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Abstract. This work was completed as part of the Near-Road Air Quality Research Pooled Fund  
TPF-5(284), under the U.S. Federal Highway Administration Transportation Pooled Fund Program. The 
lead agency for TPF-5(284) is the Washington State Department of Transportation. Other participants that 
funded this work include the U.S. Federal Highway Administration (FHWA) and the Arizona, California, 
Colorado, Ohio, Texas, and Virginia Departments of Transportation. Sonoma Technology, Inc., provides 
TPF-5(284) participants with technical, planning, facilitation, and website support. 

Background. Transportation projects in particulate matter (PM) nonattainment and maintenance areas are 
required to undergo a quantitative transportation conformity hot-spot analysis if they are identified as 
projects of local air quality concern (POAQC) due to their potential to cause PM hot spots. In this work, 
we developed two dispersion modeling analyses to (1) evaluate near-road PM2.5 concentrations predicted 
by the AERMOD dispersion model under real-world conditions, and (2) assess the sensitivity of modeled 
results to the choice of model (AERMOD or CAL3QHCR), meteorological data, and travel data 
processing approach. These analyses provide valuable information to practitioners to understand potential 
sources of uncertainty in the near-road modeling process. 

Methods. In the primary analysis, we evaluate a PM2.5 monitoring site near a major freeway in 
Indianapolis, Indiana, for 2016. In the secondary analysis, we evaluate a site near a major freeway in 
Providence, Rhode Island, for 2015-2016. The modeling analyses are built upon bottom-up estimates of 
resolved roadway PM2.5 emissions based on detailed traffic monitoring data and current emission factor 
databases for the local vehicle fleet characterization. Dispersion model simulations are driven by local 
meteorological data collected at or close to the near-road monitoring sites. We estimated the difference 
between PM2.5 concentrations at the near-road monitor and at nearby urban air quality monitoring sites 
(the measured near-road “increment”) and the uncertainty associated with these estimates, and compared 
modeled results to the measured increments. Based on monitoring data, estimates of multi-day-averaged 
near-road PM2.5 increments were 0.9 ± 0.6 μg/m3 at Indianapolis and 1.4 ± 0.2 μg/m3 at Providence 
(uncertainty represents the 95% confidence interval on the mean value), and were comparable to 
measured PM2.5 increments at these sites in the near-road literature.  

Results. Modeled roadway contributions to multi-day-averaged near-road concentrations substantially 
exceeded measured values based on the near-road monitoring data. The average near-road PM2.5 
increment modeled with AERMOD was more than 300% (factor of four) larger than the measured 
increment at Indianapolis, and more than 500% (factor of six) larger than the measured increment at 
Providence. These biases reflect cumulative uncertainty throughout the near-road PM2.5 modeling chain, 
which includes travel activity data processing, emissions modeling, and air quality dispersion modeling. 
The emissions modeling part of the analysis may have contributed to the differences between modeled 
and measured concentrations in two ways. First, in both analyses, the relative contribution of modeled 
non-exhaust emissions (PM2.5 brake wear, tire wear, and re-suspended road dust) compared to tailpipe 
exhaust emissions was higher than what has been documented in several published studies. Second, other 
research findings indicate that the U.S. EPA MOVES2014 model may over-predict tailpipe PM2.5 
exhaust. Together, these findings indicate uncertainty in the vehicle emissions estimates. The air quality 
modeling part of the analysis may have also contributed to differences between the modeled and 
measured concentrations. For example, when local meteorological data were used, AERMOD results 
were relatively insensitive to wind direction; as a result, modeled concentrations exceeded measured 
values regardless of whether the near-road monitor was upwind or downwind of the roadway. 
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1 Introduction 

The impact of motor vehicle traffic on ambient concentrations of particulate matter with an 

aerodynamic diameter smaller than 2.5 μm (PM2.5) can be difficult to quantify since total PM2.5 

concentrations are the result of primary particulate emissions such as black carbon (BC) from exhaust, 

metals from brake and tire wear, and re-suspended road dust, as well as secondarily formed particles from 

gas-phase emissions (Amato et al., 2011; Brown et al., 2010; Canagaratna et al., 2010; Durant et al., 

2010; Kumar et al., 2008). Measured near-road PM2.5 concentrations are heavily influenced by the fleet 

mix of vehicles traveling on the adjacent roadway, as diesel-fueled vehicles are an important source of 

BC in the near-road environment (Dallmann et al., 2014; Ban-Weiss et al., 2008). Numerous monitoring 

studies have found a 10-15% increase in PM2.5 above urban concentrations next to the roadway (Guerreiro 

et al., 2011; Keuken et al., 2013; Sarnat et al., 2018; Karner et al., 2010; Hu et al., 2009; Kimbrough et 

al., 2018; Saha et al., 2018; Sofowote et al., 2018; Ginzburg et al., 2015; Baldauf et al., 2008; Zhou and 

Levy, 2007; Brown et al., 2014), and model results suggest that concentrations of PM2.5 may decrease by 

20% within 200-500 m of the roadway (Chang et al., 2015).  There is significant interest in monitoring 

and modeling near-road pollution because more than 11 million people in the United States live within 

150 m of a major highway (Boehmer et al., 2013), and increased exposure to pollution in the near-road 

environment has been associated with adverse health effects such as reduced lung function, low birth 

weights, and increased asthma and risk of heart failure (Health Effects Institute, 2010; McConnell et al., 

2010; Padula et al., 2012). 

Because of the potential for localized hot spots of ground-level PM concentrations near major 

roadways, quantitative hot-spot analyses are required for federally funded highway and transit projects 

that are identified as projects of local air quality concern (POAQC) in PM nonattainment and 

maintenance areas (U.S. Environmental Protection Agency, 2015b). In the transportation conformity 

context, a POAQC typically includes projects with substantial diesel truck or bus activity. Project-level 

assessments involve the use of steady-state Gaussian dispersion models such the American 

Meteorological Society – U.S. Environmental Protection Agency (EPA) Regulatory Model (AERMOD) 

or CAL3QHCR (based on the CALINE3 line source model) to simulate the effects of hourly emissions 

and meteorology on near-road PM concentrations. Accurate model predictions are important as the 

modeled incremental PM contribution of the transportation project must be added to a representative 

background concentration, and the combination (increment plus background) must be compared to the 

National Ambient Air Quality Standards (NAAQS). Other dispersion models, such as the line source 

models RLINE (Snyder et al., 2013) and Atmospheric Dispersion Modeling System (ADMS-Roads) 

(McHugh et al., 1997), and the street-canyon model SIRANE (Soulhac et al., 2011), have also been used 

to estimate near-road pollutant concentrations (Heist et al., 2013; Wang et al., 2016; Fallah-Shorshani et 
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al., 2017). As of 2019, AERMOD and CAL3QHCR could be used for U.S. regulatory project-level PM 

hot-spot analyses; after January 17, 2020, AERMOD is required as the sole dispersion model for these 

U.S. analyses (U.S. Environmental Protection Agency, 2017b).  

Project-level modeling of near-road pollution involves three key steps: 1) travel activity data 

processing; 2) emissions modeling; and 3) air quality dispersion modeling. These steps constitute a 

modeling chain for predicting near-road PM concentrations. In a transportation conformity regulatory 

context, the models, methods, and assumptions used in completing these steps are determined through an 

interagency consultation process involving federal, state, and local transportation and air quality agencies. 

Each step has potential sources of uncertainty that can impact modeled near-road PM concentrations. 

These include uncertainties associated with estimating vehicle travel activity (volume, speed, and fleet 

composition); vehicle fleet characteristics (e.g., age distribution, engine technology, operating 

characteristics, and fuel properties); and vehicle emission factors (the mass of emissions per vehicle mile 

traveled [VMT]) for exhaust, brake and tire wear, and re-suspended road dust. Dispersion model results 

near major roadways have been shown to be sensitive to vehicle fleet mix, emission factors, and 

meteorological inputs (Snyder et al., 2014; Milando and Batterman, 2018a). Uncertainties are also 

associated with internal dispersion model parameters and formulations (Venkatram et al., 2013). For 

AERMOD, important practical choices such as whether to characterize roadway emissions as area sources 

or volume sources can significantly change modeled near-road PM concentrations (Claggett and Bai, 

2012; Claggett, 2014), as the lateral plume meander formulation for AERMOD volume sources tends to 

reduce the higher concentrations as the lateral plume spread is enhanced (Heist et al., 2013). 

Quantitative evaluation of dispersion models in the near-road environment is limited. Heist et al. 

(2013) evaluated several dispersion models based on data collected during the California Department of 

Transportation (Caltrans) Highway 99 (Benson, 1989) and the Idaho Falls (Finn et al., 2010) tracer 

experiments, while Askariyeh et al. (2017) evaluated the performance of various emission source 

representations in AERMOD based on data collected during the General Motors Sulfate Dispersion 

Experiments (Cadle et al., 1977). Though all field measurements involve some uncertainty, the use of 

metered emissions of an inert tracer species can largely eliminate uncertainty in emissions inputs. 

However, as tracer experiments are expensive and complex, and as a result, tracer data are only available 

for a limited number of days, meteorological conditions, and roadway configurations. While Heist et al. 

(2013) showed that AERMOD performed better than other dispersion models, such as CAL3QHCR, 

some evaluations have shown that AERMOD does not always perform as well as expected (Chen et al., 

2009). Milando and Batterman (2018b) used ambient air quality observations located near high traffic 

roads in Detroit to evaluate dispersion model results for the Near-Road Exposure and Effects of Urban 

Air Pollutants Study (NEXUS) (Vette et al., 2013), but the PM2.5 evaluation was inconclusive due to high 
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background concentrations and uncertainties in secondary aerosol formation and non-vehicle emissions. 

Additional evaluations based on PM2.5 observations near major roadways are needed. 

In 2010, the EPA mandated air quality monitoring next to major roadways in the United States. 

This near-road monitoring network initially focused on NO2 as the mandate coincided with EPA’s update 

to the annual NO2 NAAQS and addition of a new 1-hr NO2 NAAQS (U.S. Environmental Protection 

Agency, 2010), but PM2.5 measurements have been added over time (U.S. Environmental Protection 

Agency, 2013). The national near-road monitoring network generally does not include measurements of 

coarse particulate matter (PM10). Data from the U.S. near-road monitoring program have been used to 

estimate contributions of roadway emissions to near-road PM2.5 concentrations at a national scale under 

diverse meteorological conditions, traffic conditions (annual average daily traffic [AADT], vehicle fleet 

mix), and roadway characteristics (e.g., distance from monitor to roadway, orientation) (DeWinter et al., 

2018; Seagram et al., 2019). U.S. near-road data have also been used to examine contributions of roadway 

PM2.5 emissions in Denver and Indianapolis (Brown et al., 2019), as well as Houston and Ft. Worth (Li et 

al., 2019). The U.S. near-road data provide a unique opportunity to evaluate near-road PM2.5 

concentrations predicted by dispersion models. 

In this work, we developed two dispersion modeling analyses for the years 2015 and 2016 to 1) 

evaluate near-road PM2.5 concentrations predicted by the AERMOD dispersion model under real-world 

conditions, and 2) to assess the sensitivity of modeled results to the choice of model (AERMOD or 

CAL3QHCR), meteorological data, and travel data processing approach. In the primary analysis, we 

evaluate a PM2.5 monitoring site near a major freeway in Indianapolis, Indiana, for 2016. In the secondary 

analysis, we evaluate a site in close proximity to a major freeway in Providence, Rhode Island, for 2015-

2016. The modeling analyses are built upon bottom-up estimates of temporally and spatially resolved 

roadway PM2.5 emissions based on detailed traffic monitoring data and current emission factor databases 

for the local vehicle fleet characterization. Dispersion model simulations are driven by local 

meteorological data collected at the near-road monitoring sites. We estimated the difference between 

PM2.5 concentrations at the near-road monitor and at nearby urban air quality monitoring sites (the 

measured “increment”) and the uncertainty associated with these estimates, and compared modeled 

results to the measured increments. This work provides a unique evaluation of near-road PM2.5 

concentrations predicted by dispersion models, and provides valuable information to practitioners to 

further understand potential sources of uncertainty in the near-road modeling chain. 
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2 Methods 

The modeling chain for predicting near-road PM2.5 concentrations in this study consisted of: 1) 

travel activity developed from traffic monitor data; 2) emissions modeling with MOVES (for vehicle 

exhaust, tire wear, and brake wear emissions) and use of AP-42 methods for re-suspended road dust 

emissions; and 3) air quality dispersion modeling with AERMOD or CAL3QHCR. The data processing 

and modeling methods for the Indianapolis analysis are described below in Sections 2.1 through 2.7. 

Methods specific to the Providence analysis are shown separately in Section 2.8. 

2.1 Site and Episode Selection 

Dispersion modeling simulations were conducted to evaluate near-road concentrations at the 

Indianapolis near-road site (EPA Air Quality System [AQS] ID 18-097-0087), which is 3.1 km northeast 

of downtown Indianapolis and 24.5 m south of Interstate 70 (I-70) (Figure 1). I-70 is a major freeway 

with AADT in 2016 of 165,672, with 14% heavy duty trucks. Additional information about the 

Indianapolis near-road site is shown in Table 1. The project area (white circle in Figure 1) is centered on 

the near-road monitor and radially extends 1.5 km to include the major roadways that may affect PM2.5 

concentrations at the near-road monitor. The project area includes a freeway interchange about 1 km 

southwest of the near-road monitor. 

The Indianapolis near-road site was one of several sites in the national near-road monitoring 

network in 2016 with PM2.5 data and coincident nearby hourly traffic volume, vehicle speed, and fleet 

mix data (42 sites in the network collected PM2.5 data in 2016). The Indianapolis near-road site had 

coincident PM2.5 measurements and travel activity data for 152 days (non-consecutive) during 2016 to 

support modeling analysis. The Indianapolis site also had co-located hourly meteorological data for 

temperature, wind speed, and wind direction. One added benefit was the presence of two co-located PM2.5 

monitors at Indianapolis: a Federal Equivalent Method (FEM) monitor with continuous 1-hour duration 

PM2.5 measurements, and a filter-based Federal Reference Monitor (FRM) with 1-in-3 day 24-hour 

measurements. Among the sites in the near-road monitoring network, the Indianapolis site was one of the 

most straightforward to model in that the local terrain was relatively flat, the roadway was at-grade, and 

there were no nearby roadside barriers, vegetation, or other obstructions (see Figure 1) that could 

influence near-road pollutant concentrations (Baldauf et al., 2016; Steffens et al., 2014; Brantley et al., 

2014; Deshmukh et al., 2019; Venkatram et al., 2016) in ways that cannot be reasonably simulated in 

AERMOD and CAL3QHCR. 

The Indianapolis near-road monitor is located in a mixed commercial area. There are two rail 

lines as close as 100 m from the near-road monitor in the opposite direction of I-70. These rail lines 

experience moderate free-flow train traffic with no idling trains. We examined BC measurements from 
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the Indianapolis near-road site and found that hourly BC concentrations were highest when the near-road 

monitor was downwind of I-70 and upwind of the rail lines. We found no noticeable increase in hourly 

BC concentrations when the monitor was downwind of the rail lines. 
 

 

Figure 1.  Indianapolis modeling project area with 1500-m radius (white circle) centered on the 

Indianapolis near-road air quality monitor (NR site, and pictured below), with available traffic 

monitors (labeled dots) and roadway links that were included in the modeling (black lines). 

Imagery source: Google Earth. 
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Table 1.  Summary of data for the Indianapolis near-road site for 2016.a  

Attribute Value 

AQS ID 18-097-0087 

Coordinates 39.7879N 86.1309W 

PM2.5 instruments FEM: Beta Attenuation Monitor (BAM 1020), 
continuous 
FRM: R&P Seq VSCC, every 3rd day 

Number of lanes (I-70) 10 

AADT 165,672 

Heavy-duty truck fraction 14% 

FE-AADT 374,419 

Distance to road 24.5 m 

Maximum 24-hour PM2.5 39 μg/m3  

Annual mean PM2.5 9.9 μg/m3  

Co-located meteorology Wind speed, wind direction, temperature 
a Fleet-equivalent traffic volume (FE-AADT) is a metric that considers both total traffic 
volume and fleet mix (number of heavy-duty vehicles) to obtain a single emissions-weighted 
traffic volume. The AADT and FE-AADT data were calculated from 2016 traffic data. Other 
data were obtained from EPA in May 2017 (U.S. Environmental Protection Agency, 2017a). 

 

2.2 Travel Activity 

For this study, we use monitored travel data from the Indiana Department of Transportation 

(INDOT) traffic data repository (indot.ms2soft.com) as the basis for estimating vehicle emissions. Traffic 

data for 40 roadways (approximately 20 miles) in the modeling project area were obtained from 49 traffic 

monitors. These roadways include all freeways and arterial roadways within the project area and represent 

the vast majority of VMT and diesel truck traffic in the project area. A key uncertainty for modeling near-

road PM2.5 concentrations is representing the travel activity. In regulatory PM hot-spot analyses, travel 

activity is typically based on estimates from a travel demand model developed for transportation planning 

purposes.  

Among the 49 traffic monitors there were one permanent monitor and 48 temporary monitors. 

The permanent traffic monitor (labeled 951315 in Figure 1) was located on I-70, 0.9 km from the 

Indianapolis near-road air quality monitor. This traffic monitor was used to characterize hourly volume, 

speed, and fleet mix on I-70 where vehicle emissions had the greatest influence on pollutant 

concentrations at the near-road monitor. As discussed in Section 3.2.1, I-70 traffic accounted for 93% of 

the traffic-related PM2.5 emissions that were modeled in the project area. This permanent traffic monitor 
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operated for 152 days in 2016, including weekdays and weekends, and these were the days included in the 

dispersion modeling analysis.  

The 48 temporary traffic monitors were operated for approximately 2 days in 2014 or 2 days in 

2016. For temporary traffic monitors that operated in 2014 (but not 2016), we estimate the 2016 volume 

data using the ratio of estimated AADT at these monitors between 2014 and 2016 as an adjustment factor. 

These estimated AADT values were available from the INDOT traffic data repository. Since the 

temporary monitors operated only on weekdays, weekend traffic volumes at these monitors were 

calculated using the ratio between weekday and weekend traffic volume data from the permanent monitor 

as an adjustment factor. The traffic data developed from the temporary monitors were then repeated to 

cover the analysis days. 

Five arterial roadways that were included in the project area did not have traffic monitors 

installed. To generate volume data for these roadways, we combined the traffic volume from nearby 

monitors. A “mass-balance” approach was used, in which the traffic volume from a downstream monitor 

was subtracted from traffic volumes from an upstream monitor to determine the volume for the roadway 

without a monitor.  

The INDOT traffic monitors recorded traffic data based on U.S. Federal Highway Administration 

(FHWA) vehicle class Scheme F. The vehicle class and speed data were mapped to the class and speed 

bins used in the EPA Motor Vehicle Emission Simulator (MOVES) model to support the emissions 

calculation. The vehicle class mapping is shown in Table 2. For each vehicle type, the distribution of 

MOVES source type was determined by the table in MOVES that describes the population by source type 

(table name: sourcetypeyear). This distribution was then applied to the sum of the traffic volumes from 

the FHWA Scheme F class under the same vehicle type. After the FHWA vehicle class was mapped to 

the MOVES source type, vehicle speed was further mapped to MOVES speed bins using the MOVES 

speed distribution table (table name: avgspeeddistribution). 
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Table 2.  Vehicle mapping between the FHWA Scheme F and MOVES source types.  

Vehicle type FHWA 
Scheme F 
ID 

FHWA Scheme F description MOVES 
source type 
ID 

MOVES source 
type ID description 

Motorcycles 1 Motorcycles 11 Motorcycles 
Passenger Cars 2 Passenger Cars 21 Passenger Cars 
Light-duty trucks 3 Other Two-Axle Four-Tire 

Single-Unit Vehicles 
31 Passenger Trucks 

  32 Light Commercial 
Trucks 

Single-unit trucks 5 Two-Axle, Six-Tire, Single-
Unit Trucks 

51 Refuse Trucks 

6 Three-Axle Single-Unit Trucks 52 Single Unit Short-
Haul Trucks 

7 Four or More Axle Single-Unit 
Trucks 

53 Single Unit Long-
Haul Trucks 

  54 Motor Homes 
Buses 4 Buses 41 Intercity Buses 

  42 Transit Buses 
  43 School Buses 

Combination trucks 8 Four or Fewer Axle Single-
Trailer Trucks 

61 Combination Short-
Haul Trucks 

9 Five-Axle Single-Trailer Trucks 62 Combination Long-
Haul Trucks 

10 Six or More Axle Single-Trailer 
Trucks 

  

11 Five or Fewer Axle Multi-
Trailer Trucks 

  

12 Six-Axle Multi-Trailer Trucks   
13 Seven or More Axle Multi-

Trailer Trucks 
  

 

2.3 Emissions 

We modeled PM2.5 emissions using the EPA MOVES2014a model (U.S. Environmental 

Protection Agency, 2015a) for running exhaust, tire wear, and break wear, and followed AP-42 (U.S. 

Environmental Protection Agency, 2011) to calculate re-suspended road dust. For running exhaust, tire 

wear, and brake wear, MOVES was run in emission rate mode for the calendar year 2016 to generate the 

emission rate tables. These tables contain emission factors in gram per mile by vehicle speed, road type, 
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and vehicle source type. Local vehicle fleet characterization data obtained from the Indianapolis 

Metropolitan Planning Organization was used as additional input for MOVES. These local data provided 

information about the vehicle age distribution, vehicle technology, and fuel types that are important for 

estimating emission factors with MOVES but are not available from the traffic monitor data. 

Meteorological tables in MOVES were populated from meteorological data collected at the Indianapolis 

near-road air quality monitor. All roadway links were assumed to be free-flow links because freeways 

represent the vast majority of VMT, diesel truck traffic, and traffic-related PM emissions likely to impact 

the near-road air quality monitor; therefore, emissions were not estimated from idling or vehicle starts. 

Traffic activity data for each roadway were merged with the emission rate tables by year, month, 

day, hour, source type, road type, and speed. The hourly emissions of a specific roadway can be 

calculated as E=V×L×EF where E is the emission in grams, V is the traffic volume, L is the road length in 

miles, and EF is the emission factor in grams/mile. In AERMOD, each roadway was further divided into 

equal-sized small volume sources, yielding a total of 4,004 volume sources for the 40 roadways 

(approximately 20 miles). In a regulatory PM hot-spot analysis, only roads that are substantially affected 

by a proposed transportation project are modeled. In this study, all freeway, ramp, and arterial roadway 

links within 1.5 km of the near-road monitor were modeled so that virtually all potential sources of PM2.5 

emissions from vehicles were accounted for when comparing modeled concentrations to the observed 

near-road increment. As shown later, the ramp and arterial links account for less than 10% of the modeled 

PM2.5 concentrations.   

MOVES does not model re-suspended road dust. Therefore, we used the method prescribed in 

EPA’s AP-42 emission factors handbook Section 13.2.1 (Paved Roads) to calculate hourly PM2.5 

emissions based on VMT, average vehicle weight, and prescribed silt loading factors that vary by road 

type. The default AP-42 silt loading factors were used as follows: 0.015 g/m2 for freeway links with more 

than 10,000 AADT; 0.030 g/m2 for arterial links with more than 10,000 AADT; and 0.060 g/m2 for 

arterial links with AADT between 5,000 and 10,000. AP-42 adjustments for liquid precipitation (which 

suppresses road dust) and frozen precipitation (which increases road dust due to application of antiskid 

material) were also accounted for on an hourly basis. No road dust emission control or mitigation 

programs were included.  

The inclusion of PM2.5 road dust in this modeling analysis is somewhat unusual given that 

exhaust, break wear, and tire wear emissions typically dominate vehicle contributions to PM2.5 

concentrations near major roadways (Pant and Harrison, 2013). Road dust emission factors are highly 

uncertain (Venkatram, 2000) and the AP-42 methodology has received limited updates over the years. 

Typically, regulatory PM hot-spot analyses do not include PM2.5 road dust emissions, as these emissions 

are only included when they are determined to be a significant contribution to the PM2.5 air quality 
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problem in a given nonattainment or maintenance area. Most important, however, was the consideration 

that the monitoring data includes contributions from road dust; therefore, PM2.5 road dust emissions were 

included in this analysis so that all potential sources of PM2.5 emissions from vehicles were accounted for 

when comparing modeled concentrations to the observed near-road increment.  

2.4 Meteorology 

Hourly meteorological data for 2016 were processed using AERMET (version 18081), the 

meteorological preprocessor for AERMOD. Local wind speed, wind direction, and temperature data were 

obtained for the Indianapolis near-road monitoring site from AQS. The completeness of the 

meteorological data was 99% for wind speed and direction, and 100% for temperature. Other parameters 

needed for AERMET, such as cloud cover, were obtained from the National Center for Environmental 

Information (NCEI) for the Indianapolis International Airport meteorological station, located 14.5 km 

southwest of the Indianapolis near-road monitor. Upper-air data from the Wilmington, Ohio, airport were 

also used, consistent with current dispersion modeling guidance from the Indiana Department of 

Environmental Management (IDEM). Default regulatory AERMET options were used, including the low 

wind speed surface friction velocity adjustment and a low wind speed threshold of 0.5 m/s. The 

AERSURFACE program was used to calculate surface characteristics (albedo, Bowen ratio, and surface 

roughness length) around the meteorological tower at the near-road site based on land use files from the 

United States Geological Survey (USGS). Precipitation and snow cover data provided by IDEM were 

used to assign appropriate monthly albedo and Bowen ratio values for 2016. To support the AERMOD 

sensitivity simulation with alternative meteorological data, AERMOD-ready meteorological data files 

from Indianapolis International Airport were acquired from IDEM. These files were also developed using 

the default regulatory low wind speed surface friction velocity adjustment in AERMET. 

To support modeling with CAL3QHCR, the AERMOD-ready meteorological data were 

translated into CAL3QHCR meteorological data format. We started with the AERMET-processed data to 

ensure consistent meteorological data inputs between the two models. AERMET-processed winds were 

rotated 180 degrees (wind blowing “to” instead of “from”), and methods from Golder (1972) were used to 

relate hourly Monin-Obukhov lengths in the AERMET file to Pasquill-Gifford stability classes needed by 

CAL3QHCR. Hourly urban mixing layer heights for CAL3QHCR were determined based on the 

maximum of the convective or mechanical boundary layer values in the AERMET file, and population of 

the urban area.  
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2.5 PM2.5 Monitoring Data 

The near-road PM2.5 “increment” is the difference in concentration between the near-road monitor 

and a nearby urban background monitor. A key challenge is that the near-road PM2.5 increment is 

relatively small compared to the urban background concentration. The choice of which nearby monitoring 

site(s) to use, and what approach to use to calculate the near-road increment, is important as there is no 

perfect approach to estimating the urban background concentration. DeWinter et al. (2018) and Seagram 

et al. (2019) found that there was good agreement among near-road PM2.5 increments calculated using 

various approaches involving one or more nearby monitors. Given this consistency, and given the close 

proximity of potential background monitors to the Indianapolis near-road site, we estimate near-road 

increments based on data from individual (as opposed to combinations of) nearby background monitors. 

To estimate near-road increments and characterize uncertainty, we analyzed PM2.5 data from the 

Indianapolis near-road monitor and two nearby ambient monitors: Washington Park, 3 km northeast of 

the near-road site, and E. Michigan St., 1.6 km southeast of the near-road site (Figure 2). We calculated 

separate increments from each nearby monitor to understand the sensitivity of the near-road increment to 

the choice of background monitor. The Indianapolis near-road site had two co-located PM2.5 monitors: a 

FEM monitor with continuous hourly average measurements and an FRM monitor with 24-hour 

measurements every third day. The near-road FEM monitor provides more frequent 24-hr data than the 

co-located FRM monitor, but each individual measurement is less precise; the precision of the FRM 

monitor is ± 7%, compared to ± 22% for the FEM monitor (U.S. Environmental Protection Agency, 

2015d). The nearby sites had FRM monitors with daily measurement frequency at Washington Park and 

1-in-3 day frequency at E. Michigan St.  
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Figure 2.  Location of the Indianapolis near-road PM2.5 FRM and FEM monitors (star) and nearby 

PM2.5 FRM monitors (green dots) at Washington Park (AQS ID 18-097-0078) and E. Michigan St. 

(AQS ID 18-097-0083). 

Monitoring data were retrieved from EPA’s AQS. Data from AQS are quality-controlled by the 

submitting tribal, state, or local air monitoring agency, and certified May 1 of each year. We retrieved 

data from AQS after the certification date. All data were further quality-assured by excluding any values 

with a specified data qualifier, including those flagged for quality assurance errors, natural events, 

or exceptional events (where air quality is affected by an unusual or naturally occurring event that cannot 

be reasonably controlled by tribal, state, or local air agencies, such as high PM2.5 concentrations due to 

smoke from wildland fires). Unless otherwise noted with a data qualifier, concentrations equal to zero or 

negative concentrations (which may occur as a result of zero drift in the instrument or calibration 

adjustments) were treated as valid. 

2.6 Dispersion Model 

The Gaussian dispersion model AERMOD (Cimorelli et al., 2004; 2005; Perry et al., 2005; U.S. 

Environmental Protection Agency, 2016) was used for all modeling scenarios except for one sensitivity 

case. Link-level PM2.5 emissions derived from MOVES and AP-42 were used as input for the dispersion 

modeling. Line-volume sources were used to characterize the roadway links in the AERMOD 
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simulations. An hourly emission file was created for all roadway links, for every hour of each analysis 

day. Hourly emissions were mapped to traffic and emission modeling data discussed previously. The 

hourly emission file includes the hourly emission rate in g/s for each volume source, along with hourly 

source release heights and initial dispersion parameters. The release heights and initial dispersion 

parameters were calculated based on current regulatory modeling guidance and change on an hourly basis 

depending on the fleet mix (percent cars and percent trucks) for each hour using a traffic volume 

weighted average approach. Approximately 20 miles of roads within the project area were modeled. 

AERMOD was run with urban dispersion, flat terrain, and no particle deposition (U.S. Environmental 

Protection Agency, 2015b).  

Modeling receptors are locations within the dispersion model where pollutant concentrations are 

calculated. One receptor was placed at the location of the Indianapolis near-road monitor, 24.5 m from the 

edge of the I-70 east-bound travel lanes. Based on photographs of the near-road site, the air intake inlet 

for the PM2.5 sensors was estimated at 4 m above ground level (AGL). Therefore, a receptor height of 4 m 

AGL was used in the model, which is higher than a typical receptor height for regulatory analyses (1.8 m 

AGL). Model sensitivity as a function of height was not evaluated here, but AERMOD performance has 

been shown to be sensitive to receptor heights ranging from 0.5 to 9.5 m AGL (Askariyeh et al., 2017). 

Roadway emissions in AERMOD were represented by a series of adjacent volume sources (also 

known as line-volume sources). Volume sources were chosen because tracer evaluations have shown that 

AERMOD performs slightly better when volume sources, rather than area sources, are used to 

characterize roadway emissions (Heist et al., 2013). The arrangement of AERMOD volume sources in the 

immediate vicinity of the near-road monitor and receptor location is shown in Figure 3. Two sets of line-

volume sources, one eastbound and one westbound, were used to characterize emissions from the multi-

lane I-70. This arrangement is consistent with dispersion modeling guidance and best practices, allows for 

independent specification of emissions from eastbound and westbound traffic, and ensures that the 

modeling receptor remains outside any volume source exclusion zones (see circles in Figure 3) where 

AERMOD results are not considered reliable. Freeway ramps and other arterials were represented by a 

single set of line-volume sources representing traffic in both directions. 
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Figure 3.  AERMOD line-volume source layout in the immediate vicinity of the Indianapolis near-

road monitor (AQS Monitor). Volume sources are shown as squares, and their exclusions zones are 

shown as circles. Exclusion zones represent areas where concentrations cannot be estimated by 

AERMOD. 

2.7 Modeling Scenarios 

Four dispersion modeling simulations were conducted to compare modeled concentrations from 

roadway emissions to the measured near-road PM2.5 increment at Indianapolis and to examine the 

sensitivity of selected processes to the near-road modeling results (Table 3). The base-case AERMOD 

scenario was used as the best estimate of modeled near-road PM2.5 concentrations for comparisons with 

monitored near-road increments. The base-case scenario used hourly traffic and emission data from the 

project area and local meteorological data at the Indianapolis near-road site. Estimates of the monitored 

near-road PM2.5 increment and the associated uncertainty are discussed in Section 3.1, and results from 

the base-case AERMOD modeling scenario are discussed in Section 3.2. Results from three sensitivity 

simulations were compared to the base-case results and to the measured near-road PM2.5 increments at 

Indianapolis. These sensitivity scenarios are described below, and results are discussed in Section 3.3.  
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Table 3.  Dispersion modeling scenarios conducted with different combinations of dispersion 

models, traffic data, and meteorological inputs. 

 

Simulation 
Dispersion 

Model 
Inputs 

Base case AERMOD 
Hourly traffic data 

Local near-road meteorology 

AltTraff AERMOD 

Aggregated traffic data (e.g., 

by peak and off-peak periods) 

Local near-road meteorology 

AltMet AERMOD 

Hourly traffic data 

Non-local NWS meteorology 

(from airport) 

CAL3 CAL3QHCR 
Hourly traffic data 

Local near-road meteorology 

 

 

The alternative traffic (AltTraff) scenario was conducted to assess the sensitivity of modeled 

near-road PM2.5 concentrations to the level of temporal detail provided in the emissions inputs. The 

hourly travel activity data used in the base-case simulation are not typically available to practitioners, and 

the preparation of these detailed day- and hour-specific data can be tedious. For regulatory applications, 

travel activity is typically based on estimates from a travel demand model used to support transportation 

planning decisions. Travel demand modeling data are less detailed and provide travel volumes for 4-5 

time periods during the day (e.g., morning rush hour, afternoon, evening rush hour, and evening off-

peak), and these same volumes are assumed for all days of the year. For the AltTraff simulation, the 

hourly traffic data for each roadway link were aggregated into a typical-day diurnal pattern, and emissions 

were calculated based on these aggregated traffic data. The diurnal profile was created using all analysis 

days, including weekdays and weekends, but weekday and weekend differences were not accounted for in 

the AltTraff scenario since travel demand models do not always differentiate weekends from weekdays. 

Other modeling inputs in the AltTraff scenario are identical to the base case. 

The alternative meteorology (AltMet) scenario was developed to assess the sensitivity of modeled 

near-road concentrations to the meteorological inputs. In regulatory applications, representative 

meteorological data are typically selected from a nearby National Weather Service (NWS) airport 

observation site. The use of non-NWS data is less common in regulatory applications due to the lack of 
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available local data and the time and expense of collecting local data at the project site. Meteorological 

data from the Indianapolis International Airport was used in the AltMet simulation for 2016. Other 

modeling inputs were identical to the base case. The biggest differences between the near-road site and 

the Indianapolis airport are the wind speeds, exposure to nearby buildings, and surface roughness around 

the sites. Annual wind roses from the near-road site and the NWS airport site (Figure 4) show that the 

wind directions were similar at the two sites, but the wind speeds were higher at the NWS airport site. 

 
Figure 4.  2016 annual wind rose at the Indianapolis near-road monitor (left) and the Indianapolis 

International Airport NWS site (right). 

The CAL3QHCR (Cal3) scenario was developed to assess the sensitivity of modeled near-road 

concentrations to the choice of dispersion model. The CAL3QHCR model (Benson, 1989; Eckhoff and 

Braverman, 1995) has historically been an approved dispersion model for regulatory applications. 

Through a formal rulemaking process, EPA determined that CAL3QHCR should be replaced by 

AERMOD as the required dispersion model, based in part on findings from the Caltrans Highway 99 and 

Idaho Falls near-road tracer study evaluations (U.S. Environmental Protection Agency, 2015c, 2017b). 

However, CAL3QHCR was approved for regulatory use until January 17, 2020, and there is still 

significant interest in the transportation community for understanding how AERMOD results compare to 

CAL3QHCR in real-world applications. For the Cal3 scenario, CAL3QHCR was used with the same 

hourly emissions and meteorological inputs as in the AERMOD base case. Free-flow, at-grade line 

sources were used to represent the roadway emissions. The local meteorological data from the base case 

were processed into CAL3QHCR format. A subset of 40 analysis days from the base case were modeled 

with CAL3QHCR, as CAL3QHCR does not have the ability to output concentrations for each specific 
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day with differing emissions inputs. We chose days with high modeled daily average concentrations from 

the base-case AERMOD simulation for both the summer (20 days) and winter (20 days) seasons. These 

40 days had varying average daily wind directions.  

2.8 Providence Analysis 

2.8.1 Site and Episode Selection 

To provide additional context for the Indianapolis modeling results, a dispersion modeling 

simulation was conducted to evaluate near-road concentrations at a Providence near-road site (AQS ID 

44-007-0030), which is 1 km north-northwest of downtown Providence and 5 m east of Interstate 95 

(I-95) (Figure 5) in a highly urbanized area. I-95 is a major freeway with AADT in 2016 of 233,036 with 

7% heavy duty trucks. Compared to the Indianapolis analysis, the Providence freeway AADT is higher 

but the truck percentage is lower. Additional information about the Providence near-road site is shown in 

Table 4. The project area (yellow circle in Figure 5) is centered on the near-road monitor and radially 

extends 1 km from the monitor to include the major roadways that may affect concentrations at the near-

road monitor. The project area includes a freeway interchange about 400 m south of the near-road 

monitor. The Providence near-road site had an FEM monitor that collected hourly PM2.5 data, and also 

had coincident nearby hourly traffic volume, vehicle speed, and fleet mix data. PM2.5 and travel activity 

data were sufficiently complete for 382 days (non-consecutive) during 2015-2016 to support modeling 

analysis. Because the Providence near-road site is located in a highly urbanized area, there are buildings 

adjacent to the site that could influence near-road pollutant concentrations. 
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Figure 5.  Providence modeling project area with 1000-m radius (yellow circle) centered on the 

Providence near-road air quality monitor (NR site, and pictured below), with available traffic 

monitors (◊) and roadway links that were included in the modeling (white lines). Imagery source: 

Google Earth. 
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Table 4.  Summary of data for the Providence near-road site for 2016. The AADT and FE-AADT 

data were calculated from 2016 traffic data. Other data were obtained from EPA in May 2017 (U.S. 

Environmental Protection Agency, 2017a). 

Attribute Value 

AQS ID 44-007-0030 

Coordinates 41.8295N 71.7176W 

PM2.5 instruments FEM: Beta Attenuation Monitor (BAM 1020) 

Number of lanes (I-95) 8 

AADT 233,036 

Heavy-duty truck fraction 7% 

FE-AADT 363,549 

Distance to road 5 m 

Maximum 24-hour PM2.5 24.5 μg/m3  

Annual mean PM2.5 9.3 μg/m3  

Co-located meteorology None (nearest meteorological site at AQS 44-007-
0022 2.4 km to the south) 

 

During the analysis period, there was a freeway construction project (known as the Providence 

Viaduct project) and other non-freeway construction projects near the Providence near-road site. The 

Viaduct construction activity occurred primarily 200-600 m from the near-road site, while the smaller 

non-freeway construction projects were 50-100 m from the near-road site. Based on Rhode Island 

Department of Transportation (RIDOT) construction log data and Google Earth satellite imagery, 27 days 

(out of the 382 days with available data) were confirmed to have no nearby construction activity. These 

non-construction days were mostly weekends and holidays. During the other 355 days in 2015-2016, 

there was nearby construction activity. Therefore, the Providence modeling analysis was conducted 

separately for the 27 days without construction and 355 days with construction. Construction activity 

emissions were not modeled in this study. 

2.8.2 Travel Activity and Emissions 

We use hourly monitored travel data near the Providence near-road site as the basis for 

developing a bottom-up estimate of roadway PM2.5 emissions. Traffic data were acquired from RIDOT 

for 6 traffic monitors (see Figure 5) that recorded traffic volume by RIDOT vehicle class and vehicle 

speed. Among the 6 traffic monitors there were five permanent monitors and one temporary monitor. One 
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of the permanent traffic monitors was located on I-95, about 50 m from the Providence near-road air 

quality monitor. This traffic monitor was used to characterize hourly vehicle volume, speed, and fleet mix 

on I-95 where vehicle emissions should have the greatest influence on pollutant concentrations at the 

near-road air quality monitor. The other four permanent traffic monitors were used to characterize traffic 

for other freeway segments in the modeling project area. The freeways characterized by the five 

permanent traffic monitors represent the majority of VMT and diesel truck traffic in the project area. 

There are 50 roadways (approximately 9 miles) in the modeling project area. Forty of those 

roadways did not have traffic monitors installed. These roadways include arterial roadways, and the 

ramps at the I-95/U.S. 6 interchange south of the near-road air quality monitor. To generate hourly 

volume data for these roadways, we combined the available hourly monitored traffic data with additional 

AADT data provided by RIDOT and AADT data estimated from the State of Rhode Island Division of 

Statewide Planning travel demand model. In general, we used a “mass-balance” approach in which the 

traffic volume from a downstream monitor was subtracted from traffic volume from an upstream monitor 

to determine the volume for the roadway without monitors. For roadways without an upstream or 

downstream permanent monitor, the AADT data were either used as scaling factors to scale the hourly 

volume from the permanent monitors, or disaggregated to the hourly level based on the average diurnal 

pattern across the permanent monitors. Fleet mix was determined based on a nearby permanent traffic 

monitor, or based on the temporary traffic monitor at Memorial Blvd. (just east of the I-95/U.S. 6 

interchange). 

The RIDOT traffic monitors recorded traffic data based on RIDOT vehicle class. The vehicle 

class and speed from the monitors were mapped to the class and speed used in the EPA MOVES model to 

support the emissions calculation. The vehicle class mapping is shown in Table 5. For each vehicle type, 

the distribution of MOVES source type was determined by the table in MOVES that describes the 

population by source type. This distribution was then applied to the traffic volumes from the RIDOT 

vehicle class.  
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Table 5.  Vehicle mapping between the RIDOT class and MOVES source types.  

RIDOT class RIDOT description MOVES 
source type 
ID 

MOVES source type 
ID description 

1 Cars 11 Motorcycles 
  21 Passenger Cars 
  31 Passenger Trucks 
  32 Light Commercial 

Trucks 
2 Small Trucks  51 Refuse Trucks 
  52 Single Unit Short-

Haul Trucks 

  53 Single Unit Long-
Haul Trucks 

  54 Motor Homes 
3  Trucks 41 Intercity Buses 
4 Double Trailer Trucks 42 Transit Buses 
  43 School Buses 
  61 Combination Short-

Haul Trucks 

  62 Combination Long-
Haul Trucks 

 

As with the Indianapolis analysis, we modeled PM2.5 emissions using the EPA MOVES2014a 

model for running exhaust, tire wear, and break wear, and followed AP-42 to calculate re-suspended road 

dust. For running exhaust, tire wear, and brake wear, MOVES was run in emission rate mode for the 2015 

and 2016 calendar years to generate the emission rate tables. Local vehicle fleet characterization data 

obtained from EPA (ftp://newftp.epa.gov/air/nei/2014/doc/2014v2_supportingdata/onroad) were used as 

additional input for MOVES. Meteorological tables in MOVES were populated from meteorological data 

collected at AQS site 44-007-0022 located 2.4 km south of the near-road monitor. Traffic activity data for 

each roadway were merged with the emission rate tables by year, month, day, hour, source type, road 

type, and speed, and hourly emissions were calculated for each roadway link. In AERMOD, each 

roadway was further divided into equal-sized small volume sources, yielding a total of 3586 volume 

sources for the 50 roadways. Portions of I-95 north-bound closest to the near-road monitor, as well as 

nearby arterial roads, were modeled lane-by-lane to avoid placing the near-road monitor within an 
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AERMOD volume source exclusion zone. Hourly PM2.5 emissions from road dust were calculated using 

the method prescribed in EPA’s AP-42 emission factors handbook Section 13.2.1 (Paved Roads) with 

default AP-42 silt loading factors, along with hourly precipitation adjustments and winter silt-loading 

factors when frozen precipitation occurred. 

2.8.3 Meteorology 

The Providence near-road site did not have co-located meteorological data; therefore, 

representative meteorological data from the nearest air quality monitoring station (Urban League, South 

Providence, AQS ID 44-007-0022), located 2.4 km to the south, was used. Hourly meteorological data for 

2015-2016 were processed using AERMET (version 18081). Wind speed, wind direction, and 

temperature data from the Urban League site were used. Other parameters needed for AERMET, such as 

cloud cover, were obtained from NCEI for the T.F. Green Airport meteorological station, located 12 km 

south of the Providence near-road monitor. Upper-air data from the Chatham Municipal Airport in 

Massachusetts were also used. Default regulatory AERMET options were used, including the low wind 

speed surface friction velocity adjustment and a low wind speed threshold of 0.5 m/s. The 

AERSURFACE program was used to calculate surface characteristics around the meteorological tower 

based on land use files from the USGS.  

2.8.4 PM2.5 Monitoring Data 

The near-road PM2.5 increment was estimated between the Providence near-road monitor and the 

Urban League monitor in 2015-2016 for days when monitoring data was at least 75% complete. The 

Urban League South Providence monitor is 2.4 km south of the near-road monitor, and is generally 

upwind of the near-road monitor. The other monitor considered as a potential background monitor is the 

Francis School East Providence monitor (Figure 6), 4.8 km east northeast of the near-road monitor. We 

calculated separate increments from each nearby monitor to understand the sensitivity of the Providence 

near-road increment to the choice of background monitor. The Providence near-road site had a PM2.5 FEM 

monitor with hourly measurements. Both nearby sites had co-located FEM and FRM monitors with 

hourly and 1-in-3 day measurement frequency, respectively. Monitoring data were retrieved from EPA’s 

AQS.  
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Figure 6.  Location of the Providence near-road PM2.5 FEM monitor and nearby PM2.5 monitors 

(FEM and FRM co-located monitors). Data from Urban League South Providence (AQS ID 18-097-

0078) and Francis School East Providence (AQS ID 18-097-0083) were considered in the Providence 

increment analysis. 

2.8.5 Dispersion Modeling 

The AERMOD modeling approach for the Providence analysis was similar to the Indianapolis 

analysis. AERMOD was run with urban dispersion, flat terrain, and no particle deposition. One modeling 

receptor was placed at the location of the Providence near-road monitor, 5 m from the edge of the I-95 

north-bound travel lanes. Based on photographs of the near-road site, the air intake inlet for the PM2.5 

sensors was estimated at 3.6 m AGL. Therefore, a receptor height of 3.6 m AGL was used in the model.  

Roadway emissions in AERMOD for the Providence case were represented as line-volume 

sources along approximately 9 miles of roadway within the project area. The arrangement of AERMOD 

volume sources and the receptor location is shown in Figure 7. Several sets of line-volume sources were 

created to characterize lane-by-lane emissions for north-bound I-95 in the immediate vicinity of the near-

road monitor to avoid placing the receptor in volume source exclusion zones (represented as circles in 

Figure 7, where concentrations cannot be estimated by AERMOD). One arterial road adjacent to the near-

road monitor was also represented as lane-by-lane line-volume sources. South-bound I-95 was 

represented as one set of volume sources, as were freeway ramps and other arterial roadways. 

One AERMOD dispersion modeling simulation was conducted for the Providence analysis. The 

results from the Providence analysis are discussed in Section 3.4. 
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Figure 7.  AERMOD line-volume source layout in the immediate vicinity of the Providence near-

road monitor (yellow triangle). Volume sources are shown as squares, and their exclusions zones 

are shown as circles. 

3 Results 

The modeling chain for predicting near-road PM2.5 concentrations consists of travel activity data 

processing, emissions modeling, and air quality dispersion modeling. Throughout this study, AERMOD 

results refer to predictions produced by the near-road modeling chain that involved the AERMOD 

dispersion model. Likewise, CAL3QHCR results refer to predictions produced by the near-road modeling 

chain that involved the CAL3QHCR dispersion model. 

3.1 Estimating the Monitored PM2.5 Near-Road Increment 

We analyzed PM2.5 data for year 2016 from the Indianapolis near-road monitor and nearby 

ambient monitors to estimate the near-road PM2.5 increment and characterize its uncertainty. We 

calculated the near-road increment using various combinations of the two co-located FEM and FRM 

instruments at the near-road monitoring site, and two nearby background monitors (Washington Park and 

E. Michigan St., both of which are FRM instruments). Multiple increments were calculated to 

characterize how the increment varied based on the choice of background monitor (Washington Park or E. 

Michigan St.) and near-road measurement method (FEM or FRM). 
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The average daily near-road PM2.5 increments calculated with four combinations of monitors are 

summarized in Figure 8. Data are shown for various daily average wind directions, when the Indianapolis 

near-road monitor was downwind (wind blowing from 274°-360° and 0°-33°), upwind (94°-213°), and 

parallel (34°-93° and 214°-273°) to I-70. Wind directions are 24-hour vector averages calculated from the 

hourly wind data. Increments involving the 1-in-3 day near-road FRM monitor (NR FRM in Figure 8) 

were calculated based on 46 days with coincident data at the Washington Park monitor, and 47 days with 

coincident data at E. Michigan St. Increments involving the near-road FEM monitor (NR FEM in Figure 

8) were calculated based on 144 days with coincident data at Washington Park, and 47 days with 

coincident data at E. Michigan St. All days analyzed are subsets of the 152 days that were modeled. 

 
Figure 8.  Indianapolis near-road PM2.5 increments for four different combinations of near-road 

(NR) monitor (NR FRM and NR FEM) and nearby FRM PM2.5 monitors at Washington Park and 

E. Michigan St. when the Indianapolis near-road monitor was downwind, upwind, and parallel to I-

70. The horizontal line at the box notch indicates the median, box extents indicate the interquartile 

range (IQR), and whiskers indicate 1.5 times the IQR. 

In all four comparisons in Figure 8, the average near-road PM2.5 increment was highest when the 

near-road monitor was downwind of I-70, and lowest when the near-road monitor was upwind of I-70. 
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This result contrasts with AERMOD modeling results presented later. The median measured increment in 

downwind conditions was positive in all four comparisons, whereas the median increment in upwind 

conditions was negative when the E. Michigan St. monitor was used in the calculation. For a given 

combination of monitors, the median increment at Indianapolis varied by about 1 μg/m3 as a function of 

wind direction. The variance of daily increments was considerably smaller when the FRM near-road 

monitor was used in the calculation because the FRM measurements are more precise than the FEM 

measurements. 

The measured near-road increment concentration varied depending on the choice of background 

monitor. When considering just the FRM near-road monitor, the median increment differed by 0.4 μg/m3 

depending on the choice of background monitor. This result is due to variability in PM2.5 concentrations 

across a relatively short distance (4 km) within the urban area. This intra-urban PM2.5 variability has a 

modest effect on the near-road increment measurement. 

An important point is that there can be a bias between different types of instruments, and this bias 

can affect the increment. The bias is distinct from the instrument precision discussed earlier. In this 

context, bias refers to a systematic difference between measurements from two different instruments, 

whereas precision refers to the random measurement error above and below the correct value from a 

single instrument. At the Indianapolis near-road site, PM2.5 concentrations from the FRM monitor are 

systematically biased lower than concentrations from the co-located FEM monitor. As a result, 

increments based on the FRM near-road measurement are smaller. When considering just the Washington 

Park background monitor, the mean increment differed by 0.2 to 0.3 μg/m3 depending on the choice of 

measurement method (FRM or FEM) at the near-road site, as shown in Table 6. Calculating increments 

from measurements that are based on the same monitoring method provides more consistent results and 

eliminates uncertainty associated with the bias between monitoring methods. Therefore, it is preferable to 

compare modeled near-road increments at Indianapolis to FRM-based increment measurements, since 

Washington Park and E. Michigan St. are both FRM monitors, and because FRM measurements are more 

precise than FEM measurements. We still show comparisons to FEM-based increment measurements for 

completeness. 

We also estimated the uncertainty in the mean of near-road PM2.5 increment measurements. 

Uncertainty in the mean, which arises from the variance in the distribution of daily increment 

measurements about the mean, was calculated as the 95% confidence interval around the mean value. 

Average daily near-road increments and their estimated uncertainty for the four combinations of near-

road monitor and nearby background monitor are shown in Table 6. The uncertainty in the averaged 

increment is as large as 0.6 μg/m3, which is similar to the variability due to the choice of background 

monitor (0.4 μg/m3) and smaller than the variability across wind directions (about 1 μg/m3). When a 
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sufficient number of days are considered, the uncertainty in the averaged increment measurement is 

sufficiently small to support reliable comparisons between modeled and measured near-road PM2.5 

increments. When considering the Washington Park background monitor, the absolute uncertainty in the 

FRM-based and FEM-based increments is similar because better precision in the FRM measurement 

offsets the reduced number of days that near-road FRM data are available.  

 

Table 6.  Summary of measured near-road PM2.5 increments at Indianapolis. Uncertainty is 

calculated as the 95th percentile confidence interval in the monitored near-road increment. 

Near-

Road 

Monitor 

Background 

Monitor 

Mean Daily  

Near-Road 

 Increment [μg/m3]  

Number of 

Observations 

FRM Washington Park 0.9 ± 0.6 46 

FEM Washington Park 1.2 ± 0.5 144 

FRM E. Michigan St. 0.2 ± 0.3  47 

FEM E. Michigan St. 0.4 ± 0.6 47 

 

The uncertainty in individual daily measurements was not quantified. Given the large variability 

in daily measured increments, we expect comparisons of modeled and measured increments to be more 

uncertain when considering individual days. The maximum and 98th percentile of the distribution of 

modeled and measured increments were also calculated since these are relevant for regulatory analyses 

involving the 24-hour PM2.5 NAAQS, but these comparisons should be considered less reliable than 

comparisons involving increments that have been averaged over many days.  

For subsequent comparisons with modeled increments at Indianapolis, we selected the near-road 

increment based on measurements from the FRM near-road monitor and the Washington Park FRM 

monitor. This selection was based on: 1) the FRM-based measurement is more precise than the FEM-

based measurement, and therefore the daily FRM-based near-road increments had less uncertainty; 2) the 

near-road and background concentration measurements are based on the same monitoring method (FRM), 

which eliminates uncertainty associated with differences in monitoring methods; 3) there were fewer 

negative daily increments when the Washington Park monitor was used; and 4) Washington Park was the 

upwind monitor when the near-road monitor was downwind of I-70 (see Figure 2). This best available 

near-road PM2.5 increment estimate for the 2016 modeling analysis period was 0.9 ± 0.6 μg/m3 averaged 

over all wind conditions (Table 6). This estimated near-road increment for Indianapolis is comparable to 

results from other studies. The annual average increment for Indianapolis was 0.7 to 1.7 μg/m3 during 
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2014-2016 depending on the approach and the monitoring sites used to calculate the increment (DeWinter 

et al., 2018; Brown et al., 2019; Seagram et al., 2019).  

3.2 Base-Case Simulation 

3.2.1 Emissions 

A summary of average daily PM2.5 emissions calculated from vehicle activity for the 20 miles of 

roadways that were modeled within the Indianapolis modeling project area are shown in Table 7. The 

averaged daily emissions across all 152 modeling analysis days in 2016 were 70 lb/day. The average daily 

emissions were 76 lb/day on weekdays and 54 lb/day on weekends, reflecting the higher travel volumes 

observed on weekdays. In our assessment, road dust PM2.5 was the biggest source of emissions (53% of 

total emissions), followed by exhaust (40%), brake wear, and tire wear. Non-exhaust emissions (tire wear, 

brake wear, and road dust) represented 60% of the total vehicle emissions. For context, the on-road PM2.5 

emissions reported in the 2014 National Emissions Inventory for Marion County, Indiana (which contains 

most of Indianapolis), was 4.1 tons/day, with 50% of emissions from paved road dust (U.S. 

Environmental Protection Agency, 2018). 

 

Table 7.  Summary of modeled PM2.5 vehicle emissions for the Indianapolis project area. 

Process 
Average Daily PM2.5 

Emissions [lb/day] 
% of Total 

Road dust (AP-42) 37 53 

Running exhaust 28 40 

Brake wear 3 5 

Tire wear 2 2 

Total 70 100 

 

The relative fraction of exhaust to non-exhaust PM2.5 emissions from vehicles will vary by road 

type, fleet mix, fuel characteristics of the vehicle fleet, surface silt loading, and other factors. Past 

measurement studies indicate that exhaust emissions are typically responsible for the majority of the 

traffic-related PM2.5 emissions near major roadways (Pant and Harrison, 2013). For example, source 

apportionment analysis of speciated PM2.5 measurements next to a busy freeway in Toronto showed that 

about 35% of traffic-related PM2.5 was due to non-exhaust emissions, and 12-20% was due to road dust 

(Jeong et al., 2019), while Ginzburg et al. (2015) estimated that road dust was 7-16% of the traffic-related 
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PM2.5 150 m away from a freeway near Baltimore. Based on this literature, the non-exhaust emissions in 

Table 7 may be overestimated, or the exhaust emissions may be underestimated. It is also possible that 

both the exhaust and non-exhaust emissions are overestimated. 

AP-42 road dust estimates can be highly uncertain (Venkatram, 2000). For example, the AP-42 

approach assumes an infinite reservoir of suspendible road dust, which may not be a valid assumption for 

heavily traveled paved highways. Brake and tire wear emissions estimates are also uncertain; PM2.5 

emission factors for these processes in the MOVES model are significantly lower than those in the 

California Emissions Factor (EMFAC) model (Reid et al., 2016). There is limited literature on the 

impacts of including road dust PM2.5 emissions in near-road dispersion modeling applications, but in a 

project focused at the EPA near-road monitor in Ft. Worth, Texas, adding road dust PM2.5 emissions 

increased the modeled PM2.5 roadway emissions by 16-19% for highways and 139-208% for arterials, 

depending on season and time-of-day (Askariyeh et al., 2019). The inclusion of road dust PM2.5 

substantially affects the modeled PM2.5 emission estimates, and will also affect modeled near-road 

concentrations. 

3.2.2 AERMOD Results 

AERMOD was executed for 152 analysis days in 2016 for the Indianapolis project area. The 

average modeled PM2.5 concentrations (i.e., the modeled PM2.5 near-road increment) for these days were 

compared to the monitored near-road PM2.5 increments. The base-case AERMOD modeling results are 

compared with measured increments in Figure 9; summary statistics are shown in Table 8. Based on these 

results, AERMOD over-predicted the average near-road PM2.5 increment. The average modeled increment 

(3.7 μg/m3) was a factor of four larger than the measured FRM-based increment (0.9 μg/m3), and a factor 

of three larger than the measured FEM-based increment (1.2 μg/m3). The resulting bias (2.8 μg/m3, or 

311% of the FRM-based increment) for the averaged modeled increment is substantially larger than the 

estimated uncertainty of the measured near-road increment, and is also larger than the variability in the 

measured increment associated with the choice of background monitor. The FRM-based near-road 

increment was calculated from a 46-day subset of the 152 modeled days, but the results are similar when 

comparing to the FEM-based near-road increment, which was calculated from 144 of the modeled days. 

Therefore, the bias in the AERMOD result must be attributable to other factors. 
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Figure 9.  Distribution of AERMOD-modeled daily average PM2.5 concentrations and measured 

near-road PM2.5 increments at the Indianapolis near-road monitoring site during 2016 for three 

wind conditions (near-road monitor downwind, upwind, and parallel to I-70).   

Table 8.  Summary of modeled and measured near-road PM2.5 increments (μg/m3) at the 

Indianapolis near-road monitoring site. Monitored increments are calculated based on the 

Washington Park background monitor. 

PM2.5 24-hour 

Increment 

AERMOD 

Base-Case 

Increment 

(n=152) 

FRM Monitored  

Near-Road 

Increment  

(n=46) 

FEM Monitored 

Near-Road 

Increment  

(n=144) 

Average 3.7 0.9 ± 0.6 1.2 ± 0.5 

Maximum 7.3 10.2 14.5 

98th Percentile 6.1 5.7 7.9 

 

Road dust PM2.5 was the biggest source of modeled emissions at Indianapolis (53% of total 

emissions), and non-exhaust emissions represented 60% of the total vehicle emissions. Based on the 

literature, which includes measurement-based estimates that road dust is 7-20% of traffic-related PM2.5 

near major roadways (Jeong et al., 2019; Pant and Harrison, 2013), the relative contribution of non-

exhaust emissions is likely overestimated. Because AERMOD is a chemically inert model, we expect 
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time-averaged concentrations from AERMOD to scale roughly linearly with total PM2.5 emissions. Thus, 

road dust contributes to about half (1.8 μg/m3) of the modeled near-road PM2.5 increment. If road dust 

were not included in the simulation, the bias in the averaged modeled increment would have been about a 

factor of two instead of a factor of 4. Askariyeh et al. (2019) found that the inclusion of road dust 

increased modeled near-road PM2.5 concentrations by 49-74% depending on time-of-day and season. 

These results highlight the need for further study on re-suspended PM2.5 road dust emissions, particularly 

because non-exhaust emission components do not benefit from tailpipe emission control technologies. 

The average modeled PM2.5 increment was 30% lower on weekends (2.8 μg/m3) than on 

weekdays (4.0 μg/m3) due to reduced weekend traffic volumes, which resulted in lower modeled PM2.5 

emissions. The AERMOD results were therefore very sensitive to the traffic volume. However, there was 

no statistically significant difference in the measured near-road increment at Indianapolis between 

weekdays and weekends. Across the national near-road monitoring network, past work has shown that 

traffic volume is not a strong predictor for near-road PM2.5, and that the relative contribution of roadway 

emissions is also likely driven by other local emissions and meteorology (DeWinter et al., 2018; Seagram 

et al., 2019). In this case, near-road PM2.5 concentrations modeled by AERMOD were more sensitive to 

nearby traffic volumes compared to the measurement data results, an outcome consistent with findings 

based on the entire national near-road network.  

Both the model and observations showed extremes beyond 1.5 times the Inter-Quartile Range 

(IQR) of daily near-road PM2.5 increments. Measured near-road PM2.5 increments were negative on some 

days, and these negative daily increments were included in averaging calculations. Negative 24-hr 

average increments are considered valid since, on average, the uncertainty of the measured increment 

should not be systematically biased positive or negative. As Mukherjee et al. (2019) noted, the measured 

increments for Indianapolis are free of confounding factors that could impact the calculated increment. 

For example: the I-70 freeway and the near-road monitor are at the same elevation, there are no roadside 

barriers nearby, and the land use between the near-road site and background sites is similar. 

 The maximum daily near-road increment modeled by AERMOD (7.3 μg/m3) was smaller than 

the maximum measured increment (10.2 μg/m3, unpaired in time with the observations). The 98th 

percentile of the distribution of the modeled PM2.5 increments, relevant for regulatory modeling analyses 

involving the 24-hour PM2.5 NAAQS, compared well to the 98th percentile of measured daily increments. 

It is important to emphasize that comparisons involving individual days in this study are more uncertain 

than comparisons involving increments that have been averaged over many days.  

We also analyzed modeled PM2.5 increments under various daily average wind directions, when 

the Indianapolis near-road monitor was downwind, upwind, and parallel (34°-93° and 214°-273°) to I-70. 

The AERMOD base-case results did not exhibit a large variation based on the wind direction. The 
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average measured near-road increment was larger (1.5 μg/m3) when the near-road monitor was downwind 

of I-70, and smaller (0.7 μg/m3) when the near-road monitor was upwind. In contrast, the modeled near-

road PM2.5 increment was actually larger when the near-road monitor was upwind of I-70. This counter-

intuitive result can be explained by the plume meander treatment in AERMOD and is discussed further in 

Section 4. 

Modeled near-road PM2.5 contributions from the various types of roadways were tracked through 

the AERMOD source grouping function and are summarized in Table 9. The majority (93%) of modeled 

PM2.5 came from the mainline I-70 links that are directly adjacent to the Indianapolis near-road monitor. 

These I-70 mainline links represent the vast majority of the traffic volume (including truck traffic) in the 

modeling project area. About 5% of modeled PM2.5 was from arterial roads within the project area. 

Contributions from other links including on-ramps and off-ramps, I-65, and the I-65/I-70 interchange 

were small.  

 

Table 9.  Modeled near-road PM2.5 increments (μg/m3) at the Indianapolis near-road monitoring 

site location contributed from different road segment groups for 152 modeled days during 2016. 

Road Segment Group 

Contribution to Average 

Modeled Near-Road 

PM2.5 Increment (μg/m3) 

Percent 

Contribution 

Mainline I-70 3.4 93 

Arterials 0.2 5 

I-70 ramps and interchange, and  I-65 0.1 2 

All modeled road segments 3.7 100 

 

3.3 Sensitivity Simulations 

Results of the sensitivity modeling simulations for the Indianapolis analysis are summarized in 

Figure 10 and in Table 10. The modeled multi-day-average near-road PM2.5 concentrations were higher 

than the observed near-road increment for all four dispersion modeling scenarios and wind direction bins 

except the Cal3 scenario for upwind conditions. The maximum modeled daily PM2.5 increment was 

smaller than the observed values for all four dispersion modeling scenarios. The modeled 98th percentile 

of daily average increments was higher or lower than the observed value, depending on the modeling 

scenario and the near-road monitor used to calculate the measured increment. As noted earlier, 

comparisons involving individual days are more uncertain than comparisons involving increments that 
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have been averaged over many days. Results and implications from each sensitivity scenario are 

discussed below. 

 

Figure 10.  Distribution of modeled daily average PM2.5 concentrations from the base case, Alt Met, 

Alt Traffic, and Cal3 scenarios, and measured FRM to FRM near-road PM2.5 increments at the 

Indianapolis near-road monitoring site in 2016 during three wind conditions (near-road monitor 

downwind, upwind, and parallel to I-70). AERMOD results cover 152 days; Cal3 results cover 40 

days.  

 

Table 10. Summary statistics of modeled and measured near-road PM2.5 increments (μg/m3) at the 

Indianapolis near-road monitoring site. AERMOD results cover 152 days; Cal3 results cover 40 

days. 

PM2.5 24-hour 

Concentration 

AERMOD 

Base Case 
AltTraff AltMet Cal3 

FRM Monitored 

Near-Road 

Increment 

FEM Monitored 

Near-Road 

Increment 

Average 3.7 3.7 2.8 2.6 0.9 ± 0.6 1.2 ± 0.5 

Maximum 7.3 5.5 7.4 6.1 10.2 14.5 

98th Percentile 6.1 5.3 6.3 5.6 5.7 7.9 
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3.3.1 Sensitivity to Travel Activity Data Processing Approach 

The AltTraff scenario was conducted to assess the sensitivity of modeled near-road 

concentrations to the level of temporal detail provided in the emissions inputs. Compared to the base-case 

AERMOD results, the use of aggregated traffic data had little effect on the modeled average near-road 

PM2.5 concentration, but reduced the maximum and 98th percentile of modeled daily average PM2.5 

concentrations and reduced the variance in the distribution of daily average concentrations. Aggregating 

the traffic data into a typical diurnal pattern averaged out extreme values for individual hours. The 

practical implication of this result is that using aggregated traffic data from travel demand models (which 

are typically available to practitioners in regulatory settings) will have little impact on period-average 

modeled concentrations, compared to using detailed day- and hour-specific data. Because of the high 

uncertainty in individual daily measured PM2.5 increments, it is unclear whether using aggregated traffic 

data improves or degrades model performance for the highest predicted concentrations. The potential 

impact of using weekday diurnal traffic profiles rather than both weekday and weekend profiles was not 

investigated here, but could be important given that daily average traffic volumes and emissions in the 

model project area were about 30% lower on weekends than on weekdays.  

3.3.2 Sensitivity to Meteorological Data Choice 

The AltMet scenario was developed to assess the sensitivity of modeled near-road concentrations 

to the meteorological inputs. The base case used data at the near-road monitoring site, while the 

alternative meteorological data came from the NWS site at Indianapolis International Airport 14.5 km 

away. Compared to the base case, the use of NWS meteorology resulted in a lower average near-road 

PM2.5 concentration by 0.9 μg/m3 over the 152 analysis days. This resulted in a reduced bias with respect 

to the measured near-road increment, but the AltMet scenario still overestimated the average near-road 

PM2.5 increment by more than a factor of 3. The maximum and 98th percentile of daily predicted PM2.5 

concentrations was similar between the AltMet and base-case simulations, suggesting that meteorological 

conditions leading to the highest AERMOD concentrations were similarly characterized in both the local 

near-road and NWS datasets. 

The modeled PM2.5 concentration in the AltMet case was higher during downwind conditions, 

and lower during upwind conditions. This contrasts with the base case in which the PM2.5 concentration 

was higher when the near-road monitor was upwind of I-70. The emissions were identical between the 

two simulations, but the wind speeds were higher in the AltMet case. The reduction in upwind 

concentrations in the AltMet case suggests a reduced contribution from the AERMOD lateral plume 

meander algorithm. Lateral plume meander is more prominent during low wind speed conditions in the 
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base-case simulation, where, conversely, increased wind speeds in the AltMet case reduced the upwind 

plume meander contribution.  

3.3.3 Sensitivity to Model Choice 

The Cal3 scenario was developed to assess the sensitivity of modeled near-road concentrations to 

the choice of dispersion model. CAL3QHCR was modeled for a 40-day subset of the AERMOD analysis 

days with the highest base-case concentrations (20 in summer and 20 in winter). The average modeled 

near-road PM2.5 concentration in the Cal3 simulation was lower than the AERMOD base case by about 1 

μg/m3. This resulted in a reduced bias with respect to the average measured near-road increment, but the 

Cal3 scenario still overestimated the near-road PM2.5 increment by almost a factor of three.  

The differences between the AERMOD base case and Cal3 simulations are also significant with 

respect to the wind direction sensitivity of the modeled concentrations. CAL3QHCR exhibited a large 

variation in concentrations with respect to the average daily wind direction, whereas the AERMOD 

results were relatively insensitive to wind direction. CAL3QHCR predicted a higher average PM2.5 

increment (4.9 μg/m3) than AERMOD when the near-road monitor location was downwind of I-70, but a 

smaller increment during parallel wind conditions (2.8 μg/m3), and an even smaller increment during 

upwind conditions (0.5 μg/m3).  

To ensure the differences found between the Cal3 and AERMOD findings were not just an 

artifact of the 40 days selected to be modeled, we compared the Cal3 results to the AERMOD results for 

the same 40-day sample. These findings are shown in Figure 11 and Table 11. When considering just the 

40 analysis days modeled in the Cal3 scenario (see Figure 11 and Table 11), the measured increments are 

less certain (due to fewer number of measurement days), but the findings for the average increments are 

not substantially different from the findings shown in Figure 10 and Table 10. The maximum measured 

daily increment is substantially smaller when considering just the 40 analysis days modeled in the Cal3 

scenario, and therefore there is much less discrepancy between the modeled and measured maximum 

daily increment compared to Table 10. This highlights the additional uncertainty in comparing individual 

daily increments in this study. 
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Figure 11.  Distribution of modeled daily average PM2.5 concentrations from the base case, Alt Met, 

Alt Traffic, and Cal3 scenarios, and measured FRM-based and FEM-based near-road PM2.5 

increments at the Indianapolis near-road monitoring site in 2016 during three wind conditions 

(near-road monitor downwind, upwind, and parallel to I-70), for days modeled in the Cal3 

sensitivity simulation. AERMOD and Cal3 results cover the same 40 days.  
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Table 11.  Summary statistics of modeled and measured near-road PM2.5 increments (μg/m3) at the 

Indianapolis near-road monitoring site for the analysis days modeled in the Cal3 sensitivity 

scenario. AERMOD and Cal3 results cover the same 40 days.  

PM2.5 24-hour 

Concentration 

AERMOD 

Base Case 
Cal3 

Monitored FRM-

Based Near-Road 

Increment  

(n=14 days) 

Monitored FEM-

Based Near-Road 

Increment  

(n=38 days) 

Average 5.0 2.6 0.9 ± 0.9 0.9 ± 1.0 

Maximum 7.3 6.1 4.5 6.6 

98th Percentile 6.9 5.6 4.1 6.5 

 

3.4 Providence Analysis 

3.4.1 PM2.5 Increment Analysis 

We analyzed PM2.5 data for years 2015-2016 from the Providence near-road monitor and nearby 

ambient monitors to estimate the Providence near-road increment and characterize its uncertainty. There 

were 426 days (398 construction days and 28 non-construction days) with coincident PM2.5 data at the 

near-road monitor and at the nearby Urban League and Francis St. background monitors. Traffic data at 

Providence was not available for all 426 days, and therefore 382 days were modeled. 

In contrast to the Indianapolis near-road site which had co-located FEM and FRM instruments 

that measured PM2.5, the Providence near-road site had one FEM monitor. The nearby Urban League and 

Francis St. background sites have co-located FRM and FEM monitors. Like Indianapolis, there is a bias 

between co-located FRM and FEM measurements of PM2.5 in Providence. Although the FRM monitors 

are more precise than the FEM monitors in Providence, we choose the FEM monitors to calculate 

increments for Providence to eliminate uncertainty associated with the bias between monitoring methods, 

as discussed in Section 3.1.  

We calculated the near-road PM2.5 increment at Providence using different combinations of the 

near-road FEM monitor and two nearby background FEM monitors (Urban League and Francis School) 

to characterize how the increment varied based on the background monitor choice. The average daily 

near-road FEM increments calculated for both the Urban League and Francis School monitors are 

summarized in Figure 12. Data are shown for various daily average wind directions, when the Providence 

near-road monitor was downwind (wind blowing from 220°-329°), upwind (40°-159°), and parallel 

(160°-219° and 340°-39°) to I-95. Wind directions are 24-hour vector averages calculated from the hourly 
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wind data. The median increment calculated between the Urban League monitor and the near-road 

monitor in 2015-2016 was 1.5 μg/m3. The median increment calculated between the Francis School 

monitor and the near-road monitor was larger (2.4 μg/m3). The 2015-2016 increments calculated here for 

Providence are smaller than the 2015 annual average PM2.5 increments reported by De Winter et al. 

(2018) (2.7 to 3.4 μg/m3 depending on the approach and monitoring sites used) but consistent with those 

reported by Mukherjee et al. (2019) (2.0 μg/m3) when accounting for differences in monitoring methods 

(FRM vs. FEM) in the increment calculations. 

 
Figure 12.  Providence near-road PM2.5 increments between the near-road (NR) FEM monitor and 

nearby Urban League and Francis School FEM monitors when the Providence near-road monitor 

was downwind, upwind, and parallel to I-95.  

We estimated the uncertainty of the near-road PM2.5 increment measurements as the 95% 

confidence interval around the mean value. The uncertainty in the averaged increment at Providence is ± 

0.2 μg/m3 for days with nearby construction activity, ± 0.8 μg/m3 for days without nearby construction 

activity, and ± 0.2 μg/m3 for all analysis days. The uncertainty is larger for days without nearby 

construction activity because the sample size is smaller, but overall the uncertainty in the averaged 

increment measurement is sufficiently small to support reliable comparisons between modeled and 

measured near-road PM2.5 increments. The uncertainty in individual daily measurements was not 

quantified, but given the large variability in daily measured increments, we expect comparisons of 

modeled and measured increments to be more uncertain when considering individual days. 



40 
 

For subsequent comparisons with modeled increments for Providence, we selected the near-road 

increment based on measurements from the near-road monitor and the Urban League FEM monitor (AQS 

ID 44-007-0022). This selection was based on: 1) the Urban League monitor is upwind of I-95 when the 

near road monitor is downwind of I-95; and 2) the highly urbanized land use around the Urban League 

monitor is more similar to the land use around the near-road monitor. 

3.4.2 Emissions 

A summary of average daily PM2.5 emissions calculated from vehicle activity for the 

approximately 9 miles of roadways that were modeled within the Providence modeling project area are 

shown in Table 12. The average daily emissions across all 382 modeling analysis days in 2015-2016 were 

54 lb/day. For the 27 non-construction days, the average daily emissions were 39 lb/day and for the 355 

construction days, the average daily emissions were 55 lb/day. Construction equipment emissions were 

not modeled in this analysis; therefore, lower emissions on non-construction days are associated with 

lower traffic volumes on weekends and holidays. Although the total project emissions for Providence 

were smaller than for Indianapolis, the PM2.5 emissions “per mile” of roadway was larger for Providence. 

This is explored further in Section 4. Exhaust emissions were 49% of total emissions, followed by road 

dust (44%), brake wear, and tire wear. Non-exhaust emissions (tire wear, brake wear, and road dust) 

represented 51% of the total vehicle emissions. Consistent with the Indianapolis analysis findings, the 

relative fraction of exhaust to non-exhaust PM2.5 emissions for Providence was larger than those reported 

in the literature, and the inclusion of road dust PM2.5 substantially affected the modeled emissions 

estimates.  

 

Table 12.  Summary of modeled PM2.5 vehicle emissions for the Providence project area. 

Process 
Average Daily PM2.5 

Emissions [lb/day] 
% of Total 

Road dust (AP-42) 24 44 

Running exhaust 26 49 

Brake wear 3 5 

Tire wear 1 2 

Total 54 100 

 

Emissions from the nearby construction activity were not modeled due to insufficient data 

regarding the construction vehicle activity. To estimate the potential uncertainty associated with this 
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construction activity, we used aerial drone footage provided by RIDOT for five different days during 

2015 to characterize construction vehicle activity associated with the Providence Viaduct project (which 

occurred 200 to 600 m from the Providence near-road site), and then used the Caltrans construction 

emissions tool (Bai and Erdakos, 2018) to estimate hours of use and the PM2.5 emissions from that 

activity. The estimated PM2.5 emissions from the construction activity observed in the drone footage 

ranged from 0 to 1.5 lb/day. The observed equipment was idle on one of the drone footage days. The 

highest daily value (1.5 lb/day) is less than 5% of the modeled vehicle emissions for the Providence 

project area (54 lb/day). The construction activity is highly variable in terms of the types and number of 

vehicles, equipment operating load, emission control technology of the equipment, and spatial location of 

the activity, but based on these estimates, and the distances between construction work and the near-road 

monitor, this construction activity is expected to add less than about 5% uncertainty to the modeling 

analysis results. 

3.4.3 Providence Scenario AERMOD Results 

AERMOD modeling results for Providence are compared to measured increments for 

construction and non-construction days in Figure 13 and for all 382 analysis days combined in Figure 14. 

Summary statistics are shown in Table 13. Based on these results, AERMOD over-predicted the average 

near-road PM2.5 increment at Providence. The over-prediction was more severe for the construction days 

than for the non-construction days. The average modeled PM2.5 increment across all 382 analysis days 

(8.8 μg/m3) was more than a factor of six (530%) larger than the average measured increment (1.4 μg/m3). 

A high-bias in the modeled near-road increment was also found for the Indianapolis analysis, but the 

magnitude of the bias is larger in the Providence analysis (7.4 μg/m3 compared to 2.8 μg/m3). The 

averaged modeled increment is larger than the estimated uncertainty of the measured near-road increment 

(± 0.2 μg/m3) and larger than the variability in the increment due to the choice of background monitor 

(about 1.0 μg/m3). On a relative basis, this bias is also substantially larger than the estimated uncertainty 

associated with the nearby construction activity (about 5%). Therefore, most of the uncertainty in the 

AERMOD result must be attributable to other factors.  
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Figure 13.  Distribution of AERMOD-modeled daily average PM2.5 concentrations and measured 

(ambient) near-road PM2.5 increments at the Providence near-road monitoring site during 2015-

2016 for days with construction (355 days) and with no construction (27 days). The horizontal line 

at the box notch indicates the median, box extents indicate the interquartile range (IQR), and 

whiskers indicate 1.5 times the IQR. Data beyond the whiskers are plotted individually as filled 

circles. 
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Figure 14.  Distribution of AERMOD-modeled daily average PM2.5 concentrations and measured 

(ambient) near-road PM2.5 increments at the Providence near-road monitoring site during 2015-

2016 (382 days) for three wind conditions (near-road monitor downwind, upwind, and parallel to  

I-95).  

Table 13.  Summary of modeled and measured near-road PM2.5 increments (μg/m3) at the 

Providence near-road monitoring site.  

PM2.5 24-hour 

Concentration 

Days without nearby 

construction activity  

(n = 27) 

Days with nearby 

construction activity  

(n = 355) 

Days with and without 

nearby construction 

activity  

(n = 382) 

Modeled 

Increment 

Monitored  

Increment  

Modeled 

Increment 

Monitored  

Increment  

Modeled 

Increment 

Monitored  

Increment  

Average 6.5 0.3 ± 0.8 9.0 1.5 ± 0.2  8.8 1.4 ± 0.2 

Maximum 11.9 4.7  22.0 8.0  22.0 8.0  

98th Percentile 10.8 4.5  18.1 6.2  18.1 6.1  

 

The modeled near-road increment was smaller on non-construction days (6.5 μg/m3) compared to 

days with nearby construction activity (9.0 μg/m3). Since construction equipment emissions were not 

modeled, this difference is due to the lower traffic volumes that were observed on weekends and holidays, 
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which resulted in lower modeled PM2.5 emissions. This result further highlights the sensitivity of 

AERMOD results to traffic volume. The measured near-road increment was also smaller on the non-

construction days, likely in response to the lower traffic volumes on weekends and holidays compared to 

weekdays when most construction days occurred. Note that any potential contributions from nearby 

construction activity cannot be quantified from the available air quality measurement data.  

Both the model and observations showed extremes beyond 1.5 times the IQR of daily near-road 

PM2.5 increments. As with Indianapolis, the monitored near-road PM2.5 increments at Providence were 

negative on some days, and these negative daily increments were included in averaging calculations. The 

maximum daily near-road increment modeled by AERMOD (22.0 μg/m3) did not compare well to the 

maximum measured increment (8.0 μg/m3, unpaired in time with the observations). The 98th percentile of 

the distribution of the modeled PM2.5 increments, relevant for regulatory modeling analyses, also did not 

compare well to the 98th percentile of measured daily increments, although comparisons involving 

individual days in this study are more uncertain than comparisons involving increments that have been 

averaged over many days. 

Finally, we analyzed the modeled PM2.5 increments under various daily average wind directions, 

when the Providence near-road monitor was downwind, upwind, and parallel to I-95. As with the 

Indianapolis AERMOD modeling results, the Providence AERMOD results did not exhibit a large 

variation based on the wind direction. The average measured near-road increment was larger (1.6 μg/m3) 

when the near-road monitor was downwind of I-95, and smaller (0.8 μg/m3) when the near-road monitor 

was upwind. Average daily modeled near-road PM2.5 increments were similar for all wind directions 

(within 4%).  

4 Discussion 

4.1 Synthesis of Modeling Results 

A synthesis of Indianapolis and Providence modeling results is shown in Table 14. The near-road 

increments modeled by AERMOD were larger than the measured near-road increment for both the 

Indianapolis and Providence analyses, but the modeled increment was more than a factor-of-two larger at 

Providence compared to Indianapolis. This difference is supported by two key differences between the 

two modeling analyses. First, the Providence near-road monitor is only 5.0 meters from the edge of the 

freeway, whereas the Indianapolis near-road monitor is 24.5 meters from the freeway edge. Pollutant 

concentrations decrease exponentially as downwind distance increases (Wen et al., 2017; Venkatram et 

al., 2013). When very close to the road, a 20 m difference in downwind distance can result in greater than 

50% difference in the modeled concentrations. Second, although the modeled PM2.5 emissions in the 
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Providence analysis were smaller than those modeled in the Indianapolis analysis, there were fewer miles 

of roads in the Providence project area (9 miles of roadways) compared to the Indianapolis project area 

(20 miles of roadways). Therefore, the PM2.5 emissions source strength on a per-mile basis was larger at 

Providence. The stronger PM2.5 emissions source strength for the Providence roadways is due to higher 

emission factors (on a grams per vehicle-mile basis) from the MOVES model, which is related to 

differences in local vehicle fleet characteristics, such as the age distribution, that are built into the local 

MOVES fleet data provided by INDOT and RIDOT. Although the AADT for Providence I-95 was about 

41% higher than for Indianapolis I-70, the heavy-duty truck percentage at Providence was lower. As a 

result, the FE-AADT at both sites was similar, and therefore differences in traffic volumes do not explain 

the differences in modeled near-road increments. 

 

Table 14.  Model parameter comparison between the Indianapolis and Providence modeling 

analyses. 

Parameter  Indianapolis  Providence  

Modeling analysis year 2016  

(n=152 days) 

2015/2016 

 (n=382 days) 

AADT (% Heavy Duty Truck) 165,672 (14%) 233,036 (7%) 

FE-AADT 374,419 363,549 

PM2.5 average daily exhaust and non-exhaust 

emissions within project area [lb/day] (% road 

dust) 

70 (53%) 54 (44%) 

PM2.5 average daily “per mile” exhaust and 

non-exhaust emissions within project area 

(lb/day/mile) 

3.5 6.2 

AERMOD average PM2.5 increment (μg/m3) 3.7  8.8 

AERMOD peak 24-hr PM2.5 increment (μg/m3) 7.3 22.0 

Average measured increment 0.9 ± 0.6 1.4 ± 0.2 

Receptor distance to road 24.5 m 5.0 m 

 

The modeling chain for predicting near-road PM concentrations in this study consisted of 1) 

travel activity developed from traffic monitor data; 2) emissions modeling with MOVES (for vehicle 

exhaust, tire wear, and brake wear emissions) and use of AP-42 methods for re-suspended road dust 

emissions; and 3) air quality dispersion modeling with AERMOD or CAL3QHCR. When AERMOD was 
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used, the average near-road PM2.5 increment predicted by the modeling chain was more than 300% (factor 

of four) larger than the measured increment at Indianapolis, and more than 500% (factor of six) larger 

than the measured increment at Providence. When CAL3QHCR was used, the predicted near-road PM2.5 

increment was around 200% (factor of three) larger than the measured increment at Indianapolis. These 

biases are much larger than the uncertainty in the measured near-road PM2.5 increment, and are also larger 

than the variability in the measured near-road increment due to the choice of background PM2.5 monitor 

(0.4 μg/m3 at Indianapolis and 0.9 μg/m3 at Providence).  

The biases in predicted near-road PM2.5 increments reported in this study reflect cumulative 

uncertainty throughout the near-road PM modeling chain. Based on the analysis results from this study 

and insights from the scientific literature, the relative uncertainties that may be attributable to each step in 

the near-road PM2.5 modeling chain are discussed below. For the analyses conducted in this study, the 

overall uncertainty in the modeling chain is likely dominated by uncertainties in the emissions and 

dispersion modeling components. 

4.2 Uncertainties in the Near-Road PM2.5 Modeling Chain 

Use of the best available local traffic data helped minimize uncertainties associated with the 

travel activity data. The data processing approach is based on hourly measurements of traffic volume, 

truck percentage, and vehicle speed. Travel activity from freeways, which account for the vast majority of 

VMT and diesel truck traffic in the modeling project areas, were developed directly from monitored 

hourly traffic data. The travel activity analysis in this study involved substantially more rigor compared to 

a typical project-level regulatory (i.e., conformity) air quality analysis, which often relies on travel 

demand model output rather than a comprehensive assessment of traffic monitor data. Uncertainties 

associated with the travel activity data that dominated modeled and measured near-road PM2.5 in this 

study are likely to be small compared to uncertainties associated with other components in the near-road 

PM modeling chain. 

Uncertainty in the vehicle-related PM2.5 emissions likely contributes to the modeling chain biases 

reported in this study. The relative contribution of non-exhaust emissions (compared to exhaust 

emissions) at Indianapolis and Providence was high compared to the near-road literature. The 

measurement data available at the Indianapolis and Providence sites are not sufficient to conclude 

whether the non-exhaust emissions were overestimated, the exhaust emissions were underestimated, or 

both the exhaust and non-exhaust emissions were overestimated. Although brake and tire wear emissions 

modeled with MOVES are uncertain, they were a relatively small percentage (7%) of the total modeled 

emissions; therefore uncertainties in brake and tire wear emissions cannot fully explain the modeled PM2.5 

concentration biases. As previously noted, if road dust PM2.5 emissions were not included in the modeling 
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simulations, the bias in the averaged modeled increment would have been about a factor of two instead of 

four at Indianapolis, and about a factor of three instead of six at Providence. If the road dust emissions 

from AP-42 are overestimated, this alone would not fully explain the modeled PM2.5 concentration biases. 

Recent real-world vehicle testing (Quiros et al., 2016; Dixit et al., 2017; Thiruvengadam et al., 2015) and 

findings from the MOVES Federal Advisory Committee Act (FACA) Review Workgroup (Sandhu and 

Sonntag, 2017) indicate that MOVES is overestimating exhaust PM2.5 emission factors from heavy-duty 

trucks for model years 2010 and newer. EPA is planning to incorporate these recent vehicle test results 

into the next update of the MOVES model (Sandhu and Sonntag, 2019).  

Uncertainty in the dispersion model itself may also contribute to the modeling chain biases 

reported in this study. The biases reported here are larger than the cited ±50% “irreducible” uncertainty 

associated with the physics and formulation of the Gaussian plume models (Hanna, 1982). For the 

Indianapolis analysis, the averaged near-road PM2.5 increment concentration modeled by AERMOD was 

more than 1 μg/m3 larger than the increment modeled by CAL3QHCR. AERMOD has shown a tendency 

to overestimate pollutant concentrations under low wind speed (< 2 m/s) conditions (Paine et al., 2015; 

Qian and Venkatram, 2011). AERMOD predicted the largest near-road PM2.5 increment concentrations 

when the near-road monitor was upwind of the freeway. AERMOD incorporates a lateral plume meander 

algorithm (for volume sources) to account for the slow lateral shifting of plumes from non-diffusing 

eddies during lower wind speed conditions. The plume meander algorithm can produce non-zero 

concentrations upwind of emission sources. In a tracer study evaluation, Askariyeh et al. (2017) showed 

that AERMOD overestimated low concentrations at upwind locations when using volume sources (which 

incorporates plume meander) and underestimated upwind concentrations when using area sources (which 

does not treat plume meander). CAL3QHCR does not include a plume meander algorithm, and therefore 

there is no upwind dispersion in CAL3QHCR. The CAL3QHCR model underestimated the near-road 

increment during upwind conditions (Figures 10 and 11). EPA has been working to address potential 

issues related to plume meander in AERMOD, including the effect that plume meander has on 

concentration in low wind speed conditions and the degree to which upwind dispersion should be applied 

(U.S. Environmental Protection Agency, 2017c).   

Meteorological input data are important for the dispersion model and the near-road PM modeling 

chain, and the Indianapolis modeling results showed that near-road PM2.5 concentrations modeled by 

AERMOD are sensitive to the meteorological inputs. The reduction in the average PM2.5 concentration in 

the AltMet case (which used non-local NWS airport data, 14.5 km from the near-road monitoring site) 

compared to the base case simulation (which used local data at the near-road monitoring site) can be 

explained by differences in wind speeds measured at the two meteorological data sites (see Figure 4). The 

average wind speed at the NWS airport site was 4.5 m/s, compared to 2.1 m/s at the near-road site. The 
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airport site is located in a wide open space unobstructed by buildings or vegetation, whereas the 

Indianapolis near-road site is located in a suburban area with trees and buildings within a few tens of 

meters from the site. This difference in exposure resulted in higher wind speeds at the NWS site, which 

increased dispersion, and thereby decreased modeled near-road PM2.5 concentrations in the AltMet case. 

Despite differences in modeled concentrations between the AltMet and base case simulations, 

AERMOD substantially overestimated the average near-road PM2.5 concentrations in both simulations. 

Therefore, uncertainties in the meteorological data alone would not be sufficient to explain the modeling 

chain bias. The bias was somewhat less severe in the AltMet case, and it is notable that AERMOD 

compared more favorably to observations when using the non-local (nearby airport) meteorological data. 

In many dispersion modeling analyses, nearby airport data is considered representative for the 

surrounding region, but in this case, site-specific data were available and helped demonstrate that the 

nearby airport, with few surrounding obstacles, had higher wind speeds than those seen at the near-road 

site. The use of airport data in the AltMet case resulted in modeled increments that were lower, and 

therefore closer to the measured values compared to the base case; however, the modeled concentrations 

in the AltMet case were not derived from the most representative meteorological data available. 

Most of the overall difference between the base case and AltMet case results was driven by 

differences in the predicted upwind concentrations. The modeled near-road concentrations during upwind 

conditions were much lower in the AltMet case compared to the base case, likely due to the higher wind 

speeds in the AltMet case. The modeled near-road concentrations in the AltMet case were also more 

sensitive to variations in wind direction compared to the base case. These results further highlight the 

sensitivity of AERMOD near-road modeling results to lateral plume meander during low wind speed 

conditions. 

In the Indianapolis analysis, the majority (93%) of modeled PM2.5 came from the mainline I-70 

links that are directly adjacent to the near-road monitor. Modeled contributions from other links, 

including the I-65/I-70, interchange were small. The I-65/I-70 interchange is approximately 1 km from 

the Indianapolis near-road monitor, and was too far away to contribute significantly to the modeled PM2.5 

at the near-road monitor. In the Providence analysis, the vast majority of vehicle emissions were from the 

mainline I-95 links. In a regulatory PM hot-spot analysis, roadways that are substantially affected by a 

proposed transportation project must be modeled. Understanding the relative importance of vehicle 

emissions from different types of roadways at varying distances from a target project site can help guide 

practical decisions about what roadways should be included in a modeling analysis, to ensure that 

potential near-road PM hot spots are adequately captured. 
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4.3 Limitations 

There are limitations of this study that warrant further research. First, the study conclusions are 

specific to the two high-volume roadways at the Indianapolis and Providence near-road air quality 

monitoring sites. The key findings are consistent across both study sites, but further analysis work is 

needed across different geographic settings, roadway types, and configurations. Further analysis work 

involving multiple methodologies (e.g., tracer evaluations) is also needed to help identify findings 

common to multiple settings, and to build a more complete picture of near-road modeling chain biases 

that should be addressed. 

Second, the results and discussion provide important insights on components that appear to be 

driving the uncertainty in the near-road PM2.5 modeling chain for the Indianapolis and Providence 

analyses, but additional research is needed to quantify the bias that can be attributed to individual 

modeling chain components. Measurements of speciated PM2.5 components in the near-road environment 

would help constrain uncertainties associated with the relative contribution of exhaust and non-exhaust 

emissions. Studies that compare modeled and measured near-road carbon monoxide (CO) increments 

could provide additional insight on biases that could be attributed to the dispersion model component, 

since modeled CO emissions from vehicles are expected to be more certain than modeled PM2.5 

emissions.  

Finally, the measurement uncertainty in the average near-road PM2.5 increments was quantified, 

but uncertainty in individual daily increments was not. Comparisons of modeled and measured increments 

are more reliable when averaged over many days, and are less reliable when considering just a single day. 

Several years of measurement data are needed to develop a robust uncertainty estimate for individual 

daily increments and improve the confidence in comparisons involving the maximum and 98th percentile 

of measured increments. Analyses involving pollutants with small background concentrations, such as 

CO, could also reduce uncertainty associated with estimating near-road increments. 

5 Conclusion 

We developed a primary dispersion modeling analysis for year 2016 centered on a PM2.5 

monitoring site near the I-70 freeway in Indianapolis, Indiana, to compare near-road PM2.5 concentrations 

predicted by the AERMOD dispersion model to measured near-road PM2.5 increment concentrations. To 

provide additional context, a secondary dispersion modeling analysis was conducted for a PM2.5 

monitoring site near the I-95 freeway in Providence, Rhode Island. Predictions of near-road PM 

concentrations involved a modeling chain that included travel activity data processing, emissions 

modeling, and air quality dispersion modeling. These modeling analyses were built upon bottom-up 
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estimates of temporally and spatially resolved roadway PM2.5 emissions based on detailed traffic 

monitoring data and current emission factor databases for the local vehicle fleet characterization. 

Dispersion model simulations were driven with local meteorological data collected at the Indianapolis 

near-road monitoring site, except for one sensitivity simulation that used alternative meteorological data. 

For Providence, representative meteorological data 2.4 km away were used. 

We estimated the increment between PM2.5 concentrations at the Indianapolis FRM near-road 

monitor and at the nearby Washington Park urban air quality monitor to be 0.9 ± 0.6 μg/m3. Similarly for 

Providence, we estimated the increment between PM2.5 concentrations at the Providence near-road FEM 

monitor and at the nearby Urban League air quality monitor to be 1.4 ± 0.2 μg/m3. These multi-day-

average values were within the range of increments that were estimated at these sites in prior studies in 

the literature. The relatively small uncertainty in the increment measurement supports reliable 

comparisons between modeled and measured near-road PM2.5 increments. 

Modeled multi-day-average roadway contributions to near-road concentrations substantially 

exceeded measured values based on the near-road monitoring data. The average near-road PM2.5 

increment for Indianapolis modeled with AERMOD was 3.7 μg/m3, which was more than 300% (factor of 

four) larger than the measured increment (0.9 μg/m3) for the 152-day analysis period. Road dust PM2.5, 

calculated using the EPA AP-42 approach, was the biggest source of modeled emissions (53% of total 

emissions), and non-exhaust emissions represented 60% of the total vehicle emissions. For Providence, 

the average near-road PM2.5 increment modeled with AERMOD was 8.8 μg/m3, which was more than 

500% (factor of six) larger than the measured increment for the 382-day analysis period. For both 

analyses, the relative contribution of non-exhaust emissions (compared to exhaust emissions) was high 

compared to the near-road literature. The biases in predicted near-road PM2.5 increments reflect 

cumulative uncertainty throughout the near-road PM2.5 modeling chain.  

Additional dispersion modeling simulations for Indianapolis were also conducted to assess the 

sensitivity of modeled results to the choice of model (AERMOD or CAL3QHCR), meteorological data, 

and travel data processing approach. In all three sensitivity simulations, the modeled near-road PM2.5 

increment was substantially larger than the measured increment with model biases ranging from 191% to 

312%. The CAL3QHCR results more closely tracked observed variations in near-road increment with 

wind direction compared to the AERMOD results. The AERMOD modeling results were sensitive to the 

choice of meteorological data input (local data vs. nearby NWS airport site). Although the airport data 

was less representative than the local meteorological data, the use of airport data reduced the 

overestimation in near-road increments modeled by AERMOD during upwind conditions. Aggregating 

the hourly travel data into a typical-day diurnal profile resulted in a modest reduction in the maximum 

modeled PM2.5 increments, but had virtually no effect on the averaged modeled increment. Based on the 
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study results and insights from the scientific literature, the overall uncertainty in the modeling chain for 

the Indianapolis and Providence analyses was likely dominated by uncertainties in the emissions and 

dispersion modeling components. 

The maximum modeled daily PM2.5 increment was smaller than the observed values for the 

dispersion modeling scenarios assessed. The modeled 98th percentile of daily average increments was 

higher or lower than the observed value, depending on the modeling scenario and the near-road monitor 

used to calculate the measured increment. In this study, comparisons involving individual days are more 

uncertain than comparisons involving increments that have been averaged over many days; the findings 

from this work therefore emphasized the multi-day-averaged results. 

This work provided a unique evaluation of near-road PM2.5 concentrations predicted by the near-

road PM modeling chain, and provides valuable information for practitioners to further understand 

potential sources of uncertainty in the near-road PM modeling process. Additional research related to 

PM2.5 emission factors is needed to help constrain modeling uncertainties in real-world applications. In 

particular, additional research is needed to quantify uncertainties in the emissions and dispersion model 

components of the near-road PM modeling chain. Long-term near-road measurements of PM2.5 species, 

including black carbon, metals, and crustal minerals, coupled with dispersion modeling analysis and 

evaluation, could provide additional insights and help constrain uncertainties associated with roadway 

PM2.5 emissions. Further work is also recommended to assess AERMOD model performance, particularly 

for low-wind speed conditions and near-road settings within 50 m of the roadway edge. Further modeling 

and analysis work using other near-road settings with different roadway configurations, traffic patterns, 

and vehicle fleet characteristics, will help identify findings common to multiple settings. 
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	Background. Transportation projects in particulate matter (PM) nonattainment and maintenance areas are required to undergo a quantitative transportation conformity hot-spot analysis if they are identified as projects of local air quality concern (POAQC) due to their potential to cause PM hot spots. In this work, we developed two dispersion modeling analyses to (1) evaluate near-road PM2.5 concentrations predicted by the AERMOD dispersion model under real-world conditions, and (2) assess the sensitivity of modeled results to the choice of model (AERMOD or CAL3QHCR), meteorological data, and travel data processing approach. These analyses provide valuable information to practitioners to understand potential sources of uncertainty in the near-road modeling process.
	Methods. In the primary analysis, we evaluate a PM2.5 monitoring site near a major freeway in Indianapolis, Indiana, for 2016. In the secondary analysis, we evaluate a site near a major freeway in Providence, Rhode Island, for 2015-2016. The modeling analyses are built upon bottom-up estimates of resolved roadway PM2.5 emissions based on detailed traffic monitoring data and current emission factor databases for the local vehicle fleet characterization. Dispersion model simulations are driven by local meteorological data collected at or close to the near-road monitoring sites. We estimated the difference between PM2.5 concentrations at the near-road monitor and at nearby urban air quality monitoring sites (the measured near-road “increment”) and the uncertainty associated with these estimates, and compared modeled results to the measured increments. Based on monitoring data, estimates of multi-day-averaged near-road PM2.5 increments were 0.9 ± 0.6 μg/m3 at Indianapolis and 1.4 ± 0.2 μg/m3 at Providence (uncertainty represents the 95% confidence interval on the mean value), and were comparable to measured PM2.5 increments at these sites in the near-road literature. 
	Results. Modeled roadway contributions to multi-day-averaged near-road concentrations substantially exceeded measured values based on the near-road monitoring data. The average near-road PM2.5 increment modeled with AERMOD was more than 300% (factor of four) larger than the measured increment at Indianapolis, and more than 500% (factor of six) larger than the measured increment at Providence. These biases reflect cumulative uncertainty throughout the near-road PM2.5 modeling chain, which includes travel activity data processing, emissions modeling, and air quality dispersion modeling. The emissions modeling part of the analysis may have contributed to the differences between modeled and measured concentrations in two ways. First, in both analyses, the relative contribution of modeled non-exhaust emissions (PM2.5 brake wear, tire wear, and re-suspended road dust) compared to tailpipe exhaust emissions was higher than what has been documented in several published studies. Second, other research findings indicate that the U.S. EPA MOVES2014 model may over-predict tailpipe PM2.5 exhaust. Together, these findings indicate uncertainty in the vehicle emissions estimates. The air quality modeling part of the analysis may have also contributed to differences between the modeled and measured concentrations. For example, when local meteorological data were used, AERMOD results were relatively insensitive to wind direction; as a result, modeled concentrations exceeded measured values regardless of whether the near-road monitor was upwind or downwind of the roadway. 
	1 Introduction
	The impact of motor vehicle traffic on ambient concentrations of particulate matter with an aerodynamic diameter smaller than 2.5 μm (PM2.5) can be difficult to quantify since total PM2.5 concentrations are the result of primary particulate emissions such as black carbon (BC) from exhaust, metals from brake and tire wear, and re-suspended road dust, as well as secondarily formed particles from gas-phase emissions (Amato et al., 2011; Brown et al., 2010; Canagaratna et al., 2010; Durant et al., 2010; Kumar et al., 2008). Measured near-road PM2.5 concentrations are heavily influenced by the fleet mix of vehicles traveling on the adjacent roadway, as diesel-fueled vehicles are an important source of BC in the near-road environment (Dallmann et al., 2014; Ban-Weiss et al., 2008). Numerous monitoring studies have found a 10-15% increase in PM2.5 above urban concentrations next to the roadway (Guerreiro et al., 2011; Keuken et al., 2013; Sarnat et al., 2018; Karner et al., 2010; Hu et al., 2009; Kimbrough et al., 2018; Saha et al., 2018; Sofowote et al., 2018; Ginzburg et al., 2015; Baldauf et al., 2008; Zhou and Levy, 2007; Brown et al., 2014), and model results suggest that concentrations of PM2.5 may decrease by 20% within 200-500 m of the roadway (Chang et al., 2015).  There is significant interest in monitoring and modeling near-road pollution because more than 11 million people in the United States live within 150 m of a major highway (Boehmer et al., 2013), and increased exposure to pollution in the near-road environment has been associated with adverse health effects such as reduced lung function, low birth weights, and increased asthma and risk of heart failure (Health Effects Institute, 2010; McConnell et al., 2010; Padula et al., 2012).
	Because of the potential for localized hot spots of ground-level PM concentrations near major roadways, quantitative hot-spot analyses are required for federally funded highway and transit projects that are identified as projects of local air quality concern (POAQC) in PM nonattainment and maintenance areas (U.S. Environmental Protection Agency, 2015b). In the transportation conformity context, a POAQC typically includes projects with substantial diesel truck or bus activity. Project-level assessments involve the use of steady-state Gaussian dispersion models such the American Meteorological Society – U.S. Environmental Protection Agency (EPA) Regulatory Model (AERMOD) or CAL3QHCR (based on the CALINE3 line source model) to simulate the effects of hourly emissions and meteorology on near-road PM concentrations. Accurate model predictions are important as the modeled incremental PM contribution of the transportation project must be added to a representative background concentration, and the combination (increment plus background) must be compared to the National Ambient Air Quality Standards (NAAQS). Other dispersion models, such as the line source models RLINE (Snyder et al., 2013) and Atmospheric Dispersion Modeling System (ADMS-Roads) (McHugh et al., 1997), and the street-canyon model SIRANE (Soulhac et al., 2011), have also been used to estimate near-road pollutant concentrations (Heist et al., 2013; Wang et al., 2016; Fallah-Shorshani et al., 2017). As of 2019, AERMOD and CAL3QHCR could be used for U.S. regulatory project-level PM hot-spot analyses; after January 17, 2020, AERMOD is required as the sole dispersion model for these U.S. analyses (U.S. Environmental Protection Agency, 2017b). 
	Project-level modeling of near-road pollution involves three key steps: 1) travel activity data processing; 2) emissions modeling; and 3) air quality dispersion modeling. These steps constitute a modeling chain for predicting near-road PM concentrations. In a transportation conformity regulatory context, the models, methods, and assumptions used in completing these steps are determined through an interagency consultation process involving federal, state, and local transportation and air quality agencies. Each step has potential sources of uncertainty that can impact modeled near-road PM concentrations. These include uncertainties associated with estimating vehicle travel activity (volume, speed, and fleet composition); vehicle fleet characteristics (e.g., age distribution, engine technology, operating characteristics, and fuel properties); and vehicle emission factors (the mass of emissions per vehicle mile traveled [VMT]) for exhaust, brake and tire wear, and re-suspended road dust. Dispersion model results near major roadways have been shown to be sensitive to vehicle fleet mix, emission factors, and meteorological inputs (Snyder et al., 2014; Milando and Batterman, 2018a). Uncertainties are also associated with internal dispersion model parameters and formulations (Venkatram et al., 2013). For AERMOD, important practical choices such as whether to characterize roadway emissions as area sources or volume sources can significantly change modeled near-road PM concentrations (Claggett and Bai, 2012; Claggett, 2014), as the lateral plume meander formulation for AERMOD volume sources tends to reduce the higher concentrations as the lateral plume spread is enhanced (Heist et al., 2013).
	Quantitative evaluation of dispersion models in the near-road environment is limited. Heist et al. (2013) evaluated several dispersion models based on data collected during the California Department of Transportation (Caltrans) Highway 99 (Benson, 1989) and the Idaho Falls (Finn et al., 2010) tracer experiments, while Askariyeh et al. (2017) evaluated the performance of various emission source representations in AERMOD based on data collected during the General Motors Sulfate Dispersion Experiments (Cadle et al., 1977). Though all field measurements involve some uncertainty, the use of metered emissions of an inert tracer species can largely eliminate uncertainty in emissions inputs. However, as tracer experiments are expensive and complex, and as a result, tracer data are only available for a limited number of days, meteorological conditions, and roadway configurations. While Heist et al. (2013) showed that AERMOD performed better than other dispersion models, such as CAL3QHCR, some evaluations have shown that AERMOD does not always perform as well as expected (Chen et al., 2009). Milando and Batterman (2018b) used ambient air quality observations located near high traffic roads in Detroit to evaluate dispersion model results for the Near-Road Exposure and Effects of Urban Air Pollutants Study (NEXUS) (Vette et al., 2013), but the PM2.5 evaluation was inconclusive due to high background concentrations and uncertainties in secondary aerosol formation and non-vehicle emissions. Additional evaluations based on PM2.5 observations near major roadways are needed.
	In 2010, the EPA mandated air quality monitoring next to major roadways in the United States. This near-road monitoring network initially focused on NO2 as the mandate coincided with EPA’s update to the annual NO2 NAAQS and addition of a new 1-hr NO2 NAAQS (U.S. Environmental Protection Agency, 2010), but PM2.5 measurements have been added over time (U.S. Environmental Protection Agency, 2013). The national near-road monitoring network generally does not include measurements of coarse particulate matter (PM10). Data from the U.S. near-road monitoring program have been used to estimate contributions of roadway emissions to near-road PM2.5 concentrations at a national scale under diverse meteorological conditions, traffic conditions (annual average daily traffic [AADT], vehicle fleet mix), and roadway characteristics (e.g., distance from monitor to roadway, orientation) (DeWinter et al., 2018; Seagram et al., 2019). U.S. near-road data have also been used to examine contributions of roadway PM2.5 emissions in Denver and Indianapolis (Brown et al., 2019), as well as Houston and Ft. Worth (Li et al., 2019). The U.S. near-road data provide a unique opportunity to evaluate near-road PM2.5 concentrations predicted by dispersion models.
	In this work, we developed two dispersion modeling analyses for the years 2015 and 2016 to 1) evaluate near-road PM2.5 concentrations predicted by the AERMOD dispersion model under real-world conditions, and 2) to assess the sensitivity of modeled results to the choice of model (AERMOD or CAL3QHCR), meteorological data, and travel data processing approach. In the primary analysis, we evaluate a PM2.5 monitoring site near a major freeway in Indianapolis, Indiana, for 2016. In the secondary analysis, we evaluate a site in close proximity to a major freeway in Providence, Rhode Island, for 2015-2016. The modeling analyses are built upon bottom-up estimates of temporally and spatially resolved roadway PM2.5 emissions based on detailed traffic monitoring data and current emission factor databases for the local vehicle fleet characterization. Dispersion model simulations are driven by local meteorological data collected at the near-road monitoring sites. We estimated the difference between PM2.5 concentrations at the near-road monitor and at nearby urban air quality monitoring sites (the measured “increment”) and the uncertainty associated with these estimates, and compared modeled results to the measured increments. This work provides a unique evaluation of near-road PM2.5 concentrations predicted by dispersion models, and provides valuable information to practitioners to further understand potential sources of uncertainty in the near-road modeling chain.
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	The modeling chain for predicting near-road PM2.5 concentrations in this study consisted of: 1) travel activity developed from traffic monitor data; 2) emissions modeling with MOVES (for vehicle exhaust, tire wear, and brake wear emissions) and use of AP-42 methods for re-suspended road dust emissions; and 3) air quality dispersion modeling with AERMOD or CAL3QHCR. The data processing and modeling methods for the Indianapolis analysis are described below in Sections 2.1 through 2.7. Methods specific to the Providence analysis are shown separately in Section 2.8.
	Dispersion modeling simulations were conducted to evaluate near-road concentrations at the Indianapolis near-road site (EPA Air Quality System [AQS] ID 18-097-0087), which is 3.1 km northeast of downtown Indianapolis and 24.5 m south of Interstate 70 (I-70) (Figure 1). I-70 is a major freeway with AADT in 2016 of 165,672, with 14% heavy duty trucks. Additional information about the Indianapolis near-road site is shown in Table 1. The project area (white circle in Figure 1) is centered on the near-road monitor and radially extends 1.5 km to include the major roadways that may affect PM2.5 concentrations at the near-road monitor. The project area includes a freeway interchange about 1 km southwest of the near-road monitor.
	The Indianapolis near-road site was one of several sites in the national near-road monitoring network in 2016 with PM2.5 data and coincident nearby hourly traffic volume, vehicle speed, and fleet mix data (42 sites in the network collected PM2.5 data in 2016). The Indianapolis near-road site had coincident PM2.5 measurements and travel activity data for 152 days (non-consecutive) during 2016 to support modeling analysis. The Indianapolis site also had co-located hourly meteorological data for temperature, wind speed, and wind direction. One added benefit was the presence of two co-located PM2.5 monitors at Indianapolis: a Federal Equivalent Method (FEM) monitor with continuous 1hour duration PM2.5 measurements, and a filter-based Federal Reference Monitor (FRM) with 1-in-3 day 24-hour measurements. Among the sites in the near-road monitoring network, the Indianapolis site was one of the most straightforward to model in that the local terrain was relatively flat, the roadway was at-grade, and there were no nearby roadside barriers, vegetation, or other obstructions (see Figure 1) that could influence near-road pollutant concentrations (Baldauf et al., 2016; Steffens et al., 2014; Brantley et al., 2014; Deshmukh et al., 2019; Venkatram et al., 2016) in ways that cannot be reasonably simulated in AERMOD and CAL3QHCR.
	The Indianapolis near-road monitor is located in a mixed commercial area. There are two rail lines as close as 100 m from the near-road monitor in the opposite direction of I-70. These rail lines experience moderate free-flow train traffic with no idling trains. We examined BC measurements from the Indianapolis near-road site and found that hourly BC concentrations were highest when the near-road monitor was downwind of I-70 and upwind of the rail lines. We found no noticeable increase in hourly BC concentrations when the monitor was downwind of the rail lines.
	/
	Figure 1.  Indianapolis modeling project area with 1500-m radius (white circle) centered on the Indianapolis near-road air quality monitor (NR site, and pictured below), with available traffic monitors (labeled dots) and roadway links that were included in the modeling (black lines). Imagery source: Google Earth.
	Table 1.  Summary of data for the Indianapolis near-road site for 2016.a 
	Value
	Attribute
	18-097-0087
	AQS ID
	39.7879N 86.1309W
	Coordinates
	FEM: Beta Attenuation Monitor (BAM 1020), continuous
	PM2.5 instruments
	FRM: R&P Seq VSCC, every 3rd day
	10
	Number of lanes (I-70)
	165,672
	AADT
	14%
	Heavy-duty truck fraction
	374,419
	FE-AADT
	24.5 m
	Distance to road
	39 μg/m3 
	Maximum 24-hour PM2.5
	9.9 μg/m3 
	Annual mean PM2.5
	Wind speed, wind direction, temperature
	Co-located meteorology
	a Fleet-equivalent traffic volume (FE-AADT) is a metric that considers both total traffic volume and fleet mix (number of heavy-duty vehicles) to obtain a single emissions-weighted traffic volume. The AADT and FE-AADT data were calculated from 2016 traffic data. Other data were obtained from EPA in May 2017 (U.S. Environmental Protection Agency, 2017a).
	For this study, we use monitored travel data from the Indiana Department of Transportation (INDOT) traffic data repository (indot.ms2soft.com) as the basis for estimating vehicle emissions. Traffic data for 40 roadways (approximately 20 miles) in the modeling project area were obtained from 49 traffic monitors. These roadways include all freeways and arterial roadways within the project area and represent the vast majority of VMT and diesel truck traffic in the project area. A key uncertainty for modeling near-road PM2.5 concentrations is representing the travel activity. In regulatory PM hot-spot analyses, travel activity is typically based on estimates from a travel demand model developed for transportation planning purposes. 
	Among the 49 traffic monitors there were one permanent monitor and 48 temporary monitors. The permanent traffic monitor (labeled 951315 in Figure 1) was located on I-70, 0.9 km from the Indianapolis near-road air quality monitor. This traffic monitor was used to characterize hourly volume, speed, and fleet mix on I-70 where vehicle emissions had the greatest influence on pollutant concentrations at the near-road monitor. As discussed in Section 3.2.1, I-70 traffic accounted for 93% of the traffic-related PM2.5 emissions that were modeled in the project area. This permanent traffic monitor operated for 152 days in 2016, including weekdays and weekends, and these were the days included in the dispersion modeling analysis. 
	The 48 temporary traffic monitors were operated for approximately 2 days in 2014 or 2 days in 2016. For temporary traffic monitors that operated in 2014 (but not 2016), we estimate the 2016 volume data using the ratio of estimated AADT at these monitors between 2014 and 2016 as an adjustment factor. These estimated AADT values were available from the INDOT traffic data repository. Since the temporary monitors operated only on weekdays, weekend traffic volumes at these monitors were calculated using the ratio between weekday and weekend traffic volume data from the permanent monitor as an adjustment factor. The traffic data developed from the temporary monitors were then repeated to cover the analysis days.
	Five arterial roadways that were included in the project area did not have traffic monitors installed. To generate volume data for these roadways, we combined the traffic volume from nearby monitors. A “mass-balance” approach was used, in which the traffic volume from a downstream monitor was subtracted from traffic volumes from an upstream monitor to determine the volume for the roadway without a monitor. 
	The INDOT traffic monitors recorded traffic data based on U.S. Federal Highway Administration (FHWA) vehicle class Scheme F. The vehicle class and speed data were mapped to the class and speed bins used in the EPA Motor Vehicle Emission Simulator (MOVES) model to support the emissions calculation. The vehicle class mapping is shown in Table 2. For each vehicle type, the distribution of MOVES source type was determined by the table in MOVES that describes the population by source type (table name: sourcetypeyear). This distribution was then applied to the sum of the traffic volumes from the FHWA Scheme F class under the same vehicle type. After the FHWA vehicle class was mapped to the MOVES source type, vehicle speed was further mapped to MOVES speed bins using the MOVES speed distribution table (table name: avgspeeddistribution).
	Table 2.  Vehicle mapping between the FHWA Scheme F and MOVES source types. 
	MOVES source type ID description
	MOVES source type ID
	FHWA Scheme F description
	FHWA Scheme F ID
	Vehicle type
	Motorcycles
	11
	Motorcycles
	1
	Motorcycles
	Passenger Cars
	21
	Passenger Cars
	2
	Passenger Cars
	Passenger Trucks
	31
	Other Two-Axle Four-Tire Single-Unit Vehicles
	3
	Light-duty trucks
	Light Commercial Trucks
	32
	Refuse Trucks
	51
	Two-Axle, Six-Tire, Single-Unit Trucks
	5
	Single-unit trucks
	Single Unit Short-Haul Trucks
	52
	Three-Axle Single-Unit Trucks
	6
	Single Unit Long-Haul Trucks
	53
	Four or More Axle Single-Unit Trucks
	7
	Motor Homes
	54
	Intercity Buses
	41
	Buses
	4
	Buses
	Transit Buses
	42
	School Buses
	43
	Combination Short-Haul Trucks
	61
	Four or Fewer Axle Single-Trailer Trucks
	8
	Combination trucks
	Combination Long-Haul Trucks
	62
	Five-Axle Single-Trailer Trucks
	9
	Six or More Axle Single-Trailer Trucks
	10
	Five or Fewer Axle Multi-Trailer Trucks
	11
	Six-Axle Multi-Trailer Trucks
	12
	Seven or More Axle Multi-Trailer Trucks
	13
	We modeled PM2.5 emissions using the EPA MOVES2014a model (U.S. Environmental Protection Agency, 2015a) for running exhaust, tire wear, and break wear, and followed AP-42 (U.S. Environmental Protection Agency, 2011) to calculate re-suspended road dust. For running exhaust, tire wear, and brake wear, MOVES was run in emission rate mode for the calendar year 2016 to generate the emission rate tables. These tables contain emission factors in gram per mile by vehicle speed, road type, and vehicle source type. Local vehicle fleet characterization data obtained from the Indianapolis Metropolitan Planning Organization was used as additional input for MOVES. These local data provided information about the vehicle age distribution, vehicle technology, and fuel types that are important for estimating emission factors with MOVES but are not available from the traffic monitor data. Meteorological tables in MOVES were populated from meteorological data collected at the Indianapolis near-road air quality monitor. All roadway links were assumed to be free-flow links because freeways represent the vast majority of VMT, diesel truck traffic, and traffic-related PM emissions likely to impact the near-road air quality monitor; therefore, emissions were not estimated from idling or vehicle starts.
	Traffic activity data for each roadway were merged with the emission rate tables by year, month, day, hour, source type, road type, and speed. The hourly emissions of a specific roadway can be calculated as E=V×L×EF where E is the emission in grams, V is the traffic volume, L is the road length in miles, and EF is the emission factor in grams/mile. In AERMOD, each roadway was further divided into equal-sized small volume sources, yielding a total of 4,004 volume sources for the 40 roadways (approximately 20 miles). In a regulatory PM hot-spot analysis, only roads that are substantially affected by a proposed transportation project are modeled. In this study, all freeway, ramp, and arterial roadway links within 1.5 km of the near-road monitor were modeled so that virtually all potential sources of PM2.5 emissions from vehicles were accounted for when comparing modeled concentrations to the observed near-road increment. As shown later, the ramp and arterial links account for less than 10% of the modeled PM2.5 concentrations.  
	MOVES does not model re-suspended road dust. Therefore, we used the method prescribed in EPA’s AP-42 emission factors handbook Section 13.2.1 (Paved Roads) to calculate hourly PM2.5 emissions based on VMT, average vehicle weight, and prescribed silt loading factors that vary by road type. The default AP-42 silt loading factors were used as follows: 0.015 g/m2 for freeway links with more than 10,000 AADT; 0.030 g/m2 for arterial links with more than 10,000 AADT; and 0.060 g/m2 for arterial links with AADT between 5,000 and 10,000. AP-42 adjustments for liquid precipitation (which suppresses road dust) and frozen precipitation (which increases road dust due to application of antiskid material) were also accounted for on an hourly basis. No road dust emission control or mitigation programs were included. 
	The inclusion of PM2.5 road dust in this modeling analysis is somewhat unusual given that exhaust, break wear, and tire wear emissions typically dominate vehicle contributions to PM2.5 concentrations near major roadways (Pant and Harrison, 2013). Road dust emission factors are highly uncertain (Venkatram, 2000) and the AP-42 methodology has received limited updates over the years. Typically, regulatory PM hot-spot analyses do not include PM2.5 road dust emissions, as these emissions are only included when they are determined to be a significant contribution to the PM2.5 air quality problem in a given nonattainment or maintenance area. Most important, however, was the consideration that the monitoring data includes contributions from road dust; therefore, PM2.5 road dust emissions were included in this analysis so that all potential sources of PM2.5 emissions from vehicles were accounted for when comparing modeled concentrations to the observed near-road increment. 
	Hourly meteorological data for 2016 were processed using AERMET (version 18081), the meteorological preprocessor for AERMOD. Local wind speed, wind direction, and temperature data were obtained for the Indianapolis near-road monitoring site from AQS. The completeness of the meteorological data was 99% for wind speed and direction, and 100% for temperature. Other parameters needed for AERMET, such as cloud cover, were obtained from the National Center for Environmental Information (NCEI) for the Indianapolis International Airport meteorological station, located 14.5 km southwest of the Indianapolis near-road monitor. Upper-air data from the Wilmington, Ohio, airport were also used, consistent with current dispersion modeling guidance from the Indiana Department of Environmental Management (IDEM). Default regulatory AERMET options were used, including the low wind speed surface friction velocity adjustment and a low wind speed threshold of 0.5 m/s. The AERSURFACE program was used to calculate surface characteristics (albedo, Bowen ratio, and surface roughness length) around the meteorological tower at the near-road site based on land use files from the United States Geological Survey (USGS). Precipitation and snow cover data provided by IDEM were used to assign appropriate monthly albedo and Bowen ratio values for 2016. To support the AERMOD sensitivity simulation with alternative meteorological data, AERMOD-ready meteorological data files from Indianapolis International Airport were acquired from IDEM. These files were also developed using the default regulatory low wind speed surface friction velocity adjustment in AERMET.
	To support modeling with CAL3QHCR, the AERMOD-ready meteorological data were translated into CAL3QHCR meteorological data format. We started with the AERMET-processed data to ensure consistent meteorological data inputs between the two models. AERMET-processed winds were rotated 180 degrees (wind blowing “to” instead of “from”), and methods from Golder (1972) were used to relate hourly Monin-Obukhov lengths in the AERMET file to Pasquill-Gifford stability classes needed by CAL3QHCR. Hourly urban mixing layer heights for CAL3QHCR were determined based on the maximum of the convective or mechanical boundary layer values in the AERMET file, and population of the urban area. 
	The near-road PM2.5 “increment” is the difference in concentration between the near-road monitor and a nearby urban background monitor. A key challenge is that the near-road PM2.5 increment is relatively small compared to the urban background concentration. The choice of which nearby monitoring site(s) to use, and what approach to use to calculate the near-road increment, is important as there is no perfect approach to estimating the urban background concentration. DeWinter et al. (2018) and Seagram et al. (2019) found that there was good agreement among near-road PM2.5 increments calculated using various approaches involving one or more nearby monitors. Given this consistency, and given the close proximity of potential background monitors to the Indianapolis near-road site, we estimate near-road increments based on data from individual (as opposed to combinations of) nearby background monitors.
	To estimate near-road increments and characterize uncertainty, we analyzed PM2.5 data from the Indianapolis near-road monitor and two nearby ambient monitors: Washington Park, 3 km northeast of the near-road site, and E. Michigan St., 1.6 km southeast of the near-road site (Figure 2). We calculated separate increments from each nearby monitor to understand the sensitivity of the near-road increment to the choice of background monitor. The Indianapolis near-road site had two co-located PM2.5 monitors: a FEM monitor with continuous hourly average measurements and an FRM monitor with 24-hour measurements every third day. The near-road FEM monitor provides more frequent 24-hr data than the co-located FRM monitor, but each individual measurement is less precise; the precision of the FRM monitor is ± 7%, compared to ± 22% for the FEM monitor (U.S. Environmental Protection Agency, 2015d). The nearby sites had FRM monitors with daily measurement frequency at Washington Park and 1-in-3 day frequency at E. Michigan St. 
	/
	Figure 2.  Location of the Indianapolis near-road PM2.5 FRM and FEM monitors (star) and nearby PM2.5 FRM monitors (green dots) at Washington Park (AQS ID 18-097-0078) and E. Michigan St. (AQS ID 18-097-0083).
	Monitoring data were retrieved from EPA’s AQS. Data from AQS are quality-controlled by the submitting tribal, state, or local air monitoring agency, and certified May 1 of each year. We retrieved data from AQS after the certification date. All data were further quality-assured by excluding any values with a specified data qualifier, including those flagged for quality assurance errors, natural events, or exceptional events (where air quality is affected by an unusual or naturally occurring event that cannot be reasonably controlled by tribal, state, or local air agencies, such as high PM2.5 concentrations due to smoke from wildland fires). Unless otherwise noted with a data qualifier, concentrations equal to zero or negative concentrations (which may occur as a result of zero drift in the instrument or calibration adjustments) were treated as valid.
	The Gaussian dispersion model AERMOD (Cimorelli et al., 2004; 2005; Perry et al., 2005; U.S. Environmental Protection Agency, 2016) was used for all modeling scenarios except for one sensitivity case. Link-level PM2.5 emissions derived from MOVES and AP-42 were used as input for the dispersion modeling. Line-volume sources were used to characterize the roadway links in the AERMOD simulations. An hourly emission file was created for all roadway links, for every hour of each analysis day. Hourly emissions were mapped to traffic and emission modeling data discussed previously. The hourly emission file includes the hourly emission rate in g/s for each volume source, along with hourly source release heights and initial dispersion parameters. The release heights and initial dispersion parameters were calculated based on current regulatory modeling guidance and change on an hourly basis depending on the fleet mix (percent cars and percent trucks) for each hour using a traffic volume weighted average approach. Approximately 20 miles of roads within the project area were modeled. AERMOD was run with urban dispersion, flat terrain, and no particle deposition (U.S. Environmental Protection Agency, 2015b). 
	Modeling receptors are locations within the dispersion model where pollutant concentrations are calculated. One receptor was placed at the location of the Indianapolis near-road monitor, 24.5 m from the edge of the I70 east-bound travel lanes. Based on photographs of the near-road site, the air intake inlet for the PM2.5 sensors was estimated at 4 m above ground level (AGL). Therefore, a receptor height of 4 m AGL was used in the model, which is higher than a typical receptor height for regulatory analyses (1.8 m AGL). Model sensitivity as a function of height was not evaluated here, but AERMOD performance has been shown to be sensitive to receptor heights ranging from 0.5 to 9.5 m AGL (Askariyeh et al., 2017).
	Roadway emissions in AERMOD were represented by a series of adjacent volume sources (also known as line-volume sources). Volume sources were chosen because tracer evaluations have shown that AERMOD performs slightly better when volume sources, rather than area sources, are used to characterize roadway emissions (Heist et al., 2013). The arrangement of AERMOD volume sources in the immediate vicinity of the near-road monitor and receptor location is shown in Figure 3. Two sets of line-volume sources, one eastbound and one westbound, were used to characterize emissions from the multi-lane I70. This arrangement is consistent with dispersion modeling guidance and best practices, allows for independent specification of emissions from eastbound and westbound traffic, and ensures that the modeling receptor remains outside any volume source exclusion zones (see circles in Figure 3) where AERMOD results are not considered reliable. Freeway ramps and other arterials were represented by a single set of line-volume sources representing traffic in both directions.
	/
	Figure 3.  AERMOD line-volume source layout in the immediate vicinity of the Indianapolis near-road monitor (AQS Monitor). Volume sources are shown as squares, and their exclusions zones are shown as circles. Exclusion zones represent areas where concentrations cannot be estimated by AERMOD.
	Four dispersion modeling simulations were conducted to compare modeled concentrations from roadway emissions to the measured near-road PM2.5 increment at Indianapolis and to examine the sensitivity of selected processes to the near-road modeling results (Table 3). The base-case AERMOD scenario was used as the best estimate of modeled near-road PM2.5 concentrations for comparisons with monitored near-road increments. The base-case scenario used hourly traffic and emission data from the project area and local meteorological data at the Indianapolis near-road site. Estimates of the monitored near-road PM2.5 increment and the associated uncertainty are discussed in Section 3.1, and results from the base-case AERMOD modeling scenario are discussed in Section 3.2. Results from three sensitivity simulations were compared to the base-case results and to the measured near-road PM2.5 increments at Indianapolis. These sensitivity scenarios are described below, and results are discussed in Section 3.3. 
	Table 3.  Dispersion modeling scenarios conducted with different combinations of dispersion models, traffic data, and meteorological inputs.
	Dispersion Model
	Inputs
	Simulation
	Hourly traffic dataLocal near-road meteorology
	AERMOD
	Base case
	Aggregated traffic data (e.g., by peak and off-peak periods)Local near-road meteorology
	AERMOD
	AltTraff
	Hourly traffic dataNon-local NWS meteorology (from airport)
	AERMOD
	AltMet
	Hourly traffic dataLocal near-road meteorology
	CAL3QHCR
	CAL3
	The alternative traffic (AltTraff) scenario was conducted to assess the sensitivity of modeled near-road PM2.5 concentrations to the level of temporal detail provided in the emissions inputs. The hourly travel activity data used in the basecase simulation are not typically available to practitioners, and the preparation of these detailed day- and hour-specific data can be tedious. For regulatory applications, travel activity is typically based on estimates from a travel demand model used to support transportation planning decisions. Travel demand modeling data are less detailed and provide travel volumes for 4-5 time periods during the day (e.g., morning rush hour, afternoon, evening rush hour, and evening off-peak), and these same volumes are assumed for all days of the year. For the AltTraff simulation, the hourly traffic data for each roadway link were aggregated into a typical-day diurnal pattern, and emissions were calculated based on these aggregated traffic data. The diurnal profile was created using all analysis days, including weekdays and weekends, but weekday and weekend differences were not accounted for in the AltTraff scenario since travel demand models do not always differentiate weekends from weekdays. Other modeling inputs in the AltTraff scenario are identical to the base case.
	The alternative meteorology (AltMet) scenario was developed to assess the sensitivity of modeled near-road concentrations to the meteorological inputs. In regulatory applications, representative meteorological data are typically selected from a nearby National Weather Service (NWS) airport observation site. The use of non-NWS data is less common in regulatory applications due to the lack of available local data and the time and expense of collecting local data at the project site. Meteorological data from the Indianapolis International Airport was used in the AltMet simulation for 2016. Other modeling inputs were identical to the base case. The biggest differences between the near-road site and the Indianapolis airport are the wind speeds, exposure to nearby buildings, and surface roughness around the sites. Annual wind roses from the near-road site and the NWS airport site (Figure 4) show that the wind directions were similar at the two sites, but the wind speeds were higher at the NWS airport site.
	/
	Figure 4.  2016 annual wind rose at the Indianapolis near-road monitor (left) and the Indianapolis International Airport NWS site (right).
	The CAL3QHCR (Cal3) scenario was developed to assess the sensitivity of modeled near-road concentrations to the choice of dispersion model. The CAL3QHCR model (Benson, 1989; Eckhoff and Braverman, 1995) has historically been an approved dispersion model for regulatory applications. Through a formal rulemaking process, EPA determined that CAL3QHCR should be replaced by AERMOD as the required dispersion model, based in part on findings from the Caltrans Highway 99 and Idaho Falls near-road tracer study evaluations (U.S. Environmental Protection Agency, 2015c, 2017b). However, CAL3QHCR was approved for regulatory use until January 17, 2020, and there is still significant interest in the transportation community for understanding how AERMOD results compare to CAL3QHCR in real-world applications. For the Cal3 scenario, CAL3QHCR was used with the same hourly emissions and meteorological inputs as in the AERMOD base case. Free-flow, at-grade line sources were used to represent the roadway emissions. The local meteorological data from the base case were processed into CAL3QHCR format. A subset of 40 analysis days from the base case were modeled with CAL3QHCR, as CAL3QHCR does not have the ability to output concentrations for each specific day with differing emissions inputs. We chose days with high modeled daily average concentrations from the base-case AERMOD simulation for both the summer (20 days) and winter (20 days) seasons. These 40 days had varying average daily wind directions. 
	To provide additional context for the Indianapolis modeling results, a dispersion modeling simulation was conducted to evaluate near-road concentrations at a Providence near-road site (AQS ID 44-007-0030), which is 1 km north-northwest of downtown Providence and 5 m east of Interstate 95 (I95) (Figure 5) in a highly urbanized area. I-95 is a major freeway with AADT in 2016 of 233,036 with 7% heavy duty trucks. Compared to the Indianapolis analysis, the Providence freeway AADT is higher but the truck percentage is lower. Additional information about the Providence near-road site is shown in Table 4. The project area (yellow circle in Figure 5) is centered on the near-road monitor and radially extends 1 km from the monitor to include the major roadways that may affect concentrations at the near-road monitor. The project area includes a freeway interchange about 400 m south of the near-road monitor. The Providence near-road site had an FEM monitor that collected hourly PM2.5 data, and also had coincident nearby hourly traffic volume, vehicle speed, and fleet mix data. PM2.5 and travel activity data were sufficiently complete for 382 days (non-consecutive) during 2015-2016 to support modeling analysis. Because the Providence near-road site is located in a highly urbanized area, there are buildings adjacent to the site that could influence near-road pollutant concentrations.
	/
	Figure 5.  Providence modeling project area with 1000-m radius (yellow circle) centered on the Providence near-road air quality monitor (NR site, and pictured below), with available traffic monitors (◊) and roadway links that were included in the modeling (white lines). Imagery source: Google Earth.
	Table 4.  Summary of data for the Providence near-road site for 2016. The AADT and FE-AADT data were calculated from 2016 traffic data. Other data were obtained from EPA in May 2017 (U.S. Environmental Protection Agency, 2017a).
	Value
	Attribute
	44-007-0030
	AQS ID
	41.8295N 71.7176W
	Coordinates
	FEM: Beta Attenuation Monitor (BAM 1020)
	PM2.5 instruments
	8
	Number of lanes (I-95)
	233,036
	AADT
	7%
	Heavy-duty truck fraction
	363,549
	FE-AADT
	5 m
	Distance to road
	24.5 μg/m3 
	Maximum 24-hour PM2.5
	9.3 μg/m3 
	Annual mean PM2.5
	None (nearest meteorological site at AQS 44-007-0022 2.4 km to the south)
	Co-located meteorology
	During the analysis period, there was a freeway construction project (known as the Providence Viaduct project) and other non-freeway construction projects near the Providence near-road site. The Viaduct construction activity occurred primarily 200-600 m from the near-road site, while the smaller non-freeway construction projects were 50-100 m from the near-road site. Based on Rhode Island Department of Transportation (RIDOT) construction log data and Google Earth satellite imagery, 27 days (out of the 382 days with available data) were confirmed to have no nearby construction activity. These non-construction days were mostly weekends and holidays. During the other 355 days in 2015-2016, there was nearby construction activity. Therefore, the Providence modeling analysis was conducted separately for the 27 days without construction and 355 days with construction. Construction activity emissions were not modeled in this study.
	We use hourly monitored travel data near the Providence near-road site as the basis for developing a bottom-up estimate of roadway PM2.5 emissions. Traffic data were acquired from RIDOT for 6 traffic monitors (see Figure 5) that recorded traffic volume by RIDOT vehicle class and vehicle speed. Among the 6 traffic monitors there were five permanent monitors and one temporary monitor. One of the permanent traffic monitors was located on I-95, about 50 m from the Providence near-road air quality monitor. This traffic monitor was used to characterize hourly vehicle volume, speed, and fleet mix on I-95 where vehicle emissions should have the greatest influence on pollutant concentrations at the near-road air quality monitor. The other four permanent traffic monitors were used to characterize traffic for other freeway segments in the modeling project area. The freeways characterized by the five permanent traffic monitors represent the majority of VMT and diesel truck traffic in the project area.
	There are 50 roadways (approximately 9 miles) in the modeling project area. Forty of those roadways did not have traffic monitors installed. These roadways include arterial roadways, and the ramps at the I-95/U.S. 6 interchange south of the near-road air quality monitor. To generate hourly volume data for these roadways, we combined the available hourly monitored traffic data with additional AADT data provided by RIDOT and AADT data estimated from the State of Rhode Island Division of Statewide Planning travel demand model. In general, we used a “mass-balance” approach in which the traffic volume from a downstream monitor was subtracted from traffic volume from an upstream monitor to determine the volume for the roadway without monitors. For roadways without an upstream or downstream permanent monitor, the AADT data were either used as scaling factors to scale the hourly volume from the permanent monitors, or disaggregated to the hourly level based on the average diurnal pattern across the permanent monitors. Fleet mix was determined based on a nearby permanent traffic monitor, or based on the temporary traffic monitor at Memorial Blvd. (just east of the I-95/U.S. 6 interchange).
	The RIDOT traffic monitors recorded traffic data based on RIDOT vehicle class. The vehicle class and speed from the monitors were mapped to the class and speed used in the EPA MOVES model to support the emissions calculation. The vehicle class mapping is shown in Table 5. For each vehicle type, the distribution of MOVES source type was determined by the table in MOVES that describes the population by source type. This distribution was then applied to the traffic volumes from the RIDOT vehicle class. 
	Table 5.  Vehicle mapping between the RIDOT class and MOVES source types. 
	MOVES source type ID description
	MOVES source type ID
	RIDOT description
	RIDOT class
	Motorcycles
	11
	Cars
	1
	Passenger Cars
	21
	Passenger Trucks
	31
	Light Commercial Trucks
	32
	Refuse Trucks
	51
	Small Trucks 
	2
	Single Unit Short-Haul Trucks
	52
	Single Unit Long-Haul Trucks
	53
	Motor Homes
	54
	Intercity Buses
	41
	Trucks
	3 
	Transit Buses
	42
	Double Trailer Trucks
	4
	School Buses
	43
	Combination Short-Haul Trucks
	61
	Combination Long-Haul Trucks
	62
	As with the Indianapolis analysis, we modeled PM2.5 emissions using the EPA MOVES2014a model for running exhaust, tire wear, and break wear, and followed AP-42 to calculate re-suspended road dust. For running exhaust, tire wear, and brake wear, MOVES was run in emission rate mode for the 2015 and 2016 calendar years to generate the emission rate tables. Local vehicle fleet characterization data obtained from EPA (ftp://newftp.epa.gov/air/nei/2014/doc/2014v2_supportingdata/onroad) were used as additional input for MOVES. Meteorological tables in MOVES were populated from meteorological data collected at AQS site 44-007-0022 located 2.4 km south of the near-road monitor. Traffic activity data for each roadway were merged with the emission rate tables by year, month, day, hour, source type, road type, and speed, and hourly emissions were calculated for each roadway link. In AERMOD, each roadway was further divided into equal-sized small volume sources, yielding a total of 3586 volume sources for the 50 roadways. Portions of I-95 north-bound closest to the near-road monitor, as well as nearby arterial roads, were modeled lane-by-lane to avoid placing the near-road monitor within an AERMOD volume source exclusion zone. Hourly PM2.5 emissions from road dust were calculated using the method prescribed in EPA’s AP-42 emission factors handbook Section 13.2.1 (Paved Roads) with default AP-42 silt loading factors, along with hourly precipitation adjustments and winter silt-loading factors when frozen precipitation occurred.
	The Providence near-road site did not have co-located meteorological data; therefore, representative meteorological data from the nearest air quality monitoring station (Urban League, South Providence, AQS ID 44-007-0022), located 2.4 km to the south, was used. Hourly meteorological data for 2015-2016 were processed using AERMET (version 18081). Wind speed, wind direction, and temperature data from the Urban League site were used. Other parameters needed for AERMET, such as cloud cover, were obtained from NCEI for the T.F. Green Airport meteorological station, located 12 km south of the Providence near-road monitor. Upper-air data from the Chatham Municipal Airport in Massachusetts were also used. Default regulatory AERMET options were used, including the low wind speed surface friction velocity adjustment and a low wind speed threshold of 0.5 m/s. The AERSURFACE program was used to calculate surface characteristics around the meteorological tower based on land use files from the USGS. 
	The near-road PM2.5 increment was estimated between the Providence near-road monitor and the Urban League monitor in 2015-2016 for days when monitoring data was at least 75% complete. The Urban League South Providence monitor is 2.4 km south of the near-road monitor, and is generally upwind of the near-road monitor. The other monitor considered as a potential background monitor is the Francis School East Providence monitor (Figure 6), 4.8 km east northeast of the near-road monitor. We calculated separate increments from each nearby monitor to understand the sensitivity of the Providence near-road increment to the choice of background monitor. The Providence near-road site had a PM2.5 FEM monitor with hourly measurements. Both nearby sites had co-located FEM and FRM monitors with hourly and 1-in-3 day measurement frequency, respectively. Monitoring data were retrieved from EPA’s AQS. 
	/
	Figure 6.  Location of the Providence near-road PM2.5 FEM monitor and nearby PM2.5 monitors (FEM and FRM co-located monitors). Data from Urban League South Providence (AQS ID 18-097-0078) and Francis School East Providence (AQS ID 18-097-0083) were considered in the Providence increment analysis.
	The AERMOD modeling approach for the Providence analysis was similar to the Indianapolis analysis. AERMOD was run with urban dispersion, flat terrain, and no particle deposition. One modeling receptor was placed at the location of the Providence near-road monitor, 5 m from the edge of the I95 north-bound travel lanes. Based on photographs of the near-road site, the air intake inlet for the PM2.5 sensors was estimated at 3.6 m AGL. Therefore, a receptor height of 3.6 m AGL was used in the model. 
	Roadway emissions in AERMOD for the Providence case were represented as line-volume sources along approximately 9 miles of roadway within the project area. The arrangement of AERMOD volume sources and the receptor location is shown in Figure 7. Several sets of line-volume sources were created to characterize lane-by-lane emissions for north-bound I-95 in the immediate vicinity of the near-road monitor to avoid placing the receptor in volume source exclusion zones (represented as circles in Figure 7, where concentrations cannot be estimated by AERMOD). One arterial road adjacent to the near-road monitor was also represented as lane-by-lane line-volume sources. South-bound I-95 was represented as one set of volume sources, as were freeway ramps and other arterial roadways.
	One AERMOD dispersion modeling simulation was conducted for the Providence analysis. The results from the Providence analysis are discussed in Section 3.4.
	/
	Figure 7.  AERMOD line-volume source layout in the immediate vicinity of the Providence near-road monitor (yellow triangle). Volume sources are shown as squares, and their exclusions zones are shown as circles.
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	The modeling chain for predicting near-road PM2.5 concentrations consists of travel activity data processing, emissions modeling, and air quality dispersion modeling. Throughout this study, AERMOD results refer to predictions produced by the near-road modeling chain that involved the AERMOD dispersion model. Likewise, CAL3QHCR results refer to predictions produced by the near-road modeling chain that involved the CAL3QHCR dispersion model.
	We analyzed PM2.5 data for year 2016 from the Indianapolis near-road monitor and nearby ambient monitors to estimate the near-road PM2.5 increment and characterize its uncertainty. We calculated the near-road increment using various combinations of the two co-located FEM and FRM instruments at the near-road monitoring site, and two nearby background monitors (Washington Park and E. Michigan St., both of which are FRM instruments). Multiple increments were calculated to characterize how the increment varied based on the choice of background monitor (Washington Park or E. Michigan St.) and near-road measurement method (FEM or FRM).
	The average daily near-road PM2.5 increments calculated with four combinations of monitors are summarized in Figure 8. Data are shown for various daily average wind directions, when the Indianapolis near-road monitor was downwind (wind blowing from 274°-360° and 0°-33°), upwind (94°-213°), and parallel (34°-93° and 214°-273°) to I-70. Wind directions are 24-hour vector averages calculated from the hourly wind data. Increments involving the 1-in-3 day near-road FRM monitor (NR FRM in Figure 8) were calculated based on 46 days with coincident data at the Washington Park monitor, and 47 days with coincident data at E. Michigan St. Increments involving the near-road FEM monitor (NR FEM in Figure 8) were calculated based on 144 days with coincident data at Washington Park, and 47 days with coincident data at E. Michigan St. All days analyzed are subsets of the 152 days that were modeled.
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	Figure 8.  Indianapolis near-road PM2.5 increments for four different combinations of near-road (NR) monitor (NR FRM and NR FEM) and nearby FRM PM2.5 monitors at Washington Park and E. Michigan St. when the Indianapolis near-road monitor was downwind, upwind, and parallel to I-70. The horizontal line at the box notch indicates the median, box extents indicate the interquartile range (IQR), and whiskers indicate 1.5 times the IQR.
	In all four comparisons in Figure 8, the average near-road PM2.5 increment was highest when the near-road monitor was downwind of I-70, and lowest when the near-road monitor was upwind of I-70. This result contrasts with AERMOD modeling results presented later. The median measured increment in downwind conditions was positive in all four comparisons, whereas the median increment in upwind conditions was negative when the E. Michigan St. monitor was used in the calculation. For a given combination of monitors, the median increment at Indianapolis varied by about 1 μg/m3 as a function of wind direction. The variance of daily increments was considerably smaller when the FRM near-road monitor was used in the calculation because the FRM measurements are more precise than the FEM measurements.
	The measured near-road increment concentration varied depending on the choice of background monitor. When considering just the FRM near-road monitor, the median increment differed by 0.4 μg/m3 depending on the choice of background monitor. This result is due to variability in PM2.5 concentrations across a relatively short distance (4 km) within the urban area. This intra-urban PM2.5 variability has a modest effect on the near-road increment measurement.
	An important point is that there can be a bias between different types of instruments, and this bias can affect the increment. The bias is distinct from the instrument precision discussed earlier. In this context, bias refers to a systematic difference between measurements from two different instruments, whereas precision refers to the random measurement error above and below the correct value from a single instrument. At the Indianapolis near-road site, PM2.5 concentrations from the FRM monitor are systematically biased lower than concentrations from the co-located FEM monitor. As a result, increments based on the FRM near-road measurement are smaller. When considering just the Washington Park background monitor, the mean increment differed by 0.2 to 0.3 μg/m3 depending on the choice of measurement method (FRM or FEM) at the near-road site, as shown in Table 6. Calculating increments from measurements that are based on the same monitoring method provides more consistent results and eliminates uncertainty associated with the bias between monitoring methods. Therefore, it is preferable to compare modeled near-road increments at Indianapolis to FRM-based increment measurements, since Washington Park and E. Michigan St. are both FRM monitors, and because FRM measurements are more precise than FEM measurements. We still show comparisons to FEM-based increment measurements for completeness.
	We also estimated the uncertainty in the mean of near-road PM2.5 increment measurements. Uncertainty in the mean, which arises from the variance in the distribution of daily increment measurements about the mean, was calculated as the 95% confidence interval around the mean value. Average daily near-road increments and their estimated uncertainty for the four combinations of near-road monitor and nearby background monitor are shown in Table 6. The uncertainty in the averaged increment is as large as 0.6 μg/m3, which is similar to the variability due to the choice of background monitor (0.4 μg/m3) and smaller than the variability across wind directions (about 1 μg/m3). When a sufficient number of days are considered, the uncertainty in the averaged increment measurement is sufficiently small to support reliable comparisons between modeled and measured near-road PM2.5 increments. When considering the Washington Park background monitor, the absolute uncertainty in the FRM-based and FEM-based increments is similar because better precision in the FRM measurement offsets the reduced number of days that near-road FRM data are available. 
	Table 6.  Summary of measured near-road PM2.5 increments at Indianapolis. Uncertainty is calculated as the 95th percentile confidence interval in the monitored near-road increment.
	Mean Daily Near-Road Increment [μg/m3] 
	Near-Road Monitor
	Number of Observations
	Background Monitor
	46
	0.9 ± 0.6
	Washington Park
	FRM
	144
	1.2 ± 0.5
	Washington Park
	FEM
	47
	0.2 ± 0.3 
	E. Michigan St.
	FRM
	47
	0.4 ± 0.6
	E. Michigan St.
	FEM
	The uncertainty in individual daily measurements was not quantified. Given the large variability in daily measured increments, we expect comparisons of modeled and measured increments to be more uncertain when considering individual days. The maximum and 98th percentile of the distribution of modeled and measured increments were also calculated since these are relevant for regulatory analyses involving the 24-hour PM2.5 NAAQS, but these comparisons should be considered less reliable than comparisons involving increments that have been averaged over many days. 
	For subsequent comparisons with modeled increments at Indianapolis, we selected the near-road increment based on measurements from the FRM near-road monitor and the Washington Park FRM monitor. This selection was based on: 1) the FRM-based measurement is more precise than the FEM-based measurement, and therefore the daily FRM-based near-road increments had less uncertainty; 2) the near-road and background concentration measurements are based on the same monitoring method (FRM), which eliminates uncertainty associated with differences in monitoring methods; 3) there were fewer negative daily increments when the Washington Park monitor was used; and 4) Washington Park was the upwind monitor when the near-road monitor was downwind of I-70 (see Figure 2). This best available near-road PM2.5 increment estimate for the 2016 modeling analysis period was 0.9 ± 0.6 μg/m3 averaged over all wind conditions (Table 6). This estimated near-road increment for Indianapolis is comparable to results from other studies. The annual average increment for Indianapolis was 0.7 to 1.7 μg/m3 during 2014-2016 depending on the approach and the monitoring sites used to calculate the increment (DeWinter et al., 2018; Brown et al., 2019; Seagram et al., 2019). 
	A summary of average daily PM2.5 emissions calculated from vehicle activity for the 20 miles of roadways that were modeled within the Indianapolis modeling project area are shown in Table 7. The averaged daily emissions across all 152 modeling analysis days in 2016 were 70 lb/day. The average daily emissions were 76 lb/day on weekdays and 54 lb/day on weekends, reflecting the higher travel volumes observed on weekdays. In our assessment, road dust PM2.5 was the biggest source of emissions (53% of total emissions), followed by exhaust (40%), brake wear, and tire wear. Non-exhaust emissions (tire wear, brake wear, and road dust) represented 60% of the total vehicle emissions. For context, the on-road PM2.5 emissions reported in the 2014 National Emissions Inventory for Marion County, Indiana (which contains most of Indianapolis), was 4.1 tons/day, with 50% of emissions from paved road dust (U.S. Environmental Protection Agency, 2018).
	Table 7.  Summary of modeled PM2.5 vehicle emissions for the Indianapolis project area.
	Average Daily PM2.5 Emissions [lb/day]
	% of Total
	Process
	53
	37
	Road dust (AP-42)
	40
	28
	Running exhaust
	5
	3
	Brake wear
	2
	2
	Tire wear
	100
	70
	Total
	The relative fraction of exhaust to non-exhaust PM2.5 emissions from vehicles will vary by road type, fleet mix, fuel characteristics of the vehicle fleet, surface silt loading, and other factors. Past measurement studies indicate that exhaust emissions are typically responsible for the majority of the traffic-related PM2.5 emissions near major roadways (Pant and Harrison, 2013). For example, source apportionment analysis of speciated PM2.5 measurements next to a busy freeway in Toronto showed that about 35% of traffic-related PM2.5 was due to non-exhaust emissions, and 12-20% was due to road dust (Jeong et al., 2019), while Ginzburg et al. (2015) estimated that road dust was 7-16% of the traffic-related PM2.5 150 m away from a freeway near Baltimore. Based on this literature, the non-exhaust emissions in Table 7 may be overestimated, or the exhaust emissions may be underestimated. It is also possible that both the exhaust and non-exhaust emissions are overestimated.
	AP-42 road dust estimates can be highly uncertain (Venkatram, 2000). For example, the AP-42 approach assumes an infinite reservoir of suspendible road dust, which may not be a valid assumption for heavily traveled paved highways. Brake and tire wear emissions estimates are also uncertain; PM2.5 emission factors for these processes in the MOVES model are significantly lower than those in the California Emissions Factor (EMFAC) model (Reid et al., 2016). There is limited literature on the impacts of including road dust PM2.5 emissions in near-road dispersion modeling applications, but in a project focused at the EPA near-road monitor in Ft. Worth, Texas, adding road dust PM2.5 emissions increased the modeled PM2.5 roadway emissions by 16-19% for highways and 139-208% for arterials, depending on season and time-of-day (Askariyeh et al., 2019). The inclusion of road dust PM2.5 substantially affects the modeled PM2.5 emission estimates, and will also affect modeled near-road concentrations.
	AERMOD was executed for 152 analysis days in 2016 for the Indianapolis project area. The average modeled PM2.5 concentrations (i.e., the modeled PM2.5 near-road increment) for these days were compared to the monitored near-road PM2.5 increments. The base-case AERMOD modeling results are compared with measured increments in Figure 9; summary statistics are shown in Table 8. Based on these results, AERMOD over-predicted the average near-road PM2.5 increment. The average modeled increment (3.7 μg/m3) was a factor of four larger than the measured FRM-based increment (0.9 μg/m3), and a factor of three larger than the measured FEM-based increment (1.2 μg/m3). The resulting bias (2.8 μg/m3, or 311% of the FRM-based increment) for the averaged modeled increment is substantially larger than the estimated uncertainty of the measured near-road increment, and is also larger than the variability in the measured increment associated with the choice of background monitor. The FRM-based near-road increment was calculated from a 46-day subset of the 152 modeled days, but the results are similar when comparing to the FEM-based near-road increment, which was calculated from 144 of the modeled days. Therefore, the bias in the AERMOD result must be attributable to other factors.
	/
	Figure 9.  Distribution of AERMOD-modeled daily average PM2.5 concentrations and measured near-road PM2.5 increments at the Indianapolis near-road monitoring site during 2016 for three wind conditions (near-road monitor downwind, upwind, and parallel to I-70).  
	Table 8.  Summary of modeled and measured near-road PM2.5 increments (μg/m3) at the Indianapolis near-road monitoring site. Monitored increments are calculated based on the Washington Park background monitor.
	FEM Monitored Near-Road Increment (n=144)
	FRM Monitored Near-Road Increment (n=46)
	AERMOD Base-Case Increment(n=152)
	PM2.5 24-hour Increment
	1.2 ± 0.5
	0.9 ± 0.6
	3.7
	Average
	14.5
	10.2
	7.3
	Maximum
	7.9
	5.7
	6.1
	98th Percentile
	Road dust PM2.5 was the biggest source of modeled emissions at Indianapolis (53% of total emissions), and non-exhaust emissions represented 60% of the total vehicle emissions. Based on the literature, which includes measurement-based estimates that road dust is 720% of traffic-related PM2.5 near major roadways (Jeong et al., 2019; Pant and Harrison, 2013), the relative contribution of non-exhaust emissions is likely overestimated. Because AERMOD is a chemically inert model, we expect time-averaged concentrations from AERMOD to scale roughly linearly with total PM2.5 emissions. Thus, road dust contributes to about half (1.8 μg/m3) of the modeled near-road PM2.5 increment. If road dust were not included in the simulation, the bias in the averaged modeled increment would have been about a factor of two instead of a factor of 4. Askariyeh et al. (2019) found that the inclusion of road dust increased modeled near-road PM2.5 concentrations by 49-74% depending on time-of-day and season. These results highlight the need for further study on re-suspended PM2.5 road dust emissions, particularly because non-exhaust emission components do not benefit from tailpipe emission control technologies.
	The average modeled PM2.5 increment was 30% lower on weekends (2.8 μg/m3) than on weekdays (4.0 μg/m3) due to reduced weekend traffic volumes, which resulted in lower modeled PM2.5 emissions. The AERMOD results were therefore very sensitive to the traffic volume. However, there was no statistically significant difference in the measured near-road increment at Indianapolis between weekdays and weekends. Across the national near-road monitoring network, past work has shown that traffic volume is not a strong predictor for near-road PM2.5, and that the relative contribution of roadway emissions is also likely driven by other local emissions and meteorology (DeWinter et al., 2018; Seagram et al., 2019). In this case, near-road PM2.5 concentrations modeled by AERMOD were more sensitive to nearby traffic volumes compared to the measurement data results, an outcome consistent with findings based on the entire national near-road network. 
	Both the model and observations showed extremes beyond 1.5 times the Inter-Quartile Range (IQR) of daily near-road PM2.5 increments. Measured near-road PM2.5 increments were negative on some days, and these negative daily increments were included in averaging calculations. Negative 24-hr average increments are considered valid since, on average, the uncertainty of the measured increment should not be systematically biased positive or negative. As Mukherjee et al. (2019) noted, the measured increments for Indianapolis are free of confounding factors that could impact the calculated increment. For example: the I-70 freeway and the near-road monitor are at the same elevation, there are no roadside barriers nearby, and the land use between the near-road site and background sites is similar.
	 The maximum daily near-road increment modeled by AERMOD (7.3 μg/m3) was smaller than the maximum measured increment (10.2 μg/m3, unpaired in time with the observations). The 98th percentile of the distribution of the modeled PM2.5 increments, relevant for regulatory modeling analyses involving the 24-hour PM2.5 NAAQS, compared well to the 98th percentile of measured daily increments. It is important to emphasize that comparisons involving individual days in this study are more uncertain than comparisons involving increments that have been averaged over many days. 
	We also analyzed modeled PM2.5 increments under various daily average wind directions, when the Indianapolis near-road monitor was downwind, upwind, and parallel (34°-93° and 214°-273°) to I-70. The AERMOD base-case results did not exhibit a large variation based on the wind direction. The average measured near-road increment was larger (1.5 μg/m3) when the near-road monitor was downwind of I-70, and smaller (0.7 μg/m3) when the near-road monitor was upwind. In contrast, the modeled near-road PM2.5 increment was actually larger when the near-road monitor was upwind of I-70. This counter-intuitive result can be explained by the plume meander treatment in AERMOD and is discussed further in Section 4.
	Modeled near-road PM2.5 contributions from the various types of roadways were tracked through the AERMOD source grouping function and are summarized in Table 9. The majority (93%) of modeled PM2.5 came from the mainline I-70 links that are directly adjacent to the Indianapolis near-road monitor. These I-70 mainline links represent the vast majority of the traffic volume (including truck traffic) in the modeling project area. About 5% of modeled PM2.5 was from arterial roads within the project area. Contributions from other links including on-ramps and off-ramps, I-65, and the I-65/I-70 interchange were small. 
	Table 9.  Modeled near-road PM2.5 increments (μg/m3) at the Indianapolis near-road monitoring site location contributed from different road segment groups for 152 modeled days during 2016.
	Contribution to Average Modeled Near-Road PM2.5 Increment (μg/m3)
	Percent Contribution
	Road Segment Group
	93
	3.4
	Mainline I-70
	5
	0.2
	Arterials
	2
	0.1
	I-70 ramps and interchange, and  I-65
	100
	3.7
	All modeled road segments
	Results of the sensitivity modeling simulations for the Indianapolis analysis are summarized in Figure 10 and in Table 10. The modeled multi-day-average near-road PM2.5 concentrations were higher than the observed near-road increment for all four dispersion modeling scenarios and wind direction bins except the Cal3 scenario for upwind conditions. The maximum modeled daily PM2.5 increment was smaller than the observed values for all four dispersion modeling scenarios. The modeled 98th percentile of daily average increments was higher or lower than the observed value, depending on the modeling scenario and the near-road monitor used to calculate the measured increment. As noted earlier, comparisons involving individual days are more uncertain than comparisons involving increments that have been averaged over many days. Results and implications from each sensitivity scenario are discussed below.
	/
	Figure 10.  Distribution of modeled daily average PM2.5 concentrations from the base case, Alt Met, Alt Traffic, and Cal3 scenarios, and measured FRM to FRM near-road PM2.5 increments at the Indianapolis near-road monitoring site in 2016 during three wind conditions (near-road monitor downwind, upwind, and parallel to I-70). AERMOD results cover 152 days; Cal3 results cover 40 days. 
	Table 10. Summary statistics of modeled and measured near-road PM2.5 increments (μg/m3) at the Indianapolis near-road monitoring site. AERMOD results cover 152 days; Cal3 results cover 40 days.
	FEM Monitored Near-Road Increment
	FRM Monitored Near-Road Increment
	AERMOD Base Case
	PM2.5 24-hour Concentration
	Cal3
	AltMet
	AltTraff
	1.2 ± 0.5
	0.9 ± 0.6
	2.6
	2.8
	3.7
	3.7
	Average
	14.5
	10.2
	6.1
	7.4
	5.5
	7.3
	Maximum
	7.9
	5.7
	5.6
	6.3
	5.3
	6.1
	98th Percentile
	The AltTraff scenario was conducted to assess the sensitivity of modeled near-road concentrations to the level of temporal detail provided in the emissions inputs. Compared to the base-case AERMOD results, the use of aggregated traffic data had little effect on the modeled average near-road PM2.5 concentration, but reduced the maximum and 98th percentile of modeled daily average PM2.5 concentrations and reduced the variance in the distribution of daily average concentrations. Aggregating the traffic data into a typical diurnal pattern averaged out extreme values for individual hours. The practical implication of this result is that using aggregated traffic data from travel demand models (which are typically available to practitioners in regulatory settings) will have little impact on period-average modeled concentrations, compared to using detailed day- and hour-specific data. Because of the high uncertainty in individual daily measured PM2.5 increments, it is unclear whether using aggregated traffic data improves or degrades model performance for the highest predicted concentrations. The potential impact of using weekday diurnal traffic profiles rather than both weekday and weekend profiles was not investigated here, but could be important given that daily average traffic volumes and emissions in the model project area were about 30% lower on weekends than on weekdays. 
	The AltMet scenario was developed to assess the sensitivity of modeled near-road concentrations to the meteorological inputs. The base case used data at the near-road monitoring site, while the alternative meteorological data came from the NWS site at Indianapolis International Airport 14.5 km away. Compared to the base case, the use of NWS meteorology resulted in a lower average near-road PM2.5 concentration by 0.9 μg/m3 over the 152 analysis days. This resulted in a reduced bias with respect to the measured near-road increment, but the AltMet scenario still overestimated the average near-road PM2.5 increment by more than a factor of 3. The maximum and 98th percentile of daily predicted PM2.5 concentrations was similar between the AltMet and base-case simulations, suggesting that meteorological conditions leading to the highest AERMOD concentrations were similarly characterized in both the local near-road and NWS datasets.
	The modeled PM2.5 concentration in the AltMet case was higher during downwind conditions, and lower during upwind conditions. This contrasts with the base case in which the PM2.5 concentration was higher when the near-road monitor was upwind of I-70. The emissions were identical between the two simulations, but the wind speeds were higher in the AltMet case. The reduction in upwind concentrations in the AltMet case suggests a reduced contribution from the AERMOD lateral plume meander algorithm. Lateral plume meander is more prominent during low wind speed conditions in the base-case simulation, where, conversely, increased wind speeds in the AltMet case reduced the upwind plume meander contribution. 
	The Cal3 scenario was developed to assess the sensitivity of modeled near-road concentrations to the choice of dispersion model. CAL3QHCR was modeled for a 40-day subset of the AERMOD analysis days with the highest base-case concentrations (20 in summer and 20 in winter). The average modeled near-road PM2.5 concentration in the Cal3 simulation was lower than the AERMOD base case by about 1 μg/m3. This resulted in a reduced bias with respect to the average measured near-road increment, but the Cal3 scenario still overestimated the near-road PM2.5 increment by almost a factor of three. 
	The differences between the AERMOD base case and Cal3 simulations are also significant with respect to the wind direction sensitivity of the modeled concentrations. CAL3QHCR exhibited a large variation in concentrations with respect to the average daily wind direction, whereas the AERMOD results were relatively insensitive to wind direction. CAL3QHCR predicted a higher average PM2.5 increment (4.9 μg/m3) than AERMOD when the near-road monitor location was downwind of I-70, but a smaller increment during parallel wind conditions (2.8 μg/m3), and an even smaller increment during upwind conditions (0.5 μg/m3). 
	To ensure the differences found between the Cal3 and AERMOD findings were not just an artifact of the 40 days selected to be modeled, we compared the Cal3 results to the AERMOD results for the same 40-day sample. These findings are shown in Figure 11 and Table 11. When considering just the 40 analysis days modeled in the Cal3 scenario (see Figure 11 and Table 11), the measured increments are less certain (due to fewer number of measurement days), but the findings for the average increments are not substantially different from the findings shown in Figure 10 and Table 10. The maximum measured daily increment is substantially smaller when considering just the 40 analysis days modeled in the Cal3 scenario, and therefore there is much less discrepancy between the modeled and measured maximum daily increment compared to Table 10. This highlights the additional uncertainty in comparing individual daily increments in this study.
	/
	Figure 11.  Distribution of modeled daily average PM2.5 concentrations from the base case, Alt Met, Alt Traffic, and Cal3 scenarios, and measured FRM-based and FEM-based near-road PM2.5 increments at the Indianapolis near-road monitoring site in 2016 during three wind conditions (near-road monitor downwind, upwind, and parallel to I-70), for days modeled in the Cal3 sensitivity simulation. AERMOD and Cal3 results cover the same 40 days. 
	Table 11.  Summary statistics of modeled and measured near-road PM2.5 increments (μg/m3) at the Indianapolis near-road monitoring site for the analysis days modeled in the Cal3 sensitivity scenario. AERMOD and Cal3 results cover the same 40 days. 
	Monitored FEM-Based Near-Road Increment (n=38 days)
	Monitored FRM-Based Near-Road Increment (n=14 days)
	PM2.5 24-hour Concentration
	AERMOD Base Case
	Cal3
	0.9 ± 1.0
	0.9 ± 0.9
	2.6
	5.0
	Average
	6.6
	4.5
	6.1
	7.3
	Maximum
	6.5
	4.1
	5.6
	6.9
	98th Percentile
	We analyzed PM2.5 data for years 2015-2016 from the Providence near-road monitor and nearby ambient monitors to estimate the Providence near-road increment and characterize its uncertainty. There were 426 days (398 construction days and 28 non-construction days) with coincident PM2.5 data at the near-road monitor and at the nearby Urban League and Francis St. background monitors. Traffic data at Providence was not available for all 426 days, and therefore 382 days were modeled.
	In contrast to the Indianapolis near-road site which had co-located FEM and FRM instruments that measured PM2.5, the Providence near-road site had one FEM monitor. The nearby Urban League and Francis St. background sites have co-located FRM and FEM monitors. Like Indianapolis, there is a bias between co-located FRM and FEM measurements of PM2.5 in Providence. Although the FRM monitors are more precise than the FEM monitors in Providence, we choose the FEM monitors to calculate increments for Providence to eliminate uncertainty associated with the bias between monitoring methods, as discussed in Section 3.1. 
	We calculated the near-road PM2.5 increment at Providence using different combinations of the near-road FEM monitor and two nearby background FEM monitors (Urban League and Francis School) to characterize how the increment varied based on the background monitor choice. The average daily near-road FEM increments calculated for both the Urban League and Francis School monitors are summarized in Figure 12. Data are shown for various daily average wind directions, when the Providence near-road monitor was downwind (wind blowing from 220°-329°), upwind (40°-159°), and parallel (160°-219° and 340°-39°) to I-95. Wind directions are 24-hour vector averages calculated from the hourly wind data. The median increment calculated between the Urban League monitor and the near-road monitor in 2015-2016 was 1.5 μg/m3. The median increment calculated between the Francis School monitor and the near-road monitor was larger (2.4 μg/m3). The 2015-2016 increments calculated here for Providence are smaller than the 2015 annual average PM2.5 increments reported by De Winter et al. (2018) (2.7 to 3.4 μg/m3 depending on the approach and monitoring sites used) but consistent with those reported by Mukherjee et al. (2019) (2.0 μg/m3) when accounting for differences in monitoring methods (FRM vs. FEM) in the increment calculations.
	/
	Figure 12.  Providence near-road PM2.5 increments between the near-road (NR) FEM monitor and nearby Urban League and Francis School FEM monitors when the Providence near-road monitor was downwind, upwind, and parallel to I-95. 
	We estimated the uncertainty of the near-road PM2.5 increment measurements as the 95% confidence interval around the mean value. The uncertainty in the averaged increment at Providence is ± 0.2 μg/m3 for days with nearby construction activity, ± 0.8 μg/m3 for days without nearby construction activity, and ± 0.2 μg/m3 for all analysis days. The uncertainty is larger for days without nearby construction activity because the sample size is smaller, but overall the uncertainty in the averaged increment measurement is sufficiently small to support reliable comparisons between modeled and measured near-road PM2.5 increments. The uncertainty in individual daily measurements was not quantified, but given the large variability in daily measured increments, we expect comparisons of modeled and measured increments to be more uncertain when considering individual days.
	For subsequent comparisons with modeled increments for Providence, we selected the near-road increment based on measurements from the near-road monitor and the Urban League FEM monitor (AQS ID 44-007-0022). This selection was based on: 1) the Urban League monitor is upwind of I-95 when the near road monitor is downwind of I-95; and 2) the highly urbanized land use around the Urban League monitor is more similar to the land use around the near-road monitor.
	A summary of average daily PM2.5 emissions calculated from vehicle activity for the approximately 9 miles of roadways that were modeled within the Providence modeling project area are shown in Table 12. The average daily emissions across all 382 modeling analysis days in 2015-2016 were 54 lb/day. For the 27 non-construction days, the average daily emissions were 39 lb/day and for the 355 construction days, the average daily emissions were 55 lb/day. Construction equipment emissions were not modeled in this analysis; therefore, lower emissions on non-construction days are associated with lower traffic volumes on weekends and holidays. Although the total project emissions for Providence were smaller than for Indianapolis, the PM2.5 emissions “per mile” of roadway was larger for Providence. This is explored further in Section 4. Exhaust emissions were 49% of total emissions, followed by road dust (44%), brake wear, and tire wear. Non-exhaust emissions (tire wear, brake wear, and road dust) represented 51% of the total vehicle emissions. Consistent with the Indianapolis analysis findings, the relative fraction of exhaust to non-exhaust PM2.5 emissions for Providence was larger than those reported in the literature, and the inclusion of road dust PM2.5 substantially affected the modeled emissions estimates. 
	Table 12.  Summary of modeled PM2.5 vehicle emissions for the Providence project area.
	Average Daily PM2.5 Emissions [lb/day]
	% of Total
	Process
	44
	24
	Road dust (AP-42)
	49
	26
	Running exhaust
	5
	3
	Brake wear
	2
	1
	Tire wear
	100
	54
	Total
	Emissions from the nearby construction activity were not modeled due to insufficient data regarding the construction vehicle activity. To estimate the potential uncertainty associated with this construction activity, we used aerial drone footage provided by RIDOT for five different days during 2015 to characterize construction vehicle activity associated with the Providence Viaduct project (which occurred 200 to 600 m from the Providence near-road site), and then used the Caltrans construction emissions tool (Bai and Erdakos, 2018) to estimate hours of use and the PM2.5 emissions from that activity. The estimated PM2.5 emissions from the construction activity observed in the drone footage ranged from 0 to 1.5 lb/day. The observed equipment was idle on one of the drone footage days. The highest daily value (1.5 lb/day) is less than 5% of the modeled vehicle emissions for the Providence project area (54 lb/day). The construction activity is highly variable in terms of the types and number of vehicles, equipment operating load, emission control technology of the equipment, and spatial location of the activity, but based on these estimates, and the distances between construction work and the near-road monitor, this construction activity is expected to add less than about 5% uncertainty to the modeling analysis results.
	AERMOD modeling results for Providence are compared to measured increments for construction and non-construction days in Figure 13 and for all 382 analysis days combined in Figure 14. Summary statistics are shown in Table 13. Based on these results, AERMOD over-predicted the average near-road PM2.5 increment at Providence. The over-prediction was more severe for the construction days than for the non-construction days. The average modeled PM2.5 increment across all 382 analysis days (8.8 μg/m3) was more than a factor of six (530%) larger than the average measured increment (1.4 μg/m3). A high-bias in the modeled near-road increment was also found for the Indianapolis analysis, but the magnitude of the bias is larger in the Providence analysis (7.4 μg/m3 compared to 2.8 μg/m3). The averaged modeled increment is larger than the estimated uncertainty of the measured near-road increment (± 0.2 μg/m3) and larger than the variability in the increment due to the choice of background monitor (about 1.0 μg/m3). On a relative basis, this bias is also substantially larger than the estimated uncertainty associated with the nearby construction activity (about 5%). Therefore, most of the uncertainty in the AERMOD result must be attributable to other factors. 
	/
	Figure 13.  Distribution of AERMOD-modeled daily average PM2.5 concentrations and measured (ambient) near-road PM2.5 increments at the Providence near-road monitoring site during 2015-2016 for days with construction (355 days) and with no construction (27 days). The horizontal line at the box notch indicates the median, box extents indicate the interquartile range (IQR), and whiskers indicate 1.5 times the IQR. Data beyond the whiskers are plotted individually as filled circles.
	/
	Figure 14.  Distribution of AERMOD-modeled daily average PM2.5 concentrations and measured (ambient) near-road PM2.5 increments at the Providence near-road monitoring site during 2015-2016 (382 days) for three wind conditions (near-road monitor downwind, upwind, and parallel to I-95). 
	Table 13.  Summary of modeled and measured near-road PM2.5 increments (μg/m3) at the Providence near-road monitoring site. 
	Days with and without nearby construction activity (n = 382)
	Days with nearby construction activity (n = 355)
	Days without nearby construction activity (n = 27)
	PM2.5 24-hour Concentration
	Monitored Increment 
	Modeled Increment
	Monitored Increment 
	Modeled Increment
	Monitored Increment 
	Modeled Increment
	1.4 ± 0.2
	8.8
	1.5 ± 0.2 
	9.0
	0.3 ± 0.8
	6.5
	Average
	8.0 
	22.0
	8.0 
	22.0
	4.7 
	11.9
	Maximum
	6.1 
	18.1
	6.2 
	18.1
	4.5 
	10.8
	98th Percentile
	The modeled near-road increment was smaller on non-construction days (6.5 μg/m3) compared to days with nearby construction activity (9.0 μg/m3). Since construction equipment emissions were not modeled, this difference is due to the lower traffic volumes that were observed on weekends and holidays, which resulted in lower modeled PM2.5 emissions. This result further highlights the sensitivity of AERMOD results to traffic volume. The measured near-road increment was also smaller on the non-construction days, likely in response to the lower traffic volumes on weekends and holidays compared to weekdays when most construction days occurred. Note that any potential contributions from nearby construction activity cannot be quantified from the available air quality measurement data. 
	Both the model and observations showed extremes beyond 1.5 times the IQR of daily near-road PM2.5 increments. As with Indianapolis, the monitored near-road PM2.5 increments at Providence were negative on some days, and these negative daily increments were included in averaging calculations. The maximum daily near-road increment modeled by AERMOD (22.0 μg/m3) did not compare well to the maximum measured increment (8.0 μg/m3, unpaired in time with the observations). The 98th percentile of the distribution of the modeled PM2.5 increments, relevant for regulatory modeling analyses, also did not compare well to the 98th percentile of measured daily increments, although comparisons involving individual days in this study are more uncertain than comparisons involving increments that have been averaged over many days.
	Finally, we analyzed the modeled PM2.5 increments under various daily average wind directions, when the Providence near-road monitor was downwind, upwind, and parallel to I-95. As with the Indianapolis AERMOD modeling results, the Providence AERMOD results did not exhibit a large variation based on the wind direction. The average measured near-road increment was larger (1.6 μg/m3) when the near-road monitor was downwind of I-95, and smaller (0.8 μg/m3) when the near-road monitor was upwind. Average daily modeled near-road PM2.5 increments were similar for all wind directions (within 4%). 
	4 Discussion
	4.1 Synthesis of Modeling Results
	4.2 Uncertainties in the Near-Road PM2.5 Modeling Chain
	4.3 Limitations

	A synthesis of Indianapolis and Providence modeling results is shown in Table 14. The near-road increments modeled by AERMOD were larger than the measured near-road increment for both the Indianapolis and Providence analyses, but the modeled increment was more than a factor-of-two larger at Providence compared to Indianapolis. This difference is supported by two key differences between the two modeling analyses. First, the Providence near-road monitor is only 5.0 meters from the edge of the freeway, whereas the Indianapolis near-road monitor is 24.5 meters from the freeway edge. Pollutant concentrations decrease exponentially as downwind distance increases (Wen et al., 2017; Venkatram et al., 2013). When very close to the road, a 20 m difference in downwind distance can result in greater than 50% difference in the modeled concentrations. Second, although the modeled PM2.5 emissions in the Providence analysis were smaller than those modeled in the Indianapolis analysis, there were fewer miles of roads in the Providence project area (9 miles of roadways) compared to the Indianapolis project area (20 miles of roadways). Therefore, the PM2.5 emissions source strength on a per-mile basis was larger at Providence. The stronger PM2.5 emissions source strength for the Providence roadways is due to higher emission factors (on a grams per vehicle-mile basis) from the MOVES model, which is related to differences in local vehicle fleet characteristics, such as the age distribution, that are built into the local MOVES fleet data provided by INDOT and RIDOT. Although the AADT for Providence I-95 was about 41% higher than for Indianapolis I-70, the heavy-duty truck percentage at Providence was lower. As a result, the FE-AADT at both sites was similar, and therefore differences in traffic volumes do not explain the differences in modeled near-road increments.
	Table 14.  Model parameter comparison between the Indianapolis and Providence modeling analyses.
	Providence 
	Indianapolis 
	Parameter 
	2015/2016 (n=382 days)
	2016 (n=152 days)
	Modeling analysis year
	233,036 (7%)
	165,672 (14%)
	AADT (% Heavy Duty Truck)
	363,549
	374,419
	FE-AADT
	PM2.5 average daily exhaust and non-exhaust emissions within project area [lb/day] (% road dust)
	54 (44%)
	70 (53%)
	PM2.5 average daily “per mile” exhaust and non-exhaust emissions within project area (lb/day/mile)
	6.2
	3.5
	8.8
	3.7 
	AERMOD average PM2.5 increment (μg/m3)
	22.0
	7.3
	AERMOD peak 24-hr PM2.5 increment (μg/m3)
	1.4 ± 0.2
	0.9 ± 0.6
	Average measured increment
	5.0 m
	24.5 m
	Receptor distance to road
	The modeling chain for predicting near-road PM concentrations in this study consisted of 1) travel activity developed from traffic monitor data; 2) emissions modeling with MOVES (for vehicle exhaust, tire wear, and brake wear emissions) and use of AP-42 methods for re-suspended road dust emissions; and 3) air quality dispersion modeling with AERMOD or CAL3QHCR. When AERMOD was used, the average near-road PM2.5 increment predicted by the modeling chain was more than 300% (factor of four) larger than the measured increment at Indianapolis, and more than 500% (factor of six) larger than the measured increment at Providence. When CAL3QHCR was used, the predicted near-road PM2.5 increment was around 200% (factor of three) larger than the measured increment at Indianapolis. These biases are much larger than the uncertainty in the measured near-road PM2.5 increment, and are also larger than the variability in the measured near-road increment due to the choice of background PM2.5 monitor (0.4 μg/m3 at Indianapolis and 0.9 μg/m3 at Providence). 
	The biases in predicted near-road PM2.5 increments reported in this study reflect cumulative uncertainty throughout the near-road PM modeling chain. Based on the analysis results from this study and insights from the scientific literature, the relative uncertainties that may be attributable to each step in the near-road PM2.5 modeling chain are discussed below. For the analyses conducted in this study, the overall uncertainty in the modeling chain is likely dominated by uncertainties in the emissions and dispersion modeling components.
	Use of the best available local traffic data helped minimize uncertainties associated with the travel activity data. The data processing approach is based on hourly measurements of traffic volume, truck percentage, and vehicle speed. Travel activity from freeways, which account for the vast majority of VMT and diesel truck traffic in the modeling project areas, were developed directly from monitored hourly traffic data. The travel activity analysis in this study involved substantially more rigor compared to a typical project-level regulatory (i.e., conformity) air quality analysis, which often relies on travel demand model output rather than a comprehensive assessment of traffic monitor data. Uncertainties associated with the travel activity data that dominated modeled and measured near-road PM2.5 in this study are likely to be small compared to uncertainties associated with other components in the near-road PM modeling chain.
	Uncertainty in the vehicle-related PM2.5 emissions likely contributes to the modeling chain biases reported in this study. The relative contribution of non-exhaust emissions (compared to exhaust emissions) at Indianapolis and Providence was high compared to the near-road literature. The measurement data available at the Indianapolis and Providence sites are not sufficient to conclude whether the non-exhaust emissions were overestimated, the exhaust emissions were underestimated, or both the exhaust and non-exhaust emissions were overestimated. Although brake and tire wear emissions modeled with MOVES are uncertain, they were a relatively small percentage (7%) of the total modeled emissions; therefore uncertainties in brake and tire wear emissions cannot fully explain the modeled PM2.5 concentration biases. As previously noted, if road dust PM2.5 emissions were not included in the modeling simulations, the bias in the averaged modeled increment would have been about a factor of two instead of four at Indianapolis, and about a factor of three instead of six at Providence. If the road dust emissions from AP-42 are overestimated, this alone would not fully explain the modeled PM2.5 concentration biases. Recent real-world vehicle testing (Quiros et al., 2016; Dixit et al., 2017; Thiruvengadam et al., 2015) and findings from the MOVES Federal Advisory Committee Act (FACA) Review Workgroup (Sandhu and Sonntag, 2017) indicate that MOVES is overestimating exhaust PM2.5 emission factors from heavy-duty trucks for model years 2010 and newer. EPA is planning to incorporate these recent vehicle test results into the next update of the MOVES model (Sandhu and Sonntag, 2019). 
	Uncertainty in the dispersion model itself may also contribute to the modeling chain biases reported in this study. The biases reported here are larger than the cited ±50% “irreducible” uncertainty associated with the physics and formulation of the Gaussian plume models (Hanna, 1982). For the Indianapolis analysis, the averaged near-road PM2.5 increment concentration modeled by AERMOD was more than 1 μg/m3 larger than the increment modeled by CAL3QHCR. AERMOD has shown a tendency to overestimate pollutant concentrations under low wind speed (< 2 m/s) conditions (Paine et al., 2015; Qian and Venkatram, 2011). AERMOD predicted the largest near-road PM2.5 increment concentrations when the near-road monitor was upwind of the freeway. AERMOD incorporates a lateral plume meander algorithm (for volume sources) to account for the slow lateral shifting of plumes from non-diffusing eddies during lower wind speed conditions. The plume meander algorithm can produce non-zero concentrations upwind of emission sources. In a tracer study evaluation, Askariyeh et al. (2017) showed that AERMOD overestimated low concentrations at upwind locations when using volume sources (which incorporates plume meander) and underestimated upwind concentrations when using area sources (which does not treat plume meander). CAL3QHCR does not include a plume meander algorithm, and therefore there is no upwind dispersion in CAL3QHCR. The CAL3QHCR model underestimated the near-road increment during upwind conditions (Figures 10 and 11). EPA has been working to address potential issues related to plume meander in AERMOD, including the effect that plume meander has on concentration in low wind speed conditions and the degree to which upwind dispersion should be applied (U.S. Environmental Protection Agency, 2017c).  
	Meteorological input data are important for the dispersion model and the near-road PM modeling chain, and the Indianapolis modeling results showed that near-road PM2.5 concentrations modeled by AERMOD are sensitive to the meteorological inputs. The reduction in the average PM2.5 concentration in the AltMet case (which used non-local NWS airport data, 14.5 km from the near-road monitoring site) compared to the base case simulation (which used local data at the near-road monitoring site) can be explained by differences in wind speeds measured at the two meteorological data sites (see Figure 4). The average wind speed at the NWS airport site was 4.5 m/s, compared to 2.1 m/s at the near-road site. The airport site is located in a wide open space unobstructed by buildings or vegetation, whereas the Indianapolis near-road site is located in a suburban area with trees and buildings within a few tens of meters from the site. This difference in exposure resulted in higher wind speeds at the NWS site, which increased dispersion, and thereby decreased modeled near-road PM2.5 concentrations in the AltMet case.
	Despite differences in modeled concentrations between the AltMet and base case simulations, AERMOD substantially overestimated the average near-road PM2.5 concentrations in both simulations. Therefore, uncertainties in the meteorological data alone would not be sufficient to explain the modeling chain bias. The bias was somewhat less severe in the AltMet case, and it is notable that AERMOD compared more favorably to observations when using the non-local (nearby airport) meteorological data. In many dispersion modeling analyses, nearby airport data is considered representative for the surrounding region, but in this case, site-specific data were available and helped demonstrate that the nearby airport, with few surrounding obstacles, had higher wind speeds than those seen at the near-road site. The use of airport data in the AltMet case resulted in modeled increments that were lower, and therefore closer to the measured values compared to the base case; however, the modeled concentrations in the AltMet case were not derived from the most representative meteorological data available.
	Most of the overall difference between the base case and AltMet case results was driven by differences in the predicted upwind concentrations. The modeled near-road concentrations during upwind conditions were much lower in the AltMet case compared to the base case, likely due to the higher wind speeds in the AltMet case. The modeled near-road concentrations in the AltMet case were also more sensitive to variations in wind direction compared to the base case. These results further highlight the sensitivity of AERMOD near-road modeling results to lateral plume meander during low wind speed conditions.
	In the Indianapolis analysis, the majority (93%) of modeled PM2.5 came from the mainline I-70 links that are directly adjacent to the near-road monitor. Modeled contributions from other links, including the I-65/I-70, interchange were small. The I-65/I-70 interchange is approximately 1 km from the Indianapolis near-road monitor, and was too far away to contribute significantly to the modeled PM2.5 at the near-road monitor. In the Providence analysis, the vast majority of vehicle emissions were from the mainline I-95 links. In a regulatory PM hot-spot analysis, roadways that are substantially affected by a proposed transportation project must be modeled. Understanding the relative importance of vehicle emissions from different types of roadways at varying distances from a target project site can help guide practical decisions about what roadways should be included in a modeling analysis, to ensure that potential near-road PM hot spots are adequately captured.
	There are limitations of this study that warrant further research. First, the study conclusions are specific to the two high-volume roadways at the Indianapolis and Providence near-road air quality monitoring sites. The key findings are consistent across both study sites, but further analysis work is needed across different geographic settings, roadway types, and configurations. Further analysis work involving multiple methodologies (e.g., tracer evaluations) is also needed to help identify findings common to multiple settings, and to build a more complete picture of near-road modeling chain biases that should be addressed.
	Second, the results and discussion provide important insights on components that appear to be driving the uncertainty in the near-road PM2.5 modeling chain for the Indianapolis and Providence analyses, but additional research is needed to quantify the bias that can be attributed to individual modeling chain components. Measurements of speciated PM2.5 components in the near-road environment would help constrain uncertainties associated with the relative contribution of exhaust and non-exhaust emissions. Studies that compare modeled and measured near-road carbon monoxide (CO) increments could provide additional insight on biases that could be attributed to the dispersion model component, since modeled CO emissions from vehicles are expected to be more certain than modeled PM2.5 emissions. 
	Finally, the measurement uncertainty in the average near-road PM2.5 increments was quantified, but uncertainty in individual daily increments was not. Comparisons of modeled and measured increments are more reliable when averaged over many days, and are less reliable when considering just a single day. Several years of measurement data are needed to develop a robust uncertainty estimate for individual daily increments and improve the confidence in comparisons involving the maximum and 98th percentile of measured increments. Analyses involving pollutants with small background concentrations, such as CO, could also reduce uncertainty associated with estimating near-road increments.
	5 Conclusion
	We developed a primary dispersion modeling analysis for year 2016 centered on a PM2.5 monitoring site near the I-70 freeway in Indianapolis, Indiana, to compare near-road PM2.5 concentrations predicted by the AERMOD dispersion model to measured near-road PM2.5 increment concentrations. To provide additional context, a secondary dispersion modeling analysis was conducted for a PM2.5 monitoring site near the I-95 freeway in Providence, Rhode Island. Predictions of near-road PM concentrations involved a modeling chain that included travel activity data processing, emissions modeling, and air quality dispersion modeling. These modeling analyses were built upon bottom-up estimates of temporally and spatially resolved roadway PM2.5 emissions based on detailed traffic monitoring data and current emission factor databases for the local vehicle fleet characterization. Dispersion model simulations were driven with local meteorological data collected at the Indianapolis near-road monitoring site, except for one sensitivity simulation that used alternative meteorological data. For Providence, representative meteorological data 2.4 km away were used.
	We estimated the increment between PM2.5 concentrations at the Indianapolis FRM near-road monitor and at the nearby Washington Park urban air quality monitor to be 0.9 ± 0.6 μg/m3. Similarly for Providence, we estimated the increment between PM2.5 concentrations at the Providence near-road FEM monitor and at the nearby Urban League air quality monitor to be 1.4 ± 0.2 μg/m3. These multi-day-average values were within the range of increments that were estimated at these sites in prior studies in the literature. The relatively small uncertainty in the increment measurement supports reliable comparisons between modeled and measured near-road PM2.5 increments.
	Modeled multi-day-average roadway contributions to near-road concentrations substantially exceeded measured values based on the near-road monitoring data. The average near-road PM2.5 increment for Indianapolis modeled with AERMOD was 3.7 μg/m3, which was more than 300% (factor of four) larger than the measured increment (0.9 μg/m3) for the 152-day analysis period. Road dust PM2.5, calculated using the EPA AP-42 approach, was the biggest source of modeled emissions (53% of total emissions), and non-exhaust emissions represented 60% of the total vehicle emissions. For Providence, the average near-road PM2.5 increment modeled with AERMOD was 8.8 μg/m3, which was more than 500% (factor of six) larger than the measured increment for the 382-day analysis period. For both analyses, the relative contribution of non-exhaust emissions (compared to exhaust emissions) was high compared to the near-road literature. The biases in predicted near-road PM2.5 increments reflect cumulative uncertainty throughout the near-road PM2.5 modeling chain. 
	Additional dispersion modeling simulations for Indianapolis were also conducted to assess the sensitivity of modeled results to the choice of model (AERMOD or CAL3QHCR), meteorological data, and travel data processing approach. In all three sensitivity simulations, the modeled near-road PM2.5 increment was substantially larger than the measured increment with model biases ranging from 191% to 312%. The CAL3QHCR results more closely tracked observed variations in near-road increment with wind direction compared to the AERMOD results. The AERMOD modeling results were sensitive to the choice of meteorological data input (local data vs. nearby NWS airport site). Although the airport data was less representative than the local meteorological data, the use of airport data reduced the overestimation in near-road increments modeled by AERMOD during upwind conditions. Aggregating the hourly travel data into a typical-day diurnal profile resulted in a modest reduction in the maximum modeled PM2.5 increments, but had virtually no effect on the averaged modeled increment. Based on the study results and insights from the scientific literature, the overall uncertainty in the modeling chain for the Indianapolis and Providence analyses was likely dominated by uncertainties in the emissions and dispersion modeling components.
	The maximum modeled daily PM2.5 increment was smaller than the observed values for the dispersion modeling scenarios assessed. The modeled 98th percentile of daily average increments was higher or lower than the observed value, depending on the modeling scenario and the near-road monitor used to calculate the measured increment. In this study, comparisons involving individual days are more uncertain than comparisons involving increments that have been averaged over many days; the findings from this work therefore emphasized the multi-day-averaged results.
	This work provided a unique evaluation of near-road PM2.5 concentrations predicted by the near-road PM modeling chain, and provides valuable information for practitioners to further understand potential sources of uncertainty in the near-road PM modeling process. Additional research related to PM2.5 emission factors is needed to help constrain modeling uncertainties in real-world applications. In particular, additional research is needed to quantify uncertainties in the emissions and dispersion model components of the near-road PM modeling chain. Long-term near-road measurements of PM2.5 species, including black carbon, metals, and crustal minerals, coupled with dispersion modeling analysis and evaluation, could provide additional insights and help constrain uncertainties associated with roadway PM2.5 emissions. Further work is also recommended to assess AERMOD model performance, particularly for low-wind speed conditions and near-road settings within 50 m of the roadway edge. Further modeling and analysis work using other near-road settings with different roadway configurations, traffic patterns, and vehicle fleet characteristics, will help identify findings common to multiple settings.
	References
	Amato F., Pandolfi M., Moreno T., Furger M., Pey J., Alastuey A., Bukowiecki N., Prevot A.S.H., Baltensperger U., and Querol X. (2011) Sources and variability of inhalable road dust particles in three European cities. Atmos. Environ. (Accepted), 45, 6777-6787, doi: 10.1016/j.atmosenv.2011.06.003, June 1. Available at http://www.academia.edu/18062918/Sources_and_variability_of_inhalable_road_dust_particles_in_three_European_cities.
	Askariyeh M.H., Kota S.H., Vallamsundar S., Zietsman J., and Ying Q. (2017) AERMOD for near-road pollutant dispersion: evaluation of model performance with different emission source representations and low wind options. Transportation Research Part D: Transport and Environment, 57, 392-402, doi: https://doi.org/10.1016/j.trd.2017.10.008, December. Available at http://www.sciencedirect.com/science/article/pii/S1361920917306326.
	Askariyeh M.H., Venugopal M., Baldauf R., Khreis H., Vallamsundar S., Farzaneh R., Birt A., and Zietsman J. (2019) The effect of re-suspended dust emissions on near-road traffic-related air pollution. Transportation Research Record: Journal of the Transportation Research Board (Submitted). 
	Bai S. and Erdakos G. (2018) CAL-CET2018 technical support document. Technical memorandum prepared for the California Department of Transportation, Sacramento, CA, by Sonoma Technology, Inc., Petaluma CA, 917104-6940-TM, May. 
	Baldauf R., Thoma E., Hays M., Shores R., Kinsey J.S., Gullet B., Kimbrough S., Isakov V., Long T., Snow R., Khlystov A., Weinstein J., Chen F.-L., Seila R., Olson D., Gilmour I., Cho S.-H., Watkins N., Rowley P., and Bang J. (2008) Traffic and meteorological impacts on near-road air quality: summary of methods and trends from the Raleigh near-road study. J. Air Waste Manage., 58, 865-878, July. 
	Baldauf R.W., Isakov V., Deshmukh P., Venkatram A., Yang B., and Zhang K.M. (2016) Influence of solid noise barriers on near-road and on-road air quality. Atmos. Environ., 129, 265-276, doi: 10.1016/j.atmosenv.2016.01.025. Available at http://www.sciencedirect.com/science/article/pii/S1352231016300358.
	Ban-Weiss G.A., McLaughlin J.P., Harley R.A., Lunden M.M., Kirchstetter T.W., Kean A.J., Strawa A.W., Stevenson E.D., and Kendall G.R. (2008) Long-term changes in emissions of nitrogen oxides and particulate matter from on-road gasoline and diesel vehicles. Atmos. Environ., 42(2), 220-232, doi: 10.1016/j.atmosenv.2007.09.049, January. 
	Benson P. (1989) CALINE4 - A dispersion model for predicting air pollution concentrations near roadways (Created November 1984, updated June and November 1989). Final report prepared by California Department of Transportation, FHWA/CA/TL-84/15, November. 
	Boehmer T.K., Foster S.L., Henry J.R., Woghiren-Akinnifesi E.L., and Yip F.Y. (2013) Residential proximity to major highways: United States, 2010. Morbidity and Mortality Weekly Report (MMWR), 62(03), 46-50. 
	Brantley H.L., Hagler G.S.W., Deshmukh P.J., and Baldauf R.W. (2014) Field assessment of the effects of roadside vegetation on near-road black carbon and particulate matter. Science of the Total Environment, 468-469, 120-129, doi: 10.1016/j.scitotenv.2013.08.001. 
	Brown S.G., Lee T., Norris G.A., Roberts P.T., and Collett J.L. (2010) EPA PMF application to near-roadway aerosol mass spectrometer data in Las Vegas, NV. (STI-908077-3690), August. 
	Brown S.G., McCarthy M.C., DeWinter J.L., Vaughn D.L., and Roberts P.T. (2014) Changes in air quality at near-roadway schools after a major freeway expansion in Las Vegas, Nevada. J. Air Waste Manage., 64(9), 1002-1012, doi: 10.1080/10962247.2014.907217 (STI-3889). 
	Brown S.G., Penfold B.M., Mukherjee A., Landsberg K., and Eisinger D. (2019) Conditions leading to elevated PM2.5 at near-road monitoring sites: case studies in Denver and Indianapolis. International Journal of Environmental Research and Public Health, 16(9), 1634, doi: 10.3390/ijerph16091634 (STI-7047), May 10. Available at https://www.mdpi.com/1660-4601/16/9/1634.
	Cadle S.H., Chock D.P., Monson P.R., and Heuss J.M. (1977) General Motors sulfate dispersion experiment: experimental procedures and results. Journal of the Air Pollution Control Association, 27(1), 33-38, doi: 10.1080/00022470.1977.10470389. Available at https://doi.org/10.1080/00022470.1977.10470389.
	Canagaratna M.R., Onasch T.B., Wood E.C., Herndon S.C., Jayne J.T., Cross E.S., Miake-Lye R.C., Kolb C.E., and Worsnop D.R. (2010) Evolution of vehicle exhaust particles in the atmosphere. J. Air Waste Manage., 60(10), doi: 10.3155/1047-3289.60.10.1192. 
	Chang S.Y., Vizuete W., Valencia A., Naess B., Isakov V., Palma T., Breen M., and Arunachalam S. (2015) A modeling framework for characterizing near-road air pollutant concentration at community scales. Sci. Total Environ., 538, 905-921, doi: doi:10.1016/j.scitotenv.2015.06.139, December 15. 
	Chen H., Bai S., Eisinger D.S., Niemeier D., and Claggett M. (2009) Predicting near-road PM2.5 concentrations: comparative assessment of CALINE4, CAL3QHC, and AERMOD. Transportation Research Record, Journal of the Transportation Research Board, 2123, 26-37, doi: 10.3141/2123-04 (STI-3792). 
	Cimorelli A.J., Perry S.G., Venkatram A., Weil J.C., Paine R.J., Wilson R.B., Lee R.F., Peters W.D., Brode R.W., and Paumier J.O. (2004) AERMOD: description of model formulation. Report by the U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards, Emissions Monitoring and Analysis Division, Research Triangle Park, NC, EPA-454/R-03-004, September. Available at http://www.epa.gov/scram001/7thconf/aermod/aermod_mfd.pdf.
	Cimorelli A.J., Perry S.G., Venkatram A., Weil J.C., Paine R.J., Wilson R.B., Lee R.F., Peters W.D., and Brode R.W. (2005) AERMOD: a dispersion model for industrial source applications. Part I: general model formulation and boundary layer characterization. Journal of Applied Meteorology, 44(5), 682-693, doi: 10.1175/jam2227.1, May. Available at https://journals.ametsoc.org/doi/abs/10.1175/JAM2227.1.
	Claggett M. and Bai S. (2012) Comparing predictions from the CAL3QHCR AERMOD models for highway applications. Presented at the Transportation-Related Environmental Analysis, Ecology, and Air Quality Summer Conference, Little Rock, Arkansas, June 24-27, by the U.S. Department of Transportation's Federal Highway Administration Resource Center, Washington, D.C., and Sonoma Technology, Inc., Petaluma, CA.
	Claggett M. (2014) Comparing predictions from the CAL3QHCR and AERMOD models for highway applications. Transportation Research Record: Journal of the Transportation Research Board, 2428, 18-26, doi: 10.3141/2428-03, December. Available at https://www.researchgate.net/publication/280164840_Comparing_predictions_from_the_CAL3QHCR_and_AERMOD_models_for_highway_applications.
	Dallmann T.R., Onasch T.B., Kirchstetter T.W., Worton D.R., Fortner E.C., Herndon S.C., Wood E.C., Franklin J.P., Worsnop D.R., Goldstein A.H., and Harley R.A. (2014) Characterization of particulate matter emissions from on-road gasoline and diesel vehicles using a soot particle aerosol mass spectrometer. Atmos. Chem. Phys., 14(14), 7585-7599, doi: 10.5194/acp-14-7585-2014. Available at https://www.atmos-chem-phys.net/14/7585/2014/.
	Deshmukh P., Isakov V., Venkatram A., Yang B., Zhang K.M., Logan R., and Baldauf R. (2019) The effects of roadside vegetation characteristics on local, near-road air quality. Air Qual Atmos Health, 12(3), 259-270, doi: 10.1007/s11869-018-0651-8, March. Available at https://link.springer.com/article/10.1007%2Fs11869-018-0651-8.
	DeWinter J.L., Brown S.G., Seagram A.F., Landsberg K., and Eisinger D.S. (2018) A national-scale review of air pollutant concentrations measured in the U.S. near-road monitoring network during 2014 and 2015. Atmos. Environ., 183, 94-105, doi: 10.1016/j.atmosenv.2018.04.003 (STI-6777), June. 
	Dixit P., Miller J.W., Cocker D.R., Oshinuga A., Jiang Y., Durbin T.D., and Johnson K.C. (2017) Differences between emissions measured in urban driving and certification testing of heavy-duty diesel engines. Atmos. Environ., 166, 276-285, October. Available at http://www.sciencedirect.com/science/article/pii/S1352231017304181.
	Durant J.L., Ash C.A., Wood E.C., Herndon S.C., Jayne J.T., Knighton W.B., Canagaratna M.R., Trull J.B., Brugge D., Zamore W., and Kolb C.E. (2010) Short-term variation in near-highway air pollutant gradients on a winter morning. Atmospheric Chemistry & Physics Discussions, 10, 5599-5626, doi: 10.5194/acpd-10-5599-2010. Available at http://www.atmos-chem-phys-discuss.net/10/5599/2010/acpd-10-5599-2010.html.
	Eckhoff P.A. and Braverman T.N. (1995) Addendum to the user's guide to CAL3QHC version 2.0 (CAL3QHCR user's guide). the U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards, Technical Support Division, Research Triangle Park, NC, September. Available at http://www.weblakes.com/products/calroads/resources/docs/CAL3QHC.pdf.
	Fallah-Shorshani M., Shekarrizfard M., and Hatzopoulou M. (2017) Integrating a street-canyon model with a regional Gaussian dispersion model for improved characterisation of near-road air pollution. Atmos. Environ., 153(C), 21-31, doi: 10.1016/j.atmosenv.2017.01.006, January. Available at https://www.researchgate.net/publication/312263735_Integrating_a_street-canyon_model_with_a_regional_Gaussian_dispersion_model_for_improved_characterisation_of_near-road_air_pollution.
	Finn D., Clawson K.L., Carter R.C., Rich J.D., Eckman R.M., Perry S.G., Isakov V., and Heist D.K. (2010) Tracer studies to characterize the effects of roadside noise barriers on near-road pollutant dispersion under varying atmospheric stability conditions. Atmos. Environ., 44, 204-214. 
	Ginzburg H., Liu X., Baker M., Shreeve R., Jayanty R.K.M., Campbell D., and Zielinska B. (2015) Monitoring study of the near-road PM2.5 concentrations in Maryland. J. Air Waste Manage., 65(9), 1062-1071, doi: 10.1080/10962247.2015.1056887, 2015/09/02. Available at https://doi.org/10.1080/10962247.2015.1056887.
	Golder D. (1972) Relations among stability parameters in the surface layer. Boundary-layer meteorology, 3(1), 47-58, doi: 10.1007/bf00769106, January. Available at https://www.researchgate.net/publication/226317605_Relations_among_stability_parameters_in_the_surface_layer.
	Guerreiro C., Larssen S., de Leeuw F., and Foltescu V. (2011) Air quality in Europe — 2011 report. Technical report by the European Environment Agency, Copenhagen, Denmark, ISSN 1725-2237, doi: 0.2800/83213, December. Available at https://www.eea.europa.eu/publications/air-quality-in-europe-2011.
	Hanna S.R. (1982) Natural variability of observed hourly SO2 and CO concentrations in St. Louis. Atmos. Environ., 16(6), 1435-1440, doi: 10.1016/0004-6981(82)90064-6. Available at http://www.sciencedirect.com/science/article/pii/0004698182900646.
	Health Effects Institute (2010) Traffic-related air pollution: a critical review of the literature on emissions, exposure, and health effects. Report prepared by the Health Effects Institute, Boston, MA, Special Report 17, January. Available at https://www.healtheffects.org/publication/traffic-related-air-pollution-critical-review-literature-emissions-exposure-and-health.
	Heist D., Isakov V., Perry S., Snyder M., Venkatram A., Hood C., Stocker J., Carruthers D., Arunachalam S., and Owen R.C. (2013) Estimating near-road pollutant dispersion: a model inter-comparison. Transportation Research Part D: Transport and Environment, 25, 93-105, doi: 10.1016/j.trd.2013.09.003. 
	Hu S., Fruin S., Kozawa K., Mara S., Paulson S.E., and Winer A.M. (2009) A wide area of air pollutant impact downwind of a freeway during pre-sunrise hours. Atmos. Environ., 43(16), 2541-2549, doi: 10.1016/j.atmosenv.2009.02.033, May. Available at https://www.sciencedirect.com/science/article/pii/S1352231009001617.
	Jeong C.-H., Wang J.M., Hilker N., Debosz J., Sofowote U., Su Y., Noble M., Healy R.M., Munoz T., Dabek-Zlotorzynska E., Celo V., White L., Audette C., Herod D., and Evans G.J. (2019) Temporal and spatial variability of traffic-related PM2.5 sources: comparison of exhaust and non-exhaust emissions. Atmos. Environ., 198, 55-69, doi: 10.1016/j.atmosenv.2018.10.038, 2019/02/01/. Available at http://www.sciencedirect.com/science/article/pii/S1352231018307283.
	Karner A., Eisinger D.S., and Niemeier D. (2010) Near-roadway air quality: synthesizing the findings from real-world data. Environ. Sci. Technol., 44, 5334-5344, doi: 10.1021/es100008x (STI-3923). Available at http://pubs.acs.org/doi/abs/10.1021/es100008x.
	Keuken M.P., Moerman M., Voogt M., Blom M., Weijers E.P., Rockmann T., and Dusek U. (2013) Source contributions to PM2.5 and PM10 at an urban background and a street location. Atmos. Environ., 71(June), 26-35, doi: 10.1016/j.atmosenv.2013.01.032. Available at http://www.sciencedirect.com/science/article/pii/S1352231013000575.
	Kimbrough S., Hanley T., Hagler G., Baldauf R., Snyder M., and Brantley H. (2018) Influential factors affecting black carbon trends at four sites of differing distance from a major highway in Las Vegas. Air Qual Atmos Health, 11(2), 181-196, doi: 10.1007/s11869-017-0519-3, March. Available at https://link.springer.com/article/10.1007%2Fs11869-017-0519-3.
	Kumar P., Fennell P., and Britter R. (2008) Measurements of particles in the 5–1000 nm range close to road level in an urban street canyon. Science of The Total Environment (Accepted), 390(2-3), 437-447, doi: 10.1016/j.scitotenv.2007.10.013, February 15. Available at http://www.sciencedirect.com/science/article/pii/S0048969707010947?via%3Dihub.
	Li W.-W., Chavez M., Jeon S., Rangel A., Urbina A., Ramirez I., Vallamsundar S., and Farzaneh R. (2019) Contribution of traffic emissions to near-road PM2.5 air concentrations as implied by urban-scale background monitoring. Transportation Research Record: Journal of the Transportation Research Board (Submitted). 
	McConnell R., Islam T., Shankardass K., Jerrett M., Lurmann F., Gilliland F., Gauderman J., Avol E., Kuenzli N., Yao L., Peters J., and Berhane K. (2010) Childhood incident asthma and traffic-related air pollution at home and school. Environ. Health Persp., 118(7), 1021-1026, doi: 10.1289/ehp.0901232, July. 
	McHugh C.A., Carruthers D., and Edmunds H.A. (1997) ADMS-Urban: An air quality management system for traffic, domestic and industrial pollution. International Journal of Environment and Pollution, 8(3-4), 666-674, doi: 10.1504/ijep.1997.028218, September. Available at https://www.researchgate.net/publication/233643664_ADMS-Urban_An_air_quality_management_system_for_traffic_domestic_and_industrial_pollution.
	Milando C. and Batterman S. (2018a) Sensitivity analysis of the near-road dispersion model RLINE - an evaluation at Detroit, Michigan. Atmos. Environ., 181, 135-144, doi: 10.1016/j.atmosenv.2018.03.009, May. Available at https://www.researchgate.net/publication/324472810_Sensitivity_analysis_of_the_near-road_dispersion_model_RLINE_-_An_evaluation_at_Detroit_Michigan.
	Milando C.W. and Batterman S.A. (2018b) Operational evaluation of the RLINE dispersion model for studies of traffic-related air pollutants. Atmos. Environ. (Published), 182, 213-224, doi: 10.1016/j.atmosenv.2018.03.030, June. Available at http://adsabs.harvard.edu/abs/2018AtmEn.182..213M.
	Mukherjee A., McCarthy M.C., Brown S.G., Huang S., Landsberg K., and Eisinger D.S. (2019) Influence of roadway emissions on near-road PM2.5: monitoring data analysis and implications for determining transportation projects of local air quality concern (POAQC). Final report prepared for the Washington State Department of Transportation, lead agency for the Near-Road Air Quality Research Transportation Pooled Fund, by Sonoma Technology, Inc., Petaluma, CA, STI-914203-7088, July. 
	Padula A.M., Mortimer K., Hubbard A., Lurmann F., Jerrett M., and Tager I.B. (2012) Exposure to traffic-related air pollution during pregnancy and term low birth weight: estimation of causal associations in a semiparametric model. Am. J. Epidemiol., 176(9), 815-824, doi: 10.1093/aje/kws148, November. 
	Paine R., Samani O., Kaplan M., Knipping E., and Kumar N. (2015) Evaluation of low wind modeling approaches for two tall-stack databases. J. Air Waste Manage., 65, 1341-1353, doi: 10.1080/10962247.2015.1085924. 
	Pant P. and Harrison R.M. (2013) Estimation of the contribution of road traffic emissions to particulate matter concentrations from field measurements: a review. Atmos. Environ., 77, 78-97, doi: 10.1016/j.atmosenv.2013.04.028, October. Available at https://www.sciencedirect.com/science/article/pii/S1352231013002732.
	Perry S.G., Cimorelli A.J., Paine R.J., Brode R.W., Weil J.C., Venkatram A., Wilson R.B., Lee R.F., and Peters W.D. (2005) AERMOD: a dispersion model for industrial source applications - part II: model performance against 17 field study databases. Journal of Applied Meteorology, 44, 694-708, May. 
	Qian W. and Venkatram A. (2011) Performance of steady-state dispersion models under low wind-speed conditions. Boundary-Layer Meteorology, 138, 475-491, doi: 10.1007/s10546-010-9565-1, December. 
	Quiros D.C., Thiruvengadam A., Pradhan S., Besch M., Thiruvengadam P., Demirgok B., Carder D., Oshinuga A., Huai T., and Hu S. (2016) Real-world emissions from modern heavy-duty diesel, natural gas, and hybrid diesel trucks operating along major California freight corridors. Emission Control Science and Technology, 2(3), 156-172, July 1. Available at https://doi.org/10.1007/s40825-016-0044-0.
	Reid S., Bai S., Du Y., Craig K., Erdakos G., Baringer L., Eisinger D., McCarthy M., and Landsberg K. (2016) Emissions modeling with MOVES and EMFAC to assess the potential for a transportation project to create particulate matter hot spots. Transportation Research Record: Journal of the Transportation Research Board, 2570, 12-20, doi: 10.3141/2570-02 (STI-6330). 
	Saha P.K., Khlystov A., Snyder M.G., and Grieshop A.P. (2018) Characterization of air pollutant concentrations, fleet emission factors, and dispersion near a North Carolina interstate freeway across two seasons. Atmos. Environ., 177, 143-153, doi: 10.1016/j.atmosenv.2018.01.019. Available at http://www.sciencedirect.com/science/article/pii/S1352231018300256.
	Sandhu G.S. and Sonntag D. (2017) Recommended updates to MY 2010+ Heavy-Duty Vehicles – fixed mass factor and diesel particulate matter rates. Presented to the MOVES Review Work Group, Ann Arbor, MI, December 6. Available at https://www.epa.gov/sites/production/files/2018-02/documents/05-updates-hdv-fixed-mass-factor-diesel-pm-rates-2017-12-06.pdf.
	Sandhu G.S. and Sonntag D. (2019) Updates to MOVES heavy duty running exhaust rates: diesel, gasoline, and natural gas. Presented to the MOVES Review Work Group, April 10. Available at https://www.epa.gov/sites/production/files/2019-06/documents/04-updates-hd-running-exhaust-rates-2019-04-10.pdf.
	Sarnat J.A., Russell A., Liang D., Moutinho J.L., Golan R., Weber R.J., Gao D., and others (2018) Developing multipollutant exposure indicators of traffic pollution: the Dorm Room Inhalation to Vehicle  Emissions (DRIVE) study. Research report by the Health Effects Institute, Boston, MA, 196, April. Available at https://www.healtheffects.org/system/files/SarnatRR196_0.pdf.
	Seagram A.F., Brown S.G., Huang S., Landsberg K., and Eisinger D.S. (2019) National assessment of near-road air quality in 2016: multi-year pollutant trends and estimation of near-road PM2.5 increment. Transportation Research Record, doi: 10.1177/0361198119825538 (STI-6963), January 30. Available at https://journals.sagepub.com/doi/10.1177/0361198119825538.
	Snyder M., Arunachalam S., Isakov V., Talgo K., Naess B., Valencia A., Omary M., Davis N., Cook R., and Hanna A. (2014) Creating locally-resolved mobile-source emissions inputs for air quality modeling in support of an exposure study in Detroit, Michigan, USA. International Journal of Environmental Research and Public Health, 11(12), 12739-12766, doi: 10.3390/ijerph111212739. Available at http://www.mdpi.com/1660-4601/11/12/12739.
	Snyder M.G., Venkatram A., Heist D.K., Perry S.G., Petersen W.B., and Isakov V. (2013) RLINE: a line source dispersion model for near-surface releases. Atmos. Environ., 77, 748-756, doi: 10.1016/j.atmosenv.2013.05.074, October. Available at http://www.sciencedirect.com/science/article/pii/S1352231013004470.
	Sofowote U.M., Healy R.M., Su Y., Debosz J., Noble M., Munoz A., Jeong C.-H., Wang J.M., Hilker N., Evans G.J., and Hopke P.K. (2018) Understanding the PM2.5 imbalance between a far and near-road location: Results of high temporal frequency source apportionment and parameterization of black carbon. Atmos. Environ., 173, 277-288. Available at https://www.sciencedirect.com/science/article/pii/S1352231017307367.
	Soulhac L., Salizzoni P., Cierco F.X., and Perkins R. (2011) The model SIRANE for atmospheric urban pollutant dispersion; part I, presentation of the model. Atmos. Environ. (Accepted), 45(39), 7379-7395, doi: 10.1016/j.atmosenv.2011.07.008, July. Available at http://www.sciencedirect.com/science/article/pii/S1352231011007096.
	Steffens J., Heist D., Perry S., Isakov V., Baldauf R., and Zhang K.M. (2014) Effects of roadway configurations on near-road air quality and the implications on roadway designs. Atmos. Environ., 94, 74-85, doi: 10.1016/j.atmosenv.2014.05.015, September. Available at http://www.sciencedirect.com/science/article/pii/S1352231014003628.
	Thiruvengadam A., Besch M.C., Thiruvengadam P., Pradhan S., Carder D., Kappanna H., Gautam M., Oshinuga A., Hogo H., and Miyasato M. (2015) Emission rates of regulated pollutants from current technology heavy-duty diesel and natural gas goods movement vehicles. Environ. Sci. Technol., 49(8), 5236-5244, March 31. Available at https://doi.org/10.1021/acs.est.5b00943.
	U.S. Environmental Protection Agency (2010) 40 CFR Parts 50 and 58: primary National Ambient Air Quality Standards for nitrogen dioxide; final rule. Federal Register, 75(26), 6473-6536, (EPA-HQ-OAR-2006-0922; FRL 9107-9; RIN 2060-AO19), February 9. Available at http://www.gpo.gov/fdsys/pkg/FR-2010-02-09/html/2010-1990.htm.
	U.S. Environmental Protection Agency (2011) Emission factor documentation for AP-42, section 13.2.1, Paved Roads. January. Available at https://www3.epa.gov/ttn/chief/ap42/ch13/bgdocs/b13s0201.pdf.
	U.S. Environmental Protection Agency (2013) National Ambient Air Quality Standards for particulate matter; final rule. 40 CFR parts 50, 51, 52, 53 and 58. Federal Register Vol. 78, No. 10, pp. 3086-3287. January 15. 
	U.S. Environmental Protection Agency (2015a) MOVES2014 and MOVES2014a technical guidance: using MOVES to prepare emission inventories for state implementation plans and transportation conformity. EPA-420-B-15-093, November. Available at http://www3.epa.gov/otaq/models/moves/documents/420b15093.pdf.
	U.S. Environmental Protection Agency (2015b) Transportation conformity guidance for quantitative hot-spot analyses in PM2.5 and PM10 nonattainment and maintenance areas. Prepared by the EPA Office of Transportation and Air Quality, Transportation and Climate Division, Washington, DC, EPA-420-B-15-084, November. Available at https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100NMXM.pdf, appendix available at https://nepis.epa.gov/Exe/ZyPdf.cgi?Dockey=P100NN22.pdf.
	U.S. Environmental Protection Agency (2015c) Technical support document (TSD) for replacement of CALINE3 with AERMOD for transportation related air quality analyses. Final report, EPA-454/B-15-002, July. Available at https://www3.epa.gov/ttn/scram/11thmodconf/CAL3_AERMOD_Replacement_TSD.pdf.
	U.S. Environmental Protection Agency (2015d) 3-year quality assurance report for calendar years 2011, 2012, and 2013: PM2.5 ambient air monitoring program. EPA-454/R-15-002, March. Available at https://www3.epa.gov/ttnamti1/files/ambient/pm25/qa/20112013pm25qareport.pdf.
	U.S. Environmental Protection Agency (2016) AERMOD Model Formulation. EPA-454/B-16-014. 
	U.S. Environmental Protection Agency (2017a) Near-road NO2 monitoring. Available at https://www3.epa.gov/ttnamti1/nearroad.html. May 18. Accessed July 17, 2017.
	U.S. Environmental Protection Agency (2017b) Guideline on Air Quality Models. Appendix W to 40 CFR Part 51. 82 FR 5182. Available at https://www3.epa.gov/ttn/scram/appendix_w/2016/AppendixW_2017.pdf.
	U.S. Environmental Protection Agency (2017c) EPA white papers on planned updates to AERMOD modeling system. Memorandum to EPA Regional Offices, Office of Air Quality Planning and Standards by Tyler Fox, Air Quality Modeling Group Leader, September 19. Available at https://www3.epa.gov/ttn/scram/models/aermod/20170919_AERMOD_Development_White_Papers.pdf.
	U.S. Environmental Protection Agency (2018) 2014 national emissions inventory report with interactive dashboards. Available at https://gispub.epa.gov/neireport/2014/.
	Venkatram A. (2000) A critique of empirical emission factor models: a case study of the AP-42 model for estimating PM10 emissions from paved roads. Atmos. Environ., B34,1, 1-11. 
	Venkatram A., Snyder M.G., Heist D.K., Perry S.G., Petersen W.B., and Isakov V. (2013) Re-formulation of plume spread for near-surface dispersion. Atmos. Environ., 77, 846-855, doi: 10.1016/j.atmosenv.2013.05.073, October. Available at https://www.researchgate.net/publication/260973487_Re-formulation_of_plume_spread_for_near-surface_dispersion.
	Venkatram A., Isakov V., Deshmukh P., and Baldauf R. (2016) Modeling the impact of solid noise barriers on near road air quality. Atmos. Environ., 141, 462-469, doi: 10.1016/j.atmosenv.2016.07.005, September. Available at http://www.sciencedirect.com/science/article/pii/S1352231016305246.
	Vette A., Burke J., Norris G., Landis M., Batterman S., Breen M., Isakov V., and others (2013) The Near-Road Exposures and Effects of Urban Air Pollutants Study (NEXUS): study design and methods. Science of The Total Environment, 448, 38-47, doi: 10.1016/j.scitotenv.2012.10.072, March 15. Available at https://cfpub.epa.gov/si/si_public_record_report.cfm?dirEntryId=254202&Lab=NHEERL.
	Wang A., Fallah Shorshani M., Xu J., and Hatzopoulou M. (2016) Characterizing near-road air pollution using local-scale emission and dispersion models and validation against in-situ measurements. Atmos. Environ., 142, 452-464, doi: 10.1016/j.atmosenv.2016.08.020. Available at https://www.researchgate.net/publication/305988206_Characterizing_near-road_air_pollution_using_local-scale_emission_and_dispersion_models_and_validation_against_in-situ_measurements.
	Wen D., Zhai W., Xiang S., Hu Z., Wei T., and Noll K.E. (2017) Near-roadway monitoring of vehicle emissions as a function of mode of operation for light-duty vehicles. J. Air Waste Manage., 67(11), 1229-1239, doi: 10.1080/10962247.2017.1330713. 
	Zhou Y. and Levy J.I. (2007) Factors influencing the spatial extent of mobile source air pollution impacts:  a meta-analysis. BMC Public Health, 7(89), doi: 10.1186/1471-2458-7-89, Mary 22. Available at http://www.biomedcentral.com/1471-2458/7/89.

