicle emissions contribute to both POA and SOA concen-

trations.

Recent smog chamber studies of dilute exhaust from dif-

ferent combustion processes – including diesel generators,

medium- and heavy-duty diesel vehicles, biomass burning

and jet aircraft – have demonstrated that the mass of SOA

generated from the oxidation of vapor emissions often ex-

ceeds the mass of POA (Weitkamp et al., 2007; Samy and

Zielinska, 2010; Chirico et al., 2010; Miracolo et al., 2011;

Hennigan et al., 2011; Gordon et al., 2013a). Therefore, SOA

production from gaseous precursors may represent the ma-

jority of the contribution from these sources to atmospheric

organic fine PM. Although much is known about primary

emissions from light-duty gasoline vehicles (LDGVs), there

are few published reports on SOA formation from LDGVs

(Nordin et al., 2013; Platt et al., 2013). Previous studies em-

ploy (1) driving cycles that are not relevant to in-use driving

patterns and/or (2) a small sample size (in one study only a

single vehicle is used), both of which complicate extrapola-

tion of the results to the in-use vehicle fleet. LDGVs emit

a mixture of thousands of organic gases, some of which are

known SOA precursors, such as single-ring aromatics, but

the complexity of these emissions coupled with uncertainty

in SOA formation mechanisms means that the contribution

of LDGVs to ambient PM is not well understood.

This paper describes smog chamber experiments con-

ducted to investigate the SOA formation from dilute LDGV

exhaust. Experiments were performed on 15 LDGVs re-

cruited from the California in-use fleet. The vehicles spanned

a range of types, model years and emission standards. The

vehicles were operated over cold- and hot-start driving cy-

cles designed to represent typical urban driving patterns.

The dilute emissions were injected into a smog chamber

and photooxidized to quantify the secondary PM formation.

Major goals of these experiments were to understand the

fraction of the emissions (yield) that form SOA and to as-

sess the relative importance of primary PM emissions ver-

sus SOA formation. The research was conducted as part of

a large project investigating the link between tailpipe emis-

sions from mobile sources and ambient PM. Companion

papers describe primary emissions from on-road vehicles

(May et al., 2014), gas-particle partitioning of POA emis-

sions (May et al., 2013a, b), primary PM emission and SOA

formation from off-road gasoline and diesel engines (Gor-

don et al., 2013b) and SOA production from diesel vehicles

(Gordon et al., 2013a).

2 Materials and methods

2.1 Experimental setup and procedure

Emission characterization and photochemical aging exper-

iments were conducted at the California Air Resources

Board’s (CARB) Haagen-Smit Laboratory (HSL) in El

Monte, California (Pisano et al., 2011). Twenty-nine smog

chamber experiments were performed with 15 different

LDGVs recruited from the California in-use fleet (model

years 1987 to 2011). The fleet was not designed to represent

the distribution of vehicles in the current, in-use California

fleet; instead, vehicles (from private owners located within 50

miles of HSL) were selected to span a wide range of model

years, vehicle types, engine technologies, and emission con-

trol technologies. All vehicles were port fuel injected except

for one LEV2 vechicle (vehicle ID: LEV2-4), which was an

early-generation gasoline direct-injected vehicle. Additional

details on the individual vehicles are provided in Table S1 in

the Supplement.

For discussion, the vehicles are grouped based on model

year: “pre-LEV” vehicles were manufactured prior to 1995;

“LEV1” vehicles were manufactured between 1995 and

2003; and “LEV2” vehicles were manufactured 2004 or later.

In this work, the LEV designation simply refers to a range of

model years; it does not refer to the emissions certification

standard. For example, some of the LEV1 vehicles were cer-

tified as Tier 1 vehicles. The certification standard for each

vehicle is listed in Table S1. The smog chamber test fleet was

comprised of three pre-LEV, six LEV1, and six LEV2 vehi-

cles. All of the vehicles were operated on the same California

commercial summertime gasoline; details of its composition

are provided in Tables S2 and S3 in the Supplement.

Figure 1 illustrates the experimental setup. The vehicles

were driven on a Clayton (Model AC-48) 48 inch (1.22 m)
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Fig. 1. Experimental setup used to characterize the primary and secondary particulate matter and gas-phase products from motor vehicle

emissions. Not to scale. TD = thermodenuder; SMPS = scanning mobility particle sizer; Q-AMS = quadrupole aerosol mass spectrometer;

PTRMS = proton transfer reaction mass spectrometer.

single-roll electric chassis dynamometer. Every vehicle was

tested using the cold-start Unified Cycle (UC) driving sched-

ule (Fig. S1), which was designed to simulate driving pat-

terns in southern California. It has a three-bag structure sim-

ilar to the Federal Test Procedure (FTP) but is a more ag-

gressive cycle with higher speeds, higher acceleration, fewer

stops per mile, and less idle time (Table S4 in the Supple-

ment). Emissions from vehicles operated over the UC are

generally higher than when operated over the FTP (Robert

et al., 2007). Four hot-start UC tests were also run (one pre-

LEV, one LEV1 and two LEV2 experiments) to investigate

the effects of the temperatures of the engine and emission

control system on SOA formation. In the hot-start experi-

ments the vehicle was conditioned by driving over the 5 min

first phase (“bag one”) of the UC, after which sampling com-

menced and the vehicle was immediately driven over the

standard three-bag UC.

The entire exhaust flow was sampled using a Horiba con-

stant volume sampling (CVS) system, and the dilute emis-

sions were characterized following CFR (Code of Federal

Regulations) Title 40 Part 86 procedures. Gas-phase emis-

sions were measured using an AVL-AMA 4000 system, in-

cluding total hydrocarbons by flame ionization detection

(FID), methane (CH4) by FID–gas chromatography (GC),

and carbon monoxide (CO), NOx by chemiluminescence

and carbon dioxide (CO2) by nondispersive infrared (NDIR)

detectors. Accuracy, drift (8 h), noise and linearity for the

AVL-AMA 4000 are all within 1 % of full scale, and re-

peatability is within 0.5 % of full scale. Nonmethane or-

ganic gases (NMOG) were calculated from the difference

between total hydrocarbons and methane. PM mass emis-

sions were measured by gravimetric analysis of Teflon®

membrane filters. Carbonaceous PM emissions were mea-

sured using samples collected on pre-fired quartz filters. The

quartz filters were analyzed using a Sunset Laboratory Or-

ganic Carbon/Elemental Carbon (OC / EC) Analyzer using

the IMPROVE-A protocol (Chow et al., 1993). During sam-

pling, the filter trains were maintained at 47 ± 5 ◦C.

Comprehensive speciation was performed to quantify

emissions of 203 individual organic compounds (see Ta-

ble S5 in the Supplement). Samples from the CVS were

collected in Tedlar® bags and analyzed offline for individ-

ual light hydrocarbons (< C5) and mid-weight hydrocarbons

(C5 to C12), using standard gas-chromatography-based an-

alytical procedures (California Air Resources Board, 2001,

2004, 2006). Carbonyl emissions were determined from

samples collected on 1,4-dinitrophenylhydrazine (DNPH)-

impregnated cartridges analyzed by high-performance

liquid chromatography (http://www.arb.ca.gov/testmeth/slb/

sop104v3.pdf).

Dilute emissions from the CVS were also transferred via

an electrically heated (47 ◦C) 0.5-in-outer-diameter (o.d.)

Silcosteel® (i.e., passivated internal bore) stainless steel tub-

ing to a 7 m3 Teflon® smog chamber where they were pho-

tochemically aged (Hennigan et al., 2011). Before each ex-

periment the chamber was cleaned by flushing with high-

efficiency particulate air (HEPA)- and activated-carbon-

filtered air overnight. For most experiments (listed in Ta-

ble S1 in the Supplement), the chamber was seeded to min-

imize nucleation; approximately 10 µg m−3 of ammonium

sulfate was injected into the chamber just before the vehi-

cle was started. The smog chamber was located indoors, in a

large air-conditioned space; its temperature and relative hu-

midity varied within the ranges of 25–30 ◦C and 30–50 %.

Due to these low relative humidities and the fact that pri-

mary vehicle emissions are relatively hydrophobic (Dua et

al., 1999; Weingartner et al., 1997), it is unlikely that aque-

ous SOA formation was important in these experiments.

Vehicle emissions were added to the chamber over the

entire UC (but not during the 10 min hot-soak period);

thus, these experiments represent trip-average emissions.

The chamber was covered (dark) during filling to prevent

photochemistry. During filling, the exhaust was diluted by

a factor of 200–300 compared to the tailpipe in three stages:

first, it was diluted approximately 10 : 1 (average over driv-

ing cycle) with ambient-temperature HEPA-filtered air in

the CVS; it was then diluted another 8–10 : 1 with 47 ◦C
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HEPA- and activated-carbon-filtered air using Dekati ejector

diluters in the transfer line; finally, it was diluted another 2–

3 : 1 with ambient-temperature HEPA- and activated-carbon-

filtered air in the smog chamber.

After adding exhaust, HONO (nitrous acid) was intro-

duced into the chamber as an OH (hydroxyl) radical source

by bubbling dry air through a 1 : 2 solution (volume) of

0.1 M NaNO2 and 0.05 M H2SO4 for ∼30 min. If neces-

sary, the VOC / NOx ratios were adjusted to approximately

3 : 1 ppbC ppbNO−1
x (typical of many urban environments)

by adding propene (0.0–1.00 ppm). In 21 of the 29 experi-

ments 0.06 ppm of deuterated butanol was also injected into

the chamber as a hydroxyl radical (OH) tracer. After char-

acterizing the primary emissions in the dark for ∼45 min,

the emissions were photooxidized by exposing them to UV

lights (Model F40BL UVA, General Electric) continuously

for 3 h.

A suite of instruments was used to characterize gas-

and particulate-phase pollutants inside the chamber. Particle

number distributions were measured with a scanning mobil-

ity particle sizer (SMPS, TSI, Inc., classifier model 3080,

CPC model 3772). Nonrefractory submicron aerosol mass

and chemical composition were measured with a quadrupole

aerosol mass spectrometer (AMS, Aerodyne, Inc.). Gas-

phase organic species were measured with a proton transfer

reaction mass spectrometer (PTR-MS, Ionicon) that was cali-

brated daily using a custom gas standard from Spectra Gases.

Dedicated gas monitors were used to measure CO2 (LI-820,

Li-Cor Biosciences), SO2, NOx, CO, and O3 (API-Teledyne

Models 100E, 200A, 300A and 400E); monitors were ze-

roed daily and calibrated at least weekly. A seven-channel

Aethalometer (Magee Scientific, Model AE-31) measured

black carbon (BC); the Aethalometer data were corrected for

particle loading effects using the method of Kirchstetter and

Novakov (2007).

It is impossible to exactly reproduce all atmospheric con-

ditions inside a smog chamber. Therefore, we focused on

maintaining at urban-like values several key parameters (e.g.,

PM concentrations and VOC / NOx ratios) known to strongly

influence SOA formation. In most experiments, we added

propene (which does not form SOA; Kroll and Seinfeld,

2008) to the chamber to adjust the VOC / NOx ratio to match

a typical urban level of ∼3 : 1 ppbC ppbNO−1
x . This helps en-

sure that the important radical branching channels such as the

fate of organoperoxy radicals (RO2) are similar to those in

the atmosphere (Presto et al., 2005; Lim and Ziemann, 2009;

Ng et al., 2007). However, values of other parameters were

outside of typical atmospheric ranges. Mixing ratios of indi-

vidual organic gases were typically less than 1 ppb, but were

as high as 20 ppbv for the highest-emitting vehicle. NOx lev-

els were between 0.1 and 2.4 ppmv. In addition, the mix of

organics inside the chamber (gasoline exhaust + propene)

is different than a typical urban atmosphere. However, our

goal is to understand the fraction of the emissions (yield) that

form SOA, which is less sensitive to absolute concentrations,

especially if the organic aerosol levels in the chamber are at-

mospherically relevant. Initial concentrations for select pol-

lutants (NO, NO2, CO2, etc.) for all the chamber experiments

are listed in Table S1 in the Supplement.

2.2 Data analysis

Pollutant data are reported on a fuel basis (mg-pollutant kg-

fuel−1):

EF = [P] ·

(

MWCO2

[1CO2]
+

MWCO

[1CO]
+

MWNMOG

[1NMOG]

)

·
Cf

MWC
, (1)

where [P] is the background-corrected pollutant concentra-

tion in µg m−3; [CO2], [CO], [NMOG] are the background-

corrected concentrations of CO2, CO and nonmethane or-

ganic gases in the chamber in µg m−3; and MWC, MWCO2
,

MWCO, and MWNMOG are the molecular weights of C, CO2,

CO and NMOG. Cf is the measured mass fraction of carbon

in the gasoline (0.85 kg C kg fuel−1, Table S3 in the Supple-

ment).

The fragmentation table from Allan et al. (2004) was used

to interpret AMS data. The contribution of gas-phase CO2 to

the AMS m/z 44 signal was corrected using the measured

CO2 concentrations as a function of time. Maximum CO2

levels in the chamber after exhaust injection ranged from 515

to 890 ppmv. There was no evidence of organic particle sig-

nal at m/z 28 (CO+). The approach of Farmer et al. (2010)

indicates that only a minor fraction (typically < 5 %) of the

nitrate mass (which was usually quite small) was attributable

to organics.

To quantify SOA production the smog chamber data were

corrected for the loss of particles and vapors to the cham-

ber walls. Details of this correction are contained in the Sup-

plement. The loss of organic particulate mass to the walls is

well constrained. It is treated as a first-order process (Mc-

Murry and Grosjean, 1985) with a rate constant determined

by fitting the BC data measured using the Aethalometer.

The wall-loss rate constant was determined separately for

each experiment because it depends on the size and shape

of the chamber, turbulence in the chamber and the parti-

cle size and charge distribution (Presto et al., 2005). The

average particle wall-loss rate for all the experiments was

0.40 ± 0.095 h−1 (i.e., after approximately 2.5 h the BC con-

centration decreased to 37 % of its initial value). For vehi-

cles with low BC emissions the rate constant was determined

from the measured loss of sulfate seed particles.

Using BC (or any of the other species) as a tracer for par-

ticle wall loss assumes that it is internally mixed with the

organic aerosol. This assumption was evaluated using parti-

cle size distribution data measured with the SMPS and AMS,

which showed that during most experiments the SOA con-

densed onto the primary-mode aerosol to create an internally

mixed system. However, in a few experiments significant par-

ticle mass was formed from nucleation. In these experiments

it was necessary to adjust the wall-loss rate to account for the

Atmos. Chem. Phys., 14, 4661–4678, 2014 www.atmos-chem-phys.net/14/4661/2014/
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Fig. 2. Cold-start primary emissions from light-duty gasoline vehicles tested in the smog chamber shown as individual data points overlaying

boxplots of the data from entire test fleet (May et al., 2014). The primary emissions are measured from the constant volume sampler (CVS):

(a) total primary PM from gravimetric analysis, (b) OC and (c) EC components of primary PM from thermal-optical analysis of quartz filters

and (d) nonmethane organic gases. The 15 chamber vehicles include 3 unique pre-LEV vehicles (black circles), 6 unique LEV1 vehicles

(blue circles) and 6 unique LEV2 vehicles (red circles). The central marks on the boxplots are medians, the edges of the boxes are the 25th

and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers, and outliers (>1.5× interquartile range)

are plotted individually with the “+” symbol.

more rapid loss of smaller nucleation mode particles. This

correction is discussed in the Supplement.

The loss of condensable organic vapors to wall-bound par-

ticles is estimated for two cases (Weitkamp et al., 2007). A

lower bound estimate assumes no loss of vapors to the cham-

ber walls – essentially that the mass transfer resistance to

the walls is much greater than to the suspended particles.

It is equivalent to the “ω = 0” correction utilized in previ-

ous studies (Weitkamp et al., 2007; Miracolo et al., 2011).

The second estimate assumes that the particles lost to the

walls during an experiment remain in equilibrium with the

vapor phase (“ω = 1” correction; Weitkamp et al., 2007);

therefore, the loss of organic vapors scales with the ratio

of the mass of particles on the walls to particles in suspen-

sion. The two vapor loss estimates diverge as more particle

mass is lost to the chamber walls, increasing the uncertainty

in the wall-loss-corrected SOA mass as an experiment pro-

gresses (Hildebrandt et al., 2009). With one vehicle (experi-

ments pre-LEV3.2 and pre-LEV3.3) we imposed a 5 : 1 up-

per bound on the ratio of OA on the wall to suspended OA.

In our judgment OA estimates beyond this ratio become too

uncertain; therefore, we assumed that these two experiments

were complete when this ratio was reached. If we had cho-

sen a higher limit (or no limit), our estimate of the SOA pro-

duction from this vehicle would have been greater, but this

would not change any of the conclusions of the paper. We do

not consider the loss of organic vapors directly to the cham-

ber walls (in distinction to their loss to wall-bound particles)

(Matsunaga and Ziemann, 2010). This is highly uncertain; if

included, it would increase our estimated SOA production.

3 Results

Figure 2 presents primary emissions data measured from the

CVS, including gravimetric PM mass, organic carbon, ele-

mental carbon, and NMOG. Data for the 15 vehicles used for

the smog chamber experiments are indicated by the filled cir-

cles. The chamber vehicles shown in Fig. 2 are a subset of a

larger test fleet of 63 LDGVs (May et al., 2014). To evaluate

the representativeness of the emissions from smog chamber

vehicles, box-whisker plots of the data from the entire vehi-

cle fleet are shown overlaying the individual data points for

the smog chamber experiments in Fig. 2.

Despite some vehicle-to-vehicle variability, Fig. 2 indi-

cates that for most pollutants there is a clear reduction in

emissions from newer, lower-mileage vehicles that met more

www.atmos-chem-phys.net/14/4661/2014/ Atmos. Chem. Phys., 14, 4661–4678, 2014
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stringent emission standards relative to older vehicles. For

example, the NMOG emissions from the median LEV2 vehi-

cle are about an order of magnitude lower than the emissions

from the median pre-LEV vehicle. However, emissions of

some pollutants do not exhibit a downward trend with model

year grouping; for example, there is no statistically signifi-

cant trend (p = 0.389) in the EC emissions. The lack of a

trend in the EC emissions with vehicle age is not surprising.

LEV1 gasoline vehicles already met the LEV2 PM emissions

standard; therefore, changes to engine control/aftertreatment

from LEV1 to LEV2 were not aimed at reducing nonvolatile

EC particles or primary PM more broadly, and this fact is

reflected in the relatively constant EC value shown in Fig. 2

across the LEV classes.

Figure 2 demonstrates that emissions from the vehicles

used for smog chamber experiments are reasonably repre-

sentative of the larger test fleet. From the perspective of SOA

formation, the NMOG emissions are presumably the most

important metric. The NMOG emissions from most of the

smog chamber vehicles cluster around the median vehicle for

a given model year range. There was more variability in the

primary PM emissions; for example, two of the LEV1 cham-

ber vehicles (LEV1-1 and LEV1-6) had the highest and low-

est emissions for the entire set of LEV1 vehicles. There were

also some systematic differences in the EC emissions from

the chamber vehicles relative to the overall vehicle fleet. The

EC emissions from the LEV1 chamber vehicles were sys-

tematically lower than the overall LEV1 fleet, while the EC

emissions from the LEV2 chamber vehicles were systemati-

cally higher than the overall LEV2 fleet.

An important objective of this work was to quantify the

SOA formation. To better understand the SOA precursor

emissions, comprehensive speciation was performed on the

volatile organic compound emissions. Figure 3 presents the

median data for each vehicle class, which are representative

of the larger fleet. Instead of presenting results for individ-

ual compounds, the speciation results are classified into three

categories: speciated SOA precursors, speciated non-SOA

precursors, and unspeciated NMOG. The mapping of indi-

vidual compounds to these categories is summarized in Ta-

ble S5 in the Supplement. Briefly, speciated SOA precursors

include single-ring aromatics (C6 to C12) and mid-weight

VOCs (C9 to C12). The higher-molecular-weight compounds

(C9 and larger) are less volatile than the lighter (C8 and

smaller) compounds, and are, therefore, more likely to con-

dense into the solid or liquid phase as a result of photooxida-

tion. Speciated non-SOA precursors include all of the other

speciated compounds. The unspeciated mass is the difference

between the total NMOG emissions and the sum of the speci-

ated compounds. Figure 3 indicates that ∼70 % of the mass

of the NMOG emissions from the LEV1 and LEV2 vehi-

cles was speciated. This level of mass closure is similar to or

slightly better than that of Schauer et al. (1999, 2002).

The absolute emissions of speciated SOA precursors, spe-

ciated non-SOA precursors and unspeciated NMOGs are
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Fig. 3. Median nonmethane organic gas (NMOG) emissions for

each class of light-duty gasoline vehicles. The emissions have been

lumped into three broad categories: (1) “speciated SOA precursors,”

including single-ring aromatics (C6 to C12), mid-weight VOCs (C9

to C12); (2) all other speciated compounds (“speciated non-SOA

precursors”); and (3) “unspeciated” compounds, defined as the dif-

ference between the total NMOG and the speciated emissions. The

bars represent the median absolute values; the values next to the

bars represent the median (± 1σ ) fractional contribution of each

emission category (i.e., precursor, nonprecursor, unspeciated) to the

total NMOG for each vehicle class.

lower from newer vehicles. In addition, the relative amount

of speciated SOA precursors has remained approximately

constant as a function of LEV class at about 20–26 % of the

NMOG mass. Therefore, despite large vehicle-to-vehicle dif-

ferences in the absolute magnitude of the NMOG emissions,

vehicle-to-vehicle differences in the relative amounts of spe-

ciated emissions were modest. However, on average, a larger

fraction of the NMOG emissions from the newer (LEV1 and

LEV2) vehicles could not be speciated (∼30 % on a mass

basis) compared to the older (pre-LEV) vehicles (∼12 %).

The primary emissions data alone provide a preliminary

estimate of the relative importance of primary PM emissions

versus SOA formation. Combining the data in Figs. 2d and

3 indicates that emissions of speciated SOA precursors are

about 50 times higher than the POA emissions for all pre-

LEV and LEV1 categories and about 30 times higher for

LEV2 vehicles (assuming the ratio of organic mass to or-

ganic carbon is 1.4; Lipsky and Robinson, 2006). Yields for

aromatics and large n-alkanes are around 10 % for typical

atmospheric conditions (Hildebrandt et al., 2009; Ng et al.,

2007; Presto et al., 2010; Tkacik et al., 2012). Therefore,

the emissions data themselves indicate that the SOA formed

from vehicle emissions will likely exceed the POA. This con-

clusion becomes even stronger if the unspeciated emissions

also form SOA and one accounts for sampling artifacts and

partitioning biases in the quartz filter POA data plotted in

Fig. 2b (May et al., 2013b). The smog chamber experiments

provide a direct test of this hypothesis.
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Fig. 4. Measured gas and particle evolution during a typical smog chamber experiment (LEV1-6.2 experiment): (a) NOx, O3 and CO2;

(b) selected primary (xylene and trimethylbenzene, TMB) and secondary (acetone and methyl ethyl ketone, MEK) organic gases; (c) mea-

sured and wall-loss-corrected black carbon (BC) and organic aerosol concentrations; and (d) wall-loss-corrected SOA production (average of
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< −1.0 h, the chamber was filled with diluted emissions from the vehicle; for −1.0 h < time < 0 h, the primary PM was characterized; at

time >0 h the UV lights were on and photooxidation generated SOA. The grey shaded area in (c) indicates the range of wall-loss correction

estimates discussed in the text. A four-period moving average is used to smooth both data sets in (d).

3.1 Secondary organic aerosol formation

Figure 4 plots the temporal evolution of both particle- and

gas-phase species measured during a typical cold-start smog

chamber experiment. First, vehicle emissions were added to

the chamber throughout the entire UC test, increasing the

pollutant concentrations inside the chamber. The UC cycle

was completed and engine shut off at time = −1.0 h. HONO

was added to the chamber at approximately time = −0.5 h,

modestly increasing NO2 concentrations. Propene was also

added at this time to adjust the VOC / NOx ratio to about

3 : 1 ppbC ppbNO−1
x . The loss of POA to the walls of the

chamber is evident from the decay of the organic signal mea-

sured with the AMS (blue points in Fig. 4c) occurring be-

tween the time when the engine is turned off and before the

lights are turned on (time = 0 h).

After the UV lights were turned on, the measured organic

aerosol concentrations increased for about an hour and a half,

indicating substantial SOA formation. In contrast, the mea-

sured concentration of nonreactive BC decreased. (Due to

interference during the HONO addition, BC measurements

before lights were turned on are not shown; the wall-loss cor-

rection was extrapolated back in time to when the emissions

were first injected.) The grey shaded region in Fig. 4c shows

the range of wall-loss correction estimates, which become

more uncertain as the experiment progresses and more par-

ticle mass is lost to the chamber walls (Hildebrandt et al.,

2009). After 3 h of photooxidation the wall-loss-corrected

organic aerosol concentration increased by roughly a fac-

tor of 6 from ∼2 µg m−3 at the beginning of the experiment

to ∼12 µg m−3 at the end. During the 3 h of UV irradiation

much of the NO and primary hydrocarbons are oxidized to

NO2 and more oxygenated organics, respectively (Fig. 4a,

b).

In a few experiments there was significant inorganic ni-

trate formation (comparable to the SOA mass). This requires

ammonia to neutralize the nitric acid formed from the oxida-

tion of NOx. We hypothesize that organic nitrate formed in

experiments with vehicles that emitted significant amounts

of ammonia, but the ammonia concentrations in the chamber

were not measured.

Hydroxyl radical (OH) levels in the chamber were inferred

from the decay of individual VOCs (e.g., deuterated butanol,

toluene, xylenes, trimethylbenzene and propene) measured
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Fig. 5. (a) Measured wall-loss-corrected SOA concentration (assuming no blank correction) after 3 h of photooxidation and (b) fractional

contribution of background NMOG to smog chamber. Blue bars in (a) show the average SOA based on the two different wall-loss correction
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diesel-particulate-filter-equipped heavy-duty diesel trucks (Gordon et al., 2013a). The dashed black lines in (b) indicate the median values of
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with the PTR-MS (Atkinson and Arey, 2003). OH exposures

(OH multiplied by time) were calculated based on the loss of

VOCs via reaction with OH as described by the rate law

d

dt
[VOC]= −k [OH][VOC] .

After integrating from t0 to t , OH exposure is given by

[OH] · t = −
1

k
ln

(

[VOC]t

[VOC]0

)

.

We calculated the OH exposure according to the equa-

tion above using concentrations of three to six differ-

ent VOCs (toluene, benzene, xylenes, trimethylbenzene,

propene and butanol) measured with a PTR-MS. The dif-

ferent estimates were then fit to derive the OH exposure.

Average OH levels during photooxidation were roughly

5 × 106 molecules cm−3, which is representative of summer

daytime atmospheric concentrations (Seinfeld and Pandis,

1998). The trends in Fig. 4b indicate that OH levels were

much higher during the initial stages of the photooxidation

phase of the experiment and then fell as the HONO was con-

sumed by photolysis. Table S1 in the Supplement summa-

rizes the OH data for all of the experiments.

Figure 4c shows that the wall-loss-corrected organic

aerosol concentrations level off at a constant value as the

experiment progresses, potentially indicating that SOA for-

mation was complete. However, the xylene and trimethyl-

benzene concentrations also stopped decaying after ∼ 1.5–

2 h, which suggests that the slowing of the SOA production

is probably due to decreased oxidant concentrations, rather
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than exhaustion of the SOA precursors. Figure 4d presents

the SOA data as a function of OH exposure (i.e., [OH] mul-

tiplied by the exposure time) and as a function of time. The

SOA production increased linearly with OH exposure, indi-

cating that the SOA formation was not completed after 3 h of

photooxidation.

Summer daytime OH concentrations are typically in the

range of 5–10 × 106 molecules cm−3 (Seinfeld and Pandis,

1998); therefore, these experiments correspond to approxi-

mately 1.5–3 h of atmospheric aging under typical summer-

time conditions. Measurements made downwind of urban ar-

eas suggest that SOA production continues for about 48 h at

an OH concentration of 3 × 106 molecules cm−3 (de Gouw et

al., 2005). If this is true for LDGV exhaust, then our chamber

experiments might substantially underestimate the ultimate

SOA formation potential of LDGV emissions.

Figure 5 compiles the wall-loss-corrected SOA concentra-

tions measured at the end of each experiment (after 3 h of

photooxidation). Data are shown for 24 cold-start LDGV ex-

periments, 3 hot-start LDGV experiments, 2 chamber blank

experiments, and 9 hot-start experiments performed with cat-

alyzed diesel particulate filter (DPF)-equipped heavy-duty

diesel vehicles (Gordon et al., 2013a). The chamber blank

and hot-start DPF-equipped vehicle data quantify the poten-

tial contribution of contamination to the measured SOA for-

mation. A chamber blank followed the same procedures as

an actual vehicle test except that the chamber was filled with

CVS dilution air only (no vehicle emissions) for the same

period of time as the UC. HONO, propene, deuterated bu-

tanol and ammonium sulfate seed particles were then added

to the chamber and the UV lights were turned on for 3 h.

The decay of butanol and propene were monitored with the

PTR-MS to verify similar amounts of oxidation (OH expo-

sure) to those in experiments with vehicle exhaust. The DPF-

equipped vehicle experiments followed the same procedure

as LDGV and chamber blank tests (Gordon et al., 2013a).

Both primary particle and NMOG emissions from the hot-

start DPF-equipped vehicle experiments were extremely low,

often below ambient levels (Gordon et al., 2013a).

The average wall-loss-corrected SOA mass (assuming no

blank correction) for all the cold-start UC chamber experi-

ments plotted in Fig. 5a is 12 ± 8.4 µg m−3, which is within

the range of typical urban PM concentrations. Therefore the

gas-particle partitioning inside the chamber should be rep-

resentative of the urban atmosphere. The average wall-loss-

corrected SOA concentration for the hot-start experiments

was much lower, 3.7 ± 1.4 µg m−3. Only 1.4 ± 1.2 µg m−3

of wall-loss-corrected SOA formed during blank or DPF-

equipped vehicle experiments. Therefore the blank corre-

sponded to 12 % of the SOA formed in the average cold-start

UC experiment, but a much larger fraction of the SOA in

the hot-start experiments. We defined the minimum detection

limit (MDL) as 3 times the standard deviation of the SOA

measured in the two blank and nine hot-start DPF-equipped

vehicle experiments. The end-of-experiment MDL for SOA

was 3.8 µg m−3 (dashed red line in Fig. 5a). All but two of

the LDGV experiments lie above the MDL; therefore, the

trends in Fig. 5 are due to the addition of dilute LDGV ex-

haust to the chamber, and they are not primarily a result of

SOA produced from the photooxidation of background gas-

phase components.

The SOA measured during blank experiments presumably

forms from background organic gases in the CVS dilution

air (HEPA-filtered ambient air) and/or organic vapors that

desorb from the CVS, transfer line and/or chamber walls.

Figure 5b plots the estimated fractional contribution of the

background organic gases to the chamber based on measure-

ments made at the inlet and exit of the CVS tunnel. During

the blank and DPF-equipped experiments, the CVS-dilution

air contributed essentially the entire NMOG burden in the

chamber. In contrast, during the median pre-LEV, LEV1 and

LEV2 experiments, organics in the CVS dilution air typically

contributed 1, 9 and 16 % (on a mass basis), respectively, of

the total NMOG burden. Therefore, the vast majority of the

organic gases inside the chamber during all of the cold-start

LDGV experiments were vehicle emissions.

One issue that the blank experiments do not address is the

possible contribution of heat-released contamination. For ex-

ample, the heat release of hydrocarbons adsorbed from the

walls of the transfer tube used to conduct exhaust from the

vehicle to the CVS tunnel has been shown to cause nucle-

ation (Maricq et al., 1999). The potential contribution of this

mechanism to the SOA precursor burden in the smog cham-

ber is not known. However, Fig. 5 indicates that heat-release

contamination was not a significant source of SOA precur-

sors for the DPF-equipped vehicle experiments (although

these experiments were conducted in a different facility than

the LDGV experiments).

Figure 5 also compares results from 10 sets of dupli-

cate chamber experiments – 2 different pre-LEV, 3 LEV1,

4 LEV2 and 1 set of duplicate LEV2 hot-start experiments.

There is good agreement (± 25 % of the average of each du-

plicate pair) in SOA production for 7 of the 10 pairs of du-

plicate experiments. SOA production for the LEV1-6.1 and

LEV1-6.2 experiments differed substantially. This was pri-

marily due to high experiment-to-experiment variability in

the emissions from the LEV1-6 vehicle, not measurement

uncertainty. LEV1-6 had a malfunctioning oxygen sensor,

which resulted in highly variable and high emissions (see Ta-

ble S1 in the Supplement). This vehicle was the upper outlier

in Fig. 2. The reason for the very large difference in SOA pro-

duced during duplicate experiments with LEV1-2 and LEV2-

5 is not known. There was poor agreement between the two

duplicate hot-start experiments with LEV2-3 (± 56 % of the

average of the duplicates), but this may be due to the low

levels of SOA production. Duplicate cold-start experiments

with this vehicle (which produced nearly an order of magni-

tude more SOA) agreed to within 1 %.
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Fig. 6. Primary emissions and chamber data for hot- and cold-start UC chamber experiments with vehicles from the three LEV classes.

(a) Median POA, primary PM (primary PM was not measured for LEV2-3.1), and (b) NMOG emissions measured in the CVS (filled circles

represent individual measurements). Median SOA production (a) during 21 cold-start UC chamber experiments after 3 h of photooxidation

(“SOA (3 h)”) and after 5 × 106 molecules cm−3 h of OH exposure (LEV1-2.1 and high-emitter (LEV1-6) outliers were removed). (c) Median

OH exposures after 3 h of photooxidation. (d) Median ratios of SOA to primary PM and SOA to POA after 5 × 106 molecules cm−3 h of

OH exposure. The dashed horizontal line in (d) represents 1 : 1. (e) Median ratios of SOA (5 × 106 molecules cm−3 h of OH exposure) to

CO. Error bars represent uncertainty/variability propagated through all measured variables. Only one experiment is shown (no error bar) for

the hot-start SOA-to-POA ratio. Error bars for other SOA-to-POA ratios are not included; they are large due to several experiments with

extremely low POA emissions.

3.2 Effects of vehicle age and hot and cold start on

SOA formation

Important objectives of the test plan were to investigate the

influence of driving cycle (hot versus cold start) and vehi-

cle age on SOA formation and to quantify the relative im-

portance of SOA formation to primary PM emissions. In or-

der to make consistent comparisons across the entire set of

experiments, Fig. 6 presents the SOA data on a mass-of-

fuel-burned basis and as ratios of SOA to primary PM mass,

SOA to POA and SOA to CO for comparison with ambi-

ent OA measurements. (One cannot simply compare the end-

of-experiment SOA concentration data in Fig. 5 because of

experiment-to-experiment differences in dilution.) Figure 6

presents data for the median cold-start experiment for each

vehicle class (pre-LEV, LEV1, LEV2) and for the median

hot-start experiment. The trends in the median data reflect

those of the entire test fleet. The SOA data were measured at

(1) the end of the experiment (“SOA (3 h)”, after 3 h of pho-

tooxidation) and (2) after 5 × 106 molecules cm−3 h of OH

exposure ("SOA"). (Figure 6d, e use the SOA measurements

taken after 5 × 106 molecules cm−3 h of OH exposure.) The

primary emissions (CVS POA and primary PM) data were

measured in the CVS. The SOA data in Fig. 6 have been

corrected for the average end-of-experiment SOA formation

Atmos. Chem. Phys., 14, 4661–4678, 2014 www.atmos-chem-phys.net/14/4661/2014/
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measured in the two blank and nine DPF-equipped vehicle

experiments. (Figure 5a plots the measured SOA concentra-

tions without any blank SOA correction.)

Figure 6a indicates that the median SOA mass (per mass

of fuel burned) formed during the median hot-start experi-

ment was only 22, 37 and 70 % of that formed during me-

dian cold-start pre-LEV, LEV1 and LEV2 experiments (after

5 × 106 molecules cm−3 h of OH exposure), respectively. It

is well known that significant emissions occur during cold

start before the catalyst has become active. For example, the

hot-start NMOG emissions for vehicle LEV1-2 were a factor

of 7 lower than the cold-start emissions for this vehicle. How-

ever, this reduction in NMOG emissions was larger than the

reduction in SOA formation (hot-start SOA was only a factor

of 2 lower than cold-start SOA), underscoring the fact that

there is not a one-to-one relationship between these param-

eters. This is not surprising since SOA precursors comprise

only a subset of the NMOG emissions (Fig. 3). The data sug-

gest that catalyst warm-up is an important factor in control-

ling the emissions of SOA precursors. Nordin et al. (2013)

and Platt et al. (2013) also report substantial SOA formation

from dilute cold-start LDGV emissions.

Figure 6 also shows that the median SOA production (mg

kg-fuel−1) measured during the cold-start LEV2 experiments

was only a factor of 3 less than that measured during the me-

dian pre-LEV experiment. Some reduction in SOA formation

was expected given the large differences in NMOG emis-

sions. However, the reduction in SOA formation was much

less than the factor of 11 to 15 (based on median of entire test

fleet and median of smog chamber experiments, respectively)

difference in the NMOG emissions between these two vehi-

cle classes (Fig. 3 shows medians of the larger test fleet of 63

LDGVs from May et al. 2014), highlighting once again the

complex relationship between NMOG emissions and SOA

formation. The fact that relatively little SOA was formed in

the chamber blank, DPF-equipped vehicle, and hot-start ex-

periments (Fig. 5) indicates that the unexpected similarity in

the SOA formation measured across the set of cold-start ex-

periments was not simply due to contamination.

SOA production also depends on oxidant exposure and

gas-particle partitioning. We investigated whether these

mechanisms influenced the conclusions about the trends in

SOA formation. Increased oxidant exposure will generally

lead to more SOA production (Lambe et al., 2012). Vehicle

emissions are mainly comprised of saturated species, so OH

is the most important oxidant. Figure 6c plots the median

OH exposure for the sets of chamber experiments (pre-LEV,

LEV1, LEV2, hot start). The OH exposures for the hot- and

cold-start experiments were similar (Table S1 in the Supple-

ment). However, OH exposures were about 60 % higher dur-

ing experiments with new, lower-emitting (LEV1 and LEV2)

vehicles than during pre-LEV experiments (Table S1 in the

Supplement). This was due to differences in VOC levels in

the chamber – higher VOC emissions reduced OH levels in

the pre-LEV experiments. Therefore, while the greater OH

exposure in the LEV1 and LEV2 experiments leads to en-

hanced SOA formation, it would need to be a factor of 5

higher (not just 60 %) to explain the similarity in the SOA

formation across the different classes of vehicles. This is

quantitatively demonstrated by the effective yield analysis

presented later in the manuscript. Therefore, the similarity

in SOA production across the set of LDGV tests was not due

to differences in OH exposure.

SOA production is influenced by gas-particle partitioning

(Odum et al., 1996). Higher aerosol concentrations cause a

larger fraction of the semivolatile organics to partition into

the condensed phase. However, this phenomenon does not

explain the similarity in the measured SOA production for

the different vehicle classes. The organic aerosol concentra-

tions inside the chamber were lower during the experiments

with the newer, lower-emitting vehicles (LEV1 and LEV2)

than the older, higher-emitting vehicles (pre-LEV). This

should increase (not decrease) the differences between the

LEV2 and pre-LEV results; therefore, gas-particle partition-

ing does not explain the discrepancy between NMOG emis-

sions and the SOA production. Furthermore, the POA reduc-

tion between hot- and cold-start experiments with LEV1 and

LEV2 vehicles was relatively small (∼25 % for LEV1 and

∼20 % for LEV2); therefore, gas-particle partitioning alone

cannot explain the large SOA reduction observed during the

hot-start experiments either.

To quantify the importance of SOA formation relative to

the primary PM emissions, Fig. 6d presents the ratios of the

end-of-experiment, wall-loss-corrected SOA measured in the

smog chamber to both POA and gravimetric PM mass mea-

sured in the CVS. After 5 × 106 molecules cm−3 h of OH ex-

posure the PM concentrations inside the chamber during the

cold-start LEV1 experiments were dominated by SOA (me-

dian SOA / POA ratio of 15; median SOA / primary PM ratio

of 5), and the LEV2 SOA / POA ratio was about 8. For the

pre-LEV vehicles, the cold-start end-of-experiment SOA lev-

els were similar to the primary PM and POA emissions mea-

sured in the CVS. Figure 6d indicates that SOA was approx-

imately equal to primary PM for hot-start experiments. SOA

was about a factor of 3 greater than POA for the LEV1-2.3

hot-start experiment. In essentially every experiment, SOA

was either comparable to or larger than primary PM (or POA)

after equal OH exposure. After 3 h of photooxidation SOA

was the dominant component of the PM in the chamber. The

relative contribution of SOA would likely continue to in-

crease with further oxidation (de Gouw et al., 2005).

The ratios plotted in Fig. 6d are relative to primary PM

and POA measured in the CVS. This is a useful compari-

son since CVS data are widely used in emissions inventories

and models. However, gas-particle partitioning experiments

conducted as part of this project indicate that the primary

PM emissions measured in the CVS are biased high relative

to the more dilute atmosphere (May et al., 2013b). The par-

ticle concentrations in the CVS were almost always much

higher (a factor of 10 or more) than the ambient, biasing the
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Fig. 7. Two different effective SOA yield estimates (after 3 h of photooxidation) for pre-LEV, LEV1 and LEV2 light-duty gasoline vehicles

(n = 25). The grey bars represent yields assuming only traditional (speciated) SOA precursors; the red bars also include unspeciated NMOG

in the effective yield calculations. The braces indicate nine sets of duplicate experiments. Hot-start and normal UC driving cycle experiments
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Median (± 1σ ) effective SOA yields for the three LEV classes are shown on the right side. The inset compares the SOA yield for vaporized

gasoline (error bar represents the range of values measured for 1 µg m−3 < Coa < 10 µg m−3) from Jathar et al. (2013) with the yield from

the pre-LEV emissions. Multiple experiments with the same vehicle were averaged before medians were calculated.

gas-particle partitioning of semivolatile organics towards the

particle phase. The amount of partitioning bias varies from

vehicle to vehicle depending on emission rate and CVS flow,

but accounting for it would, on average, increase the ratios

plotted in Fig. 6d by a factor of 2 or more.

The median ratios of SOA to CO are plotted in Fig. 6d.

This metric is commonly used to evaluate atmospheric SOA

production (de Gouw et al., 2005). For the vehicles tested

here, the SOA to CO ratios are less than that measured in the

atmosphere at a comparable OH exposure.

3.3 Effective SOA yields and SOA mass closure

Since the exhaust gas concentrations in the chamber were

higher than typical atmospheric levels, the absolute mass

concentration of SOA formed in the chamber plotted in Fig. 5

cannot be directly translated to the atmosphere. Therefore,

we calculated an effective SOA yield, which quantifies the

percentage of the organic emissions that must be converted

to SOA in order to explain the chamber data.

Y =
MSOA

∑

MVOCreacted

=
MSOA

∑
(

MVOCi

)

·(1 − exp(−ki [OH] t))
,

where Y is the effective SOA yield, MSOA is the mass of

SOA produced, t is photooxidation time, MVOCi and ki are

the mass at time t and OH reaction rate of the ith VOC, and

[OH] is the OH radical concentration. A SOA yield is the

ratio of the measured SOA mass to the mass of reacted or-

ganic precursors; it is a standard measure of SOA production

in smog chambers (Odum et al., 1996; Donahue et al., 2006).

We use the term “effective” yield because LDGV exhaust is

comprised of a complex mix of species; only a subset of these

species was quantifiable by GC analysis. Therefore, we can

only estimate the mass of reacted organic precursors. Effec-

tive SOA yields were based on SOA measured after 3 h of

photooxidation; since OH exposure is intrinsic to the yield

calculation, variation in SOA production due to differing OH

exposure between experiments is accounted for.

Figure 7 plots two different effective yield estimates, each

based on different components of the NMOG emissions.

First we calculated an effective SOA yield accounting for the

speciated compounds that are known SOA precursors (“spe-

ciated SOA precursors”). This analysis considered 75 com-

pounds (see Table S5 in the Supplement), including single-

ring aromatics (C6 to C12) and mid-weight VOCs (C9 to

C12). In sum these compounds contribute about 20 % of the

total NMOG emissions for the newer vehicles (LEV1 and

LEV2) (Fig. 3). These compounds are commonly included in

SOA models (Heald et al., 2005; Hennigan et al., 2011; Mira-

colo et al., 2010, 2011; Vutukuru et al., 2006). The reacted

mass of each precursor was calculated from its initial concen-

tration (inferred from the CVS measurements), the OH expo-

sure in the chamber and published reaction rate constants for

each species with OH (see Table S5 in the Supplement).

Figure 7 indicates that for the pre-LEV vehicles the ef-

fective yield for speciated precursors was 2–12 % (depend-

ing on experiment). In other words, 2–12 % of the mass of

reacted speciated SOA precursors listed in Table S5 in the

Supplement must form SOA to explain pre-LEV smog cham-

ber data. This is comparable to published yields for single-

ring aromatics, n-alkanes, and other SOA precursors found
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in vehicle exhaust (Hildebrandt et al., 2009; Ng et al., 2007;

Presto et al., 2010; Tkacik et al., 2012). Therefore oxidation

of the speciated precursors can explain the pre-LEV SOA

data.

However, Fig. 7 indicates the effective yield for speciated

precursors would need to be 32 and 128 % to explain the

median LEV1 and LEV2 experiments, respectively. This is

much higher than the published yields for most speciated pre-

cursors at the relatively low organic aerosol concentrations

(< 10 µg m−3) inside the chamber (Table S1 in the Supple-

ment). Therefore, it seems unlikely that the speciated precur-

sors alone can explain the LEV1 and LEV2 chamber data.

The only exceptions are one LEV1 and one LEV2 vehicle

that had realistic (and repeatable) low yields.

Other studies report that speciated SOA precursors can-

not explain the SOA formation from emissions from wood,

diesel and jet fuel combustion (Weitkamp et al., 2007;

Grieshop et al., 2009; Miracolo et al., 2011). SOA models

based only on speciated precursors also systematically un-

derpredict ambient SOA levels (de Gouw et al., 2005; Heald

et al., 2005; Volkamer et al., 2006), especially in photochem-

ical episodes (Vutukuru et al., 2006). Robinson et al. (2007)

hypothesized that unspeciated, lower-volatility compounds

are important SOA precursors. For example, Fig. 3 indicates

that about 30 % of the LEV1 and LEV2 NMOG emissions

were not speciated (versus only 12 % for the median pre-

LEV vehicle). These unspeciated emissions are likely a com-

bination of higher molecular weight or more polar species

that were not quantified by the GC used in this study. This

level of speciation is similar to previous studies (Schauer et

al., 2002). Unspeciated NMOG emissions are not typically

included in models and inventories.

To evaluate the potential contribution of the unspeciated

NMOG to SOA formation, we calculated effective yield es-

timates accounting for both the speciated SOA precursors

and unspeciated emissions. The reacted mass of the speci-

ated precursors was calculated as described previously. To

calculate the reacted mass of the unspeciated NMOG, we as-

sumed that the unspeciated organics react with OH at 2 × 10–

11 cm3 molecule−1 s−1, which is representative of published

kinetic data for large saturated alkanes (Atkinson and Arey,

2003). Figure 7 indicates that including unspeciated NMOG

in the analysis reduces the effective yields to 1–2 % for pre-

LEV, 3–30 % for LEV1 and 3–46 % for LEV2. The LEV1

and LEV2 yields are reasonably consistent with data from

single-compound smog chamber experiments (Hildebrandt

et al., 2009; Ng et al., 2007; Presto et al., 2010; Tkacik et

al., 2012), but the pre-LEV yields are on the low end of the

single-compound data.

The effective yield analysis presented in Fig. 7 indicates

that unspeciated NMOG emissions are an important class

of precursors in LDGV emissions, especially for LEV1 and

LEV2 vehicles. In fact, the oxidation of unspeciated NMOG

emissions appears to contribute the majority of the SOA for-

mation in the cold-start LEV1 and LEV2 experiments. Fur-

thermore, the trends in effective yields plotted in Fig. 7 sug-

gest that the mix of organic vapors emitted by newer vehicles

was more efficient (higher yielding) in producing SOA than

the emissions from older vehicles.

The effective yield estimates are sensitive to OH exposure

and assumed reactivity for the unspeciated NMOG. Sensi-

tivity analysis indicates that the combination of the uncer-

tainty in OH exposure and reactivity could change the effec-

tive yields by a factor of 2 to 3. However it is unlikely that

this uncertainty would influence the relative trends in effec-

tive yields between different classes of vehicles.

4 Discussion and conclusions

To develop effective control strategies we must understand

the overall contribution of emissions from motor vehicles

to ambient PM – both primary particle emissions and sec-

ondary PM formed in the atmosphere. The primary PM and

SOA data from these LDGV experiments are summarized in

Fig. 8, which plots the median EC and POA emissions mea-

sured in the CVS and the median SOA formed in the smog

chamber. The primary PM data shown in Fig. 6 constitute a

subset (only the chamber vehicles) of the primary PM data

in Fig. 8; therefore, medians in the two figures are not the

same. The total height of the bars provides an estimate of the

contribution of the emissions to different types of PM after

3 h of photooxidation. The median EC and POA values were

calculated using the entire vehicle fleet (63 LDGVs; May et

al., 2014), while SOA medians are calculated from the sub-

set of these vehicles used in chamber experiments. Data from

the larger fleet shown in Fig. 2 indicate that LEV1 and LEV2

vehicles have similar primary PM emissions.

Figure 8 indicates that 3 h of photooxidation of LDGV di-

lute emissions in a smog chamber produced large amounts

of SOA on both an absolute mass basis and in comparison

to primary PM emissions. (This result and the qualitative

patterns do not differ when SOA measured after equal OH

exposure is used in Fig. 8 instead.) In fact, SOA formation

from LDGV exhaust will likely exceed its direct contribu-

tion to ambient PM, especially for newer vehicles. During ex-

periments with LEV1 and LEV2 LDGVs, the mass of SOA

formed in the smog chamber was 3 to 4 times greater than

the mass of primary PM emissions measured in the CVS.

For the pre-LEV vehicles, the mass of SOA formed in the

smog chamber was ∼75 % greater than primary PM emis-

sions. However, there was no evidence that SOA production

was completed after 3 h of photooxidation (i.e., SOA was

still being produced at the end of the experiments). Other

studies have shown that SOA production downwind of ur-

ban areas may persist for 48 h (de Gouw et al., 2005, 2008).

Therefore, the smog chamber data may underestimate the ul-

timate production of SOA from LDGV exhaust. This con-

clusion is qualitatively consistent with many ambient studies
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Fig. 8. Median EC, POA (in CVS) and SOA from light-duty gaso-

line vehicles (LDGVs) and heavy-duty diesel vehicles (HDDVs).

LDGV data were obtained during cold-start UC driving cycle ex-

periments with a single CA summertime gasoline. HDDV data were

obtained during UDDS driving cycle experiments with 3 different

types of ULSD fuel (Gordon et al., 2013a). Median SOA values are

calculated from the averages obtained by applying the ω = 0 and

ω = 1 wall-loss correction approaches. Error bars represent ± 1σ .

that report significant concentrations of SOA, even in urban

areas (Jimenez et al., 2009).

Although tightening regulations have significantly reduced

emissions of regulated primary pollutants (for example,

Fig. 2 highlights the dramatic reductions in NMOG emis-

sions from pre-LEV to LEV1 to LEV2 vehicles), the same

may not be true for PM. In fact, Fig. 8 suggests that for

LDGVs manufactured over the last 20 years (LEV1 and

LEV2 vehicles) there may not have been much reduction in

their contribution to ambient PM. This is not surprising; since

LEV1 vehicles already met the LEV2 PM emissions stan-

dard, changes to engine control/aftertreatment from LEV1 to

LEV2 were not aimed at reducing PM (or the nonvolatile par-

ticles – EC). Some fraction of semivolatile particles may be

removed by the catalyst (note the downward trend in POA

emissions in Fig. 2b), but the removal efficiency is not well

understood.

Newer (LEV1 and LEV2) vehicles produced less SOA

than older (pre-LEV) vehicles (per mass of fuel burned), but

the differences were much smaller than the order of mag-

nitude reduction in NMOG emissions. Therefore trends in

SOA production appear to be more similar to the primary

PM emissions than the NMOG emissions. This highlights

the complex, nonlinear relationship between NMOG emis-

sions and SOA formation, which is not surprising given that

only a subset of the NMOG emissions are SOA precursors.

While further study will be required to fully elucidate the

causes of the unexpected difference between the reductions

of NMOG and SOA for the different LEV classes, we stress

that this result is not due primarily to exogenous NMOG

sources (e.g., from the transfer line or the propene used to

adjust VOC / NOx ratios) in our experiments. Control exper-

iments in which the chamber was injected with (1) clean air

instead of vehicle exhaust (i.e., dynamic blank experiments)

and (2) exhaust from diesel vehicles emitting subambient

(below the minimum detection limit of our instruments) par-

ticle and NMOG concentrations produced very little SOA,

demonstrating that the SOA production observed during the

chamber experiments was due to vehicle exhaust.

Several factors could explain the unexpected difference

between the reductions of NMOG and SOA for the different

LEV classes. In general, components of the vehicle system

upstream (engine controls) and downstream (catalyst tech-

nologies) of the actual fuel combustion site play crucial roles

in determining what is emitted from the tailpipe; thus, even

when identical fuels are burned in different vehicles (as in the

present study), there is no reason to expect that the emissions

profiles should be identical.

Two changes to emission controls during the 1990s (i.e.,

between pre-LEV and LEV1) could have some impact on the

specific NMOGs emitted by different vehicles: spark retard

and catalyst formulation. Spark retard, first used extensively

with LEV1 vehicles, was introduced to increase the cata-

lyst warm-up rate, but this technique can change the mix of

NMOGs emitted during the warm-up period (Lupescu, 2009;

Russ, 1999). The higher temperature can lower the amount of

unburned fuel released, but especially at extensive spark re-

tard it can also increase the amount of partially burned fuel

(potentially increasing the unspeciated fraction). In addition,

during this same time period (pre-LEV to LEV1 transition)

Pd began to replace Pt as the main active metal in automo-

tive catalysts. This shift in control technology could also alter

the mix of NMOGs emitted from newer vehicles (Kummer,

1975; McCabe, 1992). In particular, the catalytic capability

of Pt and Pd may differ depending on whether or not the

NMOGs have double bonds.

Furthermore, catalysts are optimized to reduce emissions

of regulated pollutants (NOx, NMOG, and CO), not SOA

precursors. Catalysts are typically developed using surrogate

emissions comprised of small hydrocarbons, such as propene

– many of which do not produce SOA in the atmosphere.

In addition to these two intrinsic differences (spark re-

tard and catalyst formulation) among the vehicles stud-

ied, it is also possible that an artifact of our analy-

sis could explain the difference between the reductions

of NMOG and SOA for the different LEV classes. Our

NMOG classification scheme (SOA precursor, nonprecur-

sor, unspeciated) is coarse, and compounds within the

SOA precursor class have a wide range of reaction rates
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with OH (minimum kOH = 1.14 × 10−13, maximum kOH =

5.8 × 10−11 cm3 molecule−1 s−1). Thus if among two vehi-

cles with identical masses of SOA precursor emissions one

vehicle’s SOA precursor emissions include a larger share of

compounds with fast reaction rates, that vehicle should have

a greater yield than the other. To investigate this possibil-

ity, the emissions of individual NMOG species were plot-

ted (pre-LEV vs. LEV1, LEV1 vs. LEV2 and pre-LEV vs.

LEV2) on log–log axes in Fig. S6 in the Supplement. Points

above (below) the trendlines in Fig. S6 in the Supplement

indicate species that were reduced less (more) than the ma-

jority of the other species. Although a few species are biased

above and below the trendlines, these are generally not rel-

evant to first generation SOA production. For example, the

clear outlier at (x = 5.27, y = 1.39) in Fig. S6c in the Sup-

plement represents propane. Important SOA precursors such

as benzene and xylene are clustered around the trendline, in-

dicating no bias. The absence of any clear bias from known

SOA precursors supports the conclusion that the unexpect-

edly small reduction in SOA production for newer vehicles

is due to photooxidation of unspeciated (presumably high-

molecular-weight) compounds rather than those detected by

the GC.

Much less SOA formation was measured in hot-start com-

pared to cold-start tests. Therefore, catalyst warm-up appears

to be an important factor in controlling the emissions of SOA

precursors from LDGVs. But, again, the reductions in SOA

formation during the hot-start tests were less than the reduc-

tion in NMOG emissions.

Figure 8 also compares the LDGV to hot-start experiments

conducted as part of this project with three HDDVs (Gordon

et al., 2013a). The lowest primary PM emissions and SOA

formation were measured for the DPF-equipped HDDVs.

Therefore, catalyzed DPFs appear to be a very effective con-

trol technology. The highest primary PM emissions and sub-

stantial SOA formation (comparable to the LDGVs on a fuel

basis) were measured for non-DPF-equipped HDDVs. The

primary PM emissions from the non-DPF-equipped diesels

were mainly EC. Figure 8 presents the data from the per-

spective of an individual vehicle; in the United States there

are substantially more LDGVs than HDDVs.

The conclusions in this work are based on smog cham-

ber experiments. It is impossible to exactly reproduce atmo-

spheric conditions inside a smog chamber; therefore, care

must be exercised in extrapolating results from smog cham-

ber experiments to the atmosphere. For example, it is not ap-

propriate to simply translate the wall-loss-corrected concen-

trations plotted in Fig. 5 to the atmosphere. The major goals

of these experiments were to quantify the fraction of LDGV

emissions (yield) that form SOA and to assess the relative

importance of primary PM emissions versus SOA formation.

The experiments were designed to investigate relatively

fresh SOA, similar to what might be formed in urban en-

vironments (modest OH exposures, relatively high NOx, and

moderate organic aerosol concentrations). This was done by

matching key parameters known to strongly influence SOA

production, such as PM concentrations and VOC / NOx ra-

tios, to urban-like values. For example, PM levels inside the

chamber were maintained between 2 and 20 µg m−3; there-

fore, gas-particle partitioning of semivolatile organics should

be similar to that found in urban settings. We also added

propene (which is not a SOA precursor; Kroll and Seinfeld,

2008) to the chamber to adjust the VOC / NOx ratio to match

a typical urban level ∼3 : 1 ppbC ppbNO−1
x . This helps en-

sure that the important radical branching channels such as the

fate of organoperoxy radicals (RO2) are similar to those in

the atmosphere (Presto et al., 2005; Lim and Ziemann, 2009;

Ng et al., 2007). However, other parameters were outside typ-

ical atmospheric ranges. Mixing ratios of individual organic

gases and NOx were generally higher than typical urban lev-

els, and the mix of organics inside the chamber (gasoline ex-

haust + propene) was different than that in the atmosphere.

Fortunately, SOA yields are thought to be less sensitive to ab-

solute concentrations, especially if the organic aerosol levels

in the chamber are atmospherically relevant. To the extent

that the product distribution of the organic oxidation reac-

tions differs from the atmosphere, these differences will in-

fluence SOA formation.

Except for the oldest (pre-LEV) vehicles, SOA produc-

tion could not be fully explained by speciated (traditional)

SOA precursors. However, about 30 % of the NMOG emis-

sions from LEV1 and LEV2 vehicles could not be speciated.

These unspeciated emissions appear to be important SOA

precursors, likely forming the majority of the SOA in exper-

iments performed with LEV1 and LEV2 vehicles. Given the

unexpected finding that the gas-phase emissions from newer,

LEV2 vehicles are more efficient at producing SOA than

emissions from older, pre-LEV vehicles, future studies elu-

cidating the nature of these precursors are needed to advance

the development of next-generation SOA models and emis-

sions control strategies.

Supplementary material related to this article is

available online at http://www.atmos-chem-phys.net/14/

4661/2014/acp-14-4661-2014-supplement.pdf.
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