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INTRODUCTION  
 
An expanding body of air pollutant measurement data and epidemiological studies indicates, perhaps not 
surprisingly, that pollutant concentrations near major highways can be quite high. Motor vehicle 
emissions, which are the primary source of the air pollutant mixture near roadways, comprise a complex 
mixture of both gases and particles. Because these components undergo numerous dispersion and 
transformation processes in the atmosphere following their release from motor vehicles, these complex 
physical and chemical processes both influence the pollutant mixture adjacent to roadways and determine 
its profile of spatial and temporal variation. This section focuses on current approaches for characterizing 
the air pollutant exposures for individuals located near roadways. It reviews recent studies to evaluate the 
air pollutant mixture near roadways, particularly the contribution by fine and ultrafine particles, and 
exposure assessment methodology for estimating air pollutant concentrations for persons who live or 
work near roadways. 
 
 
CHARACTERIZING AIR POLLUTION NEAR ROADWAYS 
 
Emission inventories indicate that motor vehicles are the principal sources of fine and ultrafine particles 
in the atmosphere of urban areas (Hitchins et al., 2000; Zhu et al., 2002). The majority of particles emitted 
by vehicles are in the ultrafine size range (20-130 nanometers [nm] for diesel engines [Morawska et al., 
1998] and 20-60 nm for gasoline engines [Ristovski et al., 1998]). Consequently, to address concerns 
about proximity to roadways and the potential health effects, data are needed not only for emissions of 
ultrafine particles but also for the behavior of ultrafine particles after emission and their transport away 
from busy roadways and freeways. 
 
The first studies of particle concentrations near roadways were conducted in Australia in the late 1990s 
(Hitchins et al., 2000). The investigators reported that, with the exception of measurements close to the 
road (within approximately 15 meters [m]), horizontal profile measurements did not indicate statistically 
significant differences among fine particle number concentrations at ground-level distances up to 200 m 
away from the road. More recently, Zhu et al. (2002) measured particle size distributions and 
concentrations of gaseous co-pollutants in the proximity of the Interstate 405 (I-405) freeway in west Los 
Angeles, which is primarily used by gasoline-powered vehicles. Measurements were obtained 30 m, 60 
m, 90 m, 150 m, and 300 m downwind, and 300 m upwind, from I-405. At each sampling location, 
concentrations of carbon monoxide (CO), black carbon (BC), and particle mass were also measured. 
Under these conditions, decreasing concentrations of CO, BC, and particle number correlated well with 
increasing distance from the freeway. Particle number concentrations from 6 nm to 220 nm decreased 
exponentially with downwind distance from the freeway. These data showed that both atmospheric 
dispersion and coagulation contributed to the rapid decrease in particle number concentrations and 
changes in particle size distribution with increasing distance from the freeway. Ultrafine particle number 
concentration measured at 300 m downwind from the freeway was indistinguishable from upwind 
background concentration.  
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Zhu et al. (2002) obtained similar data in sites in the vicinity of freeway I-710, which is used extensively 
by heavy-duty diesel vehicles. The most notable difference between the I-405 and I-710 sites was that 
elemental carbon (EC) levels were highest in the I-710 freeway, an expected finding due to higher EC 
emissions from diesel engines compared to gasoline engines. Similar to the results from the I-405 study, 
the sharpest decreases in particle concentrations with distance from the freeway were observed for 
particles in the sub-20 nm category.  
 
Measurements of particle number size distribution for the range from 11 nm to 452 nm were reported on 
the side of the busy Marylebone Road in central London between April 1998 and August 2001 by 
Charron and Harrison (2003). These data were also analyzed to evaluate the influence of meteorological 
factors on different size fractions and on the overall size distributions. Some meteorological parameters, 
such as low temperatures and high relative humidity, are known to favor formation of new particles. For 
example, in the morning and during the night when temperatures are lower and relative humidity levels 
are higher, lower temperature conditions favor the generation of small particles. This strong dependence 
on temperature further suggests that very small particles are not emitted initially from motor vehicles, but 
are formed during the cooling and dilution of motor vehicle exhaust. However, a correlation between the 
formation of new particles and the higher relative humidity levels present during the morning and night 
was not found. Higher water content in the atmosphere would be expected to favor homogeneous binary 
nucleation of sulfuric acid and water, while ternary nucleation involving ammonia would be expected to 
be independent of relative humidity. Furthermore, possible nucleation from organic compounds might not 
be influenced by relative humidity. The lack of dependence of small particle levels on relative humidity 
levels suggests that binary nucleation from sulfuric acid and water is not a major factor in particle 
formation. 
 
The effect of season on the characteristics of particles near freeways was also investigated in a study by 
Zhu et al (2004). The decay rates of CO and BC concentrations were slightly greater in summer than in 
winter for both the I-405 and I-710 freeways, suggesting a weaker atmospheric dilution effect in winter. 
Particle number concentrations in the size range between 6 nm and 12 nm was significantly higher in 
winter than in summer; the associated concentration in that size range decreased at a slower rate in winter 
than in summer. The surface area concentrations in the size range of 6 nm to 220 nm were consistently 
higher in summer for all sampling locations. These results suggest that wintertime conditions favor 
increased particle formation, possibly due to increased condensation of organic vapors, coupled with 
decreased atmospheric mixing depth. These findings are consistent with the observations of Charron and 
Harrison (2003). 
 
Zhang et al. (2004) demonstrated that condensation, evaporation, and dilution were major factors for 
altering aerosol size distribution, while coagulation and deposition played minor roles. Seasonal effects 
were significant; winters were generally less dynamic than summers. A large number of particles grew in 
diameters to larger than the 10 nm range in the interval between 30 m and 90 m downwind of the 
freeways. Beyond 90 m, some particle sizes decreased to the less than 10 nm range and while others 
continued growing to greater than 100 nm due to competition between partial pressure and vapor 
pressure. Therefore, people who live or work within approximately 90 m of roadways are exposed to a 
pollutant mixture that has particle size and distribution compositions that differ from the pollutant mixture 
to which people who live or work further away from roadways are exposed. Particle compositions likely 
change dramatically as components respond to decreasing gas-phase concentrations as a result of dilution. 
 
The presence of elevated concentrations of particles and gaseous pollutants from motor vehicles near 
freeways raises concerns about the magnitude of exposures of individuals during their commutes and 
about the health implications of these exposures. Time spent in and near vehicles is a significant route of 
exposure to air pollution, but few studies of ultrafine particulate matter (UFPM) concentrations in 
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vehicle-related settings have been conducted, especially inside moving vehicles. Westerdahl and 
colleagues (2003) obtained measurements on a variety of streets and freeways in Los Angeles between 
February and April 2003. As expected, diesel-powered vehicles were often a major source of high UFPM 
count concentrations, especially for measurements collected directly behind a moving vehicle. 
Interestingly, gasoline-powered vehicles also produced comparably high UFPM counts, particularly when 
the vehicles were older. The measurements were highest when vehicles were accelerating hard or starting 
from a standing start, such as from a stoplight, and when vehicles were driving at high speeds or 
accelerating at high speeds. Due to the ubiquitous nature of gasoline-powered vehicles and the frequency 
of such types of driving, they may be the predominant source of in-vehicle, roadway, and near-roadway 
UFPM concentrations. UFPM concentrations can be greater by at least an order of magnitude on freeways 
with diesel traffic or primarily gasoline engine traffic compared to urban background measurements.  
 
 
CHARACTERIZING HUMAN EXPOSURES NEAR ROADWAYS  
 
The methodology of exposure assessment is used to characterize actual exposures that can occur when 
individuals near roadways inhale the complex mixture of particles and gases emitted from motor vehicles. 
As previously discussed, numerous factors influence the formation and composition of the air pollutant 
mixture near roadways. Ambient air pollution can also exhibit temporal variability that can contribute to 
variations in exposures. This variability reflects long-term trends in air quality, seasonal variations in air 
pollutant concentrations, day-to-day variability, as well as diurnal variations in air pollution levels. 
Depending on the time-base of the exposure assessment, it may or may not be necessary to account for 
these different categories of temporal variability. 
 
An individual’s exposure to motor vehicle-related air pollution will also depend on the activity patterns of 
the individual in question, the interaction between these activities and traffic sources, and the penetration 
of the pollutant into indoor environments. Throughout a given day, individuals may be subjected to very 
different levels of exposure to traffic-related pollutants depending on where they spend their time and 
their proximity to traffic sources. 
 
Specific tools and techniques are available for estimating exposures to motor vehicle pollution. They can 
be broadly categorized as 1) surrogate techniques, 2) modeling techniques, and 3) measurement 
techniques; they are discussed in more detail below. In many cases, exposure assessment can involve use 
of several of these approaches to assess the distribution of error for the primary exposure estimates. 
 
Surrogate Techniques 
 
One exposure assessment method is the surrogate approach. This approach uses gross indicators for the 
relative concentrations of air pollutants to which an individual or population may be exposed. Examples 
of the surrogate approach include self-reported (subjective) measures of nearby traffic intensity or local 
knowledge of congested roads (Ciccone et al., 1998; Duhme et al., 1996; Weiland et al., 1994), objective 
measures, such as traffic density on the street of residence (Savitz & Feingold, 1989), total traffic within a 
certain radius of a residence (Edwards et al., 1994; English et al., 1999; Wilkinson et al., 1999), distance-
weighed traffic density (Langholz et al., 2002); and distance between a residence and the nearest highway 
or busy road (Brunekreef et al., 1997; Livingstone et al., 1996; van Vliet et al., 1997). 
 
These examples focus not only on the number of vehicles in use and the level of congestion but also 
incorporate some measure of proximity. However, many other variables that ultimately determine an 
individual’s air pollutant exposure are not reflected in these metrics. Depending on the objective of the 
exposure assessment, such surrogates may be adequate for their intended use.  
 



 4

Modeling Techniques 
 
Modeling techniques can be divided into two basic categories: 1) regression modeling approaches using 
geographic information systems (GIS) and 2) dispersion modeling. 
 
Regression Modeling Approaches    
Researchers are increasingly relying on regression modeling to estimate individual exposures for 
epidemiological studies. Typically, GIS are used to compute independent variables for inclusion in these 
regression models. Two examples of these approaches are the Traffic-Related Air Pollution on Childhood 
Asthma (TRAPCA) and Small Area Variations in Air Pollution and Health (SAVIAH) studies. 
 
Exposure assessment approaches were developed for the TRAPCA study (Brauer et al., 2002; Brauer et 
al., 2003) and SAVIAH study (D. J. Briggs et al., 1997; D. J. Briggs et al., 2000; Lebret et al., 2000) as an 
approach for estimating individual exposures to air pollutants in large epidemiological studies. The 
TRAPCA and SAVIAH approaches allow for individual exposures to be modeled based on regression of 
measured air pollutant concentrations against surrogate variables in a GIS framework. The specific use of 
traffic-related surrogate variables provides exposure estimates that are specific to traffic-related 
pollutants.  
 
The basic approach employed in the SAVIAH and TRAPCA studies involves measurement of long-term 
average air pollution concentrations at monitoring sites 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 
relates the measured air pollutant concentrations with the geographic data to predict air pollutant 
concentrations for additional locations where no monitoring data are available, such as the home 
addresses of study participants. Address locations of cohort members are input into the regression model 
and exposure estimates are calculated for each individual address within a GIS framework. Lifetime 
exposure histories for cohort members can be calculated for those who move by computing new exposure 
estimates for each new address. 
 
Several challenges are involved in using GIS-based information in estimating exposure. For example, 
geocoding services may not accurately or consistently place addresses in their actual physical locations. 
Because of near-field pollutant distribution observed along roadways, address locations of study 
participants must be geocoded within an accuracy of 20-30 meters. Moreover, the road network used to 
model traffic exposure must be consistent with the database used to geocode addresses. 
 
Dispersion Modeling 
For dispersion models, 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 (Benson, 1984). 
Dispersion models require large amounts of location-specific input data, such as detailed information on 
the specific composition of the motor vehicle fleet, the specific emissions of representative vehicle types, 
traffic volumes, and detailed meteorological and topographical information. Because the vehicle 
emissions estimates for this modeling approach are based on laboratory testing, they may not provide an 
accurate representation of real-world driving conditions. In addition, accurate estimates of emissions for 
some air pollutants may not be possible currently. 
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Measurement Techniques 
 
Measurement techniques utilize actual measurements of traffic-related air pollution based on data 
collected from air quality monitoring networks or personal samplers. By working directly with measured 
concentrations of pollution, these techniques avoid the many complexities involved in estimating motor 
vehicle emissions and the subsequent transport and dispersion of pollutants. However, there are 
challenges in making these estimates and they have limitations.  
 
Numerous epidemiological studies have relied on ambient monitoring data to determine average exposure 
levels. The American Cancer Society study (Pope et al., 2002) and the Harvard Six Cities study (Dockery 
et al., 1993), two of the most widely cited studies on the chronic health effects of particulate air pollution, 
used a limited number of long-term average pollution concentration values for each urban area. In some 
cases, the investigators relied on pre-existing ambient monitoring networks to characterize the exposure 
of study subjects. Subsequent studies have taken a more targeted approach. 
 
A limited number of studies have assessed exposure by conducting extensive ambient monitoring 
throughout the entire region of interest, such as at multiple grid locations or at the home address of all 
study subjects (Hirsch et al., 1999; Kramer et al., 2000). Researchers have also interpolated ambient 
concentrations based on measurements collected by air quality monitoring networks (Brown et al., 1994). 
Interpolation of monitoring data is generally 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.  
  
There is a growing appreciation of the spatial variability in air pollution concentrations within urbanized 
areas (Bernard et al., 1997; Cyrys, Heinrich et al., 1998; Lebret et al., 2000; Raaschou-Nielsen, 2000). 
Recent information has suggested greater than expected levels of within-city variation in ambient air 
pollutant concentrations. Previously it had been assumed for ozone and particles that ambient 
concentrations were relatively homogeneous within urban areas (Burton et al., 1996). Several recent 
studies have documented important within-city variation of concentration of other pollutants, especially 
related to proximity to motorized traffic and location within the city, e.g. center versus suburb (Bernard et 
al., 1997; Cyrys et al., 1998; Gilbert et al., 2003; Raaschou-Nielsen, 2000). In addition, researchers are 
finding elevated concentrations of pollution in micro-environments. For example, studies conducted on 
California roadways have measured pollutant levels several times higher within vehicles compared to the 
air outside of the vehicle (Rodes et al.; SCAQMD, 1999). 
 
Capturing spatial variability is perhaps the greatest challenge in conducting a risk assessment or 
epidemiological study. Ideally, a personal exposure monitor that could follow an individual throughout 
the day would be used to measure exposure. However, technical and practical factors limit this approach, 
particularly when conducting a long-term exposure assessment and when estimating exposures for large 
populations. Temporal variability can also impact health effects. Although epidemiological studies often 
rely on 24-hour average pollutant concentrations for assessing exposure, a finer temporal resolution may 
be informative of the relationship between exposure and the resulting health effects. In contrast, a long-
term cancer study may only require average annual pollutant concentrations. 
 
Attributing exposure to key source-specific pollutants is also challenging. Exposure to diesel exhaust is a 
major public health concern, but identifying a diesel-specific marker outside the occupational setting is 
subject to some debate, and efforts are underway to identify a “signature” of emitted compounds unique 
to diesel exhaust (Health Effects Institute, 2003). Approaches that combine chemical signatures with 
spatial and temporal data may prove to be especially useful. Assuming that researchers can develop a 
reasonable estimate of the pollutant concentrations at a given location along with source signatures, they 
must still address the activity patterns of the population under study. 
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In summary, sound approaches for both evaluating and quantifying air pollutant composition near 
roadways and for assessing those exposures are essential to evaluate the environmental conditions of 
individuals who live and work near roadways and their potential health effects. 
 
 
REFERENCES 

Benson, P. 1984. CALINE4 - A dispersion model for predicting air pollution concentrations near 
roadways. Final report prepared by California Department of Transportation. FHWA/CA/TL-84/15, 
November. Revised November 1986 and June 1989. 

Bernard, N. L., Astre, C. M., Vuillot, B., Saintot, M. J., & Gerber, M. J. 1997. Measurement of 
background urban nitrogen dioxide pollution levels with passive samplers in Montpellier, France. J 
Expo Anal Environ Epidemiol 7(2):165-178.  

Brauer, M., Hoek, G., van Vliet, P., Meliefste, K., Fischer, P., & Gehring, U., et al. 2003. Estimating 
long-term average particulate air pollution concentrations: Application of traffic indicators and 
geographic information systems. Epidemiology 14(2):228-239.  

Brauer, M., Hoek, G., Van Vliet, P., Meliefste, K., Fischer, P. H., & Wijga, A., et al. 2002. Air pollution 
from traffic and the development of respiratory infections and asthmatic and allergic symptoms in 
children. American Journal of Respiratory and Critical Care Medicine 166(8):1092-1098.  

Briggs, D. J., Collins, S., Elliott, P., Fischer, P., Kingham, S., & Lebret, E., et al. 1997. Mapping urban air 
pollution using GIS: A regression-based approach. International Journal of Geographical Information 
Science 11:699-718.  

Briggs, D. J., de Hoogh, C., Gulliver, J., Wills, J., Elliott, P., & Kingham, S., et al. 2000. A regression-
based method for mapping traffic-related air pollution: Application and testing in four contrasting 
urban environments. The Science of the Total Environment 253(1-3):151-167.  

Brown, P. J., Le, N. D., & Zidek, J. V. 1994. Multivariate spatial interpolation and exposure to air-
pollutants. Canadian Journal of Statistics 22(4):489-509.  

Brunekreef, B., Janssen, N. A., de Hartog, J., Harssema, H., Knape, M., & van Vliet, P. 1997. Air 
pollution from truck traffic and lung function in children living near motorways. Epidemiology 
8(3):298-303.  

Burton, R. M., Suh, H. H., & Koutrakis, P. 1996. Spatial variation in particulate concentrations within 
metropolitan Philadelphia. Environmental Science and Technology 30(2):400-407.  

Charron, A., & Harrison, R. M. 2003. Primary particle formation from vehicle emissions during exhaust 
dilution in the roadside atmosphere. Atmospheric Environment 29:4109-4119.  

Ciccone, G., Forastiere, F., Agabiti, N., Biggeri, A., Bisanti, L., & Chellini, E., et al. 1998. Road traffic 
and adverse respiratory effects in children. SIDRIA collaborative group. Occupational and 
Environmental Medicine 55(11):771-778.  

Cyrys, J., Heinrich, J., Brauer, M., & Wichmann, H. E. 1998. Spatial variability of acid aerosols, sulfate 
and PM10 in Erfurt, Eastern Germany. Expo Anal Environ Epidemiol 8(4):447-464.  



 7

Dockery, D. W., Pope, C. A.,3rd, Xu, X., Spengler, J. D., Ware, J. H., & Fay, M. E., et al. 1993. An 
association between air pollution and mortality in six U.S. cities. The New England Journal of 
Medicine 329(24):1753-1759.  

Duhme, H., Weiland, S. K., Keil, U., Kraemer, B., Schmid, M., & Stender, M., et al. 1996. The 
association between self-reported symptoms of asthma and allergic rhinitis and self-reported traffic 
density on street of residence in adolescents. Epidemiology 7(6):578-582.  

Edwards, J., Walters, S., & Griffiths, R. K. 1994. Hospital admissions for asthma in preschool children: 
Relationship to major roads in Birmingham, United Kingdom. Archives of Environmental Health 
49(4):223-227.  

English, P., Neutra, R., Scalf, R., Sullivan, M., Waller, L., & Zhu, L. 1999. Examining associations 
between childhood asthma and traffic flow using a geographic information system. Environmental 
Health Perspectives 107(9):761-767.  

Gilbert, N. L., Woodhouse, S., Stieb, D. M., & Brook, J. R. 2003. Ambient nitrogen dioxide and distance 
from a major highway. The Science of the Total Environment 312(1-3):43-46.  

Health Effects Institute. 2003. Improving estimates of diesel and other emissions for epidemiologic 
studies. Boston, MA: Health Effects Institute. 

Hirsch, T., Weiland, S. K., von Mutius, E., Safeca, A. F., Grafe, H., & Csaplovics, E., et al. 1999. Inner 
city air pollution and respiratory health and atopy in children. The European Respiratory Journal 
14(3):669-677.  

Hitchins, J., Morawska, L., Wolff, R., & Gilbert, D. 2000. Concentrations of submicrometre particles 
from vehicle emissions near a major road. Atmospheric Environment 34(1):51-59.  

Kramer, U., Koch, T., Ranft, U., Ring, J., & Behrendt, H. 2000. Traffic-related air pollution is associated 
with atopy in children living in urban areas. Epidemiology 11(1):64-70.  

Langholz, B., Ebi, K. L., Thomas, D. C., Peters, J. M., & London, S. J. 2002. Traffic density and the risk 
of childhood leukemia in a Los Angeles case-control study. Annals of Epidemiology 12(7):482-487.  

Lebret, E., Briggs, D. J., Collins, S., van Reeuwijk, H., Fischer, P., & Smallbone, K., et al. 2000. Small 
area variations in ambient NO2 concentrations in four European areas. Atmospheric Environment, 
34(2):177-185.  

Livingstone, A. E., Shaddick, G., Grundy, C., & Elliott, P. 1996. Do people living near inner city main 
roads have more asthma needing treatment? Case control study. BMJ 312(7032):676-677.  

Morawska, L., Bofinger, N. D., Kocis, L., & Nwankwoala, A. 1998. Submicrometer and super 
micrometer particles from diesel vehicle emissions. Environ Sci Technol 32:2033-2042.  

Pope, C. A.,3rd, Burnett, R. T., Thun, M. J., Calle, E. E., Krewski, D., & Ito, K., et al. 2002. Lung cancer, 
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. JAMA 
287(9):1132-1141.  

Raaschou-Nielsen, O. 2000. An air pollution model for use in epidemiological studies: Evaluation with 
measured levels of nitrogen dioxide and benzene. J Expo Anal Environ Epidemiol 10(1):4-14.  



 8

Ristovski, Z. D., Morawska, L., Bofinger, N. D., & Hitchins, J. 1998. Submicrometer and 
supermicrometer particles from spark ignition vehicles. Environ Sci Technol 32:3845-3852.  

Rodes, C., Sheldon, L., Whitaker, D., Clayton, A., Fitzgerald, K. & Flanagan, J. Measuring 
concentrations of selected air pollutants inside California vehicles. California ARB contract no. 95-
339. http://www.arb.ca.gov/research/indoor/in-vehsm.htm  

Savitz, D. A., & Feingold, L. 1989. Association of childhood cancer with residential traffic density. 
Scandinavian Journal of Work, Environment & Health 15(5):360-363.  

SCAQMD, South Coast Air Quality Management District. 1999. AQMD fact sheet: Study of air pollution 
levels inside vehicles. http://www.aqmd.gov/news1/In_car_facts.htm  

van Vliet, P., Knape, M., de Hartog, J., Janssen, N., Harssema, H., & Brunekreef, B. 1997. Motor vehicle 
exhaust and chronic respiratory symptoms in children living near freeways. Environmental Research 
74(2):122-132.  

Weiland, S. K., Mundt, K. A., Ruckmann, A., & Keil, U. 1994. Self-reported wheezing and allergic 
rhinitis in children and traffic density on street of residence. Annals of Epidemiology 4(3):243-247.  

Westerdahl, D., Fruin, S., & Sioutas, C. In-vehicle and roadway concentrations of ultrafine particulate 
matter in Los Angeles. Paper presented at the American Association for Aerosol Research 
Conference (AAAR), Anaheim, CA, October 20-24, 2003.  

Wilkinson, P., Elliott, P., Grundy, C., Shaddick, G., Thakrar, B., & Walls, P., et al. 1999. Case-control 
study of hospital admission with asthma in children aged 5-14 years: Relation with road traffic in 
North West London. Thorax 54(12):1070-1074.  

Zhang, K. M., Wexler, A. S., Zhu, Y. F., Hinds, W. C., & Sioutas, C. 2004. Evolution of particle number 
distribution near roadways. Part II: The 'road-to-ambient' process. Atmospheric Environment, 
38:6655-6665.  

Zhu, Y., Hinds, W. C., Ki, S., Shen, S., & Sioutas, C. 2004. Seasonal trends of concentration and size 
distributions of ultrafine particles near major freeways in Los Angeles. Aerosol Science and 
Technology 38(S1):5-13.  

Zhu, Y., Hinds, W. C., Kim, S., Shen, S., & Sioutas, C. 2002. Study on ultrafine particles and other 
vehicular pollutants near a busy highway. Atmospheric Environment 36:4375-4383.  

Zhu, Y., Hinds, W. C., Kim, S., & Sioutas, C. 2002. Concentration and size distribution of ultrafine 
particles near a major highway. Journal of the Air & Waste Management Association 52(9):1032-
1042.  

 


