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Abstract

Motor vehicles are the dominant source of oxides of nitrogen (NOx), particulate matter (PM), and certain air toxics (e.g.,

benzene, 1,3-butadiene) in urban areas. On roadways, motor vehicle-related pollutant concentrations are typically many

times higher than ambient concentrations. Due to high air exchange rates typical of moving vehicles, this makes time spent

in vehicles on roadways a major source of exposure. This paper presents on-road measurements for Los Angeles freeways

and arterial roads taken from a zero-emission electric vehicle outfitted with real-time instruments. The objective was to

characterize air pollutant concentrations on roadways and identify the factors associated with the highest concentrations.

Our analysis demonstrated that on freeways, concentrations of ultrafine particles (UFPs), black carbon, nitric oxide, and

PM-bound polycyclic aromatic hydrocarbons (PM-PAH) are generated primarily by diesel-powered vehicles, despite the

relatively low fraction (�6%) of diesel-powered vehicles on Los Angeles freeways. However, UFP concentrations on

arterial roads appeared to be driven primarily by proximity to gasoline-powered vehicles undergoing hard accelerations.

Concentrations were roughly one-third of those on freeways. By using a multiple regression model for the freeway

measurements, we were able to explain 60–70% of the variability in concentrations of UFP, black carbon, nitric oxide, and

PM-PAH using measures of diesel truck density and hour of day (as an indicator of wind speed). Freeway concentrations

of these pollutants were also well correlated with readily available annual average daily truck counts, potentially allowing

improved population exposure estimates for epidemiology studies. Based on these roadway measurements and average

driving time, it appears that 33–45% of total UFP exposure for Los Angeles residents occurs due to time spent traveling in

vehicles.
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1. Introduction

Motor vehicles are a dominant source of air
pollution in urban areas. In California, motor
vehicles are the primary source of oxides of nitrogen
.
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(NOx), particulate matter o2.5 mm diameter
(PM2.5), carbon monoxide (CO), benzene, poly-
cyclic aromatic hydrocarbons (PAH), and 1,3-
butadiene (CARB, 2006). Exposure to PM is
associated with significantly increased rates of
respiratory and cardiovascular illness, hospitaliza-
tion, and pre-mature mortality (e.g., Dockery, 2001;
Pope et al., 1995, 2002; Samet et al., 2000; Schwartz
et al., 2002; Zanobetti et al., 2003). As recent studies
have indicated, the size of airborne particulate is an
important factor in generating health effects; ultra-
fine particulate (PMo0.1 mm) is associated with
greater toxicity on a per-mass basis than larger
particles (Donaldson et al., 1998; Li et al., 2003; Nel
et al., 2006; Obersdörster, 2001; Xia et al., 2004).

Most studies linking illness or death to particles
use ambient concentrations to estimate exposures,
but actual exposures to motor vehicle emissions are
generally higher than ambient concentrations in-
dicate. One important source of exposure to vehicle-
related pollutants is time spent traveling in vehicles.
Due to the typically high air exchange rates of
moving vehicles, in-vehicle concentrations are typi-
cally close to roadway concentrations. For example,
Rodes et al. (1998) found 15–40 air changes per
hour at 55mph with windows closed and fans set on
‘‘recirculation mode,’’ the lowest air exchange rate
condition in three vehicles, two of which were new
and one was 6 years old. As a result, time spent in
vehicles contributes a large fraction of total
exposure, such as 30–55% of Californian’s total
exposure to diesel PM (Fruin et al., 2004).

Recent studies have used real-time mobile mon-
itoring technologies to assess on-road concentra-
tions with spatial and temporal resolution
(Bukowiecki et al., 2002a, b; Canagaratna et al.,
2004; Kittelson et al., 2004; Pirjola et al., 2004,
2006; Weijers et al., 2004; Westerdahl et al., 2005).
Real-time instruments are necessary to characterize
the highly variable and rapidly changing concentra-
tions generated by mobile sources. When combined
with video analysis and other measures of traffic
and driving conditions, real-time instruments can be
used to unambiguously identify associations be-
tween high roadway concentrations and particular
vehicles types and traffic conditions.

We recently used real-time mobile measurements
to characterize ultrafine particle (UFP) and related
vehicle air pollutant concentrations on roadways in
the Los Angeles region (Westerdahl et al., 2005).
Our freeway route covered the widest range of
traffic and truck traffic densities of any mobile
monitoring study to date, with widely varying
contributions from gasoline- and diesel-powered
vehicles during each sampling run. This paper
demonstrates strong associations between heavy-
duty diesel truck counts and high concentrations of
(UFP), nitric oxide (NO), black carbon (BC), and
particle-bound PAHs (PM-PAH) that are relatively
independent of total vehicle traffic volumes.

2. Methods

2.1. Data collection

A zero-emitting 1998 electric Toyota RAV4 sport
utility vehicle served as a mobile monitoring plat-
form (MMP). Using a vehicle having no emissions
eliminated the possibility of sampling the MMP’s
own exhaust plume when stationary. Table 1
provides a summary of the instruments used.
Sampling intervals were 10 s or less, except for the
Aethalometer, which sampled BC for 1-min inter-
vals. BC, PM-PAH, and NO were measured as
indicators of diesel exhaust, along with NO2, UFP
number, particle size distributions, and particle
length (via the EAD 3070A from TSI). CO was
measured as an indicator of gasoline-powered
vehicle exhaust, particularly high emitters and/or
hard accelerations, and CO2 was measured to
indicate total traffic volumes, as it is produced in
large quantities by all vehicles. To remove the effect
of study car occupants’ own CO2 contributions,
outside air was pulled into a 6-in diameter
galvanized steel duct, located 1.5m above the
roadway in the rear passenger space of the vehicle,
and exhausted out of the rear, driver-side window.
Each instrument sampled from ports in the duct,
connected by short lengths (0.5–2m) of conductive
tubing. This arrangement also allowed a faster
instrument response to changing conditions outside
the vehicle when the vehicle was not moving. A
complete description of instrumentation, quality
assurance, calibration, and platform assembly is
provided in Westerdahl et al. (2005).

The MMP was driven on a fixed, 33-mile arterial
road route and a 75-mile freeway route as shown in
Fig. 1. The freeway route covered nearly an order of
magnitude difference in freeway traffic volumes,
from 46 000 vehicles per day on the northern
portion of CA-110 near Pasadena to 330 000
vehicles per day on I-10. The distance-weighted
route average was 200 000 vehicles per day (Cal-
Trans, 2004). The volume of diesel truck traffic



ARTICLE IN PRESS

Table 1

Monitoring instruments employed in the Mobile Monitoring Platform (reproduced from Westerdahl et al., 2005)

Instrument Parameter measured Time resolution

TSI Portable CPC, Model 3007 Particle count, 10 nm–1mm 10 s

TSI CPC, Model 3022A Particle count, 7 nm–1 mm 10 s

TSI Electrical Aerosol Detector, Particle length mmcm�3 2 s

Model 3070A

Magee Scientific Portable Aethalometer Black carbon 1min

TSI Scanning Mobility Particle System,

Model 3080 classifier:

Particle counts/size 1min scan rate

Nano DMA, w/3025 CPC 5–153 nm

(long) DMA, w/3025 CPC 16–600nm

EcoChem PAH Analyzer, PM-PAH (ngm�3) 2 s

Model PAS 2000

TSI DustTrak PM2.5 10 s

Teledyne-API NOx Analyzer, NO, NOx, NO2 20 s

Model 200e

TSI Q-Trak Plus Monitor, CO, CO2, temp., humidity 10 s

Model 8554
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(1.5 ton with dual rear tires or larger) varied by
nearly two orders of magnitude, from less than 300
trucks per day near Pasadena on northern CA-110,
to 28 000 trucks per day on I-710, the major truck
route from the Ports of Los Angeles and Long
Beach. Truck fractions ranged from less than 2% on
the CA-110 to 25% at times of peak midday truck
traffic on I-710 (CalTrans, 2004). The route average
truck count was about 18 000 trucks per day.

The arterial route was driven on Jefferson
Boulevard west to Western Avenue, north to
Wilshire Boulevard, west to La Cienega Boulevard,
north to Santa Monica Boulevard, east to Western
Boulevard, south to El Segundo Boulevard, east to
Avalon Boulevard, and north to USC. These streets
are all major arterial roads, typically two lanes wide
in each direction, with stop lights at major inter-
sections and consistently heavy traffic during most
of the day.

Measurements were conducted from February
through April 2003. Of the freeway route runs, two
weekdays in February and two in April were
randomly selected for detailed analysis from days
with typical meteorology (e.g., no recent rains). For
these days, measurements were conducted during
2- to 4-h periods, from 9 to 11 a.m. on 7 April, 11 to
2 p.m. on 20 February and 16 April, and 2 to 6 p.m.
on 14 February. These times included waxing and
waning portions of rush hour traffic, which allowed
a full mix of conditions and speeds to all be included
in a single run, from high speed, free-flowing
conditions to congested, stop-and-go traffic. The
arterial route was analyzed for two days, 14 April,
from 11:45 a.m. to 12:45 p.m. and 15 April, 2:30 to
4:00 p.m.

Meteorological data were collected from four
stations nearest the route (Pasadena, downtown Los
Angeles, Long Beach, and Lynwood). Wind speeds
and directions on each of these days were typical of
Los Angeles during springtime, except for 16 April
where wind speeds were about 50% higher than
normal. The morning on-shore and afternoon off-
shore winds typical of Los Angeles during most of
the year occurred on all days. Meteorological
conditions are described more fully in Westerdahl
et al. (2005).

A digital video camera was mounted above the
RAV4 dashboard to record traffic conditions during
all runs. Digital video tapes were archived to DVD
for subsequent review and analysis. The video
camera recorded time, driver observations, the lane
driven, surrounding traffic, the type of vehicle
followed, and general driving conditions such as
relative speed and congestion. Location was re-
corded with a global positioning system at 1-min
intervals.

2.2. Digital video disc (DVD) analysis

A key component to this study was the analysis of
the correlation between measured pollutant con-
centrations and traffic conditions such as speed and
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Fig. 1. Freeway route.
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congestion. For freeway driving we recorded
second-by-second observations of any changes in:
�
 Vehicle speed: parked, stopped, low (0–19mph),
medium (20–39mph), high (40–60mph), or very
high (60+mph).

�
 Acceleration: parked, steady state, acceleration,

deceleration, or a mixture of acceleration and
deceleration.

�
 Vehicle followed: NA (parked), none, passenger

car, sport utility vehicle, two-axle diesel vehicle,
and three- to five-axle diesel vehicle.
�
 Road type: parked (freeway shoulder or residen-
tial), arterial, arterial intersection, freeway, free-
way entrance, or freeway exit.

�
 Road name and direction of travel.

�
 Surrounding traffic density: NA (if parked),

none, low, medium (many vehicles but free
flowing), or high (reduced speeds due to vehicle
density).

The video analysis for the arterial route used
similar descriptors, but an additional critical vari-
able was the number of leading and surrounding
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vehicles during times of accelerations, which usually
occurred at stop lights.

Because truck density was observed to be a
critical variable during freeway driving, this para-
meter was evaluated as quantitatively as possible,
with each successive increase in density category
reflecting a doubling of the truck fraction. The
following definitions were based on a freeway with
four or five lanes in each direction:
�
 Very high: greater than 20% trucks oncoming;
eight or more trucks ahead if traffic was free-
flowing, nearly a continuous line of trucks if
congested.

�
 High: greater than 10% oncoming diesel vehicles;

four or more trucks ahead if light traffic, an
average of eight or more if heavy traffic.

�
 Medium: about 5% oncoming trucks; an average

of two or more ahead if light traffic, an average
of four or more if congested.

�
 Low: one or two oncoming trucks with some

regularity; occasional trucks ahead.

�
 None: few or no trucks oncoming, none ahead.

�
 NA: vehicle parked and out of traffic.

For comparison, the average LA freeway has about
6% truck traffic, with a standard deviation of about
5% (CalTrans, 2004). I-710 is about 15% truck
traffic (CalTrans, 2004). On average, the truck
density category changed about every five minutes,
due to changing traffic conditions, with the low,
medium, high, and very high categories fairly evenly
distributed at, 18%, 16%, 15%, and 12% of time
intervals, respectively.

Two researchers conducted DVD analysis for this
study. To ensure consistency in categorical defini-
tions, each researcher’s work was cross-checked by
the other. The variable labels with the poorest
agreement were truck density, which agreed 89% of
the time, and the type of vehicle followed, with 95%
agreement. Disagreements were resolved via re-
peated DVD viewings using a single researcher to
ensure consistency.
2.3. Statistical analyses

Stepwise multiple regressions and analysis of
variance (ANOVA) tests were used for testing the
strength of the associations between traffic and
driving conditions and the various pollutant concen-
trations. To ensure data were normally distributed
and independent (i.e., free from serial correlation),
data were pre-processed as follows.

2.3.1. Correction factor for CPC measurements

UFP concentrations from the TSI 3007 CPC
required correction to account for non-linear
responses for concentrations above 100 000 cm�3

using the following equation:

Y ¼ 38 456 expð0:000 01xÞ ðr2 ¼ 0:82Þ. (1)

This equation was based on concurrent roadway
measurement comparisons with a TSI Model
3022A, as described in Westerdahl et al. (2005).

2.3.2. Removal of serial correlation

Serial correlation of the original 10-s average
concentrations was high. To remove this serial
correlation, longer averaging periods were made,
but of unequal time periods to allow maintaining
the effects of dominant traffic variables (Fruin et al.,
2004). For times of unchanging conditions, such as
constant speed in unchanging traffic volumes, new
concentration averages of 60-s duration were
calculated. However, whenever a new freeway
segment or road type was encountered (n ¼ 124), a
new diesel vehicle was followed (n ¼ 77), or a
change in relative truck fraction was observed
(n ¼ 122), a new averaging interval was started.
This method allowed retaining the effects of freeway
segment, vehicle followed, and truck density, while
reducing the serial correlation of the regression
model residuals. These were tested with the auto-
correlation function (ACF) and ACF coefficients
were below 0.25 for the major predictive variables.
The total number of new, longer averages was 576
and their average duration was 46 s, ranging from a
low of 10 s (n ¼ 3) to a high of 70 s (n ¼ 13). For
arterial driving, averaging intervals were similarly
calculated but based on changes in speed and
acceleration. All new averages agreed within 5%
of the original averages.

2.3.3. Normality

To ensure data were normally distributed, each
data set for each pollutant in each run was tested for
normality using a visual check of histograms,
probability plots, and a quantitative check via w2

and Kolmogorov–Smirnov distributional tests (at
p ¼ 0.05). Typically, UFP numbers and NO2 con-
centrations required lognormal transformation to
reach normality, while CO and CO2 did not. The
other pollutants required transformation on some
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Table 3

Coefficients of determination (R2) for freeway concentrations by predictor variable

Predictor (# labels) PM-PAH Ln(UFP) NO Ln(BC) Ln(CO) CO2 NO2

Road+direction (17) 0.65 0.66 0.56 0.69 0.31 0.18 0.16

Truck density (5) 0.67 0.58 0.57 0.64 0.096 0.066 0.14

Hr of day (wind speed) (9) 0.26 0.26 0.24 0.26 0.11 0.55 0.017 (p ¼ 0.33)

Vehicle followed (6) 0.23 0.20 0.18 0.18 0.24 0.084 0.072

Speed (6) 0.14 0.19 0.23 0.18 0.11 0.053 0.097

Overall congestion (5) 0.21 0.14 0.15 0.14 0.23 0.081 0.051

Day (4) NA 0.095 0.19 0.09 0.15 0.56 0.072

po0.0001 unless otherwise noted in parentheses.

Table 2

Average median and average interquartile range (P25, P75) of pollutant concentrations by road segment or location for 4 days in Spring,

2003

Location UFP

(1000 s cm�3)

PM2.5

(mgm�3)
NO (ppb) BC (mgm�3) CO (ppm) CO2 (ppm) n

Long Beach

residential

26 (25, 28) 17 (15, 20) 17 (14, 21) 1.5 (1.1, 1.6) 0.13 (0.10, 0.18) 400 (390, 420) 329

Pasadena residential 13 (12, 15) 7.9 (7.3, 8.8) 16 (14, 19) 0.74 (0.39, 0.89) 0.13 (0.10, 0.27) 560 (540, 580) 87

USC start 43 (33, 53) 45 (44, 46) 59 (50, 66) 3.3 (2.6, 4.3) 0.54 (0.50, 0.58) 540 (540, 560) 41

USC finish 32 (31, 34) 23 (22, 24) 35 (32, 37) 2.2 (2.0, 2.6) 0.26 (2.4, 3.9) 580 (540, 620) 84

Arterial roads north

of USC

33 (24, 53) 23 (20, 26) 79 (45, 120) 1.5 (1.2, 1.8) 1.8 (1.1, 2.5) 710 (690, 750) 117

CA-110N

(�3500 TrPD)

47 (33, 69) 25 (21, 29) 170 (120, 240) 2.4 (1.5, 3.6) 2.3 (1.8, 2.9) 820 (760, 860) 376

I-10E

(�10 000 TrPD)

130 (95, 200) 110 (60, 820) 280 (210, 350) 13 (11, 20) 2.7 (2.3, 4.7) 930 (900, 980) 111

I-710S

(�25 000 TrPD)

190 (150, 240) 54 (44, 60) 390 (330, 470) 12 (10, 16) 1.9 (1.6, 2.3) 850 (790, 910) 500

TrPD, average number of diesel-powered trucks per day (CalTrans, 2004); n ¼ 4-day total number of 10-s averages in data set.
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from 0.2 to 0.3. The strength of this effect varied
with traffic speed, hour of day or wind speed,
roadway direction relative to wind speed, and
exhaust height. Speed also showed only modest
predictive power, in contrast to dynamometer
studies where high speeds are associated with
significantly higher vehicle emissions per mile. This
is likely due to the offsetting effects of greater
following distances and greater turbulent mixing
that accompany high speeds.

Fig. 3 illustrates the strong combined influence of
hour of day and surrounding truck numbers, with
extremely high roadway concentrations of UFP
number occurring during stagnant morning hours
on freeways with high truck traffic such as on I-710.
Similar patterns were observed for BC, NO, and
PM-PAH.

One potentially useful predictor of roadway
concentrations of diesel-related pollutants appears
to be the truck volumes estimated by the California
Department of Transportation (CalTrans). Cal-
Trans estimates vehicle counts by axle for every
freeway segment in the state. When truck counts for
the freeway segments driven were plotted versus the
average UFP concentrations for the four days
analyzed, good correlation was observed (r2 ¼
0.84), as shown in Fig. 4. Corresponding r2’s for
BC, NO, particle length and PM-PAH were 0.60,
0.62, 0.66, and 0.43, respectively. Because truck
traffic varies by time of day, the association shown
applies only to the times of the measurements made
(i.e., mostly 9 a.m. to 3 p.m.) during weekdays.
Nevertheless, this association presents the possibi-
lity of reducing exposure misclassification in epide-
miology studies by allowing estimates of roadway
contributions to total exposure estimates using
existing truck count estimates for the freeways
nearest the place of residence. In contrast, total
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vehicle traffic volumes themselves were not good
predictors of roadway BC, NO, PM-PAH, or UFP
number concentration, with r’s of 0.11, 0.0003,
0.0014, and 0.13, respectively.

3.3. Factors contributing to high roadway

concentrations on arterial roads

On average, about half a person’s driving distance
and about two-thirds of driving time in California
occurs on arterial roads (Fruin et al., 2004) and the
concentrations measured on arterial roads were
roughly one-third the concentrations measured on
freeways, such as the values in Table 2. However,
unlike freeway driving, gasoline-powered vehicles
on arterial roads routinely produced high UFP
number concentrations during hard accelerations,
such as when accelerating from stop lights. When
gasoline-powered vehicles perform hard accelera-
tions, they temporarily reduce the efficiency of the
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catalytic converter, due to deviations from the
stoichiometric fuel-air ratio (Maricq et al., 1999).
Under the more steady-state conditions like freeway
driving, catalytic converters appear to remove CO,
NO, VOCs, and UFP with high efficiency.

Fig. 5 shows the difference in measured roadway
concentrations of NO, CO, and UFP as a function
of how many cars were ahead of the test vehicle
during times of accelerations from stop lights. In
contrast, during steady-state speeds on arterial
roads, most individual gasoline-powered vehicles
did not appear to significantly affect roadway UFP
concentrations, similar to that observed on free-
ways, and the effect of the number of vehicles ahead
of the test vehicle was not discernable. Thus, it
appeared that concentrations of UFP, CO, and
NO on arterial roads were determined by the
frequency of stop lights and accelerations, and the
number of surrounding vehicles at each light, a
function of overall, gasoline-powered vehicle num-
ber and congestion.

3.4. Estimating drive-time contributions to overall

UFP exposures

This section illustrates how the in-vehicle micro-
environment typically contributes a large fraction of
total UFP exposure, similar to findings from in-
vehicle studies for other pollutants (Fruin et al.,
2004; Westerdahl et al., 2005). Thus, the measure-
ments from this study now allow better estimates of
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total UFP exposure than previously possible despite
the paucity of data in the literature regarding UFP
concentrations in indoor environments (Sioutas
et al., 2005).

To estimate drive-time contributions to overall
Los Angeles population UFP exposure, roadway
and residential area UFP concentrations from this
study were combined with available literature values
of UFP concentrations in other environments such
as the home and the workplace. Table 4 presents
UFP concentrations for different microenviron-
ments and the average time spent there.

To estimate UFP concentrations in the home for
times when no cooking was occurring, outdoor
UFP concentrations in Los Angeles were multiplied
by indoor-to-outdoor (I/O) ratios based on season-
specific air exchange rates appropriate for Los
Angeles. The outdoor concentrations were taken
from the long-term annual or monthly averages
measured at seven sites in Los Angeles (Singh et al.,
2006) using a TSI 3022A, a CPC with the same
lower size limit as the TSI 3007 used in this study.
(It is critical that all UFP concentrations in different
microenvironments were measured with the same
lower size cut-off, as this can strongly affect UFP
concentrations.)

The residential I/O ratios for UFP penetration
were taken from Cyrys et al. (2004), who measured
AERs and UFP number concentrations, also with a
TSI 3022A CPC, in Erfurt, Germany, in summer
and winter, two months each, for a variety of
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Table 4

In-vehicle contributions to total UFP exposures based on typical microenvironmental concentrations and activity time

Micro-

environment

Time Duration

(h)

UFP

concentration

(1000 s cm�3)

Source of concentration

estimate (low and high

conditions)

Fraction of

total

exposure

(%)

Home 7:15 p.m.–6:45 a.m. 11.5 7.6a (7.1b,

8.9c)

Outdoor conc� I/O for

seasonal AERa (Cyrys

et al., 2004) (summerb,

winterc)

27 (25, 29)

Breakfast 6:45–7:15 a.m. 0.5 20 (0, 25) Avg. during tea kettle,

toaster oven (Wallace,

2006) (no cooking, frying

eggs)

3.1 (0, 3)

Arterial roads 7:15–7:45 a.m. 0.5 58 (41,76) Morning measurements

from arterial loop, 4/14/03,

calm conditions (lower

IQR, upper IQR)

8.8 (6, 11)

Freeways 7:45–8:00 a.m. 0.25 204 (126, 253) 9–10 a.m. avg., LA, 5%

trucks (2.5% trucks, 10%

trucks)

16 (10, 19)

Workplace,

office

8:00 a.m.–12:00

p.m., 1:00–5:00 p.m.

8 5.3 (1.3, 11) Avg. I/O ratio for public

places with no cooking

times outdoor annual

average (Levy et al., 2002)

(lowest I/O value, highest I/

O value)

13 (4,23)

Outdoors 12:00–1:00 p.m. 1 21 (13, 27) LA annual average, four

locations (Singh et al.,

2006) (June avg., January

avg.)

6.4 (4, 8)

Arterial roads 5:00–5:30 p.m. 0.5 33 (24, 53) 4-day average, arterial

roads N of USC (lower

IQR, upper IQR)

5.0 (4, 8)

Freeways 5:30–5:45 p.m. 0.25 90 4–5 p.m. avg., 5% trucks 6.8

Home, dinner 5:45–7:15 p.m. 1.5 33 (0, 50) Two gas burners and oven

(Wallace, 2006) (no

cooking, deep frying)

15 (0, 21)

Average daily

exposure

24 14 (8.0, 19) Time-weighted average

(wt’d. avg. of low values,

wt’d. avg. high values)

In-vehicle

fraction

1.5 36 (45, 33)

Upper and lower estimates given in parentheses.

I/O, indoor-to-outdoor ratio with no indoor sources; AER, air exchange rate, air changes per hour.
aOutdoor annual LA average concentration times I/O ¼ 0.42 for an AER ¼ 1.33 h�1 (four evening hours) and outdoor annual average

times I/O ¼ 0.33 for an AER ¼ 0.91 h�1 (7.5 night hours) (Cyrys et al., 2004).
bJanuary average times I/O ¼ 0.33 for AER ¼ 0.91 h�1 (Cyrys et al., 2004).
cJune average times I/O ¼ 0.78 for AER ¼ 3.4 h�1 (four evening hours) (open windows) and June average times I/O ¼ 0.42 for

AER ¼ 1.3 h�1 (7.5 night hours) (Cyrys et al., 2004).
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window conditions. The AERs chosen as represen-
tative for Los Angeles were 0.91, 1.33, or 3.4 h�1,
respectively, for winter (closed window), summer
overnight (closed window), and summer evening
(open window) conditions; the corresponding UFP
I/O ratios were 0.33, 0.42, and 0.78, respectively.
These values approximately match those measured
in Los Angeles by Sarnat et al. (2006) and Zhu et al.
(2005) for open- and closed-window conditions.
Although AER can vary widely from house to



ARTICLE IN PRESS
S. Fruin et al. / Atmospheric Environment 42 (2008) 207–219 217
house, and is strongly dependent on open window
time, these season-specific values cover the expected
range in values for Los Angeles.

The most common source of residential UFP is
cooking with a gas stove. UFP concentrations
during times of cooking were taken from 4-year
averages for a town home located in a suburb near
Washington DC for the activities and times of day
listed (Wallace et al., 2004; Wallace, 2006). Because
these results are only from a single home, these
figures do not represent the full range of UFP
concentrations that might be expected from typical
cooking activities across all homes. However, the
high, medium and low values used in Table 4 likely
cover most of the possible range of UFP concentra-
tions by including no-cooking conditions and
the highest concentration condition observed by
Wallace et al. (2004)—deep frying with multiple
burners and the oven on simultaneously.

Workplace and other non-residential UFP con-
centrations have been little reported in the litera-
ture. The workplace values listed in Table 4 were
derived from Levy et al. (2002), who calculated I/O
particle number ratios for public places in Boston
during summer months. Ratios for locations with-
out cooking were less than one, ranging from 0.1 for
a hospital to 0.4 for a mall. This range of I/O ratios
was combined with the same LA ambient UFP
concentrations from Singh et al. (2006) as used for
the residential microenvironment.

The resulting time-weighted average population
UFP exposure using the values in Table 4 was
14 000 particles cm�3 (range 8000–19 000 cm�3).
Thirty-six percent of the total exposure (range
33–45%) resulted from drive time, even though
drive time only accounts for 6% (�90min) of the
day for Californians (Klepeis et al., 2001). Most of
the remaining exposure occurred at home during the
11.5 overnight hours, driven by infiltration of
outdoor UFP. On a per-time basis, however,
drive time proved to be by far the most important
source of UFP exposure, causing more than 20%
of total daily exposure per hour, followed by gas
stove cooking at about 10% of total daily exposure
per hour.

On an individual-by-individual basis, drive times
and routes vary widely, as does cooking time. To
test the effects of this variability, the drive-time
contribution to total exposure was calculated using
the high and low values for each microenvironment.
These high and low values are the 25th and 75th
percentile concentrations, where available; other-
wise they are central tendency estimates of typical
conditions producing the highest and lowest UFP
concentrations. The largest deviation occurred if
evening cooking effects were removed, where the
drive-time contribution increased to 43%. The
lowest drive time contributions were 32%, if either
the low freeway rush hour concentrations were used
or the high workplace concentrations were included.
In all other cases, the drive-time contribution stayed
within 3% of the central estimate of 36%. These
results also agree with the drive time contribution of
35–55% for diesel PM exposure as performed by
Fruin et al. (2004) who used a stochastic exposure
model to calculate exposures.

4. Conclusions

Measured freeway concentrations of UFP, BC,
PM-PAH, and NO in Los Angeles were about an
order of magnitude higher than ambient, and
appeared to be driven by truck density and total
truck counts, based on multiple regression analysis
of concurrent video observations of driving and
traffic conditions. Estimates of truck traffic from the
California Department of Transportation also
appeared to be good predictors of on-road concen-
trations for these pollutants. The second-most
important predictive variable for freeway pollutant
concentrations was hour of day, which in Los
Angeles corresponded with increasing wind speeds
from morning to afternoon. Hour of day and truck
volume explained 60–70% of the variability ob-
served in freeway concentrations of UFP, BC, PM-
PAH, and NO. In contrast, the type of vehicle
followed, overall traffic congestion, speed and
acceleration had little predictive ability.

Arterial road concentrations were significantly
higher than ambient but lower than on freeways.
High concentrations of UFP, CO, and NO ap-
peared to be caused by proximity to other gasoline-
powered engines undergoing hard accelerations
from stops. This probably reflects the reduced
efficiency of catalytic converters during off-cycle,
hard accelerations. Therefore, total vehicle traffic
volume and long queues at stop signs and stop lights
are critical factors in producing high exposures on
arterial roads.

When combined with the limited concentration
data for other microenvironments available in the
literature, the on-road measurements taken in this
work indicate that 33–45% of population-wide
exposures to UFP in Los Angeles occur during the
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6% of time people spend in vehicles. Most of the
remaining exposures appeared to occur in the home,
due to infiltration of outdoor UFP, although
cooking with a gas stove can make a significant
contribution to exposure. The uncertainties in
exposure estimates were dominated by uncertainties
in differences in cooking activities and durations
and the uncertainties about UFP concentrations
occurring at the workplace, suggesting two micro-
environments or activities where better character-
ization will most improve UFP exposure estimates.
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Pakkanen, T.A., Hillamo, R.E., 2006. Dispersion of particles

and trace gases nearby a city highway: mobile laboratory

measurements in Finland. Atmospheric Environment 40,

867–879.

Pope III, C.A., Thun, M.J., Namboodiri, M.M., Dockery, K.S.,

Evans, J.S., Speizer, F.E., Heath Jr., C.W., 1995. Particulate

air pollution as a predictor of mortality in a prospective study

of US adults. American Journal of Respiratory and Critical

Care Medicine 151, 669–674.

Pope III, C.A., Burnett, R.T., Thun, M.J., Calle, E.E., Krewski,

D., Ito, K., Thurston, G.D., 2002. Lung cancer, cardiopul-

monary mortality, and long-term exposure to fine particulate

air pollution. Journal of the American Medical Association

287 (9), 1132–1141.

Rodes, C., Sheldon, L., Whitaker, D., Clayton, A., Fitzgerald,

K., Flanagan, J., DiGenova, F., Hering, S., Frazier, C., 1998.

Measuring concentrations of selected air pollutants inside

http://www.arb.ca.gov/aqd/almanac/almanac.htm
http://www.dot.ca.gov/hq/traffops/saferesr/trafdata/
http://www.dot.ca.gov/hq/traffops/saferesr/trafdata/


ARTICLE IN PRESS
S. Fruin et al. / Atmospheric Environment 42 (2008) 207–219 219
California vehicles. Final Report, Contract No. 95-339.

California Air Resources Board, Sacramento, CA.

Samet, J.M., Dominici, F., Curriero, F.C., Coursac, I.,

Zeger, S.L., 2000. Fine particulate air pollution and mortality

in 20 US Cities, 1987–1994. New England Journal of

Medicine 343 (24), 1742–1749.

Sarnat, S.E., Coull, B.A., Ruiz, P.A., Koutrakis, P., Suh, H.H.,

2006. The Influences of ambient particle composition and size

on particle infiltration in Los Angeles, CA, residences.

Journal of Air and Waste Management Association 56,

186–196.

Schwartz, J., Laden, F., Zanobetti, A., 2002. The concentration-

response relation between PM2.5 and daily deaths. Environ-

mental Health Perspectives 110 (10), 1025–1029.

Singh, M., Phuleria, H.C., Bowers, K., Sioutas, C., 2006.

Seasonal and spatial trends in particle number concentrations

and size distributions at the children’s health study sites in

Southern California. Journal of Exposure Science and

Environmental Epidemiology 16, 3–18.

Sioutas, C., Delfino, R.J., Singh, M., 2005. Exposure assessment

for atmospheric ultrafine particles (UFPs) and implications

for epidemiologic research. Environmental Health Perspec-

tives 113 (8), 947–955.

Wallace, L., 2006. Indoor sources of ultrafine and accumulation

mode particles: size distributions, size-resolved concentra-

tions, and source strengths. Aerosol Science and Technology

40, 348–360.
Wallace, L., Emmerich, S., Howard-Reid, C., 2004. Source

strengths of ultrafine and fine particles due to cooking with a

gas stove. Environmental Science and Technology 38 (8),

2304–2311.

Weijers, E.P., Khlystov, A.Y., Kos, G.P.A., Erisman, J.W., 2004.

Variability of particulate matter concentrations along roads

and motorways determined by a moving measurement unit.

Atmospheric Environment 38, 2993–3002.

Westerdahl, D., Fruin, S., Sax, T., Fine, P.M., Sioutas, C., 2005.

Mobile platform measurements of ultrafine particles and

associated pollutant concentrations on freeways and residen-

tial streets in Los Angeles. Atmospheric Environment 39,

3597–3610.

Xia, T., Korge, P., Weiss, J.N., Li, N., Venkatesen, M.I.,

Sioutas, C., Nel, A., 2004. Quinones and aromatic chemical

compounds in particulate matter (PM) induce mitochon-

drial dysfunction: implications for ultrafine particle

toxicity. Environmental Health Perspectives 112 (14),

1347–1358.

Zanobetti, A., Schwartz, J., Samoli, E., Gryparis, A., Touloumi,

G., Peacock, J., 2003. The temporal pattern of respiratory and

heart disease mortality in response to air pollution. Environ-

mental Health Perspectives 111, 1188–1193.

Zhu, Y., Hinds, W.C., Krudysz, M., Kuhn, T., Froines, J.,

Sioutas, C., 2005. Penetration of freeway ultrafine particles

into indoor environments. Journal of Aerosol Science 36,

303–322.


	Measurements and predictors of on-road ultrafine particle concentrations and associated pollutants in Los Angeles
	Introduction
	Methods
	Data collection
	Digital video disc (DVD) analysis
	Statistical analyses
	Correction factor for CPC measurements
	Removal of serial correlation
	Normality
	Regression analysis


	Results and discussion
	Freeway concentration differences by location
	Predictive variables for concentrations during freeway driving
	Factors contributing to high roadway concentrations on arterial roads
	Estimating drive-time contributions to overall UFP exposures

	Conclusions
	Acknowledgments
	References


