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ABSTRACT 

 

 The contribution of emissions from rural interstate traffic to local ground-level  

ozone formation is examined using microscopic traffic simulation and a photochemical 

simulation model.  Atmospheric and micrometeorological data from a remote Canadian 

forest are simulated as a baseline case.  Several traffic and traffic emissions scenarios are 

then compared to the baseline case.  The results indicate that traffic emissions along a 

rural interstate contribute to substantial ozone formation in the rural environment when 

compared to ozone formation in the absence of vehicle emissions.  Resultant ozone levels 

immediately above the roadway are estimated to be around 120 ppbv, roughly three times 

that produced in the baseline case.  It is shown that the relatively large amounts of 

anthropogenic NOx emitted from traffic, particularly heavy-duty vehicles, dominate the 

ozone formation in the immediate vicinity of the rural interstate.  The results of the 

research support the most recent emission standards imposed on the trucking industry that 

require NOx emissions for vehicles manufactured after 2004 to be reduced to half of their 

1998 values.  The results also support technologies and alternative fuels that further 

reduce NOx emissions from heavy duty vehicles.  The research suggests that rural 

interstates may be a significant local source of photochemical pollutants that requires 

explicit treatment in regional scale analyses.   
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CHAPTER 1.  INTRODUCTION 

1.1.  Background 
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 Although there has been considerable study of the interaction between 

transportation and air quality, with the exception of several large-scale regional studies, it 

has been largely confined to the urban environment (Russell & Dennis, 2000).  Efforts 

have ranged from the first scientific paper published on automobile-related air pollution 

in 1919 to analysis of the Los Angeles ozone episodes in the 1950�s and 1960�s which 

provided the impetus for the automobile emissions regulation promulgated in the 1965 

Motor Vehicle Air Pollution Control Act (Perkins, 1974).  Substantial work on rural, 

ground level ozone formation was conducted during the 1970�s and has been well 

documented (Martinez & Singh, 1979; Isaksen et al., 1978; NRC, 1991).  Several of the 

early works on rural ozone addressed the role of local emissions, but few were explicitly 

concerned with mobile sources.  Two recent studies in Europe have addressed non-urban 

and regional ozone formation attributable to traffic emissions but neither isolated the 

effects of a single roadway facility (Brücher et al., 2000; Toll et al., 2000). 

 

Complex photochemical processes involving meteorological factors and chemical 

precursors dictate the formation of tropospheric, or ground level, ozone (O3).  The 

primary chemical precursors to O3 are oxides of nitrogen (NOx), organic hydrocarbons 

(HC), and carbon monoxide (CO).  In studies of photochemical processes, nitric oxide 

(NO) and nitrogen dioxide (NO2) are identified as the two NOx species of primary 

importance.  HC are chemical compounds comprised of some combination of carbon and 

hydrogen such as methane (CH4).   

 

NOx  and HC react in the presence of sunlight to form ozone.   Ozone precursors 

are emitted directly into the atmosphere anthropogenic sources such as power plants, 
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industrial facilities, and motor vehicles.  Emissions from biogenic sources (e.g., trees) can 

contribute ozone precursors to the atmosphere as well (Lopez et al., 1989; NRC, 1991; 

Chameides et al., 1992; Fehsenfeld et al., 1992; Finlayson-Pitts & Pitts, 1993; Guenther 

et al., 1995).  Figure 1 is a schematic representation of the ozone formation process in a 

rural environment. In addition to well-documented deleterious effects on human health, 

tropospheric ozone has been shown to significantly damage agricultural crops and reduce 

forest vitality (NRC, 1991). 

 

Figure 1.  Ozone formation process in rural environments. 
    Source:  NRC, 1991. 

Ozone is the primary photochemical oxidant in the atmosphere and has been 

regulated by the Environmental Protection Agency (EPA) since 1971 (Baumgardner, 

1998).  Currently, the EPA promulgates standards to maintain tropospheric ozone levels 
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acceptable to state environmental authorities.  The standards are described in the National 

Ambient Air Quality Standards (NAAQS).  The current standards are categorized into 

primary and secondary standards.  The primary standards are intended to limit 

tropospheric ozone levels and minimize exposure to protect human health.  The 

secondary standards are aimed at the protection of the public welfare by limiting the 

exposure of vegetation and personal property to tropospheric ozone.  Generally, the 

secondary standards are applied to rural areas where lower population densities reduce 

the overall risks of human exposure and concerns for vegetation damage are more 

germane. 

 

The EPA has recently conducted a comprehensive review of the NAAQS and has 

established several new and revised standards.  The new standards for tropospheric ozone 

require that the 4th highest daily eight-hour mixing ratio averaged over a three-year period 

not exceed 0.08 parts per million (ppm).  The previous standard was set at a one-hour 

level of 0.12 ppm not to be exceeded more than once per year averaged over a three-year 

period.  The new criteria apply to both the primary and secondary standards for ozone.  In 

the case of the secondary standard, the objective is to mitigate the effects of tropospheric 

ozone on vegetation (agricultural and forest) in rural and remote areas (EPA, 1997).  As 

traffic continues to increase and environmental policies necessarily evolve, there is an 

increasing need to account for the impact of motor vehicles on air quality in the rural 

environment. 

The 1997 revisions to the NAAQS have provided the impetus for aggressive 

research in the area of transportation and air quality.  Most prominent is the research 

project entitled �Transportation Effects of the 1997 Changes to the National Ambient Air 
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Quality Standards� initiated by the National Cooperative Highway Research Program 

(NCHRP) as NCHRP 25-17.  Other recent NCHRP efforts relevant to transportation and 

air quality are presented in Table 1. 

 

Table 1.  Active and Potential NCHRP Research in Transportation and Air Quality. 

Project Status 

NCHRP 8-33: Quantifying Air-Quality and Other Benefits and 

Costs of  Transportation Control Measures 

Active 

NCHRP 25-21: Assessment of Short-Term Versus Long-Term 

Air Quality Effects 

Active 

Ambient Microscale Monitoring for Project Compliance with the 

National Ambient Air Quality Standards 

Suggested 

Subfleet Technology and High Emitter Characterization Suggested 

Pollution Emissions from Specialty Vehicle Fleets Suggested 

Modification of HPMS for Air Quality Analysis Suggested 

Seasonal and Episodic Transportation Measures to Avoid 

Exceedances 

Suggested 

 

11 1.2.  Problem Statement 

The combination of emissions from a rural interstate and biogenic emissions 

inherent to rural areas provides for the potential of substantial ozone formation.  The 

current state-of-the-practice in vehicle-emissions modeling for air quality analyses does 

not provide adequate detail for estimating emissions from rural interstate traffic.  

Similarly, models used to describe ozone formation are inappropriate for modeling the 

ozone formation attributable to a rural interstate.  Current models either insufficiently 

account for biogenic emissions or are intended to model areas too large to adequately 

describe the photochemical processes relevant to a rural interstate. 
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12  

13 1.3.  Purpose and Scope 

The purpose of the research was to develop a modeling procedure to assess the 

contribution of rural interstate traffic to local ozone formation.  The scope of the research 

includes: 

• The development of a methodology to post-process FRESIM emissions estimates 

into atmospheric concentrations of specific chemical species. 

• Modifications to an existing rural photochemical model to accommodate: 

• the emissions of pollutants from the interstate traffic 

• the effects of the traffic-related emissions in chemical processes. 

• The application of the modeling procedure to test scenarios. 

• The interpretation and presentation of results. 

 

The modeling procedure developed herein is intended to serve as a potential 

research tool for traffic engineers and transportation planners to ascertain the air quality 

impacts of rural interstates.  Potential applications include: 

• Environmental impact assessment of major transportation investments (e.g., 

new facility location and design, roadway widening, lane addition), 

• Environmental impact assessment of changes in traffic operations (e.g., speed 

limit changes, separation of passenger cars and trucks, ITS/COV 

applications), 

• Analysis of transportation-related environmental policies (e.g., vehicle 

emissions regulation, vehicle inspection/maintenance programs, alternative 

fuels), and 
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• Analysis of the effects of microscale air quality impacts in regional scale 

modeling. 

 

14 The modeling procedure builds on the capabilities of the FRESIM traffic operations 

simulation software to produce environmental performance measures from interstate 

facilities (FHWA, 1994).  The procedure also employs a detailed photochemical 

model to calculate resultant ozone concentrations from biogenic and traffic-related 

emissions in the rural interstate environment (Makar et al., 1999).      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
15 Chapter 2.  LITERATURE REVIEW 

15.1.1.1.1 2.1.  Policy Issues 
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15.1.1.1.1.1 2.1.1.  Vehicle Emissions 

 The principal pollutant types emitted from mobile sources are NOx, HC, and CO.  

NOx and HC are direct chemical precursors to ozone formation (Sawyer et al., 2000).  CO 

also plays an important role in photochemical processes (Jenkin et al., 2000).  The 

emission of pollutants from motor vehicles has been regulated by the federal government 

since 1966 (Papacostas and Prevedouros, 1993).  Over the past thirty years, the emphasis 

of these regulations has shifted from one pollutant to another (e.g., CO to HC), but the 

overall trend has been towards stricter emissions control on all types of motor vehicles 

(White, 1982).  In particular, NOx emissions from heavy-duty vehicles (e.g., gasoline- 

and diesel-powered intercity freight trucks) have been the target of aggressive regulation 

during the last decade (Schimek, 1998).  Table 2 summarizes the evolution of heavy-duty 

vehicle emissions standards over the past ten years.  Emission rates in Table 2 are given 

in grams of pollutant per brake-horsepower per hour of vehicle operation.  In 1995, the 

EPA announced an agreement with heavy-duty diesel manufacturers setting a new heavy 

duty vehicle NOx emission standard at approximately half of its 1998 value.  The new 

standard is planned to go into effect for heavy vehicles manufactured after the year 2004 

and is intended to reduce the role trucks play in ozone formation (TRB, 1995; EPA, 

1997). 

 

 

 

 

Table 2. Heavy-Duty Vehicle Emissions Standards. 

Model Year NOx (g/bhp-hr) HC (g/bhp-hr) CO (g/bhp-hr) 
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1988 10.7 1.3 15.5 

1990 6.0 1.3 15.5 

1991 5.0 1.3 15.5 

1993 5.0 1.3 15.5 

1994 5.0 1.3 15.5 

1996 5.0 1.3 15.5 

1998 4.0 1.3 15.5 

     Source: TRB, 1995. 

15.1.1.1.2  

15.1.1.1.3 2.1.2.  Ozone 

 The 1990 Clean Air Act Amendments (CAAA) explicitly provided for air quality 

modeling intended to predict the effects of emissions on critical pollutant levels identified 

in the NAAQS.  With specific attention directed toward transportation, Section 108 of the 

1990 CAAA requires that maintenance of a continuous transportation-air quality planning 

process with specific attention to �methods of reviewing plans on a regular basis as 

conditions change or new information is presented.�  In addition, Section 108 provides 

for the explicit assessment of risks to individual ecosystems posed by criteria air 

pollutants such as ozone (CAAA 108, 1990).  Section 107 describes the official 

designations given to areas with respect to their ambient pollutant levels.  An area is 

designated as a �non-attainment� area if the ambient levels of specific pollutants exceed 

the limits promulgated in the NAAQS.  In addition, Section 107 states that an area 

currently exhibiting air pollution levels within the acceptable limits of the NAAQS that 

contributes background air pollution to a nearby non-attainment area can itself be 

classified as a non-attainment area (CAAA 107, 1990).  In other words, a rural area that 

can be shown to be a significant source of ozone or ozone precursors transported to an 
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urban non-attainment area can technically be classified as a non-attainment area.  In July 

1998, the EPA proposed a policy to provide flexibility in setting a target date for an area 

to achieve ozone attainment if it is known that ozone or precursor sources upwind 

contribute to ground-level ozone formation in that non-attainment area (EPA, 1998).   

 

 As promulgated in the 1990 CAAA, states containing geographical areas in 

violation of the NAAQS must submit a Statewide Implementation Plan (SIP) to the EPA 

for review. Once approved by the EPA, the SIP functions as a contract between federal 

and state environmental authorities detailing the means by which the state intends to 

bring non-attainment area(s) into attainment. Transportation investments included in an 

area�s long-range transportation plan or transportation improvement program (TIP) must 

be shown to be in conformance with the SIP of the state.  In other words, it must be 

shown that construction of new transportation facilities, modifications to existing 

facilities, or changes in traffic operations will not exacerbate vehicle-related air pollution 

or impair a state�s ability to obtain the goals outlined in its SIP (TRB, 1995).  A 1992 

USDOT Policy Discussion Series publication illuminates the effects of the 1990 CAAA 

on transportation, stating that, �these provisions seem likely to necessitate much more 

detailed examination of transportation-air quality relationships, and methodologies that 

adequately address key issues will be needed (Harvey and Deakin, 1992).� 

 

In concert with the 1990 CAAA, the 1991 Intermodal Surface Transportation 

Efficiency Act (ISTEA) emphasized the requirements that TIPs be consistent with long-

range transportation plans as well as the SIPs (FHWA, 1994).   Although the provisions 

in the ISTEA were primarily aimed at urban non-attainment areas, it clearly indicated the 
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commitment of the federal government to address the air quality impacts of 

transportation.  The relationship between transportation and air quality was again 

addressed by the federal government in the Transportation Equity Act for the 21st 

Century (TEA-21) through specific provisions to ensure that states have adequate 

guidance from the EPA to satisfy the requirements of the newly revised NAAQS 

(USDOT, 1998).   

 

15.2 2.2.  Mobile Source Emissions 

Motor vehicles are a major source of atmospheric pollutants. NOx emissions from 

mobile sources, however, generally play a more significant role than HCs in ozone 

formation in rural environments.  Mobile source emissions of CO also contribute to 

ozone formation by aiding in the production of important ozone precursors.  High ozone 

concentrations, in rural as well as urban locations, generally occur during the summer 

months.  During this time of the year, radiation levels received from the sun are higher 

than other times of the year (NRC, 1991).  This radiation plays a direct role in the 

chemical reactions that form ozone as well as contribute to the biological processes that 

cause certain vegetation to release important ozone-forming HC (Chameides and 

Cowling, 1995).  Figure 2 is a graph of the monthly distribution of rural traffic from data 

published in the 1996 FHWA report, Highway Statistics (Teets, 1996).  As rural traffic is 

greater during the late spring and summer months (May, June, July, and August), it is 

reasonable to assume that mobile source emissions in rural areas are greater as well.   
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Figure 2.  Monthly distribution of rural traffic in U.S. 
              Source: Teets, 1996. 

 

The amount and rate of emissions from motor vehicles is dependent on the 

characteristics of how a particular vehicle is driven.  Figure 3 is schematic representation 

illustrating the variation with vehicle speed of NOx, HC, and CO emissions as described 

using the EPA�s MOBILE model (FHWA, 1994).  Figure 3 indicates that all emissions 

increase with speeds above 50 mph.  Vehicles on rural interstates generally exhibit speeds 

in excess of 50 mph.  Thus, large traffic volumes traveling at relatively high speeds on 

rural interstates can contribute significant emissions to the local atmosphere. 
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Figure 3.  Variation of NOx, HC, and CO emissions with speed. 

   Source: FHWA, 1994. 

 

The rate at which vehicles emit ozone precursors is dependent on vehicle speed as 

well as the individual components of the driving cycle.  The Federal Test Procedure 

(FTP), developed by the EPA, is the standard method of measuring vehicle emissions 

(Federal Test Procedure, 1989).  The FTP measures emissions over a driving cycle 

containing three vehicle operating states: cold start, hot stabilized, and hot start.  These 

operating states characterize the various parameters involved in a vehicle engine�s 

combustion processes relevant to operating condition.  For instance, the cold start state is 

tested to gather information on the amount of vehicle emissions emitted during initial 

operation.  The hot stabilized state refers to emission conditions for vehicles that have 

been in operation long enough to allow the engine and exhaust components to achieve 
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normal operating temperatures.  Emissions under hot stabilized conditions are of 

particular interest to the application of a rural interstate, where much of the travel consists 

of long distance travel and is, therefore, less influenced by vehicle start-up conditions.  

Within each operating state, a vehicle can be classified as participating in one of four 

driving modes: acceleration, deceleration, cruising, or idling.  Table 3 shows the 

percentages of total NOx, HC, and CO emissions emitted during the FTP test cycle for 

each of the four modes (Barkawi, 1997).  Clearly, the majority of pollutants are emitted 

while vehicles are accelerating.  This fact is particularly pronounced in the case of NOx 

emissions.  The second largest proportion of emissions for all three pollutants is 

contributed during the cruising mode.  Traffic on rural interstates generally operates in 

the cruising mode with varying amounts of acceleration and deceleration governed by 

traffic and roadway conditions as well as individual driver characteristics.  As vehicles 

change their speeds with roadway conditions (e.g., horizontal or vertical curvature) or 

change lanes and/or pass slower moving vehicles, the degree of acceleration/deceleration 

increases.  Thus emissions of all three ozone precursors increase. 

 

Table 3.  Percentage of Emissions by Driving Mode Measured in the FTP. 

Driving Mode NOx (%) CO (%) HC (%) 

Acceleration 83.5 64.9 56.1 

Deceleration 1.7 6.3 9.2 

Cruising 12.0 24.1 26.2 

Idling 2.8 5.7 8.5 

       Source: Barkawi, 1997. 

 

2.2.1.  Oxides of Nitrogen (NOx) 
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Mobile sources emit between 31% and 48% of the total nationwide NOx 

emissions (Bellomo and Liff, 1984; Nizich et al., 1994; EPA, 1996; BTS, 1998; Sawyer 

et al., 2000).  NOx emissions from mobile sources occur as a result of physical conditions 

present in an internal combustion engine that enable the chemical processes that form 

nitric oxide (NO) to take place.  For this reason, NOx are not particularly sensitive to 

changes in fuel types or chemical compositions (Schäfer and van Basshuyen, 1995).  The 

majority of NOx emissions from mobile sources is associated with vehicles accelerating 

or cruising at high speeds (Perkins, 1974; Barkawi, 1997).  Such driving performance is 

characteristic of interstate traffic in non-congested, non-urban areas.   

 

Generally, ambient air consists of 3.76 moles of nitrogen (N2) for every mole of 

oxygen (O2) present.  The combustion process results in sufficient temperatures and 

pressures to allow the N2 and O2 in the air drawn into a vehicle�s engine cylinder to 

combine to form two moles of NO.  This phenomenon is represented by what is called 

the Zeldovich mechanism and is shown below as reactions NO1 and NO2 (Schäfer and 

van Basshuyen, 1995). 

 

  (NO1)1  N2 + O →  NO  + N 

  (NO2)  O2 + N  →  NO + O 

 

After the NO is emitted into the atmosphere from the vehicle�s exhaust system it reacts 

with O3  in the ambient air to form NO2 which plays an important role in ozone formation 

(Perkins, 1974; Jenkin et al., 2000).   

                                                           
1 N2 = nitrogen molecule, O = oxygen atom, NO = nitric oxide, O2 = oxygen molecule, N = nitrogen atom 
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2.2.2.  Hydrocarbons (HC) 

Emissions of HC from transportation sources have been reported as accounting 

for as much as 40% of the total nationwide HC emissions (EPA, 1996).  Numerous 

species of HC are emitted from motor vehicles.  Motor vehicle fuels, both gasoline and 

diesel, are composed of a complex mixture of hydrocarbons.  These hydrocarbon-based 

fuels are then burned to produce energy in a vehicle�s engine.  Fuel combustion is a 

chemical process that can be represented as a reaction involving reactants and products, 

primarily the reaction of fuel and air.  The combustion of fuel can be generally 

represented by the following chemical reaction2: 

 

CnHm + (n + n/4)O2 + 2(3.76 N2) →   (n)CO2 + (m/2)H2O + 2(3.76 N2) 

 

There are many different intermediate reactions implied in the chemical reaction above.  

Also, the reaction shown above implies stoichiometric conditions.  In other words, all of 

the hydrocarbon-based fuel and all of the oxygen (O2) introduced into the combustion 

chamber are completely expended in combustion and the reaction achieves equilibrium 

between reactants and products.   

 

 In actuality, the progress of the combustion process is limited by chemical 

kinetics within the combustion chamber and does not reach equilibrium.  As a result, the 

combustion process is incomplete.  Incomplete combustion prevents some of the complex 

intermediate reactions from occurring or reaching equilibrium resulting in some HC 

                                                           
2 CnHm represents a HC constituent of fuel (Schäfer and van Basshuyen, 1995) 
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species being �left over� (Schäfer and van Basshuyen, 1995).  Studies have suggested 

that unburned fuel constitutes 50% or more of total HC exhaust emissions (Leppard et al., 

1992; McLaren et al., 1996).  These leftover HC species are then emitted into the 

atmosphere to participate in photochemical processes. 

 

2.2.3.  Carbon Monoxide (CO) 

Incomplete combustion also results in vehicles emitting CO (Schäfer and van 

Basshuyen, 1995).  The emission of CO from motor vehicles accounts for approximately 

62% of the total nationwide CO emissions (Nizich et al., 1994).  Gasoline-powered 

passenger vehicles account for the majority of CO emissions from mobile sources.  

Heavy-duty trucks also contribute CO.  Diesel-powered heavy-duty trucks emit slightly 

less CO than passenger cars, whereas gasoline-powered heavy-duty trucks emit between 

3 to 5 times as much CO as passenger cars (NRC, 1981). 

 

15.2.1.1.1.1 2.2.4.  Heavy-Duty Vehicle Emissions 

Studies have shown that heavy-duty trucks contribute a significant portion of the 

overall mobile source emissions of NOx (Nelson et al., 1991; TRB, 1995; Sawyer et al., 

2000).  In many cases, diesel-powered heavy trucks constitute a small percentage of total 

traffic volumes.  On some rural interstates, however, trucks may account for as much as 

20% of the total daily traffic volumes (BTS, 1998).  Traffic volumes along heavily 

traveled rural corridors are often in excess of 80,000 vehicles per day (HPMS, 1997).  

Table 4 presents average daily traffic (ADT) ranges for several rural interstates in 

southeastern states where ozone formation is often governed by the amount of NOx 

emitted locally (HPMS, 1997).  Ozone levels in these rural environments, although not as 
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high as in urban areas, may become critical in the light of the 1997 revisions to the 

NAAQS.  In addition, truck traffic continues to increase in total vehicle-miles traveled, 

implying that heavy-duty vehicles have an increasingly important role in the emission of 

ozone precursors.  Table 5 presents some nationwide interstate statistics compiled by the 

USDOT�s Bureau of Transportation Statistics (BTS, 1998). 

 

Table 4.  ADT Ranges for Rural Interstate Sections in Southeastern States. 

Interstate States with Rural Sections ADT Range (vpd) 

I-16 Georgia 9,900 � 28,100 

I-24 Kentucky, Tennessee 9,000 � 58,300 

I-30 Arkansas, Texas 17,300 � 71,000 

I-40 North Carolina 14,100 � 81,000 

I-49 Louisiana 8,400 � 25,800 

I-55 Mississippi, Tennessee, Missouri 9,500 � 58,000 

I-59 Alabama, Mississippi 9,100 � 41,000 

I-64 Kentucky, West Virginia 9,500 � 48,000 

I-65 Alabama, Tennessee, Kentucky 16,200 � 74,000 

I-75 Georgia, Kentucky, Tennessee 2,100 � 102,900 

I-77 South Carolina 24,200 � 82,100 

I-81 Tennessee, Virginia 25,000 �90,000 

I-85 Alabama, Georgia, South Carolina 21,000 � 116,000 

Source: HPMS, 1997. 

Table 5.  Nationwide Interstate Truck Statistics. 

 1960 1970 1980 1990 1994 1995 1996 

Rural interstate VMT 

(millions) 

10,51

4 

79,51

6 

135,08

4 

200,17

3 

215,56

8 

223,38

2 

232,44

7 

Rural interstate truck 

VMT (millions) 

No 

data 

10,06

9 

25,111 35,789 40,034 43,351 45,697 
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Rural % trucks - 12.6 18.6 17.9 18.6 19.4 20.1 

Rural % annual 

growth in truck 

VMT 

- - 14.9 4.2 3.0 8.3 5.4 

Source: BTS, 1998. 
 

Studies have shown that diesel-powered heavy-duty vehicles account for greater 

NOx emissions per vehicle than gasoline-powered passenger cars due to the relatively 

high combustion temperatures and pressures associated with diesel engines (Guensler et 

al., 1991; TRB, 1995; Sawyer et al., 2000).  The mobile source emissions model 

developed by the EPA, MOBILE5, reports NOx emission rates for trucks seven times 

greater than those of passenger cars (Schimek, 1998).  Figure 4 depicts the variation of 

NOx and HC emission rates with the percentage of heavy-duty vehicles in a traffic 

stream.  These data were part of a 1988 study that demonstrated the usage of microscopic 

traffic simulation model to describe emissions.  The emission rates shown in Figure 4 

were generated for a range of traffic volumes from 1560 to 1940 vehicles per hour 

traveling at roughly 50 mph (Al-Omisdhy and Al-Samarrai, 1988).  Figure 4 supports the 

evidence that heavy-duty vehicles indeed represent a significant portion of NOx emission 

from mobile sources.  It also reveals the increase in overall HC emissions attributable to 

heavy-duty vehicles.   
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Figure 4.  Relationship between HC & NOx emissions and % heavy-duty vehicles. 
Source: Al-Omisdhy and Al-Samarrai, 1998. 
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15.3 2.3.  Biogenic Emissions 

Biogenic HC play a significant role in the chemistry of the troposphere and have 

been shown to exhibit overall regional-scale emission rates as large as those HC emitted 

from anthropogenic sources (Lopez et al., 1989; NRC, 1991; Chameides et al., 1992; 

Fehsenfeld et al., 1992; Finlayson-Pitts and Pitts, 1993; Guenther et al., 1995).  Biogenic 

HC are highly reactive, relatively short-lived species.  The most reactive biogenic HC, 

with respect to ozone formation, is isoprene (C5H8).  It is a major constituent in many 

rural atmospheres as it is emitted directly from certain types of vegetation (NRC, 1991).  

Isoprene emissions are generally attributed to deciduous trees (Guenther et al., 1994).  

Recent research, however, has revealed other significant sources such as kudzu (Sharkey 

and Loreto, 1993).  Kudzu is a rapidly-growing vine that is abundant in locations 

throughout the southeast U.S. where native vegetation has been disturbed  (e.g., near 

roadways and interstates)  (Chameides and Cowling., 1995). 

 

 Isoprene is especially common in the mid-Atlantic and southeastern United 

States and has been shown to be a significant precursor to ozone formation in these areas 

(Guenther et al., 1994; Trainer et al., 1987).  Isoprene exhibits the largest global flux of 

any non-methane based HC  (Pierotti et al., 1990).  Concentrations of isoprene and its 

oxidation products were shown to be greatest during the summer when photochemical 

activity (i.e., ozone formation) is also generally at its highest levels due to the availability 

of solar radiation (Lamb et al., 1987).  Isoprene emissions at a rural site in Alabama were 

shown to peak between the hours of 10:00 to 18:00 (Montzka et al., 1993).  Studies at 

other rural locations indicate similar diurnal patterns of isoprene emissions corresponding 

to the hours of maximum photochemical activity (Trainer et al., 1987). 
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15.3.1.1 2.4.  Rural Ozone Formation 

Information derived from both field measurements and simulation models has 

revealed that ozone formation over much of the mid-Atlantic and southeastern U.S. is 

limited primarily by the availability of NOx (Trainer et al. 1993; Chameides et al., 1992; 

Sillman et al, 1990; Jacob et al., 1995; Sillman, 1999).  The limiting capacity of NOx in 

ozone formation is particularly important in the rural environment where the ratio of HCs 

to NOx concentrations is typically larger than those found in urban areas.  The local 

atmosphere is referred to as �NOx-limited� when emissions of relatively small amounts of 

NOx in the presence of large HC concentrations result in increases in ozone formation 

(Finlayson-Pitts and Pitts, 1993; Sillman, 1999).   

 

The rural environment is typically characterized by a NOx-limited regime as a 

result of large emissions of biogenic hydrocarbons from vegetation and relatively small 

sources of NOx emissions (Chameides et al., 1995).  Anthropogenic sources constitute 

90% of total NOx emissions in the U.S. with the rest being attributable to natural sources 

such as: lightning, microbial activity within soils, and direct injection from the 

stratosphere into the troposphere (NRC, 1991).  The primary anthropogenic sources of 

NOx are the combustion processes involved in industrial and power-generation facilities 

as well as in transportation vehicles (Nizich et al., 1994).  In many rural areas, motor 

vehicle traffic is concentrated along rural interstate corridors.  In this case, traffic 

volumes may be large enough to generate NOx emissions sufficient to form ozone in a 

NOx-limited regime. 
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15.3.1.1.1 2.4.1.  Ozone Chemistry 

Ozone formation is an extremely complicated atmospheric process that is still not 

completely understood by the scientific community.  The basic chemical reactions of 

ozone formation are shown below.   

 

 (O1)3 HO2 + NO   →   NO2 + OH 

 (O2) NO2 + hv   →   NO + O 

 (O3) O + O2 + M → O3 + M 

 

In order to examine rural ozone formation, a general understanding of the myriad 

chemical reactions preceding reactions O1, O2 and O3 must be developed. Of particular 

interest are the reactions leading up to reaction O1 in which the hydroperoxyl radical 

(HO2) is formed and made available for its reaction with NO to form nitrogen dioxide 

(NO2).  The NO2 is then photolyzed in reaction O2 to provide the oxygen atom necessary 

to produce ozone as shown in reaction O3.     

 

                                                           
3 HO2 = hydroperoxyl radical, NO2 = nitrogen dioxide, hv = sunlight λ < 420nm, O = oxygen, M = air 
molecule (provides reaction energy) (NRC, 1991). 
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2.4.2.  Role of NOx 

It has been shown that ozone in the rural southeastern U.S. is generally formed 

rapidly and fairly close to the source of NOx precursors (Trainer et al., 1993).  A 1993 

study of the relationship between ozone production and NOx levels in NOx-limited rural 

atmospheres yielded results suggesting the potential to form 8.5 molecules of ozone for 

every molecule of NOx consumed (Trainer et al., 1993).  Another study used 

observational methods to explore the ozone-NOx relationship in a rural atmosphere in 

Tennessee.  The results of the regression analysis used to examine the correlation 

between ozone-NOx suggested that every molecule of NOx consumed could yield as 

much as 10 molecules of ozone (Olszyna et al., 1993).  The significance of NOx in ozone 

formation is illustrated in reaction O1 presented in previous sections.  The products of 

this reaction are fundamental ozone precursors, OH and NO2 (see reactions O1 through 

O3). 

 

15.3.1.1.2 2.4.3.  Role of Hydrocarbons 

 The primary role HC, whether anthropogenic or biogenic, play in ozone formation 

is the generation of important precursors, primarily HO2.  These compounds are products 

of the oxidation reaction of a HC with an OH-radical.  In general, the oxidation 

mechanism for HCs can be represented by the following formulation (reactions R1 

through R4), where R is used to represent a generalized hydrocarbon (NRC, 1991).  In 

actuality, HC oxidation reactions are much more complicated, vary among different HC 

species, and include many intermediate reactions.  Nonetheless, reactions R1 through R4 

illustrate how the HO2 and NO2 are formed by the reaction between a hydrocarbon and an 
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OH-radical.  These compounds are then available to participate in the O1 through O3 

reactions to produce ozone.   

 

    (R1)4 RH + OH → R + H2O 

  (R2) R + O2 +M → RO2 + M 

  (R3) RO2  + NO → RO + NO2 

  (R4) RO + O2 + M→ HCHO + HO2 + M 

 

Early work in the area of rural ozone formation indicated the possibility of ozone 

concentrations of 100-180 ppb in the presence of anthropogenic sources of NOx.  These 

early efforts indicated that the oxidation of methane, the most abundant HC in the rural 

atmosphere, could only account for ozone formation up to 60 ppb (Hov et al., 1978, 

Isaksen et al. 1978).  It was later shown that introduction of anthropogenic NOx into an 

atmosphere laden with non-methane based biogenic HCs could lead to ozone 

concentrations upwards of 100 ppb (Trainer et al., 1987).  

 

2.4.4.  Role of CO 

An estimate of the atmospheric CO budget for the eastern U.S. indicated that the 

oxidation of isoprene is an important source of CO.  It is also injected directly into the 

atmosphere from the exhaust systems of motor vehicles.  The significance of CO in 

ozone formation is shown in reactions CO1 through CO3 5.   

                                                           
4 RH = a general HC; R = alkyl radical formed during HC oxidation; RO2 = alkyl peroxy radical; RO = 
alkoxy radical; HCHO = formaldehyde (NRC, 1991). 
5 (NRC, 1991). 
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  (CO1) CO +OH  →  CO2 + H 

  (CO2) H + O2  +M →  HO2 +M 

  (CO3) HO2 + NO →  NO2 + OH 

 

The relationship between CO and ozone is sufficient enough to encourage several 

authors to use the O3-CO correlation as a proxy for quantifying the relative importance of 

anthropogenic sources in ozone formation (Fishman et al., 1987; Chameides et al., 1987, 

1989).  A recent study of the O3-CO relationship at several rural sites indicated a strong 

correlation.  Results from this study indicated O3-CO correlations of 0.78, 0.84, and 0.57 

from rural sites in Massachusetts, Pennsylvania, and Alabama, respectively  (Chin et al., 

1994).   As mentioned previously, CO is a major constituent in mobile source emissions.  

Therefore, the presence of CO may be used as an indicator of vehicle emissions. 

 

2.5.  Mobile Sources and Ozone Formation 

 Several studies of urban ozone formation have indicated that mobile source 

emissions are capable of contributing to ozone levels around 120 ppbv (Winner et al., 

2000; Proyou et al., 1998; Harley et al., 1997; Dunker et al., 1996).  The studies cited 

above represent work done in urban environments and, in several cases, urban street 

canyons.  A regional study in Barcelona presented results that indicate roadway 

emissions contribute to ozone formation on the order of 120 ppbv in areas well outside 

the city (Toll and Baldasano, 2000).  Another study of ozone formation in North Rhine-

Westphalian region of Germany indicated ozone levels up to 100 ppbv attributable to 

NOx emissions from roadway traffic (Brücher et al., 2000). 
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2.6.  Existing Models 

2.6.1.  Emission Models 

2.6.1.1.  Current Practice 

 Presently, there exists no appropriate means of modeling the potential ozone 

formation associated with a rural interstate.  The first shortcoming lies in the state-of-the-

practice for modeling vehicle emissions.  In most cases, vehicle emissions are currently 

tabulated for area-wide or regional mobile source emission inventories.  These 

inventories are generally conducted through the use of the MOBILE model developed by 

the EPA of the California Air Resources Board EMFAC model (FHWA, 1994; TRB, 

1995).   Estimating vehicle emissions using MOBILE involves developing a set of 

emission factors for each model application and applying these factors to a specific level 

of vehicular activity measured in vehicle-miles traveled (VMT).  The emissions factors 

used in MOBILE are developed for each application by accounting for the ambient 

temperature, fuel type distributions, vehicle type distributions, and the average speed 

exhibited throughout the study area.  These emission factors are then multiplied by the 

total VMT for the study area to produce emissions estimates in grams of pollutant emitted 

per mile of vehicle travel (FHWA, 1994).   

 

By using average speed, the MOBILE model does not explicitly account for the 

differences in pollutant emissions across different driving modes (acceleration, cruising, 

etc.).  Such an approach seems inappropriate for microscale analyses.  For example, a 

vehicle that travels 10 miles at a steady average speed of 50 mph will emit less overall 

pollutants than a vehicle constantly accelerating and decelerating but maintaining a 50 

mph average over the 10 mile distance.  This point is particularly relevant to large trucks 
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traveling on rural interstates through hilly areas where their speed and acceleration are 

affected by roadway grade.    

 

Use of microscopic traffic simulation models allows for a detailed description of 

the driving cycle through resolution of speeds and acceleration rates for individual 

vehicles for each time step specified in the model run.  These models produce what is 

referred to as modal emission rates that reflect the different emissions associated with 

different vehicle operating modes (e.g., acceleration/deceleration, cruising).  CORSIM is 

a software package developed by the Federal Highway Administration (FHWA) to 

simulate traffic operations.  CORSIM is based on the Traf-NETSIM model and also 

includes the FRESIM model.  Traf-NETSIM is used for simulating traffic operations on 

surface streets (e.g., arterials) and FRESIM is a freeway simulation model.   FRESIM is 

used specifically for freeway simulations in which the performance of individual vehicles 

is modeled to provide a detailed description of the overall traffic operations along the 

freeway.  In addition to operational measures of performance such as speed, delay, and 

lane changes, FRESIM provides estimates of fuel consumption and emissions of three 

pollutants, NOx, HC, and CO.  FRESIM is a generalized model allowing users to specify 

traffic and roadway-related parameters for a particular facility to be analyzed (FHWA, 

1994).  There are other modal emission models currently available.  Among them are the 

VEMISS developed by the EPA, a model developed at the University of California, 

Riverside, the GIS-based Mobile Emissions Assessment System for Urban and Regional 

Evaluation (MEASURE) developed at Georgia Tech, and the INTEGRATION model 

developed at Virginia Polytechnic Institute and State University (Van Aerde, 1998; Ahn, 

1998).  None of the above models are designed to explicitly address interstate traffic 
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operations and emissions.  INTEGRATION, like CORSIM, is capable of simulating 

transportation network containing both surface streets and freeways (Van Aerde, 1998).  

It is worth noting that the University of California at Berkeley developed the FREQ 

model for simulating freeway operations.  FREQ estimates total vehicle emissions based 

on VMT and average speeds (Ahn, 1998).  FRESIM is a widely accepted tool that allows 

for the simulation of a single freeway facility and is considered more appropriate for 

application to the current research than other available microscopic traffic simulation 

package.   

 

FRESIM estimates emissions based on the speed and acceleration/deceleration 

trajectories of a vehicle at each time step during the simulation.  For illustrative purposes, 

the assignment of emission rates for NOx, HC, and CO to speed and acceleration from the 

Traf-NETSIM model are shown graphically in Figures 5, 6, and 7, respectively6.  

                                                           
6 Traf-NETSIM is a sister software package to the FRESIM model used to analyze arterial street networks 
(Lieberman and Rosenfield, 1977). 
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Figure 5.  NOx emission rate vs. speed  for several acceleration rates. 

           Source: Lieberman and Rosenfield, 1977. 
 
 

 
Figure 6.  HC emission rate vs. speed  for several acceleration rates. 
Source: Lieberman and Rosenfield, 1977. 



 

 

xliv

 
Figure 7.  CO emission rate vs. speed  for several acceleration rates. 
Source: Lieberman and Rosenfield, 1977. 

 

The information in Figure 5 is concurrent with other evidence that NOx emissions 

increase with speed.  The interesting point revealed by Figure 5 is the increase in 

emissions rate at increasing acceleration rates.  Figures 6 and 7 support the relationship 

between HC and CO emissions and speeds reported previously.  They also suggest a 

relationship between emission rates and acceleration rates.  The range of speed shown in 

these figures is less than that generally encountered on rural interstates.  Also, the 

emission rates reported in these curves are somewhat dated as they were derived in some 

of the seminal efforts at quantifying modal emission rates (Automotive Environmental 

Systems, 1973; Kunselman, 1974).  Nonetheless, the curves reemphasize the importance 

of vehicle operations on the emission of pollutants. 
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2.6.1.2.  Future Modeling Developments 

In recognition of the need to more clearly define the relationship between 

transportation and air quality, there has been considerable effort and progress towards 

integration of transportation and air quality models.  Recently, a team of air pollution and 

traffic engineering consultants was awarded a NCHRP contract to develop an integrated 

intersection air quality model.  The proposed model will utilize the Traf-NETSIM micro-

simulation model to produce emission estimates.  The developers cite its ability to 

provide modal emissions estimates as the basis for its selection in the proposed integrated 

model (Smith, 1998).   

 

The engineering and scientific communities have recently expressed concern over 

what was interpreted to be a gap in the body of knowledge regarding vehicle emissions, 

particularly those associated with heavy-duty vehicles.  The U.S. Department of Energy, 

the Department of Aerospace and Mechanical Engineering at West Virginia University, 

and the Colorado Institute for Fuels and High Altitude Engine Research conduct 

emissions tests on heavy-duty vehicles.  These program uses a mobile testing apparatus to 

monitor NOx, HC, CO, as well as particulate matter and other important pollutants and 

has been in use across the country since 1992 (DOE, 1998).  In addition, the College of 

Engineering Center for Environmental Research and Technology (CE-CERT) at the 

University of California, Riverside is active in vehicle emissions research.  The results of 

these research efforts are intended to directly enhance the accuracy of existing emissions 

models such as MOBILE and FRESIM and improve the overall ability to model 

transportation impacts on air quality.  
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2.6.2.  Pollutant Dispersion Models 

 Another limitation of existing vehicle emission models is the fact that the 

emissions they report are only a description of the pollutants directly emitted from 

vehicles (i.e., leaving the exhaust system).  Pollutant emissions are given as rates (grams 

per unit time or distance) and are insufficient for photochemical modeling.  The 

pollutants emitted from vehicles must be expressed in atmospheric concentrations (e.g., 

grams/m3) or in mixing ratios (e.g., parts per million) in order to ascertain their relative 

roles in atmospheric chemistry processes.  The relative concentration of each pollutant 

emitted from mobile sources depends on how that chemical is dispersed into the 

atmosphere after leaving the vehicle�s exhaust system.  The dispersion of each pollutant 

is dependent on a complex set of physical and, in some cases, chemical parameters.   

 

The scientific principles of pollutant dispersion are well-understood and there are 

several types of dispersion modeling techniques currently available (FHWA, 1976; 

Bellomo and Liff, 1984).  The current models range from detailed techniques (including 

limited chemistry) to describe pollutants emitted from stationary sources to rudimentary 

methods of describing the dispersion of relatively inert chemical species from roadway 

line sources.  There has been considerable work in the area of line source dispersion 

models.  Among these models are the HIWAY model developed by the EPA and the 

AIRPOL-4A model developed by the Virginia Transportation Research Council 

(Petersen, 1980; Carpenter et al., 1976).  The CALINE family of models, developed by 

the California Department of Transportation (CALTRANS) are generally considered to 

be the industry standard for highway line source dispersion modeling (Bellomo and Liff, 

1984; Wayson, 1999). 
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2.6.3.  Photochemical Models 

Currently there are no models used to explicitly study the relationship between 

transportation and ozone formation, and certainly none intended for specific application 

to the rural interstate environment.  The majority of photochemical studies involving 

mobile source emissions are conducted using complex, large-scale models such as the 

Urban Airshed Model (UAM) (Russell and Dennis, 2000).  The current state-of-the-

practice for modeling ozone formation in non-attainment areas entails the use of the 

UAM.  The UAM is a three-dimensional photochemical grid model designed to calculate 

the concentrations of both inert and chemically reactive pollutants.  For regulatory 

purposes, the UAM is generally applied to simulate a past high ozone episode resulting 

from adverse meteorological conditions (Morris and Myers, 1990; Wu et al., 1996).  As 

the name implies, it is generally used to analyze ozone-related phenomena in an urban 

environment.  The UAM has been shown to exhibit deficiencies in its ability to simulate 

photochemical processes involving biogenic chemical species.  An application of the 

UAM to the Atlanta non-attainment area revealed that the model substantially under 

predicted isoprene concentrations when compared to actual field measurements.  The use 

of �corrected� isoprene concentrations resulted in significant increases in the model-

simulated ozone concentrations in the presence of anthropogenic NOx (Chang et al., 

1996). 

 

The EPA currently operates two atmospheric models for application to large 

regions.  These models, the ROM and the RADM, require the use of �supercomputers� 

(Whitten et al., 1985; EPA, 1986).  The ROM is a grid-based photochemical model 
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designed to simulate chemical and physical processes responsible for the formation of 

ozone.  The model is appropriate for application on scales of 1000 km, or several days of 

pollutant transport time.  Within the ROM, photochemical processes are mathematically 

simulated in a 3-D grid model with horizontal resolution of approximately 18.5 km.  The 

exact grid cell size varies as the coordinate system used is based on latitude-longitude 

(Lamb, 1983).  The RADM, also a grid-based regional scale model, is designed to 

describe the atmospheric physical and chemical processes related to transport, 

photochemistry, aqueous chemistry and acidic deposition due to major changes in 

precursor emissions.   RADM was developed to simulate atmospheric conditions over 

several days for grid-sizes ranging from 18 to 80 km.  It was developed for specific 

application to eastern North America, from the Rocky Mountains eastward to the Atlantic 

Coast, including southeastern Canada (EPA, 1986; Carter and Lurmann, 1990).  All of 

the regional photochemical models rely on VMT-based mobile source emission 

inventories (Russell and Dennis, 2000).  Thus, detailed modal vehicle emissions are not 

accounted for in these models.  Also, the regional models are inappropriate for specific 

applications, such as the current research, due to the very fact that they are such large-

scale models. 

 

There has been considerable research effort in the last ten years devoted to the 

study of �sub-grid� processes underlying the regional-scale activity simulated by large-

scale models.  These studies have focused on resolving the local effects of ozone 

formation within power plant emission plumes.  The premise being that chemical 

processes at the local scale are important to overall regional pollution but are not 

adequately addressed at the grid scales required by the regional models (Sillman et al., 
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1990;  Gillani and Pleim, 1996; Russell and Dennis, 2000; Liang and Jacobson, 2000; 

Blanchard and Stoeckenius, 2001). 

 

2.6.4.  Future Directions 

 In recognition of the complex nature of photochemical modeling studies, the EPA 

has recently released a new air quality modeling system called Models-3.  Models-3 

represents a comprehensive approach to photochemical modeling.  The Models-3 system 

consists of several different modules including pollutant emissions, pollutant dispersion, 

and photochemical models.  It is intended for regional-scale studies with a particular 

emphasis on urban areas.  The main modeling component of Models-3 is called the 

Community Multiscale Air Quality (CMAQ) model.  Like previous regional air quality 

models, mobile source emissions processing is performed using the VMT-based format 

embedded in EPA�s MOBILE program (EPA, 1998).   

 

15.3.1.1.2.1.1 2.7. Summary 
The previous sections have provided a detailed description of engineering, 

scientific, and policy-related issues relevant to the problem of rural ozone formation.  The 

following is a concise summary of the points revealed in the literature review. 

 

1. The Federal government aggressively monitors and regulates the emission of 

pollutants from motor vehicles.  

 

2. The EPA has recently lowered the levels of ozone pollution acceptable to State 

environmental authorities. 
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3. The new regulations apply to rural air quality to protect vegetation (natural and 

agricultural). 

 

4. Motor vehicles emit three chemical precursors to ozone, NOx, HC, and CO. 

 

5. Motor vehicles emissions tend to increase at speeds typical of rural interstates (> 60 

mph) and are at their greatest during periods of acceleration or cruising. 

 

6. Diesel-powered heavy-duty vehicles constitute a significant portion of rural interstate 

traffic. 

 

7. Diesel-powered heavy-duty vehicle are a significant source of NOx emissions. 

 

8. Highly photochemically reactive biogenic HC such as isoprene are common in rural 

areas. 

 

9. Methane is generally the most abundant HC in the rural environment.  Although not 

as reactive as isoprene, it may be an important ozone precursor due simply to its 

abundance. 

 

10. Biogenic HC in rural areas may potentially react with pollutants emitted from motor 

vehicles, particularly NO, to form ozone. 
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11. Vehicle emissions have been shown to contribute to ozone levels around 120 ppbv. 

 

12. Modal emission models more closely reflect actual driving conditions and therefore 

provide more realistic emissions estimates for microscale analyses. 

 

13. Large-scale regional photochemical models exist.  They have an inherent inability to 

adequately describe and account for smaller-scale phenomena.  

 

14. Rural interstates may generate sufficient emissions, especially NOx, to be important 

sources of rural ozone. There are currently no photochemical models appropriate for 

application to a rural interstate environment. 
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16 Chapter 3.  PROBLEM APPROACH  

3.1. Estimating Emissions Using FRESIM 
 
 The microscopic traffic simulation model, FRESIM, was chosen to develop 

emission rates from a rural interstate in the present research.  FRESIM uses car-

following, queue-discharge, and lane-changing algorithms to �track� the operations of 

individual vehicles as they travel along the freeway.  During a simulation, FRESIM 

calculates each individual vehicle�s speed and acceleration/deceleration at user-specified 

time intervals (e.g., once every second of simulated freeway operations) and records them 

as a speed/acceleration trajectory.  These speed/acceleration trajectories are then used to 

calculate emission rates for NOx, HC, and CO at each time-step using �look-up tables� 

embedded in the model (FHWA, 1994). 

 

The look-up tables provide emission rates in grams/second over vehicle operating 

ranges of 10 to �10 fps2 for acceleration and 0 to 110 fps for speed.  The cells of the look-

up table contain pollutant-specific emission rates corresponding to the acceleration/speed 

pair defining the cell�s location.  After FRESIM has determined a vehicle�s speed and 

acceleration for a given time-step, it �looks-up� the appropriate emission rate (based on 

the vehicle�s speed/acceleration trajectory) and records that value for later tabulation 

(McGill, 1985; FHWA, 1994; Barkawi, 1997).  

 

In determining modal emissions, FRESIM allows the user to specify up to sixteen 

different vehicle types.  The sixteen vehicle types are described using some combination 

of the seven vehicle performance indices shown in Table 6 where indices 1 and 2 refer to 

light-duty (LD) vehicles and 3 though 7 refer to heavy-duty (HD) vehicles (FHWA, 
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1994; Barkawi, 1997).  LD vehicles refer to passenger cars and trucks and typically 

implies gasoline-powered vehicles.  This capability allows for explicit investigation into 

the effects of trucks, which are an important component of rural interstate traffic. 

FRESIM allows the user to apportion the overall percentage of trucks among the four 

truck-related vehicle performance indices.  FRESIM also specify these proportions 

(FHWA, 1994).  For illustrative purposes, Figure 8 presents example configurations of 

the four truck performance indices (3 through 6) used in FRESIM. 

 

Table 6. Vehicle Performance Indices used in FRESIM. 

Vehicle Performance Index Vehicle Performance Description 

1 Low-performance passenger car (LD) 

2 High-performance passenger car (LD) 

3 Single-unit truck (HD) 

4 Semi-trailer truck with medium load (HD) 

5 Semi-trailer truck with full load (HD) 

6 Double-bottom trailer truck (HD) 

7 Intercity bus (HD) 

       Source: FHWA, 1994. 

 

3.1.1.  Current Limitations of FRESIM 

 FRESIM emission rates are presently based on vehicle tests performed at the Oak 

Ridge National Laboratory in the mid-1980s (McGill, 1985; Barkawi, 1997).  The 

emission factors used in these models were originally compiled from a small sample of 

the vehicle fleet.   Unfortunately, HD vehicles were not represented in the original 

sample.  The emission factors used for HD vehicles were empirically derived from LD 

vehicle emission factors (Barkawi, 1998).  
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Vehicle Performance Index 3

Vehicle Performance Indices 4 and 5

Vehicle Performance Index 6

 
Figure 8.  Example configurations of FRESIM truck performance indices. 

        Source: Ostria, 1996. 

  

 Since the original efforts to gather vehicle emissions data for use in emissions 

modeling (e.g., FRESIM), there have been several studies conducted on a more recent 

sample of the vehicle fleet, including HD vehicles.  Some of these studies have been 

conducted in the laboratory to test emissions under controlled conditions.  Other studies 

have been conducted in the field to measure actual emissions from vehicles traveling 
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along a roadway.  Both the lab and field studies monitored emissions from vehicles over 

a broad range of speeds and operating conditions (acceleration/deceleration, grade, load, 

etc.).  Such studies are essential to the advancement of emissions and air pollution 

modeling.   Figures 9 through 14 summarize the emission rates published in grams of 

pollutant emitted per unit distance from some of the previous studies.  The lower and 

upper bound for the emission rates are given for both LD and HD vehicles where 

available.  Sample FRESIM results for operating conditions similar to those presented in 

the previous studies are shown in the figures for comparison. 
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Figure 9.  Measured and modeled CO emission rates from light-duty vehicles.  
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Figure 10.  Measured and modeled CO emission rates from heavy-duty vehicles. 
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Figure 11.  Measured and modeled NOx emission rates from light-duty vehicles. 
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Figure 12.  Measured and modeled NOx emission rates from heavy-duty vehicles. 
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Figure 13.  Measured and modeled HC emission rates from light-duty vehicles. 
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Figure 14.  Measured and modeled HC emission rates from heavy-duty vehicles. 

 

 It is observed from Figures 9 through 14 that the FRESIM outputs for LD vehicle 

emission rates are in reasonable agreement with recent studies.  The HD vehicle NOx 

emission rates produced by FRESIM agree well with the published data.  The HD vehicle 

emission rates for HC and CO, however, are much greater than those measured in the 

field and laboratory experiments.  As previously explained, the values embedded in the 

FRESIM environmental look-up tables were derived from data obtained from emissions 

testing of six LD vehicles operating under steady-state conditions.  No HD vehicles were 

used in the development of the original look-up tables in the FRESIM model (McGill, 

1985; Barkawi, 1998).  In addition, differences among the rates result from factors such 

as: variations in actual driving conditions, vehicle maintenance (or lack thereof), 

distribution of vehicle age, etc.  Also, there has been progress in vehicle emission 
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controls since the time of the original tests performed to develop the FRESIM look-up 

tables.   

  

 Corroboration between the FRESIM estimates and actual emission rates is needed 

to provide the most realistic description possible of rural interstate emissions.  This is 

particularly important for the HD vehicle CO emissions.  The FRESIM estimates for CO 

are generally an order of magnitude larger than the measured values.  The HC emission 

rate estimates for HD vehicles from FRESIM are also greater than the measured values.  

Unrealistic estimates of HC and CO emissions may overestimate ozone production. 

 

3.1.2.  Modifications to Improve FRESIM Emissions Estimates 

In an attempt to improve the accuracy of the emissions estimates produced by 

FRESIM, the current study examined data from HD vehicle tests performed at the 

Colorado Institute for Fuels and High Altitude Engine Research (Yanowitz et al., 1999) 

using multiple linear regression analyses.  Regression analyses are often used by several 

researchers to correlate vehicle emissions with speed and acceleration/deceleration 

trajectories (Childress and Wilson, 1994; Pierson et al., 1996, Cicero-Fernandez et al., 

1997; Ahn, 1998 Ho and Winer, 1998; Yanowitz et al., 1999).  The majority of the 

research cited in the previous statement was concerned with LD vehicle emissions.  

Yanowitz et al focused on HD vehicle but most of the vehicles tested were not intercity 

freight trucks and these vehicles were tested for urban driving conditions.   

 

For use in the current study, the emission rate of each pollutant (grams/second) 

was calculated from the Colorado data.  The calculated emission rates were then recorded 
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with the vehicle speed and acceleration/deceleration measured every second during 

testing.  Emission rates, speed, and acceleration/deceleration data were complied from 

test runs representing two HD vehicles.  This resulted in a total of 390 observations.  

Multiple-linear regression analysis was then used to develop equations describing the 

relationship between emission rate, vehicle speed, and acceleration/deceleration for each 

pollutant.  In these analyses, vehicle speed and acceleration/deceleration were treated as 

independent variables determining the dependent variable, emission rate.  The results of 

the regression analyses are summarized in Table 7.   The regression coefficients of all 

three equations are positive.  These results agree with the relationship between emission 

rates and speed and acceleration shown in Figure 3, 5, 6, and 7.  The large coefficients for 

the acceleration term reflect the importance of acceleration on emissions as reported in 

Table 3 and shown in Figures 5, 6, and 7.   

 

Table 7. Summary of Regression Analysis of Heavy-Duty Vehicle Emissions Data. 

Chemic
al 

Equation R2 F-value Significa
nt 

HC 0.04755 SPEED + 0.3348 ACC/DEC + 

5.6778 

50% 197.38 Yes 

NOx 1.0382 SPEED + 12.8446 ACC/DEC + 

1.9576 

65% 364.07 Yes 

CO 0.3661 SPEED + 30.6268 ACC/DEC + 

64.5427 

14% 31.21 Yes 
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 As evidenced by their relative R2-values shown in Table 7, the regression 

equation developed for CO emissions did not describe the variation in emission rates 

among the speed and acceleration/deceleration parameters as well as the equations 

developed for NOx and HC. According to the F-statistic computed for each equation, 

however, the equations developed can be concluded to be �useful� but fall short of fully 

describing the relationship between emission rate and speed and acceleration/deceleration 

(Devore, 2000).  The regression equations were then used to develop new FRESIM look-

up tables.  Speed values from 0 to 100 fps and acceleration/deceleration values from �10 

to 10 fps2 were input into the equations to calculate new emission rates (grams/second) 

for the FRESIM look-up tables.  Additional FRESIM runs were simulated using the HD 

look-up tables developed in this research from the regression analysis of the Colorado 

data.  The new emission rates are compared to the published studies as well as the 

original FRESIM estimates in Figures 15 through 17. 
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Figure 15.  Comparison of modified CO emission rates from heavy-duty vehicles. 
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Figure 16.  Comparison of modified NOx emission rates from heavy-duty vehicles. 
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Figure 17.  Comparison of modified HC emission rates from heavy-duty vehicles. 

 

 

Although the regression equations did not describe the relationship between 

emissions and the speed and acceleration/deceleration trajectories well (i.e., low R2), 

particularly for CO, some improvement in FRESIM�s ability to produce representative 

HD emission estimates was realized.  As seen from Figures 15 through 17, the look-up 

tables developed in this study provide emission rate estimates that resemble the results 

from recently published studies more closely than the original FRESIM data.  It is of 

particular interest that the new emission rate estimates were most similar to those 

measured in the Tuscarora Mountain Tunnel Study since data from this study is used in 

another part of this research as described in the following section (Pierson et al., 1996).     
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The primary reason for the lack of statistical correlation shown for the regression 

results is the limited sample size.  Although 390 observations were used, these 

observations were recorded for only two individual vehicles.  The observations used 

represent the variability of emissions among speed and acceleration trajectories at each 

second for the two HD vehicles as tested over a specified driving cycle.  Thus, there may 

have only been a few measurements for any given speed/acceleration trajectory.  A larger 

sample size of vehicles and longer driving cycles would have provided more emission 

rate data points for each speed/acceleration trajectory and would likely have resulted in 

better R2-values.  The fact that data from only two HD vehicles were used also limited 

the robustness of the relationships developed in the regression analyses.  As developed, 

the relationships do not account for any variability among different vehicle characteristics 

(age, mileage, control technologies, fuel type, etc.) reflected in the numerous vehicle 

represented in the tunnel studies such as those conducted by Pierson et al.   

 

Regardless of the statistical significance (or lack thereof) of the relationships, 

Figures 15 and 17 clearly indicated that the updated FRESIM emission estimates are an 

improvement over the original estimates.  The NOx emissions rates developed herein 

appear to be low (Figure 17).  The driving cycles used in all the tests reported in the 

Figure 15 through 17 reflect urban driving conditions where acceleration rates would be 

accepted to be higher and speeds lower.  Studies have shown the dependence of NOx 

emissions on acceleration rate and this fact is correctly reflected in by the regression 

coefficients as described above (Perkins, 1974; Lieberman and Rosenfield, 1977; 

Barkawi, 1997; Sturm et al., 1997).  The acceleration rates associated with high speed 

operations on freeways are generally much lower than those associated with urban (stop-
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and-go) driving.  The NOx emission rates predicted herein, then, would be expected to 

lower than those measured and predicted for urban driving cycles.  The NOx regression 

equation exhibited the best R2, 65%, of the three equations developed.  The NOx emission 

rates predicted by the regression equation were also lower than those measured by 

Pierson et al for the rural interstate through the Tuscarora Mountain Tunnel.  Pierson et al 

measured emissions from a much larger sample size reflecting different vehicle 

characteristics.  Again, a larger sample of data would have greatly improved the 

predictive capabilities of the emission equations developed herein.  The overall modeling 

procedure used in the present research allows for the incorporation of larger sample sizes 

as they become available.  Further efforts to update and refine the FRESIM look-up 

tables are suggested but were not the intended focus of this study.   

 

Additional details from the FRESIM simulations are presented in Figure 18.  

Inspection of Figure 18 supports previous statements regarding the composition of 

emissions from LD and HD vehicles.  Figure 18 indicates a strong correlation between 

the amount of NOx emissions and HD vehicle traffic as evidenced by the fact the curves 

for these two values exhibit very similar shapes over the simulation period.  Similarly, the 

CO emissions curve strongly resembles the LD vehicles curve indicating a correlation 

between the two.  These results are expected since LD vehicles are typically gasoline-

powered and emit more CO than do diesel-powered engines (generally associated with 

HD vehicles). 
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Figure 18.  Volumes versus emitted CO, HC, and NOx . 

 

3.1.3.  Accounting for the Stochastic Nature of FRESIM 

 FRESIM is a stochastic model in that the arrival distribution of vehicles, lane 

distribution of vehicles, and the distribution of different vehicle types within a simulation 

period is random.  The value of a modal emissions model such as FRESIM is the fact that 

it accounts for the effect of driving mode, particularly acceleration, on emissions.  This 

fact was evidenced in the results of the regressions analyses presented above and was 

shown for the Traf-NETSIM model in Figures 5 through 7.  Since acceleration has such 

an effect on emissions, it is logical to conclude that factors affecting acceleration would 

affect emissions.  One factor affecting vehicle acceleration along an interstate section is 

the interaction among vehicles traveling at different speeds, changing lanes, and passing 

slower moving vehicles.  The random distribution of vehicle arrivals and vehicle types in 

the FRESIM model results in a stochastic effect on acceleration among vehicles during a 

simulation period.  FRESIM allows the initial distribution of its stochastic variables to be 
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controlled by the input of a �random seed.�  FRESIM allows a default value for the 

random seed or allows the user to modify the random seed to change the initial 

distribution of stochastic variables (FHWA, 1994).   

 

 The default random seed was used in the FRESIM simulations conducted for the 

present research.  In order to examine the effects of the stochastic nature of FRESIM, 

several test simulations were done using the same traffic input data while arbitrarily 

varying the random seed among runs.   Some slight variation in the vehicle volumes and 

densities occurred as a result of varying the random seed.  These variations, however, 

produced no discernible change in the resultant atmospheric mixing ratio of emitted 

pollutants.   

 

 The results indicated virtually no change in grams/mile emission rates estimated 

by FRESIM.  FRESIM reports pollutant emission rates at the end of each simulation time 

step as a cumulative average grams/mile emitted per vehicle for each of the specified 

vehicle types.  While varying the random seed would be expected to affect the 

distribution of vehicle arrivals and types, the fact that the emission rates are reported as 

cumulative averages masks any changes in speed and acceleration/deceleration 

distributions over the course of a simulation period.  In other words, varying the random 

seed affects the distribution of the speed and acceleration/deceleration trajectories used to 

determine the emission rate at each time step during a simulation, but the cumulative 

average emission rate is then reported over all time steps during a simulation period.  

Thus, the emissions estimates produced by FRESIM do not have sufficient resolution to 
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be significantly affected by the stochastic variations used to describe traffic operations in 

FRESIM.     

 

3.2.  Chemical Speciation of HC Emissions 

 There has been considerable experimental and analytical effort expended to 

determine the specific chemical composition of vehicle emissions.  In particular, a series 

of experimental tests to monitor actual vehicle emissions in roadway tunnels has provided 

a great deal of information on this subject.  In these field tests, gas-sampling sites were 

set up inside the tunnels to collect samples of the exhaust gases emitted from passing 

vehicles.  Chemical analysis techniques such as gas chromatography were then used to 

determine the specific chemical species present in the ambient exhaust gas (Pierson et al., 

1996).  These types of studies have resulted in the development of data sets that 

characterize the chemical speciation of HC emissions from vehicles in the immediate 

vicinity of a roadway. 

 

 Studies relevant to the present research, with respect to traffic and roadway 

conditions, were reviewed to determine which chemical speciation regimes was most 

appropriate for application to vehicle emissions from a rural interstate.  The chemical 

speciation data from the Tuscarora Mountain Tunnel was chosen for application to the 

present research.  The Tuscarora Mountain Tunnel was identified as being along a rural 

interstate in Pennsylvania.  The tunnel exhibited grade of less than + 0.30% through its 

eastbound and westbound legs.  Each leg of the tunnel contains two lanes.  The HC 

emissions data were collected over an 11-hour period over which 5,928 vehicles passed 

through the eastbound leg of the tunnel.  The percentage of heavy-duty vehicles observed 
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over the emissions sampling period varied between 6% and 80% with an overall average 

of 18%.  Light-duty vehicles exhibited an average speed of 59.4 mph over the sampling 

period while heavy-duty vehicles exhibited an average speed of 54.0 mph (Pierson et al., 

1996).   

 

The Tuscarora study analyzed HC sampled from the tunnel to identify individual 

HC species.  The present study derived emission rates (grams/mile) of individual HC 

species as a percentage of total HC emission rates and then grouped them into categories 

suitable for photochemical modeling.  The HC speciation and percentage of emissions for 

light- and heavy-duty vehicles are presented in Figure 19.  The calculated percentages 

were applied to the overall HC emission rates calculated by the FRESIM model to 

estimate the emission rate of individual HC species for use in the photochemical model.    
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Figure 19. HC species percentages by vehicle type.
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3.3. Emissions Dispersion          

The emission estimates produced by FRESIM represent only the rate at which 

pollutants are directly emitted from vehicles.  For use in the photochemical model, the 

vehicle emissions were required in atmospheric concentrations (mixing ratios).  The 

literature review revealed several estimates and methodologies for determining pollutant 

dispersion from and within a traffic stream (FHWA, 1976; Bellomo and Liff, 1984; 

Papacostas and Prevedouros, 1993; Masters, 1998).  A box model formulation was 

chosen to describe the dispersion of vehicle emissions after being emitted from the 

vehicle (Papacostas and Prevedouros, 1993; Masters, 1998).  A schematic representation 

of the box model formulation is presented in Figure 20.   

 

 The rate of vehicle emission into the box model are converted to atmospheric 

concentrations (g/m3).  The concentrations were then converted to atmospheric mixing 

ratios.  The units of atmospheric mixing ratios used throughout this research is parts per 

billion (ppbv) and refers to the number of volumes of an individual pollutant in 109 

volumes of air (Masters, 1998).   The mixing ratio was calculated  using the molecular 

weights of each pollutant and the Ideal Gas Law7. 

                                                           
7 For simplicity, standard conditions (298 K and 1 atm ) were assumed in mixing ratio calculations. 
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Where; 

W = width of box over roadway (m); 

h = height of mixing cell (10 m); 

L = length of box over roadway (m); 

U = mean wind speed through box generated by turbulence from traffic (6 m/sec); 

Q = emission rate per unit area (grams/m2-sec); and 

C = resultant concentration in box for each pollutant species (g/m3). 

 

Figure 20.  Formulation of box model for dispersion of vehicle emissions. 
  Source: Papacostas and Prevedouros, 1993; Masters, 1998. 
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The height of the box was assumed to be 10 meters.  The 10-meter height was 

chosen from data published in a recent study of the effects of vehicle-generated 

turbulence on exhaust gas dispersion and accounts for large trucks traveling at highway 

speeds (Karim and Hiroshi, 1998; Karim et al., 1998).  The assumption of a uniform 

mixing within the box model is a common simplification referred to as a Complete Mix 

Box Model (Masters, 1998; Sportisse, 2001).  The complete mix box model assumption is 

simply an idealization that the concentration of pollutants within the box is uniform.  

Assuming a complete mix box model within the effect of vehicle wakes is supported by 

published results from field tests conducted at the General Motors Milford Proving 

Ground (Sedifan et al., 1981).  Dispersion of pollutants above the 10-meter mixing cell 

was then modeled according to the atmospheric parameters described in the 

photochemical model (Makar et al., 1999). 

 

The mean wind speed used in the box model was assumed to be 6 m/sec.  This 

value is intended to represent the total effects of the ambient wind and the turbulence 

generated by traffic passing through the box.  It was considered to be a reasonable 

assumption for relatively fast-moving interstate traffic.  Karim et al. showed resultant 

wind speeds in the microenvironment of the roadway to range from 1 m/sec to almost 20 

m/sec depending on vehicle size distribution, traffic speed, and the angle (relative to the 

direction of traffic flow) at which the ambient wind crosses the roadway.  In general, the 

wind speed in the roadway microenvironment increased with vehicle size and speed as 

well as wind angle to the roadway (Karim et al, 1998).   
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3.4.  Evaluation of Emission Estimates 

Prior to any photochemical modeling, it was necessary to evaluate whether or not 

the emissions estimates produced in this research were reasonable.  The assumptions 

made during the development of the emissions estimates are summarized below. 

 

• The original FRESIM look-up tables for passenger car emission rates were 

considered reasonable and maintained in this study. 

• The heavy-duty vehicle look-up tables in FRESIM were modified using 

laboratory measurement data obtained from the Colorado Institute for 

Fuels and High Altitude Engine Research. 

• The dispersion (atmospheric mixing) of vehicle-emitted pollutants was 

described using a box model formulation over the length and width of the 

simulated interstate section.  It was assumed that atmospheric mixing 

inside the box was uniform due to vehicle-induced turbulence.  The 

uniformly mixed cell was assumed to extend 10 m above the roadway. 

• The resultant, traffic-induced wind speed inside the box was assumed to 

be 6 m/sec. 

 

Review of the literature indicated that the results produced using the box model 

formulation presented herein appeared reasonable when compared with emissions 

estimates reported from other modeling studies and field measurements.  The vehicle-

emitted pollutant mixing ratios estimated in the current research and those reported in 

previous studies are summarized in Table 8.  Proyou et al. measured and modeled CO 

emissions in a 15 meter tall by 25 meter mixing cell in an urban street canyon in Athens, 
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Greece.  The  CO mixing ratios reported by Proyou et al. are higher due to relatively 

large traffic volumes (1,200 - 4,000 vph) of predominately LD vehicles.  Pierson et al. 

measured as much as 6000 ppbv CO at a rural interstate location with less LD vehicle 

traffic (Pierson et al., 1996).  The Pierson et al. CO results more closely reflect the CO 

estimates produced in the current research that reflect less LD vehicle traffic as well.  The 

NOx mixing ratios reported in Proyou et al. relate to the absence of large trucks in the 

urban setting (Proyou et al., 1998).  Jimenez et al., however, explictly measured NOx 

mixing ratios in the wake of large trucks by remote sensing  (Jimenez et al., 2000).  The 

results from Jimenez et al. supported the earlier assertion than the NOx emission 

estimates produced in the current research are slight underestimated.  It was concluded 

from the comparison with these studies and other evidence in the literature that the 

estimated mixing ratios of vehicle-emitted pollutants produced in this study were suitable 

for the purposes of the present research. 

 

Table 8.  Comparison of Emission Estimates with Results from Previous Studies. 

Pollutant mixing ratios 
CO (ppbv) HC (ppbv) NO (ppbv) 

 
 

Study Low High Low High Low High 
17 Current 

research 

614 4,814 47 194 524 1,931 

Proyou et al. 
(measured) 

4,000 16,000 15 130 120 600 

Proyou et al. 
(modeled) 

4,000 15,000 10 95 90 500 

Pierson et al. N/A 6,000 N/A N/A N/A N/A 
Jimenez et al. N/A N/A N/A N/A 567 3,672 
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19 3.5.  Photochemical Modeling 

3.5.1.  DESCRIPTION OF PHOTOCHEMICAL MODEL 

 An existing photochemical model was used to explore the relationship between 

emissions from rural interstate traffic and ground-level ozone formation.  The existing 

model was originally developed to simulate ozone formation above and within a remote 

forest canopy away.  The forest site, the measurement techniques, and the model are 

described in by Makar et al. (1999).  The model simulates the emission, atmospheric 

dispersion, and photochemical processes of ozone precursors from natural sources.  It is a 

one-dimensional model used to simulate ozone concentrations at every meter in an 

atmospheric column extending 1,001 meter from the ground.  The model processes 

chemical and physical input parameters and reports ozone mixing ratios, among other 

hemicals, in half-hour intervals at each of the 1,001 model levels.  Ozone concentrations 

are determined in the existing model through solution of the following equation: 

 

            

              

 Where: 

 Ci,j =  concentration of ith chemical species in layer j; 

 fi,j =  rate of change of ith chemical species due to chemical reactions in layer j; 

 k(zj) = coefficient of dispersion at height z; and 

 Ei,j =  emissions of ith chemical species in layer j. 
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Each of the three terms in the above equation is the �output� of a specific module in the 

model.  These outputs are determined for a simulation time-step and the equation is 

solved iteratively to account for the interaction among the three components (emissions, 

chemical, and physical) (Makar et al., 1999). 

 

 The existing model utilizes 266 chemical reactions to describe photochemical 

processes involving 79 chemical species.  For computational efficiency, many chemical 

species are grouped together according to chemical similarities.  For example, all of the 

HC known as terminal-bond alkenes are represented in the chemical mechanism as 

propene.  Categorizing species with similar properties into groups reduces the overall 

number of individual chemical species that must be accounted for in the chemical 

mechanism and therefore the complexity of the model.  The model utilized a total of 12 

HC categories (Makar et al., 1999).  For the purposes of the present research, the 120 HC 

species obtained from the Tuscarora Mountain Tunnel Study were grouped into these 12 

categories.  The vehicle-emitted HC species were grouped into categories based on their 

relative OH-reactivity using the same methodology employed in the original development 

of the photochemical model  (Middelton et al. 1990).    

 

Figure 21 is a logarithmic plot of the traffic volumes and mixing ratios of the HC 

species-categories used in the photochemical model.  The logarithmic format was chosen 

to accommodate the wide range of mixing ratios on a single plot for easy comparison of 

the mixing ratios of different HC species.  The ethane (C2H6) curve shows a strong 

correlation with the passenger car curve since ethane emissions are associated with light 

duty vehicles (Gertler et al., 1996;  Rogak et al., 1998).  The formaldehyde (HCHO) and 
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higher HC species (C4AK, C7AK) more closely follow the changes in truck volumes as 

expected (Sagebiel et al., 1996; Zelinska et al., 1996).  
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3.5.2.  Modifications to Photochemical Model 

In order to incorporate the vehicle emissions into the simulation of ozone 

formation, the input file for the photochemical model was modified to include the vehicle 

emissions mixing ratios and the source code of the model was modified to read in the 

vehicle emissions data at the appropriate point in the simulation.  In addition, code was 

added to introduce the various species of vehicle emissions into the model at the 

beginning of the chemical operator step.    

 

3.6.  Modeling Procedure 

 In order to study the effects of emissions from rural interstate traffic on ozone 

formation, a modeling procedure was developed that combined the various models and 

procedures described in the previous sections.  A flowchart of the modeling procedure is 

presented in Figure 22.   
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Figure 22.  Flowchart of modeling procedure. 

 

3.7.  Simulation of Scenarios 

 Several scenarios were examined using the modeling procedure described above.  

Traffic data for a four-lane section of I-81 in rural Frederick County, Virginia was 

obtained from the Virginia Department of Transportation (VDOT).  The data consisted of 

hourly volume and classification counts for a weekday in July 2000 from one of VDOT�s 

Input traffic data (volume, mix, speed, 
# of lanes, grade) into FRESIM 

FRESIM generates emissions rates estimates 
for HC, CO, and NOx in grams/mile for each 

half-hour over a 24-hour simulation 

Input grams/mile HC into spreadsheet to 
speciate and lump HC into categories 
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Input grams/mile CO and 
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permanent counting stations.  The I-81 volume data was coded into FRESIM in half-hour 

intervals and the 12 vehicle and truck classifications provided by VDOT were lumped 

into the 6 vehicle classifications used in the FRESIM model.  The I-81 traffic was 

simulated and the emission rate estimates (grams/mile NO, CO, and HC) were input into 

the spreadsheet for post-processing into atmospheric mixing ratios.  The emission rates 

were converted into mixing ratios using the 10 meter tall box model.   

 

The length of the box was set at 3,170 meters which is the length of the link on I-

81 represented by the traffic volume data.  The same link length was simulated using 

FRESIM for which the emission rate estimates were produced.  It was assumed that the 

calculated emission rates were constant over the entire link length.  The width of the box 

was arbitrarily set to 30 meters to represent a four-lane interstate (two in each direction) 

with a 3.2 meter median.  The width also includes roughly 6 meters on the outside of 

each set of directional lanes where mixing occurs due to traffic-generated turbulence 

(Sedifan et al., 1981; Karim et al., 1998).  By superimposing the interstate (box model) 

onto the forest environment, the emissions from the interstate traffic are mixed into the 

atmosphere and then participate in the photochemical processes simulated by the model.  

Superimposing the traffic emissions onto the forest was accomplished by placing the 

calculated mixing ratios of the vehicle-emitted pollutants into the input file for the 

photochemical model.  Simulation of each scenario was then performed by varying the 

source code to include/exclude certain emissions depending on the objective of the 

particular run.  After completion of each model run, the resultant ozone mixing ratios 

were graphed and inspected.  
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3.8. Description of Scenarios 

 Several scenarios were developed to illustrate certain aspects of the relationship 

between emissions from rural interstate traffic and ozone formation.  Each of the 

scenarios involved the manipulation of the emission inputs to reflect various conditions 

intended to isolate the effects of the traffic emissions.  A summary of the other scenarios 

is presented in Table 9.  The various scenarios were run for two primary reasons: 

 

• to evaluate the performance of the photochemical in handling the 

introduction of anthropogenic species; and 

• to isolate various emissions to ascertain their relative roles in ozone 

formation. 

 

Each of the scenarios was simulated using the modeling procedure described in the 

previous section.  Comparisons among scenarios were performed to assess the relative 

contribution of the different emissions sources on ozone formation.  The results of the 

comparisons are presented in the following sections. 
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Table 9.  Summary of Scenarios8. 

Biogenic 
Emissions 

Anthropogenic 
Emissions 

 
Test scenarios 

CH4 NMHC NOx CO HC 
20 Baseline + + - - - 

Baseline+Vehicles + + + + + 
Vehicles + - + + + 
Vehicles-NOx + - - + + 
Vehicles-CO + - + - + 
Vehicles-HC + - + + - 
Vehicles, 50% NOx + - 50% + + 

 

 All of the above scenarios were conducted using data from the remote Canadian 

forest (Borden, Ontario) used in the original application of the model (Makar et al., 

1999).  Figures 23 through 27 present relevant meteorological parameters from the 

Borden data 9.  A printout of the initial input data and that for one time step is provided as 

an example in Appendix H. 
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Figure 23.  Wind speed measured at Borden. 

                                                           
8 + indicates the compound(s) (column) was used in that run (row).  � indicates that the compound(s) was 
not used in the run identified by the row. 
 
9 Units provided in Figures 23 through 27 reflect those used in the photochemical model. 
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Figure 24. Solar radiation (RSOL) measured at Borden. 
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Figure 25. Temperature measured at Borden. 
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Figure 26. Humidity (water vapor) measured at Borden. 
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CHAPTER 4.  RESULTS 

4.1. Forest Versus Forest+Vehicles 

 The initial comparison was conducted to illustrate the overall effect of adding the 

vehicle emissions to the otherwise pristine rural environment.  For this comparison, two 

scenarios were examined: one containing only the biogenic emissions and background 

chemicals specified in the original forest data and the other containing the vehicle 

emissions in addition to the biogenic emissions.  The results of these scenarios are shown 

in Figures 27 through 30.  The figures show the resultant ozone mixing ratios at different 

heights over the simulation period for both scenarios.  The 10 meter, 22 meter, 30 meter, 

and 50 meter, heights were chosen to represent the atmospheric column above the 

roadway.  The 10 meter height represents the height of the uniform mixing cell over the 

roadway where the vehicle emissions occur.  The 22 meter height displays the resultant 

ozone at the top of the forest canopy.  The 30 meter and 50 meter heights were chosen to 

display the effects of the roadway emission well above both the roadway and the forest 

canopy.   
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Figure 27.  Ozone formation over simulation period at a height of 10m 
(Forest versus Forest+Vehicles). 
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Figure 28.  Ozone formation over simulation period at a height of 22m 

(Forest versus Forest+Vehicles). 
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Figure 29.  Ozone formation over simulation period at a height of 30m 

(Forest versus Forest+Vehicles). 
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Figure 30.  Ozone formation over simulation period at a height of 50m 

(Forest versus Forest+Vehicles). 
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 Figures 27 through 30 clearly indicate that the addition of the vehicle 
emissions to the rural environment substantially increases ozone formation.  In fact, 
the peak ozone formation at the 22 meter level (Figure 28) is more than twice that 
formed in the absence of the vehicle emissions.  It is also worth noting that the 
resultant ozone levels are well above the 80 ppbv threshold set in the 1997 revisions 
to the NAAQS.  At the 50 meter level (Figure 30) the ozone mixing ratios for both 
scenarios begin to converge somewhat but the contribution of the vehicles emissions 
to peak ozone formation are still evident at this height.  This is further evidence of 
the localized effect of the vehicle emissions and supports the assertion that ozone 
formation in rural areas is generally formed rapidly and close to the source of NOx 
emissions (Trainer et al., 1993).  It is also observed from the above figures that  peak 
ozone formation occurs around 5:30 PM. 
 
 Figures 31 and 32 are vertical profiles of ozone mixing ratios at 6:00 AM and 
5:30 PM (period of peak ozone formation), respectively.  At 6:00 AM, solar activity 
is sufficient to support some photochemistry and ozone mixing ratios begin to rise as 
indicated in Figures 27through 30.  At this point in the day the ozone formed in the 
presence of the vehicle emissions is less than that formed for the Forest scenario.  
During the late afternoon, when photochemical activity is more prominent and 
traffic volumes have increased, the difference in the ozone profiles is substantial as 
shown in Figure 32.  Figure 32 shows ozone levels in the first 10 meters of the 
atmosphere to be very low.  This is a results of the ozone being “scavenged” by the 
NO emitted from the interstate traffic.  The scavenging of ozone by vehicle-emitted 
NO will be explored in more detail in Section 4.5.  Figure 32 also indicates the peak 
ozone formation occurring at roughly 22 meters which corresponds to the top of the 
canopy. 
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 Figure 31.  Vertical profile of ozone formation at 6:00 AM 

(Forest versus Forest+Vehicles). 
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Figure 32.  Vertical profile of ozone formation at 5:30 PM 
(Forest versus Forest+Vehicles). 

4.2. Forest+Vehicles Versus Vehicles Only 

 The next comparison involved the Forest+Vehicles scenario and a scenario with 

only vehicle emissions.   By comparing scenarios with and without biogenic emissions 

the contribution to ozone formation from the vehicle-emitted precursors was isolated.  

The results of these comparisons are shown as vertical profiles at 6:00 AM and 5:30 PM 

in Figures 33 and 34, respectively.   
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 Figure 33.  Vertical profile of ozone formation at 6:00 AM 
 (Vehicles versus Forest+Vehicles). 
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 Figure 34.  Vertical profile of ozone formation at 5:30 PM 
 (Vehicles versus Forest+Vehicles). 
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 As indicated in Figure 33, there was no difference between the scenarios with and 

without biogenic emissions during the morning hours.  Figure 34 indicates less ozone 

formation for the Vehicles case than for the case that includes biogenic emissions.  This 

result agrees with the evidence presented in the literature that suggests the that biogenic 

HC contribute to ozone formation in the presence of anthropogenic NOx (Trainer et al., 

1993; Sillman, 1999).   

 

 Recall that Figure 32 (Forest versus Forest+Vehicles comparison) indicates the 

potential for peak ozone formation approaching 120 ppbv for the Forest+Vehicles 

scenario and only slightly above 40 ppbv for the Forest scenario.  Figure 29 

(Forest+Vehicles vs. Vehicles) indicates peak ozone formation around 120 ppbv when 

the biogenic emissions are present and just under 110 ppbv when no biogenic emissions 

are present.   These results suggest that introducing vehicle emissions does not have an 

�additive effect� on ozone formation.  Rather, the vehicle emissions and the chemical 

processes in which they participate  �dominate� local ozone formation.  This result agrees 

with the observation from the original study of the Canadian forest where on the second 

day of measurements NOx was advected into the study area and substantially increased 

ozone production.  From this the authors concluded that ozone formation in and above 

the forest canopy was indeed NOx-limited (Makar et al., 1999). 

 

4.3. Vehicles Versus Vehicles with No NOx Emissions 

 SINCE THE PREVIOUS COMPARISONS INDICATE THE DOMINANCE OF 
THE VEHICLE EMISSIONS IN LOCAL OZONE FORMATION IN THE RURAL 
INTERSTATE ENVIRONMENT AND ALL OF THE LITERATURE SUGGESTED 
THE IMPORTANCE OF NOX, A COMPARISON BETWEEN THE VEHICLE 
SCENARIO AND ONE INCLUDING VEHICLE EMISSIONS WITHOUT NOX WAS 
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PERFORMED.  THE RESULTS OF THESE SIMULATIONS ARE COMPARED 
WITH THE ORIGINAL FOREST SCENARIO IN THE VERTICAL PROFILES AT 
6:00 AM AND 5:30 PM SHOWN IN FIGURES 35 AND 36, RESPECTIVELY.    

 

 Figure 36 indicates that the Vehicle scenario results in lower ozone levels than 

either the Vehicles with no NOx emissions or the Forest scenarios.  This result is expected 

as the NOx emitted by the vehicles scavenges the ozone via reactions NOX1 and NOX2 

(Atkinson et al., 1997). 

 (NOX1)  NO + O3  →   NO2  

 (NOX2) NO2 + O3  →   NO3 
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At this time of the day, available sunlight is not sufficient to produce ozone faster than 

the vehicle-emitted NOx scavenges it. 
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Figure 35.  Vertical profile of ozone formation at 6:00 AM 

(Vehicles versus Vehicles with no NOx). 
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Figure 36.  Vertical profile of ozone formation at 5:30 PM 
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(Vehicles versus Vehicles with no NOx). 
 The ozone produced in the Vehicles with no NOx emissions and Forest scenarios 

is nearly identical.  During the afternoon period of peak ozone production, however, the 

Forest scenario actually results in slightly higher ozone levels than the Vehicles with no 

NOx emissions scenario as observed in Figure 36.  This result suggests that in the absence 

of ozone-forming NOx, other vehicle emissions scavenge ozone.  Past research has indeed 

shown that HC attributable to vehicle emissions such as ethane and various alkenes do 

react with ozone, thereby scavenging it from the atmosphere (Atkinson, 1994).   

 

4.4. Vehicles Versus Vehicles with 50% NOx 

 A final comparison was performed between the scenario containing only vehicle 

emissions and one containing vehicle emissions with the total NOx emissions reduced by 

50%.  This comparison was performed to further elucidate the effects of vehicle-emitted 

NOx on rural ozone formation and corresponds to the current plans to cut heavy duty 

vehicle NOx emissions by half between 1998 and 2004 (EPA, 1997).  The vertical profile 

for this comparison is presented in Figure 37.  Figure 37 shows that the new ozone 

threshold, 80 ppbv, is exceeded even with the total NOx emissions reduced by 50%. 
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Figure 37.  Vertical profile of ozone formation at 5:30 PM 
(Vehicles versus Vehicles with 50% NOx). 

 

4.5. Discussion of Results 

Additional scenarios were performed in which all biogenic HC species (including 

CH4 and background HC-oxidation products) as well as background levels of CO were 

�zeroed-out.�  The resultant ozone formation was similar to that of the other scenarios 

analyzed.  These additional results further suggested the dominance of vehicle-emitted 

NOx on ozone formation in the rural interstate environment.  Again, these results were 

unexpected in that the literature suggested it was the combination of biogenic HC and 

anthropogenic NOx in the rural environment that could lead to substantial ozone 

formation.  The following sections present some analyses of ozone precursors formed in 

different scenarios to examine the underlying reasons for the dominance of the NOx 

emissions in the rural interstate environment. 
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4.5.1. Chemical Analysis 

Ozone formation is a very complex, non-linear process.  In its simplest formation, 

as was evidenced in reactions O1 through O2, it is clear that one of the principal factors 

controlling ozone formation is the availability of nitrogen dioxide (NO2). 

 

 (O1) HO2 + NO   →   NO2 + OH 

 (O2) NO2 + hv   →   NO + O 

 (O3) O + O2 + M  →  O3 + M 

 

These reactions indicate that the hydroperoxyl radical (HO2) and NO play a direct role in 

ozone formation.  It is the photolysis of NO2 (reaction O2) that produces the oxygen 

atom, O, which is then available to combine with an oxygen molecule, O2 (reaction O3), 

to form ozone.  There are two important mechanisms by which NO2 is formed in the rural 

interstate atmosphere: 

 

• Reaction of vehicle-emitted NO via reactions NO1, NO2, NO3, and NO4:  

(NO1) NO + O3   →   NO2  

 (NO2) NO + NO3  →  2NO2 

 (NO3) NO + NO + O →  2NO2 

 (NO4) HO2 + NO   →   NO2 + OH 

 

• Reaction of HC-oxidation products with vehicle-emitted NO such as reaction 

(NO5): 

(NO5) RO2  + NO  →  RO + NO2 
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Another important component of the ozone formation process is HO2.  Formation of HO2 

is facilitated by the oxidation of HC by the OH-radical as shown in reactions R1 through 

R4.   

    (R1) RH + OH → R + H2O 

   (R2) R + O2 +M → RO2 + M 

   (R3) RO2  + NO → RO + NO2 

   (R4) RO + O2 + M→ HCHO + HO2 + M 

 

4.5.2. Chemical Comparisons 

 In the condensed chemical mechanism employed in the model used in this 

research there are nearly 270 reactions occurring at different rates, many of which are 

competing reactions (i.e, a substance is formed in one reaction while the same substance 

is consumed in another reaction) (Makar et al., 1999).  In the scenarios simulated in this 

study, the vehicles, particularly trucks, are a major source of NOx.  As discussed above, 

this NOx plays an important role in the ozone formation process.  In order to investigate 

the role of vehicle-emitted NOx in further detail, more simulations were run with varying 

emissions parameters and a second set of comparisons was performed.  Table 10 presents 

a summary of the scenarios  analyzed in more chemical detail.  Comparisons among these 

scenarios were performed to evaluate the effects of the various emissions on the 

formation of the ozone precursors, OH, HO2, and NO2.  The results of these comparisons 

are presented as vertical profiles during peak ozone formation (5:30 PM) in Figures 38 

through 39.  The vertical profiles are shown between 0 and 30 m to provide greater detail 

in the range where the vehicle emissions have the greatest effect. 
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Table 10.  Summary of Scenarios Analyzed in Chemical Detail 10. 

 
Scenario 

Background 
Emissions 

Biogenic 
Emissions 

Anthropogenic 
Emissions 

21  22 CO 23 Oxidized 

HC 

CH4 NMHC NOx CO HC

24 Baseline 25 + 26 + + + - - - 

Vehicles-NMHC + + + - + + + 
Vehicles-background - - - - + + + 
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Figure 38. Vertical profile of OH at 5:30 PM. 

 
 

It is observed from figure 38 that introduction of vehicle-emitted NO results in OH being 

scavenged near the roadway by the NO and related species formed through NO-derived 
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reactions (e.g., nitric acid � HNO3, pernitric acid � HNO4, nitrous acid �HONO, and 

NO2).  These OH-reactions result in both HO2 and NO2, ultimately elevating their levels. 

26.1.1  

26.1.2 The resultant elevated HO2 is shown in Figure 39.  Figure 39 

shows that HO2 is scavenged by vehicle-emitted NO similarly to OH.  Recalling 

reaction O1, HO2 + NO → NO2 + OH, we would then expect elevated NO2 

concentrations as a result of the HO2-NO reaction.  Figure 40 indicates that this 

indeed is the case and that vehicle-emitted NO results in elevated NO2 that is then 

available to be photolyzed and ultimately contributes to ozone formation 

(reactions O1 through O2). 
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Figure 39. Vertical profile of HO2 at 5:30 PM. 

 

                                                                                                                                                                             
10 + indicates the compound(s) (column) was used in that run (row).  � indicates that the compound(s) was 
not used in the run identified by the row.  NMHC is used to represent all non-methane based hydrocarbons. 
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FIGURE 40. VERTICAL PROFILE OF NO2 AT 5:30 PM. 
 

The Vehicles-Background and Vehicles-NMHC scenarios shown in Figure 40 include 

NOx emissions from vehicles.  Therefore, it can be concluded that the elevated NO2 

levels shown in Figure 40 are due solely to the NO emissions from vehicles.    

 
 
4.5.3. Summary 
 The additional analyses presented in the previous section provide some 
insight into the dominance of the vehicle-emitted NO in ozone formation in the rural 
interstate environment.   Even in the absence of any OH produced via the oxidation 
of biogenic or anthropogenic HC, the NO contributes enough OH to drive the OH-
HO2-NO2 reaction pathways that lead to net ozone formation.  This is an important 
conclusion in that there is considerable debate in both the scientific and regulatory 
communities as to the relative value of implementing policies on NOx- as opposed to 
HC-controls for motor vehicles.  In many urban areas such as Los Angeles, it has 
been shown that HC controls would be most effective in limiting ozone production 
and that NOx controls may actually contribute to higher ozone levels (Finlayson-
Pitts, 1993).  In southeastern cities such as Atlanta and in rural areas where ozone 
formation is considered to be NOx-limited most of the time, HC controls are 
considered to be less effective than NOx controls in limiting ozone formation 
(Sillman, 1999).  The research present herein has shown that in the case of the rural 
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interstate environment NOx is the dominant factor controlling ozone formation.  
Therefore, as shown in the 50% NOx scenario, a reduction in the amount of NOx 
emitted along the roadway would reduce ozone formation in the rural interstate 
environment. 
 

4.6. Sensitivity Analyses 

There were two primary assumptions made during the development of the 

modeling procedure to analyze the scenarios presented in the previous section.  These 

assumptions pertain to the dispersion of vehicle emissions via the box model described in 

Section 3.3.  The first assumption was made in the choice of the mixing height of the box 

model. The second was the choice of a resultant wind speed to represent the total effects 

of the ambient wind and the turbulence generated by traffic passing through the box.  

Simulations using different values for these parameters are presented in the following 

sections.   

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ciii

4.6.1. Mixing Height 

 The height of the box was assumed to be 10 meters to account for the effects of 

vehicle wakes on the dispersion of pollutants.  In order to examine the effect of this 

assumption on resultant ozone levels, two variations of the Forest+Vehicles scenario 

were simulated with different mixing cell heights.  The other heights were arbitrarily 

chosen as 8 meters and 12 meters to illustrate the effects of allowing less (h = 8 m) 

volume and more volume (h = 12 m) in which the vehicle-emitted pollutants mix.  

Obviously, the same level of pollutant dispersed throughout a larger volume will result in 

lower concentrations and the converse would also be expected to hold true.  Figures 41 

and 42 show the resultant ozone levels at the 10 meter (assumed height of original box 

model) and 22 meters (height of forest canopy) over the simulation period.  A Vertical 

profile of the of resultant ozone at 5:30 PM is shown in Figure 43.   
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Figure 41.  Ozone formation over simulation period at a height of 10 m 
(Varied mixing height). 
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Figure 42.  Ozone formation over simulation period at a height of 22 m 
(Varied mixing height). 
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Figure 43.  Vertical profile of ozone formation at 5:30 PM 
(Varied mixing height). 
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The results in Figures 41 through 43 are expected in that the h = 8 meters scenario 

implies that the same amount of NOx emitted from the exhaust of the vehicles in traffic is 

initially mixed in a smaller volume resulting in higher concentrations.  Since ozone 

formation has been shown to be NOx-dependent, it satisfies expectations that the resultant 

ozone is large for smaller mixing cells and vice versa.  The affects of the varying the 

height of the mixing cell are summarized in Table 11.   It should be noted that the h = 8 

meters scenario seems unlikely in the presence of significant truck traffic based on the 

fact that most pollutants from large trucks are emitted from exhaust stacks at heights up 

to 3.6 meters and then immediately dispersed by the truck�s trailer which may be as high 

as 4.3 meters (Jimenez et al., 2000). 

 

Table 11.  Summary of Effects of Varying Mixing Cell Height. 

Height 
(m) 

% Change in pollutant 
concentration in box 

% Change in ozone 
10 meters above 

roadway 

% Change in ozone at 
top of canopy (22 m) 

27 8 + 25 + 16 + 15 

12 - 17 - 9 - 9 
 

 

4.6.2. Wind Speed in Mixing Cell 

The wind speed within the mixing cell was assumed to be 6 m/sec.  The effect 
on ozone production of higher wind speeds resulting from traffic-generated 
turbulence was examined using two cases with higher wind speeds; 8 m/sec and 12 
m/sec.  Intuitively, higher wind speeds will increase mixing within the box and result 
in lower pollutant concentrations.   

 
Figures, 44 through 46 indicate that this is indeed the case and that the lower 

concentration of vehicle-emitted pollutants results in lower ozone levels.  No smaller 
wind speeds were examined as the literature suggested that traffic-induced wind 
speeds were above 6 m/sec for most cases involving large trucks (Karim et al, 1998).  
The effects of the varying the wind speed are summarized in Table 12.   
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Figure 44.  Ozone formation over simulation period at a height of 10 m 
(Varied wind speed). 
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Figure 45.  Ozone formation over simulation period at a height of 22 m 
(Varied wind speed). 

 



 

 

cvii

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90 10
0

11
0

12
0

Ozone (ppbv)

H
ei

gh
t (

m
)

U = 6 m/s U = 8 m/s U = 12 m/s

 

Figure 46.  Vertical profile of ozone formation at 5:30 PM 
(Varied wind speed). 

 

Table 12.  Summary of Effects of Varying Wind Speed within Mixing Cell. 

Wind Speed 
(m/sec) 

% Change in 
pollutant 

concentration in box 

% Change in ozone 
10 meters above 

roadway 

% Change in ozone 
at top of canopy (22 

m) 
28 8 - 23 - 12 - 11 

12 -48 - 23 - 21 
 

 

4.6.3. Discussion 

 Clearly, varying model parameters affects resultant ozone levels.  In both cases 

(varying wind speed and varying box height) it was shown that estimates of pollutant 

concentrations within the mixing cell are more sensitive to these changes than are the 

resultant ozone concentrations.  The original assumptions used to formulate the box 

model calculations were based on evidence presented in the literature and are considered 
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reasonable.  It should be noted that none of the results produced ozone levels below the 

NAAQS.  

 

4.7. Traffic Effects 

 After conducting the various scenarios with varied chemical parameters and those 

presented in the sensitivity analyses, another set of scenarios were examined to ascertain 

the effects of varying traffic parameters on resultant ozone levels.  Variations in traffic 

speed over ranges realistic for a rural interstate (50 mph to 70 mph) were also simulated 

using FRESIM.  The results, however, indicated little change in the emission rate over 

this speed range (recall that acceleration was the controlling factor with respect to 

emission rate as was discussed in Chapter 3).  For this reason, no photochemical analyses 

was performed for the varying speed scenarios as it was not expected that the results 

would differ much from the baseline case. 

 

In addition the scenarios using the I-81 traffic data, three more simulations were 

performed: 10% more traffic; 10% more trucks; and  10% less trucks 11.  The resultant 

ozone for these scenarios were compared with the �baseline� containing the original I-81 

traffic volumes.  The results of the comparisons are presented in Figure 47.   

 

                                                           
11 10% more traffic implies that each hourly volume in the I-81 data was increased by 10% with percentage 
trucks held constant.  The 10% more trucks scenario was developed by simply adding 10% to the total 
truck percentage from the I-81 data.  Similarly, for the 10% less trucks scenario. 
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Figure 47.  Vertical profile of ozone formation at 5:30 PM 
(Varied traffic). 
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The results in Figure 47 reemphasizes the importance of NOx emitted from heavy duty 

vehicles in ozone production.  Although the 10% more traffic scenario represents larger 

traffic volumes than any of the other scenarios, it produces less ozone than the scenario 

where only the percentage of trucks in increased.  Conversely, the 10% less traffic 

scenario results in much lower ozone levels.  Table 13 summarizes the effects of varying 

the traffic on peak ozone formation at 10 meters above the roadway and at the top of the 

forest canopy (22 m). 

 

Table 13.  Summary of Effects of Traffic Variation on Ozone Production. 

Percent Change in 
Ozone formation 

 
Traffic 

29 10 

m 

30 22 

m 

31 10 % more traffic 32 + 6 33 + 7 

10 % more trucks + 15 + 16 
10 % less trucks - 12 - 13 

 

 

 These results are very interesting in terms of the development of transportation 

polices to mitigate ozone formation.  NOx emissions from truck traffic are clearly 

implicated.  This implies that any strategies to reduce the traffic contribution to rural 

ozone formation would focus on interstate truck traffic.  Several studies have concluded 

that freight moved by train results in less NOx emitted per unit freight transported than 

for freight moved by truck (Barth and Tadi, 1996; Hutchins, 1994).  This would suggest 

that a modal shift of freight from truck to rail for long hauls through rural areas 

characterized by NOx-limited ozone formation would result in less ozone formed per unit 

freight moved.  These results also support the aggressive measures taken to control NOx 
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emissions from heavy duty vehicles and even lends support to alternative fuel initiatives  

intended to replace diesel-power with power sources that produce less emissions (e.g. 

hydrogen fuel cells). 

 

4.8. Vehicle Emissions Modeling Effects 

 The emission rate estimates used in all of the previous scenarios were determined 

using the FRESIM look-up tables developed in this research using the Colorado truck 

emissions data (Section 3.1.2.).  This was done because the original FRESIM look-up 

tables for truck emissions were shown to overestimate emission rates considerably when 

compared to field and laboratory studies.  A final sensitivity analysis was performed to 

assess the impact of using the new FRESIM tables on the ozone production in lieu of the 

original FRESIM tables 12.  The results are presented in Figures 48 through 52.   

                                                           
12 The scenario with the updated FRESIM values corresponds to the Forest+Vehicles scenario presented in 
Section 4.1. 
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Figure 48.  Ozone formation over simulation period at a height of 10 m 
(Varied emissions estimates). 
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Figure 49.  Ozone formation over simulation period at a height of 22 m 
(Varied emissions estimates). 
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Figure 50.  Ozone formation over simulation period at a height of 30 m 
(Varied emissions estimates). 
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Figure 51.  Ozone formation over simulation period at a height of 50 m 
(Varied emissions estimates). 
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Figure 52.  Vertical profile of ozone formation at 6:00 AM 
(Varied emissions estimates). 
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Figure 53.  Vertical profile of ozone formation at 5:30 PM 
(Varied emissions estimates). 
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 Figures 48 through 53 show that the original FRESIM resulted in substantially 

high ozone formation.  The peak ozone formation was more than twice that attributable to 

the updated FRESIM emission estimates suggesting ozone levels of nearly 250 ppbv.  

Such a high ozone level was considered very unrealistic and no evidence in the literature 

could be found to support the notion that vehicles could be responsible for that magnitude 

of ozone formation.  Over the period from 1986 to 1995, the EPA reported maximum 

ozone level averaged from 174 monitoring sites of no more than 120 ppbv (EPA, 1996).  

Whereas heavily polluted urban areas in California and Texas did report ozone levels in 

the range of 250 ppbv on several occasions during the 1995 high ozone season (EPA, 

1996).  These results further support the suitability of the emissions estimating procedure 

developed in this research. 

 

4.9. Summary of Photochemical Modeling 

 Several scenarios and sensitivity analyses are presented that examine the 

relationship between emissions from rural interstate traffic and ozone formation.  The 

results suggest that NOx emitted from vehicles traveling along the interstate can 

contribute to substantial ozone formation � resulting in ozone levels ranging from 80 

ppbv to 140 ppbv (generally around 120 ppbv).  The scenarios examined suggest 

resultant ozone levels in excess of the 80 ppbv standard recently put forth by the EPA.  

The ozone mixing ratios reported for the scenarios agree well with ozone levels 

(measured and modeled) associated with motor vehicle emissions presented in the 

literature (Toll and Baldasano, 2000; Brücher et al., 2000; Winner et al., 2000; Proyou et 

al., 1998; Harley et al., 1997; Dunker et al., 1996).  In particular, two European studies 

indicated ozone levels outside urban areas in the range of 100 ppbv to 120 ppbv 
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attributable to mobile sources (Toll and Baldasano, 2000; Brücher et al., 2000).  Neither 

of these studies explicitly indicate whether truck traffic was a factor but the German 

study (Brücher et al., 2000) presented measured and modeled NOx levels that were lower 

than those and did not suggest substantial truck traffic.  All of the previous studies and 

the work presented herein clearly indicate that emissions from roadway traffic, when 

isolated from other sources, can result in substantial ozone formation. 
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CHAPTER 5.  APPLICATION TO ANOTHER FOREST 
 The development of the modeling procedure, the analyses of the various 

scenarios, and the sensitivity analyses all utilized microclimate and meteorological data 

collected from the Borden forest in Ontario, Canada.  The following section presents an 

effort to collect and utilize data from a lower latitude forest where the occurrence of rural 

interstate traffic is more common.  A site near Oak Ridge, Tennessee was chosen as 

much of the microclimate data has been published (Baldocchi et al., 1999) and the 

meteorological data was readily available from the National Oceanic and Air 

Administration (NOAA)13.  Differences in the forest canopies and meteorological 

conditions between the Borden and Oak Ridge forests result in very different HC 

emissions capabilities.  Table 14 shows the information relevant to the capacity for 

biogenic emissions of both the Borden and Oak Ridge forests.  The meteorological and 

microclimate data required to run the photochemical model, particular location/forest 

specific parameters such as foliage type and distribution, HC emission rates from foliage 

species, and leaf area index, come from field measurements designed to collect these 

parameters and are described in detail elsewhere (Fuentes et al.,1995; Baldocchi et al., 

1999). 

                                                           
13 The meteorological data is available for download on the website of the Atmospheric Turbulence and 
Diffusion Division of NOAA at http://www.atdd.noaa.gov/ and the NCDC at http://www.ncdc.noaa.gov/. 
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Table 14.  Summary of Scenarios. 

Forest  

Parameter Borden Oak Ridge 

Latitude/ Longitude (degrees) 44.32/ 80.93 35.96/ 84.29  

Forest canopy height (meters) 22 22 

Leaf area index (m2/m2) 4.1 5.0 

isoprene emission rates (µg/g/hr) 17.5 147.7 

Tree species Aspen Red Oak 

 

 

 An additional photochemical simulation was conducted for a data set describing 

conditions for a forest near Oak Ridge, Tennessee.  Figures 54 and 55 contrast the 

parameters affecting HC emissions (solar radiation, temperature, and humidity) in the 

photochemical model for both the Borden forest and the Oak Ridge forest.  The data 

reported in the NCDC data sets are collected at various heights above the ground.  Some 

of these data (e.g., temperature, water vapor pressure) vary with height throughout a 

forest canopy and must be scaled for use in the different levels of the model.  

Relationships presented in the literature for scaling these parameters were applied to the 

Oak Ridge data. (Lamb et al., 1993; Fuentes et al., 1995; Baldocchi et al., 1999).      
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Figure 54. Comparison of solar radiation at Borden and Oak Ridge. 
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Figure 55. Comparison of temperature at Borden and Oak Ridge. 
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Figure 56. Comparison of humidity (water vapor)at Borden and Oak Ridge. 

 

The photochemical model was used to simulate the chemical and physical processes in 

the Oak Ridge forest.  Figure 57 contrasts the isoprene produced at the top of the Borden 

canopy (22 meters) with that produced in by Oak Ridge forest canopy.  It is observed 

from Figure 57 that the Oak Ridge forest emits much more isoprene than does the Borden 

forest.  This result is expected and is attributable to the difference in climate and tree 

species present at the two sites.   
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Figure 57. Comparison of isoprene emitted at Borden and Oak Ridge. 

 

5.2. Results 

 The same I-81 traffic data was simulated and the estimated emissions were 

processed using the procedure previously described.  The resultant pollutant mixing ratios 

were placed in an input file and the photochemical model was run with the new 

microclimate and meteorological parameters.  The results of the photochemical 

simulation for the Oak Ridge forest are presented in Figure 58.   
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Figure 58.  Comparison of ozone profiles at 5:30 PM for Borden and Oak Ridge. 

 

5.3. Discussion 
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 As indicated in Figure 58, the resultant ozone levels are predicted to be higher in 

the Oak Ridge forest than in the Borden forest.  These results are expected as the higher 

temperatures and, thus, greater photochemical activity would be expected.  Figure 58 

indicates the potential for peak ozone formation in the Oak Ridge, Tennessee, region 

attributable to emissions from rural interstate traffic to be around 120 ppbv.  

Measurements taken during the Southern  Oxidants Study and the East Tennessee Ozone 

Study reported peak ozone levels in rural areas of Tennessee ranging from 80 ppbv to 

110 ppbv (Cowling and Furiness, 2001).  Measurements taken downwind from Nashville, 

showed peak ozone levels in excess of 120 ppbv.  Although there are no available data 

that show the ozone formation in the immediate vicinity of the rural interstate, the results 

reported in rural areas underscore the importance of NOx in ozone formation and suggest 

that the levels predicted in the current research are within the range of expected values.  
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CHAPTER 6.  CONCLUSIONS AND IMPLICATIONS 

6.1.  Conclusions 

The previous sections have presented an analysis of the relationship between 

emissions from traffic traveling along a rural interstate and local ozone formation.  The 

research was based on a modeling procedure developed to incorporate the emission 

estimates developed through traffic operations simulation into a photochemical model.  

Test scenarios were examined to evaluate the effects of different emissions conditions on 

ozone formation.  The following conclusions were gleaned from this research: 

 

• Traffic emissions along a rural interstate contribute to substantial ozone 

formation in the rural environment when compared to ozone formation in the 

absence of vehicle emissions. 

• Ozone levels immediately above the roadway (22 m) were estimated to be 

around 120 ppbv.  

• The large amounts of anthropogenic NOx emitted from traffic, particularly 

heavy-duty vehicles, dominate the ozone formation in the immediate vicinity 

of the rural interstate.  This finding supports earlier assertions that NOx-

limited ozone formation occurs rapidly and close to the NOx source. 

• The contribution of the other traffic-emitted ozone precursors, HC and CO, 

was shown to be negligible when compared to the effects of the NOx 

emissions from the heavy-duty vehicles again confirming the NOx-limited 

ozone formation regime of rural environments. 

• The research supported the assertion that biogenic HC do contribute to 

elevated ozone levels in the presence of anthropogenic NOx emissions.  The 
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research showed that the majority of the elevated ozone levels in the 

immediate vicinity of the roadway, however, were attributable to traffic-

emitted NOx. 

• The dominance of the NOx emissions was shown by examination of their 

effects on important ozone precursors.  It was shown that the vehicle-emitted 

NOx resulted in elevated levels of the hydroxyl radical (OH), hydroperoxy 

radical (HO2), and, as expected, nitrogen dioxide (NO2).  Elevation of these 

important precursors resulted in elevated ozone levels as expected. 

• The heavy-duty vehicle emission rate estimates for HC and CO currently 

produced by FRESIM are inaccurate.  Some improvement in FRESIM�s 

ability to produce reasonable emission estimates was achieved through the use 

of recent laboratory-derived emissions data.   

• The updated FRESIM emissions estimates predicted maximum ozone levels 

around 120 ppbv, which agreed well with other studies of traffic-induced 

ozone formation. 

• The original FRESIM emissions estimates predicted peak ozone levels near 

250 ppbv, which is more along, the lines of that produced in very polluted 

urban areas in California and Texas. 

• The photochemical model predicted higher isoprene mixing ratios for a forest 

and climate conditions representative of the Oak Ridge, Tennessee area over 

those predicted for the Borden forest in Ontario, Canada.  As expected for the 

hotter climate, the resultant ozone levels were higher for the Oak Ridge forest. 
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• Measurement studies reported for rural areas underscore the imnprotance of 

NOx in ozone formation and suggest that ozone levels predicted in the current 

research are within the range of expected values. 

 

6.2.  Implications  

It was shown that emissions from rural interstate traffic, particularly the NOx 

emitted from trucks, contribute to substantial ozone formation.  These results constitute a 

contribution to both the atmospheric science and transportation communities for the 

following primary reasons: 

 

1. The ozone levels in the immediate vicinity of the interstate are above the 

acceptable thresholds put forth in both the primary and secondary standards of 

the revised NAAQS.  This suggests that the estimated ozone levels are 

sufficient to create unhealthy conditions and damage vegetation.   

2. The results indicate that rural interstate traffic is a significant source of ozone 

and ozone precursors.  Beyond their local effects, the traffic-generated ozone 

and precursors are available for downwind transport where they may 

contribute to unacceptable ozone levels in other areas. 

3. By describing the relationship between ozone formation and NOx emitted 

from a rural interstate and its significance, the results support the most recent 

emission standards imposed on the trucking industry that require NOx 

emissions for vehicles manufactured after 2004 to be reduced to half of their 

1998 values. 
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4. The results also support technologies and alternative fuels that further reduce 

NOx emissions from heavy duty vehicles. 

5. The research suggests that rural interstates may be a significant local source of 

photochemical pollutants that requires explicit treatment in regional scale 

analyses.   

 

6.3.  Recommendations 

 The research presented herein has fulfilled its purpose of examining the 

relationship between rural ozone formation and emissions from interstate traffic.  It has 

also presented a methodology for future investigations.  Several recommendations 

regarding potential applications, extensions, and improvements to this research are 

presented below. 

 

• Additional efforts to collect and compile more reliable vehicle emission rate 

estimates are currently being conducted.  The results of these studies should be 

incorporated into traffic simulation models to improve modeled emissions 

estimates so that they more closely resemble real world emissions. 

• Once existing emissions are adequately described, it would be informative to use 

the procedure to examine the photochemical effects of alternative fuels rather than 

just their effect on inventories of emitted pollutants. 

• The box model formulation used to describe the initial dispersion of vehicle-

emitted pollutants required several assumptions.  Integration of a more robust, 

deterministic dispersion methodology such as that presented by Karim et al. might 

improve the modeling procedure (Karim et al., 1998).  At the least, it would 
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obviate the mixing height and resultant wind speed assumptions described in 

Section 3.3. 

• The modeling procedure presented herein describes ozone formation directly over 

the roadway only.   It would be useful to develop a methodology to disperse the 

vehicle-emitted pollutants, the resultant oxidation products, and the oxidation 

processes themselves downwind to estimate the effects of the roadway emissions 

on the local environment.  

• It would be informative to setup a simulation experiment where a grid-based 

regional model is run for a rural area containing an interstate facility.  The 

baseline run could show how the large-scale model processes the traffic emissions 

(determined on a VMT/average speed basis) within the affected model grids.  The 

second run could utilize the results of this research to develop emissions and 

photochemical descriptions nested within affected grids and specify their input 

into the model.  This type of exercise has been would examine the effects of 

explicitly treating interstates and other major roadways as sub-grid features within 

regional models. 

• It would also be useful to explore the effects the various traffic and emissions 

scenarios have on the formation of other harmful oxidation products such as 

peryoxyacetylnitrate (PAN) and nitric acid (HNO3) which contributes to 

acidification in the environment (NRC, 1991). 
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