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Worldwide people are exposed to toxic ultrafine particles
(UFP, with diameters (dp) less than 100 nm) and nano-
particles (NP, dp < 50 nm) under a variety of circumstances.
To date, very limited information is available on human
exposure to freshly emitted UFP and NP while traveling on
major roads and freeways. We report in-cabin and
outdoor measurements of particle number concentration
and size distributions while driving three vehicles on Los
Angeles freeways. Particle number concentrations and size
distributions were measured under different vehicle
ventilation settings. When the circulation fan was set to
on, with substantial external air intake, outside changes in
particle counts caused corresponding in-cabin changes
approximately 30-60 s later, indicating an maximal air
exchange rate of about 120-60 h-1. Maximum in-cabin
protection (∼85%) was obtained when both fan and
recirculation were on. In-cabin and outdoor particle size
distributions in the 7.9-217 nm range were observed to be
mostly bimodal, with the primary peak occurring at 10-
30 nm and the secondary at 50-70 nm. The vehicle’s
manufacture-installed particle filter offered an in-cabin
protection of about 50% for particles in the 7-40 nm size
range and 20-30% for particles in the 40 to ∼200 nm
size range. For an hour daily commute exposure, the in-
vehicle microenvironment contributes approximately 10-
50% of people’s daily exposure to UFP from traffic.

Introduction
Worldwide toxicological and epidemiological studies have
associated higher airborne particulate matter (PM) concen-
trations with increased morbidity and mortality (1, 2). Recent
studies have shown that short- and long-term exposure to
extremely high levels of PM may cause acute respiratory
system responses such as inflammation, allergy, and asthma
(3, 4) and numerous long-term health problems including
lung cancer and cardiovascular diseases (5, 6).

People are exposed to atmospheric PM on a continual
basis, usually under different circumstances and environ-
ments: indoor (at home and work), walking on sidewalks or
during sports activities, and during everyday commute.
During daily commute, drivers and passengers are exposed
to short periods of high pollutant concentrations emitted by
mobile sources, mainly from on-road vehicles (7, 8). Ultrafine
particles (UFPs) are the main components, up to 90% on a
number basis, of the PM emitted by on-road vehicles.
However, the less numerous but much heavier super-
micrometer particles dominate PM mass measurements.
Recent literature showed that the concentration of UFPs can
be up to 25 times greater adjacent to a busy Los Angeles (LA)
freeway than upwind background (9, 10). UFP and nano-
particles (NP) have shown high toxicity in lab animals, and
when inhaled, they may enter the circulatory system and
deposit on the brain (11, 12). Furthermore, UFPs, as a result
of their small size and large surface area, are capable of
crossing cellular walls and localize in the mitochondria (13).

As a general trend, the number of vehicles in the LA roads
and freeways has continuously increased over the years,
resulting in congested freeways, larger number of emitters,
and much longer commuting times. Approximately 50% of
the population spends more than 30 min to travel between
home and work one-way each day (14). Taking all these factors
into consideration, commuter exposure to high concentra-
tions of toxic UFP and NP has become an important issue
in risk assessment studies. Recently, a small number of studies
have focused on evaluating the on-road particle concentra-
tions (8). These studies showed that pollutant concentrations
varied widely by location and/or roadway and appeared to
be strongly affected by vehicular traffic sources. The presence
of heavy-duty diesel (HDD) trucks on a road resulted in a
significant increase in particle number concentration. These
results indicated that in general drivers and passengers
commuting on major roads and freeways are exposed to
higher particle concentrations than in other microenviron-
ments. Commuter exposure, or in other words, protection
against outdoor pollutants, depends on several parameters
such as traffic mix and density, type and age of the vehicle,
efficiency of particle filter, and the vehicle’s operating
ventilation settings.

In this paper we report simultaneous in-cabin and outdoor
measurements of particle number concentration and size
distributions while driving on busy LA freeways. Three
different vehicles were used in the study and the effect of
traffic mix, presence of HDD on the road, and in-cabin
ventilation settings were evaluated. Overall car protection
and commuter exposure were estimated based on in-cabin
and outdoor ratios.

Methods
Instruments. Outdoor particles were sampled through a 3
mm (i.d.) isokinetic probe mounted on the car window to
ensure a representative UFP sample entered the inlet.
Anisokinetic sampling will introduce error but only for large
particles where their inertia will make them continue in a
straight line as the gas curves into the inlet. UFPs with
negligible inertia have little sampling error because they
follow the gas streamlines perfectly. For 300 nm particles
(the largest particle size studied), with a fixed sampling flow
rate of 1.0 L/min, for a sampling probe diameter of 3 mm,
sampling errors were calculated to range from 8% to 0% at
car speeds of 60 to 5 mph (15). A similar probe was used for
in-cabin air sampling to compensate for any diffusion loss
in the sampling lines. Total particle number concentrations
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were measured using two TSI model 3785 water-based
condensation particle counters (WCPC). CPC data were
collected in 1-s intervals to provide high temporal resolution
results. Particle size distributions, in the 7.9-217 nm diameter
range, were measured using two TSI model 3080 scanning
mobility particle sizers (SMPS 3936L85, TSI Inc., St. Paul,
MN). The sampling flow rate in this experiment was 1.0 L/min
to permit measuring particles as small as 7.9 nm. One-minute
scans were used for SMPS data collection. SMPS and CPC
output were exported to the Aerosol Instrument Manager
software (version 5.1, TSI Inc., St. Paul, MN).

Simultaneous measurements of carbon dioxide (CO2) and
carbon monoxide (CO) concentrations and temperature
inside the vehicle were carried out at 1-min intervals on a
continuous basis by a Q-Trak IAQ monitor (Model 8550, TSI
Inc., St. Paul, MN). Q-Trak data were exported to the TrakPro
software (version 3.33, TSI Inc., St. Paul, MN). All data
reduction and analysis were done in the Statistical Analysis
System (SAS version 8.01).

Procedure. Three vehicles, all equipped with a standard
manufacture-installed particulate filter with activated carbon,
were tested during this study: a Volkswagen Jetta 1.8T (model
year 2000), an Audi A4 1.8T (model year 2004), and a PT
Cruiser (model year 2005). Windows were closed for all the
runs. Ventilation settings tested were as follows: (i) circulation
fan off and recirculation (RC) off; (ii) fan on and RC off; and
(iii) fan on and RC on. The supply air to the in-cabin
environment was from outside under conditions (i) and (ii)
and from inside under condition (iii). Fan speed was kept
from low to medium for most of the tests. Under condition
(i), outside air came into the in-cabin environment through
leaks in windows and doors. Under condition (ii), outside air
came into the in-cabin environment through a manufacture-
installed filter. The effect of in-cabin ventilation settings on
particle concentration and size distribution was evaluated
under these settings. Each vehicle was tested at least 20 h on
freeways. Same ventilation parameters were usually main-

tained constant for 20 min before switching to different
settings. The effect of air conditioning (AC) was also tested
but no distinct effect was observed. The results presented
below reflect settings with AC on except when the fan was
set to off.

This study was conducted in April 2004 and April and July
2005. During this period different routes were driven: I-405
freeway (mainly light-duty vehicles, LDV) (10), I-710 freeway
(25% of the fleet is HDD) (9), and the 110 freeway (only allows
LDV from downtown LA to Pasadena) (16) (Figure 1). The
Pacific Coast Highway 1 (PCH-1), a route following Califor-
nia’s coast, was selected as a reference freeway with low
traffic and located upwind of the LA air basin. Measurements
usually took place between 10 am and 4 pm when on-shore
sea breeze was dominant (9, 10). This period was selected
to avoid rush hour, although traffic on LA freeways was always
busy. The test vehicles were in the traffic stream with an
average speed of 50-60 mph for all freeways. The current
study focused on providing representative data for typical
commuters on LA freeways. No chasing experiment was
performed. Meteorological conditions were very similar
during all sampling days, with sunny days and no rain. The
average ((RSD) temperature and relative humidity were
respectively 23.0 ( 3.56 °C and 45.0 ( 11.7%. In-cabin
temperature and relative humidity were quite constant
throughout this study. Traffic counts, freeway commute time,
and measured in-cabin and outdoor average particle con-
centrations are summarized in Table 1.

Results and Discussion
Particle Number Concentrations. When the fan was on, a
large amount of in-cabin air came from external freeway air.
Under this condition, in-cabin particle number concentra-
tions followed the outdoor concentrations with a 30-60 s
delay, which corresponds to an air exchange rate (AER) of
120-60 h-1 (Figure 2). AER would be much less when either

FIGURE 1. Major freeways in which the study was conducted.
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fan was off or recirculation (RC) was on. Both brought little
external air into the in-cabin environment. Outside the
vehicle, particle number concentration varied significantly
while driving on freeways. The rapid changes observed in
the outside particle number concentrations shown in Figure
2 result from changes in the position of the test vehicle in
the traffic, the traffic speed, and meteorological conditions,
such as wind direction and speed, and temperature. It has
been reported that a significant portion of UFPs are
comprised of semivolatile organics formed by nucleation
and condensation after the exhaust leaves the tailpipe (17,
18). UFP formation is extremely sensitive to the temperature
and humidity (19) of the surrounding air and how fast the
vehicle travels, thus how fast the exhaust is diluted.

The in-cabin particle number concentration did not
change as sharply as those on the freeway as shown by the
smoother dotted line in Figure 2. This is because in-cabin
space served as a chamber damping down the outside
variation. However, similar to outside UFP number con-
centration, in-cabin particle number concentrations also
varied considerably with respect to different freeways, thus
different traffic volume and vehicle mix. Table 1 summarizes
averaged outside and in-cabin particle number concentra-
tions observed from three vehicles driving on different
freeways. Data were time-averaged over all applied ventilation
settings. In-cabin UFP number concentrations were the
highest on the I-710 freeway which has the highest percentage
of diesel vehicles (Table 1). In-cabin particle number

concentrations as high as 8 × 105 particles/cm3 were observed
while driving on the I-710 freeway. These observations are
consistent with previously reported results, in which a linear
relationship between diesel traffic and on freeway UFP
number concentration was found (8).

Figure 3 depicts average in-cabin to outdoor particle
number concentration ratios with respect to different
ventilation settings for the tested vehicles, together with the
overall commuter protection (right-hand y-axis). The overall
protection varied between 20% for the VW Jetta with the
ventilation setting of fan off, and no recirculation, and 90%
for the PT Cruiser (newest vehicle tested) when the fan and
the recirculation were both on. These results indicate that
a car’s age plays an important role in commuter protection;
the older the car was, the higher the particle penetration. A
higher particle penetration in older cars may be due to higher
leakage when the ventilation is off as the sealing efficiency
of doors and windows decrease over time. Maximum
protection, 80-90%, was observed when both the recircula-
tion system and the fan were on. Under this condition, there
is reduced incoming air from outdoors. Moreover, particle
deposition on in-cabin surfaces may also help to reduce the
particle number concentration.

Particle Size Distribution Measurements. Time-resolved
UFP size distributions (7.9-217 nm size range) measured
outside and inside of the PT Cruiser on the I-710 freeway are
shown as contour plots in Figure 4. The x-axis presents the
time at which data were collected; the y-axis is the particle

TABLE 1. Traffic Conditions, Traffic Mix, Time of Commute for Each Freeway, and In-Cabin and Outdoor Average ( RSD Particle
Concentration (×103/cm3)a

freeway vehicles/min traffic mix

time on
freeway

(min)
outdoor
(103/cm3)

VW Jetta 2000
(103/cm3)

Audi 2004
(103/cm3)

PT Cruiser 2005
(103/cm3)

PCH-1 30b <2% dieselb 445 22 ( 24 18 ( 3.9 9.0 ( 2.2 9.1 ( 3.3
110 95c gasoline only 60 94 ( 142 25 ( 6.6 20 ( 4.2 22 ( 4.8
405 231( 30d 5% dieseld 153 239 ( 7.3 200 ( 48 90 ( 21 85 ( 19
710 203 ( 12e ∼25% diesele 95 256 ( 119 290 ( 67 n/af 150 ( 34
a Ventilation settings tested were as follows: (i) circulation fan off and recirculation (RC) off; (ii) fan on and RC off; and (iii) fan on and RC on.

b Present study. c Kuhn et al. (16). d Zhu et al. (10). e Zhu et al. (9). f The Audi 4 was not tested on the 710 freeway.

FIGURE 2. In-cabin and outside particle number concentrations observed on 04/21/05 while driving the VW Jetta on the PCH1 highway
(fan on, AC on, and RC off).
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size in log scale and the color intensity indicates normalized
particle number concentration (dN/d Log Dp) for a given
size at a given time. The same color scale was used for UFP
concentrations outside and in-cabin. Data were collected
when both the fan and recirculation (RC) were set to on
which, as shown in Figure 3, provided maximal protection
to the in-cabin environment. The vehicle protection can also
be observed by the much bluer color in Figure 4b. In general,
large variations were observed for outside UFP concentra-
tions. In-cabin UFPs tracked their outdoor counterpart with
respect to both size and intensity. Bimodal distributions were
observed for both outdoor and in-cabin size distribution with
mode diameters around 10-20 and 50-70 nm.

Average outdoor and in-cabin particle size distributions
on different freeways are shown in Figure 5. Data presented
in this figure were collected with the PT Cruiser. Raw data
(dots) were fitted to bimodal log-normal distributions (lines)
using DistFit software (Chimera Technologies, Inc., Forest
Lake, MN). The count medium diameters (µg) and geometric
standard deviations (σg) for each mode are given in the figure.
Similar to particle number concentration, in-cabin UFP size
distributions are much smoother both over time and over
particle diameter than those of the outdoors due to the
chamber damping effect. The mechanism involved here is
analogous to taking “running average” of time-series data
where in-cabin particle size distributions were running
averages of weighted outdoor particle size distributions
modified by I/O ratios. Because this mechanism applies to
all particle sizes simultaneously, the in-cabin size distribu-
tions became smoother over particle size and over time. A
similar effect has been observed in houses located near
freeways (20). The general form and shape of the in-cabin
UFP size measurements are similar to those observed
outdoors on the three freeways (Figure 5).

The I-710 freeway, which has more than 25% diesel traffic
(9), showed a typical bimodal size distribution with modes
occurring at 10-20 and 50-70 nm in both outdoor and in-
cabin environments (Figures 5a and 5b). Diesel emissions
are known to have typical bimodal size distributions with a
nuclei mode around 10-30 nm mainly made of sulfate and

heavy hydrocarbons. This mode was formed by condensation
from super saturation of volatile material after the exhaust
leaves the tailpipe and is diluted in the atmosphere (18, 21).
This mode is very sensitive to atmospheric conditions, i.e.,
temperature and relative humidity (19). Our measurements
were carried out during spring and summer; however, we
expect the observed mode concentration to be significantly
higher during winter, when temperature conditions are more
favorable for nucleation processes. The mode around 50-70
nm was previously reported to consist mainly of solid soot
and ash particles formed in the cylinder and was less sensitive
to atmospheric conditions (21).

The bimodal characteristic of the particle size distribution
observed on the I-710 freeway (Figure 5) became less obvious
on the I-405 and 110 freeways. The I-405 freeway carries
about 5% diesel traffic whereas the 110 freeway is a passenger
car only freeway. Previous studies conducted on roadside
near freeways found that UFP number concentrations and
size distributions were not significantly different between
I-405 and I-710 (9). However, on-freeway measurements
showed a distinct difference between the two freeways. This
difference may be due to the fact that near roadway, as
compared to on-roadway measurements, reflects a time-
integrated effect of all the passing vehicles. However, on
freeway measurements are more likely to be affected by the
nearby vehicles. With each diesel truck accounting in length
for ∼3 cars, the percentage of total freeway space dominated
by trucks was equivalent to ∼14% for the I-405 and ∼50%
for the I-710 freeway. This means that the test vehicle would
have a 14% and 50% chance, respectively, to be in a truck’s
plume on the I-405 and I-710 freeways. This translated into
a much stronger signature of diesel emissions on the I-710
freeway. These findings suggest that commuters driving in
freeways with a significant number of HDD will be more
exposed to smaller UFPs and as result may be more
susceptible to adverse health effects associated with these
toxic particles.

Even though significantly different UFP size distributions
were observed on different freeways, the characteristics of
size-specific in-cabin to outdoor UFP concentration ratios

FIGURE 3. In-cabin and outdoor average particle concentration ratios for different cars and different ventilation settings. I/O ratios were
obtained from 1-min averaged in-cabin and outdoor particle concentrations. At least 60 1-min I/O ratios were used for each bar. Fan:
circulation fan; RC: recirculation. Right-side y-axis presents the percent protection vehicles provided.
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were very similar (Figure 6a). These results were collected
with the same test vehicle, PT Cruiser, under the same
ventilation setting (Fan off and RC off) while commuting on
different freeways. For all three freeways, the vehicle provides
from 48% to 87% protection for particles smaller than 100
nm; for particles larger than 100 nm protection decreases to
33-54% (Figure 6a). This is also similar to the penetration
characteristic of freeway UFP into indoor environments (20).
Although a continuous decrease in commuter protection from
10 to 100 nm was expected, a decrease in the I/O ratio for
particles sizes from 20 to 60 nm was observed. This increase
in protection may be due to a much higher efficiency of the
car, as a whole, to remove particles in this size range. Further

studies are needed to understand and characterize the effects
that lead to this observation. The I/O ratios were strikingly
similar among the three freeways, which implies that the
percentage of protection commuters receive from the vehicle
does not depend on the outdoor environment. This is not
surprising because particle penetration and deposition
mechanisms, which determine the I/O ratios, are only a
function of particle size and vehicle characteristics.

As shown in Figure 6b, the in-cabin to outdoor size
distribution ratio profiles depend on the ventilation settings.
The vehicle provided least protection when both fan and RC
were set to off. When fan was set to on, it helped to reduce
UFPs from getting into the in-cabin environment, especially

FIGURE 4. (a) Outdoor and (b) in-cabin time series, size-specified ultrafine particle number concentration contour plots collected with
the PT Cruiser on the I-710 freeway under fan on and recirculation on (maximal protection) conditions. Color intensity is normalized particle
concentration (dN/d Log Dp) in log-scale with unit of particle/cm3.
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for particles larger than 100 nm. This suggests that the
manufacture-installed filter is efficient for these larger
particles. The major effect of the ventilation settings in the
I/O ratio is observed when both the fan and RC were on. A
significant drop in the I/O ratios indicates that in-cabin
particle number concentration decreases considerably across
all size range. It is clear then that particle deposition onto
the in-cabin surfaces and particle removal by the filter may
constitute the major processes controlling the size distribu-
tion and particle number in each measured size range. Results
presented in Figures 4-6 refer to the PT Cruiser. Higher in-
cabin UFP concentrations for the Audi 4 and even higher
concentrations for the Jetta were expected because, as shown
in Figure 3, the I/O ratios for total particle number con-
centrations were greater for these vehicles.

Among the conditions tested, driver and passengers get
maximum protection against outdoor particles when com-
muting in relatively new cars equipped with manufacture-
installed particle filtration system when the fan and recir-
culation are both on. The extent of the protection will depend
on the efficiency of the installed filters which calls for further
investigation.

Results of this study indicate that daily commuters may
be highly exposed to freshly emitted UFPs and that a 1 h
commute on busy Los Angeles freeways (with ∼100 thousand
particles/cm3) is equivalent to ∼10 h of exposure in clean
urban background environments away from a freeway (with
∼10000 particles/cm3). On average, Californians spend 6%
of their day in vehicles, 7% outdoors, and 87% in various
indoor environments (22). Assuming an average I/O ratio of
0.6 for UFP penetrating indoor environments (20), total daily
exposures to UFPs were estimated to be 65000 and 12000
particles/cm3, respectively, for people who live and work

immediately next to a major freeway (∼100 thousand
particles/cm3) and who do not (∼10000 particles/cm3). The
in-vehicle microenvironment contributed approximately 10%
and 50%, respectively, to the above two cases.

Carbon Monoxide and Carbon Dioxide Concentrations.
CO concentrations measured during the course of this study
were fairly constant and near urban background levels.
Average in-cabin CO concentration was 2.5 ppm ranging
from 0.1 to 8.1 ppm. Average outside on-freeway CO
concentration was 2.4 ppm ranging from 0.1 to 8.0 ppm. No
statistically significant difference was observed between in-
cabin and outside CO levels. Brief exposure to CO concen-
tration at these levels are of minimal health concern.

The effect of ventilation on particle count, particle decay,
and in-cabin carbon dioxide (CO2) concentrations with or
without intake of outdoor air are shown in Figure 7. The fact
that in-cabin particle number concentration increases when
outdoor air comes into the in-cabin environment (fan on)
suggests that the manufacture-installed particle-filter ef-
ficiency is not 100% for freshly emitted UFPs.

In-cabin CO2 concentrations were also monitored con-
tinuously while driving on freeways. Monitoring in-cabin
CO2 levels is important for commuter health because, at high
concentrations, CO2 is known to cause headaches, rapid lung
ventilation, dizziness, sweating, and increased heart rate (23).
Occupational Safety and Health Administration (OSHA) has
established a 5000 ppm as the Permissible Exposure Limit
(PEL) for CO2 for 8 h. In this study we found that vehicle
ventilation settings significantly affect in-cabin levels of CO2.

FIGURE 5. Average (a) outdoor and (b) in-cabin ultrafine particle
size distributions collected with the PT Cruiser on different freeways. FIGURE 6. Size-specific in-cabin to outdoor ultrafine particle

concentration ratios collected with the PT Cruiser (a) on different
freeways under fan off and recirculation (RC) off conditions and (b)
under different ventilation settings on all three freeways.
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In general, with intake of outside air, low levels of CO2 were
observed. When the ventilation settings were changed to
recirculation on to give commuters maximum protection
against particles, with three persons riding in the vehicle,
CO2 levels rapidly increased reaching up to ∼4500 ppm in
less than 10 min (Figure 7). In-cabin concentrations of CO2

may not be considered an issue as long as there is sufficient
intake of outside air, but when recirculation is on, the CO2

concentrations can reach significantly high levels that may
affect commuters. During extremely long commutes (e.g.,
over an hour one way) with more than three passengers in
a well-sealed vehicle, it is recommended to either open the
window or turn off the recirculation and increase the fan
speed approximately once every half an hour to prevent CO2

concentrations from building up to levels of concern.
People inside the vehicle not only influence CO2 con-

centrations but also UFP concentrations. The human res-
piratory system removes UFPs, thereby reducing their
concentrations. This effect may not be important inside well-
ventilated vehicles with significant influx of outside air.
However, for a well-sealed car with three passengers and no
outside air intake (left-most panel in Figure 7), the extremely
low in-cabin UFP concentrations were most likely resulted
from UFP deposition onto both vehicle interior surfaces and
passengers’ respiratory systems.

In summary this study has shown that car age and
ventilation settings play major roles in the in-cabin commuter
exposure to freshly emitted UFP. Commuters are advised to
maintain the optimum ventilation settings to get maximum
protection against these particles by turning on both the fan
and the recirculation.
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