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Abstract

Accurately characterizing human exposures to traffic-related air pollutants (TRAPs) is critical to 

public health protection. However, quantifying exposure to this single source is challenging, given 

its extremely heterogeneous chemical composition. Efforts using single-species tracers of TRAP 

are, thus, lacking in their ability to accurately reflect exposures to this complex mixture. There 

have been recent discussions centered on adopting a multipollutant perspective for sources with 

many emitted pollutants to maximize the benefits of control expenditures as well as to minimize 

population and ecosystem exposure. As part of a larger study aimed to assess a complete emission-

to-exposure pathway of primary traffic pollution and understand exposure of individuals in the 

near-road environment, an intensive field campaign measured TRAPs and related data (e.g., 

meteorology, traffic counts, and regional air pollutant levels) in Atlanta along one of the busiest 

highway corridors in the US. Given the dynamic nature of the near-road environment, a 

multipollutant exposure metric, the Integrated Mobile Source Indicator (IMSI), which was 

generated based on emissions-based ratios, was calculated and compared to traditional single-

species methods for assessing exposure to mobile source emissions. The current analysis 

examined how both traditional and non-traditional metrics vary spatially and temporally in the 

near-road environment, how they compare with each other, and whether they have the potential to 

offer more accurate means of assigning exposures to primary traffic emissions. The results indicate 

that compared to the traditional single pollutant specie, the multipollutant IMSI metric provided a 
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more spatially stable method for assessing exposure, though variations occurred based on location 

with varying results among the six sites within a kilometer of the highway.
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INTRODUCTION

On-road vehicles lead to elevated concentrations of traffic-related air pollutants (TRAPs) 

including nitrogen oxides (NOx), volatile organic compounds (VOCs), carbon monoxide 

(CO), and primary fine particulate matter (PM2.5) within the near-road microenvironment. In 

many studies, single-species TRAPs have been linked to a range of acute and chronic 

adverse health effects (see (1) and references there in). While co-exposure occurs in ambient 

conditions, epidemiologic studies commonly utilize measurements of single-species tracers 

or proxies for understanding the health effects of traffic-related emissions (2–4). Because 

humans are exposed to a complex mixture of air pollutants simultaneously, multipollutant 

approaches, including the use of source apportioned measures of primary traffic pollution 

emissions, have been used to consider health risks from combined exposures to traffic 

mixtures (6–9).

A multipollutant perspective for sources with many emitted pollutants has also been adopted 

by recent regulatory intervention to maximize the benefits of control expenditures as well as 

minimize population and ecosystem exposure (10–12). However, in order to transition to a 

greater multipollutant air quality regulatory framework, improvements are needed to 

understand how well multipollutant interventions reduce exposure (13). In addition to setting 

multipollutant regulations, further development and assessment of statistical methods are 

needed for understanding the benefits of using multipollutant exposure metrics (14) and 

assessing health impacts of mixtures. While populations are exposed to multiple pollutants 

simultaneously, which encourages shifting to a multipollutant approach, several different 

aspects need to be considered in the assessment of multipollutant metrics (15, 16).

As vehicle emissions decrease, the elevated concentration at the roadway decreases, making 

it more difficult to distinguish the local emissions source from the background concentration 

(5). For highly heterogeneous sources like vehicle emissions, a multipollutant framework 

provides new opportunities to characterize exposure-to-source emissions. While a wide 

range of multipollutant metrics have been developed, each has benefits and limitations to 

assessing source impacts and the related health outcomes (17). Single tracer pollutants are 

easy-to-use and measure, but may share multiple sources and not necessarily indicative of a 

single source. Emissions-based indicators are simple to calculate using weighted average 

concentrations based on source contribution, but are limited based on the accuracy of 

emissions inventories. The Integrated Mobile Source Indicator (IMSI) is an emissions-based, 

multipollutant metric derived from elemental carbon, carbon monoxide, and nitrogen oxide 

concentrations, along with the fraction of these species emitted by vehicles, to develop 

integrated estimates of vehicles impacts (9). Developed using ambient concentrations in 
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Atlanta, the IMSI has also been applied to two other cities with different emissions profiles 

to show applicability in a range of city types (8).

Although IMSIs showed promise as a potential multipollutant TRAP indicators in previous 

work (9), there is growing evidence that the near-road environment is changing rapidly and 

that traditional source contributions, fate and transport properties, and exposure factors 

already differ from those reported previously in existing literature (18–22). Substantial gaps 

now exist in our understanding of how both traditional single-pollutant and non-traditional 

multipollutant metrics vary spatially and temporally in the near-road environment, how they 

compare with each other, and whether they offer accurate means of assigning exposures to 

primary traffic emissions (23, 24).

To address these knowledge gaps, we conducted the current analysis with the primary 

objective to examine what metrics best capture TRAP exposure for use in short-term studies 

of exposure in epidemiologic models. Specifically, this analysis aims to characterize the 

variability in traditional single TRAP indicators and a multipollutant exposure metric that 

utilized measurements collected along a highly-trafficked highway in Atlanta. The 

emissions-based metric used national emissions inventory source ratios for primary, easily-

measured mobile emissions to provide accurate estimates of short-term changes in exposures 

to traffic-related air pollution for use in acute health impact studies without the need for 

source apportionment (9, 17). We compared spatial and temporal variability of the 

multipollutant IMSI metric to individual, single-species TRAP measurements at sites with 

varying distances from a major highway. The dynamics of the metrics were also assessed in 

relationship to local meteorological and traffic conditions. Understanding how well a 

multipollutant metric represents exposure to vehicle emissions based on the location of 

TRAP measurements has important implications for future regulatory and health assessment 

frameworks and the use of multipollutant indicators.

METHODS

Data for this analysis were collected as part of the Dorm Room Inhalation to Vehicle 

Emissions (DRIVE) study. The DRIVE study focused on pollutant dynamics and exposures 

in the near-road environment, with specific attention on an area adjacent to a section of 

heavily trafficked interstate in urban Atlanta. The study included three extensive monitoring 

locations on the Georgia Institute of Technology (GIT) campus in Atlanta, Georgia that 

monitor gaseous and aerosol traffic-related air pollutant concentrations at a distance of 3m, 

60m, and 1.4km from the highway. The latter two sites included indoor monitoring to assess 

infiltration rates and exposures. Measurements of continuous TRAPs included carbon 

monoxide (CO), nitrogen oxides (NOx), and particulate black carbon (BC) and integrated 

daily PM2.5 were collected from September 8, 2014 to January 5, 2015. Additional 

measurements from a site part of the EPA Near-road Monitoring Network and an urban 

background site were included in this multipollutant analysis. A detailed description of the 

DRIVE study location, study design, as well as the sampling methods can be found 

elsewhere (24–27).
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Site description

The DRIVE study domain was centered around a segment of arterial interstate where 

Interstate 75 and Interstate 85 (I-75/I-85) merge in the center of Atlanta, Georgia. During the 

study period in 2014, this highway segment supported an annual average daily traffic 

(AADT) count of approximately 330,000 vehicles of primarily light-duty gasoline passenger 

cars and trucks. Heavy-duty diesel trucks made up approximately 4% of the total daily 

vehicles on this portion of the highway.

The DRIVE study sampling locations included a near-road site and two sites located in the 

main dormitory clusters on the GIT campus (Figure 1). The campus occupies the property 

expanding 1.5 km west of the highway and contains limited vehicle access roads. The near-

road sampling site (NR DRIVE) was located in a parking lot with less than 85 passenger 

vehicle spots located about 5m from the west side of the fifteen-lane highway (eight 

southbound and seven northbound) to the south of 10th Street and to the north of North 

Avenue. The vertical height from the road to the surrounding land was 0.5m on the west side 

of the highway. Surface streets on the east side of the highway follow a gridded pattern with 

an average block length of 140m and an AADT 15 times less than that of the highway. The 

two sites in student dormitories were located 60m and 1.4km from the highway. The site 

closer to the highway (Near Dorm or ND) operated out of an occupied administrative office 

on the ground floor of a five-story building and had an inlet height of 0.5m. The site further 

from the highway (Far Dorm or FD) operated out of an empty room part of a two bedroom-

one bathroom suite on the ground floor of a five-story building and had an inlet height of 

1.5m. Both dormitory sites included an automated valve on a 15-minute interval to alternate 

measurement of outdoor (NDO and FDO) and indoor (NDI and FDI) concentrations.

The Near-road Georgia Institute of Technology (NR GIT) site is a part of the EPA Near-road 

Monitoring Network. The NR GIT site is located on the GIT campus adjacent to I-75/I-85 

about 300m north of the NR DRIVE site. Trees were removed from a vegetative barrier 

along the highway to provide space for the site. Directly west of the site, there is a small 

limited-access parking lot for about 100 passenger vehicles. Monitoring for CO and NOx 

began on July 1, 2014 and for BC on November 3, 2014. The NR GIT site is operated by the 

Georgia Department of Natural Resources (GA EPD) with in inlet height of 3m and hourly 

concentration data were downloaded from the GA EPD air quality system (32).

The urban background (UB) site was located 2.3km west of the highway and was part of the 

Southern Aerosol Research and Characterization (SEARCH) network. Previous studies have 

assessed this site as representative of Atlanta urban background pollutant concentrations and 

composition (29–31).

Exposure Assessment

We measured pollutants to provide information related to the particulate and gaseous 

composition of primary traffic emissions and characterize the regional pollution from 

September 8, 2014 to January 5, 2015. The pollutants we measured included traditional 

single-species traffic-related indicators: black carbon (BC), carbon monoxide (CO), nitric 

oxide (NO), nitrogen dioxide (NO2), nitrogen oxides (NOx), and fine particulate matter or 
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particles with diameters less than 2.5 micrometers (PM2.5) (See Appendix, Table S1 and 

Table S2 for a complete list of measured pollutants and instrumentation). BC, CO, NO, NO2 

and NOx were measured continuously or semi-continuously at each sampling location. 

Details on the exposure assessment can be found elsewhere (24–27).

All field instrumentation, used to measure continuous pollutant concentrations, including all 

gas phase instruments, were evaluated, refurbished if needed, and calibrated prior to field 

sampling. In order to compare concurrent pollutant measurements across the multiple 

sampling sites and ensure accurate concentrations during the sampling period, instruments 

measuring the same pollutant parameters were also co-located both before and after the 

sampling period and consistently calibrated throughout the 13-week intensive field sampling 

period. Complete information regarding the sampling methods and data quality have been 

previously published (26).

All continuous data were averaged to hourly levels to assess temporal variability differences 

between pollutants. Traditional single pollutants were measured to generate and compare 

with multipollutant traffic indicators.

Data Analysis

The Integrated Mobile Source Indicator was originally developed and evaluated using air 

quality concentration and mobile emissions data from Atlanta, Georgia to construct 

integrated estimates of vehicle emissions impact (9), with a particular focus on its use for 

acute health impact analyses. By utilizing multiple single pollutant measurements, the metric 

provides a more stable value for characterizing exposure from both gasoline and diesel 

vehicles. The indicator values are derived from elemental carbon (EC), carbon monoxide 

(CO), and nitrogen oxide (NOx) concentrations normalized by the standard deviation (σ) of 

the hourly pollutant concentrations observed during the sampling period in order to combine 

concentrations of different magnitudes (Eq. 1). The species emissions ratios from vehicles 

were calculated as the fraction of the specific species emissions from mobile sources to total 

species emissions estimated from the 4km grid cell that includes all the sampling locations 

using the Sparse Matrix Operator Kernel Emissions (SMOKE) modelling system (33), 

which uses the Mobile (MOVES) (34).

IMSI =

ECmob
ECtot Emis

EC
σEC

+ NOxmob
NOxtot Emis

NOx
σNOx

+ COmob
COtot Emis

CO
σCO

ECmob
ECtot Emis

+ NOxmob
NOxtot Emis

+ COmob
COtot Emis

(Eq. 1)

where the measured concentrations are normalized by the standard deviation (σ) of the 

pollutant concentration. The emissions estimate ratios are calculated as the fraction of 

species emissions from mobile sources to the total species emissions. Detailed information 

on the assumptions, mathematical derivation, and previous use of the metric is published 

elsewhere (9).
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Multivariate regression modeling

We used multivariate linear regression models to compare sources of variability among the 

metrics and assess the factors that drive near-road exposures and influence the observed 

strengths of the association. To assess the factors that affected the temporal variability in the 

concentration of each TRAP as well as the IMSI, this study used a multivariate linear mixed 

regression model:

Pt = β Zt + θt + εt (Eq. 2)

Where Pt denotes the concentration of BC, CO, NO, NO2, NOx, or IMSI measured during 

hour t and β is the coefficient of interest that describes the influence of factor Zt on the 

hourly pollutant level. The factors assessed included time period of the day, temperature, 

relative humidity, wind speed, wind direction (categorical), weekend (Saturday and Sunday), 

and hourly traffic counts. The time period of day was divided into five periods: morning rush 

hour (6 – 9am), mid-day (10am – 3pm), evening rush hour (4 – 8 pm), late evening (9pm – 

12am), and early morning (1 – 5am). The wind direction factor was divided into three 

directions: north (315 – 45 degrees), east (45 – 135 degrees, which leads to the monitoring 

sites being downwind of the highway), and south (135 – 225 degrees). θt represents time-

specific random intercepts used to capture potential variations not explained by Zt and εt 

represents residual random normal error. In interpreting the results from these regression 

models, a positive coefficient indicates an increase in the pollutant concentration levels as 

the unit of the corresponding factor increases, while controlling for all other factors included 

in the models. The regression relationship between pollutant concentrations or the 

multipollutant metric and driving factors were generated with R (version 3.3.1).

RESULTS

To assess the variability and levels of single pollutant concentrations compared to the 

multipollutant IMSI traffic exposure indicator, hourly data for CO, NOx, and BC from the 

six sampling locations (the near-road (NR DRIVE) site, the Near-Road Network site (NR 

GIT), the near-highway dormitory outdoor (NDO) and indoor (NDI) sites, the far dormitory 

outdoor (FDO) and indoor (FDI) sites, and the urban background (UB) site) were compared 

to the hourly IMSI values at each site. Descriptive statistics and inter-site correlation 

analyses provided metrics to compare the temporal variability (Table 1 and Figure 2). A 

complete description of all the pollutants and meteorological parameters measured and 

analyzed, including personal exposure and biomarkers, can be found elsewhere (26).

Observed air pollutant and multipollutant metric levels

The IMSI metric exhibited similar spatial trends as CO, NOx, and BC, decreasing in level 

with increasing distance from the highway. The steepest portion of the gradient occurred 

within 60m from the highway between the NR DRIVE and NDO sites with a mean 

difference of 81 ppb (19%) for CO, 11 ppb (22%) for NOx, and 0.7 ug m−3 (41%) for BC. 

From the NR DRIVE to the FDO site (1.4km), the mean difference was 140 ppb (52%) for 

CO, 6 ppb (34%) for NOx, and 0.14 ug m−3 (50%) for BC. The IMSI follows a similar trend 
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with a 14% decrease in value at the NDO site and a 40% decrease at the FDO site relative to 

the NR DRIVE site (Figure 2).

The IMSI diurnal profile also followed the patterns observed for the other primary 

pollutants, with a peak in the morning as traffic increases and a decrease mid-day with an 

increase in the mixing height. The diurnal profile suggests chemical processing and transport 

influences the levels throughout the day leading to hours from 9am to 12pm with lower 

metric values near the highway. The mean normalized diurnal profiles for BC, CO, NOx, as 

well as the IMSI show the degree of daily variation for each pollutant at the six sites (Figure 

3). The normalized CO, NOx, and BC concentrations have similar diurnal profiles compared 

to the IMSI with a morning concentration peak at 9am, an evening peak at 9pm, and 

minimum concentrations observed at 3am and 4pm. With increasing distance from the 

highway, the diurnal variability of the normalized concentrations of the primary species 

increased from about 0.8 to 1.5 times the mean NR DRIVE concentration compared to about 

0.5 to 2.2 times the mean FDO concentration for all species and the multipollutant metric. 

With increasing distance from the major source of vehicle emissions, the diurnal variability 

became more pronounced for CO, NOx, BC, and the IMSI. This is further reflected in the 

concentration difference between the diurnal maximum and minimum concentrations. At the 

NR DRIVE site, the CO, NOx, BC, and IMSI difference in the diurnal maximum and 

minimum is 178 ppb, 33 ppb, 0.93 ug m−3, and 0.8 compared to the 245 ppb, 44 ppb, 1.62 

ug m−3, and 1.6 difference at the FDO site, respectively. While the mixing height varied 

enough throughout the day to decrease the concentration at the NR site, direct vehicle 

emissions associated with the consistently high daytime traffic count throughout the day 

from 7 am to 7 pm maintained a minimum concentration of about 0.8 times the mean 

concentration at the NR DRIVE site. Chemical processing and transport led to lower 

normalized minimum concentrations and higher normalized maximum concentrations at the 

FDO site.

Similar to the outdoor concentrations, the indoor pollutant concentrations peaked during the 

morning and evening. For BC and CO, the outdoor and indoor peaks occurred at the same 

time, but for NOx the morning peak observed an hour lag in the observed maximum indoor 

morning concentration. Concentrations were also similar suggesting the high infiltration rate 

for both the gaseous and aerosol species.

Spatial and temporal correlations

Between-site correlations examine how well hourly temporal variability patterns between 

the six monitoring locations reflected corresponding temporal variability at the other sites 

with varying distances from each other (Table 1). With increasing distance, the IMSI 

Spearman’s correlation between the NR DRIVE site and the other outdoor sites also 

decreased. The individual pollutants, however, did not all exhibit this same correlation trend. 

The BC concentrations at the NR GIT and UB, for example, sites were more strongly 

correlated with the NR DRIVE site than with the NDO site. The NOx and CO concentrations 

at the NDO site, however, were more strongly correlated with the NR DRIVE site than the 

NR GIT site. Site specific properties likely influenced the concentration spatial gradient by 

pollutant. NO2 concentrations measured at the NR DRIVE were more temporally correlated 
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across the domain than the three other primary traffic species (BC, CO, and NO) with 

observed Spearman’s correlations greater than 0.7 between NR DRIVE site and the other 

ambient sites (data not shown). In contrast, for BC, CO, and NO, stronger correlations with 

the NR DRIVE site were generally found for sites closer to the NR DRIVE site compared to 

those further away.

Correlation between the ND and the FD sites were higher for the gaseous NOx (0.67) and 

CO (0.70) pollutants than particulate BC (0.46). By using the IMSI as a metric for exposure, 

the Spearman’s correlation (0.72) between the two locations was greater than the correlation 

for any of the individual species.

In addition to differences in correlations between the dorm buildings, the infiltration rate of 

the pollutants varied based on species and building. For the ND site, the correlation between 

the outdoor and indoor measurements were higher for NOx (0.93) and CO (0.90) compared 

to BC (0.53). This trend was also observed at the FD site where the correlation was 0.96 for 

NOx and 0.97 for CO compared to 0.51 for BC. Building filtration systems are designed to 

capture particles, even though the gaseous pollutants were captured at a higher efficiency 

with the newer system installed at the ND building. Compared to the species, the IMSI 

metric shows a correlation between the ambient and indoor environments of 0.80 at the ND 

and 0.87 at the FD.

Diurnal site correlations further illustrate how the temporal variability of the vehicle 

emissions and meteorological conditions affect the concentrations measured at sites with 

increasing distance from the highway. The diurnal correlation between the measurements at 

the NR DRIVE site and the other sites showed the correlation was strongest in the morning 

consistent with the idea that the highway emissions are a major local source impacting 

concentrations (Figure 4). Further, as traffic increases in the morning, vertical diffusion was 

limited resulting in higher, more consistent concentration levels across sites.

Decreased correlation was observed throughout the day reflecting both increased 

photochemical reactions and vertical mixing processes. Decrease in correlation strength 

between sites for CO occurred earlier in the day than for NOx. The CO correlations began to 

decrease at 5am, reached a minimum correlation at 1pm, and then continued to increase 

again throughout the afternoon. While the CO correlation with the NDO site was between 

0.49 and 0.82, the correlation with the FDO site was much wider between 0.12 and 0.74. 

The NOx correlations began to decrease later in the day at 10am and remained at a minimum 

from 2pm to 7pm. The correlations with the NDO site were between 0.74 and 0.91, and the 

correlations with the FDO site were between 0.23 and 0.81. For CO and NOx, the 

correlations between the NR DRIVE and NDO sites were consistently better than the 

correlations with the FDO site for any given hour, suggesting the correlation decreased with 

distance. However, the correlations with the NR DRIVE site and the UB site varied such that 

they were stronger than the NDO or FDO sites at certain hours. While the correlations 

between the NR DRIVE site and the other sites still decrease throughout the day, 

correlations involved the IMSI metric is more consistent across the sites. The minimum 

diurnal IMSI correlation between the NR DRIVE site and the NDO site was 0.50 and for the 

UB site, it was 0.38.
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Assessment of factors driving metric variability

Since the NAAQS for both NO2 and CO include primary standards based on an hourly 

concentration, the DRIVE study aimed at understanding exposures to individuals in the near-

road environment with hourly concentrations. The meteorological and traffic conditions 

were also assessed hourly so that these factors could be linked to the hourly concentrations. 

Statistical modeling can help identify the significant factors that affect the observations at 

different monitoring locations. Here, we applied linear mixed modeling to evaluate 

associations between pollutant concentrations and we used multiple possible contributing 

predictors to assess factors that drive the temporal variability observed at the different near-

road sites. The regression coefficients for the models developed for the NR DRIVE site and 

the NR GIT site were compared to assess whether site differences along the same road 

segment can lead to significant differences in the dominate factors driving primary pollutants 

or multipollutant metric (Table 2). The regression coefficients for two sites at varying 

distances from the highway (NR GIT and UB) were also compared to assess how exposure 

analyses may vary based on proximity to roadways in an urban area (Table 3). Significance 

of a factor was determined by a p-value less than 0.05.

During the DRIVE study period, the NR DRIVE and NR GIT site regression coefficients for 

BC, CO, and NOx concentrations as well as the IMSI metric were negatively associated with 

wind speed and wind direction from the north, east, and south, indicative of dispersion away 

from the emissions source (Table 2). Temperature was only associated with a decrease in 

concentration at the NR GIT site and was associated with an increase in BC and CO 

concentration at the NR DRIVE site. While mixing height was associated with a significant 

decrease in BC and NOx concentration at the NR DRIVE site and in CO and NOx 

concentration at the NR GIT site, mixing height did not have a significant coefficient at any 

site for the IMSI metric. This is because the IMSI is made up of three pollutants, and in each 

case, mixing height was not strongly correlated with one of the pollutants, leading to a 

reduced association between the IMSI and that variable (e.g., mixing height). Weekend days 

showed an association with a significant decreasing concentration for all pollutants (NO, 

NO2, and BC) except CO at both sites. For the IMSI metric, weekends were significant at 

the NR GIT site but not at the NR DRIVE site, the latter being driven by the lack of 

correlation with CO, one of the IMSI components. Traffic count was associated with a 

significant increase in concentration and multipollutant metric values at both sites, except for 

CO at the NR GIT site.

Although speculative, we interpret the observed differences in the regression coefficients for 

the NR DRIVE and NR GIT sites as likely due to the differences in the physical site 

locations. The NR DRIVE site is located in an open parking lot, while the NR GIT site was 

located in line with a vegetation barrier along the highway. Although the two sites are within 

300m and along the same highway segment, the differences in their regression coefficients 

has important implications for exposure analyses when relying on a single central monitor.

Discussion

The IMSI values exhibited similar trends compared to ambient CO, BC, and NOx with an 

increase in monthly average during the fall DRIVE study. Measurements from the NR GIT 
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site and the UB site in 2015 show similar trends with the yearly minimum in the summer 

and increasing concentrations in the fall. At both near-road sites (NR DRIVE and NR GIT), 

the concentrations measured were low as compared to prior observations, highlighting the 

impact of emissions reduction policies that have led to a decrease in measured near-road 

levels. These results were consistent with near-road measurements across the United States 

in 2015 (38). While vehicle emissions are still a major source for measured concentrations in 

the near-road environment, regional sources and meteorological conditions are increasingly 

important for driving concentrations in the near-road environment. Further, steep spatial 

gradients can lead to significant errors in estimated personal exposure using single pollutant 

measurements from near-road monitoring sites (24). In addition to the overall spatial 

variability observed, the concentration gradients as well as the correlations between the sites 

varied diurnally depending on the single pollutant specie. In particular, correlation for the 

gaseous NOx (0.67) and CO (0.70) pollutants between the ND and the FD sites were higher 

than particulate BC (0.46). These correlation trends are consistent with the spatial gradients 

observed for the species since gaseous pollutants have more homogenous concentrations and 

regional sources (35). CO is emitted as a primary pollutant from vehicle and generated as a 

secondary pollutant from VOC oxidation. Similarly, NOx is both emitted as a primary 

pollutant and generated as a secondary pollutant as a result of long-range transport. These 

additional sources as well as lower deposition rates lead to higher correlations among the 

sites. BC is a primary pollutant with a lower atmosphere lifetime leading to a greater spatial 

gradient and a lower correlation between the two dormitory monitoring locations. Due to the 

complexity of how single pollutants disperse from major highway sources, near-road 

monitors will lead to exposure measurement errors (as compared to instrument measurement 

errors) when used to determine exposures for individuals at the far dorm (24). Therefore, 

there are limitations to using single pollutant measurements in the near-road environment as 

a proxy for assessing exposure to vehicle emissions. Different exposure assessment 

strategies should be evaluated for understanding population exposure in the near-road 

environment.

The IMSI is based on three normalized pollutant concentrations and the mobile source 

contribution for the CO, NOx, and BC pollutant concentrations. While the spatial gradient 

and the diurnal profile for three pollutants were similar, thus leading to an expected 

multipollutant profile, the multipollutant metric was able to better reflect the spatial 

gradients of the mobile source impacts by adjusting the normalized species concentrations 

by the contribution of mobile emissions to total emissions of that species. The IMSI metric 

also showed greater spatial correlations, i.e., between sites, suggesting it better captures 

spatial fluctuations in exposure to TRAPs.

Differences between the pollutant concentration levels at the NR DRIVE and the NR GIT 

sites highlight how site placement can affect measured concentrations. While the two near-

road sites were located along the same highway segment, the NR DRIVE site was located in 

an open parking lot and the NR GIT site is in line with a vegetative barrier. A vegetative 

barrier impacts the rate of dispersion, leading to different pollutant dynamics even along the 

same roadway segment (36, 37). By including three TRAPs in a single multi-pollutant value, 

the IMSI is not as impacted by differences in site location properties. Therefore, depending 

on concentrations from a single site could limit the accuracy of using either a single 
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pollutant proxy or the IMSI metric for exposure of a population living in the near-road 

environment within a large urban area.

Based on the assessments conducted here comparing sites within 2 km of each other, the 

IMSI multipollutant metric can provide additional insight for characterizing exposure to 

primary traffic emissions. However, this evaluation is limited due to the relatively limited 

study duration. Additional years of similar measurements may be able to provide additional 

understanding about how the IMSI metric can be used to better quantify exposure. It is also 

noted, this evaluation is done at one location which will have site specific characteristics. As 

concentrations for pollutants continue to decrease in the near-road environment, it may be 

necessary to consider deriving a different equation for an emissions-based metric. When 

considering exposure to all mobile-source related emissions, future studies should not rely 

on measuring “traditional” markers alone when assessing the impact of traffic-related 

emissions on a microenvironment. An added consideration is that traffic composition may 

change dramatically with the increased use of electric vehicles, which contribute no primary 

exhaust emissions, but do include substantial emissions from brake and tire wear as well as 

resuspended road dust.

Conclusion

Characterizing exposure to primary mobile emissions using near-road monitoring becomes 

increasingly difficult as vehicle emissions decrease and are no longer the dominant 

contributing source to measurements. The IMSI is a combination of EC, CO and NOx 

observations, so it is not surprising that it was correlated with each of those species 

individually. The results showed the IMSIs to be less sensitive to elevated levels of any one 

species due to non-mobile source emissions (e.g., EC/BC or CO due to biomass burning), 

and is formulated to account for emissions from other sources that contribute to an urban 

background. The IMSI was more correlated with the IMSIs at other monitoring locations. 

This, along with prior results showing IMSIs to be slightly more strongly associated with 

acute cardiovascular outcomes in population time series studies in Atlanta, than individual 

traffic components (9), and that a prior study found it was more strongly associated between 

monitoring sites than single pollutants or PMF factors (8), suggest that IMSIs may be useful 

in future work examining multipollutant mobile source impacts on health. The IMSI will, in 

particular, take advantage of observations from the recently established USEPA near-road 

network monitoring. Collectively, we believe our current findings support further analysis to 

determine spatial and temporal scales appropriate for this approach, or whether a similar or 

alternative multipollutant indicator, may provide a greater ability to reflect cumulative TRAP 

exposure within a near-road environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Decreasing impact from highway vehicle emissions on surrounding pollutant 

levels

• Integrated Mobile Source Indicator (IMSI) more spatially stable compared to 

single pollutant indicator

• IMSIs may be useful in future work examining multipollutant mobile source 

impacts on health
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Figure 1. Sampling Map.
NR GIT: Near-road Monitoring Network monitor on the GIT campus; NR-DRIVE: Near-

road DRIVE site; ND: Near highway dorm outdoor and indoor sampling; FD: Far dorm 

outdoor and indoor sampling; UB: Urban background Jefferson St SEARCH site.
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Figure 2. Normalized boxplot presenting the distribution of hourly BC, CO, NOx, and IMSI 
from Sept 8, 2014 to Jan 5, 2015, ordered in increasing distance from the highway source.
NR – DRIVE Near-road (3m), NDO - Near Dorm outside (60 m), NDI - Near Dorm inside 

(60 m), FDO - Far Dorm outside (1.4 km), FDI - Far Dorm inside (1.4 km), UB - Urban 

background (2.3 km)
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Figure 3. Normalized concentration from Sept 8, 2014 to Jan 5, 2015, ordered in increasing 
distance from the highway source.
RD – NR DRIVE (3m), NDO - Near Dorm outside (60 m), NDI - Near Dorm inside (60 m), 

FDO - Far Dorm outside (1.4 km), FDI - Far Dorm inside (1.4 km), UB - Urban background 

(2.3 km)
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Figure 4. Diurnal profile of Spearman’s correlation between the NR DRIVE site and the other 
sites from September 8, 2014 to January 5, 2015.
NR GIT – EPA Near-road Monitoring (3m), NDO - Near Dorm outside (60 m), NDI - Near 

Dorm inside (60 m), FDO - Far Dorm outside (1.4 km), FDI - Far Dorm inside (1.4 km), UB 

- Urban background (2.3 km)
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