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Abstract

There is a growing need to better assess population exposures to motor vehicle exhaust in
proximity to major roads and highways. This need is driven in part by emerging policy
requirements for more targeted assessments of localized public health impacts related to
road expansions and increasing commercial transportation. There is also growing
momentum in the scientific community for improved methods in measuring local
exposures as well as discerning which constituents of the vehicle exhaust mixture may
exert greater public health risks for those who are exposed to a disproportionate share of
roadway pollution. To help elucidate the current state-of-the-science in exposure
assessments along major roadways and help inform decision makers of research needs
and trends, we provide an overview of the emerging policy requirements, along with a
conceptual framework for motor vehicle exhaust exposure assessments that can help
inform policy decisions. We also identify the strengths and weaknesses of the individual
elements within the conceptual framework for exposure assessments that may serve to
guide future efforts to strengthen approaches for assessing public exposures to motor
vehicle exhaust.



Background

There is an emerging need within the public health policy arena to gather greater
information on local health effects associated with air pollution in communities
immediately adjacent to major traffic arteries. This emphasis arises from a growing
number of studies that have raised concerns regarding possible associations between
proximity to high volume motor vehicle traffic (and its associated emissions) and
increased risk of cardiovascular and respiratory diseases and cancer health endpoints [1-
6], as well as studies describing the increased concentrations of air pollutants measured in
close proximity to major roads. These studies have led government officials, health and
environmental advocates, and researchers to consider the implications of these findings
on the broader policy agenda.

As an example, California recently adopted a law requiring assessments of the
public health impacts at proposed school sites attributable to high traffic roadways. The
new law prohibits the approval of school sites within 500 feet of the edge of the closest
traffic lane of a freeway or other busy traffic corridor unless the school district
determines that air quality levels at the proposed site do not pose either a significant
short-term or long-term risk to pupils [7].

In many metropolitan areas, residents living close to major roadways are often
minority or low income populations, raising concerns of environmental justice and the
role of air pollution and socioeconomic conditions on health [8, 9]. These population
groups may be exposed to other health risks in the environment and in occupational
settings, have poor nutritional status and limited access to health care, or have a higher
prevalence of some underlying diseases relevant to air pollution health effects. Factors
such as these may act as effect modifiers to air pollution exposures from proximity to
major traffic roadways, thus increasing the potential health effects.

Diesel emissions are a significant contributor to mobile source emissions in North
America and they dominate trade-related emissions. In 1998, California listed diesel
particulate emissions as a toxic air contaminant in recognition of its potential to cause
cancer [10] and in 2002 the US Environmental Protection Agency declared diesel
emissions a likely human carcinogen [11]. Diesel exhaust therefore raises concerns over
whether communities in close proximity to major trade routes and congested border
crossings are shouldering a disproportionate burden of the health risks associated with
increased trade-related transportation. Cities with busy border crossings are receiving
particular attention due to heavy truck traffic, long lines of diesel trucks, and long idling
times [12-14].

The increasing pressures of urban sprawl are likely to continue the expansion of
high traffic roadways and a concomitant increase in vehicle miles traveled (VMT),
placing continued emphasis on health concerns related to population exposures to traffic
exhaust [8]. The policy of promoting the infilling of residential housing in urban central
core areas, while beneficial for the economic revitalization of these areas and reducing
urban sprawl and VMT, could also increase the population potentially exposed to high
levels of motor vehicle emissions, especially from heavy-duty vehicles.

In light of the emerging need to better understand local health impacts of vehicle
exhaust, the Commission for Environmental Cooperation (CEC) has undertaken a review
of methods to assess population exposures along major traffic arteries. The federal



governments of Canada, Mexico and the United States created the CEC in 1993 under an
environmental side agreement to the North American Free Trade Agreement with an
objective to “promote sustainable development based on cooperation and mutually
supportive environmental and economic policies” [15].

To frame the issues and assess the current state of the science, the CEC sponsored
a two-day workshop in September 2003 in Montreal, Canada, on “Methodologies to
Assess Vehicle Exhaust Exposure.” A panel of experts from government, academia, and
private sector consulting in Canada, Mexico and the United States attended the workshop
to discuss approaches and elements of various approaches for assessing the public’s
exposure to vehicle exhaust. This article is a reflection of the knowledge and
understanding that was shared at the workshop and provides a review of the
methodologies for assessing population exposures to motor vehicle exhaust along major
transportation corridors.

This review focuses on the functional elements of methods to assess population
exposures. There are a number of other external factors, such as socioeconomic status,
behavioral habits, and pre-existing health conditions, which can affect health outcomes
from exposures to vehicle exhaust. These are recognized but not discussed at length here,
and they are the subject of other reviews (see [9] and references therein).

Conceptual Framework

In order to help provide a path forward in developing local population exposure
assessments to help meet emerging policy needs, we offer a conceptual framework for
understanding the process of exposure assessment, while at the same time attempting to
convey the many challenges involved in performing such an analysis. After we present
this framework, we will describe some specific tools and techniques that can help
estimate population exposures to motor vehicle pollution in proximity to major traffic
corridors.

In general, there are two reasons for conducting an exposure assessment: 1) as
part of epidemiological studies linking observations of respiratory disease, cancer, and
other health endpoints with the causes of illness; and 2) for environmental risk
assessments in evaluating and quantifying the risks to a population that stem from a given
source of pollution. The objective, whether an epidemiological study or a risk
assessment, and the magnitude of available resources will influence the choice and rigor
of the methodology employed for assessing exposures.

Our conceptual framework, summarized in Figure 1, begins with the emissions
generated by an individual vehicle (Factor 1). A host of factors are known to influence an
individual vehicle’s emissions performance, such as the age of the vehicle, the fuel
burned, the condition and performance of the vehicle’s pollution control systems, engine
load, driving cycle, and other factors. Laboratory testing attempts to capture these factors
by simulating typical drive cycles on a chassis or engine dynamometer for tailpipe
emissions. Evaporative, running and refueling losses can also be evaluated in laboratory
settings, but the methods are often difficult and cumbersome and not very representative
of real-world conditions. Alternatively, emissions may be measured in real-world
situations by fast-response monitoring of individual vehicles while in use [16] or by on-
road emissions measurement systems [17].



Figure 1. Conceptual Framework for Assessing Population Exposures to Motor
Vehicle Exhaust. [A host of factors influence population exposures to motor vehicle air
pollution and their associated adverse health outcomes. Our conceptual framework
summarizes the key factors influencing the degree of exposure from the source of

emissions (motor vehicles) to the receptor population.]
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Vehicle traffic emissions (Factor 2) reflect the collective performance of hundreds
or thousands of vehicles traveling a given roadway under specific driving conditions
(e.g., congestion). Emission factor models, like the US Environmental Protection
Agency’s MOBILE model, are designed to estimate motor vehicle emissions based on a
myriad of inputs and assumptions such as fleet characterization, vehicle miles traveled,
vehicle starts and stops, driving speeds, the deterioration rates of pollution control
systems, and other factors. Real-world monitoring such as remote sensing campaigns,
tunnel studies, or fuel-based emissions inventories [18, 19] are alternative approaches
that can be used to estimate emissions. Each of these alternative methods also has
limitations and uncertainties that should be considered in developing a mobile source
inventory.

For some applications, however, the emission factors generated by the MOBILE
model may not provide the detailed characteristics required for a smaller scale, such as a
2 km stretch of road. However, the latest version, MOBILESG, includes emission factors
specific to different roadway types and congestion levels. EPA is also developing its next
generation mobile source emissions model, MOVES, which estimates emissions based on
modes of vehicle operation. MOVES will allow for the calculation of emission factors at
a range of geospatial scales. In addition to these efforts, other microscale emission factor
models have been developed [20, 21].

Vehicle count by type of vehicle can also be logged and then used as model input.
The Georgia Tech Research Partnership has been developing the MEASURE model, a
research-grade motor vehicle emissions model within a geographic information system
(GIS) framework [22]. The GIS framework of the model allows the linkage of typical
travel demand model outputs, simulation model outputs, or monitored Advanced Traffic
Management Systems (ATMS) traffic volume estimates. The MEASURE model contains
several “modal approaches” to estimate emissions as a function of vehicle fleet
technology and vehicle operating “mode,” representing a range of vehicle operating
conditions such as cruise, acceleration, deceleration, idle, and power demands leading to
fuel enrichment. Also recently developed is the Comprehensive Modal Emissions Model
(CMEM), jointly developed by the University of California-Riverside and the University
of Michigan. CMEM is a modal model that estimates fuel consumption and gaseous
pollutant emissions based on physical principles, and is calibrated with a data set of 300
vehicles driven on a variety of driving cycles. CMEM has recently been paired with
TRANSIMS, a model developed by Los Alamos National Laboratory that simulates the
travel behaviors of an urban population as cellular automata [23]. TRANSIMS
determines vehicle activities, and this output provides necessary input data for CMEM-
based emission calculations, which are expressed in real-time. One has to keep in mind,
however, that these models require significant input data.

Traffic count data can be useful for better estimating vehicle emissions along
specific roadways, but there can be problems in finding data for a relatively recent time
period, or the data may be limited to short time periods (e.g., 12 hours), raising concerns
regarding their applicability for long-term exposure assessments.

Once tailpipe or evaporative emissions enter the atmosphere, geographic features
(Factor 3) as well as local weather and atmospheric conditions (Factor 4) will influence
pollution chemistry, transport and dispersion. Researchers sometimes use dispersion



modeling to predict the fate and transport of airborne pollutants by accounting for these
variables.

It is important to note the varying characteristics of the urban pollution mix. The
spatial patterns exhibited by ambient air pollutants will vary depending on the
compounds in question. Secondary pollutants, which form in the atmosphere from
precursor pollutants, may be more evenly distributed across a city. An important
exception is ozone in the immediate vicinity of major roadways where it will exhibit
lower concentrations relative to a more even distribution further away. The local roadway
ozone deficit is due to the molecule’s rapid destruction by short-lived nitric oxide (NO)
present in fresh vehicle emissions. Under the assumption of an even distribution, spatially
averaged ambient concentrations of secondary pollutants may provide a reasonably
accurate estimate of individual exposures to these types of pollutants. Primary pollutants,
which are directly emitted by local sources, such as elemental carbon, carbon monoxide
(CO), sulfur dioxide (SO,), nitric oxide, and to a lesser extent nitrogen dioxide (NO,),
from motor vehicles, will show wider spatial variability across a city. Because of this
spatial variability, spatial average ambient concentrations of primary emissions will be
far less reliable in estimating the actual magnitude of individual exposures.

Ambient air pollution will also exhibit temporal variability, influencing individual
exposures. This includes long-term trends in air quality, seasonal variations in air
pollution concentrations, day-to-day variability, as well as diurnal variations in air
pollution levels. Depending on the nature of the exposure assessment, it may or may not
be necessary to account for these different categories of temporal variability and
averaging times. For example, long-term variability in air pollution exposures may be
significant in a longitudinal study that would be able to capture chronic health effects, but
for a study assessing acute health effects, such as emergency room visits, exacerbation of
asthmatic symptoms or daily mortality, daily variations in air pollution levels would be
the exposure of interest.

Personal exposures to motor—vehicle-related air pollution (Factor 5) will depend
on the activity patterns of the individual in question, the interaction between these
activities and traffic sources, and the contribution of indoor sources to personal exposures
of the pollutants in question. Throughout a given day, individuals may be exposed to very
different levels of air pollutants, depending on the different microenvironments in which
they spend their time, their proximity to pollution sources, their smoking habits, and their
in-job exposures. These microenvironmental exposures compose an individual’s
integrated personal exposure. As emphasized above, this variability may be more or less
pronounced, depending on the pollutant in question. (We suggested in the discussion
above that secondary pollutants will tend to be evenly distributed across a city, while
primary pollutants exhibit greater spatial variability.) Extending the inquiry to encompass
a wider portion of an individual’s life introduces additional levels of complexity due to
the mobility of individuals and long-term changes in factors 1-3. The longer the duration
of inquiry, the higher the probability that study subjects will have moved from one city to
another, or within a city, with the potential for significant variations in the levels of
exposure.

Personal exposure monitors that can directly measure individual exposures are
available for many pollutants, such as for some gases (ozone, nitrogen oxides, sulfur
dioxide), particulate matter (PM_s5, PM1g), elemental/organic carbon (EC/OC) [24-26] as
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well as for multiple pollutants simultaneously (particulate matter, criteria gases and
EC/OC) [27]. Time-activity diaries have been used to “track” individual activity patterns
[28]. By combining the individual diary information with measurements or estimates of
ambient and microenvironmental pollution concentrations, researchers can assess
individual exposures. Also, time-activity diaries and microenvironmental measurements
combined with personal exposure monitoring data may be used to evaluate the main
determinants of personal exposures [29, 30]. Researchers have also made use of GPS
tracking devices fitted to study participants to assist in estimating exposures [31]. Again,
long-term exposure assessments face a greater challenge, requiring information on the
subjects’ residential history as well as the pollution characteristics of the different
microenvironments in which subjects spend their time [32].

Factor 6, the variables influencing whether an adverse health outcome is triggered
by the exposure, extends beyond the realm of the exposure assessment. We include it
within the conceptual framework, however, to provide a more complete model and to
acknowledge that components of factor 5 may be systematically different for individuals
of different ages and underlying disease status. The occurrence of an adverse health
outcome will vary depending on age, nutrition, and genetics of the individual exposed to
the pollution.

Many different approaches have been used to estimate exposures to traffic-related
air pollution for epidemiological studies and environmental risk assessments, often with
tradeoffs between the specificity of the exposure assessment and the ability to extend the
study to large populations. We now turn our focus to the specific tools and techniques for
estimating exposures to motor vehicle pollution, which we broadly categorize as: 1)
surrogate techniques, 2) modeling techniques, and 3) measurement techniques. In many
cases, an exposure assessment will rely on more than one of these approaches as an
integral part of the study, or use several approaches as a separate substudy, assessing the
distribution of error in the primary exposure estimates.

Surrogate Techniques

Perhaps the most straightforward of the exposure assessment methodologies is what we
have termed the *“surrogate” approach: indicators of the relative concentrations of
pollution that an individual or population is exposed to. The surrogate approach may be
useful as a proxy for exposure assessment to vehicle emissions in studies with relatively
large sample sizes.

Examples of surrogate techniques include both subjective and objective measures
of nearby traffic intensity. Some subjective approaches used self-reported measures of
nearby traffic intensity or local knowledge of congested roads to gauge statistical
relationships between illness and proximity to high volumes of motor vehicle traffic [33-
35]. Studies have asked participants to report the distance from their home to the nearest
major roadway, the occurrence of traffic jams near their home, estimates of truck or bus
traffic at their home address, speed limit on street of home address, traffic annoyance
scores and perception of traffic exhaust. For instance, in a survey of approximately
39,000 subjects, Ciccone et al. [33] found strong associations between childhood
respiratory disorders and high truck traffic density in the area of residence.
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Other studies have used objectively-determined exposure measures, such as traffic
density on the residential street [36], the distance between residence and the nearest
highway or busy road [37-39], total traffic within a certain radius [40,41], and distance-
weighted traffic density [42].

These examples focus exclusively on a subset of the Factor 2 variables,
specifically the number of vehicles in use and the level of congestion. As suggested by
our conceptual framework, there are many more variables that will ultimately determine
the level of individual exposures that are not reflected in these metrics, highlighting their
potential limitations. Depending on the objective of the exposure assessment and study,
however, they may be adequate for their intended use.

In terms of identifying areas likely to have higher levels of air pollution within a
city, workshop participants suggested that local transportation planners would be capable
of identifying the most congested areas of the city. These then would be areas of special
concern to determine if exposures are also high. Despite its “low-tech” approach, this
technique may be sufficiently suited to the purpose at hand (e.g., when targeting air
quality improvement projects, or screening areas for a more detailed study).

If the objective is to evaluate alternative transportation projects rather than
existing conditions, the surrogates approach may not be helpful. For assessing a set of
alternative scenarios or future conditions, other techniques are needed, including
modeling of potential vehicle emissions within the various scenarios and their dispersion
into surrounding communities.

Modeling Techniques

The modeling techniques can be divided into two basic categories: 1) regression or GIS
modeling approaches, and 2) dispersion modeling.

Regression Modeling Approaches

Researchers are increasingly relying on regression modeling to estimate individual
exposures for epidemiological studies. In some cases, GIS is used to compute
independent variables for inclusion in these regression models. Two examples of these
approaches are the TRAPCA (Traffic-Related Air Pollution on Childhood Asthma) and
SAVIAH (Small Area Variations in Air Pollution and Health) studies.

The TRAPCA [1,43,44] and SAVIAH [45-47] exposure assessment approaches
were developed as a means to estimate individual exposures to air pollutants for use in
large epidemiological studies. The TRAPCA and SAVIAH approaches allow for
individual exposures to be modeled based upon regression of measured air pollutant
concentrations against surrogate variables in a GIS framework. The specific use of
traffic-related surrogate variables allows these methods to develop exposure estimates
that are specific to traffic-related pollutants.

The SAVIAH study found significant variation in NO, concentrations across
individual European cities [47]. The study relied on geographic modeling to develop
individual estimates of exposures based on NO, concentration measurements at a limited
number of sites and prediction of these measured concentrations using geographic data
such as nearby traffic intensity, population density, and altitude. Using regression models
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relating the measured concentrations with the geographic variables, estimates of
exposures were then generated for locations where no measurements were made.

Using a similar approach, but extending the methodology to particles, the
TRAPCA study found substantial variability in measured annual average concentrations
of NO,, PM; 5 and “soot” (an elemental carbon surrogate) at 40 sites in each of the three
study locations. Pollutant concentrations varied by a factor of two for PM; s, a factor of
three to four for “soot,” and by a factor of four for NO,. In all of the study areas, a major
fraction of this variability was explained by the available geographic variables, such as
population density and proximity to major roadways.

The basic approach employed in the SAVIAH and TRAPCA studies involved the
measurement of long-term average air pollution concentrations at monitoring sites that
were specifically selected to characterize the complete range of within-city variability in
air pollution concentrations. At these same monitoring locations, geographic variables
(e.g., traffic and population density) were calculated. A regression model then related the
measured air pollutant concentrations with the geographic data to enable air pollutant
concentrations to be predicted for additional locations where no monitoring data are
available, such as the home addresses of study participants. Address locations of study
participants were input into the regression model and exposure estimates were calculated
for each individual address within a GIS framework. Lifetime exposure histories for
study participants could then be calculated for those who move by computing new
exposure estimates for each new address. A related approach used a combination of
regression modeling and surrogate techniques to take into account local air pollution
(proximity to major roads) and background air pollution in a cohort mortality study [3,
48]. In this multivariate analysis, the surrogate variable (living near a major road) was
associated with a significantly increased risk of cardiopulmonary mortality, while the
modeled exposure variable (background air pollution) was not.

Workshop participants emphasized several of the challenges involved in using
geographic information in estimating exposures. For instance, many geocoding services
do not accurately or consistently place addresses in their actual physical locations.
Because of the near-field pollutant distribution observed along roadways it was suggested
that the address locations of study participants be accurately geocoded to within 20-30
meters. Moreover, the road network used to model traffic exposures must be consistent
with the database used to geocode addresses.

Dispersion Modeling

In dispersion modeling, emissions parameters are input into dispersion or other types of
atmospheric models to predict the concentrations of pollutants at individual “receptor”
points. For example, CALINE 4, built on Gaussian dispersion models, can predict the
concentrations of air pollutants downwind of a road segment using emission factors
(emissions/length of road) and meteorological data [49].

Dispersion models require large amounts of location-specific input data such as
detailed information on the specific makeup of the motor vehicle fleet, the specific
emissions of representative vehicle types, traffic volumes, and detailed meteorological
and topographical information. Workshop participants raised particular concerns
regarding the applicability of vehicle emissions estimates based on laboratory testing,
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which may not provide an accurate representation of variable driving conditions in the
real world. The presence of “high emitters” (typically vehicles that may be older, poorly
maintained, or tampered with) as well as the emergence of new technology vehicles
complicate estimates of vehicle emissions under variable driving conditions for a variety
of air pollutants.

Dispersion models are commonly used in the evaluation of air quality
management programs and for environmental risk assessments. They have not been used
with great frequency in epidemiological studies. The LUCAS study in Stockholm [50]
and a Danish study of traffic pollution and childhood cancer in Copenhagen and in
several rural areas in Denmark [51] are exceptions. Both studies used dispersion
modeling to estimate concentrations of NO,. As part of the Danish study, dispersion
modeling estimates were compared with measured NO, concentrations at 200 addresses
in Copenhagen and in several rural areas in Denmark. The analysis suggested that the
model calculations using traffic data and physical characteristics for the area at the each
address reproduced well the observed concentrations.

Measurement Techniques

The measurement techniques rely on actual measurements of traffic-related air pollution,
with data collected from air quality monitoring networks or personal samplers. By
working directly with measured concentrations of pollution, the measurement techniques
essentially bypass the many complexities involved in estimating motor vehicle emissions
and the subsequent transport and dispersion of pollutants. There remain, however, several
important challenges.

The same pollutants that are generated by motor vehicles are also produced by a
variety of other sources. Consequently, it is not possible, with monitoring data alone, to
accurately resolve the fraction of the observed ambient concentrations, and subsequent
population exposures, that are due to vehicle emissions versus other predominant sources
(this limitation also applies to regression modeling approaches). The answers to this
question, however, can be refined through the inclusion of other data such as emissions
inventories and meteorological measurements. Receptor-based methods (“receptor
models™), which typically require more detailed chemical characterization of PM, 5, PMg
or volatile organic compounds (VOCs), are a useful tool for source apportionment.
Combining all of the available information and methods for both particulate and gaseous
pollutants is expected to lead to the greatest degree of understanding. This work is
difficult, however, requiring considerable effort, resources, and experience. Furthermore,
while some aspects of such an effort will be similar from location to location, detailed
interpretations can be expected to be site-specific and also potentially time-specific (i.e.,
only valid for the time period for which the measurements were collected).

Some of the options for apportioning ambient pollutant concentrations to motor
vehicles, include:

1) Comparing simultaneous measurements of pollutants from multiple sites where
at least one site is located for maximum impact from known traffic sources and the others
are not impacted by these sources. This could include upwind versus downwind sites, or
near-source sites versus sites representing regional or urban background.
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2) Comparisons of different time periods at a single site known to be influenced
by traffic (e.g., rush hour times versus non-rush hour times, weekday versus weekend,
daytime versus nighttime).

3) Running averages of real-time continuous measurements with sub-hourly
resolution. For example, concentrations from hourly running averages represent a larger
“footprint” of the source area than the instantaneous measurements. Subtraction of the
two can indicate the impact of the local traffic source on ambient concentrations.

4) Variations in concentrations as a function of wind direction can also lead to
valuable inferences regarding the contribution from a source of concern. For nearby
sources, a simple pollution schematic (“rose”) that bins [groups] hourly data by wind-
direction sector may reveal higher concentrations from specific directions that may
include point sources or major roadways. This requires hourly resolution (or better) for
particulate matter and wind direction measurements.

Numerous epidemiological studies have relied on ambient monitoring data to
determine average exposure levels. The American Cancer Society (ACS) and Harvard 6-
Cities studies [52, 53] are two of the most widely cited studies of the effects of air
pollution exposure on human health outcomes due to the studies’ cohort designs and very
large sample sizes. The studies used single long-term average pollution concentration
values measured at fixed ambient monitoring sites for each urban area to characterize the
exposure of study populations. Cross-sectional studies or smaller sample-sized studies,
however, have taken a more targeted approach. For example, Kramer et al. [54] measured
personal and outdoor pollutant concentrations in a study of children living near major
roads in two urban areas and one suburban area. Outdoor concentrations of NO, were
correlated with a traffic index based on the traffic density at the home address (r=0.70).
Outdoor NO,, concentrations at the front of the children’s homes were associated with
atopy and allergic symptoms.

Janssen et al. [55] conducted a study involving children from 24 schools situated
within 400 meters of 22 different motorway stretches. The pollutants PM;s, NO, and
benzene were measured inside and outside all 24 schools. The study, based on a
measurements approach, found that concentrations of air pollutants inside and outside
schools near motorways were significantly associated with distance, traffic density and
composition, and percentage of time downwind, suggesting that these variables can be
used as surrogates for traffic-related air pollution exposure assessments.

A limited number of studies have assessed exposures by conducting extensive
ambient monitoring throughout the entire region of interest (i.e., at multiple grid locations
or at the home address of all study subjects) [54, 56]. Short of such an extensive
monitoring effort, researchers have interpolated ambient concentrations based on
measurements collected by air quality monitoring sites or networks [57, 58]. The
interpolation of monitoring data is not able to identify small-scale variations in
concentrations, given the density of most typical monitoring networks and given the
spatial distribution of traffic sources.

Within-city Spatial Variability in Pollutant Concentrations

These more-refined measurement programs to support epidemiological research are
supported by a growing appreciation for spatial variability in air pollution concentrations
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within urbanized areas [47, 51, 59, 60]. Recent information has suggested greater than
expected levels of variation in ambient air pollutant concentrations within a city. Several
studies have documented within-city variability in 0zone concentrations [61] mainly as a
result of variability in nitric oxide (NO) levels—an o0zone-quenching substance when its
concentration is relatively high compared to reactive hydrocarbons. Additional studies
have documented important variations in concentrations of a variety of gaseous and
particle species within cities, especially related to the location of motorized traffic, e.g.,
city center versus suburb [51, 59, 60, 62].

Recent research has also found that some types of vehicle-related air pollution are
likely to be localized (within a few hundred meters) near heavily traveled roadways.
Studies conducted by Levy et al. [31] and Zhu et al. [63] found concentrations of
ultrafine particles and CO dropped to background levels 200-300 meters downwind of a
freeway and another study found a similar pattern for NO; [62]. In a study by Hitchins et
al. [64], concentrations of submicron particles dropped by approximately 50 percent at
locations 150 meters away from a road. These studies suggest that concentrations of at
least some pollutants from motor vehicle exhaust decline substantially with increasing
distance. Consequently, fixed-site monitoring stations for these types of pollutants may
not accurately represent near-field pollutant concentrations from motor vehicle exhaust.

In addition, researchers are finding elevated concentrations of pollution in smaller
micro-environments. For example, studies conducted on California and Mexico City
roadways have measured pollution levels several times higher within a car or public
transit vehicle as compared to the air outside the vehicle, ranging from two to ten times
greater [65, 66]. The studies in California found that the air in cars driven during peak
traffic periods contained nearly twice the pollution of those driven during less congested
times [66]. Studies conducted in the Mexico City metropolitan area have found that
personal PM; s and CO exposures in commuters using public transportation were highest
during morning rather than evening peak hours, in agreement with higher morning than
evening fixed-site monitoring station peak levels [67, 68].

By relying on air quality monitoring data, the measurement techniques avoid the
many complexities involved with estimating source-specific emissions and pollutant
dispersion. On the other hand, reliance on ambient monitoring data provides limited
ability to attribute pollutants to specific sources. In formulating strategies to address the
risks to human health, it is important to know the sources of pollution.

Components of the motor vehicle emissions mixture: Diesel exhaust

Diesel exhaust exposure is an issue of particular concern and workshop participants
discussed available methods for its assessment and characterization. Most participants
felt that the available techniques are not yet sufficient to specifically assess population
exposures to diesel exhaust. In the past, elemental carbon (EC) was used as a marker of
vehicular diesel fuel combustion. While elemental carbon may be a useful marker for
occupational exposures to diesel exhaust when diesel engines are the dominant source of
particles, it lacks the sensitivity and specificity needed for a signature of diesel exhaust in
ambient exposure settings, which typically include elemental carbon from other
combustion sources. For example, gasoline combustion and many industrial and non-
vehicle combustion processes also produce EC emissions, so EC is not a reliable
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“unique” identifier to distinguish diesel-powered vehicle emissions from other vehicle
and non-vehicle sources [69].

In 2002, the Health Effects Institute held a workshop addressing the topic of
“Improving Estimates of Diesel and Other Emissions for Epidemiologic Studies” [70].
Workshop attendees and speakers included experts involved in developing methodologies
to determine human exposures to vehicle exhaust and assessing the limitations associated
with the various exposure assessment methods. One key area of focus was the
development of validated markers or set of markers (“signature”) to distinguish diesel
exhaust from gasoline exhaust and other air pollution types.

The concept for determining a “vehicle exhaust signature” implies the
identification of compounds found in ambient air that, when measured in combination,
can act as a unique set of markers for vehicle fuel combustion. To date, it is currently not
possible to assess accurately an individual’s exposure to vehicle exhaust in ambient air
containing pollutants from several sources. As such, it is desirable to identify compounds
found in ambient air that, although individually may not be specific for a particular
pollution source, taken together can act as a “signature” of vehicle fuel combustion with a
high degree of confidence.

An ideal signature or marker for diesel and gasoline vehicle exhaust would be:

1) specific to the vehicle-related combustion source, 2) feasible to measure, 3) able to be
generated from routinely collected data, 4) have an appropriate cost, and 5) be relatively
insensitive to engine technology and fuel characteristics. In an effort to develop vehicle
exhaust signatures or individual markers, researchers are investigating a number of
promising research avenues, although none is yet ready for general use. Instruments such
as the aerosol mass spectrometer (AMS) provide detailed information about the chemical
composition and physico-chemical properties of particulate matter (i.e., size distribution,
positive or negative ion mass spectra) [71-73]. Transmission electron microscopy (TEM)
has been used to characterize the morphology of particles emitted by vehicle engines
[74]. There are also data analysis (statistical) methods applicable to using chemical
markers as a proxy for inferring exposures to vehicle emissions [75].

Ideally, if a chemical marker is used to estimate human exposures to vehicle
exhaust, this “inferred” estimate should be accompanied by an associated estimate of
measurement error, and there are a number of factors contributing to potential
measurement errors. These include spatial and temporal variations in ambient particulate
matter and their component levels, variable engine operating conditions [76], and limited
spatial and temporal scales of the collected data sets.

There have been recent advancements in the development of chemical signatures
or markers for vehicle exhaust. Hopanes and steranes found in motor vehicle engine
lubricating oil may be useful as unique “marker” constituents in vehicle-derived
particulate matter from combustion [77]. Researchers have demonstrated the utility of the
molecular marker method in collecting field samples for source apportionment in
epidemiological studies, supplemented with elemental carbon measurement data [77, 78].
Confidence in this exposure estimate might be increased by including other
measurements of particle characteristics, such as particle number concentration and size
distribution.

Although signature or marker approaches are advancing, none of the methods
currently satisfies all five of the previously listed criteria for useful exhaust signatures or
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markers. The remaining challenges include the feasibility of measurements (complex
instrumentation and experimental set-up, operational expertise), data analysis capabilities
(specialized skills required for analysis and interpretation of key dataset values), and
appropriate cost (lengthy experimental set-up, analysis time, skilled worker salaries).

Conclusions and Recommendations

Each technique for assessing population exposures to motor vehicle pollution has its own
set of strengths and weaknesses. These include: 1) feasibility, defined in terms of cost and
data availability, 2) accuracy, 3) temporal resolution, 4) spatial resolution, 5) the
pollutants available for analysis, and 6) sensitivity (ability to detect a response over noise
or variability of measurements). In Table 1, we summarize the different approaches
discussed throughout this article according to these key criteria. Ultimately, it is the
objective of the study that will influence the choice of methodology employed for
assessing exposures.

Based on the current state-of-the-science in local population exposure
assessments to vehicle exhaust, workshop participants raised a number of points that
form the basis for recommendations of future work. With respect to the objective of the
Commission for Environmental Cooperation to promote sustainable development in the
context of expanding international trade, there are several areas that can help identify,
prioritize, and assess populations that are at a disproportionately greater risk as a result of
expanded trade-related traffic. These include populations living in close proximity to
congested border crossings as well as along major highways carrying expanded trade-
related traffic. The following recommendations are in the context of these situations, but
they can also be generalized to vehicle exhaust exposure assessments at other locations.

It is important to continue work on developing a diesel vehicle exhaust signature,
particularly in light of congested border crossings and expanded trade-related truck traffic
in major trade corridors. In addition, improved information on idling emissions from
vehicles is needed, which is a salient point with regard to locations having frequent traffic
congestion and idling trucks. For mobile source emission models, there is a continuing
need to improve vehicle emission factors, vehicle fleet composition data, and driving
cycle parameters. Further improvements can be made by collecting location-specific
traffic count data from traffic planners or other relevant authorities, or as part of the
exposure assessment study if no relatively recent traffic count data exist.

It will be informative to evaluate the feasibility of applying a standard exposure
assessment methodology across different and widely separated locations. A standard
approach may help identify differing impacts at locations of concern, such as border
crossings, which could arise from differences in local ambient pollution composition,
rather than arising as an artifact of different assessment approaches. For example,
differences in diesel fuel sulfur content or in diesel engine emission standards across
different regions may be reflected in local ambient air concentrations where trucks
frequently idle or travel.
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Table 1. Summary Table of Approaches to Population Exposure Assessments for
Vehicle Exhaust

Methodology

Strengths

Weaknesses

Surrogate e Generally the least resource intensive and * Not appropriate for assessment of individual roads.
Approaches therefore rank high in terms of feasibility. . . L
¢ Do not necessarily account for changes in existing
o Applicable for urban-wide assessments. conditions.
e Best suited for analysis of existing conditions. |¢ Generally deficient in terms of short-term variability.
e Focused by design on long-term ¢ Do not address individual pollutants, which can be a serious
concentrations. shortcoming for researchers seeking to link a specific
pollutant to a health risk.
e Surrogate techniques that incorporate subjective
assessments suffer from potential for bias.
Dispersion e May be most appropriate for modelling of e Resource intensive, requiring large amounts of location-
Models specific scenarios (forecasting) and a limited specific input data such as detailed information on the

number of roads.

Useful for transportation planning agencies
that may already possess much of the input
data required.

Have the ability to evaluate short-term
changes in pollutant concentrations (e.g.,
hourly, seasonal, day of week profiles) as
long as appropriate temporally-resolved input
data (traffic counts, emissions factors,
meteorology) are available.

specific makeup of the motor vehicle fleet, the specific
emissions of representative vehicle types, traffic volumes,
and detailed meteorological and topographical information.

Difficult to apply across entire metropolitan areas.

Regression or GIS
Modeling

Very feasible to perform a regression analysis
based on existing data and variables within a
GIS framework (e.g., distance to nearest
highway).

More rigorous analyses based on actual traffic counts and
spatial measurements can significantly increase the required
resources.

Personal e Best suited for model development and to e Feasible only for relatively small subsets of the population.
Monitoring validate modelling approaches. e Because of the size of some continuous samplers (e.g. CO,
e Best suited for epidemiological studies. NO,, and PM), subjects may not follow a regular daily routine
o when wearing a personal monitor, biasing the resulting data.
e Data can be collected for individual study
participants. e Less temporal resolution with passive samplers that require
. longer integration periods (e.g. 24 hours).
e Depending on the pollutant, personal
monitors have the potential to provide greater
temporal resolution (but not always).
e Passive samplers are available that can
measure VOCs, NO,, SO,, ozone, and
aldehydes.
Ambient e Established monitoring networks can contain [e Typically lacks sufficient spatial coverage on its own to
Monitoring consistent information on long-term air capture within city variability of air pollution levels.

pollution trends at specific locations.

Capable of high-temporal resolution for a
large number of air pollutants.

Where pre-existing monitoring already done
for regulatory purposes, it can be a low-cost
source of monitoring information for exposure
assessment studies.

Relevance of ambient air monitoring data for measuring
exposures to motor vehicle pollution varies depending on the
location of the site(s), the temporal and chemical resolution
of the data, and the amount of data available.
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Additional work should be done to investigate the importance of time-resolved
ambient air monitoring data that may help reveal different health effects or reinforce
existing studies. Some health effects from short-term peak exposures may not appear in
exposure assessments using long-term ambient air concentration averages. The
importance of time-resolved air monitoring data, however, may depend on the relevant
health effect being investigated. For example, for studies of asthma exacerbations, short-
term temporal resolution may be more important, whereas for cancer studies, annual
averages may be sufficient.

Also relevant to the potential usefulness of time-resolved air monitoring data is a
recommendation to develop siting criteria for air monitors to be located in special areas
of concern, such as near schools or congested border crossings. In these locations, time-
resolved data could be important, depending on where people are spending their time in
relation to the ebb and flow of local traffic patterns. Having monitors located in
representative sites for population exposures to vehicle exhaust is clearly an important
assessment need. For personal monitoring, efforts to improve the capabilities of monitors
in terms of the pollutants they measure, their temporal resolution, and reducing their
weight are important and should continue.

Researchers should work with transportation planners to identify potential “hot
spots” along existing major routes or at sites of proposed highway expansion projects as
candidates for exposure assessments. Investigators can use dispersion or GIS modeling
approaches to help identify populations that may be affected by toxics and other vehicle
emissions. Exposure assessments can be aided by efforts to further hybrid strategies
incorporating both spatial and temporal variability and specific exhaust components to
improve their accuracy. It will be important to verify and improve road spatial accuracy
for inputs into GIS modeling techniques in order to reduce uncertainties from roadways
located incorrectly. Roadways mislocated by only a few hundred meters can significantly
change estimates of population exposures in the local area.

Because of the complexities of modeling techniques and their inputs, there will
always be some level of uncertainty in their use for exposure assessments. As an aid to
decision makers and transportation planners in light of continuing uncertainties, it will be
useful to provide in any assessment a general background that includes a description of
toxics and other air pollutants in the environment, as well as a general description of
sensitive populations to these contaminants. There may already be locally specific
information available in terms of monitoring or modeling, and these should be included
in the general background. Within this context, the background can also include a
discussion of reasonably foreseeable changes in traffic volume or congestion that can
alter the amount of toxics and air pollutants emitted from local traffic. Specific examples
of these types of exhaust-related contaminants are benzene and diesel particulate matter.
By providing this general context, decision makers and transportation planners will have
an improved understanding of the local context in which to evaluate the results of
location-specific exposure assessments and their uncertainties in relation to sensitive
populations exposed to vehicle exhaust.
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