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xi

Recognizing the central role that science and engineering plays in air
quality management and anticipating the next congressional reauthoriza-
tion of the Clean Air Act and its amendments, the United States Congress
directed the U.S. Environmental Protection Agency (EPA) to arrange for a
study by the National Academy of Sciences (1) to evaluate from a scientific
and technical perspective the effectiveness of the major air quality provi-
sions of the Clean Air Act and their implementation by federal, state, tribal,
and local government agencies; and (2) to develop scientific and technical
recommendations for strengthening the nation’s air quality management sys-
tem with respect to the way it identifies and incorporates important sources
of exposure to humans and ecosystems and integrates new understandings
of human and ecosystem risks.  In response, the National Research Council
established the Committee on Air Quality Management in the United States,
which prepared this report. Biosketches of the committee members are pre-
sented in Appendix A.

In the course of preparing this report, the committee met in public ses-
sions in Washington, D.C.; Denver, Colorado; Los Angeles, California; and
Atlanta, Georgia, where local, state, and federal officials and representatives
from the private sector and nongovernmental organizations, including regu-
lated industries and advocacy groups, were invited to meet with the commit-
tee and present their views on air quality management.  Interested members
of the public at large were also given an opportunity to speak on these
occasions. The committee received oral and written presentations from the
following individuals:

Preface
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xii PREFACE

Daniel Albritton, National Oceanic and Atmospheric Administration
Aeronomy Laboratory; William Becker, Association of Local Air Pollution
Control Officials; Robert Brenner, EPA; Cynthia Burbank, Federal Highway
Administration; Tim Carmichael, Coalition for Clean Air; Michael Chang
and Rodney Weber, Georgia Institute of Technology; Patrick Cummins,
Western Governors’ Association; Gregory Dana, Alliance of Automobile
Manufacturers; Frank Danchetz, Georgia Department of Transportation;
Joan Denton, California Office of Environmental Health Hazard Assess-
ment; Howard Feldman, American Petroleum Institute; John Froines, Uni-
versity of California at Los Angeles; Mike Kenny, California Air Resources
Board; Eric Fujita, Desert Research Institute; Norma Glover and Barry
Wallerstein, South Coast Air Quality Management District; Charles
Goodman, Southern Company; Richard Jackson, Centers for Disease Con-
trol and Prevention; Kip Lipper, California State Senator Sher’s office;
Patricia Mariella, Gila River Indian Community; Barry McNutt, U.S. De-
partment of Energy; Christopher Miller, Environment and Public Works
Committee, U.S. Senate; Frank O’Donnell, Clean Air Trust; Harold Reheis,
Georgia Department of Natural Resources; Catherine Ross, Georgia Re-
gional Transportation Authority; Chet Tisdale, King and Spaulding; Paige
Tolbert, Emory University; Cindy Tuck, California Council for Environ-
mental and Economic Balance; Andrew Wheeler, Clean Air, Wetlands, Pri-
vate Property, and Nuclear Safety Subcommittee, U.S. Senate; and Robert
Yuhnke, Robert Yuhnke and Associates.

In addition to the information from those presentations, the committee
made use of the peer-reviewed scientific literature, government agency re-
ports, and unpublished databases, as well as related statistics and data di-
rectly obtained from EPA.

This report consists of seven chapters. The first chapter provides an
overview of the committee’s charge, the issues related to this charge, and the
approach the committee took in completing its task. Chapters 2–6 review
the current air quality management system in the United States and assess
how well this system is operating. Chapter 7 looks to the future; it identifies
the major air quality challenges the nation is likely to face in the coming
decade and advances a set of five interrelated recommendations for enhanc-
ing the nation’s air quality management system to meet these challenges.
The Executive Summary provides a brief overview of the committee’s find-
ings and recommendations.  The more-detailed Summary is presented im-
mediately after the Executive Summary.  Readers who are well versed in the
current operation of air quality management in the United States or who do
not need to become well versed may wish to move directly from the
Executive Summary or Summary to Chapter 7. The recommendations in
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PREFACE xiii

Chapter 7 relate to Chapters 2–6, where the detailed background informa-
tion and justification for the recommendations are provided.

We wish to thank James Mahoney for his valuable service as a member
of the committee during the early stages of this study.  He resigned appropri-
ately from the committee upon becoming assistant secretary of commerce
for oceans and atmosphere and deputy administrator of the National Oce-
anic and Atmospheric Administration.  The committee’s work was assisted
by staff of the NRC’s Board on Environmental Studies and Toxicology
(BEST) and its Board on Atmospheric Science and Climate. We wish to
thank Raymond Wassel, project director, and James Reisa, director of BEST.
Scientific and technical information was provided by Laurie Geller, K. John
Holmes, Karl Gustavson, Amanda Staudt, Chad Tolman, Jhumoor Biswas,
Ramya Chari, Mirsada Karalic-Loncarevic, and Rachel Hoffman. Craig
Hicks assisted with science writing. Invaluable logistical support was pro-
vided by Emily Brady and Dominic Brose.  The report was ably edited by
Ruth Crossgrove.

William L. Chameides, Chair
 Daniel S. Greenbaum, Vice Chair
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xv

This report has been reviewed in draft form by individuals chosen for
their diverse perspectives and technical expertise, in accordance with proce-
dures approved by NRC’s Report Review Committee.  The purpose of this
independent review is to provide candid and critical comments that will
assist the institution in making its published report as sound as possible and
to ensure that the report meets institutional standards for objectivity, evi-
dence, and responsiveness to the study charge. The review comments and
draft manuscript remain confidential to protect the integrity of the delibera-
tive process.  We wish to thank the following individuals for their review of
this report:

William Agnew, General Motors (retired); Thomas Burke, Johns
Hopkins University; Paul Crutzen, Max Planck Institute for Chemistry;
Gregory Dana, Alliance of Automobile Manufacturers; E. Donald Elliott,
Willkie, Farr & Gallagher, LLP; David Hawkins, Natural Resources De-
fense Council; Walter Heck, North Carolina State University; Timothy
Larson, University of Washington; Leonard Levin, Electric Power Research
Institute; Arthur Marin, Northeast States for Coordinated Air Use Manage-
ment; Michael Myer, Georgia Institute of Technology; Joseph Norbeck, Uni-
versity of California, Riverside; John Seitz, Sonnenschein, Nath &
Rosenthal, LLP; Thomas Tietenberg, Colby College; John Watson, Desert
Research Institute; Catherine Witherspoon, California Air Resources Board;
Terry Yosie, American Chemistry Council.

Acknowledgment of Review Participants
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were responsible for making certain that an independent examination of
this report was carried out in accordance with institutional procedures and
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3

Executive Summary1

The Clean Air Act (CAA) provides a legal framework for promoting
public health and public welfare2 by pursuing five major air quality goals
(see Box 1).  For the first goal, the CAA authorizes the U.S. Environmental
Protection Agency (EPA) to set maximum allowable atmospheric concen-
trations of six major “criteria” pollutants by establishing National Ambient
Air Quality Standards (NAAQS).  Individual states then develop state imple-
mentation plans (SIPs) that show how, with the assistance of national
control programs, they will meet these standards.  Such efforts, as well as
those in pursuit of the other CAA goals, seek to regulate emissions from a
variety of stationary and mobile sources through the nation’s air quality
management (AQM) system (see Figure ES-1). Since passage of the CAA
Amendments of 1970, the nation has devoted significant efforts and re-
sources to AQM, and substantial progress has been made.

The Committee on Air Quality Management was formed by the Na-
tional Research Council to examine the role of science and technology in
the implementation of the CAA and to recommend ways in which the
scientific and technical foundations for AQM in the United States can be
enhanced.  Over a 2-year period, the committee heard briefings from experts

1This Executive Summary provides a brief overview of the committee’s findings and recom-
mendations.  The detailed Summary is presented after the Executive Summary.

2Within the framework of the CAA, “welfare” refers to the viability of agriculture and
ecosystems (such as forests and wildlands), the protection of materials (such as monuments
and buildings), and the maintenance of visibility.
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4 AIR QUALITY MANAGEMENT IN THE UNITED STATES

BOX 1  Goals of the Clean Air Act

• Mitigate potentially harmful ambient concentrations of six “criteria” pollut-
ants: carbon monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone
(O3), particulate matter (PM), and lead (Pb).

• Limit sources of exposure to hazardous air pollutants (HAPs).
• Protect and improve visibility in wilderness areas and national parks.
• Reduce emissions of substances that cause acid deposition, specifically

sulfur dioxide and nitrogen oxides (NOx).
• Curb use of chemicals that have the potential to deplete the stratospheric

ozone layer.

  1) Setting Standards 
  and Objectives  

• Emissions standards 
• Ambient air quality standards 
• Reducing acid deposition  
• Reducing regional pollution 
• Protecting visibility 

• Emissions trends 
• Air quality trends 
• Health effects trends 
• Ecosystem trends 
• Institutional accountability 

  Scientific and Technical 
Foundation  

•  
•  
•  
•  
•  

2) Designing and Implementing     
Control Strategies  

• Source control technology requirements 
• Emissions caps and trading 
• Voluntary or incentive-based programs 
• Energy efficiency 
• Pollution prevention (e.g., product substitution and process alteration) 

Compliance assurance • 

•  
•  
• 
•  
•  
• 

 3) Assessing Status and 
     Measuring Progress  

•  
•  
•  
•  
•  

Monitoring:  
·  Emissions 
·  Ambient air quality 
·  Health and exposure 
·  Ecosystems 
·  Meteorology 

Analysis:  
·  Models (e.g., air 

quality, emissions) 
·  Economics 
·  Health and ecological 

risk assessment 

Research:  
·  Public health and 

ecosystems studies  
·  Laboratory studies 

(e.g., air chemistry, 
toxicology) 

Development:  
·  Source control 

technology 
·  Monitoring technology 

FIGURE ES-1 Idealized schematic showing the iterative nature of air quality man-
agement.  Bullets under each heading provide examples.
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EXECUTIVE SUMMARY 5

and stakeholders and examined the operation, successes, and limitations of
the many components of the nation’s AQM system.

PROGRESS

The committee concluded that implementation of the CAA has contrib-
uted to substantial decreases in emissions of several pollutants.  Regulations
for light-duty vehicles, light-duty trucks, and fuel properties have greatly
reduced emissions per mile traveled.  Programs for stationary sources, such
as power plants and large factories, have also achieved substantial reduc-
tions of pollutant emissions. However, most of the reductions have been
accomplished through regulations on new facilities, while many older, of-
ten higher-emitting facilities can be a substantial source of emissions.  Emis-
sion “cap and trade” has also provided a mechanism for achieving emission
reductions at reduced costs. Air quality monitoring networks have con-
firmed that ambient pollutant concentrations, especially in urban areas,
have decreased over the past three decades, and monitoring has docu-
mented a reduction in sulfate deposition in the eastern United States. Eco-
nomic assessments of the overall costs and benefits of AQM in the United
States indicate, despite uncertainties, that implementation of the CAA has
had and will probably continue to have substantial net economic benefits.

CHALLENGES AHEAD

Despite the progress, the committee identified scientific and technical
limitations in the current AQM system that will hinder future progress,
especially as the nation attempts to meet the following key challenges in the
coming decade:

• Meeting new standards for ozone, particulate matter, and regional haze.
• Understanding and addressing the human health risks from expo-

sure to air toxics.
• Responding to the evidence that, for some pollutants, there may be

no identifiable threshold exposure below which harmful effects cease to
occur.

• Mitigating pollution effects that might disproportionately occur in
minority and low-income communities in densely populated urban areas.

• Enhancing understanding and protection of ecosystems affected by
air pollution.

• Understanding and addressing multistate and international trans-
port of pollutants.

• Adapting the AQM system to a changing (and most likely warmer)
climate.
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6 AIR QUALITY MANAGEMENT IN THE UNITED STATES

MEETING THE CHALLENGES:
THE COMMITTEE RECOMMENDATIONS

To meet these challenges and remedy current limitations, the committee
identified a set of overarching long-term objectives that should guide future
improvement of the AQM system.  In the committee’s view, AQM should

• Strive to identify and assess more clearly the most significant expo-
sures, risks, and uncertainties.

• Strive to take an integrated multipollutant approach to controlling
emissions of pollutants posing the most significant risks.

• Strive to take an airshed3-based approach by assessing and control-
ling emissions of important pollutants arising from local, multistate, na-
tional, and international sources.

• Strive to emphasize results over process, create accountability for the
results, and dynamically adjust and correct the system as data on progress
are assessed.

Immediate attainment of these objectives is unrealistic. It would require
a level of scientific understanding that has yet to be developed, a commit-
ment of new resources that would be difficult to obtain in the short term,
and a rapid transformation of the AQM system that is undesirable in light
of the system’s past successes.  The committee proposes, therefore, that the
AQM system be enhanced so that it steadily evolves toward meeting these
objectives. In that spirit, the committee makes five interrelated recommen-
dations to be implemented through specific actions:

1. Strengthen the scientific and technical capacity of the AQM system
to assess risk and track progress.  Recommended actions include enhancing
assessments of air quality and health, ecosystem monitoring, emissions
tracking, exposure assessment (both outdoors and indoors), and other com-
ponents of the scientific and technical foundation of AQM.

2. Expand national and multistate performance-oriented control strat-
egies to support local, state, and tribal efforts. Recommended actions
include controlling currently unregulated and underregulated sources; ex-
panding use of performance-oriented, market-based (where appropriate)
multipollutant control strategies; and enhancing authority to identify and
address multistate and international air pollutant transport.

3. Transform the SIP process into a more dynamic and collaborative
performance-oriented, multipollutant air quality management plan (AQMP)

3Airshed is used here to denote the broader geographic extent of the emissions that contrib-
ute to the deleterious effects of a pollutant in a given location.
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EXECUTIVE SUMMARY 7

process. Recommended actions include enhancing the effectiveness and in-
novation of state and local air quality planning, while maintaining federal
oversight and retaining requirements for conformity with regional trans-
portation planning.

4. Develop an integrated program for criteria pollutants and hazardous
air pollutants (HAPs).  Recommended actions include establishing a more
unified assessment of criteria and hazardous air pollutants, setting priorities
for those pollutants, establishing a more dynamic process for considering
new pollutants, and considering multiple pollutants in forming the scien-
tific basis for NAAQS.

5. Enhance protection of ecosystems and other aspects of public wel-
fare.  Recommended actions include better tracking of ecosystem effects
and building an improved basis for implementing secondary or alternative
standards to protect ecosystems.

Implementation of these recommendations will still require substantial
resources, but they should not be overwhelming, especially when compared
with current expenditures for CAA compliance and costs resulting from
harmful effects of air pollution on human health and welfare. Implementing
these recommendations will also require a commitment by all parties to
adjust and change; it may also require new legislation from Congress. As the
transition occurs, however, it is imperative that ongoing programs to reduce
emissions continue so that progress toward cleaner air is maintained.
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8

Summary

Over the past three decades, the nation has devoted substantial efforts
and resources to protect and improve air quality through implementation
of the Clean Air Act (CAA).  The U.S. Environmental Protection Agency
(EPA) estimates that the direct costs of this implementation have been as
high as $20–30 billion per year.  There is little doubt that these expendi-
tures have helped reduce pollutant emissions despite the substantial in-
creases in activities that produce these emissions (see Figure S-1).  Although
it is not possible to know what the exact concentrations of pollutant emis-
sions might be in the absence of the CAA, it is reasonable to conclude that
implementation of the act played an important role in lowering these emis-
sions.  Cost-benefit analyses have generally concluded that the economic
value of the benefits to public health and welfare1 have equaled or exceeded
the costs of implementation.

Despite substantial progress in improving air quality, the problems
posed by pollutant emissions in the United States are by no means solved.
Future economic and population expansions and the concomitant increased
needs, for example, for electricity and transportation, will undoubtedly
increase the potential for emissions.  Consequently, additional effort will
almost certainly be needed to maintain current air quality; even more effort
will be needed to make further improvements. The CAA prescribes a com-

1Within the framework of the CAA, “welfare” refers to the viability of agriculture and
ecosystems (such as forests and wildlands), the protection of materials (such as monuments
and buildings), and the maintenance of visibility.
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SUMMARY 9

plex set of responsibilities and relationships among federal, state, tribal,2

and local agencies for implementing the CAA.  This is essentially the nation’s
air quality management (AQM) system.

CHARGE TO COMMITTEE

The Committee on Air Quality Management in the United States was
formed by the National Research Council in response to a congressional
request for an independent evaluation of the overall effectiveness of the
CAA and its implementation by federal, state, and local government agen-
cies. The committee was asked to develop scientific and technical recom-
mendations for strengthening the nation’s AQM system.  In response to its
charge,3 the committee examined in detail the operation, successes, and
limitations of the many components of the nation’s AQM system and devel-
oped a set of unanimous findings and recommendations, as discussed below
and outlined in Figure S-2.

FIGURE S-1 Comparison of growth areas and emission trends. Note that the
trends in the graph (except for aggregate emissions) did not change substantially in
1995; only the scale of the graph changed. SOURCE: EPA 2002a.

2Hereafter, “state” will be used to denote both state and tribal authorities.
3See Chapter 1 for a discussion of the committee’s approach to carrying out its charge.
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SUMMARY 11

THE CURRENT AQM SYSTEM

Two landmark events in 1970 helped to establish the basic framework
for managing air quality in the United States: the enactment of the CAA
Amendments and the creation of EPA. The CAA and its subsequent amend-
ments (such as those in 1977 and 1990) endeavor to protect and promote
public health and public welfare by pursuing the following goals:

• Mitigate potentially harmful ambient concentrations of six so-called
criteria pollutants: carbon monoxide (CO), nitrogen dioxide (NO2), sulfur
dioxide (SO2), ozone (O3), particulate matter (PM), and lead (Pb).

• Limit the sources of exposure to hazardous air pollutants (HAPs),
also called “air toxics.”

• Protect and improve visibility in wilderness areas and national parks.
• Reduce emissions of substances that cause acid deposition, specifi-

cally sulfur dioxide and nitrogen oxides (NOx).
• Curb use of chemicals that have the potential to deplete strato-

spheric ozone.4

The nation’s AQM system operates through three broad kinds of ac-
tivities (Figure ES-1): (1) setting standards and objectives, (2) designing and
implementing control strategies, and (3) assessing status and measuring
progress.  The committee’s detailed assessments of the strengths and limita-
tions of these activities are presented in Chapter 2 (Setting Standards and
Objectives), Chapter 3 (Implementation Planning), Chapter 4 (Mobile-
Source Controls), Chapter 5 (Stationary-Source Controls), and Chapter 6
(Measuring Progress).  Overall, the committee found that the AQM system
has made substantial progress, especially in the following ways:

• Setting National Ambient Air Quality Standards (NAAQS) for crite-
ria pollutants, designing and implementing state implementation plans (SIPs)
to comply with the NAAQS, and implementing other CAA programs to
address hazardous air pollutants, acid rain, and other issues have all pro-
moted enhanced technologies for pollution control and have contributed to
substantial decreases in pollutant emissions.

• Air quality monitoring networks have documented decreases in am-
bient concentrations of the criteria pollutants, especially in urban areas,
and despite growth in power production and transportation uses. The
NAAQS for sulfur dioxide, nitrogen dioxide, and carbon monoxide have

4The NRC charged the committee only to address air quality in the troposphere (lower
atmosphere).  The NRC has elsewhere provided treatment of issues related to stratospheric
ozone depletion and global climate change, see NRC (1998a, 2001a,b, 2003a) and NAE/
NRC (2003).

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


12 AIR QUALITY MANAGEMENT IN THE UNITED STATES

been largely attained. Monitoring networks have also documented a reduc-
tion in sulfate deposition in the eastern United States.

• Economic assessments of the overall costs and benefits of AQM in
the United States conclude that, even recognizing the considerable uncer-
tainties, implementation of the CAA has had net economic benefits.

With regard to the three broad activities in AQM (Figure ES-1), the
committee found the following:

Standard Setting

• Standard setting, planning and control strategies for criteria pollut-
ants and hazardous air pollutants have largely focused on single pollutants
instead of potentially more protective and more cost-effective multipollutant
strategies. Integrated assessments that consider multiple pollutants (ozone, par-
ticulate matter, and hazardous air pollutants) and multiple effects (health,
ecosystem, visibility, and global climate change) in a single approach are needed.

• Current risk assessment and standard-setting programs do not ac-
count sufficiently for all the hazardous air pollutants that may pose a
significant risk to human health and ecosystems or for the complete range
of human exposures both outdoors and indoors.

• EPA’s current practice for setting secondary standards5 for most
criteria pollutants does not appear to be sufficiently protective of sensitive
crops and ecosystems.

Designing and Implementing Controls

• Although pollutant concentrations have decreased, the federal, re-
gional, and state emission-control programs implemented under the SIP
process have not resulted in NAAQS attainment for ozone and particulate
matter in many areas.  In addition, the SIP process has become overly
bureaucratic, places too much emphasis on uncertain emission-based mod-
eling simulations of future air pollution episodes, and has become a barrier
to technological and programmatic innovation.

• Air quality models have often played a major role in designing air
pollution control strategies.  Much effort has gone into the development
and improvement of these models; as a result, they are highly sophisticated.
Limitations remain, however, in large part due to a lack of data to ad-
equately evaluate their performance in specific applications for specific
locations and an inability to rigorously quantify their uncertainty.

5Secondary standards are intended to protect against adverse public welfare effects (such as
deleterious effects on ecosystems and materials).
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• Progress has been made in recognizing and addressing multistate
transport of air pollution, especially for ozone and atmospheric haze and
their precursors, in some parts of the nation.  However, transport issues
need to be identified and addressed more proactively and the scope broad-
ened to include international transport.

• For mobile sources, regulations for light-duty vehicles, light-duty
trucks, and fuel properties have greatly reduced emissions per mile traveled.
Gaps remain, however, in the ability to monitor, predict, and control
vehicular emissions, especially from nonroad vehicles, heavy-duty diesel
trucks, and malfunctioning automobiles.

• Emission reductions from stationary sources (for example, power
plants and large factories) have also been substantial.  However, most of
the reductions have been accomplished through regulations on new facili-
ties, while many older higher-emitting facilities continue to be a substantial
source of emissions.

• In recent years, emissions cap and trade has provided an effective
mechanism for achieving stationary-source emission reductions at reduced
costs.  However, cap-and-trade programs have been limited to relatively
few pollutants, and the process of revising caps and targets in response to
new technical and scientific knowledge has been cumbersome.

Assessing Status and Measuring Progress

• With the exception of continuous emissions monitoring at some
large stationary sources, the nation’s AQM system lacks a comprehensive
and quantitative program to confirm the emission reductions claimed to
have occurred as a result of AQM.

• The air quality network in the United States is a national resource
but is nevertheless inadequate to meet important objectives, especially that
of tracking regional patterns of pollutant concentrations, transport, and
trends (see Figure S-3).

• The AQM system has not developed a program to track health and
ecosystem exposures and effects and to document improvements in health
and ecosystem outcomes achieved from improvements in air quality.  Eco-
system effects have not been reliably and consistently accounted for in cost-
benefit analyses.

THE CHALLENGES AHEAD

Although the nation’s AQM system has been effective in addressing
some of the most serious air quality problems, it has a number of limitations,
as outlined above.  In addressing how those limitations can best be remedied,
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14 AIR QUALITY MANAGEMENT IN THE UNITED STATES

FIGURE S-3 Plot of the estimated relative trends in emissions versus ambient con-
centrations of various primary pollutants (PM10, NOx, SO2, Pb, and CO).  Emis-
sion trends, which were derived from emission inventories, are shown along the x-
axis, and the trends in average concentrations, which were derived from air quality
monitoring networks, are shown along the y-axis. The squares are the relative
trends in emissions and ambient concentrations for the 20-year period spanning
1983–2002 (except for PM10 emissions, which are for the trend period 1985–
2002), and the circles are the relative trends for the 10-year period of 1993–2002.
If the emission inventory trends were accurate and the nation’s air quality monitor-
ing networks were able to accurately measure the average concentration of primary
pollutants in the air overlying the United States, all the points on the graph would
fall on the 1:1 (diagonal) line. However, the fact that most of the points on the
graph do not fall on the 1:1 line indicates that the emission inventory trends are
inaccurate and/or that the nation’s air quality network, which was initially de-
signed to monitor urban pollution and compliance with NAAQS, has not been able
to track trends in pollutant concentrations quantitatively across urban, suburban,
and rural settings. Despite such uncertainty, it is important to note that the down-
ward trend in ambient pollutant concentrations provides qualitative confirmation
that pollutant emissions have been decreasing.  SOURCE: Data from EPA 2003.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


SUMMARY 15

it is important to consider the major air quality challenges facing the nation
in the coming decades. Seven major challenges are outlined below.

• New Standards.  Additional reductions in pollutant emissions will
be required to meet the EPA 1997 standards for ozone and particulate
matter and the 1999 regulations for regional haze.  Improvements to the
AQM system will be needed to best identify what emissions to reduce and
to monitor the progress toward meeting new standards.

• Toxic Air Pollutants.  The human health risks from exposure to
toxic pollutants remain significant and poorly quantified.  A greater re-
search effort that focuses on the sources, atmospheric distribution, and
effects of most toxic air pollutants will be needed to address health risks
and ensure adequate protection to the public.

• Health Effects at Low Pollutant Concentrations.  There is increasing
evidence that there might not be an identifiable exposure concentration
(threshold) for some criteria pollutants below which human health effects
would cease to occur. A better understanding of the reducible (human-
induced) and irreducible components of pollution, as well as the health and
ecosystem impacts at low levels of exposure, is needed.  Once improved
scientific understanding is developed, it might be necessary to reconsider
how to set standards to protect public health from pollutants for which
thresholds can not be identified.

• Environmental Justice. The CAA does not have any programs ex-
plicitly aimed at mitigating pollution effects that might be borne dispropor-
tionately by minority and low-income communities in densely populated
urban areas.  Addressing this need will require enhancing the science base
for determining exposures of selected communities to air pollution and
incorporating environmental equity concepts in the earliest stages of air
quality planning. Native American tribes should be given help to develop
and implement AQM programs for reasons of environmental justice and
tribal self-determination.

• Protecting Ecosystem Health.  Although mandated in the CAA, the
protection of ecosystems affected by air pollution has not received appro-
priate attention in the implementation of the act.  A research and monitor-
ing program is needed that can quantify the effects of air pollution on the
structure and functions of ecosystems.  That information can be used to
establish realistic and protective goals, standards, and implementation strat-
egies for ecosystem protection.

• Multistate, Cross-Border, and Intercontinental Transport.  Evidence
is accumulating that shows that air quality in a specific area can be influ-
enced by pollutant transport across multistate regions, national boundaries,
and continents.  To address multistate pollutant transport, the AQM sys-
tem must improve the techniques for tracking and documenting pollutant
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transport and develop more effective mechanisms for coordinating multi-
state regional air pollution control strategies.  In addition, the nation should
continue to pursue collaborative projects and enter into agreements and
treaties with other nations to help minimize pollution transport to and from
the United States.

• AQM and Climate Change. The earth’s climate is warming.  Al-
though uncertainties remain, the general consensus within the scientific
community is that this warming trend will continue or even accelerate in
the coming decades. The AQM system will need to ensure that pollution
reduction strategies remain effective as the climate changes, because some
forms of air pollution, such as ground-level ozone, might be exacerbated. In
addition, emissions that contribute to air pollution and climate change are
fostered by similar anthropogenic activities, that is, fossil fuel burning.
Multipollutant approaches that include reducing emissions contributing to
climate warming as well as air pollution may prove to be desirable.

RECOMMENDATIONS

To meet the challenges of the coming decades and remedy current
limitations, the committee identified a set of long-term, overarching objec-
tives to guide future improvement of the AQM system. In the committee’s
view, AQM should

• Strive to identify and assess more clearly the most significant expo-
sures, risks, and uncertainties.

• Strive to take an integrated multipollutant approach to controlling
emissions of pollutants posing the most significant risks.

• Strive to take an airshed6-based approach by assessing and control-
ling emissions of important pollutants arising from local, multistate, na-
tional, and international sources.

• Strive to emphasize results over process, create accountability for the
results, and dynamically adjust and correct the system as data on progress
are assessed.

Immediate attainment of these objectives is unrealistic. It would require
a level of scientific understanding that has yet to be developed, a commit-
ment of new resources that would be difficult to obtain in the short term,
and a rapid transformation of the AQM system that is uncalled for in light
of the system’s past successes.  The committee proposes, therefore, that the
AQM system be enhanced so that it steadily evolves towards meeting these

6Airshed is used here to denote the broader geographic extent of the emissions that contrib-
ute to the deleterious effects of a pollutant in a given location.
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objectives.  In that spirit, the committee makes five interrelated recommen-
dations, to be implemented in concert through some 30 specific actions
described in this report.

Recommendation One

Strengthen scientific and technical capacity to assess risk and track
progress.

Improving the nation’s AQM system will depend heavily on reassessing
and investing in relevant scientific and technical capacity to help evolve the
AQM system to one that can focus on risk in priority setting and on per-
formance in measuring progress.  Without the enhancement of the nation’s
scientific and technical capacity, implementation of the other four recom-
mendations will be more difficult.  The most critical actions are

• Improve emissions tracking, including new emissions monitoring tech-
niques and regularly updated and field-evaluated inventories.

• Enhance air pollution monitoring, including new monitoring meth-
ods, expanded geographic coverage, improved trend analysis, and enhanced
data accessibility.

• Improve modeling, including enhanced emission and air measure-
ment programs to provide data for model inputs and model evaluation and
continued development of shared modeling resources.

•  Enhance exposure assessment, including improved techniques for mea-
suring personal and ecosystem exposure and designing strategies to control
the most significant sources of ambient, hot-spot,7 and indoor exposures.

• Develop and implement a system to assess and monitor human health
and welfare effects through the identification of indicators capable of char-
acterizing and tracking the effects of criteria pollutants and hazardous air
pollutants and the benefits of pollution control measures and their sus-
tained use in assessments, such as the 2003 EPA Draft Report on the
Environment.

• Continue to track implementation costs by supporting the Pollution
Abatement Cost and Expenditure (PACE) survey and conducting detailed

7Hot spots are locales where pollutant concentrations are substantially higher than concen-
trations indicated by ambient outdoor monitors located in adjacent or surrounding areas. Hot
spots can occur in indoor areas (for example, public buildings, schools, homes, and factories),
inside vehicles (for example, cars, buses, and airplanes), and outdoor microenvironments (for
example, a busy intersection, a tunnel, a depressed roadway canyon, toll plazas, truck termi-
nals, airport aprons, or nearby one or many stationary sources). The pollutant concentrations
within hot spots can vary over time depending on various factors including the emission rates,
activity levels of contributing sources, and meteorological conditions.
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and periodic examinations of actual costs incurred in a subset of past
regulatory programs, including comparisons of actual costs to the costs
predicted by various parties prior to adoption of regulations.

• Invest in research to facilitate multipollutant approaches that targets
the most significant risks, including enhanced research into the full range of
ambient, hot-spot, and indoor exposures and their potential risks.

• Invest in human and technical resources through programs and in-
centives to attract and train a diverse corps of scientists and engineers
contributing to AQM and the development of an environmental extension
service.

Recommendation Two

Expand national and multistate performance-oriented control strategies
to support local, state, and tribal efforts.

The role of EPA in establishing and implementing national and multi-
state emission-control measures should be expanded so that states can
focus their efforts on local emission concerns. The most critical actions
are

• Expand federal emission-control measures especially for nonroad
mobile sources (for example, aircraft, ships, locomotives, and construction
equipment), area sources (relatively small dispersion), and building and
consumer products.  Development of these measures should actively involve
states, local agencies, and stakeholders and allow for continued control-
measure innovation at the state and local level.

• Emphasize technology-neutral standards for emission control. When-
ever practical, control measures should cap the total emissions from a given
source or group of sources, as opposed to limiting the rate of emissions
per unit of resource input or product output.  In cases where a cap is not
practical, standards should be set that promote improved technologies
rather than being tied to a single technology and that are stringent enough
to offset projected emission increases caused by future growth in economic
activity.

• Use market-based approaches whenever practical and effective
through the expanded use of approaches, such as the acid rain SO2 emis-
sions cap-and-trade program, that have the potential to be highly effective
and realize substantial cost savings.  Such programs must incorporate con-
tinuous emissions monitoring to ensure that emission goals are met and be
designed to identify and minimize geographic and temporal disparities in
results. Expansion to new industrial sectors will require enhanced continu-
ous emission-monitoring systems, technologies to ensure that required re-
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ductions are achieved, and ambient monitoring to establish that the pro-
gram does not inadvertently result in geographic and temporal disparities in
results.

• Reduce emissions from existing facilities and vehicles, to the extent
practical by promulgating standards for sources regardless of their age,
status, or fuel.  Older stationary sources and mobile nonroad sources are of
particular concern.

• Address multistate transport problems by providing EPA with greater
statutory responsibility to assess multistate air quality issues on an ongoing
basis and the regulatory authority to deal with them in a regional context.
Constitutionally, interstate environmental rules and regulations must be based
on federal authority, but EPA has not been given sufficient tools under the
CAA to address the multistate aspects of most air quality problems.

Recommendation Three

Transform the SIP process.

Implementation planning at the state and local levels should be changed
to place greater emphasis on performance and results and to facilitate
development of multipollutant strategies.  Critical actions include

• Transform the SIP into an AQM plan.  Each state should be required
to prepare an air quality management plan (AQMP) that integrates the
relevant air quality measures and activities into a single, internally consis-
tent plan.   An evolution of the SIP process to an AQMP approach should
involve the following:

—Given the similarity of sources, precursors, and control strate-
gies, the AQMP should encompass all criteria pollutants in an inte-
grated multipollutant plan.

—EPA should identify key hazardous air pollutants that have di-
verse sources or substantial public health impacts. These pollutants
should be included in an integrated multipollutant control strategy and
addressed in each state’s AQMP.

—The scope of the AQMP should explicitly identify and propose
control strategies for air pollution hot spots and situations where disad-
vantaged groups may be disproportionately exposed and should pro-
vide incentives to implement the strategies.

—Given the current statutory requirements and rules associated
with the SIP, it might be necessary to implement this recommendation
in stages and provide incentives to facilitate the transition to an AQMP
approach.
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• Reform the planning and implementation process by

—Encouraging regulatory agencies to concentrate their resources
on tracking and assessing the performance of the strategies that have
been implemented rather than on preparing detailed documents to jus-
tify the effectiveness of strategies in advance of their implementation.

—Carrying out a formal and periodic process of review and re-
analysis of the AQMP  to identify and implement revisions to the plan
when progress toward attainment of standards falls below expectations
or when conditions change sufficiently to invalidate the underlying
assumptions of the plan. Given the large contributions of federal and
multistate measures to the success of any plan, it is essential that this
review process be collaborative and include all relevant federal and
state agencies.

—Encouraging the development and testing of innovative strategies
and technologies by not requiring predetermined and agreed-upon ben-
efits for every strategy but periodically evaluating their effectiveness.

—Retaining the federal requirement for conformity between air
quality planning and transportation planning. Conformity could be
improved by mandating greater consistency between the data, models,
and time frames used in air quality and transportation plans.

—Continuing to require that states implement agreed upon strategies,
ensure private-sector compliance, and are held accountable for failure to
meet the AQMP commitments through federally mandated sanctions.

Recommendation Four

Develop an integrated program for criteria pollutants and hazardous air
pollutants.

The time has come for the nation’s AQM system to begin the transi-
tion toward an integrated, multipollutant approach that targets the most
significant exposures and risks.  The critical actions include

• Develop a system to set priorities for hazardous air pollutants by
expanding the approach embodied in EPA’s urban air toxics program.  As
proposed in Recommendation Three, a few hazardous air pollutants, be-
cause of their diverse sources, ubiquitous presence in the atmosphere, or
exceptionally high risk to human health and welfare, might warrant treat-
ment similar to criteria pollutants and be included in AQMPs.

• Institute a dynamic review of pollutant classification, and reclassify
and revise priorities for criteria pollutants and hazardous air pollutants
accordingly.
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• List potentially dangerous but unregulated air pollutants for regula-
tory attention.  Determine whether there are sufficient data on adverse
impacts, chemical structure, and potential for population exposure and
identify whether some level of regulatory response would be prudent and
appropriate.

• Address multiple pollutants in the NAAQS review and standard-
setting process by beginning to review and develop NAAQS for related
pollutants simultaneously.

• Enhance assessment of residual risk by performing an increased num-
ber of assessments in the years to come and by attempting to include in the
assessments other major sources of the same chemicals.

Recommendation Five

Enhance protection of ecosystems and other aspects of public welfare.

Many of the programs and actions undertaken in response to the CAA
have focused almost entirely on the protection of human health.  Further
efforts are needed to protect ecosystems and other aspects of public welfare.
The critical actions include

• Completion of a comprehensive review of standards to protect pub-
lic welfare.

• Develop and implement networks for comprehensive ecosystem
monitoring to quantify the exposure of natural and managed resources to
air pollution and the effects of air pollutants on ecosystems.

• Establish acceptable exposure levels for natural and managed eco-
systems by evaluating data on the effects of air pollutants on ecosystems at
least every 10 years.

• Promulgate secondary standards where needed that take the appro-
priate form. For example, in some cases a standard based on the amount of
a pollutant that is deposited on the earth’s surface over a particular area
may be more appropriate than a standard based on the atmospheric con-
centration of that pollutant.  Allow for consideration of regionally distinct
standards.

• Track progress toward attainment of secondary standards by using
the aforementioned monitoring of ecosystem exposure and response.

MOVING FORWARD

Because the nation’s AQM system has been effective in many aspects
over the past three decades, much of the system is good and warrants
retaining. Thus, the recommendations proposed here are intended to evolve
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the AQM system incrementally rather than to transform it radically. The
recommendations are also not intended to deter current ongoing AQM
activities aimed at improving air quality. Indeed, even as these recommen-
dations are implemented, there can be little doubt that important decisions
to safeguard public health and welfare should continue to be made, often in
the face of scientific uncertainty. Moreover, new opportunities and ap-
proaches for managing air quality will appear.  These include addressing
pollution problems in multiple environmental media, such as air and water,
taking advantage of new technologies, and undertaking pollution preven-
tion activities rather than controlling air pollutants after they have been
produced.

Implementation of the recommendations will require the development
of a detailed plan and schedule of steps.  The committee urges EPA to
convene an implementation task force from the key parties to prepare a
plan of action and an analysis of legislative actions, if any are needed.

Implementation of the recommendations will also require additional
resources. Although these resources are not insignificant, they should not
be overwhelming. For example, consider the costs associated with air qual-
ity research and monitoring.  Even a doubling of the approximate $200
million in EPA funds currently dedicated to air quality monitoring and
research would represent about 1% of annual expenditures nationwide for
complying with the CAA.  Such resources are even smaller when compared
with the costs imposed by the deleterious effects of air pollution on human
health and welfare.

Implementation of the recommendations will require a commitment by
all parties to stages of implementation over several years.  As that transition
occurs, it is important that action on individual programs to reduce emis-
sions continues to maintain progress toward cleaner air.

The full complement of scientific and engineering disciplines will need
to be prepared to take up the substantial challenges embodied in these
recommendations.  Given the opportunity, the committee believes that the
scientific and engineering communities can provide the human resources
and technologies needed to underpin an enhanced AQM system and to
achieve clean air in the most expeditious and effective way possible.
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The goal of protecting and enhancing air quality to protect and pro-
mote human health and public welfare1 has been consistently set forward in
the United States during the latter part of the twentieth century.  To accom-
plish this goal, numerous regulations and standards, a broad suite of man-
agement tools, and several monitoring networks to track progress have
been established.  All of these components depend on robust and up-to-date
scientific and technical input, which includes an understanding of relation-
ships between air pollutant levels and impacts on human health, ecosys-
tems, atmospheric visibility, and materials.  The National Research Council
Committee on Air Quality Management in the United States was asked to
evaluate the effectiveness of the nation’s air quality management (AQM)
system and the extent to which it is informed by the most advanced science
and technology.  This chapter begins with a brief summary of the current
scientific and technical understanding of air pollution and its impacts, as
well as an overview of the AQM system in the United States and the federal
legislation that has motivated and driven much of its development in the
latter part of the twentieth century.  This overview discussion is intended to
provide an introduction to aspects of the AQM system that are described in
more detail and critiqued in later chapters of this report.  The report is not
intended to provide a comprehensive description of AQM activities in the

1

Introduction

1Within the framework of the Clean Air Act, “welfare” refers to the viability of agriculture
and ecosystems (such as forests and wildlands), the protection of materials (such as monu-
ments and buildings), and the maintenance of visibility.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


24 AIR QUALITY MANAGEMENT IN THE UNITED STATES

United States; pertinent references are provided for those who desire more
background information on general concepts of scientific and technical
understanding of air pollution and its impacts.

AIR POLLUTION SCIENCE

The atmosphere is composed of a mixture of gases and particles.  An air
pollutant is generally defined as any substance in air that, in high enough
concentrations, harms humans, ecosystems (other animals and vegetation),
or materials (such as buildings and monuments) and reduces visibility.  In
this report, the committee uses the term air pollutant to denote the subset of
harmful atmospheric substances that are present, at least in part, because of
human activities rather than natural production and whose principal del-
eterious effects occur as a result of exposure at ground level.  Greenhouse
gases, as well as pollutants that cause depletion of ozone (O3) in the strato-
sphere, the layer of atmosphere extending from about 10 to 16 kilometers
(km) up to 50 km altitude, are addressed only in the context of managing
ground-level air quality.2

The science of air pollution is primarily concerned with quantitatively
understanding the so-called “source-receptor relationships” that link specific
pollutant emissions to the pollutant concentrations and deposition observed
in the environment as a function of space and time.  This quantitative under-
standing is developed through extensive field and laboratory measurements
and analysis and is then tested and documented in air quality models that use
mathematical and numerical techniques to simulate the physical and chemi-
cal processes that affect air pollutants as they disperse and react in the atmo-
sphere.  As illustrated in Figure 1-1, the pollutants at a particular time and
place depend on the proximity to sources that emit pollutants or their precur-
sors; the chemical reactions that pollutants or their precursors undergo once
in the atmosphere; and the impact of mixing, dilution, transport, and re-
moval or deposition processes (Seinfeld and Pandis 1998).  The areas of air
quality science and air quality management are closely coupled, because the
tools developed by scientists and engineers to carry out the tasks described
above are also widely used by the agencies tasked with controlling air pollu-
tion.  For example, the instrumentation used by scientists in field experiments
is also used by regulatory agencies to monitor air pollution exposures, trends,
and compliance.  Similarly, the models developed by scientists to simulate
and better understand air pollution are used in AQM to help design effective
strategies for air pollution mitigation.

2The NRC charged the committee to address only air quality in the troposphere (lower
atmosphere).  For treatment of issues related to stratospheric ozone depletion and global
climate change, see NRC (1998a, 2001a,b, 2003a) and NAE/NRC (2003).
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FIGURE 1-1  Schematic of the factors influencing the pollutant mix in the atmo-
sphere and the resultant impacts of pollution.  Greenhouse gases and climate change
impacts are not included because they fall outside the committee’s charge.

Air pollutants are often characterized by how they originate: pollutants
emitted directly into the atmosphere are called primary pollutants; those
formed as a result of chemical reactions within the atmosphere are called
secondary pollutants.  Control of secondary pollutants is generally more
problematic than that of primary pollutants, because mitigation of second-
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ary pollutants requires identification of the precursor compounds and their
sources as well as an understanding of the specific chemical reactions that
result in the formation of the secondary pollutants.  Control can be further
complicated when the chemical reactions resulting in secondary-pollutant
formation involve complex, nonlinear interactions among the precursors.
Under those conditions, a 1:1 relationship might not exist between a reduc-
tion in precursor emissions and reductions in secondary-pollutant concen-
trations.  Ground-level O3 is an example of such a secondary pollutant; it is
formed by reactions of nitrogen oxides (NOx) and volatile organic com-
pound (VOC) species3 in the presence of sunlight.  In some circumstances,
O3 concentrations are most effectively controlled by lowering both VOC
and NOx emissions.  For other circumstances, lowering VOC or NOx emis-
sions may be most effective (NRC 1991).

Similar complications arise in the mitigation of suspended particulate
matter (PM), which refers to a heterogeneous collection of solid and liquid
particles that include ultrafine particles (diameters of less than 0.1 mi-
crometers [µm]); fine particles (diameters of 0.1 to a few micrometers),
which are commonly dominated by sulfate, nitrate, organic, and metal
components; and relatively coarse particles (diameters of a few micrometers
or more), which are often dominated by dust and sea salt.  PM can be a
primary or secondary pollutant.  As a primary pollutant, PM is emitted
directly to the atmosphere, for instance, as a result of fossil fuel combus-
tion.  As a secondary pollutant, PM is formed in the atmosphere as a result
of such processes as oxidation of sulfur dioxide (SO2) gas to form sulfate
particles.  Because the reactions that result in the formation of secondary
PM often depend on the concentration and composition of preexisting
airborne PM, control strategies that lower the emissions of one chemical
constituent of airborne PM might not affect or might in some cases increase
the concentrations of other components of PM.  Even though pollutants
have been typically treated independently in many of the air quality regula-
tions in the United States, pollutants are often closely coupled.  For ex-
ample, most pollutants are emitted into the atmosphere by the same source
types (see Figure 1-2).  They also often share similar precursors and similar
chemical interactions once in the atmosphere.  For example, many of the
VOCs that react to form O3 are also identified as hazardous air pollutants

3Nitric oxide (NO) and nitrogen dioxide (NO2) are referred to together as NOx.  VOCs are
organic compounds present in the gas phase at ambient conditions.  Several other terms are
used operationally to refer to and classify organic compounds.  For example, reactive VOCs
are sometimes designated as reactive organic gases (ROG); however, because hydrocarbons
make up most of the organic gas emissions, this category is also called reactive hydrocarbons
(RHC).  Moreover, because methane dominates the unreactive category, the term nonmethane
hydrocarbons (or NMHC) is often used.  Unless noted otherwise, VOCs will be used in this
report to represent the general class of gaseous organic compounds.
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FIGURE 1-2  National average emission categories for carbon monoxide (CO),
sulfur dioxide (SO2), nitric oxide and nitrogen dioxide (NOx), volatile organic
compounds (VOCs), particulate matter less than 10 micrometers in diameter
(PM10), and particulate matter less than 2.5 micrometers in diameter (PM2.5) for
2001.  For primary PM10 and PM2.5, a significant fraction of the PM fugitive dust
emissions return to the ground after a few minutes.  Biogenic emissions (such as
VOC emissions from vegetation and NOx emissions from soil microbial processes)
are not included.  SOURCE: Adapted from EPA 2003a.
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(HAPs).  VOCs and HAPs can also be precursors to or components of PM.
In a similar manner, NOx has several significant environmental effects that
warrant its control.  In addition to being an O3 precursor, it has a direct
impact on human health, is a precursor for acid rain and the formation of
inhalable fine particles, decreases atmospheric visibility, and contributes to
the eutrophication of water bodies.

AIR POLLUTION IMPACTS

The primary objective of most air quality standards in the United States
is the protection of human health.  Humans are exposed to air pollution
outdoors and indoors, including during transit in vehicles.  Indoor air
pollution comprises a mixture of contaminants penetrating from outdoors
and those generated indoors.  Especially high exposure to air pollution can
also occur in various microenvironments, referred to here as “hot spots,”
which include highway toll plazas; truck stops; airport aprons; and areas
adjacent to industrial facilities, busy roadways, and idling vehicles.  Some
studies have suggested that disproportionate exposures may be found in
low-income and predominantly minority communities and have raised con-
cerns about environmental justice (see discussion on environmental justice
in Chapter 2 and references cited therein).

Many types of health effects have been attributed to air pollution,
including pulmonary, cardiac, vascular, and neurological impairments—all
of which can lead directly to mortality.  In addition, a number of regulated
air pollutants are known or probable carcinogens.  Some health effects,
such as an increase in asthma attacks, have been observed in conjunction
with episodes of high pollution concentrations lasting 1 or 2 days.  Such
effects are considered acute, because they are associated with short-term
exposures to a pollutant.  Other health effects, particularly increased risk of
cancer, are associated with long-term exposure (EPA 2002b).

The scientific techniques for assessing health impacts of air pollution
include air pollutant monitoring, exposure assessment, dosimetry, toxi-
cology, and epidemiology (NRC 1998b, 1999a).  Because most of the
health effects attributable to air pollutants can also be attributable to a
wide variety of other risk factors, the impact of air pollution on human
health can be difficult to distinguish and quantify.  Determining the im-
pact of air pollution on human health is further complicated by human
exposure to a mixture of substances at various concentrations present in
the air.  Also, a number of subgroups within the human population at
large are considered more susceptible to the effects of air pollution.  They
include people who have coronary disease, asthma, or chronic pulmonary
diseases; the elderly; and infants. Fetuses are also possibly susceptible (Wil-
helm and Ritz 2003).
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In addition to air pollution effects on human health, impacts on ecosys-
tem form and function are also a serious concern.  Moreover, because
ecosystems often supply society with valuable services (such as cleaning and
purifying water), damage to ecosystems from air pollution can exact a
significant economic as well as an environmental cost (Daily 1997).  Terres-
trial, aquatic, and coastal ecosystems are exposed to air pollution via atmo-
spheric substances (such as O3), or by deposition of substances (such as
acids, nutrients, and metals).  In terrestrial ecosystems, air pollution depo-
sition affects plant physiology; microbial processes; biogeochemical cycles
of substances, such as nitrogen; and plant community dynamics.  In aquatic
ecosystems, acidic deposition results in acidification of waterways, the mo-
bilization of trace metals in surface waters, and ultimately, the loss of
aquatic biodiversity (Driscoll et al. 2001a).  Atmospheric deposition is also
a major source of mercury to some aquatic ecosystems in North America.
When mercury is present as methylmercury in sufficient quantities in the
food chain, this contaminant is toxic to humans and animals (NRC 2000a).
In addition, atmospheric deposition of nitrate and ammonium might be an
important source of nitrogen in coastal regions, contributing to eutrophica-
tion, increased or harmful algal blooms, hypoxic and anoxic bottom wa-
ters, loss of sea grasses, and reduced fish stocks (Fisher and Oppenheimer
1991; D’Elia et al. 1992; Boynton et al. 1995; Paerl 1997; Castro and Dris-
coll 2002).

Protection of visibility in national parks and wilderness areas has tradi-
tionally played a smaller but nonetheless important role in driving air qual-
ity regulation.  Scenic vistas in most U.S. parklands are often diminished by
haze that reduces contrast, washes out colors, and renders distant land-
scape features indistinct or invisible.  Haze degrades visibility primarily
through scattering or absorption of light by fine atmospheric particles (NRC
1993a; Watson 2002).

Air pollution can discolor or damage commonly used building materi-
als and works of art.  In addition, such pollutants as sulfate can accelerate
the natural weathering process of materials, including metals, painted sur-
faces, stone, and concrete.

AIR QUALITY MANAGEMENT IN THE UNITED STATES

As the health, ecological, and economic impacts of air pollution in the
United States have become increasingly evident through more sophisticated
scientific approaches, the nation has endeavored to protect air quality
through increasingly complex and ambitious legislation (Table 1-1).  The
federal government’s first major efforts in this regard began in 1955 with
the Air Pollution Control Act.  These efforts were enhanced over the next
15 years through a series of enactments, including the Clean Air Act (CAA)
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TABLE 1-1 Federal Air Quality Management Legislation
Date Legislation Authorization

1955 Air Pollution Provided funds to local and state agencies for research
Control Act and training

1959 Air Pollution Extended the 1955 act
Control Act
Extension

1960 Motor Vehicle Authorized the Public Health Service (PHS) to study
Exhaust Study automotive emissions and health

1962 Air Pollution Extended 1955 act and required PHS to include auto
Control Act emissions in their program
Extension

1963 Clean Air Act Research at the federal level
Aid to states for training
Federal authority to abate interstate pollution
Matching grants to local/state agencies for air pollution

control

1965 Motor Vehicle National standards for auto emissions
Air Pollution Coordinated pollution control between United
Control Act States, Canada, and Mexico

Research into SO2 and auto emissions

1967 Air Quality Act Air quality control regions (AQCRs)
Air quality criteria
Control technology documents
State implementation plans (SIPs)
Separate automotive emission standards for California

President Nixon (1970) created the Environmental Protection Agency (EPA) by
Executive Order

1970 Clean Air Act National ambient air quality standards (NAAQS)
Amendments SIPs to achieve NAAQS by 1975

New source performance standards (NSPS)
National emission standards for hazardous air pollutants

(NESHAP)
Aircraft emission standards to be developed by EPA
Automotive emission standards for hydrocarbons and CO

for 1975 models and for NOx for 1976 models
States allowed to adopt air quality standards more

stringent than federal standards
Motor vehicle emissions inspection and maintenance

(I/M) program
Citizens allowed to sue for air pollution violations

1977 Clean Air Act Geographic regions (Classes I, II, III) to preserve air quality
Amendments EPA-sanctioned emission offsets and emission banking

within nonattainment regions
State permits that require prevention of significant

deterioration (PSD) studies
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Lowest-achievable emission rate (LAER) in nonattainment
regions

Delayed auto emission standards set in 1970 Clean Air
Act Amendments

Section 169A declared a national goal of preventing and
remedying visibility impairment due to anthropogenic
pollution in mandatory Class I areas

1990 Clean Air Act Title I: Nonattainment regions
Amendments Nonattainment regions for ozone are ranked in terms

of pollution severity; each has a deadline to achieve
NAAQS.  New and amended NAAQS must be
attained in 5 years with a possible extension for
another 5 years.

Classification Years to achieve NAAQS
(applicable only to ozone
nonattainment areas)

Marginal 3
Moderate 6
Serious 9
Severe 15 (17 with a 1988 design value

between 0.190 and 0.280 ppm)
Extreme (Los Angeles) 20

Title II: Mobile sources
Gasoline reformulation toward lower toxic and VOC

generation by 1997
Reduction in 1990 NOx emissions standards for light-

duty vehicles (LDVs) by 60% beginning in 1994
Reduction in 1990 hydrocarbons emissions standards

for LDVs by 40% beginning in 1994
Introduction of cold temperature (20°F) CO emissions

standards set at 10 g/mile beginning in 1994
“Clean car” (ZEV, electric car) pilot program in California

150,000 vehicles by model year 1996
300,000 vehicles by model year 1999

Title III: Toxics
Emissions of 189 hazardous air pollutants (HAPs)

controlleda

Mass ≥ 10 tons/yr for a specific HAP
Mass ≥ 25 tons/yr for a combination of HAPs

EPA-approved maximum achievable control technology
(MACT) mandated

After 8 years, EPA must promulgate more stringent
standards to address residual risks where necessary.

TABLE 1-1 continued
Date Legislation Authorization

(continued on next page)
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of 1963.  In 1970, two landmark events took place that helped to establish
the basic framework by which air quality is managed in the United States.
These events were the creation of the U.S. Environmental Protection Agency
(EPA) and the passage of the CAA Amendments of 1970.  This framework
was further developed and refined with the passage of the CAA Amend-
ments of 1977 and 1990.

Five major goals for protecting and promoting human health and pub-
lic welfare are identified in the CAA as amended:

• Mitigating potentially harmful human and ecosystem exposure to
six criteria pollutants: CO, NO2, SO2, O3, PM, and lead (Pb).4

• Limiting the sources of and risks from exposure to HAPs, which are
also called air toxics.

Title IV: Acid rain (Electricity Generation Facilities)
NOx: cut emissions by 2.0 × 106  tons/yr
SO2: by 2000, reduce to 9.2 × 106 tons/yr (U.S. total);

by 2010, reduce to 8.9 × 106 tons/yr (U.S. total)
Phase I (beginning 1995): 110 large power plants
Phase II (beginning 2000): remaining units

Policy: market-based “cap and trade” rather than
“command and control”

If a utility reduces SO2 emissions below its emissions
“allowance,” the utility can sell its extra “allowance”
to another utility

Title V: Permits
New and existing major sources must secure permits,

duration ≤ 5 yr
Fees to sustain state air pollution control agencies

Title VI: Stratospheric ozone
Phase out chlorofluorocarbons, halons, and carbon

tetrachloride by 2000
Phase out methylchloroform (CH3CCl3) by 2002
Phase out hydrochlorofluorocarbons by 2030

Title VII: Enforcement
Larger penalties

aSince passage of the 1990 CAA Amendments, one compound (caprolactam) has been deleted
from the list of 189 pollutants.
SOURCES: Heinsohn and Kabel 1998; Wark et al. 1998.

TABLE 1-1 continued
Date Legislation Authorization

4The term “criteria pollutants” derives from the requirement that EPA must describe the
characteristics and potential health and welfare effects of these pollutants (see Chapter 2).
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• Protecting and improving visibility impairment in wilderness areas
and national parks.

• Reducing the emissions of species that cause acid rain, specifically
SO2 and NOx.

• Curbing the use of chemicals that have the potential to deplete the
stratospheric O3 layer.

The CAA prescribes a complicated set of responsibilities and relation-
ships among federal, state, tribal,5,6 and local agencies.  This matrix is
referred to in this report as the nation’s air quality management (AQM)
system.  The federal government’s role is coordinated by EPA and is in-
tended in part to provide a degree of national uniformity in air quality
standards and approaches to pollution mitigation so that all individuals in
America are assured a basic level of environmental protection.  State and
local governments are given much of the responsibility for implementing
and enforcing the federally mandated rules and regulations within their
jurisdictional domains, including developing and implementing specific
strategies and control measures to meet national air quality standards and
goals.  Although many aspects of the AQM system assume a collaborative
relationship between the federal, state, and local agencies, the CAA em-
powers EPA to oversee the activities carried out by those agencies.  This
oversight includes the power to impose federal sanctions and federally
devised pollution-control plans on delinquent areas in some cases.

The federal courts also have a role in AQM.  Final agency rules promul-
gated under the CAA are subject to judicial review, usually in the Court of
Appeals for the District of Columbia Circuit, and the reviewing court may
set aside any portion of a regulation found to be “arbitrary and capri-
cious.”  Under this standard, the courts take a “hard look” at the agency’s
reasoning and the support in the rule-making record for critical factual
conclusions, but the court is not supposed to substitute its judgment for
that of the agency (Motor Vehicle Manufacturer’s Association v. State
Farm Mutual Automobile Insurance Co., 463 U.S. 29, 43, 1983).  A court
will set aside an agency rule only if it finds that the decision was not based
on a consideration of the relevant factors or that the agency committed a
clear error of judgment. In addition, any citizen may file a civil action in
district court against EPA that challenges the agency’s failure to perform
any nondiscretionary act or duty, and the courts have the authority to or-
der EPA to perform that act or duty and to compel agency action that is

5Hereafter, “state” will be used as shorthand to denote both state and tribal authorities.
6EPA’s adoption of 40 CFR Part 49, the Tribal CAA Authority rule, generally authorizes

eligible tribes to exercise the same rights and have the same responsibilities as states have
under the CAA.
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“unreasonably delayed” (CAA § 304(a)(2), 42 U.S.C. § 7604(a)(2)).  The
courts have vigorously implemented this authority in the past to mandate,
for example, a schedule for EPA action (Melnick 1983).

The nation’s AQM system may be conceptualized to operate in a vari-
ety of ways to meet the goals and requirements set forth in the CAA.  The
committee chose a model that describes the system’s operation in terms of
four broadly defined sequential activities (Figure 1-3).  The first three are
the following:

• Setting air quality standards and objectives (either in the CAA or by
EPA).

FIGURE 1-3  Idealized schematic showing three of the four sequential activities
carried out by the nation’s air quality management system.  The fourth iterative
activity involves a return to activities 1 and/or 2 to account for new information to
correct deficiencies identified in step 3. Bullets under each heading provide exam-
ples; listings are not necessarily comprehensive.
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• Designing and implementing control strategies to meet those stan-
dards and objectives.

• Assessing status and progress.

Because the AQM system typically functions with substantial scientific,
technological, and societal uncertainties, there is a need for a fourth itera-
tive activity: to revisit the first and second activities, taking advantage of
new information and any deficiencies identified in the third. Examples
of the four activities are provided in Figure 1-3. A more-detailed discussion
of how each of these activities is carried out in the United States is provided
in subsequent chapters.

THE ROLE OF SCIENCE

Although an understanding of the causes and remedies of air pollution
is not yet complete, it is now well-established that the vast majority of the
air pollutants addressed by the CAA arise from the burning of fossil fuels
and the emission of the myriad of materials and chemicals produced and
used in the commerce of this country. However, for a number of broader
societal and technical reasons, a total termination of the nation’s depen-
dence on fossil fuels and the products and industrial processes that result in
pollutant emissions is not a viable option.  Indeed, the substantial disrup-
tion likely to result could conceivably cause greater damage to human
health and welfare than that caused by air pollution in the United States. A
more viable option, and the one our society uses, is to control air pollutants
at concentrations that pose a minimal or acceptable level of risk to human
health and welfare without unduly disrupting the technological infrastruc-
ture and economic engine that underpins the nation’s economy.  To accom-
plish such control, science and technology are required. Their roles include
the following:

1. Quantifying risks to human health and public welfare (such as eco-
systems) associated with varying concentrations, mixtures, and rates of
deposition of air pollutants to establish air quality standards and goals.

2. Quantifying the source-receptor relationships that relate pollutant
emission rates to ambient pollutant concentrations and deposition rates in
order to develop air pollution mitigation strategies to maximize benefits
and minimize costs.

3. Quantifying the expected demographic and economic trends with
and without air pollution control strategies to better account for growth in
activity that might offset pollution control measures and to better design
control strategies that are compatible with the economic incentives of those
who must implement them.
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4. Designing and implementing air quality monitoring technologies and
methods for documenting pollutant exposures to identify risks and set
priorities.

5. Designing, testing, and implementing technologies and systems for
efficiently preventing or reducing air pollutant emissions.

6. Designing and implementing methods and technologies for tracking
changes in pollutant emissions, pollutant concentrations, and human health
and welfare outcomes to document and ultimately improve the effective-
ness of air pollution mitigation activities.

As indicated in Figure 1-3, the aforementioned contributions of science
and technology are made through monitoring, analysis, research, and de-
velopment. Monitoring provides the data necessary to determine trends in
emissions, air quality, and various health and ecosystem outcomes.  Such
observational data are essential for determining the effectiveness of regula-
tions and assuring compliance, providing valuable input to air quality mod-
els, and supporting long-term health and ecosystem assessments.  In addi-
tion, the data are used by the scientific research community.  Analysis
activities also provide critical information to air quality managers who use
model results, risk assessments, and economic and other analyses to better
characterize their air quality problems and the impacts of various control
strategies.  Finally, research and development efforts furnish advances in
the fundamental understanding of the science and impacts of air pollution,
the instruments needed for monitoring, and the technology available for
controlling emissions.  Thus, at each stage of CAA implementation, science
and technology provide a fundamental basis for sound decisions; at the
same time, the requirements of the CAA to continually improve air quality
and the understanding of it serves as an important incentive to promote
scientific and technological advances.

Although the inputs of science and technology are important, they are
not the sole determinants of the success of an AQM system. Effective AQM
decisions are made and implemented by elected and appointed leaders in
the context of diverse social, economic, and political considerations.  Suc-
cessful AQM requires that the input from the scientific and technological
communities is utilized by those leaders to produce adequate and cost-
effective pollutant emission reductions for which a variety of societal con-
siderations, including environmental justice, are taken into account. The
U.S. AQM system entails the promulgation of rules and regulations on
specific types of emissions, the institution of programs that provide incen-
tives for the creative development of new technologies, and the use of
emission control technologies and systems that reduce air pollution to a
sufficient degree to protect public health. However, the effectiveness of
AQM can be undermined by a breakdown in any of these components.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


INTRODUCTION 37

This report’s recommendations are aimed at improving the nation’s AQM
system to better integrate the tools and methods of the scientific and tech-
nological communities, and to provide an improved mechanism for assur-
ing that the system and its components are achieving the intended public
benefits.

ESTIMATING THE COSTS AND BENEFITS OF THE FEDERALLY
MANDATED AIR QUALITY MANAGEMENT SYSTEM

The management of the nation’s air quality is a major and complex
undertaking.  AQM in the United States involves the work of tens of
thousands of people who monitor the concentrations of various air pollut-
ants at over a thousand sites, regulate thousands of different emission
sources, and maintain a multimillion dollar research and development pro-
gram to better understand the sources, fate, and effects of air pollutants.
The CAA requires regulatory control of air pollutants that have widely
varying properties. Some pollutants are rapidly removed from the atmo-
sphere so that effects are largely limited to the immediate source area.
Other pollutants (such as O3 and PM) can be transported in significant
amounts for hundreds to thousands of miles; therefore, their control re-
quires cooperation between states and, in some instances, nations.

Implementation of the CAA has clearly contributed to the reduction in
pollutant emissions in the United States. For example, over the past 30
years, the nation’s gross domestic product and total vehicle miles traveled
increased by more than 2-fold, and its energy consumption increased by a
factor of about 1.5. However, over the same period, EPA (2002a) reported
that the total aggregate of emissions that directly affect the ambient concen-
trations of six criteria pollutants has decreased by 25% (see Figure 1-4).
This trend suggests that the nation has been able to decouple, to some
extent, pollutant emission rates from economic activity.  EPA argues that
the CAA played a major role in bringing about this decoupling.  In the
absence of the CAA, EPA estimated that emissions of CO, SO2, NOx, and
PM in 1990 would have been larger by factors of about 2, 1.6, 1.4, and 3,
respectively (EPA 1997).  Others argued that factors other than environ-
mental regulation (for example, increased income and technological ad-
vances) might be the main causes of the decrease in pollutant emissions (for
example, Lomborg  2001; Pacala et al. 2003). However, Pacala et al. (2003)
concluded that although a variety of factors contribute to observed ben-
efits, regulation plays a prominent role.  Although it is not possible to know
precisely what the levels of pollutant emissions in the United States would
be in the absence of a federally mandated AQM system, it is reasonable to
conclude that this system has had an important role in controlling and
lowering these emissions over the past 30 years.
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EPA (1997) estimated that the benefits that have accrued in human
health and welfare as a result of the aforementioned decreases in pollutant
emissions have been substantial.  The estimated benefits include about
100,000 to 300,000 fewer premature deaths per year and 30,000 to 60,000
fewer children each year with intelligence quotients below 70.  However,
these estimates are highly uncertain (OMB 1997). They require quantifica-
tion of the air quality responses to pollutant emission changes and quanti-
fication of the human health and welfare responses to those air quality
changes.  Because it is difficult to isolate the effects of air pollution expo-
sures from those of other risk factors that humans face daily, little direct
empirical evidence is available to carry out the latter quantification. As a
result, assessments of the benefits of pollution control often rely on com-
plex models instead of direct empirical evidence.7  These models, in turn,
tend to depend on a variety of estimated input parameters and assumptions.

Even more uncertainty is added when the benefits are compared with
the costs of regulatory compliance by using a cost-benefit analysis, which

FIGURE 1-4  Comparison of growth areas and emission trends. Note that the
trends in the graph (except for aggregate emissions) did not change substantially in
1995; only the scale of the graph changed. SOURCE: EPA 2002a.

7A notable exception is lead, for which blood lead concentrations are used as a relatively
straightforward indication of human health impacts (Mendelsohn et al. 1998).
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requires a monetization of the benefits—a typically controversial and diffi-
cult process (Croote 1999).  Despite such difficulties, cost-benefit analysis is
often used in government to evaluate the merit of environmental regula-
tions. In fact, the 1990 CAA Amendments specifically require EPA to carry
out periodic evaluations of the costs and benefits of the implementation of
the act. Despite arguments by others identified above, most comprehensive
cost-benefit analyses of the nation’s AQM system have suggested that the
benefits of air pollution control have been equivalent to or exceeded the
costs, albeit with significant uncertainties.  For example, EPA estimated
that the benefits of implementation of the CAA between 1970 and 1990
were $5–50 trillion greater than the costs (EPA 1997).  Although others
(Lutter and Belzer 2000; Brown et al. 2001) argue over whether EPA’s
analysis overstates likely benefits and understates costs (also see Chapter 6),
the White House Office of Management and Budget (OMB) recently re-
ported that benefits of environmental regulations far outweigh the costs.
OMB  found monetary benefits over the years of regulation from 1992 to
2002 by EPA to range from roughly $121 billion to $193 billion and costs
to range from $23 billion to $27 billion (OMB 2003a). A large fraction of
aggregate benefits found by OMB pertain to rules limiting PM, NOx, and
SO2. The SO2 provisions of the 1990 CAA Amendments alone account for
$80 billion of the aggregate benefit estimate.

THE FUTURE

Despite the nation’s significant progress in improving air quality, the
problems posed by pollutant emissions in the United States are by no means
solved.  For example, it is estimated that the demand for electrical power in
the United States will increase by 40% over the next 20 years (DOE 2003),
and a substantial amount of the increased demand will be met by the
burning of fossil fuels (see Figure 1-5).  Increases of over 50% in total
vehicle miles traveled by light-duty vehicles on the nation’s roads and high-
ways, as well as increases of off-road vehicular use, are also projected (DOE
2003). Thus, substantial improvements in cleaner power-generating and
automotive technologies will be needed if the nation is to maintain the
current level of air quality. Some of these improvements are already under
way (for example, response to Tier II emission standards for automobiles
[see Chapter 4]), and others are being considered (for example, multi-
pollutant emission caps for power plants [see Chapter 5]).

However, even as additional emission reductions and new technologies
are needed in the coming years just to maintain the current level of air
quality, additional effort is likely to be deemed necessary to adequately
protect human health and welfare.  A number of major goals and require-
ments of the CAA Amendments of 1990 have yet to be met (Figure 1-6);
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121 counties
75 M people

County - violation

FIGURE 1-6 Counties in the continental United States where any NAAQS were
violated in 1999. SOURCE: EPA 2002c.

FIGURE 1-5 Electricity generation by fuel in billion kilowatt hours, 1949–1999,
and projections for the Reference Case, 2000–2020.  Projections: National Energy
Modeling System, run M2BASE.D060801A. SOURCE: EIA 2000.
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those include total compliance with the NAAQS for O3 and PM and the
establishment of a technology-based regulatory program to reduce the emis-
sions of all 188 HAPs (see Figure 1-7).  Perhaps even more important, new
data on the health effects of O3 and PM led to the promulgation in 1997 of
stricter NAAQS for O3 and new NAAQS for PM2.5 that will require even
greater reductions in pollutant emissions than had been envisioned at the
time the CAA Amendments of 1990 were enacted (see Figure 1-8). EPA
(1999a) estimated that complete implementation of the 1990 CAA Amend-
ments costs the nation about $27 billion annually. Most of the costs are
directly borne by industry and consumers. Approximately $600 million is
expended annually in federal funds, and a large amount is expended by
states, tribes, and localities.  Of the federal funds, approximately $200
million is dedicated to air quality research and monitoring (OMB 2003b).

CHARGE TO THE COMMITTEE ON AIR QUALITY
MANAGEMENT IN THE UNITED STATES

Given the sizable investment in air quality management envisioned for
the nation over the next decade and the role science and technology can
have in optimizing the effectiveness of this investment, the following ques-

Top Decile

Next Decile

Decile of County
Cancer Risk

FIGURE 1-7 High cancer risk counties for urban air toxics in 1996. SOURCE:
EPA 2002c.
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tions arise: (1) how well are scientific and technological advances incorpo-
rated into the current AQM system? and (2) to what extent could the AQM
system be improved by changing the way scientific understanding and ap-
proaches and new technologies are used for air quality management in the
United States? These questions are the basis for this report.

The committee has been charged to develop scientific and technical
recommendations for strengthening the nation’s AQM system with respect
to the way it identifies and incorporates important sources of exposure to
humans and ecosystems and integrates new understanding of human and
ecosystem risks.8

In carrying out its charge, the committee has evaluated the effectiveness
of the major air quality provisions of the CAA and their implementation by
federal, state, tribal, and local government agencies. It also reviewed scien-
tific and technical aspects of the policies and programs intended to manage
important air pollutants, including but not limited to criteria pollutants and
HAPs.  In addition, the committee evaluated scientific and technical aspects
of current approaches for health and environmental problem identification,
regulatory standards development, AQM plan development, plan imple-

FIGURE 1-8 Potential violations of the PM2.5 (1999–2000 data) and 8-hr O3
(1997–1999 data) NAAQS by county. SOURCE: EPA 2002c.

8The committee’s full Statement of Task is included in Appendix B.

407 counties
136 M people

8-Hr O3

PM2.5

8-Hr O3 & PM2.5

County – potential violation
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mentation, compliance assurance, and progress evaluation.  Stratospheric
O3 protection and greenhouse gas emission control were not included in the
scope of the study except in regard to strategies in tropospheric air quality
control programs to control emissions.

A wide range of external factors beyond the scientific and technical
aspects of air quality can drive the character and effectiveness of an AQM
system and are relevant to our review. Governmental policies on eco-
nomic growth, energy production and use, transportation, and land use,
for example, affect pollutant emissions and can therefore reinforce or
frustrate AQM policies. Decisions and practices of consumers concerning
the technologies and products they purchase and use also affect pollutant
emissions.

Legal and institutional factors also affect the implementation of AQM.
Most important, the nation’s federal system of government, with specific
authorities assigned to the federal government and others to the states,
limits the kinds of regulatory structures that can be used to administer the
AQM system in the United States.  For example, although air pollution
issues often demand regional controls, all such controls can only be en-
forced at the state or federal levels.

It is beyond the scope of this report to comprehensively analyze these
external factors and assess how they could be changed to enhance the
effectiveness of the nation’s AQM system.  However, at each stage in
considering implementation of the CAA, the committee attempted to take
into account the degree to which these larger factors could reduce the
effectiveness of specific control measures (for example, the growth in travel
and its relation to automobile emission standards). The committee found
that considerable progress in air quality improvement has been accom-
plished in the United States over the past 2-3 decades even in the face of
these confounding external factors. Thus, the recommendations advanced
here tend to be evolutionary in nature and do not involve a major overhaul
of the AQM system.

REPORT STRUCTURE

To provide a basic foundation for conclusions and recommendations,
the committee reviewed and critiqued the key elements of the CAA and the
concomitant methods and approaches to manage air quality in the United
States.  The discussion in Chapter 2 focuses on how standards and goals are
set.  Chapter 3, 4, and 5 describe the design and implementation of control
strategies adopted by federal, regional, state, and local governments.  Chap-
ter 6 discusses how progress in meeting the AQM goals is measured, par-
ticularly with respect to health and ecosystem outcomes.  After consider-
ation of the major air quality challenges facing the nation in the coming
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decades, Chapter 7 provides a series of recommendations.  In formulating
these recommendations, the committee endeavored to look beyond the
statutorily mandated constraints, methods, and approaches currently im-
posed on the nation’s AQM system by the CAA and other relevant acts.
Thus, pursuit of many of the recommendations will require broad accep-
tance within the policy-making communities and perhaps legislative action.
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INTRODUCTION

The introduction to the Clean Air Act (CAA) (42 USC § 7401) lists four
overarching goals or purposes for the legislation:

(1) to protect and enhance the quality of the Nation’s air resources so as
to promote the public health and welfare and the productive capacity of
its population;
(2) to initiate and accelerate a national research and development pro-
gram to achieve the prevention and control of air pollution;
(3) to provide technical and financial assistance to State and local govern-
ments in connection with the development and execution of their air pol-
lution prevention and control programs; and
(4) to encourage and assist the development and operation of regional air
pollution prevention and control programs.

In the subsequent sections or titles to the act and its amendments, these
overarching goals are further delineated into a variety of more tangible air
quality goals and standards, such as those listed in Chapter 1, that are to be
achieved through the implementation of rules, regulations, and practices
designed to control and limit pollutant emissions.  In this chapter, the
committee focuses on these air quality goals and standards.  We begin with
a descriptive discussion of the various standards and the combined respon-
sibilities of Congress and the administrator of the U.S. Environmental Pro-
tection Agency (EPA) in setting them.  That discussion is followed by a

2

Setting Goals and Standards
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critical analysis of specific aspects of the standard-setting procedure, espe-
cially those aspects relating to the scientific basis for the standards and the
procedures used to set them.

OVERVIEW OF AIR QUALITY STANDARDS

The CAA sets standards in a number of ways:

• The setting of National Ambient Air Quality Standards (NAAQS)
for six principal pollutants (known as criteria pollutants).

• The setting of emission standards for a variety of stationary and
mobile sources for substances that are the criteria pollutants, their precur-
sors, or hazardous air pollutants (HAPs).

• Promulgate additional emission standards for HAPs that continue to
pose a significant residual risk following the implementation of the first
round of emission standards.

• The setting of fuel and product reformulation standards (for example,
reformulated gasoline and requirements for chlorinated fluorocarbons).

• The setting of reduced caps for emissions of certain pollutants from
certain industries (for example, the sulfur dioxide [SO2] cap-and-trade
program).

The CAA also contains many provisions for attaining and maintaining
these standards.  In this chapter, the committee focuses on, and critiques,
the process by which many of these standards are set.  Subsequent chapters
discuss how they are implemented.

The CAA begins by addressing two major categories of pollutants for
which standards are set differently:  criteria pollutants and HAPs.  The
principal difference between the two arises from the specification in the
CAA that the presence of criteria pollutants “in the ambient air results from
numerous or diverse mobile or stationary sources.”  No such requirement is
stated for HAPs.1  Thus, presumably, criteria pollutants are more ubiqui-
tous, pose a risk to a larger fraction of the general population, and have
more widespread impacts on ecosystems and natural resources than HAPs.
Criteria pollutants and HAPs are managed through fundamentally different
regulatory frameworks.  Criteria pollutants are regulated primarily through
the setting of ambient-air-concentration and time standards, known as the
NAAQS, and taking action to attain these standards.  HAPs are regulated
through the promulgation of standards that limit the release or emissions of
such compounds (as opposed to their ambient concentrations), followed in

1The only specific limitation currently placed on HAPs in the CAA is that they cannot be
criteria pollutants.
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the cases of major stationary sources and area sources by assessment of
residual risk.  The responsibility for setting the standards for both types of
pollutants is assigned to the EPA administrator.

In addition to the programs to control criteria pollutants and HAPs, the
CAA includes provisions to control emissions from mobile sources, protect
areas with good air quality, reduce the effects of acid deposition (or acid
rain), safeguard stratospheric ozone (O3), and reduce visibility impairment
resulting from regional haze.  However, the tenor of these provisions is
substantially different from those relating to the programs for criteria pol-
lutants and HAPs.  Although the CAA directs the EPA administrator to set
air quality and emission standards for criteria pollutants and HAPs, it is
more explicit about setting standards for the other provisions, with Con-
gress itself often setting the standards.  For example, the CAA now includes
specific standards for evaporative and exhaust emissions from light-duty
and heavy-duty on-road vehicles and engines.  Controls are also required
for a wide range of nonroad engines (such as lawnmowers, construction
equipment, and locomotives), and programs are mandated for clean fuel
and inspection and maintenance of light-duty vehicles.  Similarly, in the
case of acid rain mitigation, the CAA Amendments of 1990 contain lan-
guage that establishes a specific nationwide cap for SO2 emissions and
standards for nitrogen oxides (NOx) emissions from electric utilities.

THE STANDARD-SETTING PROCESSES

Criteria Pollutants

Criteria pollutants were first defined in the 1970 Amendments to the
CAA, which directed the administrator of EPA to identify those widespread
ambient air pollutants that are reasonably expected to present a danger to
public health or welfare.2  On the basis of air quality criteria3—that is, the
current state of scientific knowledge on the effects of these pollutants on
health and welfare—the administrator is directed to develop and promul-
gate primary and secondary NAAQS for each criteria air pollutant.  In
addition to specifying a maximum ambient concentration for each pollut-
ant, promulgation of a standard must also include descriptions of the moni-

2Within the framework of the CAA, “welfare” refers to the viability of agriculture and
ecosystems (such as forests and wildlands), the protection of materials (such as monuments
and buildings), and the maintenance of visibility (EPA 2002d).

3Air quality criteria are defined in Section 108 of the CAA as a summary of the “latest
scientific knowledge useful in indicating the kind and extent of all identifiable effects on
public health or welfare which may be expected from the presence of such pollutant in the
ambient air.”
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toring and statistical methods that are to be used to determine whether an
area is in compliance with the standard.4  Primary standards are intended to
protect public health “with an adequate margin of safety” for the most
sensitive population subgroups.  Secondary standards are intended to pro-
tect against adverse public welfare effects.  Although the CAA specifies a
date when a given primary standard is to be achieved and provides EPA
with authority to enforce state and tribal compliance, no such timetable
and enforcement authority are provided for secondary standards (see Chap-
ter 3).

In 1971, NAAQS were established for the first time for six criteria
pollutants: carbon monoxide (CO), nitrogen dioxide (NO2), SO2, total
suspended particulate matter (TSP), hydrocarbons (HCs), and photochemi-
cal oxidants.  Lead (Pb) was added to the list in 1976, photochemical
oxidants were replaced by O3 in 1979, and HCs were removed in 1983.
The definition of suspended particles as a criteria pollutant has also changed.
TSP was revised in 1987 to include only particles with an equivalent aero-
dynamic particle diameter of less than or equal to 10 micrometers (µm)
(PM10) and was further revised in 1997 to include a separate standard for
particles with an equivalent aerodynamic particle diameter of less than or
equal to 2.5 µm (PM2.5).  The current standards for criteria pollutants are
provided in Table 2-1.  Although efforts to meet the NAAQS have not
always successfully resulted in attainment of the standards, they appear to
have been responsible for sizable reductions in pollutant emissions across
the nation (see Chapter 6 for further discussion).

The Procedure for Setting NAAQS

The CAA instructs the EPA administrator to specify primary and sec-
ondary NAAQS and to conduct a review of the air quality criteria and
NAAQS for each pollutant at least every 5 years.  The review process is a
complex one that includes input and comment from independent scientific
bodies as well as the general public (see Figure 2-1).

EPA’s Office of Research and Development (ORD) prepares a detailed
summary, called a criteria document, for each criteria air pollutant.  The
criteria document is based on the existing body of scientific and technical
information and typically includes chapters on emission sources, air con-
centrations, exposure, dosimetry, and health and welfare effects, as well as
a concluding synthesis chapter.  The research findings summarized include
results from studies supported by EPA, other federal agencies, industry, and

4A discussion of the methods used to establish nonattainment of NAAQS and the subse-
quent actions a state or local authority must undertake to bring about attainment is presented
in Chapter 3.
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TABLE 2-1 NAAQS in Effect as of January 2003a

Primary Standard Secondary Standard
(Health-Based) (Welfare-Based)

Type of Standard Level Type of Standard Level
Pollutant Average Concentration Average Concentration

PM10 Annual arithmetic 50 µg/m3 Same as primary
mean standard

24-hr average not 150 µg/m3 Same as primary
to be exceeded standard
more than once
per year on
average over 3 yr

PM2.5 Spatial and annual 15 µg/m3 Same as primary
arithmetic mean in standard
area

98th percentile of 65 µg/m3 Same as primary
the 24-hr average standard

O3
b Maximum daily 0.12 ppm Same as primary

1-hr average to be standard
exceeded no more
than once per year
averaged over 3
consecutive years

3-yr average of 0.08 ppm Same as primary
the annual fourth standard
highest daily 8-hr
average

NO2 Annual arithmetic 0.053 ppm Same as primary
mean standard

SO2 Annual arithmetic 0.03 ppm 3 hr 0.50 ppm
mean

24-hr average 0.14 ppm

CO 8 hr (not to be 9 ppm No secondary
exceeded more standard
than once per year)

1 hr (not to be 35 ppm No secondary
exceeded more standard
than once per year)

Lead Maximum 1.5 µg/m3 Same as primary
quarterly average standard

aA more detailed discussion of how an area is determined to be in attainment or nonattainment
of a NAAQS is presented in Chapter 3.
bEPA is phasing out the 1-hr, 0.12-ppm standards (primary and secondary) and putting in place
the 8-hr, 0.08-ppm standards.  However, the 0.12-ppm standards will not be revoked in a given
area until that area has achieved 3 consecutive years of air quality data meeting the 1-hr standard.
Abbreviations: µg/m3, micrograms per cubic meter; ppm, parts per million (by volume); hr,
hour; yr, year.
SOURCE: Adapted from EPA 2001a.
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private funding organizations.  Investigators from both inside and outside
EPA collaborate in writing the document.

Next, EPA’s Office of Air Quality Planning and Standards (OAQPS) in
the Office of Air and Radiation prepares a document, called the staff paper,
which recommends and provides the justification for policy options pre-
sented to the EPA administrator, who makes a determination on whether to
retain an existing standard or propose a new one.  In preparing the staff
paper, EPA uses the information included in the criteria document and also
conducts analyses of population exposure to characterize risk and to rec-
ommend standards. Both the criteria document and the staff paper are
made available for public comment.  The two documents, along with the
public comments, are reviewed by the Clean Air Scientific Advisory Com-
mittee (CASAC), which is a committee composed of independent experts
from outside EPA and is organizationally situated within the EPA Science
Advisory Board (SAB).  CASAC makes recommendations to EPA staff on
revisions to both the criteria document and the staff paper, resulting in one
or more rounds of revision and review.  When satisfied, CASAC informs
the EPA administrator that the document fully and fairly represents the

FIGURE 2-1 Flow diagram illustrating the process by which the EPA administra-
tor reviews and sets a new NAAQS. CASAC refers to the Clean Air Scientific
Advisory Committee. Diamonds are used to denote official actions by the adminis-
trator. SOURCE: Greenbaum et al. 2001. Reprinted with permission from the
American Journal of Epidemiology; copyright 2001, Oxford Press.
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current state of the science.  Because of the effort involved in their prepara-
tion and the rigorous review process involved, criteria documents and staff
papers have traditionally served as comprehensive reviews of the current
understanding of air pollution health effects at the time of their publication
and, as such, have stimulated new focused research.

On the basis of the criteria document and staff paper, the EPA admin-
istrator publishes proposals for new or revised NAAQS in the Federal
Register, and a new round of public comment ensues.  The administrator
then makes final decisions on the NAAQS, taking into account both public
input and advice from CASAC.  The primary and secondary standards,
including the levels and the forms of the standards, together with their
justification, are published in the Federal Register as part of the standard
promulgation process.  The Supreme Court has determined that the CAA
requires that the setting of primary NAAQS is to be done without consider-
ation of the economic consequences (Whitman v. American Trucking Asso-
ciation, 531 U.S. 457, 2001).  However, there are two points in the process
where costs are assessed: (1) under Executive Orders dating back to the
Carter administration and the Small Business Regulatory Enforcement Fair-
ness Act, major federal regulations are subject to a regulatory impact analy-
sis by the Office of Management and Budget, and (2) the Congressional
Review Act provides Congress up to 60 days following promulgation of
any rule to conduct hearings and review the rule (although no congressional
action is required for the NAAQS to take effect).

According to the CAA, each of the NAAQS for each of the criteria
pollutants must be reviewed every 5 years.  However, the complexity of the
process and the sheer volume of new research results on some criteria
pollutants have made it necessary to extend the periods between reviews
(see Figure 2-2). As a result, EPA has been sued by some stakeholders and at
times required by the courts to complete an overdue review on a court-
ordered schedule.

Protection of Ecosystems and the Establishment of Secondary NAAQS

Although the CAA empowers EPA to set independent primary and
secondary standards for each criteria pollutant, and criteria documents
prepared by EPA have included reviews of the available data on impacts to
ecosystems, visibility, human-made structures, and other aspects of public
welfare, SO2 is the only criteria pollutant for which there is a unique
secondary standard (Table 2-1).  The promulgation of common standards
for protecting public health and welfare could simply reflect a judgment on
EPA’s part that humans and ecosystems have similar sensitivity to air pol-
lutants or that humans are more sensitive; thus, a single standard can
adequately protect both. It is more likely, however, that the correspondence
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between the two standards reflects a historical and reasonable tendency in
EPA to set priorities to protect human health over aspects of public welfare
and to focus on urban rather than nonurban pollution.  The inability to
enforce standards to protect public welfare by the requirement for attain-
ment by a specific date might also play a part.

Whatever the reason that led EPA to use identical primary and second-
ary NAAQS in the past, it is becoming increasingly evident that a new
approach will be needed in the future.  There is growing evidence that the
current forms of the NAAQS are not providing adequate protection to
sensitive ecosystems and crops (see Figure 2-3) (Driscoll et al. 2001a;
Mauzerall and Wang 2001).  Moreover, new research documenting the
economic importance of the functions and services supplied to society by
ecosystems (Daily 1997; Ecological Society of America [ESA] 1997a) sug-
gests that air pollution damage to ecosystems exacts economic as well as
environmental costs to the nation.  At the same time, air quality manage-
ment (AQM) and science are experiencing a shift in focus to problems
related to multistate (and by extension rural) air quality problems.5 Thus,
the nation’s AQM system may now be in a better position to tackle the
problem of air pollution damage to sensitive ecosystems and crops.  In the
CAA Amendments of 1990, Congress instructed EPA to undertake a com-
prehensive review of the need for and use of standards to protect public
welfare (42 USC § 7409 [1990]).  However, such a study was never under-
taken.  In Chapter 7, the committee advances more specific recommenda-
tions for improving the scientific basis for setting secondary standards by
strengthening the nation’s ability to monitor ecosystems and their exposure
and response to air pollution.

National Emission Standards Mandated by Congress to
Help Attain NAAQS

The general procedure for attainment of NAAQS is specified in the
CAA.  The process includes the monitoring of ambient air pollution con-
centrations, the designation of nonattainment areas on the basis of the data
from this monitoring, and the development of state implementation plans
(SIPs) to achieve the emission reductions necessary to bring areas into
attainment.6  However, Congress recognized that the states could not be
expected to achieve NAAQS for criteria pollutants on their own without
potential substantial economic disruptions.  In particular, it was recognized
that economies of scale could be realized through the promulgation of more

5Later in the report, a number of regional approaches to address these types of problems
are discussed.

6A detailed discussion of the SIP process and its implementation is provided in Chapter 3.
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FIGURE 2-3 Foliar injury to cotton induced by chronic exposure to ozone.
Chronic exposures consist of relatively low concentrations (for example, less than
40 parts per billion), with periodic, random, intermittent episodes or relatively high
ozone concentrations (for example, greater than 80 parts per billion) throughout
the plant growth season.  Symptoms of chronic injury include premature senes-
cence and purple pigmentation in the interveinal areas.  Photograph courtesy of P.J.
Temple (retired, U.S. Department of Agriculture Forest Service). SOURCE: Krupa
et al. 1998.

uniform national regulations for certain key sources of criteria pollutants.
To that end, the CAA includes a number of programs to reduce criteria
pollutant emissions from stationary and mobile sources.  As noted earlier,
these national controls have been implemented in large part by setting
specific emission standards within the act itself or, barring that, by provid-
ing specific instructions to the EPA administrator.  Detailed discussions of
the emission-control programs mandated in the CAA for mobile and sta-
tionary sources are presented in Chapters 4 and 5, respectively.
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Hazardous Air Pollutants

The CAA Amendments of 1970 required EPA to identify and list all air
pollutants (not already identified as criteria pollutants) that “may reason-
ably be anticipated to result in an increase in mortality or an increase in
serious irreversible or incapacitating reversible illness.”  For each pollutant
identified, EPA was to then promulgate national emission standards for
hazardous air pollutants (NESHAPs) at levels that would ensure the protec-
tion of public health with “an ample margin of safety” and to prevent any
significant and adverse environmental effects, which may reasonably be
anticipated, on wildlife, aquatic life, or other natural resources.  During the
1970s and 1980s, EPA began developing risk assessment methods neces-
sary to establish the scientific basis for regulating HAPs (EPA 2000a).
Despite advances in risk assessment methods gained through this work, the
chemical-by-chemical regulatory approach based solely on risk proved dif-
ficult.  Legal, scientific, and policy debates ensued over the risk assessment
methods and assumptions, how much health risk data are needed to justify
regulation, analyses of the costs to industry and benefits to human health
and the environment, and decisions about “how safe is safe” (EPA 2000a).
In the 20 years following enactment of the 1970 legislation, EPA identified
only eight pollutants as HAPs and regulated sources of seven of them
(asbestos, benzene, beryllium, inorganic arsenic, mercury, radionuclides,
and vinyl chloride) (NRC 1994).

With the CAA Amendments of 1990, Congress mandated a new ap-
proach. To expedite control of HAPs without explicit consideration of their
inherent toxicity and potential risk, Congress provided a list of 189 com-
pounds to be controlled by EPA as HAPs (see Appendix C).  The EPA
administrator was given the responsibility to review and amend the list of
regulated HAPs periodically as dictated by new scientific information.
However, since passage of the CAA Amendments of 1990, one compound
has been deleted from the list (caprolactam), the scope of chemicals covered
by glycol ethers was reduced, and no compound has been added to the list.7

Current Standard-Setting Procedure for HAPs

In contrast to criteria pollutants for which ambient concentration stan-
dards are used, the control of HAPs is based on an initial promulgation of
emission standards and a subsequent assessment of risk that remains after
implementation of these standards (the CAA defines this remaining risk
as the “residual risk”).  The standards are to be imposed on (1) all major

7On May 30, 2003, EPA proposed to remove the compound methyl ethyl ketone (MEK)
from the HAPs list, and on November 21, 2003, EPA proposed to remove ethylene glycol
monobutyl ether from the list.
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sources, which are defined as “any stationary source or group of stationary
sources located within a contiguous area and under common control that
emits or has the potential to emit . . . 10 tons per year or more of any
hazardous air pollutant or 25 tons per year or more of any combination of
hazardous air pollutants”; and (2) a sufficient number of area sources “to
ensure that area sources (excluding mobile sources) representing 90 percent
of the area source emissions of the 30 (or more) hazardous air pollutants
that present the greatest threat to public health in the largest number of
urban areas are subject to regulation.”  In the case of major sources, 174
different types of sources were identified as emitters of HAPs and targeted
for regulation by Congress.  In a separate portion of the CAA Amendments
of 1990 (Section 202), EPA was instructed to develop and promulgate
emission standards for vehicles and fuels “on those categories of emissions
that pose the greatest risk to human health . . . [and] at a minimum, apply
to emissions of benzene and formaldehyde.”

In the first regulatory phase of the program described in Section 112 of
the 1990 CAA Amendments for major and area sources, EPA was directed
to promulgate national technology-based emission standards for HAPs
using available control technologies or work practices. In this regard, the
CAA defined two types of emission standards for promulgation:

• Maximum achievable control technologies (MACTs) are emission
standards that achieve “the maximum degree of reduction in emissions of
the hazardous air pollutants . . . that the Administrator, taking into consid-
eration the cost of achieving such emission reduction, and any non-air
quality health and environmental impacts and energy requirements, deter-
mines is achievable.”

• Generally available control technologies (GACTs) are less stringent
emission standards based on the use of more standard technologies and
work practices.

Despite the use of the word “technologies” in those definitions, Congress
did not intend them to be technologically prescriptive.  They were intended
to be technology-neutral, performance-oriented standards that set a maxi-
mum allowable emission rate, based on the emissions obtained using MACT
or GACT, and that allowed the affected industries and facilities to choose
any combination of technologies and practices to achieve these perfor-
mance levels (EPA 2000a).8

Congress mandated that MACT be applied to all major stationary
sources of HAPs.  For area sources, the EPA administrator was directed to

8A more detailed discussion of the implementation of MACT and GACT controls and their
effectiveness as a promulgator of technology-neutral standards is presented in Chapter 5.
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select between MACT and GACT as deemed appropriate.  For HAPs with
a health threshold, EPA could consider the threshold with an ample margin
of safety in establishing the emission standard.  Congress further mandated
a 10-year schedule for the promulgation of MACT standards for major
sources, with certain standards being promulgated in the first 2 years, 25%
in the first 4 years, an additional 25% promulgated not later than the
seventh year, and the remaining 50% not later than the tenth year.  As of
February 2003, EPA had promulgated 79 MACT standards affecting 123
source categories (T. Clemons, EPA, Washington, DC, personal commun.,
March 31, 2003).  In addition, two standards regulating solid waste were
promulgated under Section 129 of the CAA Amendments of 1990.  In total,
over 100 HAPs fell under these regulations (EPA 2000a).  In May 2003,
EPA indicated that it expects to finalize all MACT standards by the time
that states will be required to set MACT limits on a facility-by-facility basis
according to Section 112(j), as amended (EPA 2003b). Clearly, the promul-
gation of MACT has proved to be a complex task for EPA and has occurred
more slowly than mandated by Congress.  This delay has given rise to
criticism of EPA by some environmental groups (for example, Williams
2003), as well as litigation (Sierra Club v. U.S. Environmental Protection
Agency, No. 02-1135, 2002 [DC Circuit]).

In the second regulatory phase of the HAPs program, EPA was in-
structed to conduct an assessment of and report on the residual risk due to
HAPs emitted from the regulated major and area sources discussed above.
Then, in the absence of any specific action by Congress for a 2-year period
following issuance of the report, the EPA administrator was to promul-
gate additional emission standards to “provide an ample margin of safety
to protect public health or to prevent, taking into consideration costs,
energy, safety, and other relevant factors, an adverse environmental ef-
fect.”  The promulgation of these additional emission standards was to
occur no later than 8 years after EPA’s initial promulgation of the tech-
nology-based standards.  Although no formal standard for acceptable
residual risk was mandated in the CAA Amendments of 1990, the act
cited an example of such a standard: the reduction of excess cancer risk
for the most exposed individuals to less than 1 in 1 million for a lifetime
of exposure to a particular HAP.

Because of the difficulties in assessing residual risk, completion of the
residual risk analysis and promulgation of additional emission controls
mandated in the CAA are still some years off.  The agency is proceeding to
investigate the residual risk that is likely to remain after attainment of the
MACT and GACT standards.  In 1999, EPA reported to Congress on its
progress in determining residual risk for cancer and non-cancer health
effects.  The report describes how EPA intends to calculate risk, what
standard it will apply (the 1 in 1 million as applied in the 1989 benzene
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NESHAP), and progress in furthering the understanding of the health ef-
fects of HAPs (EPA 1999b).  The 1990 CAA Amendments also called for a
number of special studies related to assessing risk resulting from exposure
to HAPs, including studies on emissions from electric utility-steam generat-
ing units and publicly owned treatment works.

In the case of area sources, the EPA administrator was directed to first
undertake a research program of monitoring and analysis to identify the
area sources of HAPs in representative urban locations.  On the basis of
the research, the administrator was to then propose a “comprehensive
strategy” to control the emissions of urban area sources that in the aggre-
gate accounted for at least 90% of the emissions of the 30 or more HAPs
that presented the greatest health risk in the largest number of urban
areas.  Congress further mandated that one specific goal of the strategy
was to be a 75% reduction in the incidence of cancers attributable to all
sources of HAPs.  The comprehensive strategy was to be completed within
5 years of the passage of the CAA Amendments of 1990 and implemented
“as expeditiously as practicable, assuring that all sources are in compli-
ance with all requirements not later than 9 years after the . . . enactment
of the” CAA Amendments of 1990.  To meet the requirements, EPA
developed the integrated urban air toxics strategy (EPA 2000b) and later
issued a notice in the Federal Register (67 Fed. Reg. 43112 [2002]) that
focused on 33 HAPs and listed 47 area sources that are or will be subject
to standards.  In developing the strategy, EPA attempted to address areas
of high exposure by characterizing exposure and risk as a function of
geography and demography as a means of selecting the highest priority
HAPs from among the 188.  Subsequently, EPA refined this approach by
conducting the National Air Toxics Assessment (NATA), which summa-
rizes the exposure and risk levels for each of the 33 highest priority HAPs
(a subset of 32 of the list of 188 plus diesel particulate matter) (EPA
2002e).  To better understand the sources and health risks associated with
HAPs, the strategy includes activities to expand HAPs monitoring, im-
prove emission inventories and national- and local-scale modeling, inves-
tigate health effects and exposures to HAPs in ambient and indoor air,
and improve assessment tools.

In Title II of the CAA Amendments of 1990, several actions were
included to reduce emissions of mobile-source HAPs.  The act required that
EPA implement, by January 1, 1995, a new reformulated gasoline (RFG)
program for O3 nonattainment areas that for the first time required caps on
a number of toxic and volatile constituents of gasoline, especially benzene.
In Section 202, the 1990 CAA Amendments also required the mobile-
source HAPs program to conduct a motor-vehicle-source HAPs study and
to promulgate regulations.  Implementation of this requirement is discussed
in Chapter 4.
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GOALS FOR MITIGATING VISIBILITY DEGRADATION

Most visibility impairment is caused by the presence of fine PM sus-
pended in the atmosphere; these particles scatter and absorb light and, in so
doing, reduce visibility (see Figure 2-4A and 2-4B).  Haze is a common
phenomenon in most parts of the United States.  Although most severe in
the East and California, hazy conditions are encountered episodically in
virtually all areas of the country, even those remote from major centers of
population and industrial development (see Figure 2-4C).  The affected
areas include many of the nation’s most beautiful national parks and wil-
derness areas.  Some visibility impairment is natural (for example, from
wind-blown dust or wildfires); however, much of it is caused by pollutant
emissions of particles and gases, such as SO2, that are converted into par-
ticles in the atmosphere.

In response to growing concerns about deteriorating visibility in our
nation’s recreational areas, the CAA Amendments of 1977 (Section 169A)
established a national goal of preventing and remedying visibility impair-
ment due to anthropogenic pollution in Class I areas, which include most
U.S. large parks and wilderness areas.  The CAA Amendments of 1990
provided additional emphasis on regional haze issues.  In 1999, EPA pro-
mulgated a Regional Haze Rule, which established a 65-year program to
return 156 national parks and wilderness areas to their natural visibility
conditions.  To accomplish that, anthropogenic emissions in the United
States would have to be reduced until visibility in all Class I areas is not
noticeably poorer than that under natural conditions.  The EPA rule estab-
lishes “reasonable-progress” goals that are based on a uniform rate of
visibility improvement between baseline conditions (measured from 2000
to 2004) and natural visibility conditions to be achieved by 2064.9 SIPs
outlining plans for achieving visibility goals are due no later than 2008, and
these plans are to be updated every 10 years thereafter to ensure that rea-
sonable progress has been achieved.

STANDARDS FOR MITIGATING EFFECTS OF ACID RAIN

“Acid rain” (also known as acid deposition) refers to the wet and dry
deposition of acidic compounds to the earth’s surface that can have delete-
rious effects on ecosystems and materials (see Figure 2-5).  In the United
States, most of the harmful acidity is in the form of sulfuric and nitric acids,
which are produced in the atmosphere from the chemical conversion of SO2
and NOx.  SO2 enters the atmosphere primarily via the combustion of
sulfur-containing fossil fuel largely in coal-fired power plants.  NOx enters

9Implementation of the EPA residual haze rule is discussed in Chapter 3.
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FIGURE 2-4 The impact of haze on visibility. (A) Good air quality contrasted
with (B) poor air quality in Big Bend National Park. SOURCE: NPS 2002a,b,c.
(C) Standard visual range for the period 1996–1998 in units of kilometers.
SOURCE: VIEWS 2003.
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the atmosphere primarily via high temperature combustion of coal, oil, and
gas in power plants and of gasoline and diesel fuels in automobiles and
trucks.  Because it typically takes days to weeks for atmospheric SO2 and
NOx to be converted to acids and deposited to the earth’s surface, acid
deposition occurs on a multistate scale hundreds (if not thousands) of miles
away from its sources.

Controls on Acid Rain Precursors before the CAA Amendments of 1990

The establishment of NAAQS for SO2 and NO2 as a result of the CAA
Amendments of 1970 marked the beginning of a nationwide program to
control their emissions.  (In addition to the NAAQS, EPA, pursuant to the
1970 CAA Amendments, imposed a new-source performance standard
(NSPS) of a maximum of 1.2 pounds (lb) of SO2 per million British thermal
units (Btu) generated for all new power plants.)  However, the initial re-
sponse to the establishment of NAAQS for SO2 and NO2 did not necessar-
ily result in a reduction of their emissions from stationary sources.  It was
generally found that the most cost effective method to limit the contribu-
tion of stationary-source emissions of SO2 and NO2 to local nonattainment
events was to install tall stacks, which dispersed the emissions and thereby

FIGURE 2-5 Anthropogenic sources and natural sources contribute emissions that
result in the deposition of acidic compounds.  SOURCE: EPA 1999c.
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eliminated local areas of elevated concentrations in the immediate vicinity
of the facility.  As a result, 429 tall stacks, many over 500 feet tall, were
constructed on coal-fired boilers in the electricity industry during the 1970s
(Regens and Rycroft 1988), and, by 1980, the vast majority of urban areas
in the United States were in attainment of the NAAQS for SO2 and NO2.
However, the use of tall stacks had an unintended consequence: by facilitat-
ing the long-distance transport of SO2 and NO2 and their conversion to
sulfuric and nitric acids before deposition, the installation of tall stacks
exacerbated the acid rain problem.

The CAA Amendments of 1977 required EPA to address new coal
utility plants (those built after 1978).  EPA promulgated a standard allow-
ing new plants to either (1) remove 90% of potential SO2 emissions (as
determined by the sulfur content of the fuel burned) and operate with an
emission rate below 1.2 lb of SO2 per million Btu, or (2) remove 70% of
potential SO2 emissions and operate with an emission rate less than 0.6 lb
of SO2 per 1 million Btu.  (The 1977 Amendments also prohibited using tall
stacks to comply with emission standards.)  The percent-reduction require-
ment effectively forced all new coal plants to operate with flue gas desulfu-
rization.  It also substantially reduced the advantage of using low-sulfur
coal as a means of compliance, because a facility using low-sulfur coal
would still be required to remove at least 70% of the potential emissions.
Because coal in the western United States has lower sulfur, the statute had
the effect of imposing a more stringent emission cap on new sources in the
West than in the East, perhaps to help prevent significant deterioration of
existing air quality in the West.

 As a result of the aforementioned emission standards, U.S. SO2 emis-
sions peaked in the early 1970s and declined steadily throughout the re-
mainder of the 1970s and early 1980s (see Figure 2-6).  By 1985, SO2
emissions nationwide had declined by about 25% from the peak emissions
of the 1970s.  However, after 1985, the NSPS lost its ability to affect
further SO2 emission reductions.  The change seems to have been caused by
the focus of the statutes on new generating plants, which had two signifi-
cant effects: (1) it created a significant gap between the SO2 emissions of
older plants and those permitted for new plants; and (2) it raised the costs
of new plants and thus created an economic incentive for keeping old plants
on line beyond their original design lifetimes.  As a result, it became increas-
ingly common to keep older plants on line through lifetime extension
projects. By 1985, 83% of power-plant SO2 emissions in the United States
came from generating plants not meeting the 1971 NSPS, and SO2 emis-
sions in the United States were relatively stable (Ellerman et al. 2000).

In contrast to SO2 emissions, NOx emissions in the United States re-
mained fairly flat over the 1970s and 1980s (see Figure 2-6). The emissions
peaked in the late 1970s and decreased somewhat over the next 5 years as
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FIGURE 2-6 Trends in nationwide SO2 and NO2 emissions by year since 1940.
In 2003, EPA revised some of its emission estimates for the years 1970 and later
(see EPA [2003r] for the revised profiles).  SOURCE: EPA 2000c.
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a result of the imposition of NOx emission standards on new motor vehicles
(see Chapter 4) and then inched upward for the remainder of the 1980s.

Acid Rain Goals Set by the CAA Amendments of 1990

Acid rain gradually emerged as a serious environmental concern in the
late 1970s.  A growing body of scientific evidence had accumulated that
documented the deleterious impacts of acid rain on ecosystems, aquatic life,
and property, particularly in regions where soils are acidic, such as eastern
Canada and the northeastern United States.  Pressure for remedial action
began to build from environmental groups and officials from the northeast-
ern states most affected by acid rain.  The Canadian government also began
to pressure the United States, claiming that its ecosystems were being dam-
aged from the transport of acid rain precursors from the United States.

In response, Congress created the National Acid Precipitation Assess-
ment Program (NAPAP) in 1980 to study the impacts of acid deposition,
recommend if emission controls were needed to mitigate these impacts and, if
so, the magnitude of the emission reductions needed (see Box 2-1).  Ten years

BOX 2-1  The Role of NAPAP in Shaping the Acid Rain
Provision of the CAA Amendments of 1990

The National Acid Precipitation Assessment Program (NAPAP) was estab-
lished by Congress to study the impacts of acid deposition, recommend if emis-
sion controls were needed to mitigate these impacts, and, if so, the magnitude of
the emissions reductions needed.

A major endeavor of NAPAP was the development of the regional acid deposi-
tion model (RADM) (Chang et al. 1987), a state-of-the-science 3-dimensional grid
model capable of simulating the physical and chemical processes leading to the
formation and deposition of acidic speciesa (NAPAP, 1991a).  Model development
started in 1983 and its application was completed in the early 1990s.  The model
(together with similar tools like the ADOM model developed for Canada) provided
important insights into the source-receptor relationships of the acid deposition
problem in the United States.  However, these modeling exercises (together with
the rest of the synthesis of the acid deposition research) came to fruition very
close to the time of the completion of the CAA Amendments of 1990 and appear to
have played a minor role in the development of the acid rain provisions in the 1990
Amendments.  Instead it appears that a complex set of technological, legal, and
political considerations played the most critical roles in shaping the emission tar-
gets for the acid rain program in the 1990 Amendments. These other consider-
ations included the technological and economic feasibility of reducing emissions
as well as the need to reach consensus on a regionally and politically divisive
issue.

aA discussion of air quality models is presented in Chapter 3.
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later, in Title IV of the CAA Amendments of 1990, Congress enacted specific
legislation to mitigate the adverse effects of acid rain as well as to “encourage
energy conservation, use of renewable and clean alternative technologies, and
pollution prevention as a long-range strategy . . . for reducing air pollution
and other adverse impacts of energy production and use.”

The legislation in Title IV represented a significant departure from the
regulatory approaches prescribed by Congress for criteria pollutants and
HAPs. Instead of directing the EPA administrator to set standards to pro-
tect human health and welfare, Congress imposed their own standards—
standards that, as noted in Box 2-1, were influenced to some extent by
scientific understanding of the effects of acid rain but also by nontechnical
economic and political considerations.  The standards prescribed by Con-
gress were aimed at the emissions of SO2 and NOx from electric utilities and
were designed to bring about significant reductions in these emissions na-
tionwide.  Electric utilities were targeted because they were estimated to
contribute two-thirds of all SO2 emissions and one-third of NOx emissions
(EPA 1999c).

Because the scientific evidence suggested that SO2 emissions made the
largest contribution to acid rain (NAPAP 1991a), the most aggressive con-
trol program in Title IV was aimed at SO2 emissions.  Specifically, SO2
emissions from electric utilities nationwide were capped at an amount that
would require a decrease in total emissions by 2010 of 10 million tons (or
about 50%) relative to emission levels of 1980.  Instead of imposing a
technological or emissions-based standard on power-generating facilities,
Congress specified that the emission reductions were to be achieved through
a market-based mechanism; specifically in this case, a cap-and-trade pro-
gram.  A smaller and more traditional program for reducing NOx emissions
was also enacted.  This program involved a two-phase strategy to reduce
NOx emissions from coal-fired electric utility plants by over 400,000 tons
per year between 1996 and 1999 (Phase I) and by approximately 1.17
million tons per year beginning in year 2000 (Phase II).  To accomplish
these reductions, Congress imposed emission standards on power plants;
standards varied depending upon the type of facility.  Language was also
included to allow a state or group of states to petition the EPA administra-
tor to use a cap-and-trade program instead of emission standards to meet
Congress’s NOx reductions goals.  A more detailed discussion of the SO2
and NOx acid-rain emission-control programs and their implementation
can be found in Chapter 5.

Environmental Justice as an Air Quality Goal

Environmental justice has been defined by EPA as the “fair treatment
for people of all races, cultures, and incomes, regarding development of
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environmental laws, regulations and policies” (EPA 2003c).  In practice,
environmental justice issues have been concerned with the adverse health
and economic effects of environmental hazards when disproportionately
suffered by minority and low-income communities.  Historically, Title VI of
the Civil Rights Act of 1964 has been the primary instrument available to
these communities to redress and ameliorate environmental injustices.  Be-
cause this act specifically forbids funding recipients, such as state agencies,
from using criteria or administrative methods that have the effect of sub-
jecting individuals to discrimination on the grounds of race, color, or na-
tional origin, relief can be obtained in principle by alleging discriminatory
environmental and health effects that have resulted from environmental
permits issued by state agencies that receive federal funds.

The CAA and its amendments make no direct or specific reference to
environmental justice.  However, there are clearly environmental justice
issues that can arise in the implementation of its many provisions.  For
example, trading programs, if not carefully designed (see Chapter 5), could
result in hot spots10 that might disproportionately affect minority and other
low-income communities (Solomon and Lee 2000 and references therein).
In addition, the highest ambient air pollution concentrations are most often
found in densely populated urban centers, where the highest proportion of
minority and other low-income populations are also found, resulting in a
disproportionate burden of effects (NRC 2003b).  Finally, recent health
studies have suggested that people with lower socioeconomic status are
more likely to suffer premature mortality from exposure to air pollution
than higher-income populations (Krewski et al. 2000a,b).  A number of
studies have been conducted that show, with varying degrees of uncer-
tainty, that a correlation exists between race, income level, and a dispro-
portionate exposure to environmental toxicants (Brown 1995; Goldman
1994; Perlin et al. 2001; Sexton et al. 1993; Zimmerman 1993; Gwynn and
Thurston 2001).

In response to the aforementioned concerns, EPA established the Office
of Environmental Justice in 1992 to integrate environmental justice into
EPA’s policies, programs, and activities.  In February 1994, the President of
the United States issued Executive Order 12898 on environmental justice.
That order was designed to focus federal attention on the environmental

10Hot spots are locales where pollutant concentrations are substantially higher than con-
centrations indicated by ambient outdoor monitors located in adjacent or surrounding areas.
Hot spots can occur in indoor areas (for example, public buildings, schools, homes, and
factories), inside vehicles (for example, cars, buses, and airplanes), and outdoor microenvi-
ronments (for example, a busy intersection, a tunnel, a depressed roadway canyon, toll pla-
zas, truck terminals, airport aprons, or nearby one or many stationary sources). The pollutant
concentrations within hot spots can vary over time depending on various factors including the
emission rates, activity levels of contributing sources, and meteorological conditions.
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and health conditions of minority communities and low-income communi-
ties.  It also called on federal agencies to make environmental justice a part
of their missions and to develop an environmental justice strategy.  An
Interagency Working Group on Environmental Justice (IWG) was estab-
lished to implement the order, and the EPA administrator was designated to
serve as the convener of the IWG. Thus, the assurance of environmental
justice has become a general goal of the nation’s AQM system. It remains to
be seen how this goal will ultimately affect environmental policy and to
what extent improved scientific tools and enhanced monitoring can be used
to aid in this effort.

THE SCIENTIFIC BASIS FOR SETTING STANDARDS

The CAA directs the EPA administrator to set primary NAAQS to
protect human health with “an adequate margin of safety,” and to set
secondary NAAQS to “protect the public welfare from any known or an-
ticipated adverse effects associated with” a criteria pollutant.  It similarly
directs the EPA administrator to set emission standards for HAPs on the
basis of an assessment of the residual risk they pose following implementa-
tion of MACT and GACT.  To do that, the administrator must have reliable
and quantitative information on how human health and welfare outcomes
are affected by varying concentrations of air pollutants.  This information is
typically expressed in terms of a dose-response relationship, which relates
an undesirable health or welfare outcome to the concentration of a pollut-
ant and the level of exposure to a pollutant over some specified period of
time.  Schematic illustrations of such dose-response relationships are pre-
sented in Figure 2-7.  In this section, we discuss the scientific basis for
establishing these relationships in the cases of human health and ecosystem
effects.

Health Effects Studies

The effects data used to set health-related standards and goals (such as
the primary NAAQS) are generated typically from two types of studies: (1)
experimental or toxicological, and (2) observational or epidemiological.
Experimental or toxicological studies involve either direct measurements of
the effects of pollutants on health outcomes of human or animal subjects
(see Figure 2-8 and Figure 2-9) or in vitro experiments in which the effects
of pollutants on specific human or animal cells are examined.

In general, observational or epidemiological studies examine statistical
relationships between the actual exposure of a population to a pollutant
and some measure of adverse health effects in the population (for example,
emergency room visits for asthma attacks or morbidity) over that same time
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Threshold 
 

Non-Threshold 
 

FIGURE 2-7 Schematic illustrating dose-response relationships between pollutant
exposure and (A) human health effects and (B) crop or vegetation effects. In A, two
types of dose-response relationships are illustrated: the upper one with no thresh-
old for an adverse effect and the lower one with a threshold. In B, the different lines
are to indicate that the response to pollutants typically varies substantially among
plant species or among varieties within a given species. Dose-response relationships
for health effects are usually plotted with risk increasing with increasing dose, but
dose-response relationships for welfare effects are often plotted in terms of a dimin-
ishing return as a function of exposure.
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FIGURE 2-8 Exercising volunteer being exposed to ultrafine particles and moni-
tored for health response. SOURCE: HEI 2000. Reprinted with permission; copy-
right 2000, Health Effects Institute.
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period.  Population exposure is in turn estimated from observations of
pollutant concentrations and, in some cases, information on activity pat-
terns within the population.  To estimate the public health impact at any
given level of exposure, relationships are derived from these studies.

In addition to observations of the concentration of the pollutant of
interest, epidemiological studies require data on many other parameters
that can affect health—such as meteorological condition and the concentra-
tions of other pollutants—so that the influence of these potentially con-
founding influences on health outcomes can be accounted for.  As noted in
Chapter 1, identifying and quantifying the health impact of a specific pol-
lutant is a challenging task and typically requires the use of large sample
sizes and sophisticated statistical methods.

 Each approach has its advantages and disadvantages.  A major advan-
tage of the toxicological approach is that, because the experiments can be
carried out under controlled conditions, a much stronger cause-and-effect
link exists between the administered exposure and the observed health
effect.  For this reason, experimental studies are often considered more
convincing than those based on epidemiological data.  Moreover, labora-
tory experiments provide an opportunity through ancillary observations to
elucidate the physiological mechanism that results in the adverse health
effect. However, the experimental approach has drawbacks. In addition
to ethical questions that might be raised, there are a number of potential

FIGURE 2-9 Evidence of health impact of ozone on human respiratory system
based on an experimental study involving human subjects. (a) A healthy lung air-
way, and (b) the constricted opening of a lung airway inflamed from exposure to
ozone. SOURCE: EPA 1999d.

a b
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technical difficulties.  For example, experimental conditions might not rep-
licate the actual conditions in which population exposures occur (for ex-
ample, meteorological conditions, mixtures of pollutants, or human activi-
ties).  Further, animal experimental studies might not be relevant to humans,
and human experimental studies typically have been unable, for ethical
reasons, to include the frailest subgroups of the population that are sus-
pected to be the most sensitive to air pollution effects.  In contrast, epide-
miological studies apply to the specific conditions and activities that exist at
the time of exposure.  Moreover, epidemiological studies are able to focus
on specific segments of the population in terms of either physical condition
(for example, elderly or people with asthma) or social condition (for ex-
ample, the economically disadvantaged persons or those living near hot
spots).  Epidemiological studies have more difficulty characterizing the
exposures of individual members of the population and distinguishing the
effects of air pollution from a variety of other environmental, societal, and
economic factors that can also affect health (for example, smoking behav-
ior or socioeconomic status).  Because epidemiological studies rely on ambi-
ent monitoring data, it must be assumed that the monitored pollutant
concentrations actually reflect population exposure to the pollutant or pol-
lutants.  That assumption is not necessarily accurate and may explain the
apparent inconsistencies in the findings of observational studies where one
pollutant appears to have a stronger association with adverse health effects
in one setting, but a different pollutant, or set of pollutants, is more strongly
associated with effects in another setting (Samet et al. 2000).

In an attempt to address the limitations of the experimental and obser-
vational approaches, a hybrid approach involving the use of personal-expo-
sure monitors has received increased attention in recent years.  A personal-
exposure monitor is essentially a miniaturized and automated air quality
monitor that a person can carry during the course of his or her daily
activities (see Figure 2-10).  In this approach, selected members of a popu-
lation are given personal exposure monitors to develop a quantitative record
of their actual exposure to air pollutants and, at the same time, are carefully
monitored for signs of any related adverse health effects.  Because the ap-
proach includes clinical measurements of affected individuals, it (like the
more standard experimental approach) has the potential to elucidate the
specific physiological mechanisms that result in adverse health effects from
air pollution.  On the other hand, it does not have the disadvantage of the
standard experimental approach of not being able to replicate the actual
conditions under which the exposure occurs. In that regard, the use of
personal-exposure monitors is even superior to the observational or epide-
miological method, which must infer personal exposure from ambient mea-
surements and personal-activity data.  However, a major disadvantage is
that only a small segment of the population can be studied at any one time.
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The monitors also can seldom be used by themselves to determine the
ambient contribution to personal exposure.

Studies of Air Pollution Effects on Ecosystems

Standards and goals (such as the secondary NAAQS) designed to pro-
tect ecosystems are primarily based on four types of studies: (1) laboratory
chamber studies, in which specific types of soil and vegetation are exposed
to pollutants in greenhouses or carefully controlled (but artificial) environ-
mental chambers (see Figure 2-11); (2) field studies, in which effects of air
pollutants on ecosystems and the biotic components of these are monitored;
(3) field studies, where a portion (for example, forest plot and stream reach)

FIGURE 2-10 Volunteer wearing a personal exposure monitor to measure actual
exposures to PM and gases during daily activities. SOURCE: HEI 2000. Reprinted
with permission; copyright 2000, Health Effects Institute.
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of or entire (for example, lake and watershed) in situ ecosystems have been
exposed to varying levels of acidity to demonstrate the effects of acidity in
the otherwise natural environment (Hall et al. 1980; Schlinder et al. 1985;
Hedin et al. 1990; Driscoll et al. 1996; Norton et al. 1994); and (4) hybrid
studies, in which chamber experiments are conducted in the field using
filters to scrub pollutants, such as O3 so that exposure concentrations are
less than those at ambient conditions, or pollutant concentrations are in-
creased above ambient concentrations (see Figure 2-12).  The first two
approaches suffer from many of the same shortcomings discussed above for
toxicological and epidemiological studies of effects on humans. Controlled
experiments have the advantage of helping to establish cause-and-effect
relationships.  However, it may be difficult to relate these experiments to
field conditions.  Field measurements have the advantage of being represen-
tative of field conditions, but biotic response under field conditions is the
integrated response of all stresses an organism is exposed to, air pollution
being only one.  Under field conditions, it is difficult to establish a cause-
and-effect relationship.   A significant shortcoming of these approaches is
that they are limited to studying the effects experienced by a small number
of species of organisms over a relatively short period of time.  Although
often adequate for agricultural crops, which are usually grown as isolated
cultivars over one growing season, these approaches are not adequate for

FIGURE 2-11 Four-chamber greenhouse-based exposure system constructed to
study effects of elevated CO2 on plants. SOURCE: Photograph courtesy of Alberta
Research Council Inc., Vegreville, Alberta, Canada.
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unmanaged ecosystems filled with a multitude of species, some of which
have life cycles that span decades.  These approaches also fail to address the
indirect effects of air pollution on, for example, soils and aquatic ecosys-
tems.  As a result, the effects of pollutants on specific agricultural crops are
generally better defined than the long-term effects of pollutants on un-
managed ecosystems, such as forests, grasslands, wetlands, lakes, and estu-
aries.  One potential technique that might be useful for examining long-
term effects of air pollutants on intact ecosystems has thus far been applied
to studies of the long-term ecological effects of increased atmospheric car-
bon dioxide (CO2) and is referred to as free air CO2 enrichment (FACE)
studies.  In a FACE facility, scientists can increase the concentration of a
trace gas, such as CO2, in a controlled way in the air surrounding an intact
ecosystem and measure plant and soil responses to the altered conditions
over years to decades in accordance with the long life span of trees (see
Figure 2-13 and Delucia et al. 1999). The FACE systems are not without
fault but offer an alternative approach to enable long-term experimental
exposure to air pollutants and evaluation of effects on whole ecosystems
and their components under otherwise natural environmental conditions.

FIGURE 2-12 Studies in open-top field chambers have shown the response of
plants to ambient levels of O3. Plants grown in chambers receiving air filtered with
activated charcoal to reduce O3 concentrations, do not develop symptoms that
occur on plants grown in nonfiltered air at ambient O3 concentrations. SOURCE:
USDA-ARS 1998.
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The hybrid approach of integrating these types of studies has the ad-
vantage of investigating effects of air pollution under general conditions
that closely approximate those in the real world, but also allowing investi-
gators to carefully regulate the pollutant exposures experienced by the
ecosystem being studied.  This hybrid approach might include long-term
measurements of air pollutants and their changes, associated ecosystem
response to these changes, and coupled integrated experiments and model
applications.  An example of a site where this hybrid approach has been
implemented is at the Hubbard Brook Experimental Forest in New Hamp-
shire.  At Hubbard Brook, long-term measurements of atmospheric deposi-
tion have been made (Likens and Bormann 1995).  Associated with these
measurements are long-term studies of soil, vegetation, and stream response
to changes in atmospheric deposition (Likens et al. 1996; Driscoll et al.
2001a).  These long-term measurements have been supported by integrated
field experiments involving forest plots (Christ et al. 1999), streams (Hall
et al. 1980; Hedin et al. 1990), and whole watershed manipulations and

 

FIGURE 2-13 Free air CO2 Experiment (FACE) is used to elucidate forest ecosys-
tem responses to elevated CO2.  A similar type of experimental approach could be
used to better understand the long-term ecological effects of elevated pollutant
concentrations. SOURCE: DOE 2001.
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model development and application (Gbondo-Tugbawa et al. 2001; Gbondo-
Tugbawa and Driscoll 2002, 2003).

Scientific Basis for Setting Standards for the
Nation’s Air Quality Management

Need for Additional Strategic Planning of Research That
Underpins Health-Based Standards

At this time and most likely for the foreseeable future, no one single
definitive method exists for establishing the dose-response relationships
needed for setting health-based air quality standards.  For that reason,
standards and goals have been and should continue to be established
using a combination of data from toxicological and epidemiological stud-
ies.  A key question is whether there is an optimal mix of these studies that
should be used to determine standards.  In the past, the mix used by EPA
has varied widely among the different criteria pollutants.  Moreover, al-
though EPA has normally identified a set of research priorities to fill key
gaps at the end of each NAAQS review, those priorities have not explicitly
defined the mix of toxicological and epidemiological data needed to es-
tablish pollutant standards and goals; nor have they, until recently, been
part of a strategic research plan to develop such a consistent mix.  For
example, a large body of both animal and human experimental evidence
on O3 is available, and as a result, the O3 NAAQS has been set with a
great reliance on experimental data.  For PM, on the other hand, direct
human effects studies are scarce, and the bulk of the scientific evidence
used to develop the PM NAAQS in 1997 came from epidemiological
studies using mostly PM10 data from atmospheric monitoring.  This pre-
sents a series of challenges—most notably because PM10 is a complex
mixture and because toxicological information on the relative toxicities of
its different components is sparse.  As a result, in 1997 Congress appro-
priated funds for a major new PM research initiative, and directed EPA to
work with the National Research Council to develop the first multiyear
strategic research priorities for NAAQS research.  In 1998, that commit-
tee identified 10 key priorities (NRC 1998b).  Since that time, EPA has
been investing substantial funds in implementing them, and the NRC com-
mittee is currently completing its evaluation of the program.  Although EPA
has begun developing similar strategies for other pollutants, no similarly
comprehensive effort has been initiated to date.

Beyond the need to improve the science base for setting standards, there
is also a need to improve how research results are summarized and synthe-
sized in criteria documents. Criteria documents are designed to be compre-
hensive and have therefore become a useful but extensive catalogue of all
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recent research.  A more systematic approach is needed to ensure that the
criteria document includes all potentially relevant findings in the scientific
review, identifies in an objective fashion the most valuable studies for as-
sessing effects and setting standards, and does not overly emphasize find-
ings of some studies without adequate consideration of their limitations.

Accounting for Lack of Thresholds for Health Effects
of Some Criteria Pollutants

Several recent epidemiological studies have introduced a new complica-
tion into the health-based standard-setting process. These studies suggest that
there is no threshold concentration for O3 (EPA/SAB, 1995), Pb (Canfield et
al. 2003; Selevan et al. 2003), and PM (EPA 2002f) below which no observ-
able health effects occur in the population (for example, see Figure 2-14).
Although the validity of these findings still needs to be confirmed by addi-
tional research (EPA 2002f), the possibility that concentration thresholds
may not exist for some pollutants raises serious questions about the technical
feasibility of setting primary NAAQS that are consistent with the language in
the CAA.  In it, the EPA administrator is required to set primary NAAQS to
protect public health with “an adequate margin of safety.”  Implicit in this

FIGURE 2-14 Concentration-response estimation from the reanalysis of the Pope/
American Cancer Society Study on cardiopulmonary disease mortality (excluding
Boise, Idaho).  Each dot represents the risk of mortality for one of the cities studied as
compared with the risk for a city at the mean PM concentration. (The risk is shown
on the y axis as standardized residual where larger positive values indicate greater
risk.)  Note that the relative risk continues to decline even when annual average levels
of fine particles (PM2.5) are reduced to below the current NAAQS.  SOURCE: Krew-
ski et al. 2000a. Reprinted with permission; copyright 2000, Health Effects Institute.
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instruction is the assumption that a NAAQS can be formulated by specifying
a particular concentration below which the public health is protected from an
adverse health effect of a pollutant.  If a threshold does not exist, however,
there might be no concentration below which the most susceptible members
of the population are protected, raising the challenge for the administrator of
how to arrive at an “adequate” margin of safety.

A variety of alternative approaches that would better reflect the ob-
served dose-response relationships could be considered for pollutants
without thresholds.  One example would be the use of a “cumulative”
form of the standard in which risk increases with concentrations accumu-
lated over a period of time, and the standard would be set at some allow-
able level of risk.  However, this approach would present problems.  It
would require incorporation of the concept of acceptable risk into the
NAAQS-setting procedure, a controversial issue in its own right.  It would
also require accurate quantitative estimates of the nature and extent of
adverse health affects in sensitive populations, and the models upon which
such estimates might be based are currently clouded in considerable scien-
tific uncertainty.

Static List of Hazardous Air Pollutants

At the national level, toxic air pollutants are controlled when they are
listed as hazardous air pollutants (HAPs), but the list of chemicals that fall
under this regulatory regime has remained virtually unchanged since it was
first developed in the CAA Amendments of 1990.  That is the case despite
the statute’s directing the administrator to review the list periodically, to
add a substance when it “is known to cause or may reasonably be antici-
pated to cause any adverse effects to human health or adverse environmen-
tal effects,” and to delete a substance from the list when it “may not
reasonably be anticipated to cause any adverse effects to human health or
adverse environmental effects.”  At this time, no formal process seems to
have been established at EPA for routinely reviewing the list of HAPs.  In
fact, EPA has encountered resistance—in the form of extensive regulatory
debates, conflicting scientific evidence, lawsuits, and political pressure—
when trying to add substances or remove them from the list. (One example
is the recent debate over the potential removal of methanol from the list.)

The static nature of the HAPs list is problematic. In the United States, it
is estimated that approximately 300 new chemicals are introduced into the
environment each year by industry,11 and yet not a single new air toxic has

11This information was obtained from the Notice of Commencement Database maintained
by the inventory section in EPA’s Office of Pollution Prevention and Toxics.
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been added to the list in more than a decade. The Toxic Substances Control
Act (P.L. 94-469) is intended to require chemical testing and, if necessary,
impose controls on new chemicals that are manufactured or imported.
However, implementation of this act has been difficult, and an analysis by
EPA showed that for even those chemicals produced or imported at over 1
million pounds per year, only 7% had a full set of basic toxicity informa-
tion (EPA 1998a).

 There are two consequences of potential concern: (1) it is possible that
the public health and welfare is not being adequately protected from all
HAPs; indeed, without a formal procedure for reviewing the list of HAPs
and assessing the risks associated with unregulated HAPs, it is difficult to
assess the level of danger associated with this possibility; and (2) by leaving
some harmful toxicants off the list of HAPs, the overall risks and costs to
society of exposure to HAPs are probably underestimated.  For example,
although it is difficult to quantify the precise cancer risk from exposure to
diesel exhaust (HEI 1999), some efforts to include diesel exhaust in esti-
mates of cancer risk from exposure to HAPs have resulted in substantial
increases in the overall estimates of risk (SCAQMD 2000).

Another problem with the current HAPs framework is that chemicals
that do not meet the evidentiary threshold for regulatory action and that
have only suggestive evidence of adverse health or environmental effects are
not addressed by the federal regulatory system, and the resources needed to
better quantify the risks of these chemicals are often not available.  As an
example, consider polybrominated diphenylethers (PBDEs). These com-
pounds, widely used as flame retardants, have been found in dust emanat-
ing from old furniture and manufacturing facilities (Hermanson et al. 2003)
and are now accumulating in the environment (Hale et al. 2001a,b; Ikino-
mou et al. 2002). PBDEs are structurally similar to polychlorinated biphe-
nyls, which are regulated by EPA, and could elicit similar toxic effects
(Hooper and McDonald 2000; Eriksson et al. 2001; McDonald 2002).
Moreover, the concentrations of PBDEs in human tissue in the United
States are on the rise (Mazdai et al. 2003; Schecter et al. 2003). However,
because the toxicology of PBDEs is not well-documented, these compounds
are unregulated air pollutants at the federal level in the United States.

In Chapter 7, suggestions are put forward for addressing many of the
problems related to HAPs described above.

Need for a Coordinated Strategic Program to Assess Ecosystem Effects

The nation has not had a continued strategic approach for conducting
the research needed to characterize and understand the effects of air pollu-
tion on ecosystems, and that has made it extremely challenging to establish
appropriate standards to protect ecosystems.  Indeed, for the most part,
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EPA has opted not to set unique secondary NAAQS for criteria pollutants.
However, as noted earlier, there is growing evidence that tighter standards
to protect sensitive ecosystems in the United States are needed, and an
enhanced program of research on air pollution impacts on ecosystems is
needed.

 The development of a quantitative understanding of how air pollut-
ants affect ecosystems is going to require the design and implementation of
a substantially enhanced research strategy—one that monitors pollutants,
as well as ecosystem structure and function, in a comprehensive and holistic
way.  A more detailed discussion of the monitoring networks that are in
place and that would be needed to support such a research strategy is pro-
vided in Chapter 6.

Need for Alternative Forms of Air Quality Standards
to Protect Ecosystems

The CAA currently directs the administrator to protect ecosystems
from criteria pollutants through the promulgation and enforcement of
ambient-concentration-based standards (that is, the secondary NAAQS).
However, concentration-based standards are inappropriate for some re-
sources at risk from air pollutants, including soils, groundwaters, surface
waters, and coastal ecosystems.  For such resources, a deposition-based
standard would be more appropriate.  One approach for establishing such
a deposition-based standard is through the use of so-called “critical loads.”
As described in Box 2-2, this approach has been adopted to protect ecosys-
tems from acid rain by the European Union with some success.

Limitations of Establishing Standards for One Pollutant at a Time

The CAA directs the EPA administrator to establish air quality stan-
dards for individual criteria pollutants and HAPs in isolation from other
pollutants.  That approach has contributed to the development of an AQM
system in the United States that tends to focus on only one pollutant at a
time, probably introduces inefficiencies into the pollution control program,
and might even give rise to unintended consequences.  Many air pollutants
have common sources, and multipollutant strategies that take advantage of
these common sources probably can achieve economies of scale that control
strategies that target one pollutant at a time cannot.  Moreover, pollutants
can also be connected by similar precursors or chemical reactions once in
the atmosphere.  Thus, control strategies that target one pollutant may
affect others, perhaps in unintended ways.

 Because the standard-setting procedure for criteria pollutants and
HAPs has also largely focused on individual pollutant effects, most health
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BOX 2-2 Critical Loads:
Europe’s Approach to Setting Acid Rain Goals

Critical loads came to the forefront in air quality policy development as part of
the United Nations Economic Commission for Europe (UNECE) Convention on
Long-Range Transboundary Air Pollution (LRTAP). LRTAP was signed in 1979
and entered into force in 1983; critical loads were adopted in 1988 as part of the
protocol development process. Critical loads are scientifically determined esti-
mates of the maximum long-term exposure to pollution that an ecosystem can
withstand without significant harmful effects (Grennfelt and Nilsson 1988).  Defin-
ing a critical load requires the integration of data on an ecosystem’s soil type, land
use, geology, rainfall, and other characteristics to classify its sensitivity to deposi-
tion of a pollutant or combination of pollutants.  Initial efforts in Europe focused on
sulfur deposition but have been expanded to include nitrogen and more recently
heavy metals and persistent organic pollutants (POPs).

Three approaches have been used to calculate critical loads: (1) empirical, (2)
mass-balance based, and (3) dynamic modeling.  The empirical approach uses
empirical relationships developed from experimental studies and field observa-
tions of soil and water chemistry across pollution gradients.  The mass-balance
approach involves calculations to determine an ecosystem’s ability to neutralize
inputs of acidity.  These calculations assume that ecosystems are at steady-state
conditions and that soil chemical pools do not evolve in response to changes in
atmospheric deposition. Dynamic models take the mass-balance approach a step
further by assessing the time-dependent response to changes in deposition
(Jefferies 1997; Jenkins et al. 1998).  Although the mass-balance approach is
limited by the steady-state assumption, it requires far less information than dynamic
models and has been widely embraced in Europe for critical-load calculations.

After the critical load is assessed for an area, it is possible to determine the
exceedance level, which is the difference between the critical load and the actual
deposition.  The exceedance level indicates the emission reductions necessary to
protect the ecosystem.  Much like critical load values, exceedance levels can be
calculated by different approaches, ultimately, shaping environmental policy.  One
method is to determine the land area of ecosystem types that exceeds the critical
load.  A more refined method, the average accumulated exceedance, produces a
weighted average of the exceedance by the amount of area the ecosystems cover
in the grid.  In Europe, a 5-percentile critical load map was adopted in the second
sulfur protocol in which a deposition level is considered to be less than the critical
load if 95% of the ecosystems in the grid will not be harmed.

Once areas of excess deposition are identified, optimal emission-reduction
strategies that take cost into consideration can be negotiated and implemented.
The Convention on LRTAP determined that the cost to meet the 5-percentile goal
was not economically feasible.  Thus, policy makers identified “target loads” that
accounted for economic and political considerations as an intermediate step to
reducing emission levels to below critical load levels.  The UNECE chose to set an
interim load that would reduce the 1980 exceedance level by 60% by 2010.  This
objective is then revisited every 5 to 6 years to determine if additional measures
need to be enacted.

(continued on next page)
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effects studies that form the current scientific basis for setting air quality
standards have attempted to elucidate the effects of individual pollutants in
isolation from others.  That approach can pose significant challenges to
investigators. In epidemiological studies, for example, identification of in-
dependent health effects of pollutants requires that a setting be chosen
where only one of the pollutants is present (an unrealistic and somewhat
artificial requirement) or, more commonly, that statistical modeling of the
data be carried out to tease out individual pollutant effects.  The latter
approach can be hampered by the strong correlations that sometimes exist
between air pollutants; the correlations can make it difficult or even impos-
sible to separate the effects of one pollutant from another.

Health effects studies that focus on sources instead of individual pollut-
ants offer one method for moving away from an AQM system focused on
single pollutants to one focused on multipollutant controls.  One approach
that science is beginning to pursue is to move away from studies (and
ultimately standards) based on concentrations of individual pollutants to
studies of the effects of specific pollution sources.  In a source-oriented
method, scientists define exposure to a specific source and obtain informa-
tion about the health effects of the exposure to the mix of pollutants from
that source.  Techniques are being developed to define pollution sources by
using source “markers,” which are indirect source measures (for example,

The critical-loads and target-loads approaches adopted in Europe have provid-
ed an objective framework for stakeholders to debate how the ecological effects of
acid deposition and other deposition-based pollutants (for example, nitrogen, mer-
cury) can be curtailed by air pollution control programs.  It has resulted in a pro-
cess that provides for ecosystem protection and has led to reductions in European
emissions while accounting for variations in sensitivity between different ecosys-
tems.  Countries have typically implemented measures that provide for reasonable
progress toward meeting the targets given cost considerations, but they typically
have not adopted requirements stringent enough to meet the targets (Blau and
Agren 2001).  Due to its grounding in scientific assessments, the critical load pro-
cess enjoys relatively strong political support from the majority of European coun-
tries.  Nevertheless, although critical loads may provide a consistent scientific
framework for evaluating emissions reductions, the calculated values can be highly
uncertain, in part due to reliance on steady-state models.  Further, the numerous
methods for calculating both critical loads and exceedance levels allow for incon-
sistency in implementation. Another limitation in the approach is that the formula-
tion is in terms of a single threshold for an entire ecosystem.  In actuality, ecosys-
tems vary in composition, and pollutant deposition probably has impacts on some
species at even very low levels.

BOX 2-2 continued
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distances from major roadways, determined by geographic information
systems, to reflect motor vehicle pollutants), and factor analysis based on
extensive chemical analysis of monitor filters (Laden et al. 2000).  There
also has been significant progress in developing exposure assessment tech-
niques that determine the intake fraction—that is, that portion of a person’s
exposure that results from emissions from a particular source (Bennett et al.
2002).  Finally, toxicological efforts are under way to systematically assess
and compare the effects of well-characterized sources (Seagrave et al. 2002).
These source-oriented approaches have potential advantages in focusing
regulatory attention and research on potentially toxic emissions from spe-
cific sources and in directing public health initiatives to reduce emissions
from specific sources rather than attempt to reduce general ambient con-
centrations of specific pollutants.

Need to Address Health Risk Associated with Exposure in Hot Spots and
Indoor Environments

There is a growing recognition within the scientific and regulatory
communities of the potential importance of pollutant exposure in special
microenvironments or hot spots.  These environments may include highway
toll plazas, truck stops, airport aprons, and areas adjacent to one or many
stationary sources or busy roadways, as well as transit within vehicles and
indoor environments.  Pollution concentrations in hot spots may exhibit
strong transient spikes, such as with the ebb and flow of traffic or as a result
of off-normal (upset) conditions at stationary sources that might result in
short-term emissions greater than those usually represented by typical oper-
ating conditions or by annual national averages (for example see NRC
2000c). Because of the small spatial scale and possible transient nature of
hot spots, mitigation of air pollution within these microenvironments may
not be adequately addressed in the nation’s current AQM system, even
though segments of the population may experience significant air pollution
exposure within these environments (for example, California school bus
study [Fitz et al. 2003]). In Chapter 7 of this report, recommendations are
made to better address the problem of hot spots by encouraging states to
include measures to mitigate hot-spot pollution in their implementation
plans to meet NAAQS and other national goals and by evolving the AQM
system toward a more risk-based multipollutant paradigm.

Within the general problem of hot spots, the health risk that may be
associated with exposure to indoor air pollution is of particular concern,
because most Americans spend more time indoors than outdoors (EPA
1987).  For most Americans, exposure to the indoor environment domi-
nates over the outdoor environment.  The most vulnerable—children and
older and infirm adults—generally spend over 90% of their time indoors.
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Indoor air contains complex mixtures of contaminants.  Some enter from
the outside (for example, lead, mercury, and fine PM from contaminated
soils, power plants, and other sources), and others arise from the presence
and use of commercial, industrial, and household products, such as plastics,
paint, solvents, pesticides, and stoves (see Figure 2-15).  Biological agents—
such as molds, dander, and dust mites—are another type of contaminant
that can cause pulmonary reactions.  The level of air pollution within any
indoor environment depends on the specific types of products in use as well
as the building’s characteristics (for example, the ventilation and types of
carpets) and the habits of the occupants.

In spite of the potential dangers, indoor air pollution remains largely
unregulated in the United States, and to the extent that the public is pro-
tected, it is accomplished through a patchwork of information and some
regulatory actions.  In some instances, EPA has been able to exercise au-
thority (for example, over asbestos).  However, no federal statutes specifi-
cally give EPA authority to regulate indoor residential and commercial
sources of air pollutants—perhaps because of a reluctance on the part of

FIGURE 2-15  Schematic diagram illustrating the source of human exposure to
indoor PM pollution. SOURCE: Rodes 2001.  Reprinted with permission; copy-
right 2001, RTI International, Research Triangle Park, NC.
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Congress to regulate any aspect of the inside of people’s homes, public
buildings, and offices.  Regulatory power for some aspects of indoor air
quality in occupational settings is given to the Occupational Safety and
Health Administration (OSHA), and for some consumer products, to the
Consumer Products Safety Commission (CPSC).  However, in the case of
OSHA, which is primarily responsible for protecting generally healthy
worker populations, indoor air quality standards are generally not as pro-
tective as EPA’s ambient (outside) air quality standards.  In addition, some
states and EPA, in regulating some products for VOC content (for example,
surface coatings that are potential sources of VOC precursors to O3 forma-
tion), have in effect also reduced exposure to those VOCs in indoor settings
where those coatings are applied.  For the most part, however, EPA has
attempted to reduce indoor air pollution indirectly by identifying indoor air
contaminants that pose significant risks (for example, environmental to-
bacco smoke and radon) and encouraging consumers, corporations, and
other organizations to respond to that information or by regulating major
sources of outdoor air pollutants that pose a health risk when transported
indoors (for example, lead).  In some cases, state and local governments
have responded by improving their own standards, regulations, or ordi-
nances. However, there is not at this time a coordinated federal program to
ensure that the public is protected from unnecessary or avoidable health
risks associated with indoor air pollution. A more coordinated approach
would seem prudent.

Risk Assessment and Priority Setting

There is a long-standing recognition of the need for robust quantitative
estimates of the risks to human health and welfare associated with exposure
to air pollutants.  First, Congress expressly directed EPA to use an assess-
ment of residual risk to design the second phase of controls on HAPs.
Second, the final report of the National Commission on Risk Assessment
and Risk Management, established in the CAA Amendments of 1990, found
that risk assessment can be a powerful tool for setting priorities on re-
sources for monitoring and regulating the myriad air pollutants to which
humans, ecosystems, and materials are regularly exposed (NCRARM 1997).
Moreover, under the present AQM system, setting priorities is done largely
by statutory and/or agency fiat.  For example, because of the detailed
requirements specified for the regulation of criteria pollutants (as discussed
in Chapter 3), this subset of pollutants generally receives a substantially
larger share of the management effort and resources than do HAPs.  More-
over, controls that most effectively reduce concentrations of pollutants in
the ambient atmosphere tend to be favored over those that target pollution
in hot spots.  This emphasis on criteria pollutants in ambient air may or
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may not be justified on the basis of actual human health and ecosystem risk.
Similarly, it is not clear if all of the currently regulated HAPs pose a greater
risk to human health and welfare than many of the untested and unregu-
lated air toxics known to be in the ambient air and at specific hot spots.

For the reasons noted above, it would be highly desirable for the
nation’s AQM system to have a robust risk-assessment capability that could
reliably assess and set priorities on the relative risks posed by all pollutants
in the atmosphere—in hot spots and microenvironments, as well as the
ambient air.  However, although the scientific community has learned a
great deal about air pollution in recent decades, and there have been signifi-
cant advances in the general field of risk assessment (NRC 1994), current
knowledge is not yet extensive enough to rank pollutants comprehensively
on the basis of risk.  There is a lack of sufficient knowledge of the diversity
of health and welfare effects associated with different pollutants, and,
perhaps more important, with different mixtures of pollutants under envi-
ronmental conditions.  Another major deficiency is our inability to assess
pollutant exposures accurately because of a lack of sufficient data on the
distribution of pollutants.  If these deficiencies are to be addressed, substan-
tial investments over a substantial period of time will be needed for research
on air pollution effects research and for more advanced systems to deter-
mine the spatial and temporal variability of air pollutants in specific hot
spots and in indoor environments as well as the ambient air.

SUMMARY

Strengths of Goal-Setting Procedures

The establishment of the NAAQS has allowed for important and exten-
sive input and feedback from the scientific and technical communities and
has catalyzed additional research and understanding of the effects of air
pollution.

• The standards-setting procedure for NAAQS has been responsive to
new scientific information and has allowed for adjustments in the standards
when scientific understanding so dictated.

• The establishment of NAAQS has provided targets for regulatory
agencies and measures by which to assess improvement in air quality and
the effectiveness of the AQM.
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12Recommendations that address these limitations are provided in Chapter 7.

Limitations of Goal-Setting Procedures12

• The funding of health effects research and the subsequent selection
and review of this research in criteria documents and staff papers used to
promulgate NAAQS often lack a coherent and standardized strategic plan.

• The CAA requirements for pollutant-specific air quality standards
for criteria pollutants and HAPs have encouraged the evolution of an AQM
system with control strategies that largely focus on one pollutant at a time.
Changes that foster multipollutant approaches would be advantageous.
One method that could be considered would be to assess the health and
welfare effects of sources instead of pollutants.

• The list of HAPs (that is, those specifically regulated by EPA) has
been essentially static for a decade and probably does not contain all the air
toxics that pose a significant risk to human health and welfare.

• Current monitoring data and understanding are not sufficient to
adequately assess the relative risks to human health and welfare posed by
exposure to the myriad pollutants in the environment, as well as to the
myriad microenvironments or hot spots in which these exposures may
occur.  Development of such a capability will be a major challenge and will
require a substantial investment in resources for monitoring and effects
research over a long period of time.

• Although progress has been made to improve exposure assessment
and to link specific exposures and effects to specific sources, substantial
additional work is needed.

• Indoor air pollution poses a significant health risk to humans
and yet is not addressed comprehensively by any agency in the federal
government.

• The current practice of letting the primary standard serve as the
secondary standard for most criteria pollutants does not appear to be suffi-
ciently protective of sensitive crops and unmanaged ecosystems.  Moreover,
concentration-based standards are inappropriate for some resources, such
as soils, groundwater, surface water, and coastal ecosystems, that are at
risk from the indirect effects that pollutants can foster (for example, eutro-
phication).  A deposition-based standard would be more appropriate in
some instances.

• It is a significant challenge to set ambient or emission standards to
protect public health with an adequate margin of safety from harmful
exposure to a pollutant if that pollutant does not exhibit a threshold con-
centration for an adverse health effect.
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3

Designing and Implementing Control
Strategies Through the SIP Process

OVERVIEW OF SIP PROCESS

The state implementation plan (SIP) and the tribal implementation plan
(TIP)1 are the central organizing elements in the management of criteria air
pollutants (see Box 3-1 for a discussion of tribes and the Clean Air Act).
The SIP defines the combination of local, state, and federal actions and
emission controls needed for an area to bring about compliance with the
National Ambient Air Quality Standards (NAAQS) and for an area that has
attained the NAAQS to maintain compliance and prevent significant dete-
rioration of air quality. However, the purpose of the SIP extends well
beyond the attainment and maintenance of NAAQS. It provides the basic
link between state regulations, EPA oversight of state actions, and federal
enforcement.  In addition to addressing criteria pollutants, SIPs are used by
EPA to formally establish state and local agency obligations to meet emis-
sion standards and goals related to regional haze, acid rain, and hazardous
air pollutants (HAPs).

When EPA approves a plan, the rules specified therein are federally
enforceable.  When EPA disapproves a plan or finds that the state is delin-
quent in implementing it, EPA can impose sanctions, such as the loss of
highway funds.  In extreme cases, EPA can prepare a federal implementa-
tion plan (FIP), which takes the role of a SIP.

1Hereafter, we will use the term state implementation plan (SIP) as shorthand to denote
both a SIP and a tribal implementation plan (TIP).
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BOX 3-1 Tribes and the Clean Air Act

There are more than 550 federally recognized tribes and more than 300 reser-
vations in the United States.  Indian tribes and individuals own approximately 55.4
million acres of land in the contiguous United States (Getches et al. 1998).  The
1990 CAA Amendments authorized EPA to “treat tribes as states” for purposes of
developing, administering, and enforcing air quality regulations within reservation
boundaries, irrespective of land ownership (42 USC § 7601(d)(2)(B)).  In doing so,
Congress recognized the inherent sovereignty of tribes with respect to their land
and members.  Congress also delegated to the tribes regulatory authority over
nonmembers operating on land within reservation boundaries.

Pursuant to the CAA, in February 1998, EPA promulgated its tribal authority
rule, specifying requirements for tribal eligibility to administer air programs (40
CFR 49). To be eligible, a tribe must apply to the EPA regional administrator and
demonstrate that it is “reasonably” capable of administering its program in a man-
ner consistent with the terms and purposes of the CAA.  Tribes may develop a full
tribal implementation plan (TIP) and seek authority to carry out all the functions
that states perform under the act, but they are not required to do so.  EPA’s regu-
lations allow tribes to assume primacy over a subset of regulatory functions and to
expand their authority gradually.  EPA also has the flexibility to alter deadlines for
plan submittal and other regulatory requirements.

In 1999, the Gila River Indian Community became the first tribe to become
eligible for “treatment as a state” status.  To date, 14 tribes have received eligibility
to implement parts of the CAA.  The Mohegan tribe submitted a TIP to EPA in FY
2002, while the Pequot, St. Regis Mohawk, and Gila River have TIPs in progress
(EPA 2003d).  The tribal council of the Gila River Indian Community adopted ordi-
nances in March 2002 comprising the first section of its TIP.

On the basis of a telephone survey of 156 of the 237 federally recognized
tribes in the Western Regional Air Partnership (WRAP) region, 60 tribes in this
region have some form of air quality program.  The scope of activities ranges from
education and outreach to monitoring, emissions inventory development, and
source permitting (ITEP 2001).  Twenty-eight of the surveyed tribes had an emis-
sions inventory and 51 tribes performed some air quality or meteorological moni-
toring.  The survey suggested that if resources were available, the level of activity
could double in the next few years.  For example, 62 tribes indicated an interest in
starting an air monitoring program in the next few years (ITEP 2001).

Tribes, like states, are eligible under the CAA for federal grants to support air
quality monitoring and management efforts.  EPA began seeking tribal participa-

SIPs are submitted by individual states in accordance with explicit
requirements set forth in the Clean Air Act (CAA).  The requirements have
been interpreted via regulations and guidance promulgated by EPA.  The
CAA requires each state to produce a single comprehensive SIP; however, in
practice, each state produces a separate implementation plan for each crite-
ria pollutant, because of the timing and pollutant-specific requirements set

(continued on next page)
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tion in its grants program in 1995, providing grants to about 20 tribes.  In 2002, 121
tribes received air program grants (C. Darrel Harmon, EPA, personal commun.,
Feb. 19, 2003).  The tribal share of EPA-administered state and tribal assistance
grants (STAG) for air has been flat at about $11 million since 1999, while tribal
interest in developing air programs has increased.  Tribes seeking first-time grants
are being turned away in Regions 9 and 10.a  Additional support for tribal environ-
mental programs is available through EPA’s multimedia Indian environmental gen-
eral assistance program (GAP) for which $63 million was included in the agency’s
2004 budget request.  However, GAP funding is used primarily for environmental
infrastructure development, capacity building, education, and outreach and cannot
be used to operate environmental management programs.

In addition to direct grants to tribes, STAG funding supports the Institute for
Tribal Environmental Professionals (ITEP) at Northern Arizona University.  This
organization offers about 20 technical workshops each year for tribal environmen-
tal staff on monitoring and permitting, and other air quality management (AQM)
topics and also serves as a forum for interaction and information exchange be-
tween tribes and with EPA.  In partnership with ITEP, EPA also supports the Tribal
Air Monitoring Support Center at the EPA Radiation and Indoor Environments
Laboratory to provide air monitoring training and technical support to the tribes.

Until a tribe assumes control of its own air pollution programs, the responsibility
and authority to regulate air pollution sources on tribal lands falls to EPA.  States
have no environmental regulatory jurisdiction on tribal lands.  EPA administers a
Title V operating permits program for major stationary sources on tribal lands along
with a prevention of significant deterioration (PSD) preconstruction permit pro-
gram for new major sources or source modifications in attainment areas. A new-
source review (NSR) program under which individual permits can be issued for
major sources in tribal lands within nonattainment areas and for minor sources in
attainment areas does not exist.  EPA is required to develop case-by-case federal
implementation plans (FIPs) where these plans must go through the full and
lengthy Federal Register rule-making process for each applicable facility.  In addi-
tion, sources in tribal areas may be competitively disadvantaged by the lack of
synthetic minor permitting programs that allow sources to be classified on the
basis of actual rather than potential emissions.b

The National Tribal Environmental Council (NTEC) estimates that 80 Indian
reservations are located within or partly within nonattainment areas for the 1-hr
average ozone (O3) standard and that the number is likely to be higher with the 8-
hr standard. Some tribes have expressed concern about pending designations of
nonattainment areas for O3, because EPA guidance presumes that designations
will be made based on metropolitan statistical area (MSA) or consolidated metro-
politan statistical area (CMSA) boundaries (NTEC 2002).  These default designa-
tions ignore the jurisdictional boundaries between tribes and states. EPA will
consider recommendations from tribes that their lands be excluded from nonat-
tainment areas, but the exemptions require detailed analysis that may tax tribal
resources.  In particular, air quality data for tribal lands are often lacking.  Tribes
are concerned that they will face the burdens of nonattainment designation, in-
cluding offset requirements, even though they have historically borne little respon-
sibility for air quality problems (or derived little economic benefit from the air pollu-

BOX 3-1 continued
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by EPA.  Most SIPs are also continuously evolving to reflect new federal or
state requirements, new information, or change in status of NAAQS attain-
ment.2  Thus, at any one time, a state may have a number of new and
revised SIPs at various stages of development and federal review.

The requirements for any state’s SIP depend on its air quality, which is
determined by the attainment designations assigned to the individual areas3

within that state. Section 107 of the CAA defines three designations for any
area’s compliance with NAAQS for criteria pollutants.  They are as follows:

• Nonattainment. Any area that does not meet (or that contributes to
ambient air quality in a nearby area that does not meet) a national primary
or secondary ambient air quality standard for the pollutant.

tion sources) in the adjacent metropolitan areas.  Similar issues are likely to arise
with respect to designations for particulate matter of 2.5 micrometers (PM2.5).

Since EPA promulgated the tribal authority rule in 1998, tribes have demon-
strated increasing interest in developing and administering their own air programs.
Federal policy supports tribes’ control over their own air resources and economic
development.  Tribal participation in regional organizations, such as the Western
Regional Air Partnership, is vital for filling gaps in air quality and emissions data
and for effective air quality management.  However, lack of resources imposes
severe constraints on air quality management activities for many tribes.  As indi-
cated in Chapter 7, more federal funding for tribal assistance grants is needed
to support tribal self-determination and tribal participation in the national AQM
system.

aEPA’s FY 2004 budget request includes $11,050,000 for tribal grants and $228,550,000
for state and local assistance grants (EPA 2003e).

bMost states have operating permit programs for minor sources (those that fall under the
relevant thresholds, for example, for maximum achievable control technology [MACT], NSR,
and PSD).  When such sources have the potential to emit more than the major source thresh-
old, emission levels can be capped just below those thresholds.  The sources (which are then
called synthetic minors) do not have to go through the more onerous permitting processes
required for major sources.  At present, sources that might otherwise want to locate in Indian
country cannot take advantage of these provisions.  That can be a disadvantage for tribes in
terms of economic development.

2EPA is authorized to direct a state to revise its SIP if the agency finds that the SIP is
substantially inadequate to attain the NAAQS.  This procedure is referred to as a “SIP call.”
The nitrogen oxides (NOx) SIP call, which is discussed later in this report, is intended to
reduce the contribution of long-range transport to O3 nonattainment by limiting NOx emis-
sions over a large multistate airshed.

3The term area is used in this context to denote a locality, such as a metropolitan statistical
area. An area typically consists of a county or parish or a combination of adjacent counties or
parishes.
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• Attainment. Any area that meets the national primary and secondary
ambient air quality standard for the pollutant and does not contribute to
the violation of a national primary or secondary ambient air quality stan-
dard in a nearby area.

• Unclassifiable. Any area that cannot be classified on the basis of
available information as meeting or not meeting a national primary or
secondary ambient air quality standard for the pollutant.

The CAA further classifies O3 nonattainment areas as marginal, moderate,
serious, severe, and extreme, and CO nonattainment areas as moderate or
serious (see Table 3-1). The procedures used to determine the appropriate
designation and classification for an area are described in Box 3-2.

The basic requirements for states in general and for those areas that are
in nonattainment of one or more NAAQS are listed in Box 3-3. The re-
quirements for a SIP grow in stringency and complexity as an area’s desig-
nation shifts from attainment to nonattainment and, for ozone (O3) and
carbon monoxide (CO), to the more acute nonattainment classifications.
Because the major efforts in air quality management (AQM) for criteria

TABLE 3-1 Classification of Nonattainment Areas for O3 and CO
Mandated in the CAA Amendments of 1990

Attainment Date for
Area Classification Design Value, ppm Primary Standarda

O3 Nonattainment Areas
Marginal 0.121–0.138b Nov. 15, 1993
Moderate 0.138–0.160b Nov. 15, 1996
Serious 0.160–0.180b Nov. 15, 1999
Severe-15c 0.180–0.190b Nov. 15, 2005
Severe-17c 0.190–0.280b Nov. 15, 2007
Extreme 0.280 and aboveb Nov. 15, 2010

CO Nonattainment Areas
Moderate (low)d 9.1–12.7e Dec. 31, 1995
Moderate (high)d 12.8–16.4e Dec. 31, 1995
Serious 16.5 and abovee Dec. 31, 2000

aThe primary standard attainment date for O3 is determined from the date of the enactment
of the CAA Amendments of 1990.
bThe classification scheme for O3 was devised by Congress before EPA promulgated a new 8-
hr standard, and, thus, the classification relates to the old 1-hr form of the standard.
cThe requirements for severe-15 and severe-17 O3 nonattainment areas are the same except
for the attainment dates.
dModerate CO nonattainment areas with design values of 12.7 ppm or less have reduced SIP
requirements compared with those areas with design values above 12.7 ppm.
eThese values for CO refer to a rolling 8-hr average.
Abbreviation: ppm, parts per million.
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BOX 3-2 Procedures Used to Designate
an Area’s Attainment Status

Designation of an area as an attainment, nonattainment, or unclassifiable area
is made by the EPA administrator in consultation with the relevant state governors
and is based on data gathered from the NAMS/SLAMS air quality monitoring net-
works (which are discussed in Chapter 6). The designation process engenders
two fundamental assumptions:  (1) that attainment and maintenance of a NAAQS
can be established using data from a limited number of surface air quality monitor-
ing sites, and (2) that geographical areas can be effectively regulated with a sin-
gle, uniform designation and a common plan for achieving and/or maintaining an
acceptable level of air quality.

An area’s attainment or nonattainment status with regard to a criteria pollutant
is determined by comparing the NAAQS with the area’s “design value”a for the
pollutant. The design value is derived from air quality monitoring data gathered by
local or state authorities following guidelines specified by EPA. If the design value
exceeds the NAAQS, the area is designated as being in nonattainment. For CO
and O3, an additional, more detailed classification scheme is used to indicate the
severity of the nonattainment (see Table 3-1).  Because the statistical form of the
standard varies from one pollutant to another, the method used to determine the
design value also varies by pollutant.  For example, in the case of the old 1-hr O3
standard, the design value is calculated as the fourth highest 1-hr averaged con-
centration observed at any monitoring site in the area over three consecutive
years. The new 8-hr O3 design value, on the other hand, is defined as the 3-year
average of the annual fourth highest 8-hr averaged concentration observed each
year. The new 24-hr averaged PM2.5 design value is derived from the 3-year
average of the 98th percentile measured concentrations in an area. The annual
PM2.5 design value is obtained from an average of all measurements made in the
area. These various protocols involving multiyear and spatial averages and select-
ing concentrations below the absolute maximum observed have been chosen to
limit the impact of statistical outliers and extreme and anomalous meteorological
events. Nevertheless, as discussed elsewhere, the use of design values in the
attainment demonstration of the SIP presents important challenges.

In addition to providing a mechanism for identifying and designating nonattain-
ment areas, the CAA (in Section 175(a)) also provides a process by which a non-
attainment area can be redesignated an attainment area. To be redesignated, an
area must file a “maintenance SIP.” In addition to showing that the area is in
compliance with the NAAQS on the basis of relevant air quality monitoring data,
the maintenance SIP must provide a plan for ensuring that the standard will not be
violated in the future. Once such a plan is approved by EPA, the area is generally
referred to as a maintenance area. EPA currently lists 62, 59, 30, and 16 mainte-
nance areas for O3, CO, SO2, and PM10 respectively. There are a number of other
nonattainment areas that have demonstrated achievement of the standards, but
either because they have not completed the process of filing a maintenance SIP or
because EPA has not yet accepted it, they have not been redesignated.

aAn area’s “design value” is determined from the area’s monitoring data.  These val-
ues are determined differently for each of the criteria pollutants.  For example, the design
value for O3 is the 3-yr average of the fourth highest 8-hr concentration observed each
year.  The derived design value is then compared with the NAAQS to determine if the area
is in attainment.
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BOX 3-3 Clean Air Act Requirements for
State Implementation Plans

A. For all statesa

SIPs must be submitted within 3 years of promulgation of new NAAQS and pro-
vide for “implementation, maintenance, and enforcement” of the standard. Among
other things each SIP must

• Include enforceable emission limitations and controls as well as schedules
and timetables to ensure compliance.

• Provide for the monitoring of ambient air quality.
• Include a program to enforce the emission limitations and control measures.
• Contain adequate provisions prohibiting emissions within the state to con-

tribute significantly to nonattainment of NAAQS in any other state.
• Ensure that the state will have adequate personnel, funding, and authority

to carry out the plan.
• Require stationary emission sources to monitor and provide periodic re-

ports of their emissions.
• Meet requirements relating to consultation, public notification, and preven-

tion of significant deterioration of air quality.
• Provide for air quality modeling and provide related data to demonstrate

how emissions affect air quality.
• Require owners or operators of major stationary emission sources to pay

fees to cover (1) reasonable costs of reviewing and acting upon permit applica-
tions, and (2) reasonable costs of implementing and enforcing the terms and con-
ditions of the permit.

• Provide for participation by local political subdivisions affected by the plan.

B. For nonattainment areasb

Attainment-demonstration SIPs must be submitted within 3 years of an area being
designated a nonattainment area. In addition to the items listed in part A, the SIP
must

• Provide a plan for the implementation of reasonably available control tech-
nologies (RACT) and attainment of primary NAAQS, for the offsetting of emissions
of new or modified major stationary sources, and for the installation in major new
stationary sources of technology capable of achieving the lowest achievable emis-
sion rate (LAER).

• Include a comprehensive emissions inventory for all relevant pollutants.
• Implement a new-source review (NSR) before construction, and for all new

or modified stationary sources, implement a permit program that mandates use of
control technologies that obtain the LAER and provides sufficient emission offsets
from other sources in the area to ensure reasonable progress and attainment of
NAAQS.

• Provide for the implementation of contingency measures in the event that
the area fails to make reasonable progress or meet its attainment deadline.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


DESIGNING AND IMPLEMENTING CONTROL STRATEGIES 95

For a nonattainment area to be redesignated an attainment area, a revised SIP
must be submitted and approved. This planc must

• Provide for the maintenance of NAAQS compliance for at least 10 years
after the redesignation.

• Include additional measures, if any, to ensure such maintenance.

C. For O3 nonattainment areasd

In addition to the items listed in parts A and B, SIPs for marginal and above O3
nonattainment areas must

• Include a vehicle emission-control inspection and maintenance (I/M) program.
• Include a volatile organic compound (VOC) and nitrogen oxides (NOx)

emissions inventory every 3 years for the area.
• Implement an NSR for VOC sources that includes an offset ratio of emis-

sion reductions to new emissions of at least 1.1:1.

In addition, SIPs for moderate and above O3 nonattainment areas must

• Provide a plan for VOC emission reductions as specified in the CAA.
• Provide a plan for comprehensive introduction of RACT for specified VOC

sources.
• Implement a vapor recovery program requiring gasoline service stations to

install special refueling equipment to prevent the escape of VOCs.
• Implement an NSR for VOC sources that includes an offset ratio of emis-

sion reductions to new emissions of at least 1.15:1.

In addition, SIPs for serious and above O3 nonattainment areas must

• Include an attainment demonstration using a photochemical grid model.
• Demonstrate that reasonable progress is being made through appropriate

3% per year reductions in VOC emissions (or its O3-equivalent in NOx emissions)
and submit triannual compliance demonstrations beginning in 1996 showing emis-
sion reductions are being met.

• Implement an NSR for VOC sources that includes an offset ratio of emis-
sion reductions to new emissions of at least 1.2:1.

• Implement a program of enhanced air quality monitoring.e

• Provide for an enhanced vehicle I/M program.
• Include a clean fuel (such as natural gas and propane) vehicle program for

centrally fueled fleets.f

•  Demonstrate conformity with regional transportation plans.g

In addition, SIPs for severe O3 areas must

• Implement transportation control measures (TCM) to reduce single-occu-
pancy-vehicle use through high-occupancy vehicle (HOV) lanes and car-pooling
and van-pooling programs.

• Implement an NSR for VOC sources that includes an offset ratio of emis-
sion reductions to new emissions of at least 1.3:1 (or 1.2:1 if areawide best avail-
able control technology  [BACT] is used).

(continued on next page)
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pollutants are currently focused on nonattainment areas, our discussion
here will be largely limited to the “attainment-demonstration SIP” submit-
ted by an area after it has been designated a nonattainment area. As indi-
cated in Box 3-3, the CAA requires that an attainment-demonstration SIP
be submitted to EPA within 3 years of an area’s being designated a non-
attainment area. The agency or agencies responsible for preparing an
attainment-demonstration SIP vary from state to state. Often, it is prepared
by the relevant state or tribal authority; in other cases, a local or regional
government is given primary responsibility.

THE MAIN COMPONENTS OF AN
ATTAINMENT-DEMONSTRATION SIP

The key elements of an attainment-demonstration SIP are the following:

• An emissions inventory.
• An analysis involving air quality model simulations as well as obser-

vational data and related evidence to determine the amount and types of
emission reductions needed to bring about compliance by the appropriate
date.

• A description of the emission-control strategies and enforcement
measures to be adopted to achieve the required reductions.

• Implement a reformulated fuels program.

In addition, SIPs for extreme O3 areas must

• Include a plan for use of clean fuels and advanced technology for electric
utility, industrial, and commercial boilers.

• Implement an NSR for VOC sources that includes an offset ratio of emis-
sion reductions to new emissions of at least 1.5:1 (or 1.2:1 if areawide BACT is
used).

• Implement a reformulated fuels program.

a As described in Section 110 of the CAA.
b As described in Section 172 of the CAA.
c As described in Section 175(a) of the CAA.
d As described in Section 182 of the CAA.
e This provision has resulted in the development and operation of the photochemical as-

sessment monitoring (PAM) network described in Chapter 6.
f See Chapter 4 for discussion of this program.
g See Chapter 4.

BOX 3.3 continued
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Each of those components is described below.

Emission Inventories

The first step in developing an emission-control strategy for a criteria
pollutant is to develop an inventory of pollutant emissions that lists all
sources of the pollutant or its precursor and the rate at which each source
emits the pollutant to the atmosphere.  EPA has specified a general proce-
dure for emissions-inventory development that categorizes emissions into
four source types:  stationary, mobile, biogenic, and geogenic (EPA 2003f).
Stationary sources are further divided into major stationary and area
sources.  Major stationary sources are defined as stationary sources having
emissions that exceed a minimum or threshold level, which varies depend-
ing on the pollutant.  Stationary sources that fall below the threshold level
are merged as area sources. The reporting requirements for major station-
ary sources are more detailed than those for area sources (65 Fed. Reg.
33268 [2000]).  Mobile sources include on-road and nonroad vehicles and
sources such as lawn and garden, recreational, construction, and marine
equipment; aircraft; and locomotives.  Biogenic sources include plants, trees,
grasses, and agricultural animals and crops, and geogenic sources include
gas seeps, soil wind erosion, geysers, and volcanoes. Inventories are gener-
ally developed using a combination of the direct measurements and emis-
sion models described below (EPA 1998b).

Continuous Emissions Monitoring Systems

The most direct way to determine the rate at which a pollutant is emitted
into the atmosphere is through emissions monitoring. However, the large
number and varying types of sources that generally exist for a given pollutant
make this impractical and only the largest major stationary sources are gen-
erally equipped with continuous emissions monitoring (CEM) systems.

As a result of the requirements in the Acid Rain Title of the 1990 CAA
Amendments, increasing numbers of electrical utility boilers are now using
CEM systems. The data from them are posted quarterly on the internet,
providing hourly emissions as well as values averaged quarterly and annu-
ally (EPA 2003g). Because of the use of CEM systems, the emission rates
from these sources are generally viewed as being among the most accurate
of all known rates in the United States.

Emission Estimation Models

Models for estimating emissions have been developed and made avail-
able by EPA for selected sources, particularly area sources for which mea-

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


98 AIR QUALITY MANAGEMENT IN THE UNITED STATES

surements are difficult to make.  Emission models are used for estimating on-
road emissions and air emissions from landfills, storage tanks, wastewater-
collection and -treatment systems, wind erosion, fugitive dust from roads,
material handling, agricultural tilling, and construction and demolition.  These
models generally estimate Ei(s), the emission rate (in, say, tons per day) of
pollutant i from source s, as

Ei(s) = EFi(s) × A(s), (3-1)

where EFi(s) is the emission factor (in units of tons of emissions per unit of
activity) and A(s) is the activity level for that specific emission. Depending
on the source, various types of activity levels can be chosen—for example,
the total amount of fuel used by the source, the amount of product pro-
duced or consumed, the population density, or the vehicle miles traveled. In
some cases, an emission factor is derived for an uncontrolled source. In this
case, the emission rate for a source with controls is corrected to allow for
the fractional control of the emissions. The control efficiency (CE) may be
further modified by correction factors to take into account the rule effec-
tiveness (RE) and the rule penetration (RP) (EPA 2001b).  In this case,
Equation 3-1 is modified as follows:

Ei(s) = EFi(s) × A(s) [1 – (CE)(RE)(RP)], (3-2)

where CE is the fraction of a source category’s emissions that are controlled
(for example, controlled by a control device or process change).  RE is an
adjustment to the CE to account for failures or uncertainties in the perfor-
mance of the control.  RP is the fraction of the source category that is
covered by the regulation or is expected to comply.

EPA compiles and periodically updates emission factors for a large
number of sources (EPA 2002g). Emission factors are simply averages of all
available data of acceptable quality and are generally assumed to be repre-
sentative of long-term averages for all facilities in the source category (that
is, a population average) (EPA 1995). For example, for mobile sources,
emission factors are derived from measurements made on a selected set of
vehicle types and ages deemed to be representative of the fleet of vehicles in
use.  In other cases, emission factors may be based on the properties of the
fuel used. For example, sulfur emissions from vehicles are often estimated
from fuel consumption and fuel sulfur concentration, which is determined
by measurements made on a sampling of the fuel in use at the time.

An activity level can be estimated from a wide range of data and
measurements. For area sources involving consumer products, it can simply
be the population density or other relevant socioeconomic indicator (for
example, the amount of a given item sold or consumed). Activity levels for
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mobile sources are often derived from estimates of vehicle miles traveled
and fuel consumption statistics. Stationary-source activity levels can be
based on economic indicators, fuel-usage statistics, and surveys and ques-
tionnaires.

Critical Review of Emission Inventories

The emission inventories used in AQM and the methods used to de-
velop them have been reviewed and critiqued extensively by previous inves-
tigators and committees (see NRC 1991, 1998b; Placet et al. 2000).  Cur-
rent emission inventories are generally held to have an uncertainty of about
a factor of two or more (see NARSTO 2000), although, as discussed later,
the uncertainty factor is poorly defined. The consequences of errors in
emission inventories can be profound. For example, during the 1970s and
1980s, emission inventories for O3 precursors, volatile organic compounds
(VOCs), and nitrogen oxides (NOx) had significant errors, the emissions of
VOCs being greatly underestimated and the emissions of NOx from power
plants being somewhat overestimated. Collectively, these errors probably
contributed to the adoption of less-than-optimal control strategies for
ground-level O3 pollution in many regions of the United States (NRC 1991;
NARSTO 2000).

A major contributor to the large uncertainties in current emission in-
ventories arises from the use of emission models to derive the inventories
(that is, estimating the emissions from a source as the product of an emis-
sions factor and an activity level). The application of an average emissions
factor based on the measurements of a small subset of a total population
necessarily introduces uncertainty. Such application is especially problem-
atic if the total emissions of a particular type are dominated by statistically
anomalous members of the emitting population. For example, in the case of
mobile emissions, a disproportionate amount of the emissions arises from
a relatively small percentage of high-emitting motor vehicles (NRC 2001c
and references therein; Holmes and Cicerone 2002 and references therein).
Because it is not well-understood why some of these vehicles are high
emitters and others are not, it is extremely difficult to identify a representa-
tive sample of motor vehicles that will provide a statistically valid represen-
tation of the total population. A related problem arises from the difficulty
in accounting for large emission spikes from stationary sources related
to so-called upsets, which are not captured in the average emission esti-
mate for each source and which may result in increased overall emissions
(TNRCC 2003). Additional uncertainty can arise when the design and
operation of the sources that are measured to determine the emission fac-
tors are not representative of the design and operation of the entire popula-
tion of sources.  Beyond the uncertainties in estimating emission factors, the
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estimation of the activity levels for each source adds more uncertainty,
some measures (such as miles traveled or numbers of vehicles in use) being
relatively easy to estimate and others (such as industrial emissions tied to
economic activity and fugitive dust tied to construction activity) being sub-
stantially more difficult to estimate.  Further, other sources, such as wild-
fires, can contribute substantial quantities of air pollutants, but emission
estimates are highly uncertain.

Another source of uncertainty in emission inventories arises from the
“bottom-up” nature of the process; for example, an inventory is constructed
by adding up the emissions from the known sources. With this process,
there is no internal mechanism to ensure that important sources have not
been overlooked. The importance of overlooked sources was highlighted
recently by the measurement of emissions of particles and organics, includ-
ing chlorinated dioxins and furans, from the burning of household waste in
barrels.  The research showed that this uncontrolled source of emissions
could yield emissions comparable to those of a controlled combustor for a
community of 30,000 people (EPA 1998c).

There are at least two steps that could be taken to address the difficul-
ties discussed above and thereby improve the accuracy and utility of emis-
sion inventories in AQM. The first step involves the enhanced use of ambi-
ent air measurements in conjunction with diagnostic tests, such as source
apportionment, to evaluate emission inventories independently (see Figure
3-1). It is often found that the process of reconciling emission estimates
from source-oriented models with those from receptor-oriented models
helps to identify problematic emissions and activity factors as well as im-
portant sources of emissions that had been heretofore neglected (Watson et
al. 2002). The second step is the development and routine use of methods to
estimate the uncertainty and determine the quality of the inventory data
(see Frey et al. 1999). Currently, EPA grades inventory data from A to E
based on the quality of the data, but no quantitative measure of uncertainty
is maintained.  As discussed later, a quantitative estimate of the uncertainty
in an emissions inventory could then be used in a propagation of error
analysis to advise policy-makers on the range of possible outcomes that
could arise from any given emission-control strategy.

Although EPA is responsible for defining how to develop emission
inventories, state and local agencies have most of the responsibility for
gathering the data.  To overcome some of the difficulties that this separa-
tion of responsibility generates, the Emission Inventory Improvement Pro-
gram (EIIP)—a jointly sponsored effort of the State and Territorial Air
Pollution Program Administrators and the Association of Local Air Pollu-
tion Control Officials (STAPPA-ALAPCO) and EPA—was established in
the early 1990s.  The goal of EIIP is to provide cost-effective, reliable
inventories by improving the quality of emission information and develop-
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ing systems for collecting, calculating, and reporting emission data.  EIIP is
directed to set up protocols for data collection, transfer, and documenta-
tion to overcome some of the problems with data quality.  EPA has indi-
cated that documents prepared by EIIP should be used instead of existing
federal guidance when appropriate.

Mobile-Source Emission Inventories

The emission inventories for mobile sources are particularly notewor-
thy. Mobile emissions represent a major source of many pollutants in the
United States.4 Moreover, because of the large number of types, ages, and
operating modes of mobile sources, their inventories are especially difficult
to develop.  As a result, uncertainties in mobile-source emissions can result
in significant uncertainty in the overall emissions inventory for an area.

Mobile-source types range from lawn and garden equipment to motor
vehicles, aircraft, and locomotives.  EPA has developed two main computer
tools for determining the emissions from mobile sources.  The MOBILE

 Emission 
Factors & 
Models 

Chemical 
Transport 
Models 

Source 
Appointment 
Models 

Source 
Activity 
Levels 

Emission 
Inventories 

Ambient 
Measurements 

Initial Development 
 

Evaluation and 
Improvement 

FIGURE 3-1 Emission-inventory development, evaluation, and improvement. Am-
bient measurements can be used to evaluate and improve emission inventories ini-
tially developed using emission factors and activity levels.

4A detailed discussion of the mobile-source emissions control program in the United States
is presented in Chapter 4. Here, the discussion is limited to the emission inventories used to
characterize their emissions.
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computer program, in various versions, has been used to compute the
emissions from on-road vehicles (cars, trucks, buses, and motorcycles) for
over 30 years.  The NONROAD program is used for the computation of
emissions from other mobile sources.

As in all emission inventories, the accuracy of the estimated on-road
and off-road emissions depends on two components: the emission factors
and the activity levels.  The MOBILE model provides emission factors for
on-road vehicles.  Local areas have to develop activity levels, such as vehicle
miles traveled, to get a final emissions inventory in tons per day.  In con-
trast, the NONROAD model contains both emission factors and activity
levels.  However, little is known about the accuracy or uncertainty of either
component (Bammi and Frey 2001).

The National Research Council (NRC) has published a report on the
modeling of mobile-source emissions, the major focus being the MOBILE
model (NRC 2000b).  A number of problems with MOBILE were identi-
fied, including emission factors based on laboratory testing and not actual
driving conditions. A number of recommendations for improving that model
were made.  The NRC report also noted that nonroad (or off-road) sources
were becoming an increasingly important part of the inventory (see discus-
sion in Chapter 4) and that, because of a lack of data, the NONROAD
model does not accurately estimate the emission inventories or the effect of
controls on off-road sources.  The report recommended that more attention
be given to the NONROAD model.

At the time that the NRC report was issued, EPA was in the process of
producing a new version of the MOBILE model, referred to as MOBILE6,
which appears to address several of the concerns with previous versions of
the model (NRC 2000b).  However, a significant shortcoming remaining
with MOBILE6 stems from its inadequate treatment of the effects of emis-
sion spikes that come from variability in engine loads and the importance
that such spikes have in overall emission inventories (Barth et al. 1997;
NRC 2000b; Hallmark et al. 2001).  With the ultimate goal being to
translate vehicle performance into their effects on air quality, a much tighter
coupling between vehicle operating characteristics and emissions is being
pursued through EPA’s next-generation MOVES model (EPA 2002h).  A
tighter coupling of emissions to vehicle operations will aid not only in the
simulation of regional emissions and air quality but also in the assessment
of improvements that are more microscale in nature, such as the effects on
emissions from changes in traffic-signal operations and traffic flow.

Another concern raised in a separate General Accounting Office report
(GAO 1997) was how inspection and maintenance (I/M) programs are
modeled in MOBILE. I/M modeling is an important element because local
areas use this part of the model to derive mobile emission reductions arising
from the implementation of I/M programs in their local areas. Another
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NRC report on I/M programs concluded that such programs provide “much
lower benefits” than those estimated by the MOBILE model (NRC 2001c).

Air Quality Modeling

The second step in the development of an attainment-demonstration
SIP is to determine the amount of pollutant-emission reductions that will be
needed to bring about compliance with the NAAQS. Air quality models
generally play the central role in that process. Typically a model is used to
simulate one or more of the historical events that contributed to the area’s
“design value” (defined in Box 3-2) and, through these simulations, demon-
strate that appropriate emission controls will prevent NAAQS violations in
the future during similar events.5  Because the model simulations are re-
quired to show compliance in the future, they must be run with future
projections for a variety of hard-to-predict quantities that affect emissions
(for example, socioeconomically driven activity factors, such as vehicle
miles traveled and the effectiveness of emission-control technology).  The
projections and the attainment demonstration based on simulations of the
extreme events that contributed to the design value introduce uncertainty
into the process beyond that arising from intrinsic uncertainties in the
emission inventories and models.

The air quality models used in these analyses are designed to allow
policy-makers to link quantitatively pollutant emissions to concentrations
of pollutants in the atmosphere. Models of several types have been in
development and used for over 30 years and, through a close collaboration
between the scientific, engineering, and regulatory communities, have con-
tinuously evolved in their capabilities and technical completeness (Russell
and Dennis 2000). There are three major classes of air quality models: (1)
statistical and empirical models that are based on observed relationships
between pollutant concentrations and emission rates with little or no ex-
plicit consideration of the underlying physical and chemical processes that
determine these relationships; (2) deterministic models that solve math-
ematical equations that describe the physics and chemistry of air pollutant
emissions, formation, transport, and removal; and (3) a hybrid of the former
two that, although essentially empirical or statistical in its approach, makes
use of physically and chemically based algorithms. An example of the latter

5Some recent SIP revisions have not required the exercise of modeling ambient air quality.
For example, modeling of ambient air quality was not required for the rate-of-progress SIP
revisions that demonstrated that O3 nonattainment areas classified as moderate or above
would reduce VOC emissions by 15%.  Although they were backed by regional-scale model-
ing carried out by EPA and the Ozone Assessment Transport Group (OTAG), the NOx SIP
call and the I/M SIP revisions did not require air quality modeling by the states.
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would be a grid-based model that uses inverse methods to derive pollutant
emission rates from observed pollutant concentrations.  This section briefly
reviews and provides a critique of some of the key models commonly used
in AQM.

Empirical Rollback Model

The empirical rollback model is the simplest model available for AQM.
This model assumes that an air pollutant’s concentration in an airshed is
directly proportional to the total emission rate of the pollutant in the
airshed. In other words, if Po is the current concentration of a pollutant in
an airshed, Eo is the current rate of emission, and El is the hypothetical
emission rate after the introduction of emission controls, the new pollutant
concentration, Pl, predicted by a rollback model would be

Pl = Pbackground  + Po (E
l /Eo), (3-3)

where Pbackground is the so-called background concentration of the pollutant
that would be found in the absence of any emissions within the airshed.
From Equation 3-3, one can solve for Ea, the emission rate needed for
attainment of Ps, the pollutant air quality standard or goal:

Ea = Eo (Ps – Pbackground)/Po. (3-4)

Although easy to use, rollback models have distinct limitations. Because of
the assumption of linearity between emissions and concentrations, these
models are only suitable for primary pollutants or secondary pollutants
with relatively simple chemical-production mechanisms. Because rollback
models only calculate a single concentration for the pollutant in the airshed,
they are unable to simulate or account for spatial and temporal variations
in pollutant concentrations. As a result, these models are most useful for
pollutants that tend to be uniformly mixed in an airshed. They were used
extensively in AQM before the mid-1970s and have since been largely
supplanted by more sophisticated models. They nevertheless continue to be
used in some applications, most notably in the design of urban strategies to
meet the NAAQS for carbon monoxide (CO) (NRC 2002b).

Receptor Models

Receptor models are similar to rollback models in their dependence on
observed concentrations and their neglect of chemical and meteorological
processes. However, instead of being limited to assuming simple linear
relationships between a pollutant concentration and its emission rate, re-
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ceptor models can adopt more sophisticated statistical techniques to derive
a more complex (and possibly more accurate) description of the relation-
ship. They have been used most successfully and most widely in estimating
the relative contributions of various emission sources to measured ambient
air particulate matter (PM) composition at a monitoring site. The estimates
are made by relating the measured elemental and organic tracer composi-
tion of ambient PM to the known elemental composition of the sources of
PM in the region. Reviews of these methods can be found in Brook et al.
(2003) and the references therein.

Although receptor models do not require emission inventories, some of
them (such as chemical mass balance models) require source profiles, which
define the detailed elemental or organic composition of all sources.  In
contrast, statistical factor analysis models do not require source composi-
tion data but use variations and covariations among species over time to
identify sources. If the source profiles vary among sources in the same
category, space, or time, a large measurement project is required to obtain
profiles that adequately characterize all the source classifications that are to
be used in the model.  These models have a long history of applications and
have in general provided valuable information for the design of primary
PM-control strategies.  Recent extensions of these models allow the identi-
fication of sources of primary organic PM as well as sources of inorganic
particles.  Their greatest weakness is the estimation of the contribution of
secondary PM.  To date, a combination of receptor models has been the
most successful approach for PM nonattainment areas.

Emissions-Based Air Quality Models

Emissions-based models for O3 and CO are important tools used today
in AQM to evaluate alternative emission-control strategies and estimate the
amount of emission reductions required to meet a specific air quality goal
or standard. The models use a mathematical representation of the relevant
physical and chemical processes and then solve the governing equations
(usually numerically) in time and space to determine the relationships be-
tween pollutant emissions and pollutant concentrations. Because these mod-
els require the input of pollutant emission rates, they are sometimes referred
to as emissions-based models. One of the major advantages of these models
for AQM is their predictive capability.  Because they calculate pollutant
concentrations as a function of pollutant emissions, they can be run in a
prognostic mode to predict the air quality response to any hypothetical
change in pollutant emissions.

Emissions-based air quality models can vary in complexity. The sim-
plest are box models, which simulate the evolution of pollutant concentra-
tions in an idealized well-mixed parcel of air. Dispersion models, such as
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ISC3 and CalPUFF (EPA 1995a,b), simulate a plume parcel of air as it
advects and mixes with ambient air.  The most complex are state-of-the-
science three-dimensional (3D) chemical transport models (CTMs), which
attempt to recreate the observable distributions of chemical species in time
and space. They are called 3D models (also, grid models) because they use
a three-dimensional grid to represent space.  In the chemical transport
model, gases and particles are transported horizontally and vertically by
winds and turbulence between adjacent grid cells of the model, and chemi-
cal reactions between gases and particles occur at rates governed by reac-
tant concentrations in individual grid cells. These models generally require
a massive amount of input data to operate (Russell and Dennis 2000).  In
addition to the emissions of all pollutants in the model domain, these
models require the input of temporally (usually hourly) and spatially re-
solved information on the relevant meteorological conditions (wind speed
and direction, temperature, relative humidity, mixing depth, and solar inso-
lation) (Pielke and Uliasz 1998). They also require the initial concentration
fields of all pollutants in the entire domain, plus temporally resolved con-
centrations at the domain boundaries.  Collecting and processing all this
input information usually requires many measurements and additional
models (meteorological, emissions, and coarser resolution models for the
boundary conditions) and is usually the most time-consuming and resource-
intensive part of the modeling exercise.  A relatively new but important
component of some 3D models is the inclusion of algorithms to internally
assess the statistical uncertainties in the model output.

The First-Generation 3D CTMs—Urban-Scale Photochemical
Grid Models for O3

Ground-level O3 is produced by the oxidation of VOCs in the presence
of sunlight and NOx. Control of ground-level O3 pollution in an urban area
can be achieved in principle by reducing the emissions of VOCs or NOx
locally or in areas upwind of emission sources.  However, the formation
and transport of O3 in the atmosphere is a complex chemical and physical
process, and determining the most effective combination of VOC- and
NOx-emission controls to mitigate O3 pollution has proved to be a chal-
lenging task (see Box 3-4).  It is best accomplished, however, using so-called
photochemical models capable of simulating the chemical reactions that
lead to the production of O3 in the presence of sunlight.

Since the 1970s, when the first NAAQS for O3 was promulgated,
photochemical models have evolved considerably in their scientific com-
plexity and completeness as well as their numerical sophistication. Simple
rollback and box models were used initially to develop O3 mitigation strat-
egies; by 1973, EPA had committed its research efforts to supporting the
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BOX 3-4 The VOC, NOx, and O3 Challenge

Since the first O3 NAAQS were set in response to the 1970 CAA Amendments,
significant progress in O3 reduction has been made in some areas of the United
States.  These areas include Los Angeles, New York, and Chicago, where the
average daily maximum 1-hr O3 concentration decreased by about 15% over the
decade 1986–1996.  Despite almost three decades of massive and costly efforts
to bring the O3 pollution under control, however, the lack of O3 abatement progress
in a number of areas of the country has been discouraging and perplexing (NRC
1991). The complex O3-formation process, which involves the interaction of NOx,
VOCs, and dynamic atmospheric processes, has probably contributed to the diffi-
culties encountered in abating O3 pollution in the United States.

Reduction of O3 concentrations requires control of either NOx or VOC emis-
sions or a combination of both.  For the first two decades of O3 pollution mitigation
in the United States, VOCs were the primary targets for emission reductions. The
initial decision to pursue VOC controls was based on results from federal smog
chamber experiments and data collected at monitoring sites in several U.S. cities,
as well as the recognition that VOC controls would reduce the concentrations of
eye irritants. In 1971, EPA issued the so-called Appendix J curve (Figure 3-2) for
use by state and local agencies in developing SIPs (Fed. Reg. 36 [1971]). The
curve (essentially from a modified rollback model) was derived from observations
in six U.S. cities. On the basis of the maximum O3 concentrations observed at
these cities and their estimated VOC emissions, the curve purported to indicate
the percentage of VOC emission reduction required to reach attainment in an
urban area as a function of the peak concentration of photochemical oxidants
observed in that area.

In the late 1970s, a more sophisticated method involving the use of a photo-
chemical box model was developed by EPA. The empirical kinetic modeling ap-
proach (EKMA) (Dimitriades 1977) used the improved chemical mechanisms that
were under intense development in the late 1970s and early 1980s (Atkinson and
Lloyd 1984) to simulate the production of O3 within an idealized air parcel as it
advected over an urban area with VOC and NOx emissions. Figure 3-3 illustrates
the typical output from EKMA—the so-called Haagen-Smit or EKMA diagram,
where lines of constant peak O3 concentrations (called O3 isopleths) are plotted
as a function of VOC and NOx emissions. Inspection of Figure 3-3 reveals distinct
regions of VOC and NOx sensitivity. For VOC-to-NOx ratios less than about 4:1,
the atmosphere is VOC limited, the most expeditious path to O3 control is VOC
reduction, and a reduction in NOx could increase O3.  However, for VOC-to-NOx
ratios greater than about 15:1, NOx controls provide the best way to reduce O3.

EKMA plots, as shown in Figure 3-3, captured the major features and complex-
ities of the NOx/VOC/O3 system.  However, to effectively apply the information to
an O3 abatement strategy for a given nonattainment area, one must be able to
accurately characterize where on the diagram an area is situated in terms of the
VOC:NOx emissions ratio. Based on the available emissions inventories in the late
1970s and early 1980s, it appeared that most urban areas were near or above the
ridge of the diagram, suggesting that VOC controls were the most effective path to
attainment.  Results using more sophisticated models, such as the UAM (urban
airshed model), based on essentially the same emission inventories, generally

(continued on next page)
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development of an urban-scale 3D chemical transport (grid-based) model—
the urban airshed model (UAM).  At the same time, other urban-scale 3D
models were developed and used by the scientific community (Reynolds et
al. 1973).  In the 1980s, the use of 3D models spread to other major
metropolitan areas, and the 1990 CAA Amendments specifically called for

BOX 3-4 continued

supported the conclusion reached by the applications of the EKMA plots—that
VOC emission controls provided the best path to attainment of the O3 NAAQS.

As a result of these analyses, the SIPs submitted in response to the 1970 and
1977 CAA Amendments focused on reducing VOCs to reduce ambient O3, and
from the early 1970s to the early 1990s, EPA and Congress promoted VOC control
as the principal path to attaining the O3 standard.a However, by the mid-1980s, it
became clear that few areas would actually meet the December 31, 1987, attain-
ment deadline for the O3 standard required by the 1977 CAA Amendments; by
1990 some 100 areas were still classified as nonattainment for O3. At the same
time, there was growing appreciation for the importance of NOx emission reduc-
tions. In the mid-1980s California began to pursue NOx controls. Reports from both
the OTA (1989) and the NRC (1991) identified NOx control as an essential new
direction for reducing O3 pollution. Although it has taken some time to implement
this change, the late 1990s saw an increase in efforts to control NOx, including
much more stringent NOx controls on heavy-duty diesel vehicles and the NOx SIP
call for the eastern United States.

A number of factors led to the slow pace of implementing substantial NOx emis-
sion controls to mitigate O3 pollution.  Both the J curve and EKMA model had
deficiencies, but the major reason was the incomplete and often erroneous emis-
sion inventories used. It was not until the late 1980s, with the analysis of data
gathered from various field experiments carried out in Southern California and the
Southeast United States, that two deficiencies were identified in these inventories:
a significant underestimate of VOC emissions from mobile sources (Pierson et al.
1990), and a failure to account for biogenic VOC emissions (Chameides et al.
1988).  As these deficiencies were addressed, it became apparent that a greater
emphasis on NOx controls was needed (NRC 1991).  In retrospect, it is possible
that more progress in mitigating O3 pollution in the United States might have been
achieved had there been a greater reliance on analysis of field data and the use of
observation-based methods (Roth et al. 1993) to complement the more traditional
emissions-based modeling approaches during the first two or three decades of O3
mitigation efforts.

a Three main exceptions to the focus on VOC controls were (1) NOx reductions were
required from motor vehicles; (2) the 1990 CAA Amendments allowed states some latitude in
substituting NOx reductions for VOC reductions in some cases; and (3) the 1990 CAA Amend-
ments required RACT and NSR controls for stationary-source NOx emissions.
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FIGURE 3-3 Empirical kinetic modeling approach (EKMA) diagram. SOURCE:
NRC 1991, adapted from Dodge 1977.

FIGURE 3-2 Appendix J curve.  Required hydrocarbon emissions control as a
function of photochemical oxidant concentration.  SOURCE: EPA 1971.
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the use of such models for all O3 nonattainment areas classified as serious
and above.

Today, the scientific and engineering community has developed more
than 20 3D CTMs for O3 in the United States and Europe, in addition to
the UAM (see Russell and Dennis [2000] for a detailed review).  These
models continue to grow and develop as new scientific information be-
comes available and as regulatory needs dictate. For example, O3 pollution
was initially viewed as an urban problem, and the initial versions of the
UAM were restricted to simulating individual urban areas. Today, it is
recognized that O3 pollution extends over multistate airsheds, and the cur-
rent version of the UAM and many other contemporary 3D photochemical
models used to simulate O3 pollution are designed to treat this larger spatial
domain.

Modern Multipollutant, Multiscale CTMs

Even as the UAM and other urban-scale CTMs were being developed
and refined in the 1980s, the lessons learned from the application of these
models were being applied to other types of CTMs. One of the most im-
portant of these efforts was the National Acid Precipitation Assessment
Program’s development of a regional (or multistate airshed) CTM able to
simulate acidic deposition in the eastern United States and Canada (NAPAP
1991b).  The resulting model, the regional acid deposition model (RADM),
included state-of-the-science representations of the physical and chemical
processes leading to the formation and deposition of acidic species over
multistate geographic areas (Chang et al. 1987).  The model (together with
similar tools, such as the ADOM model developed for Canada) provided
important insights into the source-receptor relationships in the acid deposi-
tion problem in the United States and Canada.  Although these models
ultimately played a relatively minor role in the development of the Acid
Rain Program enacted in the CAA Amendments of 1990,6 they represented
a major step in the development of CTMs—namely, the expansion of the
algorithms used in urban-scale CTMs for O3 into a more comprehensive
regional-scale model able to simulate processes related to the formation,
transport, and deposition of PM as well as gaseous pollutants.

Just as the development of urban-scale CTMs for O3 aided in the
development of regional acid deposition models, such as RADM, the devel-
opment of RADM provided the basis for significant advances in CTMs
used for O3 pollution. Most present-day O3 models have regional rather
than urban-scale coverage. Many have multiscale and nesting capabilities
so that they can simulate a relatively large multistate area but also focus on

6A more-detailed discussion of the Acid Rain Program is presented in Chapter 5.
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one or more localities of interest (for example, an urban center). Many
of these models also have more advanced treatments of clouds and depo-
sitional processes, which can have a significant effect on O3 and related
gaseous pollutants.

The proposed fine particulate (PM2.5)7 NAAQS and the need for mod-
els to carry out the related SIP attainment demonstrations will present an
opportunity to build further upon the experience gained from modeling
both O3 and acid deposition.  Fine particulate matter comes not only from
direct emissions but also from atmospheric reactions that transform pri-
mary pollutants such as sulfur dioxide (SO2), NOx, ammonia, and VOCs
into particulate sulfate, nitrate, carbonaceous material, and ammonium.
Some of the processes that transform gases into PM take place in clouds
and are therefore closely tied to the processes that lead to acidic precipita-
tion. As a result, models for PM2.5 require a conjoining of processes rel-
evant to the formation of ground-level O3 and to the formation of acid
deposition. Because of this complexity, most models capable of simulating
PM can also be used to address other air pollutant problems (O3, acidity,
and visibility reduction), and for that reason, they are also referred to as
multipollutant or unified air quality models.  A prime example of such a
model is EPA’s new Models-3, which is available to both the scientific and
regulatory communities in various forms. Seigneur (2001) has published a
review of the strengths and weaknesses of these tools.

Observation-Based Model for O3

One significant problem with emissions-based air quality models for
O3 is their dependence on uncertain VOC and NOx emission inventories
(see Box 3-4).  In recognition of that limitation, additional diagnostic tools
have been developed to complement the air quality models.  These tools,
sometimes referred to as “observation-based methods,” use ambient air
quality measurements rather than emission inventories to determine the
relative effectiveness of VOC and NOx emission reductions on O3 pollution
mitigation. The advantage of these methods is that they are not affected by
uncertainties in emission inventories. On the other hand, they have two
distinct disadvantages: (1) they require high-quality data on the ambient
air concentrations of relevant chemical constituents, and much of those
data are not gathered in routine monitoring networks; and (2) they are
diagnostic and not prognostic (predictive).  The latter limitation means that
observation-based models can usually be used to estimate the types but not
the amounts of emission reductions needed to meet a specific air quality

7PM2.5 refers to particulate matter with an aerodynamic equivalent diameter of 2.5 mi-
crometers (µm) or less.
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goal or standard (NARSTO 2000). For that reason, observation-based
models provide a useful adjunct to emissions-based models in an attain-
ment demonstration but are not a substitution for them.

Air Quality Models: Lessons Learned

Scientists have had over three decades of experience in developing and
applying a number of models for air quality management, and in that time,
a number of insights into what is working well and what is not working
well have been gained.

What Is Working Well

• The dynamic partnership existing between the technical and regula-
tory communities promotes continuous improvement and advancement in
air quality modeling and management. On the one hand, the evolving needs
of the regulatory community promoted and catalyzed the scientific and
engineering communities to develop increasingly sophisticated air quality
models; on the other hand, insights gained from advanced models have
prompted members of the regulatory community to rethink their approaches
to air quality management.

What Is Not Working Well

• As a general rule, models should be subjected to comprehensive
performance evaluations using detailed data sets from the atmosphere be-
fore using them in regulatory applications (Roth 1999; Seigneur et al. 2000).
Unfortunately, because of the lack of adequate atmospheric data (such as
those on pollutant concentrations), that rule is all too often overlooked by
the regulatory community.8  The consequences of this practice can be and,
in some instances, have been the promulgation of less than optimal or even
ineffective control strategies (see Box 3-4).

• Model results are sometimes used inappropriately by regulators. One
example is the practice in attainment demonstrations of using a model to
predict pollutant concentrations years or even decades into the future with-
out recognizing that input parameters, which are based on estimates of
future socioeconomic factors, for the simulation are highly uncertain.

• Substantial delays occurred in incorporating new scientific insights
from models into policy design.  One example is the reliance on VOC

8In a small number of cases, EPA has required mid-course review, but in most cases, no
provision is made for such a review.
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controls for O3 pollution long after science suggested that this strategy was
not effective.

• The ability to quantify uncertainty in the predictions of state-of-the-
science chemical transport models remains inadequate, although improve-
ments have been made.

• In a number of areas of the country, there have been inadequate
resources (financial and personnel) for the correct application of these tools
to local and regional problems.

Beyond the specific concerns listed above, there are two broader con-
cerns—model uncertainty and over-reliance on models for O3 SIPs—and
one important opportunity—multipollutant models—that bear more de-
tailed discussion.

Model Uncertainty

An assessment of the uncertainties in model output has not been a
routine component of the information used by regulators.  Unfortunately,
the uncertainty in model predictions depends on a variety of factors, includ-
ing the type of prediction (such as variables and averaging time), the appli-
cation, the uncertainties associated with the model’s input and internal
parameters, and the model itself.  As a result, a universal, comprehensive
statement cannot be made about the uncertainties of any model simulation
(see Oreskes et al. 1994).  Literature estimates for individual components of
an air quality model—emissions, chemistry, transport, vertical exchange,
deposition—typically indicate uncertainties of 15–30%, but when the sup-
porting data sets are weak, the uncertainties can be significantly higher.  A
consideration of all factors reveals that model uncertainty can be both
significant and poorly characterized (NARSTO 2000).  It follows, there-
fore, that relying solely on the output of an air quality model to resolve
emission-control issues or to demonstrate attainment of an air quality stan-
dard or objective is problematic.

Despite these limitations, air quality models remain the only tools avail-
able for quantitatively simulating or estimating future outcomes.  Although
challenging to use, air quality models are essential to the current AQM
system. Their use can be optimized by collecting and analyzing appropriate
data sets, carefully assessing model sensitivity and uncertainty, and avoid-
ing inappropriate applications.

Over-Reliance on Models for O3 SIPs

As discussed in more detail later in this chapter, SIPs developed for O3
nonattainment areas have relied heavily on so-called attainment demon-
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strations, in which an air quality model is used to determine the amount of
emission reductions needed to reach attainment by a specified date. In
general, these attainment demonstrations have tended to be overly optimis-
tic, and O3 concentrations in these areas have tended to exceed the values
projected by the models (API 1989).

An Opportunity: Emerging Multipollutant Models

The growing development and use of multipollutant models suggests
that a multipollutant approach to AQM is now viable.  The current ap-
proach in the United States tends to ignore the interrelationships among
pollutants.  For the most part, planning and regulatory efforts have oc-
curred without serious consideration of the linkages among pollutants and
the commonality of their sources (the one exception being particles and
visibility).  At the very least, the effort to solve each air quality problem in
isolation from the rest has probably resulted in missed opportunities to
address different pollutants simultaneously.  Future multipollutant model-
ing efforts should be enhanced to support strategies for simultaneous reduc-
tion of multiple pollutants.

Using the Weight-of-Evidence Approach
in the Attainment Demonstration

In recognition of the uncertainties inherent in the use of the air quality
models, EPA now encourages states to perform complementary analyses
using available air quality, emission, and meteorological data along with
outputs from alternative receptor- and observation-based models before
arriving at a final target for the emission reductions that will be needed
to meet attainment. These complimentary analyses can be used to assess
the reasonableness of the results obtained from the air quality model
simulations or as a weight-of-evidence determination that a given amount
of emission reductions will be adequate to meet the NAAQS attainment
standard.

The inclusion of a weight-of-evidence analysis in attainment-demon-
stration SIPs should be a positive development from a scientific and techni-
cal point of view. It implicitly acknowledges the limitations of air quality
model simulations and allows planners to use information and insights
from existing data and other analytical procedures to develop a more com-
prehensive and conceptual understanding of the relationship between pol-
lutant emissions and the concentration of a criteria pollutant. In principle,
such an understanding can make it possible for SIP developers to arrive at a
more robust estimate of the emission reductions that will be needed to
reach attainment. However, for this approach to work, the weight-of-
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evidence analysis must be applied in an unbiased manner and not simply to
justify lower emission reductions than those indicated by air quality model
simulations. The introduction of the weight-of-evidence approach in the
1996 guidance document for preparing new SIPs for the 1-hr O3 standard
appeared to have invited such a biased application, and bias in using the
weight-of-evidence approach has been alleged in legal challenges to SIPs for
a number of states.  More recent guidance documents for SIPs for the 8-hr
O3 standard (EPA 1999e) and for PM2.5 and regional haze (EPA 2001c)
appear to have a more balanced approach.  Time will tell how states will
respond to this guidance.

Finally, the inclusion of the weight-of-evidence analysis does not elimi-
nate a major problem in the current SIP process.  This problem—an over-
emphasis on the emissions target obtained in the attainment demonstra-
tion—is discussed in more detail later in this chapter.

Emission-Control Strategy Development in an
Attainment-Demonstration SIP

When the total amount of emission reductions required to reach attain-
ment of the NAAQS has been determined though modeling and weight-of-
evidence analysis, air quality planners must devise a strategy of emission
controls and enforcement to bring about these reductions by the required
date.  In principle, these reductions can be derived from measures designed
to change sociological and behavioral factors that influence pollutant emis-
sions as well as from technological changes that directly affect emissions. In
practice, however, AQM in the United States has emphasized technological
solutions (see Box 3-5).

The emission-control strategy in an attainment-demonstration SIP is
typically developed in stages, as the emission reductions from federal mea-
sures, mandatory local measures, additional local measures, and possible
regional multistate measures are assessed consecutively.

Federal Measures

The CAA empowers EPA to impose nationwide emission-control mea-
sures on selected industries (for example, motor vehicle manufacturing
facilities). When developing a SIP, state and local agencies can include the
emission reductions anticipated from these measures.  The specific amount
of emission-reduction credit an area is allowed from each federal measure is
determined from EPA-supplied guidelines and models.  For most states,
emission-reduction credits from federal control measures have represented
a major fraction of the emission reductions in their respective SIPs (see Box
3-6); thus, the existence of federally mandated emission-control measures
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BOX 3-5 Technological Change versus
Social or Behavioral Measures

One of the challenges facing the SIP process and the attainment of NAAQS has
been the inability of air quality management in the United States to rely on social and
behavioral measures in addition to technological innovations to improve air quality.
The 1970 CAA Amendments were passed at a time of great environmental activism.
In addition to technological requirements, the amendments contained provisions to
obtain emission reductions from actions to change behavior, such as reducing vehi-
cle miles traveled or changing land-use planning.  Early efforts to implement these
measures (for example, through increased tolls, parking freezes, and other mea-
sures to discourage travel) were met with such intense political resistance that EPA
was expressly prohibited in the 1977 CAA amendments from imposing the more
stringent measures on any area. The 1977 CAA Amendments did include, however,
the requirement that transportation-control measures be enacted in certain nonat-
tainment areas.  In the 1990 CAA Amendments, Congress added the employee
commute options requirement.  Even these less stringent measures have met with
resistance from those who do not believe that implementation of the CAA should
result in changes in life style.  In 1995, Congress repealed the employee commuter
requirements and placed limitations on the use of enhanced I/M requirements. As a
result, most emission reductions continue to come from technological changes.  In
some instances, the inability of air quality managers to affect social and behavioral
patterns has significantly degraded the impact of the technological changes that
were imposed to lower pollutant emissions (see, for example, the discussion on
mobile emissions in Chapter 4).

have eased the burden of state and local authorities in developing attain-
ment SIPs.

Mandatory Local Measures

Once an area has accounted for emission reductions based on federal
measures, the area must then plan and account for local emission-control
measures that are specifically mandated by the CAA.  The extent of these
mandatory measures depends on the pollutant and the classification of the
area. As detailed in Box 3-3, the measures range from the imposition in all
nonattainment areas of reasonably available control technology (RACT) on
large stationary sources, such as electricity-generating and industrial com-
bustion facilities, to the promulgation of the reformulated gasoline pro-
gram in severe and extreme O3 nonattainment areas.  As in the case of the
federal measures, the credits for emission reductions based on each man-
datory measure are determined by EPA-supplied guidelines and models.
The emission reductions allowed by EPA for some of these measures (for
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BOX 3-6 Relative Roles of Federal, State,
and Local Controls in Illustrative SIPs

When an area is found to be in nonattainment with a NAAQS, the relevant state
(and/or local) agency must submit an attainment-demonstration SIP to EPA.
Among other things, the SIP must contain a list of emission-control measures that,
when implemented, will bring the area into compliance. The control measures may
include those promulgated at the national level by the federal government as well
as those promulgated at the state and local level. To illustrate how the mix of fed-
eral, state, and local emission programs have been adopted, the O3 attainment-
demonstration SIPs from four nonattainment areas are examined here:

1. Houston-Galveston, TX: SIP submitted in December 2000 (TNRCC 2000)
and September 2001(TNRCC 2001).a

2. South Coast Air Basin, CA: included in the California SIP submitted in No-
vember 1994 (CARB 1994).

3. Southeast Wisconsin: SIP submitted in December 2000 (WDNR, 2000).
4. Philadelphia, PA, Trenton, NJ, and Wilmington, DE: SIP submitted in Au-

gust 1998 (CPDEP 1998).

Although some of these areas have submitted SIP revisions more recently, the
ones chosen were those with the most comprehensive discussion of emission-
reduction strategies since passage of the 1990 CAA Amendments and are thus
most appropriate for our discussion here.  Tables 3-2 and 3-3 list the federal, state,
and local emission-control measures and anticipated emission reductions for the
two O3 precursors, VOCs and NOx, for each of the SIPs.  The identification of a
reduction as a federal, state, or local measure in the SIPs is determined by the
states themselves and is therefore not consistent among the states.  For example,
stringent motor vehicle standards initially implemented in California and then later
extended to other states in a federal regulation are counted as a state measure in
California and a federal measure elsewhere.  In addition, most states claim I/M
programs as a state initiative rather than a federal control, even though the CAA
Amendments of 1990 require areas in moderate O3 nonattainment to have basic
I/M programs and areas in serious and above O3 nonattainment to have enhanced
I/M programs.

The data in the tables suggest that federal programs often play a major role in
the emission reductions assumed in SIPs. Federal measures are responsible for
the majority of VOC emission reductions in all but one of the examples.  California
is the exception in that it claims that nearly all of its emission reductions result from
state and local initiatives. In the case of NOx emission controls, the  federal mea-
sures result in essentially no reductions  in Southern California and an almost 30%
decrease in Wisconsin. In the Philadelphia-Trenton-Wilmington area, multistate
measures, specifically the NOx SIP call, account for about 30% of the anticipated
NOx emission reduction.

aThe Houston-Galveston SIP did not demonstrate sufficient reductions for either NOx or
VOCs.  In theory, EPA should have bumped up this area to an extreme nonattainment area.
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example, I/M and oxygenated fuels) have been criticized as being unrealisti-
cally large (NSTC 1997; NRC 2001c, 1996).

Additional Local Measures

As envisioned in the CAA, if the emission reductions projected by
federal measures, regional measures (see discussion in next section), and
local mandatory measures are not sufficient to bring about compliance, the
air quality planners must identify additional local emission controls to
make up the shortfall. The only specific requirements on these additional
emission reductions are that they be sufficient to meet the areawide target
reduction indicated by the attainment demonstration and that the measures
are verifiable and enforceable.  They can involve deeper emission reduc-
tions from sources already regulated via federal or mandatory local mea-
sures and emission controls on previously unregulated sources, such as
lawnmowers, small industrial and consumer products, open burning, and
construction equipment.  Although EPA cannot consider costs in setting
NAAQS, states and local authorities can and do consider costs and cost-
effectiveness when identifying the mix of local emission controls to be
included in the SIP. Inclusion of economic incentive programs, such as cap-
and-trade programs discussed in Chapter 6, and consideration of environ-
mental justice, as discussed in Chapter 2, are also emerging as important
drivers in the process.

Multistate Regional Measures

At the time of the initial passage of the CAA, it was thought that
nonattainment within a given area was largely caused by emissions within
that area and could be mitigated by local emission controls. It was reason-
able, therefore, to place the final responsibility for devising a plan to miti-
gate this pollution on local and state authorities. By the end of the 1980s,
however, it had become apparent that some air quality problems had a
larger, multistate component and that a substantial contribution to an
area’s pollution could arise from upwind emission sources.  In response,
Congress included provisions in the 1990 CAA Amendments for imple-
menting multistate air pollution mitigation strategies through the creation
of regional planning organizations (RPOs). Although these RPOs cannot be
vested with regulatory authority, in principle, their strategies can be imple-
mented and legally mandated by EPA’s issuance of an appropriate multistate
rule and by the voluntary inclusion of the measures in the SIPs prepared by
the states.  As a result, a number of statutory as well as ad hoc RPOs have
emerged.  In the eastern half of the United States, where regional O3 pollu-
tion has been an important concern, organizations such as the Ozone Trans-
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port Commission (OTC) and the ad hoc Ozone Transport Assessment
Group (OTAG) were established. In the West, where degrading visibility in
Class 1 areas has been a growing problem, the Grand Canyon Visibility
Transport Commission and Western Regional Air Partnership (WRAP) was
established.  A brief overview of those three efforts and their relationship to
two major regional rules promulgated by EPA (the NOx SIP call and the
regional haze rule) is provided below.

The O3 Transport Region and O3 Transport Assessment Group

In recognizing that O3 and its precursors can be transported over large
distances and that O3 nonattainment areas, especially in the eastern United
States, can be affected significantly by upwind sources, the 1990 CAA
Amendments created the Ozone Transport Region (OTR) to help states in
the northeastern United States develop a coordinated strategy. The amend-
ments also authorized EPA to create other O3 transport regions.

The states from Virginia to Maine and the District of Columbia make
up the OTR.  Their representatives and the EPA offices constitute the OTC,
which Congress created to formulate solutions to regional O3 pollution.
OTC recommends a variety of VOC- and NOx-reduction measures, which
the state governments then make enforceable by incorporating them into
their respective SIPs. The major initiatives adopted thus far by OTC to
address regional O3 pollution include the California low-emissions vehicle
(LEV) program and NOx budget trading program for electric utilities and
large industrial boilers.  Phase I of the program included the installation of
RACT, which was required in the 1990 CAA Amendments of all OTR
states.  Phases II and III committed OTR states to further regional NOx
emission reductions in 1999 and 2003 via an integrated interstate emis-
sions-trading program.9

OTAG was established in 1995 by EPA and the 31 states east of the
Mississippi River.  The major impetus for establishing OTAG was the inabil-
ity of O3 nonattainment areas in the eastern United States to submit complete
SIPs by the 1994 deadline mandated in the 1990 CAA Amendments.  The
incompleteness of the SIPs arose from the inability of state and local regula-
tors to develop viable plans to reach attainment on the basis of local emission
contributions alone.  Therefore, OTAG was formed to assess the role of more
distant sources in causing O3 nonattainment in localized, largely urban areas
and to develop strategies for mitigating their contributions.

In contrast to the OTC formation, the affected states played a major
role in initiating OTAG.  In addition to EPA and the relevant state agencies,

9This program is discussed in more detail in Chapter 5.
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122 AIR QUALITY MANAGEMENT IN THE UNITED STATES

affected industrial and environmental groups, the academic research com-
munity, and Canadian representatives participated in the deliberations. The
work and deliberations carried out by OTAG produced a general consensus
recommendation to EPA for a new regulatory initiative to reduce NOx
emissions throughout the region. In response, EPA proposed a NOx SIP call
that would cap NOx emissions in 22 states and the District of Columbia.
The caps were imposed on states on the basis of their estimated impact on
regional O3 concentrations and not on the basis of their own attainment
status with regard to the O3 NAAQS. Following a series of court challenges
by midwestern states and industry groups to some of the details of EPA’s
proposed cap, the NOx SIP call rule was adopted with some changes and
will become effective in 2004.  The lengthy regulatory and legal challenge
process substantially delayed the implementation of the regional NOx SIP
call program and the associated air quality benefits.  The OTAG process
will have taken 9 years from its initiation to deliver its initial NOx reduc-
tions via the NOx SIP call.  Under the OTC NOx budget program, which
relied on more explicit authority in the 1990 CAA Amendments, the initial
NOx reductions were achieved in only 5 years.

OTC and OTAG have provided effective mechanisms for facilitating
coordination among states faced with air quality problems that have a
significant multistate or regional component. However, the actual emis-
sion-reduction strategies developed by those groups have yet to be fully
implemented; therefore, it is too early to determine whether these strategies
will bring about the desired O3 reductions.

EPA’s Regional Haze Rule

Section 169(a) of the 1990 CAA Amendments required EPA to estab-
lish regulations to ensure reasonable progress in improving visibility in 156
national parks and wilderness areas (Class I areas) in the United States.  In
response, EPA issued a regional haze rule in 1999. The rule sets specific
visibility improvement targets for the nation (described in Chapter 2) and
then requires all states to develop plans to achieve “reasonable progress”
toward those goals.

A notable aspect of the regional haze rule is that even states that do not
have visibility-degraded Class I areas are required to submit SIPs to reduce
the sources of pollution from the states that contribute to visibility degrada-
tion elsewhere. Thus, like the NOx SIP call, EPA’s regional haze rule repre-
sents a program that attempts to address a regional air pollution problem
by making all contributors to the problem contribute to the solution even if
they do not suffer significantly from the consequences of this pollution.

Although the rule requires all states to participate, it does not impose
specific intra- or interstate emission controls or limits. Instead, all but nine
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western states are required to develop long-term strategies for achieving the
visibility improvement goals set by EPA and to submit these strategies in the
form of a regional haze SIP to EPA for approval and review. The nine
western states exempted from this procedure are Arizona, California, Colo-
rado, Idaho, Nevada, New Mexico, Oregon, Utah, and Wyoming. As de-
scribed below, these states, whose pollution has been deemed to contribute
most significantly to visibility degradation in the Grand Canyon National
Park, are treated in a separate section of the regional haze rule that allows
them to implement the strategies recommended by the Grand Canyon Vis-
ibility Transport Commission (GCVTC).

The regional haze rule gives states the option of developing their own
implementation plans but encourages them to work collaboratively with
other states by forming RPOs. Today there are five regional planning orga-
nizations addressing regional haze: WRAP is working to implement the
recommendations of the GCVTC (see below), the Central States Regional
Air Partnership (CENRAP), the Midwest Regional Planning Organization
(Midwest RPO), the Mid-Atlantic/Northeast Visibility Union (MANE-VU),
and the Visibility Improvement State and Tribal Association of the South-
east (VISTAS).

Problems have arisen despite the authority of EPA to promulgate multi-
state regulations to address visibility degradation. For example, when de-
veloping their long-term implementation strategies, states are required by
the regional haze rule to identify all major sources to which the statute’s
best available retrofit technology (BART) requirement can be applied.
However, the Court of Appeals for the District of Columbia Circuit has set
aside this aspect of the rule on the grounds that it impermissibly constrains
the states’ authority to make individualized BART determinations (Ameri-
can Corn Growers Ass’n v. EPA, 291 F.3d 1 [D.C. Cir. 2002]). To help
avoid such problems in the future, a recommendation is made in Chapter 7
to enhance EPA’s responsibility for multistate air pollution problems.

Grand Canyon Visibility Transport Commission and the
Western Regional Air Partnership

Along with the OTC, the 1990 CAA Amendments also instructed EPA
to form GCVTC to deal with fine-particle haze that impaired visual air
quality in the Grand Canyon National Park (42 U.S. Code § 7492(f)).  The
purpose of GCVTC, which EPA officially established in 1991, was to de-
velop consensus recommendations on measures to protect visual resources
in the national parks and wilderness areas of the Colorado plateau.  Voting
members of GCVTC included representatives from eight western states,
four tribes, the Columbia River Inter-Tribal Fish Commission, and five
federal agencies.  Over a 5-year period, GCVTC and its committees per-
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formed scientific, technical, and economic assessments of existing and pro-
jected visibility in the region and obtained public input on air quality man-
agement alternatives.  GCVTC reported its final recommendations to EPA
in 1996.  The regional haze rule that EPA issued in 1999 included separate
provisions and deadlines for the western states and tribes to pursue
GCVTC’s recommendations (40 CFR § 51.309).

WRAP was formed in 1997 as the successor to GCVTC.  Eleven west-
ern tribes and nine states are listed as WRAP members (WRAP 2003).  In
September 2000, WRAP submitted an annex to the 1996 GCVTC report,
proposing measures to implement GCVTC recommendations and meet the
requirements of the 1999 regional haze rule (WRAP 2000).  The annex
addresses the period through 2018 and features a shrinking emissions cap-
and-trade program for SO2 emissions in the GCVTC region.  WRAP ex-
pects the emissions cap to be met through voluntary measures; thus, the
trading program serves as a “backstop” in case the voluntary measures are
not sufficient.  EPA proposed to approve the annex on May 6, 2002 (67
Fed. Reg. 30418 [2002]).

Institutional Accountability in the SIP Process

The original 1970 CAA Amendments required SIPs to demonstrate that
the primary NAAQS would be achieved in every area within a state by
1977 at the latest.  When most urban areas of the country failed to meet
that deadline for one or more pollutants, Congress amended the statute in
1977 to require states to demonstrate that attainment of NAAQS would be
achieved in every area by 1987 at the latest.  In addition, the 1977 Amend-
ments provided for sanctions that EPA could impose upon states that failed
to submit adequate plans and for states that did not attain the standards by
the deadlines.  In especially difficult cases, EPA could take action by writing
a federal implementation plan (FIP).  Possible sanctions included the with-
drawal of federal highway funds for all but the most critical safety-related
highway projects in the area and a ban on construction of new major
stationary emission sources in the area.  In the mid-1980s, EPA instituted
sanctions on a few areas that failed to meet the 1983 deadline for PM and
SO2, but the agency refrained from administering sanctions in areas in
states that had submitted plans for attaining the O3 standards by the 1987
deadline plans that later proved to be inadequate. In addition, EPA rarely
wrote FIPs for states that had submitted SIPs that did not appear adequate
to achieve NAAQS attainment.

In response to the failure to meet the 1980s deadlines, the 1990 CAA
Amendments specified attainment deadlines that depended on how far an
area was from reaching attainment in 1990 (see Table 3-1) and a new
“bump-up” provision for dealing with areas that failed to meet their attain-

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


DESIGNING AND IMPLEMENTING CONTROL STRATEGIES 125

ment deadlines. In this provision, the EPA administrator is directed to re-
classify any O3 nonattainment area that is ranked below severe that fails to
attain the NAAQS by its attainment date to “the higher of (i) the next
higher classification for the area, or (ii) the classification applicable to the
area’s design value.” Since the SIP requirements for O3 nonattainment areas
increase dramatically as the classification increases, the automatic bump-up
provision provides a sanction of sorts for areas that fail to reach attainment
by the required dates.  However, EPA has only rarely complied with its
statutory obligation to make timely findings that areas have not achieved
attainment by the statutory deadlines and thereby bump up their non-
attainment status.  In some cases, EPA has applied a “downwind extension
policy” under which areas that did not achieve attainment by the relevant
deadlines because of emissions or transport of emissions from other areas
would not automatically be bumped up.  Nevertheless, one district court
ordered EPA to make the required nonattainment finding in a timely fash-
ion, and three courts of appeals found the downwind extension policy to be
invalid.10

In addition to the bump-up provision, the 1990 CAA Amendments
provide other more tangible penalties and sanctions for states that fail to
submit a SIP or submit an inadequate SIP. These include the authority for
EPA to write a FIP as well as to impose two types of sanctions: (1) cutting
off federal highway funds for the area, and (2) limiting the construction or
modification of major new sources in the area by requiring two-for-one
offsets from other sources of the same pollutant in the same or (in some
cases) in adjacent areas (42 USC § 7509(a), (b)).  A new aspect of the
sanctions provision in the 1990 CAA Amendments is the requirement for
automatic imposition of sanctions on deficient areas. According to the
statute, once an area has been found by EPA to be deficient because of a
failure to submit an adequate SIP, that area has 18 months to correct the
deficiency. At the end of this 18-month “sanctions clock,” EPA must im-
pose at least one of the two sanctions on the area and keep the sanctions in
effect until the deficiency has been corrected.

At the time of the writing of this report, EPA has had to impose one or
more of the sanctions mandated in the CAA Amendments of 1990 in 28
instances. An additional 39 areas under the 18-month sanctions clock are
facing the imposition of sanctions in the near future unless they can correct
the relevant deficiency or deficiencies. For the most part, when sanctions
have gone into effect, states have acted rapidly to have them removed, and
as a result, they have tended to remain in effect for relatively brief periods

10Sierra Club v. EPA, 2002 U.S. App. LEXIS 25289 (5th Cir. 2002); Sierra Club v. EPA,
311 F.3d 853 (7th Cir. 2002); Sierra Club v. EPA, 294 F.3d 155 (D.C. Cir. 2002); Sierra Club
v. Browner, 130 F. Supp. 2d 78, 95 (D.D.C. 2001).
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(in many cases, sanctions were lifted within weeks or even days of being
imposed). In virtually all cases where highway sanctions were imposed,
they did not result in an actual loss of highway funds, because no highway
projects were being proposed in the areas during the brief periods that the
sanctions were in effect. (The two exceptions were East Helena, MT, and
Iron County, MO.)  The rapidity with which states and areas acted to
remove sanctions that had been imposed by EPA might indicate that the
requirement for mandatory sanctions in the 1990 Amendments did in fact
provide a positive impetus for compliance with the CAA and the SIP re-
quirements. However, it is beyond the scope of this report to determine
whether that was the case. The imposition of sanctions appeared to have
little or no direct economic impact on the affected areas and states.

THE EFFECTIVENESS OF THE SIP PROCESS

Two basic metrics can be used to assess the effectiveness of the SIP
process. The less stringent metric is based on an assessment of whether
implementation of SIPs has resulted in a general decrease in pollutant emis-
sions and concentrations and, more specifically, in a decrease in criteria
pollutant concentrations in nonattainment areas. As discussed in more de-
tail in Chapter 6, data from the nation’s air quality monitoring networks
suggest that the SIP process has resulted in considerable progress in improv-
ing air quality on the basis of this metric.

The more stringent metric is based on whether implementation of fed-
eral, regional, and local programs through the SIP process has resulted in
the attainment of the NAAQS for criteria pollutants. On that basis, the
effectiveness of the SIP process is less apparent. For example, in Table 3-4,
where the number of nonattainment areas in the United States in 1992 and
2002 are listed for each of the criteria pollutants, significant progress is
clearly shown.  The number of nonattainment areas for CO, lead (Pb), SO2,
and nitrogen dioxide (NO2) have decreased substantially. On the other
hand, with the exception of NO2, nonattainment areas for each of these
pollutants still exist. In the case of O3, there has also been a substantial
decrease in the number of nonattainment areas. However, most of the areas
that have been redesignated as being in attainment had a moderate or
marginal classification. None of the serious O3 nonattainment areas, which
were scheduled to reach attainment in 1999 in the 1990 CAA Amendments,
have been redesignated. Similarly, all the areas classified as severe and
extreme remain on the nonattainment list; however, they are not scheduled
to reach attainment until 2005 and 2010, respectively. Thus, the effective-
ness of the current SIP process in addressing serious and above O3 non-
attainment has yet to be established. Of even greater concern is the lack of
progress in alleviating nonattainment of the PM10 NAAQS, especially given
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TABLE 3-4 Classifications and Number of Nonattainment Areas in
1992 Remaining in Nonattainment as of February 6, 2003
Pollutant Classification (ppm) 1992 2003

CO Serious (≥ 16.5) 7 6
Moderate  (12.7 to 16.4) 4 1
Moderate (9.1 to 12.7) 32 4
Not classifieda 33 2
TOTAL 76 13

Pb — 13 3
NO2 — 1 0
O3 Extreme (≥ 0.280) 1 1

Severe-17 (0.190 to 0.280)b 5 5
Severe-15 (0.180 to 0.190)c 5 5
Serious (0.160 to 0.180) 14 15
Moderate (0.138 to 0.160) 32 8
Marginal (0.121 to 0.138) 44 21
Section185Ad 11 3
Othere 2 1
TOTAL 137 73

PM10
f Serious 8 8

Moderate 78 58
TOTAL 86 66

SO2 Primaryg 48 21
Secondaryh 6 6

a“Not classified” is an area designated a CO nonattainment area as of the date of enactment
of the CAA Amendments of 1990, which did not have sufficient data to determine if it is
meeting or is not meeting the CO standard.
b“Severe-17” nonattainment areas have 17 years to attain standards.
c“Severe-15” nonattainment areas have 15 years to attain standards.
d“Section 185A” of the CAA (previously called transitional) is an area that has designated an
O3 nonattainment area as of the date of enactment of the CAA Amendments of 1990 and that
has not violated the national primary ambient air quality standard for O3 for the 36-month
period beginning January 1, 1987, and ending December 31, 1989.
eThis category includes areas that violate the O3 standard and have a design value of less than
0.121 ppm.  That occurs when the exceedance is higher than the O3 standard exceedance rate
of 1.0 per year, even though the estimated design value is less than the standard.
f This is not an official list of nonattainment areas.  See the Code of Federal Regulations (40
CFR Part 81) and pertinent Federal Register notices for legal lists and boundaries (http://
www.epa.gov/oar/oaqps/greenbk/pfrnrpt1.html). For an area designated as being in non-
attainment of the NAAQS for PM10, Section 188 of the CAA outlines the process for classifi-
cation of that area and establishes that area’s attainment date.  At the time of designation, all
PM10 nonattainment areas are initially classified as moderate by operation of law.  A moder-
ate area can subsequently be reclassified as serious either before the applicable moderate area
attainment date, if EPA determines the area cannot “practicably” attain the PM10 NAAQS by
this attainment date, or after the passage of the applicable moderate area attainment date, if
EPA determines the area has failed to attain the standards.
g“Primary” standard based on health-related effects.
h“Secondary” standard based on welfare-related effects.
Abbreviation: ppm, parts per million.
SOURCE: EPA 2003h.
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the likelihood that the promulgation of the new PM2.5 NAAQS will give rise
to a large number of PM nonattainment areas.

Critical Discussion of the SIP Process

The SIP process is an important and essential component of the nation’s
AQM system. It allows state and local agencies to take into account emis-
sion controls adopted at the federal and multistate levels and then choose a
suitable suite of additional local emission-control measures to reach attain-
ment.  On balance, this process should provide an appropriate division of
responsibility. It can also provide the basis for a constructive partnership
between the federal and state governments that steadily improves air qual-
ity on the local, multistate, and national levels.  Air quality monitoring data
confirm that such improvements have occurred in the past two decades (see
Chapter 6).  Nevertheless, important adjustments to the SIP process are
needed if the difficult challenges ahead are to be effectively addressed. Some
of the major concerns are discussed below. Recommendations for address-
ing these concerns are presented in Chapter 7.

An Overly Bureaucratic Process

The SIP process now mandates extensive amounts of local, state, and
federal agency time and resources in a legalistic, and often frustrating,
proposal and review process, which focuses primarily on compliance with
intermediate process steps (see Box 3-7).  This process probably discour-
ages innovation and experimentation at the state and local levels; overtaxes
the limited financial and human resources available to the nation’s AQM
system at the state, local, and federal levels; and draws attention and re-
sources away from the more germane issue of ensuring progress toward the
goal of meeting the NAAQS.

Overemphasis on Attainment Demonstrations

An attainment-demonstration SIP is statutorily required to demonstrate
through air quality model simulations and other weight-of-evidence analy-
ses that the relevant nonattainment area will reach attainment by a certain
date as a result of the specific pollution-control measures proposed in the
SIP. Such an exercise provides policy-makers with critical information:
estimates of the magnitude of emission reductions that will be needed to
reach attainment and assessment of the efficacy of various options that
could be adopted. That information is essential to the development of an
implementation plan and should be retained in the AQM plan.
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BOX 3-7 The State Implementation Plan:
Examples of Bureaucratic Overload

• Every SIP revision requires a rule-making or legislative action at the state
level.  That process can take months or even years. Moreover, once approved at
the state level, the revision must then be subjected to a full formal review by EPA
and EPA’s own federal rule-making process. A major overhaul of the process in
1989 encouraged the use of “direct final notices” and “conditional approvals” to
reduce the time needed to approve a state submittal, but the process remains
largely duplicative, resource intensive, and time consuming.

• The CAA uses the nonattainment status of areas to impose numerous pre-
scriptive measures on those areas (see Box 3-3).  From the sector-specific RACT
requirements to, for example, vehicle I/M programs, the measures must be imple-
mented according to strict EPA regulations or guidance, thus reducing the flexibil-
ity with which areas can design and implement emission-reduction measures. The
rigidity of federally mandated requirements for SIPs containing areas that are clas-
sified as serious and above may represent a congressional recognition of the fail-
ure of more flexible SIP requirements to achieve attainment during the 20 years
before the enactment of the 1990 CAA Amendments. Although federally mandated
sector-specific measures reduce local flexibility, they should have the benefit of
accelerating the EPA approval process, but in general, they have not done so.  In
some cases, even minor differences between EPA’s language and a state’s lan-
guage have resulted in a full-scale SIP review.  (A notable exception is the pro-
cedure used by the California South Coast Air Quality Management District
[SCAQMD] to adopt New Source Performance Standards [NSPS]; the SCAQMD
regulations refer to the language of the Code of Federal Regulations rather than
the language of local rules.)

• The CAA and its associated amendments specify a number of deadlines
that proved to be unrealistic. A prime example is the specification of attainment
deadlines that proved to be infeasible for O3 in the CAA Amendments of 1970 and
1977. (It remains to be seen if the more liberal attainment deadlines specified in
the CAA Amendments of 1990, which extend to 2010, are feasible.) Setting unre-
alistic deadlines can lead to frustration for local and federal agencies that do not
see any reasonable way to achieve the requirements of the act. It can also intro-
duce an aura of fiction to the entire SIP process as agencies endeavor to meet the
letter of the law by promulgating attainment demonstrations that have little likeli-
hood of accurately forecasting future air quality trends.

• The actual emission reductions that can be achieved from specific mea-
sures are difficult to predict before they have been fully implemented and tested.
Experience shows that many of the emission reductions claimed in SIPs prove to
be too high. That has been especially true of the credits allowed by EPA for pro-
grams to reduce mobile-source emissions, such as the I/M and oxygenated fuels
program (NSTC 1997, NRC 2002a). It is possible that the requirement to demon-
strate attainment in a SIP inadvertently encourages the regulatory community to
be overly optimistic when considering the benefits of specific measures. It is also
possible that, in some cases, EPA has allowed local and state agencies to take
large emission credits for specific programs to encourage program use and prop-
agation. Finally, it is possible that EPA has allowed some to take overly generous
emission credits to put off rancorous policy disputes.
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However, the use of the attainment demonstration as a one-time ro-
bust prediction of how air quality in a given area will evolve over a
multiple-year to a decadal time scale does not take into account the sig-
nificant modeling, socioeconomic, and control-technology uncertainties
implicit in such a process, and thus improperly applies the scientific and
technical tools used in the demonstration (see, for example, NARSTO
2000).  Moreover, the attainment demonstration can provide a false sense
of assurance, which can discourage a review of the underlying assump-
tions of the plan until attainment has not been achieved after the pre-
scribed time, such as 5 years or more.  Finally, although mid-course
reviews of SIPs do occur and although it should be possible to amend a
SIP as new information and updated modeling simulations become avail-
able, in practice this task is very difficult, because the CAA requires that
any such changes be subjected to the full and complex review and ap-
proval process used for the original SIP.  In Chapter 7, the committee
recommends implementation of a more iterative process, which retains
the attainment demonstration but places greater emphasis on tracking
and measuring progress and performance.

Single-Pollutant Focus of SIPs

Air pollutants occur in complex mixtures, and yet SIPs are constrained
to address only individual criteria pollutants.  As a result, the entire, rela-
tively cumbersome SIP process must be undertaken for a pollutant such as
O3 and then again for PM in a separate process and on a different time-
table, despite the fact that the exposures are simultaneous, the sources are
often the same, and the two pollutants share many common chemical pre-
cursors. One result of this separation is that facilities and other emitters of
air pollution may be faced with multiple requirements over time to deal
with similar pollutants. This process is made more problematic by the
inability to consider key HAPs at the same time unless they are VOCs and
therefore also precursors of the other pollutants.  Some of the pollutants
that states have sought to control in the past had limited sources and could
be addressed individually (for example, Pb and CO).  However, the major
air pollution challenges today, which involve multiple emissions from com-
mon mobile and stationary sources, can be more effectively addressed using
a multipollutant approach.  Such an approach can simultaneously seek
reductions of pollutants posing the most significant risks.  It can also focus
on achieving the most cost-effective mix of emission reductions of key
pollutants from any one source rather than asking that source to separately
address reductions of different pollutants at different times in response to
different SIPs.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


DESIGNING AND IMPLEMENTING CONTROL STRATEGIES 131

Barriers to Addressing Multistate Airshed Pollution

Over the past two decades, the AQM system has had to grapple
increasingly with air pollution phenomena that extend over multistate
airsheds—phenomena whose effective control requires coordination across
state boundaries and participation by states that may contribute to seri-
ous air quality problems but not experience them.  For example, for acid
rain, Congress chose to prescribe a national rule; for regional haze, Con-
gress attempted to provide EPA with the authority to develop multistate
strategies; and for O3, OTC (mandated by the CAA) and OTAG (devel-
oped by EPA and the states) were formed to develop suitable multistate
strategies.

The current form of the CAA does not provide EPA and states a clear
mandate and procedure for regularly analyzing and identifying when and
how to implement multistate efforts. With the exception of the OTC, the
multistate regulatory approach for O3 and regional haze has been linked
to the traditional SIP, requiring that a set of multistate controls be identi-
fied first and then incorporated voluntarily into the SIPs of all the states in
the given region. This indirect and controversial process has been time
consuming and fraught with legal uncertainties. The SIPs of the future
will require a more effective mechanism for identifying and linking multi-
state control strategies with local measures. Of particular importance
will be the need for mechanisms to induce states upwind of emission
sources to take actions that have little direct benefits for them but that are
needed for successful attainment of the NAAQS in states downwind of the
sources.

SUMMARY

Strengths of the SIP Process

• The SIP process provides a reasonable mechanism for state and local
agencies to take into account emission controls adopted at the federal and
multistate levels and then to choose a suitable suite of additional local
emission-control measures to attain the NAAQS.

• The existence of federally mandated emission-control measures has
eased the burden of state and local authorities in developing attainment SIPS.

• The requirement for emission inventories in SIPs has facilitated the
development of a uniform methodology for quantifying pollutant emissions
in the United States.

• The requirement for modeling analysis in SIPs has promoted the
development of increasingly sophisticated air quality models that link pol-
lutant emissions to pollutant concentrations in the atmosphere.
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11Recommendations are provided in Chapter 7.

• The SIP process has resulted in a general decrease in criteria pollut-
ant concentrations in the United States and, in some areas, has resulted in
NAAQS attainment.

• The sequencing of attainment dates for O3, based on nonattainment
classification, provides a more reasonable and flexible timetable for state
and local agencies to come to address this persistent air pollution problem.

Limitations of the SIP Process11

• Implementation of federal, regional, and local control measures
through the SIP process has not resulted in attainment for O3 and PM in
many areas in the United States.

• The SIP process has become overly bureaucratic and draws attention
and resources away from the more germane issues of tracking progress and
assessing performance.

• The attainment-demonstration SIP places too much emphasis on
uncertain emissions-based modeling simulations of future air pollution
episodes.

• SIPs must be developed individually for each criteria pollutant, mak-
ing it difficult for states and local agencies to consider potentially more
cost-effective and more protective multipollutant strategies.

• The SIP process lacks sufficient mechanisms and governmental infra-
structure for addressing multistate airshed aspects of air pollution.
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INTRODUCTION

Since the earliest days of the Clean Air Act (CAA), mobile sources have
been recognized as one of the most important sources of air pollution and,
as a result, have been a prime target for emission control. Despite almost
three decades of increasingly tight and wide-ranging regulations, emissions
from mobile sources are still a major source of air pollution in the United
States (see Figure 1-2 in Chapter 1). The persistence of the need to address
mobile emissions is not, however, an indication that the largely technologi-
cal controls applied to mobile sources have been ineffective; indeed, emis-
sion rates from individual vehicles have decreased substantially since enact-
ment of the CAA.  Instead, human behavior and other social factors, such
as increases in vehicle miles traveled (VMT) and the growing popularity of
sport utility vehicles (SUVs), which had been regulated at a less stringent
level, appear to have offset many of the gains achieved from the imposition
of technological controls.1  Difficulties in identifying and repairing high-
emitting vehicles was probably also a contributing factor.

Currently, a wide variety of mobile sources are subject to control under
the CAA.  These are broadly divided into on-road and nonroad sources (see
Table 4-1).  On-road sources include light-duty vehicles (LDVs, also re-
ferred to as passenger cars), light-duty trucks (LDTs), heavy-duty vehicles

4

Implementing Emission Controls
on Mobile Sources

1As discussed later in the chapter, new SUVs will soon be required to meet the same gram-
per-mile emission standards as cars.
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TABLE 4-1 Types of Vehicles and Engines Regulated by AQM in the
United States
Source Category Status (Date Promulgated; Effective Date)

On-road sources
Light-duty vehicles (LDVs or Tier 2 regulations require about 99% reduction
passenger cars) over previous control levels for cars (2000;

2004–2007)

Light-duty trucks (LDTs) Must comply with Tier 2
(pickup trucks, minivans, Lightest truck (2000; 2004–2007)
passenger vans, and sport-utility Heavier light trucks (2000; 2008–2009)
vehicles with a gross weight of
less than 8500 lb)

Medium-duty passenger vehicles Tier 2 standards to be phased in beginning with
(MDPVs) (vehicles with gross the 2008 model year (2000; 2008–2009)
weight 8,500–10,000 used for
personal transportation, such as
larger sport utility vehicles [SUVs]
and passenger vans)

Heavy-duty vehicles (HDVs) Highway Heavy-Duty Rule requires new
(vehicles with gross weight vehicles to meet substantially lower PM and
greater than 8500 lb used NOx standards (>90% reduction) (2001;
commercially, such as large 2007–2010)
pickups, buses, delivery trucks, Also strict fuel sulfur levels (15 ppm) (2001;
recreational vehicles [RVs], 2006)
and semi-trucks.

Motorcycles New standards to reduce emissions by 80%
(based on California) (proposed 2002; to take
effect 2006–2010)

Nonroad Sources
Nonroad, spark ignition For handheld engines, new rules require 70%
(gasoline) engines NOx plus hydrocarbon reduction (2000;

2002–2007)
New standards promulgated for larger spark
ignition engines (2002; 2004–2007)

Nonroad recreational vehicles New rules for variety promulgated to require
and engines between 55% and 80% reduction in emissions

(depending on pollutant) (2002; 2006–2009,
depending on type of engine)

Nonroad compression ignition Nine size ranges, including agricultural and
(diesel) engines construction equipment; existing rules

promulgated in 1998 (1998; 1999–2008)
New standards comparable to Highway Heavy
Duty Rule proposed 2003
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(HDVs), and motorcycles that are used for transportation on the road. On-
road vehicles may be fueled with gasoline, diesel fuel, or alternative fuels,
such as alcohol or natural gas.  Nonroad sources refer to gasoline- and
diesel-powered equipment and vehicles operated off-road, ranging in size
from small engines used in lawn and garden equipment to locomotive
engines and aircraft.

In principle, the mobile-source emissions can be controlled with three
types of strategies:

• New-source certification programs that specify emission standards
applicable to new vehicles and motors.

• In-use technological measures and controls, including specifications
on fuel properties; vehicle inspection and maintenance programs; and retro-
fits to existing vehicles.

• Nontechnological (for example, behavior modification) measures to
control usage or activity (for example, via management of transportation).

This chapter summarizes how each of those strategies is used in the United
States and concludes with a critical discussion.

TABLE 4-1 continued
Source Category Status (Date Promulgated; Effective Date)

Marine engines New recreational engines required to meet new
standards with 55–80% reduction in emissions
(depending on pollutant) (2002; 2006–2009)
Largest maritime commerce engines regulated to
international standards for NOx (not PM)
(2003; 2004)
Smaller maritime commerce engines regulated
for NOx, PM (1999)

Aircraft Initial standards for smoke only; new standards
adopting International Civil Aviation
Organization rules requiring 20% reduction in
NOx emissions (1997; full effect in 1999)

Locomotives Regulations applying to new locomotive
engines and to remanufactured engines from
1973 and later locomotives; ultimately (2040)
expected to reduce NOx by 60%; PM by 46%
(1997; Tier 0 for engines 1973–2001; Tier 1
for engines 2002–2004; Tier 2 for engines
2005 and later)
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CONTROLLING EMISSIONS THROUGH CERTIFICATION
STANDARDS ON NEW VEHICLES AND MOTORS

In the United States, the first mobile-source emission reductions were
aimed at lowering the emissions on new vehicles and engines.  As older
model cars were retired, the in-use fleet would become increasingly popu-
lated with regulated vehicles, and emissions would steadily decrease. The
first regulations were imposed on passenger cars2 and then were applied to
other on-road vehicles, such as trucks and buses, and most recently, to
nonroad sources, such as tractors and construction equipment.3,4 The spe-
cific emission standards listed in Table 4-1 for mobile-source categories
have sometimes been set directly by Congress in an amendment to the CAA,
but more typically, the EPA administrator has set such standards.  Except
for California, states do not have independent authority to set new emission
standards (see Box 4-1).

At the same time, as standards have been set for vehicle emissions,
vehicle manufacturers have also been required to comply with requirements
for Corporate Average Fuel Economy (CAFE) standards, which were initi-
ated by Congress in the Energy Policy and Conservation Act of 1975.
CAFE established mandatory fuel efficiencies in the form of required miles
per gallon (mpg) goals for fleets of passenger cars and light-duty trucks.5

These standards were enacted in the wake of a petroleum supply interrup-
tion and were less concerned with air quality improvements. Nevertheless,
for a given vehicle technology, reduced fuel consumption per mile would, in
principle, result in lower engine-out emissions, and, therefore, result in less
burden on the afterengine emission control system to meet a given emission
per mile standard. In practice, implementation of the relatively modest
CAFE standards appears to have helped in meeting some hydrocarbon
emission standards.  However, future application of some especially fuel-
efficient engines—which have higher engine-out emissions of some pollut-
ants (for example, NOx)—will likely require development of substantially
more effective emission control technologies in order to simultaneously
improve fuel economy and emissions (NRC 2002c).

2Although the first federal controls on mobile sources began with regulations on passenger
cars for the 1968 model year, California began mandating emission controls on passenger
cars in the early 1960s.

3An exception is aircraft engines, which have been subject to emission regulations since
1974.  The earliest regulations were for smoke from turbojet engines.

4Because nonroad sources have been essentially uncontrolled until recently, their contribu-
tion to total mobile-source emissions has grown considerably since passage of the CAA (see
Table 4-2).

5The current CAFE program requires vehicle manufacturers to meet a standard in miles per
gallon (mpg) for the fleet they produce each year. The standard is 27.5 mpg for automobiles
and 20.7 mpg for light-duty trucks.
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BOX 4-1 California’s Unique Role in
Controlling Mobile Emissions

The CAA expressly precludes any state except California from setting its own
motor vehicle emission standards. Because of California’s experience with the
most severe air pollution in the nation, it has historically assumed a leadership role
in promoting the application of new control technologies for automobiles. By the
1950s, researchers in California had been able to establish a cause and effect
linkage between gaseous emissions from motor vehicles and the formation of pho-
tochemical smog with its concomitant high concentrations of O3 and PM.  In re-
sponse to that finding, California enacted legislation in 1961 that established state-
wide new-vehicle emission standards beginning with the 1966 model year. The
federal government followed suit in 1965 with the Motor Vehicle Pollution Control
Act, which set similar standards for the entire nation beginning with model year
1968. That pattern has been repeated on numerous occasions, as stricter emis-
sion standards have been enacted first in California and then propagated to the
entire nation by direct congressional mandate or rule-making by the EPA adminis-
trator (see Figure 4-1A,B,C). Although states are not allowed to set their own
emission standards, the CAA permits them to choose California’s stricter stan-
dards (typically as part of their state implementation plans). In addition to emission
standards, states can opt for other aspects of California’s more aggressive pro-
gram to control mobile-source emissions; these include programs on fuel compo-
sition, regulation of individual motorists’ use of their automobiles, and controls on
transportation infrastructure planning and investment. As a result, California regu-
lations and programs on mobile emissions have played an important role in state
implementation plans throughout the nation (see, for example, the discussion on
the Ozone Transport Commission in Chapter 3).

Emission Standards for Light-Duty Vehicles and Light-Duty Trucks

The CAA Amendments of 1970 required auto manufacturers to reduce
LDV and LDT emissions by 90%.  That reduction was to be achieved for
carbon monoxide and hydrocarbon emissions by 1975 and for nitrogen
oxides (NOx) emissions by 1976 (Jacoby et al. 1973).  However, these
standards were not fully implemented until the 1980s. Claiming that the
initial compliance dates for a 90% reduction in LDV and LDT emissions
were infeasible, the auto industry achieved only a partial implementation
of the mandated emission-reduction goals by 1975–1976 (Howitt and
Altshuler 1999).  The CAA Amendments of 1977, extended the emission
standards deadlines for carbon monoxide and hydrogen until 1983 and
1980, respectively.  The amendments also extended the deadlines for NOx
to 1982 and changed the standard from a 90% to a 75% reduction.  In
addition, the amendments allowed the EPA administrator to relax the NOx
requirement selectively until 1984 for automotive technologies that prom-
ised better fuel economy (Crandall et al. 1986).
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FIGURE 4-1 The evolution of California and federal tailpipe standards on pas-
senger car exhaust emissions since the 1960s.  (A) NOx emissions, (B) CO emis-
sions, and (C) VOC emissions.  NOTE:  A, B, and C are not completely consistent.
There have been changes in test methods that are accounted for in an approximate
manner.  Current emission standards for VOC are defined in terms of nonmethane
organic gases (NMOG).  In addition, the most recent emission standards are based
on vehicle categories and an average over these categories.  For the California
program, manufacturers must meet a fleet average standard for NMOG; for the
federal program, manufacturers must meet a fleet average standard for NOx.  The
“standards” for CO and NOx in California for 1999 and later and the federal
standards for NMOG and CO in model years 2004 and later are based on an
assumed distribution of standards used for compliance.  In addition, vehicles cur-
rently have to meet additional useful life standards and standards for supplemental
test procedures to test operation under off-cycle driving conditions and under air-
conditioning operations.  Thus, the actual progression of standards has been more
stringent than shown in the figure.  These figures are for exhaust emissions only.
For the uncontrolled vehicles in 1960, there were also VOC emissions from crank-
case blowby, which have been completely eliminated, and evaporative VOC emis-
sions, which have also had a high degree of control.  Note that the vertical axis on
the VOC and NOx charts is a log scale. The federal Tier II standards apply to a full
useful life of 120,000 miles.  Those standards have been adjusted to equivalent
50,000-mile-useful-life standards using data from CARB, which has standards for
both 50,000 and 120,000 miles.
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Despite the difficulties and delays in implementation, passage of the
emission standards from LDVs and LDTs represented a watershed in AQM
in the United States:  Congress’s adoption of a “technology-promoting”
strategy for lowering mobile-source emissions and, over time, industry’s
response by developing and installing new and innovative pollution-control
technologies for passenger cars (for example, catalytic converters) (see Box
4-2).  As this new technology was developed, refined, and installed on new
LDVs and LDTs in the 1980s, the emission characteristics of new vehicles
sold in the United States steadily and dramatically improved. As higher-
polluting vehicles were replaced by newer ones, emission controls became
widespread in the U.S. automotive fleet (Howitt and Altshuler 1999). The
catalytic-control technology developed in the United States to meet the
emission standards mandated in the CAA is now broadly used throughout
the world. In China, for example, all cars operated in the Beijing metropoli-
tan area are required to have catalytic controls either as factory-installed
equipment or as a retrofit (Liu et al. 1999; Webb 2001).

Despite those technological advances, many areas could not meet the
National Ambient Air Quality Standards (NAAQS) for ozone (O3). That
was due to challenges in reducing emissions from all sources, but among
mobile sources, there was continued growth in VMT and new scientific and
technological information that some emissions, especially evaporative emis-

BOX 4-2 Technology Innovation and Emission Controls

The development and widespread application of pollution-control technologies
have permitted reductions in criteria pollutant emissions even while vehicle miles
traveled has continually increased.  Early pollution-control technologies included
positive crankcase ventilation valves to direct crankcase blowby emissions into
the engine; charcoal canisters to sequester volatile hydrocarbons for later burning
in the engine, exhaust gas recirculation valves to reduce NOx formation during fuel
combustion; and catalytic converters designed to oxidize partially combusted hy-
drocarbons and CO to CO2.  Today, vehicles are being driven by cleaner fuels (for
example, the removal of fuel sulfur to extend the life of catalytic converters and the
further development and improvement of emission-control technologies including
high-performance and three-way catalytic converters capable of reducing NOx to
nitrogen gas, hydrocarbon adsorbents, coupled engine-exhaust controls that opti-
mize air-to-fuel mixtures, and leak-free exhaust systems).  These technologies are
also being expanded for use on heavy-duty vehicles and nonroad equipment.  The
recent introduction of new automotive technologies, such as electric-gasoline hy-
brid vehicles with lower fuel consumption, will further decrease emission levels.
The continued development of new technologies and application of current tech-
nologies to unregulated or less stringently regulated sources is expected to contin-
ue to drive decreases in criteria pollutant emissions.
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sions, were not being fully controlled. In addition, HDVs and nonroad ve-
hicles were important contributors. The CAA Amendments of 1990 man-
dated emission reductions (referred to as Tier I controls) for LDVs by 1994.
In addition to calling for further reductions in NOx and volatile organic
compounds (VOCs), the 1990 requirements tightened significantly the con-
trols on evaporative emissions, especially during refueling.6   Also, the 1990
CAA Amendments authorized the EPA administrator to establish more
stringent Tier II controls in 2004 if they were judged to be needed, techni-
cally feasible, and cost-effective (Howitt and Altshuler 1999).  The Tier II
regulations have since been promulgated. Besides the tightening of NOx
and VOC emission standards, Tier II includes a limit on the sulfur content
of fuels (to extend the effective lifetime of catalytic converters) and regula-
tions on medium-duty passenger vehicles (MDPVs), such as the largest
SUVs,7 as well as a provision that allows manufacturers to use fleet averag-
ing to meet the NOx standards.  The entire set of regulations will be phased
in between 2004 and 2009.

The CAA authorizes California to set stricter vehicle emission stan-
dards because of the magnitude of its air pollution problems.  California
required manufacturers to achieve average emissions that were lower than
those mandated by the federal Tier I regulations, beginning with the 1994
model year.  The state also defined a family of low-emissions vehicles: the
transitional low-emissions vehicle (TLEV), the low-emissions vehicle (LEV),
and the ultra-low-emissions vehicle (ULEV). In addition, California re-
quired manufacturers to offer consumers so-called zero-emission vehicles,
or ZEVs,8 by 1998 and achieve a 10% statewide market share for ZEVs by
2003 (Sperling 1991). California has delayed and modified its requirement
for ZEVs and has recently made additional modifications in response to a
June 2002 federal district court injunction that prohibits implementation of

6An enhanced aspect of the emission standards mandated in the CAA Amendments of 1990
was the inclusion of tighter standards on evaporative emissions as well as the more conven-
tional tailpipe emission standards. The addition of tighter evaporative emission standards was
in direct response to research in the late 1980s that pointed to these emissions as an important
and growing problem (NRC 1991).

7The increasing popularity of SUVs has caused an unintended emissions increase because
these vehicles had been governed by emission regulations for trucks.  The truck regulations
are intended to provide for emissions control while allowing the truck to operate under heavy
loads.  The new Tier 2 regulations define a new class, medium-duty passenger vehicles
(MDPV), which must meet the same gram-per-mile emission standards as cars, starting with
the 2008 model year.

8ZEVs are so-called because they are electric-powered cars and as such have no tailpipe
emissions. Nevertheless, the name is misleading. If the electricity used to power a ZEV is
generated from burning fossil fuel, then its operation will certainly result in pollutant emis-
sions at the power plant.
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the 2001 Amendments to the ZEV program for the 2002 and 2003 model
years.9

The CAA authorized states other than California to adopt the Califor-
nia standards.  After the 1990 CAA Amendments set more stringent re-
quirements for nonattainment areas, Maine, Massachusetts, New York,
and Vermont chose to include California mobile emission standards in their
state implementation plans (SIPs).  In 1994, the Ozone Transport Commis-
sion (OTC) (described in Chapter 3) petitioned EPA to impose these auto-
motive technology standards on the entire region, including the states that
had not done so individually (Howitt and Altshuler 1999).  EPA complied,
but their decision was overturned when the District of Columbia circuit
court determined that EPA lacked the authority to do so.

A series of negotiations among concerned states, automobile manufac-
turers, environmental groups, and EPA that took place between 1995 and
1998 led to the national low-emission vehicle (NLEV) program.  EPA set
regulations for this voluntary program; these regulations came into effect
only when individual states and automobile manufacturers opted into the
program.  ZEVs, and the ability of individual states to require them by
electing to apply California vehicle standards, were a major issue in these
negotiations.  Ultimately, Massachusetts, New York, and Vermont retained
the requirement for California vehicles, including ZEVs, while the NLEV
program was applied in all other states.

With the implementation of the Tier II program, the difference in stan-
dards between the California program and the federal program will be
substantially reduced, one exception being the ZEV mandate in California,
Massachusetts, New York, and Vermont.

Emission Standards for Heavy-Duty Vehicles

LDVs have traditionally been the target of new-vehicle emission stan-
dards.  However, as emission rates from LDVs declined and the use of on-
road freight increased, HDVs became responsible for an increasing fraction
of the overall mobile-source emissions of NOx and particulate matter of up
to 10 micrometers in diameter (PM10) (EPA 2001a, 2003a).  The differen-
tiation between LDVs and HDVs historically has been 8,500 pounds gross
vehicle weight (the weight of the vehicle plus the weight of the rated load-
hauling capacity).  In response to this trend, EPA began regulating HDVs in
the 1980s and adopted new-vehicle emission standards at several junctures.

9The basis of the injunction was not directly related to the emission standards but rather to
language in the ZEV requirement that the court found was a form of “fuel economy” man-
date that federal law reserves for the federal government alone (Central Valley Chrysler-
Plymouth, et al. v California Air Resources Board, et al. E.D. Cal. 2002).
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EPA issued new, even more stringent regulations on emissions from HDVs
in early 2001 (65 Fed. Reg. 59896 [2000]; 66 Fed. Reg. 1535 [2001]).
These new regulations are similar to the Tier 2 standards for LDVs dis-
cussed in the previous section in that they require both a tightening of
emission certification standards and a decrease in the fuel sulfur content.
The regulations, to be phased in between model years 2004 and 2010, will
reduce PM and NOx emissions by at least 90% from current standards. To
meet these more stringent standards for diesel engines, the sulfur content of
diesel fuel will be reduced by 97% from its current level of 500 parts per
million (ppm) to 15 ppm beginning in 2006 in most cases.

The HDV emission standards are technology-promoting in that they
will require the use of new exhaust-after-treatment technologies for diesel-
powered HDVs, as well as substantial requirements for control technology
life (up to 435,000 miles in some vehicles). In contrast to LDVs, which have
included after-treatment technologies (catalytic converters) since the mid-
1970s, previous emission standards on HDVs have only required modifica-
tions of engine operations.  However, meeting the new NOx and PM stan-
dards will require diesel-powered HDVs to further refine engine operations,
as well as include control technology for NOx and PM.

Emission Standards for Nonroad Engines

Compared with the long history of regulation of LDV emissions, non-
road mobile-source emissions, like HDV emissions, have been relatively
unregulated and, as a result, represent a growing fraction of overall mobile-
source emissions (see Table 4-2). In fact, with the set of currently enacted
controls, nonroad emissions already exceed on-road emissions of PM and
are projected to exceed on-road mobile emissions of VOC and carbon
monoxide (CO) in the next two decades.  Regulation of these emissions
presents some specific challenges to air quality management (AQM).  For

TABLE 4-2 Contribution of Nonroad Emissions to Mobile-Source Total
and to Manmade Total

Nonroad Emissions Nonroad as a Percent Nonroad as a
(1,000s of tons per of Mobile-Source Percent of
year), yr Total, yr Manmade Total, yr

Pollutant 2000 2020 2000 2020 2000 2020

HC 3,488 3,139 47.7 58.0 19.1 20.3
CO 25,843 37,331 34.2 43.3 26.4 34.0
NOx 5,447 4,164 40.6 67.0 22.2 25.7
PM 466 510 66.0 77.9 15.0 16.8

SOURCE: EPA 2002r.
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example, nonroad emissions are emitted from a wide variety of engines,
including land-based diesel engines (tractors, backhoes, and generators),
land-based spark ignition engines (chain saws, lawn mowers, airport
ground-service equipment, and motorcycles), marine engines, jet and pro-
peller aircraft engines, and diesel locomotives.  In most cases, individual
emission-control strategies need to be devised for each engine type and for
widely varying use and performance cycles.10  Although control of many
new nonroad engines, such as portable power equipment and construction
vehicles, can follow implementation and jurisdiction patterns similar to
those used for on-road vehicles, the control of substantial emissions from
aircraft and engines used in international maritime commerce is made much
more difficult by the diverse international jurisdictions under which these
vehicles fall.

The 1990 CAA Amendments directed EPA to prepare a study of the
scope and sources of nonroad emissions and to regulate them if they were
found to make a substantial contribution to O3 or CO nonattainment. The
EPA report did not make a formal determination of a significant effect, but
it contained an inventory of emissions from nonroad sources and con-
cluded, “because nonroad sources are among the few remaining uncon-
trolled sources of pollution, their emissions appear large in comparison to
the emissions from sources that are already subject to substantial emission-
control requirements” (EPA 1991).  EPA regulations for some of these
engines and vehicles started in 1995, and subsequent regulations continue
to bring new classes of engines and vehicles under regulation while more
stringent regulations are being prepared to replace existing control require-
ments.  In 2002, EPA finalized regulations for a number of nonroad engines
and vehicles, including large spark-ignition engines and recreational ve-
hicles (67 Fed. Reg. 68242 [2002]).  In April 2003, the agency proposed a
national program to reduce emissions from nonroad diesel engines by com-
bining engine and fuel controls. It is expected that engine manufacturers
will meet proposed emission standards by producing new engines with
advanced emission-control technologies. Because these control devices can
be damaged by sulfur, EPA is also proposing to reduce the allowable level
of sulfur in nonroad diesel fuel. The proposed exhaust emission standards
would apply to diesel engines used in most kinds of construction, agricul-
tural, and industrial equipment and are expected to reduce emissions by

10A performance or test cycle is where a vehicle or engine is run over a prespecified range of
conditions to create repeatable emission-measurement conditions.  Test cycles, such as the
federal test procedure, are linked to the certification process to verify and ensure compliance
with new-equipment emission standards.  As described in this chapter, it is difficult to ensure
that all possible driving conditions are represented within the new-vehicle emissions certifica-
tion process.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


IMPLEMENTING EMISSION CONTROLS ON MOBILE SOURCES 145

greater than 90% as compared with today’s engines. The proposed stan-
dards would take effect for new engines starting as early as 2008 and be
fully phased in by 2014. The regulations plan to lower sulfur concentra-
tions in diesel fuel from the current uncontrolled level of 3,400 ppm to 500
ppm beginning in 2007 and then to 15 ppm in 2010 (EPA 2003i; 68 Fed.
Reg. 28328 [2003]).

Control of Mobile-Source Air Toxic Emissions

According to the 1996 National Toxics Inventory (NTI), major station-
ary sources account for approximately 25% of hazardous air pollutant
(HAP) emissions, mobile sources contribute 50%, and area sources (for
example, commercial dry cleaning facilities) and miscellaneous sources con-
tribute the remaining 25% (EPA 2001a).

Section 202 (l) of the CAA required EPA to study emissions of air
toxics from mobile sources and fuels and set standards for benzene and
formaldehyde at least. EPA issued a first draft of the study in 1993.  The
agency’s final rule on control of emissions of air toxics from mobile sources,
incorporating the final version of the study, was issued in March 2001 (66
Fed. Reg. 17230 [2001]).  The rule was issued in accordance with a judicial
consent order that mandated EPA action once it had missed the CAA
deadline.

The rule identifies 21 air toxics associated with mobile sources (includ-
ing nonroad mobile sources as well as LDVs and HDVs).  The agency
projects that existing tailpipe, evaporative, and fuel formulation regulations
on vehicles and fuels will reduce emissions of benzene, acetaldehyde, and
formaldehyde by approximately 70% in 2020 as compared with 1990
levels and that emissions of diesel PM from on-road vehicles will be reduced
by 90% (EPA 2000d).  The rule requires gasoline refineries to maintain
their average 1998–2000 levels of toxic-emission control in response to
existing toxic-emission performance standards for reformulated gasoline
(RFG) and gasoline.  Because of the substantial progress projected from the
other emission-control standards and from those soon to be promulgated
(as discussed previously in the chapter), no other new standards are set for
either vehicles or fuels.  A lawsuit contending that the rule is inadequate
was filed against EPA on May 24, 2001, by the attorneys general of New
York and Connecticut and a consortium of environmental groups.

Implementation of Emission Standards for New Mobile Sources

Motor-vehicle emission standards are implemented through a certifica-
tion procedure in which manufacturers provide EPA or the California Air
Resources Board (CARB) with prototype data showing that the vehicles
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meet the emission standards for the legally mandated vehicle lifetime.  Fol-
lowing a satisfactory agency review of these data, the manufacturer is
issued a certificate of compliance, which allows the production of vehicles
to proceed.  Produced vehicles are then tested to ensure that the new ve-
hicles meet the applicable emission standards.  In addition, in-use vehicles
are tested to ensure that the vehicles maintain their performance over time.
A failure to maintain in-use performance can result in a recall.  Manufac-
turers are also required to provide a warranty on the emission controls in
the vehicle.

The initial exhaust-emission test used to certify cars, referred to as the
federal test procedure (FTP), was based on measurements that sought to
replicate driving during a typical vehicle trip in downtown Los Angeles
during the 1960s. In this procedure (known as a test cycle), the vehicle
exhaust is continuously collected and quantified as the vehicle is started and
run through a series of operating modes (for example, cold start, accelera-
tions, and decelerations).  However, the FTP had a number of shortcomings
when it was used to forecast in-use mobile emissions: (1) driving behavior
and conditions vary so widely that it is difficult to represent all; (2) because
of limitations in the dynamometers used at the time the test procedure was
developed, the maximum acceleration during the test had to be limited
unrealistically to 3.3 miles per hour per second (mph/sec); and (3) most of
the vehicle speeds in the FTP are below 30 mph, a speed that is not reflec-
tive of the actual speeds used by most motorists in the United States.  Thus,
“off-cycle” emissions occurred during vehicle-operating modes that were
not tested in the FTP.  Although vehicles were certified to appropriate
standards, their real-world emissions were higher than would be expected
by the standards.

Congress sought to remedy the off-cycle emissions problem in the 1990
CAA Amendments by requiring EPA to control off-cycle emissions.  To do
so, EPA developed the supplemental federal test procedure (SFTP), which
tests cars over an extended range of speeds and accelerations.  Certification
to the SFTP will be fully phased in by the 2004 model year. However,
questions persist whether the SFTP fully captures the large increases in
emissions that occur due to rapid accelerations and other changes in the
vehicle load.

In addition, EPA took steps to address the issue of evaporative emis-
sions. The test cycle for evaporative emissions was originally developed
around 1970, and initial controls on evaporative emissions used a test
procedure to measure emissions that would occur from a parked car (called
diurnal emissions) and from a car that had just ceased operation (called
hot-soak emissions).  Like FTP for exhaust emission, these tests proved to
be poor predictors of actual mobile evaporative emissions.  Between 1987
and 1993, EPA developed a new test procedure for evaporative emissions
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that measured evaporative emissions under a more demanding set of oper-
ating conditions.11  Under the test procedure (59 Fed. Reg. 16262 [1994]),
evaporative emissions are collected by placing a vehicle in an air-tight
enclosure and measuring the released hydrocarbons.  The test is called the
sealed housing evaporative determination (SHED) test.  Under this test, the
activated carbon canister that traps evaporative emissions vented from the
tank is initially loaded with fuel vapor.  That is followed by a period of
driving that purges the fuel vapor from the canister and into the engine.
Next, emissions are measured from a parked car during a simulation of
repeated hot days.  Finally, evaporative emissions are measured during
vehicle operation to assess running losses.

In addition to controlling evaporative emissions vented from the ve-
hicle fuel tank via onboard refueling vapor recovery (ORVR) controls, EPA
regulations also require gasoline-filling stations to recover gasoline vapors
emitted from filler pipe during refueling operations using so-called stage-
two systems.12  California, per that state’s stationary-source regulations,
has used these systems to control refueling emissions since the late 1970s.
The 1990 CAA Amendments required stage-two systems in all except mar-
ginal O3 nonattainment areas.  There is a possibility that stage-two and
ORVR controls can interact to reduce the effectiveness of both.  Because
the ORVR system removes fuel vapors displaced from a tank during refuel-
ing, the stage-two system would force air, rather than fuel vapors, into the
underground gasoline storage tanks, potentially leading to increased gaso-
line evaporation and fugitive vent emissions.  CARB initially considered
seeking a waiver from ORVR regulations for California vehicles, but later
adopted ORVR systems to promote a consistent vehicle design for all 50
states and to reduce the testing burden for vehicle manufacturers.  CARB
has since promulgated regulations for enhanced stage-two vapor recovery,
which includes measures to ensure compatibility with ORVR systems.  The
on-board recovery systems were phased in on passenger cars between 1998
and 2000; they will be phased in on LDTs between 2001 and 2006.  After
these systems are in widespread use (probably sometime after 2010), EPA
intends to drop the requirement for stage-two systems (EPA 1998d).

Emissions control for HDVs applies emission standards to the engines,
which are tested on an engine dynamometer before being installed in the
HDV.  The test cycle is based on engine torque and rotational speed.  The
emission standards are written in terms of the emission rate per unit power

11Language was incorporated into the Clean Air Act Amendments that directed EPA to
achieve reductions in evaporative emissions during certain operating conditions.

12Stage-one vapor recovery systems control evaporative emissions when fuel is delivered to
a service station by a tank truck.
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output, typically in grams per brake horsepower-hour (g/bhp-hr) or grams
per kilowatt-hour (g/kW-hr).

CONTROLLING IN-USE MOTOR-VEHICLE EMISSIONS

Light-Duty Vehicle and Truck Emissions Inspection
and Maintenance Programs

Characterizing emissions from in-use mobile sources has long been a
controversial issue.  Emission measurements in the field have shown that
vehicles in use sometimes do not perform as well as those tested by the
manufacturers during certification.  High-emitting vehicles (commonly re-
ferred to as high emitters) appear to be a major factor. A small fraction of
the fleet of LDVs and LDTs in the United States are responsible for a
disproportionately large fraction of the total mobile-source emissions (NRC
1991, 1999b, 2001c; Holmes and Cicerone 2002).  In some cases, the high
emitters have very high evaporative emissions, most likely because of leaks
in the fuel system and, in other cases, high tailpipe emissions, due to faulty
emission-control systems, or poor engine maintenance.

The initial response to these problems was the development of inspec-
tion and maintenance (I/M) programs.  In implementing the 1977 CAA
Amendments, EPA determined that many states needed annual or biennial
I/M programs to ensure that the tailpipe emission-control devices it had
mandated were in place and operating properly. In some cases, motorists
appeared to intentionally disable these devices or damage them by using
leaded gasoline (Howitt and Altshuler 1999). Even though I/M programs
did not affect everyday travel behavior and could often be combined with
vehicle-safety inspections already required by some state and local authori-
ties, a number of states adopted programs only when the federal govern-
ment invoked sanctions authorized in the CAA and suspended much of
their highway funding (Howitt and Altshuler 1999).

The 1990 CAA Amendments strengthened EPA’s position with regard
to I/M by specifically mandating enhanced I/M programs in a number of
nonattainment areas.  In response, EPA developed an enhanced I/M pro-
gram with dynamometer testing by using a special cycle known as IM240.13

Although the enhanced I/M requirements in principle allowed states a choice
for their program, the requirements in the 1990 Amendments and the strin-
gent criteria that EPA developed for program effectiveness gave states little
choice but to accept EPA’s version.  For example, EPA’s model (MOBILE)

13The IM240 is a transient loaded-mode emissions test that lasts for 240 seconds, is run on
a dynamometer, and is intended to simulate a range of normal driving conditions (NRC
2001c).
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for estimating emission-reduction benefits from I/M for SIP development
greatly discounted benefits from programs that did not meet the EPA crite-
ria. As a result, implementation of enhanced I/M has been highly conten-
tious, with California and, to a lesser degree, other states fighting to imple-
ment alternative plans (see, for example, IMRC 1995a,b).  In response to
the controversy, Congress provided states with greater latitude in a provi-
sion of the 1995 National Highway System Designation Act (Bennett 1996).
Most states subject to the requirement are currently proceeding with some
form of enhanced I/M, but few have been willing to adopt the full set of
practices that EPA prescribed in its original enhanced I/M regulations
(Howitt and Altshuler 1999).

In addition to the political and regulatory controversies associated with
I/M, serious technical questions persist. Recent scientific and technical re-
views of I/M have concluded that these programs have been less effective
than originally forecasted in identifying vehicles with faulty and/or non-
compliant emission-control devices (NRC 2001c; Holmes and Cicerone
2002).  Thus, there is a continuing need for an effective regulatory program
that can identify and then facilitate the repair or removal of high-emitting
vehicles from the fleet (NRC 2001c). It is possible that tailpipe testing
programs will be eventually supplanted by other more effective mechanisms
for ensuring in-use compliance with vehicle emission standards. First, the
in-use performance of 1990 and later model-year vehicles appears to have
been significantly better than that of vehicles of earlier model years, per-
haps because of the maturing of emission-control technology and the re-
quirements for extended warranties. Second, remote-sensing technologies
(see discussion below) are becoming increasingly sophisticated and could
provide accurate measurements of in-use vehicle emissions under actual
driving conditions.  Finally, on-board diagnostic (OBD) systems,14 specifi-
cally the OBDII system which has been required on vehicles since 1996,
periodically check many emission-control functions (with oxygen sensors,
for example).  If a problem is detected that could cause emissions to exceed
1.5 times the emission standards, the OBDII system illuminates a malfunc-
tion indicator light, known as the “check engine” light on vehicle dash-
boards. However, broad implementation of OBD in state I/M programs is
still in early stages.  Because the real-world effectiveness of OBDII in I/M
programs has not yet been demonstrated, the transition from direct tailpipe
measurement to reliance on these alternative procedures in I/M programs
should proceed cautiously, retaining levels of direct tailpipe measurement
to confirm that such systems are functioning effectively.  Further, it remains

14An OBD system contains electronic sensors and actuators that monitor and modify spe-
cific motor-vehicle components, as well as the diagnostic software in the on-board computer.
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to be seen whether those procedures will be acceptable to the American
public.

Remote Sensing of In-Use Vehicle Emissions

A few states have adopted I/M programs that assign a supplementary
role to on-road emissions testing by using remote-sensing technology
(TNRCC 2003a; Fresno Bee 2002; Laris 2002). In some states (for ex-
ample, Texas), roadside enforcement officers use remote sensors to identify
vehicles that have malfunctioning emission-control systems (similar to the
way officers use radar to identify vehicles exceeding the speed limit) and
then record license plate numbers. The owners of the vehicles can then be
contacted and required to take appropriate corrective actions. Other states,
such as Colorado and Missouri, use a “clean screening” program, in which
roadside remote sensing is used to exempt vehicles from central testing
requirements.

In principle, the use of remote sensing has a number of advantages over
a test-center-based inspection system.  Remote sensing provides a method for
identifying certain types of high tailpipe emitters that periodic inspection at a
test facility using a test cycle might not capture; it also can identify high-
emitting vehicles that are not showing up for testing (NRC 2001c).  At the
same time, challenges remain for remote sensing.  First, further controlled
testing of the technology for quality assurance and quality control, as well as
development of technologies for other mobile-source pollutants, such as PM,
will be important to its expanded use.  In addition, because remote sensing
does not monitor a vehicle over its full range of operating conditions and is
not yet able to monitor evaporative emissions, it is probably best used at this
time as an adjunct to annual or biennial inspections and on-board diagnos-
tics. Other technical issues include site selection of the sensing equipment and
the effect of weather conditions on the equipment.

In-Use Emissions from Heavy-Duty Vehicles and Engines

Ensuring that in-use emissions of HDVs (both on-road and nonroad)
meet intended standards is considerably more challenging than it is for
LDVs and LDTs.  First, the durability of HDVs (Davis and Diegel 2002),
and the large initial capital investment to replace them, means that older
vehicles and engines remain in service much longer, delaying the benefits
expected from the introduction of newer, cleaner vehicles and engines (see
Box 4-3).  Second, it is difficult to conduct in-use emissions testing for
HDVs; unlike cars, they cannot be simply placed on a dynamometer to
check their emissions through a full driving cycle.  Although a number of
states have implemented “smoke” regulations that remove gross diesel emit-
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ters from the highway, they are only sporadically enforced in some states,
and do not necessarily identify the emitters of high concentrations of fine
particles and NOx, which cannot be correlated with smoke.  As a result, a
large number of older high-emitting vehicles remain on the road, especially
for short-haul service in urban areas where the greatest population expo-
sures can occur.  A 1997 census of truck use in the United States (DOC
1999) showed that, although most trucks are used for local trips (less than
50 miles/day), the newest trucks tend to be used for the longest trips (Figure
4-2). Some states (for example, California, replacing public school buses)
and recently EPA have initiated programs to accelerate the replacement and
retrofit of older vehicles, but to date these programs have not been system-
atic and have relied to some extent on the availability of state funds, which
in the current economy have become increasingly scarce.

Perhaps even more challenging is the evidence that at least some of the
newer, purportedly cleaner vehicles were operating with emissions in excess
of the standards for which they were certified.  In 1998, EPA undertook
enforcement actions against six diesel engine companies for producing ve-

BOX 4-3 Emissions from Heavy-Duty Vehicles

Emissions from HDVs are substantially higher in older models than in newer
models.  Table 4-3A and 4-3B shows the average PM and NOx emissions for
HDVs by model year from pre-1976 to 1976 through 2000 and the percent total
PM2.5 and NOx emitted in each category for the percent of vehicle miles traveled
(VMT).  Emissions were calculated for the national fleet traveling on U.S. freeways
in July 2000.   The three classes of trucks make up most of the heavy-duty fleet.
Substantial decreases in PM emissions have been obtained with newer vehicles.
Diesel trucks built before 1980 emit 10 times the PM emissions in grams per mile
than do trucks built after 1996.  The higher ratios of percent total PM emitted in
category to percent VMT indicate that older trucks generally are substantial PM
emitters despite being used less than newer trucks.  Although trucks built before
1981 represent only 4% of VMT, they are responsible for about 11% of the PM
emissions from trucks. NOx emissions have not shown as large a decrease be-
cause hydrocarbon and CO standards that went into effect during the 25-year
period increased combustion temperatures, resulting in increased NOx emissions.
In addition, the use of NOx “defeat devices”a has resulted in an increase in NOx
emissions in newer trucks.  However, diesel trucks built before 1977 emit twice as
much NOx as those built after 1996, and those built between 1977 and 1980 emit
50% more than those built after 1996.  NOx emissions from trucks built before
1981 represent about 5% of the total from trucks.

aNOx defeat devices were used to shut off emission-control systems during steady-state-
operation models, such as cruising on the freeway but were mostly inactive during transient
operation, such as acceleration.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


152 AIR QUALITY MANAGEMENT IN THE UNITED STATES

hicles that operate to maximize fuel economy in a way that resulted in
unacceptably higher NOx emissions (63 Fed. Reg. 59330 [1998]).  EPA also
initiated more procedures for in-use testing, and the 2007 rules, discussed
earlier in this chapter, have substantially increased durability requirements
for control systems—to as much as 435,000 miles (66 Fed. Reg. 5002 [2001]).

TABLE 4-3A Average PM2.5 Emissions by Vehicle Model Years for
Medium- and Heavy-Duty Trucks

PM2.5

Total % Total
VMT Emissions Emitted
(millions for Vintage in Category/

Model Years g/mile of miles)a,b (106 g) % VMTa,b

Gasoline Trucks (8,001–10,000 lb GVWR)
1976 and earlier 0.16 1,760 282 2.22
1977–1980 0.16 2,200 353 2.22
1981–1985 0.16 4,230 677 2.22
1986–1990 0.08 9,630 808 1.16
1991–1995 0.06 19,300 1,120 0.81
1996–2000 0.06 40,500 2,350 0.81

Diesel Trucks (33,000–60,000 lb GVWR)
1976 and earlier 1.91 346 661 3.74
1977–1980 1.92 439 843 3.76
1981–1985 1.83 1,260 2,306 3.58
1986–1990 1.57 3,130 4,914 3.07
1991–1995 0.41 7,800 3,198 0.80
1996–2000 0.19 16,500 3,135 0.37

Diesel Trucks (>60,000 lb GVWR)
1976 and earlier 1.90 1,700 3,230 3.39
1977–1980 1.91 2,040 3,897 3.40
1981–1985 1.83 5,420 9,919 3.26
1986–1990 1.60 12,400 19,840 2.85
1991–1995 0.41 28,200 11,562 0.73
1996–2000 0.19 55,300 10,507 0.34

a

% total PM  emitted in category
% VMT

PM

PM

VMT

VMT

2.5

vintage

i
pre-1976

vintage

i
pre-1976

= =

=

∑

∑

2 5
2000

2000

.

i

i

where i = vintage year.
b These columns are calculated within the specific truck category (8,001–10,000 lb, gasoline;
33,000–60,000 lb, diesel; more than 60,000 lb, diesel).
Abbreviations: GVWR, gross-vehicle-weight rating; VMT, vehicle miles traveled; g, gram.
SOURCE:  Data from S. Srivastava, EPA, personal communication, June 14, 2002.
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Regulating the Content of Gasoline and Diesel Fuels

For most of the first 20 years of implementing the CAA, mobile-source
emissions were controlled through technological changes to engines and
exhaust systems. With the exception of lead (see Box 4-4), fuel was not

TABLE 4-3B Average NOx Emissions by Vehicle Model Years for
Medium- and Heavy-Duty Trucks

NOx

Total % Total
VMT Emissions Emitted
(millions for Vintage in Category/

Model Years g/mile of miles)a,b (106 g) % VMTa,b

Gasoline Trucks (8,001–10,000 lb GVWR)
1976 and earlier 6.33 1,760 11,200 1.17
1977–1980 6.60 2,200 14,600 1.22
1981–1985 6.64 4,230 28,100 1.22
1986–1990 7.63 9,630 73,500 1.40
1991–1995 5.54 19,300 107,000 1.02
1996–2000 6.65 40,500 188,000 0.85

Diesel Trucks (33,000–60,000 lb GVWR)
1976 and earlier 48.5 346 16,800 1.67
1977–1980 39.1 439 17,200 1.35
1981–1985 29.9 1,260 37,700 1.03
1986–1990 27.8 3,130 87,000 0.96
1991–1995 30.8 7,800 240,000 1.06
1996–2000 27.6 16,500 457,000 0.95

Diesel Trucks (>60,000 lb GVWR)
1976 and earlier 62.4 1,700 106,000 1.86
1977–1980 47.4 2,040 97,000 1.41
1981–1985 30.9 5,420 168,000 0.92
1986–1990 30.7 12,400 380,000 0.91
1991–1995 38.2 28,200 1,080,000 1.14
1996–2000 30.7 55,300 1,700,000 0.91

a

% total NO  emitted in category
% VMT

N

N

VMT

VMT

x

x vintage

xi
pre-1976

vintage

i
pre-1976

= =

=

∑

∑

O

O
i

i

2000

2000

where i = vintage year.
bThese columns are calculated within the specific truck category (8,001–10,000 lb, gasoline;
33,000–60,000 lb, diesel; more than 60,000 lb, diesel).
Abbreviations: GVWR, gross-vehicle-weight rating; VMT, vehicle miles traveled; g, gram.
SOURCE:  Data from S. Srivastava, EPA, personal communication, June 14, 2002.
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regulated for emissions control.  Beginning in the late 1980s, however, a
more balanced strategy began to take shape that combined regulations on
vehicle performance with regulations on the fuels used by those vehicles
(see Table 4-4).  This strategy was driven by a desire to control emissions
from the entire vehicle fleet—both old and new vehicles—at one time and
by emerging control technologies that were especially sensitive to some fuel
elements (especially sulfur). The result has been a number of regulations
that control fuel content and formulation by EPA under the CAA, as well as
by states.

In addition to these regulations, there have been various proposals and
requirements in the CAA, state rules, and national energy legislation for the
promotion of alternative fuels to reduce the emissions from motor vehicles.
Fuels proposed for this purpose include methanol, ethanol, natural gas,
liquefied petroleum gas (LPG), and hydrogen.  Although these fuels have
some limited use, fuel and distribution infrastructure costs have prevented
their widespread adoption.  Electric vehicles using batteries or fuel cells
have also been required or promoted.  Current battery technology provides
vehicles with limited range, and although they have been introduced into
the market, they have not been received well.  Vehicle manufacturers are
hoping to introduce a limited number of fuel-cell vehicles over the next

FIGURE 4-2 Percentages of U.S. trucks within selected model years (MY) used
for various primary daily driving ranges: (1) up to 50 miles, (2) 51 to 100 miles, (3)
101 to 200 miles, (4) 201 to 500 miles, and (5) more than 500 miles.  The survey
includes light-, medium-, and heavy-duty trucks.  The survey excludes vehicles
owned by federal, state, and local governments; ambulances; buses; motor homes;
and farm tractors.  SOURCE: Data from DOC 1999.
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5–10 years; however, fuel-cell vehicles currently are an order of magnitude
more costly than gasoline-powered vehicles, and if adopted, an infrastruc-
ture would be needed to provide the hydrogen fuel.

One adaptation to the technological limitations to date has been the
growing introduction of hybrid vehicles fueled by gasoline (or possibly
diesel fuel) and driven by a combined gasoline (or diesel) engine and elec-
tric powertrain.  These vehicles are only moderately more expensive than

BOX 4-4 Getting the Lead Out of Gasoline:
Intended and Unintended Consequences

Most of the federal regulations on gasoline aimed at improving air quality were
implemented following the CAA Amendments of 1990. One notable exception is
the requirement in the 1970s to remove tetraethyl lead from fuels, an action that
led to one of the best documented benefits to human health from AQM in the
United States through an innovative market-based approach that allowed petro-
leum refineries to trade and bank lead-reduction credits to lower implementation
costs (see Chapter 5).  As a result of the removal of lead from gasoline, the
concentration of lead in the atmosphere dropped precipitously, and that in turn re-
sulted in a very significant and measurable decrease in blood concentrations in
Americans. It is estimated that the drop in blood concentrations in children (see
Figure 4-3) has resulted in 30,000–60,000 fewer individuals with IQs below 70
each year (EPA 1997).

However, the decrease in blood concentrations was not the primary rationale
for the decision to phase out lead in gasoline. This decision was precipitated by
the requirement for catalytic controls on LDVs and LDTs to meet the emission
standards mandated in the 1970 CAA Amendments. Because lead contaminates
metal catalysts, rendering them permanently ineffective, lead had to be phased
out of gasoline. As a result of the lead phase-out and introduction of catalytic
controls, substantial reduction in pollutant emissions from LDVs and LDTs was
achieved.

There was also an unintended negative consequence of the lead phase-out.
Tetraethyl lead was originally introduced into gasoline as an octane enhancer to
improve vehicle performance. To maintain octane levels after the phase-out of
lead, refiners blended higher amounts of light hydrocarbons and aromatics, such
as benzene, into the fuel. The blending had the unintended consequence of in-
creasing evaporative VOCs and air toxic emissions (EPA 1973; Johnson 1988;
NRC 1991).a At the same time, one of the responses to replacing lead, especially
in premium gasoline, was the beginning of the use of small quantities of MTBE.
The requirements in the 1990 CAA Amendments to control evaporative emissions
from LDVs and implement the reformulated gasoline program were in large part an
effort to reverse the increase in evaporative VOCs. The 1990 Amendments also
required a substantial increase in oxygen content, resulting in a later unintended
consequence—groundwater contamination from the high use of MTBE.

aFor an informative history of lead in fuels, see http://www.epa.gov/history/topics/lead/
03.htm.
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TABLE 4-4 Timeline of Significant Federal and State Regulations for
Motor Vehicle Fuels
Early 1970s Production of unleaded gasoline begun in anticipation of

introduction of catalysts in 1975 (see Box 4-4)
1985–1986 Full phase-out of lead in gasoline
1988 Colorado established oxygenated fuels requirements (1.5% oxygen

by weight, starting January 1, 1988)
1988 California Clean Air Act
1989 Summer volatility (Reid vapor pressure) regulations, Phase 1
1990 Clean Air Act Amendments
1992 California reformulated gasoline, Phase I
1992 Summer volatility regulations, Phase 2
1992 Winter Oxygenated Gasoline required 2.7% minimum oxygen

content in about 40 CO nonattainment areas
1995 Federal reformulated gasoline, Phase I
1996 Completion of phase-out of lead in gasoline
1996 California reformulated gasoline, Phase II
2000 Federal reformulated gasoline, Phase II
2002 California Phase III gasoline effective December 31, 2002
2003 California regulations for reformulated diesel fuel effective
2004 Phase-in of federal low-sulfur gasoline requirements begins
2006 Phase-in of federal low-sulfur diesel requirements begins
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FIGURE 4-3 Blood lead concentrations in the U.S. population from 1976 to 1999.
SOURCE: Adapted from CDC 2002.
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conventional vehicles, use current technology, and are no more limited in
range than current vehicles.

Recently, a much greater use of diesel engines in passenger cars has also
been promoted in part as a way to get better fuel economy.  Diesel engines
have been greatly improved in recent years in noise and smoke production
and in cold-starting ability.  However, they continue to produce higher
NOx and PM emissions than gasoline engines.  Great efforts are now under
way to devise emission controls to treat these emissions and meet Tier II
emission standards.

Beyond the lead phase-out, several states preceded the federal govern-
ment in regulating motor-vehicle fuels.  In the early 1970s, California im-
posed limits on the Reid vapor pressure (RVP,15 a measure of volatility) of
gasoline sold in some parts of the state.  RVP affects evaporative emissions
of gasoline from vehicles as well as from storage tanks and distribution
facilities.  California was also the first state to impose limits on the sulfur
content of gasoline.

In the years preceding adoption of the 1990 CAA Amendments, in-
creased action by states was focused on the need to regulate fuels in addi-
tion to motor vehicles.  In 1988, Colorado pioneered oxygenate require-
ments for gasoline—specifying a minimum oxygen content of 1.5% by
weight during the winter—to reduce CO emissions.  Several other western
states soon followed suit.

In 1989, first the northern states and then the federal government took
another step in fuel property regulation, imposing RVP limits for gasoline.
At the time, RVP limits, as compared with other various mobile- and
stationary-source controls, were judged to be by far the most cost-effective
means available for reducing VOCs and, in turn, O3 which had become an
important issue because of the pervasive violations of the O3 NAAQS that
occurred during the summer of 1988 (OTA 1989). Average RVP levels had
steadily risen during the 1980s, in part because of the use of light hydrocar-
bons to replace tetraethyl lead as octane enhancers (see Box 4-4).

The 1988 California Clean Air Act charged the Air Resources Board
with attending to both vehicles and their fuels in pursuit of the maximum
possible emission reductions of VOCs and NOx.  The Atlantic Richfield
Company (ARCO) introduced the first reformulated gasoline (RFG), known
as EC-1, in Southern California.  EC-1 contained reduced amounts of
olefins, aromatics, lead, and sulfur as compared to regular unleaded gaso-
line; had a lower RVP; and had methyl tert-butyl ether (MTBE) added to
raise the oxygen content.

15RVP is the vapor pressure of volatile petroleum products, as measured under a specified
protocol at 100 oF.  RVP values are reported in units of pounds per square inch (psi); typical
values for unregulated gasoline range from 9 to 11 psi.
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In 1989, a major collaborative program between the automobile manu-
facturers and the oil industry, known as the Auto/Oil Air Quality Improve-
ment Research Program (AQIRP), tested a variety of fuel and engine com-
binations designed to reduce emissions (Auto/Oil AQIRP 1993, 1997).

With these precedents, fuel regulations became a significant element of
the motor-vehicle emission-control provisions (Title II) of the 1990 CAA
Amendments.  They mandated the use of RFG during the summer in nine
major metropolitan areas with a severe or extreme O3 nonattainment status
and allowed additional areas to opt into the RFG program.  Winter oxygen-
ated gasoline requirements (oxygen content 2.7% by weight) were man-
dated for about 40 CO nonattainment areas.  The 1990 CAA Amendments
also established a nonattainment area fleet program and a California pilot
program to encourage the development and use of clean-fueled vehicles.  As
described in Chapter 2, the RFG program was also intended to reduce
emissions of benzene, one of the principal mobile-source air toxics.

The federal RFG program described in Table 4-5 includes both perfor-
mance requirements, specified in terms of emission reductions, and content

TABLE 4-5 Part 1:  California and Federal Reformulated Gasoline
Programsa

California RFG Program, Phase 1
(1992–1996)

•  Effective January 1, 1992.
•  Set gasoline RVP limit at 7.8 psi.
•  Required detergent additives and no
lead in gasoline.
•  No explicit oxygen requirement for
summer gas.

California RFG Program, Phase 2
(1996– )

•  Effective with beginning of 1996 ozone
season.
•  Set flat limits for the following
properties:

•  RVP: 7.0 psi (gauge)
•  Sulfur: 40 ppm (vol)
•  Oxygen: 0–2.7% (wt)
•  Olefins: 6.0% (vol)
•  Aromatics: 25% (vol)
•  Benzene: 1.0% (vol)

•  Temperature at which 50% of fuel is
distilled/vaporized (T50):  210oF.
• Temperature at which 90% of fuel is
distilled/vaporized (T90):  300oF.

Federal RFG Program, Phase I
(1995–1999)

•  Mandated in 42 U.S.C. 7545 as a
result of language in Section 211(k) of
the CAA Amendments of 1990.
•  Effective beginning January 1, 1995, in
the 9 metro ozone-nonattainment areas
with population of 250,000 or greater
classified as “extreme” or “severe” as of
November 15, 1990:
•  Los Angeles (South Coast Air Basin)
•  San Diego
•  Baltimore/Washington
•  Hartford-New Haven-Waterbury, CT
•  New York/New Jersey/SW Connecticut
•  Philadelphia/Wilmington/Trenton
•  Chicago/NW Indiana
•  Milwaukee/Racine, WI
•  Houston/Galveston/Brazoria, TX
(Sacramento, CA was later added)
•  Specified content criteria for gasolines to
be sold in these areas primarily during the
summer ozone season: oxygen minimum of
2.0% by wt; benzene maximum of 1.0%
by vol; aromatics maximum of 25.0% by
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•  Meets federal Phase II RFG
specification and performance
requirements (see Table 4-5 Part 2)
except that oxygenate content
requirement may be waived if a refiner
demonstrates, through emissions test
results for 20 vehicles in four technology
classes, that a fuel’s exhaust-emissions
performance targets can be achieved
without it.
• Properties may be measured according
to an average limits provision, as long as
the flat limits are met on average over a
specified period of time.
• RFG performance relative to that of a
specified base fuel for exhaust emissions
only is calculated with the Predictive
Model, which California developed using
approximately the same data base that
EPA used in developing the Complex
Model.

TABLE 4-5 continued

aUnless otherwise stated, standards for the first phase of both programs carry forward to the
second phase.
SOURCE: NRC 1999b.

vol; must contain detergent additive; must
exclude heavy metals.
•  Per-gallon performance requirements:
15.0% reduction in toxics; at least
15.6% northern states; 35.1% southern
states; reduction in VOC relative to
specified baseline gasoline, as computed
by Complex Model (Simple Model valid
until January 1, 1998).
•  Average performance requirements
(across all RFGs from a refiner): at least
16.5% reduction in toxics; at least
17.1% northern states, 36.6% southern
states; reduction in VOCs as computed
by Complex Model (Simple Model valid
until January 1, 1998).
•  RVP limits based on 40 CFR 80.28
standards, which cover all gasolines sold.
Other areas may opt into program
irrespective of ozone attainment status
and may opt out if alternative means of
attaining (and maintaining) ambient
ozone standards are demonstrated.

TABLE 4-5  Part 2:  Future Reformulated Gasoline Program
Federal RFG Program, Phase II

(2000– )
• Effective January 1, 2000.
• Revises per-gallon performance criteria for gasolines to be sold in covered and opt-
in areas during the ozone season:  at least 20% reduction in toxics; at least 25.9%
(northern states) and 27.5% (southern states) reduction in VOCs; and at least 5.5%
reduction in NOx (which was not previously controlled) for VOC-controlled areas;
relative to specified baseline gasoline, as computed by the Complex Model.
• Similarly, if a refiner opts to meet performance criteria on a pooled average (rather
than per-gallon) basis as described in 40 CFR 80.67, targets are at least 21.5%
reduction in toxics; at least 27.4% (northern states) and 29.0% (southern states)
reduction in VOCs (but 23.4% and 25.0%, respectively, for any individual gallon
sampled); and at least 6.8% reduction in NOx for VOC-controlled areas; all relative
to specified average baseline gasoline, as computed by the Complex Model.
• For areas not designated VOC-controlled, the pooled average NOx reduction
standard for RFGs is 1.5%.
• Per-gallon oxygen minimum requirement relaxes to 1.5% by wt as long as an average
oxygen content across all RFGs produced by a refiner for a given area is 2.1% or higher.
• Per-gallon benzene maximum requirement relaxes to 1.3% by wt, as long as an
average benzene content across all RFGs produced by a refiner for a given area is
0.95% or lower.

SOURCE: NRC 1999b.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


160 AIR QUALITY MANAGEMENT IN THE UNITED STATES

requirements by weight, including a requirement that the fuel contain 2%
oxygen (NRC 1999b).  The RFG program provides two compliance op-
tions to refineries.  One is a per-gallon performance requirement ensuring
that all fuel sold in program areas meets the standards.  The other is a
nominally more stringent performance requirement to be met on average
across all of the RFG produced by a refinery.  To determine whether a
specific fuel complies with the performance standards, EPA developed two
regression models from laboratory tests of vehicles operated on fuels with a
wide range of compositions and properties.  These models, known as the
simple and complex models, estimate exhaust and evaporative emissions
based on fuel properties such as RVP, oxygen content, sulfur content, and
the fuel’s distillation curve.  Although these models provide a straightfor-
ward regulatory framework for refiners and air quality managers to deter-
mine whether a given fuel blend meets the specifications required for the
RFG program, the output of these models might not accurately reflect the
actual performance of the fuels when used with the fleet of cars in operation
(NRC 1999b).

Phase II of the federal RFG program took effect in January 2000.  It
tightens the performance standards, as shown in Table 4-5, allowing refin-
eries to choose between per-gallon or on-average compliance options.  Cur-
rently, the RFG program is required in 10 metropolitan areas: Los Angeles,
San Diego, Baltimore-Washington, Hartford, New York, Philadelphia, Chi-
cago, Milwaukee, and Houston, as specified in the 1990 CAA Amend-
ments, and Sacramento, which was added when it was reclassified as a
severe nonattainment area in 1995.  Thirteen metropolitan areas or states
are voluntarily participating.  In addition, Phoenix has its own, more strin-
gent RFG program (EPA 2002j).

In addition to the federal RFG program requirements, Table 4-5 shows
the California RFG program’s distinct requirements. That program was
implemented on an accelerated schedule: Phase 1 of the California program
started in 1992 and Phase 2 in 1996.  Phase 3, which includes a ban on the
use of MTBE, was originally scheduled to start on December 31, 2002, but
has been postponed until December 31, 2003 (CARB 2003a), because of
delays in removing the CAA oxygen requirement for RFG.

Oxygen-content requirements for RFG (2% by weight) and oxygenated
fuels (2.7% by weight) mandated by the 1990 CAA Amendments have been
controversial.  Although the motivation for including them in the 1990
Amendments was ostensibly to aid in the reduction of emissions, they were
also motivated strongly by a desire on the part of the sponsors from farm
states to increase the use of ethanol in the fuel supply for purposes of farm
policy and for decreasing reliance on foreign sources of oil (EPA 1999f).
Ethanol and MTBE are the two additives most widely used to meet the
oxygen content requirement, MTBE being used most heavily outside the
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Midwest. The addition of ethanol to gasoline can increase its RVP, in turn,
increasing evaporative emissions from vehicles as well as from the fuel
storage and distribution system.  The net impact on air quality of adding
ethanol to fuel is small but under some circumstances might be negative.
MTBE does not increase RVP, but leaking gasoline storage systems have
contaminated groundwater and raised health concerns (NSTC 1997).  An
NRC (1999b) report concluded that although adding oxygenates to gaso-
line reduces CO in vehicle exhaust, as well as the evaporative and tailpipe
emissions of some air toxics, it has little effect on exhaust emissions of
VOCs and may increase exhaust emissions of NOx.  Because of concerns
about the oxygen additives, CARB requested a waiver from EPA from the
oxygen content requirements of the RFG program, arguing that the require-
ment impeded its efforts to reduce NOx emissions.  A blue ribbon panel
convened by EPA to review the matter in 1999 recommended a substantial
reduction in the use of MTBE and the removal of the RFG oxygen content
requirements (EPA 1999f).  Although EPA denied California’s request, it
has supported changes to the program.  Congress is considering amend-
ments to energy legislation that would ban MTBE and replace the oxygen
requirement with a renewable fuels requirement that would likely substan-
tially increase ethanol use.

For CO emissions, the benefits of oxygenated fuel use are most pro-
nounced in older vehicles.  New vehicles with properly functioning closed-
loop control systems show relatively little benefit.16  Thus, the effectiveness
of the oxyfuels program has diminished as the vehicle fleet has turned over.
The CAA Amendments of 1990 do not have a sunset provision for the
oxygenated fuels requirement, but in effect this requirement has been di-
minishing as a large portion of locales with high ambient CO concentra-
tions have attained or are close to attainment of the CO NAAQS.

In addition to the emission standards promulgated in the new Tier 2
emission standards for passenger vehicles, including SUVs, minivans, and
other LDTs, EPA is imposing new restrictions on sulfur in gasoline, prima-
rily to prevent sulfur-poisoning of catalytic converters (65 Fed. Reg. 6698
[2000]).  In 2004, corporate average sulfur concentrations of 120 ppm with
a cap of 300 ppm will be required.  By 2006, the corporate average limit
will be reduced to 30 ppm and the cap to 80 ppm.  The regulations will be
phased in more slowly for gasoline produced for sale in the western United
States and for small refiners.  They also allow refiners to generate credits for

16Closed-loop systems control the engine air-to-fuel ratio from an oxygen sensor in the
exhaust stream and are able to oscillate it within a narrow window about the stoichiometric
ratio.  This process ensures that a three-way catalyst maintains a high conversion efficiency
for VOCs, CO, and NOx.
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reductions achieved ahead of schedule; refiners may then apply these credits
toward meeting their regulatory requirements or transfer them to other
refiners or importers.

Like the Tier 2 LDV standards, EPA’s new emission standards for
heavy-duty diesel engines, published in January 2001, are also accompa-
nied by tightened limits on fuel sulfur content to prevent catalyst damage
(66 Fed. Reg. 5002 [2001]). Starting in 2006, the new sulfur limit for most
diesel fuel will be 15 ppm.  Through 2009, up to 20% of diesel may still be
produced with a sulfur content of up to 500 ppm, but it may only be sold
for use in pre-2007 engines.  As with the gasoline rule, small refineries have
a slower phase-in schedule.  Refineries producing diesel fuel and gasoline
for sale in the western states may stagger their compliance schedules for the
two fuels.  The regulation also includes an averaging, banking, and trading
component.  Here, refineries can generate credits on the amount of 15-ppm
sulfur diesel fuel that exceeds their required 80% production.  These credits
may be averaged with another facility owned by that refinery, banked, or
sold to another refinery.

BEHAVIORAL AND SOCIETAL STRATEGIES
TO REDUCE MOBILE-SOURCE EMISSIONS

Although individual vehicle emissions have been reduced substantially
over the past 30 years, those improvements have been offset at least par-
tially by continued increases in vehicle miles traveled (VMT).  Thus, con-
trols on vehicle activity and transportation represent a potentially impor-
tant avenue for reducing emissions from mobile sources.

Regulation of Motorists’ Vehicle Use

Under the CAA Amendments of 1970, EPA required the states to de-
velop transportation control plans (TCPs) for their air pollution control
areas (normally, metropolitan regions).  The TCPs were to be incorporated
into the overall SIPs for attaining and maintaining compliance with the
NAAQS.  Because the 1970 CAA Amendments required attainment of the
standards by 1975, it appeared that stringent transportation controls would
be required in many areas; for example, parking supply restrictions, high
taxes or surcharges on parking, and downtown access restrictions.  These
policies proved highly unpopular, however, and most states refused to
submit TCPs (Howitt and Altshuler 1999).

In 1973, EPA promulgated federal TCPs for 19 major metropolitan
areas that included the types of policies that the states had chosen not to
impose on their own authority (Altshuler et al. 1979; Suhrbier and Deakin
1988).  Congress then restricted EPA’s authority to require price disincen-
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tives (such as road-use tolls and parking surcharges) or to restrict parking
at all, and EPA effectively abandoned efforts to enforce the federal TCPs
(Altshuler et al. 1979; Howitt and Altshuler 1999).

The 1977 CAA Amendments did not mandate restrictions on personal
travel, although they permitted states to adopt restrictions if they wished.
They also authorized the federal government to withhold most federal
highway funds from any state failing to submit an acceptable SIP to EPA
(Howitt and Altshuler 1999).  Although the states did submit their SIPs,
very few proposed or implemented controls on personal travel (Horowitz
1978; Deakin 1978; National Commission on Air Quality 1981; Yuhnke
1991).

The CAA 1990 Amendments again left the decision of whether to
adopt transportation control measures to state and local officials, with one
major exception: mandated employer trip reduction programs (the em-
ployee commute options [ECO] requirement) in the 10 most severely pol-
luted nonattainment areas.  Some of the 10 affected areas initially pro-
ceeded with EPA’s ECO program, requiring employers to reduce the amount
of automobile commuting to their work sites.  Beginning in 1994, EPA
found it difficult to defend the ECO program against growing resistance
from business groups because few emission-reduction benefits were ex-
pected from the program.  Congress made the program voluntary in De-
cember 1995 (Public Law 104-70).

Outside the United States, there have been a number of efforts to try to
address motorist behavior.  These include strict restrictions in Singapore
(Chia and Phang 2001), alternate day vehicle restrictions in a number of
cities, and recent efforts to impose a user fee for drivers into central Lon-
don.  Although these programs may provide some useful insights, some
have been implemented in very different governmental circumstances (for
example, the authoritarian practices of the Singapore government).  Also,
others have taken place in the context of broader government policies that
have imposed a much higher cost of fuel than is politically realistic in the
United States.  Still others, such as the London experiment, are not substan-
tially different from programs already in place in the United States.  For
example, the cost of crossing the Hudson River into New York City is
already nearly as high as the new charge imposed in London.

Regulatory and other efforts under the CAA to reduce motor vehicle
use have proved to be politically infeasible. On the other hand, some efforts
to promote voluntary reductions in vehicle use, such as ride-sharing pro-
grams, enhancement of existing transit service, compressed work weeks,
and telecommuting, have won political acceptance.  However, such pro-
grams generally have little potential to affect overall use of motor vehicles;
each is expected to yield about 1–3% reductions in VMT (Apogee Research
1994; Howitt and Altshuler 1999).
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Controls on Transportation Infrastructure Planning and Investment

Another class of strategies that can be undertaken to reduce motor-
vehicle emissions focuses on optimizing urban and regional transportation
patterns and practices. Such strategies require careful integration of urban
and regional plans for land use, transportation infrastructure, housing, and
economic development. Because they are implemented on decadal time
scales, their successful implementation requires a continuing commitment
on the part of local and regional managers and politicians to long-term air
quality improvement.

Within the general theme of transportation planning and AQM, high-
way capacity has become a highly contentious and complex issue. Because
free-flowing traffic at moderate speeds produces less pollution per vehicle
mile than highly congested traffic produces, construction of additional high-
way lanes and access roads would seem to improve air quality.  However,
highway expansion in a metropolitan area can encourage urban sprawl and
low-density development (TRB 1995).  Low-density development, which,
in turn, increases the number and length of vehicle trips, decreases vehicle
occupancy rates, and diminishes the practicality of pedestrian and transit
trip making.  Similarly, road building to alleviate congestion in densely
developed corridors may induce additional travel, because a great deal of
latent travel demand in such areas invariably has been suppressed by the
existing congestion.  The end result can be an increase in automobile travel
and increased mobile-source emissions.17

Linking Highway Capacity Expansion to Air Quality
through the National Environmental Policy Act

In its initial forms, the SIP process lacked a formal procedure to ensure
that automobile usage and VMT projections used by air quality planners in
NAAQS attainment demonstration were consistent with regional plans for
highway and road construction. Before the 1990 CAA Amendments, nei-
ther federal law nor the practices of metropolitan transportation planning
linked air quality management with urban transportation investment policy.
The National Environmental Policy Act (NEPA) of 1969 had attempted to
address this problem by mandating that federally funded projects be broadly
analyzed for their impacts on the environment. However, NEPA only re-
quired that environmental impacts be considered in evaluating projects; it
did not provide substantive guidelines for permitting projects to proceed to
construction, nor did it require consistency with the projections used in

17Others argue that the causal factors shaping metropolitan growth and development and
associated vehicle usage are more complex than this viewpoint allows (TRB 1995).
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SIPs.  In addition, NEPA’s project-by-project focus did not generally con-
sider the cumulative environmental effects of multiple projects.

Further efforts to create links between air quality regulation and re-
gional transportation planning and investment encountered significant in-
stitutional problems and resistance.  Section 109(j) of the Federal-Aid High-
way Act of 1970 required the secretary of transportation, in consultation
with the EPA administrator, to issue regulations for the purpose of ensuring
that federally assisted highway projects were consistent with the air quality
plans for each pollution control area.  However, the regulations were vague
on the question of how consistency should be determined, and they had
state transportation officials, rather than environmental regulators, making
the consistency determinations. In most areas, EPA regional offices made
little effort to activate Section 109(j).  The 1977 CAA Amendments con-
tained stronger language but were only marginally more effective (Howitt
and Altshuler 1999).

The Conformity Regulations

The CAA Amendments of 1990 and the Intermodal Surface Transpor-
tation Efficiency Act (ISTEA) of 1991 required much tighter integration of
(or conformity between) clean air and transportation planning (Howitt and
Moore 1999a). The conformity regulations most directly affect metropoli-
tan planning organizations (MPOs), the public agencies that conduct trans-
portation planning under federal transportation law (ISTEA from 1991 to
1997 and TEA-21 [Transportation Equity Act for the 21st Century] since
then).  Other agencies and stakeholders also play a role.  A significant
aspect of the conformity regulation is the incentive given to both air quality
and transportation planners to maintain conformity.  The penalty for non-
conformity is a transportation funding cutoff.  For some metropolitan ar-
eas, that can mean the loss of more than $100 million per year.

At the core of the conformity requirement is an EPA-mandated ana-
lytical procedure and regulatory test to ensure that transportation-related
emissions in a nonattainment area stay within the limits used in the area’s
SIP.  As described by Howitt and Moore (1999a), the process involves use
of a computer simulation to make a 20-year forecast of emissions from
the transportation system.  The forecast takes into account changes in
demographics, land use, economic development, and transportation infra-
structure and services.  The forecasted emission concentrations are com-
pared with the maximum emissions permissible in certain milestone years
under the state’s SIP.  If those concentrations exceed permissible levels in
the SIP, an MPO must change its transportation plans and programs so
that forecasted emissions would be within the emission budget constraints.
Alternatively, the state must amend its SIP to reduce transportation-related

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


166 AIR QUALITY MANAGEMENT IN THE UNITED STATES

emissions through additional mobile-source control measures or reduce
emissions from stationary sources, such as industrial facilities or smaller
area sources.  In addition, an MPO must demonstrate timely implementa-
tion of transportation control measures in SIPs and fulfill the ISTEA
“fiscal-constraint” requirement for transportation plans and programs by
showing that it is likely to have sufficient financial resources to carry
them out.

If an MPO cannot satisfy the conformity requirements within specified
time periods, then penalties are imposed during a conformity “lapse” or
“freeze.”  During this time, the MPO may not begin most new transporta-
tion projects, and the use of federal transportation funds is restricted.  Con-
formity lapses or freezes can also result from certain shortcomings in a SIP,
which may or may not involve transportation-related issues (Howitt and
Moore 1999a).

To date, the most widespread effects of conformity have been proce-
dural and cultural.  Before the conformity regulations of the 1990 CAA
Amendments, transportation planning and air quality regulation were ef-
fectively separate spheres of government activity, even within a given state.
Conformity appears to have fostered greater interaction; as a result, it is
likely that transportation and environmental agencies have gained more
knowledge about and a greater appreciation for one another’s missions,
responsibilities, and procedures.  Most transportation officials also seem to
accept the legitimacy and high priority of environmental values in transpor-
tation decision-making (Howitt and Altshuler 1999).

Thus far, the conformity requirement has had the largest impact on
NAAQS nonattainment areas experiencing rapid growth and, therefore,
substantial economic and political pressure to expand transportation
infrastructure.  Atlanta, Charlotte, and Houston, for example, have had
federal transportation funding interrupted because of conformity prob-
lems.  As further emission reductions are required in the years ahead,
nonattainment areas that are rapidly growing are likely to experience
conformity as an increasingly salient constraint.  It is uncertain how the
conflicts between transportation and air quality goals in such areas will be
resolved and whether the federal government will remain firm in enforc-
ing the regulation.

The conformity requirement has had less impact on transportation
planning in older, more slowly growing metropolitan areas.  These areas
have more mature highway networks and well-established transit systems,
and most of their transportation projects, involving highway and transit
reconstruction and modest expansions, are neutral or positive in terms of
air quality.  In addition, these areas often have more serious air pollution
problems and thus more time to come into compliance with the CAA (see
Table 3-1 in Chapter 3).  Therefore, conformity has not required these
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areas to make major adaptations.  However, these regions have not yet met
their stiffest challenges, because they still must demonstrate future reduc-
tions in transportation-related emissions (Howitt and Moore 1999b).

CRITICAL DISCUSSION OF MOBILE-SOURCE
EMISSION-CONTROL PROGRAMS

The CAA has led to substantial successes in some aspects of its mobile-
source programs.  The emissions standards for individual LDVs and HDVs
have promoted a host of new technologies, which have resulted in or are
expected to result in emissions that are substantially lower than they were
in 1970.  These emission standards also resulted in eliminating the largest
source of lead in the environment through the control of lead in fuels.
Despite increasing travel, which has offset some of the gains, the number of
communities having air that is not in attainment of the NAAQS for lead or
CO (pollutants that are primarily from mobile sources) has dropped dra-
matically.  As described in a recent NRC (2003b) report, that drop has
resulted in substantial reductions in overall population exposures to high
concentrations of ambient CO.

Mobile-source emission-control programs have also experienced and
continue to experience challenges, including the persistence of high-emitting
gasoline vehicles and older diesel vehicles, the relative lack of regulation of
nonroad engine emissions, the contributions of mobile sources to HAP
emissions (see discussion of HAPs in Chapter 5), the use of fuel policy to
pursue other non-air-quality-related interests (for example, farm policy and
reducing dependence on foreign oil), and the inability of AQM to affect
individual travel behavior substantially.

 The following section reviews and summarizes some of the lessons
learned and the challenges ahead.

Promotion of New Technologies Using Vehicle Emission Standards

The history of vehicle emission controls is one of long-term success,
albeit success that came more slowly than policy-makers originally intended.
Delays were due in part to opposition from the automotive industry facing
the challenge of producing the required technologies in a cost-effective
manner.  Nonetheless, substantial improvements in technology have oc-
curred: more efficient combustion resulting in fewer partially combusted
hydrocarbons; emission-control systems with longer effective lifetimes; and
the application of many new catalyst and sensor technologies, using in-
creasingly sophisticated computer controls.  Actual costs of the improve-
ments have often proved to be less than anticipated (Anderson and Sher-
wood 2002; Cackette 1998).  Lower costs were realized as production
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experience was acquired, economies of scale were achieved, and the desire
to meet a mass market had fueled substantial competition. Some observers
have suggested that such economies are more likely when policies target a
relatively small number of large corporations and focus on inducing sub-
stantial (but not radical or technologically infeasible) changes in product
technology (Howitt and Altshuler 1999).

Even so, the process can be marked by considerable controversy and
even litigation.  Delays are often unavoidable, and accommodations be-
tween legislative purposes and industry interests are a frequent part of the
implementation process.  Nevertheless, the technology promotion process
appears to be able to provide the nation with a significant mitigation of air
pollution in a cost-effective manner  (Howitt and Altshuler 1999).

High-Emitting Gasoline Vehicles

The emission-control program for mobile sources has been very suc-
cessful in terms of its ability to reduce emissions from individual LDVs,
operated in normal modes.  The forecast emission reductions from recently
promulgated regulations, if fully effective over the lifetime of an opera-
tional vehicle, will provide a further dramatic reduction in mobile-source
emissions.  However, analyses suggest that historically, a disproportion-
ately large fraction of the mobile emissions come from a relatively small
percentage of so-called high-emitting cars.  Many of these high emitters are
vehicles whose pollution control devices are not operating properly or whose
engines are combusting combinations of fuel and lubricating oil.  In addi-
tion to representing significant sources of VOC, NOx, CO, and air toxics,
high-emitting gasoline vehicles might also be significant contributors to
ambient concentrations of PM2.5 (Watson et al. 1998).  That possibility
suggests that attainment of the new NAAQS for PM2.5 will require a much
better understanding of the effect of engine operation and deterioration on
the emissions of fine particles from gasoline vehicles.

The continued presence of high emitters, which were first described by
Wayne and Horie (1983) and which continue to be observed in the contem-
porary vehicle fleet (NRC 2001c and references therein), will reduce the
emission reductions that are forecast for programs to be implemented in the
latter half of this decade.  To date, the nation’s AQM system has not come
up with an effective and politically acceptable means to address this prob-
lem.  One mechanism, which appears to have been at least partially success-
ful, has been to require increasingly durable, warranted emission-control
systems, resulting in substantially more robust emission-control systems.
New vehicles are currently certified to 100,000 mile standards and major
emissions control equipment, such as the catalyst and on-board computer,
are warranted for 80,000 miles.  Other mechanisms, such as inspection and
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maintenance and remote sensing, have been either politically controversial,
technically ineffective, or both.  A further opportunity, as yet unrealized,
might lie in the improvement and monitoring of on-board diagnostic de-
vices that immediately notify drivers of problems and in the long run pro-
vide officials and mechanics with accurate information on the performance
of emission-control equipment.

Reducing Emissions from Older and Nonroad Diesel Engines

Although there has been and probably will be substantial progress in
reducing the emissions from new on-road diesel vehicles, three substantial
challenges remain.  First, the long life of diesel vehicles and the pattern in
which older vehicles are used for shorter-haul routes in urban centers result
in a large and continuing source of PM and NOx diesel emissions in urban
settings with dense populations.  Recent efforts by the states and EPA to
promote buy-back, replacement, and retrofit programs have begun to ad-
dress this issue, but these efforts have been modest.  Second, the recent
enforcement experience with on-road emissions being higher than those
certified for the engines and the difficulty of inspection and maintenance for
heavy-duty engines will require continued attention.  Finally, as on-road
LDV emissions continue to decline, emissions from various nonroad sources
and on-road diesel vehicles will become increasingly important.  Recent
regulatory efforts by EPA (as detailed above) have begun to address this last
issue. Although these recent efforts have begun to address the issue of in-use
heavy-duty vehicle emissions, there is not yet a systematic, nationwide
approach to the problem.  Specific recommendations for addressing this
problem are advanced in Chapter 7.

Regulating the Content of Gasoline and Diesel Fuels

The past 15 years have seen a substantial increase in CAA programs
regulating the composition of fuel.  In some instances, these programs have
been directly responsible for substantial decreases in exposure to important
air pollutants—most notably, lead—and for a substantial reduction in ben-
zene emissions and exposure with the advent of RFG.  The elimination of
sulfur is also likely to facilitate a new generation of gasoline and diesel
control technologies, as occurred with the removal of lead in the 1980s.
This potential for further technological innovation, however, depends on
the successful implementation of the sulfur-reduction regulations on the
time scale envisioned in the regulations.

The success of these new fuels in reducing key precursors for O3 is less
clear.  Congressional requirements for oxygen in RFG that resulted in
increased use of ethanol may have resulted in increasing evaporative emis-
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sions and, in some instances, a worsening of O3 conditions (NRC 1999b).
As indicated above, such actions were taken not only for air quality reasons
but also for other reasons (for example, farm policy and energy security).
The challenge of reducing O3 precursors is made larger by the limitations of
the current technical tools available for predicting motor vehicle emissions
as a function of the fuel blend (for example, the Simple and Complex
models used for RFG).  For MTBE, the oxygen requirements also resulted
in increasing the risk of groundwater and surface-water contamination
(EPA 1999f).

One advantage of such programs has been to reduce emissions in older,
less well-controlled vehicles. However, many of these older LDVs have now
been replaced, but there is no provision for reviewing and, if appropriate,
removing specific fuel requirements as the older LDVs are replaced.  Fi-
nally, Tier II fuel requirements have included banking, averaging, and trad-
ing provisions to improve the cost-effectiveness of the rules.  To date,
however, with the exception of the lead phase-out, there has not been
adequate experience to evaluate these programs and to determine their
effectiveness.  Such evaluation will be especially important as EPA imple-
ments the new sulfur-reduction requirements, and extends them to nonroad
diesel fuel.

Controls on Motorists’ Behaviors

In contrast to the success of new motor vehicle standards, efforts to
regulate citizen’s personal travel behavior through restrictions or economic
disincentives have typically provoked controversy and, in the end, have
proved to be politically infeasible.  Even where some effort has been made,
the estimated pollution reductions have been modest.  After 30 years of
efforts to affect individual driving behavior, all involved—Congress, EPA,
and state and local agencies—have opted to emphasize voluntary versions
of such efforts (Howitt and Altshuler 1999).

Conformity

In the related area of regulation of infrastructure investments, some
modest progress appears to have been made.  The 1970 and 1977 CAA
Amendments were ineffective in ensuring consistency between state trans-
portation investments and air quality improvement commitments.  The
1990 CAA Amendments embodied a more realistic appreciation of how
transportation decisions can affect air quality planning and backed the
requirement for conformity with the tangible threat of federal fiscal penal-
ties for failure to comply.  The invigorated “conformity” requirement ap-
pears to have enhanced the attention paid to air quality objectives in metro-
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politan transportation planning, although it has not, to date, significantly
affected state transportation investment decisions.

Perhaps the most important substantive effect of conformity may be a
new way of looking at highway projects in the early stages of the transpor-
tation planning process.  Proposals for major highway enhancements, which
can be “emission budget busters,” may now be less likely to move into the
preliminary planning stage, particularly because planners must show that
the financial resources needed to carry out the proposals are likely to be
available.

Only a few rapidly growing areas have been motivated by conformity
requirements to pursue major investments in mass transit, because such
investments rarely produce significant air quality benefits.  In the areas that
already have extensive transit networks, however, the conformity require-
ments have reinforced the importance of modernization, service enhance-
ments, and occasional extensions (Howitt and Moore 1999b).

The relationship between SIP development and the conformity process
can create difficulties for both planning and regulatory purposes for several
reasons: assumptions, data, and forecasts.  These difficulties occur when the
two planning processes are insufficiently interconnected.  The federal confor-
mity regulations mandate the use of the most up-to-date transportation-
planning assumptions and data available (for example, for travel behavior,
population, land use, and economic growth) and the most recent version of
the emission forecasting models (that is, EPA’s MOBILE model or California’s
EMFAC model).  Because conformity analyses must be revised at least every
3 years in nonattainment areas and SIPs might not be updated for much
longer periods, the underlying assumptions, data, and models used in the
transportation-planning process may vary significantly from those in the air
quality plan.  The disjunction of modeling inputs and methods, depending on
the circumstances, can create differences in estimates of future emissions that
may only exist on paper in the planning process or mask real air quality
problems.  Thus, the disconnection between SIP development and the confor-
mity process undermines the intended usefulness of conformity as a perfor-
mance test allowing informed judgment of whether state transportation in-
vestments are consistent with air pollution reduction commitments in the SIP.
Moreover, the planning horizons for air quality regulation and transporta-
tion planning may mesh poorly.  Under current requirements, transportation
plans are required to have a 20-year time horizon, and conformity is done
on that basis.  An attainment demonstration and associated maintenance
plan, however, need only a 10-year time horizon.  Transportation plans must
therefore often use emission budgets that do not take account of future
emission growth in transportation and other sectors (Harrington et al. 2003).

Both the possible disjunction of planning assumptions and forecasts
between SIPs and conformity analyses and the poorly meshing time frames
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of the two processes can create important questions about regulatory fair-
ness.  The procedures of the CAA were designed so that, in setting emission
budgets, decision makers would take forecasts of aggregate emissions and
then explicitly allocate emission estimates across sectors in ways that cre-
ated legitimacy and stakeholder commitment to the outcome.  If transpor-
tation emission forecasts are updated while other sectors’ are not, the valid-
ity and perceived fairness of the results can be questioned and stakeholder
support for pollution reductions can be undermined.

Some proponents of conformity hoped that linking transportation and
land use would encourage broader acceptance of land-use regulations to
reduce emissions from mobile sources.  However, the impact of conformity
on land-use decision-making, which is in the hands of local governments
that do not have a direct role in conformity, has been modest (Howitt and
Moore 1999a).

SUMMARY

Strengths of the Mobile-Source Emission-Control Program

• Regulations on LDVs and LDTs have resulted in significant reduc-
tions in the emissions per mile traveled. In the case of CO, as shown in a
recent NRC study (NRC 2003b), those reductions have resulted in signifi-
cant reductions in overall population exposure.  Further emission reduc-
tions are anticipated from the implementation of stricter emission regula-
tions in the coming years.

• Emission regulations on LDVs and LDTs have promoted the devel-
opment and application of new cleaner technologies for vehicles—tech-
nologies that are now used worldwide.  Furthermore, the actual costs of
these technologies were likely less than anticipated.

• Regulations on fuel properties, including content, have also resulted
in air quality benefits, most notably is the phase-out of lead in gasoline that
made the use of catalytic converters possible and reduced population expo-
sure to lead. RFG resulted as well in reductions in population exposure to
benzene. New regulations on sulfur content in fuels promise to further
enhance the effectiveness of catalytic controls and reduce emissions of the
on-road fleet.

Limitations of the Mobile-Source Emission-Control Program18

• Gaps remain in the ability to monitor, predict, and regulate in-use
vehicle emissions. The existence of high emitters is a major challenge, and

18Recommendations are provided in Chapter 7.
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I/M programs have been less effective than expected in identifying high
emitters and ensuring in-use compliance with emission standards. Other
approaches, such as remote sensing and on-board diagnostics, show techni-
cal promise, but further testing of those techniques is needed.  There is also
a concern that remote sensing may be viewed as unacceptably invasive.

• As emissions from LDVs and LDTs decrease and the focus on attain-
ing the NAAQS for PM2.5 increases, emissions from nonroad engines and
heavy-duty onroad vehicles are becoming increasingly important.  New
emission regulations for these sources are being implemented, but the long
lifetime of these engines will slow the rate of penetration of the effects of
these regulations into the fleet.  Additional efforts in inspection and mainte-
nance and in promoting retrofit and incentive buy-back programs are there-
fore needed.

• The inclusion of content-specific requirements in the fuel provisions
of the 1990 CAA Amendments (for example, oxygen in the RFG program)
can limit flexibility to meet standards in the most cost-effective way for
areas required to implement the program.  The standards also make it
difficult to adjust the program in the face of new challenges (for example, in
the case of MTBE contamination of groundwater and surface water) and
have a small (sometimes even negative) impact on the control of some air
pollutants (as might have been the case with the use of ethanol and poten-
tial increases in RVP).

• Growth in vehicle miles traveled, personal automobile usage, and
popularity of fuel-inefficient vehicles (for example, SUVs) has offset a sig-
nificant portion of the gains obtained from stricter emission standards on
individual vehicles.  With the exception of the conformity requirements of
the 1990 CAA Amendments and subsequent related legislation, air quality
managers remain unable to affect these societal and behavioral determi-
nants of mobile-source emissions.
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INTRODUCTION

Stationary emission sources are divided into two categories in the Clean
Air Act (CAA): major stationary sources (also called point sources) and
area sources (see Box 5-1).  Both contribute significantly to air pollution in
the United States, and the CAA has contained provisions to regulate and
control emissions from many of these sources for over three decades.

In principle, stationary sources can be controlled through the imposi-
tion of a design standard or a performance standard applied to individual
facilities or through the imposition of an overall cap on a specific industry
or segment of sources (see Box 5-2).  The CAA applies these controls
through a variety of programs that generally fall into five categories:

• Permits and standards for new sources or major modifications of
existing sources (for example, the new-source review [NSR], New Source
Performance Standards [NSPS], and prevention of significant deterioration
[PSD]).

• Technology-based standards for emissions reduction in a class of
existing facilities (for example, the reasonably available control technology
[RACT] requirements for nitrogen oxides [NOx], the acid rain NOx provi-
sions, and the maximum achievable control technology [MACT] for haz-
ardous air pollutants).

• Cap-and-trade provisions (for example, the acid rain sulfur dioxide
[SO2] program of the CAA Amendments of 1990).

5

Implementing Emission Controls
on Stationary Sources
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BOX 5-1 Major and Area Sources of Emissions

The regulations and controls on stationary sources in the United States have
generally been designed to focus on two types of stationary sources:

1. Major stationary sources whose emissions exceed a nominal threshold
defined in the CAA or by a regulatory agency.

2. Area sources whose emissions fall below the threshold.

Major stationary sources (such as factories and electricity-generating facilities)
are defined as single sources with emissions exceeding a threshold level that
depends on the pollutant.  This threshold is generally 100 tons/yr for criteria pollut-
ants and their precursors; however, the threshold for Pb is 5 tons/yr.  For the most
severe O3 nonattainment areas, the threshold for VOC can be as low as 10 tons/
yr.  For serious CO nonattainment areas, the CO threshold is 50 tons/yr.  The
reporting requirements for major stationary sources are more detailed than those
for area sources (65 Fed. Reg. 33268 [2000]).

One important distinction between major stationary and area sources is the
method used to estimate and control their emissions.  Major stationary sources
are inventoried individually and their emissions are generally controlled through
a permitting process that requires specific regulatory review of each individual
facility.  Area sources, which are generally widely dispersed sources arising from
relatively small industrial and business facilities (for example, agricultural fields
and small copying and printing shops) or from application and use of consumer
products (for example, architectural coatings), are inventoried and regulated
collectively.

• Other trading and voluntary mechanisms (for example, pollution pre-
vention programs and the U.S. Environmental Protection Agency’s [EPA’s]
Project XL).

• Regulations on area sources (for example, consumer product
specifications).

In addition to those programs, which either provide permits for, or
mandate changes in, new and existing facilities and products, the CAA
Amendments of 1990 also established the Title V operating permit pro-
gram, which requires comprehensive operating permits for large stationary
sources to record all operating requirements for a facility as a basis for
tracking compliance.

Each of these programs is discussed below. This discussion is then
followed by a summary of the strengths and weaknesses of the various
programs and the lessons to be gleaned for future approaches to air quality
management (AQM).
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BOX 5-2 Design Versus Performance Versus Cap and Trade

Traditionally, stationary sources have been regulated through the imposition of
emission standards or limitations.  The CAA defines such a standard or limitation
“as a requirement established by the State or the Administrator which limits the
quantity, rate, or concentration of emissions of a source to assure continuous
emission reduction, and any design, equipment, work practice or operational stan-
dard promulgated under this Act.”  Although many specific programs regulate sta-
tionary sources in the CAA, the basic approaches that have been adopted to
achieve emission reductions fall into three broad categories: technology specifica-
tion standards (or design standards), performance standards, and the newer use
of cap-and-trade requirements.

A design standard mandates that a set of design or technological options (for
example, installation of particle traps in smoke stacks) must be adopted by the
managers of the regulated facilities to meet emission targets.  Although this ap-
proach has the potential to achieve substantial reductions in air emissions, it has
been criticized as being overly inflexible and cost-ineffective.  For example, even
though there is often a substantial disparity in the marginal costs of emission re-
ductions among facilities affected by the same technology standard, technology-
specification standards do not allow market forces to use this disparity to minimize
the overall costs of the desired level of emission reductions (Hahn and Stavins
1992; Stavins 2002).  Moreover, because firms must use the technologies speci-
fied in the standard, the approach does not encourage individual firms to pursue
ways to reduce emissions through potentially more effective alternative technolo-
gies and front-end process adjustments.

In contrast to a design standard, a performance standard simply specifies a
maximum allowable rate of emission from a given type of source or facility, and the
managers of the facility are free to choose any combination of technologies and
operational practices to meet the standard.  In principle, this approach provides an
individual facility with greater flexibility to discover the most cost-effective way to
meet the emission standard.  Although the flexibility exists in theory, in practice the
performance standard is normally set at the level that can only most readily be
achieved by a known technology.  Thus, unless readily available alternatives can
meet the standards to the satisfaction of the regulators, there is likely to be a
tendency for facilities to default to the known technology, thus also limiting the
options for the affected industries.  In that case, the necessary level of control is
achieved by selection of parameters within that technology (for example, size of
the control technology and flow rates of reactants).

The performance standard can set different degrees of control for different
sources—low-emission sources may have a lower control requirement than high-
emission sources.  However, regulators faced with setting a performance standard
often compromise, setting a standard at a lower level than the one that can be
achieved by many facilities so that the facility with the largest uncontrolled emis-
sions will not face an impossible task of control. As a result, marginal costs of
emission reductions often continue to vary substantially among facilities.  Further,
once a performance standard is achieved at a facility, there is little incentive to
discover more efficient ways of achieving the same or greater emission reduction,
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PERMITS AND STANDARDS FOR NEW OR MODIFIED
MAJOR STATIONARY SOURCES

The CAA mandates that the states implement and EPA oversee permit
programs to control and regulate pollutant emissions from major station-
ary sources in National Ambient Air Quality Standards (NAAQS) attain-
ment and nonattainment areas.  Under these programs, each new major
stationary source of air pollutants must apply for a permit before beginning
construction and, within the permit application, demonstrate that the new
facility will meet appropriate emission-control standards.  In recognition of
the substantial costs of retrofitting, existing stationary sources are required

and, most important, there is no mechanism for a company to profit from innova-
tions that achieve emission reductions beyond the standard.

The choice between a design and a performance standard is often made as part
of a rule-making process.  In some cases, such as fugitive emissions, it is simpler to
set a design standard because of the complexity of measuring the actual emissions.
However, design standards do not provide the same limit on emissions that perfor-
mance standards do; they simply provide a reduction over a set of baseline emis-
sions.  In either case, the standards are related to the output of the facility.  Perfor-
mance standards are usually expressed in such terms as pounds of pollutant emitted
per million British thermal units of fuel heat input.  In these cases, the actual amount
of emissions is permitted to increase as the amount of fuel is increased.

In response to the limitations of both design and performance standards, a new
approach (a market-based approach) based on cap and trade has emerged in the
last decade.  In this approach, each source category (or every source) in a given
geographic area has its total emissions of a particular pollutant capped at a level
below its current level, and each individual source is assigned an emissions allot-
ment consistent in the aggregate with the overall emissions cap.  The novel as-
pects of this total-emissions-based performance standard are (1) that it does not
presume any particular technology or emissions standard for the sources, and (2)
that it allows market forces to minimize costs and reward innovation.  Each facility
is allowed to achieve the required reductions in a variety of ways, including con-
ventional pollution control, process change, and product substitution, as well as
purchase of reductions at a more economical rate from other facilities that have
exceeded their reduction target.  Even with a cap-and-trade standard, an emission
limit must be set that is based on feasible control technology or process opera-
tions.  However, the ability to trade removes one of the problems faced by regula-
tors when dealing with a range of existing sources.  A greater control requirement
can be set, and companies that cannot easily meet the requirement can trade
emission-reduction credits to comply with the cap-and-trade requirement.  There
are challenges in applying this emission-control mechanism in every situation, as
discussed later in this chapter.  The mechanism does, at least in theory, offer the
possibility of achieving substantial reductions while allowing individual sources to
minimize costs and optimize efficiency.

BOX 5-2 continued
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by federal law to undergo the permitting process only when nonroutine
modifications are planned that will result in a significant increase in pollut-
ant emissions from that source.1  The program for nonattainment areas is
described in Part C of Title 1 of the CAA and that for attainment areas in
Part D of Title 1.  In the CAA, the program is the NSR in nonattainment
areas and the PSD in attainment areas.  Although NSR is often used generi-
cally for both types of programs, there are some differences, so the discus-
sion below uses the CAA’s terms.

Background

Since 1970, the CAA has required EPA to promulgate NSPS for major
and minor sources on a category-by-category basis.  NSPS are national
emission standards that are progressively tightened over time to achieve a
steady rate of air quality improvement without unreasonable economic
disruption. In recognition that the 1970 goals for attainment of air quality
standards would not be met and that some  attaining areas required mea-
sures to prevent conditions from worsening, NSR procedures became appli-
cable to major stationary sources in nonattainment areas and in PSD attain-
ment areas with the 1977 CAA Amendments.

The NSR provisions required that major new sources in nonattainment
areas be constructed only if they created no net increase in emissions.  That
requirement was intended to ensure that major new or modified stationary
sources of air pollution within nonattainment areas did not inadvertently
undermine the state implementation plans (SIPs) that had been developed
for those areas.  To accomplish that, NSR requires that new and modified
facilities use control equipment that has the lowest achievable emission rate
(LAER) and that those facilities obtain an “emission offset” to offset the
increase in emissions anticipated from the proposed construction or modi-
fication.  As discussed in more detail below, the offset is actually required to
be greater than the emissions increase from the proposed project to ensure
progress toward attainment.

The PSD program for attainment areas was designed to do the following:

• Maintain public health protection in areas that already meet the
NAAQS.

• Reduce the total amount of emissions entering the atmosphere and
thereby provide general protection from public welfare damage and the
impacts of pollutant transport.

1Throughout the remainder of this discussion, “modification” will be used as it is defined
in the CAA to denote “any physical change in, or change in the method of operation of, a
stationary source which increases the amount of any air pollutant emitted by such source or
which results in the emission of any air pollutant not previously emitted.”
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• Protect visibility.
• Counteract the unintended incentive given to industries from the

NSR program to relocate to less developed states and thereby avoid NSR
permitting requirements.

PSD, like NSR, requires new and modified facilities to meet emission-
control standards, although PSD standards need not be as restrictive as
those for NSR.  Moreover, PSD does not require emission offsets.

NSR and PSD Requirements

Applicability

NSR and PSD apply to major new stationary sources and major modi-
fications of existing stationary sources.  However, the definitions of these
terms differ somewhat for the two programs:

• NSR applies only to criteria pollutant emissions and their precursors
from major or modified sources.  In most nonattainment areas, a major
source for the purposes of NSR is a source that has the potential to emit
100 tons or more per year of any criteria pollutant. For ozone (O3) non-
attainment areas, the definition of “major stationary source” includes
smaller sources in areas of more severe nonattainment and sources with the
potential to emit as little as 10 tons per year of NOx and VOCs in extreme
nonattainment areas.

• PSD generally defines a major source as one that produces 250 tons
or more per year of any pollutant.  However, 28 specific source categories
are identified in the CAA for which the PSD definition of a major source is
broadened to include sources that produce 100 tons per year or more of any
pollutant.2  A major modification is one that produces a “significant in-
crease” in emissions as defined by PSD regulations (40 CFR 52.21(b)23).

2The 28 source categories are coal cleaning plants (with thermal dryers), coke oven batter-
ies, Kraft pulp mills, sulfur recovery plants, Portland cement plants, carbon black plants
(furnace process), primary zinc smelters, primary lead smelters, iron and steel mills, fuel
conversion plants, primary aluminum ore reduction plants, sintering plants, primary copper
smelters, secondary metal production plants, municipal incinerators capable of combusting
more than 250 tons of refuse per day, chemical process plants, hydrofluoric acid plants,
fossil-fuel boilers (or combination thereof) totaling more than 250 million British thermal
units (Btu) per hour heat input, sulfuric acid plants, petroleum storage and transfer units with
a total storage capacity exceeding 300,000 barrels, nitric acid plants, taconite ore processing
plants, petroleum refineries, glass fiber processing plants, lime plants, charcoal production
plants, phosphate rock processing plants, and fossil-fuel-fired steam electric plants of more
than 250 million Btu per hour heat input.
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The CAA indicates that existing facilities undergoing modifications
that significantly increase pollutant emissions shall be subject to NSR or
PSD review through the permitting process. The CAA also identifies the net
emission increases for each of a series of pollutants that triggers such re-
view.  To implement this requirement, EPA developed rules to determine
whether a proposed modification would result in a net increase in emis-
sions.  That determination involves prescriptions for estimating the present-
day baseline emissions and the projected future emissions.  In addition,
EPA’s rules exempt routine maintenance and repair activities from the
definition of a modification that can trigger NSR or PSD review.  EPA also
exempts modifications that cause de minimis, or insignificant, emission
increases.  For a modification to trigger NSR or PSD review, an emission
increase must exceed a “significant level” specified by EPA. That level
varies by pollutant and attainment status of the area.  As discussed later in
this section, EPA’s rules and regulations have been the subject of much
debate and litigation and have been changed from time to time by EPA to
reflect changes in policy priorities within the Executive Branch.

To implement the provisions, EPA usually delegates permitting author-
ity to states or local districts.  However, before such a delegation is made,
the state or district must demonstrate that its permitting process is substan-
tially the same as that used by EPA.

Operation

The operation of NSR in nonattainment areas and PSD in attainment
areas is conceptually similar.  Major new or modified sources undergo a
preconstruction review to qualify for a permit that allows the construc-
tion or modification to proceed.  The new construction or modification
must use stipulated control technology.  However, the control technology
requirements are different in attainment and nonattainment areas.  Sources
subject to NSR in nonattainment areas are required to use control equip-
ment that provides the LAER and those subject to PSD in attainment
areas are required to use best available control technology (BACT).  Sec-
tion 171(3) of the CAA defines LAER as the most stringent emission
limitation based on either (1) the most stringent limitation in any SIP
for that class or category of source or (2) the most stringent limitation
achieved in practice for a certain class or category of source.  Section
169(3) of the CAA defines BACT as an emission limitation based on the
maximum degree of reduction of each pollutant subject to regulation
under the CAA emitted from any major emitting facility, which the per-
mitting authority, on a case-by-case basis, determines is achievable for
such facility.  The authority is required to take into account energy,
environmental and economic impacts, and other costs. Thus, the emission
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limitations required under BACT can be less stringent than those under
LAER.

In determining the specifics of a BACT requirement for a facility, EPA
and the states must also ensure that the facility does not exceed the NSPS.
In practice, NSPS, which are determined once and are changed only if the
regulation is fully revised, serve as the minimum level for BACT and LAER
determinations.

In nonattainment NSR, offsets are required to bring about a net de-
crease in emissions in the area. The size of the offset relative to the antici-
pated increase from the new or modified source varies from 1.1:1 for non-
O3 nonattainment areas and marginal-O3 nonattainment areas to as much
as 1.5:1 for extreme-O3 nonattainment areas (see Box 3-3 in Chapter 3).
The offsets must be reductions that would not otherwise occur (for ex-
ample, as a result of other SIP activities) and can be obtained from new
emission controls on, or shutdowns of, other facilities and sources.  They
must be real, permanent, and enforceable. In principle, offsets provide an
incentive to try innovative control technologies.  In practice, offsets are
usually obtained by shutting down other facilities.

Offsets are not required in PSD permits.  However, any emission
increase after the use of BACT is limited to a fixed amount from all new
facilities in the area.  The amount of the increase allowed under PSD
regulations, called the increment, is defined in terms of ambient air con-
centration and depends on the pollutant and the class of the area affected.
National parks, wilderness areas, and similar sensitive areas are identified
as Class I areas.  Most areas are Class II.  The regulations also define a
Class III area, for which emission limits are more lenient than those for
Class I and II areas; however, no areas have been designated Class III.
The increments for various pollutants are shown in Table 5-1 for each
area class.

PSD permit applications are also required to analyze the effects of the
source on visibility, soils, and vegetation; the economic growth likely to
result from the new source; and the effects of this new growth on the new
emissions.  When a Class I area is affected by the source, the federal land
manager for that area must play a role in the permit process.  According to
PSD regulations, the manager can provide an analysis showing that there is
an “adverse air quality impact” on the Class I area, even if all other permit
requirements are met.  In such cases, the manager can recommend that the
permit not be issued, and the permit may be denied.

Issues with the Application of NSR and PSD

NSR and PSD have been a positive force in AQM in the United States.
NSR has provided a mechanism for economic development and new con-
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struction to proceed in nonattainment areas while maintaining progress
toward NAAQS compliance.  Moreover, both NSR and PSD have man-
dated the use of modern, clean technologies and practices in new facilities
and in modified existing facilities throughout the nation.  The application
of BACT in conjunction with the requirements for NSPS has encouraged,
indeed required, the continual development and application of new tech-
nologies that are more cost-effective, cleaner, or both.  However, NSR and
PSD have some limitations as well.  Some of the more prominent aspects are
discussed below.

Complexity and Inefficiency

The NSR- and PSD-permitting processes have become complex and
time consuming, especially if there are disagreements between the permit
seeker and the permitting agency.  The ever-growing nature of the process is
illustrated by EPA’s documentation describing NSR and PSD regulations,
manuals, and guidance.  About 30 pages in length in the early stages of the
program, the documentation now exceeds 1,000 pages and is contained in
numerous documents with which permit applicants and writers must be
familiar (EPA 2002k).  Representatives of industry complain that the pro-
cess fosters inefficiencies and unduly discourages economic growth and
innovation (NAM 2002). The process as currently organized can lead to
conflicts between the goal of implementing improved emission-control tech-
nology as quickly as possible on the basis of BACT or LAER requirements
and the need for firms to know what control technology will be required
for new construction or modifications to existing facilities.  Because of
the lengthy time required to complete a permitting process and the rate at

TABLE 5-1 Allowable Concentration Increments (micrograms per cubic
meter) for Prevention of Significant Deterioration (PSD)

Increment in Areas That Are

Pollutanta Measurement Class I Class II Class III

Particulate matter Annual arithmetic mean 4 17 34
(PM10) 24-hr maximum 8 30 60

Sulfur dioxide Annual arithmetic mean 2 20 40
(SO2) 24-hr maximum 5 91 182

3-hr maximum 25 512 700
Nitrogen dioxide Annual arithmetic mean 2.5 25 50

(NO2)

aPM10 is particulate matter with an equivalent aerodynamic diameter of 10 micrometers or
less.
SOURCE:  Clean Air Act, Section 163.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


IMPLEMENTING EMISSION CONTROLS ON STATIONARY SOURCES 183

which control technologies are developing, the BACT or LAER require-
ments for a given project could change between the time that a project is
proposed and the time that it is permitted.3

Older, Dirtier Facilities Remain in Operation

When the NSR and PSD programs were enacted, Congress did not
require that emission controls be placed on any existing facilities, in effect
“grandfathering” these facilities, although the provisions left open the pos-
sibility that controls could be required on these older facilities as part of a
SIP filed in a nonattainment area.4  Such facilities were expected to reach
the end of their operating lives about 30 years after their initial construc-
tion.  Experience over the past 25 years, however, shows that older high-
polluting facilities throughout the nation have continued to operate with
minimal modernization or have undergone so-called lifetime-extension proj-
ects.  These projects have been able to maintain the economic viability of
the facilities well beyond their initial design lifetime without triggering NSR
or PSD review and the addition of modern emission-control technology (see
Box 5-3).  In addition, placing controls on such facilities as part of a SIP has
proved politically difficult.  Facility owners and operators can demonstrate
that the cost per ton of controls on such facilities, assuming a short remain-
ing lifetime, is much greater than the equivalent cost for new facilities.
Some maintain that the onerous nature of the NSR and PSD permitting
process contributes to this state of affairs by raising bureaucratic hurdles
against new construction.  Others argue that industry keeps old facilities
operating, sometimes unlawfully, to avoid the NSR and PSD requirements
to use clean technologies, as discussed further below.

3Such requirement changes occurred in the South Coast Air Quality Management District
during the 1980s.  At that time, one of the BACT and LAER requirements for gas turbines
was for the combustion devices to be designed and operated to produce low amounts of
NOx.  Several companies were proposing to permit new gas turbines with low NOx combus-
tors, as required.  However, the district reviewed its BACT requirements and determined that
selective catalytic reduction (SCR), not low NOx combustors, should be used as the BACT.
That decision caused some of the projects with low NOx combustors to be dropped.

4One reason that new and modified emission sources were subjected to more stringent
regulations than existing sources is that it was considered easier to develop an appropriate
design standard for a facility that is being constructed or modified.  Promulgating a design
standard for existing facilities can represent a challenge to regulators because of the spectrum
of operating conditions and preexisting emissions that are present in the field.  Individual
sources within a particular group, such as glass furnaces, might have significantly different
operating temperatures and, consequently, different NOx emissions.  If the sources were
required to install the same technology or to obtain the same percentage of emission reduc-
tion, some sources would have higher emissions than others.  Conversely, if a regulation were
passed that required all sources to achieve the same level of emissions, sources that had low
emissions would be able to comply with much less effort than other sources.
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BOX 5-3 The Grandfathering of Facilities

When the CAA Amendments of 1970 were written, it was assumed that electric
power plants would be decommissioned when they completed their expected func-
tional lifetime.  Instead, many older power plants have received extensive mainte-
nance to extend their operation and remain in use.  Although no specific exemp-
tion was created for these facilities, their extended operation amounts to a de facto
grandfathering, and that term is commonly used to describe facilities with little or
no emissions control that continue in operation well beyond their original expected
lives. Table 5-2 provides a breakdown by vintage of NOx emission rates for coal-
fired power plants operating in 1999 in pounds per megawatt hours (the amount of
NOx emitted per unit of electricity generated) and the percent of total NOx from
coal-fired boilers emitted by each vintage.  The table indicates that some facilities
have remained operational long after their expected 30-year lifetime and that these
older facilities emit NOx at a much higher rate than newer facilities.  They also emit
a disproportionately large fraction of NOx relative to the power they produce, as
indicated in the far right column of the table.   Substantial reductions in emissions
from coal-fired power plants could be obtained by retrofitting plants or by replacing
them with newer coal-fired or gas power plants.

Although there are reasons for focusing regulation primarily on new facilities or
major modifications—most notably the relatively lower cost to incorporate control
technology in the planned construction—the net effect of de facto grandfathering
of facilities can be a substantial source of emissions.  The use of a total cap on
emissions with emissions trading can provide a monetary incentive for older facil-
ities to reduce emissions.  (See discussion on advantages and challenges of such
programs later in this chapter.)

TABLE 5-2 NOx Emissions from Coal-Fired Boilers in 1999 by Vintage

% of NOx
Avg. NOx % of % of % of Emitted
Emission Coal-Fired Coal-Fired Total per % of

Power Plant Factors Electricity Electricity NOx Electricity
Vintage (lb/MW-hr) Capacity Generation Emitted Generated

Pre-1950 7.44 1 0.4 0.6 1.50
1950–1959 5.97 15 12.9 14.9 1.16
1960–1969 5.95 20.6 18.8 21.6 1.15
1970–1979 5.37 37.6 38.6 40.1 1.04
1980–1989 4.09 23.5 26.6 21.1 0.79
1990–1999 3.55 2.4 2.6 1.8 0.69

Abbreviation: lb/MW-hr, pound per megawatt-hour.
SOURCE: Data from Burtraw and Evans 2003.
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Definition of Significant, Nonroutine Modification

Probably the most controversial aspect of the NSR and PSD programs
is the set of rules, regulations, and guidance that EPA developed to deter-
mine whether a proposed modification to an existing facility would result
in a significant net emissions increase of any regulated pollutant under the
Clean Air Act and thus trigger NSR or PSD review.  These requirements
have been subject to considerable debate and litigation. EPA has always
used a number of factors in determining whether physical changes in a
plant constitute routine maintenance.  Owners of sources have complained
that the agency has not consistently applied those factors over time as
Administrations have changed. Environmental groups have desired stricter
rules and have claimed that owners of older high-polluting plants have
thwarted Congress’s intention by improperly labeling lifetime-extension
projects as routine, thereby avoiding the requirement to meet PSD or NSR
emission standards.  This viewpoint was supported by the U.S. Court of
Appeals of the Seventh Circuit in its landmark 1990 decision in the case of
Wisconsin Electric Power Company (WEPCO) versus EPA.  The court
ruled that the “massive” overhaul of an existing WEPCO facility could not
be exempted as routine maintenance.  However, the WEPCO decision was
viewed by EPA as an isolated case and did not substantially change its
policy concerning lifetime-extension projects.  Such a change did appear to
occur in the late 1990s when EPA asked the Justice Department to file
lawsuits against seven utilities that had completed lifetime-extension proj-
ects on numerous power-generating plants without submitting NSR or PSD
permit applications.

Reforming NSR

Since the early 1990s, EPA has discussed potential reforms for the NSR
permitting process.  The goal of these reforms is to make permit applica-
tions more straightforward and certain for the applicants, while continuing
to provide the environmental protection required by the CAA. In 1996 and
1998, EPA published formal notices of proposed changes in NSR and PSD
(61 Fed. Reg. 38250 [1996]; 63 Fed. Reg. 39857 [1998]).  However, these
proposals were never finalized.

The national energy policy enunciated by the Bush administration in
2001 called for another review of NSR and PSD, and in June 2002, the
review recommended several changes to NSR that were substantially differ-
ent from the NSR reforms proposed (by the Clinton administration) in
1996 and 1998.  These new rules modify the requirements for NSR on an
existing facility and will generally make it easier for projects to be under-
taken at existing facilities without triggering NSR. A description of the new
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NSR rules is available in the Federal Register (67 Fed. Reg. 80186 [2002];
68 Fed. Reg. 61248 [2003]).

The new rules promulgated by the Bush administration have been con-
troversial. Some states, local governments, and environmental groups have
argued that the new rules do not adequately address the problem posed by
older, grandfathered facilities (see Box 5-3).  On the other hand, affected
industries generally welcome the rule changes as improving the flexibility
for permit reviews, providing certainty for decisions concerning routine
repairs and maintenance, and ultimately making it easier to improve the
efficiency of existing facilities and limit their pollutant emissions.  The
committee did not assess the potential impacts of these new rules.  In the
Consolidated Appropriations Resolution for federal fiscal year 2003 (Pub-
lic Law 108-7), signed by the President in February 2003, Congress called
for an independent evaluation of the impacts of the revisions to the NSR
program by the National Research Council.  The evaluation will be carried
out by a different committee.

OTHER TECHNOLOGY-BASED STANDARDS
IMPOSED ON MAJOR FACILITIES

In addition to the requirements for new and modified emission sources,
the CAA contains explicit requirements for the imposition of emission-
based standards and emission reductions on specific types of sources re-
gardless of whether they are new or being modified.  Examples of these
requirements are reasonably available control technology (RACT) within
nonattainment areas, and maximum achievable control technology (MACT)
for major sources of hazardous air pollutants (HAPs).  The Acid Rain
Program in the 1990 CAA Amendments focused primarily on the SO2 cap-
and-trade program but also included more modest and more traditional
controls for reduction of nitrogen oxide (NOx) emissions from existing
facilities.

Reasonably Available Control Technology

Beginning with the CAA Amendments of 1977, nonattainment areas
have had to apply RACT to all major sources in their areas as part of their
attainment-demonstration SIPs (see Chapter 3).  RACT is determined by
EPA through a process of developing control technique guidelines (CTGs)
that take into account cost as well as other factors for each of a number of
industrial facilities.  To date, EPA has promulgated over 60 CTGs.  RACT
is generally implemented in each state in accordance with the CTGs.  In
some cases, states have gone beyond the CTGs in their RACT rules.
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The Acid Rain NOx Provisions

To address the problem of acid rain, Congress included provisions in
the CAA Amendments of 1990 that were designed to reduce emissions of
SO2 and NOx (see Chapter 2).  The SO2 provisions, which are described in
detail in the following section, set a goal for reduction of emissions by 10
million tons and then set specific caps on allowable emissions from indi-
vidual facilities to achieve that goal. Unlike the SO2 provisions, the 1990
CAA Amendments set a target reduction of 2 million tons of annual NOx
emissions and relied on the promulgation of emission standards on specific
facilities to attain the reductions. The requirements were implemented in
two phases.  Starting in January 1996, Phase I required use of low NOx
burner technology in tangentially and dry-bottom-wall coal-fired power
plants, producing reductions in emission rates of about 40%.  Phase II,
which began in 2000, extended emission standards to more types of coal-
fired power plants.  Though generally prescriptive, the program did allow
some flexibility.  Companies were able to average emission rates for com-
monly held facilities, but intercompany trading was not allowed. Facilities
that did not achieve the standard after making specified investments could
appeal for alternative emission limits. The imposition of Phase I of the Acid
Rain Program’s NOx performance-oriented emission standards has sub-
stantially decreased the emission rates of the affected facilities.

Maximum Achievable Control Technology

As discussed in Chapter 2, the CAA Amendments of 1990 required
EPA to establish emission standards that “require the maximum degree of
reduction in emissions of the hazardous air pollutants . . . that the Admin-
istrator determines is achievable” for sources that emit more than 10 tons
per year of any listed HAP or 25 tons per year of a mixture of HAPs.  In
response to that mandate, EPA established standards of maximum achiev-
able control technology (MACT) for relevant HAP sources.  In principle,
the standards are performance standards, because each facility is only re-
quired to match the emission rate obtained using the MACT standard, and
it may use any technology. However, the manner in which MACT stan-
dards are promulgated provides an incentive for companies to opt for the
sanctioned technology and thus may ultimately have the affect of a design
standard (see Box 5-2).

The 1990 CAA Amendments specified that the HAP standards cover-
ing 25% of the identified categories of emission sources be issued by 1994;
another 50% by 1997, and the remaining 25% by 2000.  However, this
schedule has not been met.  The promulgation of these standards has been
delayed considerably from its original time frame, proving to be a source of
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criticism (Williams 2003) and litigation (Sierra Club v. U.S. Environmental
Protection Agency, No. 02-1135 [DC Circuit]). As of February 2003, EPA
had promulgated 79 MACT standards, affecting 123 source categories (T.
Clemons, EPA, Washington, DC, personal commun., March 31, 2003).  In
May 2003, EPA indicated that it fully expects to finalize all MACT stan-
dards by the time states would be required to set MACT limits on a facility-
by-facility basis according to Section 112(j), as amended (EPA 2003b).
This section, referred to as the “MACT hammer,” requires states to set
MACT standards by facility-specific permit limits if EPA fails to set stan-
dards within 18 months of the statutory deadline.

Implementation of MACT standards developed so far is estimated to
have already reduced HAP emissions by about 25% (EPA 2001a).  Presum-
ably, even larger reductions will be achieved when the program is fully
implemented. The use of standards that directly (through a design stan-
dard) or indirectly (through a traditional performance standard) mandate
the installation of specific pollution control technologies appears to have
resulted in substantial reductions in pollutant emission rates (see Chapter
6).  However, these technology-specific approaches have some deficiencies
(see Box 5-2).  They are not set up to minimize costs across all companies
who must comply, nor do they provide an incentive for creative problem
solving within companies that can result in the development of new, more
efficient approaches to reducing emissions.

EVALUATION OF TRADITIONAL CONTROL PROGRAMS
FOR MAJOR STATIONARY SOURCES

Although the technology-specific control programs have considered a
range of pollutants from the start, consideration has been segmented by the
programs, such as NSPS, MACT, RACT, NSR, and PSD, at federal and
state levels operating on different time frames and under different levels of
stringency. The result has been to make it difficult for any one facility to
implement multipollutant controls in a systematic and cost-effective fashion.

Perhaps most important, older plants have not had to make emission
reductions in many cases, and the emissions from these older facilities
provide a substantial contribution to the emission inventories of some pol-
lutants (see Box 5-3).  This situation has been caused by (1) a complex
system of requirements for new, modified, and existing facilities that has
provided incentives for not retiring or modifying facilities; (2) RACT and
other rules that have either been less stringent than originally intended or
not been energetically enforced by some states; and (3) the relatively high
cost of retrofitting, thereby providing an incentive for operators facing cap
and trade to purchase reduction allowances from others who can make the
reductions less expensively (see cap-and-trade discussion below).
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In addition, there are several concerns regarding HAP emission con-
trols.  First, there is a concern that MACT standards stifle the development
of pollution prevention technologies (for example, product substitution and
reformulation) that are more cost-effective than the predetermined control
technologies that are the basis for the standards.  Such development is
encouraged in the 1990 CAA Amendments.  Second, there is a question of
whether the MACT hammer requirement of  Section 112(j) of the Clean Air
Act will need to be imposed.  This requirement has been especially challeng-
ing for mercury emissions (see Box 5-4).  Third, there is the challenge of
compliance monitoring and enforcement for HAPs.  Continuous emission
monitors do not exist for most of them, and substantial contributions from
fugitive emissions and temporary excursions from normal operating condi-
tions (“upsets”) are likely.  Finally, questions remain concerning HAP con-

BOX 5-4 Electric Steam-Generating Units Regulation
 for HAPs—Focus on Mercury

The CAA treats HAPs from electric utility steam-generating units (EGUs) differ-
ently from HAPs emitted by other sources.  Instead of subjecting EGUs to the
generic regime for HAPs regulation, the CAA requires EPA to conduct a study of
the potential hazards from utility air toxics and to determine whether regulation is
“appropriate and necessary.”  In December 2000, EPA completed the study and
made the required determination, concluding that regulation of HAPs from coal-
and oil-fired EGUs is necessary and that mercury is an air toxic of most serious
concern. A subsequent report by the National Research Council indicates that an
estimated 60,000 newborns are at risk each year for adverse neurodevelopmental
effects from in utero methyl mercury exposures (NRC 2000a).

EPA established a subcommittee of the CAA Advisory Committee to advise it
on setting the standards for HAP emissions from EGUs.  The advisory group met
for well over a year but was unable to reach consensus on a number of key issues.
Notwithstanding the difficulties, however, a settlement agreement in a court case
set the schedule for EPA to promulgate the HAP regulations for EGUs.  The sched-
ule called for EPA to propose a rule by December 2003 and finalize the rule by
December 2004.  On December 15, 2003, EPA proposed two alternatives for con-
trolling emissions of mercury from EGUs.a  One alternative would require utilities
to install controls known as maximum achievable control technologies (MACT)
under section 112 of the CAA.  The other alternative is to create a market based
cap-and-trade program, which would require a revision of EPA’s December 2000
finding that it is “appropriate and necessary” to regulate HAPs emissions from
EGUs using the MACT standards.  Given this schedule for rule promulgation, the
CAA requires compliance by December 2007, although the Bush administration
has indicated that it may extend the compliance date by 1 year.

aEPA proposed its options for reducing mercury emissions from EGUs after the committee
completed its deliberations.
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trol following MACT.  As discussed in Chapter 2, the 1990 CAA Amend-
ments require EPA to establish additional emission standards following an
assessment of residual risk.  Questions also remain about the science behind
residual risk assessments:  the adequacy of emission inventories and disper-
sion and exposure models, the need for more timely updates to EPA’s
Integrated Risk Information System (IRIS), the uncertainty in dose-response
relationships, and the lack of information on some health outcomes.

COMPLIANCE ASSURANCE FOR TRADITIONAL
CONTROL PROGRAMS

EPA and the states rely on two primary means to ensure compliance
with the emission-control requirements described in the previous sections:
on-site inspection and compliance monitoring.  To facilitate these efforts,
the 1990 CAA Amendments enacted provisions for the Title V operating
permit program, which was designed to record all relevant requirements
and conditions in one document and to provide a fee structure for the states
to provide resources to support the compliance efforts. The following sec-
tions discuss the Title V program, the means to ensure compliance (on-site
inspections and compliance monitoring), and the challenge of off-normal
emissions.

Title V Operating Permit Program

Operating permits for major stationary sources are required under Title
V of the CAA.  The Title V permit lists all the control requirements for a
particular source to provide the necessary information for inspectors to
verify compliance.  In addition, the Title V permits are public documents
allowing public review of source-emission data and control requirements.
The 1990 Amendments of the CAA set forth a schedule that called for all
Title V permits to be issued by November 1997.

The Title V permits can play an important role in limiting emissions.
Emission standards are usually written in terms of some unit related to
production (for example, pounds of emission per million British thermal
units [Btu] of heat input).  The actual emissions depend on the capacity of
the unit and the hours of operation.  Operating permits can place limits on
those factors, thus providing an effective limit on the emissions rate from a
source.

Before the Title V provisions, permit programs in different states and
local districts varied in their requirements.  State and local air pollution
control officers were concerned about the Title V program during enact-
ment and during promulgation of the rules, although they ultimately sup-
ported the program.  Some permitting agencies thought that the final EPA

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


IMPLEMENTING EMISSION CONTROLS ON STATIONARY SOURCES 191

regulations implementing the Title V provisions were overly concerned
with details.  Agencies with already strong permit programs thought that
the Title V regulations increased the complexity of the permitting process
without improving the overall results.  These agencies believed that the
regulations were not sufficiently flexible to allow for effective local options.

One important element of Title V amendments was the provision that
permitting agencies could collect fees for their costs associated with the
permitting system.  These fees have provided a useful source of income to
agencies that allows them to develop a more effective permit program.

EPA data show that 36,953 stationary sources were potentially subject
to the Title V requirements (EPA 2003j).  Of these, 17,998 received revised
permits that limited their operating hours or emissions below the level that
classified them as stationary sources.  Such sources, known as synthetic
minors, became exempt from the Title V requirements, because they were
no longer major stationary sources.  Of the remaining 18,955 major sta-
tionary sources, only 14,247, or 75%, have received a permit as of Septem-
ber 30, 2002.  The EPA inspector general issued a report in 2002 that
examined the reasons for delays in the issuance of these permits (EPA
2002f).  These reasons included delays in the promulgation of the initial
EPA regulations for state and local Title V permit programs, delays in the
EPA approval of proposed permit programs, and longer times required for
review and approval of permits.  There was also some confusion about the
monitoring requirements for sources that were included in Title V.  The
delay in issuing guidance for specific monitoring requirements in the Title V
regulations was also cited as a reason for the delay in the implementation of
the Title V program.

The complexity of the effort required to issue these permits was under-
estimated at the time the 1990 CAA Amendments were passed.  Sources
and state agencies had to pay more attention to emission data, which were
not accurately recorded for many sources, to ensure that sources were
properly classified as major or synthetic minors.  In some cases, the sources
and the permitting agencies had to determine which of several contempora-
neous requirements to include in the permit.

Part of the complexity is due to the nature of large stationary sources.
Such sources have many emitting units that must be considered separately
in the permit for the source.  An example of a complex permit is one
granted to an oil production company in California.  This Title V permit,
available on the ARB web site, contains 1,460 pages to describe the condi-
tions applied to all the permit units in the source (CARB 2003b).

Overall, despite these difficulties, the Title V program has improved the
application of operating permits nationally and given enforcement staff a
better understanding of the specific requirements for individual permit units
at a source.
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Government On-Site Inspections of Stationary Sources

Inspections by government officials (or government contractors) are a
fundamental component of compliance assurance for stationary sources
(EPA 1992).  EPA and state inspectors typically conduct two kinds of
inspections: “routine” inspections, which are not based on any suspicion of
violation, and “for-cause” inspections, which target a particular facility
because of suspicions that it is noncompliant.  Inspectors conducting rou-
tine inspections observe visible emissions; examine data on control devices
and operating conditions for comparison with those specified in the facility’s
permit; and review records and log books on the facility’s operations (GAO
2001a). During a for-cause inspection, the inspector typically focuses on
identifying possible sources of the emissions causing the inspection and
specifying appropriate corrective action.  The inspector is free to investigate
other possible violations that he or she observes.

Federal and state inspectors perform over 17,000 routine inspections
per year (GAO 2001a).  In 1999, 88% of the 17,812 facilities routinely
inspected by EPA and state officials were reported to be in compliance with
permit requirements (GAO 2001a).  However, a General Accounting Office
report (GAO 2001a) concluded that routine inspections at large air-
pollution-emitting facilities fail to detect significant noncompliance with
permit requirements that can be revealed by more intensive but rarely
undertaken investigations.  In intensive investigations of three industries
conducted by EPA, 75 of the 96 facilities investigated were not in compli-
ance with their permit requirements (GAO 2001a).

Compliance Monitoring of Stationary Sources

In addition to government inspections, compliance can be assessed
through monitoring. Because of the limited enforcement resources available
to state and federal agencies, most compliance monitoring is done by the
individual companies themselves pursuant to state and federal legal require-
ments and various permit conditions. A variety of approaches for compli-
ance monitoring are accepted by the nation’s AQM system.  These include
(1) emissions estimation models, which do not actually monitor emissions
directly; (2) periodic source testing; (3) parametric emissions monitoring
(PEM); (4) continuous emissions monitoring (CEM); and (5) remote sensing.

Emissions Estimation Models

This approach makes use of the same method as that used in the
development of emission inventories (discussed in Chapter 3), in which
emissions are estimated as the product of an empirically derived emission
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factor and a facility-specific activity factor. Because this method does not
involve any measurements of actual emissions from the facility, it is not
strictly speaking a form of monitoring. Nevertheless, given the high cost
and unavailability of other monitoring methods, many of the regulated
facilities in the United States rely on this method to calculate permit fees
and report facilitywide emissions to agencies that develop the areawide and
nationwide emission inventories. As discussed in more detail in Chapter 6,
because this method assumes that emission controls placed on a facility are
effective, it is not a scientifically robust way to document independently the
success of AQM in reducing pollutant emissions.

Periodic Source Testing

This method uses periodic emission measurements to assess emissions
from a facility. Such an approach certainly provides a more accurate assess-
ment of emissions at the time of the test than that from an emissions
estimation model, but it is still limited by the need to extrapolate from the
measured emissions (made under specific conditions) to the total emissions.
Thus, the validity of periodic source tests depends on the accuracy of the
data from the tests, the representativeness of the conditions during the tests,
and the validity of the model used to extrapolate.  Because such testing has
to be prescheduled, periodic emission measurements are likely to be con-
ducted during optimal conditions that are not necessarily reflective of con-
ditions over the long run (GAO 2001a).

Parametric Emissions Monitoring

Parametric emissions monitoring (PEM) applies computer models to
data gathered from the source on various operating parameters—such as
temperature, pollutant flow rates, and oxygen levels—to estimate emissions
continuously, thereby providing a continuous record of a facility’s compli-
ance status (GAO 2001b).  Two categories of PEMs have been developed:
(1) those that apply first principles (for example, thermodynamics or the
ideal gas law) to calculate emissions from operating parameters; and (2)
those that predict emissions based on a profile of a source’s pattern of past
emissions (developed using neural networks or regression) as related to the
operating parameters.  The first approach is limited by assumptions needed
to solve the complex equations involved, and the second depends on the
facility and the sensors behaving in a way consistent with the historical data
(EPA 2000c). EPA enforcement officials consider parametric procedures to
be generally less accurate than either CEM systems discussed below or
periodic source tests.  Nevertheless, source facilities are allowed to use PEM
to demonstrate compliance with emission standards if the monitoring of the
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process and the pollution-control-device operating parameters indicate that
the facility is operating within a permitted range (40 CFR § 64.3).  A
common approach to determining compliance is a combination of PEM
and periodic testing.

Continuous Emissions Monitoring

A CEM system includes all equipment necessary to determine the rates
of pollutant emissions, either by taking measurements within the stack or
by extracting a sample from the stack for analysis, and to record the emis-
sions on a continuous basis (Schwartz et al. 1994). CEM is potentially the
most accurate method for measuring emissions and ensuring compliance. It
is also the most expensive and the most technologically and operationally
demanding.  CEM systems that meet the requirements for regulatory pur-
poses are available for carbon monoxide (CO), hydrogen chloride (HCl),
NOx, SO2, carbon dioxide (CO2), and oxygen (O2), opacity, total reactive
sulfur, hydrogen sulfide (H2S), and volatile organic compounds (VOCs)
(NRC 2000c; GAO 2001b; EPA 2003k).  Instruments to monitor emissions
of mercury, multiple metals, particulate matter (PM), and total nonmethane
hydrocarbons continuously are being developed (Hunter et al. 2000; NRC
2000c; Seltzer 2000; GAO 2001b; Mitra et al. 2001).  Extractive methods
to measure several pollutants at once with Fourier transform infrared (FTIR)
spectroscopy and gas chromatography (GC) are also available but not yet
used in a regulatory setting, despite the availability of reference spectra for
100 of the 189 HAPs listed in Title III of the 1990 CAA Amendments (EPA
2003l).

CEM systems provide only a few percent of all determinations of
stationary-source emissions for compliance purposes. Such systems are re-
quired by EPA for only a limited number of source categories; these include
new waste incinerators, some chemical plants and petroleum refineries,
utilities and large boilers subject to the Title IV acid rain emissions-trading
program, and as a condition to consent decrees in enforcement actions
(NRC 2000c; GAO 2001b). In all, about 6,750 CEM systems are in use in
the United States (GAO 2001a). About 80% of those measure CO, opacity,
NOx, and SO2, and less than 1% measure hydrocarbons and air toxics
(GAO 2001b).

EPA enforcement officials in general find CEM systems preferable to
parametric monitoring, and somewhat preferable to periodic source moni-
toring (GAO 2001b).  EPA has, however, been reluctant to require regu-
lated sources to install CEM technologies “because of time and resource
constraints in issuing new rules, as well as the perception that advanced
monitoring technologies are too expensive” (GAO 2001b).  Companies
have been reluctant to use CEM technologies because they are expensive
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and their use might reveal additional violations (GAO 2001b).  The ven-
dors of CEM technologies are likewise reluctant to put resources into more
research unless they have some assurance that EPA will require companies
to install them (GAO 2001b).  At the same time, EPA must be confident
that potentially expensive CEM technologies will work over the long haul
before it prescribes their use.  Thus, the relevant actors find themselves in a
cycle in which promising monitoring technologies are not developed or
implemented (see discussion on advances in environmental instrumentation
in Box 7-5 in Chapter 7).

Remote Sensing

Remote-sensing techniques quantify the concentrations of gases and
particles emanating from a source by measuring the spectral properties of
light waves that have interacted with these gases and particles. Remote
sensors can be deployed at surface sites in the vicinity of a source, on
aircraft, or even on satellites.  They are particularly useful for detecting
leaks or “fugitive” emissions, because they allow a large area to be rapidly
sampled.  Remote sensing has not been used widely for routine compliance
monitoring (EPA 1992), although a recent report prepared for EPA identi-
fied several remote-detection technologies (see Chapter 7, Box 7-5) that, if
used instead of portable monitors, could drastically reduce the costs of such
programs (ICF 1999).

Off-Normal Emissions

A basic assumption underlying technology-based standards (which in-
clude EPA’s NSPS, LAER, BACT, RACT, MACT, and most SIP require-
ments) is that a well-operated and maintained source can achieve a specified
emission standard or limit under all expected operating conditions by using
control equipment that has been shown through a performance test to be
capable of achieving that limit (62 Fed. Reg. 54900 [1997]).  Emission-
control technologies, however, are not perfect, and even the most advanced
technology may experience off-normal conditions that cause emissions to
spike upward.  An agency seeking to regulate the emissions from a facility
through the application of emission-control technologies has two alterna-
tives: (1) set a lenient emission standard so that a facility can be expected to
remain in compliance 100% of the time, including during off-normal condi-
tions; or (2) set a stringent standard and allow for “upsets” or “excursions”
in emissions during off-normal conditions identified in the relevant permits
and compliance monitoring regulations.  For the most part, EPA has elected
the second option, often permitting an operating-emission range for a source.
Determination of whether a source is in compliance then depends on the
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number and severity of emission excursions and “the particular circumstances
at the source” that resulted in the excursions (62 Fed. Reg. 54900 [1997]).
Although operationally efficient, this approach has some negative aspects.  If
a facility is allowed an unknown number of emission excursions of unknown
magnitude, how can the citizens living and working in the vicinity of the
plant be assured that their health is being adequately protected?  Likewise,
how can the operators of the plant determine when an excursion is suffi-
ciently severe to warrant radical corrective action?

CAP-AND-TRADE PROVISIONS FOR MAJOR
 STATIONARY SOURCES

Starting in the 1980s, air quality managers began exploring the use of
market-based approaches to pollution control.  This shift was motivated in
part by the belief that market-based approaches would help level out the
marginal costs of emission reductions among the affected facilities, dra-
matically reducing the overall costs of control.  It was also believed that
market-based approaches would provide greater incentive to innovate,
which could in turn contribute to further cost savings and perhaps even
greater emission reductions.  Another distinct advantage of many market-
based approaches is that they place a definite limit, or cap, on the aggregate
emissions from a particular type of source or even from all sources of a
pollutant.  As a result, target emission levels are maintained even while
economic and population growth continues.

The most commonly known market-based approach is a cap-and-trade
program in which discrete emission quantities, such as a ton of a pollutant,
are traded among sources.  Trading takes place under an aggregate emis-
sion cap set by the regulating agency, presumably based on a determination
of the maximum level of emissions consistent with protecting human health
and welfare.  Cap-and-trade programs have been shown to be effective at
achieving emission reductions at much less cost to the regulated facilities
than traditional technology-based or performance-oriented standards.  How-
ever, there are potential disadvantages, some of which are discussed in more
detail at the end of this section.

The Acid Rain SO2 Emissions Trading Program

Emissions trading programs were first used in the United States during
the 1980s (see Box 5-5); however, the best-known program is that involv-
ing the trading of SO2 emissions from electric utilities in the Acid Rain
Program (Title IV) of the 1990 CAA Amendments.  As discussed in Chapter
2, the goal of this program was to cap nationwide SO2 emissions from
electric utilities at 8.9 million tons beginning in 2000.
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To accomplish the emissions reduction, Congress established a national
cap on SO2 emissions from electric utilities and authorized EPA to allocate
an annual emissions allowance to each of the affected electricity-generating
facilities.  The allowance assigned to each utility is based on its historical
rate of resource consumption (expressed in units of equivalent million Brit-
ish thermal units of energy contained in the fuel used annually) and entitles
the holder to emit a specified amount of SO2 in the year the allowance was
issued or in any later year.  If the initial allocation does not cover the
desired emissions for a given utility, that utility has a variety of options.  It
can reduce its emissions to the allowable amount internally through the use
of technologies to capture emissions before they escape to the atmosphere
(for example, scrubbers), the use of renewable or alternative clean tech-
nologies, and conservation and pollution prevention (for example, the use

BOX 5-5 Early Trading Programs Implemented
in the United States

Emission-Reduction Credit Programs

Emission-reduction credit (ERC) programs implemented in the 1980s were the
first emission-trading programs in the United States. These programs generally
were organized around measuring and trading of emission rates rather than dis-
crete units of emissions and shared some of four characteristics: (1) offsets, or
emission reductions at existing facilities that must be obtained by new facilities
in areas that fail to attain NAAQS; typically, the emission reductions at existing
sources must be greater (usually by a factor of 1.3:1or more) than the new emis-
sions; (2) bubbles, or average emission rates over several facilities in a region;
(3) netting, which applies to expansion within a facility at existing sources; and
(4) banking, which refers to intertemporal trading; banked credits are typically lost
if a plant shuts down.  The first-generation ERC program yielded about $10 billion
of savings in capital costs but still yielded far less than the expectations of econo-
mists (Tietenberg 1990; Hahn and Hester 1989a,b).

One problem with the ERC program was the relatively high transaction costs
associated with trades.  State regulators also wavered in their commitment to the
program. That undermined the willingness of parties to engage in trading (Liroff
1986).  A final failing of the ERC program was that it translated an existing pre-
scriptive program into a trading program without any associated gains for environ-
mental quality. Hence, the program was perceived as solely in the interest of busi-
ness, resulting in widespread mistrust on the part of environmentalists and some
regulators (Hahn and Stavins 1991).

Lead Phase-Out

The phase-out of lead (Pb) in gasoline affected emissions from mobile
sources (Nussbaum 1992).  It was implemented at refineries, however, and thus

(continued on next page)
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affected stationary sources.  Unleaded fuel was mandated to be available begin-
ning in 1974, but implementation was eventually postponed until 1979.  The
maximum allowable Pb was reduced to a maximum of 1.1 gram (g) per gallon
(gal) by 1982, to 0.5 g/gal by 1985, and to 0.1 g/gal by 1986.  To achieve this
phase-out, a program of “interrefinery averaging” was initiated on a quarterly
basis from 1983 to 1986. Banking across quarters was allowed as the average
allowable Pb content was reduced. Several hundred refineries, representing
about half of all refineries affected by the phase-out, participated in the trading
program. Savings amounted to about 20% of program costs (EPA 1985). The
trading program enabled political support for the Pb phase-out to take shape.
There is also compelling evidence that the trading program accelerated the pro-
cess of technological change that lowered costs, an important lesson for other
regulatory programs (Kerr and Newell 2001).

Chlorofluorocarbon Phase-Out

The Montreal protocol and international agreement to protect stratospheric O3
required national reductions in use and eventual phase-out of chlorofluorocarbons
(CFCs) and halons, gases that cause depletion of stratospheric O3.  The trading
programs to achieve these reductions were implemented nationally (with the ex-
ception of trading within the European Union). The trading program implemented
in the United States was innovative because, under Title VI of the 1990 CAA
Amendments, it recognized that different chemicals had different O3-depleting
potentials (ODPs), and the chemicals were assigned different weights, depending
on their ODPs. Subsequently, this program was supplemented by a tax on virgin
CFCs. The tax was introduced principally to capture the profits that accrued to
holders of permits that were created by the scarcity of permits. Ultimately, the tax
may have been the most effective instrument in the CFC phase-out in the United
States.

of low-sulfur fuels).  The utility can also elect to meet its emission allocation
in part or in whole by purchasing additional allowances from others with a
surplus.  In exchange for the flexibility given to emission sources to meet
their emission allocations, each source was required to install CEM systems
and report emissions to EPA on a quarterly basis.  EPA is responsible for
managing an allowance tracking system and for ensuring compliance with
the program.  Failure to comply results in a $2,000 per ton fine and a
requirement to reduce emissions the next year by an additional ton for each
excess ton of SO2 emitted.

Congress designed the SO2 trading program to be implemented in two
phases.  Phase I began in 1995 and affected electricity-generating facilities
with a capacity of 100 megawatts (MW) or greater and with an emission
rate of 2.5 pounds or more of SO2 per million Btu of heat input (GAO

BOX 5-5 continued
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2000).  Phase II began in January 2000 and expanded to include all electric-
ity-generating facilities over 25 MW.  At the beginning of the Phase II
program, annual electric utility emissions of SO2 were capped at 9.2 million
tons.  By 2010, the cap is scheduled to drop to 8.95 million tons, which will
be equivalent to a 10-million-ton or a 50% reduction in emissions from
electricity generation when compared with those in 1980.

Economic and Emissions Performance of the SO2 Trading Program

The SO2 emissions trading program provided the large reductions in
SO2 emissions from stationary sources and at much less estimated cost than
would have been obtained from traditional technology-based control strat-
egies (GAO 2000).  EPA reported that all companies maintained compli-
ance from the inception of the program through 2000; some noncompli-
ance occurred in 2001 apparently as a result of simple and small accounting
errors (EPA 2001d).  A decrease of 3 million tons of SO2 was seen in the
beginning of the program (EPA 2001d), and the total achieved reductions
from Phase I was approximately 22% over the base allocations (see Figure
5-1).  The beginning of Phase II saw an additional 1-million-ton decrease in
SO2, bringing the nationwide total emissions to 11.2 million tons.  This

FIGURE 5-1 SO2 emissions from electric utilities in the United States from 1980
to 2001. The emission reductions between 1990 and 1995 are attributable to ac-
tions taken to implement the acid rain section of the CAA 1990 Amendments and
have been documented by continuous emission monitors. SOURCE: EPA 2002l.
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total was slightly higher than the cap for the year 2000, as sources began
drawing on their banks of unused emission allowances accumulated from
overcontrol during Phase I, but the total was still lower than that during
any year of Phase I.  A detailed discussion of the spatial pattern of these
reductions is included later in this chapter.

Overall, EPA believes that the SO2 cap-and-trade program has pro-
duced more reductions more rapidly and at a lower cost than anticipated
when the legislation was passed.  At the time of its passage, it was estimated
that Phase I and Phase II would cost $4.6 billion per year.  However,
current estimates project total costs at only $1 billion (see Box 5-6).  The
compliance flexibility allows facilities with high-cost controls to purchase

BOX 5-6 Savings from the SO2 Emissions Trading Program

The savings obtained in the cap-and-trade program to reduce SO2 emissions
from electric utilities appear to have been substantial. At the time of enactment of
the program mandated in Title IV of the 1990 CAA Amendments, the costs for the
program were projected at $4.6 billion per year.  However, as has often been the
case for the emission-control programs mandated in the CAA, the actual costs
have been substantially less than first projected. It is now estimated that when the
bank of emission allowances achieves equilibrium in about 2010, the cost of the
program will be just over $1 billion per year.

Is that cost a significant savings over the costs of more conventional approach-
es? The answer appears to be yes, although estimates of the cost savings depend
on the baseline against which the program is compared. Compared with programs
using performance standards, the emission-allowance trading program is esti-
mated to have reduced implementation costs by 30–50% (Carlson et al. 2000;
Ellerman et al. 2000).  Compared with a prescriptive technology approach, such
as the requirement of scrubbers at a certain class of facilities, the trading-program
savings have been estimated to be substantially higher (Carlson et al. 2000).

There has been a tendency to overstate the savings of the trading program.
That stems from a failure to recognize a trend in the electricity, coal, and railroad
industries toward greater use of low-sulfur coal at existing facilities, thus reducing
SO2 emissions without new regulations in 1990. The SO2 trading program en-
abled the industry to capitalize on this trend, however, by making use of the flex-
ibility inherent in permit trading. A program based on the imposition of perfor-
mance standards also could have taken advantage of the fortuitous trend in the
availability of low-sulfur coal (although probably not as thoroughly as a cap-and-
trade approach).a A prescriptive program (for example, one that requires the in-
stallation of scrubbers) would not have gained a similar benefit.

aThe innovation of blending coals with different sulfur content provided savings for many
companies, but it would not have been a fully useful strategy under a performance standard,
because it did not achieve a low enough emission rate at any one facility, thus requiring a
facility to also install control equipment.  Trading enabled emission-control decisions to be
made in the most cost-effective manner.
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allowances from others with low-cost compliance options.  A portion of the
cost decrease can be attributed to the financial incentive to improve scrub-
ber technology.  About 40% of the reductions came from the use of scrub-
bers.  Another important low-cost strategy estimated to be responsible for
about 60% of the reductions came from switching to low-sulfur coal—a
switch that was greatly assisted by the deregulation of railroad transport,
which made western low-sulfur coal cheaper (Ellerman et al. 2000).  This
particular option for low-cost control may not be available in the trading of
every pollutant; however, the potential financial incentives under a cap-
and-trade program can be expected to result in the reduction of costs in
unanticipated ways.

The features that appear to have contributed to the successful design of
the SO2 trading program include large emission reductions, simplicity, ef-
fective monitoring, transparency, certain penalties, and the opportunity for
banking emission allowances.

• Substantial emission reductions: The overall cap set by Congress for
SO2 emissions represented a 50% reduction in emissions nationwide.  Such a
large emission-reduction mandate was most likely key to ensuring that trad-
ing between regions did not produce spatial pockets of emission increases.

• Simplicity: The SO2 trading program set a clear aggregate cap on the
total annual allocation of emission allowances for all large fossil-fuel-fired
electricity-generating facilities and allowed nearly unfettered opportunities
to trade or bank emission allowances.

• Availability of CEM systems: CEM systems have come at a substan-
tial cost and might not have been required technically, because engineering
formulas could reliably predict SO2 emission rates from the sulfur content
of coal.  However, mistrust between environmental advocates and the regu-
lated community led to uncertainty about when and whether post-combus-
tion controls, such as scrubbers, would operate.  Compliance assurance
under trading required measurement of actual emissions.  The technology
to do so, as well as the computing capability to process large amounts of
emission data, emerged just in time to facilitate the SO2 trading program.

• Transparency: The electronic allowance tracking system maintained
by EPA posts allowance holdings and transactions and emission data in a
prompt fashion.  The resulting transparency facilitated the simplicity of the
SO2 trading program, which in turn contributed to its overall success.

• Certainty of penalties:  Noncompliance triggers a prespecified finan-
cial penalty plus the surrender of a number of allowances for a subsequent
year.

• Opportunity for banking emission allowances:  This opportunity
has contributed greatly to the cost savings of the SO2 trading program
(Ellerman et al. 2000).  Banking provided a mechanism for firms to insure
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against adverse conditions caused by fuel markets or their own compliance
activities.  In addition, it facilitated “buy-in” by some of the regulated
parties into the program design, because banking endows them with an
asset that is only of value when the program is successful and stable.

NOx Emissions Trading Programs

Regional Clean Air Management

The South Coast Air Quality Management District (SCAQMD) imple-
mented the Regional Clean Air Management Program (RECLAIM) in 1994
to stem the tide of rising industrial emissions in the Los Angeles Basin.
RECLAIM was initially designed to control stationary-source emissions of
NOx, SO2, and certain reactive organic gases by using cap-and-trade provi-
sions.  However, reactive organic gases trading did not function because of
the difficulty in establishing a baseline for allocating allowances, and SO2
trading was problematic because of emissions being concentrated at a small
number of power-generating facilities.  As a result, RECLAIM focused on
trading NOx emissions.  The program operates under a total emissions cap,
which declines at a rate of 5–8% per year.  When fully implemented in
2003, overall emissions are expected to be reduced by almost 80%.

The NOx program encountered difficulties because of two unforeseen
eventualities:

• The initial allocation was based on a period of high economic activ-
ity.  When the economy slowed, companies found themselves endowed
with substantial excess allowances. Interyear banking of emission allow-
ances was therefore prohibited.

• The year 2000 was pivotal for the program because it was the first
year when aggregate annual allocations would fall below aggregate emis-
sions, thereby requiring actual sectorwide emission reductions. Unfortu-
nately, most companies had not elected to make investments in control
technologies before 2000. At the same time and for reasons unrelated to
RECLAIM (for example, deregulation of the electricity market and alleged
market manipulation by suppliers), there were widespread problems in
electricity distribution in California in the summer of 2000.  The summer of
2000 was also unusually hot in California, and that led to a high demand
for electricity.  The confluence of the factors, along with the absence of a
banking mechanism in RECLAIM, created difficult challenges for the pro-
gram.  Electricity demand spiked, and to prevent widespread power disrup-
tions, the participation of power generators in the RECLAIM program was
suspended so that these facilities could operate at rates that caused them to
exceed their emission allocations.
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In addition, EPA recently reviewed the RECLAIM program (EPA 2002m).
The lessons EPA derived from RECLAIM for other market-based programs
include the following:

• Market-based programs require substantial planning, preparation,
and management during development and throughout the program’s life.

• Market information is a key factor affecting decision-making at in-
dividual facilities.

• Regulators should strive to create confidence and trust in the market
by making a full commitment to the program and ensuring consistency be-
tween the market and their policies.

• Unforeseen external circumstances and policies (such as energy de-
regulation) can have dramatic impacts on market-based programs. There-
fore, these programs must be designed to react quickly and effectively to
unforeseen external factors.

• Periodic evaluation, revisiting of program design assumptions, and
contingency strategies are crucial for keeping programs operating effectively.

• RECLAIM’s experience seems to demonstrate that cap-and-trade
programs can work with new-source review. That finding may be a func-
tion of the types of sources included or the controls in place at many
facilities.

• Regulators need to have a strong understanding of the regulated
facilities and the factors affecting their decision-making.

Since 2000, the SCAQMD has substantially amended and imposed the
RECLAIM rules (SCAQMD 2001), and trading prices have returned to
pre-2000 levels.  At this writing, SCAQMD is actively considering seeking
additional NOx reductions from RECLAIM (SCAQMD 2003).

Northeast O3 Transport Region NOx Budget Trading Program

This program was developed by the states of the Ozone Transport
Region (OTR) to supplement the NOx emission reductions mandated under
CAA provisions for RACT in Title V and the Acid Rain Program of Title
IV, which did not adequately address the regional transport of NOx and O3
and the resultant nonattainment of the O3 NAAQS in the region.  The OTR
mandates the use of a cap-and-trade system involving large stationary
sources to reduce NOx emissions during the May-to-September O3 season.
It aims to reduce total emissions by 55–65% in the 1999–2002 interval and
by 65–75% starting in 2003.  The program was initially designed to have
two trading zones to avoid possible regional disbenefits of trading but was
finally implemented without constraints to maximize cost savings.  Interyear
banking of allowances is limited in the program through a provision known
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as “progressive flow control,” which limits the size of the aggregate bank.
(Banking is discussed later in this chapter.)

NOx SIP Call Trading Program

The next bellweather in emissions trading is expected to be the initial
implementation of the NOx SIP call trading program in 22 states and the
District of Columbia during the 2004 summer O3 season.  The program
will target large stationary sources of NOx emissions, mostly electricity-
generating facilities, by requiring that the affected states revise their SIPs to
achieve NOx emission-reduction targets assigned by EPA.  EPA will allow,
but not require, states to participate in an interstate trading program.  This
program will subsume the current OTR trading program and is expected to
meet or exceed the annual cost of the SO2 Acid Rain Program.  The pro-
gram imitates the SO2 trading program in many respects, but like the OTC
program, it has limited opportunity for inter-annual banking of emission
allowances.

Cap and Trade in Proposed Multipollutant Legislation

At this writing, new programs are under consideration that would
mandate further multipollutant emission reductions from the electric utility
industry in a cap-and-trade program. Among others, the Bush administra-
tion has proposed the Clear Skies Act, which would set caps and provide a
trading program for SO2, NOx, and mercury emissions.  Senator James
Jeffords, Senator Tom Carper, and other senators and congressmen have
proposed programs that would extend the emission controls to include CO2
and would mandate shorter times and steeper goals for compliance.  For the
first time, these proposals offer the opportunity to apply multipollutant
control measures by using cap-and-trade techniques in an entire electricity-
generating industry sector.  If properly structured, the programs have the
potential to make a valuable and relatively cost-effective contribution to the
nation’s AQM system.

 Key elements of the proposed legislation are highly controversial, and
the different versions may have substantially different effects on emissions,
on compliance strategies used by the regulated facilities, and on regions of
the country.  Some important differences in these proposals are whether to
regulate CO2, whether to include mercury in the trading system or mandate
reductions at each facility, and the method for allocating permits. This
committee was not charged to evaluate these proposals in depth and has
not done so.  In designing the proposals, the challenges and opportunities
discussed in the next section may prove useful in ensuring that any proposal
is optimally designed and implemented.
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Evaluation of Cap-and-Trade Approaches to Air Regulations

The advent of cap-and-trade systems over the past decade has provided
an opportunity to achieve substantial reductions in emissions at a cost that
appears to be substantially below that required in a traditional emission-
control program. At the same time, these programs have met with varying
success.  Even in the case of the acid rain SO2 emissions-trading program,
which has been the most successful application, there are issues to be ad-
dressed and improvements that could be made.  The following identifies the
major issues and opportunities for ensuring that cap-and-trade programs
can be an effective and growing part of the AQM system.

Spatial Redistribution of Emissions

One of the major reservations expressed about cap-and-trade programs
is that they may produce spatially and temporally heterogeneous patterns in
emission reductions with undesirable environmental consequences.  Al-
though more conventional prescriptive approaches can address regional
and seasonal issues by defining technology or performance standards that
are more restrictive in areas where or, at times, when environmental prob-
lems are more critical, the least costly trading programs allow trading
across regions and banking of emission allowances without regard to the
possible environmental consequences.  Such trading might worsen ecologi-
cal hot spots or increase the number of persons exposed to pollution.  That
possibility is especially of concern for toxic air pollutants. Spatially hetero-
geneous emission reductions are also of concern for a pollutant like NOx,
whose emissions can have little or no effect on O3 pollution in one region of
the nation and a dominant effect in another. On the other hand, heteroge-
neous emission reductions are not of concern for nonreactive, long-lived
gases, such as CO2 and methane (CH4).

Some analysts of cap and trade point out that there is little possibility
that any given area will have negative impacts from the program, provided
the cap is set low enough to reduce emissions by a large percentage (Burtraw
and Mansur 1999).  They also point out that emissions trading cannot be
used to avoid meeting NAAQS (or other health and safety regulations) and
that states retain the authority to set tighter emission limits to meet NAAQS.
Both Massachusetts and Connecticut have adopted more stringent SO2
emission levels for electricity generators for that reason, and New York is in
the process of developing them. These arguments appear to be largely borne
out by the results of the acid rain SO2 emissions trading program, which set
a stringent national emissions cap on a criteria pollutant.  As illustrated in
Figure 5-2, the acid rain emissions trading program has achieved SO2 emis-
sion reductions in each of five major multistate regions of the contiguous
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United States. Even more significant, regions with the highest emissions,
such as the north-central region, have had the largest reductions.5 On the
other hand, some emission increases have occurred on smaller geographic
scales (for example, some states have had emission increases) (NAPAP
1998).

To guard against even the possibility of regional disbenefits, a modified
cap-and-trade program with “zones” can be adopted.  For example, the
RECLAIM program in California allows trading between two zones but
only in one geographic direction.  This approach is guaranteed to prevent
an increase in emissions in the zone that has the greatest potential to affect
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FIGURE 5-2 Regional SO2 emission from electric utilities. Northeast Region: CT,
ME, MA, NJ, NY, NH, RI, and VT; Mid-Atlantic: DE, MD, PA, VA, WV, and DC;
Southeast: AL, FL, GA, KY, MS, NC, SC, and TN; North Central: IL, IN, MI,
MN, OH, and WI; and Western:  AZ, CA, LA, NM, OK, TX, IA, KS, MO, NE,
NV, CO, MT, ND, SD, UT, and WY.  SOURCE: EPA 2001d.

5The pattern of trading also appears to have added slightly to the aggregate benefits to
ecosystem health, but by far the most significant benefits have been realized as a result of the
dramatic overall reduction in emissions (Burtraw and Mansur 1999; Swift 2000).
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ambient air quality.  However, the existence of multiple zones serves to
reduce the potential number of trades and to raise the cost of environmental
regulations.  Indeed, the original design for the acid rain SO2 emissions-
trading program would have divided the nation into two trading zones to
prevent trades that might worsen ecological problems in northeastern states.
However, policy-makers recognized that a more constrained market would
increase the cost, and they opted for the uniform national market approach
currently contained in the statute (Hausker 1992).  As discussed above, that
decision does not appear to have caused substantial problems.

Banking Emission Allowances for the Future

Another major issue concerning the environmental performance of
market-based programs is the role of banking emission allowances.  Though
not as common, prescriptive approaches can explicitly account for tempo-
ral issues, for example, by placing restrictions on open burning or imple-
menting seasonal O3 controls.  The opportunity to bank emission allow-
ances from one time period to the next can contribute substantially to cost
savings, because it can facilitate a rational investment plan across facilities.
Some facilities may be retrofitted early if they are utilized heavily.  The
emission allowances that are not used at that facility may be used to keep
another with a shorter remaining operating life running until it is retired,
thus avoiding expensive retrofits.  Banking can provide an important ele-
ment of economic stability to a permit market (for example, the absence of
banking for the RECLAIM program was one of the factors contributing to
its instability).  However, the accrual of banked emission allowances can
distort the perception of environmental performance under a trading pro-
gram.  In the early years, emissions appear to be below their allowable level,
suggesting unexpected environmental success.  In later years, when the
banked allowances are drawn down, emissions appear to be above the
allowable level, suggesting that the program is unsuccessful.

Banking within a single emissions season can also have beneficial or
adverse effects.  For example, seasonal limits on NOx emissions that allow
emissions to vary in a manner that might enhance O3 concentrations over
the summer O3 season can be temporally mismatched with peak O3 concen-
trations that result from the reaction of NOx and VOCs during specific
episodic meteorological events (for example, warm stagnant conditions).
More recent cap-and-trade programs, such as the Ozone Transport Com-
mission’s NOx budget, contain flow-control provisions that attempt to
limit increases in emissions during meteorological conditions conducive to
high O3 concentrations by discounting the value of allowances when a high
number of allowances are banked.
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Fairness in Allocating Emission Allowances

For a market-based trading program to be effective, it must be per-
ceived as being fair.  Key to a fairness perception is the method used to
assign emission allowances.  In most previous programs, including the acid
rain SO2 emissions-trading program, fairly simple principles served to guide
the regulatory process.  The general principle was to allocate emission
allowances on the basis of historical generation (heat input at the plant).
This grandfathering approach provides cost-free allowances to larger emit-
ting sources that will be most affected by the program.  That can result in
giving larger allowances to those facilities that have not taken action to
reduce—in effect penalizing those utilities that have taken earlier actions.

A second method is an allowance allocation program based on output.
Fixed numbers of allowances are allocated on the basis of the percentage of
electricity (or other product) generated by each source.  Typically, the
allocations are updated as the generation mix changes.  Many stakeholders
argue that this method encourages greater efficiency than the grandfathering
method (EPA 1999g).

A third method is to hold an auction where all affected sources must go
to purchase allowances to cover their emissions.  An analysis of allocating
CO2 allowances under the three methods found that the auction is the least
costly to society (Burtraw et al. 2001b).  A series of important general
equilibrium studies over the last decade also focused on the virtues of an
auction for allocating emission permits (Goulder et al. 1997, 1999).  The
social cost of an allowance auction is expected to be dramatically less than
allocation at zero cost.  The reason is that the regulatory program (regard-
less of how allowances are allocated) raises costs similar to a new tax and
thereby serves to exacerbate distortions from preexisting taxes.  However,
an auction provides a source of revenue that can be used to reduce preexist-
ing distortionary taxes.  The main criticisms of auctions are that they
increase the cost of a program from the viewpoint of companies, which
have to pay for emission allowances, as they pay for other inputs to produc-
tive activity, such as fuel and labor.

Setting and Revising the Emissions Cap

The concept of placing an overall limit on total emissions was an
important innovation in the cap-and-trade approach in environmental
policy.  A shortcoming of the approach as currently practiced is the absence
of a mechanism for changing the cap in response to new scientific and
economic information.  During the 1990s, for example, the cost of control-
ling SO2 emissions from coal-fired power plants fell to less than half of the
amount predicted at the time of the 1990 CAA Amendments (Ellerman et
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al. 2000).  Moreover, as will be discussed in Chapter 6, there is growing
scientific evidence that NOx emissions contribute more to the deleterious
ecological effects of acid rain than had been recognized at the time of
enactment of the 1990 Amendments, an understanding that came after the
relatively modest target set for reducing NOx emissions in the acid rain rule.
Despite these new understandings, regulators have not been able to adjust
the SO2 emission cap and NOx emission targets assigned by Congress in
Title IV (Zuckerman and Weiner 1998), and any further adjustment now
awaits the passage of the multipollutant legislation discussed above or some
other legislation.

An alternative to a firm cap would be one that was adjusted in response
to new information. One example is the cap on specific O3 depleting sub-
stances. The cap was dramatically revised downward when new scientific
evidence was discovered, because the initial cap definition did not prevent
change in the cap.6 Others have suggested similar trigger mechanisms on
emission caps to provide economic relief if costs are greater than expected
(Pizer 2002), but such an approach might better be coupled with a mecha-
nism that provides environmental improvement when costs are less than
expected.  One possibility is a cap that is set to decline over time in antici-
pation of new technologies and less expensive ways to achieve emission
reductions.  However, if the cost of reductions exceeded a ceiling, the cap
would be frozen until costs again fell below the ceiling.  The value of a
tradable emissions allowance could serve as an index for such a mechanism.

Implicit Emission Increases Following Transition to a Trading Program

Another concern about market-based programs, but one that can be
addressed in their design, is that an important source of cost savings has to
do with implicit emission increases at some facilities under market-based
trading compared with those under prescriptive regulation (Oates et al.
1989).  Under a prescriptive regulation, each facility must meet or exceed
an emission-reduction target. Because of the nature of emission-control
investments and the liabilities incurred from noncompliance, a facility will
generally exceed the target reduction, meaning that emissions will be less
than allowable.  An emissions-trading program provides the flexibility to
overcomply at one facility and to apply the unused emission allowances to
increase emissions at another facility.  Even if facilities have identical costs,
when faced with uncertainty about production and emissions, a group of
facilities can come closer to meeting allowable aggregate emissions with the

6Another example is fisheries, which define a tradable right to be a share of the cap (not a
specific number of tons). In this way the cap could change, and the allowances could be
changed automatically in response (see Tietenberg 2002).
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same level of collective risk of noncompliance by managing their operations
as a portfolio.  The slack in a regulatory program, defined as the difference
between the allowable emissions and the actual emissions, inevitably will be
lessened by the move from a prescriptive to a market-based approach.  This
may be of environmental concern; in any case, it may provide justification
for lowering allowable aggregate emissions under a market-based program.

Compliance Assurance and CEM

Because the market ultimately determines the locations and times at
which emission reductions take place, market-based approaches, such as
cap and trade, require a greater investment in monitoring than other regu-
latory approaches (EPA 1992).  In the case of the acid rain SO2 emissions-
trading program, Congress recognized this concern and mandated that
all affected facilities install and operate continuous emissions monitoring
(CEM) systems to document compliance.  In that program, monitoring is
required to collect data at 15-minute intervals and report consolidated data
on an hourly basis (CAA § 412(b),(c); 42 USC § 7651k(b)(c); GAO 2001b;
Swift 2001).  CEM systems also played a critical role in the South Coast Air
Quality Management District’s RECLAIM trading program for NOx and
SO2 emissions (GAO 2001b).  The importance of CEM systems raises a
challenge for extending the cap-and-trade approach to other pollutants for
which cost-effective CEM technology is not available.

OTHER TRADING AND VOLUNTARY
STATIONARY-SOURCE PROGRAMS

In response to a desire to achieve emission reductions in the most cost-
effective manner, a number of other approaches have been proposed, tested,
and in some cases implemented.  These approaches include open-market and
other noncapped forms of trading (described briefly in Table 5-3) and volun-
tary programs, such as Project XL.  These efforts are reviewed briefly below.

Open-Market and Other Forms of Trading

Open-market trading represents an alternative to cap-and-trade emis-
sions trading.  In this approach, there is no aggregate emissions cap, usually
because there is not a meaningful inventory of emission sources or a mecha-
nism to monitor their emissions.  The program is intended to provide an
incentive for companies and facilities to reduce emissions voluntarily by
participating in the program.  Several states, including Michigan, Texas,
and New Jersey, have implemented open-market trading programs for
VOCs (NAPA 2000).  To participate, a company must first establish its
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individual emissions inventory baseline. The company must then establish a
mechanism for monitoring its emissions on an ongoing basis.  If the manag-
ers of a facility believe that they can reduce emissions at a cost that is below
the marginal cost in an established trading program, they have the incentive
to join the program and attempt to sell some of the emission reductions
achieved.

The primary argument for open-market trading is that it provides a
way for expanding market-based emission-control programs to reach
sources beyond the large stationary sources that are amenable to cap and
trade.  However, open-market trading has been widely criticized by econo-
mists and environmentalists.  Economists have criticized the lack of well-
defined markets in such programs because emissions are not capped.  The
possibility of new facilities entering open-market trading and bringing sub-
stantial emission permits at low cost is a deterrent to investments by facili-
ties that already participate in the program.  Environmentalists have criti-
cized open-market trading because it provides an opportunity for a trading
program to collect emission permits for supposed reductions in emissions
that might have occurred anyway.  Furthermore, the establishment of an
emission baseline is problematic, and many doubt the veracity of baselines

TABLE 5-3 Open-Market and Other Noncapped Forms of Trading
Advantages Disadvantages

Open-Market Emissions Tradinga

• Helps to identify the emission inventory • Ill-defined market because emissions
are not capped

• The prospect of new entrants increases
economic risk to those participating in
the programb

• The veracity of emission baselines and
reductions may be doubted

Pollution Offset Tradingc

• Allows economic growth without • Administratively complex to implement
emission increases • Generally unable to achieve the

environmental goals at the least cost

aAn emissions trading program without an aggregate emissions cap and without mandatory
enrollment.  Each source must estimate its baseline emissions and implement an emissions
monitoring program.
bThe economic risk to those currently participating in the program is that their investments in
pollution reduction equipment could be rendered uneconomic due to an infusion of low-price
permits.  Such a concern could undermine the incentive to make investments in emission
reductions.
cWhen a source can increase its emissions only by obtaining tradable permits sufficient to
offset its impact on ambient pollution, offset trading might facilitate the permitting of the
source.
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that are established under existing programs. Indeed, recent problems iden-
tified with the open-market trading in New Jersey (EPA, 2002n) suggest
that greater attention must be paid to documentation of baselines and to
compliance monitoring if such programs are to succeed in reducing emis-
sions and gain the trust and support of all parties.

Voluntary Programs to Improve Permitting Processes

In response to concerns that the current stationary-source permitting
process inhibits new and cost-effective emissions control, several innovative
permitting approaches have been attempted or proposed over the past de-
cade.  These generally have been directed toward (1) improving the admin-
istrative efficiency in the permit development and review process; (2) in-
creasing flexibility and responsiveness for the regulated sources, recognizing
the need for rapid modification of production processes and products in
response to technology and market developments; and (3) improving the
cost efficiency and the environmental benefits expected to result from the
prescribed emission controls.  Most of the proposed and experimental ap-
proaches have not been widely adopted, but they demonstrate a continuous
search for improved efficiency in the permitting process.  Some of these
approaches are embodied in the NSR reforms discussed previously.  In
addition, EPA launched Project XL as part of the Reinventing Government
Program initiated in 1995.  Project XL encouraged demonstrations of flex-
ible, multimedia (not limited to ambient air emission control), facilitywide
permitting.  Although several worthwhile demonstrations were initiated
under the project, it was discontinued within 5 years and had little national
impact on permitting practice.  Nevertheless, the Project XL experience is
interesting because it demonstrates the difficulties inherent in any attempt
to generalize flexible permitting approaches, frequently because the operat-
ing details of single sources and the interests of the various local stakehold-
ers are unique to each situation.

Although EPA has authority in many cases to make innovative revi-
sions to its regulations to enhance their performance, the limited progress
achieved by Project XL, as well as several other flexible permitting initia-
tives by EPA, states, and other stakeholder groups, was partly due to provi-
sions in existing legislation that make such experiments difficult.  In some
cases, legislative guidance rather than regulatory experiments may be needed
to achieve nationwide improvements in permitting efficiency.

AREA-SOURCE REGULATIONS

Although emissions from one area source are generally small, the total
emissions from all area sources can be significant.  Area sources appear to
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be especially important contributors to O3 pollution (via the emissions of
VOC) and PM.  In recognition of their importance, states first began work-
ing together to develop rules to control VOC emissions from some types of
area sources in the late 1980s.  For example, California and other states
began adopting product formulation requirements for low-VOC architec-
tural coatings.  These were eventually translated into national requirements
in the 1990 CAA Amendments, which contained several provisions requir-
ing EPA to identify and regulate area sources of such products.  A major
impediment to making progress on area-source emissions arises from the
large number of uncertainties associated with emission inventories for these
sources.  Specific challenges include the many sources in any given category
and the wide variation in the conditions and operating practices under
which the emissions can occur.  To address the problem, the Emission
Inventory Improvement Program (EIIP) includes the development of inven-
tories for area sources (EPA 2001b), but it is unclear, barring a more
ambitious program of measuring and testing, whether such an inventory-
development process will result in a more accurate understanding of the
contribution of area sources to air pollution in the United States.

Section 183(e) of the 1990 CAA Amendments required EPA to conduct
a study of consumer and commercial products by 1993 to identify products
that needed regulation and then to proceed with developing control tech-
nology guidelines (CTGs) for each priority category.  EPA completed the
study in 1995, identifying four groups of consumer and commercial prod-
ucts, including such items as aerosol spray paints, architectural coatings,
and industrial cleaning solvents.  EPA proceeded with developing CTGs for
the categories of products within those groups, albeit slowly.  Regulations
for the first group were scheduled to be in place by 1997, and regulations
for all four groups were to be completed by 2003 (64 Fed. Reg. 13422
[1997]).  Currently, however, only three of the six product categories within
the first group have been regulated; no regulations for the other three
groups (scheduled for completion 1999, 2001, and 2003) have been com-
pleted.  EPA noted in its 1999 Federal Register notice (64 Fed. Reg. 13422)
that it “intends to exercise discretion in scheduling its actions under section
183(e) in order to achieve an effective regulatory program.”  The slow pace
appears to be due to the perception that such rules are not central to efforts
to attain the NAAQS for O3.  However, in the absence of high-quality
inventories and the contributions of these sources to pollution, it is difficult
to verify whether the perception is accurate.

Title III of the 1990 CAA Amendments also requires EPA to list and
regulate area sources of HAPs.  In some cases, MACT standards have been
developed for several categories of area sources, including commercial dry
cleaning, hazardous waste incineration, secondary aluminum production,
and secondary lead smelting.  The amendments also required EPA to address
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area sources in an integrated urban air toxics strategy.  The 1999 strategy
document identifies 32 high-priority HAPs (plus diesel exhaust) and lists 29
area-source categories that have been or will be targeted for regulation,
including 13 new categories for which standards are to be issued by 2004.
For area sources, the agency has the discretion to issue either MACT stan-
dards or less stringent generally available control technology (GACT) stan-
dards.  EPA is now proceeding with implementing these regulations.

Status of Area-Source Controls

To date, the efforts to control area sources have been relatively scat-
tered and have slipped far behind mandated implementation schedules.
Recent efforts, such as the integrated air toxics strategy, have begun to
bring some strategic vision to the control of such sources.  However, in the
absence of a high-quality inventory of such sources, it is nearly impossible
to quantify their emission contributions and to set priorities.  Yet, those few
analyses that have been done (for example, by EPA in the HAPs inventory)
suggest that area-source emissions are significant and will be even more
important after the imposition of MACT has reduced emissions from the
major industrial sources.  A renewed focus on improving area-source inven-
tories and controlling key sources at an accelerated pace will be important
in crafting effective strategies to reduce emissions and exposure to many
important pollutants.

SUMMARY OF KEY EXPERIENCES AND CHALLENGES FOR
STATIONARY-SOURCE CONTROL

Strengths of Stationary-Source Control Programs

• CAA programs have achieved substantial reductions of pollutants
from existing stationary sources, for example, SO2 (through the Acid Rain
Program), VOCs (for example, through RACT), and HAPs (through MACT).
The Ozone Transport Commission, and the upcoming NOx SIP call trad-
ing program have the potential to achieve substantial reductions in NOx
emissions.

• NSR and PSD requirements have encouraged the continuous devel-
opment and application of cleaner technologies and emission controls for
major new stationary sources and have resulted in reduced emissions from
those sources.

• The development of emission cap-and-trade programs that use mar-
ket forces to limit the cost of pollution control has provided the AQM
system with a mechanism that is capable of achieving substantial emission
reductions at reduced costs.
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Limitations of Stationary-Source Control Programs7

• Although the NSR and PSD programs appear to have been effective
for new facilities, such programs and related economic factors (1) provide
an incentive for industries to extend the life of higher-emission (grand-
fathered) facilities and (2) lead to litigation alleging facility modifications
(primarily to extend their useful lifetime) without prior approval.

• The NSR and PSD programs do not affect a large fraction of the
existing facilities that have not undergone major modifications but have
remained in operation.

• With the exception of CEM, there is limited ability to quantify
stationary-source emissions.

• Facility-specific emission standards have lowered emissions, but be-
cause they are often production-based standards, the potential remains for
emissions to increase as economic activity or product demand increases.

• The next phase of control on HAP emissions is predicated on
the conclusions of a residual risk analysis that is fraught with scientific
uncertainty.

• Achieving the full potential of cap and trade will require applying
the technique to a broader range of pollutants, implementing a less cumber-
some process for revising caps and targets, developing enhanced and more
cost-effective CEM and other monitoring technologies, and guarding against
deleterious geographical and temporal distribution of emission reductions.

• Controls on area sources lack focus and are hampered by a large
number of uncertainties in the magnitude of the emissions from these
sources.

• To date, many emission-control programs for stationary sources
have addressed pollutants separately, resulting in different time lines and
different requirements for reductions of various pollutants at the same
facility.  That approach can raise the cost of emission control without
adding any appreciable benefit in emission reductions.  Recent legislative
proposals for multipollutant reductions at electricity-generating facilities
offer an opportunity to merge one of the most successful techniques—cap
and trade—with a multipollutant approach. This merger would enable
these facilities to develop long-term plans for capital improvements that
minimize costs and reduce all relevant pollutant emissions at the same time.

7Recommendations are provided in Chapter 7.
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INTRODUCTION

Implementation of the Clean Air Act (CAA) via the procedures and
methods described in Chapters 2 through 5 has resulted in significant im-
provements in air quality in the United States, according to the U.S. Envi-
ronmental Protection Agency (EPA), and these improvements have had a
positive impact upon public health and welfare.  EPA estimated that emis-
sions of the six criteria pollutants have decreased by about 30% over the
past three decades, despite sizable increases in population, energy use, and
gross domestic product (see Figure 1-4 in Chapter 1).  The estimated ben-
efits of these reductions are substantial; they include an estimated 100,000
to 300,000 fewer premature deaths per year and 30,000 to 60,000 fewer
children each year with IQs below 70 (EPA 1997).  In economic terms,
these benefits have been estimated to amount to trillions of dollars. In this
chapter, the committee discusses how such estimates of the progress and
benefits of AQM in the United States are made, the uncertainty of the
estimates, and what can be done to reduce the uncertainty.

MONITORING POLLUTANT EMISSIONS

Direct Measurement

The most direct way to confirm that specific emission-control technolo-
gies are working effectively is to measure the rate at which pollutants are
released from relevant sources.  However, with a few exceptions, pollutant

6

Measuring the Progress and Assessing
the Benefits of AQM
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emissions are not routinely monitored in the United States.  One notable
exception is the congressional requirement for continuous emissions monitor-
ing (CEM) of sulfur dioxide (SO2), nitrogen oxides (NOx), and particulate
matter (PM) from any source regulated under the acid rain provisions of the
1990 Amendments to CAA.  As discussed in Chapter 5, the inclusion of such
monitoring is viewed as being essential to ensuring the success of the cap-and-
trade mechanism incorporated into the legislation.  Moreover, the application
of CEM has provided direct evidence of substantial reductions in SO2
emissions from utilities since the implementation of the acid rain controls (see
Figure 5-1 in Chapter 5).  Inspection and maintenance (I/M) programs for
motor vehicles, which were mandated in the CAA, could serve, in principle,
as a check on the effectiveness of mobile-source emission controls. However,
as discussed in Chapter 4, the effectiveness of I/M programs has been
limited because of shortcomings in program design and effectiveness, and
public resistance to such programs in some areas of the country.

There are a number of reasons why emissions are not routinely moni-
tored.  There are myriad stationary and area sources that contribute to
pollution, and technologies are not available to monitor their emissions
routinely and reliably.  Given the resources and measurement technologies
available to the AQM system, a program that attempted to monitor emis-
sions comprehensively through direct measurement would be unrealisti-
cally expensive and complex.  In addition, efforts by the government to
monitor certain types of emissions on a continuous basis (for example,
mobile emissions) might be viewed by some as an unacceptable invasion of
privacy.  On the other hand, the application of new technologies and cre-
ative measurement strategies could help to make the task more tractable
and less invasive.  For example, a number of emerging technologies and
methods could be deployed to augment I/M for mobile emissions.  Remote
sensors have been used to identify high-emitting vehicles without inconve-
niencing motorists or interfering with traffic (Stedman et al. 1997; Bishop
et al. 2000); on-board diagnostic systems are being developed to automati-
cally monitor and document problems that lead to increased emissions
from individual motor vehicles; and standard air quality monitors could be
deployed inside tunnels and along roadways to help characterize in-use
emissions from fleets of vehicles (Kean et al. 2001).  As discussed in Chap-
ter 5, CEM technologies are very valuable in tracking stationary-source
emissions and could be used more widely, but the development of a broader
range of CEM systems has been slow.

Using Ambient Concentrations to Confirm Emission Trends

EPA estimates that nationwide emissions of volatile organic compounds
(VOCs), SO2, PM, carbon monoxide (CO), and lead (Pb) have decreased
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substantially since the early 1980s; the decrease in NOx emissions is esti-
mated to be more modest (see Table 6-1, part A).  These emission decreases
can be reasonably ascribed to the promulgation of emission controls related
to the nation’s implementation of the CAA requirements.  Because the
importance of NOx for ozone (O3) control was not recognized until the late
1980s or early 1990s, the slower pace of NOx emission decreases, com-
pared with other pollutants, is probably due to the later implementation of
NOx controls.

The decline of pollutant emissions during a period of substantial growth
in population, energy consumption, and gross domestic product in the
United States is cited by EPA and others as evidence of the substantial
progress of the AQM system.  However, the trends listed in Table 6-1, part
A, have been developed from inherently uncertain emission inventories (see
Chapter 3), so significant uncertainties must also be attached to the emis-
sion trends portrayed in EPA’s reports. Because of such uncertainties, a
technically robust AQM system should have mechanisms in place that could

TABLE 6-1 Summary of EPA’s Trends in Estimated Nationwide
Pollutant Emissions and Average Measured Concentrations
Pollutant 1983–2002 1993–2002

A. Changes in Estimated Pollutant Emissions, %a

NOx –15 –12
VOC –40 –25
SO2 –33 –31
PM10

b –34c –22
PM2.5

b No trend data available –17
CO –41 –21
Pb –93 –5

B. Changes in Measured Ambient Pollutant Concentrations, %
NO2

d –21 –11
O3 1-hr –22 –2
O3 8-hr –14 +4
SO2 –54 –39
PM10 No trend data available –13
PM2.5 No trend data available –8e

CO –65 –42
Pb –94 –57

aNegative numbers indicate reductions in emissions and improvements in air quality.
bIncludes only directly emitted particles.
cBased on percentage change from 1985.
dThe trends in NO2 should be viewed cautiously because of potential artifacts from the
instrumentation. Also, because NO is readily converted to NO2 in the atmosphere, ambient
monitoring data are reported as NO2.
eBased on percentage change from 1999.
SOURCE:  Adapted from EPA 2003.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


MEASURING THE PROGRESS AND ASSESSING THE BENEFITS OF AQM 219

independently establish the validity and accuracy of emission trends derived
from emission inventories.  Given the current inability to monitor all emis-
sions comprehensively, trends cannot be verified directly.  However, in
principle, verification can be done indirectly by using long-term measure-
ments of primary pollutant concentrations in the ambient air.  The underly-
ing assumption of this approach is that, all things being equal, there should
be an approximate 1:1 relationship between a change in the total emissions
of a primary pollutant (for example, CO and SO2) and a change in the
pollutant’s average atmospheric concentration.  Although this approach is
straightforward in concept, it can be difficult to implement without an
appropriately designed network of pollutant monitors.

Since the 1980s, the United States has had an extensive air quality
monitoring network that routinely measures the concentrations of selected
air pollutants in some locations. (The objectives and features of this net-
work are discussed in some detail in the next section.) Trends in the concen-
trations of relevant air pollutants derived by EPA from data obtained from
this network are listed in Table 6-1, part B. Initial inspection of these trends
indicates qualitative consistency with the estimated pollutant emission
trends discussed above—that is, the trends of both emissions and concen-
trations are downward.  However, a more detailed quantitative comparison
of the trends indicates significant inconsistencies.  As illustrated in Figure
6-1, the downward trends in the average pollutant concentrations tend to
be significantly greater than those of the emissions.1  That result could be
interpreted to mean that pollutant emissions have decreased more than
estimated from emission inventories.  However, there are other viable ex-
planations. Significant uncertainties can exist in the concentration trends
derived from the nation’s air quality monitoring network (see later discus-
sion on trends analysis).  More important, the nation’s air quality monitor-
ing network was not designed to track nationwide emission trends or evalu-
ate emission inventories; instead, it was largely designed to monitor urban
pollution levels and compliance with National Ambient Air Quality Stan-
dards (NAAQS).  As a result, most of the sites in the air quality monitoring
network are urban; thus, the trends derived from them are more representa-
tive of urban pollution trends than national trends.  Because many emission
controls on stationary sources between 1970 and 1990 were aimed at
urban emissions, urban areas might be expected to have larger decreases in
pollutant concentrations than those seen overall.  In any event, it would
appear that air quality monitoring data provide qualitative but not quanti-
tative confirmation that pollutant emission trends are downward (espe-
cially in urban areas) in the United States.

1PM10 is an exception; however, note that the emissions change plotted in Figure 6-1 for
PM10 is based on the estimated change from 1985 to 2002 and not 1983 to 2002.
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MONITORING AIR QUALITY

The 1977 Amendments of the CAA state that

the Administrator shall promulgate regulations establishing an air quality
monitoring system throughout the United States which (1) utilizes uniform
air quality monitoring criteria and methodology and measures such air
quality according to a uniform air quality index, (2) provides for air quaity
monitoring stations in major urban areas and other appropriate areas
throughout the United States to provide monitoring such as will supplement
(but not duplicate) air quality monitoring carried out by the States required
under any applicable implementation plan, (3) provides for daily analysis
and reporting of air quality based upon such uniform air quality index, and
(4) provides for record keeping with respect to such monitoring data and
for periodic analysis and reporting to the general public by the Administra-
tor with respect to air quality based upon such data.

FIGURE 6-1 Scatterplot of estimated trends in pollutant emissions derived from
emission inventories and changes in average pollutant concentrations derived from
air quality monitoring networks. The squares indicate the trends for the period
1983–2002 (except for PM10 emissions, which are for the trend period 1985–2002)
and the circles for 1993–2002.  SOURCE: Data from EPA 2003.
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In response to this and subsequent congressional mandates, EPA has
overseen the development and operation of several national monitoring
networks.  These networks generally fall into one of two categories: ambi-
ent air quality monitoring networks that measure the atmospheric concen-
trations of pollutants at various locations, and deposition networks that
measure the rate at which pollutants are deposited on the earth’s surface.
Collectively, these networks provide the best and most detailed (although
by no means comprehensive) data available today for assessing the progress
of the AQM system.

Because air quality and atmospheric deposition can exhibit large daily,
seasonal, and interannual variations independent of any changes in pol-
lutant emission rates, long-term monitoring is needed to detect and inter-
pret air quality trends and thereby determine the effectiveness of regula-
tions.  The requirement for complete, precise, and accurate long-term
monitoring of air quality presents significant technical challenges that
require substantial investments in financial and human resources.  In the
United States, more than $200 million is spent annually to support air
monitoring (EPA 2002p).  In addition to providing an essential perfor-
mance measure of the effectiveness of air quality regulations, air quality
monitoring networks provide critically important information to scien-
tists attempting to advance the understanding of the causes and remedies
of air pollution.  Thus, these networks represent a valuable and significant
national resource.

The major federally supported monitoring networks for atmospheric
composition and deposition operating in the United States are summarized
below and in Table 6-2.  An example of the spatial distribution of one of
these networks (used to monitor O3) is presented in Figure 6-2.

Atmospheric Composition Monitoring Networks

National, State, and Local Air Monitoring Stations

The CAA requires every state to establish a network of air monitoring
stations for the criteria air pollutants.  These networks are called the state
and local air monitoring stations (SLAMS). SLAMS currently consist of
approximately 4,000 monitoring stations whose size and distribution is
largely determined by the needs of state and local air pollution control
agencies to meet their respective state implementation plan (SIP) require-
ments (for example, to assess their NAAQS attainment status). A subset of
the SLAMS monitoring sites (1,080 stations) comprises the national air
monitoring stations (NAMS). They are located in urban and multisource
areas to provide air quality data in areas where the pollutant concentrations
and population exposures are expected to be the highest.
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Photochemical Assessment Monitoring Stations

The CAA Amendments of 1990 required EPA, in partnership with state
and local agencies, to carry out more extensive monitoring of O3 and its
precursors in areas with persistent exceedances of the O3 NAAQS (those O3
nonattainment areas that are classified as severe or worse).  In response,
EPA established a network of photochemical assessment monitoring sta-
tions (PAMS) in 24 urban areas (see Figure 6-3) to collect detailed data for
VOCs, NOx, O3, and local meteorology.  The chief objective of PAMS data
collection is to provide an air quality database that will assist air pollution
control agencies to assess and refine O3 control strategies and specifically to
evaluate the trends in and effectiveness of controls implemented on VOC
and NOx emissions in an area and to evaluate photochemical models being
used by state and local agencies to carry out the attainment demonstrations
required for their SIPs (see Chapter 3).

In principle, the data from the PAMS network could be extremely
useful for the regulatory and scientific communities. However, it appears
that the full potential of the data has yet to be realized (NARSTO 2000).
Questions concerning the accuracy and specificity of the VOC and NOx
concentrations obtained from the PAMS instrumentation have limited the
ability of researchers to use the data to empirically assess the relationships
between ambient VOC and NOx concentrations and O3 formation (Parrish
et al. 1998; Cardelino and Chameides 2000).  In spite of those limitations,

Surface Urban/Suburban

Surface Rural

Ozonesonde

FIGURE 6-2 Locations of surface O3 monitoring sites and ozonesonde sites in
North America.  SOURCE: NARSTO 2000.  Reprinted with permission; copyright
2000, EPRI, Palo Alto, CA.
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Operating PAMS Sites, 1998

Portsmouth 

Southeast Desert 
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6-3

FIGURE 6-3 The PAMS network. Top Panel: Map showing the locations of PAMS
sites in 1998. Lower Panel: A schematic showing the general design of the network
within an urban area with upwind and downwind sites as well as sites near the
largest sources of precursor emissions and sites where O3 concentrations are typi-
cally at a maximum. SOURCE: PAMS 2002.
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the PAMS data sets can probably still be used to evaluate trends, but this
type of evaluation generally requires a record of measurements of a decade
or more, and the PAMS network is just now reaching that level of maturity.

Gaseous Pollutant Monitoring Program

Complementing the aforementioned urban-focused networks is the
Gaseous Pollutant Monitoring Program (GPMP) operated by the U.S. Na-
tional Park Service.  The goal of this network is to provide data on baseline
and trend concentrations of O3 and other pollutants in national parks, data
that can be used to assist in the development of policies to protect park
resources.

Interagency Monitoring of Protected Visual Environments

The Interagency Monitoring of Protected Visual Environments (IM-
PROVE) is a monitoring system established to assess visibility levels and
trends and to identify sources of visibility impairment primarily in national
parks and wilderness areas.  Through the IMPROVE program, annual
and seasonal spatial patterns in PM and light extinction can be assessed
(Box 6-1).

BOX 6-1 Monitoring Visibility

Visibility impairment from air pollution arises primarily from the scattering and
absorption of light by suspended particulate matter (PM) with an aerometric diam-
eter less than 2.5 µm. The contribution of human activities to visibility impairment
in wilderness areas and national parks is assessed by monitoring the concentra-
tion and composition of PM in these areas and deriving so-called light extinction
coefficients and visibility ranges from these measurements. Visibility trends thus
derived vary by region and are not fully intercomparable because of the infrequent
PM sampling schedules typically used. In the eastern United States, visibility has
shown some improvement in the last decade but remains seriously degraded.
The mean visual range is about 24 kilometers (km), compared with visibility in a
“pristine” atmosphere in the range of 75–150 km.  In the western United States,
visibility levels do not appear to have changed significantly in the past decade; the
mean visual range is 80 km compared with natural visibility of 200–300 km.  (Vis-
ibility is less in the eastern United States even in the absence of human activities
because of the higher humidity, which enhances the ability of particles to scatter
light.)  There is evidence that over the period 1988–1998, visibility declined in
some national parks because of area increases in sulfur emissions (Sisler and
Malm 2000).  As discussed in the preceding chapters, EPA adopted a new region-
al haze program in 1999 to help address this problem.
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Enhanced PM2.5 Monitoring Networks

Many of the monitoring networks described above have been collecting
routine observations of airborne total suspended particulates (TSP) and
PM10.  However, with the promulgation of a new NAAQS for PM2.5

2 in
1997 came the need for a national monitoring program for PM2.5.  The
resulting network could be used to help meet four objectives: (1) establish
locations of nonattainment of the PM2.5 NAAQS; (2) aid in the design of
SIPs and then track their effectiveness; (3) assess regional haze and visibility
(Box 6-1); and (4) provide data for health effects studies and other ambient
aerosol research.  Two types of measurements are undertaken in the net-
work: (1) monitoring of the total mass concentration of PM2.5, and (2)
determination of its chemical composition.  The network, as currently de-
signed, uses a filter-based technique to measure and characterize PM2.5.
Particles from the atmosphere are first collected on filters by passing ambi-
ent air through them over a period of time (typically 24 hr), and the filters
are then analyzed gravimetrically to determine PM2.5 mass concentration
and chemically to determine PM2.5 composition. Although the filter-based
technique is relatively straightforward for state and local agencies to imple-
ment, it is labor-intensive and subject to a variety of positive and negative
artifacts, especially for the determination of chemical composition (Pierson
et al. 1980; EPA 2002b). Although considerable progress has been made in
eliminating these artifacts (for example, through the use of annular denud-
ers, filter packs, and backup sorption beds), a number of problems remain
unresolved. To enhance the long-term ability of the PM2.5 network to meet
the needs of the regulatory, health effects, and air pollution research com-
munities, those remaining problems will need to be addressed adequately,
or other techniques less susceptible to artifacts will need to be deployed. A
new class of semicontinuous PM monitors shows promise in this regard.

To address the problems with the filter-based techniques and to re-
spond to the recommendations of the National Research Council (NRC
1998b, 1999a, 2001d), EPA has implemented a number of PM “supersites,”
where more detailed research is addressing the scientific uncertainties as-
sociated with fine PM.  Program goals focus on fine particulate character-
ization, methods testing, and support of studies of health effects and expo-
sure.  Locations of the initial PM supersites are shown in Table 6-3.

Hazardous Air Pollutants

There is not as extensive a nationwide monitoring network for hazard-
ous air pollutants (HAPs) as there is for criteria pollutants.  A large number

2PM2.5 and PM10 designate particulate matter with aerodynamic equivalent diameters of
2.5 micrometers (µm) or 10 µm or less, respectively.
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of HAPs are monitored at PAMS sites, and a number of local and state HAP
monitoring programs are in place.  These programs vary considerably from
one location to the next in terms of the species measured, the types of
localities monitored, and the frequency and quality of measurements (EPA
2000e; Kyle et al. 2001).  Although the data needed to assess trends in
HAPs are sparse, EPA has reported trends for a small subset of the most
critical HAPs (Box 6-2).  EPA is working to create a more consistent,
comprehensive national monitoring network for a small set of HAPs.  In
2001, it began a pilot monitoring project that includes 10 locations and an
initial trends network that includes 11 cities.  These trial efforts are aimed
at helping to assess sampling and analysis precision requirements, sources
of variability, and minimal detection levels.

Deposition Monitoring Networks

National Atmospheric Deposition Program and National Trends
Network

Wet deposition of major solutes is monitored throughout the country
by the interagency-supported National Atmospheric Deposition Program
and National Trends Network (NADP/NTN) (see Figure 6-4).  The pri-
mary aim of the network is to determine the exposure of natural and
managed ecosystems to nutrient and toxic elements and acidity arising
from anthropogenic activities, such as fossil fuel burning and agriculture.
The spatial pattern of the wet deposition is estimated with a hybrid data-
assimilation and modeling system that incorporates NADP/NTN data
with information on spatial patterns of topography and precipitation.
Application of this system appears to confirm that the aforementioned
reductions in SO2 emissions from power plants achieved as a result of the
Acid Rain Program of the 1990 CAA Amendments have resulted in a
decrease in sulfate deposition in the eastern United States (Box 6-3). Moni-

TABLE 6-3 Locations of  Initial PM2.5 Supersites

Location Oversite Institution

Baltimore, MD University of Maryland at College Park
Fresno, CA Desert Research Institute and California Air Resources Board
Houston, TX University of Texas at Austin
Los Angeles, CA University of California at Los Angeles
New York, NY State University of New York at Albany
Pittsburgh, PA Carnegie Mellon University
St. Louis, MO Washington University
Atlanta, GA Georgia Institute of Technology

SOURCE: Adapted from EPA 2002o.
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BOX 6-2 Preliminary Indications of Progress on HAP Control

EPA (2000d) estimates that the 1996 level of HAP emissions decreased by
23% compared with the 1990–1993 baseline period. It is difficult to confirm the
accuracy of these emission-trend estimates using ambient data because of the
short time span being considered and the limited coverage of monitoring sites.
Nevertheless, EPA reported trends for 33 urban HAPs for the period 1993–1998
(EPA 2000d) based on existing data and found evidence of downward trends in
the majority of HAPs being monitored.  The greatest reductions were seen for
benzene (Figure 6-5) and suspended lead, both due primarily to changes in fuel
formulation that resulted in either substantial reduction in emissions (in the case
of benzene) or their elimination (in the case of lead).  (See Chapter 4 for a more
detailed discussion of these efforts.)

 

FIGURE 6-4 Locations of the National Atmospheric Deposition Program and
National Trends Network (NADP/NTN) monitoring sites in the contiguous 48
United States.  SOURCE: NADP/NTN 2002.

toring for current and future toxic air pollutants of concern in a consis-
tent manner across the nation and in a way that provides data to support
exposure and risk characterization is an important consideration, and
research into methods to accurately estimate ambient concentrations and
exposure to HAPs is needed.
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BOX 6-3  Deposition Networks Confirm Decrease in SO2
Since Implementation of the Cap-and-Trade

Emission-Control Program for SO2

As a result of the application of continuous emissions monitoring (CEM) to utili-
ties regulated under the acid rain provisions of the CAA, it is reliably estimated that
annual SO2 emissions from utilities have declined by about 5 million tons during the
1990s (see Figure 5-1 in Chapter 5).  The next step in an AQM assessment of
progress is to ensure that these reductions in emissions produced the appropriate
atmospheric response—a reduction in sulfate deposition rates.  That reduction has
occurred, as illustrated in Figure 6-6 and according to an analysis of data from the
National Atmospheric Deposition Program and the National Trends Network (Stod-
dard et al. 2003).  The final step is to determine if these reductions have led to the
appropriate ecosystem response. This issue is discussed in Box 6-6.

National Atmospheric Deposition Program and Mercury Deposition
Network

The Mercury Deposition Network (MDN) was established as part of
the NADP to measure wet deposition of total mercury (as well as methyl-
mercury at some sites).  The MDN is located mostly in the northeastern

Sites Producing Data During
1994-1999

Sufficient trend data (87)
Insufficient trend data (533)

 

FIGURE 6-5 National trend in annual benzene concentrations in metropolitan
areas, 1994–1999. SOURCE: EPA 2001a.
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United States and is largely funded by state agencies.  The long-term objec-
tive of the MDN is to assess national-scale spatial patterns and temporal
trends in wet deposition of mercury.  However, because the network has
operated for only a few years on a small number of sites, it can only provide
information on site-specific deposition.

Clean Air Status and Trends Network

The Clean Air Status and Trends Network (CASTNet) measures the
components of atmospheric deposition that enter the environment in dry
form, such as particles and gases.  Monitoring dry deposition is critical in
determining the total pollution load across the United States.  For example,
dry deposition in some areas contributes as much as 60% of the total sulfur
deposition.  Two-thirds of CASTNet sites are located east of the Mississippi
River.  Dry deposition rates are calculated using atmospheric concentra-
tions, meteorological measurements, vegetation characteristics, land use,
and surface conditions.  Such factors impart a high amount of uncertainty
to estimates of the spatial patterns of dry deposition.  Therefore, regional
patterns and long-term trends have not been well characterized.

FIGURE 6-6 Trends in wet sulfate deposition in the United States using data from
the Clean Air Status and Trends Network (CASTNet) and the National Atmo-
spheric Deposition Program/National Trends Network (NADP/NTN) (1989–1991
vs. 1997–1999).  Data are in kilograms per hectare.  The largest decreases are
indicated across the mid-Appalachians, the Ohio River Valley, and the Northeast
regions of the country. SOURCE: EPA 2003o.
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Atmospheric Integrated Research Monitoring Network

The Atmospheric Integrated Research Monitoring Network (AIRMoN)
provides highly resolved information over time on precipitation and dry
deposition by using daily sampling methods.  AIRMoN is designed to
provide an intensive research-based foundation to support the routine op-
erations of NADP and CASTNet.  Whereas NADP and CASTNet are de-
signed to characterize long-term trends, AIRMoN uses a small number of
sites at selected locations to more quickly detect a temporal trend in depo-
sition that might arise (for example, from emission controls or from new
sources) and to evaluate the effects of these trends on sensitive ecosystems.
There are currently two components of AIRMoN—7 sites to detect changes
in wet deposition and 13 sites to evaluate changes in dry deposition.  The
flat funding for this program for 10 years has resulted in the closing of three
dry deposition sites.

Air Quality Monitoring Discussion

The nation’s air quality monitoring system has evolved considerably
over the past 30 years and will need to continue evolving to meet future air
quality challenges.  In this section, particular strengths, weaknesses, and
other aspects of the air quality monitoring system are considered.  EPA is
developing a new national ambient air monitoring strategy, which includes
a new network design called NCore, as well as a continuous monitoring
implementation plan.  The report outlining these new plans has been re-
leased in draft form and is undergoing review by state and local agencies
and the academic and technical communities (EPA 2002p).  The committee
did not assess the extent to which these plans will help address the concerns
discussed below.

Monitoring Objectives

Monitoring networks are an essential part of any air quality manage-
ment system and can help to meet one or more of the following objectives
(Chow et al. 2002a,b; Demerjian 2000; NARSTO 2003):

• Determine the specific air pollutants or their mixtures that are asso-
ciated with health and welfare effects, including visibility impairment.

• Estimate exposure of human populations or sensitive ecosystems.
• Measure compliance with ambient air quality standards.
• Develop information about the sources contributing to the pollution.
• Develop information on processes controlling the formation, re-

moval, and transport of the various pollutants and their precursors.
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• Measure the effectiveness of emission-control programs.
• Serve as a warning system to alert individuals that are sensitive to

poor air quality and to aid in the development of air quality forecasts.

Each one of the objectives places different demands on a network in
terms of the species measured, instrument sensitivity, time resolution and
frequency of the measurements, and location of the monitoring stations.
Even though more than $200 million per year is spent on routine air quality
monitoring in the United States (EPA 2002p), monitoring networks have
limited resources.  As a result, they are able to address only some of the
above objectives adequately.  At least two major issues arise as a result of
resource limitations (NARSTO 2000):

• Identifying the problem versus finding the solution and assessing
program effectiveness. Most of the existing networks have been designed
only to measure compliance with the existing NAAQS and reveal little
about the appropriate management strategies needed to solve the problems
or measure the success of various emission-control strategies (see earlier
discussion on emission trends).  Network design should be evaluated and
expanded to make air quality networks in the United States more relevant
to other important objectives of monitoring. Some specific changes are
discussed below.

• Measuring critical species in a regular monitoring mode. Because of
the variety of criteria pollutants, their precursors, and HAPs and their large
range of concentrations, monitoring is technically challenging as well as
expensive.  In some cases, these challenges are beyond the capabilities of
state and local regulatory agencies. Creative mechanisms for fostering col-
laboration and technology transfer among regulatory agencies, research
and academic institutions, and small businesses need to be devised to meet
the challenges (see discussion in Box 7-5 in Chapter 7).

Siting of Air Quality Monitoring Stations

Following enactment of the CAA, the AQM system in the United States
emphasized urban-scale air quality problems and the use of controls on
local emissions to solve air pollution.  Moreover, major urban areas were
the only areas specifically identified in the congressional mandate that ini-
tially directed the EPA administrator to develop a national monitoring
program.  As a result, the nation’s ambient air quality monitoring networks
have been dominated by urban sites.  The intervening years have seen a
growing concern for large-scale air quality problems that extend over
multistate airsheds and are affected by long-range transport.  However, a
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concomitant evolution of the nation’s air quality networks has not occurred
for gaseous pollutants.  For example, NAMS and SLAMS for O3 contain
about 1,600 sites.  Those that are urban and suburban sites outnumber
rural sites by a factor of 2 (see Table 6-4).

The largely urban-based networks in use in the United States have
proved quite useful for characterizing urban air quality for the specified
pollutants; however, there are several limitations to the information that
can be gained from these networks.  In particular, they are inadequate for
characterizing air quality on a regional scale; they provide little informa-
tion to address processes related to the production of secondary pollut-
ants, such as O3; and the spatial coverage of these data is relatively small
and not well suited for use in air quality model performance evaluation.
Moreover, to assess urban emission impacts, many of the so-called rural
sites are located within or directly downwind of urban areas and are
therefore often affected by urban pollution plumes (NARSTO 2000).  The
sites in PAMS, the other major network for gaseous pollutants, are also
by congressional mandate exclusively located in and around major metro-
politan areas (see Figure 6-3).  The current lack of rural monitoring sites
severely hampers the AQM system’s ability to address multistate airshed
pollution problems or to assess and mitigate pollutant impacts on natural
and managed ecosystems, such as agriculture.  It also may hamper the
ability to identify the true extent of NAAQS nonattainment.  For ex-
ample, analysis of monitoring data from rural areas suggests that a large
fraction of rural counties in the eastern United States might be in violation
of the new 8-hr O3 NAAQS (Chameides et al. 1997).  It is not possible,
however, to assess the extent of this rural nonattainment without more
extensive rural monitoring.

Another shortcoming of the current monitoring networks for gaseous
and aerosol pollutants is their strong emphasis on measuring ambient con-
centrations rather than concentrations in specific microenvironments that

TABLE 6-4 Ozone Monitoring Sites in the United Statesa

Number of Sites
Number of Sites Measuring Ozone

Number of Sites Designated Designated Vertical Profiles Using
Urban or Suburbanb in AIRSc Ruralb in AIRSc Ozonesondes

1,071 504 4

aFor the 48 contiguous states.
bAs noted in text, many of the sites designated rural are not truly rural in character.
cEPA’s Aerometric Information Retrieval System, now called AirData 2003.
SOURCE: Adapted from NARSTO 2000.
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may sometimes be hot spots.3  In the absence of data on pollutant concen-
trations in hot spots, characterization of pollutant exposures of persons
who work in, reside in, or travel through them is problematic (see Box 7-5
in Chapter 7).

Air Quality Measurement Techniques

Standard operating procedures, measurement methods, and quality as-
surance and quality control (QA/QC) procedures are critical to ensure that
the data sets from monitoring networks can be directly compared and
integrated for use in trends analysis, for investigations of atmospheric pro-
cesses, and for improvement of predictive models.  In accordance with the
Code of Federal Regulations (40 CFR Part 53 [2002]), EPA established
federal reference methods (FRM) and federal equivalent methods (FEM) to
be used in measurements of criteria pollutants (EPA 2002q).  Further devel-
opment of monitoring techniques is needed, however, to address some of
the following concerns:

• The instrumentation used to measure NO and NO2 in the FRM does
not have the sensitivity or the specificity to measure nitrogen oxides accu-
rately over the full range of conditions typically encountered by such instru-
mentation (McClenny et al. 2002).

• PM10 and PM2.5 are generally measured once every 3 or 6 days, a
sampling rate that is too infrequent to capture the true variability of PM
concentrations.

• New analysis systems were developed in response to the PAMS ini-
tiative and its requirements for measurements of speciated hydrocarbons
and carbonyl compounds.  However, routine monitoring of hydrocarbons
and carbonyls is a challenging task, even for research institutions, and thus
far, delivery and analysis of quality-ensured data from PAMS have been
limited (see NARSTO 2000).

• PM2.5 measurements will continue to pose a technical challenge be-
cause of the complex multiphase mix of constituents in ambient aerosols.
As noted earlier, current sampling methods are subject to various artifacts.

3Hot spots are locales where pollutant concentrations are substantially higher than concen-
trations indicated by ambient outdoor monitors located in adjacent or surrounding areas. Hot
spots can occur in indoor areas (for example, public buildings, schools, homes, and factories),
inside vehicles (for example, cars, buses, and airplanes), and outdoor microenvironments (for
example, a busy intersection, a tunnel, a depressed roadway canyon, toll plazas, truck termi-
nals, airport aprons, or nearby one or many stationary sources). The pollutant concentrations
within hot spots can vary over time depending on various factors including the emission rates,
activity levels of contributing sources, and meteorological conditions.
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For example, nitric acid and organic vapors may adsorb on the filter used
for the collection of atmospheric particles (positive artifacts), and ammo-
nium nitrate or organic PM may evaporate from the filter during sampling
(negative artifacts). Many studies have been completed or are being con-
ducted to develop and test more reliable monitoring methods and analytical
procedures to determine the chemical composition of PM (see NARSTO
[2003] for a review).  A promising new technology based on automated
semicontinuous sampling technology has been developed in the supersites
programs and could be used in the routine Speciation Monitoring Network.

• There is an emerging interest in bioaerosols—fine PM of biological
origin, which may include allergens, viruses, bacteria, or fungi.  They can
enter the atmosphere inadvertently as a result of animal-feeding operations
(NRC 2003c) or intentionally as a result of bioterrorism (NRC 2002d).
Identification of these materials will be more complex than simple chemical
or elemental analysis and may involve microbiological tests.

• Because the primary focus of monitoring strategies has been on docu-
menting NAAQS attainment, there is little motivation to develop methods
to measure ambient concentrations that are substantially below the stan-
dards.  Such measurements are needed to provide critical data for under-
standing atmospheric processes and providing input for air quality models.

Air Quality Trend Analysis Techniques

A variety of techniques can be used to determine long-term trends in
ambient pollutant concentrations.  The method most commonly used by
EPA is to compute yearly averages of concentrations at all stations within a
metropolitan statistical area (MSA).  Values for missing yearly averages are
linearly interpolated if in a middle point; missing end points are replaced
with the nearest year of valid data.  Linear regression analysis is done, and
a method known as the Theil test (Hollander and Wolfe 1973) is applied
to detect the significance of any trend.  This approach is a fairly simple,
straightforward method of trend detection, but it has several important
limitations.  As noted earlier, the monitoring stations may not be, and often
are not, spatially distributed to document the average air quality over the
region of interest, and thus the trends derived might not be representative of
the region.  The results of a linear regression analysis can be highly sensitive
to such factors as the time interval chosen for analysis and the frequency
of observations.  In some cases, sparse data make it difficult to calculate
trends.  For instance, samples of PM are generally collected at a frequency
that is longer than most PM episodes. Consequently, several years of data
collection will be needed to characterize seasonal and spatial patterns accu-
rately and an even longer period of sampling will be needed to detect long-
term temporal trends.
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One of the greatest challenges in concentration trend analysis—carried
out with the specific purpose of determining if pollution control efforts
have been successful—is accounting for meteorological influences, which
can cause a great deal of variability in concentrations and are often large
enough to obscure changes in anthropogenic emissions.  A variety of statis-
tical approaches (such as regression-based modeling and extreme value
approaches) can be used to filter out meteorological influences from a
trend; however, the results often vary, depending on the method and the
specific concentration metric used.4 For all these reasons, most pollutant
concentration trends cited by EPA and other organizations (including the
trends noted in this report) should be used with caution (Box 6-4).

Data Availability

EPA issues a yearly National Air Quality and Emission Trends Report
(EPA 2000e), which provides a general summary of the nation’s air quality.
The summary includes the results of an analysis of air pollutant trends
based on data obtained from the monitoring networks described above.
EPA also issues a yearly Toxics Release Inventory (TRI) (EPA 2003m),
which contains information about the types and amounts of approximately
650 chemicals that are released from certain industries and federal facilities.
The reported information includes annual estimates of emissions as well as
releases to water and land and quantities of chemicals sent to other facilities
for waste management.  However, the trends reports and TRI reports are
intended for a general audience and do not contain enough information to
facilitate more extensive analyses by the scientific and technical commu-
nity. For such purposes, EPA has developed the Aerometric Information
Retrieval System (AIRS), a framework that provides access to monitoring
data from different sources.  Although EPA has made efforts to update
AIRS, problems remain with the system that limit its utility. All monitoring
data are not stored in AIRS, and data stored in AIRS have not been “stan-
dardized”; for example, the data have not been converted to uniform mea-
suring units or to universal standard time.  Most important, the data are
not available in real time (as are, for instance, data from the National
Weather Service).  Although EPA maintains the AIRNow web site where
individuals can access information on present and past air quality condi-
tions at localities throughout the United States, the information is qualita-
tive and thus not suitable for quantitative analyses. Many states have begun
to make their air quality monitoring data available in real time over the

4A trend analysis for CO in Fairbanks and an approach by Reddy (2000) for estimating the
probabilities of future CO exceedances in Denver are described in earlier NRC reports (NRC
2002b, 2003b).
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internet. That is an important development that should be encouraged at
the national level by EPA. The availability of air quality data in real time
will open up significant entrepreneurial and research opportunities. For
example, real-time air quality data could greatly facilitate the development
of predictive (4-dimensional data assimilation) air quality modeling systems
that could be used to assist air pollution mitigation efforts (Box 6-5).

BOX 6-4 Case Study on Pollutant Trend Analysis: Ozone

EPA analyses show that over the past 20 years, national 1-hr average O3
concentrations have decreased by about 18%; most major metropolitan areas
showed downward tends, and the Northeast and West showed the greatest im-
provements.  In contrast, the South and North-central regions of the country and
many national parks show increased O3 concentrations over the past 10 years.
However, numerous uncertainties are associated with those O3 trend estimates.
The formation and accumulation of O3 are strongly affected by prevailing meteoro-
logical conditions.  Therefore, O3 trends, driven by emission-control policies, can
be easily masked by year-to-year meteorological variability, and trend analyses
can reach very different conclusions based on the methods used to factor out
meteorological influences.  O3 trends have been routinely examined using the
second highest daily maximum 1-hr average concentration in a given year, be-
cause that value is used to establish compliance with the 1-hr O3 NAAQS; how-
ever, that value tends to fluctuate with a larger amplitude than a more robust
statistic, such as the 95th percentile. As a result, subtle trends can be masked by
the fluctuations of the extreme values.

Several research groups have questioned EPA’s reported O3 trends and car-
ried out independent studies using data from national monitoring networks.  A
comprehensive review of such studies is presented by Wolff et al. (2001).  Some
locations, such as Los Angeles, have shown consistently decreasing O3 trends,
but national-scale studies paint a more complicated picture.  Milanchus et al.
(1998) examined daily maximum 1-hr O3 concentrations over the period 1984–
1995 and found that most locations exhibited downward trends during that time,
and a few isolated sites showed upward trends.  Fiore et al. (1998) examined
median summer afternoon O3 concentrations for the years 1980–1995 and found
that trends were insignificant over most of the continental United States, although
O3 concentrations decreased in New York, Los Angeles, and Chicago.  A follow-
up study examined trends in the number of exceedances of the O3 standards (Lin
et al. 2001). Over the period 1980 to 1998, strong downward trends in the number
of days in exceedance of either O3 standard were found along the northeastern
and southwestern coasts, and significant upward trends were found in various
locations elsewhere in the country.  In most locations, the O3 air quality improve-
ments seen in the 1980s leveled off in the 1990s.  The results differ among those
and other studies because they are based on different yearly ranges, time periods
within each year, pollution metrics, and methods to account for meteorological
effects.  Thus, it is very difficult to compare and evaluate the validity of reported O3
trends systematically based on past analyses.
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BOX 6-5 Air Quality Forecasting

The role of air pollution forecasts is growing as an AQM tool. Most forecasts
produce 1–3-day O3 forecasts that predict exceedances of specific concentration
thresholds. These forecasts can be used as a warning system for individuals sen-
sitive to poor air quality and as an AQM tool. The techniques used to make these
forecasts usually fall into one of four general types (Dye et al. 2000; NOAA 2001):

• Phenomenological forecasts depend most heavily on the skill of the fore-
caster, who subjectively processes both air quality and meteorological information
and, on the basis of past experience, formulates a prediction of pollution levels in
the future. Despite its subjective nature, this approach can useful when used in
conjunction with one or more of the objective methods discussed below, which
have their own limitations.

• Climatological methods rely on the association observed between in-
creased pollution levels and specific meteorological conditions to predict future
pollution episodes. The predictions can be based on a variety of approaches rang-
ing from simple assumptions of persistence (for example, pollution levels remain-
ing high the day after high levels occur) to more complex weather typing schemes
(for example, identifying recurring weather patterns that are accompanied by high
pollution levels).

• Statistical methods rely on more quantitative relationships between pollu-
tion concentrations and meteorological parameters (for example, temperature and
humidity) derived from past observations and weather forecasts. The statistical
relationships can be as simple as linear regressions to more complex neural net-
works. These statistical relationships are then used in conjunction with weather
forecasts to predict future pollution levels.

• Mechanistic methods use chemical transport models (CTMs) in a so-called
four-dimensional data assimilation mode to predict future pollutant concentrations.
This approach typically makes use of data from monitoring networks to specify
current air pollutant concentrations and meteorological fields and detailed meteo-
rological forecasts from the National Weather Service to calculate pollutant con-
centrations in the future (McHenry et al. 2000; Chang and Cardelino 2002).

Although air pollution forecasting for secondary pollutants, such as O3, is a
relatively new scientific endeavor, and the accuracy and predictive skill of the
methods described above have yet to be evaluated comprehensively (NRC
2001a), such forecasting has begun to be used in an operational mode.

In some instances, predictions of future air pollution episodes are released to
the public as an advisory. Individuals, especially those most sensitive to air pollu-
tion, can, if they choose, use the information from these advisories to alter their
behavior in a way that would minimize their exposure to the pollution. For exam-
ple, in AIRNow, probably the largest national air pollution forecasting effort, EPA
provides the public with same-day and next-day O3 forecasts as well as PM2.5
forecasts for many cities.  The AIRNow program developed an infrastructure to
collect daily air quality forecasts from state and local agencies for over 250 cities
and provide real-time and forecasted air quality data to the public through media
outlets (Wayland et al. 2002). EPA compiles air quality forecasts and posts them
to the AIRNow website for public utilization (www.epa.gov/airnow).

(continued on next page)
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Monitoring Vertical Profiles of Air Pollutants

Vertical profiles of pollutants are only available from intensive, research-
oriented field campaigns and thus are very limited in time and space.  Re-
sults from several observational campaigns in the United States and abroad
have demonstrated the importance of making vertical measurements of
pollutants (see Kleinman and Daum 1991; Berkowitz et al. 1996; Hamonou
et al. 1999; Simo and Pedros-Alio 1999; Ansmann et al. 2000). A variety of
techniques can be used routinely to measure vertical profiles of atmospheric
composition and related meteorological variables, including use of aircraft,
which can provide a valuable platform for studying atmospheric composi-
tion over a wide range of altitudes. Kleinman and Daum (1991) studied the
vertical distributions of airborne particles, water vapor, and insoluble gases
in measurements taken during aircraft flights conducted near Columbus,
Ohio, and found plumelike features at high altitude where pollutant con-
centrations increased by 50% or more for distances of several kilometers.
These features were attributed to air near the earth’s surface lofted by
convective storms.  These types of studies are important in quantifying the
role of long-range transport (see next section), because pollutants that have

Similarly, the National Weather Service (NWS) intends to develop and imple-
ment a nationwide system for distributing air quality forecasts in conjunction with
NOAA’s Office of Oceanic and Atmospheric Research, EPA, and the air quality
modeling community to provide to the public information such as current ozone
conditions from live weather broadcasts (Stockwell et al. 2002).  NOAA has also
developed several experimental forecast products (including models to predict
smoke dispersion from forest fires) and made them available on the internet, and
the National Park Service has begun to issue O3 advisories for some national
parks to protect its workforce and to alert park visitors.

In more ambitious operational applications, air pollution predictions are used
by air quality managers to trigger specific emission reductions—that is, temporary
measures to lower pollutant emissions to avert or at least limit the severity of the
episode. A growing number of state and local air quality agencies are using sum-
mertime O3 forecasts to take steps to reduce precursor emissions.  Many cities
now use forecasts to declare “ozone action days,” when the public is encouraged
on a voluntary basis to modify their activities to reduce O3-producing emissions.
To date, their effectiveness has not been independently evaluated.

From a technical point of view, a major concern of the growing use of air pollu-
tion forecasting as an operational tool is the apparent lack of a concomitant effort
to design and implement tools to assess the accuracy of the forecasts and the
impact their use has on averting adverse health effects and reducing pollutant
emissions.  If air pollution forecasting is to reach a level of sophistication and use
comparable to that of meteorological forecasting, a serious program of assess-
ment must be undertaken.

BOX 6-5 continued
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been lofted above the boundary layer will travel farther from their sources,
and in better elucidating the relationship between pollution and meteoro-
logical conditions.

High-resolution vertical profiles of pollution plumes aloft can also be
obtained with balloon-borne instruments called ozonesondes that measure
concentrations with an electrochemical cell. For example, the National
Oceanic and Atmospheric Administration’s (NOAA) Climate Monitoring
and Diagnostics Laboratory (CMDL) has a network of eight sites that make
weekly O3 vertical profile observations from the surface to about 35 kilo-
meters (km) (NOAA 2003).  In addition, differential absorption lidars (a
laser-based instrument that measures the light backscattered by particles
along the beam path) can be used to obtain vertical profiles of atmospheric
constituents.

Monitoring Long-Distance Transport of Air Pollutants

As state and local emission controls have successfully reduced local
pollution sources, long-range transport has become an increasingly impor-
tant source of NAAQS violations, especially for O3 and PM2.5.  Yet, very
few air quality monitoring sites allow meaningful examination of long-
range pollution transport.  Additional monitoring sites located outside ur-
ban areas provide important information for developing effective regional
control strategies and would be an important element in helping to imple-
ment recommendations made in Chapter 7.  However, current ground-
based networks are inadequate for a quantitative determination of long-
range pollutant transport, as much of it occurs above the boundary layer.
Some additional information on long-range transport can be gleaned from
high-elevation rural monitoring sites.  Over the longer term, satellite remote-
sensing techniques have the potential for comprehensively monitoring pollut-
ant transport on regional and global scales. For example, Fishman et al.
(2003) have used satellite-based instruments to provide detailed maps of
tropospheric O3 that are capable of defining the regional extent of O3 pollu-
tion in areas around the world.  Current satellite instruments can provide a
qualitative picture of the atmospheric distribution of some aerosol types, but
quantitative information on aerosol type and mass flux is difficult to obtain
because of the poorly characterized radiative properties of most aerosols
(NRC 2001a).

ASSESSING HEALTH BENEFITS FROM IMPROVED AIR QUALITY

A primary goal of the nation’s AQM system is the protection of human
health.  Therefore, an important aspect of measuring progress in AQM is
demonstrating that reductions in pollutant emissions and improvements in
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air quality have resulted in measurable health benefits or that preventative
measures have averted a worsening of public health.  Such a demonstration
not only helps to confirm that the appropriate air pollutants are being
regulated but also helps to establish that the societal expenditures made to
improve air quality have benefited society directly and concretely.  Al-
though the process of setting goals and standards discussed in Chapter 2
has much in common with the process of assessing health benefits from
improved air quality, they are two distinctly different and independent
activities.  The former identifies adverse effects and risks and sets goals and
standards to avoid or decrease these effects and risks; the latter establishes
retrospectively that specific improvements in air quality have resulted in a
reduction in adverse health effects.

Ideally, an analysis of the benefits of air pollution mitigation for public
health would rely on independent toxicological and epidemiological data
that linked specific long-term air pollution trends with specific trends in
public health.  However such linking has proved to be particularly difficult
(EPA 2003n).  Although there is a wealth of overlapping data on temporal
patterns of disease within specific populations and on patterns of air pollu-
tion in areas where the population resides and/or works, air pollution is
believed to account for a small proportion of the current incidence of
disease in the United States (HEI 2000).  Changes in other risk factors, such
as age, socioeconomic status, amount of smoking, occupation, and weather,
whose distribution and effect in the population can vary over time, can
easily mask any benefits related to air quality improvements.  For example,
the potential for reduced exacerbation of asthma due to reductions in air
pollution might pose an opportunity to track actual health benefits. Asso-
ciations of PM with exacerbations of asthma have been repeatedly demon-
strated epidemiologically in time-series analyses of emergency-room visits
and hospital admissions and in panel studies examining associations with
peak flow, medication use, and symptoms (Ostro et al. 1998).  However,
the underlying prevalence of asthma has increased significantly, especially
among children, complicating efforts to track changes in asthma exacerba-
tion in relation to changes in air pollution (for example, by looking at the
number of asthma hospitalizations).  Even if air pollution is declining, the
size of the potentially vulnerable population is increasing, and the absolute
number of hospitalizations might rise even as levels of pollution fall. This
challenge is made even more daunting when one tries to track changes
in multipollutant, multipathway exposures and the resulting changes in
health.

Because of the current inability to directly link observed population
health trends with contemporaneous ambient air quality benefits, less direct
approaches have been adopted to assess the health benefits of reductions in
air pollution.  Aspects of three such approaches are discussed below.
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Assessments Based on Data from Short-Term Air Pollution Events

Extreme air pollution events, such as those experienced in London,
England, in the 1950s and 1960s, provide distinctive data sets linking
the effects of such events with population health. For example, one of the
most infamous air pollution events occurred in December 1952, in which
air pollution dramatically increased over a 10-day period with a coincident
large increase in cardiorespiratory disease, manifested by increases in hospi-
tal admissions and a doubling of the daily mortality.  The number of daily
deaths declined when air quality improved, albeit in a time-lagged manner
(U.K. Ministry of Health 1954).

A related approach uses data from specific events that caused a tempo-
rary cessation of air pollutant emissions to establish a link between im-
provements in air quality and human health outcomes.  For example, Fried-
man et al. (2001) found a significant statistical correlation between closure
of inner city Atlanta to traffic during the 1996 Olympics and reduced visits
to emergency departments for asthma in children.  Similarly, Ransom and
Pope (1995) used data from Utah Valley during two intervals in the late
1990s, when a steel mill was shut down due to a labor dispute, to character-
ize the relationship between PM10 concentrations and the incidence of bron-
chitis and asthma.

Data from extreme and short-term events can demonstrate the link
between air pollution and adverse health effects as well as the ameliorative
power of improved air quality.  However, the data are only marginally
relevant to the assessment of health benefits that accrue from gradual
changes in pollutant concentrations expected under a broad, incremental
program to control air pollution.

Assessments Using Risk Functions and Exposure Estimates

A second type of assessment method used by EPA in its examination of
the health benefits of the CAA combines “risk functions” derived from the
health effects literature and data from air quality monitors to estimate
public health benefits (EPA 1997).  The risk function is an estimate of the
incremental change in a health indicator, such as daily mortality, hospital
admissions, emergency-room visits, restricted-activity days, respiratory-
symptom days, and asthma attacks, that results from an incremental change
in the concentration of an air pollutant (or mix of air pollutants).  This risk
function is then multiplied by the observed change in ambient air pollution
over some span of time using data from air quality monitoring (or estimates
of emission reductions) to estimate the resulting change in the number of
adverse health events.

The risk-function approach is widely used by the regulatory and public
policy communities.  For example, it has formed the basis for most of EPA’s
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estimates of the health benefits of AQM in the United States (EPA 1996a).
However, this approach has at least two potential pitfalls: (1) the trends in
ambient air pollution derived from air quality monitors may not be repre-
sentative of the actual trend in population exposure to pollution; and (2)
the cause-and-effect link between improved air quality and improved public
health is not directly measured.  With respect to the second point, because
the studies used to derive the risk functions can be the same as, or similar
to, those used in the goal and standard setting process, this type of assess-
ment does not provide an independent verification that the air quality
improvements attained by an AQM system had the intended health ben-
efits.  Despite these limitations, the risk-function approach has the advan-
tage of providing a relatively simple and straightforward method for trans-
lating observed changes in air quality into an associated health outcome
and as such will likely continue to be used.  Some specific measures that
could be taken to improve the estimates derived using this approach are
discussed below.

Assessments Based on Tracking Public Health Status and Criteria
Pollutant Risk over Time

There have been a number of epidemiological studies throughout the
world directly linking daily variations in PM with either mortality or hospi-
talization for heart and lung problems.  The results of these studies provide
a direct assessment of some of the population health impacts of ambient
PM for specific locations and time periods.  To date, however, there have
not been consistent efforts to track health changes over time and to relate
those changes to changes in air quality.

There are some indicators of pollution levels in the United States that
have been and are being tracked over long periods (for example, EPA’s
AIRS database for ambient pollutants).  However, except for the National
Death Index and Cancer Registry, there is no national tracking system for
the full range of acute and chronic disease and associated environmental
risk factors.  Requirements for environmental health tracking are not con-
sistent among the various state and local registries that are in use for
chronic disease (EHTPT 2000), making it difficult to draw robust conclu-
sions linking chronic disease clusters to environmental factors beyond local
or state boundaries.  Several programs are in place that can potentially be
expanded or modified to provide a coordinated approach that identifies
hazards and clusters of disease occurrences, evaluates exposure and envi-
ronmental factors, and tracks the overall population health.  These pro-
grams are the following:

• The Pew Environmental Health Commission examined a number of
national health outcome databases for information on chronic diseases
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linked to environmental factors.  These databases included the National
Hospital Discharge Survey, the National Ambulatory Medical Center Sur-
vey, and the National Hospital Ambulatory Medical Care Survey.  All
provide information on patient demographics and health-care services ad-
ministered, but they are not designed to describe the communities in which
the illness occurred or the environmentally related health outcomes (EHTPT
2000).

• The Centers for Disease Control and Prevention (CDC) Environ-
mental Health Laboratory has an ongoing study to evaluate human expo-
sure to environmental contaminants.  Blood and urine samples are collected
from a subset of participants from the larger NHANES5 effort and are tested
for a range of environmental contaminants.

• The National Children’s Study (NCS 2002), now in development, is
designed to track the health of 100,000 children, starting at a prenatal stage
and continuing into the adult years.  The study includes tracking environ-
mental factors, such as chemical exposures and nutrition, but does not
monitor chronic diseases that may develop in the later years of life.

In addition, Congress provided CDC with funding in fiscal year 2002
of over $17 million to begin developing a nationwide environmental public
health tracking network and to further develop capabilities to track envi-
ronmentally related health problems within state and local health depart-
ments.  CDC’s (2003a) goal is to develop a tracking system that integrates
data on environmental hazards and exposures with data on diseases that
are possibly linked to the environment to do the following:

• Monitor and distribute information about environmental hazards and
disease trends.

• Advance research on possible linkages between environmental haz-
ards and disease.

• Develop, implement, and evaluate regulatory and public health ac-
tions to prevent or control environmentally related diseases.

With this appropriation, CDC funded 17 states, 3 local health depart-
ments, and 3 schools of public health to begin developing such a tracking
network and state and local capabilities.  Congress also is considering a
broader bill entitled the Nationwide Health Tracking Act to develop a
comprehensive system for identifying and monitoring chronic diseases
and potentially correlating their causes with environmental, behavioral,

5NHANES (National Health and Nutrition Examination Survey) is a series of surveys
conducted by CDC designed to collect data on the health and nutritional status of the U.S.
population.
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socioeconomic, and demographic risk factors.  The information gathered
from such a program could be used as a basis for taking steps to alleviate
the sources of the disease affecting a particular community or the popula-
tion as a whole.

There are a number of ways that an improved national health database,
when coupled with ambient air quality data, could be used to derive a
metric for the effects of AQM on health outcomes. For example, periodic
epidemiological studies could be carried out that independently test for the
association between ambient pollutant concentrations and the incidence of
adverse health effects (Burnett et al. in press). If, over the course of the
studies, the association between health outcomes and PM concentrations
remained constant while PM concentrations declined, the association be-
tween the two would likely be robust and could be used along with the
ambient data to directly estimate the premature deaths or hospitalizations
avoided as a result of the air quality improvements. If the association
changed—suggesting either a stronger or weaker association between air
pollution and health—the indication would be that AQM actions taken
changed the pollution mix to make it less or more toxic and that more
analysis was needed before the actual health benefits accrued from AQM
could be assessed.  Although this approach is relatively new and has not
been fully tested, it is encouraging to note that a similar approach was
recently applied to analyzing health trends following an Irish government
action to ban the use of coal in homes in Dublin, and a measurable im-
provement in premature mortality was observed (Clancy et al. 2002).

The development of these and other new approaches is indicative of the
need perceived by the health effects research community to measure health
changes more directly as air quality improves. This information could be
used to hold air pollution regulations “accountable” for their health perfor-
mance and to confirm that the improvement projected by new regulations
actually occur.  Several new initiatives are under way to develop these
approaches further—for example, EPA is developing scientifically rigorous
environmental indicators that can be tracked over time (Whitman 2001),
and the Health Effects Institute is funding the development and testing of a
variety of such techniques (HEI 2002).

Efforts to Track the Effects of HAP Emission Reductions

The challenges for assessing progress in health improvement as a result
of reductions in emissions of HAPs are daunting, probably more so than
those associated with criteria pollutants.  As discussed above, the absence
of a comprehensive air monitoring network for even a subset of HAPs
makes direct measurement of long-term changes in exposure impossible
(although recent efforts are attempting to fill that void).  In addition, unlike
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the criteria pollutants for which much of the health effects data provide
evidence of relatively short-term, measurable changes in health, a major
focus of HAP effects is cancer, which has long latency periods, making
short-term tracking less fruitful.  For example, recent reductions in benzene
exposure might not result in measurable changes in cancers for decades.  As
a result of these limitations, EPA declined to provide an analysis on HAPs
in its 1997 report to Congress on the benefits and costs of the CAA (EPA
1997).

Despite these challenges, there have been a number of efforts to develop
baseline cancer risk estimates and hazard index calculations using dose-
response information and exposure estimates derived from EPA’s 1990
cumulative exposure project (Axelrad et al. 1999) and similar projects.
Cancer risk is estimated as the potency of the substance multiplied by an
average daily dose.  For substances assumed to have a threshold dose
(below which health effects are not expected), exposure measures are com-
pared with a reference concentration.  Cumulative hazard index is the sum
of ratios of pollutant exposure estimates to reference levels.  These efforts
are analogous in some ways to the baseline estimates for criteria pollutants
used to justify regulatory action under the NAAQS and at least provide a
start for future assessments as changes in HAP emissions are implemented.

The largest of these efforts is EPA’s National Air Toxics Assessment
(NATA) (EPA 2002e), which characterizes inhalation risks from exposures
to HAPs identified in the urban air toxics strategy (EPA 2000b) and from
exposures to particles in diesel exhaust.  NATA has provided a tool for
exploring control priorities and has served as a preliminary attempt to
establish a baseline for tracking progress in reducing HAP emissions.  NATA
provided estimates for the year 1996 and attempted systematically to evalu-
ate and link emissions, ambient measurements, atmospheric transport, and
human exposure.  The main components of the assessment were the list of
urban air toxics (EPA 2000b), the 1996 national toxics inventory of emis-
sions, the Assessment System for Population Exposure Nationwide (AS-
PEN) dispersion model for developing estimates of ambient concentrations
of HAPs from stationary emissions, the hazardous pollutant exposure model
for developing exposure estimates for vehicular HAPs, microenvironment
factors to establish the relationship between ambient concentrations and
microenvironments of interest, toxicity metrics relating exposure to risk,
and risk assessment guidelines providing further guidance on estimating
risks from exposures.

A number of preliminary findings were of interest.  Twenty-three of the
33 HAPs analyzed were estimated to present risks greater than 1 excess
cancer incident in 1 million people, a risk threshold noted in several por-
tions of Section 112 of the CAA.  Major and area stationary-source emis-
sions and on-road and nonroad mobile emissions were each associated with
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risks of concern.  A number of caveats were noted by EPA, indicating
undercharacterization of risk and identifying major future research and
data needs.  For example, higher localized risks were not captured, and
comparison of a national impact assessment with local impact assessments
suggests underestimation for certain microenvironments in both urban and
rural areas by factors of 30 and 100, respectively.  Further, NATA’s at-
tempts to compare modeling results with ambient data found the model
underpredicted ambient exposures to some metals by a factor of 5.  The
tendency toward underestimation has been suggested to be due to gaps in
the emissions inventory, but reductions in pollution releases since 1996
have effectively reduced the significance of these gaps, increasing the consis-
tency between NATA estimates and current monitoring data (Environmen-
tal Defense 2002).  Observed ambient concentrations of benzene were
slightly underpredicted by the models, reflecting a lack of understanding
of the emissions and environmental behavior of this compound.  The as-
sessment did not address dioxins, indoor air exposures, or noninhalation
pathways.  It also made no adjustments for other HAPs not listed in EPA’s
urban air toxics strategy.

EPA (2002r) and the EPA Science Advisory Board (EPA/SAB 2001)
have acknowledged that the current NATA effort has many limitations. In
the absence of systematic monitoring of HAPs and the large gaps in per-
sonal HAPs exposure data, no comprehensive validation of the NATA
models has been done.  Although the health risk data for the compounds
vary in quality, the estimates of cancer and other risks continue to be
limited by the lack of a robust human database that avoids some of the
challenges of extrapolation from higher concentrations.  In its urban air
toxics strategy, EPA is funding work to improve both the health database
and the NATA.  Pilot monitoring projects have been initiated to better
characterize trends in ambient concentrations and to generate information
on the temporal and spatial variability of ambient HAP concentrations
(STAPPA/ALAPCO/EPA 2001).  These efforts will likely address some of
the pressing problems associated with tracking health impacts from HAPs;
however, the remaining data gaps are significant.

Other HAP Assessments

In addition to NATA, there have been a number of conceptually similar
assessments of HAPs, although none has evaluated trends at the national
level. These assessments have included the following:

• Cancer and noncancer HAP risks calculated as part of EPA’s com-
parative risk project were considered sufficiently serious (relative to risks
addressed by other EPA programs) to rate HAPs as high risk (EPA 1987).
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• The California South Coast Air Quality Management District com-
pleted an assessment of trends in cancer risk from the mid-1980s to 1997
on the basis of a monitoring and modeling effort for 20 HAPs.  The mul-
tiple air toxics exposure study (MATES II) used traditional techniques
to study urban HAPs in California’s South Coast Air Basin (encompassing
Los Angeles, Riverside, Orange, and San Bernardino counties) (SCAQMD
2000).

• An assessment for Minnesota estimated exposure to 148 HAPs from
EPA’s 1990 cumulative exposure project.  Relatively high concentrations
were found in the St. Paul metropolitan area and many smaller cities
throughout the state.

• The California Comparative Risk Project (CCRP) established risks
of high concern for a number of HAPs, especially when more highly ex-
posed populations were addressed (CCRP 1994).  A more recent attempt to
use monitoring data to conduct a comprehensive evaluation of the impact
of HAPs noted the paucity of toxicity measures for many HAPs and the
limited monitoring data for HAPs in California, a state with one of the
most extensive monitoring networks.  It was concluded that the informa-
tion necessary to assess fully the health significance of HAPs was not avail-
able (Kyle et al. 2001).

Tracking Progress in Reducing HAPs-Related Health Effects for the Future

In summary, the ability to assess changes in health related to reductions
in HAP emissions has been limited by the absence of high-quality data on
ambient concentrations, the limitations in the health database, and the
challenges of tracking health progress for diseases, such as cancer, that have
long latency periods.  Over the past decade, EPA and others have made
strides to improve the techniques available for such assessments, most nota-
bly through the recent development of NATA.  Both that assessment and
the urban air toxics strategy noted limitations in the current analyses and
the steps needed to be taken to improve them.  Over time and with better
air quality data, improved validation of exposure models, and enhanced
health understandings, these techniques will track progress much more
directly than those used today.  Implementation of these efforts will require
sustained attention and resources over the coming decades.

Monitoring Actual Human Exposure

AQM progress can be also be evaluated by directly tracking human
exposure to air pollutants over time.  Because concentrations measured by
ambient monitors may not reflect human exposures, personal monitors
worn by study participants have been used, and sampling of biomarkers in,
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for example, blood and breast milk has been done.  Corresponding environ-
mental samples provide information on source contribution (for example,
ambient air, indoor air, and food) (EPA 2002s).  EPA has initiated the
National Human Exposure Assessment Survey (NHEXAS) to document
status and trends of national distributions of human exposure, and to that
end, EPA has begun a series of pilot projects.  A stated objective is to
evaluate the efficiency of EPA’s regulations to reduce exposure.  NHEXAS
attempts to evaluate total human exposure to chemicals of concern and
from contributions from different sources (see, for example, Clayton et al.
2002).  Personal air monitors measure air breathed by individuals, diet and
other samples are taken to address other routes of exposure, and blood and
urine samples are obtained to characterize total exposure.  An exploratory
study under NHEXAS also evaluated selected subpopulations that might
exhibit higher exposures (Pellizzari et al. 1999).

Methods using biomarkers as a surrogate for exposure to air pollution
and other sources of environmental stress are developing rapidly and have
great promise. Human biomarkers of air pollution are specific compounds
or cellular changes that appear within the body, indicating the occurrence
of exposure and a stress-related response to a specific pollutant or set of
pollutants.  These biomarkers can be the pollutant itself, one of its metabo-
lites, or an enzyme produced in response to the pollutant or its metabolites.
They can also be specific for modification of DNA (for example, DNA
adducts).  Biomarkers can potentially appear in blood, urine, or a specific
organ where a pollutant might accumulate or do damage.

Because exposure biomarkers are a specific indication of exposure and
a primary step in the causal chain of a disease outcome, their appearance
provides stronger evidence of an actual health outcome from exposure to
a pollutant compared with measurements of ambient pollutant concentra-
tions.  As such, tracking the appearance and abundance of specific bio-
markers within a population over time may be a useful and convincing way
to document a public health benefit (or lack thereof) from air quality im-
provements.  Risk functions based on the presence and concentration of a
given biomarker can then be used to estimate specific health changes more
reliably.  A classic example of the utility of this approach is the study
linking decreases in Pb emissions from mobile sources to declining concen-
trations of Pb in ambient air and human blood (see Figure 6-7A-C).  A
recent CDC report illustrated another example: a measurable decline in the
levels of cotinine—a marker for exposure to environmental tobacco smoke
—in a random sample of the U.S. population found in tracking the increas-
ing restrictions on smoking in public spaces (CDC 2001).

However, the development of compound-specific markers of actual
effects or early stages of effects has been much more difficult. To date,
several compound-specific markers of exposure have been developed (for
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FIGURE 6-7 (A) Total estimated U.S. lead emissions by major source category
from 1970 to 1994. (B) Maximum quarterly observed lead particulate concentra-
tions (in micrograms per cubic meter) at U.S. monitoring sites from 1977 to 1996.
(C) Blood lead levels (in micrograms per deciliter) in the U.S. population from 1976
to 1999. SOURCES:  A and B, from NARSTO 2000.  Reprinted with permission;
copyright 2000, EPRI, Palo Alto, CA. C, from CDC 2002.
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benzene and 1,3-butadiene in addition to Pb and cotinine), but markers of
actual effects (for example, DNA changes) have in many cases been linked
to more than one compound, perhaps tracking the effects of the mixture
but making it more difficult to understand how changes in components of
the mixture affect health. In addition, science has been unable to develop an
adequate marker of either exposure or effects for some compounds (for
example, diesel exhaust) (HEI 1995).

Efforts to develop such markers—either of compounds in the body or,
ideally, of actual effects—could potentially be very useful in tracking the
presence and effects of biopersistent chemicals.  For example, there has
been some success in population-based monitoring of breast milk for persis-
tent organic pollutants (POPs) (Solomon and Weiss 2002). Impacts via
noninhalation exposure routes (for example, bioaccumulation of ingested
substances such as dioxins) are typically undercharacterized, and a popula-
tion-based biological monitoring program could significantly improve the
capacity to track progress in reductions of bioaccumulating HAPs.  In the
long run, the development of a battery of sensitive and relatively easy to
apply markers that could be measured in blood and urine samples of the
U.S. population would be invaluable in tracking the current status of expo-
sure to air pollution and its effects.  The effort of the CDC to extend the
NHANES program to investigate population exposures to a number of
such chemicals (CDC 2003b) is especially valuable and merits continued
support and enhancement, as does the EPA NHEXAS effort.

ASSESSING ECOSYSTEM BENEFITS FROM IMPROVED AIR QUALITY

In light of the CAA’s clearly stated goal of protecting public welfare,
assessment of benefits to ecosystems should be viewed as an integral part of
the AQM system.  Measuring such benefits relies on a multitiered approach
that includes the following:

• Long-term monitoring of ecosystem condition simultaneously with
air pollutant exposure and meteorology to elucidate patterns and trends in
exposure and response in time and space.

• An enhanced network of meteorology and exposure measurements,
including more measurement locations and variables (for example, incident
diffuse and direct radiation) and further development of meteorology and
exposure models for landscape and regional estimates of exposure and effects.

• Intensive ecosystem studies at a subset of representative locations to
understand mechanisms of response to multiple factors, including air qual-
ity, climate, and topography.

• Process model development and application to investigate causes
and mechanisms of observed responses. Also, to assess current and future
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exposures and responses of ecosystems to multiple stressors at multiple
temporal and spatial scales.

• Risk assessment research that combines the above approaches to
develop methods for quantifying susceptibility of ecosystems to multiple
stressors at multiple levels (Linthurst et al. 2000).

The greatest challenge to understanding responses of ecosystems to air
pollution is that natural systems are exposed to multiple stressors, and the
integrated response can be different from expectations based on pollutant
exposures in controlled environments.  For example, the response of a
forest to a pollutant can be exacerbated or minimized by climatic condi-
tions, topography, forest community dynamics, and other factors, such as
increased atmospheric CO2 (Drake and Leadley 1991). Moreover, the ef-
fects of air pollutants on forest ecosystems are often indirect, involving the
alteration in the physical or chemical environment of the vegetation or
increasing the susceptibility of affected vegetation to attack by pests (see
Johnson and Lindberg 1992).

Unfortunately, the nation’s AQM system has not been able to build a
cohesive program capable of reliably reporting the status and trends in
exposure and ecosystem conditions across regions and the nation (Farrell
and Keating 1998).  Some aspects of the current program and its deficien-
cies are discussed below.

Tracking Ecosystem Exposure

Evaluation of ecosystem exposure is conducted using data from the air
quality and deposition monitoring networks.  A major deficiency of the
current network design for air pollutants is the scarcity of air quality moni-
tors in rural and forested areas.  A more general and more basic deficiency
is that the monitors can make measurements only at fixed locations.  As a
result, aerial coverage is relatively small.  Satellite-based instruments, such
as the total O3 mapping spectrophotometer (TOMS) (NASA 2003), pro-
duce daily global mapping of total air column O3 (including detection
capabilities for smoke from biomass burning, desert dust and other aero-
sols, and sulfur dioxide and ash emitted by volcanoes) and provide a means
to document the spatial distribution of airborne substance concentrations.
At present, it is not possible to evaluate ecosystem exposure or ground-level
concentrations of pollutants using current remote-sensing techniques. New
developments are needed to improve estimates of exposure and concentra-
tions at spatially and temporally relevant scales.

Meteorology is one of the major factors contributing to air pollution
episodes (Seaman 2003). Over the next 5–20 years, better spatial and tem-
poral resolution of meteorological observations and measurement of addi-
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tional variables (for example, incident direct and diffuse radiation and wa-
ter vapor exchange) are required as inputs to meteorological models to
advance studies on ecosystem exposure and effects. Reduced uncertainty in
these studies will depend on the effective use of new meteorological mea-
surements, improvements in the models, and the use of remote-sensing
observations in more advanced data assimilation in the models to adapt
them to spatially and temporally relevant scales (Seaman 2003).

Tracking and Characterizing Ecosystem Effects from
Exposure to Air Pollution

Forest Issues

The direct effects of air pollution on plants has been a primary focus of
air pollution research. However, indirect effects on other ecosystem compo-
nents (for example, soils, surface waters, and estuaries) are less well under-
stood, and the effects on vertebrates are virtually unknown (Innes 2003).
Most studies of pollution impacts have concentrated on the responses of
plants to single pollutants, although a few studies have looked at potential
interactions with one or two additional factors (see Isebrands et al. 2001).
Interactions of multiple pollutants and such factors as soil fertility, drought,
pests, and pathogens are important (Karnosky et al. 2001). Most risk as-
sessment has similarly been done with individual species or groups of spe-
cies.  However, risk assessments should also address ecosystems with atten-
tion to cascading effects (direct and indirect effects, Heck et al. 1998), and
at multiple scales (for example, Riitters et al. 1997).

Forest Soils

Soils promote vegetation growth, control water flow, and filter or re-
tain potentially harmful chemicals that would otherwise enter surface wa-
ters and groundwater.  These functions are related to specific soil physical,
biological, and chemical properties that can be monitored.  An NRC review
(1993b) identified soil organic matter (SOM) as the single most important
indicator of soil quality and productivity (also see Johnson 1993; Bauer
and Black 1994; Reeves 1997). SOM strongly influences site productivity
because of effects on physical (for example, bulk density and soil water-
holding capacity), biological (for example, populations of microbes and soil
invertebrates), and chemical properties (for example, cation exchange ca-
pacity) of soils.

Acid precipitation probably represents the most serious and widespread
threat to sensitive forest soils from air pollution in the United States at this
time.  Acids from atmospheric oxidation and deposition of sulfur and
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nitrogen-containing compounds have accumulated in soils in the United
States and are causing cascading chemical effects that can ultimately deplete
nutrient cations from soil (that is, calcium and magnesium), change com-
munity structure and suppress forest growth, degrade water quality, and
harm fish  in sensitive regions (Cronan and Schofield 1990; Cronan and
Grigal 1995; Bailey et al. 1996; Driscoll and Postek 1996; Likens et al.
1996, 1998; Driscoll et al. 1998; Lawrence et al. 1999; Huntington et al.
2000; Driscoll et al. 2001b; Lilleskov et al. 2002).  These effects could
continue for decades and, in some cases, require centuries to recover fully
(Stoddard et al. 2000; Driscoll et al. 2001b) (Box 6-6).

BOX 6-6 The Response of Sensitive Ecosystems
to Acid Rain Emission Controls

Despite marked decreases in SO2 emissions and sulfate deposition over the
past decade, sensitive areas have not recovered from acid deposition at the rates
anticipated at the time of the passage of the 1990 CAA Amendments.  In March
2001, the Hubbard Brook Research Foundation released a report concluding that
sensitive areas, such as the Adirondack region of New York, are not recovering
from the long-term exposure of acid deposition because of the diminished ability of
the affected soils to neutralize inputs of strong acids (Driscoll et al. 2001b).  The
General Accounting Office also reported that affected surface waters in the Ad-
irondacks were not recovering under the current Acid Rain Program (GAO 2000).
However, a report by EPA (Stoddard et al. 2003) and research by Driscoll et al.
(2003a) suggest some improvements in the acid-base status of surface waters in
acid-sensitive regions.  Although the most recent trends are promising, many wa-
ters remain unresponsive to decreases in emissions, and those showing improve-
ment are recovering at a relatively slow rate.  This research suggests that for
sensitive ecosystems to recover within the next 20 to 25 years, greater SO2 emis-
sion reductions—on the order of 80% beyond the Phase II cap—will be needed.  A
further concern is the 10.4 million tons of banked SO2 emission allowances that
can be withdrawn and thereby lessen Phase II reductions.

More recent scientific work pointing to the importance of nitrates in acid depo-
sition suggests that further reductions in NOx emissions will also be needed (for
example, Castro and Driscoll 2002; Aber et al. 2003; Driscoll et al. 2003b; Fenn et
al. 2003 a,b; Galloway et al. 2003).  NOx emission reductions are also desirable in
terms of controlling regional ambient O3 concentrations during the warmer months
of the year and mitigating eutrophication of coastal waters.  In part to address
these concerns, recent regulations have been promulgated to bring about further
reductions in NOx emissions.  These regulations include the Tier II regulations
Ozone Transport Commission NOx budget program, the EPA NOx SIP call, and
states initiatives in the eastern part of the United States.  Several national legisla-
tive proposals are also pending in Congress that call for further reductions of SO2
and NOx emissions in the range of 50% to 75% of current levels.
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The nation does not yet have a coordinated program to monitor soil-
chemistry perturbations induced by acid precipitation.  The merging of the
U.S. Department of Agriculture (USDA) Forest Service’s Forest Inventory
and Analysis (FIA) and the Forest Health Monitoring (FHM) programs,
designed to track soil condition and plant status, is a positive step; however,
the program is not designed specifically to monitor impacts related to air
pollution and acid deposition.  Although soil acidity is one of the variables
being monitored in the FIA/FHM program, soil acidity can be influenced by
a number of factors; atmospheric deposition may or may not have a major
role, depending on location and soil type.  Extractable soil sulfur measure-
ments, which may be useful for quantifying sulfur deposition, were added
to the program in 2001.  The “2000 Forest Health Monitoring National
Technical Report” will provide information on soil monitoring and sum-
marize some of the soil-chemistry data (including soil pH) that have been
analyzed to date (Stolte et al. in press).

Forest Vegetation

Air pollution has a number of avenues to affect forest vegetation.  Gas-
eous pollutants can enter a plant through the leaf pores (stomata) that
remain open during the day to facilitate photosynthesis through the uptake
of CO2 from the atmosphere.  Pollutants deposited in soils or toxic ele-
ments released in the soil from pollutant-induced chemical perturbations
can enter the plant through the root system during the uptake of nutrients.
Damage can also occur below ground as a result of changes in root activity
or microbial processes; however, little is known about these effects. Finally,
air pollution may either directly or indirectly stress vegetation and make it
more susceptible to drought, insects, or pathogens.

No coordinated monitoring programs exist in the United States that are
dedicated to tracking air pollution impacts on forested ecosystems.  How-
ever, a number of programs monitor forest health through periodic sam-
pling at selected sites.  These programs include the FIA/FHM and the
National Forest System (NFS) of the USDA Forest Service.  A particularly
promising aspect of the FIA/FHM program is the use of an O3 bioindicator
sampling system to track air pollution impacts.  With this system, a variety
of plants that respond to high ambient O3 concentrations with distinct
visible foliar symptoms are used to detect and quantify O3 stress in the
forest environment.  Each year, a subset of plots (one plot for every 500,000
acres of forestland) is evaluated for the amount and severity of O3 injury on
sensitive plants during the summer months.  The foliar injury data are used
to monitor changes in relative air quality over time and to examine relation-
ships between O3 stress and tree health.  Presumably, similar sampling
programs could be introduced to track damage from other environmental
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stressors, such as wet and dry deposition of sulfates, nitrates, other sources
of acidification, and ammonium, as well as to track changing climatic and
forest stand conditions.

Sensitive Surface Waters and Estuarine Systems

Deposition of air pollutants can also perturb the chemistry and ecology
of sensitive surface waters.  Acid deposition is of concern for acid-sensitive
lakes and streams, primarily in the Northeast and the mid-Atlantic high-
lands (see discussion in Box 6-6). Further, deposition of nitrates and ammo-
nium has been shown to be a major source of nutrients and associated
eutrophication of estuarine systems along the eastern seaboard of the United
States (Castro and Driscoll 2002).  There is also considerable interest in the
effects of atmospheric mercury deposition on coastal and other ecosystems.

A number of programs are in place to monitor aspects of this problem.
The most comprehensive atmospheric deposition monitoring networks are
NADP/NTN, NADP/MDN, CASTNet, and AIRMoN (for example, see
Figure 6-6).  However, these networks do not track dry gaseous ammonia
(NH3) deposition, which could be important in estuaries that drain agricul-
tural watersheds (for example, Delaware Inland Bay, Chesapeake Bay, and
Neuse River Estuary).  Another shortcoming of these programs is that they
do not measure organic nitrogen deposition, which may account for 10–
30% of the total nitrogen budget to East Coast estuaries (Peierls and Paerl
1997; Whitall and Paerl 2001).

 In addition to the networks noted above, EPA administers the tem-
porally integrated monitoring of ecosystems (TIME) and long-term moni-
toring (LTM) programs, which monitor lake and stream chemistry and
document changes in response to changing emissions and acidic deposition.
There also are several national coastal monitoring networks (for example,
the EPA national estuarine program and NOAA’s National Estuarine Re-
search Reserve System [NERRS]), but none directly assesses the effects
of atmospheric deposition of pollutants.  The NERRS has 20 coastal sites
(and one Great Lakes site) and includes a systemwide monitoring program
through which data for pH, salinity, dissolved oxygen, temperature, and
turbidity are collected (NERRS 2001).  No attempt is made to relate the
oxygen status of estuaries directly to nutrient loading from either atmo-
spheric or watershed sources except at very basic levels.  Similarly, a study
that documents estuarine water quality problems related to runoff was
published by NOAA’s NERRS (Bricker et al. 1999), but no direct link to
atmospheric deposition was made.

The National Estuaries Program (NEP) was established to allow local
groups to take responsibility for tracking estuarine function, and perhaps as
a result, there is no systemwide effort to document the effects of nitrogen or
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mercury deposition.  Nitrogen loading as a water quality problem has been
addressed for several estuaries (for example, Long Island Sound and Tampa
Bay) in the program but only to assess inputs from specific major stationary
sources of concern.

The best examples of the integration of atmospheric deposition mea-
surements with coastal effects can be found at specific sites where the
research community and government agencies are actively engaged in un-
derstanding these problems.  These efforts are usually multidisciplinary and
involve cooperative efforts between university researchers and state or fed-
eral scientists to look holistically at a system plagued by problems, such as
coastal eutrophication, associated with atmospheric deposition.  For ex-
ample, Neuse River estuary modeling and monitoring program involves
researchers from several North Carolina universities as well as cooperation
from the North Carolina Department of Environment and Natural Re-
sources and Weyerhauser Corporation.  This program has quantified not
only the fluxes of atmospherically deposited nitrogen to the system (Whitall
and Paerl 2001) but also the ecological effects of nitrogen loading from the
atmosphere and from other sources (Peierls and Paerl 1997; Paerl et al.
1998).  Similar efforts have been made for the Chesapeake Bay (Russell et
al. 1998; CBADS 2001), including the development and application of the
Chesapeake Bay eutrophication model (Cerco 2000).

Agriculture

Because of their direct economic import, the effects of air pollutants on
agricultural crops are of particular concern.  Probably the most comprehen-
sive assessment of the agricultural losses incurred from exposure to air pollut-
ants was conducted in the 1980s as part of the U.S. National Crop Loss
Assessment Network (NCLAN) (Heck et al. 1988; Preston and Tingey 1988).
NCLAN goals were (1) to conduct experiments using chambers with tops
open to the atmosphere (see Figure 2-12 in Chapter 2) to relate doses of O3 to
yields of economically important crops in several major areas in the United
States; (2) to estimate actual crop losses over the United States by combining
the O3-dose-to-crop-yield information with the data on crop acreage and
pollutant levels in each county; (3) to assess dollar losses each year from these
pollutant effects; and (4) to create models that relate yields to level of pollut-
ant, water stress, stage of crop development, and temperature, using the re-
sults to determine the NAAQS based on injury thresholds.

There are three noteworthy aspects of the NCLAN study: (1) the data
from this study are over two decades old and still represent the most com-
prehensive information on O3 effects on crops and are widely used to assess
crop losses in the United States from air pollution; (2) the study found that
crop yields are depressed substantially when O3 concentrations reach about
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50–70 parts per billion by volume (ppbv), a level not uncommon in rural
areas of the United States during the summer; and (3) the study indicated
that crops are best protected from O3 damage by an air quality standard
that limits the integrated exposure over the 3–4 month period that the crop
is growing rather than the relatively short-term 1-hr or 8-hr primary
NAAQS used to protect human health (EPA 1996b). In part, because of the
NCLAN study, EPA recommended an alternative secondary standard in its
1996 staff paper to review the O3 NAAQS.  This standard would regulate
O3 in a seasonal, cumulative manner and was designed to be more protec-
tive of vegetation.  However, it was never implemented (Heck et al. 1998).

The Agricultural Research Service (ARS) in the U.S. Department of
Agriculture (USDA) has the Air Quality-Plant Growth and Development
Research Unit to carry out the following objectives: determine the separate
and combined effects of O3 and elevated CO2 on growth and yield of
selected agronomic species; determine whether plant, pest, and pathogen
interactions are altered by exposure of plants to these pollutants; and de-
velop techniques for mitigating the problems (USDA-ARS 2002).  The ef-
fects of O3 and CO2 are studied individually, in combination, and in inter-
action with other factors associated with changes in global climate, and
research is conducted under field, greenhouse, and laboratory conditions.
The research unit is also working with crop-growth models for evaluation
of air quality impacts on production.  The future plans of the unit are to
investigate the extent to which rooting media affect soybean response to
mixtures of O3 and revised CO2 and to investigate the effects of increased
concentrations of CO2 and O3 on a few insect pest populations.

Integrated Ecosystem Studies

A major problem of impacts research is the difficulty of predicting
ecosystem-level responses from short-term studies of young trees grown
under controlled conditions. More realistic studies, such as FACE experi-
ments, are needed (Karnosky et al. 2001).  To assess the effect of AQM on
ecosystems, programs are needed that integrate measurements and analysis
across terrestrial and aquatic systems, integrate disciplines, and integrate
information across vegetation types and climatic and physiographic re-
gions.  To date, a number of research programs have been initiated that
attempt to achieve this level of integration. However, for the most part,
they are focused on unraveling the links between climate change and eco-
system function and are not considering air pollution per se as a perturbing
factor. Some studies of note are described below:

• AmeriFlux is a network of more than 100 sites dedicated to studying
the influence of climate variation, vegetation developmental stage, vegeta-
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tion type, disturbance, and other factors on ecosystem processes controlling
the exchange of CO2, water vapor, and energy. Measurements are made of
meteorology, CO2, water vapor, and energy exchange, as well as soil and
plant processes (respiration, photosynthesis, transpiration, and production)
in intact ecosystems.  The Free Air CO2 Enrichment (FACE) sites (see
discussion in Chapter 2 and Figure 2-13) involve long-term experimental
studies on the effects of increased atmospheric CO2 on terrestrial ecosystem
processes (for example, photosynthesis, respiration, transpiration, and car-
bon allocation within plants).  Atmospheric CO2 is enriched in natural
ecosystems through a pipe distribution system, and ecosystem processes
are compared with reference plots.  Some of the FACE sites also measure
concentrations of O3 or methane or nitrogen deposition.

•  National Science Foundation long-term ecological research (LTER)
sites (24 sites) have core areas of research on plant production, population
distributions representing trophic structure, soil processes, and disturbance
patterns and frequency.

A key feature of the first two aforementioned studies is the focus on the
effects of changing CO2 concentrations. Comprehensive studies of the ef-
fects of air pollutants on terrestrial ecosystems should probably also con-
sider the effects of increased atmospheric CO2. The atmospheric concentra-
tions of CO2 are clearly increasing at a faster rate than has occurred during
the evolution of current vegetation (Indermuhle et al. 1999), and it is con-
ceivable that ecosystem response to air pollutant exposures will change as a
function of CO2 concentrations.  For example, the interaction between
increased nitrogen availability from nitrogen deposition, increased atmo-
spheric CO2, and water availability can result in greater effects on carbon
uptake and allocation by some species than others (Hungate et al. 1997)
and may have implications for changes in plant community composition
and biogeochemistry.

Action Needed for Enhanced Ecosystem Monitoring,
Research, and Risk Assessment

Improved and sustained long-term monitoring of ecosystem condition
and its relationship to air pollution exposure is essential if the nation’s
AQM system is to have a credible capability to protect ecosystems and
monitor progress.  A unified multiagency network to monitor the ecosys-
tem, air quality, and meteorology will likely be required to accomplish
that capability (Farrell and Keating 1998).   Intensive ecosystem studies to
understand the influence of air pollutants on ecosystem processes and
community dynamics have been conducted by independent research pro-
grams at academic and research institutions but not as part of a larger
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integrated approach to measuring progress in air quality management.
Development of mechanistic ecosystem models that quantify and propa-
gate uncertainty is essential as they represent an integration of direct and
indirect effects on ecosystems. Model development should be an integral
part of ecosystem studies and modeling.  The models should be appropri-
ate for application across regions to estimate response at the scale of air
pollutant impacts.  Such application requires linking atmospheric models
(for example, exposure and meso-scale climate models) with ecosystem
process models (for example, carbon, water, nitrogen, and element cy-
cling) and community dynamics models.  Finally, selection of measure-
ment end points should be done with the regulatory community to ensure
that the measurements will provide a basis for accurate and defensible
risk assessment (Laurence and Andersen 2003).  For example, end points
should go beyond productivity and species composition to include integ-
rity of soil food webs; quantity and quality of water supplied from terres-
trial ecosystems; wildlife and recreational values; and transfer and fate of
carbon, nutrients, and water within the systems (Laurence and Andersen
2003). In Appendix D, a more detailed discussion of the new and ex-
panded program elements that are needed in ecosystem research and moni-
toring is presented.  The committee notes that similar recommendations
can be found in previous reports, such as the EPA “Ecological Research
Strategy” (1998e), the White House Office of Science and Technology
Policy’s Committee on Environment and Natural Resources proposed
framework for integrating the nation’s environmental monitoring and
research networks and programs (NSTC 1997a), the NRC’s (2000d) re-
port Ecological Indicators for the Nation, and the Heinz Center’s (2002)
report The State of the Nation’s Ecosystems.

ASSESSING THE ECONOMIC BENEFITS OF
AIR QUALITY IMPROVEMENTS

Overview

A final step that can be taken to measure the effectiveness of AQM
involves an economic assessment of the costs and benefits of the policies
and regulations implemented to manage air quality. Because such assess-
ments require that health and welfare benefits, such as fewer cases of asthma
in children and increased visibility in our nation’s parks, be assigned a
specific monetary value, they are controversial.  Nevertheless, economic
assessments are intrinsic to the system, because they provide policy-makers
with a tangible, quantitative measure of the net gains obtained from AQM
(NRC 2002a).  Indeed, the 1990 CAA Amendments explicitly direct the
EPA administrator to carry out a retrospective assessment followed by
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biannual prospective assessments of the costs and benefits of implementa-
tion of the CAA.

In an economic assessment, costs and benefits are estimated relative to
a baseline. For example in EPA’s most recent retrospective assessment, the
baseline was modeled to replicate conditions in the absence of implementa-
tion of the CAA (EPA 1997).  Progress in air quality and the resulting
human health and welfare benefits were then estimated using the air quality
data and methods described in the preceding sections of this chapter.  In
EPA’s first prospective assessment (EPA 1997), conditions in 1990 were
chosen as the baseline, and models, instead of air quality data, were used to
estimate the air quality benefits from continued implementation of the
CAA.  A similar approach is taken in the Office of Management and
Budget’s (OMB’s) annual cost-benefit analyses of AQM and other federal
regulatory programs (for example, OMB 2003a), in assessments of the Acid
Rain Program (Burtraw et al. 1998), and in many regionally specific assess-
ments (for example, Winer et al. 1989; Hall et al. 1989, 1992; SCAQMD,
1996; Krupnick et al. 1996; Lurmann et al. 1999; Burtraw et al. 2001a).
An alternative approach uses a shorter-term episode or event to establish a
baseline.  For example, Ransom and Pope (1995) used air quality and
epidemiological data from the Utah Valley during two intervals in the late
1980s when a steel mill was shut down (because of a labor dispute) to
estimate the health costs incurred by the 200,000 residents of the Utah
Valley because of their exposure to normally increased concentrations of
PM10.

Most economic assessments of AQM in the United States conclude that
the economic benefits of implementation of the CAA exceed the economic
costs.  For example, EPA estimated that the economic benefits of implemen-
tation of the CAA between 1970 and 1990 exceeded the costs by a range of
about $5–50 trillion (EPA 1997).  The estimates from EPA’s prospective
analysis for 1990–2010 had smaller but still positive net monetary benefits
(EPA 1999a).6 OMB (2003a) estimated a range in the monetary benefits of
regulation for 1992 to 2002 to be approximately $121 to $193 billion and
a range in costs to be $23 to $27 billion.  In virtually all of these assess-
ments, the major monetary benefit arises from deferred mortality associ-
ated with reductions in atmospheric PM10 and PM2.5. As discussed below,
these estimates raise some challenges to the robustness of the estimated net
monetary benefits.

6Some critics have questioned the existing framework of estimating the benefits and costs of
environmental improvements. Parry (1995) and Goulder et al. (1999) point to hidden costs
of additional regulations in society (see also the special issue of Journal of Risk and Uncertainty,
Vol 8, No. 1, 1994).  Williams (2002) points to the hidden benefits of additional regulations.  An
important issue for EPA is whether it continues to remain open to these criticisms and new ideas.
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Economic Assessments

Economic assessments (as they are now generally done) attempt to
provide a transparent process for relating economic benefits to a series of
specific measures to reduce pollutant emissions, population and ecosystem
exposure, and adverse health and welfare effects.  Consequently, a wealth
of information is provided to decision-makers about the probable future
gains from better air quality.  Aggregate analyses, such as those mandated
in the 1990 CAA Amendments and carried out by EPA, also provide a sense
of scale and can support assessments of the relative benefits of alterna-
tive regulatory policies (for example, focusing resources on reducing ambi-
ent concentrations of criteria pollutants versus hot-spot concentrations of
HAPs).

The cost-benefit analyses carried out thus far by EPA in response to the
directive of the 1990 CAA Amendments have undergone extensive peer
review, and EPA’s Science Advisory Board (EPA/SAB 1997) concluded
that the overall results were sound and useful for broad policy purposes.
The qualitative consistency between the retrospective analyses of EPA and
OMB also lends credibility to the analysis.  However, concerns remain
about aspects of the methods used; some are discussed below.

• The estimates of the health benefits from improved air quality were
based on the same health-effects literature that was used to develop the
NAAQS; thus, the assessment does not represent an independent confirma-
tion that such benefits were attained.

• The dominant contributor to the benefits estimates was the estimate
of deferred mortality from reduced population exposure to PM.  Thus, the
aggregate benefits of the CAA are sensitive to the dose-response relation-
ship adopted for PM and the monetary value assigned to deferred mortal-
ity.  Different choices for either of those parameters drawn from the main-
stream literature can change the net benefits estimated by a factor of nine
(Burtraw et al. 2003).  The principal study used for benefits estimation to
date (Pope et al. 1995) was subjected to intensive reanalysis by an indepen-
dent team of analysts who in large measure confirmed the results (HEI
2000).  However, new analyses of the dose-response relationships con-
ducted in different populations will provide enhanced understanding of
these relationships.  Several such studies are now under way.

• The measure of effects used in these analyses—the numbers of lives
lost to exposure—is controversial. One important source of controversy is
the epidemiological evidence that the very young, the old, and the infirm
are most susceptible to environmental exposures, and economic valuation
of changes in health status is often based on prime-age adults. Economic
estimates based on willingness to pay to avoid small risk to health status
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indicate that, at least for valuing the benefits of environmental improve-
ments for older populations, the usual economic measures are fairly accu-
rate (Krupnick et al. 2002). Other metrics to monetary valuation hinge on
cost-effectiveness analysis, which is designed to compare a set of regulatory
actions with the same primary outcome, such as number of years of life lost
(for example, see NRC 2002a) or the disability-adjusted life-years (DALYs)
lost (Murray and Lopez 1996),7 but a universally accepted method has yet
to emerge.

• Gaps in data and knowledge limited the scope of the analysis.  HAPs
were excluded from the analysis because of a scarcity of information on
exposure and health effects.  Benefits related to improvements in ecosystem
function were excluded because of uncertainties in the monetary value of
such improvements.  Similarly, the benefits gained from improvements in
lung function in children were omitted because a dollar value could not be
reliably attached to this outcome. Finally, because monitoring is concen-
trated in urban areas, the exposure characterization of rural populations is
not robust, and consequently, the benefits to rural populations could be
either overvalued or undervalued.

• Any attempt to compare monetized costs with monetized benefits, as
in the EPA study, is subject to uncertainty and missing information.  Not all
costs and benefits can be equally well quantified and monetized.  Also,
elicitation of estimates can be expensive and analysis often must rely on the
transfer of estimates from other settings that are imperfect substitutes.
Further, aggregation of measured individual preferences to achieve an esti-
mate of social costs and benefits can involve political decisions that are
implicitly controversial.

• The usefulness of economic assessments such as those carried out by
EPA could be enhanced if the connection between specific air quality poli-
cies and the dollar values of discrete health and welfare benefits were more
transparent (Hall 1996; Krupnick and Morgenstern 2002).  For example, a
source-specific multipollutant approach could be adopted that would as-
sess the costs and monetized benefits associated with implementing emis-
sion controls on specific types of sources (for example, utilities and mobile
sources).  Alternatively, specific individual measures could be evaluated on

7These kinds of measures have been important in decisions about allocating public health
resources but are controversial with regard to measuring the benefits of social programs.
Approaches using estimates of life-years lost and disability-adjusted life years (DALY) are
controversial, because they associate a nonmonetary value of change in health status that
differs for different members of the population. For example, a senior citizen may have fewer
life-years lost than a prime-age adult because of an environmental exposure. Similarly, the
DALY approach suggests that older citizens or citizens with a preexisting disease, or disabili-
ties, suffer a smaller loss from premature mortality than younger or healthier citizens (Hein-
zerling 2000).
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a disagregated basis, because large net benefits might be masking ineffective
or inefficient programs or regulations. A regional approach could identify
control options that produce the largest benefits in specific parts of the
country.

• Economic assessment, such as that carried out by EPA, requires a
reliable assessment of the costs of implementation. The United States prob-
ably leads the world in the availability of information about the cost of
environmental compliance through data collected in the Pollution Abate-
ment Cost and Expenditures (PACE) Survey.  The survey has provided the
basis for a large number of scholarly studies that have contributed to im-
proving the effectiveness of environmental regulation.  In recent years, the
survey has been intermittent due to interruptions in funding.  The PACE
survey is discussed further in Box 6-7.

SUMMARY

Strengths of Techniques for Tracking Progress in AQM

• Continuous emissions monitoring (CEM) systems on electric utilities
regulated under the acid deposition program of the CAA have documented
substantial reductions in SO2 emissions.

BOX 6-7 Pollution Abatement Cost and
Expenditures (PACE) Survey

The PACE survey was conducted annually by the U.S. Bureau of the Census
from 1973 through 1994, when it was suspended by the bureau for budgetary
reasons. In 2000, another survey was carried out. However, time and resource
constraints have delayed implementation of subsequent PACE survey cycles.

• The PACE survey data provide a distinctive tool for evaluating the costs of
compliance with environmental regulations. EPA has used the PACE data in its
reports on the cost of clean air, Section 812 clean air retrospective cost analysis,
numerous sector-specific studies, regulatory impact analyses, analyses of recy-
cling activities, and national studies of environmental protection activities.

• The PACE survey provides three levels of data. First, the published PACE
survey provides aggregate data on pollution abatement spending, both for new
capital expenditures and for operating costs. Second, the PACE survey provides
abatement spending data at the industry and state level.  EPA has used these
data for specific sector studies and regulatory impact analyses. Third, the facility-
level data collected for the PACE survey can be linked with other census-collected
data for those plants and accessed by researchers working at census research
data centers around the nation under strict controls to maintain confidentiality.
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• National atmospheric deposition monitoring stations have docu-
mented a reduction in sulfate deposition in the eastern United States.

• Air quality monitoring networks are a significant national resource
and have provided qualitative confirmation of emission-inventory estimates
that indicate that pollutant emissions in the United States (and especially in
urban areas) have decreased over the past three decades.

• Analyses of short-term episodes with significant changes in pollutant
concentrations confirm that health benefits accrue when air quality is
improved.

• Biomarkers may provide a useful surrogate for documenting trends
in population exposure to pollutants over the longer term.

• EPA’s congressionally mandated economic assessments of the costs
and benefits of AQM in the United States are peer reviewed and appear to
represent the state of the science.

Limitations of Techniques for Tracking Progress in AQM8

• The nation’s AQM system has not developed a comprehensive and
quantitative program to track emissions and emission trends.

• Although improvements have been made, accessibility to actual data
acquired from the monitoring networks is limited.

• The AQM system has not completed a comprehensive program to
monitor HAPs so that population exposure and concentration trends can
be tracked.

• With the exception of CEM, there is limited ability to quantify sta-
tionary sources emissions.

• The air quality monitoring network for criteria pollutants is domi-
nated by urban sites, limiting its ability to address a number of important
issues.

• Some of the instruments and methods used in the nation’s air quality
monitoring networks are inadequate to meet the objectives of the monitoring.

• Methods used by EPA to calculate pollutant trends from data col-
lected from air quality monitoring networks could be improved.

• The AQM system has not developed a method and related program
to document independently improvements in health and welfare outcomes
achieved from improvements in air quality (see Box 6-8).

• The AQM system has not developed a cohesive program capable
of reliably reporting the status of ecosystem effects of air pollution and
the response to changing air pollution conditions across regions and the
nation.

 8Recommendations are provided in Chapter 7.
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• Cost-benefit analyses of AQM carried out by EPA and others are
limited by a lack of relevant data (for example, on the health effects of
HAPs) and a reliance on controversial value judgments.

• Data on costs, such as the PACE survey, are necessary to monitor the
costs of CAA compliance and to identify cost-effective policies.  However,
inconsistent levels of funding in the past have undermined the ability of the
PACE survey to provide a long-term data set and to serve as a tool to esti-
mate costs.

BOX 6-8 The State of the Environment Report—
A Sign of a New Paradigm Emerging at EPA?

The list of limitations in tracking progress at the end of this chapter presents a
sobering picture. While significant resources have been expended in the United
States to identify air quality problems and to reduce the pollutant emissions be-
lieved to be fostering these problems, there appears to have been a far less con-
certed effort to track and document objectively and comprehensively the real-world
benefits of AQM.  Fortunately, a new paradigm appears to be emerging at EPA
that recognizes the importance of such an effort. As this committee was complet-
ing its work, EPA released its Draft Report on the Environment (2003n). The pur-
pose of the report was to identify and quantify environmental indicators “to better
measure and report on progress toward environmental and human health goals
and to ensure the Agency’s accountability to the public.” The report represents an
important addition to an understanding of the state of the environment and of the
limitations of data available for assessing progress.  Few data are available that
can be used to assess the impacts of AQM measures in the United States on
specific human and ecological health goals.  Even with large data collection ef-
forts, the establishment of trends attributable to AQM will continue to be a formida-
ble task for diseases such as cancer and asthma because of other strong risk
factors.  For those environmental indicators that have data, a continuous tracking
of the indicators over a span of a decade or more will be needed to establish a
trend and its relationship to AQM activities. Thus, long-term support for the activity
initiated with the production of EPA’s Draft Report on the Environment is recom-
mended  (1) to ensure that EPA is able to produce a series of reports on a biannual
or triannual basis, and (2) to provide the scientific and technical basis for environ-
mental indicators that link human and ecological health outcomes with air quality.
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INTRODUCTION

The air quality management (AQM) system has been effective in ad-
dressing some of the most serious air quality problems confronting the
United States in the latter half of the twentieth century. New technologies
and fuels, developed largely in response to Clean Air Act (CAA) require-
ments, have substantially reduced emissions from mobile, stationary, and
other sources. As a result, the U.S. population has experienced large re-
ductions in ambient concentrations of lead (Pb), carbon monoxide (CO),
sulfur dioxide (SO2), and, in some regions, ozone (O3) and particulate
matter (PM10).  These reductions in ambient concentrations have come
despite substantial economic and population growth in the United States
that brought about increases in power generation, vehicle miles traveled,
and other activities that are traditionally associated with emissions of air
pollutants.

However, significant and perhaps even more difficult challenges are to
be met in the coming decades. In this chapter, a number of specific changes
to the air quality management (AQM) system are recommended that would
improve our ability to meet these challenges effectively. To place these
recommendations in an appropriate context, this chapter begins with a
brief discussion of some of the air quality challenges that the nation will
need to confront in the future and then outlines a set of overarching prin-
ciples that guided the committee in designing its recommendations (see
Figure 7-1).

7

Transforming the Nation’s AQM
System to Meet the Challenges

of the Coming Decades
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THE CHALLENGES AHEAD

Meeting NAAQS for O3 and PM2.5 and Reducing Regional Haze

In 1997, the U.S. Environmental Protection Agency (EPA) promulgated
new National Ambient Air Quality Standards (NAAQS) for two criteria
pollutants: O3 and PM. These standards were developed because of new
scientific data that indicated deleterious health effects from exposure to
concentrations of the two pollutants that were below the current NAAQS.
Meeting the new standards will require additional reductions in pollutant
emissions. Moreover, because O3 and PM are secondary pollutants (pro-
duced in the atmosphere from reactions involving primary pollutants), it
will be necessary to determine which pollutant emissions to reduce and to
devise appropriate monitoring systems to assess progress toward meeting
the new standards. All of these tasks will be major challenges for the AQM
system in the United States over the next decade.

The standard for O3 has been changed from a maximum 1-hr peak
concentration of 120 parts per billion by volume (ppbv) to an 8-hr average
concentration of 80 ppbv.1  It has proved to be extremely difficult to attain
the previous (1-hr) O3 NAAQS.  In the United States, approximately 56
areas composed of 233 counties have yet to attain it after decades of trying
to do so (EPA 2003p).  It will probably be even more difficult to meet the
new O3 8-hr standard (NARSTO 2000).  Retrospective analysis of air
quality data indicates that there will be many more exceedances of the new
8-hr standard than the previous 1-hr standard.  More frequent exceedances
will occur in areas already in nonattainment of the 1-hr standard, and new
exceedances will occur in areas currently in attainment of the 1-hr stan-
dard. Many of these new nonattainment areas will be in rural areas that do
not have the major sources of the various air pollutants that produce O3.
The decline of the 8-hr averaged O3 concentrations (11%) in the United
States has been slower than that of the 1-hr averaged O3 concentrations
(18%) over the past two decades (EPA 2002a). Therefore, additional pollu-
tion control strategies are likely to be needed to meet the new O3 NAAQS—
for example, a further departure from the local emission-control approach
demanded in the current state implementation plan (SIP) process and the
enhanced development of multistate airshed2 management approaches, such
as those embodied by the Ozone Transport Assessment Group (OTAG) and
the resulting requirement to submit a revised NOx SIP.

1EPA is phasing out the 1-hr 0.12-ppm standards (primary and secondary) and putting in
place the 8-hr 0.08-ppm standards.  However, the 0.12-ppm standards will not be revoked
in a given area until that area has achieved 3 consecutive years of air quality data meeting the
1-hr standard (EPA 2001a).

2The geographic extent of a pollutant or its precursor emissions in air is often referred to as
an airshed.
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Developing effective strategies to attain the new PM2.5 standard may
also prove to be difficult. Atmospheric PM is a complex mixture of solid
and liquid particles suspended in air; PM2.5 is a subset of PM in the atmo-
sphere with (aerodynamic) diameters of less than 2.5 × 10–6 m (or 2.5 µm).
Modern instrumentation capable of characterizing individual particles in
the atmosphere confirms that PM2.5 within any airshed comprises num-
erous particles having different sizes, shapes, and chemical components
(NARSTO 2003). Some actions are already under way or proposed to
reduce these emissions (for example, the existing 2007 heavy-duty on-road
diesel requirements and the proposed multipollutant controls on electric
utilities).  However, for the nation’s AQM system to protect human health
from PM2.5 pollution over the long term, the specific characteristics of
PM2.5 that negatively affect health need to be identified, the sources of
emissions and the atmospheric processes responsible for the ambient con-
centrations of particles with these characteristics need to be determined,
and new control technologies will need to be developed and implemented.
These tasks will require a major investment in research (as outlined in NRC
1998b) and close collaboration between the policy-making and scientific
and engineering communities in the United States.

Reducing regional haze to improve visibility in scenic areas, such as
national parks, is another difficulty that the U.S. AQM system will be
confronting for decades to come.  As discussed in Chapters 2 and 5, EPA’s
regional haze regulations call for states to develop strategies that will bring
about interim improvements by 2018 but do not project attainment of the
stated goal of returning national parks and wilderness areas to their natural
visibility conditions until 2065.

O3, PM2.5, and regional haze share, to some extent, common precur-
sor emissions and chemical pathways for the generation of these pollut-
ants and are all to greater or lesser extents affected by long-range trans-
port. For those reasons, it is critically important that pollution control
strategies targeted for mitigation of O3, PM2.5, and regional haze be de-
veloped in tandem and on a multistate basis. Such a multipollutant,
multistate approach should minimize the possibility that control strate-
gies implemented for one pollutant will inadvertently increase the concen-
trations of another pollutant3 and should enhance the ability of policy-
makers to maximize the cost-effectiveness of their overall air pollution
control strategies. The one-pollutant-at-a-time approach that is currently
used to develop SIPs may substantially hinder the development of multi-
pollutant control strategies.

3In some cases, reducing sulfate emissions can increase concentrations of nitrate-containing
PM (NARSTO 2003).
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Toxic Air Pollutants

The health risks faced by U.S. citizens from exposure to toxic air pollut-
ants remain an important concern, albeit one that is not well quantified.
The National Air Toxics Assessment (NATA) estimates that most Ameri-
cans face cancer and noncancer risks of public health concern from expo-
sure to hazardous air pollutants (HAPs) (EPA 2002e). Moreover, these
estimates do not consider the risks associated with exposures to numerous
poorly characterized HAPs, or to the large number of chemicals that are not
identified as HAPs but that might pose a health hazard.  Although some
monitoring data suggest that concentrations of commonly measured HAPs
are declining and the implementation of planned maximum achievable con-
trol technology (MACT) and other regulations is expected to substantially
reduce toxic emissions, significant residual risk is predicted to remain (EPA
2000a).  Given the multitude of sources of toxic air pollutants in the nation
and the variety and complexity of the risks they pose, protection of human
health and ecosystems from exposure to HAPs will continue to challenge
the AQM system over the coming decades.

Ideally, control strategies for HAPs would be scaled to the degree,
severity, and pervasiveness of the risks posed. The difficulty in developing
such strategies has been and will probably continue to be a lack of sufficient
information on the sources, atmospheric distribution, and effects of most
HAPs.  Evidence regarding risks for the majority of HAPs, unlike the crite-
ria pollutants, is often indirect (that is, from animal studies rather than
human laboratory or epidemiological studies) and extrapolated from ef-
fects reported for HAPs at concentrations much higher than typical ambi-
ent concentrations. In addition, current efforts to monitor HAPs fall far
short of that needed to characterize HAP exposures adequately.  There is a
clear need to enhance resources for research, data collection, and analysis
efforts on HAPs.  However, in the past, priority for these resources has
generally been given to criteria pollutants.

A large number of potentially toxic pollutants in the atmosphere are
unregulated and, in most cases, poorly characterized in terms of environ-
mental concentrations and subsequent health and ecological effects.  An
illustration of the enormity of this problem is that while 188 compounds
are officially designated as HAPs by EPA, an estimate of approximately
300 compounds with varying tendencies to exist in the atmosphere as
gases or particles are introduced into commerce each year by U.S. indus-
tries.4 A major challenge for the nation’s AQM system over the coming

4Information obtained from the Notice of Commencement Database maintained by the
inventory section in EPA’s Office of Pollution Prevention and Toxics.
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decades will be the development of a research and regulatory infrastruc-
ture capable of protecting human health and welfare from the increasing
number of potentially toxic pollutants in the atmosphere in an effective
and timely manner while not unnecessarily impeding economic activity
and technological progress.

Protecting Human Health and Welfare in the
Absence of a Threshold Exposure

There is increasing evidence that for some criteria pollutants and sub-
sets of the population, any exposure is harmful—that is, there is no thresh-
old exposure below which harmful effects cease to occur (Daniels et al.
2000). Under these circumstances, there is a tendency to set air quality
goals and standards at ever lower concentrations—concentrations so low,
in fact, that they approach what might be considered the irreducible back-
ground concentration that is unaffected by human pollutant emissions and
thus impervious to even the most aggressive air pollution control efforts. To
address this challenge, AQM needs to develop a better understanding of the
reducible (human-induced) and irreducible components of pollution in the
United States (NARSTO 2000). Achievement of this understanding will
require a substantial expansion of monitoring networks into rural and
remote regions, as well as in cities (see Chapter 6).  Enhanced tools will also
be required for exposure assessment and health and ecosystem impact analy-
sis to better characterize risks at low levels of exposure. When scientific
understanding is improved, it might be necessary to reconsider how to set
standards to protect public health from those pollutants with no established
thresholds.

Ensuring Environmental Justice

The CAA Amendments of 1990 make no direct or specific reference to
environmental justice.  Nevertheless, environmental justice issues clearly
can arise in the implementation of the CAA, and for this reason, environ-
mental justice is a goal of the nation’s AQM system (see Chapter 2).  Ad-
dressing environmental justice in the nation’s AQM system will require
actions on a number of levels.  First, environmental justice concerns rein-
force the need to monitor and model the distribution of HAPs and other
pollutants in microenvironments and to use those results to estimate expo-
sures to the populations in those microenvironments.  Second, the concept
of environmental justice will need to be incorporated in the earliest stages
of air quality planning and management.  Implementation planning has a
critical role in the CAA, and issues of environmental justice often can be
addressed most effectively during development of these plans especially if
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they begin to address multiple pollutants and hot spots,5 as proposed in the
third and fourth recommendations in Recommendations for an Enhanced
AQM System later in this chapter. In one instance, the California Air
Resources Board (CARB) led in establishing a framework for incorporating
environmental justice into its programs consistent with the directives of
state law (CARB 2001).  Third, new proposals for pollutant reduction (cap-
and-trade programs, for example) should be judged in terms of the environ-
mental justice impact and the efficacy of the reduction and should be de-
signed to include sufficient local emission-control requirements to minimize
the possibility that hot spots will result, especially in disadvantaged com-
munities.  Fourth, Native American tribes should be given help to develop
and implement AQM programs for reasons of environmental justice and
tribal self-determination.

The recommendations advanced later in this chapter, specifically those
that allow AQM to target the most significant exposures and risks, are
designed in part to address these issues.

Assessing and Protecting Ecosystem Health

The goal of protecting ecosystems is clearly enunciated in the CAA
under the proviso to protect public welfare through the promulgation and
implementation of secondary standards. The protection and maintenance
of ecosystems is critical not only because of a general desire to protect and
preserve forests and undeveloped spaces in the United States but also be-
cause ecosystems provide invaluable services (for example, water purifica-
tion, water supply, forest production, and carbon and nitrogen fixation)
that are essential to our economy and the public health (Daily 1997; ESA
1997a; Balmford et al. 2002). Indeed, provisions to mitigate ecosystem im-
pairment in wilderness areas and national parks in the 1977 CAA Amend-
ments and to mitigate the effects of acid rain in Title IV of the 1990 CAA
Amendments are proactive steps taken by Congress to protect public wel-
fare in the absence of formally established secondary standards.

Despite the mandate in the CAA to protect welfare, protection of eco-
system health has not received adequate attention in the implementation of

5Hot spots are locales where pollutant concentrations are substantially higher than concen-
trations indicated by ambient outdoor monitors located in adjacent or surrounding areas. Hot
spots can occur in indoor areas (for example, public buildings, schools, homes, and factories),
inside vehicles (for example, cars, buses, and airplanes), and outdoor microenvironments (for
example, a busy intersection, a tunnel, a depressed roadway canyon, toll plazas, truck termi-
nals, airport aprons, or nearby one or many stationary sources). The pollutant concentrations
within hot spots can vary over time depending on various factors including the emission rates,
activity levels of contributing sources, and meteorological conditions.
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the act (see Chapter 2). Nevertheless, research over the past 30 years sug-
gests that there is a critical need to protect ecosystems from the damaging
effects of air pollution. In addition to impairment of visibility, air pollution
can have far-reaching effects on ecosystems, including damage to trees and
crops; degradation of soil quality (particularly shallow forest soils); acid-
ification of surface waters; and a resulting decrease in the diversity of
biota, contamination of fish tissue (for example, by mercury and polychlo-
rinated biphenyls), and eutrophication of coastal waters.  Those ecological
effects have an impact on humans through decreases in the productivity of
forests and crops, increased advisories on consumption of contaminated
fish, loss of fisheries in waters located in upland forests and in estuaries,
and a deterioration of the quality of recreational activities.  A major goal of
the nation’s AQM system in the coming decades should be to establish an
appropriate research and monitoring program that can quantitatively docu-
ment the links between air pollution and the structure and function of
ecosystems and use that information to establish realistic standards and
goals for the protection of ecosystems and implement strategies to attain
those standards and goals.

Addressing Multistate, Cross-Border, and Intercontinental Transport

Historically, the primary emphasis of AQM in the United States has
been on controlling emissions in and nearby urban and industrial centers
where pollutant concentrations are generally the highest; this approach is
often referred to as a local pollution control strategy. During the late 1980s
and 1990s, it was realized that controlling local emissions alone was insuf-
ficient to meet the NAAQS for some air pollutants in some areas.  In
response, regional planning organizations were created to devise multistate
AQM strategies. As discussed in Chapter 3, some of these regional planning
organizations were created in response to specific requirements of the 1990
CAA Amendments (for example, the Ozone Transport Commission and the
Grand Canyon Visibility Transport Commission), and others were formed
on a more ad hoc basis (for example, the Ozone Transport Assessment
Group).  Whatever the mechanism that led to their formation, these re-
gional planning organizations all shared a common purpose: to fill the gap
in the nation’s AQM system that has historically fallen between the respon-
sibilities and regulatory authority vested with state governments and those
vested with the federal government. To better fill this gap and thereby
facilitate the development and implementation of multistate AQM plans in
the future, the recommendations section of this chapter proposes that EPA’s
role in addressing regional problems be enhanced.

As more is learned about the atmosphere, it has become more apparent
that air quality in a locale (even an urban locale) can be influenced by even
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longer range pollutant transport; namely, transport across national bound-
aries and even between continents.  Analyses of data sets gathered from
space-based and airborne platforms in combination with sophisticated com-
puter models indicate that air pollutants from Central America, Asia, Af-
rica, and Europe reach North America, and, in turn, pollutants from North
America reach Europe (Figure 7-2).  The implications for AQM in the
United States are 2-fold:

• International and intercontinental transport of pollutants can sig-
nificantly degrade air quality in the United States, particularly over the
short term.  For example, in April and May 1998, large amounts of smoke
were observed by the total O3 mapping spectrometer (TOMS) satellite in

A

E

F

B

C

D

FIGURE 7-2  Contribution to the sulfate column burden for July 15, 1997, at
00UT (vertical integral of the concentration) from different source regions showing
intercontinental transport.  Data are in micromoles per square meter.  Source re-
gions are (A) Asia (anthropogenic), (B) North America (anthropogenic), (C) Europe
(anthropogenic), (D) biogenic (dimethyl suflide and hydrogen sulfide from natural
sources), (E) volcanoes, and (F) total.  Results from the Brookhaven National Lab-
oratory chemical transport and transformation model for sulfate.  SOURCES: Data
from Benkovitz et al. 2003; and from C.M. Benkovitz, Brookhaven National Labo-
ratory; S.E. Schwartz, Brookhaven National Laboratory; M.P. Jensen, Columbia
University; M.A. Miller, Brookhaven National Laboratory; R.C. Easter, Pacific
Northwest National Laboratory; and T.S. Bates, Pacific Marine Environmental
Laboratory; unpublished material, 2004.

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


TRANSFORMING THE NATION’S AQM SYSTEM 277

plumes emanating from fires in Mexico and extending into Florida, Texas,
New Mexico, California, and Wisconsin. Along the Gulf Coast of Texas, a
public health alert was issued advising residents to stay indoors to avoid the
smoke.  Similarly, chemical measurements have documented the import of
pollutants transported from the Eurasian continent across the Pacific Ocean
into the western part of North America (Jaffe et al. 1999; Wilkening et al.
2000).  The rapid industrialization of the Asian continent could conceiv-
ably exacerbate this phenomenon.

•  Pollutant emissions from North America, Europe, and Asia are
probably causing an increase in the so-called background concentrations of
pollutants in the northern hemisphere. For example, there is evidence that
the background concentration of tropospheric (lower atmospheric) O3 in
the northern hemisphere has increased by as much as a factor of 3 in the
past 100 years, presumably in response to growing pollutant emissions
from throughout the hemisphere, including the United States (Volz and
Kley 1988; Staehelin et al. 1994).  In addition, the mean summer afternoon
concentration in rural areas of the United States  (Logan 1988) and Europe
(Scheel et al. 1997) have grown by a factor of 4 to 6.  As standards for PM
and O3 become more stringent and the thresholds for health effects from air
pollution are found to be lower or nonexistent, the increasing level of
background pollution causes difficulty in separating the effects of local and
regional air pollution from global problems.

To address these international aspects of air pollution, the AQM sys-
tem will need to continue to develop, implement, and utilize sophisticated
remote-sensing technology to document and track the phenomena. It will
also be necessary for the United States to continue to pursue collaborative
projects and enter into agreements and treaties with other nations (espe-
cially developing nations) to help minimize the emissions of pollutants that
can degrade air quality on continental and intercontinental scales. Examples
of past initiatives and treaties undertaken by the United States to mitigate
atmospheric problems of international concern include the development
and implementation of the Montreal Protocol to address stratospheric O3
depletion, the Convention on the Long-Range Transport of Transboundary
Air Pollution (CLTRAP) to mitigate a wide range of air quality problems,
and NARSTO to develop a coordinated program of research on the causes
of and remedies to ground-level O3 and PM pollution in Canada, Mexico,
and the United States.

Adapting the AQM System to Climate Change

The earth’s climate is warming (IPCC 2001). Although uncertainties
exist, the general consensus within the scientific community is that this
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warming trend will continue or even accelerate in the coming decades
(IPCC 2001; NRC 2001b). Some forms of air pollution might be exacer-
bated by these climate changes. For example, precursor emissions and pho-
tochemical reactions that result in the production of O3 tend to increase
with warmer temperatures (Carter et al. 1979; Tingey 1981; Chock et al.
1982; Halberstadt 1989; Cardelino and Chameides 1990; Bernard et al.
2001).  The AQM system must be flexible and vigilant in the coming
decades to ensure that pollution mitigation strategies remain effective and
sufficient as our climate changes.

At the same time, air pollution and human-induced climate change
have one important common characteristic: they are both fostered by the
burning of fossil fuels and other anthropogenic activities. Although some
emissions contribute to climate warming (for example, CO2, soot, and
upper tropospheric O3), others cool the climate (for example, sulfates
formed from sulfur oxide emissions) (IPCC 2001; NRC 2001b; Hansen and
Sato 2001).  Thus, some efforts to mitigate air pollution may also help to
mitigate climate warming (for example, reducing O3 precursor emissions),
and others may inadvertently exacerbate climate warming (for example,
reducing sulfur oxide emissions).  If the current trends in climate continue,
the air pollution and climate interactions will need to be considered in
designing air pollution control strategies. Multipollutant approaches that
include mitigation of climate warming as well as air pollution may be
desirable, and some states have already considered implementing such pro-
grams (STAPPA/ALAPCO 1999).

PRINCIPLES FOR ENHANCING THE AQM SYSTEM

In the U.S. democratic system, the AQM system is designed and imple-
mented by political decision-makers and is, therefore, greatly influenced by
political and economic considerations. However, since its inception, the
CAA has recognized that its effectiveness can be substantially enhanced by
policies that are informed by and consistent with scientific and technologi-
cal realities. On the basis of the committee’s analysis of the strengths and
limitations of the AQM system (in Chapters 2 through 6), as well as the
future challenges described above, the committee has identified a set of
overarching scientific and system-design principles that should guide the
improvement and development of the nation’s AQM system.

One Atmosphere Approach for Assessing and Controlling Air Pollutants

Air pollutants are constituents of the atmosphere and, as such, can be
transported and mix freely in atmosphere and transfer to other environ-
mental media. Air pollutants do not have political and statutory boundaries
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and when humans and ecosystems are exposed to air pollution, they are
simultaneously exposed to a complex array of contaminants.  Moreover,
pollutants that affect humans can affect ecosystems, and, perhaps more
important, pollutants that appear to affect ecosystems only can also directly
or indirectly affect human health and activities, because society depends on
ecosystems for essential environmental services.

In large part because of the federal system of government, efforts to
mitigate air pollution in the United States are organized along state bound-
aries and, within states, along county and metropolitan boundaries. Be-
cause of limitations in both resources and knowledge and the structure of
the NAAQS process, most mitigation efforts focus on pollutants separately.
Although such approaches may be expedient, they are often inadequate to
characterize the transport, mixing, and reaction of air pollutants and the
exposure of people and ecosystems to these pollutants. In the long run, such
approaches may limit the ability of an AQM system to protect human
health and welfare most effectively. The air pollution challenges facing the
nation over the coming decades are complex; they are likely to require
mitigation strategies that are consistent with the “principle of one atmo-
sphere.”  Such a principle requires understanding the dispersion and inter-
action of multiple pollutants over multistate or even international airsheds,
developing the air pollution control strategies that span multistate airsheds,
and understanding and mitigating the impacts on human health and ecosys-
tem condition that arise from simultaneous exposure to multiple pollutants.
It will also require better understanding of the range of important emissions
from any one set of sources so that facilities and other pollutant emitters
have the underlying information needed to develop innovative multipol-
lutant control technologies and pollution prevention practices. Detailed
recommendations are provided later in the chapter.

Ultimately, in light of the substantial scientific data documenting the
role of air pollution in the effects on water and soil, the AQM system will
need to move beyond one atmosphere and address one environment (see
Box 7-1).  Although complete consideration of the implications of this
broader approach was beyond the scope of this committee’s charge, the
committee notes that a comprehensive assessment of these issues is needed
in the future.

Risk Determined by Actual Exposure

The adverse effects of air pollutants on humans and ecosystems are
ultimately determined by the actual exposures and sensitivity of humans
and ecosystems to the myriad air pollutants in the atmosphere. However,
many of the specific mitigation efforts under way in the United States are
guided by standards and goals that target the ambient concentrations or
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BOX 7-1 Beyond One Atmosphere to One Environment:
Accounting for Cross-Media Pollution

Pollutants are transported between the atmosphere and other media (water
and soil). Although research on the consequences of air pollutants has tradition-
ally focused on the direct effects on human and plant health, materials and atmo-
spheric visibility studies over the past 30 years have demonstrated that air pollut-
ants can accumulate in soil; contaminate groundwaters, surface waters, and
estuaries; and, under certain conditions, be re-emitted back to the atmosphere (for
example, mercury and nitrogen oxides).  The multimedia effects of air pollutants
greatly increase the complexity of AQM. Air pollutants may have an impact on
human health through contamination of water supplies and food, in addition to the
impact through direct exposure and inhalation. A prime example of such phenom-
ena and the serious environmental effects that can be thus engendered is found in
an examination of the reactive nitrogen cycle, where nitrogen compounds gener-
ated from food and energy production are believed to have profound effects on air
and water quality and on ecosystem function and climate (Ambio Special Issue,
March 2002). Persistent organic pollutants (POPs), such as polychlorinated biphe-
nyls (PCBs) and polybrominated diphenylethers (PBDEs), also tend to persist in
the environment and can accumulate in human tissue. They can appear as air
pollutants, but they can also contaminate water, soils, and the food web (Rodan et
al. 1999).

Recognition of multimedia effects has blurred the distinction between air and
water pollution, and that may require rethinking the approach for setting air pollu-
tion standards and for linking air quality policy with other environmental policies.
For example, the contamination of groundwater supplies, surface waters, and es-
tuaries by air pollutants has implications for the Safe Drinking Water Act, the Clean
Water Act, and state and local environmental management policies, including fish-
consumption advisories. At a minimum, the growing awareness of these multime-
dia challenges calls for renewed efforts, in the CAA and elsewhere, to provide the
incentives to all parties to prevent the emission of pollutants before they are cre-
ated rather than treating them after they have been produced. Beyond that, a
comprehensive, multisector strategy for the mitigation of both air and water pollu-
tion may ultimately prove necessary to comprehensively protect human and eco-
system health.

emission-control technologies of a few specific pollutants rather than the
actual risks borne by people and ecosystems.

Developing an AQM system that explicitly targets risks would be a
challenging task. Pollutant concentrations can vary considerably in time
and space, and pollution sources that contribute to exposure may do so to
different extents. Of particular concern are the so-called hot spots, where
pollutant concentrations are significantly higher than the average ambient
concentrations. An additional complication arises when some individuals
or groups (such as those with sensitivities due to genetic makeup or preex-
isting conditions) and certain ecosystems, habitats, or species (such as sen-
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sitive crops and estuaries) are more susceptible to the effects of pollutants
than the average for that category.  Enhanced susceptibility to certain toxi-
cants during certain life stages (for example, in utero, childhood, and old
age) is another important concern that has been considered inadequately in
the development of regulatory strategies.  Some populations, particularly
those living or working in and around hot spots, also might be more heavily
exposed and thus at greater risk to air pollutants. As discussed in Chapter
2, disadvantaged communities and individuals are often the ones most
exposed to pollutants from industrial facilities and transportation.  Finally,
high exposures can be generated indoors through many sources, including
the use and off-gassing of consumer products.

To address these complex and multifaceted exposures and effects, the
nation’s AQM system would have to be modified substantially. More com-
prehensive multipollutant monitoring systems would be required for those
pollutants posing the most significant risk, and enhanced efforts would be
needed to understand the relationship between ambient pollution and the
full range of indoor and outdoor exposures of individuals and ecosystems
to pollutants. It would also require systematic efforts to assess both human
health and ecosystem impacts, especially in susceptible or more highly ex-
posed populations and ecological settings.  Changes in statutory require-
ments and standard-setting procedures may be necessary as well.

Dynamic AQM in a Constantly Changing Technological Society

The United States is a technological society that is complex and con-
tinuously changing.  The future trajectory of society is determined by a
complex interaction of social, economic, political, and technological forces
as well as natural phenomena that occur independently of, and sometimes
in response to, human influence (for example, climate change). Moreover,
scientific understanding of the causes, consequences, and management op-
tions of air pollution and the technology for addressing air pollution are in
flux.  For those reasons, unforeseen pollutants might someday overshadow
air pollutants that are of primary concern today, and air pollution mitiga-
tion strategies that are effective today might not apply in the future (for
example, as a result of globalization of trade and shifting emissions pat-
terns).  The rate of change can cause difficulties:  rules and regulations need
to provide some level of certainty to regulated parties, but they can also
impose substantial inertia on the system, making it difficult to respond to
new scientific information and technological developments.  If the nation’s
AQM system is to apply the best knowledge on a continuing basis, the
system must be dynamic—a system that can be adjusted and corrected as
new information, scientific understanding, and technological advances be-
come available.
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Emphasizing Performance Rather Than the Process

Science advances through iteration.  Theory and prediction are used to
explain observed phenomena, and observations are used to test theories
and predictions. Empirical data and observations of performance ultimately
determine the viability of scientific understanding.  The AQM system, on
the other hand, is inherently regulatory in nature.  As a public and political
endeavor that imposes requirements and restrictions on parties who would
not voluntarily observe them, AQM must attend to a variety of system-
design objectives, including fairness, openness, and predictability for regu-
lated parties, stability, legal enforceability, and cost effectiveness along with
the overarching goal of improving air quality.  In such a system, the pro-
mulgation of statutory requirements, rules, and mandated methods and
practices can become primary, while the testing of the system’s perfor-
mance in improving air quality becomes secondary. That development is
not entirely surprising, because the system is designed to anticipate predict-
able attempts by regulated entities to circumvent more flexible regulatory
requirements.

An overemphasis on procedures can produce an AQM system that is
overly complex and rigid and insufficiently focused on measuring perfor-
mance. Indeed, participants in the existing AQM system at all levels (the
public; stakeholders; and local, state, and federal officials) have expressed
concern that the current system is sometimes overly driven by rules and
procedures, focusing too much time on paperwork and not enough time on
tracking the efficacy of the statutes, rules, and methods that were enforced.
Insufficient tracking makes it difficult to identify weaknesses and flaws in
the technologies and strategies used to control air pollution, and it makes
it difficult to help in the development of technologies and strategies that
are more cost-effective and thus capable of attracting broader community
support.

A stronger performance-oriented approach would potentially be more
effective.  It would borrow from the scientific approach that emphasizes
reconciling expectations and observations, not process.  It would also cre-
ate accountability for achieving results and allow procedures and methods
to be adjusted and corrected as data on impacts indicated.  Such a system
would give regulated entities greater discretion in developing plans for
achieving the goals of the AQM system, while holding them accountable
for the results.  Scientific tools would be used to monitor the impact of
control strategies on emissions, air quality, and relevant human health and
welfare outcomes and to monitor the method of hypothesis testing through
observations to improve the relevant policies and regulations.  Automatic
rewards for achieving results and automatic sanctions for failing to achieve
them might also be included in this system.
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RECOMMENDATIONS FOR AN ENHANCED AQM SYSTEM

Ideally, an enhanced AQM system should build upon the current AQM
system in the following key ways:

• Strive to identify the most significant exposures, risks, and uncer-
tainties.  The ideal AQM system would systematically assess the popu-
lation’s exposure to all pollutants and the relative human health, welfare,
and ecological impacts of all pollutants.  It would set priorities for pollut-
ants according to those exposures and impacts.

• Strive to take an integrated multipollutant approach to address the
most significant exposures and risks. Foster control strategies that accom-
plish comprehensive reductions in the most cost-effective manner for all
priority pollutants.

• Strive to take an airshed-based approach. Address and, where ap-
propriate and feasible, control the full range of emissions arising from local,
multistate, national, and international sources.

• Strive to take a performance-oriented approach. (1) Track signifi-
cant results and impacts (for example, the effectiveness of specific control
technologies and policies, air quality improvements, and human health and
welfare effects); (2) create accountability for the results; and (3) dynami-
cally adjust and correct the system as data on progress are assessed.

The committee sees the above four ways to AQM enhancement as long-
range objectives for the nation’s AQM system. A rapid transformation of
the AQM system to one with those characteristics is unrealistic.  Although
the scientific community has obtained considerable understanding about
air pollution in recent decades, knowledge is not extensive enough to rank
pollutants comprehensively on the basis of risk. There is insufficient under-
standing of the mechanisms by which pollutants affect human beings and
the environment and of the incidence and distribution of each pollutant in
the atmosphere. Finally, the diversity of health and welfare effects associ-
ated with different pollutants further complicates a simple ranking of all
pollutants. There also is a severe lack in resources and infrastructure as well
as knowledge to comprehensively track the performance of the controls and
actions instituted by an enhanced AQM system to best inform public and
private decision-makers as they face the challenges ahead.

Nevertheless, the AQM system can begin a steady and continuous
development toward an approach that more closely approximates the char-
acteristics enumerated above. In that spirit, five sets of recommendations
addressing specific aspects of the nation’s AQM system are proposed be-
low. Although each set of recommendations is presented separately, they
are interdependent and should be implemented as such. Each recommenda-
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tion has associated with it a number of specific actions, and each action is
designed to help to attain one or more of the long-term objectives for AQM
described above (see Figure 7-1).

Although all the recommendations are important, the first set of recom-
mendations to enhance the technical capacity of the AQM system is impor-
tant to implementing the others. Without substantial progress on the first
recommendation, the actions called for in the remaining four recommenda-
tions will be more difficult to accomplish.

Recommendation One

Strengthen the scientific and technical capacity of the AQM system to
assess risk and to track progress.

Findings

Over the past 30 years, the nation has developed an extensive system to
monitor air quality and a large body of scientific observations concerning
the health effects of exposure to air pollution and the impacts of air pollut-
ants on ecosystems.  However, because of the continuing challenges to the
AQM system, the current system is inadequate to meet the future needs of
an enhanced AQM system.

• Emissions. The nation’s AQM system has not developed a compre-
hensive program to track emissions and emission trends accurately and, as
a result, is unable to verify claimed reductions in pollutant emissions that
have accrued as a result of implementation of the CAA (see Chapter 6).

• Ambient Monitoring. The nation’s air quality monitoring network is
dominated by urban sites, limiting its ability to address a number of impor-
tant issues, such as documenting national air quality trends and assessing
the exposure of ecosystems to air pollution (see Chapter 6).

• Modeling. Substantial progress has been made in the development of
air quality models, but their predictive capabilities and their usefulness to
air quality policy-makers are limited by the availability and quality of data
needed on meteorological conditions and emissions (see Chapter 3).

• Assessing Exposure.  Although health and welfare effects are ulti-
mately the product of exposures of populations and ecosystems to mixes of
pollutants from specific sources, the nation’s AQM system has not invested
adequate resources in assessing exposure, relying instead on surrogates (for
example, attainment of an ambient NAAQS) to achieve benefits (see Chap-
ter 6).

• Tracking and Assessing Risks and Benefits to Human Health and
Welfare. The nation’s AQM system has not developed a method and
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program to independently document improvements in health and wel-
fare outcomes achieved from improvements in air quality (see Chap-
ter 6).

• Tracking Implementation Costs. Programs to systematically collect
information on the costs of implementation of the CAA have been funded
inconsistently and have been limited in their ability to independently vali-
date company estimates of compliance costs (see Chapter 6).

Proposed Actions

The successful transformation of the AQM system will require renewed
assessment of, and investment, in the nation’s scientific and technical ca-
pacity. Most critical in this regard is the capacity to comprehensively docu-
ment and monitor pollutant emissions, human and ecosystem exposure,
ambient air quality, and human health and welfare outcomes. Because of
insufficient resources, transformation of the AQM system should begin
with a reappraisal of current resource deployment, identifying opportuni-
ties to disinvest in portions of the nation’s monitoring and risk assessment
system that are less useful and to reinvest those funds in high-priority
improvements.  Even with the most creative reinvestment of existing re-
sources, however, an enhanced AQM system will require substantial new
resources as well.  Any investment of new resources would be modest in
comparison to the $27 billion of annual compliance costs for the CAA
expected by 2010 (EPA 1999a). Even doubling the approximate $200 mil-
lion in federal funds currently dedicated to air quality monitoring and
research at EPA alone would be less than 1% of the costs expended annu-
ally to comply with the CAA. Such resources are even smaller when com-
pared with the costs imposed by the deleterious effects of air pollution on
human health and welfare.

On the basis of its review of the current ability of the AQM system to
assess risk and monitor progress, the committee identified a set of seven
priority recommendations:

Improve Emissions Tracking

EPA should lead a coordinated effort with state, local, and tribal air
quality agencies to improve the current system of tracking emissions and
their reductions in time and space and estimating overall trends in emission
inventories.  This undertaking will be challenging because of the large
number of emission sources and the changes in their emissions over time.
Despite those difficulties, emission inventories should be based on emission
measurements whenever possible rather than model calculations.  Efforts to
achieve that should include the following:
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• Investment in the development of new emissions-monitoring tech-
niques (for example, continuous emission monitors for a wider number of
sources) to better characterize actual emissions.

• Improvement in current and projected mobile-source emission in-
ventories through expansion of the in-use emission measurement program
for on-road vehicles and the various categories of off-road mobile sources.

• Development of better source signatures to facilitate an assessment
of the quality of the emission data by source category, using, for example,
chemical and isotopic tracers.

• A systematic program of applying the best available emissions mea-
surement and characterization technologies to develop emission factors for
every major class of sources.

• Investment in more comprehensive efforts to develop, maintain, and
regularly update source inventories.

• Independent efforts, using ambient as well as emissions data, to
validate and improve models used in emission inventories.

• Continuous efforts to track the adequacy of emission inventories by
reconciling the inventories with ambient measurements.

• Incorporation of more formal uncertainty analysis, based on the
validation efforts, in the presentation and use of inventories.

The Emission Inventory Improvement Program, initiated by EPA and
the State and Territorial Air Pollution Program Administrators and Asso-
ciation of Local Air Pollution Control Officials, is one example of such
efforts that should be vigorously implemented and enhanced to more fully
address important shortcomings of the current system.

Enhance Air Pollution Monitoring

Increasingly complex air quality challenges require a substantially im-
proved multipollutant air quality monitoring system. An effort should be
made to ensure that air quality monitoring systems are capable of meeting
the increasingly complex challenges and diverse objectives for monitoring
in a risk- and performance-oriented AQM system with maximum efficiency.
A detailed list of suggested improvements is included in Chapter 6 and
Appendix D. The following needs are among the highest priority needs for
optimization of the nation’s monitoring network:

• A comprehensive review of the various air quality monitoring pro-
grams to develop an integrated monitoring strategy that incorporates ap-
propriate measurements of pollutants and their precursors. This review
should consider shifting resources.  An integrated monitoring strategy
should improve the ability of the system to address the objectives that have

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


TRANSFORMING THE NATION’S AQM SYSTEM 287

been often overlooked (attention to emerging air quality problems, espe-
cially those relating to HAPs, and exposure of people and sensitive ecosys-
tems; and verification of emission inventories, accountability, and AQM-
related atmospheric process studies).

• New monitoring methods to respond to the changes in air quality
and monitoring data needs that have occurred over the past 30 years.  A
more active program of methods development within EPA and deployment
through the redesigned network should be initiated. Novel approaches that
allow higher spatial resolution (both horizontally and vertically) will be
necessary to address the future challenges in AQM.

• Increased number and distribution of air quality monitoring stations
in rural, agricultural, and remote forest areas, aided by a statistical design
that will improve spatial and temporal estimates of exposure. Colocated
long-term measurements of air quality, meteorology, atmospheric deposi-
tion, and ecosystem response to air pollutants (for example, along pollution
gradients).

• Review of the methods used to determine statistically significant
long-term trends in ambient pollutant concentrations to ensure that the
results of such analyses are robust.

• Enhanced accessibility of ambient air quality measurement data to
the scientific community and the public.

A recent effort by EPA to work with states, tribes, and local air quality
agencies to develop the National Core Monitoring Network (NCore), which
is assessing the current system and recommending areas for reduced or in-
creased investment, is a valuable first step in enhancing the monitoring net-
work.  To achieve substantial enhancement, however, will require sustained
agency commitment to implementing such efforts as NCore and applying
substantial additional funds to continue key efforts.  It will also require
innovative programs, including ones that give incentives to the private sector
to develop and implement advanced monitoring technologies.

Improve Modeling

The following key steps would enhance the current models for air
quality planning and management:

• Continued and expanded efforts by EPA to develop shared modeling
resources by supporting regional modeling centers to train and work with
states and multistate organizations on air quality planning.  Ideally, these
centers would support multiple state-of-the-science models and data analysis.

• Thorough evaluations of models required before they are used for
attainment demonstrations of SIPs and other planning purposes.  Beyond
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the evaluation of a model’s overall performance in matching observed pol-
lutant concentrations, evaluation of meteorology and emission inputs should
be done separately.  Thorough evaluation, including improved quanitifica-
tion of uncertainty, is required, and precursor species (for example, NOx
and volatile organic compounds) should be measured along with secondary
pollutants and that chemical constituents and microphysical properties of
PM be measured along with total mass.

• Additional short-term campaigns that use government and academic
resources from around the country to obtain the detailed measurements
needed to develop model inputs and the data needed for model evaluation.
Intensive field studies have been conducted in the past decade in Atlanta,
Chicago, Denver, Houston, and Los Angeles.

Enhance Exposure Assessment

A more targeted understanding of the pollutants and the sources that
are causing adverse health and welfare effects is needed.  To obtain that, a
substantial increase in efforts will be required to assess exposure, including
the following:

• Development of enhanced techniques for measuring personal and
ecosystem exposure.

• Development and application of techniques to measure the portion
of exposure (in humans the “intake fraction”) that is due to different
sources.

• Ultimately, adjustment of regulatory strategies to address the most
significant sources of actual exposure in ambient, hot-spot and indoor
settings.

Develop and Implement Processes to Assess Human Health and Welfare
Effects

In the final analysis, a performance-oriented AQM system must be able
to track progress by improving the understanding of risks and documenting
the actual benefits of air pollution control measures on the human health
and welfare outcomes for which these measures were adopted. Full ac-
counting for the health and ecosystem impacts and benefits of reducing air
pollution will require a systematic approach.

For human health effects, EPA should

• Work with the Centers for Disease Control and Prevention (CDC)
to develop a comprehensive suite of health indicators to be measured con-
sistently across the United States and reported on a regular basis. Recent
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efforts in Congress and at the CDC and EPA have begun to move in that
direction (see Chapter 6).

• Develop and implement tools to track the temporal pattern in attrib-
utable risk and population-based burden of disease due to short- and long-
term exposure to ambient concentrations of criteria pollutants.

• Develop and implement methods and markers for tracking popula-
tion exposure to, and risk from, the range of other air pollutants, including
HAPs.  To be successful, all efforts for tracking exposure and risk need to
be done over time.

For ecosystem health, EPA should

• Collaborate with other federal agencies (for example, U.S. Depart-
ment of Agriculture, U.S. Forest Service, U.S. National Oceanic and Atmo-
spheric Administration, and U.S. Geological Survey) on a comprehensive
strategy to monitor ecosystem exposure to pollutants and the effects of this
exposure on ecosystem structure and function (see detailed recommenda-
tions in Chapter 6).

• Analyze data from such a monitoring network or networks to better
understand the structural and functional consequences of exposure of eco-
systems to air pollution and to identify useful biological and chemical
indicators for detecting ecosystem response to pollutants at various levels of
biological organization.

For tracking the full range of environmental outcomes, EPA should

• Provide long-term support for the activity initiated with the produc-
tion of its Draft Report on the Environment (2003n) (1) to ensure that EPA
is able to produce a series of reports on a biannual or triannual basis, and
(2) to provide the scientific and technical basis for environmental indicators
that link human and ecological health outcomes with air quality.

Continue to Track Implementation Costs

As noted earlier, cost effectiveness is a desirable feature of an AQM
system and is embedded in many of the specific control requirements of the
CAA.  In that regard, the nation should maintain and improve its ability to
track costs by

• Continuing to support and fund the Pollution Abatement Cost and
Expenditures (PACE) Survey on a regular basis to measure the cost of
environmental programs for comparison with ex ante estimates and to
improve the design of programs.
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• Undertaking detailed and periodic retrospective examinations of a
subset of past regulatory programs to compare the actual implementation
costs with EPA’s initial projections of these costs.

Invest in Research to Facilitate Evolution to a Multipollutant Approach
Targeted at the Most Significant Risks

Substantial investments into research and development will be needed
if the nation’s AQM system is to eventually adopt the scientifically rigor-
ous, risk-focused multipollutant paradigm discussed in this chapter. This
will involve enhanced research into the full range of exposures and their
potential risks, ultimately resulting in a comprehensive understanding of
what sources, pollutant mixtures, and exposures place the public at risk.
One component of such an investment would be a review of the risks and
adequacy of regulatory protections from pollutant exposures indoors.  The
review would take a comprehensive look at indoor air pollutant sources,
exposures, and risks and regulatory responses to address them, including
voluntary programs and labeling requirements on consumer products; eval-
uate the adequacy of such approaches; and, if warranted, make recommen-
dations for improved approaches.

Invest in Enhanced Human and Technical Resources to Support the
AQM System

The scientific and technical capacity of the nation to attain a fully risk-
focused and performance-oriented AQM system rests on the ability of the
public and private institutions that constitute the AQM system to train,
develop, and retain an adequate and diverse corps of scientists and engi-
neers to conduct research, develop new technologies, and implement poli-
cies with the best-available scientific and technical knowledge.  The nation
today benefits from having many fine institutions that are training future
generations for these tasks, and their efforts should be enhanced by

• Providing special programs and incentives to attract and train a new
corps of air quality specialists, through federally sponsored training initia-
tives, including those for nascent and established tribal air quality programs.

• Developing and implementing an environmental extension service to
provide both follow-up hands-on training for recent scientific and engineer-
ing graduates and a mechanism for more rapid technology and knowledge
transfer to local, tribal, and state air quality agencies.

• Enlisting the assistance from professional societies and associations
to facilitate the broad-based training of scientists, engineers, and educators
needed to fulfill the wide-ranging goals of an enhanced AQM system.
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Recommendation Two

Expand national and multistate performance-oriented control measures to
support local, state, and tribal efforts.

Findings

In our federal system of government, the states have been assigned a
major role in determining policies needed to achieve air quality objectives and
standards.  This state role is supported by a philosophic commitment to
federalism and a practical recognition that states have substantial administra-
tive capacity, detailed knowledge of local environmental conditions, and
understanding of the local political, economic, and social context—all of
which equip them to craft policies that can gain local acceptance and be
implemented effectively. However, because of the complexity and scale of the
nation’s economy and the need to maintain open interstate commerce, con-
trol of emissions from the many sectors of the economy sometimes cannot be
efficiently regulated at the local or state level. In addition, air pollution does
not follow political boundaries, and many of the sources affecting a particu-
lar area may be outside a particular jurisdiction facing an air quality problem.
For that reason, numerous measures that set nationwide emission standards
have been promulgated by Congress and EPA. Examples of effective federally
mandated emission-control programs include EPA’s on-road motor vehicle
control program, the phase-out of lead in gasoline, and the acid rain control
program. With regard to these national emission standards,

• Emission-control measures promulgated and implemented by EPA
have been effective in achieving substantial reductions in emissions of air
pollutants on a national level (see Chapters 4, 5, and 6).

• The existence of federally mandated emission-control measures has
eased the burden of state and local authorities who prepare the attainment
SIPs (see Chapter 3).

• In addition to generating air quality benefits, the national emission-
control programs have often provided the drive for technological advance-
ments and, in some instances, have established consistent regulatory re-
quirements for an entire emission-source sector (see Chapters 4 and 5).

• The development of cap and trade has provided the AQM system
with a mechanism for achieving substantial emission reductions at reduced
costs (see Chapter 5).

• In many instances, the net emission reductions achieved from the
promulgation of emission standards that set a limit on the rate of emissions
(as opposed to the total amount of emissions) from a vehicle, product, or
facility have been substantially offset by concomitant increases in use, de-
mand, or productivity (see Chapters 4 and 5).
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• Mobile- and stationary-source emission standards often do not ap-
ply to a large fraction of older sources that were “grandfathered” at the
time the standards were promulgated.  In some cases, the emissions from
these grandfathered sources make a major contribution to the total pollut-
ant burden in the nation (see Chapters 4 and 5).

• EPA lacks a sufficient and specific mandate to proactively address
multistate airshed aspects of air pollution (see Chapter 3).

Proposed Actions

Expand Use of Federal Emission-Control Measures

Additional federal emission-control limits on a variety of nationally
distributed products and unregulated as well as underregulated sources will
undoubtedly be needed to cost-effectively attain ambient air quality stan-
dards for O3 and PM2.5 and reduce exposure to various HAPs.  To take
advantage of economies of scale and the opportunity to address air pollu-
tion generated across multistate airsheds, EPA should expand its role in
establishing and implementing national emission-control measures on spe-
cific sectors of the economy so that states can focus their efforts on local
emissions.  Among the source categories that should be considered for
national emission standards are nonroad mobile sources (for example,
aircraft, ships, trains, and construction equipment), more dispersed area
sources (for example, wastewater treatment facilities and agricultural prac-
tices), and building and consumer products (for example, paints and coat-
ings, cleaners, and other consumer products).  In this regard, the recent
proposal by EPA for stricter emission standards for nonroad engines is a
positive step (68 Fed. Reg. 28328 [2003]).  Federal limits and, when appro-
priate, trading programs to implement those limits, should be established
whenever feasible.

States, tribes, local agencies, and stakeholders should be actively in-
volved in identifying and developing those enhanced federal measures. The
federal role might include issuing periodic requests to all parties for sugges-
tions for sectors of the economy where increased nationwide or multistate
emission controls are needed and having regular consultation throughout
the process of developing new measures.

An expanded federal role in the promulgation of control measures
should not be carried out in a way that prevents or even discourages inno-
vative initiatives at the state and tribal level. Toward that end, the CAA
should continue to allow states to adopt innovative programs that may go
beyond the requirements of the federal government, and EPA should ex-
pand its efforts to give state and local agencies incentives to undertake, in
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the context of a revised AQM planning process (see Recommendation Three
below), innovative approaches to pollution control.

Place Emphasis on Technology-Neutral Standards for Emissions Control

Whenever practical, the control measures implemented by EPA at the
federal and multistate level should be technology-neutral standards—that
is, standards that set clear performance goals without specifying a techno-
logical solution—and provide flexibility for sources to achieve those goals
in the most cost-effective way possible and provide incentives for develop-
ing new technologies.  These standards can take at least two forms:

• One form places a cap on the total emissions from a given source or
group of sources instead of a limit on the rate of emissions per unit of
resource input or product output (for example, a cap on the total NOx
emissions from a power plant instead of a limit on the amount of allowable
NOx emitted per British thermal unit produced by a power plant). This
approach is especially effective when the sources or source owners are a
relatively defined group (for example, in the hundreds or thousands), and
emissions are easily and accurately monitored.  This approach can be ap-
plied in many ways that would have to be determined as appropriate.

• A second form is a technology-promoting rate-based emissions limit,
which sets stringent emission-rate standards that can be met by a mix of
still-to-be-determined but foreseeable responses, such as fuel change, com-
bustion enhancement, and add-on controls.  An example of this approach is
the 2007 highway diesel rule, which sets clear and stringent emission-rate
standards that cannot be met by in-use technologies.  The rule requires
lower sulfur fuel to facilitate new technology and allows manufacturers of
vehicles and engines to meet the standards through their own mix of com-
bustion and after-treatment approaches.  This type of standard is most
often suitable when ownership and use of the source is diffuse (for example,
in the hundreds of thousands or millions) and may be more amenable to
addressing mobile, consumer, and area sources.  Although such a standard
is still dependent on the rate of activity and the likely growth in that
activity, experience has shown that such standards can be set stringently
enough to more than offset growth.

In either case, the emission-cap or emission-rate standard should not be
permanent. Instead, mechanisms should be incorporated from the begin-
ning to allow caps and standards to be adjusted. For example, as control
technologies evolve and the costs of these technologies fall, further tighten-
ing of the standards might be deemed acceptable. Moreover, if new scien-
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tific understanding so indicates, tightening of the standards may prove to be
necessary.

Use Market-Based Approaches Whenever Practical and Effective

Congress and EPA should also look for opportunities to pursue the
expanded use of market forces and economic incentives to implement federal
and multistate emission-control programs.  A common feature of current
legislative proposals to control multiple pollutants in the electricity sector is
their reliance on market-based approaches.  This feature indicates a continu-
ing emphasis on achieving environmental goals in a cost-effective manner.

The recommendations in this report are likely, on balance, to impose
new costs on the private and public sectors.  Therefore, policy-makers must
try to achieve these goals using institutions and incentives that will incur the
least possible cost (for example, the use of cap-and-trade systems to control
SO2 and NOx emissions). Cap-and-trade programs appear to have saved
billions of dollars in capital costs and have realized substantial cost savings
compared with conventional regulatory approaches (see Chapter 5). How-
ever, cap-and-trade programs have potential pitfalls.  Such programs can
result in emission trades from one location to another and from one period
to another with potentially detrimental consequences, although experience
in the acid rain SO2 emissions trading program suggests that it may be
possible to design such programs to minimize detrimental consequences.
The endorsement of the committee for the expanded use of cap-and-trade
programs assumes that future cap-and-trade programs will be designed and
implemented to avoid the potential pitfalls. Specific suggestions on how
that can be accomplished are presented in Chapter 5.

Reduce Emissions from Existing Facilities and Vehicles

As noted in Chapters 4 and 5, reducing emissions from older stationary
and mobile sources is difficult. Retrofits can be expensive, and substantial
economic incentives can keep older (and dirtier) facilities and equipment in
operation. Nevertheless, as emission standards on new sources become
increasingly tight, emissions from unregulated older sources become in-
creasingly important and begin to hinder further progress. Creative ap-
proaches to addressing the problem of grandfathered sources should be
developed and implemented. The advent of cap-and-trade programs in-
cluded existing and new stationary sources under the cap, placing require-
ments on their owners either to reduce emissions further or to pay for
excess reductions that have been made at other facilities.  As control costs
decline and scientific understanding of emission effects increases, continual
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reexamination and refinement of the caps can help to ensure that all facili-
ties are participating in efforts to reduce emissions.

For large equipment, such as heavy-duty on-road and nonroad engines,
states and EPA have begun to apply a variety of strategies: inspection
requirements of in-use engines, financing programs to subsidize replace-
ment programs (especially for public agencies such as school districts and
transit agencies), and environmental fines dedicated to support early re-
placement and implementation of requirements for retrofit (SAE 2003;
M.J. Bradley & Associates, Inc. 2002a,b). However, a more comprehensive
and systematic effort by EPA and the states to develop heavy-duty vehicle
inspection and maintenance programs and to enforce in-use emission re-
quirements, as well as sustained financing from the federal and state level
for retrofits and early replacement of older vehicles, will be required if this
important source of continuing exposure, especially for inner-city urban
populations, is to be brought under control.

Enhance the Ability and Responsibility of EPA to Address Multistate
Regional Transport Problems

Throughout the 1980s and 1990s, there has been a growing recogni-
tion that many of the air quality problems facing the nation have a large
spatial scale and require a coordinated multistate mitigation effort.  When
the primary origin of the transported emissions is from sources that are not
appropriately or adequately regulated through a nationwide policy, a multi-
state strategy is the only remaining recourse. This problem poses a special
difficulty for areas working to attain the NAAQS that are situated down-
wind of an area that has significant sources of transported pollution.  Here
the absence of a regional mandate affects the downwind area’s ability to
rely on actions in the upwind areas to reduce regional or interstate trans-
ported pollution and consequently attain the NAAQS.

The 1990’s saw a series of legislative and voluntary efforts in both the
eastern and western United States to attempt to address this important
issue.  However, constitutionally, interstate environmental rules and reg-
ulations must be based on federal authority to be effective. Therefore,
Congress should provide EPA with the affirmative authority and respon-
sibility to

• Assess multistate air quality issues on an ongoing basis.
• Identify the upwind areas that contribute substantially to SIP non-

attainment areas.
• Adopt appropriate regulatory requirements that expeditiously limit

emissions from contributing sources.
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In addition to focusing on criteria pollutant transport dynamics, the
scope of EPA’s multistate transport responsibilities should include HAPs
and the adoption of mitigation measures to address ecosystem and welfare
impacts.

Recommendation Three

Transform the SIP process to meet future air quality challenges.

Findings

The SIP process has been an important component of the nation’s
AQM system (see Chapter 3). It allows state and local agencies to account
for emission controls adopted at the federal and multistate level and then to
choose additional local emission-control measures to attain NAAQS.  On
balance, this division of responsibility should be appropriate. It can also be
the basis of a constructive partnership between the federal and state govern-
ments that steadily improves air quality on local, multistate, and national
scales. In fact, air quality monitoring data confirm that such improvements
have occurred in the past two decades.

Nevertheless, important adjustments to the SIP process are needed if
the difficult challenges ahead are to be addressed effectively. As discussed in
Chapter 3, the major concerns are described below:

• The SIP process places too much emphasis on the development of a
one-time NAAQS “attainment demonstration.”  Because of the significant
scientific, political, and legal uncertainties inherent in such an exercise, it
should not be expected to be an accurate predictor of future air quality.

• The SIP process has mandated extended amounts of local, state,
and federal agency time and resources in an iterative, often frustrating,
proposal and review process that focuses primarily on compliance with
intermediate process steps and not on the more germane long-term indica-
tors of performance.

• Each SIP is developed for a single criteria pollutant in isolation
from other SIPs developed in the same location for other criteria pollut-
ants, making it difficult for SIPs to pursue multipollutant, source-based
strategies.

• The SIP process does not provide mechanisms to integrate control
strategies for noncriteria pollutants (HAPs) that can be emitted from many
of the sources that emit criteria pollutants.

• The SIP process lacks methods for identifying and acting on air
pollution hot spots, where populations are exposed to significantly high
concentrations of air pollutants from one or multiple sources.
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• In theory, the SIP process contains mechanisms to enable EPA to
ensure that all states are making continuous progress toward meeting the
NAAQS.6  In practice, EPA’s authority for compliance is limited except in
some of the most severe nonattainment areas, and even where it has the
authority, it has at times—for lack of resources or other reasons—failed to
promulgate the necessary requirements in a timely manner. Although states
and other affected persons may file an “action forcing” citizen suit against
EPA, that is an expensive and an unwieldy tool for ensuring that EPA
attends to its responsibilities in a timely manner.

Addressing these issues will require two basic sets of actions: (1) trans-
form the SIP into a comprehensive air quality management plan (AQMP),
and (2) reform the planning and implementation process.

Proposed Actions

Transform the SIP into an AQMP

Looking forward, successful AQM in the United States requires signifi-
cant changes in the scope and the implementation of the SIP process so that
it places greater emphasis on performance and results and facilitates devel-
opment of multipollutant strategies. The committee recommends that this
change be accomplished by mandating that each state prepare an AQMP
that integrates all relevant air quality measures and activities into a single,
internally consistent plan.  This change would involve the ultimate elimina-
tion of single-pollutant SIPs and their replacement by a single, comprehen-
sive multipollutant AQMP.

Recognizing that the implementation of this recommendation will re-
quire a significant change in standard procedure at the federal, state, and
local level, we further recommend that implementation, perhaps with in-
centives, occur in stages over a defined transition period.   Currently, there
are examples of local air quality agencies that are attempting to create such
plans, most notably, that of the South Coast Air Quality Management
District in California (SCAQMD 2000).

6For states that fail to submit adequate plans or that fail adequately to implement approved
plans, the statute specifies the consequences (for example, loss of most federal highway funds
and two-for-one offset ratios for new sources) that must attend such failures.  For states con-
taining areas that fail to achieve the NAAQS by the statutory deadlines, the only consequence
(with some modest exceptions for marginal, moderate, and serious O3 nonattainment areas) is a
requirement that the state promulgate a new plan capable of meeting the relevant standard by a
new 5-year deadline using “technologically achievable” extra measures.  For states that fail to
make rate-of-progress demonstrations toward attainment, there are no consequences, because
EPA has failed for more than a decade to promulgate the necessary implementing regulations.
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Today, SIPs are created to address attainment of the NAAQS for indi-
vidual criteria pollutants.  In the future, the scope of planning process
through the AQMP should be expanded in three specific ways:

Integrated Multipollutant Plan: Given the similarity of sources, precur-
sors, and control strategies, the AQMP should encompass all criteria pol-
lutants for which a state has not attained the NAAQS.  This approach will
be especially important for the many areas that face nonattainment of both
O3 and PM NAAQS, because those pollutants share common sources and
precursors.  Although this change might make development of the plan
more complex, the added complexity will likely be offset by the increased
efficiency of government and industry in developing and implementing
performance-oriented multipollutant control strategies.

Inclusion of HAPs: EPA, states, and local agencies should identify key
HAPs that have diverse sources or substantial public health impacts or
both, which would merit their inclusion in an integrated multipollutant
control strategy (for example, benzene; see Recommendation Four). These
HAPs should be included and addressed in the AQMP for each state.  This
initiative will probably take substantial EPA investment to provide the
states with the necessary technical basis and resources.  Beyond the existing
MACT requirements, the level at which a HAP is to be addressed in an
AQMP could vary. In some cases, EPA could require that states only de-
velop an emissions inventory and monitoring program for a HAP or take
advantage of multipollutant-control opportunities. In other cases, EPA
could require addressing a HAP more comprehensively in the AQMP and
require an attainment demonstration and a detailed emission-reduction
plan.  In the latter case, it would also be necessary for EPA to specify a
target for attainment; that decision could be based on a local risk assess-
ment and expressed in terms of an ambient concentration or a concentra-
tion at specific hot spots.

Greater Consideration of Hot Spots and Environmental Justice: Al-
though implicit in current SIPs for individual criteria pollutants, the scope
of the AQMP should explicitly identify and propose control strategies for
air pollution hot spots to reduce exposures experienced disproportionately
by some subset of the population and to provide incentives to do so.

Reform Planning and Implementation

Substantial reforms will also be necessary to enhance the technical basis
and administrative efficiency of the statewide planning process.  These
reforms are especially important because of the expanded and integrated
scope of the AQMP described above.  Specific recommendations are dis-
cussed below.
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Focus on Tracking and Assessing Performance: Each SIP is now statu-
torily required to contain an attainment demonstration in which predictive
models and related weight-of-evidence analyses are used to “demonstrate”
that the relevant nonattainment area will reach attainment by a certain date
as a result of the specific pollution control measures proposed in the SIP.
Such an exercise provides useful input to policy-makers and should be
retained. However, its use in the current SIP process as a one-time assumed-
to-be robust prediction of how air quality in an area will evolve over
multiple years or decades is inappropriate because of the uncertainties in-
herent in the modeling exercise (see Chapter 3) and the false sense of
confidence that plans implemented on the basis of the model calculations
will achieve the anticipated air quality improvements.

Looking forward, a more useful approach would be to retain the attain-
ment demonstration as a planning tool but to place greater emphasis on follow-
up measures to track compliance and progress and on actions to be taken if
compliance and progress are not satisfactory. The AQMP process should en-
courage regulatory agencies to concentrate their resources on tracking and
assessing the performance of the strategies that have been implemented rather
than on preparing detailed documents to justify the effectiveness of strategies in
advance of their implementation. For example, the attainment demonstration
and the related improved air quality modeling (see Recommendation One)
could be used in the beginning of the planning process to guide policy-makers
in the development of a provisional emissions ceiling for the area (that is, a
budget for the maximum amount of pollutant emissions an area could contain
and still be in attainment of the NAAQS). States could then be required to
develop and submit (for approval by EPA) a comprehensive and realistic
emission-reduction plan that identified the combination of national, multistate,
and local actions to be undertaken within the specified period to bring total
emissions in the area in line with the provisional emissions ceiling derived from
the attainment demonstration. These emission-reduction plans could then serve
as a more practical, performance-oriented metric of state and federal agency
execution of their respective responsibilities within a more collaborative and
dynamic framework (described below).

Institute A Dynamic, Collaborative Review: If attainment demonstra-
tions are imperfect predictions of the future, then it follows that a formal
and periodic correcting process of review and reanalysis is needed to iden-
tify and implement revisions and adjustments to the plan when progress
toward attainment falls below expectations or when conditions change
sufficiently to invalidate the underlying assumptions of the plan.7 Given the

7The timing of the periodic reviews could be designed to facilitate better conformity be-
tween air quality plans and the transportation implementation planning process (see recom-
mendations on conformity below).
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large contributions of federal and multistate measures to the success of any
SIP, it is essential that this review process be collaborative and include all
relevant federal and state agencies. Given the large investments of the pub-
lic and private sectors in AQM, inclusion of these groups in aspects of the
review would also be advisable.

Although some aspects of the current CAA “reasonable further pro-
gress” reviews seek to be dynamic, the process is often one-sided (with
states reporting to EPA) and focuses more on process and administrative
steps than on performance.  The committee recommends, therefore, that
these new reviews be focused specifically on performance. This process
would entail preparation and exchange of progress reviews by the state and
EPA.  It would also involve the state and EPA in a collaborative review and
agreement on where progress has been made, where more progress is
needed, and what specific actions need to be enhanced or replaced. The
review should have two components:

• One component would be a review of actual as opposed to modeled
emissions in the area to assess compliance with the emission-reduction plan
submitted in the AQMP. To the extent that emission trends are not consis-
tent with the emission-reduction plan, the responsible agency (state or fed-
eral) would then be required to amend the emission-reduction plan or the
implementation of the plan. If EPA determined that a state agency was not
fulfilling its responsibilities to meet the emission-reduction plan, then en-
forcement of effective and timely sanctions and federally imposed air pollu-
tion control measures (similar to that envisioned in the current CAA for the
federal implementation plan [FIP]) might be appropriate.

• The other component of the review would focus on air quality trends
to determine whether the emission reductions implemented in the plan are
resulting in the anticipated improvements in air quality. If they are not,
more comprehensive changes in the structure of the plan are probably
needed.  Such a change should include an analysis of why air quality was
not improving as predicted, followed by development of a new attainment-
demonstration plan and emission-reduction plan. The current requirement
in the CAA to increase the seriousness of the categorization of nonattain-
ment for areas that fail to meet attainment by statutorily required dates
is a useful approach and should be retained within the proposed AQMP
framework.

Encourage Innovative Strategies: An additional benefit of a dynamic
process will be to enable innovations in portions of the emission-reduction
plans in the AQMPs.  There would be no predetermined and agreed-upon
benefit estimates for the innovations, but they could be tried; evaluated at
each review; and continued, amended, or discarded as experience dictated.
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For example, innovative strategies might be used to address the role of heat
islands in creating pollution, strategies without long track records for esti-
mating benefits but with important opportunities for pollution control in
certain locations (see Box 7-2).  Expanded efforts by EPA and the state,
tribal, and local agencies could facilitate the broad exchange of ideas on
innovative control strategies via a web-based inventory of such approaches.
The opportunity to experiment with innovative strategies should not, how-
ever, excuse the failure to achieve the plan’s performance goals.

Retain and Improve Conformity Requirement: In recognition of the
strong link between transportation infrastructure, mobile-source emissions,
and air quality, Congress mandated in the 1990 CAA Amendments and in
subsequent transportation legislation that metropolitan transportation plan-
ners in NAAQS nonattainment areas endeavor to ensure conformity be-
tween regional transportation plans and programs and the applicable SIP
(see Chapter 4).  Given the stringency of Tier 2 standards, the contribution
from automobile emissions to the total of all pollutant emissions will prob-
ably decrease in the coming decade, and the need for conformity between
air quality and transportation planning will probably subside. However,
the long-term effectiveness of the control technologies used to meet Tier 2
standards has yet to be determined. Although overall reductions are likely,
there is uncertainty in the degree to which future growth in VMT will offset
a portion of the emission reductions anticipated from implementation of
the standards. For those reasons, it would be prudent to retain the confor-
mity requirement, thus enabling regions to monitor the probable impact of
transportation investments on air quality and make adjustments in their
transportation or air quality plans.

Although the conformity requirement should be retained, improvements
should be made to ensure that it is technically sound:

• Inconsistencies should be substantially reduced in the data, models,
and forecasts used in developing the AQMP and in performing the confor-
mity analysis. Currently, a region’s conformity analysis is required to use
the most up-to-date planning assumptions available, although the region’s
SIP may have been written years earlier; thus, the planning assumptions
and, hence, the emission budgets in the SIP might be seriously outdated. In
the future, regular revisions of AQMPs along with updating its planning
data and assumptions should help to reduce the potential for incompatibili-
ties between the SIP and the conformity analysis.

• The planning horizons of the transportation planning process and
the air quality regulatory process should be better aligned to ensure that the
regulatory process is based on firm technical grounds. Currently, SIPs re-
quire emission budgets until the NAAQS attainment year, and the attain-
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ment maintenance plans look 10 years forward.  Regional transportation
plans have a 20-year time horizon. As a result, transportation plans may
extend many years beyond the time horizon of the SIP and are governed by
the emission budgets set for the period of the SIP. Given the possible conse-
quences of a region failing to demonstrate conformity—for air quality and

BOX 7-2 Urban Heat Islands and Other Land-Use Impacts:
An Opportunity for Innovation in AQM?

A variety of experimental and innovative programs could be implemented and
assessed in a dynamic, performance-oriented AQM planning process. One such
program would attempt to mitigate air pollution in urban areas indirectly by mitigat-
ing urban heat islands as described below.

Human activities not only affect atmospheric composition, they also result in
widespread land-surface changes though such processes as urban sprawl and
deforestation.  These land-use changes can strongly affect local and regional cli-
mate, which in turn, can influence air quality.  One recent study (Pielke et al. 2002)
asserts that the redistribution of heat in the atmosphere resulting from widespread
land-surface changes may have a greater impact on global climate than the im-
pact due to greenhouse gases.  The land-use and climate connection that has
been most thoroughly studied, and that is probably most relevant to air pollution
concerns, is the urban-heat-island effect.

It has long been observed that on warm summer days, the average tempera-
ture in urban centers is often several degrees higher than that in surrounding
areas.  This heat-island phenomenon is the result of several factors.  First, fuel
combustion in factories, houses, and cars produces a great deal of waste heat.
Also, most urban landscapes are dominated by dark surfaces, such as roads,
parking lots, and rooftops, which strongly absorb incoming solar radiation, and re-
release that energy to the local environment.

The increased temperatures caused by an urban heat island can substantially
exacerbate air pollution within the area (Cardolino and Chameides 1990). The air
pollution is caused by a number of factors, including increased demand for cooling
energy, which in turn leads to higher power-plant emissions of air pollutants and
increased pollutant emissions from temperature-sensitive sources, such as evap-
oration from motor vehicles and biogenic emissions. In addition, warmer tempera-
tures can directly enhance the formation of secondary pollutants, such as O3.
Urban heat islands can also potentially influence local meteorological processes,
such as convective storm activity, but those effects are generally not well-under-
stood and could have either positive or negative effects upon air quality.

Urban-heat-island mitigation efforts that reduce ambient temperatures by
even a few degrees can potentially have an important role in addressing air
quality problems.  Programs sponsored by EPA and the Department of Energy
have been developed to foster mitigation efforts, such as planting trees and re-
placing dark asphalt and roof shingles with more reflective surfaces.  In other
parts of the world (particularly Asia), urban-heat-island mitigation strategies are
becoming an integral part of planning for sustainable urban development and air
quality management.
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mobility—and the need for a dynamic regulatory process, these planning
horizons should be brought more closely into alignment.

Enhance Public Agency Performance and Accountability: At the core
of a successful AQM system is creative and committed public agency per-
formance and the ability to hold public agencies accountable for that per-
formance.  Although the CAA contains mechanisms for ensuring account-
ability, those mechanisms tend to focus more on successful implementation
of procedural steps rather than on actual emission reductions and air qual-
ity improvement, and a lack of resources has hampered the ability of EPA
to fully implement them.  To remedy this challenge, the committee recom-
mends several steps:

1. Although the goal of our recommendations is to foster a more col-
laborative and dynamic performance-oriented AQM system, experience
shows that not all states have addressed or will equally address their air
quality problems, and science has demonstrated increasingly the multistate
nature of the problem (thus requiring all states to participate in control).
To address this, the CAA should continue to specify deadlines for the
attainment of NAAQS and milestones to assess progress along the way, as
well as to retain EPA’s authority to impose sanctions on states that fail to
submit and implement adequate implementation plans.  At the same time,
as discussed in Recommendation Four, those deadlines and requirements
for individual pollutants may need to be adjusted to enable the implementa-
tion of fully multipollutant AQMPs.

2. EPA should be provided with adequate resources to write necessary
implementing regulations when the implementation of such regulations is a
necessary component of AQMPs.  As part of the dynamic, collaborative
AQMPs, states should not be sanctioned for failing to meet a milestone or
deadline if they can demonstrate that the failure was caused by the failure of
EPA to promulgate necessary implementing regulations for important multi-
state or national control programs that are beyond the state’s authority.

3. In addition to continued strong requirements and enhanced implemen-
tation funding, there is room in a transformed AQMP process for building in
incentives. For example, there could be incentives for regions that attain the
standards ahead of deadlines or implement particularly creative and effective
multipollutant reduction strategies.  Such incentives already include easing
offset requirements for new development once an area attains a NAAQS, but
incentives could also include provisions for reduced oversight or flexibility in
implementing some provisions when enhanced or accelerated emission reduc-
tions or air quality performance can be shown to have occurred.

4. Existing programs might be combined with economic mechanisms to
provide greater enforceability with greater certainty. For example, the CAA
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could be amended to provide for additional emission fees when states or
regions fail to achieve rates of progress set forth in their regional or state
implementation plans.

Ensuring a Successful Transition to AQMP

In designing a more comprehensive AQM system in stages, several
factors should be kept in mind:

•  As noted in Recommendation One, a substantial enhancement in
the resources, methods, and infrastructure used to track progress in terms
of emissions and air quality will be needed to maximize the utility of the
proposed review process.

• The development of any plan, and especially a new kind of plan, can
take a long time.  Special care must be taken to ensure that even as this
transition occurs, implementation of recognized and effective control strat-
egies must continue so that the planning does not become a barrier to
progress on AQM.

Recommendation Four

Develop an integrated program for criteria pollutants and HAPs.

Findings

The CAA uses two contrasting classification schemes for air pollutants:
criteria pollutants and HAPs.  As discussed in Chapter 2, there is a differ-
ence in how these two classes are defined: criteria pollutants, and not
HAPs, are defined as those whose presence “in the ambient air results from
numerous or diverse mobile or stationary sources.”  Each is managed
through a different regulatory framework: criteria pollutants through the
setting of NAAQS and through the SIP process and HAPs through the
promulgation of MACTs followed by a program to reduce residual risk and
through separate efforts to address mobile and area sources.

In the past, this two-pronged approach towards criteria pollutants and
HAPs has provided a useful framework for addressing and mitigating some
of the nation’s most pressing air quality problems. However, as the air
quality problems of the coming decades are considered, aspects of this
approach appear to be problematic.

First, the system, as currently administered, has resulted in disparate
allocation of attention and resources to the different classes:

• Criteria pollutants have received the major share of the management
and enforcement priority and resources, as well as the attention directed
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toward data collection and research. Although pollution emissions have
been reduced substantially, the emphasis on criteria pollutants might or
might not be justified on a continuing basis in terms of actual human health
and ecosystem risk.

• A consequence of the current emphasis on criteria pollutants is that
resources to study and characterize HAPs are insufficient. Systematic ambi-
ent air monitoring of most HAPs has been nearly absent, further hindering
the development of appropriate health assessments and control strategies.

• The list of regulated HAPs has been far too static.  There have been no
periodic reviews to consider additional compounds for inclusion and to con-
sider the possibility of adding certain HAPs to the criteria pollutant list.8

Second, the system, as currently administered, has hindered the devel-
opment of management strategies that apply a multipollutant approach to
addressing the most significant risks:

• The classification has become too rigid and inflexible, creating insti-
tutional barriers to change as more is learned about individual pollutants.
For example, some pollutants listed as HAPs are ubiquitous in the environ-
ment and of substantial health concern (such as benzene) and might be
treated more appropriately as criteria pollutants.

• The classification scheme assigns pollutants to regulatory regimes
that might or might not be optimal for each pollutant. For example, al-
though mercury is classified as a HAP, it is widely dispersed in the atmo-
sphere, creating diverse exposure, and thus might be more appropriately
regulated by a cap-and-trade program (see Chapter 5). On the other hand,
many HAPs can create hot spots in specific locations.  Mitigation of these
types of pollutants might be facilitated by an AQMP regulatory approach
with input at the state and local levels.

• The current regulatory framework—with its diverse systems for con-
trolling the two types of pollutants and its failure to require HAPs to be
considered at all in local and state air quality planning—makes it difficult
to create an integrated multipollutant management approach for criteria
pollutants and HAPs, even when they share sources, and local populations
and ecosystems are exposed simultaneously to both.

• Even among the criteria pollutants, the practice of setting NAAQS
for each pollutant separately, with the attendant differences in the timing of
standard setting and attainment deadlines, creates a substantial barrier to
integrated multipollutant planning at the state and local levels.

8On May 30, 2003, EPA proposed to remove the compound methyl ethyl ketone (MEK)
from the HAPs list, and on November 12, 2003, it proposed to remove ethylene glycol
monobutyl ether from the list.
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Proposed Actions

To address these deficiencies, the nation’s AQM system must begin the
transition toward a risk-focused multipollutant approach to AQM. Several
recommendations to initiate this transition are presented below.

Develop System to Set HAP Priorities

Many HAPs warrant increased resources for monitoring and research
so that the risk HAPs pose to human health and welfare can be more
accurately assessed and given the regulatory attention needed to protect
human health and welfare. However, the statutory list of HAPs is long and
may need to be expanded. It is unrealistic to expect that all HAPs can be
monitored on a routine basis or that all HAPs can be placed under an
aggressive regulatory framework. To ensure an appropriate allocation of
resources and regulatory attention to the most dangerous HAPs, the com-
mittee recommends that the current system of setting priorities, embodied
in EPA’s urban air toxics program (EPA 2000b), be continued and en-
hanced. One possible approach (using a three-tier system to set priorities)
is described in Box 7-3 for illustrative purposes. Other approaches might
involve further elaboration of EPA’s current list of 33 high-priority HAPs
and a focus on ensuring that comprehensive strategies to monitor and
address the sources of these pollutants are created and integrated into state
and local AQMPs.

Establish List of Potential Air Toxicants for Regulatory Attention

Beyond the current list of HAPs, little information on a vast array of
unregulated emitted substances is an important problem. Examples of such
possible toxicants are substitutes for various toxicants, such as bromopro-
pane, used as a substitute for tetrachloroethylene and flame retardant poly-
brominated diphenyl ethers; atmospheric transformation products, such as
formylcinnamaldehyde; peroxyacyl nitrates; other oxides, such as 1,3-buta-
diene diepoxide and benzoic acid; vehicular emissions, such as 2-methyl-
napthalene, diesel exhaust mixture, polychlorinated dibenzodioxins, poly-
chlorinated dibenzofurans, isobutylene, and black carbon; and a number of
pesticides.

Especially for high-volume emissions and hot spots, some reasonable
level of regulatory response appears appropriate to curtail exposure to
unregulated chemicals with suspicious but unproved adverse impacts.  The
committee recommends that suspicious chemicals emitted above a certain
threshold concentration be tracked through a listing process and that a
system for further addressing such chemicals be explored (see Box 7-4).
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Possible regulatory approaches include the development of exposure trig-
gers (for example, emission concentrations, volume of use, or high expo-
sures to some urban populations) for suspicious chemicals with sparse test
data; some degree of testing and control would be required when the trigger
measure was exceeded.  Testing might include a minimal battery of tests,
such as an expanded version of the current high-production-volume testing
program instituted by EPA and the chemical industry.  Inclusion on such
a list of potential air toxicants might encourage the development of sub-
stitutes for those that exhibit initial indications of toxicity.  However, a
dynamic review of all pollutants, including those not on the current list,

BOX 7-3 Example of a Potential Classification Scheme
for Hazardous Pollutants

A number of schemes could be used to aid in setting resource priorities for
HAPs on the basis of the relative risks posed to human health and welfare by
these pollutants. One example would be a system with three tiers, applied on a
national basis or, if a more effective allocation of resources is allowed, on a multi-
state airshed basis.

• Tier 1 would most likely contain a few HAPs that, because of their diverse
sources, ubiquitous presence in the atmosphere, and exceptionally high risk to
human health and welfare, merited treatment similar (although not necessarily
identical) to the treatment for criteria pollutants (for example, benzene). These
HAPs would probably be drawn from the high-priority list identified in EPA’s urban
air toxics strategy (EPA 2000b) and be those identified as posing the highest pop-
ulation risk in such assessments as EPA’s national air toxics assessment (EPA
2000b).  In a small number of cases, these pollutants might be proposed for formal
criteria pollutant status.  In most cases, however, the Tier 1 HAPs not assigned
NAAQS, as is done for criteria pollutants, might reasonably be incorporated into
national monitoring programs and required or recommended for inclusion in an
AQMP.  As is the case for all HAPs, Tier 1 HAPs would be regulated through
nationally mandated emission controls.

• Tier 2 HAPs, perhaps initially drawn from the remainder of the list of high-
priority urban toxics identified by EPA in its urban air toxics strategy, would receive
increased resources for monitoring and research, so that the risk they pose to
human health and welfare could be assessed more accurately. In addition to na-
tionally mandated emission controls, incentive programs could be implemented to
encourage Tier 2 HAP inclusion in multipollutant AQMPs.

• Tier 3 HAPs, presumably initially drawn from the list of remaining HAPs,
would be given the lowest priority for research and monitoring but would still be
subject to nationally mandated emission controls.

Beyond these tiers, the committee recommends that a list of potential air toxi-
cants be established and that these toxicants be subject to some minimal level of
regulatory review and consideration (see Box 7-4).
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BOX 7-4 Identifying New Toxicants

A well-funded periodic review of air pollutants and their classification as HAPs
and criteria pollutants should include an effort to identify new toxicants that pose a
threat to human health and welfare. Some newly identified toxicants should be
added to the HAPs list, and others should be listed for low-level regulatory over-
sight, as discussed below.

Identifying New HAPs

To conserve resources in reviewing the numerous unregulated air pollutants
for potential placement on the HAPs list, an EPA-based program could be estab-
lished that relied on existing hazard evaluations from other agencies and institu-
tions, as well as new hazard evaluations for chemicals that have not received prior
adequate evaluation. Special attention should be given to the implementation of
these evaluation processes to ensure that they do not become too protracted or
resource intensive and that output of chemical evaluations is sufficient.  Candi-
dates could be screened by emission concentrations, and screening-level expo-
sure analyses could be performed.  New hazard evaluations should focus on those
air pollutants that have not been assessed adequately by other institutions and
that have a current or future potential for large exposures, such as chemical sub-
stitutes for listed HAPs.  The evidentiary threshold for listing a chemical as a HAP
is that it can be identified as reasonably anticipated to cause toxicity. The number
of chemicals undergoing traditional toxicity testing in traditional toxicity studies is
diminishing as methods for toxicity screening are evolving.  Beyond traditional
toxicity tests, EPA should explore adding chemicals to the HAPs list with the use of
the full range of analyses. Persistent, bioaccumulative toxins released into the air
in relatively small volumes may pose substantial toxic risks (Lunder et al. 2004)
and are important candidates for evaluation using non-traditional approaches.
With regard to the use of hazard evaluations from other institutions, there are
several possible sources for use in identifying HAPs candidates. Examples are
chemicals required for reporting in the Toxics Release Inventory Program; chem-
icals classified in categories 2B, 2A, or 1 by the International Agency for Research
on Cancer; chemicals identified as reproductive toxicants of concern by the Na-
tional Toxicology Program’s Center for Evaluation of Reproductive Health Risks
and listed on California’s Proposition 65 list of chemicals known to cause cancer or
reproductive toxicity; chemicals identified by EPA as known or likely to cause can-
cer (old B2 category and above); chemicals regulated on the basis of adverse
health effects by the Occupational Safety and Health Administration; chemicals
identified as toxic by the National Institute for Occupational Safety and Health; and
chemicals described as emitted into the air with a toxicological profile published by
the Agency for Toxic Substances and Disease Registry.  A screening analysis for
addition of chemicals to the HAPs list has recently been provided (Lunder et al.
2004).

Identifying Chemicals for Regulatory Oversight

There is a vast array of unregulated emitted substances with sparse or no
toxicological data to assess hazard potential adequately, and thus they cannot be
placed on the HAPs list.  Nevertheless, some attempt should be made to identify
those chemicals that have sparse toxicological data but have structural similarities
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followed by decision-making on controlling exposures to those compounds
that pose the most significant risks, is essential to incorporating the as-yet-
unlisted chemicals in future AQM strategies.

Institute a Dynamic Review of Pollutant Classification

EPA, as mandated in the CAA, must undertake a periodic review of the
classifications given to pollutants. For example, successful mitigation of
some criteria pollutants could logically result in their reclassification as
HAPs to address remaining exposure and risk issues, and the proliferation
of new technologies and products might require that some HAPs be reclas-
sified as criteria pollutants. As new scientific information becomes avail-
able, the tier assigned a given HAP might need to be changed. Especially
important is the need to identify and regulate pollutants that pose signifi-
cant risks to human health and welfare but that are not yet listed as HAPs.

Classifying and setting priorities for air toxicants would be facilitated
by the development of benchmark air concentrations.  The process for
developing such values within EPA is resource intensive and protracted,
and benchmark concentrations (for example, a reference air concentration
of a pollutant likely to cause a harmful effect in humans) are not available
for a number of substances on the HAPs list that have sufficient data for
guidance level derivations. A tiered system could be adopted for the devel-
opment of guidance values. The first tier would be the de novo resource-
intensive derivations of guidance values.  The second tier would be the
adoption of values derived by other EPA programs or federal or state
agencies.  The third tier would be the development of guidance values by
expedited techniques.  Different levels of review would apply to each of the
tiers.

to known HAPs and thus are likely to have adverse impacts.  If chemicals so
identified are also emitted in large amounts and have the potential for relatively
high hot-spot exposures, they should be listed by EPA for enhanced monitoring
and effects research and perhaps some low level of regulatory oversight.  Be-
cause of the interrelated nature of environmental media (air, soil, water, and biota
[see Box 7-1]), new chemicals suspected of being toxic or causing exposure but
with few data on environmental fate and effects should be examined for inclusion
on the HAPs list based on their production and use qualities and their likelihood of
release into the air.

BOX 7-4 continued
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Address Multiple Pollutants in the NAAQS Review
and Standard-Setting Process

In current practice, EPA interprets the CAA and its amendments as
requiring it to set NAAQS for each criteria pollutant independently from
one another.  Although the committee does not believe that the science has
evolved to a sufficient extent to permit development of multipollutant
NAAQS, it would be scientifically prudent to begin to review and develop
NAAQS for related pollutants in parallel and simultaneously. Such a prac-
tice would facilitate the assessment of the commonality of sources, ex-
posures, and effects among the pollutants, as well as the development of
multipollutant AQMPs as recommended in Recommendation Three. Al-
though such a change will require a transition period to be accomplished, it
is not unprecedented and should be implemented expeditiously.  (Earlier
criteria documents address PM and SO2 at the same time, for example.)
Thus, we recommend the following:

• The criteria document and staff paper processes should be modified
so that a simultaneous review of multiple interrelated pollutants could
be developed in these documents.  The interrelated NAAQS could then be
considered in concert.

• Coordinated recommendations should be made to the EPA adminis-
trator with respect to modifications of the existing NAAQS so that new or
modified NAAQS could be simultaneously promulgated.

• The implementation plans and attainment deadlines to address these
NAAQS should be developed in a coordinated fashion to enable the devel-
opment of multipollutant AQMPs.

Enhance Assessment of Residual Risk

In the current program to reduce emissions of HAPs from stationary
sources, EPA is directed to undertake an assessment of residual risk follow-
ing implementation of MACT and, on the basis of that assessment, decide
whether additional controls are necessary.   This program is getting under
way somewhat slowly, the first completed assessment (on coke oven emis-
sions) is expected in 2004.  There are two key ways in which this process
can be enhanced:

• The assessment of residual risk is challenging and time consuming.
Nevertheless, given the importance of these assessments, EPA should move
to accelerate this process to address an increased number of assessments in
the years to come.  To the extent that EPA is challenged to enhance re-
sources to support risk assessments, residual risk assessments should be
enhanced.
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• Although the CAA enables EPA to consider the full range of sources
of a particular set of emissions in considering residual risk, in practice, EPA
has focused primarily on the emissions from the source categories that were
the subject of MACT.  To better address the full range of pollutant expo-
sures in all settings (especially in hot spots and in areas surrounding major
stationary sources), EPA should attempt to include other major sources of
the same chemicals as much as possible, so that the contribution of the
MACT-regulated source is assessed in the context of its contribution to
broader exposures.  That assessment might take the form of creating hot-
spot scenarios for estimating risk, drawn from actual locations of some of
the regulated stationary sources.  Targeted monitoring in areas in which
relevant industrial activity is heavily concentrated could be useful in this
attempt.

Recommendation Five

Enhance protection of ecosystems and other aspects of public welfare.

Findings

The CAA was established to protect both human health and welfare,
and in one key aspect, the setting of NAAQS, the CAA mandates the
establishment of both primary standards to protect public health and sec-
ondary standards to protect welfare (including sensitive ecosystems, forests,
crops, materials, historical monuments, visibility, and other resources). In-
deed, ecosystems provide invaluable services, such as the supply of high-
quality water, soils that support the structure and function of ecosystems,
forest and crop production, diverse aquatic habitat, and maintenance of
fisheries.  A loss or limitation of these services as a result of air pollution
can therefore have significant consequences on the economy and quality
of life.

  However, programs and actions undertaken thus far in response to
the CAA have largely focused on the protection of human health, neglecting
efforts to protect environmental quality with secondary standards or to
take actions to address air pollution impacts on ecosystems and crops.

• The current practice of using the primary standard to serve as the
secondary standard for most criteria pollutants does not appear to be suffi-
ciently protective of sensitive crops and unmanaged ecosystems (see Chap-
ter 2), although in one case EPA did recommend a separate secondary
standard that was never implemented (EPA 1996b).

• Concentration-based standards are inappropriate for some resources
at risk, such as soils, groundwater, forests, surface water, and coastal eco-
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systems from air pollutants, such as sulfur, nitrogen, or mercury.  For such
resources, a deposition-based standard would be more appropriate (see
Chapter 2).

• EPA should undertake a comprehensive review of the need and use
of standards to protect public welfare.

• The nation’s AQM system has not been able to build a cohesive
program capable of reliably reporting the status and trends in exposure and
ecosystem conditions across regions and the nation (see Chapter 6).

Proposed Actions

Specific activities are recommended that will help EPA to establish
measures and actions to more effectively protect public welfare:

• Develop and implement networks for comprehensive ecosystem
monitoring. Networks for monitoring terrestrial and aquatic ecosystem
structure and function are needed to quantify the exposure of natural and
managed resources to air pollution and the effects of air pollutants on
ecosystems.

• Establish acceptable exposure levels for natural and managed eco-
systems. On an ongoing basis, EPA should evaluate current research on the
effects of air pollutants on ecosystems as a means to establish acceptable
exposure levels for both natural and managed resources. In setting these
acceptable exposure levels, EPA should consider the relevant geographic
dimensions and sensitivity of the various resources to determine if accept-
able exposure levels vary regionally. The adequacy of resource-specific ac-
ceptable exposure levels should be reviewed and revised, if necessary, at
least every 10 years.

• Promulgate secondary standards. From the improved understanding
gained from the above two actions, secondary standards should be promul-
gated where appropriate. In some cases, deposition-based secondary stan-
dards may be preferable to concentration-based standards. If acceptable
exposure levels vary significantly from one region of the nation to another,
consideration should be given to the promulgation of regionally distinct
secondary standards.9

• Design and implement controls. Within the context of EPA’s recom-
mended enhanced responsibility and authority for addressing multistate air

9A move to regional secondary standards may require an amendment of the CAA.  The courts
have held that the primary NAAQS must be met on a nationwide basis.  It is possible, however,
that a court would find that a standard designed to protect the public welfare did not have to be
uniform throughout the country, even though a standard designed to protect public health must
be uniform.  See Lead Industries Ass’n v. EPA, 647 F.2d 1130 (D.C. Cir. 1980).
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pollution problems (see Recommendation 2), the agency should develop
regulatory programs and mitigation actions to attain the standards.

• Track progress toward attainment of secondary standards. The
aforementioned monitoring of ecosystem exposure and function should
be used to track progress toward attainment of standards and to deter-
mine whether the progress results in the expected improvement in ecosys-
tem function.

CONCLUSION

In an advanced technological society such as the United States, air is a
resource whose quality must be managed through the control of pollutant
emissions. However, these controls can be implemented without abandon-
ing technology or dismantling the economy. Experience over the past three
decades of air pollution control in the United States has shown that effec-
tive AQM can often be accomplished best by encouraging and embracing
new technologies as well as by using market forces within a vibrant economy
to control emissions. AQM is also more effective when science and engi-
neering have a central role in identifying critical problems, helping to opti-
mize strategies for mitigation, designing systems to implement these strate-
gies, and finally, tracking the success of these systems.

The nation’s AQM system has had major successes over the past 30
years, but it must work to complete the task already before it (for example,
attainment of the NAAQS for PM and O3) and to face substantial new
challenges in the future.

In the committee’s view, the AQM system should strive to

• Target the most significant exposures, risks, and uncertainties.
• Take an integrated multipollutant approach.
• Be a performance-oriented system.
• Take an airshed-based approach.

In this chapter, the committee has proposed a set of five broad and
interrelated recommendations for moving the AQM system in the above
direction over the next decade or so. Because the nation’s AQM system
has been effective in many areas over the past decades, much of the system
is good and bears retaining. Thus, the recommendations proposed here
are intended to evolve the AQM system incrementally rather than to
transform it radically. The recommendations are also not intended to
deter the current, on-going AQM activities aimed at improving air qual-
ity. Indeed, even as these recommendations are implemented, there can
be little doubt that important decisions to safeguard public health and
welfare must continue to be made, at times in the face of scientific uncer-

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


314 AIR QUALITY MANAGEMENT IN THE UNITED STATES

tainty. Moreover, new opportunities and approaches for managing air qual-
ity will appear. Even today, looking forward, we can identify several such
areas:

• First, the challenge of moving beyond “one atmosphere” to “one
environment” (see Box 7-1).  The effects of air pollutants in water and soil
(as well as air) and the multimedia implications of control strategies for all
media have already been demonstrated (for example, air pollutant emis-
sions from wastewater-treatment and site-remediation facilities and im-
pacts on water from fuel additives for enhanced combustion).  The remain-
ing challenging task is to develop multimedia approaches and strategies, a
task that was beyond the scope of this committee’s endeavors but one that
will require attention in the years ahead.

• Second, the opportunities presented by rapidly developing and in-
creasingly sophisticated science and technology (Box 7-5).  New advances
in biotechnology, enhanced analytical and monitoring technologies, and
many more such innovations are just beginning to have a part in AQM.
These advances offer the prospect of even more targeted and effective air
quality strategies in the decades ahead.

• Third, the enhancement of the AQM system by the public and pri-
vate sectors.  Over a longer time horizon, the nation’s AQM system would
be significantly enhanced by empowering the public and private sectors to
undertake pollution prevention activities on their own accord rather than
by merely controlling air pollutants after they have been produced.

Although specific recommendations for incorporating these new ap-
proaches into the nation’s AQM system are not advanced here, the en-
hancements to the system—with its greater emphasis on performance and
its encouragement of innovation—should facilitate their appropriate use in
AQM over time.

Implementing this integrated set of recommendations will require the
development of a detailed plan and a schedule of steps to be undertaken.
Although the committee expects that many of the recommendations can be
accomplished within the current  CAA, some may require legislative action.
A comprehensive analysis will be required to identify recommendations
that can be implemented within the existing statutory framework and those
that require legislative action—an analysis beyond the charge and expertise
of this committee.  To ensure timely implementation, the committee urges
EPA to convene an implementation task force of experts from the key
parties—the states; tribal and local agencies; environmental, industrial, and
other stakeholders; and the scientific and technical community—to prepare
a detailed implementation plan and an analysis of which, if any, statutory
changes may be necessary.
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BOX 7-5 Advances in Environmental Instrumentation

Resource constraints have resulted in an undersampling of the environment—
temporally, spatially, and with regard to chemical speciation.  New developments
in biotechnology, engineering, nanotechnology, and information technology pro-
vide promise for the development of monitoring networks that will overcome some
of these deficits (Steinfeld et al. 2001).  Advances in instrumentation that could
contribute to the enhancement of the AQM system include the following:

• Advances in solid-state tunable diodes that will enable the translation of
powerful optical diagnostic techniques from the research laboratory to the field.
Methods that provide capability of real-time measurements and remote sensing
are differential absorption LIDAR (DIAL), correlation spectroscopy, and Fourier
transform spectroscopy (Steinfeld et al. 2002).  These laser diagnostics can be
used to monitor fluxes (Shorter et al. 1996), in addition to mapping horizontal and
vertical concentration distributions of pollutants (Tittel 1998; NASA 2003).

• Reduction in the size of diagnostic and data acquisition systems that will
permit the use of accurate and fast response instruments on mobile platforms
(vehicular or airborne) capable of mapping concentration profiles for model testing
and quantifying area sources and for identifying hot spots, leaks, and upset condi-
tions. Miniaturization will also facilitate the development of personal exposure
monitors of increased sophistication to monitor vital health-related statistics. Min-
iaturized near-real-time instruments are already available for many gaseous pol-
lutants and are becoming available for particles through the use of field-deploy-
able desorption gas chromatography and mass spectrometry techniques (Jeon et
al., 2001) and aerosol time-of-flight mass spectrometers (Noble and Prather 1996;
Bhave et al. 2002; Jayne et al. 2000).

• The development of distributed networks of microsensors to monitor HAPs
and biotoxins may become feasible as a result of recent developments of “labora-
tory-on-a-chip” technology initially driven by concerns with homeland security
(Frye-Mason et al. 2001; Lindner 2001).

• Perhaps the largest potential impact on the current approaches to monitor-
ing will be the development of methods in biotechnology to rapidly screen for im-
pacts of individual chemicals and mixtures.  One example of the developments
that will be important for the AQM system is that of DNA microarrays that show the
potential of differentiating between exposures to different classes of toxicants and
different toxicological outcomes (Bartosiewicz et al 2001).

Problems exist in the transitions of these technologies from research tools to
commercial products that meet the needs of robustness, ease of use, cost, and
equivalence to federal reference methods, problems that have only been partly alle-
viated by the Environmental Technology Verification Program.  Use of instruments
or procedures that do not satisfy a rigorous vetting process should be encouraged
when valuable new insight is provided.  For example, visual plume opacity readings
have proved to be of great value, even though they do not provide the mass or
composition of any specific pollutant, and cross-road sensors (Stedman et al. 1997;
Jiminez et al. 2000) have proved their value in identifying high-emitting vehicles,
even though their use for regulatory purposes is problematic. Some of the new
methods might be introduced in the AQM system for specialized purposes, such as
identifying hot spots, processing upset conditions for stationary sources, identifying
breakdown in the emission control for mobile sources, and mapping spatially and
temporally concentration distributions for ambient pollutants.
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Implementation of the recommendations will also require additional
resources. Although these resources are not insignificant, they should not
be overwhelming. Even a doubling of the current EPA commitment to air
pollution monitoring and research would be only about 1% of the costs
incurred annually to comply with the CAA.  Such resources are even smaller
when compared with the costs imposed by the deleterious effects of air
pollution on human health and welfare (see discussion in Chapter 1).

Fundamental changes will also be needed in aspects of the nation’s
AQM system to shift the focus to tracking progress. Such a transition will
be difficult, but as noted above, it is imperative that actions to further
reduce emissions continue even as this transition takes place.

Finally, implementation of these recommendations and meeting the
challenges of AQM in the decades to come will require a major commit-
ment from the research and development and scientific communities to
provide the human resources and technologies needed to underpin an en-
hanced AQM system and to achieve clean air in the most expeditious and
effective way possible. The committee believes that these communities are
ready to respond.
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Abbreviations

ADOM acid deposition modeling
AIRMoN Atmospheric Integrated Research Monitoring Network
AIRS Aerometric Information Retrieval System (EPA)
AQCR air quality control region
AQM air quality management
ARS Agricultural Research Service (USDA)
ASPEN Assessment System for Population Exposure Nationwide
ATS Allowance Tracking System
BACT best available control technology
BART best available retrofit technology
BAT best available technology
Btu British thermal unit
CAA Clean Air Act (1963)
CASAC Clean Air Scientific Advisory Committee (of EPA)
CASTNet Clean Air Status and Trends Network
CCRP California Comparative Risk Project
CDC Centers for Disease Control and Prevention
CEM continuous emissions monitoring
CFCs chlorofluorocarbons—compounds made up of chlorine,

fluorine, and carbon
CFR Code of Federal Regulations
CO carbon monoxide
CO2 carbon dioxide
CPSC Consumer Products Safety Commission
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CTG control technique guidelines
CTM chemical transport model
3D three-dimensional—three in space
4D four-dimensional—three in space and one in time
DALYs disability-adjusted life-years
DDT dichlorodiphenyltrichloroethane
DOE U.S. Department of Energy
ECO employee commute options
EIIP Emission Inventory Improvement Program
EKMA empirical kinetic modeling approach
EPA U.S. Environmental Protection Agency
ERC emission-reduction credit
FACE free air CO2 enrichment
FEM federal equivalent methods
FHWA U.S. Federal Highway Administration
FIA/FHM Forest Inventory and Analysis and Forest Health

Monitoring Program
FIP federal implementation plan
FRM federal reference methods
FTIR Fourier transform infrared spectroscopy
FTP federal test procedure (for vehicle emissions)
G/bhp-hr grams per brake horsepower hour
g/gal grams per gallon
g/kWh grams per kilowatt hour
GACT generally available control technology
GAO U.S. General Accounting Office
GC gas chromatography
GPMN Gaseous Pollutant Monitoring Network (NPS)
GPMP Gaseous Pollutant Monitoring Program (NPS)
GPRA Government Performance and Results Act (1993)
GVWR gross vehicle weight rating (weight of vehicle plus rated

cargo capacity)
H2S hydrogen sulfide
HAP hazardous air pollutant
HC hydrocarbons
HCl hydrogen chloride
HDV heavy-duty vehicle
HEI Health Effects Institute
HOV high-occupancy vehicle
hp horsepower
hr hour
HUD U.S. Department of Housing and Urban Development
I/M vehicle inspection and maintenance
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IM240 vehicle emissions test using a dynamometer, which lasts
for 240 seconds

IMPROVE Interagency Monitoring of Protected Visual
Environments

IRIS Integrated Risk Information System
ISTEA Intermodal Surface Transportation Efficiency Act (1991)
IWG International Working Group on Environmental Justice
kW kilowatts
LAER lowest achievable emissions rate
lb pounds
LDT light-duty truck
LDV light-duty vehicle
LEV low-emissions vehicle
LPG liquified petroleum gas
LTER long-term ecological research
LTM long-term monitoring
MACT maximum achievable control technology
MATES multiple air toxics exposure study
MDN Mercury Deposition Network
mg/m3 milligrams per cubic meter
µg/m3 micrograms per cubic meter
MOBILE EPA’s computer program to estimate mobile-source

emissions
MPO Metropolitan Planning Organization
MSA metropolitan statistical area
MTBE methyl tert-butyl ether
NAA nonattainment area
NAAQS National Ambient Air Quality Standards
NADP National Atmospheric Deposition Program
NAMS national air monitoring stations
NAPAP National Acid Precipitation Assessment Program
NATA National Air Toxics Assessment
NCLAN National Crop Loss Assessment Network
NCore National Core Monitoring Network
NCS National Children’s Study
NEJAC National Environmental Justice Advisory Council
NEP National Estuaries Program
NEPA National Environmental Policy Act
NERRS National Estuarine Research Reserve System (NOAA)
NESHAPs National Emission Standards for Hazardous Air Pollutants
NFS National Forest System
NHANES National Health and Nutrition Examination Survey
NHEXAS National Human Exposure Assessment Survey
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NLEV national low-emission vehicle
NMHC nonmethane hydrocarbons
NO nitrogen oxide
NO2 nitrogen dioxide
NOx oxides of nitrogen (NO and NO2)
NOAA U.S. National Oceanic and Atmospheric Administration
NONROAD EPA’s computer program to estimate emissions from

mobile sources not used on roads (for example, aircraft,
trains, farm equipment)

NPS U.S. National Park Service
NRC National Research Council
NSPS New Source Performance Standards
NSR new-source review
NTN National Trends Network
O2 diatomic oxygen
O3 ozone
OBD on-board diagnostics (indicates when vehicles’ emission

controls are not operating properly)
ODP ozone-depleting potential
OH hydroxyl radical
OSHA U.S. Occupational Safety and Health Administration
OSTP Office of Science and Technology Policy (White House)
OTAG Ozone Transport Assessment Group
OTC Ozone Transport Commission
OTR Ozone Transport Region (the states from Maine to

Virginia and Washington, DC)
PACE Pollution Abatement Cost and Expenditures Survey
PAMS photochemical assessment monitoring stations
Pb lead
PBDEs polybrominated diphenyl ethers
PCBs polychlorinated biphenyls
PEM parametric emissions monitoring
PHS U.S. Public Health Service
PM particulate matter
PM2.5 particulate matter with aerodynamic equivalent

diameters of 2.5 micrometers (µm) or less
PM10 particulate matter with aerodynamic equivalent

diameters of 10 µm or less
ppbv parts per billion by volume
ppm parts per million
PSD prevention of significant deterioration
psi pounds per square inch
QA/QC quality assurance/quality control
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RACT reasonably available control technology
RADM regional acid deposition model
RECLAIM Regional Clean Air Management Program
REHEX regional human exposure model
RFG reformulated gasoline
RHC reactive hydrocarbons
ROG reactive organic gas
RVP Reid vapor pressure (the vapor pressure of a petroleum

product at 100°F)
SCAQMD South Coast Air Quality Management District
SCR selective catalytic reduction
SFTP supplemental federal test procedure (for vehicle

emissions)
SHED sealed housing evaporative determination
SIP state implementation plan
SLAMS state and local air monitoring stations
SO2 sulfur dioxide
SOM soil organic matter
STAPPA- State and Territorial Air Pollution Program

ALAPCO Administrators and Association of Local Air Pollution
Control Officials

SUV sport utility vehicle
TCM transportation control measure
TCP transportation control plan
TEA-21 Transportation Equity Act for the 21st Century
TIME temporally integrated monitoring of ecosystems
TIP tribal implementation plan
TRI toxic release inventory
UAM urban airshed model
ULEV ultra-low-emissions vehicle
USC U.S. Code
USDA U.S. Department of Agriculture
USGS U.S. Geological Survey
VMT vehicle miles traveled
VOC volatile organic compound
vol volume
WEPCO Wisconsin Electric Power Company
WRAP Western Regional Air Partnership
wt weight
ZEV zero-emission vehicle

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


355

William Chameides (Chair) is regents professor of earth and atmospheric
studies at the Georgia Institute of Technology.  His research interests in-
clude atmospheric chemistry; tropospheric gas-phase and aqueous-phase
chemistry; air pollution; global chemical cycles; biospheric-atmospheric in-
teraction; and global and regional environmental change.  His NRC service
includes being the chair of the Committee on Atmospheric Chemistry and
the Committee on Ozone-Forming Potential of Reformulated Gasoline, and
a member of the Committee on Tropospheric Ozone Formation and Mea-
surement.  He is a member of the National Academy of Sciences and a
former member of the National Research Council (NRC) Board on Envi-
ronmental Studies and Toxicology.  Dr. Chameides has a B.A. degree from
the State University of New York at Binghamton, and M.Ph. and Ph.D.
degrees in geology and geophysics from Yale University.

Daniel Greenbaum (Vice Chair) is the president and chief executive officer
of the Health Effects Institute, an independent research institute funded
jointly by government and industry to provide research on the health effects
of air pollution.  At the Health Effects Institute, Mr. Greenbaum has over-
seen the development and implementation of a research plan that focuses
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contamination from methyl tertiary butyl ether (MTBE) and other addi-
tives.  Prior to joining the Health Effects Institute, he served as commis-
sioner of the Massachusetts Department of Environmental Protection.  He
currently serves as a member of the NRC Committee on Research Priorities
for Airborne Particulate Matter and a member of the NRC Board on Envi-
ronmental Studies and Toxicology.  Mr. Greenbaum earned his Masters of
City Planning from the Massachusetts Institute of Technology.

Carmen Benkovitz is a scientist at Brookhaven National Laboratory.  Her
research interests include mathematical modeling of transport and transfor-
mation of trace species in the atmosphere, and compilation and analyses of
inventories of pollutant emissions to the atmosphere.  She has previously
served as principal investigator for a multitude of studies including Chemi-
cal and Microphysical Aerosol Model, Analysis of Air Pollution and Green-
house Gases, Compilation and Analyses of Emissions Inventories for the
National Oceanic and Atmospheric Administration’s (NOAA’s) Atmo-
spheric Chemistry Project, and Global Emissions Inventories for Aerosol
Research.  Dr. Benkovitz received her Ph.D. in atmospheric sciences from
New York University.

Eula Bingham is a professor of environmental health in the College of
Medicine at the University of Cincinnati.  Previously, she served as vice
president and university dean for graduate studies at the University of
Cincinnati and as Assistant Secretary of Labor for the Occupational Safety
and Health Administration.  She earned a Ph.D. in zoology at the University
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tional Research Council including the Committee to Review the Structure
and Performance of the Health Effects Institute and the Committee on
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interests include toxicology, chemical carcinogenesis, pulmonary defense
mechanisms, regulatory toxicology, and occupational and environmental
health.  Dr. Bingham is a member of the Institute of Medicine.

Michael Bradley is president of M.J. Bradley & Associates.  He formed
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the NOx budget program.  Mr. Bradley also helped to shape the non-
attainment, motor vehicle, and acid rain provisions in the 1990 Clean Air
Act Amendments.  In 1997, he founded the Clean Energy Group, which
consists of electric generating companies committed to working with policy
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makers and other stakeholders to promote effective environmental policy
options in the areas of air quality and climate change.  He is a member of
the EPA’s Clean Air Act Advisory Committee.  Mr. Bradley earned his M.S.
degree in Environmental Management from the University of Washington.

Richard Burnett is a senior research scientist with the Healthy Environ-
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ogy and Community Medicine at the University of Ottawa.  He received his
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analytical techniques.

Dallas Burtraw is a senior fellow in the Quality of the Environment Divi-
sion at Resources for the Future.  His research interests include restructur-
ing of the electric utility market, the social costs of environmental pollution
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tion.  Dr. Burtraw has investigated the effects on electric utilities of the
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ics from the University of Michigan.

Laurence Caretto is professor of mechanical engineering at California State
University, Northridge (CSUN).  He received his Ph.D. in engineering from
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Department of Mechanical and Chemical Engineering and Associate Dean of
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chair of the California Air Resources Board.  His research interests are in
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Costel Denson is professor of chemical engineering at the University of
Delaware.  He received his Ph.D. from the University of Utah.  His re-
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and he is a fellow of the Society of Plastics Engineers.  Dr. Denson has
served as vice provost for Research at the University of Delaware where
he was responsible for the administration of all aspects of the research
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that conducted a management review of EPA’s research laboratories and
centers and also of its particulate matter research program.  Dr. Denson
has also served as a member of the National Science Foundation Advisory
Committee for Environmental Research and Education.  He is a past chair
of the Materials Task Force at the Military Engineering Center of Excel-
lence.  Dr. Denson is currently a member of the NRC Board on Environ-
mental Studies and Toxicology.

Charles Driscoll is a distinguished professor of civil and environmental
engineering and university professor of environmental systems engineering
at Syracuse University.  His research interests include aquatic chemistry,
biogeochemistry, soil chemistry, and water quality modeling.  He is on the
Board of Directors at the Upstate Freshwater Institute and the Hubbord
Brock Research Foundation.  He was a member of the NRC Panel on
Processes of Lake Acidification.  Dr. Driscoll received his Ph.D. in environ-
mental engineering from Cornell University.

Jane Hall is a professor of economics at the College of Business and Eco-
nomics, California State University, and co-director of the Institute for
Economic and Environmental Studies.  Dr. Hall has taught a variety of
classes in the fields of economics and environmental studies, and her cur-
rent research areas include assessing the value of environmental protection,
economics of air pollution policy, environmental resource scarcity, and
scarcity and conflict.  She received her M.S. at the University of California,
Berkeley, in agricultural and resource economics and her Ph.D. at the Uni-
versity of California, Berkeley, in energy and resources.

Philip Hopke is the Bayard D. Clarkson Distinguished Professor in the
Departments of Chemical Engineering at Clarkson University and holds
appointments in the Department of Civil and Environmental Engineering.
Dr. Hopke received his Ph.D. in physical and environmental chemistry
from Princeton University and was a research associate at Massachusetts
Institute of Technology.  After 4 years as an assistant professor of chemistry
at the State University College at Fredonia, NY, he joined the University of
Illiniois as a visiting assistant professor of chemistry.  He then joined the
Institute for Environmental Studies at the University of Illinois at Urbana-
Champaign (UIUC) as an assistant professor of chemistry and eventually
became professor of environmental chemistry with joint appointments in
the Departments of Civil Engineering and Nuclear Engineering.  He moved
to Clarkson University in 1989.  In 1991 he won the Principal Investigator
Award in Air Quality Research from the Ontario Ministry of the Environ-
ment.  Dr. Hopke has served on multiple NRC committees, including the
Committee on Advances in Assessing Human Exposure to Airborne Pollut-
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ants, the Committee on Risk Assessment of Hazardous Air Pollutants, the
Committee on Risk Assessment for Radon in Drinking Water, and the
Committee on Research Priorities for Airborne Pollutants.

Arnold Howitt is executive director of the Taubman Center for State and
Local Government at the Kennedy School of Government, Harvard Univer-
sity, where he is also adjunct lecturer in public policy.  His recent research
focuses on transportation, environmental regulation, and urban physical
development issues.  He also is director of a U.S. Justice Department-
sponsored research program on domestic preparedness for terrorism.  He is
currently a member of an Institute of Medicine panel on evaluation of the
Metropolitan Medical Response System program.  Dr. Howitt has written
widely on intergovernmental relations, including a report Linking Trans-
portation and Air Quality Planning: Implementation of the Transportation
Conformity Regulations in 15 Nonattainment Areas.  He received his Ph.D.
in political science from Harvard University.

C. S. Kiang is dean of the College of Environmental Sciences at Peking
University.  His research interests include atmospheric chemistry, numerical
modeling, environmental science, and phase transition of global changes.
Dr. Kiang was the founding director of the Southern Oxidant Studies,
founding director of the Atmospheric Sciences program at Georgia Tech,
and a member of the NRC Global Climate Change Study Panel in China
and the Executive Committee for Global Atmospheric Measurement of
Tropospheric Aerosol and Gases.  Dr. Kiang earned his Ph.D. in physics at
the Georgia Institute of Technology.

Beverly Law is research associate professor, Department of Forest Science,
at Oregon State University, and science chair of the AmeriFlux network of
approximately 45 research sites in the Americas.  Her research interests
include the influence of climate, age, and management on terrestrial ecosys-
tem processes, ecophysiology, forest-atmosphere interaction, ecosystem pro-
cess modeling, and remote sensing of vegetation characteristics.  Previously,
she participated in indicator development and design of EPA’s Environmen-
tal Monitoring and Assessment Program—Forests (EMAP-Forests, now For-
est Health Monitoring Program implemented by the U.S. Forest Service).
She is on the editorial boards of the journals Oecologia and Global Change
Biology.

James Lents is director of the Environmental Policy and Corporate Affili-
ates Program at the University of California at Riverside.  Dr. Lents joined
the University after a 27-year career in managing air quality improvement
projects nationwide, including 11 years as executive officer of the South
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Coast Air Quality Management District (SCAQMD) in Diamond Bar, Cali-
fornia. His experience includes work in defining the emissions inventory
development, modeling, and emissions control process for Chattanooga,
Tennessee, and Denver, Colorado. His work in Colorado included over-
sight of the emissions inventory development and modeling and control
efforts to evaluate oil production during the oil shale boom of the late
1970s and early 1980s. At the SCAQMD, Dr. Lents oversaw development
of the first Air Quality Management Plan ever to be approved by EPA for
the Los Angeles area. Dr. Lents’ research experience includes work on
combustion processes and measurement of air pollutants from jet and rocket
engines and coal-fired electrical generation processes.  Dr. Lents received
his Ph.D. from Universty of Tennessee (Space Institute) in physics.

Denise Mauzerall is an assistant professor at the Woodrow Wilson School
of Public and International Affairs at Princeton University.  Her research
examines transboundary air pollution from both the science and policy
perspectives.  She attempts to use the science of global change to contribute
to the formation of farsighted environmental policy.  Before coming to
Princeton University, Dr. Mauzerall was a post-doc at the National Center
for Atmospheric Research where she helped develop and used a global 3-
dimensional photochemical model to examine the effect of fossil fuel com-
bustion and biomass burning in Asia on global air pollution.  She has also
worked for EPA in the Global Change Division of the Office of Air and
Radiation.  Her current areas of research include a comparison of the
relative contribution of different regions of the world to global air pollution
and how those contributions will evolve as development progresses; the
impact of ozone on agriculture in Asia; and an examination of the current
nitric oxide emissions trading program in the United States.  She is a con-
tributing author to the 2001 Intergovernmental Panel on Climate Change
(IPCC) WGI and WGIII assessments.  Dr. Mauzerall received her Ph.D. in
atmospheric chemistry from Harvard University.

Thomas McGarity is W. James Kronzer Chair in Trial and Appellate Advo-
cacy at the University of Texas School of Law.  He was articles editor of the
Texas Law Review. Thomas McGrarity has studied both administrative
law and environmental law.  He also teaches torts.  He is currently serving
as co-reporter for rulemaking on the American Bar Association’s restate-
ment project of the Administrative Procedures Act and related statutes.  He
received his J.D. from the University of Texas.

Jana Milford is an associate professor of mechanical engineering at the Uni-
versity of Colorado at Boulder.  Her research interests include photochemical
air quality modeling, with applications to issues such as the effects on urban
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air quality of alternative fuels for motor vehicles and the effects on the upper
troposphere of subsonic aircraft. Dr. Milford is a former member of the
Colorado Air Quality Control Commission, which oversees state regulations
for air quality.  She has served on review boards for the Transportation
Research Board of the National Academy of Sciences and is a consultant to
the Science Advisory Board of EPA.  Dr. Milford received her Ph.D. in
engineering and public policy from Carnegie Mellon University.  She is also a
J.D. candidate at the University of Colorado School of Law.

Michael Morris is director of transportation for the North Central Texas
Council of Governments, the metropolitan planning organization for Dal-
las-Fort Worth.  He is responsible for travel demand forecasting and for
conforming transportation planning with EPA’s requirements.  In addition,
he administers the congestion mitigation/air quality program in four non-
attainment counties.  Mr. Morris holds a master’s degree in civil engineer-
ing from the State University of New York at Buffalo.  He is a licensed
professional engineer and served on the National Academy Committee re-
viewing the EPA Mobile Source Emissions Factor (MOBILE) software.

Spyros Pandis is Elias Associate Professor of Chemical Engineering and
Engineering and Public Policy in Carnegie Mellon University.  His research
interests include atmospheric chemistry, atmospheric pollution modeling,
aerosol science, global change, and environmental policy analysis.  He is the
author of many articles and a book on these topics.  He has served on
several EPA, National Science Foundation (NSF), and North American
Research Strategy for Tropospheric Ozone (NARSTO) review panels and
committees.  He is a former member of the NRC committee reviewing the
Department of Energy (DOE) Office of Fossil Energy’s research plan for
fine particulates. Dr. Pandis received his Ph.D. in chemical engineering at
the California Institute of Technology.

P. Barry Ryan is professor of exposure assessment and environmental chem-
istry in the Department of Environmental and Occupational Health at the
Rollins School of Public Health of Emory University with a joint appoint-
ment as professor in the Department of Chemistry.  Before joining the
faculty at Emory in 1995, Dr. Ryan was associate professor of environmen-
tal health at the Harvard School of Public Health.  He earned his Ph.D. in
computational chemistry from Wesleyan University.  Research conducted
by Dr. Ryan focuses on multimedia, multipollutant human exposure assess-
ment and nontraditional pathways of exposure.

Adel Sarofim is Presidential Professor in the College of Engineering at the
University of Utah and senior technical advisor to Reaction Engineering
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International in Salt Lake City.  His research interests include radiative heat
transfer, combustion, furnace design, applied chemical kinetics, and air
pollution control and he is noted for his work with energy and the environ-
ment.  Dr. Sarofim has served on several NRC committees including the
Committee on Chemical Engineering Frontiers, the Committee on Chemi-
cals in the Environment, and the Committee on Health Effects of Waste
Incineration.  He also served on EPA’s Science Advisory Board and its
Strategic Research Subcommittee.  Dr. Sarofim received his Sc.D. in chemi-
cal engineering from Massachusetts Institute of Technology.

Sverre Vedal is a senior faculty member in the Division of Environmental
and Occupational Health Sciences at the National Jewish Medical and
Research Center in Denver, Colorado, and professor in the departments of
preventive medicine and biometrics and of medicine, at the University of
Colorado School of Medicine.  His primary research interest is the health
effects of environmental air pollution.  He is currently a member of the
Clean Air Scientific Advisory Committee (CASAC) of EPA and a member of
the Review Committee of the Health Effects Institute.  Dr. Vedal received
his M.D. from the University of Colorado and an M.Sc. in epidemiology
from the Harvard School of Public Health.

Lauren Zeise is chief of the Reproductive and Cancer Hazard Assessment
Section of the California Environmental Protection Agency.  Dr. Zeise’s
research focuses on modeling human interindividual variability in metabo-
lism and risk.  She has served on advisory boards of EPA, World Health
Organization (WHO), U.S. Congressional Office of Technology Assess-
ment (OTA), National Institute of Environmental Health Sciences (NIEHS),
Institute of Medicine (IOM), and NRC committees on risk characterization,
comparative toxicology of naturally occurring carcinogens, toxicology, and
copper in drinking water.  Dr. Zeise is a member of the NRC Board on
Environmental Studies and Toxicology.  She received her Ph.D. in applied
sciences from Harvard University.
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Develop scientific and technical recommendations for strengthening
the nation’s air quality management system with respect to the way it
identifies and incorporates important sources of exposure to humans and
ecosystems and integrates new understandings of human and ecosystem
risks.  To this end, the committee will conduct a scientific and technical
evaluation of the effectiveness of the major air quality provisions of the
Clean Air Act and their implementation by federal, state, and local govern-
ment agencies.

The committee’s review will address scientific and technical aspects of
the policies and programs that are intended to manage important air pollut-
ants including, but not limited to, national ambient (“criteria”) pollutants
and air toxics.  It will evaluate scientific and technical aspects of current
approaches for health and environmental problem identification, regula-
tory standards development, air quality management plan development,
plan implementation, and progress evaluation.  Stratospheric ozone protec-
tion and greenhouse gas emissions will not be included in the scope of the
study, except in regard to strategies to control emissions from sources in
tropospheric air quality control programs.

The committee will address:

Scientific and technical bases for identifying and controlling air quality
problems and for understanding the importance of various emissions
sources;

Appendix B

Statement of Task
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Scientific and technical bases of current approaches used to set tech-
nology-based standards, emission standards, and ambient air quality
standards;

Scientific and technical bases of current approaches for developing and
implementing air quality management plans, including procedures for
developing emissions inventories, models for evaluating management
strategies and relating emissions to air quality; and the State Implemen-
tation Plans and other air quality management programs;

Measures of performance used to determine progress toward public
health and environmental goals, and the use of these measures to modify
management systems as needed;

Potential for new scientific concepts and methods, such as those related
to human exposure assessment, intermedia transfer, and source-recep-
tor modeling, to be utilized more effectively in the management of air
quality;

Scientific and technical aspects of policies and tools (e.g., emissions
trading) for air quality management;

Balance between the need for national consistency and the need for
local flexibility in carrying out the major air quality provisions of the
Clean Air Act;

The extent to which one can rely on anticipated technological advances
for achieving emissions reductions in SIPs and other air quality man-
agement plans;

Adequacy of current and future expertise, resources, and infrastructure
at federal, state, and local agencies to implement air quality manage-
ment programs;

The effectiveness of federal research programs to enhance the nation’s
capacity to manage air pollution.

Sponsor:  U.S. Environmental Protection Agency
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Acetaldehyde
Acetamide
Acetonitrile
Acetophenone
2-Acetylaminofluorene
Acrolein
Acrylamide
Acrylic acid
Acrylonitrile
Allyl chloride
4-Aminobiphenyl
Aniline
o-Anisidine
Asbestos
Benzene
Benzidine
Benzotrichloride
Benzyl chloride
Biphenyl
Bis(2-ethylhexyl) phthalate
Bis(chloromethyl) ether
1,1-Bis(4-chlorophenyl)
  ethane (DDE)
Bromoform

Appendix C

188 Hazardous Air Pollutants (HAPs)a,b

1,3-Butadiene
Calcium cyanamide
Captan
Carbaryl
Carbon disulfide
Carbon tetrachloride
Carbonyl sulfide
Catechol
Chloramben
Chlordane
Chlorine
Chloroacetic acid
2-Chloroacetophenone
Chlorobenzene
Chlorobenzilate
Chloroform
Chloromethyl methyl ether
Chloroprene
Cresols/cresylic acid

o-Cresol
m-Cresol
p-Cresol

Cumene
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2,4-Dichlorophenoxyacetic acid
(including salts and esters)
(2,4-D)

Diazomethane
Dibenzofurans
1,2-Dibromo-3-chloropropane
Dibutylphthalate
1,4-Dichlorobenzene(p)
3,3'-Dichlorobenzidine
Dichloroethyl ether
1,3-Dichloropropene
Dichlorvos
Diethanolamine
Diethyl sulfate
3,3'-Dimethoxy benzidine
p-Dimethyl amino azobenzene
N,N-Dimethyl aniline
3,3'-Dimethyl benzidine
Dimethyl carbamoyl chloride
N,N-Dimethyl formamide
1,1-Dimethyl hydrazine
Dimethyl phthalate
Dimethyl sulfate
4,6-Dinitro-o-cresol

(including salts)
2,4-Dinitrophenol
2,4-Dinitrotoluene
1,4-Dioxane
1,2-Diphenylhydrazine
Epichlorohydrin
1,2-Epoxybutane
Ethyl acrylate
Ethyl benzene
Ethyl carbamate
Ethyl chloride
Ethylene dibromide
Ethylene dichloride
Ethylene glycol
Ethylene imine
Ethylene oxide
Ethylene thiourea
Ethylidene dichloride
Formaldehyde
Heptachlor

Hexachlorobenzene
Hexachlorobutadiene
Hexachlorocyclopentadiene
Hexachloroethane
Hexamethylene-1,6-diisocyanate
Hexamethylphosphoramide
Hexane
Hydrazine
Hydrochloric acid
Hydrogen fluoride
Hydroquinone
Isophorone
Lindane (all isomers)
Maleic anhydride
Methanol
Methoxychlor
Methyl bromide
Methyl chloride
Methyl chloroform
Methyl ethyl ketone
Methyl hydrazine
Methyl iodide
Methyl isobutyl ketone
Methyl isocyanate
Methyl methacrylate
Methyl tert-butyl ether
4,4'-Methylene-bis(2-chloroaniline)
Methylene chloride
4,4'-Methylene diphenyl

diisocyanate
4,4'-Methylene dianiline
Naphthalene
Nitrobenzene
4-Nitrobiphenyl
4-Nitrophenol
2-Nitropropane
N-Nitroso-N-methylurea
N-Nitrosodimethylamine
N-Nitrosomorpholine
Parathion
Pentachloronitrobenzene
Pentachlorophenol
Phenol
p-Phenylenediamine
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Phosgene
Phosphine
Phosphorus
Phthalic anhydride
Polychlorinated biphenyls
1,3-Propane sultone
ß-Propiolactone
Propionaldehyde
Propoxur (Baygon)
Propylene dichloride
Propylene oxide
1,2-Propylenimine
Quinoline
Quinone (p-benzoquinone)
Styrene
Styrene oxide
2,3,7,8-Tetrachloro-
  dibenzo-p-dioxin
1,1,2,2-Tetrachloroethane
Tetrachloroethylene
Titanium tetrachloride
Toluene
2,4-Toluene diamine
2,4-Toluene diisocyanate
o-Toluidine
Toxaphene
1,2,4-Trichlorobenzene
1,1,2-Trichloroethane
Trichloroethylene
2,4,5-Trichlorophenol

2,4,6-Trichlorophenol
Triethylamine
Trifluralin
2,2,4-Trimethylpentane
Vinyl acetate
Vinyl bromide
Vinyl chloride
Vinylidene chloride
Xylenes (mixed isomers)

o-Xylenes
m-Xylenes
p-Xylenes

Antimony compounds
Arsenic compounds (inorganic)
Beryllium compounds
Cadmium compounds
Chromium compounds
Cobalt compounds
Coke oven emissions
Cyanide compoundsc

Glycol ethersd

Lead compounds
Manganese compounds
Mercury compounds
Fine mineral fiberse

Nickel compounds
Polycyclic organic matterf

Radionuclides (including radon)
Selenium compounds

Note: For all listings above that contain the word “compounds” and for glycol ethers, the
following applies: Unless otherwise specified, these listings are defined as including any unique
chemical substance that contains the named chemical (antimony, arsenic, etc.).

aThe original list established under section 112(b)(1) of the Clean Air Act contained 189
HAPs. Caprolactam was removed June 18, 1996 (see 61 Fed. Reg. 30816 [1996]).

bOn May 30, 2003, EPA proposed to remove the compound methyl ethyl ketone (MEK)
from the HAPs list (see 68 Fed. Reg. 32605 [2003]), and on November 21, 2003, it proposed
to remove ethylene glycol monobutyl ether from the list (see 68 Fed. Reg. 65648 [2003]).

cX′CN where X = H′ or any other group where a formal dissociation may occur.  For
example, KCN or Ca(CN)2.

dThe definition of glycol ethers has been modified to exclude surfactant alcohol ethoxylates
and their derivatives (SAEDs) (65 Fed. Reg. 47342 [2000]).

eIncludes mineral fiber emissions from facilities manufacturing or processing glass, rock, or
slag fibers (or other mineral derived fibers) of average diameter of 1 micrometer or less.

fIncludes organic compounds with more than one benzene ring and that have a boiling
point greater than or equal to 100ºC.
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RESEARCH AND DEVELOPMENT RECOMMENDATIONS

1.  Develop a comprehensive understanding of chronic effects of mul-
tiple air pollutants on ecosystems at ecologically relevant temporal and
spatial scales.

This includes feedbacks and interactions among the atmosphere,
plants, soil, and animals in terrestrial ecosystems, and interactions of or-
ganisms, habitat, and water quality in interconnected aquatic ecosystems.
Because different species and different developmental stages of these species
respond differently to air pollutants, integrated field studies of air pollutant
and climatic effects should cover a range of vegetation types and a range of
age classes. Integrated in situ experiments should link co-located ambient
air pollution measurements with observations of ecosystem response.

Specific Improvements Needed:

• Field observations and experiments on interactive effects of ozone,
reactive nitrogen deposition, atmospheric carbon dioxide, and climatic stress
(for example, water availability) on responses of different terrestrial ecosys-
tems (including forests at different developmental stages)

• Studies on ecological consequences of depletion of nutrient cations
from soil and enrichment of nitrogen and sulfur in soil

• Long-term mechanistic studies to evaluate the consequences for plant
physiological processes, of changes in soil chemistry that occur as a result of

Appendix D

Recommendations for Continuous
Development and Implementation of
Measurements to Determine Status
and Trends in Ecosystem Exposure

and Condition
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air pollution, taking into account other factors such as reduced resistance to
disease and climate extremes

• Develop methods to combine data from various sampling designs
(for example, data assimilation and meta-analysis)

• Technological improvements in ozone measurement for biologi-
cally relevant ozone data (for example, appropriate temporal and spatial
resolution)

• Modeling of the spatial distribution of dry deposition and ozone
concentrations as a function of source, terrain, and meteorology.  Meso-
scale meteorological models require improved treatments of surface-
atmosphere interactions, simulations in complex terrain, and simulation of
flows under stagnating conditions often associated with ozone episodes.

• Develop coupled ecological process modeling and air quality model-
ing for evaluating responses spatially and temporally, and for scenario
testing.  The atmospheric modeling can provide spatial information on air
quality to the ecosystem process models, which provide estimates of re-
sponse to air pollution.

• Monitoring data are needed for verification of model predictions of
exposure, particularly in rural areas.

• Continued studies on bioaccumulation of pollutants in aquatic and
terrestrial ecosystems, and terrestrial/aquatic interactions.

• Exposure, transfer, and bioaccumulation of mercury in terrestrial
and aquatic ecosystems.  Studies on the effects of mercury on soil microbial
processes and subsequent effects on plant processes in terrestrial ecosys-
tems, including deposition in forests, terrestrial accumulation, transport
to aquatic ecosystems and conversion of inorganic mercury to methyl
mercury.

2.  Improve process-based models of ecosystem response to pollutants
for regional assessments.

Development and testing of spatially-explicit ecosystem models need to
be accelerated for determining response at scales of air pollutant exposure.
In terrestrial ecosystems, field studies should be linked with improved mod-
eling of ecosystem exposure and responses to multiple controlling factors,
cumulative stress, and plant community dynamics.  This includes interac-
tion of multiple cumulative effects of air pollutants and climatic factors on
physiology of receptor plants (e.g., photosynthate allocation) and below-
ground processes, differential sensitivities of species, and linking shifts in
biogeochemical processes to changes in community dynamics and species
composition.

3. Develop and test tools for assessing impacts of pollutants on biologi-
cal species, populations, and ecosystems.
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As new technologies—such as stable isotope analysis and remote sens-
ing from aircraft and satellites—develop, continued studies are needed to
identify biological indicators for detecting responses to pollutants at vari-
ous levels of biological organization.  This understanding is particularly
important for terrestrial ecosystems, as relatively little progress has been
made in this area compared to that in aquatic ecosystems.

4.  Improve methods for monitoring ambient air quality in ecosystems,
and ecosystem response.

Continue to conduct studies to determine appropriate suites of measure-
ments, sample design, and sampling intensity to detect changes in ecosystem
condition in response to pollutants.  This is particularly important for terres-
trial ecosystems, where little progress has been made. Biogeochemistry, habi-
tat and biodiversity, and the linkage between diversity and productivity, are
important factors for which a comprehensive suite of indicators should be
developed. Indicators should include intermediate variables (for example,
leaf area index and the foliar chemistry used to model productivity) as well as
final variables (for example, mortality).  Examine the possibility of using
critical loads to quantify impacts on terrestrial ecosystems.

5.  Conduct risk assessment research.
Develop methods for quantifying susceptibility of ecosystems to mul-

tiple stressors at multiple scales.  See for example Linthurst et al. (2000).

IMPLEMENTATION RECOMMENDATIONS

There has been a lack of coordination in research on measuring the
responses of ecosystems to pollutants, and in implementation of monitoring
programs that use the new knowledge gained. Likewise, responsibility for
monitoring of ecosystem conditions has been divided among agencies, and
offices within agencies, so that a cohesive long-term program on monitor-
ing terrestrial and aquatic ecosystem conditions does not exist. Analysis
and reporting of results have been spotty, and very much delayed (for
example, U.S. Department of Agriculture Forest Service Forest Health Moni-
toring), and data and reports are not easily located.

Key elements for implementation of measurements to determine status
and trends in air pollution exposure and ecosystem condition are:

1.  The institutional framework for monitoring exposure and ecosys-
tem response.

True coordination between federal and state agencies is necessary to
implement a unified cohesive program for monitoring air quality and ter-
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restrial and aquatic ecosystems, including planning, implementation, analy-
sis, and reporting of results.

2.  Transfer of knowledge gained in research and development to moni-
toring programs.

There should be a process for moving models and measurements from
research and development to implementation in monitoring—requiring co-
ordination between responsible agencies.

3. Establish baselines of ecosystem condition.
Baseline ecosystem condition can be identified as the initial condition

for establishing trends and detecting changes.  Reliable baseline conditions
have not been identified and reported for terrestrial, aquatic, and coastal
ecosystems across the United States.  Reports to date on conditions have
not been based on representative surveys of ecosystem condition, nor have
they incorporated meaningful biological measures of ecosystem condition.

4. A comprehensive suite of indicators should be measured consistently
in terrestrial and aquatic ecosystems with appropriate coverage across the
United States, and baseline conditions of ecosystems should be established
in one widely distributed consolidated report.

An ecosystem perspective is essential in monitoring at all sites, includ-
ing ecological structure and function, such as soil condition in terrestrial
ecosystems and habitat condition in aquatic ecosystems.  Ecosystem charac-
teristics that are important process model input variables (for example,
foliar and soil carbon and nitrogen, leaf area index, and tree heights), or are
important for testing or constraining models (for example, productivity)
should be monitored.  Soil samples from terrestrial ecosystems and sedi-
ment or tissue samples from aquatic systems should be archived for analy-
ses in the future, when new approaches or techniques become available.

5.  Co-locate long-term measurements of air quality, meteorology, and
ecosystem responses (e.g., along pollution gradients).

The density and distribution of air quality monitoring stations in rural,
agricultural, and remote forest areas should be increased, aided by a statis-
tical design that will improve spatial and temporal estimates of exposure.
Measurement locations should maximize coverage along gradients from
urban to remote areas, and encompass a range of topographic and microcli-
mate conditions. For ozone effects on terrestrial ecosystems, sampling
should be conducted on plants with multiple years of foliage to determine
cumulative effects over several years; on deciduous species, sampling should
be conducted at the end of the summer, to allow summer-long cumulative
effects to be determined (U.S. Forest Service Forest Inventory and Analysis
[FIA] sampling actually occurs all summer) (Campbell et al. 2000). The
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sampling intensity for ozone injury should be increased, and foliar sampling
should be co-located with active ozone monitors.

6.  Probability sample designs for monitoring will ensure coverage
within a domain of existing populations.

For example, sampling can be proportional to the area coverage of
different forest types or the number of first order streams (Olsen et al.
1999). The plot design and the survey design need to be sufficient to deter-
mine differences between sites.

7.  Conduct intensive ecosystem studies at a subset of representative
plots.

Such studies will increase the understanding of mechanisms of response
to multiple factors, including air quality and climate.

8.  Improve National Weather Service meteorological data by adding
measurement of incident total solar radiation.

Incident radiation strongly influences ozone formation. It is a key vari-
able used in environmental analysis, and is critical for spatial modeling of
meteorology, ozone distribution, and ecosystem effects.

9.  Release for regional analysis the exact locations of forest survey
plots on public lands.

An amendment to the Food Security Act (2001) prohibits release of
exact locations of Forest Inventory and Analysis and Forest Health Moni-
toring (FIA/FHM) plots, including those on public lands. The release of
exact plot locations will allow scientists outside FIA/FHM to investigate air
pollution effects on forest ecosystems in a spatial context. Currently, inves-
tigators who are collaborating with FIA personnel may make complicated
arrangements with some regions to allow FIA personnel to run specific
analyses for them, but the practice is inconsistent among regions, it is
usually impractical because of the complexity of the analyses, and because
there are extremely long delays in data processing (processing often delayed
for years or never accomplished).

10.  Expand the EPA Temporally Integrated Monitoring of Ecosys-
tems/Long-Term Monitoring (TIME/LTM) program for monitoring sur-
face waters to include sites from regions sensitive to atmospheric deposition
(for example, Southeast, Upper Midwest, West).

Measurements should be long-term to ensure continuity for trends de-
tection.  The TIME/LTM program should be integrated with national net-
works to quantify atmospheric deposition and watershed information on
soil, forest vegetation, and other attributes.  Measurements should be linked
with biogeochemistry modeling to predict both effects of acidic deposition
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and response to proposed air quality controls.  EPA should also consider
expanding TIME/LTM to include monitoring of acid-sensitive biological
indicators at a subset of sites.  This would allow managers to assess linkages
between changes in the acid-base status of surface waters and biological
responses to changing chemical conditions.

11.  Improve methods and facilities on regional scales to evaluate the
status, trends and response to controls on atmospheric sources of nitrogen
(see, for example, ESA [1997b]).

There is a need for basic estimates of organic nitrogen deposition rates
and loadings, and for linking delivered atmospheric loads to sources.  For
example, the effects of forest management and agricultural practices on
delivery of nitrogen to coastal waters should be examined.  Assessments of
atmospheric deposition profiles are needed for all key estuarine/coastal
systems along the Atlantic and Gulf coasts. These profiles should be devel-
oped using a consistent set of methodologies or tailored to specific regions
using a common base of information.

12.  Expand the existing estuarine monitoring programs (National
Estuaries Program and National Estuarine Standards Reserve System) to
address existing gaps in knowledge of effects of atmospherically deposited
chemicals in the coastal zone.

Where atmospheric deposition data are lacking in some systems, ex-
pansion would have to include wet and dry deposition measurements (re-
quiring significant funding and technical expertise).  Monitoring at these
sites should be expanded to quantify mass inflow of reactive nitrogen and
other pollutants (for example, mercury) that are derived from atmospheric
sources.  The monitoring program should be coordinated with measure-
ments of estuarine conditions, including nitrogen species, dissolved oxygen,
chlorophyll, and sea grass biomass.  A second option is to foster the forma-
tion of integrated estuarine studies (for example, MODMON, the Neuse
River Estuary Modeling and Monitoring program at the University of North
Carolina (at MODMON 2001).  Using either approach, the monitoring
program should be linked to modeling efforts to simulate emissions and
atmospheric deposition and the transport and fate of atmospherically de-
rived pollutants within watersheds and estuarine ecosystems.
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Index

A

Acceptable exposure levels, establishing for
natural and managed ecosystems, 21,
312

Acetaldehyde, 145, 365
Acetamide, 365
Acetonitrile, 365
Acetophenone, 365
2-Acetylaminofluorene, 365
Acid deposition, 111
Acid deposition modeling (ADOM), 64, 110
Acid rain (SO2 and NOx), reducing

emissions of species that cause, 33
Acid rain program, 110, 204, 214

NOx provisions, 187
SO2 emissions trading, 196–202
targets for, 64

Acid Rain Title of CAA Amendments, 97
goals set by, 64–65

Acrolein, 365
Acrylamide, 365
Acrylic acid, 365
Acrylonitrile, 365
ADOM. See Acid deposition modeling
Aerometric Information Retrieval System (in

EPA) (AIRS), 237
Agency for Toxic Substances and Disease

Registry, 308

Agricultural Research Service (in the USDA)
(ARS), 259

Agriculture, ecosystem effects from
exposure to air pollution in, 258–259

Air pollutants
designing, testing, and implementing

technologies and systems for
efficiently preventing or reducing, 36

impacts of, 28–29
listing potentially dangerous but

unregulated for regulatory attention,
21, 306–309

Air Pollution Control Act, 29
Air pollution science, 24–28

enhancing monitoring, 17, 286–287
factors influencing the pollutant mix in

the atmosphere and the resultant
impacts of pollution, 25

national average emission categories for
CO, SO2, NOx, VOCs, PM10, and
PM2.5, 27

Air quality management (AQM), 23
challenges ahead, 5, 13–16
current system for, 11–13
designing and implementing control

strategies through the SIP process,
88–132

estimating the costs and benefits of, 37–
39
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forecasting in, 239–240
future of improving, 39–41
growth areas and emission trends, 9
implementing emission controls on

mobile sources, 133–173
implementing emission controls on

stationary sources, 174–216
iterative nature of, 4
long-term objectives for, 10
measuring the progress and assessing the

benefits of, 216–267
moving forward, 21–22
progress in, 5
setting goals and standards, 45–87
system adapting to climate change, 277–

278
transforming the nation’s system to meet

the challenges of the coming decades,
268–315

in the United States, 29–35
Air quality management (AQM)

recommendations
for advances in environmental

instrumentation, 315
for developing an integrated program for

criteria pollutants and hazardous air
pollutants, 20–21, 304–311

for enhancing protection of ecosystems
and other aspects of public welfare,
21, 311–313

for expanding national and multistate
performance-oriented control
strategies to support local, state, and
tribal efforts, 18–19, 291–296

for implementation, 371–374
for meeting the challenges ahead, 6–7,

16–21
for needed research and development,

369–371
for strengthening scientific and technical

capacity to assess risk and track
progress, 17–18, 284–290

for transforming the SIP process, 19–20,
296–304

Air quality management plan (AQMP), 6,
19–20, 297–307, 310

ensuring a successful transition to, 304
Air quality measurement techniques, 235–

236
Air-quality modeling, 103–114

delays in incorporating new scientific

insights from models into policy
design, 112–113

dynamic partnership between technical
and regulatory communities, 112

emerging multipollutant models, 114
emissions-based air quality models, 105–

112
empirical rollback model, 104
lessons learned about air quality models,

112–114
model uncertainties, 113
need for regulators to apply model

results appropriately, 112
need to subject models to comprehensive

performance evaluations, 112
over-reliance on models for O3 SIPs,

113–114
receptor models, 104–105

Air quality monitoring
designing and implementing technologies

and methods for documenting
pollutant exposures, 36

siting of stations, 233–235
trend analysis techniques, 236–237

Air quality standards, overview of, 46–47
Air Resources Board, 157
AIRMoN. See Atmospheric Integrated

Research Monitoring Network
AIRNow website, 237, 239
AIRS. See Aerometric Information Retrieval

System (EPA)
ALAPCU. See Association of Local Air

Pollution Control Officials
Allocation of emission allowances, fairness

in, 208
Allowable concentration increments

(micrograms per cubic meter), for
prevention of significant
deterioration (PSD), 182

Allyl chloride, 365
Ambient air quality, methods for

monitoring in ecosystems, 371
Ambient concentrations used to confirm

emission trends, 217–220
emission inventories and changes in

average pollutant concentrations
derived from air quality monitoring
networks, 220

EPA’s trends in estimated nationwide
pollutant emissions and average
measured concentrations, 218
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AmeriFlux, 259
4-Aminobiphenyl, 365
Aniline, 365
o-Anisidine, 365
Anthropogenic sources, contributing

emissions resulting in the deposition
of acidic compounds, 61

Antimony compounds, 367
Applicability issues with NSR and PSD,

181–185
complexity and inefficiency, 182–183
definition of significant, nonroutine

modification, 185
grandfathering of facilities, 184
NOx emissions from coal-fired boilers,

by vintage, 184
older, dirtier facilities remaining in

operation, 183–184
AQIRP. See Auto/Oil Air Quality

Improvement Research Program
AQM. See Air quality management
AQM system, recommendations for an

enhanced, 283–313
AQMP. See Air quality management plan
ARCO. See Atlantic Richfield Company
Area-source regulations, 212–214

present status of, 214
ARS. See Agricultural Research Service

(USDA)
Arsenic compounds (inorganic), 55, 367
Asbestos, 55, 365
Assessing ecosystem benefits from improved

air quality, 252–261
Assessing health benefits from improved air

quality, 241–252
assessments based on data from short-

term air pollution events, 243
assessments using risk functions and

exposure estimates, 243–249
monitoring actual human exposure,

249–252
Assessing the economic benefits of air

quality improvements, 261–265
economic assessments, 263–265
pollution abatement cost and

expenditures (PACE) survey, 265
Assessments based on tracking public health

status and criteria pollutant risk over
time, 244–246

Centers for Disease Control and
Prevention (CDC), 245

National Children’s Study (NCS), 245
Pew Environmental Health Commission,

244–245
Assessments using risk functions and

exposure estimates, 243–249
efforts to track the effects of HAP

emission reductions, 246–248
other HAP assessments, 248–249
tracking progress in reducing HAPs-

related health effects for the future,
249

Association of Local Air Pollution Control
Officials (ALAPCU), 100, 286

Atlantic Richfield Company (ARCO), 157
Atmospheric composition monitoring

networks, 220–228
enhanced PM2.5 monitoring networks,

227
gaseous pollutant monitoring program,

226
hazardous air pollutants, 227–228
interagency monitoring of protected

visual environments, 226
locations of initial PM25 supersites, 228
major U.S. monitoring networks, 222–

223
monitoring visibility, 226
national, state, and local air monitoring

stations, 220–224
photochemical assessment monitoring

stations (PAMS), 224–226
surface O3 monitoring sites and

ozonesonde sites in North America,
224

Atmospheric Integrated Research
Monitoring Network (AIRMoN),
232, 257

Attainment-demonstration SIPs, 92
air-quality modeling, 103–114
emission-control strategy development in

an attainment demonstration SIP,
115–120

emission inventories, 97–103
main components of, 96
overemphasis on, 128–130
using the weight-of-evidence approach in

the attainment demonstration, 114–
115

Auto/Oil Air Quality Improvement Research
Program (AQIRP), 158
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B

BACT. See Best available control technology
Banking emission allowances

for the future, 207
opportunity for, 201–202

BART. See Best available retrofit technology
Baselines of ecosystem condition,

establishing, 372
Behavioral and societal strategies to reduce

mobile-source emissions, 162–167
controls on transportation infrastructure

planning and investment, 164
linking highway capacity expansion to

air quality through the National
Environment Policy act, 164–167

regulation of motorists’ vehicle use,
162–163

Benzene, 55, 57, 145, 158, 307, 365
trends in annual concentrations in

metropolitan areas, 230
Benzidine, 365
Benzotrichloride, 365
Benzyl chloride, 365
Beryllium compounds, 55, 367
Best available control technology (BACT),

180–183
Best available retrofit technology (BART),

123
Bioaccumulative toxins, 308
Biphenyl, 365
Bis(2-ethylhexyl) phthalate, 365
1,1-Bis(4-chlorophenyl) ethane (DDE), 365
Bis(chloromethyl) ether, 365
Blood lead concentrations in the U.S.

population, 156
Bromoform, 365
Bureaucratic process, 128
1,3-Butadiene, 365

C

CAA. See Clean Air Act (1963)
Cadmium compounds, 367
CAFE. See Corporate Average Fuel

Economy standards
Calcium cyanamide, 365
California, unique role in controlling mobile

emissions, 137
California Air Resources Board (CARB),

145, 274

California and federal reformulated gasoline
programs, 158–159

California Clean Air Act, 157
California Comparative Risk Project

(CCRP), 249
Cap-and-trade provisions

acid rain SO2 emissions trading
program, 196–202

early trading programs implemented in
the U.S., 197–198

for major stationary sources, 196–210
in proposed multipollutant legislation, 204
savings from the SO2 emissions trading

program, 200
SO2 emissions from electric utilities in

the United States, 199
Caprolactam, 55
Captan, 365
CARB. See California Air Resources Board
Carbaryl, 365
Carbon dioxide (CO2), 73–74, 126, 194,

205, 208
Carbon disulfide, 365
Carbon monoxide (CO), 4, 11, 14, 27, 37,

48, 92–93, 130, 139, 143–144, 151,
158, 172, 194, 217, 268

emissions-based models for, 105
national average emission categories for,

27
Carbon tetrachloride, 365
Carbonyl sulfide, 365
Cardiopulmonary disease. See Pope/

American Cancer Society Study
CASAC. See Clean Air Scientific Advisory

Committee (of EPA)
CASTNet. See Clean Air Status and Trends

Network
Catechol, 365
CCRP. See California Comparative Risk

Project
CDC. See Centers for Disease Control and

Prevention
CEM. See Continuous emissions monitoring
CENRAP. See Central States Regional Air

Partnership
Center for Evaluation of Reproductive

Health Risks, 308
Centers for Disease Control and Prevention

(CDC), 245, 288
assessment of pollutant risk over time

from, 245
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Central States Regional Air Partnership
(CENRAP), 123

Certainty of penalties, 201
Certification standards on new vehicles and

motors, controlling emissions
through, 136–148

CFCs. See Chlorofluorocarbons
CFR. See Code of Federal Regulations
CH4. See Methane
Challenges ahead for AQM, 5, 13–16

climate change, 16
environmental justice, 15
health effects at low pollutant

concentrations, 15
multistate, cross-border, and

intercontinental transport, 15–16
new standards, 15
protecting ecosystem health, 15
recommendations for meeting, 6–7, 16–21
toxic air pollutants, 15
transforming the nation’s AQM system

to meet, 268–315
trends in emissions versus ambient

concentrations of various primary
pollutants, 14

Chemical transport model (CTM), 106,
110, 239

modern multipollutant, multiscale, 110–
111

Chloramben, 365
Chlordane, 365
Chlorine, 365
Chloroacetic acid, 365
2-Chloroacetophenone, 365
Chlorobenzene, 365
Chlorobenzilate, 365
Chlorofluorocarbons (compounds made up

of chlorine, fluorine, and carbon)
(CFCs), 198

phasing out, 198
Chloroform, 365
Chloromethyl methyl ether, 365
Chloroprene, 365
Chromium compounds, 367
Civil Rights Act of 1964, 65
Classification of nonattainment areas for O3

and CO, as mandated in the CAA
Amendments of 1990, 92

Clean Air Act of 1963 (CAA), 3, 5, 7–15,
19, 21, 29, 32–33, 131, 133, 174,
216, 268, 316, 363–364

goals of, 4, 32–33

Clean Air Act of 1963 (CAA) requirements
for SIPs, 94–96

for all states, 94
for nonattainment areas, 94–95
for O3 nonattainment areas, 95–96

Clean Air Scientific Advisory Committee (of
EPA) (CASAC), 50–51

Clean Air Status and Trends Network
(CASTNet), 231–232, 257

Climate change, 16
Climate Monitoring and Diagnostics

Laboratory (CMDL), 241
Clinton administration, 185
CLTRAP. See Convention on the Long-

Range Transport of Transboundary
Air Pollution

CMDL. See Climate Monitoring and
Diagnostics Laboratory

CO. See Carbon monoxide
CO2. See Carbon dioxide
Cobalt compounds, 367
Code of Federal Regulations (CFR), 129
Coke oven emissions, 367
Columbia River Inter-Tribal Fish

Commission, 123
Committee on Air Quality Management in

the U.S., 9
charge to, 41–43, 363–364

Complexity, of the NSR and PSD
requirements, 182–183

Compliance assurance, and CEM, 210
Compliance assurance for traditional

control programs, 190–196
cap and trade in proposed

multipollutant legislation, 204
compliance monitoring of stationary

sources, 192–195
evaluation of cap-and-trade approaches

to air regulations, 205–210
government on-site inspections of

stationary sources, 192
NOx emissions trading programs, 202–

204
off-normal emissions, 195–196
Title V operating permit program, 190–

191
Compliance monitoring of stationary

sources, 192–195
continuous emissions monitoring, 194–

195
economic and emissions performance of

the SO2 trading program, 199–202
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emissions estimation models, 192–193
opportunity for banking emission

allowances, 201–202
parametric emissions monitoring, 193–

194
periodic source testing, 193
remote sensing, 195

Comprehensive suite of indicators,
measuring consistently, 372

Concentration-response estimation on
cardiopulmonary disease mortality,
77

Conformity requirement, 170–172
regulations for, 165–167
retaining and improving, 301–303

Consolidated metropolitan statistical area
(CMSA), 90

Consumer Products Safety Commission
(CPSC), 85

Continuous emissions monitoring (CEM),
97, 192, 194–195, 201, 215, 217,
265

availability of systems for, 97, 201
compliance assurance and, 210

Contribution of nonroad emissions to
mobile-source total and to manmade
total, 143

Contribution to the sulfate column burden
at 00UT (vertical integral of the
concentration), 276

Control technique guidelines (CTG), 186,
213

Controls
on atmospheric sources of nitrogen,

evaluating, 374
designing and implementing, 12–13, 21,

312–313
of in-use motor-vehicle emissions, 148–

162
of mobile-source air toxic emissions, 145
on motorists’ behaviors, 170
strategies for designing and

implementing through the SIP
process, 88–132

on transportation infrastructure
planning and investment, 164

Controls on acid rain precursors before the
CAA Amendments of 1990, 61–64

acid rain goals set by the CAA
Amendments of 1990, 64–65

anthropogenic sources and natural
sources contributing emissions
resulting in the deposition of acidic
compounds, 61

controls on acid rain precursors before
the CAA Amendments of 1990, 61–
64

role of NAPAP in shaping the acid rain
provisions of the CAA Amendments
of 1990, 64

trends in nationwide SO2 and NO2
emissions, 63

Controls on emissions through certification
standards on new vehicles and
motors, 136–148

California’s unique role in controlling
mobile emissions, 137

control of mobile-source air toxic
emissions, 145

emission standards for heavy-duty
vehicles, 142–143

emission standards for light-duty
vehicles and light-duty trucks, 137–
142

emission standards for nonroad engines,
143–145

evolution of California and federal
tailpipe standards on passenger car
exhaust emissions, 138–139

implementation of emission standards
for new mobile sources, 145–148

technology innovation and emission
controls, 140

Convention on the Long-Range Transport
of Transboundary Air Pollution
(CLTRAP), 277

Corporate Average Fuel Economy (CAFE)
standards, 136

Cost of fuel, 163
Costs and benefits of the federally

mandated AQM system, 37–39
growth areas and emission trends, 38

CPSC. See Consumer Products Safety
Commission

Cresols/cresylic acid
m-Cresol, 365
o-Cresol, 365
p-Cresol, 365

Criteria pollutants, 47–48, 304
lack of thresholds for health effects of,

77–78

Copyright © National Academy of Sciences. All rights reserved.

Air Quality Management in the United States 
http://www.nap.edu/catalog/10728.html

http://www.nap.edu/catalog/10728.html


INDEX 381

mitigating potentially harmful human
and ecosystem exposure to the six,
32

“Critical loads,” and Europe’s approach to
setting acid rain goals, 81–82

Critical species, measuring in a regular
monitoring mode, 233

Cross-border transport, 15–16
Cross-media pollution, beyond one

atmosphere to one environment, 280
CTG. See Control technique guidelines
CTM. See Chemical transport model
Cumene, 365
Current standard-setting procedure for

HAPs, 55–58
Current system for AQM, 11–13

assessing status and measuring progress,
13

designing and implementing controls,
12–13

standard-setting, 12
Cyanide compounds, 367

D

DALYs. See Disability-adjusted life-years
Data availability, 237–240

air quality forecasting, 239–240
case study on pollutant trend analysis in

O3, 238
Demographic and economic trends,

quantifying the expected, with and
without air pollution control
strategies, 35

Deposition monitoring networks, 228–232
clean air status and trends network,

231–232
National Atmospheric Deposition

Program and Mercury Deposition
Network (NADP/MDN), 230–231

National Atmospheric Deposition
Program and National Trends
Network (NADP/NTN), 228–230

rated Research Monitoring Network
(AIRMoN), 232

trends in wet sulfate deposition in the
United States, 231

DIAL. See Differential absorption LIDAR
Diatomic oxygen (O2), 194
Diazomethane, 366
Dibenzofurans, 366

1,2-Dibromo-3-chloropropane, 366
Dibutylphthalate, 366
1,4-Dichlorobenzene(p), 366
3,3'-Dichlorobenzidine, 366
Dichloroethyl ether, 366
2,4-Dichlorophenoxyacetic acid (including

salts and esters) (2,4-D), 366
1,3-Dichloropropene, 366
Dichlorvos, 366
Diesel engines, reducing emissions from

older and nonroad, 169
Diesel fuels, regulating the content of, 153–

162
Diethanolamine, 366
Diethyl sulfate, 366
Differential absorption LIDAR (DIAL), 315
3,3'-Dimethoxy benzidine, 366
p-Dimethyl amino azobenzene, 366
N,N-Dimethyl aniline, 366
3,3'-Dimethyl benzidine, 366
Dimethyl carbamoyl chloride, 366
N,N-Dimethyl formamide, 366
1,1-Dimethyl hydrazine, 366
Dimethyl phthalate, 366
Dimethyl sulfate, 366
4,6-Dinitro-o-cresol (including salts), 366
2,4-Dinitrophenol, 366
2,4-Dinitrotoluene, 366
1,4-Dioxane, 366
1,2-Diphenylhydrazine, 366
Dirtier facilities remaining in operation, and

the application of NSR and PSD,
183–184

Disability-adjusted life-years (DALYs), 264
DOE. See U.S. Department of Energy

(DOE)
Draft Report on the Environment, 17, 267,

289

E

ECO. See Employee commute options
Ecological Indicators for the Nation, 261
Economic and emissions performance of the

SO2 trading program, 199–202
availability of CEM systems, 201
certainty of penalties, 201
simplicity, 201
substantial emission reductions, 201
transparency, 201

Economic assessments, 263–265
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Ecosystem benefits from improved air
quality, 252–261

action needed for enhanced ecosystem
monitoring, research, and risk
assessment, 260–261

integrated ecosystem studies, 259–260
tracking and characterizing ecosystem

effects from exposure to air
pollution, 254–259

tracking ecosystem exposure, 253–254
Ecosystem effects from exposure to air

pollution
need for a coordinated strategic program

to assess, 79–80
tracking and characterizing, 254–259

Ecosystem exposure, tracking, 253–254
Ecosystem health, assessing and protecting,

274–275
Ecosystem studies

of air pollution effects on, 72–76
need for intensive, 373

Ecosystems, need for alternative forms of
air quality standards to protect, 80

Effectiveness of the SIP process, 126–132
barriers to addressing multistate airshed

pollution, 131
classifications and numbers of

nonattainment areas remaining in
nonattainment, 127

critical discussion of, 128–130
overemphasis on attainment

demonstrations, 128–130
overly bureaucratic, 128
single-pollutant focus of, 130

EGUs. See Electric utility steam-generating
units

EIIP. See Emission Inventory Improvement
Program

EKMA. See Empirical kinetic modeling
approach

Electric utility steam-generating units
(EGUs), 189

for HAPs, focusing on mercury, 189
Electricity generation by fuel, in billion

kilowatt hours, 40
Emission allowances

fairness in allocating, 208
opportunity for banking, 201–202

Emission-control strategy development in an
attainment demonstration SIP, 115–
120

federal measures, 115–119
institutional accountability in the SIP

process, 124–126
mandatory local measures, 116–120
multistate regional measures, 120–124
relative roles of federal, state, and local

controls, 117
technological change versus social or

behavioral measures, 116
Emission controls on mobile sources

behavioral and societal strategies to
reduce mobile-source emissions, 162–
167

controlling emissions through
certification standards on new
vehicles and motors, 136–148

controlling in-use motor-vehicle
emissions, 148–162

critical discussion of mobile-source
emission-control programs, 167–172

implementing, 133–173
limitations of the mobile-source

emission-control program, 172–173
strengths of the mobile-source emission-

control program, 172
types of vehicles and engines regulated

by AQM in the United States, 134–
135

Emission inventories, 97–103, 131
and changes in average pollutant

concentrations derived from air
quality monitoring networks, 220

continuous emissions monitoring
systems, 97

critical review of, 99–101
development, evaluation, and

improvement of, 101
mobile-source, 101–103

Emission Inventory Improvement Program
(EIIP), 100–101, 286

Emission-reduction credit (ERC), 197
Emission standards

for heavy-duty vehicles, 142–143
for light-duty vehicles and light-duty

trucks, 137–142
Emission standards for nonroad engines,

143–145
contribution of nonroad emissions to

mobile-source total and to manmade
total, 143
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Emissions
from existing facilities and vehicles,

reducing, 19, 294–295
improving tracking of, 17, 285–286
major and area sources of, 175
spatial redistribution of, 205–207
substantially reducing, 201

Emissions-based air quality models, 105–
112

empirical kinetic modeling approach, 109
first-generation 3D CTMs, urban-scale

photochemical grid models for O3,
106–110

modern multipollutant, multiscale
CTMs, 110–111

observation-based model for O3, 111–
112

the VOC, NOx, and O3 challenge, 107–
108

Emissions by vehicle model years for
medium- and heavy-duty trucks

average NOx, 153
average PM23, 152

Emissions caps, setting and revising, 208–209
Emissions estimation models, 192–193
Emissions from heavy-duty vehicles and

engines, 150–153
getting the lead out of gasoline, intended

and unintended consequences of, 155
regulating the content of gasoline and

diesel fuels, 153–162
Empirical kinetic modeling approach

(EKMA), 107–109
Empirical rollback model, 104
Employee commute options (ECO), 163
Energy Policy and Conservation Act of

1975, 136
Enhancing the AQM system, 278–282

beyond one atmosphere to one
environment, accounting for cross-
media pollution, 280

dynamic AQM in a constantly changing
technological society, 281

emphasizing performance rather than the
process, 282

one atmosphere approach for assessing
and controlling air pollutants, 278–
279

principles for, 278–282
risk determined by actual exposure,

279–281

Environmental instrumentation,
recommendations for advances in,
315

Environmental justice, 15
ensuring, 273–274
greater consideration of, 298

EPA. See U.S. Environmental Protection
Agency (EPA)

Epichlorohydrin, 366
1,2-Epoxybutane, 366
ERC. See Emission-reduction credit
Estuarine systems

ecosystem effects from exposure to air
pollution on, 257–258

expanding existing monitoring
programs, 374

Ethyl acrylate, 366
Ethyl benzene, 366
Ethyl carbamate, 366
Ethyl chloride, 366
Ethylene dibromide, 366
Ethylene dichloride, 366
Ethylene glycol, 366
Ethylene imine, 366
Ethylene oxide, 366
Ethylene thiourea, 366
Ethylidene dichloride, 366
Evaluation of cap-and-trade approaches to

air regulations, 205–210
banking emission allowances for the

future, 207
compliance assurance and CEM, 210
fairness in allocating emission

allowances, 208
implicit emission increases following

transition to a trading program, 209–
210

regional SO2 emission from electric
utilities, 206

setting and revising the emissions cap,
208–209

spatial redistribution of emissions, 205–
207

Evaluation of traditional control programs
for major stationary sources, 188–
190

electric steam-generating units regulation
for HAPs, focusing on mercury, 189

Executive Orders, 51
No. 12898, 66
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Exposure to ultrafine particles
enhancing assessment of, 17, 288
and monitoring for health response, 69

F

FACE. See Free air CO2 experiment
Facilities, major, technology-based

standards imposed on, 186–188
Fairness, in allocating emission allowances,

208
Federal-Aid Highway Act of 1970, 165
Federal AQM legislation, 30–32
Federal emission-control measures, 115–116

expanding, 18, 292–293
Federal equivalent methods (FEM), 235
Federal implementation plan (FIP), 88, 90,

124–125, 300
Federal reference methods (FRM), 235
Federal Register, 51, 186, 213
Federal test procedure (for vehicle

emissions) (FTP), 146
FEM. See Federal equivalent methods
FIA/FHM. See Forest Inventory and

Analysis and Forest Health
Monitoring Program

FIP. See Federal implementation plan
First-generation 3D CTMs, urban-scale

photochemical grid models for O3,
106–110

Foliar injury to cotton, induced by chronic
exposure to ozone, 54

Food Security Act, 373
Forest Inventory and Analysis and Forest

Health Monitoring Program (FIA/
FHM), 256, 372–373

Forest issues, 254–257
ecosystem effects from exposure to air

pollution in, 254–257
forest soils, 254–256
forest vegetation, 256–257

Forest survey plots on public lands,
releasing exact locations of, 373

Formaldehyde, 145, 366
Four-chamber greenhouse-based exposure

system, constructed to study effects
of elevated CO2 on plants, 73

Free air CO2 experiment (FACE), 74–75,
259–260

used to elucidate forest ecosystem
responses to elevated CO2, 75

FRM. See Federal reference methods
FTP. See Federal test procedure (for vehicle

emissions)
Fuels

cost of, 163
regulating the content of, 153–162
timeline of significant federal and state

regulations for motor vehicle, 156
Future of improving AQM, 39–41

electricity generation by fuel, in billion
kilowatt hours, 40

high cancer risk counties for urban air
toxics by county, 41

NAAQS violations in the continental
United States, 40

potential violations of the PM2.5 and O3
NAAQS by county, 42

Future reformulated gasoline program, 159

G

GACT. See Generally available control
technology

GAO. See U.S. General Accounting Office
(GAO)

GAP. See General assistance program
Gas chromatography (GC), 194
Gaseous Pollutant Monitoring Program (of

NPS) (GPMP), 226
Gasoline, regulating the content of, 153–

162
GC. See Gas chromatography
GCVTC. See Grand Canyon Visibility

Transport Commission
General assistance program (GAP), 90
Generally available control technology

(GACT), 56–57, 67, 214
Gila River Indian Community, 89
Globalization, of trade, 281
Glycol ethers, 367
Goals for mitigating visibility degradation,

59
Goals of the Clean Air Act, 4, 32–33

curbing the use of chemicals having the
potential to deplete the stratospheric
O3 layer, 33

limiting the sources of and risks from
exposure to HAPs (air toxics), 32

mitigating potentially harmful human
and ecosystem exposure to the six
criteria pollutants, 32
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protecting and improving visibility
impairment in wilderness areas and
national parks, 33

reducing emissions of species that cause
acid rain (SO2 and NOx), 33

Government on-site inspections of
stationary sources, 192

GPMP. See Gaseous Pollutant Monitoring
Program (NPS)

Grand Canyon Visibility Transport
Commission (GCVTC), 123–124,
275

Grandfathering of facilities, and the
application of NSR and PSD, 184

Greenhouse gas emissions, 363

H

H2S. See Hydrogen sulfide
Haagen-Smit diagram, 107
Hammer requirement, 189
Hazardous air pollutants (HAPs), 55–58,

227–228, 365–367
assessments, 248–249
current standard-setting procedure for

HAPs, 55–58
developing a system to set priorities for,

20
emission reductions, efforts to track the

effects of, 246–248
identifying new, 308
limiting the sources of and risks from

exposure to air toxics, 32
potential classification scheme for, 307
static list of, 78–79

HCl. See Hydrogen chloride
HDV. See Heavy-duty vehicles and engines
Health-based standards, need for additional

strategic planning of research that
underpins, 76–77

Health effects studies, 67–72
dose-response relationships between

pollutant exposure and human health
effects and crop or vegetation effects,
68

exposure to ultrafine particles and
monitoring for health response, 69

health impact of ozone on the human
respiratory system, 70

at low pollutant concentrations, 15

personal exposure monitor measuring
actual exposures to PM and gases
during daily activities, 72

Heavy-duty vehicles (HDV) and engines, 47,
133–135, 142–143, 147, 150–151

in-use emissions from, 150–153
Heinz Center, 261
Heptachlor, 366
Hexachlorobenzene, 366
Hexachlorobutadiene, 366
Hexachlorocyclopentadiene, 366
Hexachloroethane, 366
Hexamethylene-1,6-diisocyanate, 366
Hexamethylphosphoramide, 366
Hexane, 366
High-emitting gasoline vehicles, 167–169
High-occupancy vehicle (HOV), 95
Highway capacity expansion, linked to air

quality through the National
Environment Policy Act, 164–167

Highway capacity expansion linked to air
quality through the National
Environment Policy Act, the
conformity regulations, 165–167

Historical sequence of the periodic NAAQS
reviews, and final decisions carried
out by EPA since the passage of the
1970 CAA Amendments, 52

Hot-spot concentrations of HAPs, 263
greater consideration of, 298
need to address health risk associated

with exposure in, 83–85
HOV. See High-occupancy vehicle
Hubbard Brook Experimental Forest, 75
Human and technical resources, investing

in, 18, 290
Human exposure to indoor PM pollution,

sources of, 84
Human health and welfare

developing and implementing a system
to assess and monitor, 17, 288–289

dose-response relationships between
pollutant exposure and, 68

protecting in the absence of a threshold
exposure, 272–273

Human respiratory system, health impact of
ozone on, 70

Hydrazine, 366
Hydrochloric acid, 366
Hydrogen chloride (HCl), 194
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Hydrogen fluoride, 366
Hydrogen sulfide (H2S), 194
Hydroquinone, 366

I

I/M. See Vehicle inspection and
maintenance (I/M)

Identification of new toxicants, 308–309
identifying chemicals for regulatory

oversight, 308–309
identifying new HAPs, 308

IM240. See Vehicle emission standards
Implementation of emission controls

continuing to track costs of, 17–18,
289–290

recommendations for, 371–374
See also Planning and implementation

process
Implementation of emission controls on

mobile sources, 133–173
behavioral and societal strategies to

reduce mobile-source emissions, 162–
167

controlling emissions through
certification standards on new
vehicles and motors, 136–148

controlling in-use motor-vehicle
emissions, 148–162

critical discussion of mobile-source
emission-control programs, 167–172

limitations of the mobile-source
emission-control program, 172–173

strengths of the mobile-source emission-
control program, 172

types of vehicles and engines regulated
by AQM in the United States, 134–
135

Implementation of emission controls on
stationary sources, 174–216

area-source regulations, 212–214
cap-and-trade provisions for major

stationary sources, 196–210
compliance assurance for traditional

control programs, 190–196
design versus performance versus cap

and trade, 176–177
evaluation of traditional control

programs for major stationary
sources, 188–190

limitations of stationary-source control
programs, 215

major and area sources of emissions,
175

other technology-based standards
imposed on major facilities, 186–188

other trading and voluntary stationary-
source programs, 210–212

permits and standards for new or
modified major stationary sources,
177–186

strengths of stationary-source control
programs, 214

Implicit emission increases, following
transition to a trading program, 209–
210

IMPROVE. See Interagency Monitoring of
Protected Visual Environments

Improvement of AQM, future of, 39–41
In-use motor-vehicle emissions, 148–162

average NOx emissions by vehicle model
years for medium- and heavy-duty
trucks, 153

average PM23 emissions by vehicle
model years for medium- and heavy-
duty trucks, 152

blood lead concentrations in the U.S.
population, 156

California and Federal Reformulated
Gasoline Programs, 158–159

future reformulated gasoline program,
159

from heavy-duty vehicles and engines,
150–153

light-duty vehicle and truck emissions
inspection and maintenance
programs, 148–150

percentages of U.S. trucks within
selected model years (MY) used for
various primary daily driving ranges,
154

remote sensing of in-use vehicle
emissions, 150

timeline of significant federal and state
regulations for motor vehicle fuels,
156

Incident total solar radiation, adding to
National Weather Service
meteorological data, 373

Indoor environments, need to address health
risk associated with exposure in, 83–
85
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Inefficiency
in the application of NSR and PSD,

182–183
of the NSR and PSD requirements, 182–

183
Innovative strategies, encouraging, 300–301
Institute for Tribal Environmental

Professionals (ITEP), 90
Institutional framework

for accountability in the SIP process,
124–126

for monitoring exposure and ecosystem
response, 371–372

Integrated ecosystem studies, 259–260
Integrated multipollutant plan, 298
Integrated program for criteria pollutants

and hazardous air pollutants,
recommendations for developing,
20–21, 304–311

Interagency Monitoring of Protected Visual
Environments (IMPROVE), 226

Intercontinental transport, 15–16
addressing, 275–278

Intermodal Surface Transportation
Efficiency Act of 1991 (ISTEA), 165–
166

International Working Group on
Environmental Justice (IWG), 67

Isophorone, 366
ISTEA. See Intermodal Surface

Transportation Efficiency Act of
1991

ITEP. See Institute for Tribal Environmental
Professionals

Iterative nature of AQM, 4
IWG. See International Working Group on

Environmental Justice

J

J curve, 108–109
Justice, ensuring environmental, 273–274

K

Kinetic modeling approach, empirical, 109
Knowledge gained, transfer to monitoring

programs, 372

L

LAER. See Lowest achievable emissions rate
LDT. See Light-duty truck
LDV. See Light-duty vehicle
Lead (Pb)

compounds of, 367
emissions of, estimated U.S., by major

source category, 251
getting it out of gasoline, intended and

unintended consequences of, 155
phasing-out, 197–198

Lessons learned about air quality models,
112–114

delays in incorporating new scientific
insights from models into policy
design, 112–113

dynamic partnership between technical
and regulatory communities, 112

need for regulators to apply model
results appropriately, 112

need to subject models to comprehensive
performance evaluations, 112

LEV. See Low-emissions vehicle
Light-duty truck (LDT), 133–134, 137, 140,

147–150, 155, 172–173
Light-duty vehicle (LDV), 47, 133–134,

137, 140–143, 148, 150, 155, 169–
170, 172–173

inspection and maintenance programs,
148–150

Limitations
of establishing standards for one

pollutant at a time, 80–83
of goal-setting procedures, 87
of the SIP process, 132
of stationary-source control programs,

215
of techniques for tracking progress in

AQM, 266–267
Lindane (all isomers), 366
Liquefied petroleum gas (LPG), 154
Local measures, mandatory, 116–120
Long-Range Transboundary Air Pollution

(LRTAP), 81
Long-term ecological research (LTER), 260
Long-term monitoring (LTM), 257
Long-term objectives, for challenges that

will face AQM in the coming decade,
269
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Low-emissions vehicle (LEV), 121, 141
Lowest achievable emissions rate (LAER),

94, 178, 180–183
LPG. See Liquefied petroleum gas
LRTAP. See Long-Range Transboundary

Air Pollution
LTER. See Long-term ecological research
LTM. See Long-term monitoring

M

MACT. See Maximum achievable control
technology

Main components of an attainment-
demonstration SIP, 96

Major stationary sources, permits and
standards for new or modified, 177–
186

Maleic anhydride, 366
MANE-VU. See Mid-Atlantic/Northeast

Visibility Union
Manganese compounds, 367
Manmade total, and mobile-source total,

143
Market-based approaches, using whenever

practical and effective, 18–19, 294
MATES. See Multiple air toxics exposure

study
Maximum achievable control technology

(MACT), 56–57, 67, 174, 186–190,
213–214, 272, 298, 304, 310–311

MDN. See Mercury Deposition Network
MDPVs. See Medium-duty passenger

vehicles
Measurements of air quality, meteorology,

and ecosystem responses, co-locating
long-term, 372–373

Measuring the progress and assessing the
benefits of AQM, 216–267

assessing ecosystem benefits from
improved air quality, 252–261

assessing the economic benefits of air
quality improvements, 261–265

limitations of techniques for tracking
progress in AQM, 266–267

monitoring air quality, 220–241
monitoring pollutant emissions, 216–

220
State of the Environment report as

indicating a new paradigm emerging
at the EPA, 267

strengths of techniques for tracking
progress in AQM, 265–266

Medium- and heavy-duty trucks
average NOx emissions by vehicle model

years for, 153
average PM23 emissions by vehicle

model years for, 152
Medium-duty passenger vehicles (MDPVs),

134, 141
Mercury compounds, 55, 367, 370
Mercury Deposition Network (MDN), 230–

231, 257
Methane (CH4), 205
Methanol, 78, 366
Methoxychlor, 366
Methyl bromide, 366
Methyl chloride, 366
Methyl chloroform, 366
Methyl ethyl ketone, 55n, 366
Methyl hydrazine, 366
Methyl iodide, 366
Methyl isobutyl ketone, 366
Methyl isocyanate, 366
Methyl methacrylate, 366
Methyl tert-butyl ether (MTBE), 366
4,4'-Methylene-bis(2-chloroaniline), 366
Methylene chloride, 366
4,4'-Methylene dianiline, 366
4,4'-Methylene diphenyl diisocyanate, 366
Metropolitan planning organizations

(MPOs), 165–166
Metropolitan statistical area (MSA), 90
Mid-Atlantic/Northeast Visibility Union

(MANE-VU), 123
Midwest Regional Planning Organization

(Midwest RPO), 123
Mineral fibers, fine, 367
MOBILE. See U.S. Environmental

Protection Agency (EPA)
Mobile-source emission-control programs,

167–172
conformity, 170–172
controls on motorists’ behaviors, 170
high-emitting gasoline vehicles, 167–169
promotion of new technologies using

vehicle emission standards, 167–168
reducing emissions from older and

nonroad diesel engines, 169
regulating the content of gasoline and

diesel fuels, 169–170
Mobile-source emission inventories, 101–103
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Mobile-source total and to manmade total,
contribution of nonroad emissions
to, 143

Mobile sources, implementing emission
controls on, 133–173

Model uncertainties, 113
Modeling, improving, 17, 287–288
Modeling analysis, 131
Models

need for comprehensive performance
evaluations of, 112

receptor, 104–105
Modification, 178n

definition in the application of NSR and
PSD, 185

definition of significant, nonroutine, 185
“significant and nonroutine,” definition

in the application of NSR and PSD,
185

Monitoring actual human exposure, 249–
252

estimated U.S. lead emissions by major
source category, 251

Monitoring air quality, 220–241
air quality measurement techniques,

235–236
air quality monitoring discussion, 232–

241
air quality trend analysis techniques,

236–237
atmospheric composition monitoring

networks, 220–228
data availability, 237–240
deposition monitoring networks, 228–

232
deposition monitoring networks rated

Research Monitoring Network
(AIRMoN), 232

monitoring long-distance transport of air
pollutants, 241

monitoring objectives, 232–233
monitoring vertical profiles of air

pollutants, 240–241
siting of air quality monitoring stations,

233–235
Monitoring objectives, 232–233

assessing program effectiveness, 233
identifying the problem versus finding

the solution, 233
measuring critical species in a regular

monitoring mode, 233

Monitoring pollutant emissions, 216–220
direct measurement, 216–217
long-distance transport of, 241
using ambient concentrations to confirm

emission trends, 217–220
vertical profiles of, 240–241

Monitoring sites in the contiguous 48
United States, 229

Montreal protocol, 198
Motor vehicle fuels, timeline of significant

federal and state regulations for, 156
Motor Vehicle Pollution Control Act, 137
Motorcycles, 134–135
Motorists’ vehicle use, regulation of, 162–

163
MPOs. See Metropolitan planning

organizations
MSA. See Metropolitan statistical area
MTBE. See Methyl tert-butyl ether
Multiple air toxics exposure study

(MATES), 249
Multipollutant models

approaches that target the most
significant risks, investing in research
to facilitate, 18, 290

chronic effects on ecosystems, 369–370
emergence of, 114
and multiscale CTMs, 110–111
in the NAAQS review, and the standard-

setting process, 21, 310
Multistate airshed pollution, barriers to

addressing, 131
Multistate regional measures, 120–124

EPA’s regional haze rule, 122–123
Grand Canyon Visibility Transport

Commission and the Western
Regional Air Partnership, 123–124

O3 Transport Region and O3 Transport
Assessment Group, 121–122

Multistate transport problems, 15–16
addressing, 19, 295–296

N

NAAQS. See National Ambient Air Quality
Standards

NAAs. See Nonattainment areas
NADP. See National Atmospheric

Deposition Program
NAMS. See National air monitoring

stations
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NAPAP. See National Acid Precipitation
Assessment Program

Naphthalene, 366
NATA. See National Air Toxics Assessment
National, state, and local air monitoring

stations, 220–224
National Acid Precipitation Assessment

Program (NAPAP), 64–65, 110
role in shaping the acid rain provisions

of the CAA Amendments of 1990, 64
National air monitoring stations (NAMS),

93, 221
National Air Quality and Emission Trends

Report, 237
National Air Toxics Assessment (NATA),

58, 247–248, 272
National Ambient Air Quality Standards

(NAAQS), 3, 7, 11–12, 21, 46, 51,
61, 67, 72, 76–80, 86–88, 91–95,
111, 114, 132, 140, 157, 161, 177–
178, 219, 270, 275, 295–299, 310–
311

in effect as of January 2003, 49
meeting for O3 and PM2.5 and reducing

regional haze, 270–271
potential violations of the PM2.5 and O3,

42
violations in the continental United

States, 40
National Ambulatory Medical Center

Survey, 245
National Atmospheric Deposition Program

and Mercury Deposition Network
(MDN), 230–231

National Atmospheric Deposition Program
and National Trends Network
(NADP/NTN), 228–230

monitoring sites in the contiguous 48
United States, 229

preliminary indications of progress on
HAP control, 229

trends in annual benzene concentrations
in metropolitan areas, 230

National Atmospheric Deposition Program
(NADP), 228–230, 257

National Children’s Study (NCS),
assessment of pollutant risk over
time from, 245

National Commission on Risk Assessment
and Risk Management, 85

National Core Monitoring Network
(NCore), 232, 287

National Crop Loss Assessment Network
(NCLAN), 258–259

National emission standards for hazardous
air pollutants (NESHAPs), 55, 58

National emission standards mandated by
Congress

and foliar injury to cotton induced by
chronic exposure to ozone, 54

to help attain NAAQS, 53–54
National Environmental Policy Act (NEPA),

164–167
linking highway capacity expansion to

air quality through, 164–167
National Estuaries Program (NEP), 374
National Estuarine Research Reserve System

(in NOAA) (NERRS), 374
National Forest System (NFS), 256
National Health and Nutrition Examination

Survey (NHANES), 245, 252
National Hospital Ambulatory Medical

Care Survey, 245
National Hospital Discharge Survey, 245
National Human Exposure Assessment

Survey (NHEXAS), 250
National low-emission vehicle (NLEV),

141–142
National Research Council (NRC), 3, 9, 23,

76, 103, 150, 271
National Science Foundation, 260
National Toxicology Program, 308
National Toxics Inventory (NTI), 145
National Trends Network (NTN), 228–231
National Tribal Environmental Council

(NTEC), 90
National Weather Service (NWS), 237, 239,

373
Natural sources, contributing emissions

resulting in the deposition of acidic
compounds, 61

NCLAN. See National Crop Loss
Assessment Network

NCore. See National Core Monitoring
Network

NCS. See National Children’s Study
NEP. See National Estuaries Program
NEPA. See National Environmental Policy

Act
NERRS. See National Estuarine Research

Reserve System (in NOAA)
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NESHAPs. See National Emission Standards
for Hazardous Air Pollutants

Networks
atmospheric composition monitoring,

220–228
developing and implementing, 21, 312
monitoring, 12

Neuse River Estuary Modeling and
Monitoring program, 374

New source performance standards (NSPS),
61, 174

New-source review (NSR), 90, 94–96, 174,
178, 181–185, 188, 212, 214

applicability issues with, 181–185
reforming, 185–186

New-source review (NSR) requirements,
179–185

applicability, 179–185
complexity and inefficiency, 182–183
issues with, 181–185
operation, 180–181

New standards, 15
New technologies, using vehicle emission

standards, 167–168
New vehicles, 168
NFS. See National Forest System
NHANES. See National Health and

Nutrition Examination Survey
NHEXAS. See National Human Exposure

Assessment Survey
Nickel compounds, 367
Nitrobenzene, 366
4-Nitrobiphenyl, 366
Nitrogen dioxide (NO2), 4, 48, 126
Nitrogen oxide (NO)

federal, multistate, state, and local
emission-reduction measures,
119

national average emission categories for,
27

Nitrogen oxides (NOx)
emissions for medium- and heavy-duty

trucks by vehicle model years, 153
emissions from coal-fired boilers by

vintage, 184
emissions trading programs, 202–204
implementing emission controls on

stationary sources, 203–204
national average emission categories for,

27

Northeast O3 transport region NOx
budget trading program, 203–204

Regional Clean Air Management, 202–
203

SIP call trading program for, 204
4-Nitrophenol, 366
2-Nitropropane, 366
N-Nitroso-N-methylurea, 366
N-Nitrosodimethylamine, 366
N-Nitrosomorpholine, 366
NLEV. See National low-emission vehicle
NMHC. See Nonmethane hydrocarbons
NMOG. See Nonmethane organic gases
NO. See Nitrogen oxide
NO2. See Nitrogen dioxide
NOAA. See U.S. National Oceanic and

Atmospheric Administration
Nonattainment areas (NAAs), 92

for O3 and CO, classification of, 92
remaining in nonattainment,

classifications and numbers of, 127
Nonattainment in the SIP process, 91

classification of nonattainment areas for
O3 and CO mandated in the CAA
Amendments of 1990, 92

Clean Air Act requirements for SIPs, 94–
96

procedures used to designate an area’s
attainment status, 93

Nonmethane hydrocarbons (NMHC), 26
Nonmethane organic gases (NMOG), 139
NONROAD. See U.S. Environmental

Protection Agency (EPA)
Nonroad emissions, 144

contribution to mobile-source total and
to manmade total, 143

Nonroutine modification, definition in the
application of NSR and PSD, 185

Northeast O3 transport region NOx budget
trading program, 203–204

NOx. See Nitrogen oxides
NPS. See U.S. National Park Service (NPS)
NRC. See National Research Council
NSPS. See New Source Performance

Standards
NSR. See New-source review
NTEC. See National Tribal Environmental

Council
NTN. See National Trends Network
NWS. See National Weather Service
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O

O2. See Diatomic oxygen
O3. See Ozone
OAQPS. See Office of Air Quality Planning

and Standards (of EPA)
OBD. See On-board diagnostics
OBDII, 149
Observation-based model for O3, 111–112
ODPs. See Ozone-depleting potentials
Off-normal emissions, 195–196
Office of Air Quality Planning and

Standards (of EPA) (OAQPS), 50
Office of Environmental Justice (of EPA),

50
Office of Management and Budget (of the

White House) (OMB), 39, 51, 262
Office of Pollution Prevention and Toxics

(of EPA), 78n, 272n
Office of Research and Development (of

EPA) (ORD), 48
Office of Science and Technology Policy (of

the White House) (OSTP), 39, 261
Older facilities remaining in operation, and

the application of NSR and PSD,
183–184

On-board diagnostics (OBD), 149
OBDII, 149

One atmosphere approach, for assessing
and controlling air pollutants, 278–
279

Open-market
and other forms of trading, 210–212
and other noncapped forms of trading,

211
Operation of the NSR and PSD

requirements, 180–181
ORD. See Office of Research and

Development (of EPA)
OSHA. See U.S. Occupational Safety and

Health Administration (OSHA)
OSTP. See Office of Science and Technology

Policy (of the White House)
OTAG. See Ozone Transport Assessment

Group
OTC. See Ozone Transport Commission
OTR. See Ozone Transport Region
Over-reliance on models for O3 SIPs, 113–

114
Oxides of nitrogen (NO, NO2, or Nx). See

Nitrogen dioxide; Nitrogen oxides

Ozone-depleting potentials (ODPs), 198
Ozone Monitoring Sites in the United

States, 234
Ozone (O3), 4, 24, 28–29, 33, 37, 41–43,

58, 73–77, 90–96, 107–117, 121,
129, 132, 175, 181, 238, 268

emissions-based models for, 105
foliar injury to cotton induced by

chronic exposure to, 54
health impact on the human respiratory

system, 70
observation-based model for, 111–112

Ozone Transport Assessment Group
(OTAG), 103n, 121–122, 131, 270,
275

Ozone Transport Commission (OTC), 120–
121, 131, 137, 214, 255, 275

Ozone Transport Region (the states from
Maine to Virginia and Washington,
DC) (OTR), 121–122, 203

Ozonesonde sites, in North America, 224

P

PACE. See Pollution Abatement Cost and
Expenditures Survey

PAMS. See Photochemical assessment
monitoring stations

Parametric emissions monitoring (PEM),
192–194

Parathion, 366
Particulate matter (PM), 4, 26, 37–41, 59,

72, 77, 84, 105, 130–132, 151, 169,
217, 226–227, 235–236

with aerodynamic equivalent diameters
of 2.5 micrometers (mm) or less
(PM2.5), 27, 41, 48, 52, 91, 93, 111,
115, 168, 173, 227, 235, 275

with aerodynamic equivalent diameters
of 10 (mm) or less (PM10), 14, 27,
48, 76, 93, 126, 142, 235, 262

Partnership, between technical and
regulatory communities, 112

Passenger car exhaust emissions, evolution
of California and federal tailpipe
standards on, 138–139

Pb. See Lead
PBDEs. See Polybrominated diphenyl ethers
PCBs. See Polychlorinated biphenyls
PEM. See Parametric emissions monitoring
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Pentachloronitrobenzene, 366
Pentachlorophenol, 366
Performance-oriented control strategies to

support local, state, and tribal
efforts, recommendations for
expanding national and multistate,
18–19, 291–296

Periodic source testing, 193
Permits and standards for new or modified

major stationary sources, 177–186
background, 178–179
NSR and PSD requirements, 179–185
reforming NSR, 185–186
voluntary programs to improve, 212

Persistent organic pollutants (POPs), 81,
252, 280

Personal exposure monitor, measuring
actual exposures to PM and gases
during daily activities, 72

Pew Environmental Health Commission,
assessment of pollutant risk over
time from, 244–245

Phenol, 366
p-Phenylenediamine, 366
Phosgene, 367
Phosphine, 367
Phosphorus, 367
Photochemical assessment monitoring

stations (PAMS), 224–226, 234–235
network of, 225

Phthalic anhydride, 367
Planning and implementation process, 20,

298–304
encourage innovative strategies, 300–

301
enhance public agency performance and

accountability, 303–304
focus on tracking and assessing

performance, 299
institute a dynamic, collaborative review,

299–300
reforming, 20, 298–304
retain and improve conformity

requirement, 301–303
urban heat islands and other land-use

impacts, 302
PM. See Particulate matter
PM2.5. See Particulate matter, with

aerodynamic equivalent diameters of
2.5 micrometers (mm) or less

PM10. See Particulate matter, with
aerodynamic equivalent diameters of
10 (mm) or less

PM23 emissions, for medium- and heavy-
duty trucks, by vehicle model years,
152

PM25 supersites, locations of initial, 228
Policy design, delays in incorporating new

scientific insights from models into,
112–113

Political influence, and the cost of fuel, 163
Pollutants

instituting a dynamic review of
classifications of, 20, 309

trend analysis in O3, 238
Pollution Abatement Cost and Expenditures

survey (PACE), 17, 265, 267, 289
Polybrominated diphenyl ethers (PBDEs),

79, 280
Polychlorinated biphenyls (PCBs), 367
Polycyclic organic matter, 367
Pope/American Cancer Society Study, 77
POPs. See Persistent organic pollutants
Prevention of significant deterioration (PSD)

requirement, 90, 174, 182–185, 214
applicability issues with, 181–185
complexity and inefficiency, 182–183
operation, 180–181

Priority setting, 84–86
Probability sample designs, for monitoring,

373
Procedure for setting NAAQS, 48–51

NAAQS in effect as of January 2003, 49
process by which the EPA administrator

reviews and sets a new NAAQS, 50
Procedures used to designate an area’s

attainment status, 93
Process-based models of ecosystem response

to pollutants, for regional
assessments, 370

Process by which the EPA administrator
reviews and sets a new NAAQS, 50

Program effectiveness, assessing, 233
Progress

assessing status and measuring, 13
on HAP control, preliminary indications

of, 229
in reducing HAPs-related health effects

for the future, 249
Project XL, 210, 212
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1,3-Propane sultone, 367
b-Propiolactone, 367
Propionaldehyde, 367
Propoxur (Baygon), 367
Propylene dichloride, 367
Propylene oxide, 367
1,2-Propylenimine, 367
Protection of ecosystems

and establishment of secondary NAAQS,
51–53

and other aspects of public welfare, 15
recommendations for enhancing, 21,

311–313
PSD. See Prevention of significant

deterioration
Public agency performance and

accountability, 303–304

Q

Quality assurance/quality control (QA/QC),
235–236

Quinoline, 367
Quinone (p-benzoquinone), 367

R

RACT. See Reasonably available control
technology

Radiation and Indoor Environments
Laboratory, 90

Radionuclides (including radon), 55, 367
RADM. See Regional acid deposition model
Reactive hydrocarbons (RHC), 26
Reactive organic gas (ROG), 26
Reasonably available control technology

(RACT), 94, 116, 129, 174, 186,
203

Receptor models, 104–105
RECLAIM. See Regional Clean Air

Management Program
Recommendations for developing an

integrated program for criteria
pollutants and hazardous air
pollutants, 20–21, 304–311

addressing multiple pollutants in the
NAAQS review and standard-setting
process, 21, 310

developing a system to set priorities for
hazardous air pollutants, 20

enhancing assessment of residual risk,
21, 310–311

findings, 304–305
identifying new toxicants, 308–309
instituting a dynamic review of pollutant

classification, 20, 309
listing potentially dangerous but

unregulated air pollutants for
regulatory attention, 21, 306–309

potential classification scheme for
hazardous pollutants, 307

proposed actions, 306–311
Recommendations for enhancing protection

of ecosystems and other aspects of
public welfare, 21, 311–313

completing a comprehensive review of
standards to protect public welfare,
21

designing and implementing controls,
21, 312–313

developing and implementing networks
for comprehensive ecosystem
monitoring, 21, 312

establishing acceptable exposure levels
for natural and managed ecosystems,
21, 312

findings, 311–312
promulgating secondary standards, 21,

312
proposed actions, 312–313
tracking progress toward attainment of

secondary standards, 21, 313
Recommendations for expanding national

and multistate performance-oriented
control strategies to support local,
state, and tribal efforts, 18–19, 291–
296

addressing multistate transport
problems, 19, 295–296

emphasizing technology-neutral
standards for emission control, 18,
293–294

expanding federal emission-control
measures, 18, 292–293

findings, 291–292
proposed actions, 292–296
reducing emissions from existing

facilities and vehicles, 19, 294–295
using market-based approaches

whenever practical and effective, 18–
19, 294
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Recommendations for implementing AQM,
371–374

adding incident total solar radiation to
National Weather Service
meteorological data, 373

co-locating long-term measurements of
air quality, meteorology, and
ecosystem responses, 372–373

establishing baselines of ecosystem
condition, 372

evaluating controls on atmospheric
sources of nitrogen, 374

expanding EPA’s Temporally Integrated
Monitoring of Ecosystems/Long-
Term Monitoring (TIME/LTM),
373–374

expanding existing estuarine monitoring
programs, 374

institutional framework for monitoring
exposure and ecosystem response,
371–372

intensive ecosystem studies, 373
measuring a comprehensive suite of

indicators consistently, 372
probability sample designs for

monitoring, 373
releasing exact locations of forest survey

plots on public lands, 373
transference of knowledge gained to

monitoring programs, 372
Recommendations for needed research and

development, 369–371
chronic effects of multiple air pollutants

on ecosystems, 369–370
methods for monitoring ambient air

quality in ecosystems, 371
process-based models of ecosystem

response to pollutants for regional
assessments, 370

risk assessment research, 371
tools for assessing impacts of pollutants

on biological species, populations,
and ecosystems, 370–371

Recommendations for strengthening
scientific and technical capacity to
assess risk and track progress, 17–18,
284–290

continuing to track implementation
costs, 17–18, 289–290

developing and implementing a system
to assess and monitor human health
and welfare effects, 17, 288–289

enhancing air pollution monitoring, 17,
286–287

enhancing exposure assessment, 17, 288
findings, 284–285
improving emissions tracking, 17, 285–

286
improving modeling, 17, 287–288
investing in human and technical

resources, 18, 290
investing in research to facilitate

multipollutant approaches that target
the most significant risks, 18, 290

proposed actions, 285–290
Recommendations for transforming the SIP

process, 19–20, 296–304
ensuring a successful transition to

AQMP, 304
findings, 296–297
proposed actions, 297–304
reforming the planning and

implementation process, 20, 298–304
transforming IT into an AQM plan, 19,

297–298
Reducing emissions from older and nonroad

diesel engines, 169
Reforming NSR, 185–186
Reformulated gasoline (RFG), 157–161,

169–170, 173
Regional acid deposition model (RADM),

64, 110
Regional Clean Air Management Program

(RECLAIM), 202–203, 206–207,
210

Regional haze rule, 122
Regional planning organizations (RPOs),

120
Regulation

conformity, 165–167
of the content of gasoline and diesel

fuels, 153–162, 169–170
of motorists’ vehicle use, 162–163

Regulators, applying model results
appropriately, 112

Regulatory oversight, identifying chemicals
for, 308–309

Reid vapor pressure (the vapor pressure of a
petroleum product at 100°F) (RVP),
157, 160–161, 173

Reinventing Government Program, 212
Remote sensing, 195

of in-use vehicle emissions, 150
technology for, 150
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Research and development,
recommendations for needed, 369–
371

Residual risk, enhancing assessment of, 21,
310–311

Responses
of plants, to ambient levels of O3, 74
of sensitive ecosystems to acid rain

emission controls, ecosystem effects
from exposure to air pollution in,
255

Reviews needed (dynamic and
collaborative), 299–300

RFG. See Reformulated gasoline
RHC. See Reactive hydrocarbons
Risk assessment, 84–86
Risk assessment research, 371
Risk to human health and public welfare

determined by actual exposure, 279–281
over time, from pollutants, assessment

of, 244–246
quantifying, 35

ROG. See Reactive organic gas
Rollback model, empirical, 104
RPO. See Regional planning organizations
RVP. See Reid vapor pressure (the vapor

pressure of a petroleum product at
100°F)

S

SAB. See Science Advisory Board (of EPA)
Safety factors, 55
Sanctions clock, 125
Savings from the SO2 emissions trading

program, 200
SCAQMD. See South Coast Air Quality

Management District
Science, role of, 35–37

designing, testing, and implementing
technologies and systems for
efficiently preventing or reducing air
pollutant emissions, 36

designing and implementing air quality
monitoring technologies and methods
for documenting pollutant exposures,
36

quantifying risks to human health and
public welfare, 35

quantifying the expected demographic
and economic trends with and

without air pollution control
strategies, 35

quantifying the source-receptor
relationships relating pollutant
emission rates to ambient pollutant
concentrations, 35

tracking changes in pollutant emissions,
pollutant concentrations, and human
health and welfare outcomes, 36

Science Advisory Board (of EPA) (SAB), 50
Scientific and technical capacity to assess

risk and track progress,
recommendations for strengthening,
17–18, 284–290

Scientific basis for setting standards, 67–86
accounting for lack of thresholds for

health effects of some criteria
pollutants, 77–78

concentration-response estimation on
cardiopulmonary disease mortality,
77

“critical loads” and Europe’s approach
to setting acid rain goals, 81–82

health effects studies, 67–72
limitations of establishing standards for

one pollutant at a time, 80–83
need for a coordinated strategic program

to assess ecosystem effects, 79–80
need for additional strategic planning of

research that underpins health-based
standards, 76–77

need for alternative forms of air quality
standards to protect ecosystems, 80

need to address health risk associated
with exposure in hot spots and
indoor environments, 83–85

risk assessment and priority setting, 84–
86

sources of human exposure to indoor
PM pollution, 84

static list of HAPs, 78–79
studies of air pollution effects on

ecosystems, 72–76
SCR. See Selective catalytic reduction
Sealed housing evaporative determination

(SHED) test, 147
Secondary standards

promulgating, 21, 312
tracking progress toward attainment of,

21, 313
Selective catalytic reduction (SCR), 183n
Selenium compounds, 367
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Sequential activities carried out by the
nation’s AQM system, 34

Setting goals and standards, 45–87
goals for mitigating visibility

degradation, 59
limitations of goal-setting procedures, 87
overview of air quality standards, 46–47
the scientific basis for setting standards,

67–86
the standard-setting process, 47–58
strengths of goal-setting procedures, 86

SFTP. See Supplemental federal test
procedure (for vehicle emissions)

SHED. See Sealed housing evaporative
determination

Simplicity, 201
Single-pollutant focus of SIPs, 130
SIPs. See State implementation plans
Siting of air quality monitoring stations,

233–235
Ozone Monitoring Sites in the United

States, 234
SLAMS. See State and local air monitoring

stations
Small Business Regulatory Enforcement

Fairness Act, 51
SO2. See Sulfur dioxide
Soil organic matter (SOM), 254
Soils, forest, 254–256
SOM. See Soil organic matter
Source “markers,” 82
Source-receptor relationships, relating

pollutant emission rates to ambient
pollutant concentrations, 35

South Coast Air Quality Management
District (SCAQMD), 79, 129, 183n,
202–203, 210, 249, 297

Spatial redistribution of emissions, 205–207
Sport utility vehicle (SUV), 133, 173
STAGs. See State and tribal assistance

grants
Standard-setting process, 47–58

criteria pollutants, 47–48, 304
hazardous air pollutants, 55–58
historical sequence of the periodic

NAAQS reviews and final decisions
carried out by EPA since the passage
of the 1970 CAA Amendments, 52

national emission standards mandated
by Congress to help attain NAAQS,
53–54

procedure for setting NAAQS, 48–51
protection of ecosystems and

establishment of secondary NAAQS,
51–53

scientific basis for setting, 67–86
See also Permits and standards for new

or modified major stationary sources
Standards for mitigating effects of acid rain,

59–67
controls on acid rain precursors before

the CAA Amendments of 1990, 61–
65

environmental justice as an air quality
goal, 65–67

impact of haze on visibility, 60
Standards to protect public welfare

complete comprehensive review of, 21
setting, 12

STAPPA-ALAPCU. See State and Territorial
Air Pollution Program
Administrators and Association of
Local Air Pollution Control Officials

State and local air monitoring stations
(SLAMS), 93, 221

State and Territorial Air Pollution Program
Administrators and Association of
Local Air Pollution Control Officials
(STAPPA-ALAPCU), 100, 286

State and tribal assistance grants (STAGs),
90

State implementation plans (SIPs), 3, 6, 11,
19, 88–132, 165, 178, 204, 270–
271, 287, 291, 296, 364

attainment, 92
designing and implementing control

strategies through, 88–132
the effectiveness of the SIP process, 126–

132
limitations of the SIP process, 132
main components of an attainment-

demonstration SIP, 96
the main components of an attainment-

demonstration SIP, 96–126
nonattainment, 91
overview of SIP process, 88–96
recommendations for transforming, 19–

20, 296–304
strengths of the SIP process, 131–132
tribes and the Clean Air Act, 89–91
unclassifiables, 92
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398 INDEX

State of the Environment report as
indicating a new paradigm emerging
at the EPA, 267

State of the Nation’s Ecosystems, The, 261
Stationary-source programs, trading and

voluntary, 210–212
Stationary sources, implementing emission

controls on, 174–216
Stratospheric O3 layer

curbing the use of chemicals having the
potential to deplete the, 33

protecting, 363
Strengths

of goal-setting procedures, 86
of the SIP process, 131–132
of stationary-source control programs,

214
of techniques for tracking progress in

AQM, 265–266
Studies of air pollution effects on

ecosystems, 72–76
four-chamber greenhouse-based

exposure system constructed to study
effects of elevated CO2 on plants, 73

free air CO2 experiment (FACE) used to
elucidate forest ecosystem responses
to elevated CO2, 75

response of plants to ambient levels of
O3, 74

Styrene, 367
Styrene oxide, 367
Sulfur dioxide (SO2), 4, 14, 26–27, 33, 37–

39, 47–48, 51, 59–65, 93, 174, 217,
255, 268

national average emission categories for,
27

Sulfur in gasoline, restrictions on, 161
Supplemental federal test procedure (for

vehicle emissions) (SFTP), 146
Surface O3 monitoring sites, in North

America, 224
Surface waters, ecosystem effects from

exposure to air pollution on, 257–
258

SUV. See Sport utility vehicle

T

Tailpipe standards on passenger car exhaust
emissions, evolution of California
and federal, 138–139

TCM. See Transportation control measure
TCP. See Transportation control plan
TEA-21. See Transportation Equity Act for

the 21st Century
Technological innovation

and emission controls, 140
versus social or behavioral measures,

116
Technologies and systems for efficiently

preventing or reducing air pollutant
emissions, designing, testing, and
implementing, 36

Technology-based standards imposed on
major facilities, 186–188

acid rain NOx provisions, 187
maximum achievable control

technology, 187–188
reasonably available control technology,

186
Technology-neutral standards for emission

control, emphasizing, 18, 293–294
Temporally integrated monitoring of

ecosystems (TIME), 257, 373–374
expanding, 373–374

2,3,7,8-Tetrachloro-dibenzo-p-dioxin, 367
1,1,2,2-Tetrachloroethane, 367
Tetrachloroethylene, 367
Three-dimensional (3D) CTMs, first-

generation, 106–110
TIME. See Temporally integrated

monitoring of ecosystems
Timeline of significant federal and state

regulations for motor vehicle fuels,
156

TIP. See Tribal implementation plan
Titanium tetrachloride, 367
Title V operating permit program, 190–191
TLEV. See Transitional low-emissions

vehicle
Toluene, 367
2,4-Toluene diamine, 367
2,4-Toluene diisocyanate, 367
o-Toluidine, 367
TOMS. See Total O3 mapping spectrometer

satellite
Tools, for assessing impacts of pollutants on

biological species, populations, and
ecosystems, 370–371

Total mobile-source emissions, 148
Total O3 mapping spectrometer (TOMS)

satellite, 276
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Total suspended particulate matter (TSP),
48, 227

Toxaphene, 367
Toxic air pollutants, 15, 272–273
Toxic Substances Control Act, 79
Toxicants, identifying new, 308–309
Toxics Release Inventory (TRI), 237, 308
Tracking and assessing performance, 299
Tracking and characterizing ecosystem

effects from exposure to air
pollution, 254–259

agriculture, 258–259
forest issues, 254–257
response of sensitive ecosystems to acid

rain emission controls, 255
sensitive surface waters and estuarine

systems, 257–258
Tracking changes, in pollutant emissions,

pollutant concentrations, and human
health and welfare outcomes, 36

Tracking ecosystem exposure, 253–254
Trading and voluntary stationary-source

programs, 210–212
open-market and other forms of trading,

210–212
open-market and other noncapped forms

of trading, 211
voluntary programs to improve

permitting processes, 212
Trading programs implemented early on in

the United States, 197–198
chlorofluorocarbon phase-out, 198
emission-reduction credit programs, 197
lead phase-out, 197–198

Traditional control programs
compliance assurance for, 190–196
for major stationary sources, evaluating,

188–190
Transformation of the nation’s AQM

system to meet the challenges of the
coming decades, 268–315

adapting the AQM system to climate
change, 277–278

addressing multistate, cross-border, and
intercontinental transport, 275–278

assessing and protecting ecosystem
health, 274–275

ensuring environmental justice, 273–274
long-term objectives for challenges that

will face AQM in the coming decade,
269

meeting NAAQS for O3 and PM2.5 and
reducing regional haze, 270–271

principles for enhancing the AQM
system, 278–282

protecting human health and welfare in
the absence of a threshold exposure,
272–273

recommendations for an enhanced AQM
system, 283–313

toxic air pollutants, 272–273
Transformation of the SIP process into an

AQM plan, 19, 297–298
greater consideration of hot spots and

environmental justice, 298
integrated multipollutant plan, 298

Transitional low-emissions vehicle (TLEV),
141

Transparency, 201
Transportation control measure (TCM), 95
Transportation control plan (TCP), 162–

163
Transportation Equity Act for the 21st

Century (TEA-21), 165
Trends in nationwide SO2 and NO2

emissions, 63
versus ambient concentrations of various

primary pollutants (PM10, NO, SO2,
Pb, and CO), 14

Trends in wet sulfate deposition in the
United States, 231

TRI. See Toxics release inventory
Tribal implementation plan (TIP), 88–89
Tribes and the Clean Air Act, SIP processes

in, 89–91
1,2,4-Trichlorobenzene, 367
1,1,2-Trichloroethane, 367
Trichloroethylene, 367
2,4,5-Trichlorophenol, 367
2,4,6-Trichlorophenol, 367
Triethylamine, 367
Trifluralin, 367
2,2,4-Trimethylpentane, 367
Truck emissions, inspection and

maintenance programs, 148–150
TSP. See Total suspended particulate matter

U

UAM. See Urban airshed model
ULEV. See Ultra-low-emissions vehicle
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400 INDEX

Ultra-low-emissions vehicle (ULEV), 141
Ultrafine particles, exposure to, and

monitoring for health response, 69
Unclassifiables, in the SIP process, 92
United Nations Economic Commission for

Europe (UNECE), 81
Urban air toxics, counties at high cancer

risk from, 41
Urban airshed model (UAM), 107–108, 110
Urban heat islands, 302
U.S. air quality management (AQM) efforts,

29–35
federal AQM legislation, 30–32
sequential activities carried out by the

nation’s AQM system, 34
U.S. Court of Appeals, Seventh Circuit, 185
U.S. Department of Agriculture (USDA),

256, 259, 289, 371
U.S. Department of Energy (DOE), 39, 302
U.S. Environmental Protection Agency

(EPA), 3, 8, 11–12, 19, 22, 33–34,
37, 45–47, 51–76, 80, 98, 115, 131,
146–152, 162, 175, 216

computer program to estimate emissions
from mobile sources not used on
roads (aircraft, trains, farm
equipment, etc.) (NONROAD), 102

computer program to estimate mobile-
source emissions (MOBILE), 101–
102, 148, 171

regional haze rule, 122–123
trends in estimated nationwide pollutant

emissions and average measured
concentrations, 218

U.S. Forest System, 289
U.S. General Accounting Office (GAO),

102, 192–195
U.S. Geological Survey (USGS), 289
U.S. monitoring networks, major, 222–223
U.S. National Oceanic and Atmospheric

Administration (NOAA), 241, 289
U.S. National Park Service (NPS), 226
U.S. Occupational Safety and Health

Administration (OSHA), 85
U.S. truck percentages within selected model

years (MY) used for various primary
daily driving ranges, 154

USDA. See U.S. Department of Agriculture
USGS. See U.S. Geological Survey
Utility companies, electric, 65

V

Vegetation
dose-response relationships between

pollutant exposure and, 68
forest, 256–257

Vehicle emission standards
promotion of new technologies using,

167–168
test using a dynamometer lasting for 240

seconds (IM240), 148
Vehicle inspection and maintenance (I/M),

95, 102–103, 116, 129, 148–149,
217

Vehicle miles traveled (VMT), 133, 151,
164, 301

Vinyl acetate, 367
Vinyl bromide, 367
Vinyl chloride, 55, 367
Vinylidene chloride, 367
Visibility impairment

monitoring, 226
in wilderness areas and national parks,

protecting and improving, 33
Visibility Improvement State and Tribal

Association of the Southeast
(VISTAS), 123

VMT. See Vehicle miles traveled
VOCs. See Volatile organic compounds
Volatile organic compounds (VOCs), 26–

28, 95–96, 99, 103n, 107–108, 111,
117–118, 130, 139, 143, 155, 175,
194, 217

federal, state, and local emission-
reduction measures, 118

national average emission categories for,
27

Voluntary programs, to improve the
permitting processes, 212

W

Weight-of-evidence approach, in the
attainment demonstration, 114–115

WEPCO. See Wisconsin Electric Power
Company

Western Regional Air Partnership (WRAP),
89, 91, 121, 123–124
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Wisconsin Electric Power Company
(WEPCO), 185

WRAP. See Western Regional Air
Partnership

X

Xylenes (mixed isomers)
m-Xylenes, 367

o-Xylenes, 367
p-Xylenes, 367

Z

Zero-emission vehicle (ZEV), 141–142
ZEV. See Zero-emission vehicle
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