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Abstract: 

Secondary organic aerosol (SOA) formation from dilute gasoline vehicle exhaust 

was investigated using a Potential Aerosol Mass (PAM) oxidation flow reactor 

during chassis dynamometer testing. The test fleet consisted of 16 vehicles, 

including 10 vehicles equipped with gasoline direct injection engines (GDI 

vehicles) and 6 vehicles equipped with port fuel injection engines (PFI vehicles). 

These vehicles spanned a wide range of emissions standards from Tier0 to 

Super Ultra-Low Emission Vehicles (SULEV). We measured less SOA 

production from vehicles that met more stringent emissions standards. Emissions 

from GDI and PFI vehicles certified to the same emissions standard have similar 

SOA production. If one accounts variable gas/particle partitioning, our results 

indicate similar effective SOA yields across different vehicle classes, consistent 

with results of smog chamber experiments. Therefore, the tightening of 

emissions standards effectively reduces SOA production from gasoline vehicle 

exhaust.  The PAM offers the potential to serve as a rapid screening tool to 

quantify SOA production from the gasoline vehicles. However, our results show 

that SOA production in the PAM reactor depends on multiple factors, including 

background concentrations, organic aerosol concentrations, and hydroxyl radical 

concentrations. These factors can vary widely from vehicle to vehicle and 

between different engine operations (e.g. cold vs. hot starts), which complicates 

interpretation of the PAM data and its use as a screening tool.  We conclude with 

suggestions for future research with PAM reactors. 
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Executive Summary 

Background: Secondary organic aerosol (SOA) is an important component of 
fine particulate matter mass, especially in areas like Los Angeles.  SOA is formed 
in the atmosphere from photo-oxidation of precursor gases. On-road gasoline 
vehicles are an important source of SOA precursors in urban environments. The 
tightening of non-methane organic gas (NMOG) standards for light duty gasoline 
vehicles should reduce SOA formation. Currently, California is phasing in even-
stricter emissions standards are part of the LEV-III regulations, which will further 
reduce the NMOG emissions from on-road gasoline vehicles. However, the 
impact of these standards on SOA production is uncertain because only a subset 
of those emissions are SOA precursors. In addition, the number of on-road 
vehicles equipped with gasoline direct injection (GDI) engines is increasing. The 
impact (if any) of this technology on SOA formation is not known. Past studies 
have shown higher particle number and mass emissions from GDI equipped 
vehicles compared to vehicles with port fuel injection engines.  Finally, new 
techniques are needed to assess SOA formation from vehicle emissions. 

Methods: We quantified SOA formation from a fleet of on-road gasoline vehicles 
using a Potential Aerosol Mass (PAM) oxidation flow reactor. The test fleet 
consisted of 16 vehicles (10 GDI and 6 port fuel injected), spanning a wide range 
of emissions standards from Tier 0 to Super Ultra-Low Emission Vehicles 
(SULEV). All vehicles were tested on a cold-start unified cycle.  Samples were 
drawn from the constant volume sampler without any additional dilution. 

Results: We measured lower SOA formation from newer vehicles that meet 
more stringent emissions standards.  This indicates that implementation of new 
standards should reduce SOA production in urban areas. We observed no 
difference in SOA formation between port-fuel and gasoline direct injection 
vehicles. Another goal of the experiments was to investigate SOA formation from 
different operating conditions.  This proved difficult because of the dramatic 
changes in emissions from cold start (UC Bag-1) and hot operations (UC Bag-2 
and 3). During cold start, the high emission rates created high pollutant 
concentrations inside the PAM which suppress hydroxyl radical concentrations, 
limiting the amount of oxidation.  During hot operations, emissions are quite low, 
which result in large background contributions.  SOA production in the PAM 
reactor depends on multiple factors, including background concentrations, 
organic aerosol concentrations, and hydroxyl radical (OH) concentrations.  These 
factors can vary widely from vehicle to vehicle and between different engine 
operations (e.g. cold versus hot starts), which complicates interpretation of the 
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PAM data and its use as a screening tool for SOA formation potential from 
vehicle exhaust. 

Conclusions: Our results indicate that the tightening of emissions standards 
reduces SOA production from on-road gasoline vehicles. We also found no 
significant differences in SOA formation from vehicles equipped with gasoline 
direct injection engines compared to those equipped with port fuel injection 
engines. 

Recommendations for future studies: We provide several recommendations 
for future studies using a PAM oxidation flow reactor to investigate the SOA 
formation from vehicle exhaust. First, additional dilution (beyond that provided by 
the constant volume sampler) is required to reduce emission concentrations from 
cold-start operations. Second, the OH exposure should be directly measured to 
provide better constraints on calculations of effective SOA yields.  Finally, 
reduction in background concentrations is needed to investigate SOA formation 
from hot-start driving cycles. 
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1. Introduction 

Organic aerosol (OA) is a major component of fine particulate matter in 

many urban environments (1, 2). OA is generally classified as primary organic 

aerosol (POA), which is directly emitted from sources, and secondary organic 

aerosol (SOA) which is formed through photochemical reactions of organic gases 

and vapors (SOA precursors) in the atmosphere. SOA levels often exceed POA, 

even in urban areas (2-4). Therefore, controlling atmospheric SOA is needed to 

reduce the adverse effects of fine particles on public health and climate. 

On-road gasoline vehicles are a major source of SOA in urban 

environment (3, 5, 6). Better understanding of SOA formation from exhaust from 

gasoline vehicles is needed in order to reduce human exposures to fine particle 

pollution. 

Previous studies have investigated SOA formation from dilute vehicle 

exhaust using smog chambers (7-11). These experiments have provided 

significant insight into the effect of different vehicle types, the relative importance 

different classes of SOA precursors, and the effects of NOx on SOA formation (9, 

10, 12) (11). However, chamber experiments are subject to the vapor and 

particle wall losses and relatively low oxidant concentrations. As a result, 

chamber experiments with dilute vehicle exhaust are only able to simulate 

modest amounts of atmospheric photochemical processing, typically equivalent 

to less than 12-hours atmospheric photochemical processing (7, 8, 10). Ambient 
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measurements show that the peak of SOA production occurs at longer 

photochemical ages (~2 days) (13, 14). It is also difficult to characterize SOA 

formation for different modes of vehicle operation in a smog chamber. Finally, 

conducting smog chamber experiments is complex and time consuming, 

requiring multiple steps of operation, such as injection of HONO as the OH 

source and particle seeds. Therefore, improved tools are needed to more 

routinely assess the SOA formation from gasoline vehicle exhaust. 

Oxidation flow reactors (OFRs) is a recently developed technique to study 

SOA production. OFRs can produce high oxidant concentrations and therefore 

can simulate longer periods of photo-oxidation and measure SOA formation at 

higher time resolution compared to the smog chambers (15, 16). OFRs have 

short residence time, which creates the potential for more real-time SOA 

measurements. OFRs have been used to investigate SOA formation of organics 

with different levels of complexity from individual species (17), to vehicle/engine 

emissions (18-20), to atmospheric organics (13, 21). Lambe et al. (22) reviewed 

results from OFR experiments and showed that SOA composition measured in 

OFRs is similar to that in the atmosphere and similar results can be attained from 

OFRs and smog chambers. 

The number of on-road vehicles equipped with gasoline direct injection 

engines (GDI vehicles) is increasing rapidly due to their higher fuel economy than 

those equipped with the port fuel injection (PFI) engines (PFI vehicles) (23). 
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Recent studies showed that GDI vehicles have higher primary PM emissions (24, 

25), and higher particle number emissions (26, 27) than PFI equipped vehicles. 

However, these studies did not investigate SOA formation from GDI equipped 

vehicles. 

In this project, we investigated SOA formation from a fleet of 16 gasoline 

vehicles using a Potential Aerosol Mass (PAM) OFR during chassis 

dynamometer testing. Tests were performed with both PFI and GDI vehicles from 

a wide range of model years and emissions standards, including super-ultra low 

emission vehicles (SULEV). Our results provide insight into the effects of the GDI 

technology, tightening emissions standards, and different vehicle operating 

modes on SOA formation. We also evaluated the potential application of the 

PAM reactor as a screening tool to assess SOA production from on-road 

gasoline vehicle exhaust. These experiments were conducted in conjunction 

with ARB project 12-318; additional details on the research can be found in the 

final report of that project. 

2. Methods 

2.1 Test fleet, fuel and test cycle 

Dilute exhaust from gasoline vehicles was photo-oxidized using a PAM 

reactor during chassis dynamometer testing at the California Air Resources 

Board’s Haagen-Smit Laboratory. The test fleet consisted of 16 light duty 

gasoline vehicles recruited from California in-use, on-road fleet (Appendix, Table 
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S1). For discussion, these vehicles were categorized according to their 

emissions standards (in parenthesis): 1 pre-LEV vehicle (Tier0), 3 LEV vehicles 

(Low emission vehicle), 5 ULEV (Ultra-low emission vehicle) and 7 SULEV 

vehicles (Super ultra-low emission vehicles and partial zero emission vehicles). 

The number of GDI vehicle(s) tested was 1 LEV, 2 ULEV, and 5 SULEV. 

All vehicles were tested using the cold-start Unified Cycle (Fig. 1), which 

simulates Southern California driving.  Vehicles were tested using the same fuel 

that met California summertime standards.  Additional experimental details can 

be found in the final report for ARB project 12-318. 

2.2 Photo‐oxidation Experiments 

During the test the entire exhaust from each vehicle was sampled into a 

constant volume sampler (CVS) where it was diluted with air treated by high-

efficient particulate (HEPA) filters. The photo-oxidation experiments were 

conducted by sampling a slipstream of the dilute exhaust from the CVS into a 

PAM reactor through a heated, silcosteel® stainless steel transfer line.  There 

was no additional dilution beyond that provided by the CVS (a factor of ~10-40). 

The transfer line was maintained at ~47°C, matching the standard filter collection 

temperature. 

The PAM reactor used in this study is a 13 L cylindrical tube (46 cm L ×22 

cm W) equipped with four mercury lamps (BHK, Inc) and FEP sleeves (16, 19). 

The four mercury lamps have peak emissions intensity at λ = 185 nm and 254 
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nm. The mercury lamps produce OH radicals for photo-oxidation of dilute 

gasoline vehicle exhaust. The average residence time of the dilute exhaust inside 

the PAM reactor is ~100 s. 

The OH concentration inside the PAM reactor can be calculated using the 

voltage supply to the lamps based on an off-line calibration (15, 19). The OH 

concentration oxidation is strongly influenced by RH and OH reactivity of the 

exhaust (28-30). We used the method of Peng et al.(30) to estimate OH 

concentrations; this method corrects for the influence of RH and OH reactivity of 

the sample flow. 

The PAM reactor was flushed with HEPA-filter and activated carbon 

treated air with all four Hg lamps turned for 20 min on prior to each experiment. 

Following the flushing, CVS dilution air with no exhaust was drawn through the 

PAM for 10 minutes to measure SOA production from background organics. 

The particle concentrations in the flow out of the PAM reactor were 

characterized using a scanning mobility particle sizer (SMPS, TSI classifier 

model 3080, CPC model 3772 or 3776) and a high-resolution time-of-flight 

aerosol mass spectrometer (HR-ToF-AMS, Aerodyne, Inc.). 

Collier and Zhang (31) report that the high CO2 concentrations in vehicle 

exhaust can bias the HR-tof-AMS measurement at low OA concentrations. To 
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correct for this, we quantified the relationship between the CO2 mixing ratio and 

the mass concentration of m/z 44 (μg/m3) in POA. This was done while sampling 

gasoline vehicle exhaust with the PAM reactor Hg lamps turned off (no photo-

oxidation). The resulting correction is minor given the high OA concentrations 

during the photo-oxidation experiments, consistent with Collier and Zhang (31). 

The split of POA and SOA for OA during photo-oxidation experiments was 

calculated using the mass fragment C4H9
+ (m/z 57) as the tracer for POA (32, 

33). We determined the fraction of m/z 57 (10.6%) in POA from measurements 

made during lights-off PAM experiments (no photo-oxidation). This value was 

consistent across the set of experiments; for example, linear regression of m/z 57 

to other mass fragments produced by hydrocarbons in POA, such as m/z 43, 71, 

85, 41, 55, 69 (Appendix, Fig. S1) yields an R2 >0.9 across the set of 

experiments. m/z 57 is strongly correlated with other hydrocarbon fragments, 

such as m/z 69 and 71, during the photo-oxidation experiments and the ratios 

between them remain the same as those measured during lights-off experiments.  

This demonstrates that m/z 57 is a good tracer to determine the POA 

concentration. The POA concentration during the photo-oxidation experiments 

was determined by the measured concentration of m/z 57 and the average 

fraction of m/z 57 in POA (10.6%).  This assumes species that fragment into the 

m/z 57 ion are not major contributor to SOA mass.  SOA was determined as the 

difference between the total OA and POA. 
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2.3 Characterization of Primary Emissions 

The primary emissions were characterized by sampling from the CVS 

(upstream of the PAM reactor) using an AVL-AMA 4000 system. Total gas-phase 

organics were measured by flame ionization detection (FID), methane by gas 

chromatography-FID, NOx by chemiluminescence, and CO and CO2 by 

nondispersive infrared detection. The gas-phase organics include both 

hydrocarbons and oxygenated compounds. Therefore, for discussion, we define 

the organics measured by FID as organic gases. Non-methane organic gases 

(NMOG) were defined as the difference between total organic gases (as 

measured by FID) and methane. 

Speciation analysis of NMOG was performed for some experiments. 

However, speciation analysis focused on volatile organic compounds with carbon 

number from 2 to 12. Intermediate volatility organic compounds (IVOCs) are also 

important SOA precursors (11, 34), but IVOC emissions data are not available for 

these tests. Zhao et al. (11) comprehensively characterized the composition of 

NMOG emissions from gasoline vehicles tested on the UC cycle with similar 

fuels. Their results show consistent NMOG composition from 59 vehicles across 

a wide range of emissions standards, including the speciation data acquired in 

the present study. Therefore, we use the average NMOG chemical composition 

determined in Zhao et al. (11) for analysis of the PAM data.  
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2.4 Calculation of reacted SOA precursors and effective SOA yields 

The mass (∆Mi) of an individual SOA precursor (HCi) reacted over a 

period (∆t) is calculated using: 

∆   ∑  1   , ∆   Eq.  (1)  

Where [HCi] is the initial concentration of the compound i (µg m-3); kOH,i is its OH 

reaction rate constant (25°C, molecules cm-3); [OH] is the concentration of 

hydroxyl radicals. To estimate the amount of reacted SOA precursors during 

each photo-oxidation experiment, the OH exposure ([OH]×∆t) was estimated 

using the method of Peng et al. (30). [HCi] was calculated using NMOG 

measured in each experiment multiplying the fraction of HCi in NMOG quantified 

by Zhao et al.(11) 

The effective SOA yield of gasoline vehicle exhaust during each 

experiment was calculated as the ratio of the measured SOA mass to the mass 

of reacted SOA precursors calculated using Eq. (1).  

2.5 Calculation of Emission Factors 

The NMOG and OA emissions in this study are reported as fuel-based 

emission factors, calculated using a carbon-mass-balance approach. The total 

fuel carbon in the tailpipe emissions was calculated by summing the carbon in 

the background-corrected CO2, CO and THC concentrations, which was then 

multiplied by the fuel-carbon fraction (0.82) (35). 
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3. Results and Discussion 

Fig. 1 shows the time series of NMOG and OA (SOA+POA) measured 

during a photo-oxidation experiment with a SULEV vehicle. Also shown is the 

driving speed during a UC cycle. The UC cycle consists of three driving phases, 

which are defined as three bags for discussion (Fig. 1a).  

Fig.1 (a) Driving speed tracer for the UC cycle with vertical lines indicating the UC 
driving phases (Bag-1, 2 and 3); (b-c) Time series of concentrations of NMOG and OA 
(SOA +POA) inside the PAM reactor during a photo-oxidation experiment with a SULEV 
vehicle. OA concentrations were measured every other minute for one minute. We 
assume that the 1-min average of OA represents the OA concentration in the previous 
and subsequent 30 s of the measurement. The concentrations of NMOG, OA, SOA and 
POA are not corrected for background organics. 

Fig. 1b shows the average concentration of total NMOG (exhaust + 

background) in each UC bag. The NMOG concentration in the Bag-1 is a about a 

factor of 6 higher than in the bag-2 and bag-3. The POA concentrations in the 
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bag-1 are also much higher than those in the Bag-2 and Bag-3. In contrast to the 

NMOG and POA concentrations, the concentrations of SOA in the Bag-2 is 

substantially enriched than those in the Bag-1, suggesting that SOA formation in 

the Bag-2 is significantly different than in the Bag-1. We discuss the SOA 

formation in each bag in the next section. 

Fig.1c shows continued SOA formation after the vehicle is turned off at the 

end of the Bag-2 and Bag-3. This reflects the delay associated with the transit 

time through the PAM reactor and the fact that the flow through the PAM is also 

not plug flow (16). To account for the PAM transit time, we calculated the SOA 

production in the entire UC by including the SOA produced in 3 min after the 

conclusion of the Bag-2 and Bag-3. 

The consecutive operation of the Bag-1 and Bag-2 makes it difficult to 

separate SOA production between these two bags. We investigated two 

approaches to separate SOA production between these two bags. The first 

approach follows the traditional definition of the UC bag (Fig. 1a) and the second 

one considers SOA production in the first 3-min of the UC bag-2 formed from the 

Bag-1 exhaust. The first approach underestimates the SOA production in the 

Bag-1 as it ignores the transit time delay and the second likely overestimates it in 

the Bag-2. The difference in SOA production from the Bag-1 determined by these 

two approaches is about a factor of 2; however, the difference in SOA production 

in the Bag-2 is only 10%. A strong correlation is also found for the SOA 
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production determined by two approaches in each bag. The relative differences 

in SOA production between experiments maintain despite which approach is 

used. We used the SOA production determined using the second approach in the 

discussion. 

3.1 Distribution of NMOG emissions and SOA production by UC bag 

Figs. 2a and 2b show the distributions of background corrected NMOG 

emissions and SOA production by UC bag presented as mass fractions of total 

emissions during the UC. The majority (90%, the median) of the total UC NMOG 

emissions are emitted in the Bag-1 because of the time it takes for the catalyst to 

reach its light-off temperature after cold start. However, we observed a 

dramatically different distribution of SOA production with Bag-2 contributing 62% 

(the median) of the total SOA production across the entire UC cycle. The fraction 

of the SOA mass in the Bag-2 is 82% without correcting for transit time; 

assuming a 180 s transit time delay reduces this to about two-thirds of the SOA 

production in Bag-2. 
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Fig 2. Box-whisker plots of (a) NMOG emissions, (b) SOA production, (c) OH exposure, 
and (d) condensational sink (CSp) n each UC bag. The atmospheric equivalent aging 
time in (c) is calculated assuming an average OH concentration of 1.5×106 molecules 
cm-3. The whiskers represent the 10th and 90th percentiles. The boxes represent the 25th 

and 75th percentiles with the centerline being the median.  Results in (a) and (b) are 
expressed as mass fraction of emissions or SOA production for each UC bag relative to 
the emissions/SOA production from the entire UC cycle. 

The unexpectedly high SOA production in the Bag-2 compared to the 

NMOG emissions is likely the result of multiple factors, including differences 

oxidant exposures, differences in condensational sink, differences in the 

chemical composition of SOA precursors, and background contamination. We 

first discuss the contribution of these factors to SOA production in Bag-1 and 

Bag-2 and then quantify their contribution to the effective SOA yield.  

There are important differences in the experimental conditions inside the 

PAM during Bag-1 versus Bag-2, which effects the SOA production.  For 
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example, for the median experiment, the OH exposure (the OH concentration × 

time) in the Bag-2 is five times greater than Bag-1 (Fig. 2c). This reflects the 

differences in emissions due to different driving conditions. The high emissions in 

the Bag-1 lead to high OH reactivity in the PAM sample flow, which, in turn, 

reduces the OH exposure in the PAM reactor. Therefore, the atmospheric-

equivalent OH exposures inside the PAM reactor are relatively low during these 

experiments: only about 2 hr for Bag-1 versus 10 hr for bag-2. SOA production 

more or less increases linearly at OH-exposures less than a day, (3, 13, 14, 19).  

Therefore, the factor of 5 difference in the OH concentration likely contributes 

about a factor of 5 difference in SOA production between the Bag-1 and Bag-2 if 

their initial amount and chemical composition of SOA precursors was similar.  

The difference in the OH exposure alone unlikely explains the difference in SOA 

production between the Bag-1 and Bag-2 because the mass of NMOG in the 

Bag-2 is a factor of 9 less than that in the Bag-1.  At very high OH exposures 

(several days – much longer than our experiments), SOA production typically 

decreases due to the fragmentation reactions that cleave carbon-carbon bonds 

and increase the volatility of the oxidation products (13, 17, 19, 22).  

Another factor to consider is differences in SOA precursor emissions 

between Bag-1 and Bag-2. Zhao et al.(34) measured IVOC emissions for cold- 

and hot-start UC. They found that the contribution of IVOCs to NMOG emissions 

was enriched by a factor of 4 during hot-start driving versus cold start. IVOCs 

form SOA efficiently (34, 36-38).  Therefore, IVOCs are likely enriched in Bag-2 
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NMOG emissions compared to Bag-1 emissions.  Increasing fraction of IVOCs in 

NMOG emissions drive up the effective SOA yields substantially and increase 

the SOA production. 

SOA production inside the PAM also can depend on the condensational 

sink of suspended particles (CSp) (22, 39). Greater CSp increases SOA 

production in the PAM reactor if the aerosol has not achieved phase equilibrium 

(22, 39). There were large differences in the condensational sink between Bag-1 

and Bag-2 due to differences in the primary PM emissions.  The CSp is estimated 

following the method of Saleh et al. (40) and Trump et al. (41) and assuming a 

mass accommodation coefficient of 0.1. The aerosol concentrations inside the 

PAM reactor during all vehicle experiments were high enough such that the 

gas/particle partitioning equilibration time scale (1/CSp) was less than the 

average residence time of the PAM reactor (100 s). Therefore we expect the 

aerosol to be in phase equilibrium at the PAM reactor and that the higher SOA 

production in the Bag-2 was not due to the differences in CSp. 

However, the CSp likely influences the SOA production during dynamic 

blank experiments. The median CSp during the dynamic blanks is 3% and 8% of 

the median CSp in the Bag-1 and Bag-2, respectively. The low CSp indicates that 

the condensation of organic vapors into particles is incomplete during the 

dynamic blank. This would lead the dynamic blank to underestimate the SOA 

production from background organics. Fig. 2b shows background corrected SOA 
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production; given the low CSp in the dynamic blank we have likely 

underestimated the contribution of background SOA, especially in Bag-2.  It is 

likely that some of the high SOA production in the Bag-2 is due to background 

organics. 

To quantify the contribution of these factors in SOA formation, we 

compared the effective SOA yields calculated by including one of these factors at 

a time in Fig. 3. 

Fig. 3.  Estimated SOA yield by UC bag. Three cases are presented: 1) OH exposure 
(grey bar), (2) OH exposure + Chemical composition (blue bar) and 3) OH exposure + 
Chemical composition + Background NMOG (red bar)  

We first calculated the effective SOA yields using the OH exposure in 

each bag assuming the same chemical composition and that the background 

SOA was properly corrected for corrected. The median SOA production in the 

Bag-1 can be explained by an effective SOA yields of 0.2, which is comparable to 

estimates based on chemical composition and parameters derived from chamber 
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experiments under high-NOx conditions. In contrast, an effective SOA yield of 1.0 

is needed to explain the SOA production in the Bag-2. The effective SOA yield is 

substantially higher than what observed in chamber experiments for the dilute 

gasoline exhaust under low-NOx conditions (11), which improve the effective 

SOA yields substantially relative to high-NOx conditions.  Therefore simply 

correcting for differences in OH exposure cannot explain the differences in the 

Bag-1 and Bag-2 data. 

We further determined effects of the differences in chemical composition 

and background organics on SOA formation. Given high cold start emissions, 

background NMOG is only a minor contributor to Bag-1 SOA.  For example, 

correcting the Bag-1 data for background organics only reduced the effective 

SOA yield from 0.20 to 0.18. In contrast, the contribution of background organics 

and changes in precursor composition (relative to Bag01) to SOA production in 

the Bag-2 are substantial. The median effective SOA yield needed to explain 

SOA production in the Bag-2 is reduced from 1.0 to 0.6 if one includes the 

enrichment IVOC emissions in Bag-2. This effective SOA yields is further 

reduced to 0.1 by including the background organics in the calculations and 

assuming their chemical composition to be same as NMOG in the exhaust. 

After correcting for OH, background organics, and IVOC enrichment, the 

median effective SOA yield of 0.10 and 0.04 in the Bag-2 and Bag-3 is less than 

that in the Bag-1. The lower SOA yields in the Bag-2 and Bag-3 could be due to 

19 



 

 

 

the OA concentrations in each bag. Lower OA concentrations shit the 

gas/particle partitioning of condensable organics to the gas phase and 

consequently reduce SOA effective yields.  However the large background 

correction means that the effective SOA yields for Bags 2 and 3 are much more 

uncertain than for Bag-2. 

Fig. S2 shows that the effective SOA yields are well correlated with OA 

concentrations. The confirms our hypothesis that the differences in effective SOA 

yields, after accounting for chemical composition and background organics, can 

be explained by the variations in OA concentrations. This correlation also 

indicates that SOA production from background NMOG contributes substantially 

to the measured SOA production in the Bag-2 and Bag-3. 

3.2 SOA formation during the Bag‐1 

Our analysis of SOA production by UC bag clearly shows that background 

contributes substantially to SOA production in the Bag-2 and Bag-3 but only a 

minor contributor to the Bag-1. The uncertainty in the background correction 

means that we focus our discussion of SOA production on Bag-1. The SOA 

production measured in bag-1 corresponds to approximately 2 hours of 

atmospheric oxidation at an average OH concentration of 1.5 x 106 molecules 

cm-3. In addition, the high primary PM emissions in the Bag-1 mean that surface 

area of suspended particles inside the PAM is high enough for the oxidation 
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products to condense into the particle phase given the average PAM residence 

time of ~100 s (Fig. 2d). 

Figs. 4a and b show that there is less UC Bag-1 SOA production from 

vehicle vehicles that more stringent emissions standards. This underscores the 

effectiveness of the tightening emissions at reducing SOA formation from 

vehicles. However, there is only a weak correlation between NMOG emissions 

and SOA production, suggesting that other factors, such as OH exposures and 

OA concentration, also influence the SOA production. In order to better 

understand the influence of these factors SOA formation, we examine the 

effective SOA yield estimates.  

Fig. 4c shows that the median effective SOA yield was lower for vehicles 

meeting more stringent emissions standards, except for the single pre-LEV 

vehicle which is essentially the same as the median LEV vehicle. The effective 

SOA yield for the pre-LEV vehicle still higher than those for ULEV and SULEV 

vehicles. The lowest SOA yields are observed for SULEV vehicles. 
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Fig. 4. Box-whisker plots of (a) NMOG emissions and (b) SOA production and (c) 
measured effective SOA yields during the Bag-1. The data are sorted by emission 
standard with symbols indicating the average ± one standard deviation for GDI and PFI 
vehicles. The whiskers represent the 10th and 90th percentiles. The boxes represent the 
25th and 75th percentiles with the centerline being the median.  
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Fig. 4c also compares the effective SOA yields for PFI and GDI vehicles. 

There are no statistically significant differences in effective SOA yields between 

PFI and GDI vehicles (except for LEV class, for which we only tested one GDI).  

However, conclusions can not be drawn directly based on effective SOA yields 

because the large differences in OA concentrations, about a factor of 30. 

OA influences the effective SOA yields by shifting the gas-particle 

partitioning of semivolatile organics (42, 43).  OA concentrations are lower for 

vehicles meeting more stringent emissions standards. Lower effective SOA 

yields observed for vehicle meeting more stringent emissions standards are to be 

expected due to lower OA concentrations reducing the partitioning of semivolatile 

vapors into the condensed phase.  

Fig. 5. Scatter plot of effective SOA yields versus OA concentration in the Bag-1. The 
median effective SOA yields and OA concentrations for pre-LEV, LEV and ULEV 
vehicles measured during smog chamber experiments are also showed for comparison 
(11). The chamber experiments for LEV and ULEV were performed under low NOx 
conditions, resulting in much higher SOA yields.  The dashed line is a linear regression 
of the PAM data.  
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Fig. 5 shows the effective SOA yield as a function of the OA 

concentration. Higher SOA yields occur at higher OA concentrations, indicating 

the significant role of the gas/particle partitioning in SOA formation. In addition, 

after correcting for differences in OA concentrations, there are no systematic 

differences in the effective SOA yields for GDI and PFI vehicles. Therefore, the 

SOA formation mechanisms are consistent across all vehicles.  

The trend of measured effective SOA yields by vehicle class observed 

through PAM experiments differs from results from smog chamber experiments 

(8-11) (Fig. 5), which suggest substantial higher SOA yields for newer vehicles 

(LEV and ULEV) (10, 11). However, Zhao et al. (11) demonstrated that the 

higher SOA yields for LEV and ULEV vehicles were caused predominantly by 

NOx effects. There are modest vehicle class to vehicle class differences in SOA 

precursor composition that also increase effective SOA yields, but their overall 

contribution to the increase in effective SOA yields is modest (11). Zhao et al. 

(11) also indicate that the effective SOA yields from on-road gasoline vehicles 

across vehicle classes are comparable if the experimental conditions are similar. 

4. Conclusions 

We have measured SOA production using a PAM reactor from a fleet of 

16 vehicles, including 10 GDI and 6 PFI vehicles and spanning the emissions 

standards from Tier 0 to SULEV. We observed substantially less SOA production 

from vehicles certified to meet more stringent emissions standards. We also 
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found no difference in SOA formation from GDI and PFI vehicles that met the 

same emission standard. We found a good correlation between effective SOA 

yields and OA concentrations. Therefore, similar effective SOA yields across all 

vehicle classes can be attained by correcting for experiment to experiment 

differences OA concentrations. The consistency in SOA formation across all 

vehicles revealed by our study demonstrates that the tightening of emissions 

standards effectively reduces SOA production. This is in agreement with results 

from our previous chamber experiments (11). 

Our investigation of SOA formation among the three UC bags shows that 

the PAM results can be significantly influenced by several factors, including the 

OH exposure, driving conditions/chemical composition, background organics and 

OA concentrations, on SOA production. The complexity of SOA formation inside 

the PAM complicates its use as a simple screening tool as one needs to carefully 

consider all these factors to correctly interpret the data.  An example of the issue 

is the unexpectedly high SOA formation in Bag-2, which disappears when one 

accounts for background contamination, differences in oxidant exposure, and 

differences in OA concentrations. 

5. Recommendations for future studies 

This was our first attempt to measure SOA formation in vehicle exhaust from a 

PAM reactor. Although we gained new insight, the results also reveal a number 
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of challenges. Future studies using a PAM reactor should consider addressing 

the following challenges. 

5.1 Background correction 

Background organics likely contribute a large fraction of the SOA 

production during hot-stabilized and hot-start operations of low emitting vehicles. 

Because of the small condensational sink of suspended particles during the 

dynamic blank, these blanks likely underestimate background SOA production 

during the photo-oxidation experiments with exhaust.  That needs to be better 

addressed in future PAM studies for example, for example, passing the dilution 

air through activated carbon filters to remove background organics or adding 

seed aerosol during the dynamic blank measurements. Characterization of the 

chemical composition of background organics is needed to better estimate the 

SOA production of these background organics if dilution air is only treated by 

HEPA filters.   

5.2 Measurements of OH exposure 

We used the method of Peng et al.(30) to estimate OH exposure. This 

method is uncertain (a factor of 3), which, in turn, causes substantial uncertainty 

in effective SOA yields (about a factor of 3, on average, in our study). Future 

studies should directly determine OH exposure by measuring decay of individual 

species, such as aromatics and CO in order to better constrain the effective SOA 

yields. 
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5.3 Dilution of the exhaust 

In this study, we sampled the exhaust directly from the CVS.  The high 

emissions (and resulting high concentrations) during cold start substantially 

reduced the OH exposure during Bag-1.  The result was that the net OH 

exposure during Bag-1 was similar to those achieved in smog chambers.  One of 

the goals of the PAM experiments was to achieve higher OH exposures. To do 

this requires reducing the concentration of emissions in the Bag-1 through 

additional dilution beyond that provided by the CVS. However, the CSp needs to 

be taken into account when performing additional dilution because of more dilute 

leading to less CSp. The CSp needs to be greater than 0.01 sec-1 in order to 

ensure the completion of condensation of organic vapors in the PAM reactor. 
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Appendix 

Fig. S1. Correlation of m/z 57 to other fragments produced from electron ionization of 
hydrocarbons in PAM lights-off experiments. The strong correlations shown in Fig. S1 
demonstrate the consistency in the chemical composition of POA across all tested 
vehicles, including both PFI and GDI vehicles, across a wide range of model years and 
emissions standards. 
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Fig. S2. Scatter plot of effective SOA yields versus OA concentrations. The effective 
SOA yields showed in Fig. S2 were corrected for the driving conditions/chemical 
composition and background organics. 
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Table S1. Summary of the test fleet for the PAM experiments. 

Test ID  Vehicle 
Group 

Vehicle# 
Model 
Years 

Vehicle 
Class 

Engine 
Technology 

Engine 
displacement 

(L) 

Measured 
Fuel 

Economy 
(MPG) 

1038724 SULEV 31  2012  PC  GDI  2.4  20.75 

1038745 SULEV 1  2013  PC  GDI  1.6  20.59 

1038755 SULEV 24  2012  PC  PFI  2.5  35.17 

1038801 ULEV 35  2013  PC  GDI  1.6  27.51 

1038821 LEV 18  2008  PC  PFI  3.9  15.8 

1038822 ULEV 36  2013  PC  GDI  1.6  23.66 

1038823 ULEV 37  2013  PC  GDI  2 18.65 

1038824 ULEV 4  2013  LDT  PFI  5.3  12.78 

1038825 LEV 38  2012  PC  GDI  1.6  24.48 

1038827 ULEV 27  2013  PC  GDI  2 26.32 

1038848 LEV 18  2008  PC  PFI  3.9  15.76 

1038853 SULEV 21  2014  PC  GDI  2.4  6.84 

1038862 SULEV 28  2013  PC  GDI  3.6  16.86 

1038864 SULEV 5  2007  PC  PFI  1.3  31.95 

1038867 SULEV 29  2012  PC  GDI  2.4  21.55 

1038901 pre‐LEV 14  1990  PC  PFI  3.8  17.65 

1038909 ULEV 37  2013  PC  GDI  2 19.42 

1038911 LEV 9  2003  M3 PFI  5.4  11.12 

1038917 ULEV 4  2013  LDT  PFI  5.3  12.93 

1038918 ULEV 4  2013  LDT  PFI  5.3  12.62 

1038920 SULEV 21  2014  PC  GDI  2.4  23.39 

1038945 ULEV 4  2013  LDT  PFI  5.3  12.6 
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Test ID  Vehicle 
Group 

Vehicle# 
Model 
Years 

Vehicle 
Class 

Engine 
Technology 

Engine 
displacement 

(L) 

Measured 
Fuel 

Economy 
(MPG) 

1038947 ULEV 36  2013  PC  GDI  1.6  23.81 

1038952 SULEV 28  2013  PC  GDI  3.6  17.57 
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