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Roadside Measurements of Ultrafine Particles at a Busy
Urban Intersection

Yungang Wang, Yifang Zhu, Robert Salinas, David Ramirez, Saritha Karnae,
and Kuruvilla John
Department of Environmental Engineering, Texas A&M University–Kingsville, Kingsville, TX

ABSTRACT
A field sampling campaign on ultrafine particles (UFPs,
diameter �100 nm) was conducted at a busy traffic
intersection from December 2006 to June 2007 in Cor-
pus Christi, TX. This traffic intersection consisted of
South Padre Island Drive (SPID, Highway 358) and Sta-
ples Street. Traffic densities on SPID were 9102/hr and
7880/hr for weekdays and weekends, respectively. Sta-
ples Street traffic densities were 2795/hr and 2572/hr,
respectively. There were approximately 3.7% heavy-
duty diesel vehicles (HDDVs) on both roadways. Peak
traffic flows occurred early in the morning and late in
the evening during weekdays and around noon on
weekends. The average UFP total number concentration
collected by a condensation particle counter (CPC
3785; TSI) was 66 � 103 cm�3. A direct relationship
between the UFP number concentration and traffic den-
sity was observed, but the HDDV traffic density was
found to be a better estimator of the UFP number con-
centration than total traffic density. A scanning mobil-
ity particle sizer (SMPS 3936 with DMA 3081 and CPC
3785, TSI) measuring the particle size distribution from
7 to 290 nm was rotated among four corners of the
intersection. The upwind and downwind size distribu-
tions were both bimodal in shape, exhibiting a nucle-
ation mode at 10–30 nm and a secondary mode at
50–70 nm. The highest and lowest particle concentra-
tions were observed on the downwind and upwind
sides of both roadways, respectively, indicating the im-
portance of wind direction. Wind speed also played an
important role in overall particle concentrations; UFP
concentrations were inversely proportional to wind
speed. A negative correlation was observed between

particle number concentrations and ambient tempera-
ture. The particle number concentration was 3.5 times
greater when traffic was idling at a red light than mov-
ing at a green light.

INTRODUCTION
It has been recognized worldwide that adverse health
effects due to particulate matter (PM) are significant.1,2

A large number of epidemiological and toxicological
studies have identified PM as an important risk factor
for the development and exacerbations of cardiovascu-
lar disease (c.f., ref 3). Although it is unlikely that the
physically and chemically diverse forms of inhalable
ambient PM have similar toxicity, it is unclear how
specific size ranges, chemical species, and/or sources of
PM impact the observed adverse health effects. Ultra-
fine particles (UFPs, diameter �100 nm) can penetrate
deeply into the human lungs and deposit within the
alveoli to mediate lung injury.4 Health effects appear to
be more strongly, or as strongly, associated with UFP
number concentration than with fine particulate mat-
ter (PM2.5) mass concentration.5 UFPs have been sug-
gested to be more toxic and biologically active than
larger inhalable particles.6

Vehicular emissions are the major contributors to
UFPs in urban environments.7 In Finland, Kerminen et
al.8 showed that traffic emissions may be a dominant
source of UFPs under suitable meteorological condi-
tions. In the Netherlands, Weijers et al.9 found that the
UFP number concentration increased with increasing
traffic intensity. The highest concentrations were found
on motorways, road crossings, and inside tunnels. In
the United States, Zhu et al.10 found that the wind
speed was an important factor in determining the char-
acteristic of UFP concentration near freeways; in partic-
ular, the stronger the wind, the lower the particle num-
ber concentrations. The UFP number concentration was
shown to be directly related to traffic density and de-
creased significantly during a traffic slowdown on the
I-405 freeway in Los Angeles.11

Data from recent measurements of UFP number
concentration obtained at different locations world-
wide are summarized in Table 1. Number concentra-
tions of UFPs were the lowest in coastal and suburban
surroundings. Higher number concentrations were
found in residential areas near the beach and along

IMPLICATIONS
Although many epidemiological and toxicological studies
have demonstrated that UFPs are more toxic and more
biologically active than larger particles on a unit mass basis,
little is known about UFP number concentration and size
distribution at urban intersections when a roadway network
is present. The study presented here, conducted at a four-
way traffic intersection, shows that within 20 m from both
roadways, UFP concentrations were affected by wind di-
rection, wind speed, ambient temperature, and traffic.
HDDV density was found to estimate the UFP number
concentration better than total traffic density.
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rural freeways than at the corresponding background
sites. At the urban background, the number concentra-
tions of particles with diameters from 10 to 700 nm
ranged from 9 � 103 cm�3 to 20 � 103 cm�3.

For the urban atmosphere, it is important to em-
phasize the importance of particles in the lower size
limits, because the number of particles is normally
higher in the lower end of the particle size range.15

Results from an urban street canyon located in Copen-
hagen, Denmark from May to November 2001, showed
a mean UFP number concentration of 21 � 103 cm�3.17

The particle number concentration in the size range
from 6 to 220 nm was found to be (130–350) � 103

cm�3 in the vicinity of two major Los Angeles free-
ways.10,11 Measurements conducted in winter at two
distances near a major road in Helsinki, Finland,
showed a particle number concentration of (50–650) �
103 cm�3 in the size range from 30 to 1020 nm.8 A
study conducted at a busy central urban intersection in
Australia showed that the average particle concentra-
tion ranged between 0.8 � 103 cm�3 and 260 � 103

cm�3 in the size range of 9–407 nm.26

Despite these near-roadway UFP studies, the relation-
ships among traffic density, meteorological parameters,
and UFP number concentration and size distribution at
urban intersections are still not well understood. In addi-
tion, most of the earlier studies were conducted in
metropolitan areas focusing on a single roadway. The

interaction between roadways, with respect to UFP
number concentration, in medium-size cities (population
�1 million) has not been well investigated yet. The aim of
this study is to characterize UFP number concentration
and size distribution in relation to traffic density and
meteorological parameters at a busy traffic intersection in
a medium-size city in south Texas.

EXPERIMENTAL PROCEDURES
Description of the Sampling Sites

Measurements were conducted at a traffic intersection
between South Padre Island Drive (SPID) and Staples
Street in the city of Corpus Christi, TX, for a total of 7
days from December 12, 2006 to June 2, 2007. Corpus
Christi is a coastal city in Texas with a total area of 1192
km2 and a population of 277,454.27

SPID runs east and west close to the sampling site
(20 m) and is parallel to the shoreline of Corpus Christi
Bay (Figure 1). SPID has six lanes, three north bound
and three south bound. Staples Street, running perpen-
dicular to SPID, is a major local street with seven lanes,
three west bound and four east bound. It is 5 m from
the sampling site.

Sampling Procedures and Instrumentation
Meteorological data, including ambient temperature,
relative humidity (RH), wind speed, and wind direc-
tion were measured at a nearby weather station (Holly

Table 1. Summary of the results from recent studies focused on UFP measurements at various locations worldwide.

Type of Measurement Site Location
Traffic Density

(hr�1)
Size Range

(nm)
Concentration
(�103 cm�3) Reference

Rural background Pennsylvania, United States N/A 10–500 8.4 12
Rural freeway side California, United States 6,330 6–237 3–72 13
Coastal and rural background Noord-Holland, Netherlands N/A 7–7,500 5 9
Suburban Paris, France 800–10,500 7–3,000 4 14
Suburban road side Gothenburg, Sweden 542–834 10–368 2 15
Beach residential California, United States N/A 7–1,000 26 16
Urban background Copenhagen, Denmark N/A 10–700 9 17
Urban background Lahti, Finland 1,042–1,209 10–300 10 18
Urban background California, United States N/A 17–100 13 19
Urban background Pennsylvania, United States N/A 10–500 16.5 12
Urban background Helsinki, Finland N/A 10–500 18 20
Urban background Alkmaar, Netherlands N/A 10–500 20 20
Urban background Erfurt, Germany N/A 10–500 20 20
Street canyon Brisbane, Australia N/A 16–626 10–20 21
Street canyon Tingalpa and Murrarie, Australia 2,130–3,400 15–697 20–80 22
Street canyon Copenhagen, Denmark N/A 10–700 21 17
Street canyon Birmingham, United Kingdom 1,250–6,667 3–7 to 400 30–100 23
Street canyon Lahti, Finland 1,042–1,209 6–300 40 18
Street canyon Paris, France 800–10,500 7–3,000 220 14
Urban freeway side Brisbane, Australia 4,000–5,917 16–700 5.9–8.8 24
Urban freeway side Minnesota, United States N/A 3–1,000 38 25
Urban road side Helsinki, Finland 300–3,000 30–1,020 50–650 8
Urban freeway side California, United States 12,180–13,900 6–220 130–350 10, 11
Urban freeway California, United States N/A 7–1,000 190 16
Motorway ring Amsterdam, Netherlands N/A 7–7,500 160 9
Traffic congestions Nijmegen, Netherlands N/A 7–7,500 600 9
Urban intersection Brisbane, Australia 200–1,920 9–407 0.8–260 26
Urban intersection Texas, United States 11,175 6–220 66 This study

Notes: N/A � not applicable.
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Road C660, Corpus Christi, TX, U.S. Environmental
Protection Agency [EPA] site no. 48-355-0660),
3 m above ground level and approximately 1.5 km
southwest of the sampling traffic intersection. The
traffic density on both SPID and Staples Street, defined
as the number of passing vehicles per hour, was
counted manually throughout the study. Traffic count-
ing captured all of the lanes of SPID and Staples
Street. Three-minute traffic count samples were ran-
domly collected in each 15-min interval, and four sam-
ples in 1 hr were merged together and converted into
hourly average data. Heavy-duty diesel vehicles (HDDVs)
and light-duty gasoline vehicles (LDGVs) were counted
separately.

Particle number concentration and size distribu-
tion in the size range from 6 to 220 nm were measured
by one condensation particle counter (CPC 3785; TSI
Inc.) and a scanning mobility particle sizer (SMPS 3936

with differential mobility analyzer [DMA] 3081 and
CPC 3785, TSI Inc.), respectively. Data reduction and
analysis of the SMPS output were done with the Aerosol
Instrument Manager software (version 7.3.0, TSI Inc.).
Measurements were taken at four corners of the traffic
intersection (Figure 1). The CPC was located at the
southeastern corner (fixed sampling site) throughout
the measurements. The SMPS was moved around all
corners of the intersection (mobile sampling loca-
tions) to measure UFP number size distribution. At
each corner, not less than 10 size distributions were
taken in sequence with the SMPS using a 100-sec up-
scan and 20-sec retrace. Before each measurement ses-
sion, all instruments were time synchronized. Measure-
ments taken during the 7 sampling days (Table 2, five
weekdays and two weekends) ranged from 7:00 a.m. to
6:00 p.m., capturing the morning and afternoon rush
hours.

Figure 1. Sampling sites near SPID and Staples Street in Corpus Christi, TX.

Table 2. Summary of sampling dates, times, and hourly average meteorological parameters.

Parameters

Tuesday,
December 12,

2006

Wednesday,
January 10,

2007

Friday,
January 12,

2007

Saturday,
February 3,

2007

Tuesday,
May 15,

2007

Wednesday,
May 16,

2007

Saturday,
June 2,

2007

Time 8:30 a.m. to
6:00 p.m.

8:30 a.m. to
5:30 p.m.

8:30 a.m. to
6:00 p.m.

7:00 a.m. to
6:00 p.m.

7:00 a.m. to
6:30 p.m.

7:00 a.m. to
6:30 p.m.

7:00 a.m. to
6:00 p.m.

Wind direction (degrees
to the north)

289 (�10) 90 (�28) 130 (�8) 27 (�12) 137 (�31) 110 (�133) 115 (�11)

Wind speed (m/sec) 2.11 (� 0.93) 2.34 (�0.59) 3.55 (�0.76) 2.96 (�0.69) 2.64 (�0.65) 2.37 (�0.84) 2.52 (�0.32)
Temperature (°C) 22.7 (� 2.3) 19.0(�2.3) 23.0 (�0.9) 10.5 (�1.7) 28.0 (�1.4) 28.5 (�2.2) 29.1 (�0.9)
RH (%) 49 70 77 68 64 55 67

Notes: Numbers in the parentheses represent 1 SD.
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RESULTS AND DISCUSSION
Effects of Meteorological Conditions on UFP
Number Concentration and Size Distribution

Hourly average meteorological data on each sampling
day, including ambient temperature, RH, wind direc-
tion, and wind speed are reported in Table 2. The par-
ticle number concentration and size distribution data
were averaged at 1-hr intervals in synchronization with
the meteorological data. An inversion layer often
formed at night and became stronger in the morning.
The wind speeds decreased from 5.8 m/sec during the
day to 2.5 m/sec at night. Both result in air stagnation,
which has been shown to weaken the dispersion of
UFPs and cause high UFP number concentrations in the
morning.28 To reduce these meteorological influences,
we only adopted the particle number concentration
data from 9:00 a.m. to 6:00 p.m. in the following anal-
ysis. During this time period, the traffic density was
fairly stable, ranging from 10,045 vehicles/hr to 14,885
vehicles/hr as discussed later in the traffic effect section
(Figure 6).

Wind Direction Effect on UFP Number
Concentration and Size Distribution

The wind direction played a major role on the particle
number concentration.29 The relationship between
wind direction and particle number concentration
(data from the control CPC) is shown in Figure 2. The
average wind speed and ambient temperature, with 1
standard deviation (SD), are listed for each wind direc-
tion. The RH was stable during the measurements,
which is also given in the figure. Under these similar
weather conditions, we can minimize the variation of
wind speed and ambient temperature to deduce a more
accurate relationship between the UFP number concen-
tration and wind direction.

Particle number concentration at the downwind
side of both roadways was the highest (51,019 � 10,988

cm�3). The second highest particle number concentra-
tion (27,945 � 22,004 cm�3) was observed when the
CPC was at the downwind side of one roadway and the
upwind side of the other. It is not surprising that when
the CPC was at the upwind side of both roadways, the
lowest particle number concentration (15,681 � 12,706
cm�3) was observed. Particle number concentration at
the downwind side of both roadways was 1.8 and 3.3
times as much as at the downwind side of just one
roadway and at the upwind side of both roadways,
respectively.

Figure 3 shows the average UFP size distribution
data collected at four corners of the intersection; that is,
the upwind side of both SPID and Staples Street, down-
wind side of both SPID and Staples Street, the down-
wind side of SPID and the upwind side of Staples Street,
and the upwind side of Staples Street and the down-
wind side of SPID. The SMPS was located approximately
20 and 5 m away from SPID and Staples Street at each
corner, respectively. Again, the concentration at the
downwind side of both roadways was the highest
among the four different locations. UFP number size
distribution at the upwind side of both roadways was
broader, smoother, and also the lowest among the four
locations, although the mobile sampling site was very
close to the roadside.

Overall, the particle size distribution showed a rel-
atively stable mode for all four curves. The upwind and
downwind distributions were both bimodal, exhibiting
a nucleation mode at 10–30 nm and a secondary mode
at 50–70 nm. The findings showed that the transport of
vehicular-emitted UFPs to the sampling site strongly
depended on wind direction, especially for nucleation
mode particles. The result also clearly showed that SPID
contributed more to the observed UFPs than Staples
Street, even if the sampling site was closer to Staples
Street (5 m) than SPID (20 m).

Wind Speed Effect on UFP Number
Concentration

In this study, we found that the wind speed was impor-
tant in determining the concentration of UFPs at the
urban intersection. The same conclusion was drawn by
Zhu et al.,11 a study conducted near Freeway 405 in Los
Angeles (13,900 vehicles/hr, 93% of the vehicles were
gasoline-powered cars). In Figure 4, particle number
concentrations measured by the control CPC are plot-
ted as a function of wind speed. We selected the CPC
data when at the downwind side of either SPID or
Staples Street, and when the ambient temperature was
in the range of 23.4 � 6.1 °C (average � 1 SD). An
exponential decay line (solid line), equation, and coef-
ficient of determination values are given in the figure.
Data from Zhu et al.,11 collected near Freeway 405 are
also plotted (dashed line) for comparison.

The exponential decay pattern of particle number
concentration as a function of wind speed is similar
between the two studies. The difference between the
absolute value of particle number concentration is due
in part to the difference in the background concentra-
tion, traffic density, and vehicle types. Freeway 405 is a

Figure 2. UFP number concentration at the fixed sampling site
under different wind directions. Error bars represent 1 SD.
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major route in Southern California, with a traffic den-
sity of 13,900 vehicles/hr and approximately 5% of the
vehicles being HDDVs during the sampling period. The
average UFP upwind background concentration (300 m
upwind of the freeway) was 3.5 � 104 cm�3.11 In the
study presented here, traffic density was approximately
12,000 vehicles/hr, with 3.7% HDDVs. The average UFP
upwind background concentration was 1.6 � 104 cm�3

(Figure 3). More measurements with wind speed less
than 1 m/sec are needed to understand the relationship
between particle number concentration and wind speed
under calm wind conditions.

Ambient Temperature Effect on UFP Number
Concentration

To illustrate the ambient temperature effect on particle
number concentration, the control site CPC data were
dichotomized into four ambient temperature groups
and presented in Figure 5. We selected the particle
number concentration data when the CPC was at the
downwind side of either SPID or Staples Street, and the

wind speed was in the range of 2.6 � 0.8 m/sec (aver-
age � 1 SD). The temperature variation experienced
during this study was sufficient to investigate the rela-
tionship between ambient temperatures and observed
UFP number concentrations. Particle number concen-
tration decayed exponentially (solid line) throughout
the measured ambient temperature range. This is in
agreement with a previous study conducted in Los An-
geles, which showed a similar relationship between par-
ticle number concentration and ambient temperature
(dashed line).30 The resulting equations with R2 values
from both studies are also given in the figure.

When the exhaust gases do not achieve the critical
saturation vapor pressure ratios necessary to nucleate
new particles at higher dilution temperature, lower
UFP concentrations would be expected.31 Lower am-
bient temperatures contribute to significantly in-
creased nucleation mode particle formation in vehicle
exhaust sampled on the freeway and in dilution tunnel
experiments.32,33 A study conducted near a suburban-
agricultural freeway in northern California reported sig-
nificant correlations between downwind particle num-
ber concentrations and ambient temperature.13 In a
laboratory dynamometer study, particle number con-
centrations decreased by up to one order of magnitude
when the dilution air temperature increased from 13 to
48 °C.31

Effects of Traffic on UFP Number Concentration
Traffic Density and Composition. Average diurnal traffic
flow patterns on Staples Street and SPID for all sampling
days are provided in Figures 6a and 6b, respectively.
Data were separated between weekdays and weekends.
In Figure 6a, the total traffic density on Staples Street
during the weekdays increased from 2035 vehicles/hr
between 7:00 a.m. and 8:00 a.m. to 2921 vehicles/hr
between 8:00 a.m. and 9:00 a.m., and then decreased to
2401 vehicles/hr around 10:00 a.m. The total traffic
density was relatively constant and gradually reached
the maximum of 3284 vehicles/hr at 6:00 p.m. During

Figure 3. Average UFP size distributions at different locations.
Ambient temperature: 23.2 � 5.8 °C; wind speed: 2.6 � 0.8 m/sec;
RH: 61.7 � 10.6%.

Figure 4. UFP number concentrations at the fixed sampling site as
a function of wind speed. Error bars represent 1 SD.

Figure 5. UFP number concentrations at the fixed sampling
site as a function of ambient temperatures. Error bars represent 1
SD.
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weekends, the traffic density along Staples Street con-
tinued to rise from 833 vehicles/hr at 7:00 a.m. to a
peak value of approximately 3150 vehicles/hr from
11:00 a.m. to 1:00 p.m. and remained relatively stable
at 3000 vehicles/hr until 6:00 p.m. Then a decrease of
the traffic density to 2740 vehicles/hr was observed at
the end of the sampling time.

As shown in Figure 6b, a steady decrease in traffic
along SPID was observed from 7:00 a.m. (10,427 vehi-
cles/hr) to 9:00 a.m. (7080 vehicles/hr). The traffic den-
sity then continued to increase steadily although there
was a slight decrease in the middle of the day between
12:00 p.m. and 1:00 p.m.. The traffic density reached a
peak value of 11,537 vehicles/hr at 6:00 p.m.. Similar to
Staples Street, the total traffic density on SPID during
weekends started to rise steadily from 2510 vehicles at
7:00 a.m. to 9140 vehicles/hr at 12:00 p.m., and then
increased slowly to 9395 vehicles/hr at 6:00 p.m.

Although the traffic patterns along Staples Street
and SPID were similar on weekends, they were quite
different from each other on weekdays. Both of the
traffic patterns along Staples Street and SPID were dis-
tinct between weekdays and weekends. The weekdays’
average hourly total traffic density was higher than that
of the weekends along both Staples Street (2795/hr and
2572/hr for weekdays and weekends) and SPID (9102/hr
and 7880/hr for weekdays and weekends).

The traffic along Staples Street for both weekdays
and weekends was dominated by LDGVs, which made
up of 96.4 and 96.6% of the total traffic, respectively.
The composition of the traffic along SPID was also

dominated by LDGVs, but the total number of HDDVs
traveling on SPID was 2.2 times (weekdays) and 2.3
times (weekends) higher than the corresponding traffic
along Staples Street and accounted for up to 3.7% of the
total vehicle volume.

Diurnal Profile of UFP Number Concentrations on a Weekday
versus a Weekend. Figure 7 shows UFP number concentra-
tion measured by the CPC as a function of time at the
fixed sampling site on the southeast corner of the inter-
section on one weekday (May 15, 2007) and one weekend
(June 2, 2007). Because wind direction and speed, ambi-
ent temperature, and RH all affect UFP formation, trans-
port, and transformation in the atmosphere, we selected
May 15, 2007 and June 2, 2007, with similar meteorolog-
ical conditions, to compare weekday and weekend parti-
cle number concentration diurnal profiles.

In Figure 7a, the UFP number concentration de-
creased by nearly a factor of 5, from 33,622 cm�3 to
7255 cm�3, from early morning to midday. Peak con-
centrations occurred both in the morning and after-
noon rush hours as seen in Figure 6b. The diurnal
variations of the UFP number concentration for the
weekend did not show a similar pattern. In Figure 7b,
less traffic was present in the early morning on week-
ends than on weekdays, resulting in lower particle
number concentration levels during that time period.
The weekend total traffic density on both Staples Street
and SPID increased from 7:00 a.m. to 10:00 a.m. (Figure
6, a and b). This was clearly noticeable in the weekend
UFP number concentrations from 8:00 a.m. to 10:00

Figure 6. Hourly average traffic density on (a) Staples Street and (b) SPID. Error bars represent 1 SD.

Figure 7. Diurnal variations of the mean UFP number concentration at the fixed sampling site on (a) May 15, 2007 (weekday) and (b) on
June 2, 2007 (weekend). Error bars represent 1 SD.
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a.m. Two concentration peaks were observed at 7:00
a.m. and 10:00 a.m. The weekday average hourly UFP
number concentration (15,609 cm�3) was higher than
that of the weekend (9577 cm�3), corresponding to the
traffic density levels discussed above.

It is noted that although the traffic density was not
the highest for both Staples Street and SPID at 7:00
a.m., the UFP number concentration in that hour was
much greater than the other time periods for both
weekdays and weekends. It was even higher than the
concentration of late afternoon when the traffic density
was the greatest. Higher particle number concentra-
tions have been related to lower ambient temperature
and higher RH near two different California free-
ways.13,30 In this study, lower temperature (24.9 °C for
weekdays, 27.5 °C for weekends) and higher RH (73%
for both weekdays and weekends) were observed in the
dawn compared with the daily average data of 28 °C/
29.1 °C and 64%/67% for weekdays and weekends, re-
spectively. Lower ambient temperatures in the early
morning may result in higher particle number concen-
trations of 11,500 cm�3 and 4800 cm�3 than daily
mean on the weekdays and weekends, respectively, on
the basis of the exponential regression equation ob-
tained in this study (Figure 5). In addition, the lower
atmospheric mixing layer in the early morning may
also weaken the dispersion of UFPs and cause high UFP
number concentrations. Moreover, an important source
of UFPs in the afternoon is the secondary formation

through photochemical mechanisms.34 This, in combi-
nation with a higher afternoon mixing layer, often
reduces the apparent effect of afternoon/evening traffic
on UFP number concentration.

Correlation between Particle Number
Concentration and Traffic Density

At the fixed sampling site, when the wind was blowing
from the north, the UFP number concentration was
expected to be mainly influenced by the traffic on SPID.
When the wind direction reversed from north to south-
west, the UFP concentration was more heavily influ-
enced by the traffic on Staples Street. To test the rela-
tionship between the UFP number concentration and
total traffic density and HDDV traffic density, hourly
averaged data from Staples Street and SPID were ana-
lyzed separately (Figure 8). We selected the particle
number concentration data when the ambient temper-
ature was in the range of 23.4 � 6.1 °C (average � 1 SD)
and wind speed was in the range of 2.6 � 0.8 m/sec
(average � 1 SD) to lower the influence by meteorolog-
ical variations.

On Staples Street, the coefficient of determination
when only the contribution of HDDVs was considered
(R2 � 0.38) was higher than that for the total traffic
density (R2 � 0.19; Figure 8, a and b). There are two
possible explanations for this finding. First, there were
various local traffic influences such as changing vehicle
speed on Staples Street because of the traffic lights, and

Figure 8. Correlations between UFP number concentrations and (a) total traffic density on Staples Street, (b) HDDV traffic density on Staples
Street, (c) total traffic density on SPID, and (d) HDDV traffic density on SPID.
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the vehicles traveling on SPID turning right on Staples
Street to become Staples Street traffic flow. Second,
theHDDVs can emit up to 19–24 times more PM2.5 per
unit mass fuel burned than LDGVs,35,36 resulting in
much greater emissions of UFPs by HDDVs than
LDGVs, although the total traffic was dominated by
LDGVs.

During northerly wind periods, the UFP number con-
centration was mainly influenced by the SPID traffic. A
significantly higher correlation was observed between
HDDV traffic density on SPID and UFP number concen-
tration (R2 � 0.63) than total traffic density on SPID (R2 �
0.01; Figure 8, c and d). Thus, the HDDV traffic density on
SPID was found to be a comparatively better indicator to
estimate downwind particle number concentrations at
the intersection.

The Impact of Traffic Lights on UFP Number
Concentration

Figure 9 shows high temporal variation of UFP number
concentrations at the fixed sampling site when the
wind was blowing from southwest and traffic on Staples
Street dominated measured concentrations. The aver-
age UFP number concentration measured when the
light was green (G) was 4758 cm�3, much lower than
the 21,428 cm�3 observed when the light was red
(R). This situation was observed repeatedly throughout
the measurements. The concentration changes between
the red and green traffic lights reflect the effects of
vehicle speed on UFP number concentrations. It has
been reported that UFP exposure peaks among cyclists
were entirely attributable to traffic congestion, waiting
at traffic lights, and traveling directly behind accelerat-
ing vehicles.37 The highest UFP concentrations were
observed when vehicles were idling, accelerating, and
starting from a standing start, such as from a stop-
light.38,39 In this study, greater amounts of UFPs
were observed when traffic was idling at the red lights
than when traffic continued to run during the green
lights.

CONCLUSIONS
In this study, UFP number concentration and size dis-
tribution data collected at a busy urban intersection-
were presented and their relationships with meteoro-
logical parameters and traffic were investigated. The
analysis showed that wind speed and direction had a
significant effect on the UFP number concentration,
especially for nucleation mode (10–30 nm) particles.
The highest and lowest particle concentrations were
observed at the downwind side and the upwind side of
both roadways, respectively. Exponential decay was
found to be a good estimator to predict particle number
concentration at different wind speeds and ambient
temperatures, which is in agreement with previous
studies.

In addition, a clear difference between weekdays
and weekends with respect to the measured traffic den-
sities and UFP number concentration was observed.
Although the fixed sampling site was closer to Staples
Street (5 m) than SPID (20 m), SPID contributed more to
the observed UFP concentrations. There was a stronger
correlation between UFP number concentration and
HDDV traffic density than total traffic density. The UFP
number concentration at red traffic lights (21,428
cm�3) was 3.5 times higher than at green traffic lights
(4758 cm�3).

The results of this study highlight the strong spatial
inhomogeneity of vehicular emitted UFPs and their
strong dependence on the meteorology. Long-term data
collection over complete diurnal and seasonal cycles is
needed to more accurately assess vehicular-emitted UFP
exposures in the future.
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