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A B O U T  H E I

 vii

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the institute

• Identifies the highest-priority areas for health effects research;

• Competitively funds and oversees research projects;

• Provides intensive independent review of HEI-supported studies and related 
research;

• Integrates HEI’s research results with those of other institutions into broader 
evaluations; and

• Communicates the results of HEI’s research and analyses to public and private 
decision makers.

HEI typically receives half of its core funds from the U.S. Environmental Protection Agency and 
half from the worldwide motor vehicle industry. Frequently, other public and private 
organizations in the United States and around the world also support major projects or research 
programs. HEI has funded more than 280 research projects in North America, Europe, Asia, and 
Latin America, the results of which have informed decisions regarding carbon monoxide, air 
toxics, nitrogen oxides, diesel exhaust, ozone, particulate matter, and other pollutants. These 
results have appeared in the peer-reviewed literature and in more than 200 comprehensive 
reports published by HEI.

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. The 
Health Research Committee solicits input from HEI sponsors and other stakeholders and works 
with scientific staff to develop a Five-Year Strategic Plan, select research projects for funding, and 
oversee their conduct. The Health Review Committee, which has no role in selecting or 
overseeing studies, works with staff to evaluate and interpret the results of funded studies and 
related research.

All project results and accompanying comments by the Health Review Committee are widely 
disseminated through HEI’s Web site (www.healtheffects.org), printed reports, newsletters and other 
publications, annual conferences, and presentations to legislative bodies and public agencies.
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Research Report 173, Selective Detection and Characterization of Nanoparticles from Motor 
Vehicles, presents a research project funded by the Health Effects Institute and conducted by 
Dr. Murray V. Johnston of the Department of Chemistry and Biochemistry, University of 
Delaware, Newark, and his colleagues. This report contains three main sections.

The HEI Statement, prepared by staff at HEI, is a brief, nontechnical summary of the 
study and its findings; it also briefly describes the Health Review Committee’s 
comments on the study.

The Investigators’ Report, prepared by Johnston and colleagues, describes the 
scientific background, aims, methods, results, and conclusions of the study.

The Critique is prepared by members of the Health Review Committee with the 
assistance of HEI staff; it places the study in a broader scientific context, points out its 
strengths and limitations, and discusses remaining uncertainties and implications of 
the study’s findings for public health and future research.

This report has gone through HEI’s rigorous review process. When an HEI-funded study is 
completed, the investigators submit a draft final report presenting the background and results of 
the study. This draft report is first examined by outside technical reviewers and a biostatistician. 
The report and the reviewers’ comments are then evaluated by members of the Health Review 
Committee, an independent panel of distinguished scientists who have no involvement in 
selecting or overseeing HEI studies. During the review process, the investigators have an 
opportunity to exchange comments with the Review Committee and, as necessary, to revise 
their report. The Critique reflects the information provided in the final version of the report.
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H E I  S TAT E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr. Murray V.
Johnston at the University of Delaware, Newark, and colleagues. Research Report 173 contains both the detailed Investigators’ Report and a
Critique of the study prepared by the Institute’s Health Review Committee.
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INTRODUCTION

Ambient nanoparticles, particularly those
� 100 nm in diameter, are an important focus of
research on the health effects of air pollution. Sci-
entists have hypothesized that these particles may
be more toxic than particulate matter � 2.5 µm in
aerodynamic diameter because of their physical
characteristics and composition. To better identify
human exposures and potential health effects asso-
ciated with nanoparticles, a clearer understanding
is needed of sources, atmospheric transport and
chemical reactions, concentrations, and composi-
tion at the point of exposure.

Earlier research has identified motor vehicle
traffic as an important source of nanoparticles. How-
ever, little is known about the formation, growth,
and change in composition of particles within 100 m
of a roadway. Previously, Dr. Murray V. Johnston
and colleagues developed an experimental instru-
ment, the nano aerosol mass spectrometer (NAMS),
to study individual nanoparticles (< 30 nm) and
analyze their major chemical components continu-
ously. For the current investigation, they proposed
to study nanoparticles near a major roadway inter-
section, to test and improve the instrument’s per-
formance in a real-world setting, and to assess
whether it could aid in identifying motor vehicles’
contribution to peak and ambient background
nanoparticle concentrations.

The HEI Research Committee members thought
the study could both advance the refinement of
nanoparticle speciation monitors and demonstrate
their usefulness for apportioning vehicle contribu-
tions to nanoparticle concentrations in a near-
roadway environment.

APPROACH

Johnston and colleagues conducted a field test of
the NAMS at a major intersection in Wilmington,
Delaware, through which approximately 28,000
vehicles pass daily. Monitoring took place over
two- to three-week periods during the summer and
winter of 2009. The investigators continuously

measured particle number concentrations, size dis-
tributions, wind speed and direction, and sulfur
dioxide concentrations and compared the results to
those of two other methods that analyzed particles
over longer averaging times but during the same
monitoring period as the NAMS. A direct compar-
ison using speciation data measured over short time
intervals was not possible, since few continuous
nanoparticle speciation samplers other than the
NAMS existed at the time.

The investigators used photographs from traffic
cameras in conjunction with air monitoring data to
differentiate heavy-duty diesel from gasoline-pow-
ered vehicles; to determine whether vehicles were
likely to be idling, accelerating, or decelerating; and
to assess a vehicle’s contribution to nanoparticle
levels at a particular moment in time. They used a
statistical method, “wavelet decomposition,” to dif-
ferentiate short-term spikes in concentrations,
thought to be caused by recent vehicle activities,
from longer-term changes in background nanopar-
ticle concentrations that may have reflected regional
sources, including traffic. The investigators attrib-
uted spikes to nearby sources using wind-direction
data and distance to nearby roadway segments. The
wind-direction analysis was correlated with traffic-
camera images to estimate per vehicle emissions.
The investigators then applied the NAMS output to
determine major source contributions to spikes and
background levels, including distinguishing diesel
from gasoline vehicles.

RESULTS

The investigators found that nanoparticle spikes
coincided with the signal timing of the traffic light
at the intersection and that the highest-intensity
spikes originated from the nearest roadway. In addi-
tion, they found that particle sizes tended to
increase with greater distance from the likely
sources and that greater wind speeds were associ-
ated with smaller nanoparticle sizes measured at
the monitor, because of decreased time for particle
coagulation and chemical reactions.
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On average, nanoparticle spikes contributed 15%
and 19% to total ambient number concentrations at
the intersection during summer and winter, respec-
tively, with contributions as high as 50% during
winter. When data from both seasons were com-
bined, spike contributions during the morning rush
hour were approximately double those from after-
noon and evening time periods. The chemical com-
position of the spikes indicated that motor vehicles
contributed more to spikes, and other sources such
as sulfate and nitrate contributed more to the back-
ground. When total vehicle emissions were consid-
ered, they were found to contribute approximately
60% to wintertime and 49% to summertime total
ambient nanoparticle number concentrations.
Motor vehicles accounted for approximately 50% of
total ambient nanoparticle mass concentrations in
winter but only 16% during summer, which was
thought to be a result of greater particle formation
by photochemistry in summer. The median per
vehicle contribution to emissions was 350 parti-
cles/cm3, and the mean was 700 particles/cm3, with
10% of vehicles contributing 50% of emissions.
Using traffic-camera images, the researchers were
unable to identify particular vehicle characteristics
associated with high-emitting vehicles. However,
they determined that diesel and gasoline vehicles
each contributed approximately half to fresh
nanoparticle mass concentrations during the winter
monitoring program, even though gasoline vehicles
made up more than 90% of the vehicles observed in
the intersection.

INTERPRETATION AND CONCLUSIONS

In its independent review of the study, the HEI
Review Committee thought that Johnston and col-
leagues had conducted a well-designed field study.
They demonstrated that they could use the instru-
ment in a real-world setting to study vehicle contri-
but ions  to  spike  and ambient  background
nanoparticle concentrations and to measure the
chemical composition of nanoparticles. The study
shows that the NAMS can be used to evaluate the
potential effects of stop-and-go traffic on human
exposures to nanoparticles on or near roadways.
The major strength of the NAMS is that it can mea-
sure the major chemical components of nanoparti-
cles in real time, which is of interest for a range of
research applications. The NAMS may help
researchers better characterize emissions and atmo-
spheric transformation of particles, including

evaporation and condensation of organic materials;
such data will include information useful to health
researchers about the specific composition, size dis-
tributions, and sources of particles near roadways.

The Committee also noted several weaknesses in
the study. First, a suitable comparison method —
one that uses short time periods similar to those of
the NAMS — was lacking. Comparison with two
methods over longer integration periods provided
some supporting evidence, but it fell short of a full
validation of the NAMS’s performance. Second, the
iterative wavelet decomposition method to separate
nanoparticle counts into spikes and background
levels would benefit from further evaluation and
comparison with other statistical methods. Third,
while the source apportionment analysis was infor-
mative, it required data manipulation that substan-
tially reduced the size of the data sample and
consequently its information content.

The Committee initially questioned whether the
rather narrow particle size range measured by the
NAMS (18–24 nm) would be representative of the par-
ticle size distributions in the spikes and the back-
ground concentrations. The Committee concluded
that the limited size range is not likely to have signif-
icantly affected most conclusions from the study.

Movement of vehicles after a red light and high-
emitting vehicles are the two major sources of
spikes in nanoparticle concentrations identified in
the study. The investigators concluded that
nanoparticle spikes were due more to acceleration
from idling than to high emitters in the intersection.
The Committee agreed but thought more could have
been done with the traffic photos to improve the
identification of high emitters.

In summary, Johnston and colleagues demon-
strated that the NAMS is a useful new tool for quan-
tifying the chemical composition of nanoparticles at
a high time resolution, which can be particularly
useful for measuring traffic-related nanoparticles.
They demonstrated how the NAMS could be used
with other currently available instruments,
including particle counters, as well as traffic cam-
eras and meteorologic data, to assess the contribu-
tion of local traffic and vehicle types to short-term
spikes in nanoparticle concentrations near intersec-
tions. Although the NAMS is a complex instrument
that requires additional refinement, it is likely to
contribute to the development of future nanopar-
ticle speciation monitors.
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INVESTIGATORS’ REPORT

Selective Detection and Characterization of Nanoparticles from Motor Vehicles

Murray V. Johnston, Joseph P. Klems, Christopher A. Zordan, M. Ross Pennington, 
and James N. Smith

Department of Chemistry and Biochemistry, University of Delaware, Newark (M.V.J., J.P.K., C.A.Z., M.R.P.), 
and the National Center for Atmospheric Research, Boulder, Colorado (J.N.S.)

ABSTRACT

Numerous studies have shown that exposure to motor
vehicle emissions increases the probability of heart
attacks, asthma attacks, and hospital visits among at-risk
individuals. However, while many studies have focused
on measurements of ambient nanoparticles near highways,
they have not focused on specific road-level domains,
such as intersections near population centers. At these
locations, very intense spikes in particle number concen-
tration have been observed. These spikes have been linked
to motor vehicle activity and have the potential to increase
exposure dramatically. Characterizing both the contribu-
tion and composition of these spikes is critical in devel-
oping exposure models and abatement strategies.

To determine the contribution of the particle spikes to
the ambient number concentration, we implemented
wavelet-based algorithms to isolate the particle spikes
from measurements taken during the summer and winter
of 2009 in Wilmington, Delaware, adjacent to a roadway
intersection that approximately 28,000 vehicles pass
through daily. These measurements included both number
concentration and size distributions recorded once every
second by a condensation particle counter (CPC*; TSI,

Inc., St. Paul, MN) and a fast mobility particle sizer
(FMPS). The high-frequency portion of the signal, con-
sisting of a series of abrupt spikes in number concentration
that varied in length from a few seconds to tens of seconds,
accounted for 3% to 35% of the daily ambient number
concentration, with spike contributions sometimes greater
than 50% of hourly number concentrations. When the data
were weighted by particle volume, this portion of the
signal contributed an average of 10% to 20% to the daily
concentration of particulate matter (PM) � 0.1 µm in aero-
dynamic diameter (PM0.1). The preferred locations for
observing particle concentration spikes were those sur-
rounding the measurement site at which motor vehicles
accelerated after a red traffic light turned green. As the dis-
tance or transit time from emission to sampling increased,
the size distribution shifted to a larger particle size, which
confirmed the source assignments. To determine the distri-
bution of emissions from individual vehicles, we corre-
lated camera images with the spike contribution to particle
number concentration at each time point. A small per-
centage of motor vehicles were found to emit a dispropor-
tionally large concentration of nanoparticles, and these
high emitters included both spark-ignition (SI) and heavy-
duty diesel (HDD) vehicles.

In addition to characterizing the contribution of the
spikes (local sources) to the ambient number concentra-
tion, we developed a method to determine the net contri-
bution of motor vehicles (all sources) to the total mass
concentration of ambient nanoparticles. To do this, we cor-
related the concentration of spikes with measurements of
fast changes in the chemical composition of nanoparticles
measured with the nano aerosol mass spectrometer (NAMS;
built by the Johnston group). The NAMS irradiates indi-
vidual, size-selected nanoparticles with a high-energy laser
pulse to generate a mass spectrum consisting of multiply
charged atomic ions. The elemental composition of each

This Investigators’ Report is one part of Health Effects Institute Research
Report 173, which also includes a Critique by the Health Review Committee
and an HEI Statement about the research project. Correspondence concern-
ing the Investigators’ Report may be addressed to Dr. Murray V. Johnston,
Department of Chemistry and Biochemistry, University of Delaware, Newark,
DE 19716.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award CR–
83234701 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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particle was determined from the ion signal intensities of
each element. However, overlapping mass-to-charge ratios
(m/z) at 4 m/z (O+4 and C+3) and at 8 m/z (O+2 and S+4)
needed to be separated into their component ions to obtain
a representative composition. To do this, we developed a
method to deconvolute these ion signals using sucrose and
ammonium sulfate [(NH4)2SO4] as calibration standards.
With this approach, the differences between the expected
and measured elemental mole fractions of carbon (C),
oxygen (O), nitrogen (N), and sulfur (S) for a variety of test
particles were generally much less than 10%.

Ambient nanoparticles were found to consist mostly of
C, O, N, and S. Many particles also contained silicon (Si).
The elemental compositions were apportioned into molec-
ular species that are commonly found in ambient aerosol:
sulfate (SO4

2�), nitrate (NO3
�), ammonium (NH4

+), carbo-
naceous matter, and when present, silicon dioxide (SiO2).
Correlating NAMS chemical-composition measurements
with spike contributions allowed for the development of a
chemical profile representing motor vehicle emissions,
which could be used to apportion their total contribution
to the ambient nanoparticle mass. Particles originating
from motor vehicles had compositions dominated by
unoxidized carbonaceous matter, whereas non–motor
vehicle particles consisted mostly of SO4

2�, NO3
�, and

oxidized carbonaceous matter. Motor vehicles were found
to contribute up to 48% and 60% of the nanoparticle mass
and number concentrations, respectively, in the winter
measurement period, but only 16% and 49% of the
nanoparticle mass and number concentrations, respec-
tively, in the summer period. Chemical-composition pro-
files and contributions of SI versus HDD vehicles to the
nanoparticle mass concentration were estimated by corre-
lating still camera images, chemical composition, and
spike contributions at each time point. The total mass con-
tributions from SI and HDD vehicles were roughly equal,
but the uncertainty in the split was large.

The results of this study suggest that nanoparticle con-
centrations will be higher adjacent to an intersection than
along the same roadway but further from an intersection.
Possible ways to reduce the motor vehicle contribution to
ambient nanoparticulate matter include minimizing stop-
and-go activity at an intersection (i.e., vehicles acceler-
ating after a red light turns green) and identifying the small
fraction of motor vehicles that emit a disproportionally
large number of nanoparticles.

INTRODUCTION

Nanoparticles, defined in this report as particles smaller
than 100 nm, are ubiquitous in the atmosphere and have a
variety of sources ranging from the atmospheric processing
of gases such as sulfur dioxide (SO2), nitrogen oxides
(NOx), and ammonia (NH3), to direct emission from indus-
trial stacks (Sioutas et al. 2005). While the exact mecha-
nism of action is still unclear, these particles have been
linked to increased incidences of hospital visits and
adverse cardiopulmonary health outcomes (Peters et al.
2004; Oberdörster et al. 2005). This relationship appears to
be especially strong for nanoparticles from vehicle exhaust
(Sarnat et al. 2008; Silverman et al. 2010), which constitute
a major component of ambient nanoparticles (Sioutas et al.
2005). To develop exposure models and regulations to
limit exposure, understanding both the spatial and tem-
poral distribution of these particles is important
(Brunekreef et al. 1997; vanVliet et al. 1997; Seagrave et al.
2004). Particle number concentrations and gas-phase con-
centrations of surrogates, such as carbon monoxide (CO),
have been shown to decrease exponentially with distance
from a freeway (Sioutas et al. 2005). The critical distance
appears to be the first 100 m. Within this distance, nanopar-
ticle number concentrations are high and show a multi-
modal pattern that evolves with distance. Beyond 100 m,
the number concentration blends into the background con-
centration, and the unique mode pattern disappears.

Zhang et al. have modeled particle number concentra-
tions and size distributions near a freeway (Zhang and
Wexler 2004; Zhang et al. 2004a; Zhang et al. 2005). They
suggest that the evolution of these distributions can be
understood within the context of three domains. First is
the tail-pipe level, extending up to about 3 m from the
vehicle, where the dynamics are driven by tail-pipe-
exhaust velocity and traffic-induced turbulence, rather
than ambient conditions. The formation of new particles
and growth are the dominant processes. Freshly emitted
aerosol exists as a hot, concentrated plume containing vol-
atile, semivolatile, and nonvolatile material. Rapid dilu-
tion (a factor of 1000 in 1 second) and cooling of the
exhaust in ambient air causes both condensation of lower-
volatility material to, and evaporation of higher-volatility
material from, the particle phase.

Second is the road-level domain, which extends up to
about 100 m from the roadway. Here, the size distribution
is complex and often shows several nanoparticle modes
that evolve with distance. Dilution is significant but much
slower (a factor of 10 in several minutes). Particles may
shrink if semivolatile components evaporate as their corre-
sponding gas-phase concentrations decrease, or they may
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grow by condensation of semivolatile species. Although
two competing processes are acting on the aerosol, the nor-
malized size distribution generally shifts to larger sizes
with increasing distance from the point of emission. This
domain is especially important because particle number
concentrations are high and many people may be exposed
to the particles — pedestrians, occupants of motor vehi-
cles, and occupants of homes, offices, and schools adjacent
to a major road.

Third is the background ambient domain, which
extends beyond 100 m from the roadway. Here, the dilu-
tion and transformation of motor vehicle emissions is suf-
ficient for them to blend into the ambient background size
distribution. In the short term, these particles exist as
highly carbonaceous material. However, over longer
periods (hours to days), they may grow by atmospheric
processing or coagulate with larger particles.

Source contributions to size distributions and number
concentrations of submicron particles at two urban sites
have been recently reported using positive matrix factor-
ization (PMF) (Ogulei et al. 2007a; Harrison et al. 2011).
These studies from Rochester, New York, and London,
England, have shown that in an urban environment the
major sources of particles with diameters below 100 nm
include nucleation (from both photochemical activity and
cooling of vehicle emissions), direct traffic emissions, and
background traffic emissions. Depending on the location
and the season, motor vehicles were estimated to con-
tribute approximately one-third to one-half of the ambient
number concentration. While these studies are useful,
source types were identified based on characteristics such
as diurnal variation, wind directionality, and correlation
with chemical measurements (gases, particulate matter
� 2.5 µm in aerodynamic diameter [PM2.5]), rather than a
direct chemical analysis of the aerosol itself. Additionally,
they did not focus on the contributions of short-lived pro-
cesses that occur in the road-level domain. Highly time-
resolved measurements of ambient nanoparticle concen-
tration (Ogulei et al. 2007b) and composition (Zordan et al.
2008) have shown that near a roadway there are short
bursts of nanoparticles associated with passing vehicle
traffic. In a study conducted in Buffalo, New York,
1-second average size distributions of particles of between
6 and 560 nm were obtained over several days (Ogulei et
al. 2007b). The fast analysis time permitted the correlation
of size distributions with events such as individual buses
and trucks passing by the measurement site. The source
factors resolved at this site were generally multimodal
with a nucleation mode at 10 to 20 nm and an accumula-
tion mode at 50 to 150 nm. Once again, source identifica-
tion was primarily based on correlation (or lack of) with

events. Others have also studied short-term trends in some
detail. Work done by Minoura and colleagues (2009)
showed that changes in number concentration could be
used to detect patterns within a traffic-light cycle. Particle
emissions quickly rose as the traffic light turned green and
gradually fell as the traffic at the intersection dissipated,
until another red–green light cycle occurred. However, the
study stopped short of quantifying the contribution of
these patterns to the ambient nanoparticle concentration.

SPECIFIC AIMS

The studies highlighted in the previous section have
shown that motor vehicles are a significant source of
nanoparticles in an urban environment and that both
short-term and longer-term processes contribute to their
overall impact. However, the primary limitation of pre-
vious studies is the lack of a direct measure of the chem-
ical composition of nanoparticles. As a result, the
percentage of the mass concentration of ambient nanopar-
ticles apportioned to motor vehicles is somewhat subjec-
tive. The present study sought to overcome this limitation
by characterizing the chemical composition of urban
nanoparticles from both short-term (spikes) and longer-
term processes, with the ultimate goal of determining the
motor vehicle contribution to nanoparticle number and
size distributions in the road-level and background
ambient domains. It is within this context that the present
study was organized to address the following three spe-
cific aims:

1. Develop and test a method that uses the NAMS for
real-time measurement of the chemical composition
of ambient nanoparticles.

2. Characterize nanoparticle events (rapid spikes in par-
ticle concentration); identify sources and estimate
receptor factors for these events.

3. Perform factor analysis of the complete data set, to
resolve and apportion nanoparticle sources, particu-
larly the contribution from motor vehicles.

METHODS AND STUDY DESIGN

MEASUREMENT SITE AND CAMPAIGNS

Measurements were taken in Wilmington, Delaware,
United States, at a State of Delaware air quality monitoring
site managed by the Delaware Department of Natural
Resources and Environmental Control (DNREC). Two
trailers are located at this site. One trailer, owned by the
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University of Delaware, housed the Johnston group’s
instrumentation that was deployed specifically for this
study. The other, owned by the DNREC, houses the instru-
mentation owned and operated by the State of Delaware
that provides continuous measurements throughout the
year. During this study, two measurement intensives were
performed: the first during July 2009 and the second
during December 2009.

Figure 1 shows a satellite image of the measurement site
with the location of the Johnston group’s trailer marked
with a triangle and the DNREC trailer with a square. Other
important locations around the site are labeled A through
D. Three major roads intersect at the measurement site.
Martin Luther King (MLK) Boulevard (Route 48 on the
map) and Lancaster Avenue are the larger roads located
immediately to the north of the trailer, running diagonally
from left to right across the figure. Each is three lanes wide,
and traffic runs one way in the direction indicated. The
smaller road immediately to the west of the site is Justison
Street (on which is point A), which changes name to North
Washington Street (on which is point C) on the north side
of Lancaster Avenue. Points A through C correspond to the
shortest distance from the trailer to Justison Street, the
intersection of Justison Street and MLK Boulevard, and the
intersection of Justison Street and Lancaster Avenue,

respectively. These points are located approximately 15,
45, and 60 m from the particle inlets to the instruments
and in directions approximately 300�, 340�, and 25� from
north. Point D shows a local fire station about 126 m from
the site at 70� from north. An expanded satellite view of
the measurement site is shown in Figure 2. Interstate 95
runs to the west of the site, about 500 m away at its closest
point. A metropolitan bus depot is adjacent to Interstate 95
about 400 m from the site. Many of the buses leaving the
depot travel east along MLK Boulevard. On average, over
28,000 vehicles pass through this intersection daily,
making it an ideal location to study nanoparticles related
to motor vehicles.

Numerous instruments were deployed at the monitoring
site during the July and December measurement inten-
sives. A summary of the instruments central to this study
and the dates when each was operating is found in Table 1.
During the July and December campaigns, the Johnston lab
recorded time-averaged (1-min) size distributions using a
scanning mobility particle sizer (SMPS) (electrostatic clas-
sifier model 3080, CPC model 3025a; TSI), highly time-
resolved (1-second) number concentrations using a CPC
(model 3025a, TSI), and particle-by-particle aerosol com-
position using the NAMS. A detailed description of the
experimental setup and operating principle of the NAMS

Figure 1. Aerial view of the measurement site in Wilmington, Delaware. The letters A through D mark places of interest, and a triangle marks the John-
ston instrument trailer, a square the DNREC trailer. 
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Figure 2. Expanded view of the measurement site showing Interstate 95 and a nearby bus depot.

Table 1. Instruments Deployed at the Measurement Site During the Various Measurement Periods

Instrument Measurement 
Time 

Resolution Dates 

CPC Number concentration 1 sec December 2–22, 2009
July 1–3 and 8 –15, 2009 

SMPS Number concentration and size distribution 1 min December 2–6 and 8–22, 2009
July 1–15, 2009

FMPS Number concentration and size distribution  1 sec December 17–22, 2009 

NAMSa Elemental composition < 1 sec December 2–6 and 8–22, 2009 
July 1–15, 2009

TDCIMSb Molecular composition 30 min July 1–15 2009

uEye UI-2250-C Still images of intersection 5 sec December 2–22, 2009                   
and July 1–15, 2009

Vaisala 425Hc Wind direction and speed 1 min Continuously 

Thermo 43i-TLEd SO2 concentration 1 min Continuously 

a The nano aerosol mass spectrometer (NAMS) analyzed a total of 29,654 particles during the winter campaign and 8,756 particles during the summer 
campaign. 

b Thermal desorption chemical ionization mass spectrometer.

c Vaisala, Helsinki, Finland.

d Thermo Scientific, Waltham, MA. 



88

Selective Detection and Characterization of Nanoparticles from Motor Vehicles 

can be found in the section Nanoparticle Chemical-
Composition Measurements. During the summer and winter,
the CPC was attached to a 5-m length of 3/8” (OD) copper
tubing, which extended to a height of approximately 6 m
above the ground. This height was chosen to make the
sampling line as short as possible, while keeping the inlet
1 m above a fence surrounding the measurement trailer
and within about 1 m of the height of the sampling inlets at
the DNREC trailer. During the winter, the CPC flow was
diluted by a factor of 4, with clean air provided by a HEPA
filter cartridge (model 12144, Gelman Sciences, Ann
Arbor, MI). This was done to prevent saturation of the CPC,
which was observed during portions of the summer cam-
paign. In calibration studies with standards (M.V. Johnston
and J.P. Klems, unpublished data, 2009), these inlets were
found to transmit nanoparticles with greater than 90% effi-
ciency. In addition to the aerosol instrumentation present
during both measurement campaigns, still-camera images
of the intersection adjacent to the measurement site were
recorded every 5 seconds during both studies by a camera
(uEye model UI-2250-C, Image Development Systems,
Woburn, MA) equipped with a polarizing lens and
mounted above the measurement site at a height of approx-
imately 6 m.

During both intensives, the DNREC provided contin-
uous measurements of wind speed, wind direction, tem-
perature, solar radiation, and gas-phase concentrations of
NOx, CO, SO2, and volatile organic compounds, as well as
semicontinuous and averaged measurements of PM2.5. The
DNREC also operated an ultrafine particle monitor (model
3031, TSI), which provided size-discriminated particle
number concentrations in 15-minute intervals. In this
report, the meterologic data is used extensively as it was
recorded with a time resolution of 1 minute, which is
approximately on the time scale of the fast changes in par-
ticle number concentration analyzed in this work. The
other measurements were less time resolved and are intro-
duced only as needed. However, in the future, all of these
measurements could be used in PMF analyses, to provide
current information on the contribution and composition
of aerosol sources in the city of Wilmington, Delaware.

Two instruments were not available during both the
summer and winter campaigns. The thermal desorption
chemical ionization mass spectrometer (TDCIMS; built by
study author J.N. Smith) (Smith et al. 2004), which pro-
vides information on the molecular composition of
ambient nanoparticles, was present only during the
summer intensive. Additionally, an FMPS (model 3091,
TSI) loaned to the Johnston group for a 6-day period
during the December measurement intensive, was not
present during the summer campaign. The FMPS analyzed

the number concentration and size distribution of the
ambient aerosol with 1-second resolution from December
17 through 22, 2009. Like the CPC, the FMPS was fitted
with an inlet made from a 6-m length of 3/8” (OD) copper
tubing and reached a height of approximately 6 m above
the ground. This inlet was placed less than half a meter
away from the inlet for the CPC to assure as much as pos-
sible that the two instruments were sampling the same air
mass simultaneously.

NANOPARTICLE CHEMICAL-COMPOSITION 
MEASUREMENTS

During this study, the NAMS (summer and winter) and
TDCIMS (summer only) instruments measured the chem-
ical composition of ambient nanoparticles. The following
is a description of these instruments and the relevant char-
acteristics of each.

The NAMS, depicted in Figure 3, provides a quantita-
tive measure of the elemental composition on a particle-
by-particle basis. It consists of a unipolar charger, an aero-
dynamic lens inlet, a digital ion guide, a digital ion trap,
and a reflectron time-of-flight mass analyzer. Particles sent
to the NAMS enter a unipolar charger (Chen and Pui 1999),
which increases the fraction of particles having a single
positive charge (McMurry et al. 2009). After the unipolar
charger, the flow is split between the NAMS and an SMPS.
The SMPS monitors the size distribution of the incoming
aerosol and helps pull the aerosol through the sample lines
and toward the NAMS inlet. Particles that reach the inlet
are sampled through a 0.1-mm flow-limiting orifice and
enter an aerodynamic lens system. The lens system
focuses the particles into a tight beam along the center line
of the instrument while simultaneously removing large
particles. Particles that traverse the lens system then enter
the digital ion guide. At this point, the particles have been
taken from atmospheric pressure and transferred into the
high-vacuum region of the instrument. The digital ion
guide serves to focus the particles in the targeted size range
(10–30 nm) further toward the center line of the instru-
ment. As the particles pass through the guide, argon gas is
leaked into the system to reduce their kinetic energies.
Once the particles exit the guide, they enter the ion trap.
Particles with the correct mass-to-charge ratio (determined
by the potentials applied to the ring electrode and field-
adjusting lens) are captured in the trap and cooled toward
its center. The mass-to-charge ratio of a trapped particle
can be related to its size based on the mass normalized
diameter (dmn), which is defined as the diameter of a
spherical particle with unit density that has the same mass
(assuming a unit charge) as the particle being trapped.
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In this study, ambient measurements were performed
with the NAMS tuned to trap particles with mass-to-
charge ratios as high as possible, which resulted in trapped
particles with mass normalized diameters between about
20 and 25 nm. Although it was possible that some trapped
particles were doubly charged, they represented much less
than 10% of the particles analyzed (McMurry et al. 2009).
Also, if a doubly charged particle were trapped, its corre-
sponding dmn would be only 1.25 times larger than the
singly charged particle. This is equivalent to the difference
between trapping a 25-nm particle and a 31-nm particle,
which is insignificant for this study. Another consider-
ation was the relationship between the dmn and the more
familiar mobility diameter (dm), which is the basis for par-
ticle size selection with the FMPS and TDCIMS. For a
spherical particle, the relationship is given by equation 1:

(1)

where �p is the density of the particle and �o is the refer-
ence density (1 g/cm3). Given that ambient particle densi-
ties typically range between 1.2 and 1.7 g/cm3 (Zelenyuk
et al. 2008), the 20- to 25-nm range of the dmn analyzed by
the NAMS corresponds to a dm range of about 18 through
24 nm, which again is an insignificant difference for this
study.

Once a particle was trapped, it was ablated with a high
intensity Nd:YAG laser. The ablation process formed a
plasma, completely ionizing the particle into multiply

charged atomic ions. These ions were extracted from the
ion trap into a reflectron time-of-flight tube where the ions
were detected and the mass spectrum recorded.

During the study, ambient aerosol was sampled with the
NAMS and SMPS through an inlet sized for PM � 10 µm
in aerodynamic diameter (PM10) at a height of approxi-
mately 6 m above the ground. The flow through the inlet
was split between a draw pump at the PM10 inlet and a
3/8” (OD) copper line that went to the NAMS and SMPS.
The transmission efficiency of the transfer line from the
PM10 inlet to the instruments was approximately 90% for
particles between 20 and 2000 nm in diameter (M.V. John-
ston and J.P. Klems, unpublished data, 2009).

In principle, more than one particle can be in the trap
when the laser fires, in which case NAMS analysis would
not be of a single particle. However, this occurrence is rare.
During the ambient measurement periods, fewer than 1 in
100 laser shots on average resulted in a detectable mass
spectrum. Based on Poisson statistics, one would expect
less than 1% of the recorded mass spectra to arise when
two particles are in the trap at the same time. This proba-
bility is too small to affect the results presented here.

As previously stated, the NAMS provides quantitative
elemental composition on a particle-by-particle basis.
However, the elemental composition of an aerosol particle
provides only part of the information required to under-
stand its chemical characteristics completely. The
TDCIMS is complementary to the NAMS in that it pro-
vides the bulk molecular composition of the semivolatile
component of ambient nanoparticles in the same size

Figure 3. Schematic drawing of the NAMS showing the important components and the particle and ion path through the instrument.
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range. In the TDCIMS, particles are charged with a uni-
polar charger, size-selected with a differential mobility
analyzer (DMA), and deposited on an insertion probe for
subsequent analysis by thermal desorption and atmo-
spheric-pressure chemical ionization. The TDCIMS has
been deployed in multiple venues for analysis of ambient
nanoparticles with diameters smaller than 20 nm (Smith et
al. 2004, 2005). During the HEI study, the TDCIMS
employed three unipolar charger–DMA units operating in
parallel. Each of these units was connected to approxi-
mately 5 m of 3/8” (OD) copper tubing that extended to a
height of nearly 6 m above the ground. As previously
stated, inlets fashioned in this manner typically transmit
particles with 90% efficiency.

ELEMENTAL COMPOSITION FROM NAMS 
MASS SPECTRA

The first part of specific aim 1, development of a method
to quantitatively determine elemental and molecular com-
positions from the NAMS mass spectra, is presented here.
The second part of specific aim 1, comparison of NAMS
ambient measurements with a second method of analysis
(TDCIMS), is presented in the Results section. A typical
NAMS mass spectrum is shown in Figure 4 with the rele-
vant C, O, N, S, and Si peaks labeled. For the purposes of
this report, the discussion of elemental composition is lim-
ited to these elements. In the laboratory, the NAMS has
been shown to be sensitive to other elements, such as
sodium and chlorine (Johnston et al. 2006). However, in
our studies of ambient nanoparticles at this site (Zordan
2008) nearly 100% of the atomic ions observed in the mass

spectra were from C, O, N, S, and Si. In the typical NAMS
spectrum are several multiply charged atomic ions whose
intensities are proportional to the corresponding ele-
mental abundances in the particle (in terms of moles). For
example, the sum of the all of the C ion signal intensities
represents the total C present in the particle, and the sum
of all of the S ion signal intensities represents the total S in
the particle, etc. The elemental ratio of C to S in the par-
ticle is given by the ratio of the corresponding ion signal
intensities. However, a factor complicates this analysis.
Overlapping ion signals in the mass spectrum must be
deconvoluted into their component ion signals before the
total signal for each element can be determined. For
instance, the signal at m/z = 8 is a combination of the O+2

and the S+4 signals. To determine the total amount of S or
O present, we needed to develop a method to separate the
contribution of O+2 and S+4 to m/z = 8.

To develop a method for deconvoluting the overlapping
ion signals into component intensities, we used particles
with known compositions, to develop calibration factors
for the deconvolution algorithm. Once calibrated, we tested
the performance of the algorithm by applying it to the mass
spectra of other particles having known compositions.

Calibration particles consisted of  sucrose and
(NH4)2SO4 that were generated from aqueous solutions of
individual solutes using an electrospray aerosol generator
(model 3480, TSI). Sucrose solutions were prepared in an
aqueous ammonium acetate buffer to facilitate the electro-
spray process. Thousands of single-particle spectra were
recorded for each calibration standard. To reduce the
impact of shot-to-shot variations in the mass spectra,
20 single-particle spectra were averaged to generate one
averaged particle spectrum. Therefore, in the discussion
that follows in this section only, each particle spectrum
actually represents a 20-particle average. The first step in
the deconvolution algorithm is to calibrate and integrate
the mass spectra. Conversion from the time domain to the
m/z domain was accomplished by specifying a search
window for the most intense peaks in the standard particle
spectra. Each spectrum in the data set was searched for
these peaks, and the time corresponding to the peak
maxima were recorded. In the event a peak was absent, the
center of the search window was used. For each spectrum,
a slope (A) and an intercept (B) were calculated using
equation 2:

(2)

The average slope and intercept for the entire data set
were calculated and used for the time-to-m/z calibration in
equation 2.

Figure 4. Typical NAMS mass spectrum showing multiply charged
atomic ions as well as overlapping signals at m/z = 8 and m/z = 4.
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Before peak integration can occur, the background of the
mass spectra must be removed. The background of the mass
spectra was determined by selecting two “clean” areas of a
spectrum and using these areas to calculate both the back-
ground noise and its slope and intercept, to correct for back-
ground drift. The background’s slope and intercept were
calculated from the average intensities in those two regions,
and their median times. The standard deviation for each of
these regions was calculated, and the larger of the two
values was taken to represent the noise associated with the
background for that mass spectrum. The slope, intercept,
and standard deviation of the background were then aver-
aged across the entire data set. The average values were then
used in the integration step, to correct for background drift
and set the parameters used to accept or reject ion signals as
being real or originating from instrument noise.

To integrate the peaks in the mass spectrum, the signal
intensities were summed across the search window specified

for each peak. The integrated peak area was then corrected
for background drift and subjected to a peak-rejection test.
The minimum area required for a peak to be accepted was
calculated using equation 3:

(3)

where Imin is the minimum peak area, N is the number of
points in a given peak search window, and �background is
the average standard deviation of the background calculat-
ed previously. If the integrated area is smaller than Imin, it
is set to 0.

Once the integrated peak areas are calculated, overlapping
signals can then be deconvoluted. The basic assumption of
this work is that the distribution of charge states for an
individual element is independent of its chemical form.
Figure 5 shows the charge state distributions for C, N, O,

Figure 5. Charge state distributions for N, O, C, and S. The N charge state distributions were measured directly from the mass spectra. The O, C, and S dis-
tributions were calculated using the deconvolution algorithm. HEPES stands for 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MOPS for 3-(N-mor-
pholino)propanesulfonic acid; and MES for 2-(N-morpholino)ethanesulfonic acid.
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and S that resulted from different standard aerosols. The
aerosol compositions chosen for Figure 5 simply represent
a variety of chemical forms of C, N, O, and S. The most
important distribution in this figure is the N charge state
distribution. N does not have any overlapping ion signals
in the mass spectra of these aerosols; therefore, its native
charge state distribution is directly observed. Within
experimental error, the charge state distribution for N does
not change with chemical form, confirming the basic
premise of the deconvolution algorithm. The C, O, and S
distributions were obtained from the algorithm described
below, first by deconvoluting O and C at m/z = 4 and then
by deconvoluting O and S at m/z = 8. The distributions
shown in Figure 5 were generated from standard aerosols
analyzed in the laboratory. It is possible that similar distri-
butions would not be derived from ambient aerosols,
because of changes in the characteristics of the laser-
induced plasma. However, as shown in Figure 6, the
ambient N charge state distribution was the same as the
laboratory distributions, within experimental error, indi-
cating that the deconvolution algorithm can also be
applied to ambient aerosols.

To deconvolute the O+4 and C+3 signals at m/z = 4,
sucrose was used as the aerosol standard. The charge state
distribution for O in the standard is represented by equa-
tions 4 and 5:

(4)

(5)

In these equations, the charge state intensities are
expressed as the ratio of the corresponding ionization
potentials raised to a power (N or M). The O+4 signal can
be predicted by using either the O+5 or the O+3 intensities
to arrive at O+4. We found that for a given (N, M) pair, it
was best to obtain values for O+4

� and O+4
� and then

average them together to give O+4
ave. This value was then

used to determine the O/C elemental ratio of the particle,
as shown in equation 6:

(6)

where is the elemental ratio of the particle,
Ononoverlapping is the O signal intensity at nonoverlapping
m/z values (8, 5.33, 3.2, 2.67 for sucrose), Cnonoverlapping is
the C signal intensity at nonoverlapping m/z values (6, 3
for sucrose), and the C intensity at m/z = 4 is given by the
total intensity at m/z = 4 (I4) � O+4

ave. Since the actual O/C
ratio for the particle is known, an error statistic, QN,M, is
calculated for the (N, M) pair by equation 7:

(7)

where Z is the number of particle spectra in the data set.
The exponents (N, M) are iterated until the error calculated
by equation 7 reaches a minimum value. Iteration is per-
formed for a set of standard particle spectra (465 in the
present example) by a least-squares-of error method. Once
the minimum value of QN,M is found, the corresponding
values of N and M are used for deconvoluting the total
signal at m/z = 4 into O+4 and C+3 signal intensities. If the
calculated area of O+4

ave for an individual spectrum is
larger than the total signal at m/z = 4, then the total area is
assigned to O+4 and the C+3 area is set to 0.

Deconvoluting the O+2 and S+4 signals at 8 m/z was per-
formed in a manner similar to the deconvolution of O+4

and C+3 at m/z = 4. The S charge state distribution was

Figure 6. Charge state distribution for N derived from ambient particles.
This distribution matches those obtained from standard particles ana-
lyzed in the laboratory, indicating that the characteristics of the plasma
from laboratory standards and ambient particles are the same and that the
deconvolution algorithm can be applied to data from ambient particles.
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determined using (NH4)2SO4 as the calibration standard
according to equation 8:

(8)

where K is the exponent calibration constant and the other
terms are analogous to those in equations 6 and 7. Unlike
the procedure for deconvoluting O+4 and C+3, a single
equation was used for O+2 and S+4. Including a second
equation in the deconvolution of O and S gave poorer accu-
racy and precision in the resulting O/S ratio. This was
likely due to the relatively large error associated with the
low-intensity signal of S+5. Just as with M and N previ-
ously, the exponent K in equation 8 was iterated to mini-
mize the error between the known and calculated O/S ratio
for (NH4)2SO4.

APPLICATION OF THE DECONVOLUTION 
ALGORITHM

The second part of the process involved confirming that
the exponents N, M, and K calculated from the charge state
distributions of sucrose and (NH4)2SO4 could accurately
predict the O/C and O/S ratios of other test particles. First,
N and M were used to predict the O/C ratios of other
aerosol particles. The performance of the deconvolution
method is illustrated in Table 2, where the expected and
calculated O/C ratios are compared for several particle
compositions. When the O charge state distribution, found
using the exponents N and M, was used to “self-predict”
the O/C ratio of the sucrose standard, the calculated ratio
was within 1% of the expected value. When it was used to
predict the O/C ratio of sucrose particles that were
acquired 10 days before the calibration data set was col-
lected, the calculated ratio was within 5% of the expected
ratio, illustrating the stability of the calibration over a
period of days to weeks. Table 2 also summarizes the
results of calculating the values for six organic-acid test
particles. In each case, the difference between expected
and calculated O/C ratios was less than 10%.

Next, the K exponent calculated from the S charge state
distribution was used to deconvolute the O and S signals at
8 m/z for test particle spectra. When C, O, and S coexisted
in the same particle, the signal at 4 m/z was deconvoluted
first, followed by the signal at 8 m/z. The results for several
test particles containing C, N, O, and S are shown in
Table 3. As with the self-prediction of exponents using N
and M, self-prediction of the (NH4)2SO4 standard particles
using K generated ratios within a few percent of the
expected values. The differences between expected and

Table 2. Actual Versus Calculated O/C Ratios for Several 
Test Particlesa,b

O/C

Sucrose calibration set (n = 465)
Actual value 0.917
Calc. value 0.91
%RSD 7.1
%Diff �0.87

Sucrose test set (n = 25)
Actual value 0.917
Calc. value 0.87
%RSD 8
%Diff �4.7

Phthalic acid (n = 150)
Actual value 0.5
Calc. value 0.55
%RSD 15
%Diff 9.6

Sebacic acid (n = 150)
Actual value 0.4
Calc. value 0.43
%RSD 5.7
%Diff 6.4

Adipic acid (n = 150)
Actual value 0.667
Calc. value 0.61
%RSD 4.9
%Diff �8.5

Suberic acid (n = 150)
Actual value 0.5
Calc. value 0.51
%RSD 4.2
%Diff 2.1

Phenylsuccinic acid (n = 150)
Actual value 0.4
Calc. value 0.43
%RSD 2.5
%Diff 7.3

Succinic acid (n = 150)
Actual value 1
Calc. value 0.92
%RSD 10
%Diff �8.4

a %RSD is the relative standard deviation expressed as the percentage of 
the value it is describing. 

b %Diff = 
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calculated ratios for other particles were generally within
10%, although a deviation as high as 16% was observed. In
practice, we found that recalibration was necessary when
laser-particle interaction inside the instrument changed.
This could have resulted from changes in the laser align-
ment, changes in the applied voltages, or to laser pulse
energy degrading over time.

The accuracy of elemental analysis by the NAMS is infe-
rior to that of conventional elemental analysis methods.
However, two important qualifications to this statement
apply. First, the NAMS performs elemental analysis on
aerosols online and in real time. Second, the total mass ana-
lyzed, even after averaging many particles together, is in the
low femtogram range. By contrast, conventional off-line
methods typically require tens of milligrams of sample per
analysis. The accuracy of elemental analysis by the NAMS
is similar to that of the aerosol mass spectrometer (Aiken et
al. 2007), a commercially available instrument that

analyzes particles in the approximate size range of 50
through 1000 nm (Canagaratna et al. 2008). Considering
these factors, as well as the relatively small error in the
NAMS elemental analysis method, the performance of the
NAMS was sufficient to monitor relevant changes in
aerosol composition.

MOLECULAR APPORTIONMENT

The next step in the NAMS data analysis was to convert
the elemental compositions into molecular compositions.
Although all of the molecular information is lost during
the laser ablation process, applying prior knowledge of
established atmospheric processes allows for reasonable
estimation of the molecular composition. The method
used to apportion the atomic signals into molecular spe-
cies is shown in Scheme 1. The overall goal of this process
is to take the C, O, N, S, and Si signals and apportion them
into SO4

2�, NO3
�, NH4

+, carbonaceous matter, and SiO2.

Table 3. Actual Versus Calculated Elemental Ratios for Several Test Particlesa,b

O/C O/S O/N C/N C/S N/S

Ammonium 
sulfate
calibration 
Set
(n = 29)

Actual value N/A 4 2 N/A N/A 2
Calc. value N/A 3.9 1.9 N/A N/A 2
%RSD N/A 13 7.7 N/A N/A 11
%Diff N/A �1.9 �3.2 N/A N/A 1.5

HEPES
(n = 150)

Actual value 0.5 4 2 4 8 2
Calc. value 0.48 3.9 1.8 3.8 8.2 2.1
%RSD 12 28 11 8.6 25 25
%Diff �4.8 �2.4 �9.1 �4 2.6 7.2

MES
(n = 150)

Actual value 0.667 4 4 6 6 1
Calc. value 0.59 4 3.6 6 6.8 1.1
%RSD 7.9 20 7.5 6 17 17
%Diff �11 1 �11 0.22 13 13

MOPS
(n = 150)

Actual value 0.571 4 4 7 7 1
Calc. value 0.48 3.5 3.4 7.2 7.4 1
%RSD 12 31 14 11 26 27
%Diff �16 �12 �14 3.2 5 2.6

Glycine
(n = 150)

Actual value 0.5 N/A 2 2 N/A N/A
Calc. value 0.55 N/A 1.9 1.8 N/A N/A
%RSD 15 N/A 8.8 9.8 N/A N/A
%Diff 9.6 N/A �5.9 �11 N/A N/A

a %RSD is the relative standard deviation expressed as the percentage of the value it is describing. 

b 
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Speciated PM2.5 data collected during the Wilmington
campaigns are shown in Table 4. SO4

2�, NO3
�, NH4

+, and
carbonaceous material accounted for 85% ± 12% of the
PM2.5 mass during the campaign, making these molecular
components a sensible choice to use in the apportionment
algorithm. A step-by-step description of the procedure,
along with a justification for each step, appears next. Ini-
tially, all of the particles in the data set that had greater
than 90% O, N, S, or Si were removed. These spectra typi-
cally represented less than 0.1% of the data and were
removed because they resulted in unrealistic or uninter-
pretable molecular compositions.

Step 1: Apportion S and O to SO4
2�

In the first apportionment step, the S signal from the
mass spectrum along with a stoichiometric signal of O (4 	
the S signal) is taken to represent SO4

2�. The amount of
SO4

2� present is limited by either the S signal or the O
signal, whichever runs out first. If O is the limiting atomic
species, the remaining S is reported as unapportioned S. If
S is the limiting atomic species, the remaining O signal is
passed to step 3. S is apportioned to SO4

2� rather than to
other S-containing species for several reasons. First,
SO4

2�is a major component of nanoparticles (Zhang et al.
2004b). Second, other species such as organosulfates are
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typically found in large particles and represent a minority
of the S-containing species in the atmosphere (Farmer et
al. 2010), especially in urban environments like Wilm-
ington. Even if organosulfates were present in significant
quantities, the apportionment of four oxygens to every S
atom would still be correct because the chemical form of
the S in these molecules is R-SO4, where R is the organic
portion of the molecule. In an urban environment, domi-
nated by combustion sources such as motor vehicles and
industrial plants, S is predominantly emitted as SO2. SO2
is rapidly oxidized through a variety of mechanisms to
form sulfuric acid. Sulfite, although found in much larger
particles (Higashi and Takahashi 2009), has not been
reported in significant amounts in nanoparticles, making
SO4

2� the more likely form of S in these particles.

Step 2: Apportion N as NH4
+ to Neutralize SO4

2�

In the second step of the apportionment process, a por-
tion of the N signal is taken to represent the ammonium
cation, NH4

+. The N signal is apportioned to NH4
+, up to a

value equal to 2 	 the S signal apportioned to SO4
2�. If the

N signal is greater than twice the S signal apportioned to
SO4

2�, the remaining N signal is passed on to step 4. N is
apportioned in this manner to neutralize the SO4

2�. If the
N signal is less than twice the SO4

2� signal, then the inter-
pretation is that not all of the SO4

2� is neutralized by
NH4

+. In this case, all of the N signal is apportioned to
NH4

+, and step 4 is eliminated. NH3 is usually much more
prevalent than other N-containing bases such as amines

(Schade and Crutzen 1995; Murphy et al. 2007; Pratt et al.
2009), making NH4

+ salts more likely to be present than
aminium salts. However, if aminium salts are present in
significant amounts in these particles, the inorganic por-
tion (N) is apportioned to NH4

+, and the organic portion is
apportioned to carbonaceous matter. While the apportion-
ment algorithm cannot distinguish NH3 and amines, it
does give a measure of total base.

Step 3: Apportion Si and O as SiO2

Step 3 of the apportionment process involves the appor-
tionment of Si and O to form SiO2, which is a common
combustion product of fuels containing Si (Dewil et al.
2006). Similar to step 1, in which S or O was limiting, in
this step either Si or O is limiting. If O is limiting, the
remaining Si is reported as unapportioned Si. If Si is lim-
iting, the remaining O is passed on to step 4. Although Si is
apportioned to SiO2, other possible species include sili-
cates (which is unlikely since they come from crustal
matter that is considered to be a source of coarse and pos-
sibly fine particles but not nanoparticles) and organic com-
pounds such as siloxanes and silicones. Atmospheric
oxidation of siloxanes can produce both SiO2 and SiO4
species (Sommerlade et al. 1993). The choice of SiO2 for
this step is somewhat arbitrary, but in practice it has rela-
tively little effect on apportionment because most particles
contain only a trace amount of Si (typically less than 1% of
the total atomic ion signal).

Table 4. Speciated PM2.5 Data Collected by DNREC During This Study

Speciated PM2.5 Mass

Date
NH4

+

(%)
NO3

�

(%)
SO4

2�

(%)
Carbonaceous Matter 

(%)

July 6, 2009 12 7 31 27
July 12, 2009 9 6 28 25
July 24, 2009 20 19 40 19

July 30, 2009 21 13 44 19
November 27, 2009 15 3 43 19
December 3, 2009 14 19 27 22

December 9, 2009 14 15 32 23
December 15, 2009 15 24 30 28
December 27, 2009 17 27 26 16

Average 15 ± 4 15 ± 8 33 ± 7 22 ± 4

Total of all species: 85 ± 12
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Step 4: Apportion N and O as Ammonium Nitrate 
(NH4NO3)

The remaining N and O signals are apportioned as
NH4NO3. The N signal is apportioned in equal amounts to
NH4

+ and NO3
�. Also, a stoichiometric fraction of the

remaining O signal is apportioned to NO3
�. Either the N or

O signal is limiting in this process. If N is limiting, the
remaining O signal is passed on to step 5. If O is limiting,
the remaining N is reported as unapportioned N. As with
organosulfates and inorganic SO4

2�, organonitrates are
generally much lower in concentration than inorganic
NO3

� (Zhang et al. 2007) and therefore are not appor-
tioned. If organosulfates or nitrates or both exist in signifi-
cant amounts, the organic portion is apportioned to
carbonaceous matter and the inorganic portion is appor-
tioned to the appropriate species (SO4

2� or NO3
�).

The apportionment of NH4NO3 after the apportionment
of (NH4)2SO4 is based on the Henry’s law constant for
nitric acid, which is inversely related to the hydrogen ion
concentration ([H+]). If the [H+] is too high, almost all par-
ticulate NO3

� is re-emitted into the gas phase as nitric
acid. Therefore, if NO3

� appears in the particle phase, it
must be under low [H+] (i.e., high pH) conditions. For this
reason, it is reasonable to assume that SO4

2� and NO3
�

coexist in a particle only when both are completely neu-
tralized.

Step 5: Apportion C and Oresid as Carbonaceous Matter

In this step, the C signal is paired with the O signal (if
any) that remains from the previous steps, to form carbona-
ceous matter. The relative amounts of these elements
determine whether the dominant carbonaceous matter in
the particle is reported as low (defined here as an O/C ratio
< 0.25) or high (O/C ratio 
 0.25). If no C is present in the
particle and the remaining O is nonzero, then the
remaining O is designated as unapportioned.

Step 6: Report the Molecular Composition

The apportionment process allows both mole and mass
fractions of molecular species to be inferred from the ele-
mental composition. If the compositions of multiple parti-
cles are averaged, the mass fractions are averaged. Because
the NAMS selects particles of a specific size for analysis,
the total particle mass is constant from particle to particle.
Therefore, it is more appropriate to average mass fractions
than mole fractions. Occasionally, at the end of the molec-
ular apportionment process, some unapportioned signal
remains. The total unapportioned signal is the sum of S,
Si, N, and O. Note that not all of these species are present
simultaneously. For instance, if unapportioned O is
present in a particle, sufficient O to carry through the

previous steps of the algorithm must have been present. In
such a case, unapportioned S, Si, and N would all be equal
to 0. Usually, the unapportioned signal represents less
than about 5% of the elemental content of an ambient-
particle data set. Pulse-to-pulse variations in the laser abla-
tion process, which cause the atomic ion signals in some
mass spectra to deviate substantially from their true chem-
ical composition, are the primary cause of unapportioned
signal in the data set (Zordan et al. 2010).

As discussed above, this 6-step process provides the
best possible estimate of the molecular composition of the
ambient nanoparticles based on prior knowledge of
nanoparticle composition and the physical processes that
govern their composition. We have explored variants of
this process that apportion Si as SiO2 before apportioning
S as SO4

2�. Reversing the apportionment order has no
impact on the composition of more than 98% of the par-
ticle spectra. On a particle-by-particle basis, Si typically
represents less than 1% of the atomic signal, and therefore
has little influence on the apportionment process.

STATISTICAL METHODS AND DATA ANALYSIS

As illustrated in Figure 7A, the CPC and FMPS data
from Wilmington consisted of a series of abrupt spikes in
particle number concentration on top of a less intense and
slowly changing background. These spikes were typically
on the order of a few seconds to tens of seconds in dura-
tion. Because one of the main goals of this project was to
characterize these rapid spikes in particle concentration
and identify the sources of these events, the spikes had to
be separated from the more slowly changing particle back-
ground. This separation was based on the different fre-
quency characteristics of the two. We chose to use wavelet
analysis because of its inherent advantages over the Fou-
rier transform in its analysis of signals with nonstationary
frequency characteristics (Daubechies 1990). In the sec-
tions that follow, we explore two methods of wavelet sepa-
ration. For the first approach, we used standard wavelet
denoising software to separate the particle spikes from the
background. For the second approach, we developed an
iterative method with the goal of maximizing the spike–
background separation.

WAVELET DECOMPOSITION

At its most basic level, wavelet decomposition is the
application of a pair of high- and low-pass filters to a
signal with the purpose of separating it into high- and low-
frequency representations. The first level of decomposi-
tion yields a high-pass representation of the signal, which
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is referred to as the first-level detail, or d1, and a low-pass
representation referred to as the first-level approximation,
or a1. The first-level approximation is input into a second
level of wavelet decomposition, which is essentially
another pair of high- and low-pass filters that distin-
guishes a different band of frequencies. The second
decomposition creates a second-level detail, d2, and a
second-level approximation, a2. The second-level approxi-
mation can be broken down further into another detail and
approximation, and the process can be repeated a number
of times, n, until the desired level of decomposition is
achieved or the signal can no longer be broken down. The
end result is that the signal is partitioned into different
bands of frequencies, represented by d1 to dn, and a single
approximation, an, representing the lowest frequencies

present in the signal. If one wanted to re-create the original

signal, every detail level would be summed and

then combined with the final approximation, an. Particular

representations can also be summed to re-create only the
portion of the signal of interest for a particular application.
For example, d1 and d2 can be summed to generate only
the portion of the signal that falls within those frequency
bands. For the current application, this was advantageous
because it allowed for recreating only the portion of the
signal corresponding to the particle spikes, while leaving
behind other time-dependent features of the signal.

METHOD I: STANDARD WAVELET DENOISING

Standard wavelet denoising is a straightforward way to
separate signal from noise in a waveform. In this study, sig-
nal is equivalent to the background and noise is equivalent
to spikes. While a detailed description of wavelet-based
denoising is outside the scope of this work, the following
discussion provides a brief overview of the process. Wave-
let denoising is very similar to the signal-reconstruction
process outlined above. The d1 to dn and an levels can be
added or subtracted from one another to re-create the sig-
nal without its noise component. However, wavelet de-
noising incorporates an additional level of control. In
wavelet-based denoising, the degree to which the detail
levels contribute to the reconstructed signal can be up-
weighted and down-weighted. That is, each detail level
can be selectively scaled to contribute more or less to the
reconstructed signal. For a typical signal, most of the noise
is localized to the first few detail levels, and once these are
removed, the signal is much smoother. Many software
packages are available for wavelet denoising. In this work,
the wavelet denoising was performed using the Wavelet
Toolbox found in MATLAB, version R2010B (MathWorks,
Natick, MA).

Prior to wavelet decomposition, an 11-point rolling
average was applied to the CPC and FMPS number con-
centration traces to reduce the impact of instrument noise
on the signals. These rolling averages were then entered
into the MATLAB software and decomposed to the d8
level using the Daubechies 8 wavelet. (We discuss this
choice of wavelet in our description of method II, in the
next section.) Once the signals were decomposed, thresh-
olds were placed on the resulting detail levels so that the
high-frequency particle spikes were completely removed
from the original signal. The results of this process are
shown in Figure 8 for number concentration data recorded
on December 9, 2009, between 6 and 7 PM. Figures 8A, B,
and C show the number concentration trace, the approxi-
mation of the particle spikes, and the approximation of the
background number concentration, respectively. As
expected, the resulting approximation of the background
was very smooth, and the particle-spike signal was highly
variable in time. Because this separation method produces

Figure 7. Time dependence of number concentration. A: Number con-
centration trace for the morning of July 9, 2009. B: Fourier transform peri-
odogram of the number concentration trace in A showing a prominent
feature near 108 seconds. This feature corresponds to the local traffic
signal cycle.
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negative intensities in the particle-spike signal that lack a
physically meaningful interpretation, each negative value
was replaced by 0 intensity in subsequent analyses.

METHOD II: ITERATIVE WAVELET DECOMPOSITION

An iterative wavelet decomposition algorithm was devel-
oped specifically for this study to address the problem of
negative spike intensities with the standard denoising
method. With the iterative method, the particle number
concentration associated with particle spikes was deter-
mined in the following way: First, the total signal was
decomposed to the d8 level using the Daubechies 8 wavelet,
and the resulting approximation, a8, was subtracted from
the total signal. This gave the first estimate of the particle-
spike signal, S1. Next, because the value of the background
could not exceed the actual value of the signal at any
point, if a point in S1 was less than 0, the corresponding
value in a8 was set to its true value from the original signal.
This created the corrected first background estimate, b1,

which was then decomposed again to the d8 level. The pro-
cess was repeated until bn and b(n+1) differed by less than
1%. The particle-spike signal was obtained by subtracting
b(n+1) from the original signal. The results are illustrated in
Figure 9. Figure 9A shows the total number concentration
for a portion of the FMPS data set. Figure 9B shows the par-
ticle spikes that were separated from the more slowly
changing background, which is shown in Figure 9C.

In developing the iterative separation method, both the
type of wavelet and level of decomposition were assessed in
relation to the ability of the selected wavelet to separate the
abrupt particle spikes visually. Artifacts associated with
instrument noise were reduced by applying an 11-point
rolling average to the CPC and FMPS data prior to wavelet
decomposition. Many wavelets were tested and the results
were nearly identical, as shown in Table 5. Among the
wavelets that were tested, all but one yielded particle-
spike contributions within two percentage points of one
another. The lone wavelet that did not fall within this
range provided an unreasonable background, consisting of

Figure 9. Example of iterative wavelet decomposition. A: Number con-
centration trace recorded on December 22, 2009, between 7 AM and
10:30 AM. B: Number concentration of particle spikes obtained from the
iterative wavelet decomposition algorithm. C: Number concentration of
the background aerosol obtained from the iterative wavelet algorithm.

Figure 8. Example of standard wavelength denoising. A: Number con-
centration trace recorded on December 9, 2009, between 6 PM and 7 PM.
B: Number concentration of the particle spikes obtained from the stan-
dard denoising approach. C: Number concentration of the background
aerosol obtained from the standard denoising approach.
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a variable-intensity square wave. The similarity among the
wavelets tested indicates that, for the present application,
the choice of wavelet is a noncritical factor, assuming a log-
ical background is predicted. As shown in Figure 10, mul-
tiple levels of signal decomposition were explored for the

CPC trace, and the d8 level (Figure 10A) was deemed the
most appropriate for several reasons. The d8 level corre-
sponded to events with periods between 256 and 512 sec-
onds, whereas the d9 level (Figure 10B) corresponded to
events with periods between 512 and 1024 seconds. This
level was clearly an inappropriate choice for the separation
of the particle spikes as it encompassed periods of 5 to
17 minutes, much too long for the short-time-period spikes.
Furthermore, when the d9 level was tested, it badly overpre-
dicted the contribution of the particle spikes to the total
signal. This placed the upper limit of the signal decomposi-
tion at the d8 level. In addition, the d7 level of decomposi-
tion (Figure 10C), which corresponded to events that were
128 to 512 seconds long, was found to underpredict the
contribution of particle spikes to the total signal, as com-
pared with the d8 level.

Table 5. Spike Contributions Calculated Using Different 
Wavelet Functions

Wavelet Spike Contribution (%)

Daubechies 2 16.20 
Daubechies 3 15.90 
Daubechies 4 15.70 
Daubechies 5 15.80 

Daubechies 6 16.00 
Daubechies 7 15.80 
Daubechies 8 15.60 
Daubechies 9 15.90 
Daubechies 10 16.10 

Symlet 1 16.10 
Symlet 2 16.00 
Symlet 3 15.90 
Symlet 4 15.70 
Symlet 5 16.00 

Symlet 6 15.70 
Symlet 7 15.60 
Symlet 8 15.70 
Symlet 9 15.90 
Symlet 10 15.70 

Biorthogonal 1.3 17.20 
Biorthogonal 1.5 17.40 
Biorthogonal 2.2 16.00 
Biorthogonal 2.4 15.80 

Biorthogonal 2.6 15.80 
Biorthogonal 2.8 15.90 
Biorthogonal 3.1 24.20 
Biorthogonal 3.3 16.50 
Biorthogonal 3.5 15.90 

Biorthogonal 3.7 15.90 
Biorthogonal 3.9 15.80 
Biorthogonal 4.4 15.80 
Biorthogonal 5.5 15.70 
Biorthogonal 6.8 15.70 

Coiflet 1 16.00 
Coiflet 2 15.80 
Coiflet 3 15.70 
Coiflet 4 15.70 
Coiflet 5 15.70 

Average spike contribution 16.10 
(95% confidence interval) 0.40 

Figure 10. CPC trace and the background aerosol number concentra-
tions calculated from the following: A: The d8 level of decomposition.
B: The d9 level of decomposition. C: The d7 level of decomposition. Level
d8 separates the main features well without overpredicting the back-
ground.
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ORIGIN AND APPORTIONMENT OF PARTICLE SPIKES

The particle-spike signals from each separation method
were analyzed in two ways. First, the contribution of par-
ticle spikes to the total number concentration was deter-
mined by dividing the spike signal by the total number
concentration at each time point. Second, a matrix of par-
ticle spikes was constructed that matched the times that an
individual spike was observed with the number concentra-
tions (and size distributions from FMPS data) associated
with that spike. Separate matrices were constructed from
CPC and FMPS data. The size distributions in the FMPS
matrix were used to estimate the contribution of spikes to
the PM0.1 mass concentration, and the maximum intensi-
ties of the top 1000 spikes in this matrix (based on the
second derivative of the maximum number concentration
for a spike) were then treated in two ways. First, the
number concentrations were combined with wind direc-
tion to generate rose plots to determine where the spikes
originated. Second, the corresponding size distributions
were vector normalized and averaged over three angular
regions of wind direction, which represented three well-
defined distances from the probable location of the origin
of the spike to the aerosol sampling inlets at the trailer.
Regardless of the wavelet separation method used, the
spikes included in the CPC and FMPS data sets were the
same because the criteria for selecting the top 1000 particle
spikes were based on the value of the second derivative
associated with maxima of the particle-spike signals.
Sorting the data in this manner resulted in the separation
of the most intense and shortest-duration particle spikes in
the number concentration data.

INDIVIDUAL VEHICLE EMISSIONS

Emission contributions for individual vehicles were
generated by dividing the average number concentration of
a particle spike by the number of vehicles present at the
time of the spike. The spikes used in this analysis were
typically 40 seconds long, with peak number concentra-
tions of approximately 4500 particles/cm3. This method of
calculating emission contributions assumed that each
vehicle emitted the same fraction of the observed particles.
While not necessarily true on a vehicle-to-vehicle basis, it
was likely representative of the fleet once all the emission
contributions were averaged together. Number concentra-
tion data were analyzed for periods when the wind was
from 270� to 330�, which corresponded to the direction of
the closest, albeit most lightly used, roadway at the site,
Justison Street. This sector was chosen because it was the
one most free from other interfering emissions; also, the
smaller number of vehicles allowed us to determine the par-
ticulate emissions from a greater fraction of single vehicles.

COMPOSITION OF THE PARTICLE SPIKES

To determine the chemical composition of the particle
spikes, fast changes in number concentration were corre-
lated with fast changes in chemical composition measured
by the NAMS. The FMPS data for size-resolved number
concentrations were summed over three channels (19.1–
25.5 nm) to generate a data set representative of the nano-
particles that the NAMS was able to analyze. This sum was
then decomposed using the wavelet-based algorithms,
which separated the particle spikes from the background
number concentration as described previously. These data
sets were then combined with the decomposed CPC data
sets from both the summer and winter to generate six data
sets (a summer CPC, winter CPC, and 19.1–25.5-nm winter
FMPS for each separation method) with corresponding
particle-spike and background contributions. Particle-by-
particle chemical-composition data provided by the
NAMS and the apportioned number concentration data sets
were averaged over 1-minute periods. The number concen-
tration and NAMS data sets were combined, and those time
periods having insufficient data were excluded. This
resulted in one summer CPC–NAMS data set consisting of
2991 minutes (time points), one winter FMPS–NAMS data
set consisting of 4160 minutes, and one winter CPC–NAMS
data set consisting of 7942 minutes. The relative spike
intensity for each sample (time point) was then calculated
by dividing the spike contribution by the total signal and
converting to a percentage. The samples in the data sets
were placed into bins according to the value of this per-
centage. The bins were 10 percentage points wide, and the
initial values of the contribution of spikes to the bins
ranged from 0% to 80%. The average chemical composi-
tion of each bin was plotted to determine how the compo-
sition of the aerosol was changing as the particle spikes
became a greater fraction of the total signal.

MODELING

To generate chemical-composition profiles for the
spikes and the background, a model was constructed that
used the known relative contributions of the spikes and
background to each bin (Pi and  below) and multiplied
them by assumed spike- and background-composition pro-
files (MVx and Bx, below). These contributions were then
summed (equation 9) to arrive at a prediction of the total
chemical composition (C) measured by the NAMS. The
assumed spike and background profiles were iteratively
changed until the prediction error (equation 10) converged
to a minimum value:

(9)
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(10)

where i is the bin number, Pi is the fractional contribution
of the spikes  is the fractional contribution of the back-
ground, MVx is the mass of a chemical component (x) in
the chemical-composition profile of the spike (which is
assumed to be entirely from motor vehicles), Bx is the mass
of the chemical component in the chemical-composition
profile of the background, C is the total mass of a compo-
nent measured by the NAMS,  is the chemical composi-
tion predicted by the model, and N is the number of
samples. Note that the complete model includes a separate
set of equations 9 and 10 for each of the six molecular spe-
cies inferred from the elemental composition. The spike and
background profiles were altered and the error minimum
was found using a simplex method that included five
random starting points to ensure that a global minimum was
reached. The composition profiles were constrained to non-
negative numbers, and the masses of the individual compo-
nents in the profile had to sum to the same total mass (taken
as the mass of a single 25-nm dmn particle).

When correlating the CPC and NAMS measurements,
this model assumes that the variability in the number con-
centration recorded by the CPC (which includes all par-
ticle sizes) matches the variability in the number
concentration of the 20- to 25-nm dmn particles analyzed
by the NAMS. To ensure that using the total aerosol
number concentration from the CPC rather than just that in
the 20-to 25-nm dmn range did not significantly affect the
resulting chemical profiles, the FMPS data set consisting
of only particles relevant to the NAMS was modeled along-
side the winter CPC data set, and the two were compared.

To determine the error associated with the motor vehicle
and background profiles, we employed a bootstrapping
approach to generate new data matrices. In bootstrapping,
samples are taken at random from the original data set to
create a new data set of equal length. The samples are
taken with replacement, meaning that a single sample can
show up more than one time in the new data. The resulting
data sets were then binned into motor vehicle contribu-
tions as before. This process was repeated 20 times for
each seasonal data set, to generate means and standard
deviations for the composition profiles.

ESTIMATING SI AND HDD EMISSION PROFILES

Once the spike- and background-composition profiles
were established, estimates of individual HDD- and SI-com-
position profiles were made. The most intense particle-
spike events (P > 0.75, where P is the spike fraction of the
total number concentration) were selected, and the vehicles
accelerating past the site during these events were counted

and classified as being SI or HDD using the recorded-image
data. We chose the P cutoff of 0.75 because the data points
above this level had the highest number of particles ana-
lyzed per minute by the NAMS and the fewest number of
questionable vehicle designations, for example, light-duty
trucks that may or may not have been diesel. Because these
events occurred predominantly in the winter, SI and HDD
profiles were obtained only for this period. The resulting
data set consisted of 20 minutes of real-time data including
139 particle hits, 29 observed HDD vehicles, and 412
observed SI vehicles. This model assumed that every
vehicle in a certain class (SI or HDD) emitted the same
number of particles. While this assumption may hold if a
large enough data set is constructed, the data set analyzed
in this study is very small. Because of the relatively small
number of samples and large error, the SI and HDD profiles
obtained by equations 11 through 13 below should only be
considered as estimates. The value of P (the spike fraction)
was separated into HDD and SI contributions using equa-
tions 11 and 12:

(11)

(12)

where D is the HDD contribution to the particle-spike per-
centage, ND is the number of HDD vehicles observed, NSI is
the number of SI vehicles observed, and S is the SI contri-
bution to the particle-spike percentage. The number of
HDD vehicles is multiplied by a factor of 10 to account for
the higher per vehicle emissions observed in diesel
engines. The multiplier was chosen by varying its value
between 0 and 100 and determining where the minimum
in the prediction error was located. This value also agreed
well with values found in the literature (Johnson et al.
2005). Varying the multiplier did have a minor impact on
the diesel profiles (see the Results section for more detail).
After the spike fraction was separated into SI and HDD
contributions, the contributions were used as inputs in the
model shown in equation 13:

(13)

where the MV chemical-composition profile of equation 9
is partitioned into SI and HDD profiles. SIx and HDDx were
varied to minimize the difference between the observed
and predicted chemical species. Once again, we used boot-
strapping to produce the 20 sets of SI and HDD profiles
used to determine the averages and standard deviations of
the chemical components. To estimate the SI and HDD
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contributions to the entire data set, the SI, HDD, and
B profiles were used as inputs for equation 13 and the val-
ues of  were varied, to minimize the error be-
tween the predicted average chemical profile and observed
average chemical profile for the entire winter data set.

All wavelet decompositions, Fourier transforms, and data
analyses were performed using the MATLAB (version
R2009b) computing environment and its associated Wavelet
Toolbox. Modeling was performed in Microsoft Excel using
the Solver Add-in to minimize the prediction error.

RESULTS

SPECIFIC AIM 1: EVALUATION OF CHEMICAL-
COMPOSITION MEASUREMENTS BY THE NAMS

This section evaluates the NAMS measurements of the
chemical composition of ambient aerosol, the second part
of specific aim 1. We presented the first part of that aim,
development of the composition-measurement method, in
the Methods and Study Design section. In that section, the
ability of the NAMS to perform quantitative elemental
analysis was demonstrated with standard aerosol particles
having known compositions. Because it is advantageous to
work with molecular rather than elemental compositions
when using the NAMS to characterize ambient aerosol, we
developed a molecular apportionment scheme to convert
the measured elemental compositions into inferred molec-
ular compositions. While the scheme is based on well-
established chemical characteristics and properties of
ambient aerosol, it is nonetheless important to experimen-
tally evaluate its performance.

Validation of a method normally requires that experi-
mental results be compared with the results of a different
method that has been independently validated. However,
this type of validation is exceedingly difficult in the case
of ambient nanoparticles because of methodologic chal-
lenges. When a single 20-nm particle is analyzed by the
NAMS, elemental analysis is performed on about 10 atto-
grams (10�17 g) of material. Since the detection efficiency
of the NAMS (defined as the fraction of particles sampled
through the inlet that are ultimately analyzed) is on the
order of 10�4, about 10�13 g of material must be sampled
through the inlet to analyze that one particle. Because of
shot-to-shot variations of the mass spectra, a much greater
amount of sample, perhaps 1 to 10 picograms, must be
sampled for quantitative analysis. While much larger than
the mass of a single nanoparticle, this amount nonetheless
represents a formidable challenge for real-time aerosol
analysis. The only other instrument for analyzing size-
selected ambient nanoparticles at this level is the TDCIMS.
Like the NAMS, the quantitative capability of the TDCIMS

has been demonstrated by its analysis of standard aerosol
particles. However, also like the NAMS, the TDCIMS has
not been validated for the measurement of ambient aerosol.

During the summer measurement period, the NAMS
and TDCIMS were operated side by side, which provided
the opportunity to compare results. However, this com-
parison was complicated by the different time scales of
data acquisition. With the NAMS, each particle is ana-
lyzed less than a second after it is sampled into the instru-
ment. Typically, one to tens of particles are analyzed per
minute. With the TDCIMS, ambient particles are collected
for a 15-minute period and then analyzed during the fol-
lowing 15-minute period. Since separate collection and
analysis periods are required for positive and negative ion
detection, a single measurement sequence requires 1 hour
to complete. Because of the different time scales of the
two instruments and an additional complication in this
study — the uncertainty associated with the TDCIMS mea-
surements was not well defined — chemical-composition
measurements with the two instruments were averaged over
time and compared. We chose a 24-hour averaging period so
that many TDCIMS measurement intervals could be com-
bined, to maximize precision and accuracy.

Figure 11 compares daily averages of the mole ratios for
NH4

+/SO4
2�, NH4

+/(2 	 SO4
2� + NO3

�), SO4
2�/NO3

�,
and NH4

+/NO3
� determined with the two instruments

from data obtained July 1 to July 6, 2009. In these plots,
each box represents the 25th, 50th, and 75th percentiles of

Figure 11. Box and whisker plots comparing the average daily ratios of
ambient molecular species determined by the NAMS and TDCIMS from
data obtained July 1 to 6, 2009.
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the data. The small square within each box represents the
mean of the data, and the whiskers extend to a dash
marking the maximum and minimum values observed.
The mean values of the ratios correlate very well between
the two instruments, especially when considering the
small amount of sample that was analyzed. While there is
more variation in the TDCIMS data, excellent agreement is
observed between the NH4

+/SO4
2� and NH4

+/(2 	 SO4
2�

+ NO3
�) ratios calculated from data collected during this

period. The ratios of SO4
2�/NO3

� and NH4
+/NO3

� did not
match as closely as the other two. However, NO3

� is a
minor component of  the aerosol  in Wilmington,
accounting for less than 10% of the analyzed mass. With
such a small loading of material, even very small varia-
tions in signal intensity equate to large uncertainties when
determining the concentration of a component. Therefore,
it is not surprising that the ratios that include NO3

�

(SO4
2�/NO3

� and NH4
+/NO3

�) did not match perfectly.

Figure 12 shows the SO4
2�/NO3

� ratios calculated for
the period of July 1 to July 15. Since data on the NH4

+ ion
concentration were not available from the TDCIMS after
July 6, the ratios with NH4

+
 that are shown in Figure 11 are

not included in Figure 12. Clearly, the agreement between
the two methods improves greatly as longer time periods
are averaged, indicating that measurement uncertainty
rather than systematic error is the main source of differ-
ence between the two instruments.

Additional support for the accuracy of the ambient
NAMS measurements in this study was provided by com-
paring the measured and predicted SO4

2� mass fractions
of ambient particles during specific time periods in the
summer. Bzdek and colleagues (2012) have discussed the
relationship between the gas-phase concentration of sul-
furic acid and the mole fraction of particle-phase SO4

2�

during new-particle-formation events. New particles are
formed when gas-phase species come together to form new
particles that subsequently grow quickly. During these
events, SO4

2� in the particle phase is produced by the con-
densation of molecules of gas-phase sulfuric acid. There-
fore, the mass fraction of SO4

2� in particles during new-
particle formation is given by the ratio of the rate of mass
growth resulting from SO4

2� (obtained from the concen-
tration of gas-phase sulfuric acid) to the rate of total mass
growth. New-particle events were observed during the
measurement campaign on 4 days in July 2009. Although
direct measurements of sulfuric acid concentrations were
not available, the DNREC did provide measurements of
SO2 as well as of solar radiation. These two quantities,
along with a temperature-dependent rate constant, have
been shown to provide a proxy for the ambient sulfuric
acid concentration (Mikkonen et al. 2011). This relation-
ship is shown in equation 14:

(14)

where [H2SO4]proxy is the calculated sulfuric acid concen-
tration (molecules/cm3), k is a temperature-dependent rate
constant (cm3/molecules�1 · sec�1), I is the solar irradi-
ance (watts/m2), and [SO2] is the ambient SO2 concentra-
tion (molecules/cm3). The estimated sulfuric acid
concentration can be used to estimate the particle-phase
SO4

2� mass fraction using equation 15.

(15)

where MFsulfate is the calculated mass fraction of SO4
2� in

the ambient particles, �1 is the volume occupied by a
hydrated sulfuric acid molecule (estimated at 1.7 	
10�22 cm3), [H2SO4] is the value calculated in equation 14,

is the mean thermal speed of the condensing sulfuric
acid molecule (nm/h), GRMEAS is the growth rate of the
measured volume obtained from the SMPS particle size
distributions (nm/h), �sulfate is the density of sulfuric acid
(1.84 g/cm3), and �particle is the estimated density of an
individual particle (� = 1.6 g/cm3). The particle density is
calculated based on the average composition of the appor-
tioned molecular species [(NH4)2SO4, NH4NO3, and
organic matter] in particles during the events, assuming a
density of 1.2 g/cm3 for organic matter (Zelenyuk et al.
2008) and bulk densities for the inorganic components. As
shown in Table 6, the SO4

2� mass fractions estimated from

Figure 12. Box and whisker plots comparing the average daily ratios of
SO4

2� to NO3
� determined by the NAMS and TDCIMS from data

obtained July 1 to 15, 2009.
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the measurements of SO2 and solar radiation in Wilm-
ington agree, within experimental error, with those mea-
sured by the NAMS.

The overall agreement between the NAMS and TDCIMS
measurements, coupled with the ability to predict particu-
late SO4

2� concentrations from orthogonal ambient mea-
surements, makes us confident that the NAMS provides a
reasonable measure of molecular composition. While the
method developed for apportioning the elemental compo-
sitions into molecular compositions relies on several
assumptions regarding the chemical nature of ambient
aerosols, those assumptions appear to be valid in this
urban environment.

SPECIFIC AIM 2: ORIGIN AND APPORTIONMENT OF 
PARTICLE SPIKES

The goal of this portion of the study was to characterize
the behavior of the ambient nanoparticle spikes, identify
the sources of the spikes, and determine what they con-
tribute to the ambient number and mass concentration of
nanoparticles. To apportion the spike contribution, the
spike number concentrations were summed and then
divided by the total number concentration during a given
time interval. To ascertain the origin of the spikes and
trends in their frequency, we analyzed the particle size dis-
tribution and how much the spikes depended on the direc-
tion and speed of the wind. The apportionment results
presented in this section apply only to short-term pro-
cesses. The combined contribution of short- and longer-
term processes to the motor vehicle aerosol population is
discussed in Nanoparticle Mass Apportioned from Motor
Vehicles, under Specific Aim 3.

Comparison of Spike-Separation Methods

To determine how well the two wavelet-based methods
were able to separate the particle spikes from the back-
ground, two limiting cases were used. The first, referred to

as the background-limited case, consists of a portion of the
number concentration signal that contains no particle
spikes. We compared the performance of the two methods
on this signal to better understand their ability to re-create
the signal when very few particle spikes were present.
Conversely, the second, or spike-limited, case consists of a
segment of the number concentration trace that contains
many particle spikes. We compared the performance of the
wavelet methods on this highly variable signal to better
understand how well each method was able to separate the
particle spikes from the background.

The results of the background- and spike-limited cases
are depicted in Figure 13. In these figures, the measured
number concentration signal is represented by a solid black
line, the background estimated by the standard denoising
method by a dotted line, and the background derived from
the iterative wavelet method by a dashed line. As shown in
Figure 13A, the background estimated by the standard de-
noising method matches the original signal extremely
well, indicating that the standard method would not as-
sign the background signal to the particle spikes. This fig-
ure also shows that the iterative approach follows the
background less well than the standard denoising ap-
proach and that it apportions a small percentage of the
background to particle spikes. Figure 13B shows the spike-
limited case. As the figure clearly shows, the standard
wavelet denoising method does not adequately capture
the particle spikes. Almost universally, signal appor-
tioned to the particle spikes does not include the base of
the particle spikes. Conversely, the iterative method does
adequately capture the base of the particle spikes. While
it is difficult to say whether the iterative method captures
too much of the particle spikes and apportions some of
the background into the spike signal, these figures pro-
vide a framework for interpreting the results. The stan-
dard wavelet denoising method follows the background-
limited case very well, but does not capture the spikes
completely. Therefore, the standard denoising method
provides a lower limit for the contribution of the particle

Table 6. Predicted and Measured SO4
2� Mass Fractions for Nanoparticles Analyzed During This Study

Event Date
(2009)

MFsulfate
(NAMS)a

MFsulfate
(calc)b

[H2SO4]proxy
(molecules/cm3)

Average [SO2]
(molecules/cm3)

Average Solar 
Radiation
(W/m2)

Growth
Rate

(nm/hr)

July 1 0.43 ± 0.04 0.44 ± 0.22 4.6 	 107 8 	 1010 730 9
July 8 0.41 ± 0.04 0.39 ± 0.20 2.8 	 107 4.0 	 1010 630 6
July 14 0.44 ± 0.04 0.63 ± 0.32 4.5 	 107 1.1 	 1011 710 6

a This uncertainty is assigned as 10% of the MF since this is a typical %Diff when the standards are analyzed.

b This uncertainty is based on an assigned 50% uncertainty by the authors who developed the proxy calculation (Mikkonen 2011).
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spikes to the total signal. The iterative approach appor-
tions more of the signal as particle spikes, but appears to
capture elements of the background as well. Therefore,
this method represents the upper limit of the particle-
spike contribution to the ambient number concentration.
The real value of the particle-spike contribution is very
likely somewhere between these limits; together, they
place realistic constraints on the impact that fast changes
in particle number concentration have on ambient air
quality. In the discussion that follows, specific values are
presented as upper and lower limits. In each case, the upper
limit was calculated using the iterative wavelet approach,
while the lower limit was calculated using the standard
denoising approach.

Origin of Particle Spikes

Highly time-resolved measurements with the CPC and
FMPS showed a series of abrupt spikes in number concen-
tration that varied in length from a few seconds to tens of
seconds. When viewed over a relatively short period of

time, these spikes appeared to occur at regular intervals
(Klems et al. 2010). As an example, Figure 7A depicts the
CPC trace during the morning of July 9, 2009. To determine
the spacing of these spikes, a Fourier transform of the data
was performed, and the frequency distribution was con-
verted into a period distribution. The resulting periodo-
gram in Figure 7B shows that the shortest period (highest
frequency) for a component occurred between 106 and
118 seconds. This period matches the 108-second cycle
time of the traffic signal at the intersection adjacent to the
measurement site, indicating that the particle concentra-
tion spikes were associated with traffic flow through the
intersection. The narrow widths of the spikes suggest they
arose from acceleration of vehicles that had been stopped
at a red light. The longer-period features in Figure 7B are
uninformative with respect to this study. When Fourier
analyses of CPC traces were performed for other measure-
ment periods, the feature at around 108 seconds was
consistently observed, whereas the other features on this
time scale varied.

Figure 13. Comparison of spike separation methods. A: Results of the background-limited case showing that the background predicted by the iterative
wavelet method deviates from the actual number concentration more than the background predicted by the standard denoising method. B: Results of the
spike-limited case showing incomplete separation of the particle spikes using the standard wavelet method but better separation with the iterative method.
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Based on the Fourier transform in Figure 7B, it was sus-
pected that many particle number concentration spikes
arose from vehicles accelerating from a stop at the adjacent
intersection. This hypothesis was explored through wind
rose plots constructed from the highest-intensity spikes.
Figure 14A shows a plot of the percentage of total spike
intensity versus wind direction for the top 1000 spikes in
the FMPS data set. These particle spikes were preferen-
tially detected from a few wind directions. Wind rose plots
of spikes in the CPC data show a similar preference
(Figure 15). The features at 285� to 300� are attributed to
the acceleration of vehicles on Justison Street, location A
in Figure 1. This wind direction corresponds to the

shortest distance between tail pipe and sampling inlet. A
second feature, at 345�, is attributed to acceleration of
stopped vehicles at the intersection, either at the head of
Justison Street or more likely (because of higher motor
vehicle traffic) on MLK Boulevard, location B in Figure 1.
Particle spikes are also observed in the 0� to 60� range,
which encompasses the Washington Street–Lancaster
Avenue intersection, location C in Figure 1, and the fire
station, location D in Figure 1. The enhancement at 45�

shown in Figure 14A is less apparent in Figure 15, which
represents the longer-time-period CPC data sets. It most
likely reflects increased activity at the fire station during
the FMPS measurement.

Figure 14. Characteristics of particle spikes during the December measurement campaign. A: Percentage of total spike intensity measured with the
FMPS versus wind direction for the top 1000 particle spikes. B: Size distributions (normalized to the same integrated area) of particle spikes measured
with the FMPS as a function of direction around the monitoring site.

Figure 15. Wind direction versus percentage of total spike intensity measured with the CPC during the summer and winter measurement campaigns.
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If the assignments of specific locations to spikes in
number concentration are correct, another observation
should follow based on the distance, or range of distances,
to the sampling inlet. Aerosol plumes originating far from
the sampling inlet should have size distributions biased
toward larger particle diameters, whereas plumes origi-
nating close to the sampling inlet should have distributions
biased toward smaller particle diameters (Zhang and
Wexler 2004; Zhang et al. 2004a; Zhang et al. 2005). To test
this hypothesis, size distributions from the FMPS data set
were averaged over three specific angular ranges: 290� to
310�, representing emissions from Justison Street approxi-
mately 15 m from the sampling inlet; 20� to 40�, repre-
senting emissions from the Washington Street–Lancaster
Avenue intersection and vehicles still accelerating west on
MLK Boulevard approximately 25 to 60 m from the sam-
pling inlet; and 60� to 80�, representing emissions from the
firehouse and vehicles further down MLK Boulevard or
Lancaster Avenue approximately 70 to 126 m from the sam-
pling inlet. The size distributions are plotted in Figure 14B.
Bootstrapping was used to generate 20 new data sets, each
of which was averaged over each angular range, which cre-
ated 20 averages for each angular range. The distributions

shown in Figure 14B are the average of these means, and
the error bars are the range of values for each particle size
calculated from the 20 generated means. The particles
emitted from the direction of Justison Street (15 m) show
the narrowest distribution and the greatest fraction of parti-
cles under 20 nm, while those from locations further away
show broader distributions extending to larger particle
sizes. We also obtained a size distribution for spikes from
320� to 340�, representing emissions from the intersection
of Justison Street and MLK Boulevard, approximately 30 m
to 55 m from the sampling line. This plot, omitted from
Figure 14B for clarity, is shown in Figure 16. Not surpris-
ingly, the shape of this distribution is similar to that of the
20�-to-40� plot because the distances to the inlet overlap.
The correlation of particle size with approximate distances
from the sampling inlet is consistent with particle spikes
arising from vehicles accelerating through the intersection.

A final test of the origin of particle spikes is the depen-
dence of the observed size distribution on wind velocity.
As the wind speed increases, the size distribution should
shift toward smaller particle diameters because of a shorter
time from tail pipe to sampling inlet. A wind direction of
290� to 310� was chosen for this analysis for two reasons.

Figure 16. Size distributions (normalized to the same integrated area) of particle spikes originating from various locations around the site and measured
with the FMPS. Unlike the distributions in Figure 10B, this figure includes data from MLK Boulevard.   
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First, this is the only direction around the measurement
site where there is definitively only one source of particle
emission. Other directions are more difficult to assess
because they encompass multiple locations where vehicle
acceleration occurs. Second, since the aerosol plume
undergoes rapid changes as it is diluted by ambient air, the
source of these emissions should be sufficiently close to
the measurement site to permit observation and moni-
toring of the changes. Justison Street (location A) is the
closest possible source of freshly emitted aerosol at 15 m
away from the particle inlets for the CPC and FMPS. When
the size distributions of the particles originating from Jus-
tison Street were area normalized and averaged over four
wind-velocity bins, a clear pattern emerged, as shown in
Figure 17. Note that the error bars were calculated in the
same way as they were for Figure 14B. As the wind
velocity increased, the size distribution during particle
spikes shifted to smaller particle diameters. At the highest
wind velocities, the distribution was approximately
bimodal, whereas at lower velocities it was trimodal. Inter-
estingly, when the same method was applied to distribu-
tions of particles originating from 20� to 40� (location C),

all of the observed distributions were trimodal (see, for
example, Figure 16). To explain why the size distributions
of particles from 20� to 40� did not change, wind velocity
and distance data were transformed into the transit time
from emission to the sampling inlet. These times did not
include time spent in the sampling inlet (approximately
2 seconds). At the highest wind velocity observed from
Justison Street (location A), the aerosol would have spent
less than 2 seconds in transit, while at the lowest velocity
it would have spent greater than 15 seconds in transit. The
Justison Street aerosol plumes developed a trimodal distri-
bution after a transit time of approximately 3 to 4 seconds.
At the highest wind velocity observed from location C, the
aerosol transit time was nearly 7 seconds, almost a factor
of two longer than the transit time needed for the Justison
Street aerosol to achieve a trimodal distribution. There-
fore, even at the highest wind velocities observed, the
aerosol plumes originating from location C would have
spent more than enough time in the atmosphere to achieve
a trimodal distribution before they were sampled. Thus,
they would not show the evolution from a bimodal to a tri-
modal distribution.

Figure 17. Size distributions (normalized to the same integrated area) of particles originating from Justison Street (290�–310�) for different wind veloci-
ties. As the wind speed increases, the aerosol is processed for a shorter time and the size distribution shifts to smaller particle diameters.
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Apportionment of Particle Spikes

We used wavelet decomposition, as described in the
section Statistical Methods and Data Analysis, to decom-
pose the CPC and FMPS data into separate contributions
from the spikes and underlying background (Klems et al.
2010). Figure 18 shows the upper limit of the contribution
of particle spikes (obtained with the iterative method), ex-
pressed as the percentage of the total hourly number con-
centration, for both CPC and FMPS data measured during a
5-day period in December 2009. The contributions deter-
mined by the two instruments tracked each other very well
(r2 = 0.77). Although two notable exceptions — on early
Saturday morning and late Sunday evening — were regis-
tered, they did not substantially alter the time-averaged
contribution of spikes to the total signal (Table 7). As Fig-
ure 18A shows, the contribution of the particle spikes to

the total number concentration varied considerably from
day to day and hour to hour, with hourly contributions of-
ten exceeding 40%. These variations are a reflection of the
temporal changes in traffic density, traffic type, and pre-
vailing weather patterns. From this figure, it appears that
the spikes were not particularly dependent on the pres-
ence of rush hour traffic (8 AM to 12 PM) and had higher
levels overnight. But because the values presented in Fig-
ure 18A are relative to the total number concentration, if a
spike occurred when few other particles were present, it
accounted for a larger fraction of the number concentra-
tion. During the morning, many other particles from motor
vehicle activity throughout the city were present. Figure
18B shows the average number concentration contributed
by the particle spikes as measured by the FMPS. Morning
features were clearly observed on 4 of the 6 days presented
(Friday, Dec. 18; Sunday, Dec. 20; Monday, Dec. 21; and

Figure 18. Spike contribution and concentration. A: Upper limit of the relative contribution of particle spikes to the total number concentration for the
CPC (dotted line) and FMPS (solid line) data sets during the FMPS measurement period, December 17 through 22, 2009. B: Upper limit of the average
number concentration contributed by particle spikes during the FMPS measurement period.
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Tuesday, Dec. 22). The upper and lower limits for the aver-
age daily contributions of particle spikes to number and
mass concentrations are summarized in Table 7. The contri-
bution during summer to number concentration (7%–15%)
was slightly lower than during winter (9%–19%), and there
was no statistically significant difference between the FMPS
and CPC averaged data. The contribution of particle spikes
to mass concentration was obtained from the size distribu-
tions of FMPS data, and it represented an average of 0.010 to
0.021 µg/m3, or 10% to 20% of the daily PM0.1 level
(0.105 µg/m3). The diurnal variation of particle spikes aver-
aged over all the data is shown in Figure 19. The contribu-
tion of particle spikes to the total number concentration was
about a factor of two higher in the morning than the late af-
ternoon or evening.

The wind direction, velocity, and particle size distribu-
tion dependencies in this study were all consistent with
spikes in number concentration of particles originating
from specific locations around an intersection. These loca-
tions match those where vehicles accelerated after a red
light turns green. Number concentration spikes represented
a significant fraction of the total particle concentration near
an intersection, commonly exceeding 50% over 1-minute
periods. Motor vehicle emissions represented an even
greater fraction of the total particle concentration because
they contributed to the background as well as the spikes.
These results indicate that human exposure to ambient
nanoparticles strongly depends on not only distance from a
roadway but also distance from an intersection where vehi-
cles are accelerating from a stop.

Average Number Concentration of Motor Vehicle 
Emissions

The contribution of an individual vehicle to emissions,
defined as its contribution to the particle number concentra-
tion of a spike, can be determined by dividing the particle
number concentration of the spike by the number of vehicles
observed in camera images taken during the spike. See the

section Statistical Methods and Data Analysis for a full
description of how we did this. Figure 20 shows the results,
plotted as the cumulative number of vehicles versus average
emission contribution per vehicle for the winter CPC data
set. The upper and lower limits for the median emission con-
tribution (obtained with the iterative and denoising
methods, respectively) were 350 and 100 particles/cm3 per
vehicle respectively, whereas the limits for the mean were
700 ± 100 and 350 ± 50 particles/cm3 per vehicle (95% CI).
Published data from 2002, which allowed for the calcula-
tion of vehicle emission contributions and which included
a similar percentage of on-road diesel traffic, showed an
average emission contribution per vehicle of approxi-
mately 1900 particles/cm3 per vehicle (Johnson et al. 2005).
The values determined in this study were lower and may
reflect the changes in emission-control technology since
2002; however, differences in the sampling and analysis
methods used in each study could have contributed as well.
For instance, the Johnson and colleagues study employed an
on-road sampling strategy, whereas in this study the mea-
surements were taken almost 20 m from the roadway. As a
result, the plumes analyzed in the present study would have

Table 7. Seasonal Particle Spike Contributions to the Number and Mass Concentrations of Ambient Nanoparticlesa

Instrument Lower-Limit Contribution ± SD Upper-Limit Contribution ± SD

Summer CPC 7% ± 1% 15% ± 3% 

Winter CPC 9% ± 3% 19% ± 4% 

FMPS (winter only) Number: 12% ± 3%
PM0.1 mass: 10% ± 2%

Number: 24% ± 6%
PM0.1 mass: 20% ± 4%

Winter CPC (during FMPS) 12% ± 4% 24% ± 5% 

a Lower limit obtained with denoising; upper limit obtained with iteration. 

Figure 19. Average diurnal variation of particle spikes for the CPC and
FMPS summer and winter data sets. The contribution of the particle spikes
is generally higher during the morning and then falls later in the day.



3232

Selective Detection and Characterization of Nanoparticles from Motor Vehicles 

had more time to dilute in the atmosphere, leading to a
smaller emission contribution. Figure 20 also shows that
despite a mean emission contribution of between 350 and
700 particles/cm3 per vehicle, most of the vehicles passing
by the measurement site contributed lower emissions. Fur-
thermore, we determined that 10% of the vehicles that
passed the site accounted for 50% of the total measured
particle emissions. When we analyzed the camera images
corresponding to vehicles contributing the top 10% of the
emission contribution, we found no correlation between
the images and a specific vehicle type, leading us to the
conclusion that a small percentage of motor vehicles
emitted a disproportionally large number of the nanoparti-
cles that successfully reached our instrument trailer, and
these high emitters included both SI and HDD vehicles.

SPECIFIC AIM 3: SOURCE APPORTIONMENT OF 
NANOPARTICLE MASS

The goal of this portion of the study was to determine
the contribution of motor vehicle emissions to the ambient
nanoparticle mass. Our approach uses a factor analysis
method to determine the chemical-composition profiles
for motor vehicle emissions and background particles.
Once determined, the motor vehicle profile can be used to
apportion the contribution of motor vehicles to the
ambient nanoparticle mass based on chemical composi-
tion. Note that the data set analyzed in this subsection is a
subset of the full data set analyzed and discussed in the

previous section, Origin and Apportionment of Particle
Spikes. This section incorporates measurements of chem-
ical composition from the NAMS, which were available for
approximately 60% of the time that the CPC was oper-
ating. See the section Methods and Study Design for
details on the acquisition of the data set.

Chemical Composition of the Particle Spikes

As discussed in the section Methods and Study Design,
the NAMS was shown to measure the elemental composi-
tion of individual nanoparticles with an error on the order
of 10% or less. Interpretation of the elemental composition
data was facilitated by the use of an algorithm to infer the
molecular composition. The molecular species inferred by
this process are SO4

2�, NO3
�, NH4

+, SiO2, and carbona-
ceous matter. The carbonaceous matter is further classified
as material that is high O/C (ratio greater than 0.25) or low
O/C (ratio less than 0.25). Generally, low O/C material is
considered to be mostly unoxidized, whereas high O/C
material is considered to be at least somewhat oxidized.
Although the choice of 0.25 as the low–high O/C cutoff is
somewhat arbitrary, it is consistent with source apportion-
ment work done by others in many locations around the
world (Ng et al. 2010). Additionally, lowering or raising
the cutoff does not substantially alter the number of parti-
cles containing high and low O/C material. This point is
illustrated in Figure 21, which shows the distribution of
O/C ratios for individual particles from the summer and
winter NAMS data. Many particles of organic matter in
Wilmington have very low O/C ratios that then transition
very sharply to high O/C ratios (O/C > 0.3). The data illus-
trated in this figure show that varying the O/C cutoff
between 0.1 and 0.3 would have very little effect on the
number of particles containing high and low O/C material.

Although elemental and molecular compositions were
obtained on a particle-by-particle basis, these composi-
tions were averaged over all particles analyzed in 1-minute
time intervals so that they could be compared with CPC
and FMPS measurements averaged over the same time pe-
riods. Figure 22 shows data from two 1-minute time inter-
vals occurring during the winter measurement campaign.
The average spike contributions (calculated from the
FMPS data using the iterative wavelet method) and the
chemical compositions were very different during these
two time periods. The composition of the particles in Fig-
ure 22A is not dominated by any single component. Signif-
icant loadings of low O/C carbonaceous material and
SO4

2� are evident, and the levels of NO3
� and high O/C

material are approximately equal. During this time inter-
val, the particle spikes were not very intense relative to the
background and accounted for just 10% of the number
concentration. However, during the 1-minute interval

Figure 20. Upper and lower limits of individual vehicle emissions mea-
sured at the monitor and obtained by correlating particle-spike data with
still-camera images. The solid curved line, representing the lower limit,
was calculated using standard wavelet denoising, whereas the dashed
curved line, representing the upper limit, was calculated using the itera-
tive wavelet decomposition method. The skewed means, compared with
the medians seen for both methods, show that a small number of vehicles
emitted a disproportionate number of particles.
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shown in Figure 22B, the particle spikes accounted for
80% of the observed number concentration. The composi-
tion profile of the particles analyzed during this time peri-
od was dominated by low O/C material, and the mass
fraction of the other components had fallen. As shown ex-
plicitly in Figure 23, a strong positive correlation was ob-
served between a low O/C content of the particles and the
relative spike contributions from the FMPS data. No simi-
lar correlation was observed for any of the other molecular
species that were apportioned. This observation implies
that the particle spikes were primarily composed of low
O/C material; however, it does not necessarily mean that
other species were not present in the spikes, just that they
were more strongly associated with the background.

The underlying assumption in Figures 22 and 23 is that
the observed change in particle composition is a result of
an increase in the number of spike particles relative to the
number of background particles analyzed by the NAMS.
For this assumption to hold, the size distribution of the
background and of the particle spikes must overlap the
range of particle sizes analyzed by the NAMS. To test this
assumption, the size distributions measured by the FMPS
for the time periods shown in Figures 22A and B were plot-
ted and compared to the particle size range analyzed by the
NAMS. The results of this analysis are plotted in Figure 24.
In this figure, the approximate range of particle diameters
the NAMS analyzed is bracketed by dotted lines, while the
ambient size distribution is shown as a solid line. Figure
24A clearly shows that the NAMS analyzed a large portion
of particles present in the background, and as demonstrated
in Figure 24B, it also analyzed a sizable fraction of the

Figure 21. Distribution of O/C ratios for the summer and winter mea-
surement periods (NAMS data).

Figure 22. Chemical composition profiles for 1-minute periods (FMPS
data). A: The spike contribution during the time interval was 10%.
B: The spike contribution was 80%. Note the distinct increase in low O/C
material. Unapp represents unapportioned mass fraction.

Figure 23. Mass fraction of low O/C ratio carbonaceous material per
particle versus the relative spike contribution to the ambient number
concentration (FMPS data). Error bars shown are 95% confidence inter-
vals around the mean.

particles comprising the spikes. These figures show that on
very small time scales, where background or particle spikes
dominate the size distribution, the NAMS would be able to
analyze a representative sample of the particles present in
the background and the particle spikes. However, these dis-
tributions display only 1 minute of background data and 1 of
spike data. On the other hand, Figure 24C, as well as Figures
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14 and 16, which show averages from many different parti-
cle events, demonstrate that over the course of the campaign
the size distribution of the particle spikes and the particle
sizes analyzed by the NAMS significantly overlapped. This
validates the underlying assumption discussed above.

We obtained the chemical-composition profiles for the
spikes and background (Figures 25A and 25B) by applying
the modeling and validation procedures described in Sta-
tistical Methods and Data Analysis to the number concen-
tration data decomposed using the iterative approach and
to the chemical-composition data in the winter data set
(Klems et al. 2011). Figure 26A compares the chemical
profiles for spikes generated by each separation method.
Not surprisingly, all of these profiles were dominated by
low O/C carbonaceous matter. However, the profile gener-
ated by the iterative approach contained low levels of
other molecular species, whereas the profile generated
using the standard denoising method contained only low

O/C carbonaceous material. Regardless of the spike-
separation method used, the profiles generated from the
CPC (all particle sizes) and those from the FMPS number
concentration data (restricted to 19- to 25-nm dm) were very
similar (Figure 25A). This suggests that the chemical-
composition measurements in the size range analyzed by
the NAMS were generally representative of particles
across the full size range of nanoparticles. The slight
increase in SO4

2� relative to low O/C matter for the profile
generated from the CPC data (Figure 25A) may indicate
that HDD vehicles contribute more than SI vehicles to the
number concentration and chemical composition of parti-
cles outside the range analyzed by the NAMS because
SO4

2� is more strongly associated with HDD than SI vehi-
cles (see below, Estimated SI and HDD Profiles). This
observation is also consistent with a particle size distribu-
tion for SI vehicles that is skewed toward a size lower than
that for HDD vehicles (Kittelson et al. 2006).

Figure 24. Particle size distributions as measured by the FMPS.
A: 1-minute interval with a 10% contribution from particle spikes.
B: 1-minute interval with an 80% contribution from particle spikes.
C: Entire FMPS sampling period. In each case, a significant portion of the
size distribution overlaps the size range analyzed by NAMS.

Figure 25. Chemical-composition profiles generated with the iterative
wavelet decomposition method. A: For spikes observed in the winter CPC
and FMPS and summer CPC data sets. B: For the backgrounds observed in
the winter CPC and summer CPC data sets. C: For SI and HD vehicles (pro-
files generated from the winter CPC data set). Error bars are one standard
deviation about the mean. Unapp represents unapportioned mass.
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Chemical Composition of the Background

Figure 25B shows the chemical-composition profiles of
the background for the summer and winter CPC data
decomposed using the iterative wavelet method, and
Figure 26B compares the background profiles generated
from the standard and iterative methods. Unlike for the
profiles of particle spikes, the two spike-separation
methods generated background profiles that are hardly dif-
ferent. The winter profile contains sizable amounts of
SO4

2�, NO3
�, and NH4

+ in addition to a large amount of
low O/C carbonaceous matter. The presence of low O/C
matter in the background chemical-composition profile
indicates a significant contribution from combustion, most
likely related to motor vehicle emissions. These combus-
tion particles could have been from motor vehicles on a
nearby highway, whose emissions were carried downwind
to the measurement site and processed by the atmosphere
along the way, or they could have arisen from motor vehi-
cles on the roadways adjacent to the site. However, the
emissions were not correlated with specific spike events.

The presence of the inorganic ions in the background
profile is not surprising considering that photochemical
activity produces inorganic salts such as (NH4)2SO4 and
NH4NO3. What is not immediately clear is whether the
photochemical and combustion portions of the back-
ground existed as separate particles, or if the combustion
particles were atmospherically processed by the growth of

secondary components. Further examination of the single-
particle mass spectra shows that the mass fractions of
NH4

+ and SO4
2� ions were greater than the mass fraction

of the low O/C carbonaceous material in 20% of the parti-
cles detected during the winter campaign (data not
shown). These particles contain particulate matter of both
motor vehicle and photochemical origin. In the summer
background profile, SO4

2� constituted almost half the
mass, or over twice the level of that of the winter profile
(Figure 25B). Additionally, 36% of the particles detected
during the summer were clearly from a mixed photochem-
ical and vehicular origin (low O/C carbonaceous matter
with significant amounts of secondary components), an
increase of 16% over the winter. For the apportionment
results described in the section Nanoparticle Mass Appor-
tioned from Motor Vehicle Emissions, only the mass frac-
tion of these internally mixed particles that corresponds to
that of the profiles of fresh motor vehicle emissions is
assigned to the motor vehicle contribution.

Validation of the Modeled Composition Profiles

The MV and B chemical-composition profiles were vali-
dated by using them to back calculate the spike and back-
ground contributions to particle number concentration.
The results were then compared to those obtained by
wavelet decomposition. First, all molecularly apportioned
NAMS spectra from a given season (summer or winter)
were combined to create an average profile for that season.
Next, the previously generated chemical-composition pro-
files (MV and B) were used to predict the average chemical
composition for a given season by varying the values of
PMV (fractional contribution of the spikes) and (frac-
tional contribution of the background) to minimize the
prediction error (equation 10) as shown in equations 16
and 17:

(16)

(17)

where the subscripts W and S stand for winter and
summer, respectively, and is the predicted average com-
position profile. For the winter model, the predicted motor
vehicle (spike) and background contributions were 22% ±
2% and 78% ± 2%, compared to the estimated values of
19% ± 2% and 81% ± 2% from wavelet decomposition.
The summer model predicted spike and background con-
tributions of 8% ± 1% and 92% ± 1%, compared to
observed values of 8% ± 2% and 92% ± 2%. These values
were calculated using the chemical profiles that resulted

BṔ

C

Figure 26. Chemical profiles generated using the number concentration
data from the standard wavelet denoising and iterative wavelet decom-
position methods combined with the NAMS output. A: Spike profiles.
B: Background profiles. Unapp represents unapportioned mass.
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from the iterative wavelet separation method. Similar
results were observed for the profiles resulting from the
standard wavelet denoising approach.

Nanoparticle Mass Apportioned from Motor Vehicle 
Emissions

Apportioned motor vehicle contributions to the total
nanoparticle mass for both seasons are summarized in
Table 8. Particles originating from motor vehicle spikes
represented a larger mass fraction in the winter than the
summer. To capture the motor vehicle contribution to
background, the following assumptions and approxima-
tions were made: First, although it was likely that the com-
position of the background particles changed because of
atmospheric processing, it was assumed that the motor
vehicle portion of the background chemical composition
could be represented by the motor vehicle profile from the
spikes. Second, all of the carbonaceous matter in the back-
ground particles with low O/C ratios was attributed to
motor vehicle emissions rather than other combustion
sources. On a particle-by-particle basis, the vast majority
of the low O/C material in Wilmington was found in parti-
cles containing no inorganic material. Source apportion-
ment performed on PM2.5 in the city of Wilmington has
previously been performed by Kim and Hopke (2005). The
profiles generated from this work show that if residential
heating were a major contributor to the nanoparticle popu-
lation, the particles would not only contain low O/C mate-
rial, but significant loadings of inorganic ions as well. This
supports the assumption that the low O/C material in the
particles that we measured originated from motor vehicle
activity. Nevertheless, the apportioned motor vehicle con-
tribution should be considered as an upper limit.

We determined the motor vehicle contribution and
other contributions to the total nanoparticle mass (spikes
and background) using the following procedure, which is
summarized in Figure 27. The low O/C portion of the
motor vehicle profile (MVx in equation 9), shown in the
top-left panel of the figure, was set equal to the low O/C
mass in the ambient chemical composition averaged over a
1-minute interval (bottom-left panel) to give the motor
vehicle contribution to the ambient mass concentration
(top-right panel). The motor vehicle contribution was then
subtracted from the ambient composition to give the other
(non–motor vehicle) contributions to the ambient mass
concentration (bottom-right panel). The motor vehicle
contribution for each 1-minute interval (e.g., top-right
panel) was then weighted by the CPC number concentra-
tion during that interval, and the weighted contributions
were averaged over the entire measurement period. This
was done for both profiles generated from the two particle-
spike-separation methods. With this approach, motor
vehicle emissions were found to account for 38% ± 2% to
49% ± 2% of the winter and 14% ± 2% to 16% ± 2% of the
summer nanoparticle mass.

The motor vehicle contributions to the background were
determined by subtracting the known seasonal spike per-
centages from the total motor vehicle contributions. As
shown in Table 8, motor vehicles contributed a total of
20% ± 3% to 29% ± 3% of the background in winter and
8% ± 2% to 10% ± 2% in the summer.

This apportionment method is based on mass because
internally mixed particles are apportioned based on their
mass fraction associated with motor vehicle emissions.
Internally mixed particles may be formed by atmospheric
processing of primary motor vehicle particles as they are

Table 8. Apportioned Motor Vehicle Contribution to the Ambient Aerosol Mass Concentrationa

July 2009
± SD

December 2009
± SD

Spike contribution to mass concentration 4% ± 1% to 8% ± 1% 9% ± 1% to 19% ± 2%

Background motor vehicle contribution to mass concentration 10% ± 2% to 8% ± 2% 29% ± 3% to 20% ± 1%

Total motor vehicle contribution to total mass concentration 14% ± 2% to 16% ± 2% 38% ± 2% to 49% ± 2%

Non–motor vehicle contribution to total mass concentration 86% ± 2% to 84% ± 2% 61% ± 2% to 52% ± 2%

SI vehicle contribution to spike mass concentration —b 51% ± 20%

HD vehicle contribution to spike mass concentration —b 49% ± 20%

a Lower limit obtained with denoising; upper limit obtained with iteration. 

b SI- and HDD-vehicle profiles were generated only from December data. 
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transported from the emission source to the measurement
site or through the condensation of semivolatile material
in motor vehicle emissions onto particles that are photo-
chemical in nature. Although these results apply directly
only to the size range analyzed (20–25 nm diameter), they
may be applicable to the motor vehicle mass fraction of all
nanoparticles because the NAMS size distribution over-
laps the ambient size distribution well (Figure 24), and the
chemical composition does not change with particle size,
as suggested by the winter CPC and FMPS profiles shown
in Figure 25A.

Number of Nanoparticles Apportioned from Motor 
Vehicle Emissions

Apportioning the number of particles that originated or
contained contributions from motor vehicle emissions was
accomplished by summing the number of particles that

contained low O/C material and dividing this number by
the total number of particles analyzed. This method again
assumed that 100% of the low O/C material present in a
particle originated from motor vehicle activity, and thus
provides an upper limit for its number contribution. By
this method, particles that contained a contribution from
motor vehicle activity accounted for 60% of the ambient
nanoparticles analyzed during the winter campaign and
for 49% of those analyzed during the summer campaign.
As mentioned previously, 20% of the particles detected
during the winter were internal mixtures of low O/C mate-
rial and photochemical material, and 36% of those
detected during the summer were internally mixed. These
particles may have arisen from atmospheric processing of
nanoparticles emitted from motor vehicles or from the
condensation of organic molecules emitted from motor
vehicles onto preexisting particles in the atmosphere.

Figure 27. Visual representation of the method used to determine the motor vehicle and other contributions to the mass concentration of ambient
nanoparticles. The scaled motor vehicle contribution (top-right panel) is subtracted from the ambient chemical composition during a 1-minute interval
(bottom-left panel), to give the profile of the other (non–motor vehicle) contributions (bottom-right panel). Unapp represents the unapportioned mass fraction.
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Estimated SI and HDD Profiles

As described in the Methods and Study Design section,
HDD and SI profiles (calculated using equations 11, 12, and
13) were generated from the most intense particle-spike
events in the December 2009 campaign. The chemical-
composition profiles resulting from the SI–HDD split are
shown in Figure 25C. The SI and HDD profiles were gener-
ated from the MV (calculated in equation 9) profile
obtained with the iterative separation method. We could
not use the MV profile obtained with the standard wavelet
method as it contained only low O/C material, and sepa-
rating this profile would simply yield two profiles con-
taining only low O/C material. The major difference
between the SI and HDD profiles is that a greater of amount
of SO4

2� is apportioned to the HDD profile, whereas the SI
profile is composed almost entirely of low O/C carbona-
ceous matter. The apportionment of SO4

2� to the HDD pro-
file is supported by gas-phase SO2 measurements. Although
not a rigorous test of the source attribution, the correlation
coefficient between the SO2 concentration during the time
period of a spike and the number of HDD vehicles observed
in the camera images during the same time period is 0.6,
whereas that between the SO2 concentration and the

number of SI vehicles is 0.3. Enhanced apportionment of
SO4

2� to the diesel profile is consistent with tail-pipe
measurements of both types of vehicles (Ning et al. 2008).
Although current regulations stipulate low-sulfur diesel
fuel, many of the diesel vehicles passing by the site during
this period were associated with snow removal from a
major storm. These vehicles may have operated with a dif-
ferent fuel, but this possibility was not confirmed. To con-
firm that the diesel profile accurately predicted the
presence of diesel vehicles, all the single-particle mass
spectra averaged over 1 minute were correlated with the
diesel profile. During periods with a high correlation
(R2 > 0.99), three times more diesel vehicles were present
than when the diesel profile was anticorrelated with the
mass spectra.

Varying the diesel multiplier used in the model did have
a minor effect on the diesel profile obtained from the model
(equation 11). These profiles are shown in Figure 28. As
shown in this figure, increasing the multiplier above
10 caused a greater amount of low O/C carbonaceous matter
and a lesser amount of SO4

2� to be apportioned to the HDD
profiles, but every HDD profile generated from the model
had significantly more SO4

2� than the SI profile.

Figure 28. Chemical-composition profiles obtained using different diesel multipliers. A: SI profiles. B: HD profiles. In each case, more SO4
2� was appor-

tioned to the HD profile than to the SI profile. Unapp represents the unapportioned mass fraction.
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The wintertime SI and HDD profiles obtained from the
most intense spikes were used to determine the contribu-
tion of motor vehicles to the winter data set and estimate
the contribution of each type of vehicle. These results are
summarized in Table 8. Although the profiles are bounded
by a large error, the results indicate that SI and HDD vehi-
cles had approximately equal contributions, despite HDD
vehicles representing only 6% of the vehicles observed.
The error values shown are one standard deviation about
the mean and result from the uncertainty surrounding the
chemical profiles.

DISCUSSION, CONCLUSIONS, AND 
IMPLICATIONS OF FINDINGS

The goal of this study was to characterize short-term
(spikes) and longer-term processes that contribute to
ambient nanoparticle number and mass concentrations
near roadways. The study was based on highly time-
resolved (� 1 min) measurements of number concentra-
tion, size distribution, and chemical composition made
possible with the CPC, FMPS, and NAMS, respectively.
Highly time-resolved measurements allow the motor
vehicle impacts of short- and longer-term processes to be
distinguished, which can assist efforts to reduce human
exposure to ambient nanoparticles. Traditional measure-
ments of gas- and particle-phase species were also made at
the site. While these methods allowed the time-averaged
impact of motor vehicle emissions to be determined, they
did not allow short-term processes to be resolved and
therefore were of limited use.

In this study, the measurement site was located near a
heavily trafficked intersection (28,000 vehicles/day) in
Wilmington, Delaware. The results show that short-term
spikes in number concentration can increase short-term
exposure to motor vehicle emissions dramatically. Over
the span of a few seconds, the spikes can increase expo-
sure by over 70%. On an hourly basis, they can increase
exposure as much as 50%, and on a daily basis contribute
approximately 20% to the ambient nanoparticle concen-
tration. Two types of sources for the spikes observed in
Wilmington are likely: high-emission vehicles and stop-
and-go traffic. Based on wind-direction dependencies as
well as shifts in the particle size distribution, most of these
spikes appear to have originated from stop-and-go traffic at
the intersection, in other words, vehicles that accelerate
after a red light turns green. The shifts in the particle size
distribution with increasing distance from the roadway are
consistent with modeling and ambient measurements.

Numerous studies performed using PMF (Kim et al.
2004; Zhou et al. 2005; Yue et al. 2008) have shown that
most urban locations are influenced by particles from fresh
and aged motor vehicle emissions. In these locations, the
particles from aged motor vehicle emissions exhibit larger
particle diameters than those from the fresh motor vehicle
emissions. Additionally, the development of multimodal
distributions with increasing distance from the roadway is
consistent with size distributions observed by Zhang, and
are the result of dilution, condensation, and evaporation of
the emission plume (Zhang et al. 2004a). Unfortunately, no
separate upwind and downwind gas-phase measurements
were performed during this study. Therefore, we could not
determine the extent that dilution contributed to the
observed distributions. However, a qualitative comparison
of the distributions can be performed. The particle spikes
originating 15 m away from the intersection exhibited two
modes, one at approximately 10 nm and another at approx-
imately 20 nm (the mobility diameter). This bimodal dis-
tribution changed to a trimodal distribution as the distance
to the source of the particle spike increased to approxi-
mately 25 m. The modes for this new distribution were
located at 10 nm, 15 nm, and 30 nm. The new mode at
30 nm likely originated from condensation of gas-phase
material onto preexisting particles in the 20-nm mode
present at 15 m from the roadway. At 30 m from the
plumes’ source, a new mode was located at approximately
15 nm. This mode probably originated from both conden-
sation of material onto preexisting particles in the 10-nm
mode and evaporation of material from preexisting parti-
cles in the 20-nm mode which were observed at 15 m. This
caused a shift in the distribution to particles of larger sizes
and away from particles of smaller sizes. This trend con-
tinued for the particle spikes originating more than 25 m
from the measurement site.

The analysis above was performed under the assump-
tion that the types of vehicles passing through the various
portions of the intersection were relatively constant. Based
on the image data analyzed for this report, this assumption
seems to be valid. However, because the image data con-
sisted of hundreds of thousands of images, and the data
were analyzed manually, not all of the images were ana-
lyzed. Thus, the estimates from the image data may not be
representative. In a separate analysis performed by the
Johnston group in March of 2011, traffic data provided by
the DNREC showed that light vehicles (passenger cars,
light trucks) accounted for 98% of the traffic passing
through each part of the intersection with heavy vehicles
(buses, semitrucks) accounting for the balance. This pro-
vides additional support for the assumption that the distri-
bution of vehicles travelling on Justison Street, MLK
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Boulevard, and Washington Street is equivalent. This
assumption would then also hold true for particle spikes
originating from the roadway, but in the direction of the
firehouse. However, the possibility that plumes originating
from the firehouse biased the size distribution of particles
from the direction of the roadway and the firehouse
toward HDD vehicles cannot be ruled out.

The analysis of individual vehicle emission contribu-
tions showed that a small percentage of vehicles emitted
very large concentrations of particles as they passed the
site. These vehicles were equally likely to be SI or HDD
vehicles. These results are similar to the conclusions
reached by Stedman and coworkers (Beaton et al. 1995),
who found that a small portion of vehicles produced a dis-
proportionately high level of gaseous hydrocarbon and CO
emissions. However, the measurements taken by Stedman
and coworkers (Beaton el al. 1995) were from vehicles that
were already moving, while the calculation of emission
factors in this work was based on particle spikes, which
seemed to arise from vehicles accelerating from a stop.
Additionally, Stedman’s group measured emissions as
they exited the tail pipe of a vehicle, whereas the emission
contributions in this study were recorded at the monitor
that was further from the roadway. Therefore, these emis-
sion contributions should only be considered to be repre-
sentative of how many particles a commuter or pedestrian
would be exposed to on a per-vehicle basis within the
immediate vicinity of the intersection. In the future,
studies similar to ours could be strengthened through the
inclusion of high-resolution CO or CO2 monitors upwind
and downwind of the measurement site as well as at the
roadside. These monitors would allow for the calculation
of dilution ratios and thus provide a reasonable estimate of
the particle emission factor at the road level.

The observation that nanoparticle spikes originated
mostly from stop-and-go traffic suggests that ambient
number concentrations adjacent to an intersection are
likely to be substantially higher than adjacent to the same
roadway, but further from an intersection. This portion of
the motor vehicle contribution to the ambient nanoparticle
concentration can be controlled by minimizing the proba-
bility that motor vehicles stop at an intersection. The
observation that a small fraction of vehicles emitted a dis-
proportionally large number of particles suggests that the
motor vehicle contribution to the ambient nanoparticle
concentration can be further reduced by retiring these high
emitters from the vehicle fleet.

The net contribution of motor vehicle aerosol (from
short-term and longer-term processes) to the mass concen-
tration of ambient nanoparticles varied seasonally. During
the summer NAMS campaign, motor vehicles contributed

up to 16% to the ambient nanoparticle mass, whereas they
contributed up to 49% during the winter campaign. With
respect to particle number concentration, 49% of particles
in the summer data set and 60% of particles in the winter
data set contained low O/C carbonaceous matter, indi-
cating that they were produced at least in part from motor
vehicle emissions. The particle number percentages are
greater than the particle mass percentages because many
particles were internally mixed, that is, they contained
chemical components both from motor vehicles and other
sources. The mass and number percentages are considered
upper limits because we assumed that all low O/C carbo-
naceous matter in ambient nanoparticles at this site was
emitted from motor vehicles, and we obtained the results
for mass percentages with the iterative method of wavelet
analysis. Previous studies of particulate matter at this site
using chemical-composition information for larger parti-
cles (e.g., PM2.5) have identified several sources that emit
carbonaceous matter (Kim and Hopke 2005; Ogulei et al.
2005; Reinard et al. 2007). We therefore cannot rule out the
possibility that these sources also contribute to low O/C
carbonaceous matter in nanoparticles. In principle, these
sources could be identified by the distribution of metals in
the nanoparticles, but this is a difficult proposition
because the metals would represent a very small portion of
the total atomic ion signal, making detection and quantifi-
cation difficult.

The smaller contribution of motor vehicles in the
summer is not surprising given the increased probability
of photochemical particle production. In both seasons, pri-
mary motor vehicle emissions represented less than half of
the mass concentration of ambient nanoparticles, which
highlights the dominant role that photochemical processes
can play in determining the mass concentration of ambient
nanoparticles even in a heavily trafficked location.

We calculated the motor vehicle contributions to the
ambient nanoparticulate mass concentration from the sea-
sonal chemical-composition profiles for the particle spikes.
We assumed in this calculation that the motor vehicle pro-
file was fixed and accurately represented all particles
emitted by motor vehicles. However, the composition of
motor vehicle aerosols has been shown to change as a func-
tion of engine operating conditions (Shah et al. 2004; Toner
et al. 2006). Nonetheless, the primary constituent of vehicle
exhaust, regardless of operating conditions, is expected to
be low O/C carbonaceous matter with trace levels of inor-
ganics. The chemical nature of the carbonaceous matter may
change subtly as engine conditions change, but as long as
the O/C ratio of the carbonaceous material remains low it
is still considered to be from motor vehicles. Therefore,
changes in chemical composition brought on by changes
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in engine operating conditions are expected to have a rela-
tively small impact on the contribution to nanoparticle
mass from motor vehicles that we calculated in this study.

The results and conclusions of this study were based on
a relatively small total number of particles analyzed. Even
so, the precision associated with calculation of the contri-
bution of motor vehicles from the single-particle data
(Table 8) is much smaller than the inaccuracy introduced
by choice of wavelet algorithm (denoising vs. the iterative
method) and the assumption that all low O/C carbona-
ceous matter derives from motor vehicle emissions. In
other words, analyzing a greater number of particles would
not have improved the accuracy and precision of most
results in Table 8. The one result that would have bene-
fitted greatly from a larger number of particles analyzed is
the SI–HDD split; the large uncertainty associated with
this analysis is directly attributable to the small data set.
The NAMS instrumental configuration used in this study
has recently been upgraded to substantially increase the
number of particles analyzed (Pennington and Johnston
2012). This upgrade should substantially lower the uncer-
tainty associated with the SI–HDD split in future work.
Other instrument improvements that would greatly aid
future studies of this type include the ability to analyze
larger diameter particles and to detect trace metals. None-
theless, the current study provides substantial insight into
the character and impact of motor vehicle emissions on
ambient nanoparticle concentrations.
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ATOFMS aerosol time-of-flight mass spectrometer

C carbon

CPC condensation particle counter

CO carbon monoxide

dm mobility diameter

DMA differential mobility analyzer

dmn mass normalized diameter

DNREC Department of Natural Resources and 
Environmental Control

FMPS fast mobility particle sizer

[H+] hydrogen ion concentration

HDD heavy-duty diesel

HEPES 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid

MES 2-(N-morpholino)ethanesulfonic acid

MLK Martin Luther King

MOPS 3-(N-morpholino)propanesulfonic acid

N nitrogen

NAMS nano aerosol mass spectrometer

NCAR National Center for Atmospheric Research

NH3 ammonia

NH4
+ ammonium

NH4NO3 ammonium nitrate

(NH4)2SO4 ammonium sulfate

NO3
� nitrate

NOx nitrogen oxides
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O oxygen

PM particulate matter

PM0.1 PM � 0.1 µm in aerodynamic diameter

PM2.5 PM � 2.5 µm in aerodynamic diameter

PM10 PM � 10 µm in aerodynamic diameter

PMF positive matrix factorization

r2 correlation coefficient

S sulfur

Si silicon

SI spark ignition

SiO2 silicon dioxide

SMPS scanning mobility particle sizer

SO2 sulfur dioxide

SO4
2� sulfate

TDCIMS thermal desorption ionization mass 
spectrometer

%RSD relative standard deviation

unapp unapportioned
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Motor Vehicles, Murray V. Johnston et al.

INTRODUCTION

Ambient nanoparticles, which we define here as parti-
cles � 100 nm in diameter, are an important focus of
research on the health effects of air pollution. Scientists
have hypothesized that these very small particles may be
more toxic than particulate matter (PM) � 2.5 µm in aero-
dynamic diameter (PM2.5), which has been studied more
broadly (Oberdörster et al. 1995; Seaton et al. 1995). To
better identify human exposures and potential health
effects associated with nanoparticles, a clearer under-
standing is needed of their sources, atmospheric transport
and chemical reactions, concentrations, and composition
at the point of human exposure. Previous research has
identified motor vehicle traffic as an important source of
nanoparticles.

The research conducted by Dr. Johnston and colleagues
focused on assessing nanoparticle concentrations and
compositions at a near-roadway location. Previously, John-
ston and colleagues had developed an experimental
instrument, the nano aerosol mass spectrometer (NAMS),
to study individual nanoparticles (< 30 nm) and analyze
their major chemical components continuously. With
funding from HEI, the investigators were able to further
refine this instrument and test it in a real-world setting,
which was a location adjacent to a large intersection. The
capabilities of the NAMS combined with the investigators’
ability to conduct a detailed field-monitoring program
were of interest to the HEI Research Committee. Com-
mittee members saw the instrument as a potentially impor-
tant development for further refinement of nanoparticle
speciation monitors. They also thought it was a useful tool
for apportioning vehicle contributions to nanoparticle
concentrations in a near-roadway environment.

BACKGROUND

At the time this work was funded, only two instruments,
the aerosol time-of-flight mass spectrometer (ATOFMS) and
the thermal desorption chemical ionization mass spectrom-
eter (TDCIMS), were able to measure the composition of
nanoparticles in real time. While several ATOFMS instru-
ments existed at the time, none measured nanoparticles in
the size range < 30 nm. The TDCIMS measures specific
ions, mainly sulfate (SO4

2�), nitrate (NO3
�), organic acids,

and oxygenated organics, and it was used in the current
study to compare certain ions (SO4

2�, NO3
�, and ammo-

nium [NH4
+]) to those measured by the NAMS. The NAMS

measures concentrations of oxygen (O), sulfur (S), carbon
(C), nitrogen (N), and silicon (Si) ions. Johnston proposed
using these ions to distinguish nanoparticles emanating
from vehicle or combustion sources from those in the
background domain.

Combustion from vehicles is a major source of nanopar-
ticles, and much research has focused on nanoparticles on
or near major roadways. Such studies have shown high
nanoparticle concentrations near roadways, with concen-
trations decreasing with distance from the roadway, drop-
ping significantly by 100 m (Zhu et al. 2002, 2004; Karner
et al. 2010). However, little is known about the formation
and growth of, and change in, the composition of particles in
the area 3 to 100 m from a roadway, the road-level domain.
Although measurement techniques providing continuous
particle counts for different size fractions are available, few
methods accurately measure nanoparticle composition in
real time. Most studies of ambient nanoparticle composition
rely on analysis of particulate matter in broad size frac-
tions (e.g., PM0.1 [particulate matter � 0.1 µm in aerody-
namic diameter], PM0.18 [PM � 0.18 µm in aerodynamic
diameter], or PM0.25 [PM � 0.25 µm in aerodynamic diam-
eter]) collected over hours to days. These studies have
been useful in identifying broad classes of sources for
nanoparticle mass (e.g., Cass et al. 2000; Riddle et al. 2008;
Kleeman et al. 2009). However, such studies provide lim-
ited information on how particle composition varies in time
and space. Researchers have not been able to determine the
fraction of nanoparticles that includes nuclei for larger par-
ticles that are then transported or deposited or react to form
new particles. Without more time-resolved information on
both particle concentrations and composition, it can be hard
to differentiate nanoparticle sources and conditions that

Dr. Murray Johnston’s 3-year study, “Selective Detection and Characteriza-
tion of Nanoparticles from Motor Vehicles,” began in July 2008. Total
expenditures were $330,000. The draft Investigators’ Report from Johnston
and colleagues was received for review in August 2011. A revised report,
received in January 2012, was accepted for publication in February 2012.
During the review process, the HEI Health Review Committee and the inves-
tigators had the opportunity to exchange comments and to clarify issues in
both the Investigators’ Report and the Review Committee’s Critique.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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lead to higher particle concentrations, for example, to dis-
tinguish between the contributions to ambient concentra-
tions of short-term vehicle activity and of longer-term or
even regional activities. This limitation can impede efforts
either to study or to control these sources. Johnston’s
project was designed to help address this limitation.

Johnston submitted his proposal, “Selective Detection
and Characterization of Nanoparticles from Motor Vehi-
cles,” in January 2007 in response to a Request for Prelimi-
nary Application under the Health Effects of Air Pollution
program (RFPA 06-4). He and colleagues proposed
methods for using data from the NAMS in combination
with traffic information to assess the composition of
nanoparticles generated by vehicle operation at a major
intersection. The NAMS was primarily an experimental
instrument and, at the time of Johnston’s proposal, had not
been extensively field-tested.

The Research Committee thought the proposed NAMS
sampling methodology had the potential to measure
nanoparticle composition in real time and would be an
important advance in nanoparticle research. Its ability to
measure nanoparticle composition at a high time resolution
(seconds) could be useful in determining source contribu-
tions to nanoparticle numbers and mass concentrations.
Committee members raised concerns about the volume and
complexity of the data that would be collected. As a result,
Johnston revised his application to include a more detailed
data-analysis plan, and in November 2007 his study was
recommended for funding.

This Critique is intended to aid the sponsors of HEI and
the public by highlighting both the strengths and limita-
tions of the study and by placing the Investigators’ Report
into scientific and regulatory perspective.

STUDY SUMMARY

In his study, Johnston tested the NAMS in a real-world
setting to assess both its basic performance at measuring
particle composition and its use in identifying the contri-
bution of motor vehicles to the levels of peak and ambient
background nanoparticles. A portion of the work focused
on developing the data processing and analysis methods
for interpreting the NAMS output for these purposes.

SPECIFIC AIMS

The specific aims of this study were as follows:

1. Use the NAMS to further develop and test a method
for real-time measurement of the chemical composi-
tion of ambient nanoparticles;

2. Characterize nanoparticle events (rapid spikes in par-
ticle concentration); identify sources and estimate
receptor factors for these events; and

3. Perform source apportionment of the complete data
set, to determine, in particular, the contribution from
motor vehicles.

METHODS

Specific Aim 1: Further Develop and Test the NAMS

For this specific aim, the investigators used a statistical
method, a deconvolution algorithm, to attempt to attribute
the output of the NAMS to specific ions and to evaluate
their method in a field test using alternative methods for
measuring particle composition.

The NAMS uses a unipolar charger to impart a single
charge onto airborne nanoparticles. In some laboratory
experiments, the aerosol also passed through a scanning
mobility particle sizer upstream of the NAMS inlet, to size
select particles based on mobility and reduce the number
concentration (Zordan 2010). Whether sampled directly
from the unipolar charger or the scanning mobility particle
sizer, particles are then directed to an aerodynamic lens,
which creates a thin stream of particles that can then be
passed to an ion guide that further directs the particle
beam. These particles are then passed to an ion trap where
they are size selectively captured based on their mass (m)
to charge (z) ratio. A high energy laser pulse splits each
captured particle into its component atomic ions. The
times-of-flight of atomic ions of O, S, C, N, and Si are then
measured in a reflectron mass analyzer. The output con-
sists of a mass spectrum for each particle, which is a plot of
m/z ratios on the x-axis and the intensity of the measured
ions (e.g., C+3/O+4) on the y-axis. The height of the peak for
a given ion correlates with the mole fraction of the partic-
ular element in the particle measured.

Development and Application of a Deconvolution 
Algorithm One limitation of the NAMS that the investiga-
tors faced was that in two cases, the m/z ratio does not
uniquely identify a single ion but can represent two ion sig-
nals: (1) m/z = 8 can be a combination of O+2 and S+4; and
(2) m/z = 4 can be a combination of C+3 and O+4. To address
this limitation, the researchers developed what they called a
deconvolution algorithm to help distinguish the proportion
of each ion type for m/z = 8 and m/z = 4 (Zordan et al. 2010).
To test the performance of the algorithm, the researchers
used test particles created in the laboratory to calibrate the
mass spectrometry results. They used particles of ammo-
nium sulfate to differentiate O+2 from S+4, and sucrose test
particles to differentiate O+4 from C+3.
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The deconvolution algorithm was then applied to the
ambient particle mass spectra, and the elemental concen-
trations of O, S, C, N, and Si were converted to the major
chemical constituents of 85% of PM2.5 mass — ammonium
sulfate, ammonium nitrate, silicon dioxide, and carbona-
ceous matter — in proportion to their presence in the
nanoparticles. Carbonaceous matter was subsequently
divided into two categories — matter with low and matter
with high O/C ratios — using a ratio of 0.25 as the cut point
between the two categories. Organic compounds with low
O/C ratios are generally considered to represent the unoxi-
dized component of carbonaceous matter and are used as
indicators of organic compounds from vehicle emissions.
Previous studies (Zhang et al. 2005; Ng et al. 2010) indicate
that O/C ratios tend to be either very low or very high,
making the choice of a cut point not crucial, a result con-
firmed in the current study (see Figure 21 of the Investiga-
tors’ Report).

Monitoring Program Johnston conducted a field test of
his instrument at a major intersection of four roadways in
Wilmington, Delaware (see Figure 1 of the Investigators’
Report). The intersection is heavily traveled, with approxi-
mately 28,000 vehicles passing through each day. Martin
Luther King (MLK) Boulevard (Route 48) runs eastbound
parallel and adjacent to Lancaster Avenue, which runs
westbound. Justison Street runs northbound to MLK Bou-
levard and changes name to North Washington Street after
crossing the boulevard and Lancaster Avenue. The moni-
toring site for the study was located adjacent to Justison
Street about 45 m south of MLK Boulevard. Sources of
emissions included traffic on the roadways and two poten-
tial point sources of diesel emissions — a fire station and a
city bus facility. An Amtrak train facility is also nearby, but
those trains are equipped with electric engines.

The goals of the monitoring program were to provide
data with which to evaluate the NAMS method for charac-
terizing particle speciation, to develop a method for differ-
entiating short-term spikes from background levels in the
concentrations of nanoparticles from roadway traffic, and
to estimate vehicle contributions to mass concentrations of
ambient nanoparticles.

Monitoring took place over two- to three-week periods
during the summer and winter of 2009. Particle number con-
centrations and particle size distributions were measured at
the site using several methods. A condensation particle
counter (CPC) was used to measure nanoparticle number
concentrations at 1-second intervals in winter and summer.
The scanning mobility particle sizer connected to the NAMS
was used to measure particle size distributions and number
concentrations with a time resolution of 1 minute. For a

6-day period during the winter monitoring program, a fast
mobility particle sizer (FMPS) was used to determine
1-second particle number concentrations and particle size
distributions. Wind speed and direction, as well as 1-minute
sulfur dioxide (SO2) concentrations, were measured at the
site by the Delaware Department of Natural Resources and
Environmental Control.

The investigators compared the NAMS speciation
results with the results of two other methods, which used
longer averaging times. A direct comparison of two
methods of measuring speciation over short time intervals
was not possible, since few continuous nanoparticle spe-
ciation samplers other than the NAMS existed at the time.

For the first comparison, the investigators collected spe-
ciation data during the summer monitoring period using
the TDCIMS, another experimental instrument that can
measure ions in nanoparticles. However, under ideal oper-
ating conditions, the NAMS sample integration period is
on the order of < 1 second, whereas the integration period
for the TDCIMS is 1 hour. Given the differences in the sam-
pling periods and performance of the two instruments, the
investigators chose to compare 24-hour averages of the
NAMS and TDCIMS data for the following four ratios:
NH4

+/SO4
2�; NH4

+/[(2 	 SO4
2�) + NO3

�]; SO4
2�/NO3

�;
and NH4

+/NO3
�.

In the second comparison, the researchers compared
daily averaged mass fractions of SO4

2� in the nanoparti-
cles measured by the NAMS to daily averaged SO4

2�

derived from gaseous SO2 and solar radiation measure-
ments taken at the site during 3 days in July. In addition to
the monitoring data available to the researchers, traffic
cameras captured photographs of the intersection every
5 seconds. This allowed investigators to examine the types
of vehicles present during each stage of the 108-second
cycle of the traffic light at the intersection. Using these pho-
tographs in conjunction with air monitoring data, Johnston
and colleagues planned to differentiate between diesel-and
gasoline-powered vehicles; determine whether they were
likely to be idling, accelerating, or decelerating; and esti-
mate what their contributions were to nanoparticle levels.

Specific Aim 2: Characterize Nanoparticle Events

To identify vehicle movements and activities, such as
acceleration from a stop, that contribute to nanoparticle
levels at an intersection, the investigators needed to
develop a method for processing nanoparticle number
counts measured at the intersection. They used a statistical
method, wavelet decomposition, to differentiate very-short-
term spikes in nanoparticle concentrations related to vehicle
activities — detected by the CPC or the FMPS (or both) —
from longer-term changes in background nanoparticle
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concentrations. The investigators compared the results from
an iterative wavelet decomposition method they developed
with those produced by a standard wavelet denoising
method for differentiating spikes from background.

The investigators then attributed the spikes, identified
by the wavelet decomposition analysis, to nearby sources
using wind direction data and distance to nearby roadway
segments. The investigators constructed rose plots of pol-
lution that show nanoparticle spikes according to wind
direction, with the monitoring site located at the center of
radial plots. Plots of nanoparticle size distributions were
also presented, which show the spikes stratified by wind
direction and by distance to the section of roadway from
which the spikes originated.

Because most spikes were detected from the wind direc-
tion corresponding to the location of Justison Street, the
authors focused their analysis on spikes related to the
Justison–MLK portion of the intersection. Because of the
very short duration of many of the spikes, the researchers
concluded that the spikes were most likely a result of
acceleration away from the traffic signal. The researchers
correlated the wind direction analysis with camera images
of the Justison Street intersection, to estimate the per
vehicle emissions. To determine the contribution of indi-
vidual vehicles to a specific spike, the average number con-
centration for each spike was divided by the number of
vehicles present in the intersection during that spike (gener-
ally approximately 40 sec in duration). The investigators
also used the FMPS data on the highest 1000 spikes to esti-
mate the spike contributions to overall levels of PM0.1 mass.

Specific Aim 3: Source Apportionment of 
Nanoparticle Mass

After processing the NAMS data and apportioning the
nanoparticle counts into spike and background compo-
nents, the investigators applied the NAMS output to deter-
mine major source contributions to the spike and
background levels. In particular, they set out to identify
the contributions of vehicles in the intersection, and to
distinguish the contributions of heavy-duty diesel (HDD)
and spark ignition (SI) vehicles.

The first step in source apportionment of nanoparticle
spikes and background entailed limiting the analysis to
time periods when particle size and particle number data
were available from the FMPS (6 days in winter only) or
when particle number data were available from the CPC
(summer and winter). Each of these data sets was then
matched to data available from the NAMS for corre-
sponding time periods. The iterative wavelet decomposi-
tion method was used to identify spikes and background
levels for the 19- to 25-nm size fractions measured by the

FMPS, whereas the CPC provided total particle numbers.
Each set of data was combined with the NAMS data for the
corresponding time period. The FMPS–NAMS data set
from the winter and CPC–NAMS data sets from both sea-
sons were each averaged over 1-minute intervals. These
data sets were then divided by the total nanoparticle
number concentration (measured by the CPC for the corre-
sponding time period) for each minute to determine the
fraction of the nanoparticle mass in the 19- to 25-nm size
range attributable to spikes and the fraction attributable to
background levels.

Using the output from those analyses, the investigators
modeled the chemical composition of the spikes and back-
ground with the ultimate goal of determining motor
vehicle contributions to ambient nanoparticle mass. They
conducted a simulation analysis to evaluate the robustness
of their model. The chemical-composition model was
applied to 20 data sets created using a bootstrap method in
which one observation was removed randomly and
replaced with another observation from the original data
set. The resulting data sets were then averaged and com-
pared with averages based on the full data set.

Focusing on nanoparticle events during which the spike
contribution was greater than 75% of the nanoparticle
mass, the investigators used traffic images of the Justison
Street intersection to identify passing vehicles as either SI
or HDD. They used a revised model that partitioned the
spike contribution (assumed to all stem from motor vehi-
cles) into HDD and SI fractions, based on counts from the
camera images. A diesel multiplier of 10 was used to
adjust the SI estimates to account for the higher emissions
from HDD vehicles. Multipliers between 1 and 100 were
tested to determine the effects on HDD contributions and
which multiplier would minimize the error in the pre-
dicted HDD contributions to the spikes. The estimates of
contributions to nanoparticle levels attributed to vehicles
are upper-bound estimates based on a number of assump-
tions including these: that the chemical profiles of the
nanoparticles for the background estimates were similar to
those for the spikes and that all low O/C carbonaceous
material originated only from motor vehicles.
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SUMMARY OF KEY RESULTS

DEVELOP AND TEST THE NAMS

Evaluation of the NAMS Measurements of 
Chemical Composition

The investigators found that the distributions of the
charge states for N in ambient nanoparticles (Investigators’
Report, Figure 6) were similar to those for N measured in
laboratory standards, as shown in Figure 5 of the report.
This supported a key assumption of the deconvolution
algorithm, which was that the distributions of charge
states would be consistent for a given element, regardless
of its chemical form.

The two methods used to evaluate the NAMS speciation
analysis provided modest evidence that the NAMS was
performing as expected for most ion species. Comparison
of the NAMS and the TDCIMS speciation results for the
summer monitoring period indicated similar daily mean
ratios that included NH4

+, SO4
2�, and NO3

� ions,
although the NAMS ratios were much less variable than
those for the TDCIMS (Investigators’ Report, Figures 11
and 12). The mean SO4

2� ratios (NH4
+/SO4

2�; NH4
+/[(2 	

SO4
2�) + NO3

�] reported for the two methods were sim-
ilar, but two NO3

� ratios (SO4
2�/NO3

� and NH4
+/NO3

�)
differed. The authors suggested that the difference in
NO3

� ratios might have been attributable to low concen-
trations of ambient NO3

� at the site. Although the daily
ratios differed, the SO4

2�/NO3
� ratios were similar for the

two sampling methods when the ratios were calculated
from data comprising all 15 days (July 1–15). When the
comparison was limited to only the 6 days when NH4

+

data were also available (July 1–6), the TDCIMS speciation
results showed much greater variability in all ratios as
compared with the NAMS results. The second monitoring
method compared the NAMS estimates of the daily SO4

2�

mass fraction with those derived from the daily mean
SO4

2� mass fraction calculated from hourly SO2 data col-
lected at the site. These results showed good agreement on
2 of the 3 days for which this comparison was conducted.

Characterization of Nanoparticle Events

The investigators compared two methods for separating
spikes from background, standard denoising and an itera-
tive wavelet decomposition method, which are illustrated
in Figures 13A and B of the Investigators’ Report. The fig-
ures show two cases that illustrate the differences in the
statistical methods. When the spike intensity was rela-
tively low (the background-limited case), the standard
denoising method tended to produce results that closely

matched the measured number concentration. In the spike-
limited case, the standard denoising method was shown to
attribute more of the spike to background than did the itera-
tive method. The two methods — standard denoising and
iterative wavelet decomposition — represent low and high
estimates of spike contributions, respectively.

Origin of Particle Spikes Frequency distribution plots of
nanoparticle number concentrations show regular intervals
of nanoparticle spikes coinciding with the timing of the traf-
fic light at the intersection closest to the monitoring site (In-
vestigators’ Report, Figures 7A and B). Pollution rose plots of
the highest spikes above background (Figures 14A and 15A
and B) show that the highest intensity spikes originated from
the general direction of the part of the intersection that was a
focus of the study — where the nearest roadway, Justison
Street, intersects with MLK Boulevard. Some nanoparticle
spikes were also attributed to streets on the opposite side of
the intersection from Justison Street (the Washington Street–
MLK Boulevard part of the intersection) and to a fire station
located in that area, but only when the finer-resolution
FMPS measurements (winter only) were used.

Plots of nanoparticle size distributions stratified by
radial wind direction and distance to the corresponding
section of roadway show that particle sizes tended to
increase with greater distance from the likely sources
(Investigators’ Report, Figures 14B and 16). Additionally,
greater wind speeds were associated with smaller
nanoparticle sizes measured at the monitor, because of
decreased time for coagulation or reaction, or both (Inves-
tigators’ Report, Figure 17).

Apportionment of Particle Spikes Contributions of spikes
to hourly number concentrations of ambient nanoparticles
showed large variations over the course of individual days
and over the 6-day monitoring period during winter (Inves-
tigators’ Report, Figure 18A). Spikes contributed from close
to 0% to 50% of the hourly total number concentrations of
nanoparticles at the site. On average, spikes contributed
15% and 19% to total ambient number concentrations dur-
ing summer and winter, respectively (Investigators’ Report,
Table 7). When data from both seasons were combined,
spike contributions during the morning rush hour were ap-
proximately double those from afternoon and evening time
periods (Investigators’ Report, Figure 19).

Plots of particle size distributions (Investigators’ Report
Figures 24A–C) illustrate that the NAMS measured the
fraction of the nanoparticle size distributions that was key
to distinguishing the spikes and background. Furthermore,
the winter chemical-composition estimates for spikes and
background for the CPC data set, which included virtually
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all nanoparticle diameters, were similar to those for the
FMPS data set, which was limited to nanoparticles in the
19-to 25-nm size range (Investigators’ Report, Table 7).

Average Number Concentration of Motor Vehicle Emis-
sions With the iterative wavelet method, the median per
vehicle contribution to emissions reported for the study was
350 particles/cm3, and the mean was 700 particles/cm3,
with 10% of vehicles contributing 50% of vehicle emis-
sions. Lower estimates were reported for the denoising
method (median = 100 particles/cm3; mean = 350 parti-
cles/cm3). Based on the analysis of traffic-camera images
of vehicles contributing the highest 10% of the vehicle
emission contribution estimated in the study, the research-
ers were unable to identify particular vehicle types (SI or
HDD) or characteristics associated with high emitters, but
high emitters were found among both the gasoline and die-
sel vehicles.

Source Apportionment of Nanoparticle Mass

Chemical Composition of Particle Spikes and 
Background The chemical composition of the spikes dif-
fered from that of the background in ways that indicated a
greater contribution of motor vehicles to spikes and of
other sources to the background. Spikes were composed of
more carbonaceous matter with low O/C ratios than was
the background, which was dominated by SO4

2�, NO3
�,

NH4
+, silicon dioxide, and high O/C carbonaceous matter.

Carbonaceous matter with low O/C ratios was found to
comprise up to one third of the background, the origin of
which the investigators did not explain.

Nanoparticle Mass and Number Concentrations Appor-
tioned from Motor Vehicle Emissions Overall, motor ve-
hicles accounted for approximately 40% to 50% of the to-
tal mass concentration of ambient nanoparticles in winter
but only 16% in summer, which was likely the result of
greater contributions of particles formed by photochemical
processes during summer (Investigators’ Report, Table 8).
Spikes from local vehicles accounted for approximately
4% to 8% of ambient nanoparticle mass during summer,
and vehicle contributions to background nanoparticle
mass were 8% to 10% in that season. During winter, ap-
proximately 20% to 30% of nanoparticle mass concentra-
tions were attributed to local vehicle sources and another
20% to 30% to vehicle contributions to the background
(Investigators’ Report, Table 8)

The vehicle contribution to total ambient nanoparticle
number concentrations was estimated to be 49% in summer
and 60% in winter, again assuming all low O/C carbona-
ceous matter was associated with vehicles. Analysis of

single-particle NAMS output showed that particles con-
taining both low O/C and photochemical components
comprised 16% of winter nanoparticles and 36% of
summer. As a result, only particle mass fractions from
vehicle-attributed spikes were included in the motor
vehicle fraction in the source apportionment analysis.

Estimated SI and HDD Profiles Overall, HDD and SI
vehicles each contributed approximately half to fresh
nanoparticle mass concentrations during the winter moni-
toring program (Investigators’ Report, Table 8), even though
SI vehicles made up more than 90% of the vehicles
observed in the intersection. Compared to the other source
contributions to mass concentration, the HDD and SI contri-
butions had much greater uncertainty (20% compared to
1%–2% for spike and background contributions to ambient
nanoparticle mass, as listed in Investigators’ Report Table
8). The results were somewhat sensitive to assumptions
about the size of the diesel vehicle multiplier used to adjust
the emissions of SI vehicles to those of HDD vehicles.

HEALTH REVIEW COMMITTEE EVALUATION 
AND DISCUSSION

In its independent review of the study, the HEI Review
Committee thought that Johnston and colleagues had con-
ducted a well-designed field study to further develop and
evaluate the performance of the NAMS. The NAMS instru-
ment, developed by Johnston and colleagues, is one of the
first designed for near-continuous measurement of the
chemical composition of nanoparticles at the individual
particle level. The team demonstrated successfully that
they could apply the NAMS output to the study of motor
vehicle contributions to concentrations of spike and
ambient background nanoparticles and to the measure-
ment of the chemical composition of nanoparticles in a
real-world setting. Although further work is necessary to
develop the instrument — as well as the analysis of its
output — for more large-scale use, the study shows that the
NAMS can be used to refine studies on the effect of stop-
and-go traffic on human exposures to nanoparticles on or
near roadways.

NAMS

The major strength of the NAMS is that it can measure
the chemical composition of nanoparticles in real time. As
the NAMS requires very little mass, it can be used to ana-
lyze the chemical composition of single particles, although
in practice its results are presented as averages of about
20 nanoparticles. Real-time compositional analysis of
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nanoparticles is of potential interest to a range of research
applications, from the basic study of particle development
and composition to the practical study of source contribu-
tions to nanoparticle concentrations, as this study demon-
strates. It may help researchers better characterize emissions
and the formation and transformation of particles in near-
roadway environments, including evaporation and conden-
sation of organic materials. This, in turn, can help the atmo-
spheric sciences community better inform the health
community about the specific chemical composition and
size distributions of particles in near-field environments.

One of the first key issues faced by Johnston in the devel-
opment of the NAMS was how to test its ability to measure
particle composition accurately. The uniqueness of the
NAMS created the obvious challenge of finding suitable
comparison methods: Very few instruments can measure
nanoparticle composition on a continuous or semicontin-
uous basis, and none are commercially available.

The Review Committee concluded that the study pro-
vides some supporting evidence for, but not full validation
of, the NAMS performance. The basis for the Committee’s
conclusion is that the two comparison methods chosen by
the investigators could only compare results based on data
collected over hours or days with data collected by the
NAMS, which samples approximately once per second.
Although in theory the TDCIMS allows for highly time-
resolved measurements, Johnston and his colleagues re-
ported that the results were more stable when integrated
over a 24-hour period. The second comparison method
correlated NAMS estimates of SO4

2� mass fractions with
SO4

2� mass fractions calculated using SO2 and solar radia-
tion measurements averaged over a 24-hour period at the
monitoring site. This second method thus provides some
corroborative evidence but only for SO4

2� mass fractions
averaged over 24-hour periods.

Nonetheless, the Committee thought that the approach
taken by Johnston was reasonable. Although the investiga-
tors could have compared the NAMS results to those of
another instrument for measuring the chemical composi-
tion of nanoparticles, the micro-orifice uniform deposit
impactor, they would not have gained a better assessment
of the NAMS, since the amount of mass collected by the
impactor in the < 25-nm range favored by the NAMS
would be too small. A recent study (Klems 2012), which
deployed the NAMS in additional locations and seasons,
provides some additional evidence that the NAMS can dif-
ferentiate nanoparticles related to fresh motor vehicle
combustion from photochemically derived nanoparticles.

Another factor discussed by the investigators that lim-
ited both the evaluation and application of the results from
the NAMS is the small number of nanoparticles that it
sampled in this study (< 9,000 in winter and < 30,000 in

summer). However, development of the NAMS has con-
tinued since this study was completed, and the investiga-
tors reported in a recent study that the collection efficiency
of the NAMS has been improved by a factor of 20 (Pen-
nington and Johnston 2012).

SHORT-TERM SPIKES VERSUS BACKGROUND 
NANOPARTICLE CONCENTRATIONS

The investigators’ development and application of the it-
erative wavelet decomposition method allowed them to de-
compose measured nanoparticle numbers into spikes and
background levels, which in combination with particle-
composition data could be used to assess nanoparticle
sources. The investigators were responsive to Committee re-
quests that they compare their method to a more standard
method and were able to show that under many circum-
stances conclusions from the two approaches were general-
ly similar. However, in some cases, the choice of statistical
method to separate spikes and background could lead to
large differences in the estimates of vehicle emissions (two-
fold to threefold differences for some vehicles, as shown in
Figure 20 of the Investigators’ Report). Although the Com-
mittee did not think these findings would change the
study’s overall conclusions, the potential for sensitivity to
statistical method should be a consideration in future work.

The Committee initially questioned whether the narrow
particle-size range measured by the NAMS (18–24 nm)
would be representative of the particle size distributions
in the spikes and the background concentrations and thus
would be appropriate for the later source-apportionment
analyses. The Committee ultimately concluded that the
NAMS restriction to the 18- through 24-nm range is not
likely to have significantly affected most conclusions of the
study; however, the NAMS does represent a small fraction
of nanoparticles, which can range up to 100 nm in size.

The investigators identified two issues that merit closer
evaluation in future development of the NAMS. One is
that the spikes had a higher proportion of SO4

2� compared
with low O/C compounds when the source profiles were
generated using CPC data (all size fractions) than when
data from the FMPS (19–25 nm) were used. The investiga-
tors thought this result might have been related to the pres-
ence of sulfur-containing particles outside of the size
distribution of the particles measured by the NAMS or
FMPS. This suggests that the narrow size range measured
by the NAMS may be a limitation of the instrument. The
other issue is that HDD vehicles, compared with SI vehi-
cles, may contribute more nanoparticles outside the size
range measured by the NAMS, which could result in the
NAMS underestimating the contribution of HDD vehicles.
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SOURCE APPORTIONMENT OF PARTICLE MASS 
AND NUMBER

Combining the NAMS results with those based on the
CPC and FMPS data sets allowed the researchers to deter-
mine the potential contributions of motor vehicles to
short-term nanoparticle spikes. The Committee thought
the source apportionment analysis, in which the investiga-
tors combined CPC or FMPS data with the NAMS data,
was informative. However, the analysis required data
manipulations that substantially reduced the size of the
data sample and consequently its information content. To
combine the FMPS data with the NAMS data, for example,
the FMPS data needed to be limited to the nanoparticles of
sizes (19–25 nm) that coincided approximately with the
range measured by the NAMS (18–24 nm). Additionally,
the NAMS results had to be averaged over 1-minute
periods to coincide with the CPC or FMPS samples, lim-
iting the time resolution to 1-minute averages.

Johnston’s research method has potential practical
applications to real-world settings, particularly for evalu-
ating how traffic-light cycles at intersections can increase
exposures to nanoparticles. The two major sources of
spikes in nanoparticle concentrations identified in the
study were movements of vehicles after a red light changes
to green and high-emitting vehicles. The investigators con-
cluded that nanoparticle spikes were attributed more to
acceleration from idling than to high-emitting vehicles in
the intersection. The acceleration of vehicles from idling
can contribute a large fraction to nanoparticle concentra-
tions over short durations and may lead to higher nanopar-
ticle concentrations near intersections.

The identification of high-emitter vehicles in the study
also has important implications. The investigators found
that HDD vehicles, compared with SI vehicles, dispropor-
tionately contributed to ambient nanoparticle levels. Even
though HDD vehicles comprised only 6% of the vehicles
identified in the traffic-camera images, they contributed
essentially the same proportion (51%) of total ambient
nanoparticle levels as the SI vehicles did (49%). The esti-
mate of 350 to 700 particles/cm3 in the current study for
the average per vehicle contribution to emissions was con-
siderably lower than the 1900 particles/cm3 reported in a
previous study (Johnson et al. 2005). The researchers sug-
gest that this could be because the current study was con-
ducted near a roadway, whereas the referenced study was
conducted on-road. Since particle size tended to increase
with distance in the current study, a portion of particles that
started out as nanoparticles on the road may have been
transformed into larger particles by the time they reached
the near-road monitor in this study. The researchers also

suggest that lower vehicle emission estimates could be a
reflection of changes in emissions controls since 2002. It is
unclear whether emissions controls implemented between
2002 and 2009 would have decreased vehicle emissions of
nanoparticles by half; however, a combination of factors
may account for the lower vehicle emissions estimates.

The Committee thought more could have been done
with the traffic photographs to improve identification of
high emitters. For example, the investigators suggested
that certain diesel vehicles, such as snow removal equip-
ment, may emit high concentrations of sulfur. Although it
might have been cumbersome, image-by-image review
could have yielded a wealth of data on the characteristics
of the high-emitting vehicles, such as vehicle type and an
estimate of model year.

SUMMARY AND CONCLUSIONS

Johnston and colleagues demonstrated that the NAMS is
a useful new tool for quantifying the chemical composi-
tion of nanoparticles at a high time resolution, which can
be particularly useful for measuring traffic-related
nanoparticles. They demonstrated how the NAMS could
be used with other currently available instruments,
including particle counters, as well as traffic cameras and
meteorologic data, to assess the contribution of local traffic
and vehicle types to short-term spikes in nanoparticle con-
centrations near intersections. Although the NAMS is a
complex instrument that requires additional refinement, it
is likely to contribute to the development of future nano-
particle speciation monitors.
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