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ABSTRACT
Aerosol mass spectrometer (AMS) measurements are used
to characterize the evolution of exhaust particulate matter
(PM) properties near and downwind of vehicle sources.
The AMS provides time-resolved chemically speciated
mass loadings and mass-weighted size distributions of
nonrefractory PM smaller than 1 �m (NRPM1). Source
measurements of aircraft PM show that black carbon par-
ticles inhibit nucleation by serving as condensation sinks
for the volatile and semi-volatile exhaust gases. Real-
world source measurements of ground vehicle PM are
obtained by deploying an AMS aboard a mobile labora-
tory. Characteristic features of the exhaust PM chemical
composition and size distribution are discussed. PM mass
and number concentrations are used with above-
background gas-phase carbon dioxide (CO2) concentra-
tions to calculate on-road emission factors for individual
vehicles. Highly variable ratios between particle number
and mass concentrations are observed for individual ve-
hicles. NRPM1 mass emission factors measured for on-
road diesel vehicles are approximately 50% lower than
those from dynamometer studies. Factor analysis of AMS
data (FA-AMS) is applied for the first time to map varia-
tions in exhaust PM mass downwind of a highway. In this
study, above-background vehicle PM concentrations are
highest close to the highway and decrease by a factor of 2
by 200 m away from the highway. Comparison with the
gas-phase CO2 concentrations indicates that these vehicle
PM mass gradients are largely driven by dilution. Second-
ary aerosol species do not show a similar gradient in
absolute mass concentrations; thus, their relative contri-
bution to total ambient PM mass concentrations increases
as a function of distance from the highway. FA-AMS of
single particle and ensemble data at an urban receptor site

shows that condensation of these secondary aerosol spe-
cies onto vehicle exhaust particles results in spatial and
temporal evolution of the size and composition of vehicle
exhaust PM on urban and regional scales.

INTRODUCTION
Vehicle emissions represent large sources of atmospheric
gaseous and particulate pollution. On regional and global
scales, the black carbon (BC) in vehicular particulate mat-
ter (PM) emissions plays a potentially important role in
climate forcing.1 On the local scale, PM emissions from
vehicles affect urban air quality and visibility2 and have
been linked to adverse health effects.3 In light of their
detrimental impacts, the U.S. Environmental Protection
Agency (EPA) has instituted emission standards that reg-
ulate PM mass, which is viewed as the best currently
available indicator of adverse health effects.

The local, regional, and global impacts of vehicle
emission sources are intimately linked to the properties of
the PM they produce. Thus, there is a need for detailed
characterization of vehicle exhaust PM properties. To ad-
dress EPA emission regulations, there is a particular need
for quantification and characterization of the mass con-
centrations, chemical composition, and size distributions
of emission particles. Previous studies have shown that
vehicle exhaust PM can be broadly divided into a nano-
particle mode (d � 50 nm) and an accumulation mode (50
nm � d � 1000 nm).4 Gasoline and diesel vehicles pro-
duce nanoparticles, whereas accumulation-mode emis-
sions are typically more abundant in diesel emissions.
Nanoparticles contain sulfate and semi-volatile organic
species and are formed by nucleation processes in the
exhaust plume.5,6 On the other hand, accumulation-
mode particles consist of soot cores that are directly pro-
duced in the engine and are subsequently coated with
sulfate and semi-volatile organic species in the exhaust
plume.7 Sulfate emitted by current diesel vehicles is typ-
ically lower than that observed in older measurements
because of the dramatically lower sulfur content in diesel
fuels since 2006.7

A challenge associated with exhaust PM measure-
ment is the dynamic character of exhaust PM. When hot
exhaust plumes are emitted into and mix with ambient
air, they undergo rapid cooling that causes volatile and
semi-volatile exhaust species to repartition between the
gas and particle phases according to the extent of exhaust
plume dilution and cooling. During plume dilution, there
is an evolving competition among new particle formation
(via nucleation), particle growth (via condensation and
coagulation), and reduction of particle size and mass (via

IMPLICATIONS
Predictions of vehicle PM effects depend on detailed un-
derstanding of their evolving properties on local, regional,
and global scales. AMS measurements were used to char-
acterize variations in mass concentrations, chemical com-
position, and size distributions of vehicle PM as a function
of exhaust plume dilution and processing under real-world
conditions. A key component of this work is FA-AMS data,
which allow for direct quantification of vehicular source PM
in an ambient environment. This represents an improve-
ment over tracer-based apportionment methods, which re-
quire a priori knowledge of exhaust PM source signatures
and large scaling factors.
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evaporation). Thus, the measured chemical and physical
properties of PM in a diluting exhaust plume is highly
dependent on where, when, and how the given measure-
ment is made. For example, nanoparticle formation in
vehicle exhaust has been shown to be highly variable and
critically dependent on the details of the plume dilution
process (i.e., rate of dilution, dilution ratio, and dilution
temperature).8–11 Evolution of nanoparticle concentra-
tions and size distributions has also been observed down-
wind of highways and motorways.12

Dilution and atmospheric processing of the exhaust
plume are expected to cause continued variations in vehi-
cle emission PM mass concentrations and size-dependent
composition downwind of the emission source. For exam-
ple, evaporative repartitioning11,13 provides a mechanism
for continued evolution of exhaust PM properties; it may
also provide a source of gas-phase precursor species for
ambient secondary organic material downwind of source
regions.14 As exhaust PM is transported from source
regions to urban and regional spatial scales, the soot
containing accumulation-mode exhaust particles, which have
long atmospheric lifetimes, can also interact with other
aerosol- and gas-phase species through coagulation and con-
densation processes. These interactions can transform the
externally mixed, hydrophobic, and fractal soot particles
into internally mixed, more hygroscopic, and more spher-
ical particles.15 The time and length scales for these trans-
formations are key uncertainties in the prediction of the
local, regional, and global impacts of exhaust PM.

In light of their continuous evolution, there is a need to
measure the properties of vehicle emission particles
throughout their atmospheric lifetimes under real-world
conditions. Source PM measurements obtained under on-
road conditions are needed to more accurately interpret and
parameterize the dynamometer-based PM measurements
and emission inventories used in air quality models. Mea-
surements of vehicle PM properties at receptor sites are also
needed to evaluate air quality model predictions, assess the
effectiveness of control strategies, and estimate vehicle-PM-
related impacts. Different approaches have been used to
measure vehicle exhaust PM under realistic emission and
dilution conditions. Tunnel and roadside emission studies
allow for sampling ensemble properties of vehicles under
specific driving, dilution, temperature, and humidity con-
ditions16–18; mobile laboratories equipped with highly
time-resolved PM and gas-phase measurements allow for
on-road vehicle emission measurements.19–25 From the
standpoint of receptor measurements, the transformation
of exhaust PM as it is transported away from its emission
source can be characterized by studies at selected fixed
locations downwind of a roadway and in mixed urban
and regional ambient environments. Spatially resolved
PM measurements downwind of source regions can also
be obtained with mobile laboratories.26,27

Interpretation of data obtained under real-world op-
eration conditions is complicated by the fact that the
measured PM contains contributions not only from vehi-
cle exhaust PM but also from nonvehicle-related primary
and secondary PM sources. Interference from nonvehicle-
related PM sources is particularly strong in particle mass

and composition measurements at receptor sites down-
wind of source regions. Historically, tracer-based appor-
tionment methods28–30 have been used for extracting
vehicle emission contributions to ambient PM mass.
These methods are limited by the fact that the tracers
themselves only account for a small fraction of the
exhaust PM mass concentration and the tracer/source
profile relationships are highly variable.31 Methods of
apportioning vehicle PM mass concentrations on the
basis of representative vehicle emission organic carbon/
elemental carbon ratios have also been explored.32 The
variability of these ratios and other primary sources of
elemental carbon also limit the effectiveness of this
apportionment technique.33

In recent years, the aerosol mass spectrometer (AMS)
has been used to obtain quantitative measurements of the
mass concentrations and chemically speciated size distri-
butions of nonrefractory particulate matter smaller than 1
�m (NRPM1).34,35 Multivariate factor analysis (FA) of AMS
(FA-AMS) has been applied across many worldwide am-
bient sites and has been particularly effective at appor-
tioning ambient organic PM mass into hydrocarbon-like
organic aerosol (HOA) and oxygenated organic aerosol
(OOA).36,37 At most sites HOA and OOA correspond to
primary organic aerosol (POA) and secondary organic
aerosol (SOA) contributions to ambient aerosol, respec-
tively. For example, comparisons of FA-derived POA mass
concentrations and chemical mass balance-derived POA
mass concentrations during the 2005 Study of Organic
Aerosols in Riverside are within 15–20% of each other.38

The dominant POA source in most sites is ground vehicle
emissions. In cases in which the POA has large contribu-
tions from sources other than vehicle emissions (e.g.,
biomass burning) and cooking aerosol, the contributions
of those sources have also been appropriately identi-
fied.39–42 A key advantage of the FA-AMS analysis is that it
can track the whole nonrefractory mass associated with
vehicle PM without the need for a priori information or
assumptions about the vehicle PM composition.

In this paper, AMS measurements are used to charac-
terize the evolution of vehicle PM properties after emis-
sion into the atmosphere. The discussion in this paper is
divided into two parts. The first part focuses on near-
source measurements of aircraft and ground vehicle emis-
sion plumes. The aircraft plume measurements are used
as a general case study for investigating the competi-
tion between nucleation and condensation in a hot
exhaust plume as it dilutes and cools in ambient air.
Mobile laboratory-based vehicle chasing experiments are
used to measure ground vehicle PM emissions under real-
world operation and dilution conditions. During these
measurements, the high time resolution measurement
capability of the AMS is used with gas-phase carbon diox-
ide (CO2) measurements to obtain on-road PM mass emis-
sion indices (EIs), size distributions, and compositions in
individual vehicle plumes. The second part of the paper
presents vehicle PM measurements obtained downwind
of source regions. FA-AMS results from a gradient map-
ping study are used to investigate spatial gradients in
organic aerosol composition and mass concentrations ob-
tained immediately downwind of a highway. Fixed site
measurements at a mixed urban receptor site illustrate the
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effects of secondary ambient species on the size and
chemical composition of primary vehicle emission parti-
cles on urban and regional scales.

EXPERIMENTAL METHODS
The data presented in this paper were obtained over sev-
eral different measurement campaigns. Experimental de-
tails for each of the measurement campaigns can be found
in the following manuscripts: Aircraft Particle Emissions
Experiment (APEX43), PM2.5 Technology Assessment and
Characterization Study in New York City (PMTACS-NY24),
Somerville Highway Gradient Study,44 and Megacity Initiative:
Local and Global Research Observations (MILAGRO45). Dur-
ing these campaigns, a commercial TSI Model 3022 con-
densation particle counter (CPC) was used to obtain total
number densities for particles with diameters between 7
and 2500 nm. BC measurements were obtained with a
modified multiangle aerosol photometer. The BC mea-
surements provide information about the soot-
containing mode of vehicle exhaust. A commercial LICOR
nondispersive infrared unit was used to obtain real-time CO2

measurements. A description of the Aerodyne mobile labora-
tory used in the vehicle chase and mapping experiments is
available in previously published manuscripts.23,24

Detailed descriptions of the AMS and its operation are
available in several manuscripts.34,35 Thus, only a brief
summary of the instrument is given here. The AMS oper-
ates by using an aerodynamic lens to sample submicron
particles into vacuum, where they are aerodynamically
sized, thermally vaporized on a heated surface, and chem-
ically analyzed via electron impact ionization mass
spectrometry. The AMS provides size-dependent mass
concentrations of NRPM1. Here, the term “refractory” is
used to refer to material such as BC and metals that do not
vaporize at the AMS vaporizer temperature of 600 °C. The
particle size cutoffs for the AMS are determined by the lens
transmission efficiency. The lens has 100% transmission for
particles with vacuum aerodynamic diameters in the 70- to
500-nm size range. For particles with vacuum aerodynamic
diameters of 1 �m, the transmission efficiency is approxi-
mately 50%. From the standpoint of vehicle PM measure-
ments, the AMS provides quantitative mass concentration
measurements of the accumulation-mode exhaust particles.
Because of size cutoffs introduced by the inlet, the AMS
cannot provide quantitative detection of the entire nano-
particle mode of vehicle exhaust PM. The AMS does display
sharply reduced but non-zero sensitivity to the large end of
the nanoparticle distribution (vacuum aerodynamic diame-
ter �20–50 nm), which can be used to obtain qualitative
information about trends in the nanoparticle mode.

AMS measurements provide chemically speciated
mass concentrations and mass-weighted size distributions
as a function of particle vacuum aerodynamic diameters
(dva). dva is defined as follows:

dva �
�p

�0

dve

xv
� �eff dve (1)

Here, dve is the physical diameter of the spherical particle
that would result if the nonspherical particle of interest
were melted into a sphere while preserving any internal

void spaces. The shape factor, �v, is defined as 1 for spher-
ical particles and greater than 1 for aspherical particles.
For a spherical particle, the effective density, �eff, is the
particle density, �p; for a nonspherical particle, the degree
to which �eff differs from �p depends on its shape factor. �0

is the unit density.
A more detailed discussion of �eff and a comparison to

other �eff definitions in the literature is available in De-
Carlo et al.46 AMS instruments fitted with internal light-
scattering (LS) probes have been used to determine parti-
cle �eff.47 The LS probe is used to detect and optically size
single particles. During typical operation, the LS-AMS is
alternated between the traditional AMS operating mode,
which provides size and composition information for the
ensemble aerosol, and LS mode, which provides size and
chemical composition information for single particles.
For each particle that is detected in the LS mode, an
optical diameter (dopt) is estimated and a dva is obtained.
The ratio between dva and dopt provides a measure of the
particle �eff.47

RESULTS AND DISCUSSION
Vehicle Emission Measurements Near the Source
Aircraft Case Study. Aircraft emissions represent a signifi-
cant source of local particulate pollution, particularly in
areas near and surrounding airports. The exhaust plume
conditions of aircraft vehicle emission sources are differ-
ent from those of ground vehicles. However, they share
common PM constituents that are likely to display qual-
itatively similar microphysical trends in the diluting ex-
haust plumes. Thus, the aircraft plume measurements
presented here provide a case study for investigating evo-
lution of exhaust PM properties during the atmospheric
dilution of a hot exhaust plume.

Onasch and co-workers43 have characterized exhaust
emissions from a stationary aircraft as a function of distance
from the engine exit plane and as a function of engine
power. The aircraft was tethered in place on the ground, and
the aircraft engine was operated at a range of power settings
ranging from idle/taxi to take-off conditions while the evo-
lution of exhaust particle number, size, mass, and chemical
composition was measured. The aircraft exhaust was sam-
pled through probes that were placed at 1, 10, and 30 m
downstream of the engine exit plane. These measurements
were obtained as part of APEX and are described in more
detail in a previous publication.43

Figure 1 presents mass emission factors (EFm) and
number emission factors (EFn) measured with PM mea-
surements at the 30-m probe distance. Measurements for
a range of engine power conditions are shown. EFs are
calculated by normalizing the mass or number concentra-
tions to the estimated mass of fuel burned. Figure 1a
shows the AMS size-dependent distribution of EFm. The
distribution is trimodal. The ambient mode (�350 nm)
reflects background ambient PM, the condensation mode
(�250 nm) consists of volatile/semi-volatile exhaust com-
ponents condensed on BC, and the nucleation mode
(�35 nm) consists of volatile/semi-volatile exhaust com-
ponents. As in ground vehicle exhaust, the condensed
nonrefractory material in both exhaust PM modes con-
sists of sulfuric acid and organic species. Figure 1b
shows that the changing size distributions are not
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linked with any trends in NRPM1, but they do correlate
with engine-power-dependent changes in particle num-
ber and BC emission factors (EFs).

Taken together, the observations in Figure 1, a and b,
illustrate the competition between condensation and nu-
cleation processes in the exhaust plume. In general, nu-
cleation processes are favored when the particle surface
area available for condensation (i.e., condensational sink)
is low. On the other hand, condensation-driven growth is
observed when the condensational sink is high. Refrac-
tory BC emissions represent a significant condensational
sink for volatile and semi-volatile species in exhaust
plumes. Thus, at the highest engine powers when BC
emissions are the highest, the nucleation mode becomes
suppressed relative to the condensation mode and low
particle number concentrations are observed. On the
other hand, at low engine powers when BC emissions are
low, the nucleation process is dominant and a more in-
tense nucleation mode and higher particle number con-
centrations are observed.

On-Road Ground Vehicle Measurements. Mobile laborato-
ries equipped with highly time-resolved PM and gas-
phase measurements are used to obtain on-road vehicle
emission measurements.19 –23 In particular, mobile
laboratory-based vehicle chasing experiments provide a
unique means of measuring on-road emissions from in-
dividual vehicles under real-world operation and dilution
conditions. Figure 2 shows an example of data obtained
while chasing an individual diesel vehicle with the Aero-
dyne mobile laboratory in New York City as part of the

PMTACS-NY campaign in 2001.24 These results were ob-
tained while following the target vehicle at distances
ranging from 3 to 15 m. Figure 2 shows the time trends of
PM mass concentration, particle number concentrations,
and CO2 concentrations ([CO2]) measured during this
chase. The PM mass concentrations were obtained with
an AMS, and the number concentrations were obtained
with a CPC.

In this study, gas-phase [CO2] is used as a dilution
tracer of the vehicle emission plume. CO2 is ideal for this
purpose because it is chemically inert and it has a well-
defined EF that can be used to determine the extent of
plume dilution and to calculate fuel-use-based EFs for the
various PM properties. The correlated increases in the
particle and [CO2] are evident in Figure 2a. The simulta-
neous peaks in the particle and [CO2], which usually last
for approximately 10–20 sec, are plume captures, which
represent separate instances during the chase when the
sampling inlet of the mobile laboratory captured the
target vehicle’s exhaust plume. Video camera images
and operator notes obtained during each chase event
were used to remove measurement time periods that
were contaminated by other on-road vehicles and
sources. The baseline signal levels in the gas and parti-
cle time trends represent time periods when ambient
roadway background concentrations of the various spe-
cies were sampled. Concentrations of CO2 in excess of
background CO2 (CO2 � CO2 bgd) ranged from 100 to
800 parts per million (ppm). On the basis of exhaust
[CO2] in diesel and gasoline vehicles, this corresponds
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Figure 1. (A) Size distributions of EFm measured with the AMS at a probe distance of 30 m and at engine powers of 4, 65, and 100%.
(B) Engine power dependence of EFn and BC and NRPM1 EFm at a probe distance of 30 m. The EFs are calculated by normalizing the mass
or number concentrations to the estimated mass of fuel burned.
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to plume dilution ratios of 25–1000 at the point of
measurement.

Figure 2b compares the particle mass and number
concentrations emitted by the target diesel vehicle in
Figure 2a. Variable particle number-to-mass ratios are ob-
served. Individual plume captures that show low, me-
dium, and high ratios between particle number and
NRPM1 are colored in the figure for reference. In Figure 2c,
NRPM1 mass emissions are plotted against exhaust [CO2],
a surrogate for plume dilution. Plume captures are colored
according to their particle number-to-mass ratios in Fig-
ure 2b. High, medium, and low ratios are observed across
all plume dilution levels, indicating that the observed
variability in particle number-to-mass ratios does not
have a strong correlation with plume dilution alone. The
aircraft case study described above shows that particle num-
ber emissions are affected by the BC present in the exhaust
plume. BC emissions were not measured in the chase study,
but BC is expected to provide the main condensation sink in
the diesel exhaust stream.7 Previous studies have shown that
heavy-duty diesel trucks that emit large amounts of BC do
not emit high particle numbers and vice versa.48 Thus, the
observed dynamic variability between particle number
and NRPM1 emissions could be a result of varying BC
emissions during on-road operation of the target vehicle.

Because [CO2] can be directly related to the amount
of fuel burned, the slope of Figure 2c is the average NRPM1

EFm of the target vehicle. The slope in Figure 2c is 0.22 �
0.01 �g m�3/ppm CO2, which corresponds to an NRPM1

EF of 0.39 g/kg fuel. The scatter around the average slope
is larger than the measurement uncertainty and, as dis-
cussed above, likely reflects the inherent variability in

mass EIs because of changing on-road operating and di-
lution conditions. During the New York City study, on-
road EIs were obtained for several individual diesel trucks
and buses. When taken together, these results provide
average EFs for each vehicle type. An average NRPM1 EF of
0.37 g/kg fuel was obtained for 20 individual truck chases.
The NRPM1 EF obtained from 141 individual diesel buses
ranged from 0.122 to 0.25 g/kg fuel depending on the
particular engine type used by the bus.24 Schneider and
co-workers have also reported chase study measurements
of NRPM1 EFs for 18 motorway trucks that average ap-
proximately 0.125 g/kg fuel.27 Tunnel measurements
show NRPM2.5 (NRPM � 2.5 mm in size) EFm for trucks of
0.5 g/kg fuel.17 In comparable dynamometer studies,
NRPM2.5 EFm from trucks range from 0.4 to 0.9 g/kg
fuel49,50and NRPM2.5 EFm from buses range from 0.3 to
0.6 g/kg fuel.51 The conversion factors and assumptions
used to convert between the various EF units measured in
these studies are described in the paper by Canagaratna
and co-workers.24

When taken together, the on-road measurements ap-
pear to be systematically lower by approximately 50%
than the dynamometer measurements obtained for diesel
buses and trucks. Although some of these differences
could be due to biases in the measurement techniques
(i.e., NRPM1 vs. NRPM2.5 or positive artifacts in dyna-
mometer filter measurements), it is also possible that at
least some of the observed differences are due to differ-
ences in plume dilution. Recent studies have shown that
repartitioning of semi-volatile species during the plume
dilution process can have a significant effect on measured
PM EFm.13 For example, emission studies of diesel engines

Figure 2. (A) Results from an individual diesel vehicle chase during the PMTACS-NY study. Time-resolved measurements of NRPM1 mass
(AMS), particle number (CPC), and gas-phase CO2 (LICOR) were obtained during the chase. (B) Ratios between the particle number and
NRPM1 measurements shown in panel A. Plume captures from the chase that display low, medium, and high ratios are highlighted for reference.
(C) NRPM1 mass concentrations vs. [CO2]. The slope of the plot is related to the fuel-based EFs. Datapoints are colored according to their
particle number to NRPM1 as in panel B. (D) Exhaust PM mass spectrum and mass-weighted size distribution averaged over all diesel chase
events.
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show that changing the exhaust dilution ratio from 20:1 to
350:1 does not affect soot emissions, but it decreases the
measured organic aerosol mass by as much as 50%.13 More
intercomparisons among real-world and dynamometer EF
measurements are needed to better characterize this effect.

On-Road Measurements of PM Chemical and Physical Properties.
During the PMTACS-NY measurement campaign dis-
cussed above, the AMS aboard the mobile laboratory
provided complete mass spectra and mass-weighted size
distributions every 2 sec. Figure 2d shows the
background-corrected mass spectrum obtained by averaging
over the exhaust PM data obtained from all individual diesel
vehicle chases. Before the individual chase mass spectra were
averaged together, the appropriate ambient background mass
spectrum was subtracted from the average chase mass spec-
trum for each chase. The mass spectrum in Figure 2d is domi-
nated by ion series such as CnH2n 	1

	 (m/z 29, 43, 57, 71, 85,
99…), CnH2n-1

	 (m/z 27, 41, 55, 69, 83, 97, 111…), and
CnH2n-3

	 (m/z 67, 79, 81, 95, 107, 109…). These ion series are
characteristic of saturated hydrocarbons, branched alkanes and
alkenes, and cycloalkanes, respectively. Comparisons between
the spectra in Figure 2d and reference fuel and oil spectra
indicate that lubricating oil dominates the exhaust NRPM
composition. A small contribution from sulfuric acid is also
observed.24 These results are consistent with off-line gas
chromatography–mass spectrometry analysis,29 online ex-
haust measurements performed under laboratory settings,5,52

and other dynamometer and on-road AMS measurements.53

In the chase measurements, the ratio between or-
ganic and sulfuric acid species was observed to vary
among diesel vehicles. However, the relative ratios of the
various organic ion series observed in Figure 2d did not
show any significant variability with plume [CO2] (i.e.,
dilution ratio) or among diesel vehicles. This is consistent
with the observations of Sakurai et al.,6 which showed
that the lubricating oil species in diesel particles have
similar volatility profiles irrespective of engine load, fuel,
and particle size. This indicates that although the NRPM
mass EIs of diesel vehicles may vary with dilution and
operating conditions, the composition of the NRPM that
contributes to the observed mass EI may be less sensitive
to these conditions. It is useful to note that different
results may be observed for vehicles fitted with new ex-
haust aftertreatment devices. Most aftertreatment devices
oxidize exhaust species. Although oxidizing the exhaust
reduces the overall organic PM mass loadings, it also has
the potential to yield a larger dynamic range of oxidized
organic species with varying volatilities in vehicle ex-
haust. This could produce chemical composition differ-
ences between roadway and dynamometer studies with
vehicles with aftertreatment technology.

Figure 2d shows the AMS NRPM1 size distributions
averaged over all diesel vehicle chase measurements.
The average size distribution in Figure 2d was obtained
after the background aerosol size distribution was sub-
tracted from the average vehicle plume size distribu-
tions for each individual chase. Because AMS size dis-
tributions are weighted by mass, the accumulation
mode of exhaust PM in Figure 2d is more dominant
than the nanoparticle mode. The nanoparticle-mode
contribution to this size distribution is further reduced

in this study by low transmission efficiencies of nano-
particles into the AMS. Schneider et al.53 have shown
that AMS size distributions of exhaust PM measured
under roadway, chase, and dynamometer conditions
are similar to that shown in Figure 2d.

The accumulation mode in Figure 2d consists of coated
soot particles.7 Experimental54 and theoretical46studies by
several groups have shown that for aspherical soot particles,
dva peaks at approximately 100 nm and is largely indepen-
dent of particle size because of a correlated increase in par-
ticle shape factor and particle size (see eq 1). Although the
AMS does not directly measure the soot cores of these
particles, the measured dva of the exhaust PM reflects
the asphericity of the core. The fact that exhaust PM
accumulation-mode size distributions peak at approxi-
mately 100 nm, regardless of the exact source mea-
surement scenario (i.e., dynamometer, roadway, or chase
conditions53) indicates that accumulation exhaust mode
geometry is dominated by its aspherical soot core.

In Figure 2d, there is significant mass concentration in
the 200- to 350-nm size range. Particles in this size range
were not observed in dynamometer studies of exhaust PM53

but were observed in other on-road truck measurements.27

The canonical mass-weighted engine exhaust distribution of
Kittleson et al.4 shows a broad accumulation mode with
significant mass concentration from 50 nm to nearly 1 �m.
Previous studies indicate that because of the increasing as-
phericity with soot particle size,46,54,55 even soot particles
with large physical diameters would exhibit dva of approxi-
mately 100 nm. This suggests that the particles that fall in
the 200- to 350-nm size range correspond to near-spherical
particles that consist of heavily coated soot or even pure oil.
The distinct particle mode in Figure 2d that starts at approx-
imately the 350-nm mode cuts off at diameters greater than
500 nm because of reduced AMS inlet transmission effi-
ciency at these particle sizes. This mode was not consistently
observed in all chase events and likely corresponds to re-
entrained particles that had been deposited on cylinder and
exhaust system surfaces.4

Vehicle Emission Measurements away from
Source Regions

Measurements Downwind of Roadways. Measurements
downwind of roadways can be obtained by using selected
fixed locations downwind of a roadway or by using more
detailed spatial mapping with mobile laboratories.26,27

Figure 3 shows results from a mobile laboratory deploy-
ment designed to map the evolution of gas and particu-
late vehicle emissions downwind of Interstate-93, a major
highway that runs through Somerville, MA.44 The figure
shows the spatial gradients in particle number concentra-
tions observed during this campaign. The data were ob-
tained on a single winter morning while the mobile
laboratory was driven repeatedly along a prescribed loop
that sampled air masses a series of distances downwind
from the highway. In addition to the real-time particle
number (CPC) measurements, an AMS was also deployed
to obtain particle mass and chemical composition mea-
surements. The gradient measurements shown here were
carried out during the morning hours to maximize the
rush hour impact of vehicle emissions while minimizing
the effect of photochemistry on the observed aerosol.
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In Figure 3, there is a clear decrease in CPC number
concentrations away from the roadway source regions. This
is consistent with the fact that in urban areas vehicle emis-
sions are key contributors to particle number concentra-
tions.56 Because nonvehicle-related sources can have a larger
effect on the measured particle mass concentrations, FA-
AMS analysis is used to apportion the AMS mass concentra-
tions observed during the mapping measurements. The FA-
AMS analysis is performed with the positive matrix
factorization evaluation tool and according to methods pre-
sented by Ulbrich and co-workers.57 Two main components
(HOA and OOA) are obtained. The spatial variation in HOA
and OOA mass loadings is shown in Figure 4. The HOA
component has a strong correlation with carbon monoxide
and nitrogen oxides and a mass spectrum that resembles
that shown in Figure 2d. AMS mass spectra obtained from
diesel and gasoline vehicles do not differ significantly from
each other and cannot be directly separated with FA-AMS.
Thus, the HOA concentrations in Figure 3 correspond to
contributions from diesel and gasoline vehicles.

Spatial gradients of gas-phase CO2 are shown in Fig-
ure 4a. It is clear from the figure that the CO2 spatial
distribution is similar to that of HOA. This is consistent
with the interpretation that HOA has a roadway vehicle
source and that its observed gradient in mass concentra-
tion is largely determined by dilution. The lack of any
significant spatial gradient in OOA indicates that OOA
corresponds to aged background aerosol. Although the
ambient PM mass concentrations measured close to the
highway in this study were dominated by exhaust PM, by
200 m the aged background aerosol contributed as much
to the ambient PM mass as vehicle PM. This observation
highlights the need for FA methods when interpreting

total organic mass concentration measurements obtained
even a short distance away from the emission source. The
ability to observe roadway-induced gradients in total or-
ganic PM mass concentrations depends on the ratio be-
tween the primary vehicle PM (HOA) and secondary
(OOA) aerosol mass concentrations. In environments
with high background OOA concentrations, variations
due to HOA gradients may not be detectable without a
technique such as FA-AMS. This may be an explanation
for some gradient measurements that show sharp de-
creases in BC concentrations away from the highway even
while measured changes in PM mass concentrations are
minimal.27 This is also consistent with a recent multivar-
iate regression analysis of data measured near a freeway
that found a positive correlation between the particle
volume in the accumulation and solar radiation, indicat-
ing that the contributions to the accumulation mode
from secondary species is not negligible.12

The above-background excess [CO2] measured in the
mapping studies are much lower than those typically ob-
served during the chase study shown in Figure 2. However,
there is still a clear correlation between CO2 and HOA that
can be used to obtain an average EF for the mixed vehicle
fleet sampled during these measurements. Figure 4b shows
the correlation between background-subtracted values of
HOA and CO2. HOA and CO2 values measured at 300 m
were used as background values. The plot shows literature
values for EF from gasoline vehicles (EFgas) and diesel vehi-
cles (EFdiesel).24,58 The measured datapoints reflect an aver-
age fleet EF that lies between the guidelines defined by EFgas

and a weighted sum of EFgas and EFdiesel (90%EFgas 	
10%EFdiesel). Because the on-road fleets of gasoline and die-
sel vehicles do not burn the same volume of fuel and emit
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Figure 3. Particle number concentrations measured with a CPC downwind of major roadways and highways in Somerville, MA. These
measurements were obtained with the Aerodyne mobile laboratory.
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the same amount of net CO2 into the atmosphere, this
simplistic top-down method cannot be used to apportion
the measured average fleet EF to contributions from diesel
and gasoline vehicles. However, these types of measure-
ments provide valuable data for testing model predictions of
emissions from mixed vehicle sources.

Exhaust PM on Urban and Regional Scales. As shown in
Figure 4a, vehicle emission contributions to ambient PM
mass concentrations decrease rapidly with distance from the
vehicle source. An analysis by Zhang et al.37 of multiple sites
in the Northern Hemisphere also shows similar effects on
urban and regional scales. In particular, the absolute mass
concentrations of primary HOA components in the atmo-
sphere decrease with distance from urban centers. Although

in the urban centers the HOA-to-organic-aerosol ratio is
approximately 36% of the mass, this ratio decreases to 19
and 5% in urban-downwind and remote/rural environ-
ments, respectively. These studies show that secondary aero-
sol species account for a large fraction of the ambient PM in
most environments. Given the importance of secondary
species to ambient aerosol particles, it is useful to under-
stand how these species affect the properties of primary
vehicle emission particles. The dominant mechanisms for
the formation of secondary aerosol species involve gas-
phase photo-oxidation reactions. Once secondary species
are formed in the gas phase, they can condense onto pre-
existing ambient particles, including vehicle exhaust PM
and aged background PM. As primary exhaust particles be-
come coated with oxidized organic and inorganic species,

Figure 4. Particle mass and [CO2] observed downwind of major roadways and highways in Somerville, MA. (A) The particle mass concentrations
of the HOA component, which corresponds to the freshly emitted vehicle PM, and the OOA component, which corresponds to the aged background
aerosol, are shown. Decreasing HOA and [CO2] with distance reflect the effects of dilution. (B) NRPM1 mass concentrations vs. excess CO2 above
background levels (CO2 � CO2 bgd). Reference lines for gasoline and diesel EFs from Ban-Weiss58 and diesel EFs from Canagaratna et al.24 are
shown. The dashed line corresponds to a weighted sum of the gasoline and diesel EFs. See text for more discussion.
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changes are induced in their chemical composition, density,
and hygroscopic properties. The addition of coatings can
also change the densities and shape factors of fractal exhaust
particles.

Figure 5 shows results from LS-AMS measurements
obtained at a mixed urban site in Mexico City.45 During
this study, 2956 individual ambient particles were de-
tected with the LS probe and the AMS mass spectrometer.
The single particle measurements in the LS mode were
also alternated with AMS measurements of the ensemble-
averaged ambient NRPM1. The particle statistics in LS
mode were not high because this was an early deployment
of the LS module coupled to an AMS with a time-of-flight
mass spectrometer. Moreover, only particles with a dva

greater than 300 nm were detected because of the optical
cutoff of the LS module. For each of the 2956 individual
particles detected by LS signal, a complete mass spectrum
was measured. Each single-particle mass spectrum was
analyzed with FA, and the single particle was classified
according to its HOA content. Single particles with HOA
mass fraction more than 90% are categorized as HOA
single particles, whereas those with HOA content less
than 90% are categorized as mixed single particles. In the
simple extreme, a single particle classified as HOA cor-
responds to fresh vehicle exhaust emission PM, whereas a
single particle classified as mixed corresponds to PM with
significant contributions from secondary aerosol (i.e.,

background aerosol particles, which include vehicle ex-
haust particles coated with secondary material).

Figure 5a shows the diurnal trends in number of
classified HOA single particles and mixed single particles.
The simultaneously measured diurnal trends of the
ensemble-averaged HOA and particulate nitrate (NO3

�)
mass concentrations are also shown. It is important to
note when comparing these two types of measurements
that the single particles measured with the LS probe cor-
respond to only a small and limited (dva � 300 nm) subset
of all of the NRPM1 measured in the ensemble-averaging
mode. In Figure 5, the hours from 12:00 to 9:00 a.m. are
referred to as period A, and the hours from 9:00 a.m. to
12:00 p.m. are referred to period B. The HOA single-
particle numbers and HOA ensemble mass concentrations
are highest in the morning (period A) and evening hours,
consistent with the urban traffic patterns around this site.
During period B, significant ensemble HOA mass concen-
trations are observed, but the absolute number and frac-
tion of single particles classified as HOA drop rapidly. This
drop in the number fraction of HOA single particles cor-
relates with a simultaneous and rapid increase of second-
ary NO3

� in the ensemble NRPM1. This suggests that
during period B, NO3

� and other photochemically pro-
duced secondary species condense onto the fresh HOA
single particles and transform them into mixed single
particles.

Figure 5. Single particle and ensemble data measured with a LS-AMS at a mixed urban site during the MILAGRO campaign. (A) Diurnal time trends
in single particle number and ensemble particle mass concentrations. The organic components in the single-particle mass spectra and ensemble
mass spectra were classified with FA. Single particles were classified as HOA or mixed according to their HOA content. The single particles
represent a limited subset of all particles averaged together in the ensemble measurements. See text for more discussion. Two time periods of
interest (A and B) are highlighted at the bottom of the figure. (B) �eff distributions of the single particles shown in panel A during periods A and
B. �eff is calculated as the ratio between dva and dopt.
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For each single particle detected by the LS module, a
dopt was estimated from the LS intensity and a dva was
measured from the particle time of flight. These data are
used to calculate the distributions of particle �eff observed
during periods A and B (see Figure 5b). The observed �eff

distributions are consistent with the observation of HOA
and mixed single particles during period A and the obser-
vation of only mixed particles during period B. The HOA
single particles observed with the LS probe have dva values
of more than 300 nm, and as discussed earlier in the
description of Figure 2d, it is likely that they are domi-
nated by lubricating oil and have a more compact and
spherical shape than the fractal vehicle emission particles
that are observed at dva values of approximately 100 nm.
The density of lubricating oil is 0.9 g cm�3. Thus, if a
spherical shape is assumed for the HOA single particles,
their estimated �eff is approximately 0.9, which is in good
agreement with the observed HOA particle �eff of 1. On
the basis of the ensemble average mass fractions observed
during period B (i.e., 60% ammonium nitrate, 15% am-
monium sulfate, and 25% organic), the density of the
mixed particles is estimated to be 1.6 g cm�3. Because the
mixed particles are significantly aged, it is reasonable to
assume that they are also spherical. The calculated �eff of
1.6 for the mixed particles is also in good agreement with
observed values. Taken together, the differences in the
particle �eff distributions measured during periods A and B
are consistent with the hypothesis that the vehicle emis-
sion single particles detected in LS mode become mixed
with and coated by secondary material during period B.

As noted earlier, the single particles detected in the LS
mode are only a small and limited subset of all of the
ambient particles detected in the ensemble averaging
mode of the AMS. In fact, a large fraction of the ensemble
HOA mass concentration in Figure 5a is due to coated
fractal accumulation-mode soot particles that peak at dva

values of approximately 100 nm in Figure 2d. Although
these particles were not directly measured with the LS
mode, results from several previous studies suggest that
they also evolve in a similar manner to the HOA single
particles measured in this study. For example, AMS mea-
surements by Zhang et al.59 show that the OOA/HOA
ratio of sub-100-nm particles increases diurnally with in-
creasing ensemble OOA mass concentrations. Kleinman
et al.60 modeled the evolution of particle size distribu-
tions downwind of Mexico City and showed that the
dominant source for increasing mass in the aged back-
ground aerosol mode is condensation-induced growth
of the small mode particles. AMS size distributions mea-
sured in aged urban downwind or remote rural air
masses contain a near-monomodal internally mixed
background aerosol mode with little contribution from
the externally mixed fractal soot mode that is observed
in fresh urban air masses.15,61,62 The study by Cubison
and co-workers15 used AMS measurements together with
gas-phase measures of photochemical age to investigate
the photochemical aging time scales of urban plumes.
Their work indicates that although fresh urban air masses
begin with externally mixed particles in the accumulation
mode, these particles become internally mixed and more
hygroscopic on the time scales of 1–2 days of atmospheric
processing.

CONCLUSIONS
The properties of vehicle emission PM evolve throughout
their atmospheric lifetime. In this paper, AMS measure-
ments are used to characterize the changes in exhaust PM
properties that accompany exhaust plume dilution and
atmospheric processing. Measurements are obtained near
vehicle emission sources and downwind of emission
source regions. AMS size distributions measured during an
aircraft source study are used to investigate the micro-
physical changes that take place as volatile and semi-
volatile gas-phase species partition between the gas and
particle phase as the hot exhaust plume undergoes dilu-
tion and cooling. In these measurements, BC particles act
as condensation sinks for the volatile and semi-volatile
species and suppress nucleation processes in the exhaust.
Ground vehicle exhaust PM chemical compositions and
size distributions are measured under real-world dilution
and operation conditions by deploying the AMS aboard a
mobile laboratory. Correlations between simultaneously
measured PM mass and gas-phase [CO2] are used to iden-
tify vehicle plumes and to determine on-road vehicle EFm

for individual vehicles. On-road vehicle EFm are approxi-
mately 50% lower than those estimated from dynamom-
eter measurements. Although some of this systematic
discrepancy may be due to differences in measurement
size cutoffs (PM � 1 �m vs. PM � 2.5 �m), enhanced
evaporative repartitioning under the on-road dilution
conditions may also play a role. Variability in the rela-
tionship between mass and number emissions is observed
for individual vehicles and may be related to changing BC
emissions during on-road operating conditions. FA is used
to monitor and apportion the vehicle PM components in
ambient AMS data that is measured downwind of a vehi-
cle source. This analysis allows for direct quantification of
vehicle PM mass concentrations without the need for the
a priori knowledge of exhaust PM source signatures or
large scaling factors that are typically required for tracer-
based apportionment methods. Spatially resolved map-
ping measurements downwind of a highway show
gradients in vehicle PM mass concentrations that decrease
with distance from the source region. The mass concen-
trations of background SOA species do not change with
distance from the highway. This results in an increasing
relative contribution of SOA species as a function of dis-
tance from the vehicle emission source. AMS data at an
urban receptor site show that temporal variations in the
size and composition of exhaust PM are caused by con-
densation of secondary organic and inorganic species
onto the vehicle exhaust particles. Continued condensa-
tion of the secondary species will eventually transform
the exhaust PM, which is largely hydrophobic in nature
when it is emitted, into a mixed hydrophilic organic and
inorganic PM in mixed urban environments. This trans-
formation has implications for the local and regional
impacts of vehicle PM.
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