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Abstract
Millions of dollars are spent annually on research to advance the scientific basis for
setting air quality standards and implementing programs to protect public health and the
environment. It is necessary for the U.S. Environmental Protection Agency’s Office of Research
and Development (ORD) to document and evaluate their accomplishments in order to
communicate the value of their research to the public and government leaders. This report is
intended to highlight the major research accomplishments of EPA’s Clean Air Research Program
since 2002. Among the most notable achievements are near roadway studies, understanding
emissions from wild and prescribed fires, advancing characterization of emissions, improving
source apportionment and characterization, and control of secondary PM2.5 from coal combustion.
Significant progress has also been made in understanding secondary organic aerosol formation,
development of a new secondary organic aerosol model, updating emissions inventories, and
improving measurement and modeling techniques. Additionally, health research has investigated
target doses of pollutants to various human lung sites, identified risk factors for susceptible
subpopulations, uncovered biological mechanisms for cardiopulmonary effects, identified new
target tissues from air pollution exposure, and explored co-pollutants and other mediating factors.
Research generated by ORD directly affects the National Ambient Air Quality standards
setting process through health and environmental research, supports the evaluation of
environmental conditions with monitoring and modeling research, provides information to states
for regulation and management via technical products and support, and allows EPA to track
progress. This report, in addition to summarizing the major research accomplishments of ORD,
evaluates the research accomplishments against the framework for air quality management,
detailing which efforts directly support the framework and how future research will support the
framework. With the support of research generated by the Clean Air Research Program, EPA
can continue to protect human health and the environment from the adverse effects of air
pollution.
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Acronyms and Abbreviations
µg/m3
µm
ANS
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CAA
CAIR
CAP
CERCLA
CMB
CMAQ
CNER
CNS
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COPD
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EPA
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GHG
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H2SO4
HAPs
HEI
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HOA
HRS
HRV
IRIS
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MYP
NAAQS
NARSTO
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micrograms per cubic meter
micrometer or micron
autonomic nervous system
Air Quality Criteria Document
Clean Air Act
Clean Air Interstate Rule
concentrated ambient particle
Comprehensive Environmental Response, Compensation, and Liability
Act
chemical mass balance
Community Multiscale Air Quality
Committee on Environment and Natural Resources
central nervous system
carbon monoxide
chronic obstructive pulmonary disease
cardiovascular disease
diesel exhaust particles
elemental carbon
U.S. Environmental Protection Agency
Electric Power Research Institute
fine carbon black
Federal Highway Association
Federal Reference Methods
greenhouse gas
geographic information system
sulfuric acid
hazardous air pollutants
Health Effects Institute
high-frequency
hydrocarbon-like organic aerosol
Hazard Ranking System
heart rate variability
Integrated Risk Information System
Integrated Science Assessment
low-frequency
maximum achievable control technology
Multi-Year Plan
National Ambient Air Quality Standards
North American Research Strategy for Ozone
National-Scale Air Toxics Assessment
National Center for Atmospheric Research
National Center for Environmental Assessment (EPA)
National Center for Environmental Research (EPA)
National Exposure Research Laboratory (EPA)
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NESHAPs
NHEERL
NIEHS
NIH
NO2
NOx
NRC
NRMRL
O3
OAR
OC
OOA
ORD
ORS
OVA
PAH
Pb
PCDD
PCDF
PM
PM2.5
PM10
PM10-2.5
PMF
RADM
RCRA
REMPI-TOFMS
RFA
ROS
SARA
SHR
SHRSP
SIP
SO2
SO3
SOA
STAR
TOG
TRI
UFCB
UFP
VBS
VOC
WKY

National Emission Standards for Hazardous Air Pollutants
National Health and Environmental Effects Research Laboratory (EPA)
National Institute of Environmental Health Sciences
National Institutes of Health
nitrogen dioxide
nitrogen oxides
National Research Council
National Risk Management Research Laboratory (EPA)
ozone
Office of Air and Radiation (EPA)
organic carbon
oxygenated organic aerosol
Office of Research and Development (EPA)
optical remote sensing
ovalbumin
polycyclic aromatic hydrocarbon
lead
polychlorinated dioxins
polychlorinated furans
particulate matter
PM with an aerodynamic diameter less than or equal to 2.5 µm; fine PM
PM with an aerodynamic diameter less than or equal to 10 µm
PM with an aerodynamic diameter less than 10 µm but greater than 2.5
µm; coarse PM
positive matrix factorization
Regional Acid Deposition Model
Resource Conservation and Recovery Act
Resonance Enhanced Multi-Photon Ionization – Time-of-Flight Mass
Spectrometry
Requests for Applications
reactive oxygen species
Superfund Amendments and Reauthorization Act
spontaneously hypertensive rats
stroke-prone spontaneously hypertensive rats
State Implementation Plan
sulfur dioxide
sulfur trioxide
secondary organic aerosol
Science to Achieve Results
total organic gases
Toxics Release Inventory
ultrafine carbon black
ultrafine particle
volatility basis set
volatile organic compound
Wistar Kyoto
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1 Introduction
Air pollution continues to cause adverse effects on human and environmental health in
the United States, despite prominent improvement in overall air quality [1, 2]. The Clean Air
Research Program, a national research program in the U.S. Environmental Protection Agency’s
(EPA) Office of Research and Development (ORD), has a mission “to provide safe and healthy
air for every American community by advancing air pollution science and providing the
knowledge and tools that can be used by state and local governments as well as the private sector
to meet EPA’s requirements for clean air under the Clean Air Act” [3]. Traditionally, the EPA
Clean Air Research Program has focused on developing the science that supports regulatory
decisions for single pollutants such as particulate matter (PM) and ozone [3]. This single
pollutant framework is being revisited as a more applicable multi-pollutant framework is coming
to the forefront. Humans are typically exposed to a mixture of chemicals that may cause greater
risks than exposure to a single pollutant. The multi-pollutant framework is an integrative
approach to identifying and characterizing source-to-health outcomes of exposure to chemical
mixtures in order to develop more effective control measures for air pollution [3].
The EPA Clean Air Research Program has set forth two main long-term goals. The first
is to reduce the uncertainty in EPA standard setting for air pollution-related and air quality
management decisions by advancing air pollution science. This requires health effects research
on specific hazardous air pollutants (HAPs) to support the setting of National Emission
Standards for Hazardous Air Pollutants (NESHAPs) and on criteria air pollutants (i.e., PM,
ozone, carbon monoxide, sulfur dioxide, nitrogen dioxide, and lead) to support the review
process of the National Ambient Air Quality Standards (NAAQS) set forth by EPA. This also
requires specific research to accurately characterize and estimate emissions sources, including
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both the major stationary sources and mobile sources, along with non-road vehicles, airports, and
natural or agricultural environments [3]. Additionally, research is necessary to further the use of
air quality and receptor models to aid in the development of State Implementation Plans (SIPs)
and control strategies, developing advanced tools, models, and technologies to reduce air
pollution levels, and to improve risk management strategies through improved inventories [4].
The second long-term goal aims to reduce the uncertainty associated with linking health
and environmental effects to air pollution sources. This requires research that can link sources of
air pollution to health outcomes based on a multi-pollutant framework. Research is also needed
to identify specific source-to-health outcomes [3]. This research is clearly required to understand
the relationship between air pollutants emitted from sources and the adverse effects that occur as
a result. Health studies have already shown adverse health effects, such as respiratory disease,
cancer, and mortality, for populations residing near major roadways. These studies have
identified major concerns for the building of schools near roadways, the quality of indoor air in
existing schools near roadways, and the general health impacts for people living near roadways.
This research will also be extrapolated to evaluate air pollution sources and components that lead
to health effects for specific sources other than roadways and for specific geographic locations
[4]. Moreover, the second long-term goal will focus on developing tools to understand the
relationship between sources of pollution and ambient concentrations of pollutants, using these
tools to assist federal, state, and local agencies in measuring gradients of pollutants, and reducing
the uncertainty associated with the evaluation of public health risks from specific sources [4].
Particulate matter and hazardous air pollutants are particularly important to the EPA
Clean Air Research Program in relation to client needs and priority science questions. In the
case of PM, ORD provides and supports scientific evidence to conduct the review of the NAAQS,
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along with the science and engineering necessary in implementation of the standards. The Clean
Air Act requires EPA to develop emissions standards for HAPs based on the best controlled
similar sources. Following implementation of these emissions standards, EPA is charged with
assessing the risks to human health and the environment that remain and must implement
additional emissions standards if necessary. Although HAPs issues are secondary to the PM
NAAQS in program priority, ORD can also provide the science related to HAPs, particularly
through project integration.

1.1 Particulate Matter
Particulate matter is a general term for a diverse class of materials that can be transported
in ambient air as solid particles or liquid droplets [5]. PM can be classified by size, origin,
atmospheric behavior, formation mechanism, chemical composition, and method of
measurement. The concentration of particles in ambient air can vary across space and time, and
relates to the source of the particles and the transformations occurring in the atmosphere [6].
Ambient PM originates from many natural and manmade sources, including forest fires, fossil
fuel combustion, and industrial processes. PM can either be primary (directly emitted from a
source) or secondary (formed through atmospheric processes from gaseous precursors such as
sulfur dioxide (SO2) and nitrogen oxides (NOx)). Particles can be composed of many organic
and inorganic materials, including heavy metals, acids, and biological or biogenic material [5].
Particulate matter can be characterized by its varying magnitudes of size. PM that is of
greatest concern for human health are those particles that are inhalable, or more specifically,
have an aerodynamic diameter less than or equal to 10 microns (µm). Particles with a diameter
greater than 10 µm are generally not deposited into the lung. PM10 are all particles with a
diameter less than or equal to 10 µm. PM2.5, or fine PM, are those particles with a diameter less
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than or equal to 2.5 µm. PM10-2.5, or coarse PM, are particles with a diameter less than or equal
to 10 µm and greater than 2.5 µm. Ultrafine PM includes particles with an aerodynamic
diameter of less than 0.1 µm [6].
Exposure to PM has been linked to many respiratory and cardiovascular health effects.
These adverse health effects include aggravation of respiratory and cardiovascular disease
(measured in terms of increased hospital admissions and emergency room visits, school absences,
lost work days, and restricted activity days), aggravated asthma, acute respiratory symptoms,
chronic bronchitis, and premature mortality [6].
The EPA Clean Air Research Program has conducted numerous research studies targeted
to understand the link between PM and health effects. One of the research contributions, for
example, is an investigation of near-roadway air pollution aimed to link sources to health effects.
This research was conducted in a series of studies near roadways to characterize the air
pollutants arising from vehicle exhaust and road wear and linking the air pollutants to health
risks for people living or working near highways and urban roads. This study will be important
in determining how effective current mobile source regulations are and guiding the future
directions of regulations to protect public health [7]. Another study investigated the health
effects associated with short-term exposure to PM. This study provided the critical science
needed to link PM to disease in the general population and in those subpopulations that are
specifically susceptible to increased health risks (the young, the elderly, the genetically
predisposed, and those with preexisting conditions) [7]. Understanding the mechanisms by
which small concentrations of inhaled PM are able to cause changes in the lung and heart that
intensify adverse effects is becoming increasingly important. This research uses characteristics
of particulate matter, such as size and chemical composition, to investigate the contribution of
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different PM components to toxicity [7]. The data generated from these studies and by the EPA
Clean Air Research Program in general, as described later in Chapter 4, will aid in the review
process of NAAQS and will advance progress to reduce air toxics most effectively.

1.2 Hazardous Air Pollutants
Toxic air pollutants, also known as the hazardous air pollutants, are pollutants that are
known or suspected to cause cancer or other serious health effects, such as birth defects or
reproductive effects, or adverse environmental effects. EPA is proactively regulating the
releases of 188 HAPs, including diesel exhaust emissions, into the environment. Some examples
of HAPs include benzene, found in gasoline, perchloroethlyene (used in dry cleaning processes),
methylene chloride (used as a solvent and paint stripper in industrial processes), as well as other
air pollutants such as dioxin, asbestos, and metals, including mercury and lead compounds [8].
Most HAPs are directly emitted from human-made sources, including mobile sources (e.g., cars),
stationary sources (e.g., power plants), and indoor sources (e.g., building materials). The
“major” sources of HAPs emit 10 tons per year of a single HAP or 25 tons per year of a mixture
of HAPs, where as the “area” sources are smaller-sized sources that emit less than 10 tons per
year of a single HAP or less than 25 tons per year of a mixture of HAPs [8].
Human exposure to HAPs can occur from breathing contaminated air, eating
contaminated food products, drinking contaminated water, ingesting contaminated soil, and
dermal contact with contaminated soil, dust, or water. Inhalation of HAPs at sufficient
concentrations and durations has been linked to an increased risk of cancer or other serious
adverse effects. Health effects that have been associated with HAP exposure include
neurological, reproductive, developmental, and respiratory problems, as well as damage to the
immune system. Some air toxics (e.g., dioxins, mercury) have been linked to endocrine system

5

disturbances because of the ability of the pollutant to mimic or block the action of natural
hormones [9].
As research continues to expand regarding HAPs sources, exposures, and health effects,
significant challenges are still faced by EPA. EPA is tasked with determining the unacceptable
risk levels associated with HAPs. This is a primary focus of EPA’s Integrated Risk Information
System (IRIS) program. Additionally, emissions inventories must be refined for HAPs to
support the risks that are found to exist and to more accurately estimate the potential exposures
to HAPs. As air quality monitoring is limited compared to those pollutants regulated by NAAQS,
the National Air Toxics Assessment (NATA) uses emissions inventories to model the potential
exposures to HAPs.
The Integrated Risk Information System (IRIS) program provides essential support for
evaluating heath risks from air toxics. IRIS was created to address growing demands for
consistent information regarding chemicals and provides information used in risk assessments,
decision-making, and regulatory activities [10]. IRIS utilizes hazard and dose-response analyses
to assess cancer and other health risks from exposure to 544 chemicals, including many HAPs
[4]. Cancer effects are analyzed in IRIS in terms of the weight of evidence for human
carcinogenicity, oral slope factors, and oral and inhalation unit risks. Other health risks are
assessed through oral reference doses and inhalation reference concentrations.
EPA’s National-Scale Air Toxics Assessment (NATA) is a continuous, comprehensive
evaluation of a subset of HAPs in the United States. NATA was developed in 2002 as a state-ofthe-science screening tool to estimate cancer risks and other serious health risks from inhalation
exposure to 178 HAPs, including diesel exhaust emissions. NATA was designed to aid in the
continued reduction of HAPs emissions since 1990. NATA efforts were focused on national and
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localized collection of air toxics information, characterizing emissions, and prioritizing
pollutants and geographic locations of interest to refine data collection. The goal of NATA is to
identify toxic air pollutants of the greatest potential concern in relation to population risk [11].
EPA has made progress in reducing HAPs emissions by implementing a variety of
control measures. There are emissions controls covering more than 80 categories of industrial
and commercial sources of HAPs, which are projected to reduce annual air toxics emissions by
nearly 1.5 million tons. Controls have been implemented for cars and trucks through the
reformulation of gasoline and limiting tailpipe emissions. New control measures for fuels and
vehicles are anticipated to reduce certain mobile source air toxics by more than 75% from the
1990 levels by 2020. Indoor air and stationary source emission controls are also being
investigated and implemented in order to further reduce emissions into the environment [9].

1.3 The Particulate Matter Accomplishments Report of 2002
In January 1998, the Committee on Research Priorities for Airborne Particulate Matter
was established by the National Research Council (NRC) [5]. The committee identified ten
high-priority research topics about key scientific uncertainties related to policy implications.
The committee presented EPA with a 13-year “research investment portfolio” with
recommendations regarding timing, phasing, and costs for each of the research topics [12].
EPA responded to the portfolio by publishing the Particulate Matter Accomplishments
Report: Five Years of Progress in 2004 to address the progress for each of the ten research topics
[13]. The report addressed the NRC research priorities using a single pollutant framework
focused on PM. The report discussed key uncertainties, objectives and special issues, major
accomplishments, programmatic need and relevance, and future directions for each research
topic [13].
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Nearly five years after the original PM Accomplishments Report was published, the EPA
Clean Air Research Program has made significant progress in updating the critical science
needed to protect public health and welfare as stated in the Clean Air Act (CAA). These
achievements have not only continued to respond to the ten research topics, but have expanded to
a multi-pollutant framework that will ultimately link adverse health effects to exposure to a
mixture of chemicals rather than a single pollutant. The updated EPA Clean Air Research
Program Accomplishments Report will present the transition to a multi-pollutant framework,
structured as seen below in Figure 1.

Source-to-Health Outcome

Source  Ambient Concentration  Exposure/Dose  Health Outcome

Figure 1. Multi-pollutant framework for the EPA Clean Air Research Program
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2 Background
2.1 Particulate Matter Research
Episodes of choking air pollution, such as those experienced in Donora, PA, in 1948 and
New York City, NY, in 1962, are extremely rare events in modern-day U.S. Nearly four decades
of regulatory actions and technological advances in emission control have substantially reduced
the overt threat of severe air pollution. However, contaminated air in the U.S. continues to have
widespread effects on human health and the environment. For example, EPA estimates that with
full attainment of current regulations to reduce air pollution, tens of thousands of premature
deaths per year and perhaps hundreds of thousands of annual hospitalizations for cardiovascular
and respiratory illness can be prevented [14]. The monetary benefits of preventing air pollutionrelated premature deaths are estimated to be in the range of $100 billion per year. The benefits
of reducing illness and minimizing the number of lost workdays and the consequences of
restricted activity are estimated to provide an additional savings on the order of $10 billion per
year. However, these cost estimates likely underestimate the true human toll when the costs
associated with the loss of quality of life are considered [13] . Underscoring the issue is the fact
that these effects appear to affect certain subpopulations more than others, including the elderly,
the young, and those with preexisting cardiopulmonary problems. To address these concerns,
EPA developed a Clean Air Goal, shown in Figure 2.
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Figure 2. EPA Clean Air Goal
(Source: Costa 2005)

By the mid-1970s, the air looked cleaner; likewise, conventional epidemiology indicated
that the associated health problems were largely eliminated. However, beginning in the late
1980s and throughout the 1990s, the novel application of sensitive statistical methods to
epidemiological assessments of daily patterns of air pollution revealed that significant health
risks remained, most notably those associated with ambient PM. Effects on mortality and
morbidity were found at lower concentrations than formerly appreciated. Most striking was that
these effects were observed at levels at or below the then-current NAAQS for PM10. Perhaps
less surprisingly, those most affected represented groups who generally might be considered
susceptible – the elderly and those with preexisting cardiopulmonary disabilities. Moreover, a
more limited study suggested that chronic PM exposure could potentially shorten life-spans in
the general population [15].
By 1996, evidence had accumulated that suggested day-to-day exposures to ambient PM
at or near the level of the then-current NAAQS were eliciting significant human health effects in
the U.S. population, including hospitalizations and attributable deaths. This evidence led to the
promulgation of PM NAAQS in 1997 that included new standards for PM2.5. Uncertainties
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regarding PM health effects prompted Congress to augment the President’s recommended U.S.
EPA budget of $27.8 million for PM research in 1998 by $22.4 million, and this level of
investment in PM research has been largely maintained since that time. EPA was charged with
accelerating investigations of the role of PM in air pollution-associated health outcomes and
implementing health risk reductions via scientifically defensible regulatory actions [13].
Under the CAA, PM is one of six major air pollutants for which EPA has established a
NAAQS. The CAA requires periodic review of the scientific basis or “criteria” for these
standards and calls for EPA to lead the preparation of a comprehensive scientific assessment of
the state of the knowledge of each criteria air pollutant. The 2004 “Air Quality Criteria for
Particulate Matter Document” (PM AQCD) [1] provided the scientific basis for the current PM
NAAQS set in 2006.
In order to better protect the health and welfare of millions of Americans, EPA issued the
most stringent suite of NAAQS for PM ever promulgated on September 21, 2006. The standards
address two categories of PM: fine particles (PM2.5) and inhalable coarse particles (PM10). The
24-hour fine particle standard was strengthened from the 1997 level of 65 micrograms per cubic
meter (µg/m3) to 35 µg/m3 and the annual PM2.5 standard was retained at 15 µg/m3. The 1997
24-hour coarse particle standard of 150 µg/m3 was also retained. The annual PM10 standard was
revoked because available evidence does not generally link long-term exposure to current PM10
levels to adverse health effects [16].
The 2008 draft PM Integrated Science Assessment (ISA) includes discussion of the
extensive body of newly available PM research information that has been published since the
publication of the 1996 PM AQCD [17]. This includes numerous studies generated by EPA’s
PM Research Program (both intramural and extramural components), which, starting in 1998,
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was rapidly expanded in order to further advance the scientific bases underlying future PM
NAAQS decisions. The expanded EPA PM Research Program was initiated as an integrated
cross-lab and cross-center effort with high levels of interaction with the Office of Air and
Radiation (OAR) and cooperation with other federal agencies, partners, and academia. With the
development of a Multi-Year Plan (MYP) describing the long-term research priorities, the EPA
PM Research Program is forward-looking and evolving with advances in the science and with
the needs of the regulatory community. Priorities set forth in the MYP are guided by the
research needs and priorities set forth by the NRC Committee on Research Priorities for
Airborne Particulate Matter and the science needs of OAR to set and implement the PM NAAQS
[18].
Intensive research activity from 1997 to 2002 yielded significant advances in the
understanding of the role of PM in causing health effects. In general, the advances lie in three
broad areas: (a) the complex roles of PM attributes and human host factors that contribute to the
health outcomes, (b) the factors determining public and individual exposures, and (c) the
characterization of PM sources and atmospheric processes. A comprehensive national research
endeavor was initiated by EPA in 1998 and currently involves the coordinated efforts of
intramural and EPA-funded extramural investigators, partners, and other federal organizations
that function within a scientific framework of research needs developed by an independent NRC
committee of experts [13].
While much was learned from 1997 to 2002 – the first steps of an ambitious long-range
plan – there remains considerable uncertainty regarding PM-associated health effects. For
example, research concerning the components and attributes of PM has raised several hypotheses
that may help explain relationships between particles and health and thus require further
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investigation, perhaps within the context of source profiling and attribution. With the discovery
that many of the adverse responses to PM exposure appear in individuals who are members of
susceptible subpopulations, further research is needed on the factors and mechanisms that
underlie susceptibility. Finally, there are uncertainties regarding potential long-term health
outcomes – from exposure measurements to quantifying the extent of possible life-shortening.
The goal of these efforts is to provide health data appropriate to the review of the
NAAQS. In addition, regulators at the federal and state levels who must implement the NAAQS
depend on predictive and evaluative tools to determine compliance and to develop needed
mitigation strategies. As the understanding of atmospheric processes and source-to-receptor
relationships improves, these tools are refined with new data and thus are ever-evolving.
Research to refine the databases, reference methods, and atmospheric models that support
regulatory needs is crucial to the mission of the EPA PM Research Program.

2.2 Hazardous Air Pollutant Research
On December 3, 1984, more than 40 tons of methyl isocyanate gas was accidentally
released from a pesticide plant in Bhopal, India. The leakage of the gas immediately killed more
than 3,800 people and caused significant morbidity and premature death for thousands of others.
This unfortunate disaster signified the need for enforceable international standards for
environmental safety, industrial disaster preparedness, and strategies that would prevent similar
accidents in the future [19]. The tragedy in Bhopal served as and continues to serve as a warning
for countries to ensure the protection of human health against hazardous air toxins being released
into the environment.
EPA works to prevent tragedies like the one in Bhopal by taking on two main roles: (1)
EPA is responsible for developing and implementing programs to prevent releases of unsafe
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quantities of hazardous air pollutants into the environment through various programs and (2)
assisting in development of contingency plans for state and local communities and providing the
guidance and training for safety procedures. The Resource Conservation and Recovery Act
(RCRA) program specifies detailed rules for storing, disposing, and transporting highly toxic
wastes produced in industrial processes [20]. Additionally, the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA), enacted in 1980, also known as
Superfund, introduced taxes on the chemical and petroleum industries and allowed Federal
authorities to directly respond to releases of hazardous substances that can introduce risk for
human or environmental welfare [21]. Following the Bhopal disaster, CERCLA was amended in
1986 by the Superfund Amendments and Reauthorization Act (SARA). SARA encouraged
increased citizen participation in decisions about cleaning up hazardous sites, increased state
involvement in all phases, provided new enforcement authorities, required Superfund actions to
consider standards and requirements from other environmental laws and regulations, and
increased the size of the cleanup trust fund. Importantly, SARA stressed the necessity of
permanent remedies and innovative technologies in cleanup processes and required EPA to
revise the Hazard Ranking System (HRS) to guarantee an accurate estimation of the relative
degree of risk to human health and environmental welfare posed by uncontrolled hazardous
chemicals [22].
From the development of SARA, there was a widespread recognition of the large
volumes of pollutants being released by individual companies, especially into the air. In order to
inform communities and citizens of chemical hazards in their areas, EPA and the states collect
annual data on releases and transfers of specific toxic chemicals from industrial facilities. This
data is made available to the public through the Toxics Release Inventory (TRI), which also
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includes information about waste management and source reduction activities. The TRI was
introduced in 1987 and has since expanded significantly to nearly double the number of
chemicals included in data reporting to approximately 650 chemicals. Additionally, the TRI has
also added seven new industry sectors (i.e., manufacturing industries) to expand the coverage
significantly. TRI data enables communities to hold companies accountable for toxic chemical
releases and informs management decisions. Moreover, companies often focus on best
management practices for chemicals since they are being measured and the information is
available to the public. TRI, while informing communities and assisting companies in best
management practices, also serves as an indicator of environmental progress over time [23].
Prior to 1990, the CAA directed EPA to regulate air toxics based on the risks each
pollutant posed to human health. Specifically, EPA was to identify all pollutants that caused
“serious and irreversible illness or death” and to develop standards to reduce emissions of air
toxics to levels that provided an “ample margin of safety” for the public. During the 1970s and
1980s, EPA became involved in many legal, scientific, and policy debates over which HAPs to
regulate and how stringent the regulations should be. The debates were centered on risk
assessment methods and assumptions, the amount of health risk data required to justify
regulation, analyses of costs to industry and benefits to human and environmental health, and
decisions of “how safe is safe.” During this period of debates, EPA was in the process of
developing essential risk assessment methods that would serve as the scientific basis for making
risk-based decisions about toxic air pollutants. Despite the valuable knowledge gained by EPA
and the scientific community, the chemical-by-chemical approach based solely on risk was
difficult. In the 20 years from 1970 to 1990, EPA had only regulated seven air toxics: asbestos,

15

benzene, beryllium, inorganic arsenic, mercury, radionuclides, and vinyl chloride. The standards
for the seven regulated HAPs reduced annual air toxics emissions by nearly 125,000 tons [24].
In the 1990 CAA Amendments, the limitations of a single pollutant framework and
scientific and analytical gaps were acknowledged and Congress mandated a more practical
approach to reducing HAPs emissions. In 1992, EPA published a list of industrial source
categories that emit one or more HAPs [25]. For “major” source categories, the CAA requires
that EPA develop standards that require application of maximum achievable control technologies
(MACT) to control toxic emissions. EPA has developed implementation tools (e.g., checklists,
brochures) to help industries comply with the standards. This first phase of the new
“technology-based” approach produced legitimate and measurable reductions in air toxics
emissions. The second phase of the new approach required that EPA apply a risk-based
approach to assess how the technology-based emissions limits were reducing human health and
environmental risks [26].
To date, EPA has issued 96 MACT standards that cover 174 source categories for many
of the major commercial and industrial sources, including steel mills, chemical plants, and
smaller sources such as dry cleaners [27]. Once these standards are fully implemented, air toxic
emissions are estimated to be reduced by nearly one million tons per year. EPA has substantially
reduced emissions of some air toxics, such as benzene and lead, through stricter national
standards for fuels and tailpipe emissions from cars and trucks. In addition, tighter standards
have also been developed for refueling vehicles and for cleaner gasoline and highway diesel fuel.
Most nonroad engines and diesel vehicles have been redesigned to reduce emissions. Some of
the HAPs standards have also benefited the reduction of ground-level ozone and PM. A number
of air toxics are also ozone-producing volatile organic compounds (VOCs) (e.g., toluene) and
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PM (e.g., chromium). Many of the technologies implemented to control toxic air pollutants also
control certain VOCs and PM that are not listed among the 188 air toxics, which benefits human
and environmental health as well [28].

2.3 EPA Research Planning and Activities
In 1997, the President emphasized urgent concern about PM when the new NAAQS was
announced: “The EPA, in partnership with other federal agencies, will develop a greatly
expanded coordinated interagency PM research program. The program will contribute to
expanding the science associated with particulate matter health effects, as well as developing
improved monitoring methods and cost-effective mitigation strategies [29].” This directive,
coupled with additional funds appropriated by Congress, charged EPA to refine the assessment
of PM health risks and to explore methods to minimize these risks through monitoring and
control measures.

2.3.1 The NRC Committee
To implement this expanded program, Congress asked EPA to arrange for an independent
study by the National Academy of Sciences through a specially convened NRC panel, the NRC
Committee on Research Priorities for Airborne Particulate Matter (hereafter referred to as the
NRC Committee). The purposes of the NRC Committee study were as follows: (a) to develop
priorities for a comprehensive PM research plan; (b) to develop an outline for a PM research
program that addressed near- and long-term questions; and (c) to develop a plan to monitor
research progress over the ensuing 5 years. EPA’s PM research planning process began
immediately following the release of the 1996 PM AQCD. A public workshop was held which
produced a peer-reviewed document entitled “Particulate Matter Research Needs for Human
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Health Risk Assessment To Support Future Reviews of the National Standards for Particulate
Matter” [30].
Drawing from this document, a preliminary workplan developed by EPA staff, and the
panel’s broad range of expertise on the topic, the NRC Committee prepared its initial report in
1998. It has published a total of four reports: “Research Priorities for Airborne Particulate
Matter: I. Immediate Priorities and a Long-Range Research Portfolio” [5]; “II. Evaluating
Research Progress and Updating the Portfolio” [12]; “III. Early Research Progress” [31]; and “IV.
Continuing Research Progress” [32]. The fourth and final report provided an assessment of
research progress over the five years of the PM Research Program and outlined a vision of
research priorities and needs meriting attention in the coming years. In the published reports, the
NRC Committee identified important research topic areas and recommended a multi-year
portfolio and approach to address the highest priority research topics designed to strengthen and
expand the scientific understanding of the links between ambient PM and adverse health effects.
In its initial report, the NRC Committee did not consider research activities associated with
implementing the NAAQS [33]. It has since expanded its review of EPA’s PM Research
Program to include implementation-related research in recognition of the close connections
between implementation and health effects.

2.3.2 EPA Research Planning Activities
In 1998, EPA developed an internal draft research strategy that encompassed the NRC
Committee’s recommended research priorities. This research strategy also drew from documents
and presentations of a cross-section of groups in both the public and private sector, including
other federal organizations and agencies (e.g., the Committee on Environment and Natural
Resources, or CENR, discussed later in this report); various state agencies; research partners
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(e.g., Health Effects Institute, or HEI); private groups (e.g., the Electric Power Research Institute,
or EPRI); other scientific institutions (e.g., National Institutes of Health, or NIH); and
universities. The result was the development of a focused, comprehensive, and coordinated
program of PM research spanning the risk identification/assessment/management paradigm,
outlined in Figure 3.

Figure 3. Paradigm for federal research on particulate matter
(Source: Vickery 2005)

This draft strategy was translated into a working document, the Multi-Year Plan (MYP),
which could be used for internal program planning and the evaluation of progress. The MYP
outlines the direction of the program with long-term and annual goals, has associated specific
measures of performance, achievement, and productivity along well-defined pathways, and
includes timelines for each long-term goal. Even though the MYP establishes a strategy, it is
used as a living document that is reviewed quarterly to assess progress and is revised biannually
in the context of OAR regulatory and science program needs. To oversee coordinated PM
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research efforts across ORD, across the Agency, and among EPA’s partners in the public and
private sectors, ORD established the position of National Program Director for PM. This person
facilitates cooperation and communication about these research activities, both internally and
externally, and is responsible for ensuring that the research program is meeting EPA’s science
needs related to PM. Along with the National Program Director, EPA’s other offices, including
the EPA Regional Offices, have also made substantial contributions to the development of the
MYP, its review, and resource alignments. The MYP also identifies areas of research that can
benefit other EPA research programs to maximize the impact from each research investment.

2.3.3 Grants Focused on PM Research
One component of EPA’s research strategy is the extramural grants program. The
Science to Achieve Results (STAR) Program, managed by the National Center for
Environmental Research (NCER), funds research grants in numerous environmental science,
engineering, and health disciplines through a competitive solicitation process and independent
peer review. The program engages the nation’s best scientists and engineers in targeted research
that complements EPA’s own intramural research program and those of its partners and other
federal agencies. The focus of the STAR research program for air has been structured around the
priorities identified in the NRC Committee reports, as well as EPA’s PM strategy and MYP.
Requests for Applications (RFAs) are developed by a team of experts from the ORD labs and
OAR to ensure that the research funded will address high programmatic priorities and be an
integral part of the total research program. The STAR program awards approximately 150
research grants each year. The STAR program awards approximately $16 million each year in
PM grants relating to atmospheric and health effects research [34]. The research generated by
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way of the STAR program has significantly expanded the scientific literature on PM health
effects, exposure, emission sources, and atmospheric transformations.

2.3.4 PM Research Centers
In the 1998 EPA Appropriations Bill, Congress directed EPA to establish as many as five
PM university research centers as part of the expanded ORD PM Research Program. The PM
Research Centers Program began in 1999 with a STAR Program RFA. The RFA was structured
around the research areas identified in the NRC Committee’s 1998 report “Research Priorities
for Airborne Particulate Matter: I. Immediate Priorities and a Long-Range Research Portfolio”
[5]. Of the 22 applications received, five university PM research centers were selected and
established in 1999, and their work has added greatly to the body of knowledge related to PM
health effects and exposure. In 2005, EPA awarded $40 million to establish five new, cuttingedge research centers that will improve the understanding of how PM affects human health and
the types and sources of PM most responsible for human health effects. While all of the PM
research centers are investigating the health effects of PM, each has a different focus. The
Bloomberg School of Public Health at Johns Hopkins University is focusing on mapping health
risks of PM across the nation based on analyses of national databases on air pollution, mortality
and hospitalization. These maps will then be used in guiding detailed monitoring and collection
of PM samples for physical, chemical, and biological characterization in assays relevant to
pulmonary and cardiovascular disease. Harvard University is focused on understand how
specific PM characteristics and sources impact inflammation, autonomic response, and vascular
dysfunction. The University of California, Los Angeles, is investigating the underlying
mechanisms that produce health effects associated with PM exposure and is attempting to
understand how toxic mechanisms and resulting health effects vary with source, chemical
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composition and physical characteristics of PM. The University of California, Davis, is focusing
on the properties of particles that are responsible for human health effects, the metabolism that
underlies these effects, and the consequences of chronic exposures, especially during childhood,
that make individuals more susceptible to adverse effects. The University of Rochester is
examining the mechanisms by which fine and ultrafine particles from specific sources cause
adverse cardiovascular effects, especially in susceptible subpopulations.
In a somewhat unprecedented manner, the ORD in-house PM Research Program is often
considered the sixth PM Research Center. The EPA PM Research Program is structured to
prevent redundant efforts and ensure a coherent approach across the entire program. Over time,
the National Program Director for PM has worked with the extramural PM research center
directors to develop productive liaisons with and between the PM research centers, emphasizing
research communication and, to the extent possible, collaboration. The PM research center
directors and selected staff meet annually among themselves and with EPA science managers
and staff to discuss research progress, future directions, and organizational issues.

2.3.5 PM Supersites Program
The PM Supersites Program was established as an ambient monitoring research program
intended to address the scientific uncertainties associated with characterization and measurement
of fine PM in the atmosphere. The program was funded primarily by OAR and has benefited
from extensive ORD participation. In the early stages of the program, OAR worked with ORD
to develop a PM “Supersites Conceptual Plan” (available at:
http://www.epa.gov/ttn/amtic/files/ambient/pm25/casac/ssconpl2.pdf) and held a public PM
Measurements Research Workshop in Chapel Hill, NC, on June 22-23, 1998. The workshop was
attended by about 200 members of the atmospheric, exposure, and health effects research
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communities. Seven Supersites1 were funded in the second phase of the program to study
advanced ambient monitoring and measurement methods and atmospheric chemistry. The
interactions between OAR, ORD, and the Supersites Program participants have provided strong
technical guidance to ORD’s internal research on ambient monitoring and atmospheric chemistry
and have also enabled the Supersites Program to maintain focus on the questions of most
importance to OAR and ORD.

2.3.6 The Integrated Urban Air Toxics Strategy
EPA developed the Integrated Urban Air Toxics Strategy as a framework to address
HAPs in urban areas, collectively examining large and small industrial and commercial
operations, as well as mobile sources. The Integrated Urban Air Toxics Strategy is focused
around three goals. These goals are as follows: (1) reduce the risk of cancer associated with air
toxics from both large and small industrial and commercial sources by 75%; (2) substantially
reduce noncancer health risks (e.g., birth defects and reproductive effects) associated with air
toxics from small industrial and commercial sources; and (3) address disproportionate impacts of
air toxics hazards across urban areas, such as those in areas known as “hot spots,” and minority
and low-income communities in urban areas. The Integrated Urban Air Toxics Strategy is
framed around four major components: (1) regulations addressing sources of air toxics both at
the national and local level; (2) initiatives at both the national and local level to address specific
pollutants (e.g., mercury) and to identify and address specific community risks (e.g., through
pilot projects); (3) air toxics assessments (including expanded air toxics monitoring and
modeling) to identify areas of concern, to prioritize effects to reduce risks, and to track progress;

1

The Supersites are located in Los Angeles and Fresno, CA; Houston, TX; St. Louis, MO; Pittsburgh, PA;
Baltimore, MD; and New York, NY.
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and (4) education and outreach efforts to inform stakeholders about the Integrated Urban Air
Toxic Strategy and to obtain input into designing programs to implement it [28].

2.3.7 National-Scale Air Toxics Assessment
The National-Scale Air Toxics Assessment (NATA) is EPA’s ongoing comprehensive
evaluation of air toxics in the U.S. NATA was developed in 2002 to serve as a state-of-thescience screening tool and is used to estimate the risk of cancer or other serious health effects
from inhaling toxic air pollutants. NATA assessments were designed to guide efforts to reduce
toxic air pollution and to build upon significant emissions reductions that have been achieved in
the U.S. since 1990. NATA serves as a tool for both national and regional efforts in collecting
air toxics information, characterizing emissions, and prioritizing pollutants or geographic areas
of interest for more refined data collection. The overarching goal for NATA is to identify those
HAPs that are of greatest potential concern in terms of risk to human health [35].
EPA uses the results of NATA assessments to set priorities for improving emission
inventories, to direct priorities in expanding EPA’s air toxics monitoring network, to more
effectively target risk reduction activities, and to identify pollutants and industrial source
categories of greatest concern. EPA also uses NATA assessments to help set priorities for the
collection of additional information, to improve the understanding of the risk from air toxics, and
to link air toxics to the criteria air pollutant program [35].

2.3.8 Health Effects Institute
The Health Effects Institute (HEI) has been a key partner in PM research. It is an
independent, nonprofit corporation chartered in 1980 to provide high quality, impartial, and
relevant science on the health effects of environmental pollutants. Supported jointly by EPA and
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industry, HEI has funded over 170 studies and has published more than 100 research reports and
several special reports. Particulate air pollution is identified as a priority in the HEI Strategic
Plan [36], and this public/private partnership has made significant advances in PM-related
research. HEI has worked closely with the epidemiology community to solidify its database and
analyses of large urban studies (e.g., the National Morbidity, Mortality, and Air Pollution Study),
as well as to provide opportunities for investigations of health (mechanisms), statistics (general
additive models used in epidemiology), and effects of changing technology (e.g., diesel engines).
An internal EPA coordination committee facilitates communication between EPA and HEI
concerning research priorities and direction. The research supported by HEI is highly relevant to
the mission of EPA’s air quality programs and complements EPA’s in-house PM Research
Program well, especially in the area of epidemiology.

2.3.9 ORD In-House Research
With the MYP as its guide, the in-house research conducted by ORD and the extramural
program administered by NCER integrate the diverse capabilities of staff and extramural
grantees in health, exposure, atmospheric, and engineering sciences of the National Health and
Environmental Effects Research Laboratory (NHEERL), the National Risk Management
Research Laboratory (NRMRL), and the National Exposure Research Laboratory (NERL). This
collaborative research program is diagramed in Figure 4.
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Figure 4. The ORD intramural and extramural PM research program
(Source: U.S. Environmental Protection Agency 2004)
The in-house research program balances the long- and short-term needs of the regulatory
program and aims to investigate the health and exposure issues, atmospheric processes, and
source-to-receptor relationships that must be understood in order to set standards to protect
human health and to develop models, tools, and data for the states and EPA regions to use in
their development of SIPs to meet and enforce the NAAQS. ORD scientists work closely with
OAR to develop monitoring methods (e.g., Federal Reference Methods, or FRMs, and methods
for PM components and precursors) and strategies to acquire not only the mandated data for
implementation and enforcement, but also to provide opportunities for adjunct health research to
address risk and accountability questions. Research generated by ORD provides EPA’s National
Center for Environmental Assessment (NCEA) with the necessary data to assess the risks
associated with air pollution and to make recommendations for mitigation and management. The
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work of ORD and NCEA supports OAR in their responsibilities for standard setting in order to
protect human health from the impacts of air pollution [37-39].

2.3.10

Integration with Other Federal Agencies, the Private Sector, and
Other Governmental Organizations
The President’s call for a greatly expanded and coordinated interagency PM research

effort led to the creation, in 1999, of the Particulate Matter Workgroup, which is administered by
the Air Quality Research Subcommittee of CENR [40]. This workgroup, co-chaired by EPA and
the National Institute of Environmental and Health Sciences (NIEHS), meets bi-monthly with a
goal of “enhancing the scientific information base for public policy that protects the public health
(of primary importance) and the environment from harmful effects due to airborne particulate
matter.” This goal is to be accomplished by meeting three objectives: (a) “integrate health,
exposure, ecology, atmospheric process, and source characterization research pertaining to
particulate matter;” (b) “coordinate efforts among U.S. federal agencies and, as feasible, the
private sector;” and (c) “address the highest priority research needs first, to inform public policy
choices for standard setting and air quality management.” The workgroup is comprised of 22
member agencies (listed in Appendix B). The workgroup has completed and released its
“Strategic Research Plan for Particulate Matter” (available at:
http://www.esrl.noaa.gov/csd/aqrs/reports/srppm.html). This plan was intended to guide the
coordinated federal research program over a five to ten year time span. The document outlined
the workgroup’s then-current understanding of the PM issue, identified selected then-recent
accomplishments in each of its major discipline areas, and identified key information gaps within
priority research needs.
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Integrating the body of national PM research dealing with atmospheric sciences is
accomplished under NARSTO, the multi-stakeholder entity organized in 1994 to sponsor
cooperative public/private policy-relevant research on tropospheric ozone.2 NARSTO’s mission
was expanded in 1998 to include ambient PM. Its membership of more than 65 organizations
includes all major federal, state, and provincial governments; private industry; and utility
sponsors of atmospheric sciences research in Canada, Mexico, and the U.S. EPA is a charter
member of NARSTO. Its focus is atmospheric measurement, processes, and modeling.
NARSTO research is guided by its “Strategic Execution Plan,” specifically “Part IV: PM Science
Plan” [41]. In 2004, NARSTO released an assessment of PM atmospheric science, “Particulate
Matter Science for Policy Makers: A NARSTO Assessment” [42]. The primary purpose of this
assessment was to assist policy makers in all three countries as they implement their national air
quality standards for PM. It presented the latest understanding of the PM atmospheric
phenomena over North America, and, when gaps in knowledge are identified, recommends
additional work to fill them.

2

Formerly an acronym for the North American Strategy for Tropospheric Ozone, the term NARSTO has become
simply a wordmark signifying this tri-national, public-private partnership which deals with multiple features of
tropospheric pollution, including ozone and suspended PM.
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3 Methods
The updated EPA Clean Air Research Program Accomplishments Report was written in
collaboration with Dan Costa, National Program Director for Air Research, and John
Vandenberg, Division Director of EPA’s National Center for Environmental Research in
Research Triangle Park, NC. Research for the project was obtained from EPA-funded research
labs, centers, and grantees through detailed surveys of EPA research organizations. The
organizations asked to contribute research accomplishments and information were the National
Center for Environmental Research (NCER), the National Exposure Research Laboratory
(NERL), the National Health and Environmental Effects Research Laboratory (NHEERL), and
the National Risk Management Research Laboratory (NRMRL). Data were collected for five
categories: sources, ambient concentrations, exposure/dose, health outcomes, and source-tohealth outcomes as outlined in the multipollutant framework. These categories were defined by
the NRC research priorities addressed in the 2002 PM Research Program Accomplishments
Report and were assigned a survey for each multipollutant category (surveys are available in
Appendix A). Information provided by respondents included category definitions, key
uncertainties, objectives, and special issues, major accomplishments, programmatic need and
relevance, and future directions. As information was collected, a draft for each section was
written, reviewed by contributing scientists, Dan Costa, and John Vandenberg, and the comments
were addressed and each section was finalized. The final document will not be available until it
has been internally reviewed and publicly released by EPA, which is anticipated to be in summer
2009.
The updated EPA Clean Air Research Program Accomplishments Report is intended to
summarize and highlight the salient EPA-funded scientific activities in PM and HAPs health,
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exposure, and implementation research since 2002. The document is framed according to a
multi-pollutant research framework and in the context of the programmatic and regulatory needs
of ORD clients, including OAR and NCEA. The multi-pollutant framework incorporates
research regarding mixtures of chemicals rather than a single pollutant, such as PM. The PM
priority research needs identified by the four NRC reports are divided into their corresponding
multi-pollutant framework categories. Each category is detailed in terms of how the research
furthers the mission of ORD and discusses the major accomplishments of the program since
2002. To simplify the “Major Accomplishments” narrative for each category, EPA and/or ORD
are used to designate the EPA Clean Air Research Program and only selected prominent or
illustrative publications are referenced in the text.
Finally, the accomplishments are measured against the framework for air quality
management (outlined below in Figure 5) to emphasize how the research of the EPA Clean Air
Research Program supports EPA activities. The CAA is based on a specific way that air quality
management is supposed to be conducted. Although this has not always happened in practice,
the 1990 CAA Amendments attempt to address the gap between theory and practice. The
framework for air quality management has research elements for effects/exposure research (Box
1) and atmospheric sciences and engineering research (Box 2) that feed into the NAAQS process
(Box 3) and understanding of the environmental condition (Box 4), respectively. From the
understanding of the environmental condition, information and knowledge support state planning
processes (Box 5), which is followed by enforcement and compliance/tracking progress (Box 6).
While EPA’s research program does not participate in enforcement and compliance, the Agency
does track progress in order to support environmental condition and state planning, creating a
continuous cycle in order to support ongoing NAAQS reviews.
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1. Effects/Exposure
Research
2. Atmospheric
Sciences/Engineering
Research

3. Goal: NAAQS

4. Environmental Condition:
Monitoring/Modeling
Emissions Inventory

6. Enforcement and
Compliance/Tracking
Progress

5. State Planning:
Stationary and Mobile
Sources

Figure 5. Framework for air quality management
(Source: Vandenberg 2007)
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4 Results
4.1 Sources
4.1.1 Key Objectives and Programmatic Relevance
Emissions that contribute to ambient air pollution concentrations originate from a variety
of sources associated with both natural and anthropogenic activity. Human sources include
commercial and industrial operations, mobile sources, power generation facilities, agricultural
operations, and waste disposal. Pollutants can be emitted from an exhaust pipe, at any stage in
an industrial process, or fugitively across the entire life-cycle of a source. Natural emissions
arise from forest fires, varying types of vegetation, and soils. Characterizing air pollution
emissions furthers the efforts to fully comprehend the risk to human health and the environment
and is crucial in order to develop inventories and risk management strategies. Air pollution
measurements need to be conducted using technologies that will provide reliable data regarding
emission sources of interest. Both methods to model emissions and new and innovative
measurement technologies must be utilized. Models and technologies should be adapted to the
specific emission source of interest. Emission characterization studies need to demonstrate
which variables can impact source emissions and could ultimately help elucidate the best
management options. These variables must also reflect both temporal and spatial data.
One of the key challenges faced by ORD in the development and performance of its
emissions characterization research program has been balancing the requirement for an accurate
mass emissions inventory for NAAQS implementation purposes with the equally important need
to improve the available data on chemical speciation, size distributions, and source signatures or
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profiles. There is limited data for many sources and some with estimates based on a few field
and/or laboratory studies. Often times, emissions are diluted and difficult to adequately
characterize with conventional measurement technologies. Many sources have emissions that
occur over vast areas, requiring sophisticated methods and technologies to adequately
characterize them. It is important to recognize the improvement needed in source attribution
through source characterization measurements, source apportionment, and receptor modeling.
The introduction of new chemicals and fuels require continuous reassessment of the sources and
the effectiveness of measurement techniques. Additionally, system upsets and emission spikes
are poorly characterized and could have significant impacts on human health and the
environment. ORD’s research efforts have focused on developing and improving measurements
and methods for source types that are the most difficult to measure and for areas where the
existing data are highly uncertain. Area sources are much more difficult to characterize than
industrial sources that operate within a fairly narrow band of conditions, are in a fixed location,
have well-defined emissions points, and can be sampled using standard EPA methods. Area
sources have few, if any, of these characteristics, thus eliciting a much greater uncertainty in
emissions data and present a great opportunity for improvement in emissions characterization
and inventories.
The ORD research efforts invested to inventory and characterize various emission
sources are integral to the Agency’s mandate to implement the NAAQS. As the states prepare
their SIPs, they require a sound knowledge of the spectrum of emission rates associated with the
sources relevant to their airsheds. These data are essential for improving the accuracy of air
quality model predictions that are used to estimate the effects of compliance strategies. ORD, in
collaboration with OAR, has made substantial progress in compiling data on conventional
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(industrial) and less conventional (agricultural) emission sources, as well as source profile
characterization in order to promote more accurate airshed emission estimates in the models.
More accurate and more detailed emissions data for sources with and without controls not only
improve OAR’s near-term ability to achieve criteria air pollutant reductions, especially PM, but
also provide the foundation for building the links between sources and adverse health effects that
may allow source-specific reductions to reduce the risks associated with exposure to ambient
pollutants. In the end, these data are a cornerstone of the regulatory process and remain a major
focus of ORD research.

4.1.2 Major Accomplishments
Advanced Techniques to Characterize Area Source Emissions
ORD has developed and evaluated an open-path methodology that provides near realtime, in-situ measurements of air pollutants that can be configured along multiple paths, which
allows concentration gradients to be assessed. The methodology has been subjected to
verification studies and has been reduced to protocol form in EPA Test Method OTM 10. OAR
has directly utilized the results of the research and has officially approved it as an alternative
method in the form of the protocol “Optical Remote Sensing for Emission Characterization from
Non-point Sources.” The protocol is available at the EPA Technology Transfer Network
Emission Measurement Center (http://www.epa.gov/ttn/emc/prelim.html).
Optical remote sensing (ORS) has been successfully used in multiple monitoring efforts
at concentrated animal feeding operations, industrial facilities, landfills, mobile source emission
studies, spray application studies, brownfield remediation projects, and to support homeland
security research. The technique has also proved successful in supporting other major EPA
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efforts, including the monitoring study for the Air Quality Compliance Agreement for Animal
Feeding Operations. The technique has also assisted in supporting the MACT rule
reconsiderations for mercury. In additional, a major landfill company is currently using the
technique as a tool for internal assessment.
In fiscal year 2008, ORS was used in the field to measure total site elemental mercury at
a chlor-alkali facility. The impact was a significant increase in knowledge regarding fugitive
mercury emissions from chlor-alkali plants. This accomplishment directly supported OAR
requirements to respond to rule petitions for chlor-alkali facilities. Additionally, the results
supported the 2008 proposed rule on National Emission Standards for Hazardous Air Pollutant:
Mercury Emissions from Mercury Cell Chlor-Alkali Plants. ORD has also collaborated with
OAR, Region 8, and the State of Colorado to complete a two-week field study on VOC and
greenhouse gas (GHG) emissions from upstream gas and oil operations [43-45].
Near Roadway
There is emerging information supporting the link between human proximity (living,
working, or school environments) to roadways with a variety of adverse health outcomes, which
has led to public concerns. Concerns over potential health effects from exposure to near
roadway emissions have affected many transportation projects across the nation and has
impacted a variety of policy decisions. Mobile source emissions include several high risk HAPs,
such as benzene, aldehydes, and butadiene, along with several NAAQS pollutants, including CO,
NO2, PM, and lead. In 2008, ORD scientists collaborated with the Federal Highway
Administration (FHWA) to design studies that will better characterize the particle size of PM and
concentrations of PM and air toxics at varying distances from major roadways. Particle
characteristics, specifically size, have been shown to change significantly as the distance from a
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freeway increases, as shown in Figure 6. These plans include a leveraged effort with FHWA to
take measurements in up to three cities across the country, including Las Vegas, NV, Detroit, MI,
and Raleigh, NC. The measurements are required as a part of a negotiated settlement between
FHWA and Sierra Club. ORD has assisted in the selection of the sites in Las Vegas, the first city
scheduled for a year-long testing campaign, and Detroit. ORD has supported the effort by
completing a comprehensive evaluation of a variety of analytic techniques and measurement
technologies to assist in defining the approaches that would be most valuable for measuring
HAPs and PM in a near roadway environment [46-49].

Figure 6. Particle size as a function of distance from a major freeway
(Source: Miller 2005)
Ammonia Emissions and Deposition
ORD scientists have researched ammonia (NH3) dry deposition in the area surrounding a
commercial swine production facility in eastern North Carolina. The study design utilized
passive samplers to record weekly measurements of integrated NH3 concentrations at 22
locations along horizontal gradients from the barn/lagoon emissions complex. A model to
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predict bidirectional NH3 exchange within a 500 meter circular buffer around the swine
production facility was employed in order to account for how differences in soil, vegetation, and
canopy physical characteristics influenced the exchange. The research indicated that dry
deposition rates near the source were the highest within 10 meters of the source and that the
concentrations were significantly less farther away from the source. Results of the study
indicated that dry deposition of NH3 over the nearest 500 meters accounted for 10.4% of annual
emissions. The results are consistent with European studies that show that the majority of NH3
released is transported away from the emissions source and is readily available for aerosol
formation and deposition to downwind ecosystems. The results also agree with the results from
the Regional Acid Deposition Model (RADM), which suggests that less than 10% of emissions
of NH3 deposit locally. The results also imply that in some areas of eastern North Carolina
watersheds, dry deposition of NH3 significantly contributes to ecosystem-specific critical
nitrogen loads being exceeded.
These studies provided critical data regarding NH3 emissions and deposition that can be
employed as inputs to air quality models that predict the formation of PM. Data and results will
greatly improve the estimates of emission and deposition of NH3 at fine spatial scales that are
currently unresolved by regional atmospheric models. Fully comprehending NH3 dry deposition
near animal production facilities assists in quantifying the emissions from the facilities that can
be transported away from the source and be available for aerosol formation or deposition in
downwind ecosystems. Additionally, the results of the studies will be used to generate
information on local NH3 deposition from animal production facilities, which are currently not
available for U.S. sites. The studies are also expected to provide improved data to models that
attempt to quantify the impacts of local sources on ecosystem services. As a result of this study,
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a geographical information system (GIS)-based tool has been developed that not only provides
detailed emission and deposition maps for eastern North Carolina, but can also assist in testing
the effects of different animal waste management scenarios on emission and deposition of NH3 at
watershed and smaller scales. The model could potentially be used to designate appropriate
locations for new animal facilities in order to minimize NH3 deposition to neighboring sensitive
ecosystems or for evaluating the local impacts of existing facilities [50-55].
Emissions from Wild and Prescribed Fires
ORD scientists have developed improved emission factors for prescribed forest burns
with research focused on PM2.5, ozone, and marker compounds (including levoglucosan, vanillin,
carboxylic acids, retene, and methyl tetrols). Model work improved the spatial and diurnal
resolution of emissions, increased the accuracy of fuel consumption estimates, and incorporated
functions of that will account for variability in emissions from ignition, flaming, and smoldering
phases, particularly in the eastern U.S. Collaborative studies have generated emission models
and databases that improved the accuracy as well as the spatial, temporal, and chemical
resolution of emission inventories of particles and ozone for biomass burning. The results serve
as an input to air quality models, such as the Community Multiscale Air Quality (CMAQ) model,
utilized by states and tribes to predict future concentrations of PM and ozone. The results also
assist in designing source management strategies included in mandated SIPs [56-58].
Researchers have a greater understanding of the extent to which biomass burning
contributes to aerosol concentrations in the U.S. By comparing top-down constraints (from
satellite and monitoring data), the standard bottom-up inventories (based on estimated number of
fires and what is released from each fire) of emissions from open fires and residential biofuel can
be confirmed. Since these emissions estimates are utilized in regional air quality models, this
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confirmation clarifies the quality of current emissions inventories. Results of these studies
exhibit how underestimated the emission inventories are for industrial biofuel [59].
Additionally, researchers have monitored ambient concentrations downwind from a prescribed
burn near Atlanta, GA. The observations included large increases in PM2.5 and organic carbon.
The organic tracers from biomass burning and the secondary tracers evident for biogenic
secondary organic aerosol (SOA) formation are informative for developing a source profile for
aged fire plumes for future source apportionment work [60, 61].
Improved Source Apportionment and Characterization
The chemical mass balance (CMB) model is a widely used tool to attribute organic
carbon (OC) and fine particulate sources in ambient air. Recent studies have identified new
fingerprint species, examined the uncertainty resulting from use of different source profiles, and
determined the stability of molecular markers commonly found in the atmosphere. Biomass
combustion and food cooking are significant sources of organic aerosol in urban areas. The
CMB model utilizes organic compounds as tracers to ascertain source contributions from
primary organic aerosol emitted, including emissions from biomass smoke and food cooking.
However, CMB analysis is not completely sensitive to specific sources. While CMB analysis
can offer a well-defined source profile, it illustrates the appreciable inconsistency and
uncertainty between ambient data and source profiles. CMB analysis is also subject to
variability in ambient data. Biomass smoke is emitted from a significant number of individual
sources and the composition of the smoke varies daily. A more complete understanding of the
photochemical stability of molecular markers, increased source characterization, and improved
analytic techniques are necessary because of the poorly controlled and high variability of
biomass smoke [62-65].
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Results of comparisons between CMB and positive matrix factorization (PMF) are
consistent for overall summertime organic carbon. PMF supports that SOA is a major
component of summertime organic carbon. Comparisons with source-resolved chemical
transport models exhibit a significant difference in daily variations of source attribution between
airshed and receptor models [66-69].
PM has primary and secondary components, comprised of trace elements and ionic and
organic compounds. It is still not completely understood which specific components of PM2.5
are responsible for inducing specific health effects. Source apportionment can be used to
identify sources and their associated adverse health effects. Using a variety of modeling tools to
apportion PM2.5 in specific places, insights can be gained regarding the importance of sources,
the divide between primary and secondary PM, and possible emission control strategies. The
results also better the understanding of the uncertainty of source apportionment techniques [6978].
Large, greatly detailed data sets from research grade mass spectroscopy instruments have
been analyzed and have assisted in the development of innovative tools for complex source
apportionment solutions and insights into the most effective source apportionment strategies.
Utilizing tools with high resolution data is particularly valuable for dividing out those sources
with similar mass signatures. These detailed data sets have also aided in comparisons of various
source apportionment techniques, which is an indicator of the reliability of the methodology
along with the conclusions to be drawn from data analyses that utilize these techniques [79-82].
SPECIATE Database to Support Inventory Development, Source Apportionment,
and Air Quality Monitoring
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The SPECIATE database serves as the repository for emission profiles by source
category. The profiles contain both VOC and PM species. VOC species are categorized based
on reactivity classes, which supports air quality modeling for ozone. PM species data
encompasses size and composition, which can be utilized in PM and visibility air quality
modeling. SPECIATE has also reinforced air toxic assessments and is an integral database for
source receptor modeling applications.
ORD and OAR collaborated to generate version 4.2 of the SPECIATE database (most
recent version available at: http://www.epa.gov/ttn/chief/software/speciate/index.html). This
updated version provides more comprehensive and robust mobile source emissions data and, for
the first time, includes mercury emissions data. The updated source profiles are used by EPA
Program Offices and Regional Offices, as well as states, in supporting air quality and source
receptor modeling. Air quality modelers will utilize the updated profiles in models, such as
CMAQ, which is used by states and tribes to predict future concentrations of PM and ozone and
to design management strategies included in their SIPs.
Having the capability to speciate the emissions inventory with the new SPECIATE
composite profiles will contribute key benefits to air quality modeling and source apportionment.
The updated database will support the development of speciated emissions inventories for fine
PM, ozone, and regional haze air quality modeling and will assist in estimations of hazardous
and toxic air pollutant emissions from total PM and VOC primary emissions. The improved
profiles will provide input for source-receptor models, such as chemical mass balance models,
positive matrix factorization, and factor analysis models. Additionally, the updated SPECIATE
database will verify the profiles derived from ambient measurements and will facilitate source
apportionment via source tagging of trace elements and indicator species. Along with supporting
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the update of the SPECIATE database, ORD has provided physical and chemical methods to
better identify and quantify the components of PM and has developed emissions data and profiles
for a variety of important sources of PM and air toxics. Updated profiles were provided for
source categories, such as agricultural burning, oil combustion, construction activities, and
mobile sources.
The SPECIATE update has resulted in 2,856 PM profiles (1,258 new), 1,215 gas profiles
(650 new), and 1,902 unique species (1,012 new). The initiative also produced composite
profiles for 48 PM and 11 VOC source categories, VOC-to-total organic gas (TOG) conversion
factors for applicable gas profiles, and an updated source classification code-to-profile crossreference table accounting for more than 80% of national PM and VOC emissions. The updated
version of SPECIATE provides a protocol for expansion of the database and a mapping of the
new VOC compounds into model species. The update also allowed for the review and
prioritization of 49 studies entailing 614 PM and 822 VOC profiles for potential inclusion in
future versions of the SPECIATE database [83-100].
Control of Secondary PM2.5 Precursors from Coal Combustion
ORD scientists have investigated the potential impact of options chosen to control SO2
and NOx under the Clean Air Interstate Rule (CAIR) on aerosol formation. SO2 and NOx are
important precursors of PM formation and emissions of these two chemicals have been reduced
in the past 20 years because of effective control measures, as is demonstrated in Figure 7. Power
plants are installing flue gas desulfurization and selective catalytic reduction systems to comply
with CAIR, which will increase the oxidation of SO2 to sulfur trioxide (SO3) and increase the
formation of sulfuric acid (H2SO4). Increased H2SO4 aerosol can cause increased opacity of
plumes and an increase in local PM2.5 concentrations. These studies provide guidance for
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preventing or mitigating increases in plume opacity and PM concentrations. ORD was able to
address the potential mitigation strategies that can be implemented to reduce the potential for
SO3 formation and subsequent H2SO4 plume formation, including changes in operation and an
adequate design of post-combustion air pollution control systems. A major requirement was to
examine the entire plant as opposed to individual components. As a result of these studies,
multiple approaches for SO3 and H2SO4 mitigation were identified that could become more
prevalent as selective catalytic reduction systems are installed in order to control NOx. The
results demonstrated several available approaches for control, some of which will not require
installation of additional equipment.
20

SO2

Million Tons

15

10

NOx

Projected, w/ CAIR

5

0
1980

1985

1990

1995

2000

2005

2010

2015

2020

Figure 7. National NOx and SO2 power plant emissions - historic and projected under
CAIR
(Source: Bachmann 2005)
The study results provided OAR with further support for state agencies for their
permitting and other CAIR compliance efforts. Industry has also benefited from the findings, as
the data can be directly applied to decisions regarding CAIR compliance for emissions limits.
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The research allowed for a more comprehensive understanding of SO3 formation and mitigation,
which will improve the total environmental impacts of control technology and operation [101107].

4.2 Ambient Concentrations
4.2.1 Key Objectives and Programmatic Relevance
The physicochemical composition of air pollutants generally reflects the major
contributions from local and regional sources. The resulting distribution of ambient air pollution
includes particles that can vary in size by five to six orders of magnitude and exhibit a wide
diversity of chemical and physical properties. Nominal PM composition also varies significantly
by size mode (ultrafine, fine, coarse, and larger), although these classifications are by no means
homogeneous. Therefore, studies that attempt to address the toxicity of PM for a given size
mode may encounter complexities that extend beyond the basic problems of dealing with
mixtures. Interaction of size mode and composition is equally important, as is the potential for
some particles within a mode or mix to be more toxic than others. A fundamental understanding
is necessary in assessment of PM toxicity as exposure to PM represents an exposure to a
complex mixture of PM of differing size and composition that may be chemically or
toxicologically altered by the various gaseous co-pollutants that exist in a given airshed.
The toxicological database has provided considerable evidence to support the hypothesis
that certain physicochemical attributes of particles can be causally linked to health effects
resulting from air pollution exposure. The numerous interactions that may produce a response in
an individual can potentially make it difficult to identify a single causal component and may also
account for the fact that mass, as the most basic metric, shows the relationships to health
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outcomes that it does. As research continues to move towards source-based linkages with
hazardous components, the contributors to health effects from air pollution exposure can be more
appropriately targeted for mitigation.
Measurement of atmospheric PM is necessary for evaluating and managing air quality. It
serves many purposes, from providing key inputs to health effects research to understanding
atmospheric processes and chemistry, relating PM observed at a monitoring site to its sources,
and supporting NAAQS implementation. Because of its complex nature, no single measurement
method can both collect and analyze PM; thus, measurement of ambient PM is conducted using
numerous measurement and analysis methods. Many of the methods are less than optimal
because they are time-consuming, provide limited temporal data, and are prone to interferences
or biases that create uncertainty in measurement. A greater depth of knowledge about
measurement techniques is fundamental in order to improve collection and analysis methods that
produce the measured values observed in PM monitoring networks. Future research will
continuously define and minimize uncertainty in the measurements by developing standards and
by improving the methodology for PM collection and analysis.
Developing and testing source- and receptor-oriented models is useful in linking emission
sources and atmospheric concentrations of air pollution. Source-oriented models utilize
emission-inventory data as input and similarly incorporate meteorological and atmospheric
chemistry processes to provide estimates of ambient air pollution concentrations. For these
source-oriented models to represent the complex atmospheric chemical and physical processes
accurately, it is essential to understand fundamental atmospheric chemistry and how various
emissions into the atmosphere alter these processes. Alternatively, receptor-oriented modules
use ambient air quality data to determine quantitative estimates of the contributions of the
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underlying sources to the air pollution burden. Understanding the relationships between
emission sources and ambient concentrations of PM requires both types of models. When used
together, source- and receptor-oriented models provide EPA policymakers and states with data
necessary to develop effective mitigation strategies through predictive and evaluative capabilities.

4.2.2 Major Accomplishments
Elemental Carbon (EC)/Organic Carbon (OC) Measurements
Ambient carbonaceous particles consist of black carbon (elemental carbon) and organic
material. Organic material is produced through chemical reactions in the atmosphere while black
carbon is released from combustion burning. It is critical to fully comprehend the complex
mixture of organic PM, as it can contribute to serious health effects. Thermal optical techniques
have been a valuable tool in modeling the contribution of anthropogenic activities to effects on
climate in respect to the concentration and chemical composition of organic matter [108, 109].
Currently, the optical properties of carbonaceous particles are grossly underestimated in
modeling, despite the necessity of a complete understanding of the role that chemical properties
play in climate effects. The light absorbing properties of carbonaceous material is crucial
information for calculating the separate contributions of elemental carbon and organic carbon to
air pollution. One study has investigated a new methodology utilized in analysis of EC/OC on
filters and argues that current techniques include many uncertainties [110]. Another study has
shown that EC/OC particles on filters are much different when present in the atmosphere because
of the light absorbing properties, which are likely to vary on the filter compared to the same
particles in ambient conditions [111].
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Thermal and thermal-optical analyses have historically been used as the primary
technique in measuring the black and organic carbon portion of PM in urban and rural areas
nationwide. Thermal-optical analysis lacks the ability to measure other organic matter particles,
including oxygen, hydrogen, and sulfur. Scientists have established a technique to monitor
visibility and aerosol chemistry in the environment. The new monitoring system can detect
single source impacts on long-range transport, visibility, and estimated atmospheric processes
[109, 112-114].
Secondary Organic Aerosol Formation
Researchers have been able to develop new modules in order to model the formation of
new particles in air quality models [115, 116]. Comparing model simulations to ambient
measurements demonstrates a better agreement than has been previously exhibited [117, 118].
Improved models allow for analysis to determine the source apportionment of precursors for
SOA formation [119, 120]. Field measurements and laboratory experiments have been crucial
contributions to fully comprehending the formation of SOA. Water-soluble OC measurements
indicate that while SOA formation involves biogenic VOCs, there is an undeniable correlation to
anthropogenic emissions [121]. Researchers have utilized both field measurements and
laboratory experiments to investigate the factors that are integral in determining the rate and
degree of new particle formation in an effort to further the understanding of the process and the
ability to accurately represent it in air quality models [122, 123]. Researchers have also created
new detailed mechanisms to model the formation of SOA. Numerous environmental smog
chamber experiments have clearly indicated that the complex mechanism by which SOA forms
involves the formation of large oligomers that promote the growth of new molecules [124-127].
Recent experiments have supported that particle acidity and the NOx concentration significantly
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impacts the rate and extent of SOA formation. This information is a necessity in ensuring that
these models of SOA are used to develop effective control strategies.
New Paradigm for SOA
Traditional air quality models consider that formation of SOA occurs when precursors
react to create products with a low enough volatility to condense into particles and that the
particles are static once they are formed. Most of these models, however, underpredict the
amount of measured ambient organic aerosol. Researchers have suggested that it is crucial to
utilize new paradigms in which PM is more dynamic than in traditional models. The new model,
referred to as volatile basis set (VBS), includes the idea that as fresh emissions become diluted in
the atmosphere, some of the particles are able to evaporate and contribute to the semivolatile
organics in the gas phase. As the pollutants age in the atmosphere, lower volatility vapors and
other gases are able to react and form additional new particles, or SOA. While a more complete
understanding of the actual aging rates of organic particles is necessary, a more complete
account of the entire process allows for models to produce results that are in better agreement
with field measurements. The new paradigm also allows researchers to classify a greater portion
of the organic PM in the atmosphere as SOA. This produces a more regional distribution of
aerosols and can impact decision-making regarding the types of control technologies that would
be most effective. Studies have also produced model results that, when emissions of low
volatility organics are accounted for, a summertime increase in organic aerosol concentrations in
the northeastern and Midwestern cities are predicted to increase by as much as 50%. The
hypotheses associated with the VBS model have been substantially supported by experimental
work [128-134].
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Numerous field studies have compiled size-specific data regarding organic aerosols using
an aerosol mass spectrometer. A new analysis technique is able to separate the data into two
categories. The first, hydrocarbon-like organic aerosol (HOA), is considered to be primary
emissions. The second, oxygenated organic aerosol (OOA), is ubiquitous and more
representative of SOA. Data from 37 field studies from across the northern hemisphere have
suggested that there is significant OOA in all locations. The studies also suggest that there is
more OOA in locations downwind and in rural areas than in cities. These field measurements
serve to support the VBS modeling paradigm described above [135-137].
Instrument Development and Improved Techniques
Significant improvements have been made on a variety of instruments and techniques
used for measuring the concentrations of atmospheric pollutants and understanding the
composition of the particles. These improvements include the development of high resolution
instruments capable of determining the chemical composition and size distribution of particles
[138, 139] and the ability to determine particle volatility [140]. It is now possible to measure the
composition of individual aerosol particles using the aerosol time-of-flight mass spectrometer
[141, 142]. Greatly detailed information regarding the chemical composition of aerosol particles
assist in identification of the sources of particles and can increase the understanding about
particle volatility, which is necessary for developing new models under the VBS paradigm.
New instruments have also been created for real-time ammonia measurements [143] and
measurements of low concentrations of formaldehyde [144]. One of the STAR grantees has
received a patent for a newly created instrument that was able to remove the carbon dioxide gas
before measuring the other species [145], which greatly improves the detection limits for trace
gases of interest.
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A new thermal desorption gas chromatography-mass spectrometer technique allows for
high volume and low cost analysis of hopanes, alkanes, and PAHs [146]. Use of this technique
has been important in acquiring daily samples, as the prior use of every sixth day sampling in
routine ambient monitoring programs is potentially not representative of the actual annual
average concentration, especially when extreme days occur.
Real Time Emission Monitors for Trace Organic Air Toxics
Real time detection, high sensitivity, and high selectivity are three key requirements for a
toxic air pollutants monitor that can ideally be used for process control, which would reduce the
formation of pollutants such as polychlorinated dioxins and furans (PCDD/PCDF). Standard
EPA methods for the detection of semi-volatile compounds using gas chromatography-mass
spectrometry methodology lack the real time aspect and involve extensive time-consuming
sample preparation procedures. Most current methods cannot be used to assess short transient
events, such as cold or hot startups of an engine or changes in the loading. Jet Resonance
Enhanced Multi-Photon Ionization – Time-of-Flight Mass Spectrometry (Jet REMPI-TOFMS,
diagramed in Figure 8) is a method that employs optical ionization spectroscopy in combination
with mass spectrometry to produce a two-dimensional (wavelength/mass) detection method.
Combined with a supersonic jet inlet, aromatic organic compounds are detected in real time (at
one data point per second) with high selectivity and sensitivity at very low detection limits
(ranging from parts per trillion to parts per billion). Jet REMPI-TOFMS is able to provide near
real time analysis of complex emission and engine exhaust matrices with high sensitivity and
high selectivity.
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Figure 8. Schematic of the Jet REMPI-TOFMS apparatus
(Source: Oser 2001)
Applying Jet REMPI-TOFMS to combustion systems permits the characterization of
trace emissions as a function of operating conditions, which provides immediate feedback on
actual emissions before further transformation or other pollutant formation. For example,
preliminary results from a waste incinerator exhibit that several incinerator conditions, such as
steady state operations, scheduled shutdowns, startups, and periods of poor combustion, could be
distinguished from one another by their predicted PCDD/PCDF production.
The Jet REMPI-TOFMS has been displayed for further validation in a collaborative study
with the Department of Defense. The system showed its ability to assess air toxics emissions
from numerous sources, including a Marine Corps diesel generator, an Air Force aircraft assist
turbine, and a variety of military vehicles, as well an industrial boiler. Its versatility is
exemplified by tests at a waste incinerator that revealed that multiple chlorinated benzenes can
be easily measured every thirty seconds and has a strong correlation with the dioxin toxicity
equivalent. Jet REMPI-TOFMS has also proven to be an exceptional instrument in near-road
studies by determining air toxic emissions from roadway vehicles [147].
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4.3 Exposure/Dose and Health Outcomes
4.3.1 Key Objectives and Programmatic Relevance
Air pollution is a complex mix of primary and secondary pollutants, the latter of which
are generated by atmospheric transformation. While these pollutants are commonly linked to
anthropogenic activities involving, among others, combustion of fossil fuels, there are various
biogenic sources that significantly complicate the atmospheric chemistry. Under the CAA, air
quality standards are set for individual criteria pollutants. However, ambient PM coexists with
other air pollutants and, although PM often remains significantly associated with health
endpoints in models that include the gaseous co-pollutants, the influence or role of the copollutants in these outcomes is not fully understood. It is often difficult to fully segregate the
influence of individual pollutants and assess interactions; thus, the integration of observational
and empirical approaches will greatly aid in the assessment of individual versus mixture risks. In
addition, such work will also aid in the evaluation of control strategies.
Research on PM dosimetry has focused primarily on total lung deposition. Most of these
data have been acquired with spherical and uniformly sized particles in healthy young adult men
under normal breathing conditions. While little is known about the effects of age, gender, and
preexisting lung disease, even less is known about local dose enhancement within the lung,
specifically for subjects with obstructive airway disease. Particle dose is conveyed by mass of
particles, regardless of particle size, shape, chemical composition, and other particle properties
that may form a more relevant dose metric to examine observed or potential health effects. In
both controlled exposure and epidemiological studies, dose assessment is generally neglected
because there is no straightforward way to use what is known in the context of observational or
panel epidemiological studies. As animal toxicology becomes increasingly important in
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addressing chronic exposure, susceptibility, causality, and composition-specific effects on the
lungs, the links across species (especially those with impaired lungs) remain general and are of
limited quantitative use in the risk assessment paradigm. This lack of information makes it
difficult to extrapolate toxicological data from animals to humans and underscores the
importance of improved information on comparative dosimetry.
Clearly, there is sufficient evidence to conclude that certain groups are likely to be more
sensitive or responsive to PM and air toxics than others. Genetic variability is increasingly
suggested to influence the distribution of sensitivity, but there may be physiological
susceptibility factors common to the groups, such as chronic obstructive pulmonary disease
(COPD) or asthma, that may indicate a higher risk potential. While the first step is to identify
susceptible groups within the general population for inclusion into the overall risk assessment
paradigm, characterizing the risk factors that underlie susceptibility may be the most rewarding
revelation in the long run.
The significance of results from epidemiological studies would be greatly enhanced by a
more complete understanding of underlying physiological, cellular, and molecular pathways that
drive an individual’s response to air pollution. Epidemiological studies utilize statistical
methods to link fluctuations in ambient air pollution levels with fluctuations in mortality and
morbidity. By their nature, epidemiological studies establish associations, not causal links.
Toxicological studies, on the other hand, can provide a causal link between air pollution
exposure and adverse health outcomes. Additionally, toxicological studies can identify the
specific organ systems affected by particulate matter and air toxic exposure, as well as
characterize the mechanisms by which pollutants cause adverse health effects.
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Several mechanistic pathways by which air pollution, particularly PM, could cause adverse
health effects have been investigated. Some of the pathways are complex and involve
interactions between several organs or tissues. Figure 9 highlights the complexity and
interdependency of some of the pathways.
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Figure 9. Potential pathways for the effects of PM exposure on the cardiovascular system
(Source: U.S. Environmental Protection Agency 2008)
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The primary portal of entry for air pollution is the lung, and PM interactions with
respiratory epithelium and alveolar macrophages likely mediate a wide range of pulmonary
effects. These include lung injury, inflammation, and changes in resistance to infection or
sensitivity to allergens. Air toxics and PM or its reaction products may also stimulate airway
sensory nerves, leading to changes in lung function and autonomic tone. However, air pollution
likely exerts many systemic effects, with perhaps the most significant from a health standpoint
being those on the cardiovascular system.
There are several mechanisms by which PM and air toxics may directly or indirectly
affect the cardiovascular system. Potential neural mechanisms involve the autonomic nervous
system (ANS) via direct pulmonary irritant reflexes or reflexes activated during pulmonary
inflammation that would ultimately influence cardiac function. Ultrafine or soluble PM
components may enter pulmonary capillary blood and be rapidly transported to extrapulmonary
tissues, such as heart, liver, and bone marrow tissues, with either direct or indirect effects on
organ function. Some of these effects could include changes in ion channel function in
myocardial cells, ischemic responses of the myocardium, systemic responses including
inflammation which can trigger endothelial cell dysfunction, and triggering thrombosis via
alterations in the coagulation and clotting cascade.
Due to the prevalence of cardiovascular and respiratory disease, the public health
consequences of potential air pollution effects on the cardiovascular and respiratory systems are
very significant. In 2006, there were 3,485,000 U.S. hospital discharges for respiratory diseases:
35% for pneumonia, 13% for asthma, 15% for chronic bronchitis, 6% for acute bronchitis, and
the remainder (31%) not specified [148]. Of the 126,803 deaths recorded as caused by
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respiratory diseases in 2003, 12% resulted from emphysema and bronchitis, 3% for asthma, less
than 1% resulted from acute infections, and 84% for unspecified COPD [149].

Figure 10. Hospital discharges for respiratory disease in the United States in 2006
This point is even more marked among the subpopulation with cardiovascular disease (CVD).
For the same year, 2006, there were about 4,202,000 U.S. hospital discharges with heart disease
as the primary diagnoses. Among these, 1,102,000 (26%) were for congestive heart failure,
953,000 (23%) were for coronary atherosclerosis, 772,000 (18%) for cardiac dysrhythmias,
647,000 (15%) for acute myocardial infarction, 160,000 (4%) for other ischemic heart disease,
and the remainder (14%) not specified [148]. In 2003, deaths from heart disease totaled 685,089
[149].

Figure 11. Hospital discharges for cardiovascular disease in the United States in 2006
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As there were more than five times as many CVD deaths when compared to those due to
respiratory disease, the CVD group is clearly at higher risk of mortality overall. Moreover, there
are many more people with CVD – many with a silent condition that usually goes undiagnosed
until a cardiovascular event. Thus, despite the fact that respiratory and CVD risks reported in
several studies have been about equal, PM- and air toxic-CVD interactions are likely to
outnumber the PM- and air toxic-respiratory events. Given these numbers, the societal economic
and personal costs of air pollutant effects to those who may be susceptible due to an underlying
disease are substantial.
The decision making value of new knowledge about susceptible subpopulations and the
mechanisms by which air pollutants may lead to cardiopulmonary morbidity and mortality is
directly related to the EPA’s responsibilities outlined by the CAA. Innovative research would be
of great value in risk management decision-making by adding to the weight of evidence for a
causal relationship between air pollution exposure, especially PM, and adverse health outcomes.
A more complete understanding of the etiology of air pollution-induced health outcomes would
allow for the development of more targeted and cost-effective strategies for reducing air
pollution-related risks. Along with promulgating appropriate regulations, the Agency would also
be capable of advising the public of actions that can be taken to protect their health during
episodes of increased pollution.

4.3.2 Major Accomplishments
Targeting the Dose to Various Human Lung Sites
A high resolution computer model was used to simulate a variety of inhalation methods,
including varying lung morphology (single path vs. multi-path) and inhalation wave patterns,
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multi-modal polydisperse aerosols, oronasal simultaneous breathing, single vs. multiple breaths,
and others. The model results, in excellent agreement with experimental data, provide an
innovative look at dose estimates relevant to cellular or tissue interactions with PM inhalation.
Because average doses can be much less than the local tissue dose, risk assessment based on the
local tissue dose can be more accurate than an underestimation using the average dose [150-158].
Risk Factors that Affect Susceptible Subpopulations
Age
As is typical of many health hazards, those populations that are most vulnerable to
adverse health effects of air pollutant are the very young and the very old. Children are an
especially important subpopulation with regards to adverse respiratory outcomes related to PM,
indicated by decreased lung development and increases in asthma and asthma-like symptoms
[159, 160]. Fine PM exposure has been associated with increased hospitalization of infants with
diagnoses of bronchiolitis, indicating that infants are a susceptible subpopulation to fine PM
exposure [161]. Low birth weight and preterm delivery have also been attributed to exposure
during gestation [162].
Human clinical studies have provided the epidemiological observations that elderly and
COPD patients exhibit higher hospitalization rates and mortality associated with acute PM
exposure. The elderly population seems to experience greater adverse effects from PM exposure,
specifically on heart rate variability (HRV) and blood parameters [163-166]. Figure 12 shows an
example of the effects on HRV in elderly people with CVD, measured at high-frequency (HF)
and low-frequency (LF) spectral powers. Additional evidence identifying the elderly as a
population of concern results from studies of geriatric laboratory animals [167, 168].
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Figure 12. Association between PM exposure and HRV in elderly people with CVD
(Source: Cascio 2005)

Metabolic Disorders
Studies of PM-related mortality have found increased effects in diabetics [169].
Increased mortality exhibited by diabetic subjects are potentially related to greater susceptibility
to PM-induced cardiovascular effects, represented by increased hospitalization rates for heart
disease [170], sensitivity to alterations in HRV [163], and changes in vasomotor function [171].
These patients are possibly more susceptible to the inflammatory effects of PM, which can affect
vascular tissues [172]. Results from the Women’s Health Initiative, however, have suggested
that the diabetic subjects in this particular cohort were not at increased risk [173]. Additional
research to evaluate risks to diabetics is needed, and to assist in obtaining this data, controlled
human exposures in diabetics have been initiated by the PM Centers [174].
One study hypothesized that stroke-prone spontaneously hypertensive rats (SHRSP) are
likely to be more susceptible than Wistar Kyoto (WKY) rats to PM-induced cardiac oxidative
stress and pulmonary injury. Additionally, the study hypothesized that SHRSP rats would
exhibit greater PM-induced injury than spontaneously hypertensive rats (SHR) because of the
greater disease severity in SHRSP. The results supported that strain differences exist in
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oxidative stress markers and protein leakage. While PM-induced alterations in cardiac oxidative
stress sensitive enzymes are small, they are more prevalent in SHRSP than WKY or SHR.
Genetic models of cardiovascular disease may exhibit multiple biological markers altered
differently by PM. This study supports that preexisting cardiovascular disease can influence an
individual’s susceptibility to cardiac and pulmonary health effects resulting from PM exposure in
a disease specific manner [175].

Genetics
Studies are beginning to research whether individuals’ responses to air pollution exposure
vary with genetic differences. One study investigated the hypothesis that spontaneously
hypertensive rats, because they display phenotypes such as systemic inflammation, oxidative
stress, hypercoagulation, and suppressed immune function, would serve as a better model than
Sprague-Dawley rats for experimental bronchitis. This study found that SO2 caused dosedependent alterations in the breathing parameters of both strains of rats, but spontaneously
hypertensive rats were slightly more affected than Sprague-Dawley rats. Baseline differences in
the gene expression patterns indicated oxidative stress, marked immune dysregulation, fatty acid
metabolism, and impairment of cell signaling, suggesting that spontaneously hypertensive rats
may indeed be a more relevant experimental model of bronchitis [176]. A workshop sponsored
by the Phosgene Panel of the American Chemistry Council was held in early 2007 and included
presentations by ORD scientists regarding the benefits and limitations of rodent (mice and rats)
and non-rodent (dogs) models to investigate the relationship of phosgene exposure with acute
and chronic pulmonary changes. Results indicate that dogs are three to four times less
susceptible to phosgene exposure than rats under similar methodological conditions. This
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suggests that dogs may be useful in the study of the associated mechanisms of acute phosgeneinduced outcomes, due to their size, general morphology and physiology of the lung, and
oronasal breathing patterns [177].
Glutathione pathways are a major player in cellular defense against reactive oxygen
species (ROS) and related genes (such as GSTM1) have been found to alter the response to air
pollutants. In one study, PM2.5 exposure was associated with decreased HRV in subjects without
the GSTM1 gene, whereas individuals possessing the gene exhibited no effect. Among those
individuals without the gene, the HRV effect was eliminated with the use of statin drugs [166].
Additional research for follow-up found similar results for both GSTM1 and HMOX1, a gene
also involved in anti-oxidant defense. The follow-up research also identified a three-way
interaction between GSTM1, HMOX1, and HRV [178]. Another study researched HFE, a gene
that affects the uptake of iron from inhaled airborne particles [179]. The research indicated that
individuals with the wild type HFE gene exhibited decreased HRV from increases in PM2.5
exposure, while those subjects with two variants of the HFE gene did not experience reduced
HRV. This study suggests that, since the HFE gene affects iron uptake, airborne particles with
transition metals bound to them may play an important role in cardiac effects.
The role of genetic background in antibacterial defense to streptococcal infection was
investigated in eight genetically variable strains of mice using three doses of Streptococcus
zooepidemicus. At the lowest dose, two strains exhibited significantly higher bacterial counts at
each time point after infection, compared to four other strains that were resistant to the infection
at the lowest dose. At the medium dose, the same two strains showed higher bacterial counts,
whereas three other strains exhibited reduced streptococcal growth. At the highest dose, there
were very few differences between the strains, implying the protective nature of modifier genes
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can be overcome. The results indicate that small variances in pulmonary host defense to
Streptococcus zooepidemicus depend on host factors [180].
Cardiopulmonary Effects from Air Pollution Exposure
Epidemiological studies have observed associations between PM exposure and
cardiovascular effects [181-183]. One study that utilized U.S. Medicare data found an
association between fine PM exposure and increased risk of hospital admission for respiratory
and cardiovascular disease for patients over 65 [184]. Conversely, a study conducted in Spokane,
Washington did not find associations between the level of PM exposure and rates of emergency
room visits, hospitalizations, and mortality [185]. This research indicates that PM composition
can vary from location to location and has the potential to cause very different health outcomes
following exposure. Ambient PM levels have also been associated with altered ST-segment
depression (a potential indicator of myocardial inflammation) [186], ischemic stroke, but not
hemorrhagic stroke [187], and hospital admissions resulting from pneumonia and myocardial
infarction [188].
Studies focusing on myocardial infarction [182, 189], cause-specific mortality [173, 190,
191], and other specific outcomes have generated hypotheses for exploration in laboratory
animal research and human clinical studies. Toxicologists play a crucial role by identifying
cellular and biomolecular pathways associated with cardiovascular effects resulting from acute
and long-term exposures to ambient air pollution [192-195]. Toxicological studies have shown
most recently that inhalation of concentrated ambient particles (CAPs) increases ROS in the
heart, which may be nullified by blocking neural receptors in the lung. PM2.5 exposure has been
associated with autonomic function effects, such as alterations in heart rate and HRV. Panel
studies of elderly subjects have found an association between PM2.5 exposure and decreased
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HRV [165, 196, 197]. In Seattle, altered HRV and heart rate were not found to be associated
with the winter woodburning season [198, 199]. One population based study derived from the
Normative Aging Study, an established cohort study, confirmed associations between PM2.5 and
decreased HRV, as was evidenced in other studies; the effects of PM2.5 were modified by an
individual’s history of hypertension, diabetes, and ischemic heart disease [163]. Cardiac
arrhythmias and vascular changes, including endothelial cell responses and changes in blood
pressure, have been identified in both humans and animals following PM exposure [174, 200].
Exposure to diesel exhaust has also significantly exacerbated vascular reactivity and mediators of
vascular tone [201].
Atherosclerosis is an increasingly important toxic endpoint of exposure to air pollution,
especially PM2.5. Epidemiological studies report atherosclerosis findings as related to
myocardial infarction associated with PM2.5 exposure [182, 189]. One study has related
myocardial infarction with traffic exposures [182]. Additionally, numerous reports have
suggested PM2.5 enhances atherosclerotic lesions in a susceptible mouse model [192, 202-205].
An experimental study in rabbits found that zinc as a component of PM can drive cardiovascular
health outcomes and can potentially increase susceptibility due to hyperlipidemia. Additionally,
this study illustrates the benefits of monitoring circulatory physiology during and after exposure
[206].
Experimental evidence in rodent models suggests that inhaled or instilled diesel exhaust
particles (DEPs) can increase inflammation, allergic airway responses, and lung injury, and
ultrafine carbon black (UFCB) particles cause more inflammation than fine carbon black (FCB)
in a dose-dependent fashion. DEP exposure corresponded with increased responses immediate
airway responses and in increased levels of IL-4, IL-13, total protein, eosinophils in
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bronchoalveolar lavage fluid, TNFalpha, and cysteinyl leukotrienes. Responses were
significantly enhanced for four of ten and two of ten rats compared to saline, respectively. This
study implies that on a mass basis, DEPs have the greatest potential to augment the induction of
allergy, which suggests that chemical composition is much more important than particle size
[207].
An additional animal study attempted to confirm and expand the results of an in vitro
investigation of the effects of diesel exhaust exposure on the progression of influenza infection
and on the development of associated pulmonary immune and inflammatory outcomes in vivo.
Enhanced susceptibility was evident at the low dose, but not at the high dose, based on a
significant increase in hemagglutinin mRNA levels, which is an indicator of influenza copies,
and a greater immunohistochemical staining for influenza virus protein in the lungs. The results
indicate that diesel exhaust exposure increases susceptibility to respiratory viral infections by
hampering expression and production of antimicrobial surfactant proteins [208]. This study was
followed up in an experimental study with the same exposure model to evaluate the effects of
diesel exhaust on pulmonary inflammation, mediator production, and antimicrobial defenses.
While the previous study found enhanced susceptibility only at the low dose, this study found
that moderate and high occupational levels of diesel exhaust resulted in increased lung injury and
inflammation and decreased host defense molecules. This suggests that there is potential for
increased susceptibility to respiratory pathogens not only at low doses, but at medium and high
doses as well [209].
A recent epidemiology study suggests that systolic blood pressure is elevated with
increases in fine PM, especially in conjunction with roadway traffic [210]. Ozone- and CAPrelated increases in diastolic blood pressure were more transient, present throughout the exposure
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period but ceasing within 24 hours [211]. Endothelial function effects of ozone and CAPs
exposure were inconsistent between the testing sites, indicating that effects are a result of particle
composition [211].
Biological Mechanisms for Cardiopulmonary Effects
Numerous chemical and biological mechanisms have been proposed by which air
pollutants can stimulate toxic effects in multiple target cell types [174]. Many studies have
contributed to the evolution of strong evidence for oxidative stress as a general toxicological
mechanism of PM effects [212-217].
Pulmonary inflammation has the potential to release ROS, cytokines, and chemokines to
systemic circulation from the lung [174]. A subchronic mouse study found PM2.5 exposure to be
associated with vascular inflammatory markers [205]. One study found that both oxidized lipid
components and diesel extract synergistically affect the expression profiles of several gene
modules, which correspond with vascular inflammatory processes [218]. Additionally, the
hypothesis that particles induce cardiovascular effects via inflammatory pathways is supported
by an epidemiological study, which further suggests traffic-related particles are of greater
toxicity [169].
Allergic sensitization is modified by ambient air pollution [219]. Ultrafine particles
(UFPs) with a higher organic chemical content and higher oxidant potential have been observed
to induce ovalbumin (OVA)-sensitization more readily than fine PM [220]. Reactive chemical
components of ambient PM samples have been studied and results have suggested that the
particles possess intrinsic chemical reactivity properties that may play a crucial role in toxicity
[221].
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Recent investigations have correlated allergic airway diseases with neurotrophins,
including nerve growth factor, neurotrophin-3, and brain-derived neurotrophic factor. One study
investigated the dependency of enhancement of allergic airway disease following DEP exposure
in OVA-sensitized mice as a function of the pan neurotrophin receptor p75. The study found
that DEP-exposed OVA-allergic mice exhibited a significantly greater amount of airway
obstruction than all other experimental groups. The instillation of anti-p75 significantly reduced
the extent of DEP-induced airway obstruction in OVA-allergic mice to levels similar to the other
non-sensitized experimental groups. The results suggest that DEP-induced increases in allergic
air responses can possibly be mediated by neurotrophins [222, 223].
Mechanisms of Health Effects of Coarse PM
Great uncertainty exists concerning the effects of coarse PM on human health. Concern
also exists regarding the high concentration of biological compounds that may be a component of
coarse PM that could make asthmatics especially susceptible to coarse PM effects.
Coarse PM was collected from Chapel Hill, NC air and instilled in the lungs of human
volunteers. The study observed increased numbers of inflammatory cells in the lung
(neutrophils), increased levels of known inflammation mediators (e.g., tumor necrosis factor, or
TNF), and induced alterations in macrophage surface markers. Experimental animal studies
utilizing endotoxin-sensitive mice concluded that endotoxin was not the responsible component
for neutrophil influx, but did in fact cause increased TNF. In vitro studies with human cells
suggested that endotoxin primarily affects macrophage-driven processes, such as TNF
production, but did not affect epithelial cell driven processes, such as the influx of neutrophils.
Human challenge studies confirmed the role of pure endotoxin in alveolar macrophage function.

66

These studies provided supporting evidence that biological components of PM are not
necessary to cause neutrophil responses but are critical in mediating macrophage responses [224229]. This research objective has utilized human studies of healthy volunteers, animal studies
with sensitive mice, and in vitro studies with human cells, which, in combination, provide the
experimental and epidemiological evidence to support investigations of bioaerosol effects on
human health.
Identification of New Target Tissues
Following inhalation exposure, UFPs of Carbon-13 have been detected in the olfactory
bulbs of rats [230], indicating that the central nervous system (CNS) may prove to be a critical
toxicological target site of PM2.5 exposure. Studies of mice chronically exposed to PM2.5 have
supported this significant finding, evidencing the loss of brain neurons [231] and gene expression
alterations in the brain representative of inflammatory effects [232]. Additional research has also
shown increased proinflammatory cytokines in brains of mice exposed to concentrated PM2.5
when compared to those animals serving as a control.
Co-pollutants and Other Mediating Factors
Recent studies have identified multiple co-pollutants that operate and interact with PM to
affect health. Ozone, CO, and NO2 act additively with PM to increase the risk of cardiac
readmission among heart attack survivors [233]. Hospitalization for congestive heart failure was
associated with NO2, CO, and SO2 [234] and increased ambient NO2 corresponded with
increased rates of asthma [235]. No significant reactions, however, were observed between
CAPs and CO [236]. Research regarding real-world mixtures of pollutants supports the
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recommendations from advisory bodies regarding the critical nature of moving from a singlepollutant to a multi-pollutant model for air pollution.
An animal study conducted in Wistar Kyoto rats investigated the role of PM-related zinc
on cardiac injury. The study dosed with saline as a control and four mixtures of PM. The results
indicate that PM either with or without zinc or just with zinc exhibited small increases in focal
subepicardial inflammation, degeneration, and fibrosis. Lesions were not detectable at eight
weeks but were prevalent at 16 weeks. Varying degrees of DNA mitochondrial damage and
modest changes were noted in mRNA for genes associated with signaling, ion channels function,
oxidative stress, mitochondrial fatty acid metabolism, and cell cycle regulation of zinc in all but
one test group. The results imply that water-soluble PM-related zinc may be one of the
mediating factors affecting PM cardiac events [237].
Another animal study investigated the acute cardiopulmonary injury in male Wistar
Kyoto rats that resulted from respirable tire particles based on the amount of soluble metals
present. Two types of particles were analyzed for water and acid-leachable metals and both
types contained a variety of transition metals, including zinc, aluminum, copper, and iron.
Exposure of rats to soluble copper and zinc resulted in marked pulmonary inflammation and
injury with apparent temporal differences, with copper effects peaking at four hours and zinc
effects peaking at 24 hours. Instillation of zinc, copper, and zinc and copper mixtures decreased
the activity of numerous enzymes, implying oxidative stress. The acute pulmonary toxicity of
tire particles could have resulted from the presence of water soluble zinc and copper. The study
suggests that at high concentrations, these metals can potentially induce cardiac oxidative stress
[238].
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Other environmental factors influenced the health effects of PM exposure. While fine
PM elicited respiratory and cardiovascular effects year-round, the observation of outcomes was
strongest during the winter [239]. Fine PM more strongly affected cardiovascular hospital
admissions in urban counties than in more rural areas [240]. Additionally, characteristics of
particles and their immediate environment, including the presence of other substances such as
inhaled endotoxin and the charge of the particle, exhibited an effect as well. A recent
epidemiological study found that small temporal increases in ambient coarse PM can
significantly affect important lipid and cardiopulmonary parameters in asthmatic adults, which
indicates that coarse PM is potentially underappreciated for its health effects in susceptible
subpopulations [241].
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5 Discussion and Conclusions
Each year, millions of dollars are spent on research to advance the scientific basis for setting
air quality standards and implementing programs to protect public health and the environment. It
is important for ORD to document and evaluate their research accomplishments in order to
communicate the value of their research to the public and government leaders. Evaluation of
research products against the framework for air quality management is especially important in
order to ensure that research is focused on the highest priority science issues and to ensure that
funds are sufficiently and appropriately allocated to support the research.
The research produced by the EPA Clean Air Research Program directly supports air quality
management programs. As shown in Figure 13, the exposure/dose and health outcomes research
supports the standard setting process for NAAQS. This research supports decisions on the
acceptable level of pollutant exposure that will protect humans, especially those categorized as
susceptible subpopulations, from adverse health outcomes. Following the NAAQS standard
setting process, research to support the development of new atmospheric chemistry and air
quality models, improved measurement techniques, and updated emissions inventories support
the evaluation of the environmental condition element of the framework. These efforts also feed
directly into the state planning process by providing useful information for control strategy
development to state regulators. While EPA does not enforce state regulations and management
strategies, the Agency does in fact track the progress, using the same data provided from sources
and ambient concentrations research, from which the cycle continues.
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1. Effects/Exposure
Research
2. Atmospheric
Sciences/Engineering
Research

3. Goal: NAAQS

4. Environmental Condition:
Monitoring/Modeling
Emissions Inventory

6. Enforcement and
Compliance/Tracking
Progress

5. State Planning:
Stationary and Mobile
Sources

Figure 13. Elements of the framework for air quality management that are supported by
the EPA Clean Air Research Program's accomplishments

5.1 Standard Setting
Figure 14 highlights those elements of the air quality management framework that relate to
exposure/dose and health outcomes research. Studies measuring and modeling target tissue
doses to varying human lung sites assist in understanding the potential health outcomes caused
by air pollution exposure. Research directed at health outcomes have identified risk factors for
susceptible subpopulations (age, metabolic disorders, and genetics) and have studied effects of
pollutant exposure on the respiratory and cardiovascular systems. These studies have suggested
biological mechanisms for cardiopulmonary effects, including research on oxidative stress and
inflammatory markers. Additionally, health research has identified new target tissues,
suggesting that the central nervous system may be a critical toxicological site of PM2.5 exposure.
Moreover, co-pollutants and other mediating factors have been found to alter the effects of PM
exposure and the resulting health outcomes. This research feeds directly into the NAAQS
process, establishing national benchmarks for acceptable air quality.
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5. State Planning:
Stationary and Mobile
Sources

Figure 14. Elements of the framework for air quality management that correspond to
health effects and human exposure research
The research accomplishments for exposure/dose and health outcomes have changed the
way that most air pollutant researchers view how pollutants, especially PM, affect the
cardiopulmonary system. The research has significantly reduced the uncertainty regarding health
effects associated with air pollutant exposure. EPA’s researchers have been leaders in the
development of key methodologies for air pollutant investigations and have proposed several
additional hypotheses to inspire other researchers to take similar approaches in their work.
Additionally, the research has contributed to decision-making about the best ways to reduce risk
from air pollutant exposure and has provided necessary information to States and others for
implementation plan development.
The health effects and human exposure research generated by the Clean Air Research
Program directly supports the Clean Air Act- mandated Integrated Science Assessments (ISAs),
which provide the scientific basis for decision making for the criteria air pollutants. Because the
EPA research accomplishments serve as a major portion of the scientific evidence in these
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documents, it is important that the Clean Air Research Program’s initiatives are targeted to serve
client needs effectively. Thus far, the program accomplishments have been especially successful
in morbidity and mortality causality determinations for key PM indicators (e.g., PM2.5), and in
identifying factors affecting individual susceptibility and vulnerability to PM. Specifically, ORD
research has provided data from experimental studies that demonstrate the biological plausibility
of identified mechanisms of action for various health outcomes. Additionally, ORD research has
provided the coherence of evidence to support a cause-and-effect interpretation of
epidemiological associations by providing clinical and animal data.
The human exposure and effects research accomplishments have furthered the research
goals outlined in the MYP. The research has assisted in reducing the uncertainty in the science
that supports standard setting and air quality management decisions. Moreover, the
accomplishments have reduced uncertainties in linking health and environmental outcomes to
specific air pollution sources.
Despite the advancements that have been made in research in the past five years, additional
information is still needed for PM alone and in combination with other pollutants. Research
efforts have largely focused on the health outcomes following exposure to PM2.5 and smaller, but
research is progressing towards the investigation of the effects of coarse PM (PM10-2.5) on human
health. Specific information regarding the size fractions responsible for adverse health outcomes
can be used by OAR to assess the need for additional regulatory actions to protect human health.

5.2 Implementation of Programs to Attain Standards
The elements of the air quality management framework that represent atmospheric
sciences and engineering research to assess sources and ambient concentrations are outlined in
Figure 15. In order to support the NAAQS process, extensive data is required on sources that
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contribute to ambient air pollution and the current conditions in the atmosphere. Research to
improve source characterization enhances emissions inventories and the development of sourcespecific control technologies. Atmospheric sciences research investigates atmospheric
transformations, meteorological impacts, and modeling emissions and atmospheric
concentrations of pollutants, thus enabling improved evaluation of sources contributing to
ambient pollutant levels and to the development of optimal control technologies.
The EPA Clean Air Research Program’s source characterization research has developed
advanced techniques to characterize area sources, near roadway studies of emissions and
pollutants, ammonia emissions and deposition, and emissions from wild and prescribed fires, and
has provided improved techniques for source apportionment and characterization. Extensive
work with the SPECIATE database has especially supported inventory development, source
apportionment, and air quality monitoring directly related to the environmental condition
element of the framework for air quality management. Additionally, research has investigated
controls for secondary PM2.5 from precursors of coal combustion. These research efforts assist
states in developing regulation and management strategies to reduce or eliminate emissions of air
pollutants that could cause adverse health effects.
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Figure 15. Elements of the framework for air quality management that correspond to
atmospheric sciences and engineering research
The EPA Clean Air Research Program has also developed ways of measuring the
elemental carbon to organic carbon ratio and secondary aerosol formation. This information
supports the development of new measurement and modeling techniques, such as the volatile
basis set (VBS) for secondary organic aerosols and improving methods for ammonia
measurement, determination of physicochemical properties of particles, and analysis of various
HAPs. This research feeds into the state planning element of the framework for air quality
monitoring, providing modeling and measurement tools to state regulators to reduce air pollution.
Additionally, improvement of measurement and modeling techniques allows EPA to track the
progress of air pollution reduction by states in an effective manner.
The EPA Clean Air Research Program’s research has advanced the science that supports
improved monitoring and air quality modeling in the framework for air quality management.
The research program has developed new and improved methods and technologies to
characterize emissions from both natural and anthropogenic sources of air pollutants. Analysis

75

of chemical and physical composition and characteristics has advanced the understanding about
PM and toxic air pollutants and the components of the mixture that may be directly responsible
for adverse health outcomes, thus supporting standard-setting efforts as well. Research has also
furthered the understanding of the conditions (i.e., temperature, vehicle load) that influence
emissions rates and composition. These data have provided updated emissions inventories and
speciation data to be incorporated into inventory and modeling applications (i.e., CMAQ) that
are used by EPA, States, and others for effective regulation of emissions sources.
Future atmospheric sciences and engineering research will continue to characterize
emissions based on emissions source, air pollutant chemical composition, and atmospheric
transformation processes. Additional research is needed to support air quality management for
priority sources. For example, research regarding near roadway exposure can assist States and
other regulators in making effective decisions about construction of schools and daycares near
heavily trafficked freeways in order to protect the health of children and other susceptible
subpopulations. Moreover, research about the specific components of air pollution responsible
for adverse health effects can be addressed through detailed investigations of the associations
between components and sources and their toxicological outcomes. These data will provide
decision-makers with the necessary science to take regulatory action against those components
and sources causing adverse health effects. Data from will continue to improve existing tools for
modeling and monitoring as well as developing new technologies for modeling and monitoring
of air pollutants. These tools can be used by States and others to support the NAAQS process
through SIPs and effective control of air pollutant emissions.
The EPA Clean Air Research Program directly supports all elements of the framework
for air quality management. Exposure/dose and health effects research continue to find new
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effects, mechanisms, and outcomes necessary to consider in the NAAQS standard setting process.
The atmospheric sciences and engineering source and ambient concentration characterization
research continues to update and improve methodologies to support the environment condition
element, which directly feeds into state planning process and tracking air quality management
progress. The process is continuous; research is always identifying new issues that must be
addressed and improving upon previously generated data. As the EPA Clean Air Research
Program transitions into a multi-pollutant framework, their efforts will only continue to support
the framework of air quality management and will continue to protect human health against the
adverse effects of air pollution.
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Appendix A
Sources
Due: Friday, August 22, 2008
Research Topics Associated with Category:
• Research Topic 3. Characterization of Emission Sources
o What are the size-distribution, chemical-composition, and mass-emission rates of
particulate matter emitted from the collection of primary-particle sources in the
United States, and what are the emissions of reactive gases that lead to secondary
particle formation through atmospheric chemical reactions?
Category Definition:
Please briefly describe any details that you think should be contained in the definition of this
category. We’re looking for some definition of the nature, scope, relative importance of the
many sources that contribute ultimately to “ambient concentrations” we’ll be addressing in the
next section of the report.
Outline:
Please highlight information that you feel merit noting (in paragraph or bullet form) for the
following sections relating to sources.
Introduction:
(e.g. The development/refinement of emission inventories was highlighted by the NRC Air
Quality report in 2004.)
Key Uncertainties, Objectives, and Special Issues:
(e.g. Emissions inventories are dated and poor; all atmospheric and receptor models are
dependent on these.)
Major Accomplishments:
Major steps forward in the science – not paper citations (they go under References). Why are we
better off now?
Programmatic Need and Relevance:

References:
These should be the important references we want to represent the breadth and depth of the
program. Novel work – e.g., the IR methods for diffuse sources, etc. – is important to capture.
Certainly, we should include new methods adopted by states and locals for their emission
inventory work.
Other Comments:
Please use this space to provide comments that may not have been addressed in this survey.
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Ambient Concentrations
Due: Friday, September 5, 2008
Research Topics Associated with Category:
• Research Topic 1. Outdoor Measures Versus Actual Human Exposures
o What are the quantitative relationships between concentrations of particulate
matter and gaseous co-pollutants measured at stationary outdoor air-monitoring
sites and the contributions of these concentrations to actual personal exposures,
especially for susceptible subpopulations and individuals?
• Research Topic 3. Characterization of Emission Sources
o What are the size-distribution, chemical-composition, and mass-emission rates of
particulate matter emitted from the collection of primary-particle sources in the
United States, and what are the emissions of reactive gases that lead to secondary
particle formation through atmospheric chemical reactions?
• Research Topic 4. Air-quality Model Development and Testing
o What are the linkages between emission sources and ambient concentrations of
the biologically important components of particulate matter?
• Research Topic 5. Assessment of Hazardous Particulate Matter Components
o What is the role of physiochemical characteristics of particulate matter in eliciting
adverse health effects?
• Research Topic 11. Technical Support
o What are the concentrations of PM and PM components in the ambient
atmosphere and how do they vary over time and space?
Category Definition:
Please briefly describe any details that you think should be contained in the definition of this
category. We’re looking for some definition of the nature, scope, relative importance of the
ambient concentrations that contribute ultimately to “exposure/dose” we’ll be addressing in the
next section of the report.
Outline:
Please highlight information that you feel merit noting (in paragraph or bullet form) for the
following sections relating to ambient concentrations.
Introduction:
This section is a major area for our atmospheric research/measurement activities and obviously
crosses over several of the NRC areas. We don’t want to be duplicative in these sections but we
can use overlaps for obvious linkages and segways.
Key Uncertainties, Objectives, and Special Issues:
(e.g., compositional complexities of particulate matter; complexities in collection and analysis of
PM components; complex, nonlinear processes involved in atmospheric-particle formation)
Major Accomplishments:
Major steps forward in the science – not paper citations (they go under References). Why are we
better off now?
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Programmatic Need and Relevance:

References:
These should be the important references we want to represent the breadth and depth of the
program. Novel work is important to capture.

Other Comments:
Please use this space to provide comments that may not have been addressed in this survey.
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Exposure/Dose
Due: Friday, September 19, 2008
Research Topics Associated with Category:
• Research Topic 2. Exposures of Susceptible Subpopulations to Toxic Particulate Matter
Components
o What are the exposures to biologically important constituents and specific
characteristics of particulate matter that cause responses in potentially susceptible
subpopulations and the general population?
• Research Topic 6. Dosimetry: Deposition and Fate of Particles in the Respiratory Tract
o What are the deposition patterns and fate of particles in the respiratory tract of
individuals belonging to presumed susceptible subpopulations?
• Research Topic 7. Combined Effects of Particulate Matter and Gaseous Pollutants
o How can the effects of particulate matter be disentangled from the effects of other
pollutants? How can the effects of long-term exposure to particulate matter be
better understood?
• Research Topic 8. Susceptible Subpopulations
o What subpopulations are at an increased risk of adverse health outcomes from
particulate matter?
• Research Topic 9. Mechanisms of Injury
o What are the underlying mechanisms (local pulmonary and systemic) that can
explain the epidemiological findings of mortality/morbidity associated with
exposure to ambient particulate matter?
Category Definition:
Please briefly describe any details that you think should be contained in the definition of this
category. We’re looking for some definition of the nature, scope, relative importance of
exposure/dose that contribute ultimately to “health outcomes” we’ll be addressing in the next
section of the report.
Outline:
Please highlight information that you feel merit noting (in paragraph or bullet form) for the
following sections relating to exposure/dose.
Introduction:
The bulk of what the ISA reviews comes from this ORD work. We need to show how this
research has been important in linking ambient concentrations to the health outcomes.
Key Uncertainties, Objectives, and Special Issues:
(e.g., health effects from PM and other co-pollutants, especially when related to the same
sources; how susceptibility is related to long-term or chronic effects)
Major Accomplishments:
Major steps forward in the science – not paper citations (they go under References). Why are we
better off now?
Emphasis on the exposure sciences although the linkages to health need to be made.
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Programmatic Need and Relevance:

References:
These should be the important references we want to represent the breadth and depth of the
program. Novel work is important to capture.

Other Comments:
Please use this space to provide comments that may not have been addressed in this survey.
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Health Outcomes
Due: Friday, October 3, 2008
Research Topics Associated with Category:
• Research Topic 8. Susceptible Subpopulations
o What subpopulations are at an increased risk of adverse health outcomes from
particulate matter?
• Research Topic 9. Mechanisms of Injury
o What are the underlying mechanisms (local pulmonary and systemic) that can
explain the epidemiological findings of mortality/morbidity associated with
exposure to ambient particulate matter?
Category Definition:
Please briefly describe any details that you think should be contained in the definition of this
category. We’re looking for some definition of the nature, scope, relative importance of the
health outcomes.
Outline:
Please highlight information that you feel merit noting (in paragraph or bullet form) for the
following sections relating to health outcomes.
Introduction:
This research is critical to ISA reviews and we should make this a strong story.
Key Uncertainties, Objectives, and Special Issues:
(e.g. understanding of mechanisms of PM-linked mortality and target systems, such as cardiac
and vascular biology)
Major Accomplishments:
Major steps forward in the science – not paper citations (they go under References). Why are we
better off now?
For example, we brought out the discipline of environmental cardiology that has now moved into
the mainstream of environmental health science.
Programmatic Need and Relevance:

References:
These should be the important references we want to represent the breadth and depth of the
program. Novel work is important to capture.

Other Comments:
Please use this space to provide comments that may not have been addressed in this survey.
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Source-to-Health Outcome
Due: Friday, October 17, 2008
Research Topics Associated with Category:
• Research Topic 10. Analysis and Measurement
o To what extent does the choice of statistical methods in the analysis of data from
epidemiological studies influence estimates of health risks from exposures to
particulate matter? Can existing methods be improved? What is the effect of
measurement error and misclassification on estimates of the association between
air pollution and health?
• Research topic area we added to the original ten. This paradigm is at the core, from a
practical perspective, of our multi-pollutant LTG. The near road project is our primary
effort but there are other activities that fall into this category.
Category Definition:
Please briefly describe any details that you think should be contained in the definition of this
category. We’re looking for some definition of the nature, scope, relative importance of the
source-to-health outcome that contribute ultimately to the transition from a single pollutant
framework to a multi-pollutant framework for research (incorporating integrated science,
accountability, etc.).
Outline:
Please highlight information that you feel merit noting (in paragraph or bullet form) for the
following sections relating to source-to-health outcome.
Introduction:
Key Uncertainties, Objectives, and Special Issues:
(e.g., reliability of statistical models and possible effects of measurement error or
misclassification on estimates of health risk)
Major Accomplishments:
Major steps forward in the science – not paper citations (they go under References). Why are we
better off now?
Programmatic Need and Relevance:

References:
These should be the important references we want to represent the breadth and depth of the
program. Novel work is important to capture.

Other Comments:
Please use this space to provide comments that may not have been addressed in this survey.
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Appendix B
This appendix lists members of the CENR Air Quality Research Subcommittee Particulate
Matter Workgroup, a federal coalition of agencies and departments with vested research efforts
and interest in air quality as it relates to PM.
•

Council of Environmental Quality

•

Department of Agriculture
o
o
o
o

•

Agricultural Research Service
Cooperative State Research, Education, and Extension Service
Natural Resources Conservation Service
U.S. Forest Service

Department of Commerce
o National Institute of Standards and Technology
o National Oceanic and Atmospheric Administration

•

Department of Defense

•

Department of Energy

•

Department of Health and Human Services
o Centers for Disease Control and Prevention
o National Institutes of Health

•

Department of Housing and Urban Development

•

Department of the Interior
o National Park Service
o U.S. Geological Survey

•

Department of State

•

Department of Transportation
o Federal Aviation Administration
o Federal Highway Administration

•

Environmental Protection Agency

•

National Aeronautics and Space Administration

•

National Science Foundation

•

Office of Management and Budget

•

Office of Science and Technology Policy

•

Tennessee Valley Authority
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