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ABSTRACT
A factor analytic model has been applied to resolve and
apportion particles based on submicron particle size dis-
tributions downwind of a United States–Canada bridge in
Buffalo, NY. The sites chosen for this study were located at
gradually increasing distances downwind of the bridge
complex. Seven independent factors were resolved, in-
cluding four factors that were common to all of the five
sites considered. The common factors were generally
characterized by the existence of two or more number and
surface area modes. The seven factors resolved were iden-
tified as follows: fresh tail-pipe diesel exhaust, local/street
diesel traffic, aged/evolved diesel particles, spark-ignition
gasoline emissions, background urban emissions, heavy-
duty diesel agglomerates, and secondary/transported ma-
terial. Submicron (�0.5 �m) and ultrafine (�0.1 �m) par-
ticle emissions downwind of the bridge were dominated
by commercial diesel truck emissions. Thus, this study
obtained size distinction between fresh versus aged vehi-
cle exhaust and spark-ignition versus diesel emissions
based on the measured high time-resolution particle
number concentrations. Because this study mainly used
particles �300 nm in diameter, some sources that would
usually exhibit number modes �100 nm were not re-
solved. Also, the resolved profiles suggested that the ma-
jor number mode for fresh tailpipe diesel exhaust might
exist below the detection limit of the spectrometer used.
The average particle number contributions from the re-
solved factors were highest closest to the bridge.

INTRODUCTION
In recent years, submicron particles, especially ultrafine
particles ([UFPs] �0.1 �m in diameter), have attracted
much attention because of an increasing number of stud-
ies suggesting an important role played by UFPs in caus-
ing adverse health effects in sensitive populations.1–7

These health effects have been suggested to result from
the ability of UFPs to translocate from the respiratory
system into the cardiovascular and central nervous sys-
tems as demonstrated in animal models.1,7 Toxic effects
have been observed from combustion particles,8–11 espe-
cially from motor vehicle exhaust (for urban areas). The
toxicity of motor vehicle exhaust is partly because it con-
sists of organic compounds and oxidant gases that are
thought to contribute to the inflammatory and other
effects of inhaled particles.12,13

Generally, traffic is the primary source of UFPs in
urban areas and near busy roadways.14–22 Cohort studies
have typically reported a much higher risk for cardiovas-
cular events for people who live within 150 m of a major
highway.23 A recent study by Peters et al.24 found a con-
sistent association between the time spent in cars, on
public transportation, or on motorcycles and an increase
in the risk of myocardial infarction.

In addition to cardiovascular risks, Lwebuga-Mukasa
et al.25 report that the number of households with at least
one asthmatic child present in the home is about two
times higher downwind than upwind of a major trade
bridge in Buffalo, NY. The increased asthma prevalence
rate downwind of the international bridge in Buffalo
(Peace Bridge Complex [PBC]) has been hypothesized to
be related to the increased heavy diesel truck traffic emis-
sions that are dispersed into the community by the pre-
vailing southwesterly winds. Oyana et al.26 found a clus-
tering of asthma cases in close proximity to the PBC and
the associated highways, as well as a dose-response rela-
tionship, suggesting a decreased risk of asthma prevalence
farther away from this source of exposure.

The Peace Bridge connects Fort Erie, Ontario, Canada,
to Buffalo with an estimated annual vehicle count of 6.5
million passenger cars and 1.4 million commercial vehi-
cles, making it one of the busiest United States-Canada

IMPLICATIONS
The use of highly time-resolved size distribution measure-
ments has enabled the resolution of different size catego-
ries of vehicle emissions. Although the spectrometer used
was capable of measuring particles �6 nm in diameter, the
results suggest that the major number mode for fresh
tailpipe diesel exhaust might exist below the instrument’s
detection limit. The present study also suggests that there
may be at least two nuclei modes associated with diesel
exhaust.
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border crossings in the northeast. Because UFPs are dom-
inated by freshly generated (typically nuclei mode) parti-
cles, freshness and proximity to the source may, thus, be
key requirements for inducing adverse health effects of
UFPs.27

An appropriate metric for characterizing submicron
or UFPs is their size distribution, because each size class
will generally have different penetrability and deposition
patterns in the respiratory tract.28–31 On-road submicron
particle number size distributions typically contain an
accumulation mode with an estimated mean diameter of
100 nm, consisting of carbonaceous agglomerates.21,22

Diesel and spark ignition vehicles also contribute to the
occurrence of a nuclei mode that is between 5 and 50 nm
in diameter.21,32–35

Once particles are emitted from a source, their size,
number, and chemical composition change by several
mechanisms until they are ultimately removed by atmo-
spheric processes.15–17,35,36 However, the particle size dis-
tributions would be expected to remain approximately
stationary at any given location relative to the emission
source. Moreover, over a short measurement period, the
effect of changes in photochemical activity, ambient tem-
perature, or humidity that have the potential of influenc-
ing the particle size distribution may be treated as rela-
tively constant. Thus, the observed size distributions at
the receptor site can be treated as a linear sum of size
distributions from all of the contributing emission
sources, thus permitting the application of factor analysis
methods for source resolution and apportionment.

In respect to the above, the objective of the present
study was to use a factor analytic model, positive matrix
factorization (PMF)2,37 to resolve the different size distri-
butions associated with submicron particle emissions
near the PBC and to apportion these distributions to their
sources. Highly time-resolved (1 sec) number concentra-
tions measured at multiple sites downwind of the bridge
were used as inputs to the model. With prevailing winds
from the southwest, UFP concentrations downwind of the
PBC were dominated by congested bridge traffic, includ-
ing emissions from diesel trucks waiting to clear customs.
This study aims to distinguish between fresh versus aged

Figure 1. Map showing the location of the sampling sites used in this study. The reported distances are measured relative to an arbitrary center
point of the Peace Bridge (marked with a star on the map). The wind direction was generally southwesterly over the sampling period.

Figure 2. Observed wind profiles on June 23 (a) and 24 (b), 2004,
as measured at the GLC (upwind site). The measurements are
15-min averages.
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vehicle exhaust and spark-ignition versus diesel emis-
sions based on their size distributions with very short-
duration size distribution measurements. Limited num-
bers of studies have measured the size distributions of
diesel emissions using on-road and laboratory measure-
ments,16,20,32–34,38–40 but these studies have typically re-
lied on lower time-resolved measurements with scan
times of �1 min. Yao et al.36,41 used a mobile platform
equipped with several instruments, including an engine
exhaust particle spectrometer (EEPS), to measure submi-
cron particle (5.6–560 nm) concentrations in streets and
tunnels at measurement times of 1 and 3.2 sec. Thus,
results from real-time measurements and apportionment
of vehicle exhaust size distributions in transient scenarios
are generally limited or unavailable.

Laboratory particle measurements on emissions from
new European diesel engines have reported significant
size differences between primary particles emitted from
new and older engines.42 Thus, the present methodology
may also provide a basis for application in real-time size
distinction of particle emissions from new and older
engines.

EXPERIMENTAL WORK
Data and Sites Description

The data used in this study were obtained on June 23 and
24, 2004, from multiple sampling sites in Buffalo. The
sites were selected so as to enable size classification of the
dispersing plumes from the Peace Bridge, while at the
same time enabling the study of background concentra-
tions at an upwind site (Great Lakes Center [GLC]; Figure
1). During the study period, there were idling trucks at the
bridge’s toll and customs plaza providing the potential for
elevated concentrations downwind of the bridge. Down-
wind sites were located within a distance expected to be
affected by UFPs emitted directly from the PBC (i.e., sites
R1, R2, R3, and R4), as well as local urban street traffic
emissions (Main Street site; Figure 1).

Near real-time number concentrations of particles in
the size range 6–500 nm were measured using an EEPS
(TSI Model 309043). The EEPS uses an electrical mobility
technique similar to that of the scanning mobility particle
sizer ([SMPS] TSI Inc.). In contrast to the SMPS, the EEPS
has a higher time resolution (down to 0.1 sec per scan; 32
channels) by using a series of electrometers that provide
simultaneous measurement of multiple particle sizes.
Thus, it is an instrument of choice for studying transient
engine emissions in near real time. Developed for engine
emissions measurement, the EEPS has recently been used
to evaluate emission control devices during on-road
tests.44 The EEPS was incorporated into Clarkson Univer-
sity’s Mobile Air Pollution Laboratory. Samples were
ducted to the instrument through a manifold connected
to an inlet located 2 m above the roof of the mobile van
with a sample flow rate of 10 L/min providing minimal
diffusion losses of the smaller particles.

Raw data were acquired at 0.1-sec resolution and in-
tegrated to 1, 2, and 5 sec for subsequent analyses. Sam-
ples for sites R1 to R4 were collected on June 24, 2004,
whereas the Main Street samples were collected on June
23, 2004. Upwind measurements were made throughout
June 23 and 24, 2004 (30,553 valid 1-sec samples). R1
measurements were made from 10:14:20 a.m. to 1:39:51
p.m. (3737 valid 1-sec samples); R2 from 1:50:55 p.m. to
2:20:55 p.m. (1764 valid 1-sec samples); R3 from 2:43:10
p.m. to 3:02:59 p.m. (1189 valid 1-sec samples); R4 from
3:30:25 p.m. to 3:37:28 p.m. (423 valid 1-sec samples);
and Main Street from 3:29:00 p.m. to 4:57:00 p.m. (4680
valid 1-sec samples). For modeling purposes, R1 and Main

Table 1. Summary statistics for all of the sites (cm�3), at 1-sec resolution.

Site Name R1 R2 R3 R4 Main Street Upwind

N 3737 1764 1189 423 4680 30553
Arithmetic mean 8.37E�04 4.54E�04 3.82E�04 1.93E�04 2.46E�04 1.39E�04
Arithmetic standard deviation 3.40E�04 1.35E�04 1.21E�04 5.06E�03 2.87E�04 1.21E�04
Geometric mean 7.83E�04 4.36E�04 3.68E�04 1.86E�04 1.86E�04 1.13E�04
Geometric standard deviation 1.43 1.32 1.29 1.29 1.93 1.82
Minimum 2.70E�04 2.43E�04 1.99E�04 1.16E�04 4.05E�03 2.26E�03
Median 7.63E�04 4.42E�04 3.63E�04 1.81E�04 1.77E�04 1.03E�04
Maximum 3.93E�05 1.37E�05 1.28E�05 4.12E�04 3.71E�05 2.35E�05

Notes: R1 to R4 measurements were made on June 24, 2004, whereas Main St. values were obtained on June 23. Upwind measurements were made on June
23 and 24, 2004.

Figure 3. Average number concentrations measured at the six
sampling sites. Sample resolution was 1 sec for all of the sites. On
June 24, winds consistently blew from the southwest. For complete-
ness, the entire particle size range measured (6–500 nm) is shown.
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Street data were integrated to 5-sec resolution, whereas R2
data were integrated to 2 sec, leading to 747, 882, and 936
samples for R1, R2, and Main Street, respectively. The
measured wind speed and directions are presented in Fig-
ure 2. The wind consistently blew from the southwest and
west.

The total number concentrations measured in this
study are summarized in Table 1. For completeness, the
entire particle size range measured (6–500 nm) is shown,
although the concentration of particles �300 nm was
generally below the instrument’s detection limit (�80%
of samples). Data from the upwind site were only used to
provide an estimate of the background concentrations/
size distributions, but were not analyzed. It can be seen
that the total concentrations gradually decreased away
from the Peace Bridge, with an approximately equivalent
spread in the distributions (i.e., nearly identical geometric
standard deviations) among the four sites (R1 to R4). The
upwind site recorded the lowest average concentrations
(13,919 � 12,108 cm�3), whereas the highest values were
observed at R1 (83,737 � 33,966 cm�3). Overall, these
values are higher than the values reported for the cities of
Rochester, NY,45–47 and Gothenburg, Sweden,22 but are
comparable to the average values reported in Atlanta,
GA,48 Pittsburgh, PA,49 Baltimore, MD,50 and near Los

Angeles, CA, freeways.15–17 The observed difference be-
tween the average values measured in this study and
those obtained in Rochester and Gothenburg is probably
because of the larger size range considered in this study
(the size range for the Rochester study was 11–470 nm,
whereas that for Gothenburg was 10–368 nm). The mea-
sured average size distributions are shown in Figure 3.

Table 2 lists some of the events/activities observed
during the sampling campaign. These events often led to
significant increases in the measured particle number
concentrations. To effect comparisons with profiles pre-
dicted from this study, the size distributions of some of
these events/activities are presented in Figure 4.

Model Description
Assuming the measured size distributions are stationary (or
quasistationary), the bilinear receptor model PMF2 finds the
least-squares solution of the component equation:

Nij � �
k � 1

p

gikfkj � eij (1)

in which Nij is the measured particle number concen-
tration of the jth size bin in the ith sample; fkj is the

Table 2. A sample of events recorded during the sampling campaign reported in this study.

Event
Identification Event Description

Maximum Total
Concentration (cm�3)

Start Time
(p.m.)

June 24, 2004
S1 Idling Ford truck next to MAPL (R1 only) 139,983.10 1:28:30
S2 Large truck passed (R3 only) 128,210.67 2:55:03

June 23, 2004
S3 Fixed site by gas station (Main Street); 18 cars per min; Bus station SE of site 16,482.83 3:29:10
S4 Fixed site by gas station (Main Street); 18 cars per min; Bus station SE of site 211,596.47 3:29:51
S5 Heavy diesel truck passed 23,743.78 4:01:24
S6 Heavy diesel truck passed 18,311.97 4:01:38
S7 Heavy diesel truck passed 21,437.93 4:10:53
S8 Large bus passed 37,204.80 4:11:21
S9 Large bus passed 85,947.83 4:11:35
S10 NFTA bus passing 70,990.92 4:23:02
S11 Metro bus passing 54,749.80 4:25:15
S12 Bus passing 49,522.56 4:28:34
S13 Electric utilities truck passing 17,476.29 4:30:37
S14 Electric utilities truck passing 19,002.99 4:30:51
S15 School bus passing 15,213.05 4:31:31
S16 NFTA bus idling at SE bus stop 20,221.27 4:32:40
S17 NFTA bus idling at SE bus stop 15,988.75 4:32:55
S18 NFTA bus idling at SE bus stop 18,500.50 4:33:20
S19 LaidLaw school bus passing 32,395.61 4:34:41
S20 Tow truck passing 202,873.12 4:35:52
S21 Metro bus passing 17,236.97 4:36:57
S22 Two buses passing 83,799.67 4:38:33
S23 Two buses passing 251,025.02 4:39:23
S24 Two NFTA buses idling at SE corner stop 34,875.18 4:42:52
S25 Metro bus passing, stopping at nearby light to turn left 44,780.85 4:47:57
S26 Metro bus makes the left turn 107,967.29 4:48:42
S27 Metro bus passing 24,155.83 4:51:36
S28 Metro bus passing 40,735.14 4:52:45
S29 Metro bus at bus stop SE of MAPL 70,684.56 4:55:06
S30 Metro bus left the station 119,807.38 4:56:00

Notes: With the exception of S1 and S2, all of the events were recorded at the Main Street site.
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concentration of the jth size bin in material emitted by
the kth source; gik is the contribution of the kth source to
the ith sample; and eij is the residual. The model can
then be used to estimate the optimum number, p, of
independent sources (or factors) that adequately ex-
plain the observations at each sampling site. In this
study, the five sites (R1, R2, R3, R4, and Main Street)
were analyzed independently.

Because of the high fraction of values below the detection
limit, or zero values, for size bins �300 nm in the original data
(�80%), only concentration values for sizes �300 nm were
used. Generally, the percentage of zero values in the data in-
creased as one moved away from the bridge area.

Equation 1 requires the availability of measurement
uncertainties for each (i, j) data point. However, because
no measurement uncertainties were available, the re-
quired uncertainties were estimated from the following
equation47,51:

�ij � �0.01�Nij � N� j	
2N� j

if Nij � 0
if Nij � 0 (2)

where �ij is the calculated (estimated) measurement error
for size bin j and sample i; Nij is the observed number
concentration; and N� j is the arithmetic mean of the re-
ported values for Nj.

Figure 4. Characteristics of some of the events listed in Table 2. Most of the events were observed at the Main Street site: (a) next to two
idling buses; (b) bus passing; (c) tow truck passing; (d) next to bus station; (e) large truck passing (heavy-duty diesel); (f) two buses passing;
(g) fixed site (18 cars/min); (h) heavy-duty diesel truck passed.
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The PMF2 algorithm includes several error models
that can be used to compute heuristic error estimates (sij)
based on the data points and their original measurement
error estimates. The error model equation used in this
study was:

sij � �ij � C3 �Nij	 (3)

where �ij is the estimated measurement error (eq 2), and
C3 is a constant, chosen such that the scaled residuals
(eij/sij) are approximately randomly distributed between
�2 and �2. The appropriate value of C3 for each dataset
was determined by varying C3 from 0.001 to 0.3 and
computing the corresponding model estimates.

The results (source profiles and source contributions)
were rescaled to the measured number concentrations
using a scaling constant, sk, obtained by regressing the
measured total number concentrations against the esti-
mated source contributions, gik, according to eq 4:

Nij � �
k � 1

p

�sk	gik (4)

Optimum Number of Factors. The optimum number of fac-
tors, p, is determined based on the quality of the fit and
the interpretability of the model results. The experimen-
tal residual sum of squares, Q, for k factors should ap-
proach its theoretical value, defined as the total number
of data points minus the number of degrees of freedom,
that is, (n 
 m) � [(n 
 k) � (m 
 k)]. For each value of C3

(eq 3), p was varied from 4 to 9 or higher until the
obtained Q value was very close to the theoretical value.
Final C3 values were 0.017 (R1), 0.008 (R2), 0.03 (R3), 0.03
(R4), and 0.08 (Main Street) corresponding with p of 6, 6,
5, 5, and 6, respectively.

The method of G-space plotting was used to study the
rotational ambiguity of the emerging solutions.52 Final
values of the rotational parameter, FPEAK, were 0 for all of
the datasets, corresponding with calculated Q values of

Figure 5. A plot of the PMF2-predicted number concentrations vs. the measured concentrations for all of the sites. The five sites were analyzed
independently. Only particle sizes �300 nm were used in the model. (a) R1; (b) R2; (c) R3; (d) R4; (e) Main Street.
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15,178; 18,343; 27,258; 10,707; and 18,814 and theoreti-
cal values of 15,525; 18,360; 26,023; 9171; and 19,494 for
R1, R2, R3, R4, and Main Street sites, respectively. A plot
of the predicted particle number concentrations versus
the measured concentrations is provided in Figure 5.

RESULTS AND DISCUSSION
Seven factors were resolved in this analysis, of which four
factors were common to all five of the sites. The factors were
generally characterized by the existence of two or more
number and surface area modes. The surface area and vol-
ume distributions were estimated by assuming spherical par-
ticles. Because particles �300 nm in diameter were generally
below the detection limits, those sources that would usually
exhibit number modes �300 nm were not well resolved in
the analysis. Tables 3–5 show the Pearson’s product mo-
ment correlation coefficients between all of the resolved
factors and the size distributions of the observed events/
activities. This approach provides a practical way of directly
comparing the predicted size distributions with the ob-
served distributions. The average contributions resolved in
this analysis are shown in Table 6.

Factor 1
This factor displays two number modes, with the smaller
mode falling below the 5.6 nm detection limit of the EEPS

(Figure 6). The larger mode falls between 30 and 50 nm at
all sites. This factor was found to be highly correlated with
emissions from passing and idling buses and trucks (Table
3 and Figure 4, a–c) and is thought to represent fresh
tailpipe diesel exhaust particles. Average contributions
were highest at R1, probably because of high levels of
emissions from the idling diesel trucks at the Peace Bridge
(Table 6). The lowest average contribution was observed
at R4. Concentrations decreased approximately exponen-
tially from R1 to R4 in a similar fashion as reported by Zhu
et al.16 R1 concentrations were �2.4 times higher than
the closest site, R2, and �11.4 times higher than R4 (Fig-
ure 7). Because previous studies on diesel emissions have
typically relied on particles �10 nm in diameter, only the
larger mode has generally been reported. Kittelson32 and
Kittelson et al.33 indicate that a single nuclei mode from
diesel exhaust particles exists between the broad range of
5–50 nm. The present study suggests that there may be at
least two modes in this size range.

Factor 2
The number profiles for factor 2 is bimodal over the size
range considered in this study. These size distribution
profiles are similar to those reported by Kittelson et
al.20,33 and Kittelson32 for diesel particles. The nuclei
mode is �10 nm, whereas the accumulation mode is at

Table 3. Pearson’s product moment correlation coefficients between the predicted profiles and all of the observed events listed in Table 2.

Event ID

Factor 1 Factor 2

R1 R2 R3 R4 Main Street R1 R2 R3 R4 Main Street

S1 0.01 �0.12 0.01 �0.08 �0.04 0.56 0.33 0.36 0.23 0.58
S2 0.30 0.07 0.27 0.09 0.23 0.84a 0.65 0.68 0.58 0.84a

S3 �0.40 �0.30 �0.21 �0.27 �0.37 �0.38 �0.03 �0.26 �0.17 �0.42
S4 0.47 0.16 0.39 0.16 0.39 0.97a 0.80a 0.85a 0.78a 0.97a

S5 �0.43 �0.36 �0.27 �0.33 �0.42 �0.25 0.03 �0.11 �0.09 �0.31
S6 �0.36 �0.29 �0.19 �0.28 �0.34 �0.28 0.08 �0.07 �0.01 �0.35
S7 �0.01 �0.11 0.12 �0.10 �0.03 0.27 0.56 0.42 0.46 0.18
S8 0.83a 0.72a 0.89a 0.72a 0.82a 0.44 0.64 0.51 0.60 0.36
S9 0.63 0.38 0.58 0.38 0.57 0.88a 0.75a 0.76a 0.71a 0.86a

S10 0.55 0.27 0.50 0.27 0.48 0.93a 0.80a 0.81a 0.76a 0.92a

S11 0.51 0.49 0.63 0.49 0.51 0.23 0.47 0.35 0.41 0.13
S12 0.97a 0.85a 0.97a 0.83a 0.96a 0.48 0.58 0.51 0.59 0.42
S13 �0.29 �0.35 �0.12 �0.32 �0.30 0.14 0.35 0.15 0.18 0.11
S14 0.51 0.50 0.64 0.51 0.51 0.18 0.45 0.28 0.36 0.09
S15 0.03 �0.20 0.12 �0.20 �0.02 0.60 0.79a 0.66 0.69 0.55
S16 0.89a 0.83a 0.95a 0.83a 0.89a 0.30 0.50 0.36 0.47 0.22
S17 0.19 �0.03 0.28 �0.02 0.14 0.64 0.79 0.65 0.67 0.59
S18 0.66 0.42 0.68 0.42 0.61 0.80a 0.86a 0.80a 0.81a 0.75a

S19 �0.15 �0.18 �0.07 �0.13 �0.16 0.23 0.12 0.04 �0.03 0.26
S20 0.87a 0.63a 0.80a 0.62 0.81a 0.78a 0.73a 0.72a 0.74a 0.75a

S21 0.94a 0.92a 0.98a 0.91a 0.95a 0.22 0.38 0.27 0.38 0.15
S22 0.99a 0.92a 0.98a 0.91a 0.98a 0.36 0.44 0.38 0.46 0.30
S23 0.30 0.08 0.25 0.10 0.23 0.78a 0.53a 0.57 0.46 0.80a

S24 0.98a 0.93a 0.99a 0.93a 0.97a 0.33 0.41 0.33 0.40 0.28
S25 0.64 0.44 0.64 0.45 0.59 0.76 0.68a 0.63 0.61 0.74a

S26 1.00a 0.91a 0.97a 0.89a 0.98a 0.42 0.46 0.41 0.48 0.37
S27 �0.06 0.02 0.10 0.03 �0.04 �0.20 0.14 0.01 0.08 �0.29
S28 0.83a 0.60a 0.79a 0.59 0.77a 0.80a 0.75a 0.73a 0.73a 0.76a

S29 1.00a 0.94a 0.99a 0.93a 0.99a 0.34 0.40 0.34 0.42 0.29
S30 0.34 0.06 0.27 0.06 0.26 0.93a 0.70a 0.77a 0.67 0.94a

Notes: aCoefficients �0.70.
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�50–70 nm (Figure 6). This factor is believed to repre-
sent local/moving diesel traffic emissions. The observed
distributions are comparable with those given in Figure
4, d–f.

Figure 8 shows more frequent spikes at R1 because of
the expected influence of the Peace Bridge, whereas the
spikes seen at R3 and Main Street occur at times when the
events listed in Table 2 were observed. For instance, the
sharp spike at R3 occurs at 2:55:03 p.m. corresponding
with event S2 (Table 2). At the time of measurements at
R1, R2, R3, and R4, the Peace Bridge was continuously
congested with idling trucks, and relatively strong winds
consistently blew from the southwest (Figure 2). The
number concentrations can be seen to significantly de-
crease away from the Peace Bridge (a factor of �1.3 from
R1 to R2, and 2.8 from R1 to R3; Figure 7). The average
contributions at R3, R4, and Main Street were approxi-
mately equal at �5200 particles cm�3.

Factor 3
The size distribution for this factor is bimodal with number
modes at �15–30 nm and 100–130 nm. Although the
shapes of the number distributions for this factor are com-
parable to factor 2 (i.e., bimodal with a sharp nuclei peak),
the correlations between this factor and most of the source

events are generally poor, whereas factor 2 was highly cor-
related (Tables 3 and 4). Also, because the size modes are
observed at bigger particle sizes than seen in factors 1 and 2,
it is evident that this factor represents a different category of
diesel particles. This factor may, thus, represent aged diesel
particles that have evolved to slightly larger sizes through
coagulation and condensation on pre-existing particles. The
size distribution is comparable to that reported by Jamriska
et al.53 from their studies in Brisbane, Australia. The average
contribution at R1 (24,000 particles cm�3) is �5.1 times
higher than that at R2 and �6.8 times higher than that at
R3, whereas the average contributions at R3, R4, and Main
Street are approximately equal at �3500 particles cm�3.

Factor 4
This factor probably represents spark-ignition gasoline
emissions from highway/on-road traffic. Its size distribu-
tion is similar to that obtained from measurements made
near an intersection of major traffic routes in Rochester.47

With the exception of the Main Street site, of which the
location was least likely affected by dispersed emissions
from the Peace Bridge and, thus, potentially more
influenced by local urban traffic emissions, the size mode
increases with distance along the approximate dispersion
center line of Peace Bridge emissions (number modes at

Table 4. Pearson’s product moment correlations continued.

Event
Identification

Factor 3 Factor 4

R1 R2 R3 R4 Main Street R1 R2 R3 R4 Main Street

S1 0.95a 0.87a 0.93a 0.74a 0.74a 0.39 0.33 �0.20 �0.36 �0.24
S2 0.86a 0.60 0.73a 0.41 0.41 0.09 0.06 �0.31 �0.46 �0.29
S3 �0.22 0.02 0.12 0.42 0.33 0.74a 0.84a 0.92a 0.81a 0.90a

S4 0.69 0.31 0.45 0.03 0.05 �0.24 �0.27 �0.49 �0.58 �0.43
S5 �0.16 0.03 0.10 0.35 0.24 0.59 0.71a 0.94a 0.84a 0.94a

S6 �0.37 �0.21 �0.12 0.14 0.03 0.48 0.61 0.98a 0.90a 0.99a

S7 �0.04 �0.11 0.07 0.10 0.00 0.33 0.45 0.74a 0.61 0.78a

S8 �0.04 �0.29 �0.11 �0.23 �0.23 �0.07 �0.03 0.06 �0.04 0.13
S9 0.66 0.30 0.45 0.08 0.12 �0.15 �0.18 �0.45 �0.57 �0.40
S10 0.67 0.30 0.46 0.07 0.10 �0.15 �0.18 �0.45 �0.56 �0.40
S11 �0.04 �0.11 0.02 0.06 0.02 0.26 0.32 0.47 0.36 0.49
S12 �0.02 �0.32 �0.18 �0.37 �0.32 �0.29 �0.29 �0.28 �0.33 �0.21
S13 0.31 0.40 0.56 0.64 0.57 0.76a 0.82a 0.64 0.46 0.62
S14 �0.07 �0.13 0.03 0.07 0.04 0.30 0.38 0.48 0.34 0.51
S15 0.36 0.19 0.40 0.27 0.21 0.35 0.41 0.41 0.26 0.43
S16 �0.12 �0.32 �0.17 �0.24 �0.21 �0.06 �0.03 0.01 �0.07 0.07
S17 0.45 0.27 0.48 0.33 0.28 0.36 0.41 0.29 0.11 0.32
S18 0.38 0.03 0.23 �0.05 �0.05 �0.08 �0.06 �0.10 �0.23 �0.03
S19 0.81a 0.89a 0.96a 0.93a 0.93a 0.72a 0.66 0.02 �0.17 �0.04
S20 0.32 �0.08 0.06 �0.29 �0.23 �0.39 �0.41 �0.52 �0.58 �0.45
S21 �0.18 �0.38 �0.26 �0.32 �0.28 �0.16 �0.14 �0.10 �0.15 �0.04
S22 �0.09 �0.35 �0.25 �0.40 �0.35 �0.33 �0.33 �0.29 �0.31 �0.22
S23 0.92a 0.68 0.78a 0.45 0.49 0.09 0.02 �0.50 �0.64 �0.49
S24 �0.04 �0.27 �0.16 �0.30 �0.24 �0.22 �0.22 �0.26 �0.32 �0.20
S25 0.67 0.38 0.54 0.24 0.29 0.06 0.02 �0.38 �0.53 �0.35
S26 �0.01 �0.30 �0.19 �0.39 �0.32 �0.35 �0.36 �0.41 �0.44 �0.34
S27 �0.31 �0.18 �0.10 0.14 0.05 0.47 0.57 0.92a 0.84a 0.90a

S28 0.41 0.04 0.20 �0.13 �0.09 �0.25 �0.26 �0.43 �0.53 �0.36
S29 �0.06 �0.31 �0.21 �0.37 �0.30 �0.31 �0.31 �0.34 �0.38 �0.28
S30 0.82a 0.49 0.61 0.21 0.23 �0.13 �0.16 �0.47 �0.58 �0.43

Notes: aCoefficients �0.70.
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�30, 35, 55, and 70 nm at R1, R2, R3, and R4, respectively;
Figure 6). The observed increase in particle size with dis-
tance from the bridge is consistent with previous obser-
vations near major freeways consisting of a high percent-
age of spark-ignition vehicles.15,17,54 The time series for
this factor (Figure 8) suggests relatively steady traffic at R3
and R4 over the period considered, as would be expected
from spark-ignition traffic. It should be noted that the
average contribution at R2 is lower than at R3 potentially
because of the influence of the major road (Route 266)
that runs southeast/northwest upwind of site R3. Also, the
average contribution at R1 is comparable to that at R3

(12,000 vs. 10,200 particles cm�3, respectively), but is
much higher than at R4 (2100 particles cm�3) or Main
Street (1070 particles cm�3; Table 6). Ristovski et al.55

reported bimodal size distributions from spark-ignition
vehicles with average values of the count median diame-
ter (CMD) ranging from 39.1 to 60.2 nm within the range
measured by the SMPS used.

Factor 5
This factor is thought to represent background urban
emissions, presumably from traffic-related sources. This
factor was not resolved at R1, which suggests a stronger

Table 5. Pearson’s product moment correlations continued.

Event
Identification

Factor 5 Factor 6 Factor 7

R2 R3 Main Street R1 R4 R1 R2 Main Street

S1 �0.21 �0.21 �0.13 �0.34 �0.32 �0.59 �0.31 �0.47
S2 �0.34 �0.32 �0.22 �0.37 �0.42 �0.61 �0.48 �0.52
S3 0.92a 0.93a 0.97a 0.62 0.78a �0.05 0.26 0.10
S4 �0.53 �0.49 �0.40 �0.45 �0.56 �0.51 �0.56 �0.50
S5 0.91a 0.93a 0.97a 0.74a 0.82a 0.01 0.29 0.15
S6 0.95a 0.97a 0.99a 0.80a 0.88a 0.12 0.31 0.25
S7 0.67 0.72a 0.80a 0.58 0.59 �0.17 �0.03 �0.03
S8 �0.01 0.05 0.15 0.02 �0.05 �0.40 �0.44 �0.31
S9 �0.50 �0.46 �0.35 �0.44 �0.54 �0.60 �0.58 �0.55
S10 �0.49 �0.45 �0.35 �0.46 �0.54 �0.58 �0.59 �0.54
S11 0.42 0.46 0.52 0.38 0.36 �0.26 �0.24 �0.07
S12 �0.34 �0.29 �0.21 �0.24 �0.35 �0.38 �0.51 �0.34
S13 0.63 0.66 0.73 0.30 0.46 �0.37 �0.03 �0.20
S14 0.42 0.46 0.56 0.33 0.33 �0.35 �0.24 �0.18
S15 0.37 0.42 0.49 0.22 0.27 �0.35 �0.24 �0.21
S16 �0.05 0.00 0.09 �0.03 �0.09 �0.39 �0.42 �0.31
S17 0.24 0.29 0.40 0.08 0.12 �0.50 �0.34 �0.35
S18 �0.17 �0.11 0.00 �0.14 �0.22 �0.51 �0.53 �0.42
S19 0.04 0.03 0.11 �0.26 �0.13 �0.61 �0.16 �0.46
S20 �0.58 �0.53 �0.45 �0.45 �0.58 �0.46 �0.61 �0.46
S21 �0.15 �0.11 �0.03 �0.09 �0.17 �0.34 �0.41 �0.28
S22 �0.34 �0.30 �0.23 �0.21 �0.33 �0.31 �0.47 �0.28
S23 �0.52 �0.50 �0.41 �0.57 �0.60 �0.65 �0.48 �0.59
S24 �0.31 �0.28 �0.19 �0.24 �0.33 �0.40 �0.49 �0.35
S25 �0.42 �0.38 �0.27 �0.47 �0.51 �0.69 �0.57 �0.59
S26 �0.46 �0.42 �0.35 �0.34 �0.46 �0.37 �0.51 �0.36
S27 0.88a 0.90a 0.92a 0.78a 0.83a 0.06 0.16 0.25
S28 �0.49 �0.44 �0.34 �0.41 �0.52 �0.55 �0.61 �0.51
S29 �0.39 �0.36 �0.28 �0.29 �0.40 �0.36 �0.49 �0.34
S30 �0.51 �0.48 �0.39 �0.46 �0.55 �0.55 �0.52 �0.51

Notes: aCoefficients �0.70.

Table 6. Average source contributions (cm�3) from all of the resolved factors.

Resolved Factor R1 R2 R3 R4 Main Street

Fresh tailpipe diesel exhaust (factor 1) 21450 (25.5) 8910 (19.6) 8084 (21.2) 1887 (9.8) 3812 (15.4)
Local/street diesel traffic (factor 2) 16195 (19.3) 12094 (26.6) 5789 (15.2) 5227 (27.1) 5250 (21.2)
Aged/processed diesel particles (factor 3) 24287 (28.9) 4718 (10.4) 3549 (9.3) 3526 (18.3) 3844 (15.5)
Spark-ignition gasoline emissions (factor 4) 12053 (14.3) 6475 (14.2) 10207 (26.7) 2106 (10.9) 1075 (4.3)
Urban background emissions (factor 5) 13097 (28.8) 10583 (27.7) 9760 (39.5)
Heavy-duty diesel agglomerates (factor 6) 9173 (10.9) 6530 (33.9)
Secondary/transported material (factor 7) 845 (1.0) 159 (0.3) 995 (4.0)

Notes: Numbers in parentheses are the percentage contributions at each site (calculated with respect to all the resolved sources at that site).
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influence of non-Peace Bridge emissions, because the sites
R2, R3, and Main Street were also characterized by mod-
erate local urban emissions. The major mode is at 50 nm,
and the size distribution is comparable to the average
distribution observed upwind (Figure 3), suggesting that
this factor may also include distant contributions from
sources situated in the Canadian side of Lake Erie, because
there were no major local emission contributions upwind.
Also, the resolved average number contributions at R2,
R3, and Main Street (13,100; 10,500; and 9760 particles
cm�3, respectively) are comparable to the June 24 value
measured upwind (10,200 particles cm�3). As in Factor 4,

Figure 8 suggests relatively steady traffic at R3 over the
period considered. Factor 5, as assigned, was not resolved
at R4 probably because of very low traffic counts at the
time of these measurements.

Factor 6
This factor is thought to represent the size distribution of
diesel agglomerates emitted from a heavy-duty diesel en-
gine. This observation is illustrated by the high Pearson’s
correlation coefficients between the size distributions for
this factor and “source events” related to heavy-duty die-
sel traffic (Table 5). The major number mode is at 70 nm

Figure 6. PMF2-resolved number profiles. Four factors were common to all of the five datasets, with R1 generally producing smaller modes
for primary Peace Bridge emissions. (a) Factor 1; (b) factor 2; (c) factor 3; (d) factor 4; (e) factor 5; (f) factor 6; (g) factor 7.
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(Figure 6), with the surface area peaking at �100 nm. A
similar size distribution has been reported by Burtscher56

from measurements made on an engine test bench
equipped with a partial flow dilution system. Morawska et
al.57 have reported average CMDs of 63, 67, and 68 nm
from various types of diesel buses operating at idle, inter-
mediate, and rated (i.e., maximum) power, respectively.
The existence of a size peak at between 15 and 20 nm,
observed at R1 (the source site), but not R4 (the distant
site), is dependent on proximity to the combustion
sources, as well as on the amount of sulfur in the fuel.58

This peak does not show up in the surface area or volume
distribution. The major number mode was higher at R1

than at R4, suggesting a strong influence of bridge emis-
sions on this factor. R1 contributions were also relatively
higher (Figure 7).

Factor 7
This factor consists mainly of accumulation and nuclei
mode particles (Figure 6), and is thought to represent a
mixture of locally formed and transported secondary ma-
terial. The nuclei mode particles observed in this factor
are believed to have resulted from atmospheric processing
of local emissions. Secondary material was only resolved
at R1, R2, and Main Street probably because of the high
amount of tailpipe diesel emissions at these sites of which

Figure 7. Average source contributions from all of the resolved factors. Error bars indicate standard deviations. (a) Factor 1; (b) factor 2; (c)
factor 3; (d) factor 4; (e) factor 5; (f) factor 6; (g) factor 7.
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the gaseous constituents may have been involved in sec-
ondary aerosol formation through nucleation and other
processes at these locations. This factor was generally
negatively correlated with the observed source events
(Table 5) and contributed the lowest average number
concentrations (Table 6 and Figure 7). Secondary diesel
particles are formed during cooling in the exhaust and
sampling lines.56 Because the measurements at the five
locations were made at different times and days, it is
also possible that this factor represents transported ma-
terial in the accumulation mode size range. It was not
possible to confirm the influence of particle transport
on this factor because of the short sampling period and
high time resolution considered. Furthermore, it is rec-
ognized that secondary aerosol would be expected to be
advected into the sampling area and, thus, would be
expected to be uniform across the region of interest.
However, in an area heavily influenced by local emis-
sions, it is understandable that the model may some-
times not resolve a unique secondary material factor,
particularly if its contribution is comparatively very
low.

CONCLUSIONS
The present study has shown the utility of highly time-
resolved particle size measurements for studying motor
vehicle emissions. The highly time-resolved data have

enabled size distinction between fresh versus aged vehicle
exhaust and spark-ignition versus diesel emissions. A
summary of the average number contributions predicted
from this study has been presented.

As expected, the resolved diesel contributions are ob-
served to be highest closest to the Peace Bridge. The mag-
nitude of the particle number contributions closest to the
Peace Bridge (i.e., site R1) may now be lower than the re-
ported values, because the toll plaza at the PBC has been
moved to the Canadian side of the United States–Canada
border. Finally, it is shown that the major number mode for
fresh tailpipe diesel exhaust appears to exist below the de-
tection limit of the EEPS spectrometer and, therefore, can-
not be measured at the present instrument specifications.
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