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Abstract

Traffic congestion increases vehicle emissions and degrades ambient air quality, and recent studies 

have shown excess morbidity and mortality for drivers, commuters and individuals living near 

major roadways. Presently, our understanding of the air pollution impacts from congestion on 

roads is very limited. This study demonstrates an approach to characterize risks of traffic for on- 

and near-road populations. Simulation modeling was used to estimate on- and near-road NO2 

concentrations and health risks for freeway and arterial scenarios attributable to traffic for 

different traffic volumes during rush hour periods. The modeling used emission factors from two 

different models (Comprehensive Modal Emissions Model and Motor Vehicle Emissions Factor 

Model version 6.2), an empirical traffic speed–volume relationship, the California Line Source 

Dispersion Model, an empirical NO2–NOx relationship, estimated travel time changes during 

congestion, and concentration–response relationships from the literature, which give emergency 

doctor visits, hospital admissions and mortality attributed to NO2 exposure. An incremental 

analysis, which expresses the change in health risks for small increases in traffic volume, showed 

non-linear effects. For a freeway, “U” shaped trends of incremental risks were predicted for on-

road populations, and incremental risks are flat at low traffic volumes for near-road populations. 

For an arterial road, incremental risks increased sharply for both on- and near-road populations as 

traffic increased. These patterns result from changes in emission factors, the NO2–NOx 

relationship, the travel delay for the on-road population, and the extended duration of rush hour for 

the near-road population. This study suggests that health risks from congestion are potentially 

significant, and that additional traffic can significantly increase risks, depending on the type of 

road and other factors. Further, evaluations of risk associated with congestion must consider travel 

time, the duration of rush-hour, congestion-specific emission estimates, and uncertainties.
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1. Introduction

Traffic on roads has significantly increased in the U.S. and elsewhere over the past 20 years 

(Schrank and Lomax, 2007). In many areas, vehicle emissions have become the dominant 

source of air pollutants, including carbon monoxide (CO), carbon dioxide (CO2), volatile 

organic compounds (VOCs) or hydrocarbons (HCs), nitrogen oxides (NOx), and particulate 

matter (PM) (Transportation Research Board (TRB), 2002). The increasing severity and 

duration of traffic congestion have the potential to greatly increase pollutant emissions and 

to degrade air quality, particularly near large roadways. These emissions contribute to risks 

of morbidity and mortality for drivers, commuters and individuals living near roadways, as 

shown by epidemiological studies, evaluations of proposed vehicle emission standards, and 

environmental impact assessments for specific road projects (World Health Organization 

(WHO), 2005; Health Effects Institute (HEI), 2010).

It is useful to separate traffic-associated pollutant impacts and risks into two categories. 

First, “congestion-free” impacts refer to impacts of traffic at volumes below the level that 

produces significant congestion. In this case, each additional vehicle added to the road does 

not substantially alter traffic patterns, e.g., the speed and travel time of other vehicles are 

unaffected, and thus vehicle emission factors do not depend on traffic volume. As a result, 

the marginal impact of an additional vehicle is equal to the average impact of the vehicle 

fleet. This is not necessarily true during congestion, the second category considered. While 

there are many definitions, congestion is often defined as periods when traffic volume 

exceeds road capacity. (Other definitions use a speed threshold, a percentage of free-flow 

speed of a roadway, or other indicator.) The present study focuses on what might be called 

“recurring congestion,” specifically, congestion caused by high traffic volumes during 

weekday peak “rush hour” periods. However, traffic volume is treated as a continuous 

variable, and strict definitions of congestion are not needed.

In the present analysis, “congestion-related” impacts incorporate multiple interactions that 

occur with congestion. First, congestion lowers the average speed, which increases travel 

time and exposure on a per vehicle basis. This effect can be considerable, e.g., the average 

annual travel delay for a traveler making rush hour trips in the U.S. was 38 h in 2005, based 

on 437 urban areas (Schrank and Lomax, 2007). Second, congestion diminishes dispersion 

of vehicle-related pollutants since vehicle-induced turbulence depends on vehicle speed 

(Benson, 1989). Thus, lower vehicle speeds can increase pollutant concentrations from 

roadway sources. Third, congestion can change driving patterns, resulting in an increased 

number of speedups, slowdowns, stops and starts, which increase emissions compared to 

“cruise” conditions, especially with high power acceleration. For example, Sjodin et al. 

(1998) showed up to 4-, 3- and 2-fold increases in CO, HC and NOx emissions, respectively, 

with congestion (average speed of 13 miles per hour, mph; 1 mph=1.61 km per hour) 

compared to uncongested conditions (average speed, 38–44 mph). Thus, it is important to 

separate congestion-free and congestion-related impacts since emissions, impacts and risks 

can differ greatly, and because such analyses can better inform decisions related to traffic 

and air quality management, as well as impact and risk assessments.
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Few evaluations of congestion-related impacts have been undertaken, and available studies 

have essentially combined congestion and non-congestion related impacts. Tonne et al. 

(2008) predicted that the congestion charging zone in London, where drivers must pay fees 

when their vehicles enter this area, would gain 183 years-of-life per 100,000 population in 

the congestion charging zone itself and a total of 1,888 years-of-life in the greater London 

area. Eliasson et al. (2009) estimated that a similar zone in Stockholm would avoid 20–25 

deaths annually due to traffic-related air pollution in the inner city, and 25–30 deaths 

annually in the metropolitan area, which contains 1.4 million inhabitants. Both studies 

indicate that congestion pricing is beneficial in reducing traffic-related health impacts, but 

congestion-free and congestion-related impacts were not separated. These European studies 

focused on congestion charging zones, which are uncommon in the U.S., and the vehicle 

mix and fleet emission characteristics may differ substantially from those in the U.S. Using 

a different approach that examined shifts in time activity patterns (TAPs: the amount of time 

spent at various locations and related activities) due to travel delays along with literature 

values of exposure concentrations in relevant microenvironments, we estimated that a 30 

min day−1 travel delay accounted for 21±12% of the exposure to benzene and 14±8% of 

PM2.5 for a typical working adult on weekdays (Zhang and Batterman, 2009). Levy et al. 

(2010) estimated that the estimated public health cost of mortality attributable to congestion 

in 83 U.S. cities in 2000 was $31 billion (2007 dollars). This study used a macro-level 

approach to estimate traffic volume, which was then linked to the Motor Vehicle Emissions 

Factor Model 6.2 (MOBILE6.2) (EPA, 2003), thus providing a snapshot of congestion. 

However, congestion is dynamic and varies with time, space, weather and other factors 

(Downs, 2004). Overall, these studies suggest that congestion represents a substantial share 

of exposure to drivers and commuters, with potentially significant risks and impacts on 

health.

This study investigates the magnitude of air pollution impacts and health risks to on- and 

near-road populations that might occur due to recurring congestion, such as Monday through 

Friday rush hour traffic. Recurring congestion can result in repeated and chronic exposures, 

and an increase in long term health risks. “Incident congestion,” such as that caused by an 

accident or disabled vehicle, is not addressed, although such events may also be important 

for certain acute health outcomes, e.g., asthma exacerbation. This study utilizes predictive 

risk assessment techniques, namely, simulation models for traffic, emissions, pollutant 

dispersion and risk, and an incremental analysis that evaluates congestion-free and 

congestion-related impacts. After describing the approach, two case studies are used to 

analyze air pollution impacts and risks. A limited sensitivity analysis is conducted to 

examine impacts of key parameters on the estimated incremental risk. The merits of the 

various approaches that might be used to estimate congestion impacts conclude the analysis.

2. Methods

2.1. Approach

Risk assessment methods, depicted in Fig. 1, are used to estimate health risks due to traffic 

for two scenarios. In brief, vehicle emissions are used as an input to a dispersion model to 

estimate concentrations, which are then multiplied by exposure time and a risk factor 
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representing the concentration–response relationship. While some exposure and risk 

assessments utilize time activity patterns (TAPs) or human activity patterns, for simplicity 

we consider only exposure durations in traffic micro-environments, which include the delays 

due to traffic congestion. An incremental analysis is used to estimate the marginal impacts 

of increases in traffic volume. Such analyses are widely used in economic models to 

examine effects of small changes of an input on outcomes of interest; they also represent one 

of the classical “sensitivity analysis” techniques used to identify key variables in modeling 

systems (Trueman, 2007). One difference here, however, is that a wide range of traffic flows 

is examined over which relationships are expected to vary considerably.

2.2. Case studies

Two case studies or scenarios were developed to examine associations between traffic 

volume, exposures and health risks. The first, a freeway scenario, models an 8 km long 

segment of interstate I-94 in Ann Arbor, MI (Fig. S1), which was selected for a field study 

in which instantaneous emission rates were modeled. This segment had a permanent traffic 

recorder (PTR) operated by the Michigan Department of Transportation (MDOT). The 

portion of the segment west of US-23 had two lanes in each direction; the segment to the 

east had three lanes in each direction. The annual average daily traffic (AADT) volumes for 

these segments were 78,300 and 91,300 vehicles day−1 in west and east directions, 

respectively (MDOT, 2008). During the field study described in Zhang et al. (2011), traffic 

volumes were 3099 and 4040 vehicles per hour (vph) in morning and afternoon rush hour 

periods, respectively. The vehicle mix (8% heavy duty trucks and 92% light duty vehicles) 

during rush hour was based on PTR records from October, 2007 (Southeast Michigan 

Council of Governments (SEMCOG), 2006), and was assumed to be constant. The southeast 

Michigan vehicle age distribution was assumed to represent the fleet. The traffic volume in 

the incremental analysis was allowed to vary from 1000 to 10,000 vph. Given that design 

capacity is 2000 vehicles h−1 lane−1 for a freeway (SEMCOG, 2004), the upper volume 

represents about 120% of road capacity. In addition to the freeway scenario with an 

incremental analysis, a scenario using observed volumes on I-94 during rush hour was 

modeled to demonstrate the spatial and temporal patterns of predicted pollutant levels.

An arterial scenario was also modeled. This used a segment along Grand River Boulevard 

(M-5) in Detroit, which is 8.5 km long and includes two lanes per direction and a central 

turning lane (Fig. S2). The AADT volumes for the segment west of M-39 and east of M-39 

were 23,800 and 19,200 vehicles day−1, respectively (MDOT, 2009). The regional vehicle 

mix and age distribution described above were used. Traffic volumes ranged from 1000 to 

4000 vph (about 120% of road capacity; design capacity is 825 vehicles h−1 lane−1 for an 

arterial road; SEMCOG, 2004).

Exposures of drivers and commuters were estimated using several assumptions about their 

behavior, traffic, and in-vehicle concentrations. A driver or commuter was assumed to travel 

on the segments under a constant traffic volume in both morning and afternoon rush hours 

every weekday throughout the year. The in-vehicle concentration was assumed to be equal 

to predicted on-road concentrations.
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Exposures of near-road residents were derived as follows. A uniform population density 

along both sides of the road was assumed. The (non-commuting) residents were assumed to 

stay at home, which was assumed to be located 100 m from the road, during rush hour every 

weekday. Obviously, time activity patterns and actual distances can vary considerably, 

although an estimated 11% of the US households are located within 100 m of a four lane 

highway (Brugge et al., 2007). The average concentrations at upwind and downwind 

receptors (each at 100 m distance) were used, given the assumption of a uniform population 

density. Since indoor NO2 concentrations (in homes without indoor sources) are about 50% 

of outdoor concentrations (HEI, 2010), the indoor exposure concentration was assumed to 

be half that of predicted outdoor concentrations at the 100 m receptors.

2.3. Emission modeling

Emission factors for a vehicle fleet traveling at different speeds were estimated using the 

Comprehensive Modal Emissions Model (CMEM) and MOBILE6.2. In this study, 

emissions were estimated for NOx since traffic is its major source, and both models can 

predict NOx while adjusting for speed effects. There are other important traffic-related 

pollutants, e.g., PM2.5; however, CMEM does not estimate PM2.5, and MOBILE6.2 does not 

account for vehicle speed effects on PM2.5.

CMEM is a power-demand instantaneous model that can predict fuel consumption and 

emissions of CO, HC, NOx and CO2 on a fine time scale, e.g., a second-by-second basis 

(Scora and Barth, 2006; Zhang and Batterman, 2011). CMEM was used only in the freeway 

scenario because driving patterns were collected at this frequency only for this freeway 

segment. The CMEM estimates from Zhang and Batterman (2011), which were based on the 

east-bound I-94 segment, were assumed to apply to both directions.

MOBILE6.2 is a widely used regulatory emission model (Pierce et al., 2008) that estimates 

emissions of HC, CO, NOx, PM and air toxics like benzene on the basis of chassis 

dynamometer measurements and driving cycles designed for four road types: freeway, 

arterial, ramp and local road (Environmental Protection Agency (EPA), 2003; Pierce et al., 

2008). Emission factors in summer and winter were estimated using MOBILE6.2 and the 

fleet mix, vehicle age distribution, and typical daily temperatures for different vehicle 

speeds. Annual average emission factors were approximated as the average of summer and 

winter predictions.

For both emission models, emission factors are a function of fleet speed, and speed is a 

function of traffic volume. Speeds corresponding to given traffic volumes were derived 

using the Bureau of Public Road (BPR) formula (Dowling, 1997):

(1)

where s=predicted mean speed; sf =free-flow speed; v= volume per hour; c=practical 

capacity, estimated locally as 2000 vehicles h−1 lane−1 for freeways, and 825 vehicles h−1 

lane−1 for urban arterials (SEMCOG, 2004); a=scalar coefficient ranging from 0.05 to 1; and 

b=power coefficient ranging from 4 to 11. The latter two coefficients were obtained from a 

Detroit case study, which estimated a=0.1226 for the freeway, a=1.00 for the arterial, and 
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b=4.688 (Batterman et al., 2010). The posted speed limits are 70 and 35 mph for freeway 

and arterial segments, respectively, in the two case studies.

2.4. Dispersion modeling

Dispersion model predictions of NOx concentrations attributable to traffic emissions were 

given by the California Line Source Dispersion Model version 4 (CALINE4). This model 

uses a Gaussian-plume model for a line source of finite length, and a mixing zone to 

characterize thermal and mechanical turbulence (e.g., vehicle wake effects), which is 

defined as the region over the roadway (traffic lanes, not shoulders) plus 3 m on each side 

(Benson, 1989). Both emissions and turbulence in the mixing zone are assumed to be 

uniformly distributed, while the decay of concentrations at more distant locations follows an 

empirical Gaussian line source equation (Benson, 1989). Because CALINE4 was not 

designed to process hourly data for a full year, a simplified modeling approach was used 

(Zhang and Batterman, 2010). In brief, the annual average concentration at a receptor was 

estimated as the sum of CALINE predictions for 16 wind sectors (each spanning 22.5°) and 

15 wind speed classes (1 m s−1 for each bin, e.g., 0.5 to 1.5, 1.5 to 2.5, …), weighted by the 

joint probability of each wind sector/wind speed category during morning and afternoon 

rush hour periods, based on (hourly) meteorology from 2005. Model inputs included 

emission factors, traffic flows, receptor locations, and surface meteorological data for 

morning and afternoon rush hours (7–9 am and 4–6 pm) in 2005, measured at Detroit 

Metropolitan Airport (located 24 and 18 km from the freeway and arterial segments, 

respectively). Receptors were placed 0, 25, 50, 75, 100 and 150 m from both sides of a 

transect perpendicular to the center of the studied road segments.

Predicted NOx concentrations were converted into NO2 levels in order to utilize NO2-based 

concentration–health response relationships. Nitric oxide (NO) emissions, which usually 

account for 90–95% of NOx emissions in traffic (WHO, 2005), are rapidly converted into 

NO2 by reaction with ozone and OH− radicals. Ambient concentrations of NO and NO2 vary 

with distance from traffic and other factors, e.g., background ozone and NO2 concentrations, 

sunlight and dispersion conditions (HEI, 2010). In this study, NO2 concentrations were 

predicted using an empirical model recommended by the UK Department for Environment, 

Food and Rural Affairs (2003):

(2)

where NO2(road) =annual mean NO2 concentration attributable to the road; NOx(road) 

=annual mean NOx concentration attributable to the road; and NOx(background) =annual mean 

background NOx concentration. Eq. (2) gives NO2:NOx ratios from 0.25 at low NOx levels 

to 0.12 at high NOx concentrations. Although developed for long-term NO2:NOx ratios, Eq. 

(2) was assumed to hold for short term relationships. The NOx(road) concentration was taken 

from CALINE4 predictions, and the NOx(background) concentration was set to 28.7 μg m−3, 

the 2004 average background level at a Detroit area monitor (East 7 Mile, northeast Detroit) 

(Brown et al., 2007).
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2.5. Exposure assessment

Daily and annual NO2 exposures of on-road population were calculated as follows

(3)

(4)

where Ed =adjusted daily exposures to NO2 (μg m−3 day−1); Ea = adjusted annual exposures 

to NO2 (μg m−3 year−1); Con–road = predicted on-road concentrations (μg m−3); T=travel 

time (h), calculated by dividing the segment length over vehicle speed; 1/24=daily adjusted 

coefficient (h−1 day−1), a reciprocal of 24 h per day, which distributes in-vehicle exposures 

during travel over the day in order to be compatible with daily-average-based concentration–

response relationships; and 255/365=annual adjusted coefficient given 255=weekdays per 

year and 365=days per year, thus distributing short-term exposures over a year, again to be 

comparable with the concentration–response relationships.

Exposures for near-road population were derived similarly to that just described, but with 

the following changes. In Eqs. (3) and (4), on-road concentrations were replaced by one half 

of the near-road concentrations, and travel time was replaced by the rush hour duration, 

defined in Eq. (5):

(5)

where Trush–hour =actual duration of rush hour; Tfree–flow =baseline duration of free-flow 

conditions (0.5 h); 0.5=a scale factor, which is used to account for some of road network 

dynamics (e.g., vehicles enter and leave a network at anytime during a rush hour); sf =free-

flow speed (70 and 35 mph for freeway and arterial road, respectively); s= speed (mph). The 

rush hour duration is extended due to increased traffic volume. Residents were assumed to 

be at home during rush hours every weekday.

2.6. Risk characterization

Health risks were calculated by linking estimated exposures to the relevant concentration–

response relationships from the literature. These relationships were assumed to hold for 

traffic-related air pollutants as indicated by NO2, and for both congestion and congestion-

free conditions, which can be justified if the pollutant mixtures associated with these 

conditions are similar. Health outcomes of interest and available in the literature include 

short term morbidity, which represents emergency doctor visits and hospital admissions 

(EDA), and long term mortality. Both short- and long-term endpoints were selected, based 

on the strongest concentrations–response relationships in the literature as given by US 

Environmental Projection Agency (EPA) (2008). Specifically, risks were estimated using 

exposures and the concentration–response intervals of 0.5–5.3% and 0–14.8% per 10 μg m−3 

NO2 concentration increase for EDA and all-cause mortality, respectively. These intervals 

represent the ranges of the mean estimates from different studies, and not statistical 

confidence intervals from a meta-analysis. EPA (2008) states that confidence intervals 
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cannot be established since the underlying studies used different models, e.g., single and 

multi-pollutant models, different covariates, different cohorts, some studies only consider 

one age group, and other differences.

The incremental risks of increases in traffic volume were derived by dividing the differences 

of the risks corresponding to nearby traffic volumes by the differences of these traffic 

volumes. They represent the change (e.g., increase) in risk for an individual per each 

additional vehicle at a specific traffic volume. Thus, the incremental risk is the marginal risk 

for an individual given changes in traffic volume. The analysis addressed risks for 

individuals in traffic-related microenvironments, e.g., in vehicles and near major roads. 

Incremental risks might also change for populations in other environments due to emissions 

of primary pollutants, e.g., carbon monoxide and NO2, as well as the formation of secondary 

pollutants, e.g., ozone promoted by NO2 emissions.

2.7. Sensitivity analysis

A limited sensitivity analysis examined impacts of key factors on predicted incremental risk, 

including speed, emission factors, and the NO2/NOx ratio. This analysis predicted 

incremental mortality risks for the on-road population during the morning rush hour using 

the freeway scenario under different conditions, speeds of 50, 55, 60, 65 and 70 mph with 

the constant emission factor (2.7 g mi−1) and NO2/NOx ratio (0.16), emission rates of 1.9, 

2.1, 2.3, 2.5 and 2.7 g mi−1 at constant speed (70 mph) and NO2/NOx ratio (0.16), and 

NO2/NOx ratios of 0.12, 0.15, 0.18, 0.22 and 0.25 at constant emission factor (2.7 g mi−1) 

and speed (70 mph). Emission estimates were derived from MOBILE6.2.

3. Results

3.1. Spatial–temporal patterns of predicted NO2 levels

Fig. S3 shows how quickly predicted NO2 levels decrease with distance from the highway, 

consistent with previous studies (WHO, 2005). Although the afternoon rush hour traffic 

volume was 30% higher than that in the morning, morning and afternoon concentrations 

were similar, mainly due to poorer dispersion conditions in morning, specifically more 

frequent occurrences of low speed winds.

3.2. Air pollution impacts

Fig. 2 shows associations between traffic volume, speed and NOx emission factors for the 

freeway and arterial scenarios. For the freeway, speeds were constant up to volume of 

approximately 4400 vph, at which point speeds began to decrease. Emission factors from 

both CMEM and MOBILE6.2 were also constant at low volumes. At high volumes, 

CMEM’s predictions slightly increased while MOBILE6.2’s slightly decreased. For the 

arterial case, speed was constant at low traffic volumes, and dropped quickly after around 

2000 vph (Fig. 2A). Emission factors were nearly constant at low volumes, and increased 

after 2500 vph when vehicle speeds are low (Fig. 2B).

Figs. 3A–B show NO2 concentrations predicted for various emission estimates, traffic 

volume and rush hour periods in the freeway scenario. Concentrations based on CMEM 
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estimates were nearly linearly associated with traffic volume (Figs. 3A–B); those based on 

MOBILE6.2 increased exponentially with traffic volume to 7000 vph, and then gradually 

leveled off (Fig. 3A–B). Figs. 3C–D show predicted NO2 concentrations in the arterial 

scenario. NO2 levels increased nearly linearly to about 3000 vph, and then increased 

sharply. These predictions included emissions from the road segment only, i.e., background 

levels of NO2 attributable to other emissions were not included.

3.3. Health risks

Predicted short- and long-term health risks for the freeway scenario with traffic volumes 

from 1000 to 10,000 vph using CMEM and MOBILE6.2 emission estimates are shown in 

Tables 1 and 2, respectively. Predicted total health risks increased with increased traffic 

volume, regardless of health outcome, road type and emission models. At the same traffic 

volume, traffic during the morning rush hour increased risks by 20 to 40% compared to 

afternoon rush hour, mainly due to the poorer dispersion conditions mentioned. Differences 

between results in Tables 1 and 2 were mainly determined by the differences from two 

emission estimates and the empirical NO2–NOx relationship.

Table 3 shows predicted health risks for the arterial scenario. Like the freeway results, the 

arterial scenario had higher risks during the morning rush hour.

3.4. Incremental health risk analysis

Fig. 4 shows incremental risks (increased risk for an individual per an additional vehicle) for 

the upper bound mortality outcomes in the freeway scenario. (Figs. S4–S5 show incremental 

risks for EDA using CMEM and MOBILE6.2 emission estimates, which are proportional to 

the mortality risk.) The incremental risks for the on-road population in the morning rush 

hour period were 20 to 45% higher than those in the afternoon rush hour.

For the arterial scenario, incremental risks greatly increased at high traffic volumes (Fig. 5). 

(Fig. S6 shows incremental risks for EDA using MOBILE6.2 emission estimates, and again, 

incremental risks for EDA and mortality are proportional.) In the arterial scenario, speeds 

decreased substantially (from 35 to 10 mph) and emission factors increased markedly (from 

1.7 to 2.3 g mi−1).

3.5. Sensitivity analysis

Fig. S7 shows effects of speed, emission factors and the NO2/NOx ratio on incremental 

mortality risks. Generally, incremental risks decreased as speed increased (or traffic volume 

decreased), and risks increased with higher emission factors and higher NO2/NOx ratios. 

The NO2/NOx ratio had the largest impact on incremental risks; its relative sensitivity was 

an order of magnitude higher than that for emission factors, and two orders higher than 

speed’s.

4. Discussion

This study demonstrates a methodology for analyzing the health risks attributable to traffic, 

specifically using a marginal analysis that shows the effect of incremental increases in traffic 

volume. To our knowledge, this appears to be the first study examining health risks 
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attributable to congestion-related air pollution using this approach. Although the 

methodology employs several models that incorporate simplifying assumptions, the 

incremental analysis shows the effect of each additional vehicle. It highlights the key factors 

affecting risks due to congestion, which include traffic volume, speed, road type, emission 

factor and meteorology.

The key factors determining NO2 concentration predictions include the emission model 

(MOBILE6.2 vs. CMEM), receptor location (on-road vs. near road), and road type (freeway 

vs. arterial road). In the freeway scenario, NO2 concentration trends were determined by 

mainly traffic volume, emission factors and the empirical NO2–NOx relationship. 

MOBILE6.2 has slightly lower emission factors at lower speeds (high traffic volumes), thus 

NO2 concentrations increase slowly at high volumes compared to a sharp increase at low 

volumes. Additionally, with the same traffic volume, concentrations predicted for the 

morning rush hour are 30 to 50% higher than those in afternoon rush hour period, which is 

mainly attributable to meteorological factors (more frequent lower winds and poor 

dispersion conditions). In the arterial road scenario, the predicted NO2 trends can be 

explained by emission factors that are approximately constant at low volumes and thus 

traffics volume dominates the trend, while at high volumes, increasing emission factors 

make NO2 levels rise more sharply (Fig. 2).

The predicted incremental risk per vehicle in the freeway scenario suggests a U-shape 

pattern for the on-road population, and constant incremental risks at low traffic volume for 

near-road populations. This indicates that incremental risks may be variable, dependent on 

driving patterns and parameters that pertain to that specific road segment and population. 

These patterns can be explained by travel time (for the on-road population), emission 

estimates, and the empirical NO2–NOx relationship. The incremental risks derived using 

CMEM are used to explain the interactions of these factors. The on-road risks show U-

shaped curves with traffic volume, as depicted in Fig. 4A and B: from 1000 to 4000 vph, 

trends are determined by the NO2/NOx empirical relationship because speed and emission 

factors are constant, while the proportion of NO2 to NOx slightly decreases from 0.3 to 0.22 

with higher volumes; from 5000 to 7000 vph, emission factors remain constant but speed 

decreases, resulting in longer travel times, and the NO2 to NOx ratio slightly decreases (from 

0.21 to 0.19), which together slightly increase incremental risks; and lastly, for volumes 

exceeding 8000 vph, incremental risks increase due to longer travel delays, higher emission 

factors, and slightly decreased NO2/NOx ratio. The near-road risks show smaller changes, 

but the pattern is similar. The variation in results around 7000 to 10,000 vph, a result of step 

changes in the underlying models, might be addressed by smoothing.

The dramatic changes in incremental risks in the arterial scenario suggest that congestion 

could pose risks to commuters on and residents near arterial roads that are greater than 

congestion risks associated with freeways, possibly because lower speeds might be 

associated with more acceleration/deceleration events than higher speeds and, to a lesser 

degree, because low speeds reduce vehicle-induced dispersion (Benson, 1989).

In summary, the case studies indicated that incremental risks depend primarily on emission 

rates, empirical NO2–NOx relationships, and travel delay (for the on-road population). At 
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the high traffic volumes often associated with congestion, emission rates dominate the 

factors affecting risk trends. The divergence between the two emission models further 

suggests the importance of the emission estimates, especially for congested conditions. 

Many other factors can influence risk results, as described below.

4.1. Relevance of the case studies

The case studies used two simplified and somewhat hypothetical scenarios. The volumes 

assumed for the study segments may be unrealistic, e.g., the observed freeway traffic 

volume was only 4040 vph in the afternoon rush hour, less than half of the highest volume 

(10,000 vph) simulated. The results of incremental risks are expected to vary with roads 

with different orientations, topography, meteorology, and population density. Further, only 

NO2 was considered. It would be helpful to examine other traffic-related pollutants, such as 

diesel exhaust and PM2.5, given its health significance and differences in emission trends 

from NOx.

4.2. Emission uncertainties

The MOBILE6.2 and CMEM models yield different trends of emission factors against 

traffic volume, and the former model’s predictions are systematically higher. These models 

have many differences. CMEM simulates segment-specific driving behaviors using 

segment-specific second-by-second speed/acceleration profiles, while MOBILE6.2 assumes 

a generic driving pattern. Differences and uncertainties also occur due to the different 

approaches used to represent driving patterns, smoothing of speed and acceleration data used 

by CMEM, vehicle fleet assumptions, and difference in driving cycles and calibration 

database, among other reasons (Zhang and Batterman, 2011). Smit (2006, 2008) suggests 

that emission models based on average speeds, such as MOBILE6.2, do not explicitly 

account for congestion since input parameters representing congestion levels are not 

incorporated. MOBILE6.2 implicitly accounts for congestion because some urban driving 

patterns used in the model are associated with congestion. In contrast, driving pattern-based 

emission models, such as CMEM, predict emissions in congestion using instantaneous speed 

and acceleration/deceleration profiles as model inputs. However, predictions for congestion 

periods have not been fully validated (Smit, 2006). Therefore, our scenarios used the default 

congestion levels in MOBILE6.2’s development and calibration.

There are many other sources of uncertainty in the emission models. For CMEM, key 

uncertainties result from the speed-profile smoothing and the car-floating technique used to 

develop these profiles. This approach likely reduced differences between congestion and 

free-flow predictions since actual acceleration/deceleration is underestimated. Additional 

uncertainties result from mapping CMEM to vehicle categories, and assuming that CMEM 

predictions applied to both road directions. For MOBILE6.2, a key uncertainty is whether 

the embedded driving cycles and speed adjustments reflect the actual driving patterns. As 

discussed, MOBILE6.2’s ability to predict congestion-related emissions for a specific road 

is limited. Other uncertainties include the lack of segment-specific vehicle mix and age 

distributions, and the performance of the BPR model that relates traffic flow and speed. 

Finally, both CMEM and MOBILE6.2 are deterministic models that do not represent 

uncertainties in both the structures and parameters of the models.
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Roadway emissions can be estimated in other ways. The new EPA Motor Vehicle Emission 

Simulator (MOVES; EPA, 2009) has been calibrated using a larger database than CMEM, 

can consider user-specified driving patterns (EPA, 2009), and provides (varying) PM2.5 

estimates. Emissions might also be determined using on-board monitoring or near-road 

emission/concentration measurements. While expensive, onboard monitoring links transient 

emissions to transient speed, acceleration and deceleration parameters, and thus can capture 

emissions that typify stop-and-go congestion. Because such relationships can vary 

dramatically among vehicles, generalizations to the whole fleet may be problematic. Near-

road monitoring can be difficult to couple to transient driving parameter given instrumental 

limitations and changes in meteorological conditions and dispersion, among other reasons, 

although such measurements might provide the best estimate of congestion’s contribution to 

pollutant levels.

4.3. Dispersion modeling

The concentration predictions involved several uncertainties and limitations, the largest of 

which might arise from the use of the empirical NO2–NOx relationship. This relationship 

was derived from a UK study, whereas the case studies used US-based traffic compositions, 

vehicle technologies, and emission models. Actual NO2–NOx relationships depend on many 

factors, e.g., background levels of NO, NO2 and O3, and meteorology (Stedman et al., 

2001). The empirical relationship was derived for long-term relationships. Here it was used 

for short-term concentrations. The background NOx level used might not reflect levels 

around the studied roads. Meteorological information driving the dispersion model was 

obtained at an open (unsheltered) (airport) site, while conditions near roads might be 

affected by buildings, trees and other factors (Greco et al., 2007) that can reduce wind speed 

and increase turbulence. Because concentrations rapidly decrease at distances exceeding 150 

m from the road, only near-road receptors were considered. This does not account for 

background concentrations that can be attributed to traffic. The dispersion model predictions 

are deterministic, and do not consider model uncertainty. Other limitations of CALINE4, 

e.g., its poor performance at low wind speeds, have been discussed elsewhere (Zhang and 

Batterman, 2010).

4.4. Exposure assessment limitations

The scenarios demonstrate key factors affecting risk trends, which do not necessarily apply 

to actual commuting populations. For example, commuters usually travel for longer trips 

than the studied segments: US commuters spent an average of 81 min day−1 in vehicles in 

2001 (HEI, 2010). Such trips might include both congestion-free and congestion periods, 

and both freeway and arterial roads. Exposures for only two populations were examined (in-

vehicle cabins for the on-road population, and in-homes for the near-road population). 

Dynamic adjustments to time activity patterns associated with travel delay were not 

considered (Zhang and Batterman, 2009). Concentrations in vehicle cabins, which can be 

affected by opening car windows, the air intake location, air conditioning system operation, 

and other factors, may differ from on-road concentrations. Similar considerations apply to 

indoor concentrations for near-road residents.
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4.5. Risk characterization

This study provides an analysis of the incremental risks of traffic-related air pollutants in on-

road and near-road environments, e.g., in vehicle cabins and locations near roads. There are 

several related risks or risk trade-offs that fall beyond the scope of our analysis. For 

example, additional time in traffic will decrease the time spent in other microenvironments, 

most notably at home, which can represent a risk trade-off as analyzed previously by Zhang 

and Batterman (2009). Second, changes in the emissions of traffic related air pollutants can 

promote the formation of secondary air pollutants, e.g., ozone and organic aerosols, that 

potentially affect a broader population, not just the near-road population. Finally, we did not 

evaluate risks related to “upstream” or process emissions (e.g., refining), climate change 

pollutants (e.g., associated with CO2 emissions), or accidents.

Several issues in the risk characterization are worth pointing out. First, congestion-specific 

concentration–response relationships are unavailable. The literature data may inadequately 

represent risks related to congestion, which typically involve shorter exposure periods 

(typically less than several hours) than the daily or annual periods used in most studies. It is 

unclear how averaging to the annual level in the present study affects true risks. Still, the 

NO2 concentration–response relationship used can be supported since congestion does not 

generate new pollutants, but simply changes concentrations of traffic-related pollutants. 

Also, NO2 was used as a surrogate for congestion impacts, thus representing effects of NO2 

as well as other traffic-related pollutants, such as PM2.5. This might be justified given the 

high correlation between NO2 and several co-pollutants (EPA, 2008; Tonne et al., 2008).

Risks were calculated for individuals that were on-road and at a distance of 100 m, which 

incompletely accounts for the diversity of population exposures. An improved spatial 

analysis of traffic-related air pollutants is possible using actual population densities. Other 

potentially affected persons would include indoor and outdoor workers near roads.

4.6. Other approaches for estimating congestion-related health risks

Health risks from congestion might be estimated using epidemio-logical studies that include 

indicators for congestion. Such studies might provide tailored dose–response relationships 

that could be used in risk assessments. For example, congestion indicators such as time 

spent in congestion might be linked to health outcomes directly. This could help avoid the 

use of complicated and uncertain models.

4.7. Recommendations

Further research is needed to characterize exposures and risks attributable to traffic 

congestion. Concentration–response relationships using direct indicators of congestion are 

needed since previous epidemiological studies used only aggregate (and not congestion) 

indicators, e.g., daily traffic volume or traffic density within a buffer. Second, there is a need 

for emission models that directly account for congestion. The application of the new 

MOVES model would be useful in this context; this also requires the development of 

representative driving patterns portraying congestion. Third, populations living and working 

near roads must be known at finer resolution given that pollutant concentrations associated 

with traffic rapidly decrease with distance.
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5. Conclusions

This study used an incremental analysis to estimate pollution impacts and characterize 

health risks caused by congestion, which appears to be the first of its type in the literature. 

Congestion can increase risks for individuals driving on freeways and arterial roads, and for 

individuals living or working near roads. The modeling analysis suggests that incremental 

risks have a “U” shaped pattern with increased traffic volume for on-road populations in the 

freeway case study, and a different pattern, dramatic increases at high traffic volumes, for 

the arterial road. Risk levels depend on many factors, including traffic volume, vehicle mix, 

road type and meteorology. While risks from congestion can be predicted and are potentially 

significant, uncertainties are also high, and thus additional information is required to 

confirm predictions. This study suggests that the marginal risks of additional vehicles vary, 

and that key risk determinants include emission factors in congestion, the NO2–NOx 

relationship, travel time changes, road type, and exposure location. Overall, the findings that 

marginal risks are not constant should be used to inform policy making related to traffic and 

air quality management.
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HIGHLIGHTS

• Congestion and additional traffic can significantly increase exposures and risks.

• Risks and exposures are not proportional to traffic volumes.

• Incremental risks depend on site-specific factors including road type.
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Fig. 1. 
Diagram for modeling health risks due to traffic and congestion (CALINE4, the California 

Line Source Dispersion Model version 4 CMEM, the Comprehensive Modal Emissions 

Model; MOBILE6.2, the Motor Vehicle Emissions Factor Model version 6.2; TAP, time 

activity pattern).
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Fig. 2. 
Predicted speed and NOx emission factors versus traffic volumes for the freeway and arterial 

scenarios (green to red denotes free flow conditions to congestion).
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Fig. 3. 
Predicted NO2 concentrations versus traffic volume in the freeway and arterial scenarios 

(green to red, free flow conditions to congestion).
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Fig. 4. 
Predicted incremental risks per vehicle versus traffic volume for upper bound mortality in 

the freeway scenario (CMEM, estimated based on CMEM estimates; MOBILE6.2, 

estimated based on MOBILE6.2 estimates; near-road representing individuals living at 100 

m to a highway; green to red, free flow conditions to congestion).
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Fig. 5. 
Predicted incremental risks per vehicle versus traffic volume for upper bound mortality in 

the arterial scenario.
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