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ABSTRACT OF THE DISSERTATION 
 
 

The Development and Application of Models for Dispersion of Roadway Emissions:  
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Dr. Akula Venkatram, Chairperson 
 
 
 
 

Near road air quality is a public concern because exposure to elevated concentrations 

of vehicular pollution is associated with adverse health effects. Roadway design is suggested 

as a potential strategy to mitigate near-road exposure. The first part of my dissertation 

describes the development and application of roadway dispersion models to examine the 

effectiveness of roadway configurations as pollutant mitigation strategies. These 

configurations include depressed roadways and at-grade roadways with the presence of 

solid/vegetative barriers. 

Roadside solid barriers increase dispersion of pollutants by lofting emissions and 

inducing a recirculation zone on their leeward edge. I adapt a model, developed using data 

from a wind tunnel, to describe ultrafine particle measurements made in a field study. This 

requires modifying the model to account for uncertainties in emissions and meteorological 

parameters of real-world studies. Results suggest that 1) a model developed under 
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controlled conditions is useful in the complex environment of urban areas, 2) the surface 

can be taken neutral in modeling dispersion in urban areas., and 3) the primary impact of 

the barrier is equivalent to shifting the road upwind by a distance of H(U/u*)cosθ.  

I next analyze data from a wind tunnel that examined dispersion of emissions from 

depressed roadways using roadway dispersion models. I show that dispersion governed by 

the complex flow induced by depressed roads can be described using modified flat-terrain 

models. The modifications include 1) an initial vertical spread dependent on the geometry 

of the depressed roadway, and 2) increasing the friction velocity above its upwind value. 

Also, the vertical concentration profiles under neutral stability conditions are best 

explained with a vertical distribution function with an exponent of 1.3 rather than the 2 used 

in most currently used dispersion models. 

Health risk assessment of PM2.5 on the community scale requires PM2.5 concentration 

estimations at the scale of tens of meters. The PM2.5 measurement from air quality stations 

and satellite-derived PM2.5 estimates cannot provide concentrations at this spatial 

resolution. In the last part of my dissertation, I describe a “downscaling” system that adapts 

roadway dispersion models to yield the concentration gradients that are not captured by 

satellite maps. 
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1 Motivation, Objectives, and 

Approach 

 
 
 
 
 

1.1 Problem statement 

The impact of roadway emissions on air quality has been studied since the 1970s. 

Recently, a number of epidemiological studies have reported associations between living 

within a few hundred meters of high-traffic roadways and adverse health effects such as 

asthma and other respiratory impacts, birth and developmental effects, premature 

mortality, cardiovascular effects, and cancer (Beelen et al., 2008; Gehring et al., 2010; Hoek 

et al., 2002; Wellenius et al., 2012; Wilhelm & Ritz, 2003). Air quality monitoring studies 

conducted near major roadways suggest that these health effects are associated with 

elevated concentrations, compared with overall urban background levels, of various motor-

vehicle-emitted compounds. These compounds include carbon monoxide (CO); nitrogen 

oxides (NOx); coarse (PM10-2.5), fine (PM2.5), and ultrafine (PM0.1) particle mass; particle 

number; black carbon (BC), polycyclic aromatic hydrocarbons (PAHs), and a suite of 

volatile organic compounds including benzene (Hitchins et al., 2000; Kim et al., 2002; 

Kittelson et al., 2004; Zhu et al., 2002a, 2002b).  
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The need to relate near-road pollutant concentrations to vehicular emissions has led to 

the development of variety of dispersion models that treat the processes that govern the 

transport and transformation of emitted pollutants (Holmes and Morawska, 2006). The 

research described in this thesis deals with a class of dispersion models referred to as semi-

empirical models. While these models have mechanistic foundations, some of the physical 

processes are modeled using parameters whose values are obtained by fitting model 

estimates to corresponding observations. The most commonly used models, such as 

AERMOD (Cimorelli et al., 2005) belong to this class of models. 

Semi-empirical dispersion models that treat a highway as a continuous line source are 

critical components of studying the health effects of exposure to vehicle emissions near 

major roads. Until recently, CALINE3 (Benson, 1992) and more refined models such as 

CAL3QHC and CAL3QHCR were recommended by the United States Environmental 

Protection Agency (U.S. EPA) for estimating the impact of vehicular emissions on near-road 

air concentrations. The situation changed in 2016 when the U.S. EPA replaced CALINE3 

with the American Meteorological Society/U.S. EPA Regulatory Model (AERMOD) for 

Transportation Related Air Quality Analyses (U.S. Environmental Protection Agency, 2016). 

However, AERMOD designed primarily for point, area, and volume-type pollutant sources 

does not simulate the line-type sources explicitly; line sources are represented as elongated 

area sources or a series of volume sources evenly spaced along the length of the lines (Heist 

et al., 2013). AERMOD is also not currently configured to model concentrations downwind 

of roadways with complex geometries. 

In an effort to develop a comprehensive line source dispersion model, the U.S. EPA 

formulated the Research LINE source model (RLINE) (Snyder et al., 2013, Snyder and Heist, 



3 

2013). The model framework is designed to facilitate the inclusion of algorithms for complex 

road geometries, therefore providing a suitable testbed for potential depressed roadway 

approaches. To add algorithms of complex geometries to RLINE, there is a critical need to 

develop line source dispersion models that model dispersion of emissions from roadways 

with complex geometries. My research contributes to the development of models such as 

AERMOD and RLINE that play a major role in enforcing air quality regulations and in 

estimating the health impact of vehicular emissions.   

Health researchers have increasingly found that fine particulate (PM2.5; particle size 

less than 2.5 𝜇𝑚 in the aerodynamic diameter) leads to increased risk of cardiovascular and 

respiratory diseases (Dominici et al., 2015; Gold et al., 2000; Peters et al., 2001).  In response 

to these studies, the U.S. EPA and local agencies within the United States monitor the daily 

averages of ground-level PM2.5 and distribute the data through U.S. EPA Air Quality System 

(AQS) at http://www.epa.gov/aqs. However, due to the relatively large horizontal spacing 

of these monitors (10s – 100s of kilometers), these datasets are not suitable for health risk 

assessment on the community scale (10s-1000s of meters), which requires concentration 

estimates at these scales and near high emission areas such as freeways. 

Satellite remote sensing provides a potentially cost effective way to estimate PM2.5 

concentrations by using Aerosol Optical Depth (AOD) in areas where monitors are not 

available or too sparse (Hoff and Christopher, 2009). AOD measures light extinction by 

aerosol scattering and absorption in an atmospheric column and is related to the loadings 

of fine particles in the column. AOD products from several satellite sensors such as the 

Moderate Resolution Imaging Spectroradiometer (MODIS) (Hu et al., 2014; Liu et al., 2007a; 

Zhang et al., 2009), the Multiangle Imaging SpectroRadiometer (MISR) (Liu et al., 2007a, 
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2007b, 2007c), and the Geostationary Operational Environmental Satellite Aerosol/Smoke 

Product (GASP) (Liu et al., 2009; Paciorek and Moreno-macias, 2008) have been used in 

previous studies for estimating PM2.5 concentrations. 

The MODIS aboard NASA’s Terra and Aqua satellites makes near-global daily 

observations of the earth in a wide spectral range (0.41 – 15 𝜇𝑚). These measurements are 

used to derive AOD over land and ocean. To resolve the spatial spacing problem of the AQS, 

researchers have used the Dark Target (DT) (Levy et al., 2013) and Deep Blue (DB) (Hsu et 

al., 2013) products of the MODIS AOD measurements to estimate PM2.5 surface 

concentrations (Al-Hamdan et al., 2014; Lee et al., 2016, 2011, Liu et al., 2007a, 2005; van 

Donkelaar et al., 2006; Van Donkelaar et al., 2013; You et al., 2015). Since releasing the new 

AOD retrieval algorithm, PM2.5 surface concentrations can be estimated at the scales of 3 

km (Remer et al., 2013). Although spatially continuous, these PM2.5 surface concentration 

fields are too coarse to directly represent the community scale, where health risk locally can 

be much higher than the reported concentration. Thus there is a need for a method that 

increases the spatial resolution of the 3-km satellite-derived PM2.5 concentration fields by 

incorporating results from dispersion models that can estimate concentrations at distances 

of meters from the relevant sources. 

Air pollution concentrations on sub-kilometer to kilometer scales are typically 

estimated by dispersion models. Since major sources of PM2.5 emissions in California are 

freeways (Hasheminassab et al., 2014), it is critical to develop a system that estimates PM2.5 

concentrations due to emissions from freeways at community scale and blends them with 

the satellite-derived 3-km PM2.5 concentration fields. The final result of the system yields 

a finer resolution of total PM2.5 surface concentrations. 
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In this thesis, I report development of dispersion models that estimate concentrations 

near roadways with different geometries, including roadways with a downwind solid barrier, 

roadways with thick roadside vegetation, and roadways with depressed geometries. I also 

explain the development of a system that “downscales” 3-km satellite-derived PM2.5 surface 

concentrations to community scale for health risk assessments. 

1.2 Background 

1.2.1 The effectiveness of the roadside solid barriers and vegetation to reduce 

near-road pollutant concentrations 

Several approaches have been suggested to reduce exposure to traffic-related air 

pollutants near roadways. These approaches include: 

1. More stringent vehicle emission standards, 

2. Speed reduction mechanisms, including roundabouts, 

3. Traffic signal management, 

4. Speed limit reductions on high-speed roadways (>55 mph), 

5. Adding solid barriers, such as sound walls, 

6. Adding vegetation barriers next to roads 

The first four approaches are related to reducing vehicle emissions and the last two deal 

with increasing dispersion of traffic emissions. Solid barriers enhance vertical dispersion by 

lofting the vehicle emissions and thereby reducing near-road concentrations of vehicle 

emissions. Vegetation barriers have been suggested as a potential strategy to decrease 

concentrations near roadways by increasing lofting and filtering some of the particles; 

however, the impact of vegetation on reducing turbulence in the flow passing through it 
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may increase concentrations. The porosity and the thickness of vegetation determine 

whether or not vegetation mitigates concentrations near roads (Ghasemian et al., 2017). In 

the next section, we discuss the important findings of the effects of solid barriers and 

vegetation on near-road air quality. 

1.2.1.1 Roadside solid barriers 

Major roads in California that have a section with houses next to them are often 

designed with solid barriers to reduce traffic noise. Since these barriers are already in place, 

there is a growing need to understand how they affect air quality near freeways and the 

most important factors determining their degree of concentration mitigation. 

The U.S. EPA conducted a comprehensive wind tunnel study on the effects of different 

road configurations on concentrations near roadways (Heist et al., 2009). They studied 

twelve different road configurations and simulated a six-lane divided highway in a 1:150 

scale. Six of the road configurations contained solid barriers next to the road and one of 

them had a downwind solid barrier. They found that the roadway with a downwind solid 

barrier decreases surface concentrations relative to that of flat roadway over multiple 

downwind distances. They also explained the collected data using a modified Gaussian 

plume dispersion model. They claimed that the impact of a solid barrier on the surface 

concentrations downwind of a roadway can be modeled by assuming that addition of the 

solid barrier is equivalent to shifting the line sources upwind by a distance of several barrier 

heights. 

To confirm the results of the wind tunnel study, a tracer study was conducted in Idaho 

Falls, ID (Finn et al., 2010). Two measurements were conducted next to each other, one 

represented flat road and the other contained a downwind solid barrier case along the 
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simulated flat road. In each measurement, SF6 tracers were released from 54 m long line 

sources and the tracer concentrations were measured using bag samplers. Everything in 

both measurements were identical except that a 6 m solid barrier was present downwind of 

the line source in the solid barrier case. The measurements were conducted under different 

atmospheric stability conditions and the results showed that the solid barrier decreases 

surface concentrations downwind of the freeway under all atmospheric stability conditions. 

Two semi-empirical dispersion models, called ‘mixed-wake model’ and ‘source-shift 

model’, were developed to explain the results of the wind tunnel and the tracer study 

(Schulte et al., 2014). The mixed-wake model assumes that the solid barriers 1) induce a 

mixed-wake region downwind of the road causing a constant concentration below barrier 

height and 2) increase the vertical plume spread by a factor 𝛼, which is formulated based 

on the observed concentrations. The source-shift model is based on the idea developed by 

Heist et al. (2009) and parameterizes the amount of source-shift by assuming that the 

vertical plume spread at the location of the barrier is proportional to the barrier height. 

While these models provided good descriptions of concentrations measured in both 

studies, they overestimated concentrations near the barrier during unstable conditions. 

Furthermore, since these models were formulated based on controlled wind tunnel and 

tracer studies, their performance against field data collected next to a roadside barrier had 

to be evaluated and the necessary modifications had to be made to improve their 

performance, if necessary. This work is discussed in chapter 2. 

1.2.1.2 Roadside vegetation barriers 

Vegetation barriers have been suggested as a potential strategy to mitigate near-road 

air pollution. However, there is still a debate on the effects of vegetation on concentrations 



8 

downwind of roadways. Some field studies conducted downwind of the roadside vegetation 

barriers have shown that presence of vegetation next to a roadway reduces concentrations 

(Al-Dabbous and Kumar, 2014). Some other studies have shown that depending on the type 

of the particulates, vegetation may result in lower or the same level of concentrations 

(Brantley et al., 2014). Some studies have found that the concentrations of PM2.5 may 

increase in presence of vegetation barriers due to their effects on reduction of turbulence 

(Tong et al., 2015). Another field campaign also found that presence of a vegetation barrier 

can result in higher, lower, or the same concentration levels as those measured in the 

section without barriers (Hagler et al., 2012).  

Computational Fluid Dynamics (CFD) models were developed to study the impacts of 

roadside vegetation barriers on concentrations in vicinity of roadways. These models 

assumed that vegetation barriers affect flow field and concentrations in three main ways: 1) 

they increase vertical mixing by lofting some of the particles, 2) they lower wind speed and 

lower turbulence behind the vegetation barrier, and 3) they remove some particles by dry 

deposition. A CFD model developed by Steffens et al. (2012) showed that increases in Leaf 

Area Density (LAD) increases the amount of depositions that occurs. Another CFD 

modeling study conducted by Vos et al. (2013) suggested that concentrations are higher in 

presence of trees in street canyons. Ghasemian et al. (2017) developed a CFD model to 

estimate concentrations downwind of the roadside solid and vegetation barriers. They first 

evaluated the model by comparing the estimated concentrations downwind of a solid 

barrier against the results of the wind tunnel study (Heist et al., 2009). After validation of 

the numerical methodology, concentrations downwind of vegetation barriers with different 

LADs were estimated. They concluded that dense canopies behave similar to the solid 
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barriers and mitigate the pollutant concentrations; while high porosity canopies reduce 

wind speed and increase pollutant concentrations. 

The U.S. EPA conducted a wind tunnel study to examine the effects of roadside 

vegetation on concentrations near freeways. They studied a model flat roadway case with 

no structures next to it, a model flat roadway with presence of a 9 m high solid barrier 

downwind of the line sources, and a model flat roadway with presence of a 9 m × 9 m 

vegetation barrier downwind of the line sources. They found that vegetation barriers can 

result in significant increase in surface concentrations relative to the flat roadways. In 

chapter 3, we use dispersion models to analyze the results of this study and to explain the 

effects of vegetation on dispersion of emissions from roadways. 

1.2.2 The effects of depressed roads on concentrations of roadway-emitted air 

pollutants 

Depressed roadways are one type of roadway configurations. Despite their abundance, 

only a few studies have focused on dispersion of emissions from depressed roads. An 

extensive field study was conducted in Los Angeles Air Basin by California Department of 

Transportation (CalTrans) to collect data to understand the dispersion of primary 

pollutants emitted from freeways with various configurations, including at-grade, 

depressed, and elevated (Bemis et al., 1977). The results of this study were incorporated into 

the development of a dispersion model called CALINE2 (Bemis et al., 1977). 

Feeney et al. (1975) measured aerosols and particulate lead concentrations in the 

vicinity of several road configurations, including a depressed roadway. Samplers were 

placed 20 m upwind of a freeway and at several distances downwind of the freeway ranging 

from 27 m to approximately 160 m from the median strip. They found that the mass 
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concentrations of traffic-derived lead were generally lower downwind of the depressed 

roadway relative to that predicted by a dispersion model that assumed the emissions 

occurred at road level.   

Heist et al. (2009) conducted a comprehensive wind-tunnel study on dispersion of 

emissions from model depressed roadways. The studied configurations included a flat 

roadway, a 6 m and a 9 m deep depressed roadway with vertical sidewalls, a 6 m deep 

depressed roadway with 30° sloping sidewalls, and a 6 m deep depressed roadway with 30° 

sloping sidewalls with two 6 m solid barriers on top of the road. They observed that these 

configurations alter the flow field, increase downwind dispersion, and reduce downwind 

surface concentrations relative to the flat terrain case. The level of reduction in 

concentrations depended on the particular configuration. 

Wind tunnel studies can provide more information on the processes that govern 

dispersion in complex situations than field studies can because the governing inputs are 

controlled and details of the flow fields can be measured. Although they do have the 

disadvantage of being unable to simulate the effects of atmospheric stability, they provide 

information that is vital to the development of models for situations in which the effects of 

source geometry on the flow field are dominant. For example, the wind tunnel results (Heist 

et al., 2009) on dispersion of pollutants downwind of the roadways in the presence of noise 

barriers have been incorporated into several dispersion and CFD models (Ahangar et al., 

2017b; Amini et al., 2016; Ghasemian et al., 2017; Hagler et al., 2011; Schulte et al., 2014; 

Steffens et al., 2014).  

Baldauf et al. (2013) conducted a field study in Las Vegas, Nevada, to investigate the 

effects of a depressed roadway on local-scale air quality downwind of the depression. They 
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measured CO and NOx concentrations along a complex urban highway at two sections; a 

section at-grade with the surroundings and another section that was depressed. The vertical 

height from the roadbed to the top of the surroundings was 5 m, and the slope of the 

sidewalls was approximately 20°. The stationary monitors located 20 m from the downwind 

edge of the freeway at both sections showed that the maximum concentration events 

occurred at the at-grade site. However, during some mid- and low-concentration events, 

the monitor downwind of the cut section observed higher concentration levels than that of 

the at-grade section. The mobile monitoring data collected along the at-grade and cut 

section transects indicated that the concentrations at the at-grade transect were greater 

than those at the cut section transect at 35 m from the downwind edge of the freeway, with 

concentrations then becoming similar along both gradients further downwind of the 

highway. They also conducted a wind tunnel simulation of the study site to examine the 

flow field and the concentration distributions in the vicinity of the highway. The wind 

tunnel simulations revealed that the cut section reduced concentrations of pollutants 

measured at breathing-level height by 15 – 25% relative to the flat terrain case for receptors 

located approximately 20 m from the downwind edge of the highway. Although the field 

data were not conclusive, the data collected under the controlled conditions of the wind 

tunnel indicated that depressed roadways led to reductions in downwind near-surface 

concentrations relative to those next to at-grade roadways.   

The observed CO concentrations around depressed roads in the CalTrans field study 

(Bemis et al., 1977) were used to develop the depressed road model in the California Line 

Source Dispersion Model (CALINE2). CALINE is based on the Gaussian plume model and 

is used to estimate air pollutant concentrations near roadways. Compared to equivalent at-
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grade sites, greater values for initial vertical dispersion are used for depressed roads to 

explain the observed concentrations in the CalTrans field study (Bemis et al., 1977; Benson, 

1992b). Since the U.S. EPA has replaced CALINE3 with AERMOD for mobile source 

applications, and AERMOD is unable to estimate concentrations downwind of the 

depressed roadways, there is a need to develop a dispersion line source model that estimates 

concentrations downwind of depressed roadways. Our work in chapter 4 provides a 

foundation for future studies that can result in development of such a model. 

1.2.3 Downscaling satellite-derived PM2.5 concentrations to community scale 

Many researchers have attempted to estimate PM2.5 surface concentrations using data 

from MODIS instrument aboard NASA’s Terra and Aqua satellites. However, the smallest 

scale of these concentration fields is 3 km. For the health impact studies, there is a need to 

estimate PM2.5 concentrations at much lower scales (10s – 100s of meters). Kloog et al. (2011) 

incorporated commonly used land use regression (LUR) variables and meteorological 

variables into a generalized additive mixed model to estimate PM2.5 concentrations using 

AOD measurements. To my knowledge, this was the only study that partly enhanced the 

spatial resolution of the satellite-derived PM2.5 surface concentrations by using the local 

(100 m) land use terms to model the difference between grid cell model predictions and 

measured concentrations. 

In the last part of the dissertation we attempt to downscale the satellite-derived PM2.5 

concentrations to a community scale. In order to do so, we first develop a system that 

connects the satellite-derived concentrations to the concentrations near major roads and 

we then calibrate the line source dispersion models against a dataset that represents 

concentrations near a major road in Los Angeles County. Once the line source dispersion 
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models are calibrated, the system is able to downscale satellite-derived concentrations. The 

results of this work are discussed in chapter 5. 

1.3 Objectives and approach 

The major objectives of my research are: 

1. Expand the capabilities of currently used roadway dispersion models, such as 

AERMOD and RLINE, by developing methods to estimate the impact of road 

configurations and near-road features on dispersion of vehicular emissions in the 

near-road environment.  I focus on the impact of depressed roads and 

solid/vegetative barriers on dispersion. 

2. Incorporate dispersion models in a system that increases the spatial resolution of 

satellite-derived surface pollution maps to the scales required for health risk 

assessment in communities.  

My technical approach to fulfilling these objectives is based on anchoring the models 

that are presented here to data from field studies and wind tunnel experiments.  This 

ensures that these models can be used in real-world applications and can be incorporated 

into regulatory models such as AERMOD.  The steps in my technical approach are 1) 

Formulate a tentative model based on those of existing models, 2) Evaluate the results from 

the model with data from field studies and wind-tunnel experiments, 3) Use the 

discrepancies between model results and corresponding measurements to modify model 

formulation and parameter estimates to yield adequate descriptions of data. 

The models developed in this research are the results of the following steps: 
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1. Evaluating the effectiveness of solid barriers next to roads to reduce near-road 

pollutant concentrations 

a. Adapted a dispersion model developed to describe wind tunnel and tracer 

studies on dispersion of vehicular emissions near roads with presence of a 

solid barrier (Schulte et al., 2014), 

b. Planned and performed field measurements of ultrafine particle (UFP) 

concentrations and the variables that govern dispersion next to a freeway 

adjacent to the UC Riverside campus, 

c. Evaluated the performance of the adapted model against the collected data, 

d. Modified the dispersion model using the discrepancies between model 

estimates and corresponding measurements, 

e. Performed sensitivity analysis of the dispersion model to give guidance on 

the effects of barrier height on near road concentrations. 

2. Evaluating the effectiveness of vegetation barriers next to roads to reduce near-road 

pollutant concentrations 

a. Incorporated the effects of vegetation barriers on turbulence levels near 

roadways into a line source dispersion model applicable to at-grade 

freeways, 

b. Assessed the model performance against the concentrations observed 

downwind of a thick roadside vegetation barrier in a wind tunnel, 

c. Quantified the effects of the vegetation barrier on turbulence field using the 

modified dispersion model. 
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3. Evaluating the effects of depressed roadway configurations on concentrations near 

roadways 

a. Incorporated the effects of depressed roadways on near-road turbulence 

levels into a line source dispersion model applicable to at-grade freeways, 

b. Assessed the model performance against the concentrations observed 

downwind of the depressed roadways in a wind tunnel (Heist et al., 2009), 

c. Used the discrepancies between model results and corresponding 

measurements to modify model formulation and parameter estimates to 

yield adequate descriptions of data, 

d. Reformulated the modified model to ensure consistency with current 

models such as RLINE. 

4. Downscaling the satellite-derived 3-km PM2.5 surface concentrations to community 

scale using line source dispersion models 

a. Designed a system that takes the satellite-derived concentration fields and 

dispersion model outputs to generate the downscaled concentrations, 

b. Calibrated line source dispersion models to improve their performance 

against concentration data collected in a field study near a major freeway in 

Southern California. 

c. Demonstrated the application of the designed system to show the variations 

of PM2.5 within a satellite grid. 
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1.4 Structure of the dissertation 

Chapter 2 describes the field measurements and development of a model that estimates 

near-road air pollutant concentrations in the presence of solid barrier. Chapter 3 describes 

the analysis of a wind-tunnel study that examined near-road air pollutant concentrations in 

the presence of solid/vegetation barriers. Chapter 4 describes the modifications to flat 

terrain models that enable them to estimate concentrations near depressed road 

configurations. Chapter 5 describes the application of dispersion models to increase the 

spatial resolution of satellite-derived surface concentrations maps.  
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2 Effect of Solid Barriers on 

Dispersion from Roads 

 
 
 
 

 

2.1 Introduction 

The majority of the studies conducted to date indicate that solid barriers placed next 

to roads have a mitigating effect on the impact of vehicular emissions on near-road air 

quality. The physics that governs this effect has been elucidated through several studies, 

such as the wind-tunnel study conducted by Heist et al. (2009). Through analysis of wind 

flow patterns and concentration distributions measured around a 1:150 scale model of a 6 

lane divided highway with roadside barriers they showed that the mitigating impact of 

barriers is governed by two mechanisms: the plume from the road becomes elevated by 

being forced over the barrier, and vertical dispersion is enhanced by the turbulence created 

in the wake of the barrier.  

The results from the wind tunnel were confirmed in a tracer study conducted by Finn 

et al. (2010). They studied the effects of a barrier by releasing SF6 from two identical 54 m 

long line sources. One source was located 6 m upwind of a 90 m long, 6 m high solid barrier 

and the other had no structures next to it. Tracer concentrations were measured 
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simultaneously on identical sampling grids downwind of the sources. Six sonic 

anemometers measured flow around the barrier. Carefully controlled experiments showed 

that the barrier reduced downwind concentrations over a wide range of atmospheric 

stabilities.  

Field studies conducted next to roadways confirm that barriers mitigate the impact of 

vehicle-related emissions. For example, Hagler et al. (2012) found that UFP concentrations 

at 10 m behind the 6 m barrier were about 50% less than those measured at this distance 

downwind of road sections without a barrier. Baldauf et al. (2008) found that CO and PM 

concentrations were reduced by 15% to 50% within 50 m of the 6 m barrier. The effect of 

the barrier persisted up to at least 20 times the barrier height in these studies, after which 

the concentration approached the value that would occur without a barrier. 

The measurements from the wind tunnel and tracer experiments have been described 

with a variety of mechanistic models. Hagler et al. (2011) and Steffens et al. (2014) used 

computational fluid dynamics (CFD) models to produce adequate descriptions of the data 

from the wind tunnel (Heist et al., 2009). Bowker et al. (2007) used the Quick Urban & 

Industrial Complex (QUIC) flow model coupled with a Lagrangian particle dispersion 

model to produce concentration patterns that were roughly consistent with observations 

from Baldauf et al. (2008). 

Schulte et al. (2014) developed a semi-empirical dispersion model to describe data from 

the wind tunnel and the tracer studies. This model parameterizes the major features of the 

flow and dispersion effects induced by a barrier to avoid the computational burden of 

mechanistic CFD models, which have their own set of parameterizations. It is designed to 

be incorporated into routinely used models such as AERMOD (Cimorelli et al., 2005) or 
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RLINE (Snyder et al., 2013). The ‘mixed-wake model’ (Schulte et al., 2014) is based on the 

Gaussian plume formulation for a point source, which gives the concentration as: 

 𝐶(𝑥, 𝑦, 𝑧) = 𝑄√2𝜋𝜎𝑦(𝑥) exp (− 𝑦22𝜎𝑦2(𝑥))𝐹𝑧(𝑥, 𝑧) (2-1) 

where 𝑥, 𝑦, and 𝑧 are the downwind distance from the source, crosswind distance, and 

height of the receptor, 𝑄 is the emission rate, 𝜎𝑦 is the horizontal plume spread, and 𝐹𝑧 is 

the concentration vertical distribution function. For the Gaussian formulation 𝐹𝑧 is: 

 𝐹𝑧(𝑥, 𝑧) = 1𝑈(𝑧̅)√2𝜋𝜎𝑧(𝑥) [exp (− (𝑧 − 𝑧𝑠)22𝜎𝑧2(𝑥) ) + exp (− (𝑧 + 𝑧𝑠)22𝜎𝑧2(𝑥) )] (2-2) 

where 𝜎𝑧 is the vertical plume spread, 𝑧𝑠 is the source height, and 𝑈(𝑧̅) is the wind speed 

evaluated at the effective plume centerline height, 𝑧̅, defined by: 

 𝑧̅ = ∫ 𝑧𝐶𝑦(𝑥, 𝑧)𝑑𝑧∞0∫ 𝐶𝑦(𝑥, 𝑧)𝑑𝑧∞0  (2-3) 

where 𝐶𝑦(𝑥, 𝑧) is the crosswind integrated concentration. The expression for 𝑧̅ when the 

source height is zero is 𝑧̅ = √2/𝜋 𝜎𝑧 . 
The roadways are treated as line sources consisting of sets of point sources. The 

concentration due to a line source is calculated by integrating equation 2-1 along the source. 

Because the integral cannot be evaluated in closed form when the wind direction is not 

perpendicular to the source, Venkatram and Horst (2006) used an analytical approximation 

to the integral which results in: 

 𝐶(𝑥, 𝑦, 𝑧) = 12 𝑞cos 𝜃 𝐹𝑧 ( 𝑥cos 𝜃 , 𝑧) [erf(𝑡1) − erf(𝑡2)] (2-4) 

where 𝑡𝑖 is: 

 𝑡𝑖 = (𝑦 − 𝑦𝑖) cos 𝜃 − 𝑥 sin 𝜃√2𝜎𝑦(𝑥 cos 𝜃 + (𝑦 − 𝑦𝑖) sin 𝜃) (2-5) 
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and the subscripts refer to the two ends of the source, 𝑥 is the perpendicular distance of the 

receptor from the source, 𝑦 − 𝑦𝑖 is the distance of the receptor from the two ends of the 

source along the direction parallel to the source, 𝜃 is the angle between the wind direction 

and the perpendicular to the source, and 𝑞 is the line source emission rate per unit length 

(Figure 2-1). This expression performs well for all wind directions, with errors less than 1% 

except when 𝜃 = ±90° (Venkatram and Horst, 2006). 

 

Figure 2-1- Co-ordinate systems used to calculate contribution of point source at 𝑌𝑠 to 
concentration at (𝑋𝑟 , 𝑌𝑟). The system x-y has the x-axis along the mean wind direction, which is at 

an angle 𝜃 to the fixed 𝑋-axis. Adapted from (Venkatram and Horst, 2006). 

The plume spreads are calculated using new plume spread formulations (Venkatram et 

al., 2013) by modeling the concentrations measured at the open terrain site of the Idaho 

Falls study (Finn et al., 2010). These equations are as follows:  

 𝜎𝑧 = 0.57𝛼 𝑢∗𝑈(𝑧̅) 𝑥 11 + 3 𝑢∗𝑈(𝑧̅) (𝑥𝐿)23                𝐿 > 0 

 

(2-6a) 

 

 𝜎𝑧 = 0.57𝛼 𝑢∗𝑈(𝑧̅) 𝑥 (1 + 2 𝑢∗𝑈(𝑧̅) 𝑥|𝐿|)              𝐿 < 0 (2-6b) 

 𝜎𝑦 = 1.6 𝜎𝑣𝑢∗ 𝜎𝑧 (1 + 1.5 𝜎𝑧𝐿 )                             𝐿 > 0 (2-7a) 
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 𝜎𝑦 = 1.6 𝜎𝑣𝑢∗ 𝜎𝑧 (1 + 0.5 𝜎𝑧|𝐿|)−1/3                   𝐿 > 0 (2-7b) 

where 𝜎𝑣 is the standard deviation of horizontal velocity fluctuations, and 𝐿 is the Monin-

Obukhov length. The factor 𝛼 was included in vertical plume spread equations by Schulte 

et al. (2014) to account for increase in vertical plume spread due to presence of the solid 

barrier.  

The mixed-wake model assumes that the concentrations behind the barrier is well-

mixed from the surface to the barrier height and the concentration above the barrier follows 

a Gaussian distribution (Figure 2-2). Thus, the surface concentration associated with an 

infinitely long line source can be expressed as: 

 𝐶𝑠 = 𝑞𝑈 (𝐻2) cos 𝜃 𝐻 + 𝑈(𝑧̅) cos 𝜃 √𝜋2 𝜎𝑧 (2-8) 
 

 

where 𝐻 is the barrier height. 

 

Figure 2-2- Schematic of concentration profile in the mixed-wake model. 

The factor that accounted for increase in vertical spread (𝛼), was formulated based on 

the measurements during Idaho Falls study (Finn et al., 2010): 
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 𝛼 = 1 + 0.005 (𝑈(𝐻)𝑢∗ )21 + ( 𝑥20𝐻)0.5 (2-9) 

While model predictions compare well with the observed data in the wind tunnel and 

the tracer study, they are greater than the observed concentrations during unstable case of 

the Idaho Falls study. 

In this chapter, we evaluate the performance of the mixed-wake model with field data 

collected next to a real world roadside barrier to answer the question: Can a model 

developed with data from controlled experiments conducted with well-characterized 

sources and meteorology be used to estimate the impact of a road-side barrier next to a 

multilane highway on which the magnitudes of the distributed sources are highly 

uncertain? 

Section 2.2 describes the field study that was conducted to examine the effects of a 

roadside solid barrier on dispersion of traffic-related air pollution. Section 2.3 explains the 

results of the field study. In section 2.4, I describe the development of two barrier models. 

The performance of the developed models are evaluated against the observed 

concentrations and sensitivity analysis is conducted in section 2.5. 

2.2 Field study 

2.2.1 Site description 

A field study was conducted adjacent to CA-60, U.S. Interstate 215 (I-215) freeway in 

Riverside, California. The highway has a barrier section located on the University of 

California, Riverside campus (Figure 2-3). The freeway has average traffic flow rate of 

200,000 vehicles/day. The meteorological data collected from UC Riverside Meteorological 
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Station, which is 1 km away from the barrier site, indicates a dominant wind from 

west/southwest during the daytime. Thus, the wind blows close to perpendicular to the 

freeway during the daytime, which makes it convenient to study barrier effects during 

daytime unstable conditions. During the night, the wind blows from east, and the barrier is 

located upwind of the road.  

 

Figure 2-3- Map of the selected site. Adapted from Google Map. 

The barrier, which is 3 m away from the edge of the road, is 4.5 m high and 1 km long. 

There are three lanes and one High Occupancy Vehicle (HOV) lane on the north bound 

side and four lanes and one HOV lane on the south bound side of the freeway. There is an 

entrance to the north bound lanes and an exit on the south bound side of the freeway. The 

lanes are 3.5 m wide and the median is 10 m across. The freeway is at the same level as the 

adjacent streets. There is no major source of pollution within a 3.5 km radius of the barrier 

site except the freeway. The heading of the freeway is 140°. Therefore, the wind direction 

perpendicular to the freeway is 230° true to north. Two parking lots are located behind the 

barrier, which provide convenient locations for sampling. 



24 

The largest obstacles in the parking lots downwind of the barrier are widely scattered 

trees. There are no other major obstacles within 170 m of the barrier. A 2-lane street, West 

Campus Drive, runs parallel to the freeway between the parking lots. The street is mainly 

used to access the parking lots and the traffic is mainly passenger cars travelling during the 

morning hours, 8 A.M. to 10 A.M., and in the evening, 4 P.M. to 6 P.M. Another parking lot 

extends for 300 m west of the freeway. There is no major obstacle in this parking lot and 

trees are sparser and shorter than in the eastside parking lots. 

2.2.2 Measurements 

Ultrafine particles (UFPs) were used as the tracer in this study for several reasons. First, 

because they have adverse health effects, the levels of UFP concentrations next to a major 

highway are of public interest. Second, their concentrations next to major highways are well 

above background levels, and can be measured continuously with readily available 

instruments. Gidhagen et al. (2005) and Zhang et al. (2004) show that at the 100 m scale 

being considered here, deposition and coagulation play a minor role relative to turbulent 

dispersion in reducing particle number concentrations. Thus, UFP can be treated as a 

passive tracer by using particle number concentrations to characterize dispersion. One 

major problem with using UFP as a tracer is that UFP emission factors from vehicles are 

highly uncertain. Thus, it is necessary to treat the emission factor as an unknown whose 

value is obtained by fitting model estimates to measurements. This process is discussed in 

more detail in a later section. 

Fifteen tests were conducted on different days and at different times of day from July 

2014 to May 2015 but due to the malfunction of instruments and unfavorable meteorological 
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conditions, only six tests were selected for analysis. Table 2-1 shows the dates and duration 

of measurements. The total duration of the 6 tests is 27 hours. 

Table 2-1- Overview of dates and duration of measurements. 

Test UFP measurement dates Time of Measurement 

1 07/22/2014 12:00-17:00 

2 08/11/2014 20:00-23:30 

3 08/18/2014-08/19/2014 20:00-00:30 

4 08/19/2014-08/20/2014 20:00-01:00 

5 04/07/2015 12:30-17:00 

6 05/05/2015 14:00-18:30 

 

2.2.2.1  Air quality measurements 

UFP number concentrations were measured using TSI Condensation Particle Counters 

(CPC), Model 3022A.  The cutoff size of these CPCs is 7 nm. The measured concentration 

range was 5 × 103 − 105 particles/cm3. According to the CPC manual, accuracy within this 

range of concentrations is ±10%. The CPC concentrations were stored on custom-designed 

JackRabbit data loggers. 

Several CPCs were used to measure background UFP concentrations and downwind 

UFP concentrations at several downwind distances. All CPCs were co-located for 30 minutes 

before starting each test to derive inter-instrument calibration factors used to adjust the 

data (Figure 2-4). A CPC was placed at the upwind side of the freeway (assuming that the 

wind is blowing WSW) to measure background UFP number concentrations. The rest of the 

CPCs were deployed behind the barrier (Figure 2-5). The downwind CPCs were placed at 

least 250 m away from the barrier edge to avoid barrier edge effects. CPC locations were 
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changed from one test to another to avoid any systematic bias in measurements. The 

background concentrations were subtracted from the downwind concentrations to estimate 

contributions from vehicles on the highway. 

 

Figure 2-4- Co-location of CPCs before start of tests. 

 

Figure 2-5- Approximate location of instruments. 
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2.2.2.2 Meteorology  

Campbell Scientific CSAT3 3-D (three dimensional) Sonic Anemometers were used to 

measure flow properties. These sonic anemometers record the three components of wind 

speed and the sonic temperature at a sampling frequency of 10 Hz. The data is processed 

using the method described in Kaimal & Finnigan (1994) to yield the 30-minute-averaged 

values of the turbulent heat flux, surface friction velocity, standard deviation of the vertical 

and horizontal turbulent velocities, wind speed, wind direction, temperature, and Monin-

Obukhov Length. The measured data were stored on Campbell Scientific CR1000, CR3000, 

and CR5000 data loggers.  

Two 3-D sonic anemometers were employed to measure upwind and downwind flow 

characteristics. A sonic anemometer was attached to a light post on the upwind side of the 

freeway (parking lot 30; assuming wind is WSW) at 4 m height above ground level (AGL) to 

capture upwind flow characteristics. The UC Riverside Community Garden is located on the 

west side of the anemometer, which ensured the absence of any major obstacles to upwind 

wind flow. Another sonic anemometer was attached to a light post 12 m away from the 

barrier at 4 m AGL to record flow characteristics behind the barrier (Figure 2-6). 
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Figure 2-6- Sonic anemometer attached to a light post behind the barrier. 

2.2.2.3 Traffic activity 

The number of cars passing each lane of the freeway was downloaded from the 

CalTrans Performance Measurement System1. The detectors record the number of cars and 

trucks separately. 

2.3 Experimental results 

The air quality data, micrometeorological data, and traffic data were averaged over 30-

minute periods for analysis. In this section, these observed data are discussed. 

2.3.1 Air quality 

Figure 2-7 shows the time-series of UFP number concentrations measured at upwind 

and downwind at 13 m and 101 m between 4 pm and 5 pm of test 6. Background 

                                                      
1 www.pems.dot.ca.gov 
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concentration remained almost constant indicating that the background location is not 

affected by any source of air pollution. The concentrations measured downwind of the 

barrier were clearly greater than background concentrations and the concentrations 

measured closer to the barrier were highest. 

 

Figure 2-7- Time series of UFP number concentrations between 4 pm and 5 pm of test 6. 

The background concentrations were subtracted from the downwind concentrations 

in analyzing the UFP concentrations. The background concentration was around 104 #/cm3. 

Figure 2-8 shows the spatial distributions of the averages over the concentrations measured 

in the six tests.  The concentrations always decrease with distance behind the barrier and 

do not show the peak away from the barrier observed by Ning et al. (2010). We next examine 

whether these concentration measurements can be described with a dispersion model that 

was evaluated with data from controlled experiments conducted in the wind tunnel (Heist 

et al., 2009) and in the tracer field study (Finn et al., 2010). 

  



30 

a) 

 

b) 

 
c) 

 

d) 

 
 e) 

e) 

 

f) 

 
Figure 2-8- Averaged particle concentrations at different distances behind the barrier for a) Test 1, 

b) Test 2, c) Test 3, d) Test 4, e) Test 5, and f) Test 6. 
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2.3.2 Meteorology 

The wind direction during all the tests was within 45° of perpendicular to the freeway. 

The observed wind rose of all tests measured by the upwind sonic anemometer is shown in 

Figure 2-9. The wind direction perpendicular to the freeway is 230° true to north. The 

meteorological data measured by the UCR meteorological station were consistent with the 

on-site sonic anemometer data, which indicated that the upwind anemometer was not 

affected by local obstacles.  

 

Figure 2-9- Observed wind rose measured by the upwind 3-D sonic anemometer along with freeway 
direction. 

In addition, the effect of solid barrier on turbulence levels was investigated. 

Comparison between the wind speed measured by the downwind sonic anemometer and 

that measured by the upwind sonic anemometer showed that the wind speed decreases 

downwind of the solid barrier by 64% (Figure 2-10a). Since top of the solid barrier is a source 

of turbulence, it is expected that the turbulence levels downwind of the barrier at the barrier 

height be greater than those observed upwind of the road. The standard deviation of vertical 

velocity fluctuations (𝜎𝑤) downwind of the barrier was observed to be greater than that 
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upwind of the freeway by 60% (Figure 2-10b). These results are consistent with the 

observations in the wind tunnel study (Heist et al., 2009). 

a) b)

Figure 2-10- Comparison of observed a) wind speed and b) standard deviation of vertical velocity 
fluctuations (𝜎𝑤) downwind of the barrier against upwind of the freeway. 

The meteorological conditions used to analyze the data correspond to the upwind 3-D 

sonic anemometer, which are shown in Table 2-2. 

Table 2-2- Meteorological conditions. 

Test 

# of 

data 

points 

Mean 

Monin-

Obukhov 

Length (m) 

Mean Wind 

Direction 

(deg true N) 

Mean 

Wind 

Speed 

(𝒎𝒔−𝟏) 
Mean 

Friction 

Velocity 

(𝒎𝒔−𝟏) Cloud Cover 

1 10 -11.5 254° 2.72 0.31 Clear 

2 7 -15.7 256° 1.37 0.17 Clear 

3 9 -9.1 238° 1.00 0.14 Clear 

4 10 -5.8 254° 1.14 0.14 Clear 

5 9 -38.8 238° 2.45 0.44 Mostly Cloudy 

6 9 -43.0 268° 2.83 0.47 Partly Cloudy 

  

Tests 1 through 4 were conducted in unstable conditions. Winds were moderate during 

test 1 and very light during tests 2, 3, and 4. No major variability in wind direction was 
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observed during the first 4 tests and the wind directions were almost always favorable with 

respect to the freeway orientation. Skies were clear during the first 4 tests. 

Notice that the surface boundary layer was unstable even during tests 2, 3, 4, which 

were conducted in the late evening and night when the sun had set.  Tests 5 and 6 were 

conducted in near neutral conditions. Winds were moderate and the wind direction was 

steady. Wind directions were almost always favorable during these two tests. Skies were 

mostly cloudy in test 5 and partly cloudy in test 6. 

2.4 Framework for the barrier models 

We developed two models to explain the collected data. The developed models assume 

that the mixed-wake region behind the barrier results in constant concentrations from 

surface to the barrier height. These models are based on equation 2-8. 

2.4.1 Simple barrier model 

We can derive a simplified version of equation 2-8 by using the neutral expression for 

the product of the effective wind speed and 𝜎𝑧 (Venkatram et al., 2013): 

 𝑈(𝑧̅) cos 𝜃 √𝜋2 𝜎𝑧 = 0.57 ∗ √𝜋2 𝑢∗𝑥 = 0.71𝑢∗𝑥 (2-10) 

where 𝑢∗ is the surface friction velocity and 𝑥 is the distance of a receptor from the barrier. 

Equation 2-8 then becomes: 

 𝐶𝑠 = 𝑞𝑈 (𝐻2) cos 𝜃 𝐻 + 𝑎𝑢∗𝑥 (2-11) 

where 𝑎 is 0.71. 
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Since the width of the road is comparable to the downwind distances being considered 

here, we treat the road as an area source with width 𝑊. Then, the concentration at a 

downwind distance x from the barrier becomes: 

 𝐶𝑠 = ∫ 𝑞𝑊𝑈(𝐻2) cos 𝜃 𝐻 + 𝑎𝑢∗𝑥𝑥+𝑊
𝑥 𝑑𝑥

= 𝑞𝑎𝑢∗𝑊 ln(  
 1 + 𝑊

𝐻𝑈 (𝐻2)𝑎𝑢∗ cos 𝜃 + 𝑥)  
 

 

(2-12) 

This simple model, which applies primarily to neutral conditions, serves as a reference 

model whose performance against observations will be compared with that of an improved 

version.  

2.4.2 Modified mixed-wake model 

The second model considered here modifies equation 2-8 to improve its performance 

during unstable conditions when this equation overestimates concentrations close to the 

source in the Idaho Falls tracer experiment (Finn et al., 2010). As shown in Figure 2-11, the 

modified model assumes that the maximum concentration occurs above barrier height to 

be consistent with the wind tunnel data (Heist et al., 2009). 

 

Figure 2-11- Schematic of concentration profile in the modified mixed-wake model. 



35 

The second modification is an entrainment factor, 𝑓𝑚, that reduces entrainment into 

the barrier wake during unstable conditions. This is an empirical modification to account 

for the overestimation of concentrations close to the source under the unstable conditions 

of the Idaho Falls experiment. The factor reduces entrainment behind the barrier as the 

absolute value of the Monin-Obukhov length decreases. It is also a function of downwind 

distance, starting at values below unity just downwind of the barrier and approaches unity 

at large downwind distances. 𝑓𝑚 is taken to be: 

 𝑓𝑚 = 𝑓𝑐 + (1 − 𝑓𝑐) (1 − exp (− 𝑥𝐿𝑠)) (2-13) 

where 𝑓𝑐, the entrainment factor at 𝑥 = 0, is taken to be: 

 𝑓𝑐 = exp (− 𝐿𝑠|𝐿𝑀𝑂|) (2-14) 

where 𝐿𝑠 = 10𝐻 and 𝐻 is the barrier height. 𝑓𝑐 decreases as the absolute value of Monin-

Obukhov length decreases. 

The third modification is the effect of barrier on surface friction velocity. Surface 

friction velocity is enhanced based on an empirical model for the development of a neutral 

boundary layer after a roughness change, 

 𝑢∗𝑤 = 𝑢∗ (𝑧0𝑤𝑧0 )0.17 (2-15) 

where the effective roughness of the wall is taken to be 𝑧0𝑤 = 𝐻/9. 

Assuming that the barrier does not modify the upwind heat flux, the Monin-Obukhov 

length is taken to be proportional to 𝑢∗3. Then, the Monin-Obukhov length behind the 

barrier is: 

 𝐿𝑤 = 𝐿𝑀𝑂 (𝑢∗𝑤𝑢∗ )3 (2-16) 
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The velocity below the barrier height is assumed to be uniform with height given by its 

value at 𝑧 = 𝐻. With these parameterizations, the surface concentration can be expressed 

as 

 𝐶𝑠 = 𝑓𝑚𝐶𝑚𝑎𝑥[exp(−𝑝12) + exp(−𝑝22)] (2-17) 

where 𝐶𝑚𝑎𝑥 is the maximum concentration is 

𝐶𝑚𝑎𝑥 = 𝑞cos 𝜃𝑓𝑚𝑈(𝐻). 𝐻. [exp(−𝑝12) + exp(−𝑝22)] + 𝑈(𝑧̅)√𝜋2 𝜎𝑧. [2 − erf(𝑝1) − erf(𝑝2)]  (2-18) 

In this equation, 𝑈(𝐻) is the velocity at barrier height, 𝑝1 = (𝐻 − 𝐻𝑝)/√2𝜎𝑧, 𝑝2 = (𝐻 +𝐻𝑝)/√2𝜎𝑧 , and 𝐻𝑝 is the height of maximum concentration, taken to be: 

 𝐻𝑝 = 𝐻 + 𝜎𝑧𝐵2  (2-19) 

where 𝜎𝑧𝐵 is the vertical plume spread right behind the barrier. This model performs better 

than the model presented in Schulte et al. (2014) in describing concentrations close to the 

barrier in the Idaho Falls experiment (Finn et al., 2010) during unstable conditions, which 

correspond to those considered in the current field study.   

2.5 Comparison with observations 

As indicated earlier, the UFP number emission factor is highly uncertain. The literature 

reports a large range 1012~1014#/(veh.km) (Kumar et al., 2011; Morawska et al., 2008).  In 

this study, we treat the emission factor as an unknown parameter whose value is obtained 

by fitting model estimates to measured UFP concentrations.  Because we wanted to evaluate 

the performance of the model in describing the impact of the barrier on downwind 

concentrations, we excluded data points at distances less than 40 m from the barrier in 

deriving the emission factor.   
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The ratio of UFP High Duty Vehicle (HDV) emission factor to that of Light Duty Vehicle 

(LDV) was taken to be 25. This ratio was found using 𝑃𝑀2.5 emissions from the EMFAC 

Model inventory data (California Air Resources Board, 2011). Car and truck emission factors 

were averaged over mileage for the fleet operating in Riverside County. 

For the simple barrier model, the fitted emission factor is 7.90 × 1013 #/(veh.km) 

averaged over the six tests and a standard deviation of 2.88 × 1013 #/(veh.km).  The 

corresponding statistics for the modified mixed-wake model are a mean of 7.09 × 1013 

#/(veh.km) and a standard deviation of 2.56 × 1013 #/(veh.km). The mean emission factors 

of both models lie within the range reported in literature (Kumar et al., 2011; Morawska et 

al., 2008). 

The performance of the models are evaluated using the geometric mean (𝑚𝑔), standard 

deviation of the residuals between the observations and predictions (𝑠𝑔), the fraction of data 

points that lie within a factor of two of the observations (fact2), and the correlation 

coefficient between the observations and predictions (𝑟2). The geometric mean and 

standard deviation are defined as: 

 ln𝑚𝑔 =∑𝜖𝑖𝑁𝑖  (2-20) 

 ln 𝑠𝑔 = √∑ (𝜖𝑖 − ln𝑚𝑔)2𝑖 𝑁 − 1  (2-21) 

where 𝜖 = ln 𝐶𝑜𝑏𝑠. − ln𝐶𝑝𝑟𝑒𝑑. is the residual between the observed concentration and the 

predicted one, and 𝑁 is the number of data points.   

The performance of the models using the average emission factor for the six tests is 

shown in Figure 2-12.  The 𝑟2 are similar for the two models using a barrier height of 4.5 m.  
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a) 

 

b) 

 

Figure 2-12- Comparison of observations and a) simple barrier model estimates and b) the modified 
mixed-wake model estimates.  

To distinguish between the two models, we investigated the sensitivity of model 

performance to different barrier heights using fractional bias (Chang and Hanna, 2004) to 

measure their relative performance. Figure 2-13shows the fractional bias versus barrier 

heights for both models. The bias is close to zero for both models when the barrier height 

is close to its actual value of 4.5 m, which indicates that both models capture the essential 

effects of barriers on downwind concentrations. The simpler barrier model is more sensitive 

to barrier height, reflecting the role of this variable in its formulation.  It would be necessary 

to conduct experiments with varying barrier heights to check whether this sensitivity is real. 
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Figure 2-13- Fractional bias versus barrier height for modified mixed-wake model (red solid line) 
and for simple barrier model (black dashed line). 

Figure 2-14, which compares measured concentration gradients with model estimates 

from test 3, the day with the lowest wind speed, test 4, the most convective day, and test 6, 

the most neutral day, indicates that both models provide a realistic depiction of the 

gradients over a wide range of stabilities. 
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a) 

  

b) 

 
c) 

  

d) 

  
e) 

  

f) 

 

Figure 2-14- Concentration gradients for observations and a) simple barrier model for test 3, b) the 
modified mixed-wake model for test 3, c) simple barrier model for test 4, d) the modified mixed-

wake model for test 4, e) simple barrier model for test 6, and f) the modified mixed-wake model for 
test 6. (Emission factors are calculated for each day using the data measured beyond 40 m from the 

barrier.) 
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Because the wind directions during all the tests were within 45° perpendicular to the 

freeway, we cannot quantify the performance of the model when the wind direction is close 

to parallel to the road.  

Figure 2-15 shows the spatial variation of the ratio of UFP concentrations in the 

presence of a barrier to those in the absence of the barrier as a function of barrier height; 

the micro-meteorological inputs correspond to test 6. In the simpler model, the no-barrier 

concentrations were estimated by treating the vehicles on the freeway as a 1 m barrier. The 

concentrations in modified mixed-wake model were estimated by assuming that the 

vehicles induce an initial vertical spread of 1 m. The concentration reduction, relative to the 

no-barrier concentration, just next to the 4 m barrier is 50-60%. This reduction increases to 

65-75% by doubling the barrier height. The concentration reduction decreases with distance 

to about 25% at 40 m for the 4 m barrier. This reduction is 45% for the 8 m barrier. The 

average concentration reduction from 0-40 m is around 35% for a 4 m barrier. This average 

reduction increases to 55% with a doubling of the barrier height to 8 m.   
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a) 

  

b)  

 

Figure 2-15- Comparison of estimated normalized concentrations, to no-barrier case, behind 
barriers with different heights for a) simple barrier model and b) the modified mixed-wake model. 

2.6 Summary and conclusions 

We used data from a field study to evaluate a dispersion model that parameterizes the 

effects of roadside barriers on dispersion. This model was developed using data from 

experiments conducted in the wind tunnel and measurements from a tracer study in which 

concentrations were sampled simultaneously downwind from two line sources, one behind 

a 6 m barrier and the other located in open terrain.  The primary question this paper 

addresses is whether a semi-empirical dispersion model based on data from controlled 

experiments can be used to interpret data collected downwind of a sound barrier next to a 

real-world urban highway with distributed sources whose magnitudes are uncertain.  

Six tests were conducted next to a congested freeway, which had several factors that 

aided the interpretation of the data: 1) absence of a major source of pollution, except the 

freeway, in the neighborhood, 2) absence of a major obstacles on the east and west sides of 

the freeway, except the noise barrier, 3) absence of a busy street behind the barrier, 4) 

presence of a single barrier downwind of the freeway, and 5) presence of parking lots on 
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both sides of the freeway to provide the opportunity to place several CPCs to measure  UFP 

concentrations. 

Two models were evaluated with the data from the field study.  The first is a simplified 

version of model presented in Schulte et al. (2014), which assumes neutral conditions.  The 

second is a modification of the model described in Schulte et al. (2014) to account for 

reduced entrainment in the immediate wake of the barrier during unstable conditions. Both 

models performed well in estimating the pollutant concentrations. Because the emission 

factor for UFP is highly uncertain, we treated it as a model parameter whose value was 

obtained by fitting model estimates to observations of UFP concentrations measured at 

distances where the barrier impact is small. The emission factors were found to have a mean 

of 7.90 × 1013 #/(veh.km) and a standard deviation of 2.88 × 1013 #/(veh.km) for the simple 

barrier model and a mean of 7.09 × 1013 #/(veh.km) and a standard deviation of 2.56 × 1013 

#/(veh.km) for the modified mixed-wake model for all of the six tests. These values are well 

within the range reported in the literature (Kumar et al., 2011; Morawska et al., 2008).  

Both models provide adequate estimates of the magnitudes and the spatial variation of 

near-road concentrations associated with vehicle-related emissions.  The models were 

evaluated under unstable conditions when exposure to vehicle emissions is likely to be the 

highest for people living close to highways.  Their applicability to stable conditions, when 

near-road concentrations are relatively high, has not been evaluated.  The models have also 

not been tested when the wind direction departs significantly from normal to the road.  

The models predict that a 4 m barrier results in a 35% reduction in average 

concentration within 40 m (10 barrier heights) of the barrier, relative to the no-barrier site. 

This concentration reduction is 55% when the barrier height is doubled. The good 



44 

performance of the simple barrier model reinforces the conclusion from Schulte et al. (2014) 

that the primary impact of the barrier is equivalent to shifting the line sources on the road 

upwind by a distance of about 𝐻𝑈/𝑢∗𝑐𝑜𝑠𝜃. 
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3 Effect of Vegetation Barriers on 

Dispersion from Roads 

 
 
 
 
 

3.1 Introduction 

Vegetation barriers have been suggested as a potential strategy to mitigate the near-

road air pollution. However, there is still a debate among scientists on the effects of 

vegetation on concentrations downwind of roadways. Some field studies have shown that 

presence of a vegetation barrier or adding vegetation to an existing solid barrier results in 

concentration reduction downwind of the barrier. For example, a field study in Guildford 

(Surrey, UK) showed that presence of a 2.2 m wide vegetation results in a 37% reduction of 

particles with 5 – 560 nm size range under cross-road wind conditions (Al-Dabbous and 

Kumar, 2014). Baldauf et al. (2008) observed in a field study in Raleigh, NC that adding 

vegetation to a solid barrier further lowers PM number concentrations downwind of the 

barrier. The same observation was reported for PM2.5 and UFP by Lee et al. (2018) and 

Ahangar et al. (2017a), who compared UFP and PM2.5 concentrations downwind of a solid 

barrier with those of a combination of solid-vegetation barrier. Another field study in 

Detroit, MI showed that presence of vegetation results in 12% reduction in concentration of 
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Black Carbon (BC); however, it does not change the particle counts in the fine and coarse 

particle size range (0.5 − 10 𝜇𝑚 aerodynamic diameter) (Brantley et al., 2014). 

On the other hand, some researchers have reported an increase in downwind 

concentrations in the presence of a vegetative barrier next to a road. For example, Tong et 

al. (2015) measured  higher PM2.5 concentrations downwind of trees due to decreased 

Turbulent Kinetic Energy (TKE). However, they claimed that deposition obscures the 

dominant effect of aerodynamics on local concentrations. In another field study, the 

impacts of evergreen and deciduous trees on near road air quality were examined in North 

Carolina, USA (Hagler et al., 2012) and it was concluded that vegetation can result in higher, 

lower, or the same concentrations as in the section without a barrier. The observations of 

Hagler et al. (2012) were analyzed in another study that found vegetation barriers with full 

foliage reduce UFP and CO concentrations by 37.7 – 63.6% and 23.6 – 56.1%, respectively 

and vegetation barriers with reduced foliage showed no significant change in UFP 

concentration before and after the barrier (Lin et al., 2016). 

Many modeling studies have been conducted to simulate the effects of vegetation 

barriers on urban air quality. These studies are also as inconclusive as field studies. Steffens 

et al. (2012) incorporated particle aerodynamics and deposition mechanisms into the 

Comprehensive Turbulent Aerosol Dynamics and Gas Chemistry (CTAG) model and 

examined the effects of vegetation on near-road air quality by comparing the model results 

against the Chapel Hill, NC dataset developed by Hagler et al. (2012). Their model assumed 

that vegetation barriers affect the flow field and concentration patterns in three ways: 1) 

they increase vertical mixing by lofting some of the particles, 2) they lower wind speed and 

lower turbulence behind the vegetation barrier, and 3) they remove some particles by dry 
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deposition. The equation governing the TKE included a source term corresponding to the 

creation of TKE by tree elements, and a sink term, which results from the drag due to 

vegetation. Their model showed adequate agreement with concentrations of particles larger 

than 50 nm, but tended to overpredict concentrations of particles less than 50 nm behind a 

vegetation barrier. Tong et al. (2016) developed a model by incorporating Large Eddy 

Simulation (LES) into the CTAG model and evaluated model performance against the 

dataset developed by Hagler et al. (2012). Then, they compared common vegetation barrier 

configurations near roadways to find the most effective configurations to provide mitigation 

of highway emissions. They concluded that a wide vegetation barrier with high Leaf Area 

Density (LAD), and also vegetation-solid barrier combinations work best as mitigation 

strategies.  

Ghasemian et al. (2017) developed a CFD model to estimate concentrations downwind 

of the roadside solid and vegetation barriers. They first evaluated the model by comparing 

the estimated concentrations downwind of a solid barrier against the results of the wind 

tunnel study (Heist et al., 2009). After validation of the numerical methodology, 

concentrations downwind of vegetation barriers with different LADs were estimated. They 

found that dense canopies behave similar to the solid barriers and mitigate the pollutant 

concentrations; while high porosity canopies reduce wind speed and increase pollutant 

concentrations. While these results are qualitatively consistent with the results from the 

wind tunnel, the CFD model was unable to describe the measured vertical profiles of 

concentrations downwind of the vegetative barrier. 

This chapter investigates the effects of vegetative barriers on near-road air quality by 

using a semi-empirical dispersion model to interpret results from the wind-tunnel 
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experiment conducted to compare the effects of vegetation and solid barriers on 

concentrations near roadways. This interpretation relies on dispersion models that describe 

the two effects independently: 1) enhancement of vertical dispersion, and 2) reduction of 

turbulence levels downwind of the barrier. The comparison of the observed concentrations 

with results from these models provides insight into the relative roles of these counteracting 

effects as a function of distance from the vegetative barrier. This analysis has not yet resulted 

in a model that provides a satisfactory description of the measured vertical profiles of 

concentrations.  

The details and the results of the wind tunnel experiment are described in section 3.2 

and the analysis of the collected data is described in section 3.3. 

3.2 Wind tunnel experiments 

3.2.1 Experiment description 

US EPA researchers performed a wind-tunnel study to examine the effects of vegetative 

barriers on dispersion of roadway-emitted pollutants using EPA’s Fluid Modeling Facility 

meteorological wind tunnel (Snyder, 1979). The wind tunnel test section is 3.7 m wide, 2.1 

m high, and 18.3 m long. The boundary layer used in this experiment was designed to 

simulate flow in an urban area. To condition and maintain the boundary layer, the floor of 

the test section was covered with roughness blocks, aligned in lateral rows (Figure 3-1). 
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Figure 3-1- Illustration of line sources, roughness blocks, and filter material representing vegetation 
(view from upwind). 

Roadway emissions were modelled using two line sources at 1:150 scale. The basic 

length scale used to non-dimensionalize distances in the results presented in this chapter 

is denoted by H with a full-scale equivalent of 6 m. The lengths of the model line sources 

were 2.73 m i.e. full-scale equivalent length of 410 m. The line sources were located at 𝑥 = ±1.65𝐻, assuming that the origin is located at the middle of the line sources, with x positive 

in the streamwise direction, y along the axis of the roadway, and z vertically upward. Three 

different cases were studied, a flat terrain case, a full-scale 9 m high solid barrier case (i.e. 

1.5H, assuming 𝐻 = 6 𝑚), and a full-scale 9 m×9 m vegetative barrier case. Vegetation was 

simulated by using a filter material. The heights of the barriers are denoted by 𝐻𝑤, which 

correspond to the full-scale value of 9 m. 

Laser Doppler Velocimetry (LDV) was used for all velocity measurements in this study, 

details of which are described in Heist et al. (2009). The air speed in the section was fixed 

at 2.98 m/s (𝑈𝑟) at a full-scale equivalent height of 30 m.  
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The line sources emitted ethane as tracer gas with total emission rate 𝑄 = 1.87 𝑔𝑟/𝑚𝑖𝑛 at a full-scale equivalent height of 1.5 𝑚 above the ground and were placed 

perpendicular to the air flow. Ethane was emitted from small holes with 0.1 cm diameter 

that were spaced 1 cm apart on the bottom side of each source bar. To simulate the vehicle-

induced turbulence, tabs were mounted on the upwind side of each hole. The tabs were 0.3 

cm wide and protruded 0.5 cm below the source bar (Figure 3-2). All samples were drawn 

through Rosemount Model 400A hydrocarbon analyzers. The concentrations of ethane 

were normalized to give the non-dimensional concentration 𝜒 = 𝐶𝑈𝑟/(𝑄/𝐿𝑥𝐿𝑦), where 𝐶 is 

the mass concentration with background concentration subtracted, 𝑄 is the total emission 

rate (1.87 gr/min of ethane), 𝐿𝑥 is the alongwind dimension of the roadway segment (24 cm, 

36 m full scale), and 𝐿𝑦 is the lateral length of the source segment (273 cm, 410 m full scale). 

a) 

 

b) 
 

 

Figure 3-2- Schematic of the line sources in the wind tunnel study; a) looking crosswind, and b) 
looking upwind. 

The barriers started at 𝑥 =  3𝐻 and were as long as the line sources. The vegetation 

was extended to 𝑥 =  4.5𝐻. Due to its thickness, optical porosity of the porous barrier is 

close to zero. Turbulence statistics and concentrations were measured at several downwind 

distances along the centerline of the sources. The static pressures right before and after the 

vegetation were measured, too. The static pressure drop over the porous media was used to 

estimate the screen pressure coefficient: 
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 𝜆 = Δ𝑝𝑠𝑡12𝜌𝑢2𝑑 (3-1) 

where Δ𝑝𝑠𝑡 is the static pressure drop over the porous media, 𝜌 is the air density, 𝑢 is the 

mean wind speed, and 𝑑 is the streamwise thickness of the filter material. The 

measurements showed that 𝜆 = 2 𝑚−1 for the filter material. The screen pressure coefficient 

can be related to the bulk drag coefficient using the following equation (Raupach et al., 

2001): 

 𝐶𝑑 = Γ𝑏1𝜆𝜆 + Γ𝑏1𝜆1 (3-2) 

where Γ𝑏1 is the bulk drag coefficient for a solid fence here taken as Γ𝑏1 = 1.07 according to 

(Jacobs, 1983) and 𝜆1 = 1.5 is the empirical constant. Using 𝜆 = 2 𝑚−1 in this equation 

results in 𝐶𝑑 = 0.6. 

3.2.2 Experimental results 

Wind tunnel measurements of three different cases can provide a useful dataset to 

examine the effects of vegetation and solid barriers on near-road air quality. In fact, 

observations in presence of vegetation with low porosity are expected to approach the 

observations in presence of a solid barrier, and that of vegetation with high porosity to 

approach the observations in flat-terrain case. 

3.2.2.1 Impact of vegetation and solid barriers on the flow field 

The roughness length (𝑧0), the friction velocity (𝑢∗), and the displacement height (𝑑ℎ) 

were assessed by fitting the standard logarithmic velocity profile to the undisturbed 

boundary layer so that the computed friction velocity matched the value found from the 
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constant turbulent shear stress region, i.e. from 𝑧 = 12 𝑚 to 𝑧 = 30 𝑚 full-scale (Heist et 

al., 2009): 

 𝑈(𝑧) = 𝑢∗𝜅 ln (𝑧 − 𝑑ℎ𝑧0 ) (3-3) 

where 𝜅 is the von Karman constant, and was taken to be 0.4. 𝑢∗ and 𝑧0 were found to be 0.25 𝑚/𝑠 and 0.27 𝑚, respectively. 

Contours of the observed velocity magnitudes as well as the velocity fields in vegetation 

and solid barrier cases are shown in Figure 3-3. The velocity behind barriers in both cases 

decreases substantially. A strong recirculation zone is formed behind the solid barrier which 

extends to a point between 4𝐻𝑤 and 8𝐻𝑤 from the barrier with a reverse velocity as strong 

as a third of the reference velocity. A significant upward deflection in upstream airflow is 

observed in the solid barrier case. 

On the other hand, a low-air-speed zone is observed behind the vegetative barrier in 

which a reverse velocity is not detected. Thus, no recirculation zone forms behind the 

vegetation. A slight upward deflection in upstream airflow is observed.  The TKE behind the 

vegetation barrier is measured to be smaller than that of the solid barrier because of the 

formation of a recirculation zone behind the solid barrier. The CFD simulations (Ghasemian 

et al., 2017; Steffens et al., 2012; Tong et al., 2015) are consistent with these measurements.  
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Figure 3-3- Magnitudes of observed velocity and velocity fields for a) solid barrier case and b) 

vegetation barrier case. Barriers are represented by black rectangles. 

Turbulence levels, including longitudinal and vertical velocity fluctuations (𝜎𝑢 and 𝜎𝑤) 

and cross-correlation of vertical and longitudinal velocities, were measured at different 

points above the height 𝐻. Longitudinal velocity fluctuations were also measured at heights 

below 𝐻. 

Contours of the vertical velocity fluctuations (𝜎𝑤) for solid and vegetation barriers are 

shown in Figure 3-4. We see that 𝜎𝑤 is highest at the center of the recirculation zone in the 

solid barrier case. This center is located 4𝐻𝑤 from the barrier. It is evident that the top of 

the barrier acts as a zone of shear production of turbulence (Figure 3-4a). 

Turbulence levels are relatively low behind the vegetative barrier because turbulence 

is dissipated behind the barrier. However, the top of the vegetation acts as a shear source of 

turbulence (Figure 3-4b). In this case, the highest turbulence level occurs at 7𝐻𝑤 from the 
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leeward edge of vegetation (Figure 3-4b). It should be noted that the magnitude of the 

maximum 𝜎𝑤 is larger for the solid barrier case. 

 
Figure 3-4- Contours of vertical velocity fluctuations for a) solid barrier case and b) vegetation 

barrier case. Barriers are represented by black rectangles.  

Contours of longitudinal velocity fluctuations (𝜎𝑢) are also shown in Figure 3-5. The 

overall trend of the variation of 𝜎𝑢 is similar to that of 𝜎𝑤. Figure 3-6 shows scatterplots 

comparing 𝜎𝑢 with 𝜎𝑤 at all the points that both parameters were measured. The values of 𝜎𝑤 and 𝜎𝑢 in the undisturbed boundary layer are 0.3 𝑚/𝑠 and 0.5 𝑚/𝑠, respectively. The two 

turbulence levels are correlated well for both solid and vegetation cases with correlation 

coefficients of 𝑟2 = 0.82 and 𝑟2 = 0.69, respectively.  
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Figure 3-5- Contours of longitudinal velocity fluctuations for a) solid barrier case and b) vegetation 

barrier case. Barriers are represented by black rectangles.  

a) b)

Figure 3-6- Scatterplots comparing 𝜎𝑢 values with 𝜎𝑤 values at different points within the wind 
tunnel for a) solid barrier case, and b) vegetation case.  

3.2.2.2 Impact of vegetation and solid barriers on the concentration field 

As discussed earlier, the concentrations were normalized to give the non-dimensional 

concentration 𝜒 = 𝐶𝑈𝑟𝐿𝑥/(𝑄/𝐿𝑦). Contours of concentration fields for the 3 cases are 

shown in Figure 3-7. Ground-level concentrations behind the solid barrier are smaller than 

the corresponding concentrations in the flat terrain case (Figure 3-7b), as seen in many 
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previous studies (Baldauf et al., 2008; Finn et al., 2010; Hagler et al., 2011; Heist et al., 2009).  

Thus, solid barriers reduce ground-level concentrations downwind of the roads.  

However, ground-level concentrations behind the vegetative barrier are higher than 

the corresponding concentrations in the flat terrain case, which suggests that the vegetative 

barriers can increase ground-level concentrations next to the roadways (Figure 3-7c). For 

example, the 𝜒 = 20 contour in vegetation case extends up to 𝑥 = 6𝐻𝑤, whereas that of flat 

terrain extends only up to 𝑥 = 3𝐻𝑤. On-road concentrations for solid barrier were not 

measured. On-road concentrations are larger in the vegetative barrier case than those in 

the flat terrain case. Lower air speeds on the windward side of vegetation could lead to the 

larger on-road concentrations. 

 
Figure 3-7- Concentration contours for a) flat terrain, b) solid barrier, and c) vegetation cases. 

Barriers are represented by red rectangles. 

Figure 3-8 shows vertical profiles of concentrations at six downwind distances for all 

cases. As expected, the solid barrier reduces concentrations below the barrier height. The 
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concentration is well-mixed from the surface to the barrier height behind the solid barrier 

and it peaks at some height above the barrier, as was incorporated into the modified mixed-

wake model developed by Amini et al. (2016). 

On the other hand, vegetation seems to increase concentrations from the surface to the 

barrier height for several barrier heights downwind of the road. The difference among 

concentrations of three cases vanishes as the plume travels downwind and the effects of 

solid and vegetation barriers diminish. 

The question that still remains is that why surface concentrations behind vegetation 

are larger than those of flat terrain case within several barrier heights downwind of 

vegetation barrier. 
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a) b)

c) d)

e) f)

Figure 3-8- Vertical profiles of concentrations for all 3 case at six different downwind distances. 
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3.3 Data analysis 

The surface concentration data behind the vegetative barrier were analyzed by 

modifying the analytical line source model in two different ways; first, we assume that the 

only effect of the vegetative barrier is to increase initial plume spread (first scenario), which 

simulates the effect of a solid barrier in reducing concentrations relative to those in flat 

terrain. Second, we assume that while increasing the initial plume spread, vegetation 

decreases turbulence levels behind the barrier as well (second scenario).  

Vertical profiles of the ratio of 𝜎𝑢 behind the vegetative barrier to 𝜎𝑢 in the undisturbed 

boundary layer are shown in Figure 3-9. This figure shows that turbulence levels below the 

vegetation height are reduced downwind of the barrier and then recover with distance as 

the turbulent kinetic energy is entrained from above. The reduction of 𝜎𝑢 at receptors below 

vegetation height and within 3𝐻𝑤 from vegetation has a mean value of 50% and a standard 

deviation value of 23%. Using the 𝜎𝑢 reduction level, we assume that the surface friction 

velocity at the area close to the vegetation reduces by 55%, resulting in 𝑢∗2 = 0.11 𝑚/𝑠. This 

reduction in turbulence is likely to be larger with increasing vegetation height and/or 

decreasing porosity.  

Initial vertical dispersion of the flat terrain case is found to be ℎ0 = 0.8 𝑚 by comparing 

the modeled surface concentration gradients against the observed ones (Figure 3-10). Initial 

vertical dispersion of the vegetation case is assumed to increase to ℎ0 = 3 𝑚.  
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Figure 3-9- Vertical profiles of the ratio of 𝜎𝑢 behind vegetation barrier to 𝜎𝑢 in undisturbed 

boundary layer. The vegetation extends from 𝑥 = 2𝐻𝑤 to 𝑥 = 3𝐻𝑤.  

 
Figure 3-10- Comparison of measured surface concentrations with estimated surface concentrations 

versus downwind distance in the flat terrain case.  

We incorporate the resulting values of the surface friction velocity and initial vertical 

dispersion for vegetation into the line source model to estimate surface concentrations 

downwind of the vegetation. Figure 3-11 compares the estimated surface concentrations 

behind vegetation using the two scenarios against the measured surface concentrations. 

The measured surface concentrations in vegetation case lie within the limits of the two 

scenarios. The data close to the vegetation are explained well by the decrease in turbulence 
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levels and increase in initial vertical dispersion, and the data far from the vegetation barrier 

are explained well only by the increase in initial vertical dispersion. The shift between these 

two scenarios occurs within [3𝐻𝑤 , 7𝐻𝑤] from the leeward edge of vegetation, which is 

consistent with the observations in Figure 3-9. Thus, the effect of vegetation on reducing 

turbulence does not go beyond 7𝐻𝑤. Observed flat terrain surface concentrations are also 

shown for reference. The surface concentrations measured in the flat terrain case converge 

to those of the vegetation barrier case around 17𝐻𝑤 from the downwind edge of the 

vegetation; surface concentrations downwind of the vegetation barrier at 17𝐻𝑤 from the 

edge of the vegetation is 15% less than that of the flat terrain. 

 

Figure 3-11- Comparison of the measured surface concentrations with estimated surface 
concentrations versus downwind distance. Vegetation ends at 3𝐻𝑤. 

3.4 Conclusions and summary 

We analyzed the results from a wind-tunnel study to examine the impacts of vegetative 

and solid barriers on near-road air quality. The solid barrier decreased ground-level 

concentrations downwind of the barrier compared to flat terrain by up to 0.3. However, the 

study showed that presence of vegetation can result in up to 50% increase in surface 
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concentrations for several barrier heights downwind of vegetation compared to 

corresponding receptors in flat terrain. 

The concentration data behind vegetation were analyzed by using a semi-empirical 

dispersion model that incorporates the effects of vegetation on the turbulence and velocity 

fields. The measured ground-level concentrations lie between two limits; the first limit 

assumes that vegetation only increases the vertical plume spread, and the second limit 

assumes that vegetation, in addition to increasing vertical plume spread, decreases surface 

friction velocity. Measured concentrations within [0,3𝐻𝑤] from the leeward edge of 

vegetation are close to the second limit, while measured concentrations beyond 7𝐻𝑤 from 

the leeward edge of vegetation are close to the first limit. It should be noted that the effect 

of the initial vertical plume spread on total vertical plume spread (𝜎𝑧) diminishes as the 

downwind distance increases; thus, the surface concentrations downwind of vegetation 

barrier eventually converges to those of the flat terrain. 

This analysis indicates that vegetative barriers influence dispersion of air pollutants 

close to the roadways in two counteracting ways: 1) they decrease turbulence behind the 

barrier, 2) they increase vertical mixing. These two opposing effects can lead to a decrease 

or increase in concentrations relative to those in the absence of the barrier. This is the main 

reason of the inconclusiveness of past research on the effects of vegetation on roadway-

emitted pollutants, including Hagler et al. (2012) and Brantley et al. (2014). Further research 

is needed to determine the dominant effect under different conditions. This depends on 

multiple parameters such as geometry, porosity, and pressure loss coefficient of vegetation, 

stability of the atmosphere, and turbulence properties of the incoming flow. 
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4 Modeling Dispersion of Emissions 

from Depressed Roadways 

 
 
 
 
 

4.1 Introduction 

A small number of studies have examined dispersion of emissions from depressed 

roadways. The most notable of these is a field study conducted in Los Angeles air basin by 

California Department of Transportation (CalTrans) to collect data to understand 

dispersion of primary pollutants emitted from freeways with various configurations, 

including at-grade, depressed, and elevated highways (Bemis et al., 1977). Air pollutants 

sampled included CO, reactive and unreactive hydrocarbons, NOx, O3, SO2, and H2S. 

Particulate sampling was also conducted to obtain total particulates and lead. The results 

of this study were incorporated into the development of a dispersion model called CALINE2 

(Bemis et al., 1977). 

Feeney et al. (1975) measured aerosols and particulate lead concentrations in the 

vicinity of several road configurations, including a depressed roadway. Samplers were 

placed 20 m upwind of a freeway and at several distances downwind of the freeway ranging 

from 27 m to approximately 160 m from the median strip. They found that the mass 



64 

concentrations of traffic-derived lead were generally lower downwind of the depressed 

roadway relative to that predicted by a dispersion model that assumed the emissions 

occurred at road level.   

Heist et al. (2009) conducted a comprehensive wind-tunnel study on dispersion of 

emissions from model depressed roadways. The studied configurations included a flat 

roadway, a 6 m and a 9 m deep depressed roadway with vertical sidewalls, a 6 m deep 

depressed roadway with 30° sloping sidewalls, and a 6 m deep depressed roadway with 30° 
sloping sidewalls with two 6 m solid barriers on top of the road. They observed that these 

configurations alter the flow field, increase downwind dispersion, and reduce downwind 

surface concentrations relative to the flat terrain case. The level of reduction in 

concentrations depended on the particular configuration. 

Wind tunnel studies can provide more information on the processes that govern 

dispersion in complex situations than field studies can because the governing inputs are 

controlled and details of the flow fields can be measured. Although they do have the 

disadvantage of being unable to simulate the effects of atmospheric stability, they provide 

information that is vital to the development of models for situations in which the effects of 

source geometry on the flow field are dominant. For example, the wind tunnel results (Heist 

et al., 2009) on dispersion of pollutants downwind of the roadways in the presence of noise 

barriers have been incorporated into several dispersion and CFD models (Ahangar et al., 

2017b; Amini et al., 2016; Ghasemian et al., 2017; Hagler et al., 2011; Schulte et al., 2014; 

Steffens et al., 2014).  

Baldauf et al. (2013) conducted a field study in Las Vegas, Nevada, to investigate the 

effects of a depressed roadway on local-scale air quality downwind of the depression. They 
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measured CO and NOx concentrations along a complex urban highway at two sections; a 

section at-grade with the surroundings and another section that was depressed. The vertical 

height from the roadbed to the top of the surroundings was 5 m, and the slope of the 

sidewalls was approximately 20°. The stationary monitors located 20 m from the downwind 

edge of the freeway at both sections showed that the maximum concentration events 

occurred at the at-grade site. However, during some mid- and low-concentration events, 

the monitor downwind of the cut section observed higher concentration levels than that of 

the at-grade section. The mobile monitoring data collected along the at-grade and cut 

section transects indicated that the concentrations at the at-grade transect were greater 

than those at the cut section transect at 35 m from the downwind edge of the freeway, with 

concentrations then becoming similar along both gradients further downwind of the 

highway. They also conducted a wind tunnel simulation of the study site to examine the 

flow field and the concentration distributions in the vicinity of the highway. The wind 

tunnel simulations revealed that the cut section reduced concentrations of pollutants 

measured at breathing-level height by 15 – 25% relative to the flat terrain case for receptors 

located approximately 20 m from the downwind edge of the highway. Although the field 

data were not conclusive, the data collected under the controlled conditions of the wind 

tunnel indicated that depressed roadways led to reductions in downwind near-surface 

concentrations relative to those next to at-grade roadways.   

The observed CO concentrations around depressed roads in the CalTrans field study 

(Bemis et al., 1977) were used to develop the depressed road model in the California Line 

Source Dispersion Model (CALINE2). CALINE is based on the Gaussian plume model and 

is used to estimate air pollutant concentrations near roadways. Compared to equivalent at-



66 

grade sites, greater values for initial vertical dispersion are used for depressed roads to 

explain the observed concentrations in the CalTrans field study (Bemis et al., 1977; Benson, 

1992b). As discussed in chapter 1, there is a need to develop a dispersion line source model 

that estimates concentrations downwind of different road configurations, including 

depressed roadways, to add to the capabilities of the RLINE (Snyder et al., 2013). In this 

chapter, we modify a flat terrain line source dispersion model to account for dispersion from 

depressed roads.  

In this chapter, we analyze the concentrations and turbulence levels measured in the 

wind tunnel study downwind of the at-grade and depressed roads (Heist et al., 2009) to gain 

insight into the processes that govern dispersion of pollutants from a depressed highway.  

Based on this insight, we propose a method to incorporate the dominant effects of the 

depressed roadway into a flat terrain model. These effects are first parameterized in a model 

proposed by van Ulden (1978) which not only provides a good description of ground-level 

concentrations but also the vertical profiles measured during the Prairie Grass experiment 

(Barad, 1958). We then suggest how our findings can be incorporated into RLINE model, a 

Gaussian dispersion model, that focuses on ground-level concentrations. The results and 

the approach of this chapter are partly addressed in conference papers of Venkatram and 

Amini (2017), Schulte et al. (2017), and Amini et al. (2017). 

4.2 Wind tunnel experiments 

4.2.1 Experiment description 

Heist et al. (2009) performed an experimental study in the U.S. EPA’s Meteorological 

Wind Tunnel (Snyder, 1979) to explore the effects of different road configurations on the 
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dispersion of traffic-related pollutants downwind of roads. The wind tunnel test section is 

3.7 m wide, 2.1 m high, and 18.3 m long. A simulated atmospheric boundary layer was 

generated using three truncated triangular (Irwin, 1981) spires mounted near the entrance 

to the test section. To maintain the boundary layer, the floor of the test section downwind 

of the spires was covered with roughness blocks. The position of spires and roughness 

blocks are shown in Figure 4-1. There are no roughness blocks in the proximity of the line 

sources where turbulence and concentration measurements are conducted. The modelled 

freeway is a six lane divided highway at 1:150 scale. The width of the modelled freeway is 36 

m full scale. The origin of the coordinate system is at the center of the roadway on the wind 

tunnel floor, with the positive 𝑥 in the stream wise direction, 𝑦 along the axis of the roadway, 

and 𝑧 vertically upward. The wind-tunnel study examined twelve roadway configurations. 

In this paper, we focus on three depressed roadway configurations and compare the results 

to those of a flat roadway.  
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Figure 4-1- Schematic of near roadway wind tunnel setup: a) elevation and b) plan view. 

Laser Doppler Velocimetry (LDV) was used for all velocity measurements in this study, 

details of which are described in Heist et al. (2009). The roughness length (𝑧0), the friction 

velocity (𝑢∗), and the displacement height (𝑑ℎ) were assessed by fitting the standard 

logarithmic velocity profile to the near surface measured upwind velocity profile in the 

FLAT case at 𝑥 = −16.75𝐻: 

 𝑈(𝑧) = 𝑢∗𝜅 ln (𝑧 − 𝑑ℎ𝑧0 ) (4-1) 

where 𝜅 is the von Karman constant, taken to be 0.4. The values of 𝑢∗, 𝑧0, and 𝑑ℎ were 

calculated to be 0.17 m/s, 0.10 m and 0 m, respectively.  

The configurations that were studied in this paper are shown in Figure 4-2. We examine 

a 6 m deep depressed roadway with vertical sidewalls (D690), a 6 m deep depressed roadway 

with 30° angled sidewalls (D630), and a 9 m deep depressed roadway with vertical sidewalls 

(D990). Observations of flow and dispersion for these configurations were compared with 
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those from the flat roadway case (FLAT). The width of the road in all cases is 36 m (full 

scale) and the width of the opening in D630 case is around 57 m (full scale). The letter ‘D’ 

in a case name stands for 'Depressed’, the first single digit number represents the depth of 

the road in meters, and the two-digit number at the end of a case name denotes the angle 

between the sidewalls and the roadbed, in degrees. 

a) 

 

b) 

c) d) 

Figure 4-2- Elevation view showing cross sections through the different roadway designs studied; a) 
flat terrain roadway (FLAT), b) 6 m deep depressed roadway with vertical sidewalls (D690), c) 6 m 

deep depressed roadway with 30° sloping sidewalls (D630), and d) 9 m deep depressed roadway 
with vertical sidewalls (D990). The small black rectangles indicate the location of the tracer 
emission lines. The width of the road in all cases is 36 m. Adapted from Heist et al. (2009). 

The tracer gas used in the study was high-purity ethane (C2H6) which is only slightly 

heavier than air. The flow rate of the tracer gas is 1500 cc/min. All samples were drawn 

through Rosemount Model 400A hydrocarbon analyzers. The concentrations of ethane 

were normalized to give the non-dimensional concentration 𝜒 = 𝐶𝑈𝑟/(𝑄/𝐿𝑥𝐿𝑦), where 𝐶 is 

the concentration (a fraction by volume) with background concentration subtracted, 𝑈𝑟 is 

the reference wind speed (equal to 2.46 m/s, measured at a full-scale equivalent height of 

30 m), 𝑄 is the volumetric effluent rate (1500 cm3/min of ethane), 𝐿𝑥 is the alongwind 

dimension of the roadway segment (24 cm, 36 m full scale), and 𝐿𝑦 is the lateral length of 

the source segment (48 cm, 72 m full scale). In this study, we focus on concentrations 
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associated with infinitely long line sources. As explained by Heist et al. (2009), the infinite 

line source results are constructed by superposition of concentrations resulted from five 

finite line segments placed laterally next to each other. Finally, the length scale, 𝐻, used 

throughout the study is 6 m (full scale). 

4.2.2 Experimental results 

4.2.2.1 Impact of road depression on the velocity field 

The impact of road configurations on the flow field is shown in Figure 4-3. We see that 

the depressions modify the flow field relative to that of the FLAT case.  Roadways with 

vertical sidewalls (D690 and D990) create recirculating flow in the depressed regions, with 

a stronger recirculation in the deeper road cut case (D990).  The D630 case, with angled 

sidewalls, has the least effect on the flow field, showing little evidence of recirculation in 

the depressed region.  
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a) b)

c) d)

Figure 4-3- Observed mean velocity vectors for a) FLAT, b) D690, c) D630, and d) D990 cases. 

The vertical profiles of horizontal velocity in the FLAT case, shown in Figure 4-4, 

indicate that the horizontal wind speed increases with downwind distance from the road. 

This acceleration is caused by the absence of roughness blocks in the region -16.75H to 

44.25H, which includes the measurement zone. Due to conservation of ethane mass, the 

acceleration of the air flow causes a reduction in concentration over downwind distance 

that adds to that caused by vertical dispersion. The reduction in concentration due to the 

acceleration occurs in all cases; thus we can assume that the concentration reduction in 

depressed cases compared to the flat case is approximately only due to the effects of the 

depression. 
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Figure 4-4- Vertical profiles of horizontal velocity at multiple downwind  locations in FLAT case. 

The air speed increases as air travels downwind.  

4.2.2.2 Impact of road depression on the turbulence field 

Since the turbulence field plays a significant role in dispersion of traffic-related 

emissions (Tong et al., 2015), it is useful to examine the impact of different road 

configurations on Turbulent Kinetic Energy (TKE) values relative to those for the FLAT case. 

Figure 4-5 shows the downwind variation of the square root of the ratio of TKE of depressed 

cases to that of flat terrain at 𝑧 = 𝐻/2. This figure clearly indicates that the depression in 

the road is a source of shear generated turbulence, which causes the TKE to remain larger 

than that of flat terrain for the entire domain. As expected, the TKE of D990 is almost always 

larger than that of D690. The TKE in the D630 case exceeds that of D990 beyond 𝑥 = 20𝐻.  
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Figure 4-5- Gradient of square root of TKE values of a) D690, b) D630, and c)D990 cases, 

normalized by the corresponding values observed at flat terrain case.  

4.2.2.3 Impact of road depression on the concentration field 

Concentrations considered in this study are concentrations observed downwind of the 

simulated freeways and at the same level with surroundings. For FLAT, D690, and D990 

cases, it corresponds to concentrations measured at 𝑥 ≥ 3𝐻, and for D630 case, it 

corresponds to those at 𝑥 ≥ 4.75𝐻. Figure 4-6 shows the variation of surface concentrations 

with downwind distance for the different cases. The left panel shows the differences 

between the surface concentrations of the FLAT case and the depressed cases as a function 

of downwind distance. The right panel focuses on the differences in surface concentrations 

among the depressed roadway cases close to the road. All configurations decrease surface 

concentrations relative to those in the flat terrain case. The relative concentration reduction 

is highest for D990 case with the value of 80% very close to the road, 𝑥 = 3𝐻. As expected, 

the surface concentrations in D990 are lower than those in D690. The surface 

concentrations downwind of the road in D630 are higher than those of D990 everywhere 

except at 𝑥 = 15𝐻, where the surface concentration of D630 case is 95% of that of D990. As 
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expected, the effects of road configurations on dispersion of roadway-emitted pollutants 

decreases with downwind distance from the edge of the depression. For example, the 

surface concentration reduction of D990 relative to the flat terrain at 𝑥 = 3𝐻 is 80%, while 

that at 𝑥 = 40𝐻 is only 24%. But the scale over which the concentration approaches the flat 

terrain case varies with road configuration. For example, the surface concentration ratio of 

D990 case to D690 case at 𝑥 = 3𝐻 is 0.83, where the effect of configuration is large, while 

that at 𝑥 = 40𝐻 is 0.95. 

a) b)

Figure 4-6- Surface concentration as a function of downwind distance for different road 
configurations. Left plot includes flat terrain concentrations.  

4.3 Framework for the depressed road models 

4.3.1 Modified van Ulden model 

4.3.1.1 Model development 

The wind tunnel results show that the depressed roadways 1) induce complex patterns, 

which includes recirculation within depressed roadways with vertical walls and 2) increase 

turbulence levels downwind of the depression relative to the FLAT case.  In our modeling 

approach, we do include these effects explicitly, but examine parameterizing them within 

the framework of a dispersion model applicable to flat terrain. As we will show later, only 
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two parameters are needed to describe the distance evolution of both ground-level as well 

as vertical profiles of concentrations. Our primary result is that a flat terrain model can be 

modified in a simple manner to capture the dominant effects of a depression on the 

dispersion of pollutants emitted from it. We show that there is a qualitative relationship 

between the geometry of the depression and the values of the parameters. The data from 

the wind tunnel studies have not yet yielded a quantitative relationship although we can 

interpolate between the values presented in this paper.     

Our first analysis of the experimental results is based on a model proposed by van 

Ulden (1978) which has been evaluated with observations from the Prairie Grass experiment 

(Barad, 1958). This model, which is the analytical solution of the eddy diffusivity-based mass 

conservation equation, expresses the concentration associated with a point source with 

strength 𝑄 (unit: 𝑔. 𝑠−1). We use this model to estimate the concentration associated with 

an infinitely long line source with strength 𝑞 (unit: 𝑔. 𝑠−1𝑚−1), as 

 𝐶(𝑥, 𝑧) = 𝐴𝑞�̅�𝑧̅ exp (−(𝐵𝑧𝑧̅ )𝑠) (4-2) 

where the value of 𝑠 depends on stability (Nieuwstadt and van Ulden, 1978). 𝐴 and 𝐵 values 

are constant and depend only on 𝑠 (van Ulden, 1978), 𝑧̅ is the mass-weighted plume height 

defined as 

 𝑧̅(𝑥) = ∫ 𝑧𝐶(𝑥, 𝑧)𝑑𝑧∞0∫ 𝐶(𝑥, 𝑧)𝑑𝑧∞0  (4-3) 

and �̅� is the mass-weighted plume velocity defined by 

 �̅�(𝑥) = ∫ 𝑈(𝑧)𝐶(𝑥, 𝑧)𝑑𝑧∞0 ∫ 𝐶(𝑥, 𝑧)𝑑𝑧∞0  (4-4) 
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We found that the shape of the observed vertical concentration profiles of all cases at 

various downwind distances are best reproduced by 𝑠 = 1.3. This value of 𝑠 agrees well with 

the values reported for neutral conditions by Nieuwstadt and van Ulden (1978). The 

comparison of the observed vertical concentration profiles of the FLAT case with estimates 

of the formulation with 𝑠 = 1.3 and 𝑠 = 2 are shown in Figure 4-7 and Figure 4-8, 

respectively. Throughout this section, we assume that 𝑠 = 1.3 which results in 𝐴 = 0.8 and 𝐵 = 0.74. The plume spread is related to the mean plume height by 

 𝜎𝑧 = 𝑓𝑧𝑧̅ (4-5) 

where 𝑓𝑧 is also a function of the shape factor with the value of 𝑓𝑧 = 1.34 for 𝑠 = 1.3 

(Venkatram, 2004). The growth of 𝑧̅ with x is given by the equation derived by van Ulden 

(1978) 

 𝑑𝑧̅𝑑𝑥 = 𝐾(𝑞𝑧̅)𝑈(𝑞𝑧̅)𝑞𝑧̅ (4-6) 

where 𝐾(𝑧) is the eddy diffusivity for heat and 𝑞 = 1.54 when 𝑠 = 1.3 (Venkatram, 2004). 
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a) b)

c) d)

Figure 4-7- Performance of a vertical distribution function with exponent s=1.3 in estimating 
vertical concentration profiles of the FLAT case at different downwind distances.  
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a) b)

c) d)

Figure 4-8- Performance of a vertical distribution function with exponent s=2 in estimating vertical 
concentration profiles of the FLAT case at different downwind distances.  

Following van Ulden (1978), we assume that the wind speed, 𝑈(𝑧), can be written by a 

power law  

 𝑈(𝑧) = 𝑈𝑟 ( 𝑧𝑧𝑟)𝑝 (4-7) 

where 𝑈𝑟 = 2.46 𝑚/𝑠 is the reference velocity at the reference height 𝑧𝑟 = 30 𝑚 (full scale) 

above the wind tunnel floor. We obtain the value of 𝑝 by fitting equation 4-7 to the vertical 

profiles of wind speed in the wind tunnel. As discussed in section 4.2.2.1, the absence of 

roughness blocks results in change in the shape of the vertical profiles of horizontal velocity, 

which in turn results in 𝑝 varying over distance. It turns out that the upwind velocity follows 
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a power law with 𝑝 = 1/4 and velocity profiles at different downwind distances follow 

power law functions with 𝑝 ranging from 1/7 to 1/4;  𝑝 decreases with increasing downwind 

distance. We use 𝑝 = 1/7 for the rest of our analysis. It is shown that the final conclusions 

of our analysis remain the same if 𝑝 = 1/4 (Table 4-1). However, we should note that the 

model uses a constant 𝑝 value while velocity measurements show that 𝑝 varies over distance.  

Table 4-1- Values of empirical parameters of different cases that form the 𝜎𝑧 expression (s=1.3 and 𝑝 = 1/4). 

Case 𝒉𝟎(𝒎) 𝜷/𝜷𝒇𝒍𝒂𝒕 
FLAT 1.00 1.00 

D690 4.20 1.17 

D630 3.90 1.38 

D990 5.60 1.25 

 

By substituting equation 4-64-7 into 4-6 and assuming that the eddy diffusivity 

corresponds to the neutral expression 𝐾(𝑧) = 𝜅𝑢∗𝑧, where von Karman constant is 𝜅 = 0.4, 

we can integrate equation 4-6,  assuming that the initial vertical plume spread is ℎ0,  

 𝑧̅ = [𝛽 (𝑝 + 1)𝑞𝑝 𝜅 𝑢∗𝑈𝑟 𝑧𝑟𝑝𝑥 + (ℎ0𝑓𝑧 )𝑝+1] 1𝑝+1
 (4-8) 

Although it is not used explicitly in our analysis, we present the associated equation for 

the more familiar measure of vertical spread, 𝜎𝑧, as a function of 𝑥 and ℎ0, 

 𝜎𝑧 = [𝛽 (𝑝 + 1)𝑓𝑧𝑝+1𝑞𝑝 𝜅 𝑢∗𝑈𝑟 𝑧𝑟𝑝𝑥 + ℎ0𝑝+1]
1𝑝+1

 (4-9) 

Note that 𝑝 = 1/7 results in 𝜎𝑧~𝑥7/8 when ℎ0 is small. 

We account for the effects of the depressed road through two parameters: a factor 𝛽 

which multiplies the flat terrain friction velocity in equation 4-9 and an initial vertical 
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plume spread ℎ0. The values of these parameters are obtained by fitting results from the 

modified van Ulden model to the near-surface concentration measurements made in the 

wind tunnel. It is important to note that that only two parameters are used to fit entire 

range of concentrations associated with each of the road configurations.   

4.3.1.2 Estimation of the empirical parameters 

Concentrations downwind of the freeway were modeled as the sum of 

concentrations due to six individual line sources, the same number of line sources in 

the wind tunnel (Heist et al., 2009). For each case, we fit the near-surface concentrations 

estimated by the modified van Ulden model to those observed in the wind tunnel to obtain 

the values of the two parameters, 𝛽 and ℎ0. The values of these parameters are listed in 

Table 4-2. These values suggest that it is necessary to use an initial vertical dispersion of 1.2 

m to describe the concentrations for the flat terrain case. A 6 m depressed roadway with 

straight edges adds 3.7 m to the initial vertical dispersion of flat terrain, while a 9 m 

depressed roadway with straight edges adds 4.8 m. The D630 case adds 2.4 m to the flat 

terrain initial vertical dispersion, indicating the smaller role of turbulent mixing in the 

presence of sloping walls. This suggests that one effect of the road depression is to increase 

the initial vertical dispersion. This is consistent with the method used in CALINE2 to 

account for the roadway depression (Benson, 1992b). 

The second effect of the road depression is an increase of 𝛽, which is interpreted as an 

increase in the rate of vertical plume spread or turbulence levels. The D690, D630, and D990 

cases result in increases of 12%, 37%, and 31% in this rate compared to those of flat terrain, 

respectively. This is consistent with the results shown in Figure 4-5, where larger values of 

TKE were observed in depressed cases compared to the FLAT case. The highest rate for the 
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D630 case could be attributed to the vertical velocities induced by the upward slope of the 

downwind edge of the depression. Figure 4-3 appears to support this hypothesis. It should 

be noted that the model does not take into account the impacts of vertical components of 

the wind velocity on downwind concentrations. Therefore, these effects may represent 

themselves into other factors of the model, such as increase in turbulence levels. 

Table 4-2- Values of empirical parameters of different cases that form the 𝜎𝑧 expression (s=1.3 and 𝑝 = 1/7). 

Case 𝒉𝟎(𝒎) 𝜷 

FLAT 1.2 1.00 

D690 4.8 1.12 

D630 3.6 1.37 

D990 5.9 1.31 

 

4.3.2 Modified RLINE model 

4.3.2.1 Model development 

As discussed earlier, one of the objectives of this research is to enable RLINE model to 

estimate concentrations downwind of the depressed roadways. In this section we suggest 

modifications to RLINE model to account for the effects of depressed roads on dispersion. 

RLINE (Snyder et al., 2013) is designed for estimating surface concentrations close to 

roadways. It is based upon a steady-state Gaussian formulation and treats a line source as a 

set of point sources and integrates over the differential concentrations at the receptor due 

to each point source (Snyder et al., 2013). This model is different from the van Ulden model 

in two ways: 1) it assumes that the vertical distribution of concentration is a normal 

(Gaussian) distribution, and 2) the velocity profile follows a logarithmic profile (equation 

4-1).  



82 

As shown in Figure 4-8, the model, based on the Gaussian vertical distribution with the 

2 exponent, is not able to estimate concentrations measured in the wind tunnel at all 

heights. We estimate near-surface concentrations by modifying RLINE using the two 

parameters described in a similar manner to the previous section.   

RLINE, as we have modified it, computes the vertical spread of the plume using the 

following formula for neutral conditions: 

 𝜎𝑧 = √ℎ02 + 𝜎𝑧𝐹2 ;  𝜎𝑧𝐹 = 0.57𝛼 𝑢∗𝑈(𝑧̅) 𝑥 (4-10) 

where 𝜎𝑧𝐹 is computed using the formulations derived by (Venkatram et al., 2013b) for 

neutral conditions. We account for the effects of the depressed road through two 

parameters: a factor 𝛼 for increasing turbulence, and initial vertical dispersion, ℎ0, in the 

presence of the road depression. We will adjust 𝛼 and the initial vertical dispersion value 

for each case to find the best fit to near-surface observed concentrations. This will be done 

in the next section. 

4.3.2.2 Estimation of the empirical parameters 

Following the procedure in section 4.3.1.2, the magnitudes of ℎ0 and 𝛼 for each case are 

calculated in such a way that the near-surface concentrations estimated by the modified 

RLINE model reproduce the observed values (Table 4-3). Increase in initial vertical 

dispersion and friction velocity of depressed cases in the modified RLINE follow the same 

trend as those in the modified van Ulden model, although the magnitudes are different in 

the two models. The differences in magnitudes are related to describing the velocity profile 

using the logarithmic function and the concentration profile using the Gaussian 

distribution in the RLINE model. While the initial vertical dispersion is calculated to be 
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0.4 𝑚 for the FLAT case, the value of this parameters increases to 4.0 𝑚, 3.5 𝑚, and 4.8 𝑚 

for the D690, D630, and D990 cases. As in the modified van Ulden model, the largest 

increase in turbulence levels is observed in the D630 case (𝛼 = 1.87), while the slightest 

increase occurs in the D690 case (𝛼 = 1.67). 

Table 4-3- Values of empirical parameters of different cases that form the 𝜎𝑧 expression in RLINE 
model. 

Case 𝒉𝟎 𝜶  

FLAT 0.4 1.00 

D690 4.0 1.67 

D630 3.5 1.87 

D990 4.8 1.83 

 

4.4 Comparison of the modified models with observations 

After obtaining the empirical values of the modified models’ parameters for each case, 

that were determined to reproduce near-surface concentrations, we evaluate the models’ 

capability to explain the concentration data at all heights. It is worth noting that for each 

case, the empirical values of these parameters do not vary over downwind distance.  

To compare the modeled concentrations at all heights to the corresponding observed 

values, we used the following statistical parameters: the logarithmic mean of the ratios of 

the observed concentration to the estimated concentration, 𝑚𝑔, the logarithmic standard 

deviation of the ratios, 𝑠𝑔, the fraction of estimated concentrations that lie between 0.5 and 

2 times the observed concentrations (fac2), the correlation coefficient (r2) (Venkatram, 

2008), and normalized mean square error (NMSE) (Chang and Hanna, 2004). 
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4.4.1 Modified van Ulden model 

The performance of the model to explain observed concentrations at all elevations is 

shown in Figure 4-9. This figure indicates that the modified van Ulden model is able to 

explain the concentrations at all heights measured downwind of the roadway very well. The 

correlation coefficients between the estimated concentrations at all elevations and their 

corresponding observed values are 𝑟2 = 0.99 for all cases. The model tends to 

underestimate low values of concentrations in the FLAT case and to overestimate low values 

of concentrations in the D690 and the D990 cases. These low values of concentrations 

correspond to the concentrations measured at high elevations and model’s deficiency is 

attributed to the deviation of the estimated vertical concentration profiles from the 

observed ones. 
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a) b) 

c) d) 

Figure 4-9- Comparison of modified van Ulden model estimates (with s=1.3 and p=1/7) with 
observed concentrations; a) FLAT case, b) D690 case, c)  D630 case, and d) D990 case. 

To investigate the model’s capability to explain the vertical concentration profiles at 

multiple downwind distances, we plotted the estimated vertical concentration profiles 

against the observed ones at different downwind distances for the D690 case (Figure 4-10). 

This figure reinforces the fact that by modifying only two parameters, we are able to explain 

the observed concentrations downwind of the depressed roads at all heights.   
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Figure 4-10- Comparison of the vertical concentration profiles at multiple downwind locations 

predicted by the modified van Ulden model (with s=1.3 and p=1/4) with those of the observations 
(D690 case). 

Figure 4-11 compares the variation in the observed vertical concentration profiles of the 

FLAT and D690 cases at 𝑥 = 3𝐻 with the corresponding modeled values.  As expected, the 

model is able to capture the differences in vertical concentration profiles of different cases. 

The NMSE corresponding to the FLAT case is 0.05 and that for the D690 case is 0.02. 
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Figure 4-11- Performance of the modified van Ulden model in predicting concentration vertical 

profiles of different cases at x=3H (Open squares – measured flat terrain, solid circles – measured 
D690, dashed line – modeled flat terrain, and solid line – modeled D690). 

4.4.2 Modified RLINE model 

As shown in Figure 4-8, concentrations estimated by a Gaussian dispersion model (𝑠 =2) deviate from observed concentrations at high elevations. However, from the exposure 

studies’ point of view, it is important for a model to estimate concentrations at the 

breathing-level height. Therefore, we compare the modified RLINE model predictions with 

the concentrations observed below 𝑧 = 6 𝑚 using the values listed in Table 4-3 (Figure 4-12). 

The results of this comparison show that the modified RLINE model is able to explain the 

concentrations measured below 6 m. The correlation coefficients between these estimated 

concentrations and their corresponding observed values are 𝑟2 = 0.97 or 𝑟2 = 0.98 for all 

cases. 
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a) b)

c)

 

d)

Figure 4-12- Performance of modified RLINE model in estimating concentrations below 6 m height 
for all downwind distances.  

We also examined the modified RLINE model’s capability to explain the measured 

vertical concentration profiles at multiple downwind distances for the D690 case (Figure 

4-13). Comparing this figure with Figure 4-10 reinforces the fact that while the modified 

RLINE model is able to explain the downwind concentrations measured near ground-level, 

it does not perform well in estimating concentrations at higher elevations. 



89 

 
Figure 4-13- Comparison of the vertical concentration profiles at multiple downwind locations 

predicted by the modified RLINE model with those of the observations (D690 case).  

4.5 Discussions 

The major point made in this paper is that the effects of the complex flow patterns 

induced by the depressed road on dispersion can be simulated through simple 

modifications to a flat terrain model such as RLINE.  This conclusion is supported by 

CALINE2 approach (Benson, 1992b) and another study (Venkatram et al., 2013a) that 

modeled concentrations measured next to a depressed highway in Las Vegas (Baldauf et al., 

2013). Venkatram et al. (2013a) used a model to estimate the concentrations due to a line 

source (Venkatram and Horst, 2006) located on flat terrain with one modification: they 

accounted for the increase in vertical mixing of the plume by the depression by assuming 

that the initial vertical dispersion of the plume is equal to the depression of the road, which 

was approximately 5 m at the location of the measurements.  
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It is informative to compare the relative magnitudes of the mitigation effects induced 

by the depressed road with those related to solid barriers (Heist et al., 2009). We consider 

a road with one 6 m tall barrier downwind of the road and another with a 6 m tall solid 

barrier on each side of the road. Figure 4-14 shows the ratio of surface concentrations 

downwind of roads with one (two) sound barrier(s) to those downwind of the road in the 

D690 case, where the width of all roads are 6𝐻 and the origin is located at the center of the 

simulated roads. The ratio of surface concentrations downwind of two sound barriers to 

those of the depressed road ranges from 0.80 to 1.08, while the ratio for the single downwind 

solid barrier ranges from 0.96 to 1.15 (Figure 4-14). The 6 m double sound barrier is more 

effective than the depressed road close to the road (up to 𝑥 = 10𝐻) because of the strong 

recirculation zone behind the downwind solid barrier. The depressed road is more effective 

further downwind. The 6 m deep depressed road is more effective than a single 6 m 

downwind solid barrier for most downwind distances. 

 
Figure 4-14- Ratio of surface concentrations downwind of barrier cases to those of D690 case. (Solid 

circle corresponds to 6 m double solid barriers and open square corresponds to 6 m downwind 
barrier). 
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4.6 Summary and conclusions  

We analyze data from a wind-tunnel study (Heist et al., 2009) to suggest modifications 

to flat terrain dispersion models to account for the effects of depressed roadways on 

dispersion. By taking advantage of the detailed concentration and turbulence 

measurements in the wind tunnel, we first modify the parameters of a general flat terrain 

model (van Ulden, 1978) to explain the downwind concentration data. We then incorporate 

aspects of the first model into the more familiar RLINE (Snyder et al., 2013) model in an 

effort to add a depressed roadway algorithm.  

We show that increasing the friction velocity and initial vertical dispersion in a flat 

terrain model proposed by van Ulden (1978) captures most of the effects induced by 

depressed roadways. It is observed that the van Ulden model with 𝑠 = 1.3 provides the best 

fit to the vertical concentration profiles observed downwind of roadways under neutral 

conditions. 

Similar modifications to the RLINE model also provide good descriptions of near-

surface concentrations measured downwind of the depressed roadway configurations in the 

wind tunnel (Heist et al., 2009). The friction velocity and initial vertical dispersion used to 

account for the effects of the depressed roadway increase with the depth of the depressed 

roadway. At this point, we do not have enough data to suggest a general formula to estimate 

these increases.  However, the empirical results from our study are relevant to modeling the 

effects of depressed roadways that lie in the range of 6-9 m.  The concentrations associated 

with emissions from these roadways can be estimated by increasing the friction velocity 

corresponding to flat terrain by a factor of 1.8 and using an initial vertical dispersion of about 
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4 m. This work provides a foundation for future studies that can result in development of a 

depressed roadway dispersion model formulation.  

It should be noted that the results reported in this paper might be functions of 

atmospheric stability, a topic that is not examined in this paper. The width of the depression 

and the width of the roads are not taken into account in the model formulation because the 

widths of the roads in all cases were the same. But we expect that the mitigation effects of 

depressed roadways decrease as the ratio of the width to the depth of the depression (𝑊/𝐷) 

becomes large,  and street canyon effects become important when this ratio becomes small 

(Berkowicz, 2000; Schulte et al., 2015). For example, the height of the initial plume spread 

can be modeled using the approach in Schulte et al. (2015) so that ℎ0 = 𝑎𝐷/(𝑏 + 𝑎𝑟) where 

a and b are empirical constants, and the aspect ratio, 𝑎𝑟 = 𝐷/𝑊. This formulation ensures 

that the initial plume spread is controlled by the depth, 𝐷, when 𝑊 is large, and by 𝑊 when 𝐷 is relatively large as in a deep street canyon.  For the depressed roads considered in this 

study, the empirical constants work out to be 𝑎 = 0.30 and 𝑏 = 0.21 for the data in Table 

4-2 corresponding to the van Ulden model. Note that these are tentative values that only 

demonstrate the feasibility of the approach.   

Concentrations on the road are not addressed in this study. However, previous studies 

have reported that channeling and eddying effects decrease the rate of pollutant transport 

out of the depressed zone, causing an increase of on highway concentrations (Benson, 1992). 

To evaluate the results of this study and to develop a complete dispersion model that 

estimates concentrations downwind of the depressed roads, it is necessary to assess the 

larger data sets that include a variety of aspect ratios.  
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5 Downscaling Satellite-Derived 

PM2.5 Surface Concentration Fields 

Using Dispersion Models 

5.1 Introduction 

As discussed in chapter 1, researchers have attempted to estimate PM2.5 surface 

concentrations using data from MODIS (Moderate Resolution Imaging Spectroradiometer) 

sensors. These sensors provide global AOD (Optical Aerosol Depth) on a twice-daily basis 

over land and ocean. They are located on NASA’s Terra and Aqua polar-orbiting satellite 

platforms with daytime overpasses at 10:30 a.m. and 1:30 p.m. local time, respectively. 

However, the best resolution of these concentration fields is 3 km whereas for the health 

impact studies, estimation of PM2.5 concentrations at much finer scales (10s – 100s of 

meters) are required. Kloog et al. (2011) incorporated land use regression (LUR) variables 

and meteorological variables into a generalized additive mixed model to estimate PM2.5 

concentrations using 10-km AOD measurements. They used the following parameters to 

estimate PM2.5 concentrations at 10-km scale: percent of open spaces, elevation, major 

roads length, meteorological data, PM2.5 point emissions, and area-source PM2.5 

emissions. Then they regressed the residuals for each air quality monitor against the local 
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land use (100 m) parameters specific for each monitor. These local land use parameters 

included traffic density, elevation, population density, and percent urban. This approach 

separated the regional and local PM2.5 sources and partly enhanced the spatial resolution 

of the satellite-derived PM2.5 surface concentrations; however, the performance of the 

method was not quantified. However, the land use regression models are not able to handle 

changes in emissions and cannot be used to examine the effects of emission changes on 

concentrations.  

In this chapter, we describe a novel ‘downscaling’ method that adapts roadway 

dispersion models to yield the concentration gradients that are not captured by satellite 

maps. The approach depends on estimating emission factors by calibrating line source 

dispersion models against the observed concentrations of different air pollutants downwind 

of a major freeway in Los Angeles County. After calibrating the dispersion models, we 

incorporate them into the proposed downscaling system. 

5.2 System design 

5.2.1 System overview 

The components of the system for enhancing the spatial resolution of the satellite-

derived 3-km PM2.5 concentration fields are shown in Figure 5-1. The proposed system has 

two main algorithms; first, B-Spline algorithm that generates daily 3-km PM2.5 

concentration fields from MODIS AOD, U.S. EPA ground-level monitor data, and North 

American Land Data Assimilation System (NLDAS) data products (Al-Hamdan et al., 2014); 

and second, a spatially-resolved dispersion model that estimates concentrations near roads. 

The B-Spline algorithm integrates data from the remote sensing satellite systems with the 
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monitoring network data to fill the temporal and spatial gaps found in ground-level monitor 

data. This algorithm has been exclusively discussed by Al-Hamdan et al. (2014) and only its 

final products are used in the proposed system. The second algorithm contains line source 

dispersion models that estimate concentrations near roads by using vehicle emissions and 

meteorological parameters. The dispersion models outputs are blended with the satellite-

derived 3-km PM2.5 concentration fields using the method that is described next. From now 

on, we refer to the 3-km grid that is generated by the first algorithm as ‘the grid’. 

 

Figure 5-1- Overview of the system resulting in downscaled concentrations.  

5.2.2 System description 

The concentration at a receptor has two components: a regional component which is 

the contribution from sources outside the grid (regional sources), and a local component 

which is the contribution from sources within the grid (local sources). The main assumption 

of the downscaling system is that the regional components of all receptors within the grid 

are the same and the spatial variation of PM2.5 concentrations within the grid is only due 

to the variation of the primary local components. Thus, if the grid is divided into 𝑛 × 𝑛 

subgrids, the total PM2.5 concentration at the center of each subgrid (receptor) is: 
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 𝐶𝑖 = 𝐶𝑏𝑎𝑠𝑒 + Δ𝐶𝑖 (5-1) 

where ‘i’ denotes the subgrid number, 𝐶𝑏𝑎𝑠𝑒 is the PM2.5 regional component at the grid, 

and Δ𝐶𝑖 is the local component at each subgrid. Note that 𝐶𝑏𝑎𝑠𝑒 is the same for all receptors 

within the grid. To avoid double counting the contribution of primary PM2.5 local sources, 

the spatial average of the PM2.5 local components within the grid is subtracted from 𝐶𝑠𝑎𝑡: 
 𝐶𝑏𝑎𝑠𝑒 = 𝐶𝑠𝑎𝑡 − Δ𝐶𝑖̅̅ ̅̅̅ (5-2) 

To model the PM2.5 local component (Δ𝐶𝑖) at the center of each subgrid, dispersion 

models are used to model local sources. PM2.5 local sources consist of vehicular emissions 

and industrial emissions, while industrial emissions in urban areas are less than 3% of 

vehicular emission (Hasheminassab et al., 2014). Neglecting the role of industrial sources, 

the vehicular emissions within the grid are incorporated into the line source dispersion 

models to estimate daily average primary local PM2.5 concentrations at the center of each 

subgrid. The development of the line source dispersion models is discussed in the next 

section. 

It should be noted that the temporal resolution of a satellite-derived PM2.5 

concentration is 24 hours and that of the output of the dispersion models is 1 hour. Thus, 

the hourly concentrations are averaged over entire day and then incorporated into the 

system. In later sections, a full example of the system will be discussed in detail. 

5.2.3 Dispersion models formulations 

Two line source dispersion models were used to analyze the data collected near I-710 

freeway. The first model is based on the simple barrier model introduced in section 2.4.1. 

The second model is based on the analytical approximation of the integral of a set of point 



97 

sources (Venkatram and Horst, 2006), which was discussed in section 2.1. We discuss the 

formulations of both dispersion models next. 

5.2.3.1 Simple line source model 

Based on equation 2-12, concentration at distance 𝑥 downwind of a roadway with width 𝑊 and presence of a solid barrier with height 𝐻 is equal to: 

 𝐶𝑠 = 𝑞𝑎𝑢∗𝑊 ln(  
 1 + 𝑊

𝐻𝑈 (𝐻2)𝑎𝑢∗ cos 𝜃 + 𝑥)  
 

 (5-3) 

where 𝑞 is the emission rate per unit length, 𝑢∗ is surface friction velocity, 𝐻 is the barrier 

height, 𝑈(𝐻/2) is wind speed evaluated at middle of the barrier, 𝜃 is the angle between wind 

direction and perpendicular to the road, and 𝑎 = 0.71 is a constant. Although this model 

was developed for concentrations downwind of roads with solid barriers, we use it as a 

reference model by assuming that the concentrations are well-mixed below ℎ0, the initial 

vertical plume spread, instead of 𝐻. Therefore, the concentration is equal to: 

 𝐶𝑠 = 𝑞𝑎𝑢∗𝑊 ln(  
 1 + 𝑊

ℎ0 𝑈 (ℎ02 )𝑎𝑢∗ cos 𝜃 + 𝑥)  
 

 (5-4) 

where the width of the I-710 freeway was 40 m at the study area, and ℎ0 was assumed to be 

2 m. 

Additionally, for light wind, stable conditions, when 𝑢∗ is generally small (less than 0.1 𝑚/𝑠), the friction velocity is adjusted based on the work of Qian and Venkatram (2011). 

Qian and Venkatram recommended the following modification to the friction velocity for 

cases of low 𝑢∗ and stable atmospheric conditions (𝐿 > 0): 



98 

 𝑢∗𝑛𝑒𝑤 = 𝑢∗1 − exp (−2𝑟) (5-5) 

where 𝑟 is: 
 𝑟 = 𝑈𝑐𝑟𝑖𝑡𝑈𝑟  (5-6) 

 𝑈𝑐𝑟𝑖𝑡 = 2𝑢0𝐶𝐷𝑁1/4 (5-7) 

 𝑢0 = √𝛽𝑔(𝑧𝑟 − 𝑑ℎ − 𝑧0)𝑇∗𝑇0  (5-8) 

and 
 𝐶𝐷𝑁 = 𝜅2(ln (𝑧𝑟 − 𝑑ℎ𝑧0 ))2 

(5-9) 

In these equations, 𝑈𝑟 is the wind speed measured at the reference height, 𝑧𝑟, 𝛽 = 4.7, 𝑔 = 9.81 𝑚/𝑠2 is the gravitational acceleration, 𝑑ℎ is the canopy displacement height, 𝑧0 is 

the roughness length, 𝑇∗ = 𝑤′𝑇′̅̅ ̅̅ ̅̅ /𝑢∗ = 0.08 𝐾 where 𝑤′𝑇′̅̅ ̅̅ ̅̅  is the mean vertical temperature 

flux, 𝑇0 is the temperature measured at the reference height, and 𝜅 = 0.4 is the von Karman 

constant. This simple model which assumes neutral atmospheric stability conditions during 

all times serves as a reference model. 

5.2.3.2 Analytical line source model 

This model is based on the work of Venkatram and Horst (2006), which analytically 

approximates concentrations downwind of a line source. This model was discussed in 

section 2.1. Concentration is estimated based on equations 2-2, 2-4, and 2-5: 

 𝐶(𝑥𝑟 , 𝑦𝑟 , 𝑧𝑟) = 12 𝑞cos 𝜃 𝐹𝑧 ( 𝑥𝑟cos 𝜃 , 𝑧𝑟) [erf(𝑡1) − erf(𝑡2)] (5-10) 

where  

 𝑡𝑖 = (𝑦𝑟 − 𝑦𝑖) cos 𝜃 − 𝑥 sin 𝜃√2𝜎𝑦(𝑥𝑟 cos 𝜃 + (𝑦𝑟 − 𝑦𝑖) sin 𝜃) (5-11) 
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and  

 𝐹𝑧(𝑥𝑟 , 𝑧𝑟)= 1𝑈(𝑧̅)√2𝜋𝜎𝑧(𝑥𝑟) [exp (− (𝑧𝑟 − 𝑧𝑠)22𝜎𝑧2(𝑥𝑟) ) + exp (− (𝑧𝑟 + 𝑧𝑠)22𝜎𝑧2(𝑥𝑟) )] (5-12) 

The vertical and horizontal plume spread formulations are based on the work of 

Venkatram et al. (2013) (equations 2-6 and 2-7). Since the road is considered to be very long 

compared to the distance of receptors from highway, erf(𝑡1) − erf(𝑡2) = 1 − (−1) = 2 and 

equation (5-10) is simplified to: 

 𝐶(𝑥𝑟 , 𝑦𝑟 , 𝑧𝑟) = 𝑞cos 𝜃 𝐹𝑧 ( 𝑥𝑟cos 𝜃 , 𝑧𝑟) (5-13) 

For small wind speeds under stable conditions, 𝑢∗ is adjusted based on the work of Qian 

and Venkatram (2011). 

After comparison of the model estimates to the observed concentrations, it is found 

that the model performance improves if the atmospheric stability is assumed to be neutral 

during all the time, similar to the assumption in the simple line source model. 

5.2.4 Dispersion models inputs 

5.2.4.1 Roadway emissions 

One of the inputs to the line source dispersion models is the roadway emissions. 

Increase in roadway emissions leads to increase in traffic related concentrations next to the 

roadway. The unit of the roadway emission is [# of species.m-1.vehicle-1)] or [mass of 

species.m-1.vehicle-1] and its magnitude is given by 𝑇𝑟𝑒𝑓 where 𝑇𝑟 (vehicle.s-1) is the traffic 

flow rate and 𝑒𝑓 is the emission factor (# of species.m-1 or mass of species.m-1) per vehicle. 

Therefore, in order to estimate roadway emissions, it is essential to estimate the traffic flow 

rate and the emission factor of the species of interest. 
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Traffic flow rates in the form of Annual Average Daily Traffic (AADT) for all traffic 

sensors on the California state highway system, along with their locations are stored on the 

CalTrans GIS data library1. AADT is defined as the total volume of vehicle traffic of a freeway 

for a year divided by 365 days. Currently, the latest uploaded AADT data correspond to the 

year 2015. Using the locations of the traffic sensors, we determine the freeway locations 

within California. Figure 5-2a shows the major roadways within the South Coast air basin 

by simply drawing straight lines between the adjacent traffic sensors on each freeway. 

Figure 5-2b focuses on the freeways in vicinity of Riverside, CA. In the downscaling system, 

the AADT data are used to estimate the primary PM2.5 emissions from roadways. 

a) 

 

b) 

 

Figure 5-2- Major line sources implemented into the line-source dispersion model for the South 
Coast air basin. Circles indicate locations of mileposts where AADT is measured. Left panel, entire 

area; Right panel, zoomed-in over area around Riverside, CA.  

Additionally, five-minute averages of traffic flow rates passing each lane of major roads 

within California are stored on the CalTrans Performance Measurement System2. The 

detectors record the number of cars and trucks separately. For the purpose of assessing the 

                                                      
1 http://www.dot.ca.gov/hq/tsip/gis/datalibrary/#Highway 
2 www.pems.dot.ca.gov 
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dispersion models performances, we use the traffic flow rate reported by the CalTrans 

PeMS. 

Because of the large uncertainty in emission factors of different species, we treat the 

emission factors as unknown parameters whose values are obtained by fitting the model 

estimates to measured concentration values. If the estimated emission factors fall within 

the range reported by literature, model performance is deemed to be acceptable. 

5.2.4.2 Meteorological parameters 

The line source dispersion models use the surface meteorology provided by the 

AERMET model (the meteorological preprocessor for AERMOD; (Cimorelli et al., 2005)). 

The South Coast Air Quality Management District (SCAQMD) website hosts these surface 

meteorology data1 from 24 stations throughout the South Coast air basin. These files are 

developed using the U.S. EPA’s AERMET processor and pre-processors AERMINUTE 

Version 15181 and AERSURFACE Version 13016.  

For assessment of the line source dispersion models, we use the SCAQMD data for 

winter 2009. We also run AERMET to produce the surface meteorology data for summer 

2009. This will be discussed in more detail in later sections. 

5.2.5 Dispersion model outputs 

The output of the line source dispersion models are the local primary component of 

the PM2.5 concentrations. The outputs can be estimated at any point (receptor) within the 

3-km grid. Depending on the sparseness of the receptors within the 3-km grid, the final 

spatial resolution of the system’s output is determined.  

                                                      
1 http://www.aqmd.gov/home/air-quality/air-quality-data-studies/meteorological-data/data-

for-aermod. 
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5.3 I-710 field study 

To calibrate the line source dispersion models, we used the data collected in a field 

study conducted next to a busy freeway in Long Beach, CA. This field study had two main 

advantages over data from the U.S. EPA air quality monitors: 1) near-road concentrations of 

different pollutants were measured (at 15 m and 80 m away from the east edge of the 

freeway), and 2) background concentrations of the pollutants were measured far from the 

influence of the freeway. Thus, by using this dataset we are able to explore the contribution 

of freeway emissions to near-road concentrations and to assess the performance of the line 

source dispersion models, which estimate concentrations due to freeway vehicular 

emissions. 

In the winter and summer of 2009, South Coast Air Quality Management District 

(SCAQMD) conducted two field studies in the vicinity of the Interstate 710 freeway (I-710), 

near the intersection with North Long Beach Boulevard (Figure 5-3). Sampling was 

conducted at two monitoring stations located 15 meters and 80 meters east of the freeway 

(‘near’ and ‘far’ site, respectively). A third station, far from the influence of the I-710 was 

operated in Carson, CA, next to Del Amo Elementary School. This station was 1.8 km east 

and 1 km north of the I-405 freeway. It was expected that this station represents background 

concentrations in the area of study. 
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Figure 5-3- Aerial view of the sampling area showing the locations of the two monitoring stations 
near the I-710 freeway (“near” and “far” sites), and the background site in Del Amo. Adapted from 

(Polidori and Fine, 2012).  

Carson and Long Beach are located in southwestern Los Angeles County. The I-710 

freeway is a nine-lane freeway with 40 m width at the study site and connects the ports of 

Long Beach and San Pedro to the shipping yards in East Los Angeles. It has average traffic 

flow rate of 185,000 vehicles/day. On this freeway, heavy duty diesel trucks account for 

about 20% of the total number of vehicles (Polidori and Fine, 2012). On the I-405 freeway, 

the other major freeway in the area, the local traffic mix includes predominantly light-duty 

gasoline-powered vehicles.  

The I-710 freeway is at the same level as the surroundings. The heading of the freeway 

is 30° and thus the wind direction perpendicular to the freeway is 300° true to north. The 

historical wind data collected by weather stations near the study site indicated a dominant 

westerly wind during the daytime which meant that the east-side of the freeway can be 

considered downwind. 

Winter campaign occurred from 01/29/2009 to 03/11/2009 and summer campaign was 

conducted from 06/30/2009 to 08/19/2009. Both continuous and integrated measurement 

techniques were used to monitor the ambient concentration of the particle and gaseous 
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pollutants listed in Table 5-1. It should be noted that integrated 24-hour PM2.5, PM10, EC, 

and OC samples were collected daily. Thus, the temporal resolution of the PM2.5 and PM10 

concentrations is 24 hours. On the other hand, continuous measurements of NOx, CO, and 

UFP concentrations were made every minute and those of BC were made every five minutes. 

The continuous data were averaged to hourly concentrations to facilitate comparison 

among sites. Hourly BC data obtained from an Aethalometer with a PM2.5 selective inlet 

were used to measure the black carbon content of the PM2.5. The details of the 

measurements and the instruments used in this study are explained in detail in Polidori and 

Fine (2012). 

Table 5-1- List of the particle and gaseous species monitored during this study. Both continuous 
and integrated measurement techniques were used to collect/monitor all targeted pollutants. 

Adapted from Polidori and Fine (2012). 

Measured Pollutants 

Integrated Measurements Continuous Measurements 

PM10 mass PM2.5 mass 
Nitrogen Oxides 
(NO, NO2, NOx) 

Black Carbon 
(BC) 

Organic Carbon 
(OC) 

TSP Lead 
Ultrafine Particle 
number (UFP) 

Carbon 
Monoxide (CO) 

Elemental 
Carbon (EC) 

Volatile Organic 
Compounds (VOC) 

 
Wind speed and wind direction were also measured by a meteorological tower during 

the summer campaign at the ‘far’ site. 

The traffic activity data were taken from the CalTrans PeMS website1. Since traffic 

activity data were not available at the time of the study, we used the traffic flow values 

corresponding to the same time period of 2011, when the sensors were operational. However, 

it should be noted that the traffic profiles are not similar for all days. Traffic data are 

                                                      
1 www.pems.dot.ca.gov 
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separated into weekday traffic data and weekend traffic data and are averaged over each 

group. The traffic data at any time during the measurements can be estimated by using the 

average traffic flow rate of 2011. The average and standard deviation of diurnal variation of 

average vehicle and truck traffic flow rate for weekdays and weekends of summer and winter 

2011 are shown in Figure 5-4. This figure clearly indicates that the LDV flow rate during 

weekdays peaks at 7 AM in the morning and at 4 PM in the evening. During weekends, the 

LDV traffic flow peaks at 2 PM during winter 2011 and sometime between 1 PM and 4 PM 

during summer 2011. In winter, LDV traffic flow rate is greater during weekdays than during 

weekends between 5 AM and 8 PM, and in summer this time period becomes 4 AM to 8 PM. 

HDV traffic flow peaks at 10 AM during winter and summer 2011. HDV traffic flow during 

weekdays is clearly greater than those during weekends. 
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a) b)

c) d)

Figure 5-4- Diurnal variation of average traffic flow rate of Light Duty Vehicles (LDV) and High 
Duty Vehicles (HDV) for a) winter weekdays, b) winter weekends, c) summer weekdays, and d) 

summer weekends. Error bars indicate one standard deviation.  

5.4 Results of the field study 

5.4.1 Meteorology 

The wind rose for the summer campaign along with the freeway direction is shown in 

Figure 5-5. It indicates the presence of a distinct westerly wind, which is typical for this part 

of the South Coast air basin. Precipitation data during the winter campaign showed an 

unusually high number of precipitation days. Based on Polidori and Fine (2012), the 

following days were rainy: 02/05/2009 – 02/09/2009, 02/13/2009, 02/15/2009 – 02/17/2009, 
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and 03/04/2009. Because the wet deposition mechanisms are not included in the dispersion 

models, we did not model concentrations during the rainy days. 

 
Figure 5-5- Observed wind rose measured by the upwind 3-D sonic anemometer along with freeway 

direction.  

5.4.2 Fine particulate matter, black carbon content, and NOx concentrations 

The measured PM2.5 mass concentrations are also analyzed for spatial and seasonal 

differences (Table 5-2). Because a sampler was not available at the Del Amo site, PM2.5 data 

are not available at this station. However, background PM2.5 levels for both the winter and 

summer campaigns were obtained from the North Long Beach site (Polidori and Fine, 2012), 

one of AQMD’s network stations located away from the influence of the I-710, but in the 

same geographical area. As expected, the highest mean and median concentrations of all 

species occurred at the ‘near’ site and decreased to the ‘far’ site concentrations, which were 

higher than the background concentrations. 

The PM2.5 concentrations measured at the ‘near’ and ‘far’ site showed around 35% and 

23% increase relative to the background concentrations, respectively, which indicate that 

the background concentrations constitute a major fraction of the PM2.5 concentrations 

near the freeway. Conversely, the ambient concentrations of BC reflected higher 
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contribution from traffic activity. The median of the BC concentrations measured at the 

‘near’ and the ‘far’ sites were 100% and 25% higher than the median of the background 

concentrations. The large influence of the roadway activity on concentrations downwind of 

the freeway could be contributed to the large emissions of BC from high duty diesel trucks. 

The median of ambient concentrations of NOx at the near and the far site were observed to 

be 3.62 and 2.20 times the median of the background concentrations, respectively, which 

indicates a large contribution from the roadway emissions to NOx concentrations. 

Table 5-2- Average and median fine particulate matter (PM2.5), black carbon (BC), and NOx 
concentrations at the “near”, “far” and background stations during the winter and summer 

campaigns. Minimum (Min) and maximum (Max) values, standard deviations (SD), and the total 
number of valid samples (Valid N) are also included. Background PM2.5, BC, and NOx data were 
measured at the North Long Beach station, Del Amo station, and Del Amo station respectively. 

(Adapted from Polidori and Fine (2012)) 

 

Since continuous measurements of PM2.5 concentrations are not available and also the 

Del Amo station was not operating to measure the background PM2.5 concentrations, the 
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line source dispersion models are calibrated to estimate continuous BC and NOx 

measurements. To analyze the continuous measurements of BC and NOx in more detail, 

time series of their concentrations are plotted in Figure 5-6. During both campaigns, 1-hr 

concentrations of both species measured at three monitoring stations tracked each other 

over time. For example, the highest concentrations at the ‘near’ site occurred at the same 

time that the highest concentrations at the Del Amo station were observed. This suggests 

that the Del Amo station may be influenced by local traffic emissions and may not well 

represent the background concentrations. To partly resolve this issue, we modeled the 

concentrations only when the measured concentration at the ‘near’ site was greater than 3 

times the concentration measured at the Del Amo station. It is worth noting that very small 

concentrations were observed during intense precipitation between 02/05/2009 and 

02/07/2009 (Figure 5-6). 
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a) b)

c) d)

Figure 5-6- Representative 1-hr average of a) winter BC, b) summer BC, c) winter NOx, and d) 
summer NOx, at the ‘near’, ‘far’, and Del Amo stations.  

5.5 Dispersion modeling results 

The BC and NOx emission factors are highly uncertain. As discussed before, we treat 

the emission factors as unknown parameters whose values are obtained by fitting model 

estimates to measured concentrations. Using each model, we estimate individual species’ 

emission factors for different seasons and different atmospheric stability conditions. If the 

models perform well, the resulting emission factors for different stabilities within each 

season should be of the same order and lie within the reported range of emission factors in 

literature. 
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A comprehensive study quantified the emission factors of several pollutants for 64 

gasoline vehicles and 5 diesel vehicles by conducting different types of test cycles on vehicles 

(May et al., 2014). The pollutants studied in this work included CO, NOx, PM, BC, and 

Organic Carbon (OC). Two of the tests on gasoline vehicles were simulating the freeway 

conditions with cruise driving patterns. Ten tests on diesel vehicles were simulating heavy 

heavy-duty diesel truck (HHDDT) with 50 mph speed. Emission factors (mg.kg-1 of fuel) of 

different pollutants for these tests were reported along with the fuel economy of each 

vehicle (mpg) to convert the emission factors to emission rates (ER) (g.km-1). The results 

show that BC emission rate of gasoline vehicles can be of the order of 10 different (Table 

5-3). Moreover, ERBC of diesel vehicles can be even lower than the limit of detection (LOD), 

or can be as large as 0.049 g.km-1.  

Another study reported that the BC emission factor of LDV and HDDT are 30 ±2 mg.kg-1 and 1440 ± 160 mg.kg-1, respectively (Miguel et al., 1998). Assuming that the fuel 

economy of LDV’s is around 20 mpg and that of HDDT’s is around 8 mpg, the BC emission 

rates of LDV’s and HDDT’s are 3 ± 0.2 mg.km-1 and 360 ± 40 mg.km-1, respectively. Because 

of the large uncertainty reported in literature, for BC concentration analysis, we use the 

ratio 0.36/0.003 = 120 to convert the number of trucks to the equivalent number of LDV’s.  

Considering that NOx emission factor varies significantly for different types of cars and 

different certificates (Table 5-3), EMFAC Model inventory data reports NOx emission factor 

(California Air Resources Board, 2011) for the LDV’s and HDV’s averaged over mileage for 

the fleet operating in Los Angeles County. Based on EMFAC, NOx emission factor for LDV’s 

and HDV’s are estimated to be 0.17 g.km-1 and 3.18 g.km-1, respectively. In our analysis, we 



112 

assume the contribution of HDV’s to NOx concentrations is 3.18/0.17 = 18.70 times that 

of LDV’s. 

The performance of the models are evaluated using the geometric mean (mg), standard 

deviation of the residuals between the observations and predictions (sg), the fraction of data 

points that lie within a factor of two of the observations (fact2), and the correlation 

coefficient between the observations and predictions (r2). These statistical parameters were 

defined in section 2.5. 
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Table 5-3- Gasoline and diesel vehicle emissions under test cycles similar to cruise driving patterns. 

Vehicle 
type 

Vehicle 
name 

Test ID 
number 

Model 
year 

Engine 
Size 
(L) 

Aftertreatment Fuel 
economy 
(mpg) 

EFBC 

(mg/kg) 
EFNOx 

(g/kg) 
ERBC 

(mg/km) 
ERNOx 
(g/km) 

Gasoline 
LEV2-6 1032345 2011 3.6 NA 23.9 3.85 0.36 0.03 0.03 

LEV1-3 1032348 1998 3.0 NA 24.2 5.07 4.13 0.34 0.34 

Diesel 

D2 
1426 

2007 12.8 DOC+DPF+SCR 
5.9 <LOD 7.93 <LOD 2.68 

1427 5.8 0.4 7.76 0.14 2.67 

D3 

1435 

2006 10.8 none 

7.6 161 12.3 42.29 3.23 

1437 7.6 164 12.4 43.08 3.26 

1440 7.5 185 12.7 49.24 3.38 

1444 7.7 171 11.4 44.33 2.96 

D1 

1453 

2010 14.9 DOC+DPF 

5.1 0.2 1.78 0.08 0.70 

1454 5.1 0.2 1.86 0.08 0.73 

1462 5.1 <LOD 2.10 <LOD 0.82 

1463 5.1 0.4 2.37 0.16 0.93 
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5.5.1 Simple line source model assessment 

The performance of the simple line source model in estimating BC concentrations 

during winter and summer at ‘near’ and ‘far’ stations is shown in Figure 5-7. The model 

estimates the emission rate of LDV’s during winter to be 3.46 mg.km-1 and 4.13 mg.km-1 

during unstable and stable conditions, respectively (Figure 5-7a and b). The two emission 

rates are within the range of the reported emission rates in literature and the difference 

between these two emission rates is less than 15% which is acceptable considering the large 

uncertainty in emission factor estimations. 

The model is able to estimate winter concentrations downwind of the freeway with 𝑟2 = 0.54 and 𝑟2 = 0.29 during unstable and stable conditions, respectively. The estimated 

winter concentrations are within a factor of two of the observations for 88% and 72% of the 

time during unstable and stable conditions, respectively. 

The emission rate of LDV’s during summer is estimated to be 2.39 mg.km-1 and 1.99 

mg.km-1 during unstable and stable conditions, respectively (Figure 5-7c and d). The two 

emission rates are also within the range of the reported emission rates in literature and the 

difference between these two emission rates is less than 17% which is also acceptable. 

The model is able to estimate summer concentrations downwind of the freeway with 𝑟2 = 0.54 and 𝑟2 = 0.32 during unstable and stable conditions, respectively. The estimated 

winter concentrations are within a factor of two of the observations for 89% and 82% of the 

time during unstable and stable conditions, respectively. 

The average BC emission rate during winter is 1.7 times that during summer. This is 

consistent with findings in literature where higher emission rates of particulate matters 

during colder temperatures are reported (Christenson et al., 2014). It should be noted that 
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the average temperature during winter campaign is 13°C and that during summer campaign 

is 22°C.  

a) b)

c) d) 

Figure 5-7- Comparison of BC observed concentrations and simple line source model estimates 
during a) winter unstable, b) winter stable, c) summer unstable, and d) summer stable. Emission 

factors are shown on each plot.  

The performance assessment of the simple line source model in estimating NOx 

concentrations during winter and summer at both ‘near’ and ‘far’ stations is indicated in 

Figure 5-8. The estimated emission rate of LDV’s during winter is 0.331 g.km-1 and 0.339 

g.km-1 during unstable and stable conditions, respectively (Figure 5-8a and b). The two 

emission rates are within the range of the reported emission rates in literature and the 

difference between these two emission rates is less than 3%. 
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The model estimates winter concentrations downwind of the freeway with 𝑟2 = 0.54 

and 𝑟2 = 0.27 during unstable and stable conditions, respectively. The estimated winter 

concentrations are within a factor of two of the observations for 88% and 66% of the time 

during unstable and stable conditions, respectively. 

The NOx emission rate of LDV’s during summer is modeled to be 0.223 g.km-1 and 0.185 

g.km-1 during unstable and stable conditions, respectively (Figure 5-8c and d). The two 

emission rates are also within the range of the reported emission rates in literature and the 

difference between these two emission rates is less than 17% which is also acceptable. 

The model is able to estimate NOx summer concentrations downwind of the freeway 

with 𝑟2 = 0.38 during both unstable and stable conditions. The estimated summer 

concentrations are within a factor of two of the observations for 89% and 86% of the time 

during unstable and stable conditions, respectively. 

The average NOx emission rate during winter is 1.64 times that during summer. This is 

consistent with findings in literature were higher emission rates of NOx during colder 

temperatures are reported (Christenson et al., 2014).  
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a) b) 

c) d)

Figure 5-8- Comparison of NOx observed concentrations and simple line source model estimates 
during a) winter unstable, b) winter stable, c) summer unstable, and d) summer stable. Emission 

factors are shown on each plot.  

5.5.2 Analytical line source model assessment 

The performance of the analytical line source model in estimating BC concentrations 

during winter and summer at ‘near’ and ‘far’ stations is shown in Figure 5-9. Using the 

Analytical line source model, the BC emission rate of LDV’s during winter is estimated to 

be 5.49 𝑚𝑔. 𝑘𝑚−1 and 6.99 𝑚𝑔. 𝑘𝑚−1 during unstable and stable conditions, respectively 

(Figure 5-9a and b). The two emission rates are within the range of the reported emission 

rates in literature and the difference between these two emission rates is less than 22% 

which is acceptable considering the large uncertainty in emission factor estimations. 
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The model estimates winter concentrations downwind of the freeway with 𝑟2 = 0.52 

and 𝑟2 = 0.27 during unstable and stable conditions, respectively. The estimated winter 

concentrations are within a factor of two of the observations for 85% and 75% of the time 

during unstable and stable conditions, respectively. 

The BC emission rate of LDV’s during summer is estimated to be 3.58 𝑚𝑔. 𝑘𝑚−1 and 

3.35 𝑚𝑔. 𝑘𝑚−1 during unstable and stable conditions, respectively (Figure 5-9c and d). The 

two emission rates are also within the range of the reported emission rates in literature and 

the difference between these two emission rates is less than 9% which is also acceptable. 

The model is able to estimate BC summer concentrations downwind of the freeway 

with 𝑟2 = 0.50 and 𝑟2 = 0.27 during unstable and stable conditions, respectively. The 

estimated winter concentrations are within a factor of two of the observations for 87% and 

83% of the time during unstable and stable conditions, respectively. The average BC 

emission rate during winter is 1.8 times that during summer.  
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a) b) 

c) d)

 

Figure 5-9- Comparison of BC observed concentrations and analytical line source model estimates 
during a) winter unstable, b) winter stable, c) summer unstable, and d) summer stable. Emission 

factors are shown on each plot.  

The performance assessment of the analytical line source model in estimating NOx 

concentrations during winter and summer at both ‘near’ and ‘far’ stations is indicated in 

Figure 5-10. The estimated NOx emission rate of LDV’s during winter is 0.521 g.km-1 and 

0.562 g.km-1 during unstable and stable conditions, respectively (Figure 5-10a and b). The 

two emission rates are within the range of the reported emission rates in literature and the 

difference between these two emission rates is less than 8%. 



 

120 

The model estimates winter concentrations downwind of the freeway with 𝑟2 = 0.51 

and 𝑟2 = 0.28 during unstable and stable conditions, respectively. The estimated winter 

concentrations are within a factor of two of the observations for 84% and 68% of the time 

during unstable and stable conditions, respectively. 

The NOx emission rate of LDV’s during summer is modeled to be 0.337 𝑚𝑔. 𝑘𝑚−1 and 

0.303 𝑚𝑔. 𝑘𝑚−1 during unstable and stable conditions, respectively (Figure 5-10c and d). 

The two emission rates are also within the range of the reported emission rates in literature 

and the difference between these two emission rates is 10% which is acceptable. 

The model is able to estimate NOx summer concentrations downwind of the freeway 

with 𝑟2 = 0.37 and 𝑟2 = 0.32 during unstable and stable conditions, respectively. The 

estimated summer concentrations are within a factor of two of the observations for 88% 

and 83% of the time during unstable and stable conditions, respectively. The average NOx 

emission rate during winter is 1.70 times that during summer. 
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a) b) 

c) d)

Figure 5-10- Comparison of NOx observed concentrations and simple line source model estimates 
during a) winter unstable, b) winter stable, c) summer unstable, and d) summer stable. Emission 

factors are shown on each plot.  

5.6 Demonstration of the proposed system 

In this section, we demonstrate how the proposed algorithm is applied to a real case. 

We downscale the daily satellite-derived 3-km PM2.5 concentration (𝐶𝑠𝑎𝑡) estimated at the 

intersection of the freeways I-405 and I-10 in West Los Angeles, CA, on December 1st, 2016. 

The first algorithm of the downscaling system reveals that 𝐶𝑠𝑎𝑡 at this grid during the 

specified date is 10.40 𝜇𝑔/𝑚3 (Al-Hamdan et al., 2014). For illustration purposes, we first 
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downscale the PM2.5 concentrations to 500 m, and then to 100 m. We describe the 

downscaling procedure step by step as follows. 

We first determine the exact co-ordinates of the 3-km grid and extract the hourly 

meteorological parameters measured at the closest meteorological station (Santa Monica 

Airport). Depending on the desired final scale of the concentrations, we set up the subgrids. 

To downscale concentrations from 3 km to 500 m, the 3-km grid should be divided into 6×6 

subgrids. Figure 5-11 shows the co-ordinates of the 3-km grid and the subgrids.  

a) b)

Figure 5-11- The area of study. The left panel shows the 3-km grid generated by (Al-Hamdan et al., 
2014). The right panel shows the generated subgrids with their centers marked by asterisks. The 

scale of each subgrid is 500 m. 

We then detect the line sources located within the grid (Figure 5-12) and estimate the 

primary PM2.5 concentrations at the center of each subgrid due to emissions from the 

detected line sources. To do so, we use the analytical line source model along with the AADT 

of the detected line sources and EMFAC reported emission factor of PM2.5 for LDV and 

HDV for fleet operating in Los Angeles County which are 0.0152 g.km-1 and 0.1275 g.km-1. 
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It should be noted that the temporal resolution of the dispersion model output is one 

hour, while that of 𝐶𝑠𝑎𝑡 is 24 hours. Thus, we average the dispersion model outputs over the 

entire day and obtain the daily average value of the PM2.5 local components (Δ𝐶𝑖). The plot 

of Δ𝐶𝑖 within the 3-km grid is shown in Figure 5-13. The model shows that on December 1st, 

2016, the contribution of the detected line sources within the grid can be as high as 5.64 𝜇𝑔/𝑚3. The model also estimates that the spatially-averaged contribution of the line 

sources on that particular day is Δ𝐶𝑖̅̅ ̅̅̅ = 0.85 𝜇𝑔/𝑚3. This indicates that the overall local 

PM2.5 component constitutes only 8% of the reported satellite-derived total PM2.5 

concentration. Now, we have all the necessary components to downscale the satellite-

derived PM2.5 concentrations. 

 

Figure 5-12- The line sources detected within the grid (indicated by red lines). The red circles 
indicate the traffic sensors available in AADT files 
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Figure 5-13 the plot of estimated daily-averaged primary PM2.5 concentrations due to line sources 

within the 3-km grid. 

We repeat the above-mentioned steps to downscale the same satellite-derived PM2.5 

concentration to 100 m. This requires dividing the grid into 300×300 subgrids. By using 

equations (5-1) and (5-2) and the results of the model over the finer subgrids, we are able to 

estimate the PM2.5 concentration fields over the initial grid at much smaller scale (Figure 

5-14). This figure shows that downscaled concentrations can be as twice as the satellite-

derived concentrations next to major roads. Another important key point from this figure 

is that the minimum PM2.5 concentration within the grid is 𝐶𝑏𝑎𝑠𝑒 = 𝐶𝑠𝑎𝑡 − Δ𝐶𝑖̅̅ ̅̅̅ = 10.4 −0.74 = 9.66 𝜇𝑔/𝑚3, which is only 9% smaller than the satellite-derived PM2.5 

concentration (𝐶𝑠𝑎𝑡). 
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Figure 5-14- Downscaled PM2.5 concentrations at the scale of 100 m.  

5.7 Summary and conclusions 

In this chapter, we describe a downscaling system that adapts roadway dispersion 

models to yield the concentration gradients that are not captured by the satellite maps. My 

contribution to this area of research is to show that line source dispersion models can be 

used to estimate near road concentrations in urban areas where emission factors and 

meteorological inputs are uncertain. I show that these models provide the best descriptions 

of the observations if stability effects are neglected and corrections are made to the friction 

velocity when wind speeds are low.  This approach improves over methods of Land Use 

Regression (LUR) models that have been used to improve the spatial resolution of satellite-

derived concentration maps (Kloog et al., 2011).  LUR relates observed concentration 

gradients to land use factors such as proximity to roads using statistical methods.  It 

represents a stationary picture of the concentration pattern at the time the concentration 

measurements were made.  It thus cannot handle changes in emissions and cannot be used 

to examine the effects of emission changes on concentrations.  On the other hand, the 
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dispersion model that we propose overcomes these difficulties in addition to providing a 

highly resolved map of concentrations. 

The system detects the line sources within the satellite grid, along with their associated 

traffic flow rates. It divides the satellite grid into multiple subgrids. The number of subgrids 

depends on the degree of downscaling that one is interested in. It then runs a calibrated 

line source dispersion model to estimate primary PM2.5 concentrations at each subgrid due 

to traffic activity of the line sources within the grid (line sources). The overall estimated 

local component of the PM2.5 concentrations is subtracted from the satellite-derived PM2.5 

concentrations (𝐶𝑠𝑎𝑡) to result in the regional component of the PM2.5 concentration at the 

3-km grid. The estimated local PM2.5 components are then added to the regional 

components to result in the downscaled concentrations. The downscaled concentration can 

be used to improve the accuracy of the health risk assessments at the community scale. 

The main uncertainty in the modeling results is related to the emission rates of 

different species. For dispersion model validation purposes, we treated the emission factors 

of NOx and BC as unknowns and we estimated the emission factors using the modeling 

results. However, since no PM2.5 concentration data very close to the road were available, 

we were not able to calibrate the PM2.5 emission factors; thus, we used those reported by 

EMFAC. The system output will improve if the PM2.5 emission factor is calibrated against 

the concentrations measured near major roads. 

Although we validated the performance of the line source dispersion models, we were 

not able to validate the final output of the proposed system because PM2.5 concentration 

measurements near roads during the time that 𝐶𝑠𝑎𝑡 is available are not available. Once the 𝐶𝑠𝑎𝑡 is updated to the year 2017, we will be able to use PM2.5 concentration measurements 
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by Purple Air low-cost monitors to validate the final product of the system.  
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6 Conclusions 

 
 
 
 
 
 
 
 
 
Near road air quality is a public concern because exposure to elevated concentrations 

of vehicle emitted pollutants is associated with adverse health effects. This has motivated 

the development and application of models to estimate near road concentrations of traffic-

related emissions.  Roadway design is suggested as a potential strategy to mitigate near-

road exposure to elevated vehicle-emitted pollutant concentrations. For example, roadside 

solid barriers can enhance dispersion, thereby mitigating elevated roadside concentrations. 

Some researchers have also suggested roadside vegetation as a potential mitigation strategy. 

However, the flow field downwind of vegetation is too complex to report a definitive result 

on the impact of vegetation on near-road air quality. Also, depressed road configurations 

decrease the surface concentrations downwind of the road compared to those of the flat 

terrain. 

Practical dispersion models that can be used to estimate the impact of different road 

configurations on near-road concentrations of vehicle emissions are needed. The work in 

the first part of this dissertation develops semi-empirical dispersion models that are useful 

for linking vehicle emissions of complex road geometries with near-road concentrations. 
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First, two solid barrier dispersion models are developed to estimate concentrations 

downwind of a flat terrain freeway with a solid barrier along its downwind side. Second, 

wind tunnel measurements in vicinity of a flat terrain freeway with a thick vegetation barrier 

next to it are analyzed using dispersion models. Third, the impact of roadway depression 

on dispersion of roadway emissions is examined through modifying dispersion models that 

are applicable to flat terrain. 

Additionally, health researchers have increasingly found that elevated PM2.5 

concentrations lead to increased risk of cardiovascular and respiratory diseases. An accurate 

health risk assessment on the community scale (10s-1000s of meters) requires concentration 

estimates at these spatial scales and at fine temporal scales. Satellite remote sensing 

provides a potentially cost effective way to estimate daily PM2.5 concentrations by using 

Aerosol Optical Depth (AOD) in areas where air quality monitors are not available or are 

too sparse. However, the smallest scale of the current satellite-derived PM2.5 

concentrations is 3 km, which is still too large for an appropriate health risk assessment on 

the community scale. Air pollution concentrations on sub-kilometer to kilometer scales are 

typically estimated by dispersion models. Since major sources of PM2.5 emissions in 

California are freeways, we develop a system that adapts roadway dispersion models to yield 

the concentration gradients that are not captured by satellite maps. 

6.1 Roadside solid barriers 

Roadside solid barriers increase vertical dispersion of vehicular emissions by lofting 

emissions and inducing a recirculation zone on their leeward edge. The enhanced vertical 
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dispersion of the pollutant plume results in significant surface concentration reduction 

downwind of the barriers.  

Two semi-empirical dispersion models were developed to describe the ultrafine particle 

measurements made in a field study downwind of a roadside solid barrier next to the UC 

Riverside campus. The developed models assume that the mixed-wake region behind the 

barrier results in constant concentrations from surface to the barrier height, while vertical 

concentration profiles follow normal distribution above the barrier height. The first model 

is a simplified version of model presented in Schulte et al. (2014), which assumes neutral 

conditions.  The second model is a modification of the model described in Schulte et al. 

(2014) to account for reduced entrainment in the immediate wake of the barrier during 

unstable conditions. Both models performed well in estimating the pollutant 

concentrations. Due to large uncertainty in UFP emission factor, the models treat the 

emission factor as an unknown parameter whose value is computed by fitting the model 

estimates at large distances to the corresponding observed values.  

The models predict that a 4 m barrier results in a 35% reduction in average 

concentration within 40 m (10 barrier heights) of the barrier, relative to the no-barrier site. 

This concentration reduction is 55% when the barrier height is doubled. The good 

performance of the simple barrier model reinforces the conclusion from Schulte et al. (2014) 

that the primary impact of the barrier is equivalent to shifting the line sources on the road 

upwind by a distance of about 𝐻𝑈/𝑢∗𝑐𝑜𝑠𝜃. 
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6.2 Roadside vegetation barriers 

We analyzed the results from a wind-tunnel study to examine the impacts of vegetative 

and solid barriers on near-road air quality. While the solid barrier decreases ground-level 

concentrations downwind of the barrier compared to flat terrain by up to 0.3, the vegetation 

barrier results in an increase in surface concentrations (up to 50%) for several barrier 

heights downwind of vegetation compared to corresponding concentrations downwind of 

the freeway with no structures next to it. The wind tunnel results indicate formation of a 

recirculation zone immediately downwind of the solid barrier; however, a low-air-speed 

zone with no recirculation is observed downwind of the vegetation barrier. The low-air-

speed zone is characterized by lower turbulence levels and persists to several barrier 

heights. 

We incorporate the effects of the vegetation barrier on turbulence levels into a line 

source dispersion model applicable to at-grade roadways; while the vegetation barrier lofts 

some particles above its height, it decreases turbulence levels for the particles that pass 

through it. Two scenarios are examined; 1) The first scenario assumes that the only impact 

of vegetation on vehicular emissions is increasing initial vertical dispersion from ℎ0 = 0.8 𝑚 

for the at-grade case to ℎ0 = 3 𝑚, 2) The second scenario assumes that vegetation decreases 

surface friction velocity, from 0.25 m/s to 0.11 m/s, in addition to increasing initial vertical 

dispersion to 3 m. The observations show that the surface concentrations downwind of the 

vegetation lie within the concentrations estimated by these two scenarios. The surface 

concentrations close to the vegetation are better explained by the second scenario where 

the effects of vegetation on reducing surface friction velocity are accounted for, and those 
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far away from the vegetation are better explained by the first scenario, where the only effect 

of the vegetation on the flow field is increasing initial vertical dispersion. The shift from the 

second scenario to the first scenario occurs within [3Hw, 7Hw], where 𝐻𝑤 = 9 𝑚 is the 

vegetation barrier height, from the leeward edge of vegetation. Thus, the effect of vegetation 

on reducing turbulence does not go beyond 7𝐻𝑤 from its leeward edge. It should be noted 

that the effect of the initial vertical plume spread on total vertical plume spread (𝜎𝑧) 
diminishes as the downwind distance increases; thus, the surface concentrations downwind 

of vegetation barrier eventually converges to those of the flat terrain. 

This analysis indicates that vegetative barriers influence dispersion of air pollutants 

close to the roadways in two counteracting ways: 1) they decrease turbulence behind the 

barrier that results in larger surface concentrations, and 2) they increase vertical mixing 

which reduces the surface concentrations. These two opposing effects can lead to a decrease 

or increase in concentrations relative to those in the absence of the barrier. This result may 

explain the inconclusiveness of the past research on the effects of vegetation on roadway-

emitted pollutants. 

6.3 Depressed roadway configurations 

Data from a wind-tunnel study (Heist et al., 2009) are analyzed to suggest 

modifications to flat terrain dispersion models to account for the effects of depressed 

roadways on dispersion. We examine three depressed roadway configurations; a 6 m deep 

depressed roadway with vertical sidewalls (D690), a 6 m deep depressed roadway with 30° 
angled sidewalls (D630), and a 9 m deep depressed roadway with vertical sidewalls (D990). 
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Observations of flow and dispersion for these configurations were compared with those 

from the flat roadway case (FLAT). 

The first conclusion of this work is that the vertical concentration profiles under 

neutral stability conditions downwind of all configurations, including depressed and at-

grade roadways, is best described by a distribution function with exponent 1.3, rather than 

the 2 used in most currently used dispersion models. Thus, in the first phase of model 

development, we utilized the van Ulden (1978) dispersion model with shape factor 𝑠 = 1.3 

as the flat terrain road dispersion model.  

The second conclusion of this work is that by modifying only two parameters of the flat 

terrain model for each case, the model is able to estimate downwind concentrations at all 

downwind distances and at all elevations. These modifications include an increase in initial 

vertical dispersion and an increase in the surface friction velocity relative to the flat terrain 

case. The friction velocity and initial vertical dispersion used to account for the effects of 

the depressed roadway increase with the depth of the depressed roadway. The largest 

increase in initial vertical dispersion occurs in D990 and the lowest occurs in D630, 

indicating that the strength of the recirculation zone determines the level of increase in 

initial vertical dispersion. However, the largest increase in surface friction velocity occurs 

in D630 and the lowest occurs in D690. The large vertical component of the wind speed at 

the edge of the sloped wall in D630 is assumed to contribute to the greater value of the 

surface friction velocity.  

Similar modifications to the RLINE model also provide good descriptions of near-

surface concentrations measured downwind of the depressed roadway configurations in the 
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wind tunnel (Heist et al., 2009). However, the modified RLINE model is not able to capture 

the vertical concentration profiles very well. 

 At this point, we do not have enough data to suggest a general formula to estimate 

these increases.  However, the empirical results from our study are relevant to modeling the 

effects of depressed roadways that lie in the range of 6-9 m.  The concentrations associated 

with emissions from these roadways can be estimated by increasing the friction velocity 

corresponding to flat terrain by a factor of 1.8 and using an initial vertical dispersion of about 

4 m. This work provides a foundation for future studies that can result in development of a 

depressed roadway dispersion model formulation. 

6.4 Downscaling satellite-derived PM2.5 concentrations 

A downscaling system is described that adapts roadway dispersion models to yield the 

concentration gradients that are not captured by the satellite maps. My contribution to this 

area of research is to show that line source dispersion models can be used to estimate near 

road concentrations in urban areas where emission factors and meteorological inputs are 

uncertain. I show that these models provide adequate descriptions of the observations if 

stability effects are neglected and corrections are made to the friction velocity when wind 

speeds are low. This approach improves over methods of Land Use Regression (LUR) models 

that have been used to improve the spatial resolution of satellite-derived concentration 

maps (Kloog et al., 2011). LUR relates observed concentration gradients to land use factors 

such as proximity to roads using statistical methods.  It represents a stationary picture of 

the concentration pattern at the time the concentration measurements were made.  It thus 

cannot handle changes in emissions and cannot be used to examine the effects of emission 
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changes on concentrations.  On the other hand, the dispersion model that we propose 

overcomes these difficulties in addition to providing a highly resolved map of 

concentrations. 

The system detects the intersects of the line sources with the satellite grid, along with 

their associated traffic flow rates. It divides the satellite grid into multiple subgrids. The 

number of subgrids depends on the degree of downscaling that one is interested in. It then 

runs a calibrated line source dispersion model to estimate primary PM2.5 concentrations at 

each subgrid due to traffic activity of the line sources within the grid. The overall estimated 

local component of the PM2.5 concentrations is subtracted from the satellite-derived PM2.5 

concentrations (𝐶𝑠𝑎𝑡) to result in the regional component of the PM2.5 concentration at the 

3-km grid. The estimated local PM2.5 components are then added to the regional 

components to result in the downscaled concentrations. The downscaled concentration can 

be used to improve the accuracy of the health risk assessments at the community scale. 

The main uncertainty in the modeling results is related to the emission rates of 

different species. For dispersion model validation purposes, we treated the emission factors 

of NOx and BC as unknowns and we estimated the emission factors using the modeling 

results. However, since no PM2.5 concentration data very close to the road were available, 

we were not able to calibrate the PM2.5 emission factors; thus, we used those reported by 

EMFAC. The system output will improve if the PM2.5 emission factor is calibrated against 

the concentrations measured near major roads. 
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