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DISCLAIMER

This draft Policy Assessment has been prepared by staff in the U.S. Environmental
Protection Agency’s (EPA) Office of Air Quality Planning and Standards. Any findings and
conclusions are those of the authors and do not necessarily reflect the views of the EPA. This
draft document is being circulated to facilitate discussion with the Clean Air Scientific Advisory
Committee (CASAC) and for public comment to inform the EPA’s review of the National
Ambient Air Quality Standards for Particulate Matter (PM). This information is distributed for
the purposes of pre-dissemination peer review under applicable information quality guidelines. It
does not represent, and should not be construed to represent, any Agency determination or
policy. Questions or comments related to this draft document should be addressed to Dr. Scott
Jenkins, U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards,
(C539-06, Research Triangle Park, North Carolina 27711 (email: jenkins.scott@epa.gov).
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Nitrogen dioxide

Oxides of nitrogen
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Office of Air and Radiation
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Office of Management and Budget

Office of Research and Development

Policy Assessment

Particulate matter

In general terms, particulate matter with an aerodynamic diameter less than or
equal to a nominal 2.5 um; a measurement of fine particles

In regulatory terms, particles with an upper 50% cut-point of 2.5 pm aerodynamic
diameter (the 50% cut point diameter is the diameter at which the sampler collects
50% of the particles and rejects 50% of the particles) and a penetration curve as
measured by a reference method based on Appendix L of 40 CFR Part 50 and
designated in accordance with 40 CFR Part 53, by an equivalent method
designated in accordance with 40 CFR Part 53, or by an approved regional
method designated in accordance with Appendix C of 40 CFR Part 58

In general terms, particulate matter with an aerodynamic diameter less than or
equal to a nominal 10 um; a measurement of thoracic particles (i.e., that subset of
inhalable particles thought small enough to penetrate beyond the larynx into the
thoracic region of the respiratory tract)

In regulatory terms, particles with an upper 50% cut-point of 10+ 0.5 pm
aerodynamic diameter (the 50% cut point diameter is the diameter at which the
sampler collects 50% of the particles and rejects 50% of the particles) and a
penetration curve as measured by a reference method based on Appendix J of 40
CFR Part 50 and designated in accordance with 40 CFR Part 53 or by an
equivalent method designated in accordance with 40 CFR Part 53

In general terms, particulate matter with an aerodynamic diameter less than or
equal to a nominal 10 um and greater than a nominal 2.5 pm; a measurement of
thoracic coarse particulate matter or the coarse fraction of PMio

In regulatory terms, particles with an upper 50% cut-point of 10 um aerodynamic
diameter and a lower 50% cut-point of 2.5 pum aerodynamic diameter (the 50%
cut point diameter is the diameter at which the sampler collects 50% of the
particles and rejects 50% of the particles) as measured by a reference method
based on Appendix O of 40 CFR Part 50 and designated in accordance with 40
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1 INTRODUCTION

This document, Policy Assessment for the Review of the National Ambient Air Quality
Standards for Particulate Matter, External Review Draft (hereafter referred to as draft PA),
presents the draft policy assessment for the U.S. Environmental Protection Agency’s (EPA’s)
current review of the national ambient air quality standards (NAAQS) for particulate matter
(PM). The overall plan for this review was presented in the Integrated Review Plan for the
National Ambient Air Quality Standards for Particulate Matter (IRP; U.S. EPA, 2016). The IRP
also identified key policy-relevant issues to be addressed in this review and discussed the key
documents that generally inform NAAQS reviews, including an Integrated Science Assessment
(ISA) and a Policy Assessment (PA).

This document is organized into five chapters. Chapter 1 presents introductory
information on the purpose of the PA, legislative requirements for reviews of the NAAQS, an
overview of the history of the PM NAAQS, including background information on prior reviews,
and a summary of the progress to date for the current review. Chapter 2 provides an overview of
the available information on PM-related emissions, atmospheric chemistry, monitoring and air
quality. Chapters 3 and 4 focus on policy-relevant aspects of the currently available health
effects evidence and exposure/risk information, identifying and summarizing key considerations
related to this review of the primary standards for PM2s and PMyo, respectively. Chapter 5
focuses on policy-relevant aspects of the currently available welfare evidence and associated
quantitative analyses, identifying and summarizing key considerations related to this review of
the PM secondary standards.*

1.1 PURPOSE

The PA evaluates the potential policy implications of the available scientific evidence, as
assessed in the ISA, and the potential implications of the available air quality, exposure or risk
analyses. The role of the PA is to help “bridge the gap” between the Agency’s scientific
assessments and quantitative technical analyses, and the judgments required of the Administrator
in determining whether it is appropriate to retain or revise the NAAQS.

! The welfare effects considered in this review include visibility impairment, climate effects, and materials effects
(i.e., damage and soiling). Ecological effects associated with PM, and the adequacy of protection provided by the
secondary PM standards for them, are being addressed in the separate review of the secondary NAAQS for oxides
of nitrogen, oxides of sulfur and PM in recognition of the linkages between oxides of nitrogen, oxides of sulfur,
and PM with respect to atmospheric chemistry and deposition, and with respect to ecological effects. Information
on the current review of the secondary NAAQS for oxides of nitrogen, oxides of sulfur and PM can be found at
https://www.epa.gov/naags/nitrogen-dioxide-no2-and-sulfur-dioxide-so2-secondary-air-quality-standards.
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In evaluating the question of adequacy of the current standards, and whether it may be
appropriate to consider alternative standards, the PA focuses on information that is most
pertinent to evaluating the standards and their basic elements: indicator, averaging time, form,
and level.2 These elements, which together serve to define each standard, must be considered
collectively in evaluating the health and welfare protection the standards afford.

The PA is also intended to facilitate advice to the Agency and recommendations to the
Administrator from an independent scientific review committee, the Clean Air Scientific
Advisory Committee (CASAC), as provided for in the Clean Air Act (CAA). As discussed below
in section 1.2, the CASAC is to advise on subjects including the Agency’s assessment of the
relevant scientific information and on the adequacy of the current standards, and to make
recommendations as to any revisions of the standards that may be appropriate. The EPA
generally makes available to the CASAC and the public one or more drafts of the PA for
CASAC review and public comment.

In this draft PA, we? take into account the available scientific evidence, as assessed in the
external review draft Integrated Science Assessment for Particulate Matter (draft ISA [U.S.
EPA, 2018]), and additional policy-relevant analyses of air quality and risks. Our approach to
considering the available evidence and analyses in this draft PA has been informed by the advice
received from the CASAC, based on its review of the draft IRP and the draft ISA, and also by
public comment received thus far in the review. The final PA will be informed by the advice and
recommendations received from the CASAC during its review of this draft PA, and also by
public comments received. The final PA is intended to help the Administrator in considering the
currently available scientific and technical information, and in formulating judgments regarding
the adequacy of the current standards and regarding alternative standards, as appropriate.

Beyond informing the Administrator and facilitating the advice and recommendations of
the CASAC, the PA is also intended to be a useful reference to all parties interested in the review
of the PM NAAQS. In these roles, it is intended to serve as a source of policy-relevant
information that informs the Agency’s review of the NAAQS for PM, and it is written to be
understandable to a broad audience.

2 The indicator defines the chemical species or mixture to be measured in the ambient air for the purpose of
determining whether an area attains the standard. The averaging time defines the period over which air quality
measurements are to be averaged or otherwise analyzed. The form of a standard defines the air quality statistic
that is to be compared to the level of the standard in determining whether an area attains the standard. For
example, the form of the annual NAAQS for fine particulate matter is the average of annual mean concentrations
for three consecutive years, while the form of the 8-hour NAAQS for carbon monoxide is the second-highest 8-
hour average in a year. The level of the standard defines the air quality concentration used for that purpose.

3 The terms “we,” “our,” and “staff” throughout this document refer to the staff in the EPA’s Office of Air Quality
Planning and Standards (OAQPS).
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1.2 LEGISLATIVE REQUIREMENTS

Two sections of the Clean Air Act (CAA) govern the establishment and revision of the
NAAQS. Section 108 (42 U.S.C. 7408) directs the Administrator to identify and list certain air
pollutants and then to issue air quality criteria for those pollutants. The Administrator is to list
those pollutants “emissions of which, in his judgment, cause or contribute to air pollution which
may reasonably be anticipated to endanger public health or welfare”; “the presence of which in
the ambient air results from numerous or diverse mobile or stationary sources”; and for which he
“plans to issue air quality criteria....” (42 U.S.C. § 7408(a)(1)). Air quality criteria are intended
to “accurately reflect the latest scientific knowledge useful in indicating the kind and extent of all
identifiable effects on public health or welfare which may be expected from the presence of [a]
pollutant in the ambient air....” 42 U.S.C. § 7408(a)(2).

Section 109 [42 U.S.C. 7409] directs the Administrator to propose and promulgate
“primary” and “secondary” NAAQS for pollutants for which air quality criteria are issued [42
U.S.C. § 7409(a)]. Section 109(b)(1) defines primary standards as ones “the attainment and
maintenance of which in the judgment of the Administrator, based on such criteria and allowing
an adequate margin of safety, are requisite to protect the public health.”* Under section
109(b)(2), a secondary standard must “specify a level of air quality the attainment and
maintenance of which, in the judgment of the Administrator, based on such criteria, is requisite
to protect the public welfare from any known or anticipated adverse effects associated with the
presence of [the] pollutant in the ambient air.”

In setting primary and secondary standards that are “requisite” to protect public health
and welfare, respectively, as provided in section 109(b), the EPA’s task is to establish standards
that are neither more nor less stringent than necessary. In so doing, the EPA may not consider the
costs of implementing the standards. See generally, Whitman v. American Trucking Associations,
531 U.S. 457, 465-472, 475-76 (2001). Likewise, “[a]ttainability and technological feasibility are
not relevant considerations in the promulgation of national ambient air quality standards.”
American Petroleum Institute v. Costle, 665 F.2d 1176, 1185 (D.C. Cir. 1981). At the same time,
courts have clarified the EPA may consider “relative proximity to peak background ...

concentrations” as a factor in deciding how to revise the NAAQS in the context of considering

* The legislative history of section 109 indicates that a primary standard is to be set at “the maximum permissible
ambient air level . . . which will protect the health of any [sensitive] group of the population,” and that for this
purpose “reference should be made to a representative sample of persons comprising the sensitive group rather
than to a single person in such a group.” S. Rep. No. 91-1196, 91st Cong., 2d Sess. 10 (1970).

® Under CAA section 302(h) (42 U.S.C. § 7602(h)), effects on welfare include, but are not limited to, “effects on
soils, water, crops, vegetation, manmade materials, animals, wildlife, weather, visibility, and climate, damage to
and deterioration of property, and hazards to transportation, as well as effects on economic values and on personal
comfort and well-being.”
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standard levels within the range of reasonable values supported by the air quality criteria and
judgments of the Administrator. American Trucking Associations, Inc. v. EPA, 283 F.3d 355, 379
(D.C. Cir. 2002).

The requirement that primary standards provide an adequate margin of safety was
intended to address uncertainties associated with inconclusive scientific and technical
information available at the time of standard setting. It was also intended to provide a reasonable
degree of protection against hazards that research has not yet identified. See Lead Industries
Association v. EPA, 647 F.2d 1130, 1154 (D.C. Cir 1980), cert. denied, 449 U.S. 1042 (1980);
American Petroleum Institute v. Costle, 665 F.2d at 1186 (D.C. Cir. 1981), cert. denied, 455 U.S.
1034 (1982); Coalition of Battery Recyclers Ass'n v. EPA, 604 F.3d 613, 617-18 (D.C. Cir.
2010); Mississippi v. EPA, 744 F.3d 1334, 1353 (D.C. Cir. 2013). Both kinds of uncertainties are
components of the risk associated with pollution at levels below those at which human health
effects can be said to occur with reasonable scientific certainty. Thus, in selecting primary
standards that include an adequate margin of safety, the Administrator is seeking not only to
prevent pollution levels that have been demonstrated to be harmful but also to prevent lower
pollutant levels that may pose an unacceptable risk of harm, even if the risk is not precisely
identified as to nature or degree. The CAA does not require the Administrator to establish a
primary NAAQS at a zero-risk level or at background concentration levels, see Lead Industries
v. EPA, 647 F.2d at 1156 n.51, Mississippi v. EPA, 744 F.3d at 1351, but rather at a level that
reduces risk sufficiently so as to protect public health with an adequate margin of safety.

In addressing the requirement for an adequate margin of safety, the EPA considers such
factors as the nature and severity of the health effects involved, the size of the sensitive
population(s), and the kind and degree of uncertainties. The selection of any particular approach
to providing an adequate margin of safety is a policy choice left specifically to the
Administrator’s judgment. See Lead Industries Association v. EPA, 647 F.2d at 1161-62;
Mississippi v. EPA, 744 F.3d at 1353.

Section 109(d)(1) of the Act requires periodic review and, if appropriate, revision of
existing air quality criteria to reflect advances in scientific knowledge on the effects of the
pollutant on public health and welfare. Under the same provision, the EPA is also to periodically
review and, if appropriate, revise the NAAQS, based on the revised air quality criteria.®

Section 109(d)(2) addresses the appointment and advisory functions of an independent
scientific review committee. Section 109(d)(2)(A) requires the Administrator to appoint this

committee, which is to be composed of “seven members including at least one member of the

& This section of the Act requires the Administrator to complete these reviews and make any revisions that may be
appropriate “at five-year intervals.”
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National Academy of Sciences, one physician, and one person representing State air pollution
control agencies.” Section 109(d)(2)(B) provides that the independent scientific review
committee “shall complete a review of the criteria...and the national primary and secondary
ambient air quality standards...and shall recommend to the Administrator any new...standards
and revisions of existing criteria and standards as may be appropriate....” Since the early 1980s,
this independent review function has been performed by the Clean Air Scientific Advisory
Committee (CASAC) of the EPA’s Science Advisory Board. A number of other advisory
functions are also identified for the committee by section 109(d)(2)(C), which reads:

Such committee shall also (i) advise the Administrator of areas in which
additional knowledge is required to appraise the adequacy and basis of existing,
new, or revised national ambient air quality standards, (ii) describe the research
efforts necessary to provide the required information, (iii) advise the
Administrator on the relative contribution to air pollution concentrations of
natural as well as anthropogenic activity, and (iv) advise the Administrator of any
adverse public health, welfare, social, economic, or energy effects which may
result from various strategies for attainment and maintenance of such national
ambient air quality standards.

As previously noted, the Supreme Court has held that section 109(b) “unambiguously bars cost
considerations from the NAAQS-setting process” (Whitman v. Am. Trucking Associations, 531
U.S. 457, 471 [2001]). Accordingly, while some of these issues regarding which Congress has
directed the CASAC to advise the Administrator are ones that are relevant to the standard setting
process, others are not. Issues that are not relevant to standard setting may be relevant to
implementation of the NAAQS once they are established.’

1.3 HISTORY OF REVIEWS OF THE PM NAAQS

This section summarizes the PM NAAQS that have been promulgated in past reviews
(Table 1-1). Each of these reviews is discussed briefly below.

" Some aspects of CASAC advice may not be relevant to EPA’s process of setting primary and secondary standards
that are requisite to protect public health and welfare. Indeed, were EPA to consider costs of implementation
when reviewing and revising the standards “it would be grounds for vacating the NAAQS.” Whitman, 531 U.S. at
471 n.4. At the same time, the Clean Air Act directs CASAC to provide advice on “any adverse public health,
welfare, social, economic, or energy effects which may result from various strategies for attainment and
maintenance” of the NAAQS to the Administrator under section 109(d)(2)(C)(iv). In Whitman, the Court
clarified that most of that advice would be relevant to implementation but not standard setting, as it “enable[s] the
Administrator to assist the States in carrying out their statutory role as primary implementers of the NAAQS.” Id.
at 470 (emphasis in original). However, the Court also noted that CASAC’s “advice concerning certain aspects of
‘adverse public health ... effects’ from various attainment strategies is unquestionably pertinent” to the NAAQS
rulemaking record and relevant to the standard setting process. Id. at 470 n.2.
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Table 1-1. Summary of NAAQS promulgated for particulate matter 1971-2012.

Review Indicator A"efag'“g Level Form
Completed Time
260 pg/m?
i (primary)
Total 24-hour 150 pg/m? Not to be exceeded more than once per year
1971 Suspended (secondary)
Particles 75 pg/imd
(TSP) Annual (primary) Annual geometric mean
60 pg/md
(secondary)
Not to be exceeded more than once per year on
- 3
1987 PM1o 24-hour 150 pg/m average over a 3-year period
Annual 50 pg/md Annual arithmetic mean, averaged over 3 years
PM 24-hour 65 pg/m?3 98t percentile, averaged over 3 years
25 Annual 15.0 ug/m® | Annual arithmetic mean, averaged over 3 years?
1997 PM 24-hour 150 pg/m3 | 99" percentile, averaged over 3 years®
K Annual 50 pg/m? Annual arithmetic mean, averaged over 3 years
PM 24-hour 35 ug/m?3 98t percentile, averaged over 3 years
2006 25 Annual 15.0 ug/m® | Annual arithmetic mean, averaged over 3 years®
PMi, 24-hour? 150 g Not to be exceed_more than once per year on average
over a 3-year period
24-hour 35 pg/md 98t percentile, averaged over 3 years
12.0 pg/m?3
PM;s (primary)
2012 Annual 15.0 ug/md Annual mean, averaged over 3 yearse
(secondary)
PMi, 24-hour 150 pg/m? Not to be exceeded more than once per year on
average over 3 years
Note: When not specified, primary and secondary standards are identical.
a The level of the 1997 annual PM, 5 standard was to be compared to measurements made at the community-
oriented monitoring site recording the highest concentration or, if specific constraints were met, measurements
from multiple community-oriented monitoring sites could be averaged (i.e., “spatial averaging”) (62 FR 38652,
July 18, 1997).
o When the 1997 standards were vacated (see below), the form of the 1987 standards remained in place (i.e., not
to be exceeded more than once per year on average over a 3-year period).
¢ The EPA tightened the constraints on the spatial averaging criteria by further limiting the conditions under which
some areas may average measurements from multiple community-oriented monitors to determine compliance (71
FR 61144, October 17, 2006).
d The EPA revoked the annual PM1o NAAQS in 2006 (71 FR 61144, October 17, 2006).
e In the 2012 decision, the EPA eliminated the option for spatial averaging (78 FR 3086, January 15, 2013).
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1.3.1 Reviews Completed in 1971 and 1987

The EPA first established NAAQS for PM in 1971 (36 FR 8186, April 30, 1971), based
on the original Air Quality Criteria Document (AQCD) (DHEW, 1969).8 The federal reference
method (FRM) specified for determining attainment of the original standards was the high-
volume sampler, which collects PM up to a nominal size of 25 to 45 micrometers (um) (referred
to as total suspended particulates or TSP). The primary standards were set at 260 pg/m?, 24-hour
average, not to be exceeded more than once per year, and 75 pg/m?, annual geometric mean. The
secondary standards were set at 150 pg/m?®, 24-hour average, not to be exceeded more than once
per year, and 60 pg/m?, annual geometric mean.

In October 1979 (44 FR 56730, October 2, 1979), the EPA announced the first periodic
review of the air quality criteria and NAAQS for PM. Revised primary and secondary standards
were promulgated in 1987 (52 FR 24634, July 1, 1987). In the 1987 decision, the EPA changed
the indicator for particles from TSP to PMuyo, in order to focus on the subset of inhalable particles
small enough to penetrate to the thoracic region of the respiratory tract (including the
tracheobronchial and alveolar regions), referred to as thoracic particles.® The level of the 24-hour
standards (primary and secondary) was set at 150 pg/m?, and the form was one expected
exceedance per year, on average over three years. The level of the annual standards (primary and
secondary) was set at 50 pg/m?, and the form was annual arithmetic mean, averaged over three
years.

1.3.2 Review Completed in 1997

In April 1994, the EPA announced its plans for the second periodic review of the air
quality criteria and NAAQS for PM, and in 1997 the EPA promulgated revisions to the NAAQS
(62 FR 38652, July 18, 1997). In the 1997 decision, the EPA determined that the fine and coarse
fractions of PMyo should be considered separately. This determination was based on evidence
that serious health effects were associated with short- and long-term exposures to fine particles in
areas that met the existing PMyo standards. The EPA added new standards, using PM. s as the
indicator for fine particles (with PM2s referring to particles with a nominal mean aerodynamic
diameter less than or equal to 2.5 um). The new primary standards were as follows: (1) an annual
standard with a level of 15.0 pg/m?, based on the 3-year average of annual arithmetic mean

8 Prior to the review initiated in 2007 (see below), the AQCD provided the scientific foundation (i.e., the air quality
criteria) for the NAAQS. Beginning in that review, the Integrated Science Assessment (ISA) has replaced the
AQCD.

9 PMy, refers to particles with a nominal mean aerodynamic diameter less than or equal to 10 pm. More specifically,
10 pum is the aerodynamic diameter for which the efficiency of particle collection is 50 percent.
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PMgs concentrations from single or multiple community-oriented monitors;° and (2) a 24-hour
standard with a level of 65 pg/m?, based on the 3-year average of the 98" percentile of 24-hour
PM: 5 concentrations at each monitor within an area. Also, the EPA established a new reference
method for the measurement of PM2 s in the ambient air and adopted rules for determining
attainment of the new standards. To continue to address the health effects of the coarse fraction
of PM1o (referred to as thoracic coarse particles or PM1o-2.5; generally including particles with a
nominal mean aerodynamic diameter greater than 2.5 um and less than or equal to 10 pum), the
EPA retained the annual primary PMzo standard and revised the form of the 24-hour primary
PMo standard to be based on the 99" percentile of 24-hour PM1o concentrations at each monitor
in an area. The EPA revised the secondary standards by setting them equal in all respects to the
newly established primary standards.

Following promulgation of the 1997 PM NAAQS, petitions for review were filed by
several parties, addressing a broad range of issues. In May 1999, the U.S. Court of Appeals for
the District of Columbia Circuit (D.C. Circuit) upheld the EPA’s decision to establish fine
particle standards, holding that "the growing empirical evidence demonstrating a relationship
between fine particle pollution and adverse health effects amply justifies establishment of new
fine particle standards." American Trucking Associations v. EPA, 175 F. 3d at 1027, 1055-56
(D.C. Cir. 1999). The D.C. Circuit also found "ample support” for the EPA's decision to regulate
coarse particle pollution, but vacated the 1997 PM1, standards, concluding that the EPA had not
provided a reasonable explanation justifying use of PM1o as an indicator for coarse particles.
American Trucking Associations v. EPA, 175 F. 3d at 1054-55. Pursuant to the D.C. Circuit’s
decision, the EPA removed the vacated 1997 PMyg standards, and the pre-existing 1987 PM1o
standards remained in place (65 FR 80776, December 22, 2000). The D.C. Circuit also upheld
the EPA’s determination not to establish more stringent secondary standards for fine particles to
address effects on visibility. American Trucking Associations v. EPA, 175 F. 3d at 1027.

The D.C. Circuit also addressed more general issues related to the NAAQS, including
issues related to the consideration of costs in setting NAAQS and the EPA’s approach to
establishing the levels of NAAQS. Regarding the cost issue, the court reaffirmed prior rulings
holding that in setting NAAQS the EPA is “not permitted to consider the cost of implementing
those standards.” American Trucking Associations v. EPA, 175 F. 3d at 1040-41. Regarding the

10 The 1997 annual PM_ s standard was to be compared with measurements made at the community-oriented
monitoring site recording the highest concentration or, if specific constraints were met, measurements from
multiple community-oriented monitoring sites could be averaged (i.e., “spatial averaging”). In the last review
(completed in 2012) the EPA replaced the term “community-oriented” monitor with the term “area-wide”
monitor. Area-wide monitors are those sited at the neighborhood scale or larger, as well as those monitors sited at
micro- or middle-scales that are representative of many such locations in the same CBSA (78 FR 3236, January
15, 2013).
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levels of NAAQS, the court held that the EPA’s approach to establishing the level of the
standards in 1997 (i.e., both for PM and for the 0ozone NAAQS promulgated on the same day)
effected “an unconstitutional delegation of legislative authority.” American Trucking
Associations v. EPA, 175 F. 3d at 1034-40. Although the court stated that “the factors EPA uses
in determining the degree of public health concern associated with different levels of ozone and
PM are reasonable,” it remanded the rule to the EPA, stating that when the EPA considers these
factors for potential non-threshold pollutants “what EPA lacks is any determinate criterion for
drawing lines” to determine where the standards should be set.

The D.C. Circuit’s holding on the cost and constitutional issues were appealed to the
United States Supreme Court. In February 2001, the Supreme Court issued a unanimous decision
upholding the EPA’s position on both the cost and constitutional issues. Whitman v. American
Trucking Associations, 531 U.S. 457, 464, 475-76. On the constitutional issue, the Court held
that the statutory requirement that NAAQS be “requisite” to protect public health with an
adequate margin of safety sufficiently guided the EPA’s discretion, affirming the EPA’s
approach of setting standards that are neither more nor less stringent than necessary.

The Supreme Court remanded the case to the Court of Appeals for resolution of any
remaining issues that had not been addressed in that court’s earlier rulings. Id. at 475-76. In a
March 2002 decision, the Court of Appeals rejected all remaining challenges to the standards,
holding that the EPA’s PM2 5 standards were reasonably supported by the administrative record
and were not “arbitrary and capricious” American Trucking Associations v. EPA, 283 F. 3d 355,
369-72 (D.C. Cir. 2002).

1.3.3 Review Completed in 2006

In October 1997, the EPA published its plans for the third periodic review of the air
quality criteria and NAAQS for PM (62 FR 55201, October 23, 1997). After the CASAC and
public review of several drafts, the EPA’s NCEA finalized the AQCD in October 2004 (U.S.
EPA, 2004a, U.S. EPA, 2004b). The EPA’s OAQPS finalized a Risk Assessment and Staff Paper
in December 2005 (Abt Associates, 2005, U.S. EPA, 2005).1! On December 20, 2005, the EPA
announced its proposed decision to revise the NAAQS for PM and solicited public comment on a
broad range of options (71 FR 2620, January 17, 2006). On September 21, 2006, the EPA
announced its final decisions to revise the primary and secondary NAAQS for PM to provide
increased protection of public health and welfare, respectively (71 FR 61144, October 17, 2006).

1 Prior to the review initiated in 2007, the Staff Paper presented the EPA staff’s considerations and conclusions
regarding the adequacy of existing NAAQS and, when appropriate, the potential alternative standards that could
be supported by the evidence and information. More recent reviews present this information in the Policy
Assessment.
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With regard to the primary and secondary standards for fine particles, the EPA revised the level
of the 24-hour PM_ s standards to 35 pg/m?, retained the level of the annual PM_s standards at
15.0 pg/m?3, and revised the form of the annual PM, 5 standards by narrowing the constraints on
the optional use of spatial averaging. With regard to the primary and secondary standards for
PMyo, the EPA retained the 24-hour standards, with levels at 150 pg/m?, and revoked the annual
standards.'? The Administrator judged that the available evidence generally did not suggest a link
between long-term exposure to existing ambient levels of coarse particles and health or welfare
effects. In addition, a new reference method was added for the measurement of PMag.25 in the
ambient air in order to provide a basis for approving federal equivalent methods (FEMs) and to
promote the gathering of scientific data to support future reviews of the PM NAAQS.

Several parties filed petitions for review following promulgation of the revised PM
NAAQS in 2006. These petitions addressed the following issues: (1) selecting the level of the
primary annual PM_ s standard; (2) retaining PM1o as the indicator of a standard for thoracic
coarse particles, retaining the level and form of the 24-hour PMyo standard, and revoking the
PMz1o annual standard; and (3) setting the secondary PM: s standards identical to the primary
standards. On February 24, 2009, the U.S. Court of Appeals for the District of Columbia Circuit
issued its opinion in the case American Farm Bureau Federation v. EPA, 559 F. 3d 512 (D.C.
Cir. 2009). The court remanded the primary annual PM2s NAAQS to the EPA because the
Agency failed to adequately explain why the standards provided the requisite protection from
both short- and long-term exposures to fine particles, including protection for at-risk populations.
American Farm Bureau Federation v. EPA, 559 F. 3d 512, 520-27 (D.C. Cir. 2009). With regard
to the standards for PM1o, the court upheld the EPA’s decisions to retain the 24-hour PM1g
standard to provide protection from thoracic coarse particle exposures and to revoke the annual
PMjyo standard. American Farm Bureau Federation, 559 F. 2d at 533-38. With regard to the
secondary PM> s standards, the court remanded the standards to the EPA because the Agency
failed to adequately explain why setting the secondary PM standards identical to the primary
standards provided the required protection for public welfare, including protection from visibility
impairment. American Farm Bureau Federation, 559 F. 2d at 528-32. The EPA responded to the

12 In the 2006 proposal, the EPA proposed to revise the 24-hour PMyo standard in part by establishing a new PM1o.25
indicator for thoracic coarse particles (i.e., particles generally between 2.5 and 10 um in diameter). The EPA
proposed to include any ambient mix of PMio.2 5 that was dominated by resuspended dust from high density
traffic on paved roads and by PM from industrial sources and construction sources. The EPA proposed to exclude
any ambient mix of PM1o.2 5 that was dominated by rural windblown dust and soils and by PM generated from
agricultural and mining sources. In the final decision, the existing PM1o standard was retained, in part due to an
“inability...to effectively and precisely identify which ambient mixes are included in the [PM1g.25] indicator and
which are not” (71 FR 61197, October 17, 2006).
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court’s remands as part of the next review of the PM NAAQS, which was initiated in 2007
(discussed below).

1.3.4 Review Completed in 2012

In June 2007, the EPA initiated the fourth periodic review of the air quality criteria and
the PM NAAQS by issuing a call for information in the Federal Register (72 FR 35462, June 28,
2007). Based on the NAAQS review process, as revised in 2008 and again in 2009, the EPA
held science/policy issue workshops on the primary and secondary PM NAAQS (72 FR 34003,
June 20, 2007; 72 FR 34005, June 20, 2007), and prepared and released the planning and
assessment documents that comprise the review process (i.e., IRP (U.S. EPA, 2008), ISA (U.S.
EPA, 2009a), REA planning documents for health and welfare (U.S. EPA, 2009b, U.S. EPA,
2009c), a quantitative health risk assessment (U.S. EPA, 2010a) and an urban-focused visibility
assessment (U.S. EPA, 2010b), and PA (U.S. EPA, 2011)). In June 2012, the EPA announced its
proposed decision to revise the NAAQS for PM (77 FR 38890, June 29, 2012).

In December 2012, the EPA announced its final decisions to revise the primary NAAQS
for PM to provide increased protection of public health (78 FR 3086, January 15, 2013). With
regard to primary standards for PM. s, the EPA revised the level of the annual PM2 s standard* to
12.0 pg/m? and retained the 24-hour PM2 s standard, with its level of 35 pug/m®. For the primary
PMyo standard, the EPA retained the 24-hour standard to continue to provide protection against
effects associated with short-term exposure to thoracic coarse particles (i.e., PM1o-25). With
regard to the secondary PM standards, the EPA generally retained the 24-hour and annual PM2 s
standards®® and the 24-hour PM1o standard to address visibility and non-visibility welfare effects.

As with previous reviews, petitioners challenged the EPA’s final rule. Petitioners argued
that the EPA acted unreasonably in revising the level and form of the annual standard and in
amending the monitoring network provisions. On judicial review, the revised standards and
monitoring requirements were upheld in all respects. NAM v EPA, 750 F.3d 921 (D.C. Cir.
2014).

1.4 CURRENT REVIEW OF THE PM NAAQS

In December 2014, the EPA announced the initiation of the current periodic review of the
air quality criteria for PM and of the PM..s and PM1o NAAQS and issued a call for information

13 The history of the NAAQS review process, including revisions to the process, is discussed at
http://lwww3.epa.gov/ttn/naaqgs/review2.html.

14 The EPA also eliminated the option for spatial averaging.

15 Consistent with the primary standard, the EPA eliminated the option for spatial averaging with the annual
standard.
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in the Federal Register (79 FR 71764, December 3, 2014). On February 9 to 11, 2015, the EPA’s
NCEA and OAQPS held a public workshop to inform the planning for the current review of the
PM NAAQS (announced in 79 FR 71764, December 3, 2014). Workshop participants, including
a wide range of external experts as well as EPA staff representing a variety of areas of expertise
(e.g., epidemiology, human and animal toxicology, risk/exposure analysis, atmospheric science,
visibility impairment, climate effects), were asked to highlight significant new and emerging PM
research, and to make recommendations to the Agency regarding the design and scope of this
review. This workshop provided for a public discussion of the key science and policy-relevant
issues around which the EPA has structured the current review of the PM NAAQS and of the
most meaningful new scientific information that would be available in this review to inform our
understanding of these issues.

The input received at the workshop guided EPA staff in developing a draft IRP, which
was reviewed by the CASAC and discussed on public teleconferences held in May 2016 (81 FR
13362, March 14, 2016) and August 2016 (81 FR 39043, June 15, 2016). Advice from the
CASAC and input from the public were considered in developing the final IRP for this review
(U.S. EPA, 2016). The final IRP discusses the approaches to be taken in developing key
scientific, technical, and policy documents in this review and the key policy-relevant issues that
will frame the EPA’s consideration of whether the current primary and/or secondary NAAQS for
PM should be retained or revised.

In May 2018, the Administrator issued a memorandum announcing the Agency’s
intention to conduct this review of the PM NAAQS in such a manner as to ensure that any
necessary revisions are finalized by December 2020 (Pruitt, 2018). Consistent with this intention,
the EPA released the draft ISA in October 2018 (83 FR 53471, October 23, 2018). The draft ISA
was reviewed by the CASAC at a public meeting held in Arlington, VA in December 2018 (83
FR 55529, November 6, 2018) and was discussed on a public teleconference in March 2019 (84
FR 8523, March 8, 2019). The CASAC provided its advice on the draft ISA in a letter to the
EPA Administrator dated April 11, 2019 (Cox, 2019). The Administrator’s response to this
CASAC advice was provided in a letter to the CASAC chair dated July 25, 2019.1® Consistent
with that letter, we anticipate releasing the final ISA, reflecting consideration of CASAC advice
and public input on the draft ISA, in December 2019. In addition, following the review of this
draft PA by the CASAC and the public, and our consideration of CASAC advice and public
input, we anticipate issuing a final PA in early 2020, followed by a proposed rulemaking in early
2020 and a final rulemaking in late 2020.

16 Available at:
https://yosemite.epa.gov/sab/sabproduct.nsf/0/6CBCBBC3025E13B4852583D90047B352/$File/Signed+CASAC
+response+letter+7.25.19.pdf
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2 PM AIR QUALITY

This chapter provides an overview of recent ambient air quality with respect to PM. It
summarizes information on the distribution of particle size in ambient air, including discussions
about size fractions and components (section 2.1), ambient monitoring of PM in the U.S. (section
2.2), ambient concentrations of PM in the U.S. (section 2.3), and background PM (section 2.4).

2.1 DISTRIBUTION OF PARTICLE SIZE IN AMBIENT AIR

In ambient air, PM is a mixture of substances suspended as small liquid and/or solid
particles. Particle size is an important consideration for PM, as distinct health and welfare effects
have been linked with exposures to particles of different sizes. Particles in the atmosphere range
in size from less than 0.01 to more than 10 micrometers (um) in diameter (U.S. EPA, 2018,
section 2.2). When describing PM, subscripts are used to denote the aerodynamic diameter? of
the particle size range in micrometers (um) of 50% cut points of sampling devices. The EPA
defines PM_ s, also referred to as fine particles, as particles with aerodynamic diameters
generally less than or equal to 2.5 um. The size range for PM1o-2.5, also called coarse or thoracic
coarse particles, includes those particles with aerodynamic diameters generally greater than 2.5
um and less than or equal to 10 um. PMyo, which is comprised of both fine and coarse fractions,
includes those particles with aerodynamic diameters generally less than or equal to 10 pm.
Figure 2-1 provides perspective on these particle size fractions. In addition, ultrafine particles
(UFP) are often defined as particles with a diameter of less than 0.1 um based on physical size,
thermal diffusivity or electrical mobility (U.S. EPA, 2018, section 2.2).

! Aerodynamic diameter is the size of a sphere of unit density (i.e., 1 g/cm?®) that has the same terminal settling
velocity as the particle of interest (U.S. EPA, 2018, section 4.1.1).
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Combustion patrticles, organic
HUMAN HAIR compounds, metals, etc.

50-70um <2.5um (microns)in diameter
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© PM1o
Dust, pollen, mold, etc.
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90 um (microns) in diameter
FINE BEACH SAND

Figure 2-1.Comparisons of PMzs and PM1o diameters to human hair and beach sand.
(Adapted from: https://www.epa.gov/pm-pollution/particulate-matter-pm-basics)

Atmospheric distributions of particle size generally exhibit distinct modes that roughly
align with the PM size fractions defined above. The nucleation mode is made up of freshly
generated particles, formed either during combustion or by atmospheric reactions of precursor
gases. The nucleation mode is especially prominent near sources like heavy traffic, industrial
emissions, biomass burning, or cooking (Vu et al., 2015). While nucleation mode particles are
only a minor contributor to overall ambient PM mass and surface area, they are the main
contributors to ambient particle number (U.S. EPA, 2018, section 2.2). By number, most
nucleation mode particles fall into the UFP size range, though some fraction of the nucleation
mode number distribution can extend above 0.1 um in diameter. Nucleation mode particles can
grow rapidly through coagulation or uptake of gases by particle surfaces, giving rise to the
accumulation mode. The accumulation mode is typically the predominant contributor to PM2s
mass and surface area, though only a minor contributor to particle number (U.S. EPA, 2018,
section 2.2). PM2.5 sampling methods measure most of the accumulation mode mass, although a
small fraction of particles that make up the accumulation mode are greater than 2.5 um in
diameter. Coarse mode particles are formed by mechanical generation, and through processes
like dust resuspension and sea spray formation (Whitby et al., 1972). Most coarse mode mass is
captured by PMio-2.5 sampling, but small fractions of coarse mode mass can be smaller than 2.5
um or greater than 10 um in diameter (U.S. EPA, 2018, section 2.2).

Most particles are found in the lower troposphere, where they can have residence times
ranging from a few hours to weeks. Particles are removed from the atmosphere by wet
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deposition, such as when they are carried by rain or snow, or by dry deposition, when particles
settle out of suspension due to gravity. Atmospheric lifetimes are generally longest for PM2 s,
which often remains in the atmosphere for days to weeks (U.S. EPA, 2018, Table 2-1) before
being removed by wet or dry deposition. In contrast, atmospheric lifetimes for UFP and PM -2 5
are shorter. Within hours, UFP can undergo coagulation and condensation that lead to formation
of larger particles in the accumulation mode, or can be removed from the atmosphere by
evaporation, deposition, or reactions with other atmospheric components. PMjo-2.5 are also
generally removed from the atmosphere within hours, through wet or dry deposition (U.S. EPA,
2018, Table 2-1).

2.1.1 Sources of PM Emissions

PM is composed of both primary (directly emitted particles) and secondary chemical
components. Primary PM is derived from direct particle emissions from specific PM sources
while secondary PM originates from gas-phase chemical compounds present in the atmosphere
that have participated in new particle formation or condensed onto existing particles (U.S. EPA,
2018, section 2.3). Primary particles, and gas-phase compounds contributing to secondary
formation PM, are emitted from both anthropogenic and natural sources.

Anthropogenic sources of PM include both stationary and mobile sources. Stationary
sources include fuel combustion for electricity production and other purposes, industrial
processes, agricultural activities, and road and building construction and demolition. Mobile
sources of PM include diesel- and gasoline-powered highway vehicles and other engine-driven
sources (e.g., ships, aircraft, and construction and agricultural equipment). Both stationary and
mobile sources directly emit primary PM to ambient air, along with secondary PM precursors
(e.g., SO2) that contribute to the secondary formation of PM in the atmosphere (U.S. EPA, 2018,
section 2.3, Table 2-2).

Natural sources of PM include dust from the wind erosion of natural surfaces, sea salt,
wildland fires, primary biological aerosol particles (PBAP) such as bacteria and pollen, oxidation
of biogenic hydrocarbons such as isoprene and terpenes to produce secondary organic aerosol
(SOA), and geogenic sources such as sulfate formed from volcanic production of SO> (U.S.
EPA, 2009, section 3.3, Table 3-2). While most of the above sources release or contribute
predominantly to fine aerosol, some sources including windblown dust, and sea salt also produce
particles in the coarse size range (U.S. EPA, 2018, section 2.3.3).

Generally, the sources of PM for different size fractions vary. While PM s in ambient air
is largely emitted directly by sources such as those described above or through secondary PM
formation in the atmosphere, PM1o.25 is almost entirely from primary sources (i.e., directly
emitted) and is produced by surface abrasion or by suspension of sea spray or biological
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materials such as microorganisms, pollen, and plant and insect debris (U.S. EPA, 2018, section
2.3.2.1).

In sections 2.1.1.1 and 2.1.1.2 below, we describe the most recently available information
on sources contributing to PM2s and PM1o-25 emissions into ambient air, respectively, based on
the U.S. EPA 2014 National Emissions Inventory (NEI).? In section 2.1.1.3, we describe
information on sources contributing to emissions of PM components and precursor gases.

2.1.1.1 Sources Contributing to Primary PMz2s Emissions

The National Emissions Inventory (NEI) is a comprehensive and detailed estimate of air
emissions of criteria pollutants, criteria precursors, and hazardous air pollutants from a
comprehensive set of air emissions sources, including point sources (electric generating units,
boilers, etc.), nonpoint (or area) sources (oil & gas, residential wood combustion, and many other
dispersed sources), mobiles sources, and events (large fires). There are over 3,000 sources for
which the NEI is developed. The NEI is released every three years based primarily upon data
provided by State, Local, and Tribal air agencies for sources in their jurisdictions and
supplemented by data developed by the US EPA. The NEI is built using the Emissions Inventory
System (EIS) first to collect the data from State, Local, and Tribal air agencies and then to blend
that data with other data sources.

Based on the 2014 NEI, approximately 5.4 million tons/year of PM2 s were estimated to
be directly emitted to the atmosphere from a number of source sectors in the U.S. This total
excludes sources that are not a part of the NEI (e.g., windblown dust, geogenic sources). As
shown in Figure 2-2, nearly half of the total primary PM2s emissions nationally are contributed
by the dust and fire sectors together. Dust includes agricultural, construction, and road dust. Of
these, agricultural dust and road dust in sum make the greatest contributions to PM2 s emissions
nationally. Fires include wildfires, prescribed fires, and agricultural fires, with wildfires and
prescribed fires accounting for most of the fire-related primary PM2 s emissions nationally (U.S.
EPA, 2018, section 2.3.1.1). Other lesser-contributing anthropogenic sources of PMa s emissions
nationally include stationary fuel combustion and agriculture sources (e.g., agricultural tilling).

2 These sections do not provide a comprehensive list of all sources, nor does it provide estimates of emission rates or
emission factors for all source categories. Individual subsectors of source types were aggregated up to a sector
level as used in Figure 2-2 and Figure 2-3. More information about the sectors and subsectors can be found as a
part of the 2014 NEI available from https://www.epa.gov/sites/production/files/2018-
07/documents/nei2014v2_tsd_05jul2018.pdf.
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Figure 2-2.Percent contribution of PM2s emissions by national source sectors. (Source:
2014 NEI)

The relative contributions of specific sources to annual emissions of primary PM2s can
vary from location to location, with a notable difference in contributions of sources of PMas
emissions in urban areas compared to national emissions. For example, the draft ISA illustrates
this variation of primary PM. s emissions with data from five urban counties in the U.S. (U.S.
EPA, 2018, Figure 2-3).2 Across the majority of these urban areas, the largest PM2s-emitting
sectors are mobile sources and fuel combustion. This is in contrast to fires, which account for the
largest fraction of primary emissions nationally but make much smaller contributions in many
urban counties (U.S. EPA, 2018, section 2.3.1.2, Figure 2-3). While primary PM_s from mobile
sources are a dominant contributor in some urban areas, accounting for an estimated 13 to 30%
of the total primary PM2s emissions, mobile sources contribute only about 7% to total primary
PM25 emissions nationally as shown in Figure 2-2.

3 The five counties included in the draft ISA analysis include Queens County, NY, Philadelphia County, PA, Los
Angeles County, CA, Sacramento County, CA, and Maricopa County (Phoenix), AZ (U.S. EPA, 2018, section
2.3.1.2).
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2.1.1.2 Sources Contributing to Primary PMzio-2.5 Emissions

Although the NEI does not estimate emissions of PM1o-2.5 specifically, estimates of PMag
emissions can provide insight into sources of coarse particles. Thus, the discussion below
focuses on PM1o emissions. The relative contributions of key sources to national PM1o emissions,
based on the 2014 NEI, are shown in Figure 2-3. Total PM1o emissions are estimated to be about
13 million tons. National emissions of PMzg are dominated by dust and agriculture, contributing
a combined 75% of the total emissions. Current NEI estimates of dust emissions across the U.S.
are based on limited emissions profile and activity information. For a number of reasons,
quantification of dust emissions is highly uncertain. Much like wildfires, dust emissions are
common but intermittent emissions sources. Additionally, the suspension and resuspension of
dust is difficult to quantify. Moreover, some dust particles in the PM1o-2.5 Size range are also
transported internationally and considered as a part of the background component of PM as
opposed to a primary emission of coarse PM (U.S. EPA, 2018, section 2.3.3).

As with PM2 s, the relative contributions of particular sources to total PM1o emissions
varies from location to location (e.g., depending on local climate, geography, degree of
urbanization, etc.). However, unlike with PM2s, the sectors included in Figure 2-3 and found to
be the largest contributors to coarse PM emissions are expected to be among the most important
contributors at both the national and more regional levels, particularly given the sources of the
particles in these source categories (e.g., mineral dust, primary biological aerosols (including
pollen), sea spray). As noted previously, the NEI does not include sources such as pollen, sea
spray, windblown dust, or geogenic sources, though those sources also likely contribute to PM1o
emissions.
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2014 NEI)
2.1.1.3 Sources Contributing to Emissions of PM Components and Precursor Gases

Understanding the components of PM is particularly important for providing insight into
which sources contribute to PM mass, as well as for better understanding the health and welfare
effects of particles. Major components of PM2s mass include sulfate (SO4%), nitrate (NOs?),
elemental or black carbon (EC or BC), organic carbon (OC), and crustal materials. Some of these
PM components are emitted directly to the air (e.g., EC, BC) while others are formed secondarily
through reactions by gaseous precursors (e.g., sulfate, nitrate). The following sections
specifically discuss the sources that contribute to the specific PM2s components, including
particulate carbon (section 2.1.1.3.1) and precursor gases (section 2.1.1.3.2).

2.1.1.3.1 Sources Contributing to Emissions of Particulate Carbon

Of the directly emitted components of PM2s, emissions of elemental (or black) carbon
and organic carbon often make up the largest percentage of directly emitted PM2s mass. Figure
2-4 illustrates the sources that contribute to national emissions of elemental and organic carbon
based on the 2014 NEI. The top panel of Figure 2-4 shows that fires account for most (i.e., 53%)
of the 1.5 million tons of particulate OC emissions estimated in the 2014 NEI, while the bottom
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2.1.1.3.2 Sources Contributing to Emissions of Precursor Gases

As discussed further in the draft ISA (U.S. EPA, 2018, section 2.3.2.1), secondary PM is
formed in the atmosphere by photochemical oxidation reactions of both inorganic and organic
gas-phase precursors. Precursor gases include SOz, NOx, and volatile organic compound (VOC)
gases of anthropogenic or natural origin (U.S. EPA, 2018, section 2.3.2.1). Anthropogenic SO-
and NOx are the predominant precursor gases in the formation of secondary PM2s, and ammonia
also plays an important role in the formation of nitrate PM by neutralizing sulfuric acid and nitric
acid. In addition, atmospheric oxidation of VOCs, both anthropogenic and biogenic, is an
important source of organic aerosols, particularly in summer. The semi-volatile and non-volatile
products of VOC oxidation reactions can condense onto existing particles or can form new
particles (U.S. EPA, 2009, section 3.3.2; U.S. EPA, 2018, section 2.3.2).

Emissions of each of the precursor gases noted above are estimated in the NEI and have
unique source signatures at the national level. Figure 2-5 illustrates the source contributions at
the national level for these PM2 s precursor gases. As shown in Panel A in Figure 2-5, stationary
fuel combustion sources contribute nearly 80% of the estimated total of 4.8 million tons of
national SO national emissions. Within this source category, nearly all of the SO, emitted to the
atmosphere comes from electricity generating units, or EGUs. NOx emissions, shown in panel B,
are emitted by a range of combustion sources, including mobile sources (58%) and stationary
fuel combustion sources (24%). In the 2014 NEI, there is an estimated total of 14.4 million tons
of NOx emitted. Of the total estimate of 3.6 million tons of ammonia (NH3) emissions shown in
panel C of Figure 2-5, NHz emissions are dominated by the agriculture source categories. In
these categories, NHs is predominantly emitted by livestock waste from animal husbandry
operations (55%) and fertilizer application (25%). In urban areas, on-road mobile sources may
also contribute significantly to NHs emissions (U.S. EPA, 2018, Figure 2-3; Sun et al., 2014). Of
the estimated 17 million tons of VOC emissions from anthropogenic sources, fires (26%) and
mobile sources (24%) are the largest contributors to national VOC emissions, along with
industrial processes (23%), as shown in panel D.
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Figure 2-5.Percent contribution to sulfur dioxide (panel A), oxides of nitrogen (panel
B), ammonia (panel C), and anthropogenic volatile organic compounds (panel D)
national emissions by source sectors. (Source: 2014 NEI)

2.2 AMBIENT PM MONITORING METHODS AND NETWORKS

To promote uniform enforcement of the air quality standards set forth under the CAA and
to achieve the degree of public health and welfare protection intended for the NAAQS, the EPA
established PM Federal Reference Methods (FRMs)* for both PM1o and PM2s (40 CFR
Appendix J and L to Part 50) and performance requirements for approval of Federal Equivalent
Methods (FEMs) (40 CFR Part 53). Amended following the 2006 and 2012 PM NAAQS
reviews, the current PM monitoring network relies on FRMs and automated continuous FEMs, in
part to support changes necessary for implementation of the revised PM standards. The
requirements for measuring ambient air quality and reporting ambient air quality data and related
information are the basis for 40 CFR Appendices A through E to Part 58.

4 FRMs provide the methodological basis for comparison to the NAAQS and also serve as the “gold-standard” for
the comparison of other methods being reviewed for potential approval as equivalent methods. The EPA keeps a
complete list of designated reference and equivalent methods available on its Ambient Monitoring Technology
Information Center (AMTIC) website (https://www.epa.gov/amtic/air-monitoring-methods-criteria-pollutants).
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The EPA and its partners at state, local, and tribal monitoring agencies manage and
operate the nation’s ambient air monitoring networks. The EPA provides minimum monitoring
requirements for criteria pollutants and related monitoring (e.g., the Chemical Speciation
Network (CSN)), including identification of an FRM for criteria pollutants and guidance
documents to support implementation and operation of the networks. Monitoring agencies carry
out and perform ambient air monitoring in accordance with the EPA’s requirements and
guidance as well as often meeting their own state monitoring needs that may go beyond the
minimum federal requirements. Data from the ambient air monitoring networks are available
from two national databases: 1) the Air Quality System (AQS) database, which is the EPA’s
long-term repository of ambient air monitoring data and 2) the AirNow database, which provides
near real-time data used in public reporting and forecasting of the Air Quality Index (AQI).

The EPA and monitoring agencies manage and operate robust national networks for both
PMyoand PM:s, as these are the two measurement programs directly supporting the PM
NAAQS. PM1o measurements are based on gravimetric mass, while PM2.s measurements include
gravimetric mass and chemical speciation. A smaller network of stations is operating and
reporting data for PM1o.25 gravimetric mass and a few monitors are operated to support special
projects, including pilot studies, for continuous speciation and particle count data. Monitoring
networks and additional monitoring efforts for each of the various PM size fractions and for PM
composition are discussed below.® Section 2.2.1 provides information on monitoring for total
suspended particulates (TSP), section 2.2.2 provides information on monitoring for PMyo, section
2.2.3 provides information on monitoring PM2s, section 2.2.4 provides information on
monitoring for PM1o.25, and section 2.2.5 provides information on additional PM metrics. All
sampler and monitor counts provided in these sections are based on data submitted to the EPA
for calendar year 2018, unless otherwise noted. Figure 2-6 below illustrates the changes in PM
monitoring stations reporting to the EPA’s AQS database by size fraction since 1970.

5 The AQI translates air quality data into numbers and colors to help people understand when to take action to
protect their health against ambient air concentrations of criteria pollutants.

& More information on ambient monitoring networks can be found at https://www.epa.gov/amtic/.
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Figure 2-6.PM Monitoring stations reporting to EPA’s AQS database by PM size

fraction, 1970-2018.
2.2.1 Total Suspended Particulates (TSP) Sampling

The EPA first established NAAQS for PM in 1971, based on the original air quality
criteria document (DHEW, 1969). The reference method specified for determining attainment of
the original standards was the high-volume sampler, which collects PM up to a nominal size of
25 to 45 um (referred to as total suspended particles or TSP). TSP was replaced by PMyp as the
indicator for the PM NAAQS in the 1987 final rule (52 FR 24854, July 1, 1987). TSP sampling
remains in operation at a limited number of locations primarily to provide aerosol collection for
TSP lead (Pb) analysis as well as for instances where a state may continue to have state standards
for TSP. The size of the TSP network peaked in the mid-1970s when over 4,300 TSP samplers
were in operation. As of 2018, there were 164 TSP samplers still in operation as part of the Pb
monitoring program; of these, 41 also report TSP mass.

2.2.2 PMaio Monitoring

To support the 1987 PM1o NAAQS, the EPA and its state and local partners implemented
the first size-selective PM monitoring network in 1990 with the establishment of a PM1o network
consisting of mainly high-volume samplers. The network design criteria emphasize monitoring at
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middle’ and neighborhood?® scales to effectively characterize the emissions from both mobile and
stationary sources, although not ruling out microscale® monitoring in some instances (40 CFR
Part 58 Appendix D, 4.6 (b)). The PM1o monitoring network peaked in size in 1995 with 1,665
stations reporting data.

In 2018, there were 714 PMyo stations in operation to support comparison of the PM1o
data to the NAAQS, trends, and reporting and forecasting of the AQI. Though the PM1o network
is relatively stable, monitoring agencies may continue divesting of some of the PM1g monitoring
stations where concentration levels are low relative to the NAAQS.

While the PMyo network is national in scope, there are areas of the west, such as
California and Arizona, with substantially higher PMyg station density than the rest of the
country. In the PMyo mass network, 365 of the stations operate automated continuous mass
monitors approved as FEMs and 391 operate FRMs. About 40 of the PMyo stations have
collocation with both continuous FEMs and FRMs. About two thirds of the PMyo stations with

" For PMyo, middle-scale is defined as follows: Much of the short-term public exposure to PMyo is on this scale and
on the neighborhood scale. People moving through downtown areas or living near major roadways or stationary
sources, may encounter particulate pollution that would be adequately characterized by measurements of this
spatial scale. Middle scale PM1, measurements can be appropriate for the evaluation of possible short-term
exposure public health effects. In many situations, monitoring sites that are representative of micro-scale or
middle-scale impacts are not unique and are representative of many similar situations. This can occur along traffic
corridors or other locations in a residential district. In this case, one location is representative of a neighborhood
of small scale sites and is appropriate for evaluation of long-term or chronic effects. This scale also includes the
characteristic concentrations for other areas with dimensions of a few hundred meters such as the parking lot and
feeder streets associated with shopping centers, stadia, and office buildings. In the case of PM, unpaved or
seldomly swept parking lots associated with these sources could be an important source in addition to the
vehicular emissions themselves.

8 For PMyo, neighborhood scale is defined as follows: Measurements in this category represent conditions
throughout some reasonably homogeneous urban sub-region with dimensions of a few kilometers and of
generally more regular shape than the middle scale. Homogeneity refers to the particulate matter concentrations,
as well as the land use and land surface characteristics. In some cases, a location carefully chosen to provide
neighborhood scale data would represent not only the immediate neighborhood but also neighborhoods of the
same type in other parts of the city. Neighborhood scale PMyq sites provide information about trends and
compliance with standards because they often represent conditions in areas where people commonly live and
work for extended periods. Neighborhood scale data could provide valuable information for developing, testing,
and revising models that describe the larger-scale concentration patterns, especially those models relying on
spatially smoothed emission fields for inputs. The neighborhood scale measurements could also be used for
neighborhood comparisons within or between cities.

9 For PMyo, microscale is defined as follows: This scale would typify areas such as downtown street canyons, traffic
corridors, and fence line stationary source monitoring locations where the general public could be exposed to
maximum PM3o concentrations. Microscale particulate matter sites should be located near inhabited buildings or
locations where the general public can be expected to be exposed to the concentration measured. Emissions from
stationary sources such as primary and secondary smelters, power plants, and other large industrial processes may,
under certain plume conditions, likewise result in high ground level concentrations at the microscale. In the latter
case, the microscale would represent an area impacted by the plume with dimensions extending up to approximately
100 meters. Data collected at microscale sites provide information for evaluating and developing hot spot control
measures.
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FRMs operate on a sample frequency of one in every sixth day, with about 70 operating every
third day and 60 operating every day.

2.2.3 PMazs Monitoring

To support the 1997 PM2.s NAAQS, the first PM standard with PM2 s as an indicator, the
EPA and states implemented a PM2 s network consisting of ambient air monitoring sites with
mass and/or chemical speciation measurements. Network operation began in 1999 with nearly
1,000 monitoring stations operating FRMs to measure fine particle mass. The PM2s monitoring
program remains one of the major ambient air monitoring programs operated across the country.

For most urban locations PM2s monitors are sited at the neighborhood scale,° where
PM2 5 concentrations are reasonably homogeneous throughout an entire urban sub-region. In each
CBSA with a monitoring requirement, at least one PM2.s monitoring station representing area-
wide air quality is to be sited in an area of expected maximum concentration. Sites that represent
relatively unique microscale, localized hot-spot, or unique middle scale impact sites are only
eligible for comparison to the 24-hour PM.s NAAQS.

There are three main components of the current PM2s monitoring program: FRMs, PM2s
continuous mass monitors, and CSN samplers. The FRMs are primarily used for comparison to
the NAAQS, but also serve other important purposes such as developing trends and evaluating
the performance of PM2s continuous mass monitors. PM. s continuous mass monitors are
automated methods primarily used to support forecasting and reporting of the AQI, but are also
used for comparison to the NAAQS where approved as FEMs. The CSN and related Interagency
Monitoring of Protected Visual Environments (IMPROVE) network are used to provide
chemical composition of the aerosol which serve a variety of objectives. This section provides an
overview of each of these components of the PM..s monitoring program and of recent changes to
PM2.5 monitoring requirements.

2.2.3.1 Federal Reference Method and Continuous Monitors
As noted above, the PM2s monitoring network began operation in 1999 with nearly 1,000
monitoring stations operating FRMs. The PM2s FRM network peaked in operation in 2001 with
over 1,150 monitoring stations. In the PM2 s network, in 2018 there were 624 FRM filter-based

10 For PM_ 5, neighborhood scale is defined as follows: Measurements in this category would represent conditions
throughout some reasonably homogeneous urban sub-region with dimensions of a few kilometers and of generally
more regular shape than the middle scale. Homogeneity refers to the particulate matter concentrations, as well as the
land use and land surface characteristics. Much of the PM, s exposures are expected to be associated with this scale
of measurement. In some cases, a location carefully chosen to provide neighborhood scale data would represent the
immediate neighborhood as well as neighborhoods of the same type in other parts of the city. PM;s sites of this kind
provide good information about trends and compliance with standards because they often represent conditions in
areas where people commonly live and work for periods comparable to those specified in the NAAQS. In general,
most PM_.s monitoring in urban areas should have this scale.
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samplers that provide 24-hour PM2 s mass concentration data. Of these operating FRMs, 70 are
providing daily PM2 s data, 422 every third day, and 132 every sixth day.

As of 2018, there are 940 continuous PM2.s mass monitors that provide hourly data on a
near real-time basis reporting across the country. A total of 579 of the PM_ s continuous monitors
are FEMs and therefore used both for comparison with the NAAQS and to report the AQI.
Another 361 monitors not approved as FEMs are operated primarily to report the AQI. These
legacy PM2 s continuous monitors were largely purchased prior to the availability of PMzs
continuous FEMs.

The first method approved as a continuous PM2s FEM was the Met One BAM 1020. This
method, approved in 2008, accounts for just over 50% of the operating PM. s continuous FEMs
in the country. The EPA has approved a total of 11 PM. s continuous methods as FEMs. Other
methods approved as continuous PM2s FEMs include beta attenuation from multiple instrument
manufacturers; optical methods such as the GRIMM and Teledyne T640; and methods
employing the Tapered Element Oscillating Microbalance (TEOM) with a Filter Dynamic
Measurement System (FDMS) manufactured by Thermo Fisher Scientific.

2.2.3.2 Chemical Speciation and IMPROVE Networks

Due to the complex nature of fine particles, the EPA and states implemented the CSN to
better understand the components of fine particle mass at selected locations across the country.
The CSN was first piloted at 13 sites in 2000, and after the pilot phase, the program continued
with deployment of the Speciation Trends Network (STN) later that year. The CSN ultimately
grew to 54 trends sites and peaked in operation in 2005 with 252 stations: the 54 trends stations
and nearly 200 supplemental stations. The original CSN program had multiple sampler
configurations including the Thermo Andersen RAAS, Met One SASS/SuperSASS, and URG
MASS. During the 2000s, the EPA and states worked to align the network to one common
sampler for elements and ions, which was the Met One SASS/SuperSASS. In 2005, the CASAC
provided recommendations to the EPA for making changes to the CSN. These changes were
intended to improve data comparability with the rural IMPROVE carbon concentration data. To
accomplish this, the EPA replaced the existing carbon channel sampling and analysis methods
with a new modified IMPROVE version 111 module C sampler, the URG 3000N. Implementation
of the new carbon sampler and analysis was broken into three phases starting in May 2007
through October 2009.

In the 2018 PM25s CSN, long-term measurements are made at about 76 largely urban
locations comprised of either the STN or the National Core (NCore) network.* NCore is a

1 In most cases where a city has an STN station, it is located at the same site as the NCore station. In a few cases, a
city may have an STN station located at a different location than the NCore station.
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multipollutant network measuring particles, gases, and basic meteorology that has been in formal
operation since January 1, 2011. Particle measurements made at NCore include PM2 s filter-based
mass, which is largely the FRM, except in some rural locations that utilize the IMPROVE
program PM2 s mass filter-based measurement; PM. s speciation using either the CSN program or
IMPROVE program; and PMzo-25 mass utilizing an FRM, FEM or IMPROVE for some of the
rural locations. As of 2018, the NCore network includes a total of 78 stations of which 63 are in
urban or suburban stations designed to provide representative population exposure and another
15 rural stations designed to provide background and transport information. The NCore network
is deployed in all 50 States, DC, and Puerto Rico with at least one station in each state and two or
more stations in larger population states (California, Florida, Illinois, Michigan, New York,
North Carolina, Ohio, Pennsylvania, and Texas).

Both the STN and NCore networks are intended to remain in operation indefinitely. The
CSN measurements at NCore and STN stations operate every third day. Another approximately
72 CSN stations, known as supplemental sites, are intended to be potentially less permanent
locations used to support State Implementation Plan (SIP) development and other monitoring
objectives.*? Supplemental CSN stations typically operate every sixth day. In January 2015, 38
supplemental CSN stations that are largely located in the eastern half of the country stopped
operations to ensure a sustainable CSN network moving forward.*3

Specific components of fine particles are also measured through the IMPROVE
monitoring program** which supports regional haze characterization and tracks changes in
visibility in Class I areas as well as many other rural and some urban areas. As of 2018, the
IMPROVE network includes 110 monitoring locations that are part of the base network
supporting regional haze and another 46 locations operated as IMPROVE protocol sites where a
monitoring agency has requested participation in the program. These IMPROVE protocol sites
operate the same way as the IMPROVE program, but they may serve several monitoring
objectives (i.e., the same objectives as the CSN) and are not explicitly tied to the Regional Haze

12 See http://www.epa.gov/ttn/amtic/speciepg.html for more information on the PM_ s speciation monitoring
program.

13 Based on assessments of the CSN network and IMPROVE protocol sites, monitoring resources were redistributed
to focus on new or high priorities. More information on the CSN and IMPROVE protocol assessments is
available at https://www.sdas.battelle.org/CSNAssessment/html/Default.html.

14 Recognizing the importance of visual air quality, Congress included legislation in the 1977 Clean Air Act to
prevent future and remedy existing visibility impairment in Class | areas. To aid the implementation of this
legislation, the IMPROVE program was initiated in 1985 and substantially expanded in 2000-2003. This program
implemented an extensive long-term monitoring program to establish the current visibility conditions, track
changes in visibility and determine causal mechanism for the visibility impairment in the National Parks and
Wilderness Areas. For more information, see https://www3.epa.gov/ttn/amtic/visdata.html.
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Program. Samplers at IMPROVE stations operate every third day. In January 2016, eight
IMPROVE protocol stations stopped operating to ensure a sustainable IMPROVE program
moving forward. Details on the process and outcomes of the CSN supplemental and IMPROVE
protocol assessments used to identify sites that would no longer be funded are available on an
interactive website.*® Together, the CSN and IMPROVE data provide chemical species
information for fine particles that are critical for use in health and epidemiologic studies to help
inform reviews of the primary PM NAAQS and can be used to better understand visibility
through calculation of light extinction using the IMPROVE algorithm?® to support reviews of the
secondary PM NAAQS.

2.2.3.3 Recent Changes to PM2s Monitoring Requirements

Key changes made to the EPA’s monitoring requirements as a result of the 2012 PM
NAAQS review included the addition of PM2s monitoring at near-road locations in core-based
statistical areas (CBSASs) over 1 million in population; the clarification of terms used in siting of
PM2smonitors and their applicability to the NAAQS; and the provision of flexibility on data
uses to monitoring agencies where their PM2 s continuous monitors are not providing data that
meets the performance criteria used to approve the continuous method as an FEM. The addition
of PM2s monitoring at near-road locations was phased in from 2015 to 2017. On January 1,
2015, 22 CBSAs with a population of 2.5 million or more were required to have a PM2.s FRM or
FEM operating at a near-road monitoring station. On January 1, 2017, 30 CBSAs with a
population between 1 million and 2.5 million were required to have a PM2s FRM or FEM
operating are a near-road monitoring station.

The terms clarified as a part of the 2012 rulemaking ensure consistency with all other
NAAQS and long-standing definitions used by the EPA (78 FR 3234, January 15, 2013). The
flexibility provided to monitoring agencies ensures that the incentives of utilizing PM2s
continuous monitors (e.g., efficiencies in operation and availability of hourly data in near-real
time) are realized without having potentially poor performing data be used in situations where
the data is not applicable to the NAAQS (78 FR 3241, January 15, 2013).

2.2.4 PMzo-25 Monitoring

In the 2006 PM NAAQS review, the EPA promulgated a new FRM for the measurement
of PM1o-25 mass in ambient air. Although the standard for coarse particles uses a PMzo indicator,

15 See the Chemical Speciation Network Assessment Interactive Website at:
https://www.sdas.battelle.org/CSNAssessment/html/Default.html.

16 The IMPROVE algorithm is an equation to estimate light extinction based on the measured concentration of
several PM components and is used to track visibility progress in the Regional Haze Rule. More information
about the IMPROVE algorithm is at available at: http://vista.cira.colostate.edu/Improve/the-improve-algorithm.
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a new FRM for PMzo.25 mass was developed to provide a basis for approving FEMs and to
promote the gathering of scientific data to support future reviews of the PM NAAQS. The
PM1o-25 FRM (or approved FEMs, where available) was implemented at required NCore stations
by January 1, 2011. In addition to NCore, there are other collocated PM1o and PM2s low-volume
FRMs operating across the country that are essentially providing the PM1o.25 FRM measurement
by the difference method.

PM1o0-25 measurements are currently performed across the country at NCore stations,
IMPROVE monitoring stations, and at a few additional locations where state or local agencies
choose to operate a PM1o-2.5 method. For urban NCore stations and other State and Local Air
Monitoring Stations (SLAMS) the method employed is either a PM1o.25 FRM, which is
performed using a low-volume PM1o FRM collocated with a low volume PM2s FRM of the same
make and model, or FEMs for PM1o-25, including filter-based dichotomous methods and
continuous methods of which several makes and models are approved. Filter-based PM1o-25
measurements at NCore (i.e., the FRM or dichotomous filter-based FEM) operate every third
day, while continuous methods have data available every hour of every day. PM1o.25 filter-based
methods at other SLAMS typically operate every third or sixth day. For IMPROVE, which is
largely a rural network, PM1o.2.5 measurements are made with two sample channels; one each for
PMyo and PM_s. All IMPROVE program samplers operate every third day. All together there
were 279 stations in 2018 where PM1o-2 5 data were being reported to the AQS database.

There is no operating chemical speciation network for characterizing the specific
components of coarse particles. In 2015, Washington University at St. Louis, under contract to
the U.S. EPA, reported on a coarse particle speciation pilot study with several objectives aimed
at addressing this issue, such as evaluating a coarse particle species analyte list and evaluating
sampling and analytical methods (U.S. EPA, 2015). The coarse particle speciation pilot study
provides useful information for any organization wishing to pursue coarse particle speciation.

2.2.5 Additional PM Measurements and Metrics

There are additional PM measurements and metrics made at a much smaller number of
stations. These measurements may be associated with special projects or are complementary
measurements to other networks where the monitoring agency has prioritized having the
measurements. None of these measurements are required by regulation. They include PM
measurements such as particle counts, continuous carbon, and continuous sulfate.

The EPA and state and local agencies have also been working together to pilot additional
PM methods at near-road monitoring stations that may be of interest to data users. These
methods include such techniques as particle counters, particle size distribution, and black carbon
by aethalometer. These methods and their rationale for use at near-road monitoring stations are
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described in a Technical Assistance Document (TAD) on NO2 near-road monitoring (U.S. EPA,
2012, section 16).

Aethalometer measurements of the concentration of optically absorbing particles have
been submitted to AQS for many years. Data uses include characterizing black carbon and wood
smoke. Ambient air monitoring stations that may have aethalometers include some of the near-
road monitoring stations and National Air Toxics Trends Stations (NATTS). Data from about 72
monitoring sites across the county are being reported from aethalometers. While aethalometer
data is available at high time resolutions (e.g., 5-minute data), it is typically reported to the AQS
database in 1-hour periods.

Continuous elemental and organic carbon data were monitored at select locations
participating in a pilot of the Sunset EC/OC analyzer as well as a few additional sites that were
already operating before the EPA initiated the pilot study.!” The Sunset EC/OC analyzer
provides high time resolution carbon data, typically every hour, but in some remote locations the
instrument is programmed to run every two hours to ensure collection of enough aerosol. The
data from the Sunset EC/OC analyzer was compared to filter-based carbon methods from the
carbon channel of the CSN program. The Sunset EC/OC analyzer was operated at each of the
study sites for at least three years. Results from this pilot study are available in an EPA report
(U.S. EPA, 2019). A key finding from the study suggests that when the Sunset instrument was
working well, OC and optical EC were comparable to CSN OC and EC; however, the time and
resources needed to keep a Sunset analyzer operational did not merit replacement of CSN OC
and EC measurements.

As of 2018, continuous sulfate is measured at four remaining monitoring sites, one in
Maine and three in New York State. Several other stations have historical data but are no longer
monitoring continuous sulfate. Discontinuing monitoring efforts for continuous sulfate is likely
an outcome of the significantly lower sulfate concentrations throughout the east where these
methods were operated. The continuous sulfate analyzer provides hourly data and these data can
be readily compared to 24-hour sulfate data which are collected from the ion channel in both the
CSN and IMPROVE programs.

In addition, over the last few years, the EPA has investigated the use of several PM
sensor technologies as one of several areas of research intended to address the next generation of
air measurements. The investigation into air sensors is envisioned to work towards near real-time
or continuous measurement options that are smaller, cheaper, and more portable than traditional
FRM or FEM methods. These sensor devices have the potential to be used in several applications

17 The six sites that participated in the study were Washington, DC; Chicago, IL; St. Louis, MO; Houston, TX; Las
Vegas, NV; and Los Angeles, CA.
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such as identifying hotspots, informing network design, providing personal exposure monitoring,
supporting risk assessments, and providing background concentration data for permitting. The
EPA has hosted workshops and published several documents and peer-reviewed articles on this
work. 18

2.3 AMBIENT AIR CONCENTRATIONS

This section summarizes available information on recent ambient PM concentrations.
Section 2.3.1 presents trends in emissions of PM and precursor gases, while section 2.3.2
presents trends in monitored ambient concentrations of PM in the U.S. Section 2.3.3 discusses
approaches for predicting ambient PM.s by hybrid modeling approaches.

2.3.1 Trends in Emissions of PM and Precursor Gases

Direct emissions of PM have remained relatively unchanged in recent years, while
emissions of some precursor gases have declined substantially.*® As illustrated in Figure 2-7,
from 1990 to 2014, SO2 emissions have undergone the largest declines while NH3 emissions
have undergone the smallest change. Declining SO2 emissions during this time period are
primarily a result of reductions at stationary sources such as EGUs, with substantial reductions
also from mobile sources (U.S. EPA, 2018, section 2.3.2.1). In more recent years (i.e., 2002 to
2014), emissions of SO2 and NOx have undergone the largest declines, while direct PM2s and
NH3s emissions have undergone the smallest changes, as shown in Table 2-1. Regional trends in
emissions can differ from the national trends illustrated in Figure 2-7 and Table 2-1.%° For
example, Hand et al. (2012) studied reductions in EGU-related annual SO, emissions during the
20012010 period and found that while SO2 emissions decreased throughout the U.S. by an
average of 6.2% per year, the amount of change varied across the U.S. with the largest percent
reductions in the western U.S. at 20.1% per year.

18 For more information, see https://www.epa.gov/sciencematters/epas-next-generation-air-measuring-research and
https://www.epa.gov/air-sensor-toolbox/air-sensor-toolbox-what-epa-doing#pane-1.

19 More information on these trends, including details on methods and explanations on the noted changes over time
is available at https://gispub.epa.gov/neireport/2014/.

20 State-specific emission trends data for 1990 to 2014 can be found at: https://www.epa.gov/air-emissions-
inventories/air-pollutant-emissions-trends-data.
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Figure 2-7.National emission trends of PMz.s, PM1o, and precursor gases from 1990 to
2014.%

Table 2-1.Percent Changes in PM and PM precursor emissions in the NEI for the time
periods 1990-2014 and 2002-2014.

Percent Change Percent Change
Pollutant in Emissions: in Emissions: Major Sources
1990 to 2014 2002 to 2014

NH3 -21% -10% Agricultural Sources (Fertilizer and
Livestock Waste), Fires

NOx -50% -48% EGUs, Mobile Sources

SO, -80% -69% EGUs, other Stationary Sources

VOCs -38% -15% Solvents, Fires, Mobile Sources

PMas -40% -4% Dust, Fires

PM1o -38% -15% Dust, Fires

2.3.2 Trends in Monitored Ambient Concentrations
2.3.2.1 National Characterization of PM2s Mass

At long-term monitoring sites in the U.S., annual PM2 s concentrations from 2015 to 2017
averaged 8.0 pg/m? (ranging from 3.0 to 18.2 pug/m®) and the 98™ percentiles of 24-hour
concentrations averaged 20.9 pg/m?® (ranging from 9.2 to 111 ug/mq). Figure 2-8 (top panels)
shows that the highest ambient PM2 s concentrations occur in the west, particularly in California
and the Pacific northwest. Much of the eastern U.S. has lower ambient concentrations, with

21 Emission trends in Figure 2-7 do not include wildfire emissions.
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1 annual average concentrations generally at or below 12.0 pg/m® and 98™ percentiles of 24-hour
2 concentrations generally at or below 30 pg/m?.
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Figure 2-8.Annual average and 98" percentile PM2.s concentrations (in pg/m?) from 2015-2017 (top) and linear trends and
their associated significance (based on p-values) in PMz2s concentrations from 2000-2017 (bottom).
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Analysis of monthly data indicate distinct peaks in national ambient PM2s concentrations
during the summer and the winter (U.S. EPA, 2018, Figure 2-22). Through 2008, the summer
peaks reflected the highest national average PM2.s concentrations. These summer peaks in
ambient PM2s concentrations were largely a consequence of summertime peaks in SO>
emissions from power plants in the eastern U.S., and subsequent sulfate formation. However,
substantial reductions in SOz emissions (see above and U.S. EPA, 2018, sections 2.5.1.1.1 and
2.5.2.2.1) have changed this pattern. Starting in 2009, winter peaks in national average PM25
concentrations have been higher than those in the summer (U.S. EPA, 2018, section 2.5.2.2.1).
This pattern is illustrated by data from 2013 to 2015, when average winter PM2s concentrations
were about 11 pg/m?®, average summer concentrations were about 9 ug/m?, and average spring
and fall concentrations were about 7 pg/m3 (Chan et al., 2018).

The ambient PM2 s concentrations in Figure 2-8 reflect the substantial reductions that
have occurred across much of the U.S. over recent years (Figure 2-8, bottom panels and Figure
2-9). From 2000 to 2017, national annual average PM2.s concentrations have declined from 13.5
ng/m3 to 8.0 ug/m?, a 41% decrease (Figure 2-9).2? These declines have occurred at both urban
and rural monitoring sites, although urban PM2 s concentrations remain consistently higher than
those in rural areas (Chan et al., 2018).
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Figure 2-9.Seasonally-weighted annual average PM2s concentrations in the U.S. from
2000 to 2017 (429 sites).

Analyses at individual monitoring sites indicate that declines in ambient PM2 s
concentrations have been most consistent across the eastern U.S. and in parts of coastal
California, where both annual average and 98" percentiles of 24-hour concentrations have

22 See https://www.epa.gov/air-trends/particulate-matter-pm25-trends and https://www.epa.gov/air-
trends/particulate-matter-pm25-trends#pmnat for more information.

September 2019 2-24 External Review Draft-Do Not Quote or Cite


https://www.epa.gov/air-trends/particulate-matter-pm25-trends
https://www.epa.gov/air-trends/particulate-matter-pm25-trends#pmnat
https://www.epa.gov/air-trends/particulate-matter-pm25-trends#pmnat

declined significantly (Figure 2-8, bottom panels). In contrast, trends in ambient PM2 s
concentrations have been less consistent over much of the western U.S., with no significant
changes since 2000 observed at some sites in the Pacific northwest, the northern Rockies and
plains, and the southwest, particularly for 98" percentiles of 24-hour concentrations (Figure 2-8,
bottom panels). Trends in annual average PM2 s concentrations have been highly correlated with
trends in 98" percentiles of 24-hour concentrations at individual sites (Figure 2-10). Such
correlations are highest across the eastern U.S. and in coastal California, and are somewhat

lower, though still generally positive, at sites in the Central and Western U.S. (i.e., outside of
coastal California).
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Figure 2-10.Pearson’s correlation coefficient between annual average and 98
percentile of 24-hour PMzs concentrations from 2000-2017.

2.3.2.2 Characterization of PM2s Mass at Finer Spatial and Temporal Scales
2.3.2.2.1 CBSA Maximum Annual Versus Daily Design Values

Analysis of recent air quality indicates that maximum annual and daily PM2 s design
values within a CBSA are positively correlated with some noticeable regional variability (Figure
2-11). The regions that cluster outside of the typical annual/daily design value ratio line in Figure
2-11 are the Southeast and Northwest U.S. In the Southeast U.S., the annual design values are
high relative to the daily design values due to the lack of seasonality in the concentrations and
infrequent impacts of episodic events like wildfire or dust storms. On the other hand, the
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Northwest U.S. has very high daily design values relative to the annual design values. This is due
to episodically high PM2.5 concentrations that affect the region, both from wintertime stagnation
events and summer/fall wildfire smoke events.?® The relatively small population and low
emissions in the region result in much lower PM2s concentrations during the other parts of the

year not affected by these episodes.
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Figure 2-11.Scatterplot of CBSA maximum annual versus daily design values (2015-
2017).

2.3.2.2.2 PMz2s Near Major Roadways

Because of its longer atmospheric lifetime (U.S. EPA, 2018, section 2.2), PMzs is
expected to exhibit less spatial variability on an urban scale than UFP or PMjo-25 (U.S. EPA,
2018, section 2.5.1.2.1). Analyses in the 2009 ISA for PM indicated that correlations between
PM2.5 monitoring sites up to a distance of 100 km from each other were greater than 0.75 in most

23 Due to the recent time period shown in Figure 2-11, it is likely that some of the annual and daily design values are
affected by potential exceptional events associated with wildfire smoke that have yet to be regionally-concurred
and removed from the design value calculations. The EPA defines exceptional events as unusual or natural-
occurring events that that affect air quality but are not reasonably controllable using techniques that tribal, state,
or local air agencies may implement. This is especially likely for the daily design values in the Northwest region
which experienced frequent wildfire smoke events during the 2015-2017 period.
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urban areas. However, more substantial spatial variation has been reported for some urban areas,
due in part to proximity between monitors and emissions sources (U.S. EPA, 2018, section
2.5.1.2.1). The recent deployment of PM2.s monitors near major roads in large urban areas
provides some insight into this spatial variation.

As discussed above, in the last review of the PM NAAQS the EPA required monitoring
of PM2, along with NO2 and CO, near major roads in CBSAs with populations greater than 1
million. PM2s monitoring was required to start for the largest CBSAs at the beginning of 2015,
and several years of data are now available for analysis at these sites. DeWinter et al. (2018)
analyzed these data and found that the average near-road increment (difference between near-
road PM25 concentrations and the concentrations at other sites in the same CBSA) was 1.2 pg/m?3
for 2014 to 2015. The near-road increment has a diurnal cycle, with a peak during the morning
rush hour (Figure 2-12).

2 A

0.5 A

Near-road FEM PM, ¢ increment (pg m-)

O 1 1 1 1 1 1

0 4 a3 12 16 20 24
Hour of Day

Figure 2-12.Network-wide average of the hourly near-road PMzs increment through
2017.

Analyses of recent data indicate that, of the 25 CBSAs with valid design values®* at the
near-road site(s) from 2015 to 2017, 52% measured the highest annual design value at the near-
road site while 24% measured the highest 24-hour design value at the near-road site (Table 2-2).

24 A design value is considered valid if it meets the data handling requirements given in 40 CFR Appendix N to Part
50. Several large CBSAs such as Chicago-Naperville-Elgin, IL-IN-WI and Houston-The Woodlands-Sugar Land,
TX had near-road sites that did not have valid PM; s design values for the 2015-2017 period.
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Of the CBSAs with highest annual design values at near-road sites, those design values were, on

average, 0.7 ng/m? higher than at the highest measuring non-near-road sites (range is 0.1 to 2.0

ug/m? higher at near-road sites).

Table 2-2.Daily and annual PM2s design values for the near-road sites in major CBSAs

(2015-2017).

Maximum Maximum Maximum Maximum
CBSA Name Nc_aar-Rozf\d Non-Nea_r- Near-Road Non-Near-
Daily Design Road Daily Annual Road Annual
Value Design Value | Design Value | Design Value

New York-Newark-Jersey City, NY-NJ-PA 22 23 NA 9.7
Los Angeles-Long Beach-Anaheim, CA 33 39 12.6 12.1
Dallas-Fort Worth-Arlington, TX 18 18 8.7 8.9
Philadelphia-Camden-Wilmington, PA-NJ-DE-MD 24 25 9.5 10.6
Atlanta-Sandy Springs-Roswell, GA 23 20 10.5 9.9
Boston-Cambridge-Newton, MA-NH 16 16 7 7.2
San Francisco-Oakland-Hayward, CA 27 30 10.1 10.6
Phoenix-Mesa-Scottsdale, AZ 18 27 7.9 9.6
Riverside-San Bernardino-Ontario, CA 37 39 14.7 13.6
Detroit-Warren-Dearborn, MI 22 28 8.5 11.2
Seattle-Tacoma-Bellevue, WA 24 34 8.4 8.7
Minneapolis-St. Paul-Bloomington, MN-WI 18 19 8 7.5
St. Louis, MO-IL 19 21 8.7 9.8
Baltimore-Columbia-Towson, MD 20 23 9.1 8.9
Denver-Aurora-Lakewood, CO 23 20 8.5 7.1

Portland-Vancouver-Hillsboro, OR-WA 25 28 74 7.4
Kansas City, MO-KS 16 21 7.1 9.0
Indianapolis-Carmel-Anderson, IN 22 22 10.5 10.2
San Jose-Sunnyvale-Santa Clara, CA 28 27 94 9.3
Providence-Warwick, RI-MA 20 18 9.1 7.1

Louisville/Jefferson County, KY-IN 21 22 94 9.7

New Orleans-Metairie, LA 18 19 8.2 8.5

Hartford-West Hartford-East Hartford, CT 20 18 8.2 6.7

Birmingham-Hoover, AL 22 22 11 104
Buffalo-Cheektowaga-Niagara Falls, NY 17 18 7.8 7.6

Rochester, NY 17 16 7 6.5

Although most near-road monitoring sites do not have sufficient data to evaluate long-
term trends in near-road PM>.s concentrations, analyses of the data at one near-road-like site in
Elizabeth, NJ, ?° show that the annual average increment has generally decreased between 1999
and 2017 from about 2.0 pg/m?® to about 1.3 pg/m?® (Figure 2-13). The trend in the near-road
increment of elemental carbon at the Elizabeth, NJ site has shown a similar reduction, with

% The Elizabeth Lab site in Elizabeth, NJ is situated approximately 30 meters from travel lanes of the Interchange
13 toll plaza of the New Jersey Turnpike and within 200 meters of travel lanes for Interstate 278 and the New

Jersey Turnpike.
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values of ~1.0 pg/m? in 2000 decreasing to ~0.5 pg/m® in 2017. These data are consistent with
the timing of EPA emission standards for motor vehicles.?® Although long-term data are not
available at other near-road sites, the national scope of the diesel vehicle controls suggests the
near-road environment across the U.S. likely experienced similar decreasing trends in near-road
PM2 s increments.
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Figure 2-13.Annual average near-road increment for PMzs at the Elizabeth, NJ site.

2.3.2.2.3 Sub-Daily Concentrations of PMzs

Ambient PM2s concentrations can exhibit a diurnal cycle that varies due to impacts from
intermittent emission sources, meteorology, and atmospheric chemistry. The PM2s monitoring
network in the U.S. has an increasing number of continuous FEM monitors reporting hourly
PM25 mass concentrations that reflect this diurnal variation. The draft ISA describes a two-
peaked diurnal pattern in urban areas, with morning peaks attributed to rush-hour traffic and
afternoon peaks attributed to a combination of rush hour traffic, decreasing atmospheric dilution,
and nucleation (U.S. EPA, 2018, section 2.5.2.3, Figure 2-32). Because a focus on annual
average and 24-hour average PM2 s concentrations could mask sub-daily patterns, and because
some health studies examine PM exposure durations shorter than 24-hours, it is useful to
understand the broader distribution of sub-daily PM2s concentrations across the U.S. Figure 2-14
below presents the frequency distribution of 2-hour average PM2.s mass concentrations from all

2 See https://www.epa.gov/diesel-fuel-standards/diesel-fuel-standards-and-rulemakings#nonroad-diesel.
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FEM PMz.s monitors in the U.S. for 2015-2017.%" At sites meeting the current primary PMz.s
standards, these 2-hour concentrations generally remain below 11 pg/m?3, and virtually never
exceed 32 pug/m?®. Two-hour concentrations are higher at sites violating the current standards,
generally remaining below 19 ug/m? and virtually never exceeding 69 pg/m?.

Sites meeting both NAAQS Sites violating either NAAQS
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Figure 2-14.Frequency distribution of 2015-2017 2-hour averages for sites meeting or
violating the annual PM2.5 NAAQS for October to March (blue) and April to
September (red).

The extreme upper end of the distribution of 2-hour PM2s concentrations is shifted higher
during the warmer months (red in Figure 2-14), generally corresponding to the period of peak
wildfire frequency (April to September) in the U.S. At sites meeting the current primary
standards, the highest 2-hour concentrations measured virtually never occur outside of the period
of peak wildfire frequency. Most of the sites measuring these very high concentrations are in the
northwestern U.S. and California, where wildfires have been relatively common in recent years
(see Appendix A, Figure A-1). When the period of peak wildfire frequency is excluded from the
analysis (blue in Figure 2-14), the extreme upper end of the distribution is reduced.

2.3.2.3 Chemical Composition of PM2s
Based on recent air quality data, the major chemical components of PM2 s have distinct
spatial distributions. Sulfate concentrations tend to be highest in the eastern U.S., while in the
Ohio Valley, Salt Lake Valley, and California nitrate concentrations are highest and relatively

27 As discussed further in section 3.2, PM_s controlled human exposure studies often examine 2-hour exposures.
Thus, when evaluating those studies in the context of the current primary PM s standards, it is useful to consider
the distribution of 2-hour PM. 5 concentrations.
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high concentrations of organic carbon are widespread across most of the Continental U.S., as
shown in Figure 2-15. Elemental carbon, crustal material, and sea-salt are found to have the

highest concentrations in the northeast U.S., southwest U.S., and coastal areas, respectively.
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Figure 2-15.Annual average PMzs sulfate, nitrate, organic carbon, and elemental
carbon concentrations (in pg/mq) from 2015-2017.

An examination of PM.s composition trends can provide insight into the factors
contributing to overall reductions in ambient PM2s concentrations. The biggest change in PM2s
composition that has occurred in recent years is the reduction in sulfate concentrations due to
reductions in SOz emissions. Between 2000 and 2015, the nationwide annual average sulfate
concentration decreased by 17% at urban sites and 20% at rural sites. This change in sulfate
concentrations is most evident in the eastern U.S. and has resulted in organic matter or nitrate
now being the greatest contributor to PM2s mass in many locations (U.S. EPA, 2018, Figure 2-
19). The overall reduction in sulfate concentrations has contributed substantially to the decrease
in national average PM2 s concentrations as well as the decline in the fraction of PM1o mass
accounted for by PM25 (U.S. EPA, 2018, section 2.5.1.1.6; section 2.3.1 above).
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2.3.2.4 National Characterization of PM1o Mass

At long-term monitoring sites in the U.S., the 2015-2017 average of 2" highest 24-hour
PMo concentration was 56 pg/m? (ranging from 18 to 173 pg/m?®) (Figure 2-16, top panels).?®
The highest PMzo concentrations tend to occur in the western U.S. Seasonal analyses indicate
that ambient PMyo concentrations are generally higher in the summer months than at other times
of year, though the most extreme high concentration events are more likely in the spring (U.S.
EPA, 2018, Table 2-5). This is due to fact that the major PM1o emission sources, dust and
agriculture, are more active during the warmer and drier periods of the year.

28 The form of the current 24-hour PMyo standard is one-expected-exceedance, averaged over three years.
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Figure 2-16.Annual average and 2" highest PM1o concentrations (in pg/m?) from 2015-2017 (top) and linear trends and
their associated significance in PMio concentrations from 2000-2017 (bottom).
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Recent ambient PM1o concentrations reflect reductions that have occurred across much of the
U.S. (Figure 2-16, bottom panels). From 2000 to 2017, 2" highest 24-hour PM1o concentrations
have declined by about 30% (Figure 2-17).2° Analyses at individual monitoring sites indicate that
annual average PMyo concentrations have declined at most sites across the U.S., with much of the
decrease in the eastern U.S. associated with reductions in PM2s concentrations. Annual second
highest 24-hour PM1o concentrations have generally declined in the eastern U.S., while
concentrations in the much of the midwest and western U.S. have remained unchanged or
increased since 2000 (Figure 2-16, bottom panels).
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Figure 2-17.National trends in Annual 2" Highest 24-Hour PMzo concentrations from
2000 to 2017 (131 sites).

Compared to previous reviews, data available from the NCore monitoring network in the
current review allows a more comprehensive analysis of the relative contributions of PM2s and
PMio-2.5 to PM1g mass. PM. s generally contributes more to annual average PM1o mass in the
eastern U.S. than the western U.S. (Figure 2-18). At most sites in the eastern U.S., the majority
of PM1o mass is comprised of PM2s. Similar east-west patterns are observed for both
urban/suburban and rural sites. As ambient PM2.s concentrations have declined in the eastern
U.S. (section 2.3.2.2, above), the ratios of PM2s to PM1o have also declined.

25 For more information, see https://www.epa.gov/air-trends/particulate-matter-pm10-trends#pmnat.
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Figure 2-18.Annual average PM2s/PMao ratio for 2015-2017.

For days with very high PM1o concentrations (Figure 2-19), the PM2s/PMyo ratios are
typically higher than the annual average ratios. This is particularly true in the northwestern U.S.
where the high PM1o concentrations can occur during wildfires with high PMas.

2015-2017 Rural Sites

2.3.2.5 National Characterization of PM1o-25 Mass

Since the last review, the availability of PM1o-2.5 ambient concentration data has greatly
increased. As illustrated in Figure 2-20 (top panels), annual average and 98" percentile PMio-25
concentrations exhibit less distinct differences between the eastern and western U.S. than for
either PM2s or PM1o. Additionally, compared to PM2s and PM1o, changes in PM1o-25
concentrations have been small in magnitude and inconsistent in direction (Figure 2-20, lower
panels).
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Figure 2-20.Annual average and 98" percentile PM1o-25 concentrations (ug/m?) from 2015-2017 (top) and linear trends and
their associated significance in PMzio-2.5 concentrations from 2000-2017 (bottom).

September 2019 2-36 External Review Draft-Do Not Quote or Cite



© 00 N O O b W DN P

el ol e
w N -k O

14

15
16
17

18
19
20
21
22
23
24

2.3.2.6 Characterization of the Ultrafine Fraction of PM2s Mass
Compared to PM2s mass, there is relatively little data on U.S. particle number

concentrations, which are dominated by UFP. In the published literature, annual average particle
number concentrations reaching about 20,000 to 30,000 cm ™ have been reported in U.S. cities
(U.S. EPA, 2018). In addition, based on UFP measurements in two urban areas (New York City,
Buffalo) and at a background site (Steuben County) in New York, there is a pronounced
difference in particle number concentration between different types of locations (Figure 2-21;
U.S. EPA, 2018, Figure 2-18). Urban particle number counts were several times higher than at
the background site, and the highest particle number counts in an urban area with multiple sites
(Buffalo) were observed at a near-road location. Hourly data indicate that particle numbers
remain fairly constant throughout the day at the background site, that they peak around 8:00 a.m.
in Buffalo and New York City (NYC), and that they remain high into the evening hours with
distinct rush hour and early afternoon peaks.
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Figure 2-21.Average hourly particle number concentrations from three locations in the
State of New York for 2014 to 2015 (green is Steuben County, orange is Buffalo, red
is New York City). (Source: Figure 2-18 in U.S. EPA, 2018).

Long-term trends in UFP are generally not available at U.S. monitoring sites. However,
data on number size distribution have been reported for an 8-year period from 2002 to 2009 in
Rochester, NY. Number concentrations averaged 4,730 cm™ for 0.01 to 0.05 pum particles and
1,838 cm 2 for 0.05 to 0.1 um particles (Wang et al., 2011). On average over the 8 years that
UFP data were collected in Rochester, total particle number concentrations declined from the
earlier period evaluated (i.e., 2001 to 2005) to the later period (2006 to 2009). This decline was
most evident for particles between 0.01 and 0.1 pm and was attributed to changes in local
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sources resulting from the 2007 Heavy Duty Highway Rule, a reduction in local industrial
activity, and the closure of a nearby coal-fired power plant (Wang et al., 2011; U.S. EPA, 2018,
section 2.5.2.1.4).

In addition, at a site in Illinois the annual average particle number concentration declined
between 2000 and 2017, closely matching the reductions in annual PM2s mass over that same
period (Figure 2-22, below). Particle number concentrations at this site are closer to those of the
background site in Figure 2-21 than the urban sites. A recent study found that particle number
concentrations in an urban area (Pittsburgh, PA) decreased between 2001-2002 and 2016-2017
along with decreases in PM2 s associated with SO, emission reductions (Saha et al., 2018).
However, the relationship between changes in ambient PM2s and UFPs cannot be
comprehensively characterized due to the high variability and limited monitoring of UFPs.
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Figure 2-22. Time series of annual average mass and number concentrations (left) and
scatterplot of mass vs. number concentration (right) between 2000-2017 in Bondville, IL.

2.3.3 Predicted Ambient PM2s Based on Hybrid Modeling Approaches

Ambient concentrations of PM2s are often characterized using measurements from
national monitoring networks due to the accuracy and precision of the measurements and the
public availability of data. For applications requiring PM. s characterizations across urban areas,
data averaging techniques such as area-wide and population-weighted averaging of monitors are
sometimes used to provide complete coverage from the site measurements (U.S. EPA, 2018,
chapter 3). Yet data averaging methods may not adequately represent the spatial heterogeneity of
PM2s within an area and are not practical for large unmonitored areas or time periods. As a
result, additional methods have been developed to improve PM_ s characterizations in areas
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where monitoring is relatively sparse or unavailable. Methods include interpolation of monitored
data, land-use regression models, chemical-transport models (CTMs), models based on satellite-
derived aerosol optical depth (AOD), and hybrid spatiotemporal models that combine
information from the individual approaches (U.S. EPA, 2018, chapter 3). A number of recent
studies have employed such methods to estimate PM2s air quality concentrations across the U.S.
and Canada, and to estimate population exposures for use in epidemiologic analyses (U.S. EPA,
2018, sections 3.3 and 3.4). Given the increasing availability and application of these methods, in
this section we provide an overview of recently developed hybrid modeling methods, their
predictions and performance, and how predictions from various methods compare to each other.

2.3.3.1.1 Overview of Hybrid Methods

Hybrid methods are broadly classified into four categories: (1) methods based primarily
on interpolation of monitor data, (2) Bayesian statistical downscalers, (3) methods based
primarily on satellite-derived AOD, and (4) methods based on machine-learning algorithms.
Each method is discussed briefly below.

Interpolation-based methods are the simplest approach for developing spatial fields of
PM2 s concentrations and rely on the moderate degree of spatial autocorrelation in PM2s in many
areas of the U.S. Interpolation methods often use inverse-distance or inverse-distance-squared
weighted averaging of monitoring data to predict PMz.s concentrations at unmonitored receptor
points. Examples include the VVoronoi neighbor averaging (VNA) approach and the enhanced
VNA approach (eVNA). The VNA approach applies weighted averaging to the concentrations
monitored in the Voronoi cells neighboring the cell containing the prediction point (Abt
Associates, 2014). In the eVNA approach, monitored data are further weighted by the ratio of
CTM predictions in the grid-cell containing the prediction point to the grid-cell containing the
monitor (Abt Associates, 2014).

Bayesian statistical modeling has been used to calibrate CTM PM2 s predictions or
satellite-derived AOD estimates to surface measurements (Berrocal et al., 2012; Wang et al.,
2018b). This approach, commonly referred to as a Bayesian downscaler because it “downscales”
grid-cell average values to points, first regresses the PM2 s predictions or AOD estimates on
monitoring data. The resulting relationships are then used to develop a gridded PM_ s field from
the CTM or AOD input field. Bayesian downscalers have been applied to develop gridded daily
PM2 s fields at 12-km resolution for the conterminous U.S. (Wang et al., 2018b; U.S. EPA,
2017). An ensemble technique that optimally combines predictions of CTM and AOD
downscalers has also been developed to predict PM2s at high resolution over Colorado during
the fire season (Geng et al., 2018).
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Surface PM_ s concentrations can also be predicted based on satellite retrievals of AOD
and the relationship between surface PM2s and AOD from CTM simulations (van Donkelaar et
al., 2010). For example, in van Donkelaar et al. (2015a), satellite-based approaches (van
Donkelaar et al., 2010; van Donkelaar et al., 2013) were used to estimate a gridded field of
global mean PM_ s concentration for the 2001-2010 period that was combined with information
from radiometrically stable satellite instruments (Boys et al., 2014) to develop global PM2 5
fields over the 1998-2012 period (van Donkelaar et al., 2015a). Motivated by the limited use of
surface measurements in this approach, van Donkelaar et al. (2015b) developed an updated
method that incorporates additional information from PM2s monitoring networks to improve
performance. Specifically, geographically weighted regression (GWR) of residual PM25 (i.e., the
difference between monitored PM2.s and predictions based on satellite-derived AOD) with land-
use and other variables is performed to improve PM2 s concentration estimates in areas such as
North America where monitoring is relatively dense (van Donkelaar et al., 2019; van Donkelaar
et al., 2015b). This approach has been used to create long-term PM2 s fields globally and for
North America at about 1-km resolution. However, the developers caution that PM. s gradients
may not be fully resolved at 1-km resolution due to the influence of coarser-scale data used in
the model® and report that mean error variance decreases when averaging the 1-km fields to
coarser resolution (van Donkelaar et al., 2019).

Daily PM2 s fields based on non-parametric (i.e., machine learning) methods have also
been developed to characterize PM2s over the U.S. Non-parametric methods facilitate the use of
large numbers of predictor variables that may have complex nonlinear relationships with PMz s
concentrations that would be challenging to specify with a parametric method. For example, a
neural network algorithm was used to predict daily PM2 s fields at 1-km resolution over the
conterminous U.S. during 2000-2012 using more than 50 predictor variables including satellite-
derived AOD, CTM predictions, satellite-derived absorbing aerosol index, meteorological data,
and land-use variables (Di et al., 2016). A random forest algorithm was also applied to develop
daily PM2 s fields at 12-km resolution over the conterminous U.S. in 2011 and provide variable
importance information for about 40 predictor variables including CTM results and satellite-
derived AOD (Hu et al., 2017). Satellite-derived AOD and the convolution layer for nearby
PM2.s measurements are ranked among the top five most important predictor variables for the
importance metrics considered. A wide range of parametric and non-parametric hybrid PM2s
models have recently been reviewed in Chapter 3 of the draft ISA (U.S. EPA, 2018).

%0 See fizz.phys.dal.ca/~atmos/martin/?page_id=140
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2.3.3.1.2 Performance of the Methods

The performance of hybrid modeling methods is often evaluated against surface
measurements using n-fold cross validation (i.e., 1/n of the data are reserved for validation with
the rest used for model training, and the process is repeated n times). Although model evaluation
methods are not consistent across studies, ten-fold cross-validation statistics are often reported
and support use of the hybrid methods just described. For example, the neural network achieved
total R? of 0.84 and root-mean-square error (RMSE) of 2.94 ug m for daily PM2 s predictions at
sites in the conterminous U.S. during 2000-2012 (Di et al., 2016). The random forest achieved
total R? of 0.80 and RMSE of 2.83 ug m™ for daily PM2 s predictions at U.S. sites in 2011 (Hu et
al., 2017). The satellite-derived AOD approach with GWR yielded an R? of 0.79 and RMSE of
1.7 ug m in cross validation for longer-term PM s predictions at sites in North America (van
Donkelaar et al., 2015b). The Bayesian downscalers had weaker performance in cross validation
(e.g., national R2: 0.66-0.70; Wang et al., 2018b; Kelly et al., 2019) than the other methods,
possibly due to the relatively small number of predictor variables. However, the downscalers
have advantages of simplicity, computational efficiency, and lower potential for overfitting
compared with the machine learning methods.

Although model validation analyses often report favorable performance in terms of
aggregate cross-validation statistics, studies have reported heterogeneity in performance by
season, region, and concentration range. For example, several methods had relatively high cross-
validation R? in summer compared with other seasons (Kelly et al., 2019; Hu et al., 2017; Di et
al., 2016; van Donkelaar et al., 2015b). Also, studies have noted relatively weak performance in
parts of the western U.S., possibly due to the complex terrain, low concentrations (and therefore
signal-to-noise ratio), less dense monitoring, prevalence of wildfire, and challenges in satellite
retrievals and CTM modeling (Di et al., 2016; Wang et al., 2018b; Hu et al., 2017; Kelly et al.,
2019). Predictive capability in terms of cross-validation R? has also been reported to weaken
with decreasing PM2.s concentration in several studies (e.g., Kelly et al., 2019; Di et al., 2016;
van Donkelaar et al., 2019). Trends in model performance associated with PM2 s concentration
(e.g., Figure 2-23) could be due in part to the relatively sparse monitoring in remote areas, where
PM2 5 concentrations tend to be low. Consistent with this hypothesis, studies have reported
degradation of model performance metrics with increasing distance to the nearest in-sample
monitor, suggesting that predictions are most reliable in densely monitored urban areas (Jin et
al., 2019; Huang et al., 2018; Kelly et al., 2019).
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Figure 2-23.R? for ten-fold cross-validation of daily PM2s predictions in 2015 from
three methods for individual sites as a function of observed concentration. Text
indicates the number of monitors in the PM2s concentration range. Downscaler: Bayesian
downscaler of CMAQ predictions; VNA: Voronoi Neighbor Averaging; eVNA:
enhanced-VNA. From Kelly et al. (2019).

A limited number of studies have intercompared concentration predictions based on
different PM_ s characterization methods. Huang et al., 2018 compared PM2 s concentrations
from the method of Di et al., 2016 with concentrations from the CTM-based data fusion method
of Friberg et al., 2016 and the satellite-derived AOD approach of Hu et al., 2014 for North
Carolina. They reported general agreement in concentrations among methods, with some
differences along the coast and in forested regions where monitoring is less dense. Yu et al.,
2018 compared PM2 s concentrations from fourteen approaches of varying complexity for
developing PM. 5 spatial fields over the Atlanta, Georgia region. They reported that predictions
of the methods can differ considerably, and the hybrid approaches that incorporate CTM
predictions generally outperformed the simpler techniques (e.g., monitor interpolation). Also,
model predictions appeared to be more reliable in the urban center based on relatively low cross
validation R? for sites away from the urban core. Jin et al., 2019 reported increasing uncertainty
in hybrid model predictions with distance to the nearest AQS monitor. Keller and Peng (2019)
reported that a prediction model incorporating CTM output outperformed a monitor averaging
approach and error reduction could be achieved by restricting the study to areas near monitors.

2.3.3.1.3 Comparison of PM2s Fields Across Approaches

To illustrate features of the spatial fields reported in the literature, the annual mean PM2 s
concentrations for 2011 from four methods is shown in Figure 2-24, where predictions from the
methods were averaged to a common 12-km grid. The fields were developed using a Bayesian
downscaler (downscaler, Berrocal et al., 2012), neural network (D12016, Di et al., 2016), random
forest (HU2017, Hu et al., 2017 ), and GWR of residuals from satellite-based PM_ s estimates
(VD2019; van Donkelaar et al., 2019). Annual mean concentrations were developed from daily
PM: 5 predictions in the downscaler, D12016, and HU2017 cases and from monthly PM2s
predictions in the VD2019 case. General features of the 2011 fields are in reasonable agreement
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across methods, with elevated concentrations across broad areas of the eastern U.S. and in the
San Joaquin Valley and South Coast Air Basin of California. The national mean PM2s
concentration for the VD2019 case (7.06 ug m=) is slightly lower than those of the other cases
(7.36-7.44 pg m), possibly because the VD2019 fields were developed using monthly (rather
than daily) PM2s measurements. Use of monthly averages provides greater influence on the
annual mean of sites with less frequent monitoring that tend to be in rural areas with relatively
low concentrations. Mean PM2 s concentrations predicted by the four methods in nine U.S.
climate regions (Karl and Koss, 1984) are provided in Table 2-3.

downscaler DI2016

Avg: 744 ugm3: Gulf of o e AVG:T.38Ugim3% T O -
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Figure 2-24.Comparison of 2011 annual average PM2.s concentrations from four
methods. (Note: These four methods include: downscaler (Berrocal et al., 2012), D12016
(Di et al., 2016), HU2017 (Hu et al., 2017), and VD2019 (van Donkelaar et al., 2019).
Predictions have been averaged to a common 12-km grid for this comparison.
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Table 2-3.Mean 2011 PM2s concentration by region for predictions in Figure 2-24

Region' downscaler HU2017 DI2016 VD2019
Northeast 8.5 8.0 8.2 75
Southeast 9.9 10.0 94 9.8
Ohio Valley 10.7 9.6 9.8 10.0
Upper Midwest 8.8 79 7.9 7.1
South 8.8 8.9 9.0 8.7
Southwest 5.0 5.3 5.2 5.1
N. Rockies & Plains 5.6 5.9 5.6 4.5
Northwest 5.0 5.3 6.1 4.9
West 5.5 5.7 6.0 6.5
1U.S. climate region: https://www.ncdc.noaa.gov/monitoring-references/maps/us-climate-regions.php.

In Figure 2-25, PM2 5 concentrations predicted by the four methods are shown at their
native resolution for regions centered on California, New Jersey, and Arizona. Predictions span a
wider range of concentrations for the western regions centered on California and Arizona (Figure
2-25, panels a and c) than the eastern region centered on New Jersey (Figure 2-25, panel b).
Despite general agreement among predictions for the California and the eastern U.S. areas, the
spatial texture of the concentration fields differs among methods. For instance, the 12-km
Bayesian downscaler produces the smoothest PM..s concentration field, and the 1-km neural
network (D12016) produces the field with the greatest variance. Some of the largest differences
in PM25 concentration among methods occurred over southwest Arizona. The D12016 and
VD2019 methods predict higher concentrations in this area than the downscaler and HU2017
methods, and the D12016 approach predicts distinct spatial features associated with Interstate 40,
10, and 8 that are not apparent in the other fields (Figure 2-25, panel c).
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Figure 2-25.Comparison of 2011 annual average PM2.s concentrations from four
methods for regions centered on the (a) California (b) New Jersey, and (c) Arizona.
Predictions are shown at their native resolution (i.e., about 1-km for D12016 and VD2019
and 12-km for downscaler and HU2017).

In Figure 2-26, the coefficient of variation (CV; i.e., the standard deviation divided by the
mean) among methods is shown in percentage units based on predictions that were averaged to a
common 12-km grid. The largest values occur in the western U.S. (Figure 2-26, panel a), where
terrain is complex, wildfire is prevalent, monitoring is relatively sparse, and PM..s concentrations
tend to be low. The distance from the grid-cell center to the nearest monitor is greater than 100
km for broad areas of the west (Figure 2-27).
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Figure 2-26.(a) Spatial distribution of the CV (i.e., standard deviation divided by mean)
in percentage units for the four models in Figure 2-24. (b) Boxplot distributions of
CV for grid cells binned by the average PM2s concentration for the four models.
(Note: The box brackets the interquartile range (IQR), the horizontal line within the box
represents the median, the whiskers represent 1.5 times the IQR from either end of the
box, and circles represent individual values less than and greater than the range of the
whiskers.)
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Figure 2-27.Distance from the center of the 12-km grid cells to the nearest PMzs
monitoring site for PM2.s measurements from the AQS database and IMPROVE
network.

Concentrations less than 5 pg m occur exclusively in the western U.S. for the
downscaler and HU2017 methods, and the western U.S. plus a few areas along the northern U.S.
border in the eastern U.S. for the D12016 and VD2019 methods (Figure 2-28, top row).
Concentrations between 5 and 7 ug m are predicted in the western U.S. and parts of New
England for all methods and over Florida by the downscaler and DI12016 approaches (Figure 2-
28, second row). The CV among methods increases with decreasing concentration (Figure 2-26
above, panel b), and the median CV is about 15% for grid cells with mean concentrations less
than 7 pg m3. As illustrated by Figure 2-26 and Figure 2-28, the low-concentration areas with
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relatively large CVs are in the western U.S. and along the northern and southern border of the
eastern U.S.
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Figure 2-28.Location of PM2s predictions by range in annual average concentration for
the four prediction methods at their native resolution. (Note: Concentration ranges: <
5 ug/m?, 5-7 ug/m?, 7-9 ng/m?3, 9-11 ug/m?, and >11 pug/md.)

The comparison of PM2s concentrations across approaches was based on the 2011 period
due to the availability of predictions from multiple methods for that year. As discussed earlier in
this chapter, PM2.s concentrations have declined over the U.S. in the last several decades. Annual
mean PM2s concentrations predicted by the VD2019 method for 2011 are compared with
predictions for 2001, 2006, and 2016 in Figure 2-29. The VD2019 fields capture the trend of
decreasing PM2s over the U.S. during this period, and the areas with annual mean PM2s
concentration greater than 11 pg m= in 2016 are limited to California and southwest Arizona.
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Figure 2-29.Annual mean PMzs from the VD2019 method (van Donkelaar et al., 2019)
for 2001, 2006, 2011, and 2016.

2.3.3.1.4 Summary

Hybrid PM2s modeling methods have improved the ability to estimate PM2s exposure for
populations throughout the conterminous U.S. compared with the earlier approaches based on
monitoring data alone. Excellent performance in cross-validation tests suggests that hybrid
methods are reliable for estimating PM2 s exposure in many applications. As discussed in
Chapter 3 of this draft PA, good agreement in health study results between monitor- and model-
based methods for urban areas (McGuinn et al., 2017) and general consistency in results for the
conterminous U.S. (Jerrett et al., 2017; Di et al., 2016) also suggests that the fields are reliable
for use in health studies. However, there are also important limitations associated with the
modeled fields. First, performance evaluations for the methods are weighted toward densely
monitored urban areas at the scales of representation of the monitoring networks. Predictions at
different scales or in sparsely monitored areas are relatively untested. Second, studies have
reported heterogeneity in performance with relatively weak performance in parts of the western
U.S., at low concentrations, at greater distance to monitors, and under conditions where the
reliability and availability of key input datasets (e.qg., satellite retrievals and air quality modeling)
are limited. Differences in predictions among different hybrid methods have also been reported
and tend to be most important under conditions with the performance issues just noted.
Differences in predictions could also be related to the different approaches used to create long-
term PM_ fields (e.g., averaging daily PM2 s fields vs. developing long-term average fields),
which is important due to variable monitoring schedules. More work on comprehensively
characterizing the performance of modeled fields is warranted and will further inform our
understanding of the implications of using these fields to estimate PM.s exposures in health
studies.

2.4 BACKGROUND PM

For the purposes of this assessment, we define background PM as all particles that are
formed by sources or processes that cannot be influenced by actions within the jurisdiction of
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concern. For this document, U.S. background PM is defined as any PM formed from emissions
other than U.S. anthropogenic (i.e. manmade) emissions. Potential sources of U.S. background
PM include both natural sources (i.e. PM that would exist in the absence of any anthropogenic
emissions of PM or PM precursors) and transboundary sources originating outside U.S. borders.

Ambient monitoring networks provide long-term records of speciated PM concentrations
across the U.S., which can inform estimates of individual source contributions to background PM
levels in different parts of the country. However, even the most remote monitors within the U.S.
can be periodically affected by U.S. anthropogenic emissions. Monitor data are also limited in
more remote areas due to a sparser monitoring network where PM concentrations are more likely
influenced by background sources. Chemical transport models (CTMs) offer complementary
information to ambient monitor networks by providing more spatially and temporally
comprehensive estimates of atmospheric composition. CTMs can also be applied to isolate
contributions from specific emission sources to PM concentrations in different areas via source
apportionment or “zero-out” modeling (i.e., estimating what the residual concentrations would be
were emissions from the emission source of interest to be entirely removed).

At annual and national scales, estimated background PM concentrations in the U.S. are
small compared to contributions from domestic anthropogenic emissions. For example, based on
zero-out modeling in the last review of the PM NAAQS, annual background PM2 5
concentrations were estimated to range from 0.5 - 3 pg/m? across the sites examined. The
magnitude and sources of background PM can vary widely by region and time of year. Coastal
sites may experience a consistent contribution of PM from sea spray aerosol, while other areas
covered with dense vegetation may be impacted by biogenic aerosol production during the
summertime. Sources of background PM also operate across a range of time scales. While some
sources like biogenic aerosol vary at monthly to seasonal scales, many sources of background
PM are episodic in nature. These episodic sources (e.g. large wildfires) can be characterized by
infrequent contributions to high-concentration events occurring over shorter periods of time (e.g.,
hours to several days). Such episodic events are sporadic and do not necessarily occur in all
years. As described further below, contributions to background PM in the U.S. result mainly
from sources within North America. Contributions from intercontinental events have also been
documented (e.g., transport from dust storms occurring in deserts in North Africa and Asia), but
these events are less common and represent a relatively small fraction of background PM in most
places.

While the potential sources of background PM discussed above include sources of both
fine (PM2:5) and coarse (PM1o) particles, background contributions to ambient UFP are less well
characterized and are not discussed here due to lack of information. Section 2.4.1 below further
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discusses background PM from natural sources inside the U.S. Section 2.4.2 characterizes the
role of international transport of PM from sources outside U.S. borders.

2.4.1 Natural Sources

As noted in section 2.1.1, sources that contribute to natural background PM include dust
from the wind erosion of natural surfaces, sea salt, wildland fires, primary biological aerosol
particles (PBAP) such as bacteria and pollen, oxidation of biogenic hydrocarbons such as
isoprene and terpenes to produce SOA, and geogenic sources such as sulfate formed from
volcanic production of SO2 and oceanic production of dimethyl-sulfide (DMS). While most of
the above sources release or contribute predominantly to fine aerosol, some sources including
windblown dust, and sea salt also produce particles in the coarse size range (U.S. EPA, 2018,
section 2.3.3).

Biogenic emissions from plants are perhaps the most ubiquitous sources of background
PM in the U.S. Certain species of plants and trees can release large amounts of VOCs such as
isoprene and monoterpenes that are oxidized in the atmosphere to form organic aerosol. SOA
production from biogenic emissions is largest in the southeastern U.S., where conditions are
warm, humid, and sunny for much of the year. Many of the processes involved with biogenic
SOA formation are complex and remain highly uncertain.

Soil dust and sea salt have been estimated to account for less than 10% of urban PM25 on
average in the U.S. (Karagulian et al., 2015), although episodic contributions from these sources
can be much higher in some locations. For example, during a dust storm affecting Phoenix in
July of 2011, peak hourly average PM1o concentrations were greater than 5,000 pug/mé, with area-
wide average hourly concentrations ranging from a few hundred to a few thousand pg/m?®
(Vukovic et al., 2014). Dust can also account for much of the PM that originates from outside the
U.S., which we discuss further below (U.S. EPA, 2018, section 2.5.4.2). In addition to sea salt
aerosol, biological production of the sulfate precursor DMS can also occur in some marine
environments, although the impact of DMS emissions on annual mean sulfate concentrations is
likely very small in the U.S. (<0.2 ug/m®) and confined to coastal areas (Sarwar et al., 2018).

Wildfires release large amounts of particles and gaseous PM precursors. Invasive species,
historical fire management practices, frequency of drought, and extreme heat have resulted in
longer fire seasons (Jolly et al., 2015) and more large fires (Dennison et al., 2014) over time. In
addition to emissions from fires in the U.S., emissions from fires in other countries can be
transported to the U.S. Transport of smoke from fires in Canada, Mexico, Central America, and
Siberia have been documented in multiple studies (U.S. EPA, 2009). According to the NEI,
wildfire smoke contributes between 10 and 20% of primary PM emissions in the U.S. per year

September 2019 2-50 External Review Draft-Do Not Quote or Cite



© 00 N O O b W N -

=
o

11

12
13

14
15

(U.S. EPA, 2018, section 2.3.1), with much higher localized contributions near fire-affected
areas.

To illustrate how episodic impacts from a large natural source can affect PM
concentrations in the U.S., Figure 2-30 and Figure 2-31 show an example from a recent wildfire
event. In summer 2017, smoke from wildfires in British Columbia, Canada led to severe air
quality degradation in parts of the Pacific Northwest. A NASA Worldview3! image from August
4™ 2017 (Figure 2-30) shows smoke from multiple fire detections across southern British
Columbia crossing into northern Washington state. Smoke from these fires was also captured at
the North Cascades IMPROVE monitor (Figure 2-31), where daily fine PM concentrations were
increased from a typical baseline of less than 10 pg/m?® to ~100 pg/m? during this time.

Figure 2-30.Smoke and fire detections observed by the MODIS instrument onboard the
Aqua satellite on August 4™, 2017 accessed through NASA Worldview.

31 Available from https://worldview.earthdata.nasa.gov.
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Figure 2-31.Fine PM mass time series during 2017 from the North Cascades IMPROVE
site in north central Washington state.*?

Later in August and September 2017, many other wildfires occurred in Washington state
and Oregon, making this fire season one of the worst for the Pacific Northwest in recent history.
The severe fires in British Columbia, Washington and Oregon during 2017 have been linked to
the combination of usually hot temperatures in August/September in the region following a very
wet preceding winter season. While many of the most severe wildfire events in the U.S. occur in
the western part of the country during the late summer, most of the contiguous U.S. is affected
by wildfire smoke during some part of the year (Kaulfus et al., 2017).

2.4.2 International Transport

Background PM contributions from international sources include PM that is both natural
and anthropogenic in origin crossing into U.S. borders from Canada and Mexico or from longer
range intercontinental transport. While in general the biggest contributions to U.S. background
PM from international sources come from nearby Canada and Mexico, large episodic events
from intercontinental sources can sometimes occur (e.g., windblown dust from Asia or Africa).
This section discusses transboundary PM transport within North America (section 2.4.2.1) as
well as long range intercontinental transport from anthropogenic (section 2.4.2.2) and natural
(section 2.4.2.3) sources.

2.4.2.1 Transboundary Transport in North America
As discussed above, some of the largest potential international sources of U.S.
background PM originate elsewhere in North America. PM produced from fires in both Canada
and Mexico can affect air quality in the U.S., particularly in border states (Park et al., 2007;

32 Available at http://views.cira.colostate.edu/fed/SiteBrowser/Default.aspx?appkey=SBCF_PmHazeComp.
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Miller et al., 2011; Wang et al., 2018a). Anthropogenic emissions from Canada and Mexico can
also influence U.S. PM air quality. An inverse modeling study by Henze et al. (2009) estimated
that in 2001 anthropogenic SOx emissions from Canada and Mexico accounted for 6% and 4%
respectively of total daily inorganic PMzs in the U.S. These authors also estimated that SOx
emissions related to international shipping accounted for approximately 2% of total inorganic
PM in the U.S.

2.4.2.2 Long Range Transport from Anthropogenic Sources

Due to the relatively short atmospheric lifetime of particles (~days to weeks), long range
transport of aerosols does not contribute significant PM mass to the U.S. Heald et al. (2006)
estimated that transport from Asia accounted for less than 0.2 pg/m? of sulfate PM_sin the
Northwestern U.S. in spring, and Leibensperger et al. (2011) estimated intercontinental
contributions from Asian anthropogenic SOz and NOx emissions of 0.1 - 0.25 pg/m? annually in
the western U.S. Leibensperger et al. (2011) also concluded that much of the intercontinental
influence captured by the GEOS-Chem model was in fact local PM production attributable to
domestic emissions in receptor countries arising from changes in global oxidant budgets, rather
than impacts from PM directly transported across geopolitical boundaries. The studies above are
also consistent with findings from other analyses. A report from the United Nations on global air
quality synthesizing results across many studies estimated an annual average contribution of
approximately 0.1 pg/m?® sulfate PM in North America due to transport from East Asia (Tfhtap,
2006).

2.4.2.3 Long Range Transport from Natural Sources

Long range transport of dust from both Asia (Vancuren and Cahill, 2002; Yu et al., 2008)
and North Africa (Prospero, 1999b; Prospero, 1999a; Chiapello et al., 2005; McKendry et al.,
2007) has been shown to occasionally contribute to surface PM concentrations in some regions
of the U.S. The likelihood of such long-range dust transport events depends on large-scale
meteorological patterns, which can vary significantly across seasons and between years. Yu et al.
(2015) found that the transport of North African dust across the Atlantic Ocean is strongly
negatively correlated with precipitation in the Sahel during the preceding year. Dust from Africa
has also shown a decreasing trend of approximately 10% per decade from 1982 to 2008 based on
measurements of aerosol optical depth and surface concentrations in Barbados. This trend was
attributed to a corresponding decrease in surface winds over source regions (Ridley et al., 2014).
Variability in springtime Asian dust transport to the U.S. has been linked to north-south shifts in
trans-Pacific flow modulated by the EI Nino-Southern Oscillation (Achakulwisut et al., 2017), as
well as to variations in regional precipitation affecting both dust emissions in Asia and
atmospheric residence times during transport (Fischer et al., 2009).
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On average, intercontinental dust transport is estimated to contribute about 1-2 pg/m? to
annual PM2s at some U.S. sites (Jaffe et al., 2005; Tfhtap, 2006; Creamean et al., 2014).
However, daily concentrations can be substantially larger for individual events, especially for
coarser particles. For example, Jaffe et al., 2003 found evidence of Asian dust events in 1998 and
2001 contributing 30-40 pg/m?® to daily PMo at sites throughout the U.S., although the authors
also note that large events of this scale are rare and only occurred twice during their 15-year
study period. Similar magnitudes have also been reported for individual North African events;
analysis of a multidecadal record of African dust reaching Miami indicated concentrations of PM
ranging from ~10 to 120 pg/m?® (Prospero, 1999a; Prospero, 1999b).%

2.4.3 Estimating Background PM with Recent Data

As discussed above, the 2009 PM ISA estimated background PM concentrations at
several remote IMPROVE sites in different regions of the U.S. for 2004 using a combination of
monitor data and zero-out air quality modeling. Revisiting the speciated IMPROVE PM data that
the monitors included in the last assessment provides some insights into how contributions from
different PM sources may have changed, and what those changes (or lack thereof) mean for our
current understanding of background PM in the U.S.

Figure 2-32 shows observed annual average PMzs in 2004 and 2016 at the same remote
monitors examined in the last ISA. The comparisons show decreases in both total PM2s and
ammonium sulfate across all sites examined, consistent with decreases in anthropogenic SO2 and
other PM precursors observed over this time period. It is likely that most of the remaining
ammonium sulfate observed at these sites is also a result of domestic anthropogenic emissions
and therefore not relevant for assessments of background PM.

Sea salt and dust aerosol are likely natural in origin at these remote sites. With the
exception of REDW1, a coastal site in California, soil and sea salt aerosol together account for
less than about 0.5 pg/m?® of the annual average PM s at all monitors examined here, which is
below the values cited from the literature for long range dust contributions discussed above.
Contributions from ammonium nitrate and elemental carbon could be from either anthropogenic
or natural sources, but together represent less than about 0.5 pg/m?® at most of the sites in 2016.
The largest contribution from nitrate occurs at the BRIG1 monitor in New Jersey and is likely
anthropogenic given the high density of NOx from vehicle emissions in that region.

After ammonium sulfate, the next largest contributing species for most of the sites is
organic matter, which for many of the monitors in Figure 2-32 represents 50% or more of total
PM in both 2004 and 2016. In addition to the IMPROVE sites from the last ISA, Figure 2-31

33 Sample collection began in 1974, before network PMyo and PM_s samplers were developed, and no size cut was
specified (Prospero, 1999a).
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also shows comparisons for three sites in the Southeast U.S. As a region, the Southeast has the
highest levels of biogenic aerosol production in the country, so the organic matter contribution at
these three sites likely represents an upper bound for the country of what natural biogenic
organic aerosol production could be under present atmospheric conditions. The organic aerosol
components shown in Figure 2-32 will also include the influence of fires for some monitors. The
highest organic matter contribution for any of the sites shown in Figure 2-32, including the three
Southeast monitors, is approximately 2 pg/m3. While contributions from ammonium sulfate have
decreased substantially at some of the monitors, particularly the eastern sites, contributions from
organic aerosol are roughly consistent between 2004 and 2016, as are the contributions from the
other species assumed to be mostly natural in origin (soil and sea salt). Therefore, while no new
zero-out modeling was done for the current review, revisiting these monitors with more recent
data suggests that estimates of background concentrations at these monitors are still around 1-3
pg/m?® and have not changed significantly since the last PM NAAQS Review.

While estimates of total annual background concentrations have generally not changed
significantly since the last review, our scientific understanding of organic aerosol formation has
evolved. Organic aerosol can be produced from a variety of natural and anthropogenic processes,
which presents a challenge for source attribution techniques. Additionally, new research over the
past decade has identified a host of new sources and chemical pathways for SOA formation that
have only recently begun to be implemented into CTMSs. Further research implementing these
new sources and pathways into CTMs is needed to understand 1) the behavior of these different
algorithms under a range of possible atmospheric conditions, and 2) what the implications are for
understanding SOA formation in the U.S.
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3 REVIEW OF THE PRIMARY STANDARDS FOR PM;

This chapter presents our key policy-relevant considerations and preliminary conclusions
regarding the public health protection provided by the current suite of primary PM> 5 standards
and the protection that could be provided by potential alternative standards. These considerations
and preliminary conclusions are framed by a series of policy-relevant questions, including the

following overarching questions:

e Does the currently available scientific evidence, air quality and quantitative risk
information support or call into question the adequacy of the public health
protection afforded by the current annual and 24-hour PM2.s standards?

e What range of potential alternative standards could be supported by the available
scientific evidence, air quality and risk information?

The answers to these questions are informed by our evaluation of a series of more specific
policy-relevant questions, which expand upon those presented at the outset of this review in the
IRP (U.S. EPA, 2016). Answers to these questions are intended to inform decisions by the
Administrator on whether, and if so how, to revise the current suite of primary fine particle
standards.

Section 3.1 presents our approach for reviewing the primary standards for PMz 5. Sections
3.2 and 3.3 present our consideration of the available scientific evidence and our consideration of
information from the PM> 5 risk assessment, respectively. Section 3.4 summarizes our
preliminary conclusions regarding the adequacy of the public health protection provided by the
current primary PMa s standards and the protection that could be provided by potential alternative
standards. Section 3.5 discusses areas for future research and data collection to improve our

understanding of fine particle-related health effects in future reviews.

3.1 APPROACH

3.1.1 Approach Used in the Last Review
The last review of the primary PM NAAQS was completed in 2012 (78 FR 3086, January
15, 2013). As noted above (section 1.3), in the last review the EPA lowered the level of the
primary annual PM, 5 standard from 15.0 to 12.0 pg/m?>,! and retained the existing 24-hour PM, s
standard with its level of 35 ug/m>. The 2012 decision to strengthen the suite of primary PM s

standards was based on the Administrator’s consideration of the extensive body of scientific

! The Agency also eliminated spatial averaging provisions as part of the form of the annual standard.
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evidence assessed in the 2009 ISA (U.S. EPA, 2009); the quantitative risk analyses presented in
the 2010 HREA (U.S. EPA, 2010);? the advice and recommendations of the CASAC (e.g.,
Samet, 2009; Samet, 2010a; Samet, 2010b); and public comments on the proposed rule (78 FR
3086, January 15, 2013; U.S. EPA, 2012). The Administrator particularly noted the “strong and
generally robust body of evidence of serious health effects associated with both long- and short-
term exposures to PM25” (78 FR 3120, January 15, 2013). This included epidemiologic studies
reporting health effect associations based on long-term average PM2 s concentrations ranging
from about 15.0 pg/m? or above (i.e., at or above the level of the then-existing annual standard)
to concentrations “‘significantly below the level of the annual standard” (78 FR 3120, January 15,
2013). The Administrator further observed that such studies were part of an overall pattern
across a broad range of studies reporting positive associations, which were frequently
statistically significant. Based on her “confidence in the association between exposure to PMa s
and serious public health effects, combined with evidence of such an association in areas that
would meet the current standards” (78 FR 3120, January 15, 2013), the Administrator concluded
that revision of the suite of primary PM; s standards was necessary in order to provide increased
public health protection. Specifically, she concluded that the then-existing suite of primary PMb 5
standards was not sufficient, and thus not requisite, to protect public health with an adequate
margin of safety. This decision was consistent with advice received from the CASAC (Samet,
2010a).

The Administrator next considered what specific revisions to the existing primary PM> s
standards were appropriate, given the available evidence and quantitative risk information. She
considered both the annual and 24-hour PM> 5 standards, focusing on the basic elements of those
standards (i.e., indicator, averaging time, form, and level). These considerations, and the

Administrator’s conclusions, are summarized in sections 3.1.1.1 to 3.1.1.4 below.

3.1.1.1 Indicator
In initially setting standards for fine particles in 1997, the EPA concluded it was

appropriate to control fine particles as a group, based on PM> 5 mass, rather than singling out any
particular component or class of fine particles (62 FR 38667, July 18, 1997). In the review
completed in 2006, based on similar considerations, the EPA concluded that the available

information supported retaining the PM> s indicator and remained too limited to support a distinct

2 In the last review, the EPA generated a quantitative health risk assessment for PM, and did not conduct a
microenvironmental exposure assessment (U.S. EPA, 2010). To be consistent with our general process for
reviewing the NAAQS (section 1.2, above), and with our discussion of potential quantitative analyses in the
current review, we refer to the 2010 health risk assessment as the 2010 HREA.
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standard for any specific PM2 s component or group of components associated with particular
source categories of fine particles (71 FR 61162 to 61164, October 17, 2006).

In the last review, the EPA again considered issues related to the appropriate indicator for
fine particles, with a focus on evaluating support for the existing PM» s mass-based indicator and
for potential alternative indicators based on the ultrafine particle fraction or on fine particle
composition (78 FR 3121, January 15, 2013).% With regard to PM s mass, as in the 1997 and
2006 reviews, the health studies available during the last review continued to link adverse health
outcomes (e.g., premature mortality, hospital admissions, emergency department visits) with
long- and short-term exposures to fine particles indexed largely by PM» s mass (78 FR 3121,
January 15, 2013). With regard to the ultrafine fraction of ambient PM, the PA noted the limited
body of health evidence assessed in the ISA (summarized in U.S. EPA, 2009, section 2.3.5 and
Table 2—6) and the limited monitoring information available to characterize ambient
concentrations of ultrafine particles (U.S. EPA, 2011, section 1.3.2). With regard to PM
composition, the ISA concluded that “the evidence is not yet sufficient to allow differentiation of
those constituents or sources that are more closely related to specific health outcomes” (U.S.
EPA, 2009, pp. 2-26 and 6-212; 78 FR 3123, January 15, 2013). The PA further noted that
“many different constituents of the fine particle mixture as well as groups of components
associated with specific source categories of fine particles are linked to adverse health effects”
(U.S. EPA, 2011, p. 2-55; 78 FR 3123, January 15, 2013). Consistent with the considerations
and conclusions in the PA, the CASAC advised that it was appropriate to consider retaining
PM: 5 as the indicator for fine particles. The CASAC specifically stated that “[t]here [is]
insufficient peer-reviewed literature to support any other indicator at this time” (Samet, 2010c, p.
12). In light of the evidence and the CASAC’s advice, the Administrator concluded that it was
“appropriate to retain PMa s as the indicator for fine particles” (78 FR 3123, January 15, 2013).

3.1.1.2 Averaging Time

In 1997, the EPA set an annual PM> s standard to provide protection from health effects
associated with long- and short-term exposures to PM; s, and a 24-hour standard to supplement
the protection afforded by the annual standard (62 FR 38667 to 38668, July, 18, 1997). In the
2006 review, the EPA retained both annual and 24-hour averaging times (71 FR 61164, October
17, 20006).

In the last review, the EPA again considered issues related to the appropriate averaging

times for PM> s standards, with a focus on evaluating support for the existing annual and 24-hour

3 In the last review, the ISA defined ultrafine particles as generally including particles with a mobility diameter less
than or equal to 0.1 um. Mobility diameter is defined as the diameter of a particle having the same diffusivity or
electrical mobility in air as the particle of interest, and is often used to characterize particles of 0.5 um or smaller
(U.S. EPA, 2009, pp. 3-2 to 3-3).
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averaging times and for potential alternative averaging times based on sub-daily or seasonal
metrics. Based on the evidence assessed in the ISA, the PA noted that the overwhelming
majority of studies that had been conducted since the 2006 review continued to utilize annual (or
multi-year) or 24-hour PM averaging periods (U.S. EPA, 2011, section 2.3.2). With regard to
potential support for an averaging time shorter than 24-hours, the PA noted that studies of
cardiovascular effects associated with sub-daily PM concentrations had evaluated a variety of
PM metrics (e.g., PMa2.s, PM1o, PMio.2 5, ultrafine particles), averaging periods (e.g., 1, 2, and 4
hours), and health outcomes (U.S. EPA, 2011, section 2.3.2). The PA concluded that this
evidence, when viewed as a whole, was too uncertain to serve as a basis for establishing a
primary PM, s standard with an averaging time shorter than 24-hours (U.S. EPA, 2011, p. 2-57).*
With regard to potential support for a seasonal averaging time, few studies were available to
deduce a general pattern in PM> s-related risk across seasons, and these studies did not provide
information on health effects associated with season-long exposures to PM» s (U.S. EPA, 2011,
p. 2-58; 78 FR 3124, January 15, 2013).

The PA reached the overall conclusions that the available information provided strong
support for considering retaining the current annual and 24-hour averaging times and did not
provide support for considering alternative averaging times (U.S. EPA, 2011, p. 2-58). The
CASAC agreed that these conclusions were reasonable (Samet, 2010c, p. 13). The Administrator
concurred with the PA conclusions and with the CASAC’s advice. Specifically, she judged that it
was “appropriate to retain the current annual and 24-hour averaging times for the primary PMb 5
standards to protect against health effects associated with long- and short-term exposure periods”
(78 FR 3124, January 15, 2013).

3.1.1.3 Form

In 1997, the EPA established the form of the annual PM; 5 standard as an annual
arithmetic mean, averaged over 3 years, from single or multiple community-oriented monitors.’
That is, the level of the annual standard was to be compared to measurements made at each
community-oriented monitoring site or, if specific criteria were met, measurements from

multiple community-oriented monitoring sites could be averaged together (i.e., spatial

4 For respiratory effects specifically, the Administrator further noted the ISA conclusion that the strongest
associations were observed with 24-hour average or longer exposures, not with exposures less than 24-hours
(U.S. EPA, 20009, section 6.3).

5 As noted above (section 1.3), in the last review the EPA replaced the term “community-oriented” monitor with the
term “area-wide” monitor. Area-wide monitors are those sited at the neighborhood scale or larger, as well as those
monitors sited at micro- or middle scales that are representative of many such locations in the same core-based
statistical area (CBSA; 78 FR 3236, January 15, 2013). CBSAs are required to have at least one area-wide
monitor sited in the area of expected maximum PM, 5 concentration.
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averaging)® (62 FR 38671 to 38672, July 18, 1997). In the 1997 review, the EPA also established
the form of the 24-hour PM, s standard as the 98™ percentile of 24-hour concentrations at each
monitor within an area (i.e., no spatial averaging), averaged over three years (62 FR at 38671 to
38674, July 18, 1997). In the 2006 review, the EPA retained these standard forms but tightened
the criteria for using spatial averaging with the annual standard (71 FR 61167, October 17,
2006).”

In the last review, the EPA’s consideration of the form of the annual PM> s standard again
included a focus on the issue of spatial averaging. An analysis of air quality and population
demographic information indicated that the highest PM2 5 concentrations in a given area tended
to be measured at monitors in locations where the surrounding populations were more likely to
live below the poverty line and to include larger percentages of racial and ethnic minorities (U.S.
EPA, 2011, p. 2-60). Based on this analysis, the PA concluded that spatial averaging could result
in disproportionate impacts in at-risk populations, including minority populations and
populations with lower socioeconomic status (SES). Therefore, the PA concluded that it was
appropriate to consider revising the form of the annual PM: 5 standard such that it did not allow
for the use of spatial averaging across monitors (U.S. EPA, 2011, p. 2-60). The CASAC agreed
with the PA conclusions that it was “reasonable” for the EPA to eliminate the spatial averaging
provisions (Samet, 2010a, p. 2), stating the following: “Given mounting evidence showing that
persons with lower SES levels are a susceptible group for PM-related health risks, [the] CASAC
recommends that the provisions that allow for spatial averaging across monitors be eliminated”
(Samet, 2010c, p. 13).

The Administrator concluded that public health would not be protected with an adequate
margin of safety in all locations, as required by law, if disproportionately higher PM; s
concentrations in low income and minority communities were averaged together with lower
concentrations measured at other sites in a large urban area. Therefore, she concluded that the
form of the annual PM; 5 standard should be revised to eliminate spatial averaging provisions (78
FR 3124, January 15, 2013). Thus, the level of the annual PM; 5 standard established in the last
review is to be compared with measurements from each appropriate monitor in an area, with no

allowance for spatial averaging.

% The original criteria for spatial averaging included: (1) the annual mean concentration at each site shall be within
20% of the spatially averaged annual mean, and (2) the daily values for each monitoring site pair shall yield a
correlation coefficient of at least 0.6 for each calendar quarter (62 FR 38671 to 38672, July 18, 1997).

7 Specifically, the Administrator revised spatial averaging criteria such that (1) [t]he annual mean concentration at
each site shall be within 10 percent of the spatially averaged annual mean, and (2) the daily values for each
monitoring site pair shall yield a correlation coefficient of at least 0.9 for each calendar quarter (71 FR 61167,
October 17, 2006).
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In the last review, the EPA also considered the form of the 24-hour PM3 s standard. The
Agency recognized that the existing 98" percentile form for the 24-hour standard was originally
selected to provide a balance between limiting the occurrence of peak 24-hour PM2 s
concentrations and identifying a stable target for risk management programs.® Updated air
quality analyses in the last review provided additional support for the increased stability of the
98t percentile PM2 s concentration, compared to the 99" percentile (U.S. EPA, 2011, Figure 2-2,
p. 2-62). Consistent with the PA conclusions based on this analysis, the Administrator concluded
that it was appropriate to retain the 98" percentile form for the 24-hour PM, 5 standard (78 FR
3127, January 15, 2013).

3.1.1.4 Level

The EPA’s approach to considering alternative levels of the PM» s standards in the last
review was based on evaluating the public health protection afforded by the annual and 24-hour
standards, taken together, against mortality and morbidity effects associated with long-term or
short-term PM2 s exposures. This approach recognized that there is no bright line clearly
directing the choice of level. Rather, the choice of what is appropriate is a public health policy
judgment entrusted to the Administrator. In the last review, this judgment included consideration
of the strengths and limitations of the evidence and the appropriate inferences to be drawn from
the evidence and the risk assessments.

In evaluating alternative standards, the Agency considered the extent to which potential
alternative annual and 24-hour standard levels would be expected to reduce the mortality and
morbidity risks associated with both long-term and short-term PMa s exposures. Results of the
2010 HREA indicated that, compared to revising the 24-hour standard level, lowering the level
of the annual standard would result in more consistent risk reductions across urban study areas,
thereby potentially providing a more consistent degree of public health protection across the U.S.
(U.S. EPA, 2010, pp. 5-15 to 5-17; 78 FR 3128, January 15, 2013). Based on risk results,
together with the available evidence, the Administrator concluded that it was appropriate to
lower the level of the annual standard in order to increase protection against both long- and
short-term PM; s exposures. She further concluded that it was appropriate to retain the 24-hour
standard in order to provide supplemental protection, particularly for areas with high peak-to-
mean ratios of 24-hour PM» s concentrations (e.g., areas with important local or seasonal sources)
and for PM s-related effects that may be associated with shorter-than daily exposure periods.

The Administrator judged that this approach was the “most effective and efficient way to reduce

8 See ATA I11, 283 F.3d at 374-376 which concludes that it is legitimate for the EPA to consider overall stability of
the standard and its resulting promotion of overall effectiveness of NAAQS control programs in setting a standard
that is requisite to protect the public health.
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total PM» s-related population risk and to protect public health with an adequate margin of
safety” (78 FR 3158, January 15, 2013).

In selecting the level of the annual PM> s standard, the Administrator recognized the
substantial increase in the number and diversity of studies available in the last review, including
extended analyses of seminal studies of long-term PMb s exposures (i.e., American Cancer
Society (ACS) and Harvard Six Cities studies), important new long-term exposure studies, and
new U.S. multi-city epidemiologic studies that greatly expanded and reinforced our
understanding of mortality and morbidity effects associated with short-term PM s exposures.
She placed the greatest emphasis on health endpoints for which the evidence was strongest,
based on the assessment of the evidence in the ISA and on the ISA’s causality determinations
(U.S. EPA, 2009, section 2.3.1). She particularly noted that the evidence was sufficient to
conclude a causal relationship exists between PM» s exposures and mortality and cardiovascular
effects (i.e., for both long- and short-term exposures) and that the evidence was sufficient to
conclude a causal relationship is “likely” to exist between PMz s exposures and respiratory
effects (i.e., for both long- and short-term exposures). The Administrator also noted additional,
but more limited, evidence for a broader range of health endpoints, including evidence
“suggestive of a causal relationship” between long-term exposures and developmental and
reproductive effects as well as carcinogenic effects (78 FR 3158, January 15, 2013).

Based on information discussed and presented in the ISA, the Administrator recognized
that health effects may occur over the full range of ambient PM> 5 concentrations observed in
epidemiologic studies, since no discernible population-level threshold could be identified based
on the evidence available in the last review (78 FR 3158, January 15, 2013; U.S. EPA, 2009,
section 2.4.3). To inform her decisions on an appropriate level for the annual standard in the
absence of a discernible population-level threshold, the Administrator considered the degree to
which epidemiologic studies indicate confidence in the reported health effect associations over
distributions of ambient PM> 5 concentrations. In doing so, she recognized that epidemiologic
studies provide greater confidence in the observed associations for the part of the air quality
distribution corresponding to the bulk of the health events evaluated, generally at and around the
long-term mean PM> 5 concentrations. Accordingly, the Administrator weighed most heavily the
long-term mean concentrations reported in key multi-city epidemiologic studies. She also took
into account additional population-level information from a subset of studies, beyond the long-
term mean concentrations, to identify a broader range of PM; s concentrations to consider in

judging the need for public health protection.” In doing so, the Administrator recognized that

% This information characterized the distribution of health events in the studies, and the corresponding long-term
mean PM; s concentrations (78 FR 3130 to 3134, January 15, 2013). The additional population-level data helped
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studies indicate diminished confidence in the magnitude and significance of observed
associations in the lower part of the air quality distribution, corresponding to where a relatively
small proportion of the health events are observed.

In revising the level of the annual standard to 12.0 pg/m?, the Administrator noted that
such a level was below the long-term mean PM> 5 concentrations reported in key epidemiologic
studies that provided evidence of an array of serious health effects, including premature mortality
and increased hospitalizations for cardiovascular and respiratory effects (78 FR 3161, January
15, 2013). The Administrator further noted that 12.0 ng/m?® generally corresponded to the lower
portions (i.e., about the 25" percentile) of distributions of health events in the limited number of
epidemiologic studies for which population-level information was available. The Administrator
viewed this population information as helpful in guiding her determination as to where her
confidence in the magnitude and significance of the PM; 5 associations were reduced to such a
degree that a standard set at a lower level was not warranted. The Administrator also recognized
that a level of 12.0 pg/m? reflected placing some weight on studies of reproductive and
developmental effects, for which the evidence was more uncertain (78 FR 3161-3162, January
15,2013).1°

In conjunction with a revised annual standard with a level of 12.0 pg/m?>, the
Administrator concluded that the evidence supported retaining the 35 pg/m? level of the 24-hour
PM: s standard. Specifically, she judged that by lowering the level of the annual standard, the
distribution of 24-hour PM> 5 concentrations would be lowered as well, affording additional
protection against effects associated with short-term PMa s exposures.'! She noted that the
existing 24-hour standard, with its 35 ug/m? level and 98" percentile form, would to provide
supplemental protection, particularly for areas with high peak-to-mean ratios possibly associated
with strong local or seasonal sources and for areas with PM; s-related effects that may be
associated with shorter than daily exposure periods (78 FR 3163, January 15, 2013).

The Administrator recognized that uncertainties remained in the scientific information.

She specifically noted uncertainties related to understanding the relative toxicity of the different

inform the Administrator’s judgment of how far below the long-term mean concentrations to set the level of the
annual standard (78 FR 3160).

10 With respect to cancer, mutagenic, and genotoxic effects, the Administrator observed that the PM; 5
concentrations reported in studies evaluating these effects generally included ambient concentrations that are
equal to or greater than ambient concentrations observed in studies that reported mortality and cardiovascular and
respiratory effects (U.S. EPA, 2009, section 7.5). Therefore, the Administrator concluded that, in selecting a
standard level that provides protection from mortality and cardiovascular and respiratory effects, it is reasonable
to anticipate that protection will also be provided for carcinogenic effects (78 FR 3161-3162, January 15, 2013).

' This judgment is supported by risk results presented in the 2010 HREA. For example, see section 4.2.2, and
Figures 4-4 and 4-6 (U.S. EPA, 2010).
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components in the fine particle mixture, the role of PM> 5 in the complex ambient mixture,
exposure measurement errors in epidemiologic studies, and the nature and magnitude of
estimated risks related to relatively low ambient PM2 s concentrations. Furthermore, the
Administrator noted that epidemiologic studies had reported heterogeneity in responses both
within and between cities and in geographic regions across the U.S. She recognized that this
heterogeneity may be attributed, in part, to differences in fine particle composition in different
regions and cities. With regard to evidence for reproductive and developmental effects, the
Administrator recognized that there were a number of limitations associated with this body of
evidence, including the following: the limited number of studies evaluating such effects;
uncertainties related to identifying the relevant exposure time periods of concern; and limited
toxicological evidence providing little information on the mode of action(s) or biological
plausibility for an association between long-term PM; s exposures and adverse birth outcomes.
On balance, the Administrator found that the available evidence, interpreted in light of
the remaining uncertainties (noted above), did not justify an annual standard level set below 12.0
ng/m? as being “requisite” (i.e., neither more nor less stringent than necessary) to protect public
health with an adequate margin of safety. Thus, the Administrator concluded that the available
evidence and information supported an annual standard with a level of 12.0 pg/m?, combined
with a 24-hour standard with a level of 35 pg/m?. She noted that this combination of standard
levels was consistent with the CASAC’s advice to consider an annual standard level within the
range of 13 to 11 ug/m® and a 24-hour standard level from 35 to 30 ug/m? (Samet, 2010a). Taken
together, the Administrator concluded that the revised annual PM» 5 standard, with its level of
12.0 pg/m? and a form that does not allow for spatial averaging, combined with the existing 24-
hour standard, would be requisite to protect the public health with an adequate margin of safety

from effects associated with long- and short-term PM> s exposures.

3.1.2 General Approach in the Current Review

The approach for this review builds on the substantial body of work completed during the
last review, taking into account the more recent scientific information and air quality data now
available to inform our understanding of the key policy-relevant issues. The approach
summarized below is most fundamentally based on using the EPA’s assessment of the current
scientific evidence for health effects attributable to fine particle exposures (i.e., in the draft ISA,
U.S. EPA, 2018), along with quantitative assessments of PM> s-associated health risks and
analyses of PMy 5 air quality, to inform the Administrator’s judgments regarding the primary
standards for fine particles that are requisite to protect the public health with an adequate margin
of safety. The final ISA and PA developed in this review will provide the basis for addressing a

series of key policy-relevant questions, meant to inform the Administrator’s decisions as to
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whether to retain or revise the primary PM» s standards. In the PA, we seek to provide as broad
an array of policy options as is supportable by the available scientific and technical information,
recognizing that the selection of a specific approach to reaching final decisions on the primary
PM> 5 standards will reflect the judgments of the Administrator as to what weight to place on the
various types of information and associated uncertainties.

In considering the public health protection provided by the current primary PMa s
standards, and the protection that could be provided by alternatives, we emphasize health
outcomes for which the draft ISA determines that the evidence supports either a “causal” or a
“likely to be causal” relationship with PM» s exposures (U.S. EPA, 2018). We consider the
PM, s-related health effects documented in studies that support these causality determinations
and, together with other analyses (i.e., air quality analyses, risk assessment), what they may
indicate regarding the primary PM; s standards. In doing so, we specifically focus on information
from key epidemiologic and controlled human exposure studies.

Epidemiologic studies represent a large part of the evidence base supporting several of
the draft ISA’s “causal” and “likely to be causal” determinations. As discussed below in section
3.2.3.2, the use of information from epidemiologic studies to inform conclusions on the primary
PM: s standards is complicated by the fact that such studies evaluate associations between
distributions of ambient PM> 5 and health outcomes and do not identify the specific exposures
that cause reported effects. Rather, health effects can occur over the entire distributions of
ambient PM> 5 concentrations evaluated, and epidemiologic studies do not identify a population-
level threshold below which it can be concluded with confidence that PM-associated health
effects do not occur (U.S. EPA, 2018, section 1.5.3). In the absence of a discernible threshold,
we use two approaches to consider information from epidemiologic studies (section 3.2.3.2).

In one approach, we evaluate the PM> s air quality distributions over which epidemiologic
studies support health effect associations and the degree to which such distributions are likely to
occur in areas meeting the current (or alternative) standards. As discussed further in section
3.2.3.2.1, epidemiologic studies provide the strongest support for reported health effect
associations over the part of the air quality distribution corresponding to the bulk of the
underlying data (i.e., estimated exposures and/or health events), generally falling around the
middle of the distribution (i.e., rather than at the extreme upper or lower ends of the distribution).
When uncertainty is quantitatively evaluated, these studies report that confidence intervals
around concentration-response functions tend to be narrowest near the overall means of the
PMb s concentrations examined, likely reflecting high data density in this part of the distribution
(i.e., reflecting the numerous “typical” daily or annual PM> s exposures estimated around the
overall means). Thus, as described in greater detail in section 3.2.3.2.1, in applying this approach

to considering information from epidemiologic studies we focus on the overall mean PM» 5

September 2019 3-10 External Review Draft—Do Not Quote or Cite



O 00 1 &N D B~ W N =

W W NN NN NN NN NN == = = e e e e e
—_ O O 0 9 N kR W= O O 0NN R W DN~ O

concentrations reported by key studies, and the daily and annual average PM» s concentrations
around such means (i.e., where the bulk of the data supporting reported health effect associations
generally fall).

A key uncertainty in using study-reported mean PMb> s concentrations to inform
conclusions on the primary PM> 5 standards is that they reflect the averages of daily or annual
PM2: s exposure estimates in the study population over the years examined by the study, and are
not the same as the PMz s design values used by the EPA to determine whether areas meet the
NAAQS (section 3.2.3.2.1).'2 Therefore, as described in section 3.2.3.2.2, in this review we also
consider a second approach to evaluating information from epidemiologic studies. In this
approach, we calculate study area air quality metrics similar to PM2 s design values (i.e., referred
to in this draft PA as “pseudo-design values”) and consider the degree to which such metrics
indicate that study area air quality would likely have met or violated the current or alternative
standards during study periods. When pseudo-design values in individual study locations are
linked with the populations living in those locations, or with the number of study-specific health
events recorded in those locations, these values can provide insight into the degree to which
reported health effect associations are based on air quality likely to have met or violated the
current (or alternative) primary PM; 5 standards.

To the extent the application of these two approaches indicates that health effect
associations are based on PMy s air quality likely to have met the current or alternative standards,
those standards are likely to allow the daily or annual average PM; s exposures that provide the
foundation for reported associations. Alternatively, to the extent reported health effect
associations reflect air quality violating the current or alternative standards, there is greater
uncertainty in the degree to which those standards would allow the PM2 5 exposures that provide
the foundation for reported associations. Sections 3.2.3.2.1 and 3.2.3.2.2 discuss each of these
approaches in detail, and present our key observations based on their application.

Beyond epidemiologic studies, we additionally consider what controlled human exposure
studies may indicate regarding the current and alternative primary PM; 5 standards. Controlled
human exposure studies examine short-term PM; s exposures (i.e., up to several hours) under
carefully controlled laboratory conditions. Drawing from the draft ISA, such studies report
PM; s-induced changes in markers of cardiovascular function and provide strong support for the

biological plausibility of the more serious cardiovascular-related outcomes observed in

12 The design value is a statistic that describes the air quality status of a given area relative to the NAAQS. As
discussed further in section 3.2.3.2.1, to determine whether areas meet or violate the NAAQS, the EPA measures
air pollution concentrations at individual monitors (i.e., concentrations are not averaged across monitors) and
calculates design values at monitors meeting appropriate data quality and completeness criteria. For an area to
meet the NAAQS, all valid design values in that area, including the highest annual and 24-hour monitored values,
must be at or below the levels of the standards.
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epidemiologic studies (sections 3.2.1 and 3.2.3.1). Unlike most epidemiologic studies, available
controlled human exposure studies provide support for effects following single, short-term PM> s
exposures to concentrations that typically correspond to the upper end of the PM2 s air quality
distribution in the U.S. (i.e., “peak’ concentrations). In evaluating what such controlled human
exposure studies may indicate regarding the primary standards, we consider the effects reported
following PM> s exposures, the exposure concentrations/durations reported to cause those effects,
and the degree to which air quality analyses indicate that such exposures are likely to occur in
areas meeting the current or alternative PM» s standards. !*

Consideration of the evidence and related air quality analyses, as summarized above,
informs our evaluation of the public health protection provided by the combination of the current
annual and 24-hour primary PM> 5 standards, as well as the protection that could be provided by
alternative annual and 24-hour standards with revised levels (section 3.4). There are various
ways to combine an annual standard (based on arithmetic mean concentrations) and a 24-hour
standard (based on 98™ percentile concentrations), to achieve an appropriate degree of public
health protection. The extent to which the standards are interrelated in any given area depends in
large part on the relative levels of the standards, the peak-to-mean ratios that characterize air
quality patterns in the area, and whether changes in air quality designed to meet a given suite of
standards are likely to be of a more regional or more localized nature. In considering the
combined effects of the standards, we recognize that changes in PM: 5 air quality designed to
meet an annual standard would likely result not only in lower short- and long-term PM; 5
concentrations near the middle of the air quality distribution (i.e., around the mean of the
distribution), but also in fewer and lower short-term peak PMz 5 concentrations. Additionally,
changes designed to meet a 24-hour standard, with a 98™ percentile form, would result not only
in fewer and lower peak 24-hour PM; 5 concentrations, but also in lower annual average PM> 5
concentrations.

However, while either standard could be viewed as providing some measure of protection
against both average exposures and peak exposures, the 24-hour and annual standards are not
expected to be equally effective at limiting both types of exposures. Specifically, the 24-hour
standard (with its 98" percentile form) is more directly tied to short-term peak PMa s
concentrations than to the more typical concentrations that make up the middle portion of the air
quality distribution, and thus more likely to appropriately limit exposures to peak concentrations.
Compared to a standard that is directly tied to the middle of the air quality distribution, the 24-

hour standard is less likely to appropriately limit the typical exposures that are most strongly

13 As discussed further in section 3.2.3.1, animal toxicology studies can be similarly evaluated, though there is
greater uncertainty in extrapolating the effects seen in animals, and the PM, s exposures and doses that cause
those effects, to human populations.
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associated with the health effects observed in epidemiologic studies. In contrast, the annual
standard, with its form based on the arithmetic mean concentration, is more likely to effectively
limit the PM s concentrations that comprise the middle portion of the air quality distribution,
affording protection against the daily and annual PM; s exposures that strongly support
associations with the most serious PM; s-related effects in epidemiologic studies (e.g., mortality,
hospitalizations).

For these reasons, as in the last review (78 FR 3161-3162, January 15, 2013), we focus
on the annual PM2s standard as the principle means of providing public health protection against
the bulk of the distribution of short- and long-term PM25 exposures, and thus protecting against
the exposures that provide strong support for associations with mortality and morbidity in key
epidemiologic studies. We additionally consider the 24-hour standard, with its 98™ percentile
form, as a means of providing supplemental protection against the short-term exposures to peak
PM2.5 concentrations that can occur in areas with strong contributions from local or seasonal
sources, even when overall mean PM25 concentrations remain relatively low (section 3.4).

Figure 3-1 summarizes our general approach to informing conclusions on the current
primary standards and on potential alternatives. Subsequent sections of this chapter provide

additional detail on this general approach.
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Figure 3-1. Overview of general approach for review of primary PM:s standards.
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In adopting the approach outlined above, we recognize that decisions on the primary
PM2: s standards are largely public health policy judgments to be made by the Administrator. The
Administrator’s final decisions will draw upon the scientific evidence for PM-related health
effects, information from the quantitative assessment of population health risks, information
from analyses of air quality, and judgments about how to consider the uncertainties and
limitations that are inherent in the evidence and information. To inform the Administrator’s
public health policy judgments and decisions, the PA considers support for, and the potential
implications of, placing more or less weight on various aspects of this evidence, air quality and
risk information, and associated uncertainties and limitations.

This approach is consistent with the requirements of the NAAQS provisions of the CAA
and with how the EPA and the courts have historically interpreted these CAA provisions. The
CAA requires primary standards that, in the judgment of the Administrator, are requisite to
protect public health with an adequate margin of safety. In setting primary standards that are
“requisite” to protect public health, the EPA’s task is to establish standards that are neither more
nor less stringent than necessary for this purpose. The requirement that primary standards
provide an “adequate margin of safety” is meant to address uncertainties associated with
inconclusive scientific and technical information. Thus, as discussed in section 1.1 of this draft
PA, the CAA does not require that primary standards be set at a zero-risk level, but rather at a
level that, in the judgment of the Administrator, limits risk sufficiently so as to protect public

health with an adequate margin of safety.

3.2 EVIDENCE-BASED CONSIDERATIONS

In this section, we draw from the EPA’s synthesis and assessment of the scientific
evidence presented in the draft ISA (U.S. EPA, 2018) to consider the following policy-relevant

question:

e To what extent does the currently available scientific evidence, as assessed in the
draft ISA, support or call into question the public health protection afforded by the
current suite of PMa.s standards?

The draft ISA uses a weight-of-evidence framework for characterizing the strength of the
available scientific evidence for health effects attributable to PM exposures (U.S. EPA, 2015,
Preamble, Section 5). This framework provides the basis for robust, consistent, and transparent
evaluation of the scientific evidence, including its uncertainties, and for drawing conclusions on
PM-related health effects. As in the last review (U.S. EPA, 2009), the draft ISA for this review
has adopted a five-level hierarchy to classify the overall weight of evidence into one of the
following categories: causal relationship; likely to be a causal relationship; suggestive of, but not

sufficient to infer, a causal relationship; inadequate to infer a causal relationship; and not likely
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to be a causal relationship (U.S. EPA, 2015, Preamble Table II). In using the weight-of-evidence

approach to inform judgments about the likelihood that various health effects are caused by PM
exposures, evidence is evaluated for major outcome categories or groups of related outcomes
(e.g., respiratory effects), integrating evidence from across disciplines, including epidemiologic,

controlled human exposure, and animal toxicological studies and evaluating the coherence of

evidence across a spectrum of related endpoints (U.S. EPA, 2015, Preamble, Section 5.c.). In this

draft PA, we consider the full body of health evidence, placing the greatest emphasis on the
health effects for which the evidence has been judged in the draft ISA to demonstrate a “causal”
or a “likely to be causal” relationship with PM exposures. The draft ISA defines these causality
determinations as follows (U.S. EPA, 2018, p. p-18):

e (ausal relationship: the pollutant has been shown to result in health effects at relevant
exposures based on studies encompassing multiple lines of evidence and chance,
confounding, and other biases can be ruled out with reasonable confidence.

e Likely to be a causal relationship: there are studies in which results are not explained by
chance, confounding, or other biases, but uncertainties remain in the health effects evidence
overall. For example, the influence of co-occurring pollutants is difficult to address, or
evidence across scientific disciplines may be limited or inconsistent.

In the sections below, we consider the nature of the health effects attributable to long-
and short-term fine particle exposures (Section 3.2.1), the populations potentially at increased
risk for PM-related effects (Section 3.2.2), and the PM> 5 concentrations at which effects have

been shown to occur (Section 3.2.3).

3.2.1 Nature of Effects

In considering the available evidence for health effects attributable to PM; s exposures

presented in the draft ISA, this section poses the following policy-relevant questions:

e To what extent does the currently available scientific evidence strengthen, or otherwise
alter, our conclusions from the last review regarding health effects attributable to long-

or short-term fine particle exposures? Have previously identified uncertainties been
reduced? What important uncertainties remain and have new uncertainties been
identified?

In answering these questions, as noted above, we consider the full body of evidence assessed in
the draft ISA, placing particular emphasis on health outcomes for which the evidence supports

either a “causal” or a “likely to be causal” relationship. While the strongest evidence focuses on
PMb 5, the draft ISA also assesses the evidence for the ultrafine fraction of PM> 5 (ultrafine

particles or UFP), generally considered as particulates with a diameter less than or equal to
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0.1 um'* (typically based on physical size, thermal diffusivity or electrical mobility) (U.S. EPA,
2018, Preface, p. xi). Table 3-1 lists the health outcomes for which the draft ISA concludes the
evidence supports either a causal, a likely to be causal, or a suggestive relationship (adapted from
U.S. EPA, 2018, Table 1-5).

14 Though definitions of UFP vary across the scientific literature and, as discussed in sections 3.2.1.5 and 3.2.1.6,
UFP exposures in animal toxicological and controlled human exposure studies typically use a particle
concentrator, which can result in exposures to particles > 0.1 pm in diameter in some studies of UFP-related
health effects.
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1 Table 3-1. Key causality determinations for PM2.5s and UFP exposures. 'S

Health Outcome Size Exposure 2009 PM ISA 2018 draft PM ISA
Fraction Duration
Long-term
Mortality PM_ 5 Causal Causal
Short-term
Long-term
] PM:5 Causal Causal
Cardiovascular Short-term
effects . :
Short-term | Suggestive of, but not Suggestive of, but not
UFP ot ) o )
sufficient to infer sufficient to infer
Long-term
) PM; 5 Likely to be causal Likely to be causal
Respiratory Short-term
effects . :
UFP Short-term | Suggestive of, but not Suggestive of, but not
sufficient to infer sufficient to infer
Cancer PM;5 Long-term Sugg e.St'VE of, but not Likely to be causal
sufficient to infer
Long-term | --- Likely to be causal
PM:5 Short-term Suggestive of, but not
Inadequate > X
Nervous sufficient to infer
System effects Long-term | --- Likely to be causal
UFP Short-term Suggestive of, but not
Inadequate S X
sufficient to infer
Long-term | Suggestive of, but not
sufficient to infer
Metabolic effects PM25 )
Short-term | Suggestive of, but not
sufficient to infer
Reproduction
and Fertility PM Long-, Suggestive of, but not Suggestive of, but not
Pregnancy and 25| Short-term | sufficient to infer sufficient to infer
Birth Outcomes

15 Based on its review, the CASAC questioned several of the causality determinations in the draft ISA. Specifically,
the CASAC found that “the Draft ISA does not present adequate evidence to conclude that there is likely to be a
causal relationship between long-term PM, 5 exposure and nervous system effects; between long-term ultrafine
particulate (UFP) exposure and nervous system effects; or between long-term PM> s exposure and cancer” (Cox,
2019). Thus, while the causality determinations for these health outcome categories are listed as “likely to be
causal” in Table 3-1, we recognize that the final ISA will reflect the EPA’s consideration of CASAC advice and
that, based on CASAC advice, some or all of these causality determinations could differ in the final ISA. The

final PA will reflect these updates.

September 2019

3-18

External Review Draft—Do Not Quote or Cite




~N QN DN kW N~

[o¢)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Table 3-1 lists the health outcomes for which the draft ISA concludes the evidence supports either a causal, a
likely to be causal, or a suggestive relationship. For other health outcomes, the draft ISA concludes the
evidence is inadequate to infer a causal relationship (U.S. EPA, 2018, Table 1-5).

The 2009 ISA (U.S. EPA, 2009) made causality determinations for the broad category of “Reproductive and
Developmental Effects.” Causality determinations for 2009 represent this broad category and not specifically
for “Male and Female Reproduction and Fertility” and “Pregnancy and Birth Outcomes”.

For reproductive and developmental effects, the draft ISA’s causality determinations reflect the combined
evidence for both short- and long-term exposures (U.S. EPA, 2018, Chapter 9).

13

Sections 3.2.1.1 to 3.2.1.5 summarize the evidence supporting the draft ISA’s “causal” and
“likely to be causal” determinations for PM> s (bold, italics in Table 3-1). Section 3.2.1.6 briefly
summarizes the evidence supporting the draft ISA’s “suggestive” determinations. Each of these
sections focuses on addressing the policy-relevant questions posed above. Section 3.2.1.7
summarizes the evidence in preceding sections and revisits the policy-relevant questions posed

above.

3.2.1.1 Mortality

Long-term PM» 5 exposures
In the last review, the 2009 PM ISA reported that the evidence was “sufficient to

conclude that the relationship between long-term PM> 5 exposures and mortality is causal” (U.S.

EPA, 2009, p. 7-96). The strongest evidence supporting this conclusion was provided by
epidemiologic studies, particularly those examining two seminal cohort, the American Cancer
Society (ACS) and the Harvard Six Cities cohorts. Analyses of the Harvard Six Cities cohort
included demonstrations that reductions in ambient PM> 5 concentrations are associated with
reduced mortality risk (Laden et al., 2006) and with increases in life expectancy (Pope et al.,
2009). Further support was provided by other cohort studies conducted in North America and
Europe that also reported positive associations between long-term PM» 5 exposures and risk of
mortality (U.S. EPA, 2009).

Recent cohort studies, which have become available since the 2009 ISA, continue to
provide consistent evidence of positive associations between long-term PM» 5 exposures and
mortality. These studies add support for associations with total and non-accidental mortality, !¢ as
well as with specific causes of death, including cardiovascular disease and respiratory disease
(U.S. EPA, 2018, section 11.2.2). Many of these recent studies have extended the follow-up
periods originally evaluated in the ACS and Harvard Six Cities cohorts and continue to observe

positive associations between long-term PM> 5 exposures and mortality (U.S. EPA, 2018, section

16 The majority of these studies examined non-accidental mortality outcomes, though some Medicare studies lack
cause-specific death information and, therefore, examine total mortality.
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11.2.2.1; Figures 11-17 and 11-18). Adding to recent evaluations of the ACS and Six Cities
cohorts, studies conducted in other cohorts also demonstrate consistent, positive associations
between long-term PM> 5 exposure and mortality across various demographic groups (e.g., age,
sex, occupation), spatial and temporal extents, exposure assessment metrics, and statistical
techniques (U.S. EPA, 2018, sections 11.2.2.2, 11.2.5). This includes some of the largest cohort
studies conducted to date, with analyses of the U.S. Medicare cohort that include nearly

61 million enrollees (Di et al., 2017b).

A recent series of “accountability” studies has additionally tested the hypothesis that
reductions in ambient PM> 5 concentrations would be associated with increased life expectancy
or a decreased mortality rate (U.S. EPA, 2018, section 11.2.2.6). In their original study, Pope et
al. (2009) used air quality data in a cross-sectional analysis from 51 metropolitan areas across the
U.S., beginning in the 1970s through the early 2000s, to demonstrate that a 10 pg/m?® decrease in
long-term PM2 5 concentration was associated with a 0.61-year increase in life expectancy. In a
subsequent analysis, these authors extended the period of analysis to include 2000 to 2007
(Correia et al., 2013), a time period with lower ambient PMz 5 concentrations. In this follow-up
study, a decrease in long-term PM; 5 concentration continued to be associated with an increase in
life expectancy, though the magnitude of the increase was smaller than during the earlier time
period (i.e., a 10 ng/m? decrease in long-term PM, s concentration was associated with a
0.35-year increase in life expectancy). Additional studies conducted in the U.S. or Europe
similarly report that reductions in ambient PM> 5 are associated with improvements in longevity
(U.S. EPA, 2018, section 11.2.2.6).

The draft ISA specifically evaluates the degree to which recent studies that examine the
relationship between long-term PM2 s exposure and mortality have addressed key policy-relevant
issues and/or previously identified data gaps in the scientific evidence. For example, based on its
assessment of the evidence, the draft ISA concludes that positive associations between long-term
PM, 5 exposures and mortality are robust across recent analyses using various approaches to
estimate PM> s exposures (e.g., based on monitors, modeling, satellites, or hybrid methods that
combine information from multiple sources) (U.S. EPA, 2018, section 11.2.5.1), across statistical
models (U.S. EPA, 2018, section 11.2.5.2), across diverse geographic regions and populations,
and across a range of temporal periods including the periods of declining PM concentrations
(U.S. EPA, 2018, section 11.2.5.3). Recent evidence further demonstrates that (1) associations
with mortality remain robust in analyses of potential confounding by copollutants (U.S. EPA,
2018, section 11.2.3); (2) associations persist in analyses restricted to long-term exposures below
12 pg/m? (Di et al., 2017b) or 10 ug/m? (Shi et al., 2016) (i.e., indicating that risks are not
disproportionately driven by the upper portions of the air quality distribution); and (3)

concentration-response relationships remain linear over the distribution of ambient PM> 5
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concentrations with no evidence of a threshold, though uncertainty increases near the upper and
lower ends of the PM2 s air quality distribution due to limited exposure and outcome data (U.S.
EPA, 2018, section 11.1.10).

The biological plausibility of PM> s-attributable mortality is supported by the coherence
of effects across scientific disciplines (i.e., animal toxicological, controlled human exposure
studies, and epidemiologic), including in recent studies evaluating the morbidity effects that are
the largest contributors to total (nonaccidental) mortality. The draft ISA outlines the available
evidence for plausible pathways by which inhalation exposure to PM2 5 could progress from
initial events (e.g., pulmonary inflammation, autonomic nervous system activation) to endpoints
relevant to population outcomes, particularly those related to cardiovascular diseases such as
ischemic heart disease, stroke and atherosclerosis (U.S. EPA, 2018, section 6.2.1), and to
metabolic disease and diabetes (U.S. EPA, 2018, section 7.3.1). The draft ISA notes “more
limited evidence from respiratory morbidity” (U.S. EPA, 2018, p. 11-98) such as exacerbation of
COPD (U.S. EPA, 2018, section 5.2.1) to support the biological plausibility of mortality due to
long-term PM 5 exposures (U.S. EPA, 2018, section 11.2.1).

Taken together, recent studies reaffirm and further strengthen the body of evidence from
the 2009 ISA for the relationship between long-term PM2 5 exposure and mortality. Recent
epidemiologic studies consistently report positive associations with mortality across different
geographic locations, populations, and analytic approaches. Such studies reduce key
uncertainties identified in the last review, including those related to potential copollutant
confounding, and provide additional information on the shape of the concentration-response
curve. Recent experimental and epidemiologic evidence for cardiovascular effects, and
respiratory effects to a more limited degree, supports the plausibility of mortality due to long-
term PM; 5 exposures. The draft ISA concludes that, “collectively, this body of evidence is
sufficient to conclude that a causal relationship exists between long-term PM> 5 exposure and
total mortality” (U.S. EPA, 2018, section 11.2.7; p. 11-99).

Short-term PM, s exposures

The 2009 PM ISA concluded that “a causal relationship exists between short-term

exposure to PM» 5 and mortality” (U.S. EPA, 2009). This conclusion was based on the evaluation

of both multi- and single-city epidemiologic studies that consistently reported positive
associations between short-term PM; s exposure and non-accidental mortality. These associations
were strongest, in terms of magnitude and precision, primarily at lags of 0 to 1 days.
Examination of the potential confounding effects of gaseous copollutants was limited, though
evidence from single-city studies indicated that gaseous copollutants have minimal effect on the
PM: s-mortality relationship (i.e., associations remain robust to inclusion of other pollutants in

copollutant models). The evaluation of cause-specific mortality found that effect estimates were
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larger in magnitude, but also had larger confidence intervals, for respiratory mortality compared
to cardiovascular mortality. Although the largest mortality risk estimates were for respiratory
mortality, the interpretation of the results was complicated by the limited coherence from studies
of respiratory morbidity. However, the evidence from studies of cardiovascular morbidity
provided both coherence and biological plausibility for the relationship between short-term PM> 5
exposure and cardiovascular mortality.

Recent multicity studies evaluated since the 2009 ISA continue to provide evidence of
primarily positive associations between daily PM2 5 exposures and mortality, with percent
increases in total mortality ranging from 0.19% (Lippmann et al., 2013) to 2.80% (Kloog et al.,
2013)!7 at lags of 0 to 1 days in single-pollutant models. These results are further supported by
initial studies employing causal inference and quasi-experimental statistical approaches (U.S.
EPA, 2018, section 11.1.2.1). For example, a recent quasi-experimental study examines whether
a specific regulatory action in Tokyo, Japan (i.e., a diesel emission control ordinance) resulted in
a subsequent reduction in daily mortality (Yorifuji et al., 2016). The authors report a reduction in
mortality in Tokyo due to the ordinance, compared to Osaka, which did not have a similar diesel
emission control ordinance in place. Whereas most studies rely on assigning exposures using
data from ambient monitors, some recent studies have also employed hybrid modeling
approaches that use additional PM; s data (i.e., from satellites, land use information, and
modeling, in addition to monitors), allowing for the inclusion of more rural locations in analyses
(Kloog et al., 2013, Shi et al., 2016, Lee et al., 2015). Recent studies expand the assessment of
potential copollutant confounding. These studies provide additional evidence indicating that
associations between short-term PMz 5 exposures and mortality remain positive and relatively
unchanged in copollutant models with both gaseous pollutants and PMio-2.5 (U.S. EPA, 2018,
Section 11.1.4). Additionally, the low (r < 0.4) to moderate correlations (r = 0.4-0.7) between
PMb 5 and gaseous pollutants and PM 2.5 increase the confidence in PM2 5 having an
independent effect on mortality (U.S. EPA, 2018, section 11.1.4).

The positive associations for total mortality reported across the majority of studies
evaluated are further supported by analyses reporting generally consistent, positive associations
with both cardiovascular and respiratory mortality (U.S. EPA, 2018, section 11.1.3). For both
cardiovascular and respiratory mortality, there has been only limited assessment of potential
copollutant confounding, though initial evidence indicates that associations remain positive and
relatively unchanged in models with gaseous pollutants and PMi¢-2.5. This evidence further

supports the copollutant analyses conducted for total mortality. The strong evidence for ischemic

17 As detailed in the Preface to the draft ISA, risk estimates are for a 10 pg/m? increase in 24-hour avg PM s
concentrations, unless otherwise noted (U.S. EPA, 2018).
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events and heart failure, as detailed in the assessment of cardiovascular morbidity (U.S. EPA,
2018, Chapter 6), provides biological plausibility for PM» s-related cardiovascular mortality,
which comprises the largest percentage of total mortality (i.e., ~33%) (NHLBI, 2017). Although
there is evidence for exacerbations of COPD and asthma, the collective body of respiratory
morbidity evidence provides only limited biological plausibility for PM» s-related respiratory
mortality (U.S. EPA, 2018, Chapter 5).

In addition to examining potential copollutant confounding, a number of studies also
examine the influence of model specification, such as temporal trends and weather covariates, on
the PM; s-mortality association. Mortality associations were found to remain positive, although
in some cases were attenuated, when using different approaches to account for temporal trends or
weather covariates (U.S. EPA, 2018, section 11.1.5.1). Seasonal analyses continue to provide
evidence that associations are larger in magnitude during warmer months, but it remains unclear
if copollutants confound the associations observed. In addition to seasonal analyses, some studies
also examine whether temperature modifies the PM» s-mortality relationship. Initial evidence
indicates that the PM; s-mortality association may be modified by temperature, though results
remain unclear overall (U.S. EPA, 2018, section 11.1.6.2).

In the 2009 ISA, one of the main uncertainties identified was the regional and city-to-city
heterogeneity in PMz s-mortality associations observed in multicity studies. Recent studies
examine both city-specific as well as regional characteristics to identify the underlying
contextual factors that contribute to this heterogeneity (U.S. EPA, 2018, section 11.1.6.3).
Analyses focusing on effect modification of the PM; s-mortality relationship by PM; s
components, regional patterns in PM2 5 components and city-specific differences in composition
and sources indicate some differences in the PM2 s composition and sources across cities and
regions, but these differences do not fully explain the heterogeneity observed. Additional studies
find that factors related to housing stock and commuting, as well as city-specific factors
(e.g., land-use, port volume, and traffic information), may explain some of the observed
heterogeneity (U.S. EPA, 2018, section 11.1.6.3). Collectively, recent studies indicate that the
heterogeneity in PM» s-mortality risk estimates cannot be attributed to one factor, but instead a
combination of factors including, but not limited to, PM composition and sources as well as
community characteristics (U.S. EPA, 2018, section 11.1.12).

A number of recent studies conducted systematic evaluations of the lag structure of
associations for the PM» s-mortality relationship by examining either a series of single-day or
multiday lags and these studies continue to support an immediate effect (i.e., lag 0 to 1 days) of
short-term PM2 s exposures on mortality (U.S. EPA, 2018, section 11.1.8.1). Recent studies also
conducted analyses comparing the traditional 24-hour average exposure metric with a sub-daily

metric (i.e., I-hour max). These initial studies provide evidence of a similar pattern of
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associations for both the 24-hour average and 1-hour max metric, with the association larger in
magnitude for the 24-hour average metric.

Recent multicity studies indicate that positive and statistically significant associations
with mortality persist in analyses restricted to short-term exposures below 25 ng/m?® (Di et al.,
2017a) or below 30 pg/m? (Shi et al., 2016), indicating that risks associated with short-term
PM: s exposures are not disproportionately driven by the peaks of the air quality distribution.
Additional studies examine the shape of the concentration-response relationship and whether a
threshold exists specifically for PM» 5 (U.S. EPA, 2018, section 11.1.10). These studies have
used various statistical approaches and consistently demonstrate a linear relationship with no
evidence of a threshold. Recent analyses provide initial evidence indicating that PM» s-mortality
associations persist and may be stronger (i.e., a steeper slope) at lower concentrations (e.g., Di et
al., 2017a; Figure 11-12 in U.S. EPA, 2018). However, given the limited data available at the
lower end of the distribution of ambient PM2 5 concentrations, the shape of the concentration-
response curve remains uncertain at these low concentrations and, to date, studies have not
conducted extensive analyses exploring alternatives to linearity when examining the shape of the
PMb s-mortality concentration-response relationship.

Overall, recent epidemiologic studies build upon and extend the conclusions of the 2009
ISA for the relationship between short-term PM: 5 exposures and total mortality. Supporting
evidence for PM; s-related cardiovascular morbidity, and more limited evidence from respiratory
morbidity, provides biological plausibility for mortality due to short-term PM2 5 exposures. The
primarily positive associations observed across studies conducted in diverse geographic locations
is further supported by the results from co-pollutant analyses indicating robust associations,
along with evidence from analyses of the concentration-response relationship. The draft ISA
states that, collectively, “this body of evidence is sufficient to conclude that a causal relationship
exists between short-term PMz s exposure and total mortality” (U.S. EPA, 2018, pp. 11-56 to 11-
57).

3.2.1.2 Cardiovascular Effects

Long-term PM> 5 exposures

The scientific evidence reviewed in the 2009 PM ISA was “sufficient to infer a causal
relationship between long-term PM; 5 exposure and cardiovascular effects” (U.S. EPA, 2009).
The strongest line of evidence comprised findings from several large epidemiologic studies of
U.S. cohorts that consistently showed positive associations between long-term PMz s exposure
and cardiovascular mortality (Pope et al., 2004, Krewski et al., 2009, Miller et al., 2007, Laden et
al., 2006). Studies of long-term PM> 5 exposure and cardiovascular morbidity were limited in

number. Biological plausibility and coherence with the epidemiologic findings were provided by
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studies using genetic mouse models of atherosclerosis demonstrating enhanced atherosclerotic
plaque development and inflammation, as well as changes in measures of impaired heart
function, following 4- to 6-month exposures to PM2 s concentrated ambient particles (CAPs), and
by a limited number of studies reporting CAPs-induced effects on coagulation factors, vascular
reactivity, and worsening of experimentally induced hypertension in mice (U.S. EPA, 2009).

Consistent with the evidence assessed in the 2009 PM ISA, recent studies continue to
provide strong support for a causal relationship between long-term exposure to PM2 5 and
cardiovascular effects. As discussed above (section 3.2.1.1), results from recent U.S. and
Canadian cohort studies consistently report positive associations between long-term PM> s
exposure and cardiovascular mortality (U.S. EPA, 2018, Figure 6-19) in evaluations conducted at
varying spatial scales and employing a variety of exposure assessment and statistical methods
(U.S. EPA, 2018, section 6.3.10). Positive associations between long-term PM» 5 exposures and
cardiovascular mortality are generally robust in copollutant models adjusted for ozone, NO»,
PMjg.25, or SO;. In addition, most of the results from analyses examining the shape of the
concentration-response relationship for cardiovascular mortality support a linear relationship
with long-term PM> 5 exposures and do not identify a threshold below which effects do not occur
(U.S. EPA, 2018, section 6.2.16; Table 6-52).'®

Associations with cardiovascular morbidity are coherent with mortality findings, helping
to support the biological plausibility of mortality findings by providing evidence of the
progression of cardiovascular disease linked to PM> 5 exposures. Positive associations with
cardiovascular morbidity (e.g., coronary heart disease, stroke) and atherosclerosis progression
are observed in several epidemiologic studies (U.S. EPA, 2018, sections 6.2.2. to 6.2.9).
Associations in such studies are supported by toxicological evidence for increased plaque
progression in mice following long-term exposure to PM» s collected from multiple locations
across the U.S. (U.S. EPA, 2018, section 6.2.4.2). A small number of epidemiologic studies also
report positive associations between long-term PM s exposure and heart failure, changes in
blood pressure, and hypertension (U.S. EPA, 2018, sections 6.2.5 and 6.2.7). Associations with
heart failure are supported by animal toxicological studies demonstrating decreased cardiac
contractility and function, and increased coronary artery wall thickness following long-term
PM; 5 exposure (U.S. EPA, 2018, section 6.2.5.2). Similarly, a limited number of animal
toxicological studies demonstrating a relationship between long-term exposure to PM» s and
consistent increases in blood pressure in rats and mice are coherent with epidemiologic studies

reporting positive associations between long-term exposure to PMa 5 and hypertension.

18 As noted above for mortality, uncertainty in the shape of the concentration-response relationship increases near
the upper and lower ends of the distribution due to limited data.
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Longitudinal epidemiologic analyses also report positive associations with markers of
systemic inflammation (U.S. EPA, 2018, section 6.2.12), coagulation (U.S. EPA, 2018, section
6.2.13), and endothelial dysfunction (U.S. EPA, 2018, section 6.2.14). These results are coherent
with animal toxicological studies generally reporting increased markers of systemic
inflammation, oxidative stress, and endothelial dysfunction (U.S. EPA, 2018, section 6.2.12.2
and 6.2.14).

In summary, the draft ISA concludes that there is consistent evidence from multiple
epidemiologic studies illustrating that long-term exposure to PM> 5 is associated with mortality
from cardiovascular causes. Associations with CHD, stroke and atherosclerosis progression were
observed in several additional epidemiologic studies providing coherence with the mortality
findings. Results from copollutant models generally support the independence of the PM2 s
associations. Additional evidence of the independent effect of PM2 5 on the cardiovascular
system is provided by experimental studies in animals, which demonstrate biologically plausible
pathways by which long-term inhalation exposure to PM2 s could potentially result in outcomes
such as CHD, stroke, CHF and cardiovascular mortality. The combination of epidemiologic and
experimental evidence results in the draft ISA conclusion that “a causal relationship exists
between long-term exposure to PM; 5 and cardiovascular effects” (U.S. EPA, 2018, section
6.2.18).

Short-term PM, s exposures

The 2009 PM ISA concluded that “a causal relationship exists between short-term

exposure to PM» 5 and cardiovascular effects” (U.S. EPA, 2009). The strongest evidence in the

2009 PM ISA was from epidemiologic studies of ED visits and hospital admissions for [IHD and
HF, with supporting evidence from epidemiologic studies of cardiovascular mortality (U.S. EPA,
2009). Animal toxicological studies provided coherence and biological plausibility for the
positive associations reported with myocardial ischemia ED visit and hospital admissions. These
included studies reporting reduced myocardial blood flow during ischemia and studies indicating
altered vascular reactivity. In addition, effects of PM> 5 exposure on a potential indicator of
ischemia (i.e., ST segment depression on an electrocardiogram) were reported in both animal
toxicological and epidemiologic panel studies.!” Key uncertainties from the last review resulted
from inconsistent results across disciplines with respect to the relationship between short-term
exposure to PM» s and changes in blood pressure, blood coagulation markers, and markers of
systemic inflammation. In addition, while the 2009 PM ISA identified a growing body of

19 Some animal studies included in the 2009 PM ISA examined exposures to mixtures, such as motor vehicle
exhaust or woodsmoke. In these studies, it was unclear if the resulting cardiovascular effects could be attributed
specifically to the particulate components of the mixture.
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evidence from controlled human exposure and animal toxicological studies, uncertainties
remained with respect to biological plausibility.

A large body of recent evidence confirms and extends the evidence from the 2009 ISA
indicating that there is a causal relationship between short-term PM» s exposure and
cardiovascular effects. This includes generally positive associations observed in numerous
epidemiologic studies of emergency department visits and hospital admissions for ischemic heart
disease (IHD), heart failure (HF), and combined cardiovascular-related endpoints. In particular,
nationwide studies of older adults (65 years and older) using Medicare records report positive
associations between PM> s exposures and hospital admissions for HF (U.S. EPA, 2018,
section 6.1.3.1). Additional multicity studies conducted in the northeast U.S. report positive
associations between short-term PMz s exposures and emergency department visits or hospital
admissions for IHD (U.S. EPA, 2018, section 6.1.2.1) while studies conducted in the U.S. and
Canada reported positive associations between short-term PM» s exposures and emergency
department visits for HF. Epidemiologic studies conducted in single cities contribute some
support, though associations reported in these studies are less consistent than in multicity studies
(U.S. EPA, 2018, sections 6.1.2 and 6.1.3). When considered as a whole, the recent body of IHD
and HF epidemiologic evidence further supports the evidence from previous ISAs reporting
mainly positive associations between short-term PM; 5 concentrations and emergency department
visits and hospital admissions.

In addition, a number of more recent controlled human exposure, animal toxicological,
and epidemiologic panel studies provide evidence that PM 5 exposure could plausibly result in
IHD or HF through pathways that include endothelial dysfunction, arterial thrombosis, and
arrhythmia (U.S. EPA, 2018, section 6.1.1). The most consistent evidence from recent controlled
human exposure studies is for endothelial dysfunction, as measured by changes in brachial artery
diameter or flow mediated dilation. All but one of the available controlled human exposure
studies examining the potential for endothelial dysfunction report an effect of PM2 s exposure on
measures of blood flow (U.S. EPA, 2018, section 6.1.13.2). These studies report variable results
regarding the timing of the effect and the mechanism by which reduced blood flow occurs
(i.e., availability vs sensitivity to nitric oxide). Some controlled human exposure studies using
CAPs report evidence for small increases in blood pressure (U.S. EPA, 2018, section 6.1.6.3). In
addition, although not entirely consistent, there is also some evidence across controlled human
exposure studies for conduction abnormalities/arrhythmia (U.S. EPA, 2018, section 6.1.4.3),
changes in heart rate variability (HRV) (U.S. EPA, 2018, section 6.1.10.2), changes in
hemostasis that could promote clot formation (U.S. EPA, 2018, section 6.1.12.2), and increases
in inflammatory cells and markers (U.S. EPA, 2018, section 6.1.11.2). Thus, when taken as a

whole, controlled human exposure studies are coherent with epidemiologic studies in that they
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demonstrate short-term exposures to PM» s may result in the types of cardiovascular endpoints
that could lead to emergency department visits and hospital admissions in some people.

Animal toxicological studies published since the 2009 ISA also support a relationship
between short-term PM; s exposure and cardiovascular effects. A recent study demonstrating
decreased cardiac contractility and left ventricular pressure in mice is coherent with the results of
epidemiologic studies reporting associations between short-term PM> 5 exposure and heart failure
(U.S. EPA, 2018, section 6.1.3.3). In addition, and as with controlled human exposure studies,
there is generally consistent evidence in animal toxicological studies for indicators of endothelial
dysfunction (U.S. EPA, 2018, section 6.1.13.3). Studies in animals also provide evidence for
changes in a number of other cardiovascular endpoints following short-term PM> 5 exposure.
Although not entirely consistent, these studies provide some evidence of conduction
abnormalities and arrhythmia (U.S. EPA, 2018, section 6.1.4.4), changes in HRV (U.S. EPA,
2018, section 6.1.10.3), changes in blood pressure (U.S. EPA, 2018, section 6.1.6.4), and
evidence for systemic inflammation and oxidative stress (U.S. EPA, 2018, section 6.1.11.3).

In summary, recent evidence further supports and extends the conclusions of the evidence
base reported in the 2009 ISA. In support of epidemiologic studies reporting robust associations
in copollutant models, direct evidence for an independent effect of PM s on cardiovascular
effects can be found in a number of controlled human exposure and animal toxicological studies.
Coherent with these results are epidemiologic panel studies reporting that PM> s exposure is
associated with some of the same cardiovascular endpoints reported in experimental studies. For
these effects, there are inconsistencies in results across some animal toxicological, controlled
human exposure, and epidemiologic panel studies, though this may be due to substantial
differences in study design and/or study populations. Overall, the results from epidemiologic
panel, controlled human exposure, and animal toxicological studies, in particular those related to
endothelial dysfunction, impaired cardiac function, ST segment depression, thrombosis,
conduction abnormalities, and changes in blood pressure provide coherence and biological
plausibility for the consistent results from epidemiologic studies observing positive associations
between short-term PM; s concentrations and IHD and HF, and ultimately cardiovascular
mortality. The draft ISA concludes that, overall, “there continues to be sufficient evidence to
conclude that a causal relationship exists between short-term PMaz s exposure and cardiovascular
effects” (U.S. EPA, 2018, p. 6-134).

3.2.1.3 Respiratory Effects

Long-term PM» 5 exposures
The 2009 PM ISA concluded that “a causal relationship is likely to exist between
long-term PM2 5 exposure and respiratory effects” (U.S. EPA, 2009). This conclusion was based
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mainly on epidemiologic evidence demonstrating associations between long-term PM> s
exposure and changes in lung function or lung function growth in children. Biological
plausibility was provided by a single animal toxicological study examining pre- and post-natal
exposure to PM» 5 CAPs, which found impaired lung development. Epidemiologic evidence for
associations between long-term PMa 5 exposure and other respiratory outcomes, such as the
development of asthma, allergic disease, and COPD; respiratory infection; and the severity of
disease was limited, both in the number of studies available and the consistency of the results.
Experimental evidence for other outcomes was also limited, with one animal toxicological study
reporting that long-term exposure to PMa2 s CAPs results in morphological changes in nasal
airways of healthy animals. Other animal studies examined exposure to mixtures, such as motor
vehicle exhaust and woodsmoke, and effects were not attributed specifically to the particulate
components of the mixture.

Recent cohort studies provide additional support for the relationship between long-term
PM2: 5 exposure and decrements in lung function growth (as a measure of lung development),
indicating a robust and consistent association across study locations, exposure assessment
methods, and time periods (U.S. EPA, 2018, section 5.2.13). This relationship is further
supported by a recent accountability study that reports an association between declining PM> 5
concentrations and improvements in lung function growth in children (U.S. EPA, 2018,
section 5.2.11). Epidemiologic studies also examine asthma development in children (U.S. EPA,
2018, section 5.2.3), with recent prospective cohort studies reporting generally positive
associations, though several are imprecise (i.e., they report wide confidence intervals).
Supporting evidence is provided by studies reporting associations with asthma prevalence in
children, with childhood wheeze, and with exhaled nitric oxide, a marker of pulmonary
inflammation (U.S. EPA, 2018, section 5.2.13). A recent animal toxicological study showing the
development of an allergic phenotype and an increase in a marker of airway responsiveness
provides biological plausibility for allergic asthma (U.S. EPA, 2018, section 5.2.13). Other
epidemiologic studies report a PM; s-related acceleration of lung function decline in adults, while
improvement in lung function was observed with declining PM» 5 concentrations (U.S. EPA,
2018, section 5.2.11). A recent longitudinal study found declining PM> 5 concentrations are also
associated with an improvement in chronic bronchitis symptoms in children, strengthening
evidence reported in the 2009 ISA for a relationship between increased chronic bronchitis
symptoms and long-term PM> s exposure (U.S. EPA, 2018, section 5.2.11). A common
uncertainty across the epidemiologic evidence is the lack of examination of copollutants to
assess the potential for confounding. While there is some evidence that associations remain

robust in models with gaseous pollutants, a number of these studies examining copollutant
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confounding were conducted in Asia, and thus have limited generalizability due to high annual
pollutant concentrations.

When taken together, the draft ISA concludes that the “epidemiologic evidence strongly
supports a relationship with decrements in lung function growth in children” and “with asthma
development in children, with increased bronchitic symptoms in children with asthma, with an
acceleration of lung function decline in adults, and with respiratory mortality and cause-specific
respiratory mortality for COPD and respiratory infection” (U.S. EPA, 2018, p. 1-34). In support
of the biological plausibility of such associations reported in epidemiologic studies of respiratory
health effects, animal toxicological studies continue to provide direct evidence that long-term
exposure to PMa s results in a variety of respiratory effects. Recent animal studies show
pulmonary oxidative stress, inflammation, and morphologic changes in the upper (nasal) and
lower airways. Other results show that changes are consistent with the development of allergy
and asthma, and with impaired lung development. Overall, the draft ISA concludes that “the
collective evidence is sufficient to conclude that a causal relationship is likely to exist between

long-term PM: 5 exposure and respiratory effects” (U.S. EPA, 2018, section 5.2.13).

Short-term PM 5 exposures
The 2009 PM ISA (U.S. EPA, 2009) concluded that a “causal relationship is likely to

exist” between short-term PMb» s exposure and respiratory effects. This conclusion was based

mainly on the epidemiologic evidence demonstrating positive associations with various
respiratory effects. Specifically, the 2009 ISA described epidemiologic evidence as consistently
showing PM: s-associated increases in hospital admissions and emergency department visits for
chronic obstructive pulmonary disease (COPD) and respiratory infection among adults or people
of all ages, as well as increases in respiratory mortality. These results were supported by studies
reporting associations with increased respiratory symptoms and decreases in lung function in
children with asthma, though the epidemiologic evidence was inconsistent for hospital
admissions or emergency department visits for asthma. Studies examining copollutant models
showed that PM> s associations with respiratory effects were robust to inclusion of CO or SO» in
the model, but often were attenuated (though still positive) with inclusion of O3 or NO». In
addition to the copollutant models, evidence supporting an independent effect of PM» 5 exposure
on the respiratory system was provided by animal toxicological studies of PM2s CAPs
demonstrating changes in some pulmonary function parameters, as well as inflammation,
oxidative stress, injury, enhanced allergic responses, and reduced host defenses. Many of these
effects have been implicated in the pathophysiology for asthma exacerbation, COPD
exacerbation, or respiratory infection. In the few controlled human exposure studies conducted in

individuals with asthma or COPD, PM: s exposure mostly had no effect on respiratory
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symptoms, lung function, or pulmonary inflammation. Available studies in healthy people also
did not clearly demonstrate respiratory effects following short-term PMz s exposures.

Recent epidemiologic studies provide evidence for a relationship between short-term
PMb s exposure and several respiratory-related endpoints, including asthma exacerbation (U.S.
EPA, 2018, section 5.1.2.1), COPD exacerbation (U.S. EPA, 2018, section 5.1.4.1), and
combined respiratory-related diseases (U.S. EPA, 2018, section 5.1.6), particularly from studies
examining emergency department visits and hospital admissions. The generally positive
associations between short-term PM; s exposure and asthma and COPD emergency department
visits and hospital admissions are supported by epidemiologic studies demonstrating associations
with other respiratory-related effects such as symptoms and medication use that are indicative of
asthma and COPD exacerbations (U.S. EPA, 2018, sections 5.1.2.2 and 5.4.1.2). The collective
body of epidemiologic evidence for asthma exacerbation is more consistent in children than in
adults. Additionally, epidemiologic studies examining the relationship between short-term PM> 5
exposure and respiratory mortality provide evidence of consistent positive associations,
demonstrating a continuum of effects (U.S. EPA, 2018, section 5.1.9).

Building off the studies evaluated in the 2009 ISA, recent epidemiologic studies expand
the assessment of potential copollutant confounding. There is some evidence that PM> 5
associations with asthma exacerbation, combined respiratory-related diseases, and respiratory
mortality remain relatively unchanged in copollutant models with gaseous pollutants (i.e., Os,
NO2, SO», with more limited evidence for CO) and other particle sizes (i.e., PMio-25) (U.S. EPA,
2018, section 5.1.10.1).

The uncertainty related to whether there is an independent effect of PM2 s on respiratory
health is also partially addressed by findings from animal toxicological studies. Specifically,
short-term exposure to PM» 5 enhanced asthma-related responses in an animal model of allergic
airways disease and enhanced lung injury and inflammation in an animal model of COPD (U.S.
EPA, 2018, sections 5.1.2.4.3 and 5.1.4.4.2). The experimental evidence provides biological
plausibility for some respiratory-related endpoints, including limited evidence of altered host
defense and greater susceptibility to bacterial infection as well as consistent evidence of
respiratory irritant effects. Animal toxicological evidence for other respiratory effects is
inconsistent.

The draft ISA concludes that “[t]he strongest evidence of an effect of short-term PMb s
exposure on respiratory effects is provided by epidemiologic studies of asthma and COPD
exacerbation. While animal toxicological studies provide biological plausibility for these
findings, some uncertainty remains with respect to the independence of PM: 5 effects” (U.S.
EPA, 2018, p. 5-155). When taken together, the draft ISA concludes that this evidence “is
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sufficient to conclude that a causal relationship is likely to exist between short-term PM> 5
exposure and respiratory effects” (U.S. EPA, 2018, p. 5-155).

3.2.1.4 Cancer — Long-term PM:2.s Exposures
The 2009 ISA concluded that the overall body of evidence was “suggestive of a causal

relationship between relevant PMa s exposures and cancer” (U.S. EPA, 2009). This conclusion
was based primarily on positive associations observed in a limited number of epidemiologic
studies of lung cancer mortality. The few epidemiologic studies that had evaluated PM> 5
exposure and lung cancer incidence or cancers of other organs and systems generally did not
show evidence of an association. Toxicological studies did not focus on exposures to specific
PM size fractions, but rather investigated the effects of exposures to total ambient PM, or other
source-based PM such as wood smoke. Collectively, results of in vitro studies were consistent
with the larger body of evidence demonstrating that ambient PM and PM from specific
combustion sources are mutagenic and genotoxic. However, animal inhalation studies found
little evidence of tumor formation in response to chronic exposures. A small number of studies
provided preliminary evidence that PM exposure can lead to changes in methylation of DNA,
which may contribute to biological events related to cancer.

Since the 2009 ISA, additional cohort studies provide evidence that long-term PMo s
exposure is positively associated with lung cancer mortality and with lung cancer incidence, and
provide initial evidence for an association with reduced cancer survival (U.S. EPA, 2018, section
10.2.5). Reanalyses of the ACS cohort using different years of PM» s data and follow-up, along
with various exposure assignment approaches, provide consistent evidence of positive
associations between long-term PM> 5 exposure and lung cancer mortality (U.S. EPA, 2018,
Figure 10-3). Additional support for positive associations with lung cancer mortality is provided
by recent epidemiologic studies using individual-level data to control for smoking status, by
studies of people who have never smoked (though such studies generally report wide confidence
intervals due to the small number of lung cancer mortality cases within this population), and in
analyses of cohorts that relied upon proxy measures to account for smoking status (U.S. EPA,
2018, section 10.2.5.1.1). Although studies that have evaluated lung cancer incidence, including
studies of people who have never smoked, are limited in number, recent studies generally report
positive associations with long-term PM> s exposures (U.S. EPA, 2018, section 10.2.5.1.2). A
subset of the studies focusing on lung cancer incidence also examined histological subtype,
providing some evidence of positive associations for adenocarcinomas, the predominate subtype
of lung cancer observed in people who have never smoked (U.S. EPA, 2018, section 10.2.5.1.2).
Associations between long-term PM; 5 exposure and lung cancer incidence were found to remain

relatively unchanged, though in some cases confidence intervals widened, in analyses that
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attempted to reduce exposure measurement error by accounting for length of time at residential
address or by examining different exposure assignment approaches (U.S. EPA, 2018, section
10.2.5.1.2).

The draft ISA evaluates the degree to which recent epidemiologic studies have addressed
the potential for confounding by copollutants and the shape of the concentration-response
relationship. To date, relatively few studies have evaluated the potential for copollutant
confounding of the relationship between long-term PM:z s exposure and lung cancer mortality or
incidence. The small number of such studies have generally focused on O3 and report that PM2 5
associations remain relatively unchanged in copollutant models (U.S. EPA, 2018, section
10.2.5.1.3). However, available studies have not systematically evaluated the potential for
copollutant confounding by other gaseous pollutants or by other particle size fractions (U.S.
EPA, 2018, section 10.2.5.1.3). Compared to total (non-accidental) mortality (see section
3.2.1.1), fewer studies have examined the shape of the concentration-response curve for
cause-specific mortality outcomes, including lung cancer. Several studies have reported no
evidence of deviations from linearity in the shape of the concentration-response relationship
(Lepeule et al., 2012; Raaschou-Nielsen et al., 2013; Puett et al., 2014), though authors provided
only limited discussions of results (U.S. EPA, 2018, section 10.2.5.1.4).

In support of the biological plausibility of an independent effect of PM; 5 on cancer, the
draft ISA notes evidence from recent experimental and epidemiologic studies demonstrating that
PMb s exposure can lead to a range of effects indicative of mutagenicity, genotoxicity, and
carcinogenicity, as well as epigenetic effects (U.S. EPA, 2018, section 10.2.7). For example,
both in vitro and in vivo toxicological studies have shown that PM2 s exposure can result in DNA
damage (U.S. EPA, 2018, section 10.2.2). Although such effects do not necessarily equate to
carcinogenicity, the evidence that PM exposure can damage DNA, and elicit mutations, provides
support for the plausibility of epidemiologic associations with lung cancer mortality and
incidence. Additional supporting studies indicate the occurrence of micronuclei formation and
chromosomal abnormalities (U.S. EPA, 2018, section 10.2.3.3), and differential expression of
genes that may be relevant to cancer pathogenesis, following PM exposures. Experimental and
epidemiologic studies that examine epigenetic effects indicate changes in DNA methylation,
providing some support for PM> s exposure contributing to genomic instability (U.S. EPA, 2018,
section 10.2.3).

Epidemiologic evidence for associations between PM; s and lung cancer mortality and
incidence, together with evidence supporting the biological plausibility of such associations,
contributes to the draft ISA’s conclusion that the evidence “is sufficient to conclude that a causal
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relationship is likely to exist between long-term PM> 5 exposure and cancer” (U.S. EPA, 2018,
section 10.2.7).%

3.2.1.5 Nervous System Effects

Long-term PM3 5 exposures

Reflecting the very limited evidence available in the last review, the 2009 ISA did not
make a causality determination for long-term PM2 s exposures and nervous system effects (U.S.
EPA, 2009). Since the last review, this body of evidence has grown substantially (U.S. EPA,
2018). Recent animal toxicology studies report that long-term PM; s exposures can lead to
morphologic changes in the hippocampus and to impaired learning and memory. This evidence is
consistent with epidemiologic studies reporting that long-term PM; 5 exposure is associated with
reduced cognitive function (U.S. EPA, 2018, section 8.2.5). Further, while the evidence is
limited, the presence of early markers of Alzheimer’s disease pathology has been demonstrated
in rodents following long-term exposure to PM2.s CAPs. These findings support reported
associations with neurodegenerative changes in the brain (i.e., decreased brain volume), all-cause
dementia, or hospitalization for Alzheimer’s disease in a small number of epidemiologic studies
(U.S. EPA, 2018, section 8.2.6). Additionally, loss of dopaminergic neurons in the substantia
nigra, a hallmark of Parkinson disease, has been reported in mice (U.S. EPA, 2018, section
8.2.4), though epidemiologic studies provide only limited support for associations with
Parkinson’s disease (U.S. EPA, 2018, section 8.2.6). Overall, the lack of consideration of
copollutant confounding introduces some uncertainty in the interpretation of epidemiologic
studies of nervous system effects, but this uncertainty is partly addressed by the evidence for an
independent effect of PM2 s exposures provided by experimental animal studies.

In addition to the findings described above, which are most relevant to older adults,
several recent studies of neurodevelopmental effects in children have also been conducted.
Positive associations between long-term exposure to PMz s during the prenatal period and autism
spectrum disorder (ASD) are observed in multiple epidemiologic studies (U.S. EPA, 2018,
section 8.2.7.2), while studies of cognitive function provide little support for an association (U.S.
EPA, 2018, section 8.2.5.2). Interpretation of these epidemiologic studies is limited due to the
small number of studies, their lack of control for potential confounding by copollutants, and
uncertainty regarding the critical exposure windows. Biological plausibility is provided for the
ASD findings by a study in mice that found inflammatory and morphologic changes in the

20 As noted above, the CASAC found that “the Draft ISA does not present adequate evidence to conclude that there
is likely to be a causal relationship between... long-term PM> s exposure and cancer” (Cox, 2019). The final ISA
will reflect the EPA’s consideration of this and other CASAC advice on the draft ISA.
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corpus collosum and hippocampus, as well as ventriculomegaly (i.e., enlarged lateral ventricles)
in young mice following prenatal exposure to PM25s CAPs.

Taken together, the draft ISA concludes that recent studies indicate long-term PMa 5
exposures can lead to effects on the brain associated with neurodegeneration (i.e.,
neuroinflammation and reductions in brain volume), as well as cognitive effects in older adults
(U.S. EPA, 2018, Table 1-2). Animal toxicology studies provide evidence for a range of nervous
system effects in adult animals, including neuroinflammation and oxidative stress,
neurodegeneration, and cognitive effects, and effects on neurodevelopment in young animals.
The epidemiologic evidence is more limited but studies generally support associations between
long-term PM: 5 exposure and changes in brain morphology, cognitive decrements and dementia.
There is also initial, and limited, evidence for neurodevelopmental effects, particularly ASD. The
consistency and coherence of the evidence supports the draft ISA’s conclusion that “the
collective evidence is sufficient to conclude that a causal relationship is likely to exist between
long-term PM: 5 exposure and nervous system effects” (U.S. EPA, 2018, section 8.2.9).!

Long-term UFP exposures

The 2009 ISA reported limited animal toxicological evidence of a relationship between
long-term exposure to UFP and nervous system effects, with no supporting epidemiologic
studies. Recent animal toxicological studies substantially add to this evidence base. Multiple
toxicological studies of long-term UFP exposure conducted in adult mice provide consistent
evidence of brain inflammation and oxidative stress in the whole brain, hippocampus, and
cerebral cortex (U.S. EPA, 2018, section 8.6.3). Studies also found morphologic changes,
specifically neurodegeneration in specific regions of the hippocampus and pathologic changes
characteristic of Alzheimer's disease, and initial evidence of behavioral effects in adult mice
(U.S. EPA, 2018, sections 8.6.4 and 8.6.5). Toxicological studies examining pre- and post-natal
UFP exposures provide extensive evidence for behavioral effects, altered neurotransmitters,
neuroinflammation, and morphologic changes (U.S. EPA, 2018, section 8.6.6.2). Persistent
ventriculomegaly was observed in male, but not female, mice exposed postnatally to UFP (U.S.
EPA, 2018, section 8.6.6). Epidemiologic evidence is limited to a single study of school children
that provides support for the experimental results. This study, which did not consider copollutant
confounding, reports an association between long-term exposure to UFP, which was measured at
the school, and decrements on tests of attention and memory. Uncertainty results from the lack of

information on the spatial and temporal variability of UFP exposures on long-term UFP

21 As noted above, the CASAC found that “the Draft ISA does not present adequate evidence to conclude that there
is likely to be a causal relationship between long-term PM, 5 exposure and nervous system effects” (Cox, 2019).
The final ISA will reflect the EPA’s consideration of this and other CASAC advice on the draft ISA.
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exposures at the population level. Based primarily on the animal toxicological evidence of
neurotoxicity and altered neurodevelopment, the draft ISA concludes that the evidence is
“sufficient to conclude that a causal relationship is likely to exist between long-term UFP
exposure and nervous system effects” (U.S. EPA, 2018, section 8.6.7).2

3.2.1.6 Other Effects

Compared to the health outcomes discussed above, the draft ISA concludes that there is
greater uncertainty in the evidence linking PM> s or UFP exposures with other health outcomes,
reflected in conclusions that the evidence is “suggestive of, but not sufficient to infer, a causal
relationship.” The sections below summarize the daft ISA conclusions for these “suggestive”
outcomes for long-term (Section 3.2.1.6.1) and short-term (Section 3.2.1.6.2) PM> 5 and UFP

exposures.

3.2.1.6.1 Long-term Exposures

As indicated in Table 3-1 above, the draft ISA concludes that the evidence is “suggestive
of, but not sufficient to infer, a causal relationship” between long-term PM> 5 exposures and
metabolic effects and reproductive and developmental effects (reproduction and fertility;
pregnancy and birth outcomes). These conclusions reflect evidence that is “generally supportive
but not entirely consistent or is limited overall” where “[c]hance, confounding, and other biases
cannot be ruled out” (U.S. EPA, 2018, Preface, p. xvii). The basis for these causality

determinations is summarized briefly below.

PM:> 5 — Metabolic effects

There were no causality determinations for long-term PMz s exposure and metabolic
effects in the 2009 ISA (U.S. EPA, 2009). However, the literature pertaining to the effect of
long-term exposure to PM> 5 and metabolic effects has expanded substantially since the 2009
ISA, and consists of both epidemiologic and experimental evidence (U.S. EPA, 2018, section
7.2). Epidemiologic studies report positive associations between long-term PMa s exposure and
diabetes-related mortality. In addition, although results were not consistent across cohorts, there
is some evidence from epidemiologic studies for positive associations with incident diabetes,
metabolic syndrome, and alterations in glucose and insulin homeostasis. Consideration of
copollutant confounding was limited. In animal toxicologic studies, there is some support for a
relationship between long-term PM> 5 exposure and metabolic effects from experimental studies

demonstrating increased blood glucose, insulin resistance, and inflammation and visceral

22 As noted above, the CASAC found that “the Draft ISA does not present adequate evidence to conclude that there
is likely to be a causal relationship between... long-term ultrafine particulate (UFP) exposure and nervous system
effects” (Cox, 2019). The final ISA will reflect the EPA’s consideration of this and other CASAC advice on the
draft ISA.
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adiposity but the experimental evidence was not entirely consistent. Based on this evidence, the
draft ISA concludes that, “[o]verall, the collective evidence is suggestive of, but is not sufficient
to infer, a causal relationship between long-term PM> s exposure and metabolic effects” (U.S.
EPA, 2018 p. 7-54).

PM:> 5 — Reproductive and developmental effects

The 2009 ISA determined that the evidence was “suggestive of a causal relationship” for
the association between long-term PM: s exposure and reproductive and developmental
outcomes. The body of literature characterizing these relationships has grown since the 2009
ISA, with much of the evidence focusing on reproduction and fertility or pregnancy and birth
outcomes, though important uncertainties persist (U.S. EPA, 2018, sections 9.1.1, 9.1.2, 9.1.5).

Effects of PM» s exposure on sperm have been studied in both epidemiology and
toxicology studies and shows the strongest evidence in epidemiologic studies for impaired sperm
motility and in animal toxicological studies for impaired spermiation. Epidemiologic evidence on
sperm morphology have reported inconsistent results. Evidence for effects of PM» s exposure on
female reproduction also comes from both epidemiology and toxicology studies. In the
epidemiologic literature, results on human fertility and fecundity is limited, but the evidence on
in vitro fertilization indicates a modest association of PM» 5 exposures with decreased odds of
becoming pregnant. Studies in rodents have shown ovulation and estrus are affected by PM; s
exposure. Biological plausibility for outcomes related to male and female fertility and
reproduction comes from laboratory animal studies demonstrating genetic and epigenetic
changes in germ cells with PM2 5 exposure. The draft ISA concludes that, “[c]ollectively, the
evidence is suggestive of, but not sufficient to infer, a causal relationship between PM> 5
exposure and male and female reproduction and fertility” (U.S. EPA, 2018, p. 9-42).

With regard to pregnancy and birth outcomes, while the collective evidence for many of
the outcomes examined is not consistent, there are some animal toxicology and epidemiologic
studies that indicate an association between PM: 5 exposures and reduced fetal growth, low birth
weight and preterm birth. Most of the epidemiologic studies do not control for co-pollutant
confounding and do not identify a specific sensitive window of exposure, but results from animal
toxicologic studies provide biological plausibility for these outcomes, as well as support for
multiple sensitive windows for PMz 5 exposure-associated outcomes. There is also epidemiologic
evidence for congenital heart defects of different types, as well as biological plausibility to
support this outcome from the animal toxicology literature. However, evidence for a relationship
between PM; s exposure and various pregnancy-related pathologies, including gestational
hypertension, pre-eclampsia and gestational diabetes is inconsistent. Biological plausibility for
effects of PM; s exposure and various pregnancy and birth outcomes is provided by studies

showing that PM; s exposure in laboratory rodents resulted in impaired implantation and vascular
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endothelial dysfunction. Coherence with toxicological studies is provided by epidemiologic
studies in humans reporting associations with epigenetic changes to the placenta and impaired
fetal thyroid function. When taken together, the draft ISA concludes that the available evidence,
including uncertainties that evidence, is “suggestive of, but not sufficient to infer, a causal
relationship between exposure to PMa 5 and pregnancy and birth outcomes” (U.S. EPA, 2018, p.
9-44).

3.2.1.6.2 Short-term Exposures

As indicated in Table 3-1 above, the draft ISA concludes that the evidence is “suggestive
of, but not sufficient to infer, a causal relationship” between short-term PM> s exposures and
metabolic effects and nervous system effects. Additionally, the draft ISA concludes that the
evidence is “suggestive” for short-term UFP exposures and cardiovascular effects, respiratory
effects, and nervous system effects. As for the outcomes related to long-term exposures,
discussed above, these conclusions reflect evidence that is “generally supportive but not entirely
consistent or is limited overall” where “[c]hance, confounding, and other biases cannot be ruled
out” (U.S. EPA, 2018, Preface, p. xvii). The basis for these causality determinations is

summarized briefly below.

PM:> 5 — Metabolic effects

There were no studies of the effect of short-term PM; 5 exposure and metabolic effects
reviewed in the 2009 ISA (U.S. EPA, 2009). New evidence for a relationship between short-term
PMb 5 exposure and metabolic effects is based on a small number of epidemiologic and animal
toxicological studies reporting effects on glucose and insulin homeostasis and other indicators of
metabolic function such as inflammation in the visceral adipose tissue and liver (U.S. EPA,
2018, section 7.1). The draft ISA concludes that, overall, the collective evidence “is suggestive
of, but not sufficient to infer, a causal relationship between short-term PM, 5 exposure and
metabolic effects” (U.S. EPA, 2018, p. 7-15).

PM:> 5 — Nervous system effects

The evidence reviewed in the 2009 ISA was characterized as "inadequate to infer" a
causal relationship between short-term PM; 5 exposure and nervous system effects (U.S. EPA,
2009), based on a small number of experimental animal studies. Recent studies strengthen the
evidence that short-term exposure to PM; 5 can affect the nervous system (U.S. EPA, 2018,
section 8.1). The strongest evidence is provided by experimental studies in mice that show
effects on the brain. These toxicological studies demonstrate changes in neurotransmitters in the
hypothalamus that are linked to sympathetic nervous system and hypothalamic-pituitary-adrenal
(HPA) stress axis activation, as well as upregulation of inflammation-related genes, changes in

cytokine levels, and other changes that are indicative of brain inflammation. In addition, an
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association of short-term PM» 5 exposure with hospital admissions for Parkinson’s disease was
observed indicating the potential for exacerbation of neurological diseases. The draft ISA
concludes that, overall, the collective evidence “is suggestive of, but not sufficient to infer, a
causal relationship between short-term exposure to PM» 5 and nervous system effects” (U.S.
EPA, 2018, p. 8-20).

UFP — Cardiovascular effects

In the 2009 ISA, the evidence from toxicological studies, many of which examined
exposures to whole diesel exhaust or wood smoke rather than UFP alone, was suggestive of a
causal relationship between short-term UFP exposure and cardiovascular effects. Since the 2009
ISA, there have been only a limited number of studies published describing the relationship
between short-term UFP exposure and cardiovascular effects. This includes a small number of
epidemiologic panel studies that have observed positive associations between short-term
exposure to UFPs and measures of HRV (U.S. EPA, 2018, section 6.5.9.1) and markers of
coagulation (U.S. EPA, 2018, section 6.5.11.1) although there are also studies that did not report
such UFP-related effects. In addition, there is evidence from a single controlled human exposure
study indicating decreases in the anticoagulant proteins plasminogen and thrombomodulin in
individuals with metabolic syndrome (U.S. EPA, 2018, section 6.5.11.2). There is inconsistent
evidence from controlled human exposure and epidemiologic panel studies for endothelial
dysfunction, changes in blood pressure, and systemic inflammation following short-term
exposure to UFPs. Notably, there is little evidence of an effect when considering short-term UFP
exposure on other cardiovascular endpoints as well as cardiovascular-disease emergency
department visits or hospital admissions. The assessment of study results across experimental
and epidemiologic studies is complicated by differences in the size distributions examined
between disciplines and by the nonuniformity in the exposure metrics examined (e.g., particle
number concentration, surface area concentration, and mass concentration) (U.S. EPA, 2018,
section 1.4.3). When considered as a whole, the draft ISA concludes that the evidence is
“suggestive of, but not sufficient to infer, a causal relationship between short-term exposure to
UFPs and cardiovascular effects” (U.S. EPA, 2018, p. 6-298).

UFP — Respiratory effects

A limited number of studies examining short-term exposure to UFPs and respiratory
effects were reported in the 2009 ISA, which concluded that the relationship between short-term
exposure to UFP and respiratory effects is “suggestive of a causal relationship.” This conclusion
was based on epidemiologic evidence indicating associations with combined respiratory-related
diseases, respiratory infection, and asthma exacerbation. In addition, personal exposures to

ambient UFP were associated with lung function decrements in adults with asthma. The few
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available experimental studies provided limited coherence with epidemiologic findings for
asthma exacerbation. Recent studies add to this evidence base and support epidemiologic
evidence for asthma exacerbation and combined respiratory-related diseases but do not rule out
chance, confounding, and other biases (U.S. EPA, 2018, section 5.5). For example, associations
persist in one epidemiologic study with adjustment for NO>, but not in another. Additional
supporting evidence, showing decrements in lung function and enhancement of allergic
inflammation and other allergic responses, is provided by a controlled human exposure study in
adults with asthma and by animal toxicological studies in an animal model of allergic airway
disease. For combined respiratory-related diseases, recent findings add consistency for hospital
admissions and emergency department visits and indicate lung function changes among adults
with asthma or COPD. Uncertainty remains regarding the characterization of UFP exposures and
the potential for copollutant confounding in epidemiologic studies, which limits inference about
an independent effect of UFP exposures (U.S. EPA, 2018, section 5.5). The draft ISA concludes
that, overall, the evidence is “suggestive of, but not sufficient to infer, a causal relationship
between short-term UFP exposure and respiratory effects” (U.S. EPA, 2018, p. 5-300).

UFP- Nervous system effects

The 2009 ISA reported limited animal toxicological evidence of a relationship between
short-term exposure to UFP and nervous system effects, without supporting epidemiologic
studies. Several recent experimental studies add to this evidence base. In the current review, the
strongest evidence for a relationship between short-term UFP exposure and nervous system
effects is provided by animal toxicological studies that show inflammation and oxidative stress
in multiple brain regions following exposure to UFP. There is a lack of evidence from
epidemiologic studies (U.S. EPA, 2018, section 8.5). The draft ISA concludes that, overall, the
collective evidence is “suggestive of, but not sufficient to infer, a causal relationship between
short-term UFP exposure and nervous system effects” (U.S. EPA, 2018, p. 8-93).

3.2.1.7 Summary
Based on the evidence assessed in the draft ISA (U.S. EPA, 2018), and summarized in
sections 3.2.1.1 to 3.2.1.6 above, we revisit the policy-relevant questions posed at the beginning

of this section:

e To what extent does the currently available scientific evidence strengthen, or otherwise
alter, our conclusions from the last review regarding health effects attributable to long-
or short-term fine particle exposures? Have previously identified uncertainties been
reduced? What important uncertainties remain and have new uncertainties been
identified?

We consider these questions in the context of the evidence for effects of long- and short-term

PM> 5 exposures.
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Studies conducted since the 2009 ISA have broadened our understanding of the health
effects that can result from long-term PM; s exposures and have reduced key uncertainties
identified in the last review. Recent epidemiologic studies consistently report positive
associations between long-term PM> 5 exposures and a wide range of health outcomes, including
total and cause-specific mortality, cardiovascular and respiratory morbidity, lung cancer, and
nervous system effects. Such associations have been reported in analyses examining a variety of
study designs, approaches to estimating PM> 5 exposures, statistical models, and long-term
exposure windows (i.e., the exposure period that is associated with the health outcome). Recent
evidence also includes “accountability” studies that demonstrate improvements in health
outcomes, including increasing life expectancy, decreasing mortality, or decreasing respiratory
effects, as a result of declines in ambient PM2 5 concentrations over time. Recent epidemiologic
studies report that associations with mortality (total, cardiovascular, and respiratory) remain
relatively unchanged in copollutant models, supporting the independence of these associations
from co-occurring gases or coarse PM. Recent studies additionally report that associations (i.e.,
primarily with mortality) persist in analyses restricted to long-term PMz 5 exposures in the lower
portions of the air quality distribution, and such studies do not identify a threshold below which
associations no longer occur. The biological plausibility of health effect associations reported in
epidemiologic studies is supported by coherent results from experimental studies. Recent
evidence from animal toxicology and/or controlled human exposure studies provides stronger
support, compared to previous reviews, for potential biologic pathways by which long-term
PMb s exposures could lead to effects on the cardiovascular and respiratory systems, effects on
the nervous system, and to lung cancer.?* 2* In addition to providing insight into potential
mechanisms, experimental studies also demonstrate direct effects of PMz s exposures, providing
further support for independent effects of particle exposures on health (i.e., not confounded by
co-occurring pollutants). When taken together, the evidence available in this review (i.e., U.S.
EPA, 2018) reaffirms, and in some cases strengthens, the conclusions from the 2009 ISA
regarding the health effects of long-term PM: s exposures.

As with the evidence for effects of long-term exposures, since the 2009 ISA, much
progress has been made in assessing key uncertainties in our understanding of health effects

associated with short-term PM; 5 exposures. Recent epidemiologic studies build upon and further

23 For respiratory effects, nervous system effects, and cancer-related effects animal studies provide support for
potential biologic pathways while controlled human exposure studies are more limited.

24 Animal studies also provide stronger support in this review for effects following exposures to UFP (section
3.2.1.5), though important uncertainties remain (e.g., inconsistent UFP definitions across studies, various methods
of administering UFP exposures in health studies, limited understanding of ambient UFP concentrations and
distributions in epidemiologic studies), limiting the potential for these studies to inform policy-relevant
conclusions.
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reaffirm those studies evaluated in the 2009 PM ISA, providing evidence of positive associations
across a range of effects. The independence of the PM2 s effects reported in such studies is
further supported by the results of copollutant analyses indicating that associations with short-
term PM; 5 remain robust. Some recent studies report that associations persist in analyses that
exclude short-term PM; s exposures near the upper end of the air quality distribution and that a
threshold below which associations no longer occur is not identifiable from the available data.
The plausibility of PM2 s-associated mortality is supported by associations with cardiovascular
and respiratory morbidity. Direct evidence for PM2 5 exposure-related cardiovascular effects can
also be found in recent controlled human exposure and animal toxicological studies, supported
by results of epidemiologic panel studies, reporting that PM> s exposure can result in various
cardiovascular effects, including endothelial dysfunction, impaired cardiac function, ST segment
depression, thrombosis, conduction abnormalities, and increased blood pressure. Overall, the
results from these studies provide coherence and biological plausibility for the consistent results
from epidemiologic studies observing positive associations between short-term PM> 5
concentrations and ischemic heart disease and heart failure, and ultimately cardiovascular
mortality. While there are inconsistencies in results across some of the animal toxicological,
controlled human exposure, and epidemiologic panel studies, this may be due to substantial
differences in study design, study populations, or differences in PM composition across study
locations. While recent epidemiologic studies also demonstrate associations between short-term
PMb s exposures and respiratory effects, particularly asthma and COPD exacerbations, and while
animal toxicological studies provide biological plausibility for these findings, some uncertainty
remains with respect to the independence of PMz s effects. Thus, when taken together, the
evidence available in this review (U.S. EPA, 2018) reaffirms, and in some cases strengthens, the
conclusions from the 2009 ISA regarding the health effects of short-term PM; s exposures.

3.2.2 Potential At-Risk Populations
The NAAQS are meant to protect the population as a whole, including groups that may

be at increased risk for pollutant-related health effects. In the last review, based on the evidence
assessed in the 2009 ISA (U.S. EPA, 2009), the 2011 PA focused on children, older adults,
people with pre-existing heart and lung diseases, and those of lower socioeconomic status as
populations that are “likely to be at increased risk of PM-related effects” (U.S. EPA, 2011, p. 2-
31). In the current review, the draft ISA cites extensive evidence indicating that “both the general
population as well as specific populations and lifestages are at risk for PM» s-related health
effects” (U.S. EPA, 2018, p. 12-1). For example, in support of its “causal” and “likely to be

causal” determinations, the draft ISA cites substantial evidence for:
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e PM-related mortality and cardiovascular effects in older adults (U.S. EPA, 2018, sections
11.1,11.2, 6.1, and 6.2);

e PM-related cardiovascular effects in people with pre-existing cardiovascular disease (U.S.
EPA, 2018, section 6.1);

e PM-related respiratory effects in people with pre-existing respiratory disease, particularly
asthma (U.S. EPA, 2018, section 5.1); and

e PM-related impairments in lung function growth and asthma development in children (U.S.
EPA, 2018, sections 5.1 and 5.2; 12.5.1.1).

The draft ISA additionally notes that stratified analyses (i.e., analyses that directly
compare PM-related health effects across groups) provide strong evidence for racial and ethnic
differences in PM3 5 exposures and in PM» s-related health risk. Such analyses indicate that
minority populations such as Hispanic and non-Hispanic black populations have higher PM2 s
exposures than non-Hispanic white populations, thus contributing to adverse health risk in non-
white populations (U.S. EPA, 2018, section 12.5.4). Stratified analyses focusing on other groups
also suggest that populations with pre-existing cardiovascular or respiratory disease, populations
that are overweight or obese, populations that have particular genetic variants, and populations
that are of low socioeconomic status could be at increased risk for PM; s-related adverse health
effects (U.S. EPA, 2018, Chapter 12).

Thus, the groups at risk of PM> s-related health effects represent a substantial portion of
the total U.S. population. In evaluating the primary PMa s standards, an important consideration
is the potential PM> s-related public health impacts in these populations.

3.2.3 PMaz;s Concentrations in Key Studies Reporting Health Effects
To inform conclusions on the adequacy of the public health protection provided by the
current primary PM; 5 standards, this section evaluates the PM» 5 exposures and ambient
concentrations (i.e., used as surrogates for exposures in epidemiologic studies) in studies
reporting PM> s-related health effects. We specifically consider the following overarching
questions:

e What are the short- or long-term PM:2.s exposures that have been associated with health
effects and to what extent does the evidence support the occurrence of such effects for
air quality meeting the current primary PM:s standards?

In addressing these questions, we emphasize health outcomes for which the draft ISA has
concluded the evidence supports a “causal” or a “likely to be causal” relationship with PM
exposures. As discussed above, this includes mortality, cardiovascular effects, and respiratory
effects associated with short- or long-term PMb 5 exposures and cancer and nervous system
effects associated with long-term PM: s exposures. While the causality determinations in the

draft ISA are informed by studies evaluating a wide range of PM2 5 concentrations, this section
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considers the degree to which the evidence supports the occurrence of PM-related effects at
concentrations relevant to informing conclusions on the primary PM; 5 standards. Section 3.2.3.1
considers the exposure concentrations that have been evaluated in experimental studies and
section 3.2.3.2 considers the ambient concentrations in locations evaluated by epidemiologic

studies.

3.2.3.1 PM Exposure Concentrations Evaluated In Experimental Studies

In the draft ISA, the evidence for a particular PM; s-related health outcome is
strengthened when results from experimental studies demonstrate biologically plausible
mechanisms through which adverse human health outcomes could occur (U.S. EPA, 2015,
Preamble p. 20). Two types of experimental studies are of particular importance in understanding
the effects of PM exposures: controlled human exposure and animal toxicology studies. In such
studies, investigators expose human volunteers or laboratory animals, respectively, to known
concentrations of air pollutants under carefully regulated environmental conditions and activity
levels. Thus, controlled human exposure and animal toxicology studies can provide information
on the health effects of experimentally administered pollutant exposures under highly controlled
laboratory conditions (U.S. EPA, 2018, Preamble, p. 11).

In this section, we consider the PM» s exposure concentrations shown to cause effects in
controlled human exposure studies and in animal toxicology studies. We particularly consider
the consistency of specific PM; s-related effects across studies, the potential adversity of such
effects, and the degree to which exposures shown to cause effects are likely to occur in areas
meeting the current primary standards. To address these issues, we consider the following

question:

e To what extent does the evidence from controlled human exposure or animal toxicology
studies support the potential for adverse cardiovascular, respiratory, or other effects
following PM2.s exposures likely to occur in areas meeting the current primary
standards?

Controlled Human Exposure Studies

As discussed in detail in the draft ISA (U.S. EPA, 2018, section 6.1), controlled human

exposure studies have reported that PMa 5 exposures lasting from less than one hour up to five

hours can impact cardiovascular function.?> The most consistent evidence from these studies is
for impaired vascular function (U.S. EPA, 2018, section 6.1.13.2). In addition, although less

consistent, the draft ISA notes that studies examining PM> 5 exposures also provide evidence for

%5 In contrast, controlled human exposure studies provide little evidence for respiratory effects following short-term
PM, s exposures (U.S. EPA, 2018, section 5.1, Table 5-18). Therefore, this section focuses on cardiovascular
effects evaluated in controlled human exposure studies of PM, 5 exposure.
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increased blood pressure (U.S. EPA, 2018, section 6.1.6.3), conduction abnormalities/arrhythmia
(U.S. EPA, 2018, section 6.1.4.3), changes in heart rate variability (U.S. EPA, 2018, section
6.1.10.2), changes in hemostasis that could promote clot formation (U.S. EPA, 2018, section
6.1.12.2), and increases in inflammatory cells and markers (U.S. EPA, 2018, section 6.1.11.2).
The draft ISA concludes that, when taken as a whole, controlled human exposure studies
demonstrate that short-term exposure to PM2 s may impact cardiovascular function in ways that
could lead to more serious outcomes (U.S. EPA, 2018, section 6.1.16). Thus, such studies can
provide insight into the potential for specific PM» s exposures to cause physiological changes that
could increase the risk of more serious effects.

Table 3-2 below summarizes information from the draft ISA% on available controlled
human exposure studies that evaluate effects on markers of cardiovascular function following
exposures to PM; s, either as concentrated ambient particles (CAP) or in unfiltered versus filtered

exhaust.?’

26 Table 3-2 includes the controlled human exposure studies, and the endpoints from each study, that are discussed
in the draft ISA. In the final PA, Table 3-2 will be updated, as needed, to reflect changes made in the final ISA
regarding the studies and/or endpoints that are discussed (e.g., in response to CASAC comments or public input).

27 Table 3-2 identifies controlled human exposure studies included in the draft ISA that examine the potential for
PM: 5 exposures to alter markers of cardiovascular function. Studies that focus on specific components of PM> s
(e.g., endotoxin), or studies that evaluated PMa s exposures only in the presence of an intervention (e.g., dietary
intervention) or other pollutant (e.g., ozone), are not included.
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Table 3-2. Summary of information from PMz.s controlled human exposure studies.

Exposure Details
(average concentration;

Study Population duration) Results
Brauner et al., Healthy adults | 10.5 pg/m3 PMys No significant effect on markers of vascular
2008 (unfiltered) vs below function

detection (filtered); 24 h

Hemmingsen et | Healthy, 24 ug/m3 (unfiltered) vs Impaired vascular function and altered heart rate
al., 2015a, overweight 3.0 pg/m3 (filtered) variability; no significant changes in blood
Hemmingsen et | older adults Copenhagen PM; 5 h pressure or markers of inflammation or oxidative
al., 2015b stress

Urch et al., 2010

Non-asthmatic
and mild
asthmatic
adults

64 pg/m3 CAP (lower
exposure); 2 h

No significant change in blood markers of
inflammation or oxidative stress

Huang et al., 2012

Healthy adults

90 pg/m3 CAP; 2 h

No significant changes in heart rate variability

Devlin et al., 2003 |Healthy older |99 ug/m3 CAP%; 2 h Decreased heart rate variability
adults
Hazucha et al., Adult current | 109 ug/m3 CAP; 2 h No significant changes in markers of
2013 and former inflammation or coagulation
smokers
Ghio et al., 2000 | Healthy young |120 pg/m3 CAP; 2 h Increased fibrinogen (coagulation)
adults
Ghio et al., 2003  |Healthy young |120 pg/m? CAP; 2 h Increased fibrinogen; no significant effect on
adults markers of inflammation

Urch et al., 2010

Non-asthmatic

140 ug/m3 CAP (higher

Increased blood inflammatory markers

al., 2016

and mild exposure); 2 h
asthmatic
adults
Brook et al., 2009 |Healthy adults | 149 ug/m® CAP; 2 h Impaired vascular function, increased blood
pressure; no significant change in markers of
inflammation (compared to filtered air)
Ramanathan et  |Healthy adults | 149 pg/m® CAP; 2 h Decreased anti-oxidant/anti-inflammatory

capacity when baseline capacity was low

28 The published study reports an average CAP concentration of 41 pg/m?, but communication with the study
authors revealed an error in that reported concentration (Jenkins, 2016).
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Sivagangabalan et
al., 2011

Healthy adults

150 pg/m3 CAP; 2 h

Increase in indicator of possible arrhythmia; no
significant effect on heart rate

Kusha et al., 2012

Healthy adults

154 pg/im? CAP; 2 h

No significant effect on indicator of possible
arrhythmia

Gong et al., 2003

Adults with and

174 ug/m3 CAP; 2 h

Increased heart rate; No significant effect on

without asthma indicators of arrhythmia, inflammation,
coagulation; inconsistent effects on blood
pressure
Gong et al., 2004 | Older adults 200 ug/m3 CAP; 2 h Decreased heart rate variability, increase in
with and markers of inflammation (without COPD only);
without COPD inconsistent effect on arrhythmia; no significant
effect on markers of blood coagulation
Liu etal., 2015 Healthy adults | 238 pg/m® CAP; 130 min | Increase in urinary markers of oxidative stress
and vascular dysfunction; no significant effect on
blood markers of oxidative stress, vascular
function, or inflammation
Bellavia et al., Healthy adults |~242 pg/m3 CAP; 130 min |Increased blood pressure
2013
Behbod et al., Healthy adults | ~250 pg/mé CAP; 130 min |Increase in markers of inflammation
2013
Tong etal., 2015 |Healthy older |253 pg/m3 CAP; 2 h Impaired vascular function and increased blood
adults pressure; no significant change in markers of
inflammation or coagulation
Lucking et al., Healthy young |320 pg/m? (unfiltered) vs | Impaired vascular function and increased
2011 men 7.2 ug/m? (filtered); 1 h potential for coagulation; no significant effect on
blood pressure, markers of inflammation, or
arterial stiffness
Vieiraetal., Healthy adults; | 325 ug/m? (unfiltered) vs | Increase in marker of potential impairment in
2016a, Vieiraet  |Heart failure |25 ug/m? (filtered) diesel | heart function, impaired vascular function (heart
al., 2016b patients exhaust; 21-min failure patients); no significant effect on blood

pressure, heart rate or heart rate variability,
markers of inflammation, markers of coagulation,
or arterial stiffness

Most of the controlled human exposure studies in Table 3-2 have evaluated average

PM: 5 exposure concentrations at or above about 100 pg/m?, with exposure durations typically up

to about two hours. Statistically significant effects on one or more indicators of cardiovascular

function are often, though not always, reported following 2-hour exposures to average PMz s

concentrations at and above about 120 pg/m?, with less consistent evidence for effects following

exposures to lower concentrations. Impaired vascular function, the effect identified in the draft
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ISA as the most consistent across studies (U.S. EPA, 2018, section 6.1.13.2), is shown following
2-hour exposures to PMa s concentrations at and above 149 pg/m?. Mixed results are reported in
the three studies that evaluate longer exposure durations (i.e., longer than 2 hours) and lower
PMb 5 concentrations, with significant effects on some outcomes reported following 5-hour
exposures to 24 ng/m’ in Hemmingsen et al. (2015b), but not for other outcomes following 5-
hour exposures in Hemmingsen et al., (2015a) and not following 24-hour exposures to 10.5
ng/m? in Briuner et al. (2008).

To provide some insight into what these studies may indicate regarding the primary PM> 5
standards, we consider the degree to which 2-hour ambient PM; 5 concentrations in locations
meeting the current primary standards are likely to exceed the 2-hour exposure concentrations at
which statistically significant effects are reported in multiple studies for one or more indicators
of cardiovascular function. To this end, we refer to Figure 2-14 (Chapter 2, section 2.3.2.2.3),
which presents the frequency distribution of 2-hour average PM; 5 concentrations from all FEM
PM; 5 monitors in the U.S. for 2015-2017. At sites meeting the current primary PM> 5 standards,
most 2-hour concentrations are below 11 pg/m?, and almost never exceed 32 pug/m>. The extreme
upper end of the distribution of 2-hour PM2 5 concentrations is shifted higher during the warmer
months (April to September, denoted by red bars in Figure 2-14), generally corresponding to the
period of peak wildfire frequency in the U.S. At sites meeting the current primary standards, the
highest 2-hour concentrations measured almost never occur outside of the period of peak wildfire
frequency (i.e., 99.9'" percentile of 2-hour concentrations is 68 pg/m® during the warm season).
Most of the sites measuring these very high concentrations are in the northwestern U.S. and
California (see Appendix A, Figure A-1), where wildfires have been relatively common in recent
years. When the typical fire season is excluded from the analysis (blue in Figure 2-14), the
extreme upper end of the distribution is reduced (i.e., 99.9'" percentile of 2-hour concentrations is
59 pg/m?).

Thus, while controlled human exposure studies support the plausibility of the serious
cardiovascular effects that have been linked with ambient PM2 5 exposures (U.S. EPA, 2018,
Chapter 6), the PM> 5 exposure concentrations evaluated in most of these studies are well-above
the ambient concentrations typically measured in locations meeting the current primary
standards. Therefore, controlled human exposure studies provide limited insight into the
occurrence of cardiovascular effects following PM» 5 exposures likely to occur in the ambient air
in areas meeting the current primary PMb» 5 standards and are of limited utility in informing
conclusions on the public health protection provided by the current standards. Additional
controlled human exposure studies that examine longer exposure periods (e.g., 24-hour as in

Bréuner et al. (2008); 5-hour as in Hemmingsen et al. (2015b)), or repeated exposures, to
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concentrations typical in the ambient air across much of the U.S. may provide additional insight

into this issue in future reviews.

Animal Toxicology Studies

The draft ISA relies on animal toxicology studies to support the plausibility of a wide
range of PMa s-related health effects. While animal toxicology studies often examine more
severe health outcomes and longer exposure durations than controlled human exposure studies,
there is uncertainty in extrapolating the effects seen in animals, and the PM> s exposures and
doses that cause those effects, to human populations. We consider these uncertainties when
evaluating what the available animal toxicology studies may indicate with regard to the current
primary PM; 5 standards.

Most of the animal toxicology studies assessed in the draft ISA have examined effects
following exposures to PM> 5 concentrations well-above the concentrations likely to be allowed
by the current PM> s standards. Such studies have generally examined short-term exposures to
PM, 5 concentrations from 100 to >1,000 pg/m? and long-term exposures to concentrations from
66 to >400 pg/m?’ (e.g., see U.S. EPA, 2018, Table 1-2). Two exceptions are a study reporting
impaired lung development following long-term exposures (i.e., 24 hours per day for several
months prenatally and postnatally) to an average PM> s concentration of 16.8 ug/m* (Mauad et
al., 2008) and a study reporting increased carcinogenic potential following long-term exposures
(i.e., 2 months) to an average PM2 s concentration of 17.7 ng/m® (Cangerana Pereira et al., 2011).
These two studies demonstrate serious effects following long-term exposures to PMz s
concentrations similar to the ambient concentrations reported in some PMb s epidemiologic
studies (U.S. EPA, 2018, Table 1-2), though still above the ambient concentrations likely to
occur in areas meeting the current primary standards. Thus, as is the case with controlled human
exposure studies, animal toxicology studies support the plausibility of various adverse effects
that have been linked to ambient PM> s exposures (U.S. EPA, 2018), but have not evaluated
PMb s exposures likely to occur in areas meeting the current primary standards. Given this, and
the additional uncertainty of extrapolating from effects in animals to those in human populations,
animal toxicology studies are of limited utility in informing conclusions on the public health

protection provided by the current or alternative primary PMa» s standards.

3.2.3.2 Ambient PM Concentrations in Locations of Epidemiologic Studies

As summarized in section 3.2.1 above, epidemiologic studies examining associations
between daily or annual average PM: s exposures and mortality or morbidity represent a large
part of the evidence base supporting several of the draft ISA’s “causal” and “likely to be causal”
determinations. In this section, we consider the ambient PM> s concentrations present in areas

where epidemiologic studies have evaluated associations with mortality or morbidity, and what

September 2019 3-49 External Review Draft—Do Not Quote or Cite



O 00 1 &N D B~ W N =

W NN NN N N N NN N N o e e e e e e e
S O 0 I AN LR WD = O OV 0 NN RAWND - O

W W
N —

W W W W
AN D B~ W

such concentrations may indicate regarding the primary PM; 5 standards. The approaches
discussed in this section are also summarized above in section 3.1.2.

As noted in section 3.1.2, the use of information from epidemiologic studies to inform
conclusions on the primary PM> 5 standards is complicated by the fact that such studies evaluate
associations between distributions of ambient PM> s and health outcomes, and do not identify the
specific exposures that cause reported effects. Rather, health effects can occur over the entire
distributions of ambient PM> 5 concentrations evaluated, and epidemiologic studies do not
identify a population-level threshold below which it can be concluded with confidence that PM-
associated health effects do not occur (U.S. EPA, 2018, section 1.5.3).

In the absence of discernible thresholds, we use two approaches to consider information
from epidemiologic studies. In one approach, we evaluate the PM; 5 air quality distributions
reported by key epidemiologic studies (i.e., and used to estimate exposures in these studies) and
the degree to which such distributions are likely to occur in areas meeting the current (or
alternative) standards (section 3.2.3.2.1). We recognize uncertainty in using this approach to
inform conclusions on the primary standards because study-reported PM2 s concentrations are not
the same as the design values used by the EPA to determine whether areas meet the NAAQS
(discussed further below). Therefore, in an additional approach, we calculate study area air
quality metrics similar to PM2 s design values and consider the degree to which such metrics
indicate that study area air quality would likely have met or violated the current or alternative
standards during study periods (section 3.2.3.2.2).

To the extent these approaches indicate that health effect associations are based on PM; s
air quality likely to have met the current or alternative standards, such standards are likely to
allow the daily or annual average PM» 5 exposures that provide the foundation for reported
associations. Alternatively, to the extent reported health effect associations reflect air quality
violating the current or alternative standards, there is greater uncertainty in the degree to which
such standards would allow the PM> 5 exposures that provide the foundation for reported
associations. The sections below (i.e., 3.2.3.2.1, 3.2.3.2.2) discuss each of these approaches in
more detail, and present our key observations based on their application. The potential
implications of these observations for the current and alternative primary PM» 5 standards are

discussed below in section 3.4.

3.2.3.2.1 PMaz;s Air Quality Distributions Associated with Mortality or Morbidity in Key
Epidemiologic Studies

In this section, we consider the PMb 5 air quality distributions associated with mortality or
morbidity in key epidemiologic studies, with a focus on the parts of the distributions over which

those studies provide the strongest support for reported associations. As discussed further below,

September 2019 3-50 External Review Draft—Do Not Quote or Cite



O 00 1 &N D B~ W N =

W W W N NN N NN NN NN = = = e e e e e
D = O O X3 NN R WD RO 0O 0NN RW NN~ O

while health effects may occur at PM» s concentrations across the air quality distribution,
epidemiologic studies provide the strongest support for reported health effect associations over
the part of the distribution corresponding to the bulk of the underlying data (i.e., estimated
exposures and/or health events). This is the case both for studies of daily PM; s exposures and for
studies of annual average PM> 5 exposures.

Studies of daily PM2 s exposures examine associations between day-to-day variation in
PM; 5 concentrations and health outcomes, often over several years. While there can be
considerable variability in daily exposures over a multi-year study period, most of the estimated
exposures reflect days with ambient PM 5 concentrations around the middle of the air quality
distributions examined (i.e., “typical” days rather than days with extremely high or extremely
low concentrations). Similarly, for studies of annual PM> s exposures, most of the estimated
exposures reflect annual average PM; s concentrations around the middle of the air quality
distributions examined. In both cases, epidemiologic studies provide the strongest support for
reported health effect associations for this middle portion of the PMz 5 air quality distribution,
which corresponds to the bulk of the underlying data, rather than the extreme upper or lower
ends of the distribution. Consistent with this, as noted above in section 3.2.1.1, several
epidemiologic studies report that associations persist in analyses that exclude the upper portions
of the distributions of estimated PM: 5 exposures, indicating that “peak” PMz 5 exposures are not
disproportionately responsible for reported health effect associations.

An example of the relationship between data density and reported health effect
associations is illustrated in Figure 3-2 below (from Lepeule et al., 2012, Figure 1 in
supplemental material; U.S. EPA, 2018, Figure 6-26). For the years 1974 to 2009, Lepeule et al.
(2012) report a positive and statistically significant association between estimated long-term
PMb s exposures and cardiovascular mortality in six U.S. cities. Based on a visual inspection of
the concentration-response function reported in this study (i.e., presented in Figure 3-2), 95%
confidence intervals are narrowest for long-term PM> s concentrations near the overall mean
concentration reported in the study (i.e., 15.9 pg/m®), indicating relatively high confidence in the
reported association. Confidence intervals widen at lower and higher long-term PM> s
concentrations, particularly at concentrations < ~10 pg/m? and > ~20 pg/m?>. This widening in
the confidence intervals is likely due in part to the comparative lack of data at concentrations
approaching the lower and upper ends of the air quality distribution (i.e., exposure estimates are

indicated by hash marks on the horizontal axis).
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Figure 3-2. Estimated concentration-response function and 95% confidence intervals
between PM2s and cardiovascular mortality in the Six Cities Study (1974-2009)
(from Lepeule et al., 2012, supplemental material, figure 1; Figure 6-26 in U.S. EPA,
2018).

Similar to the information presented in Figure 3-2, other recent studies have also reported
that confidence intervals around concentration-response functions are relatively narrow near the
overall mean PM2 s concentrations reported by those studies, likely reflecting high data density
near mean concentrations (e.g., Crouse et al., 2015; Villeneuve et al., 2015; Shi et al., 2016 as
discussed in U.S. EPA, 2018, section 11.2.4). Thus, as in the last review (78 FR 3161, January
15,2013; U.S. EPA, 2011, sections 2.1.3 and 2.3.4.1), we recognize that the part of the air
quality distribution corresponding to the bulk of the data in a given study generally falls around
the overall mean concentration for that study, reflecting the mean of daily or annual exposure
estimates over the study period, and that concentrations around (i.e., somewhat above to
somewhat below) the overall mean correspond to the range over which studies generally provide
the most confidence in reported health effect associations. As described further below, when
considering the PM3 s air quality distributions in epidemiologic studies in this section, we focus
on PM3 s concentrations around these overall means.

To evaluate the PM> 5 air quality distributions in key studies in this review, we first
identify the epidemiologic studies assessed in the draft ISA that have the potential to be most
informative in reaching conclusions on the primary PM: s standards. As for the experimental

studies discussed above, we focus on epidemiologic studies that provide strong support for
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“causal” or “likely to be causal” relationships with PM; s exposures in the draft ISA. We focus
on the health effect associations that are determined in the draft ISA to be consistent across
studies, coherent with the broader body of evidence (e.g., including animal and controlled human
exposure studies), and robust to potential confounding by co-occurring pollutants and other
factors. We emphasize multicity studies that examine health effect associations in the U.S. or
Canada, as such studies examine potential associations over large geographic areas with diverse
atmospheric conditions and population demographics (e.g., U.S. EPA, 2018, section 11.1).
Additionally, studies examining associations outside the U.S. or Canada reflect air quality and
exposure patterns that may be less typical of the U.S., and thus less likely to be informative for
purposes of reviewing the NAAQS.?

Figure 3-3 to Figure 3-6 and Table 3-3 below summarize information from U.S. and
Canadian studies that are assessed in the draft ISA and that meet these criteria. For each study,
Figures 3-3 to 3-6 present the cohort and/or geographic area examined, the approach used to
estimate PM, s exposures (i.e., monitored versus predicted with hybrid modeling methods?°), the
study years during which health events occurred, the years of PMz s air quality data used to
estimate exposures, and the effect estimate®! with 95% confidence intervals (per 5 pg/m? for
long-term exposures; 10 pg/m? for short-term exposures). When available, these figures also
include the overall means (or medians if means are not available) of the short- or long-term
PMb 5 exposure estimates reported by the study.

Figure 3-3 and Figure 3-4 summarize information from studies of long-term PM> 5
exposures. Figure 3-5 and Figure 3-6 summarize information from studies of short-term PM; s
exposures. Table 3-3 summarizes information from the smaller group of “accountability” studies
that have evaluated the potential for improvements in public health as ambient PM> s
concentrations have declined over time. It is important to note that these retrospective studies
tend to focus on time periods during which ambient PM> s concentrations were substantially

higher than those measured more recently (e.g., see Chapter 2, Figure 2-8).

2% This emphasis on studies conducted in the U.S. or Canada is consistent with the approach in the last review of the
PM NAAQS (U.S. EPA, 2011, section 2.1.3).

30 As discussed further below, and in Chapter 2, hybrid methods incorporate data from several sources, often
including satellites and models, in addition to ground-based monitors.

31 The effect estimates presented in the forest plot figures (Figure 3-3 to Figure 3-6) show the associations of long or
short-term PM2.5 exposures with health endpoints presented either as hazard ratio or odds ratio or relative risk (for
which the bold dotted vertical line is at 1), or as per unit or percent change (for which the bold dotted vertical line
is at 0).
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CVD mortality

Exposure
Proxy Country Citation
Jerrattetal,

Modelled U.S. 016

Popeetal.,
2015

Thurston et
al., 2016

Turneretal,
2016

Weichenthal
etal, 2014

Chen etal.,
Canada 2016

Crouseetal.,
2012
Crouseetal.,
2015

Pinault et al.,
2016

Villeneuve et
al., 2015

Hartetal.,
2011

Lepeule et al.,
2012

Miller, et al.
2007
Weichenthal
etal., 20163

Monitor  U.S.

Canada

September 2019

Cohort
ACS
CPE-11

CPS-1

MNIH-
AARP

CPS-1

Ag
Health

EFFECT
RCT

CanCHEC

CanCHEC

CCHS

CNESS

TrIPS

Harvard
Six-City

WHI

CanCHEC

Health
Data

1982-2004

1982-2004

2000-2009

1982-2004

1992-2009

1959-2011

1951-2001

1951-2006

2000-2011

19280-2005

1985-2000

2001-2009

1954-2002

1951-2009

Air Quality Reported PM Mean Health
Data (Range){ug/m3) Outcome
IHD talit .
2002-2004 12 (1.5-26.6) mortality HEE
Age 30+ :
CVD mortalit i
1999-2004 12.6 (1.0-28.0) martality S
Age 30+ :
IHD mortality '
L.
Age 30+ i
Other CVD- :
T
CBVD Age 30+ :
CVD mortality :
2000-2008 12.2(2.9-28.0 . -
( ) Age 50-71 H
CvD mortalit :
1999-2004 12.6 (1.4-27.9) mortality e
Age 30+ .
IHD mortality .
L.
Age 30+ :
Other CVD- i
.
CBVD Age 30+ i
2001-2006 lowa: 8.8; North Carolina: 11.1 VD mortality H
(NR) i
CVD rtalit .
2001-2010 10.7 (NR) mortatity ; ————
Age 35+ :
CVD mortalit !
2001-2006 8.7 (1.9-19.2) martality .
Age 25+ :
CVD mortality :
- - ‘e
1924-2006 8.9 (0.9-17.8) Age 25-90 ;
CVD mortality
1998-2011 6.3 (1.0-13.0 —_—
( ) Age 25-90
CVD mortality
1998-2006 9.1(1.3-17.6 —
( ) Age 40-59
IHD mortality :
D——
Age 40-59
2000 14.1 (NR) CVD mortality e
1974-2009: 15.9; 2000 onwards CVD mortality
1979-2009 ’ -
mean range: <15-<18 (MNR) Age 25-74
CVD mortality
2000 13.5(3.4-283 —_—
( ) Age 50-79
IHD mortality .
1998-2009 9.8 (4.74-13.62 ——
( ) Age 25-89 .
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Respiratory mortality

Exposure Health Air Quality Reported PM Mean
Proxy Country Citation Cohort Data Data (Range)(ug/m3)
Modelled U.S. Pope et al., 2015 ACS CPS-II 1982-2004 1999-2004 126 (1.0—28.0] ——
Thurst tal. \
20;: ONeLEl NIH-AARP 2000-2009 2000-2008 12.2(2.9-28.0) e
Turneretal, 2016 ACS CPS-Il 1982-2004 1999-2004 12.6(1.4-27.9) —
Canada Crouseetal, 2015 CanCHEC 1991-2006 1984-2006 8.9(0.9-17.6) -
Pinaultetal., 2016 CCHS 2000-2011 1998-2011 6.3(1.0-13.0) »
Monitor UG, Hartetal, 2011 TrIPS 1985-2000 2000 14.1(NR) -
Canada Welihenthal etal, CanCHEC 1991-2009 1998-2009 9.8(474-13.62) >
2016a .
10 11 1.2 1.3

Hazard Ratio (959 CI)

Lung cancer mortality

Exposure Health Air Quality Reported PM Mean
Proxy Country Citation Cohort Data Data (Range)(ug/m3)
Modelled U.S. ;grl”_ere_‘al" ACSCPS-Il  1982-2004 1999-2004 12.6(1.4-27.9) s
{v] -
c tal, ] . :
Canada 2[)01”5599 # CanCHEC 1991-2006 1984-2006 8.9(0.9-17.6) .
Pinaultetal., . . :
. CCHS 2000-2011 1998-2011 6.3 (1.0-13.0) H-
2016 -
villeneuve et oce 1020-2005 1998-2006 9.1(1.3-17.6) e
al., 2015 - i
B Hartetal. -
Monitor  U.S. 2211e e Trps 1985-2000 2000 14.1 (NR) .
Krewski et al. 1979-1983; 1979- 1983: 21.2; 1999- 2000: 5
* ACSCPS-Il  1982-2000 ' ' ‘e
2009 1999-2000 14.0 (NR) i
LadePn etal, H.arvtard 1974.1998 1979-1957; 16.4 (Mean Range: 10.2-29.0) H
2006 Six-City 19851998 (NR) :
Lepeuleetal., Harvard 1974-2009: 15.9; 2000 onwards
-2 -2 -
2012 Six-City 2001-2009 1975-2009 mean range: <15-<18 (NR)
Thurston et al. :
pors S % ACSCPSMI 1982-2004 2000-2005 14.2 (NR) e
Weichenthal et .
Canada o eMTAIEY o 0CHEC  1991-2009 1998-2008 0.8 (4.74-12.62) i
al., 2016z '
1.0 15 2.0 25

Hazard Ratio (95% CI)

Figure 3-3. Epidemiologic studies examining associations between long-term PM2.s
exposures and mortality.
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Asthma incidence

Exposure
Praxy Health Air Quality Reported PM Mean
(group)  Country Citation Cohort Data Data (Range)(ug/m3) )
Modelled Canada ;Eir;auh etal, QICDSs 1996-2011 2001-2006 9.86(NR) .
. McConnell et al_, \
Monitor  U.5. 2010 CHS 2003-2005 2003-2004 13.9(6.3-23.7) —
Nishimura et al., . _ _ Mean Range: 8.1-17.0 "
2013 GALA I/ SAGE Il 1986-2002 1986-2003 (NR) ;
1.0 1s 2.0
1 0dds Ratio (959 CI)
Lung cancer incidence
Exposure Health Air Quality Reported PM Mean
Proxy Country Citation Cohort Data Data (Range)(ug/m3)
Hystad et al. .
Modelled Canada zgi;' #ah NECss 1994-1997 1975-1994 11.9 (NR) : s
T ketal .
OMEZSXELAL cngss 1980-2004 1998-2006 9.1(1.3-17.6) e
2018 ’
. Gharibvand et .
Monitar LS. aribvand el AHsMOG-2  2002-2011 2000-2001 12.8 (NR) : <
al., 2016 i
N i
Pusttetal, 2014 oo 19942010 1988-2007 13.1(NR) —
Health 1
1.0 11 12 13 14
) Hazard Ratio (959 Cl)
Lung development
Exposure Health Air Quality Reported PM Mean
Proxy Country Citation Cohort Data Data (Range)(ug/m3) Health Outcome
Monitor US.  Bretonetal, CHS  1993-2000, 1994-2004 Mean Range: ;:régﬂc'zvféofé”e”t (Change) - —
2011 1996-2004 6.0-28.0 (NR) g H
Lung Development (Change) -
—_—
MMEF Age 10-18 H
Lung Development (Change)- :
FEV1 Age 10-18 H
Gauderman CHS  1093-2000 1924-2000 Mean Range: FCEQ:'ZVE‘?E;”E”JE(Cha”ge)' —
etal., 2004 6.0-28.0 (NR) 8 :
Lung Development (Change) - _
MMEF Age 10-18 - :
Lung Development (Change)- :
FEV1 Age 10-18 H
-80 -60 -40 -20 0
3 ml Change in Growth (95% CI)
Lung function
Exposure Health Air Quality Reported PM Mean
Proxy Country Citation Cohort Data Data (Range)(ug/m3) Health Outcome
Monitor US.  Urmanetal, CHS  2002-2007 2002-2007 6.0-28.0 (NR) Lung Function Decline (%) | _,
FEV1 Age5-7
2014
Lung Function Decline (9%)-
FVC Age 5-7
-15 -10 -0.5 0.0
4 Percent Difference (95% CI)
5 Figure 3-4. Epidemiologic studies examining associations between long-term PM2.s
6 exposures and morbidity.
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All-cause mortality

Exposure
Proxy Country Citation Cohort Health Data Reported PM Mean (Range)(ug/m3)
Modelled U.S. Dietal, 2017z Medicare 2000-2012  11.6(5th and 95th: 6.21- 15.64) -
Lee et al, 2015b State Dept 2007-2011 11."_(17.?-69.9:: —_—
Shietal., 2016 Medicare 2003-2008 8.12(0.8-20.22) ——
Monitor  U.5. Baxter et al., 2017 NCHS/State Dept  2001-2005  Cluster Mean Range: 12.2-14.1 (NR) —
Daietal., 2014 NCHS/State Dept  2000-2006  13.2(NR) ——
Dominici et al., 2007 NMMAPS 1999-2000 NR(NR) -—*—
Franklin et al., 2007 NCHS/State Dept  1997-2002  15.6(NR) —_—
Franklin et al., 2008 NCHS/State Dept  2000-2005  14.8(NR) —_—
Klemm et al., 2003 Harvard Six-City =~ 1979-1988 14.7 (Median: 9.0) (NR) —_—
Krall et al., 2013 NCHS/State Dept  2000-2005  13.6(NR) —_—
Zanobetti and Schwartz, 2009 NCHS 1999-2005  13.2(NR) —
Zanobettiet al., 2014 Medicare 1999-2010  Mean Range: 4.37-17.97 (NR) —
Canada Burnettetal, 2003 Statistics Canada 1986-1996 133 (NR) —-—
Burnettetal., 2004 Statistics Canada 1981-1999 12.8(NR) —«-—
0 1 2 3
Percent Increase (95% CI)
CVD mortality
Exposure
Proxy Country Citation Cohort Health Data Reported PM Mean (Range)({ug/m3)
Modelled U.5. Lesetal., 2015b State Dept 2007-2011 11.1(17.7-69.9) —_—
Monitar  U.S. Daietal, 2014 MNCHS/State Dept 2000-2006 13.3 (NR) —
Franklin et al., 2007 MNCHS/State Dept 1997-2002 15.6 (NR) —_—
Franklin et al., 2008 NCHS/5tate Dept 2000-2005 14.8 (NR) —_—
Zanobetti and Schwartz, 2009 NCHS 1999-2005 13.2 (NR) —_—
0 1 2 3
Percent Increase (9509 CI)
Respiratory mortality
Exposure
Proxy Country Citation Cohort Health Data Reported PM Mean (Range)(ug/m3)
Modelled U.S. Lee et al., 20150 State Dept 2007-2011 11.1(17.7-69.9) —-—
Monitor  U.5. Daietal., 2014 MCHS/State Dept  2000-2006  13.3(NR) —
Franklin et al., 2007 MCHS/State Dept  1997-2002 15.6(NR) —_—
Franklin et al., 2008 NCHS/State Dept 2000-2005 14.8 (NR) -—-—
Zanobetti and Schwartz, 2009 MNCHS 1999-2005 13.2 (NR) : —_—
0 1 2 3

Percent Increase (95% CI)

Figure 3-5. Epidemiologic studies examining associations between short-term PM2.s
exposures and mortality.>?

32 As noted above, the overall mean PM, 5 concentrations reported in studies of short-term (24-hour) exposures
reflect averages across the study population and over the years of the study. Thus, mean concentrations reflect
long-term averages of 24-hour PM, 5 exposure estimates.
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CVD morbidity

Exposure Reported PM Mean
Proxy Country Citation Cohort Health Data (Range)(ug/m3) Health Qutcome )
Modelled U.S. Bravoetal, 2017 Medicare 2002-2006 12.3(NR) CVD HA Age 65+ ‘e
Kloogetal, 2012 Medicare 2000-2006 9.6(0.01-72.59 CVD HA Age 65+ P
Kloogetal, 2014 Medicare 2000-2006 11.9(NR) CVD HA Age 65+ ‘e
IHD HA Age 65+
Monitor  U.S. Belletal, 2008  Medicare 1999-2005 12.9(NR) CVD HA Age 65+ ‘e

14.0 (Median: 11.7)

Bell et al., 2014 Medicare 2000-2004 (NR) CVD HA Age 65+ | ——
Heart Failure HA :
Belletal, 2015  Medicare 1009-2010 12.2(5.4-20.2) eart rafiure P
Age 65+ H
IHD HA Age 65+ -
Bravoetal, 2017 Medicare 2002-2006 12.5(NR) CVD HA Age 65+ ‘e
Heart Failure HA
Dominiciet al., Medicare 1999-2002 13.4(NR) _
= Age 65+
2006 :
IHD HA Age 65+ s
NR (Median: 11.8 :
Pengetal, 2009 Medicare 2000-2006 (NR() edian:118) 5 i age g5+ e
Heart Failure HA :
Zanobettietal, Medicare 2000-2002 15.2 (NR) Ae: ’5+E“ Hre .
2009 Chi :
MI HA Age 65+ D—.—
Canada Stiebetal, 2009 Hospital 1992-20032 5.2(6.7-2.8) Angina/MI ED —
Database :
Heart Failure ED : -
Szyszkowicz et al., Hospital i :
: | —e—
2009 Database 1992-2003 2.3 (NR) Angina ED :
Weichanthal et al., H
_ e ——
2016b NACRS 2004-2011 6.5 (NR) MI ED :

0 5 10 15
Percent Increase (95% CI)
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Respiratory morbidity

Exposure
Proxy Country Citation
Klooget al.
Modelled U.S. - ’
caelie 2014
Monitor  U.S. Alhantietal,
2016

Belletal., 2015

Dominici et al.,
2006

Maligetal.,
2013

Ostroetal,
2016

Yapetal, 2013

Canada Stiebetal,
2009

Weichenthal et
al., 2016c

Cohort
Medicare
Hospita

Database

Medicare

Medicare

Hospita
Inpatient and
Outpatient visits

Hospita
Inpatient and
Outpatient visits

Hospita
Admissions

Hospita
Database

MNACRS

Health Data

2000-2006

1993-2009

1999-2010

1999-2002

2005-2008

2005-2009

2000-2005

1992-2003

2004-2011

Reported PM Mean

Health Qutcome (Range)(ug/m3)
COPDHAAge 85+ 11.9(NR) ——
Asthma ED Age Mean Rarge:
c-18 11.1-14.1 (NR) i
- Mean Range: -
a2E + = D ——— ——
AsthmaEDAge 85+ 11 1 14 1 (NR) !
Asthma HA Age 65+ 12.3(6.4-20.2) e
COPDHA Age 65+ 12.3(6.4-20.2) .-
COPDHAAge 65+  13.4(NR) P —.—
- Mean Range: i
Asthma ED & HA H
sthm 5.2-19.8 (NR) i
Mean Range:
COPDED&HA —_—
5.2-19.8 (NR) :
AsthmaED&HA  16.5(NR) i—.—
COPDED & HA 16.5 (NR) —.—
Asthma HA Age 1-9: Mean Range: .
Central Valley 12.8-20.8 (NR)
Asthma HA Age 1-9: Mean Range: .
South Coast 14.0-24.6 (NR)
Asthma ED 5.2(6.7-9.8) —
COPDED 82(67-9.8) -
Asthma ED 7.1(NR) : ——
COPDED 7.1(NR) R
Q.95 1.00 1.05

Relative Risk/ Odds Ratio (95% CI)

Figure 3-6. Epidemiologic studies examining associations between short-term PM2.s
exposures and morbidity.
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Table 3-3. Epidemiologic studies examining the health impacts of long-term reductions

in ambient PM2.s concentrations.

Study Study Area | Years of PM,5 | Starting PM,5 Ending PM_5 Study Results
Reference Air Quality | Concentrations | concentrations
(monitored) (mean) (mean)
Pope et al. 211U.S. 1979-1983 20.6 pg/m? 14.1 1g/m?3 Statistically significant
(2009) counties compared to association between
1999-2000 declining ambient
PMzsand increasing
life expectancy
Correia et al. 545 U.S. 2000 13.2 pg/m3 11.6 Ig/m?3 Statistically significant
(2013) counties compared to association between
2007 declining ambient
PMzsand increasing
life expectancy
Berhane etal. | 4,602 1992-2000; 20.5 pg/m? 14.4 pg/md Statistically significant
(2016) childrenin8 | 1995-2003; decrease in bronchitic
California 2002-2011 symptoms in 10-year
communities old children with and
without asthma
Gaudermanet | 2,120 1994-1997, 21.3-31.5 ug/m3 | 11.9-17.8 yg/m® | Statistically significant
al. (2015) childrenin5 | 1997-2000; improvements in 4-
California 2007-2010 year growth of lung
communities function

Based on the information in Figure 3-3 to Figure 3-6 and Table 3-3, key epidemiologic

studies conducted in the U.S. or Canada indicate generally positive and statistically significant

associations between estimated PMa s exposures (short- or long-term) and mortality or morbidity
across a wide range of ambient PMa .5 concentrations. As discussed above, considering the PMa s
concentrations around (i.e., somewhat below to somewhat above) the overall means in these
studies can provide insight into the part of the air quality distribution over which studies provide
the strongest support for reported health effect associations. Evaluating whether such PM> 5 air
quality distributions would be likely to occur in areas meeting the current (or alternative) primary
standards can inform conclusions on the degree to which those standards would limit the
potential for the long-term and short-term PM> s exposures that provide strong support for
reported associations.

In addition to overall mean PM; 5 concentrations, for a subset of key epidemiologic
studies with available information we also consider the broader distributions of ambient
concentrations, with a particular focus on the concentrations below which data could become
appreciably more limited (i.e., below which relatively few estimated exposures, and/or few

health events, occurred). As noted above, confidence in reported health effect associations
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declines for portions of the air quality distribution accounting for comparatively little data (i.e.,
concentrations approaching the lower and upper ends of the distribution). Thus, considering the
concentrations below which data become relatively sparse can provide insight into the ambient
PMb 5 concentrations below which confidence in reported health effect associations may decrease
notably. While there is no single concentration below which we lose confidence in reported
associations, consistent with the approach in the last review (U.S. EPA, 2011, section 2.3.4.1),
we identify the PM» s concentrations corresponding to the 25" and 10™ percentiles of health data
(when available) or exposure estimates to provide insight into the concentrations that comprise
the lower quartiles of the air quality distributions.>?

To frame our evaluation of study-reported PM> s concentrations, we specifically consider
the following questions:

e What are the overall mean PM2s concentrations reported by key epidemiologic studies?

e For studies with available information on the broader distributions of exposure
estimates and/or health events, what are the PMz.s concentrations corresponding to the
25" and/or 10 percentiles of those data?

To answer these questions, Figure 3-7 and Figure 3-8 below present information on the
monitored (Figure 3-7) and hybrid model-predicted (Figure 3-8) ambient PM> s concentrations
used to estimate PMb> s exposures in key epidemiologic studies.

Drawing from the U.S. and Canadian multicity studies in Figure 3-3 to Figure 3-6
above,** the studies included in Figure 3-7 and Figure 3-8 are those that report overall mean (or
median) PMb s concentrations and for which the years of PM; s air quality data used to estimate
exposures overlap entirely with the years during which health events are reported. Regarding this
latter issue, the PM 5 concentrations reported by studies that estimate exposures from air quality
corresponding to only part of the study period, often including only the later years of the health
data (e.g., Miller et al., 2007; Hart et al., 2011; Thurston et al., 2013; Weichenthal et al., 2014;
Weichenthal et al., 2016a; Pope et al., 2015; Villeneuve et al., 2015; Turner et al., 2016), are not

33 In the last review of the PM NAAQS, the PA identified the long-term PM, s concentrations corresponding to the
25M and 10% percentiles of health events, or study populations. In doing so, the PA noted that a range of one
standard deviation around the mean represents approximately 68% of normally distributed data and, below the
mean, falls between the 25" and 10" percentiles.

34 Most of the studies included in Table 3-3 above (i.e., studies that examine relationships between declining
ambient PM; 5 concentrations and improving health) report mean ambient PM> s concentrations well-above those
in the studies highlighted in Figure 3-3 to Figure 3-6, and well-above the concentrations likely to be informative
for conclusions on the current primary PM> 5 standards. Therefore, our evaluation of mean concentrations focuses
on the key studies identified in Figure 3-3 to Figure 3-6.
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likely to reflect the full ranges of ambient PM> s concentrations that contributed to reported
associations.>

Figure 3-7 highlights the overall mean (or median) PM> 5 concentrations reported in key
studies that use ground-based monitors alone to estimate long- or short-term PM s exposures.
For the subset of studies with available information on the broader distributions of underlying
data, Figure 3-7 also identifies the study-period mean PMz s concentrations corresponding to the

25 and 10™ percentiles of health events®® (see Appendix B, Section B.2 for more information).

35 This is an issue only for some studies of long-term PM; s exposures. While this approach can be reasonable in the
context of an epidemiologic study evaluating health effect associations with long-term PM, 5 exposures, under the
assumption that spatial patterns in PM> 5 concentrations are not appreciably different during time periods for
which air quality information is not available (e.g., Chen et al., 2016), our interest is in understanding the
distribution of ambient PM, s concentrations that could have contributed to reported health outcomes.

36 That is, 25% of the total health events occurred in study locations with mean PM, 5 concentrations (i.e., averaged
over the study period) below the 25" percentiles identified in Figure 3-7 and 10% of the total health events
occurred in study locations with mean PM, 5 concentrations below the 10™ percentiles identified.
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Figure 3-7. Monitored PM2.s concentrations in key epidemiologic studies.
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We also consider the emerging body of studies that use predicted ambient PM> 5
concentrations from hybrid modeling methods to estimate long- or short-term PMa.s exposures
(Figure 3-8, below). As discussed in Chapter 2 of this draft PA (section 2.3.3), hybrid methods
incorporate data from several sources, often including satellites and models in addition to
ground-based monitors. Compared to ground-based monitors alone, hybrid methods have the
potential to improve the characterization of PMz s exposures in areas with relatively sparse
monitoring networks (U.S. EPA, 2018, sections 3.3.2 to 3.3.5).

Figure 3-8 presents overall means of predicted PM2 5 concentrations for key studies, and
the concentrations corresponding to the 25" and 10" percentiles of estimated exposures or health
events’’ when available (see appendix B, section B.3 for additional information). As for the
monitor-based studies highlighted above, Figure 3-8 focuses on multicity studies® that examine
health outcomes supporting “causal” or “likely to be causal” determinations in the draft ISA and
that use air quality data to estimate PM s exposures for the entire range of years during which
health events occurred. In addition to these criteria, we also consider the approach used to
validate hybrid model predictions. In particular, the studies included in Figure 3-8 are those for
which relatively robust model validation analyses are reported to have been conducted for the
full range of years during which PM» 5 exposures are estimated in the health study (e.g., regional
or national 10-fold cross validation performance statistics reported for the same years that

exposures are estimated). >

37 For most studies in Figure 3-8, 25" percentiles of exposure estimates are presented. That is, 25% of short-term or
long-term exposure estimates in the study population are below these concentrations. The exception is Di et al.
(2017a), for which Figure 3-8 presents the short-term PM, s exposure estimates corresponding to the 25% and 10
percentiles of deaths in the study population (i.e., 25% and 10% of deaths occurred at concentrations below these
exposure estimates).

38 All studies that meet the criteria for inclusion in Figure 3-8 were conducted in the U.S.

3 For example, due to lack of spatial field availability before 1998, Crouse et al. (2015) use median annual PM, s
concentrations for the 1998-2006 time period (van Donkelaar et al., 2010; van Donkelaar et al., 2015a; van van
Donkelaar et al., 2013) to predict exposures during the 1984-2006 period. Similarly, for Pinault et al., 2016,
model validation is for 2004 to 2008 (van Donkelaar et al., 2015b) while exposures are estimated for 1998 to
2012. Paciorek et al. (2009), which presents the model validation results for Puett et al. (2009) and Puett et al.
(2011), notes that PM> s monitoring was sparse prior to 1999, with many of the available PM, s monitors in rural
and protected areas. Therefore, Paciorek et al. (2009) conclude that coverage in the validation set for most of the
study period (1988-1998) is poor and that their model strongly underestimates uncertainty (Paciorek et al., 2009,
p- 392 in published manuscript). Hystad et al. (2013) used exposure fields developed by calibrating satellite-based
PM, 5 surfaces from a recent period (van Donkelaar et al., 2010) to estimate exposure for the 1975 to 1994
(Hystad et al., 2012). Hystad et al. (2012) noted that a random effect model was used to estimate PM, 5 based on
TSP measurements and metropolitan indicator variables because only small number of PM, s measurements were
available, and no measurements were made prior to 1984. Thus, these studies from Figures 3-3 to 3-6 are not
included in Figure 3-8.

September 2019 3-65 External Review Draft—Do Not Quote or Cite



Di 2017a (US: Nationwide; ST Exposure)

Lee 2015b (US: 3 SE States)

Shi 2016 (US: 6 NE States; ST Exposure)

Bravo 2017 (US: 708 Counties)

Kloog 2014 (US: 7 Mid-Atlantic States and D.C.)
Kloog 2012 (US: 6 NE States)

Thurston 2016 (US: 6 States and 2 MSAs)

Hart 2015 (US: Nationwide)

Di 2017b (US: Nationwide; LT Exposure)

Wang 2017 (US: 7 SE States)

Di 2017b (US: Nationwide; LT Exposure < 12 ug/m3)
Shi 2016 (US: 6 NE States; LT Exposure)

: Study Types
[m] B ST Exposure & Mortality

[ B ST Exposure & Morbidity

B LT Exposure & Mortality

‘m Summary Statistics
.: O 10thpercentile
: @ 25thpercentile
B Mean or Median

=

6

7

8

9

10

11

12 13

Overall PM, 5 Concentration for the Study Period (pug/m?)

Figure 3-8. Hybrid model-predicted PM:.s concentrations in key epidemiologic studies.
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Taking

the information in Figure 3-7 and Figure 3-8 together, key epidemiologic studies

conducted in the U.S. or Canada report generally positive and statistically significant

associations between estimated PMa s exposures (short- or long-term) and mortality or morbidity

across a wide r

regard to these

ange of monitored or hybrid-model-predicted ambient PM; 5 concentrations. With

studies, we particularly note the following:

e For the large majority of key studies, the PM; 5 air quality distributions that support reported
associations are characterized by overall mean (or median) PM; s concentrations ranging
from just above 8.0 ng/m? to just above 16.0 ug/m>. There is substantial overlap between
mean concentrations based on monitoring alone and those based on hybrid modeling

approaches

e Three U.S.

Most key studies that use monitors alone to estimate PMb» s exposures, and all of
the U.S. studies in this group, report overall mean PM; 5 concentrations at or
above 10.7 pg/m>.

Four Canadian studies that use monitors alone report lower overall mean
concentrations. Two of these studies report overall means just above 8.0 pg/m>
(both report positive and statistically significant associations) and two studies
report overall means around 7.0 ug/m? (positive and statistically significant
association in one of these studies).

Most key studies that use hybrid modeling approaches to estimate PMa s
exposures report overall mean concentrations at or above 9.6 ug/m?. All of these
studies were conducted in the U.S. and report positive and statistically significant
health effect associations.

The hybrid modeling study with the lowest PM> 5 concentrations reports overall
means just above 8.0 pug/m? (i.e., Shi et al., 2016). This study reports positive and
statistically significant health effect associations with both short- and long-term
PM, s exposures.*

studies examine health effect associations in analyses with the highest exposures

excluded. Only one of these restricted analyses is reflected in Figure 3-8 (i.e., Di et al.,
2017b; “LT exposure < 12 ug/m>®”). In addition to this study, Di et al. (2017a) and Shi et al.
(2016) also report positive and statistically significant associations in restricted analyses.

Di et al. (2017a) reports a positive and statistically significant association in an
analysis restricted to 24-hour PM s exposure estimates < 25 ug/m>. This study did
not report an overall mean PM2 s concentration for the restricted analysis, though
it was presumably somewhat below the mean reflected in Figure 3-8 (i.e., 11.6
ug/m?).,

Shi et al. (2016) report positive and statistically significant associations in
analyses restricted to annual PM2 s exposure estimates < 10 pg/m> and in analyses
restricted to 24-hour exposure estimates < 30 pg/m?>. This study does not report

40 However, the authors report that, for associations with long-term PM, s exposures, most deaths occurred at or
above the 75" percentile of annual exposure estimates (i.e., 10 pg/m?) (see Tables 1 and 2 in published
manuscript). Authors did not report this information for their analysis of short-term PM> s exposures.
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e For some k

the overall mean PM> s concentrations in restricted analyses, though such means
are presumably somewhat below those reflected in Figure 3-8 (i.e., 8.1 and 8.2

ng/m?).
ey studies, information on the broader distributions of PM; 5 exposure estimates

and/or health events is available.

In U.S. studies that use monitors alone to estimate PMa 5 exposures, 251
percentiles of health events correspond to mean PM> s concentrations (i.e.,
averaged over the study period for each study city) at or above 11.5 ug/m?® and
10™ percentiles of health events correspond to mean PM» s concentrations at or
above 9.8 pg/m? (i.e., 25% and 10% of health events, respectively, occur in study
locations with mean PM; s concentrations below these values).

In the Canadian studies that use monitors alone to estimate PM 5 exposures, 25%
percentiles of health events correspond to mean PM; s concentrations at or above
6.5 ng/m? and 10th percentiles of health events correspond to mean PM s
concentrations at or above 6.4 pug/m>.

Of the key studies that use hybrid modeling approaches to estimate long-term
PM, 5 exposures, the ambient PM> s concentrations corresponding to 25
percentiles of estimated exposures are 6.2 and 9.1 ug/m>. In the one study with
data available on the 10" percentile of PM, s exposure estimates, the
concentration corresponding to that 10" percentile is 7.3 pg/m>.

In studies that use hybrid modeling approaches to estimate short-term PM> s
exposures, the ambient concentrations corresponding to 25" percentiles of
estimated exposures, or health events, are generally at or above 6.4 pg/m?. In the
one study with lower concentrations, the ambient PM» s concentration
corresponding to the 25th percentile of estimated exposures is 4.7 pg/m>.*! In the
one study with information available on the 10" percentile of health events, the
ambient PM, s concentration corresponding to that 10% percentile is 4.7 pg/m>.

The information in Figure 3-7 and Figure 3-8 indicates consistent support for generally

positive and statistically significant health effect associations for PM; s air quality distributions

characterized by overall mean (or median) concentrations above 8.0 pg/m?, with most studies

(and all but one U.S. study) reporting overall mean (or median) concentrations at or above 9.6

pg/m>. While the ambient PM s concentrations around these overall means generally reflect the

part of the air quality distribution over which studies provide the strongest support for reported

PM: 5 effect estimates, there are uncertainties in using these concentrations to inform conclusions

on the primary

PM: s standards. These uncertainties are summarized below and their potential

41 As noted above

, in this study (Shi et al., 2016), the authors report that most deaths occurred at or above the 75

percentile of annual exposure estimates (i.e., 10 pg/m?). The short-term exposure estimates accounting for most
deaths are not presented in the published study.

September 2019

3-68 External Review Draft—Do Not Quote or Cite



O 00 1 &N D B~ W N =

W W N N NN NN NN NN = m = =m e e e
—_ O O 0 9 N R WD = O O 0NN R W DN~ O

implications for conclusions on the current and alternative standards are discussed further in
section 3.4.

A key uncertainty in using study-reported mean PM» s concentrations to inform
conclusions on the primary PM; 5 standards is that such concentrations are not the same as the
ambient concentrations used by the EPA to determine whether areas meet or violate the PM
NAAQS. As discussed above, the overall mean PM> s concentrations reported by key
epidemiologic studies reflect averaging of short- or long-term PM> s exposure estimates across
locations (i.e., across multiple monitors or across modeled grid cells) and over time (i.e., over
several years). In contrast, to determine whether areas meet or violate the NAAQS, the EPA
measures air pollution concentrations at individual monitors (i.e., concentrations are not
averaged across monitors) and calculates “design values” at monitors meeting appropriate data
quality and completeness criteria. For the annual PM> s standard, design values are calculated as
the annual arithmetic mean PM; 5 concentration, averaged over 3 years. For the 24-hour standard,
design values are calculated as the 98™ percentile of the annual distribution of 24-hour PM, s
concentrations, averaged over three years (described in Appendix N of 40 CFR Part 50). For an
area to meet the NAAQS, all valid design values in that area, including the highest annual and
24-hour monitored values, must be at or below the levels of the standards.

Because of this approach to determining whether areas meet the NAAQS, and because
monitors are often required in locations with relatively high PMa s concentrations (section 2.2.3),
areas meeting a PM> s standard with a particular level would be expected to have average PM» 5
concentrations (i.e., averaged across space and over time in the area) somewhat below that
standard level. In support of this, analyses of recent air quality in U.S. CBSAs indicate that
maximum annual PM s design values for a given three-year period are often 10% to 20% higher
than average monitored concentrations (i.e., averaged across multiple monitors in the same
CBSA) (Appendix B, section B.7). The difference between the maximum annual design value
and average concentration in an area can be smaller or larger than this range, likely depending on
factors such as the number of monitors, monitor siting characteristics, and the distribution of
ambient PM s concentrations.*? When using this information to interpret key epidemiologic
studies in the context of the primary standards, it is also important to note that such ratios may
depend on how the average concentrations in a study are calculated (i.e., averaged across

monitors versus across modeled grid cells). Thus, as discussed further in section 3.4 below, when

42 Given that higher PM, s concentrations have been reported at some near-road monitoring sites, relative to the
surrounding area (section 2.3.2.2.2), recent requirements for PM, 5 monitoring at near-road locations in large
urban areas (section 2.2.3) may increase the ratios of maximum annual design values to averaged concentrations
in some areas.
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evaluating what the mean PM; 5 concentrations reported by key epidemiologic studies may
indicate regarding the current or alternative PM> s standards, we consider the broader
relationships between mean PM 5 concentrations, averaged across space and over time, and
PM: 5 design values.*

Additional uncertainties in using the PM> 5 concentrations reported by key epidemiologic
studies to inform conclusions on the primary PM; 5 standards include the following:

e Effects can occur over the full distributions of ambient PM> 5 concentrations evaluated in
epidemiologic studies, and the evidence does not identify a threshold concentration below
which PM; s-associated effects no longer occur. Thus, while conclusions on primary
standards can be informed by comparing the PM3 s air quality distributions present in key
studies with the distributions likely to occur in areas meeting the current or alternative
standards, studies do not identify specific PM2.s exposures that result in health effects or
exposures below which effects do not occur.

e For studies that use hybrid model predictions to estimate PM» s exposures, the performance
of the recently developed modeling approaches depends on the availability of monitoring
data and varies by location. As noted in Chapter 2 (section 2.3.3), factors likely contributing
to poorer model performance often coincide with relatively low ambient PM; 5
concentrations, potentially accounting for the observations that model performance for
hybrid models weaken by some metrics with decreasing PM> 5 concentration and that the
normalized variability between predictions based on different hybrid modeling approaches
increases with decreasing concentrations. Thus, uncertainty in hybrid model predictions
becomes an increasingly important consideration as lower predicted concentrations are
considered.

The potential implications of these and other uncertainties for preliminary conclusions on the

current and alternative primary PMb» 5 standards are discussed below in section 3.4.

3.2.3.2.2 PM:s Pseudo-Design Values in Locations of Key Epidemiologic Studies

In addition to considering the study-reported PM> s concentrations discussed above, we
also evaluate study area air quality using metrics more closely related to the design values
employed by the EPA to determine whether areas meet or violate the primary PM; 5 standards.
To the extent these metrics suggest that reported health effect associations are based largely on
PMb 5 air quality that would have met the current or alternative standards during study periods,
we have greater confidence that those standards would allow the PM» 5 exposures that provide
the basis for reported associations. In contrast, to the extent these metrics suggest that reported
health effect associations are based largely on air quality that would have violated the current or

43 As discussed above in section 3.1.2, compared to the annual standard, the potential implications of overall mean
PM: 5 concentrations reported by key epidemiologic studies are less clear for the 24-hour PMa 5 standard with its
98" percentile form (section 3.4).
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alternative standards, there is greater uncertainty in the degree to which those standards would
allow the PM2 s exposures that provide the basis for reported associations.

To evaluate this issue, we calculate metrics similar to PM 5 design values (referred to
here as “pseudo-design values™) for the locations and time periods evaluated by key U.S. and
Canadian epidemiologic studies. For each study, we first identify the locations included in the
study that contained one or more PM> s monitors during the study period, and that had sufficient
monitoring data available to calculate pseudo-design values.** For key studies conducted in the
U.S., study locations were defined as the counties that were included in the study. For key
studies conducted in Canada, study locations were defined as the cities included in the study. For
each monitored study location, we then identified the highest annual and 24-hour PM; 5 pseudo-
design values for each 3-year period of the study and calculated the study-period average of
these highest values. We also identified the number of people living in each study location or,
when available, the number of health events that occurred in each location during the study
period.*® To evaluate the percentages of study area populations living in locations likely to have
met the current standards over study periods (or the percentages of health events occurring in
such locations), we identify the percentages in locations with study-period average pseudo-
design values at or below the levels of the current annual (Figure 3-9; Appendix B, Tables B-4
and B-5) and 24-hour (Appendix B, Figure B-9) PM, 5 standards.*®

In Figure 3-9, whiskers reflect annual PM> s pseudo-design values corresponding to 5%
and 95" percentiles of study area populations (or health events), boxes correspond to the 25" and
75 percentiles, and the vertical lines inside the boxes correspond to 50 percentiles. The vertical
dotted line in Figure 3-9 is drawn at 12.0 pg/m?>, the level of the current annual PM s standard.

For studies with 25" percentiles < 12.0 pg/m?, at least 25% of the study area population (i.e., in

4 Pseudo-design values are based on data from both FRM/FEM monitors and from high quality non-FRM/FEM
monitors. The non-regulatory data used to calculate pseudo-design values come from monitors typically used for
EPA applications like AirNow that are not FRM or FEM. Only monitors with 75% completeness for each of the
12 quarters in a 3-year design value period were included. For the pseudo-design values at the Canadian sites,
only sites with 75% completeness for each year of the 3-year design value period were included. These criteria
are slightly different than that of actual design values which have strict rounding conventions and substitution
tests for sites with less than 75% completeness for each quarter. Additional information on the approach and data
sources used to identify pseudo-design values in study locations is provided in Appendix B (section B.4.3).

45 When available, we use the number of health events in each study location. However, for most key studies, health
event data was not available for each study location. For these studies, we evaluate the population living in each
study location. Comparison of these approaches in the subset of studies for which health events are available
demonstrate that distributions of annual pseudo-design values are comparable for the two approaches (Appendix
B, section B.6).

6 As discussed below, among study locations with averaged PM, 5 pseudo-design values (i.e., averaged over the
study period) at or below 12.0 pg/m?, almost all individual 3-year pseudo-design values are also at or below 12.0
ug/m? (i.e., 89% for Di et al., 2017b; 98% for Shi et al., 2016 — see Appendix B, section B.9).
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counties or cities with pseudo-design values) lived in locations likely to have met the current
annual standard over the study period (or at least 25% of health events occurred in such
locations).*” Similarly, for studies with 50" or 75% percentiles < 12.0 ug/m?, at least 50% or 75%
of the study area population, respectively, lived in locations likely to have met the current annual
standard over the study period (or at least 50% or 75% of health events occurred in such
locations). The percentage of study area populations (or health events) in locations likely to have
met the current 24-hour standard over study periods was typically larger than the percentage in
locations likely to have met the current annual standard (i.e., Appendix B, Figure B-9).

47 As noted below, and discussed further in Appendix B (section B.9), among study locations with averaged PM s
pseudo-design values at or below 12.0 pg/m? (i.e., averaged over the study period), almost all individual 3-year
pseudo-design values during the study period are also at or below 12.0 pg/m?.
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Long-term exposure studies

Country Endpoint Citation Study Geographic Areas
Group Years
us. Mortality Lepeule etal., 2012*% 2001-2009 6 U.S. Cities [ I
Kiomourtzoglou et al., 2016* 2000-2010 207 U.5. Cities 11 -
Dietal, 2017b* 2000-2012  U.S. Nationwide I I ]
Wang et al., 2017* 2000-2013 7 SEU.S. States |y I | -
Shiet al , 2016* 2003-2008 BMNEU.S. States |y I | |—-—|
Morbidity ~ Urman et al., 2014* 2002-2007 8 CA Counties e — I —
Mcconnell et al, 2010 2003-2005 13 CA Communities I | } |
Canada  Mortality  Pinaultetal., 2016* 2000-2011  Multicity I N |

Avg. Max PseudoDV

Short-term exposure studies

Coun Endpoint Citation Study Geographic Areas
Group Years

u.s. Mortality Franklin et al., 2008* 2000-2005 25 U.S. Cities I—| | —
Daietal., 2014* 2000-2006 75U.5. Cities - I -
Baxter et al., 2017% 2001-2005 77 U.5. Cities I { | . |
Zanobetti et al., 2014% 1999-2010 121WU.5. Cities F i 1 |
Zanobetti and Schwartz, 2009*% 1999-2005 112 U.S. Cities — | |
Dietal., 2017a* 2000-2012  U.5. Nationwide k I |
Lezetal., 2015b* 2007-2011 3 SE U.S. States HT W
Shietal., 2016* 2003-2008 6 MNEU.5. States —a 1T+

Morbidity ~ Yap et al, 2013* 2000-2005 CA(Central & Southern Counties) e H

Ostroetal., 2016* 2005-2009 8 CA Counties |—| IH
Zanobetti et al., 2009* 2000-2002 26 U.5. Cities — | ||
Malig et al., 2013* 2005-2008 35 CA Counties — | | |
Peng et al., 2009* 2000-2006 118 U.S. Urban Counties — -
Dominici et al., 2006* 1999-2002 204 U.S. Urban Counties — 1 —
Kloog et al., 2014* 2000-2006 7 U.S. Mid-Atlantic States & D.C. [y B I |
Bell et al., 2008* 1999-2005 202 U.5. Urban Counties k | | - |
Bell et al., 2014* 2000-2004 4 U.S. Counties, MA&CT | —
Bravoetal, 2017* 2002-2006 708 U.S. Counties — T
Belletal., 2015* 1999-2010 213 WU.S. Urban Counties T —
Kloog et al., 2012*% 2000-2006 6 MNE U.S. States 1 1.

Canada Moerbidity  Weichanthal et al., 2016b 2004-2011 16 Ontario Cities 11
Weichenthal et al., 2016c* 2004-2011 15 Ontario Cities [ |

5 10 15 20 25

Avg. Max PseudoDV

Figure 3-9. PM:s annual pseudo-design values (in ng/m®) corresponding to various
percentiles*® of study area populations or health events for studies of long-term and
short-term PM2.s exposures.*

48 Asterisks next to study citations denote statistically significant effect estimates.

4 For most of the studies included in Figure 3-9, pseudo-design values are available for >70% of study area
populations (or health events). Exceptions are Kloog et al. (2012), Lee et al. (2015), Pinault et al. (2016), and
Wang et al. (2017), with pseudo-design values available for 67%, 56%, 51%, and 65% of study area populations,
respectively.

September 2019 3-73 External Review Draft—Do Not Quote or Cite



00 9NNk W N~

35
36

Drawing from the information in Figure 3-9 (and Figure B-9 in Appendix B), we

particularly note the following:

For most of the key studies (i.e., 18 of the 29 in Figure 3-9°°), about 25% or more of the
study area populations (i.e., of those in areas with pseudo-design values) lived in locations
with air quality likely to have met the current primary standards over study periods (or about
25% or more of health events occurred in locations with such air quality).

— For the 15 U.S. studies included in this group, annual pseudo-design values from
8.7 to 11.9 ng/m? correspond to 25 percentiles of study area populations (or
health events).

— For the three Canadian studies included in this group, annual pseudo-design
values from 6.0 to 7.2 ug/m?> correspond to 25" percentiles of study area
populations (or health events).

For nine of the key studies, most of the study area population (i.e., > 50% of those living in
areas with pseudo-design values) lived in locations with air quality likely to have met the
current standards over study periods (or > 50% of health events occurred in locations with
such air quality).

— For the six U.S. studies included in this group, annual pseudo-design values from
9.9 to 11.7 pg/m? correspond to 50™ percentiles of study area populations (or
health events).

— For the three Canadian studies included in this group, annual pseudo-design
values from 7.3 to 7.4 ng/m? correspond to 50 percentiles of study area
populations (or health events).

For four of the key studies, the large majority of the study area population (i.e., >75% of
those living in areas with pseudo-design values) lived in locations with air quality likely to
have met the current standards over study periods (or >75% of health events occurred in
locations with such air quality).

— One of these studies (Shi et al., 2016) was conducted in the U.S. In this study, an
annual pseudo-design value of 11.0 pg/m? corresponds to the 75" percentile of
the study area population.!

— Three of these studies (Pinault et al., 2016; Weichenthal et al., 2016c¢; and
Weichenthal et al., 2016b) were conducted in Canada. In these studies, annual
pseudo-design values from 8.4 to 8.6 pg/m?® correspond to 75™ percentiles of the
study area populations (or health events).

For the remaining 11 key studies, the large majority of the study area population (i.e., >75%
of those living in areas with pseudo-design values) lived in locations with air quality likely to

30 Shi et al. (2016) separately examined long- and short-term PM, s exposures and, therefore, is included twice in

Figure 3-9 and Figure B-9.

3!'In Shi et al. (2016), 85% of all of the study areas with pseudo-design values would likely have met the current

annual standard over the entire study period (i.e., annual pseudo-design values for every three-year period
examined were < 12.0 pug/m?).
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have violated one or both of the current standards during study periods (or >75% of health
events occurred in locations with such air quality).

While the information in Figure 3-9 can inform conclusions regarding the degree to

which air quality present in study locations and during study periods would likely have met the

current primary PMa s standards, there are important uncertainties to consider when using such

information to inform conclusions on the primary PM> 5 standards. These include the following:

For most key multicity studies, some study locations would likely have met the current
primary standards over study periods while others would likely have violated one or both
standards. There is uncertainty in how to interpret such studies to inform conclusions on the
NAAQS. However, the importance of this uncertainty is lessened for studies that report
positive and statistically significant associations in populations that reside almost entirely in
areas likely to have met the current standards (e.g., Pinault et al., 2016; Shi et al., 2016;
Weichenthal et al., 2016¢). This uncertainty is also lessened for key studies that report
positive and statistically significant associations in analyses restricted long-term average
PM, s concentrations below 12 pg/m* (Di et al., 2017b) or 10 ug/m? (Shi et al., 2016), which
account for about half of the total deaths in these studies (i.e., 54% in Di et al. (2017b), and
49% in Shi et al. (2016)). Effect estimates in these restricted analyses are slightly larger than
those based on the entire cohort.

For each study location, maximum 3-year pseudo-design values are averaged over study
periods. Depending on the years of air quality evaluated by the study, for some locations
those averages could reflect air quality that violated the current standards during part of the
study period and met the current standards during part of the study period. However, analysis
of this issue indicates that, among study locations with averaged PM; s pseudo-design values
(i.e., averaged over the study period) at or below 12.0 pg/m?, almost all individual 3-year
pseudo-design values are also at or below 12.0 pg/m? (i.e., 89% for Di et al. (2017b); 98%
for Shi et al. (2016)— see Appendix B, section B.9).

Analyses identifying pseudo-design values in study locations necessarily focus on locations
with at least one PM» s monitor. While this approach can account for the large majority of
study area populations for studies that use monitors alone to estimate PM» s exposures, some
recent key epidemiologic studies use hybrid modeling approaches to predict ambient PM2 5
concentrations in locations with and without nearby ground-based monitors (i.e., Figure 3-8,
above). For these studies, PM> 5 pseudo-design values are not available for unmonitored
study locations. For most of the key studies, pseudo-design values are available for locations
accounting for more than 70% of the study population. However, for some studies, the
percentages of study area populations living in locations with pseudo-design values are lower
(Kloog et al., 2012; Lee et al., 2015; Pinault et al., 2016; Wang et al., 2017). To the extent
unmonitored areas have generally lower ambient PM» 5 concentrations than monitored areas,
our analyses of pseudo-design values could be biased toward the higher values present in
monitored locations.

PMb s monitoring requirements have changed since the study periods covered by key studies.
In particular, PM2 s pseudo-design values during study periods do not reflect the near-road
PMb s monitors that are now required in many large urban areas (discussed in section
2.3.2.2.1 above). Had current requirements for near-road monitors been in place during study
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periods, the maximum pseudo-design values in some counties could have been higher than
those identified. Early data from near road monitors indicates that about half of urban areas
with near-road monitors measured the highest annual design values at those monitors. Of the
CBSAs with highest annual design values at near-road sites, those design values were, on
average, 0.7 png/m> higher than at the highest measuring non-near-road sites (range is 0.1 to
2.0 ug/m? higher at near-road sites) (Table 2-2 above).

The potential implications of these and other uncertainties for the primary PMa s standards are

discussed in section 3.4 below.

3.2.3.3 Preliminary Conclusions from the Evidence

In reaching preliminary conclusions based on the evidence considered in section 3.2.3, we
revisit the questions posed at the beginning of the section:

e  What are the short- or long-term PMaz.s exposures that have been associated with health
effects and to what extent does the evidence support the occurrence of such effects for
air quality meeting the current primary PM:s standards?

To answer these questions, we draw on information from experimental studies, as discussed in
section 3.2.3.1, and information from epidemiologic studies, as discussed in section 3.2.3.2.

With regard to the experimental evidence, we note that available controlled human
exposure and animal toxicology studies provide general support for the plausibility of many of
the serious health outcomes associated with estimated PM> s exposures in epidemiologic studies
(U.S. EPA, 2018, Chapters 5 to 11). However, the PM; 5 exposure concentrations consistently
shown to elicit effects across these studies are considerably higher than the ambient
concentrations typically measured in the U.S. in recent years, and higher than the concentrations
likely to occur in areas meeting the current primary standards (section 3.2.3.1). A limited number
of experimental studies report effects following exposures to lower PM3 s concentrations (Mauad
et al. (2008); Cangerana Pereira et al. (2011), though still above typical ambient concentrations
observed in locations meeting the current standards. Thus, while experimental studies support the
plausibility of serious PM» s-associated health effects, these studies provide limited insight into
the occurrence of effects following PMz 5 exposures likely to occur in the ambient air in areas
meeting the current primary PMb s standards.

With regard to the epidemiologic evidence, we first note that key studies conducted in the

U.S. or Canada indicate positive and often statistically significant associations between estimated

52 Mauad et al. (2008) and Cangerana Pereira et al. (2011) report respiratory and cancer-related effects, respectively,
in animals following long-term exposures to 16.8 and 17.7 pg/m? PM, s. Hemmingsen et al. (2015b) reports
cardiovascular effects in human volunteers following 5-hour exposures to an average of 24 pg/m3 PMs.
Additionally, the controlled human exposure study by Brauner et al. (2008) reports no change in markers of
cardiovascular function following 24-hour PM exposures to an average PM, s concentration of 10.5 pg/m?.
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PMb 5 exposures (short- or long-term) and mortality or morbidity across a broad range of ambient
concentrations. These include associations based on PM3 s air quality distributions lower than
those in key studies from the last review.>* Based on the information in Figure 3-7 and Figure 3-
8, the large majority of key epidemiologic studies in the current review report health effect
associations for air quality distributions characterized by overall mean PM; s concentrations
ranging from 8.1 pg/m? to 16.5 pg/m?, with mean concentrations in most of these studies (and all
but one key U.S. study) at or above 9.6 pg/m>. These include studies that report associations in a
wide variety of populations, including studies examining substantial portions of the U.S.
population and studies examining groups that may be at comparatively high risk (e.g., older
adults, children). These studies employ various study designs and examine a wide variety of
health outcomes, geographic areas, approaches to estimating PM» s exposures, and approaches to
control for confounding. The evidence for associations at lower ambient concentrations (i.e.,
means < 8.0 pg/m?) is more limited, with two studies conducted in Ontario reporting positive
associations (statistically significant in one study) for PM; s air quality distributions
characterized by overall mean concentrations around 7.0 pg/m? (Weichenthal et al., 2016c;
Weichenthal et al., 2016b).

Considering the PM2 s concentrations around these overall means can provide insight into
the part of the air quality distribution over which studies provide the strongest support for
reported health effect associations. Evaluating whether such PMb s air quality distributions would
be likely to occur in areas meeting the current (or alternative) primary standards can inform
conclusions on the degree to which those standards would limit the potential for the long- and
short-term PM; 5 exposures that support reported health effect associations. However, a
limitation of considering study-reported mean PM; 5 concentrations to inform conclusions on the
primary PM: 5 standards is that such concentrations, by themselves, do not indicate whether
study areas would likely have met or violated the current standards (or alternatives).

As discussed above (sections 3.2.3.2.1 and 3.2.3.2.2), the EPA uses design values at
individual monitors to determine whether areas meet the NAAQS. Based on analyses of recent
air quality in U.S. CBSAs, maximum annual PM; 5 design values for a given three-year period
are often 10% to 20% higher than average concentrations over that period (i.e., averaged across
monitors in the same CBSA) (Appendix B, Figure B-7 and Table B-8). These relationships
suggest that areas with maximum annual PM> s design values of 12.0 ng/m? (i.e., just meeting the

current annual standard) are likely to have long-term mean PM> s concentrations (i.e., averaged

53 In the last review key epidemiologic studies supporting “causal” or “likely to be causal” determinations examined
distributions of ambient PM, s with overall mean concentrations at or above 12.8 pg/m?® (U.S. EPA, 2011, Figure
2-8).

September 2019 3-77 External Review Draft—Do Not Quote or Cite



O 00 0 &N D A W N =

| N T NG TR NG TR NG T NG T NG TR NG Y S Gy G oy Gy G ARG G T O Uy
AN R WD = O O 0NN R WD = O

27

28
29
30
31
32
33
34
35

across space and over time) that are somewhat below 12.0 pg/m? but still higher than the overall
means reported by a number of key epidemiologic studies reporting PM> 5 health effect
associations. This indicates that the current standards are likely to allow the distributions of
short- and long-term PM; 5 exposures that are associated with health effects in some key studies.

Another approach to examine the potential implications of key epidemiologic studies for
the primary PM: 5 standards is to consider analyses of PM2 s pseudo-design values in locations of
those studies, thereby focusing on a study-related air quality metric that is more directly
comparable to the levels of the primary PM; 5 standards. As illustrated in Figure 3-9, and in
Figure B-9 in Appendix B, for several key studies with available pseudo-design values (9 of the
studies evaluated), most of the study area populations lived in locations with air quality likely to
have met both the annual and 24-hour PM> s standards over study periods (or most of health
events occurred in such areas). For the U.S. studies in this group, annual pseudo-design values
from 9.9 to 11.7 ug/m? correspond to 50" percentiles of study area populations (or health
events). That is, 50% of the study area populations lived in locations with pseudo-design values
below these concentrations, or 50% of the health events occurred in such locations. For the U.S.
study reporting the lowest annual average concentrations (Shi et al., 2016), 75% of the study area
population lived in locations with annual pseudo-design values below 11.0 ug/m®. For the
Canadian studies with the lowest ambient PM> 5 concentrations, annual pseudo-design values of
about 7.3 to 7.4 ug/m?> correspond to 50" percentiles of study area populations (or health events),
and annual pseudo-design values from 8.4 to 8.6 pg/m? correspond to 75 percentiles.

When the information summarized above is taken together, along with the uncertainties
discussed in section 3.2.3.2 above, we reach the preliminary conclusion that a number of key
epidemiologic studies report positive and statistically significant PM> s health effect associations
for air quality distributions likely to be allowed by the current primary PM; s standards. Our
consideration of the evidence and air quality information to inform preliminary conclusions on

the primary PM> s standards is discussed further in section 3.4 below.

3.3 RISK-BASED CONSIDERATIONS

To inform conclusions regarding the primary PM; s standards that are “requisite” to
protect the public health (i.e., neither more nor less stringent than necessary; section 1.2), it is
important to consider the health risks that would be allowed under those standards. For the
current standards, this means evaluating PM> s-related health risks in locations with three-year
annual PMz s design values of 12.0 ug/m? and/or three-year 24-hour design values of 35 ng/m?
(i.e., neither above nor below the levels of the current standards). Therefore, in addition to our
evaluation of PMb» 5 concentrations in locations of key epidemiologic studies (which are based on

existing air quality; section 3.2.3.2), we use information from those studies in a risk assessment
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that estimates population-level health risks associated with PM> s air quality that has been
adjusted to simulate “just meeting” the current standards (i.e., design values equal to 12.0 pug/m?
and/or 35 ug/m?). Given our preliminary conclusions based on the evidence (section 3.2.3.3), we
also estimate risks associated with PM s air quality adjusted to simulate “just meeting”
alternative annual and 24-hour standards with lower levels. These risk estimates, when
considered alongside analyses of the evidence discussed above in section 3.2.3, are meant to
inform conclusions on the primary standards that would be requisite to protect the public health
against long- and short-term PM; 5 exposures. Our consideration of estimated risks focuses on
addressing the following policy-relevant questions:

e  What are the estimated PM2.s-associated health risks for air quality just meeting the
current primary PMzs standards?

e To what extent are risks estimated to decline when air quality is adjusted to just meet
potential alternative standards with lower levels?

e What are the uncertainties and limitations in these risk estimates?

The sections below summarize our approach to estimating risks (section 3.3.1) and the
results of the risk assessment (section 3.3.2). Additional detail on the risk assessment is provided

in Appendix C.

3.3.1 Overview of Approach to Estimating Risks

Our general approach to estimating PM» s-associated health risks combines
concentration-response functions from epidemiologic studies with ambient PM2 5 concentrations
corresponding to air quality scenarios of interest, baseline health incidence data, and population
demographics for locations included in the risk assessment. Below we summarize key aspects of
the risk modeling approach. Additional detail on the approach is provided in Appendix C
(section C.1).

e Study area selection: In selecting U.S. study areas for inclusion in the risk assessment, we
focus on the following characteristics:

— Available ambient monitors: We focus on areas with relatively dense ambient
monitoring networks, where we have greater confidence in adjustments to
modeled air quality concentrations in order to simulate “just meeting” the current
and alternative primary PM> s standards (air quality adjustments are described in
detail in Appendix C, section C.1.4).

— Geographical Diversity: We focus on areas that represent a variety of regions
across the U.S. and that include a substantial portion of the U.S. population.

—  PM> 5 air quality concentrations: We balance the value of including a broad array
of study areas from across the U.S. against the larger uncertainty associated with
air quality adjustments in certain areas. For example, many areas have recent air
quality that meets the current primary PM> s standards. Inclusion of such areas in
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the risk assessment necessitates an upward adjustment to PM> 5 air quality
concentrations in order to simulate just meeting the current standards. Given
uncertainty in how such increases could potentially occur, we select areas (i.e.,
CBSAs**) requiring either a downward adjustment to air quality or a relatively
modest upward adjustment (i.e., no more than 2.0 pg/m? for the annual standard
and 5 pg/m? for the 24-hour standard, based on the 2014-2016 design-value
period). In addition, as discussed further in Appendix C (section C.1.4), we
excluded several areas that appeared to be strongly influenced by exceptional
events. Forty-seven urban study areas met these criteria (Figure 3-10 and
Appendix C, section C.1.3), including 30 study areas where just meeting the
current standards is controlled by the annual standard,> 11 study areas where just
meeting the current standards is controlled by the daily standard,>® and 6 areas
where the controlling standard differed depending on the air quality adjustment
approach (Figure 3-10). %’

34 CBSAs (core-based statistical areas) can include one or more counties. Each CBSA selected included at least one
monitor with valid design values and several CBSAs had more than 10 monitors. See Table C-3 in Appendix C.

3 For these areas, the annual standard is the “controlling standard” because when air quality is adjusted to simulate
just meeting the current or potential alternative annual standards, that air quality also would meet the 24-hour
standard being evaluated.

% For these areas, the 24-hour standard is the controlling standard because when air quality is adjusted to simulate
just meeting the current or potential alternative 24-hour standards, that air quality also would meet the annual
standard being evaluated. Some areas classified as being controlled by the 24-hour standard also violate the
annual standard.

57 In these 6 areas, the controlling standard depended on the air quality adjustment method used and/or the standard
scenarios evaluated.
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Number of Urban Study Controlling Population (230

Areas (CBSAs) Standard years old)
30 Annual (Blue) ~50M
11 Daily (Green) ~4M
6 Mixed (Grey) ~5M
Total: 47 ~60M

Figure 3-10. Map of 47 urban study areas included in risk modeling.

Health outcomes: The health outcomes evaluated in the risk assessment are (a) total
mortality (all-cause and non-accidental), ischemic heart disease mortality, and lung cancer
mortality associated with long-term PM; 5 exposures and (b) total mortality associated with
short-term PM; s exposures (Table 3-4 below and Appendix C, section C.1.1). Evidence for
these outcomes supports “causal” or “likely to be causal” determinations in the draft ISA
(U.S. EPA, 2018).

Concentration-response functions: Concentration-response functions used in this risk
assessment are from large, multicity U.S. epidemiologic studies that evaluate PM; 5 health
effect associations (drawn from those identified above in Figures 3-3 to 3-6). The selection of
specific epidemiologic studies and concentration-response functions for use in modeling risk
is based on criteria that take into account factors such as study design, geographic coverage,
demographic groups evaluated, and health endpoints examined. Information from these
studies is summarized in Table 3-4. Additional detail regarding the selection of
epidemiologic studies and specification of concentration-response functions can be found in
Appendix C (section C.1.1).
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Table 3-4. Epidemiologic studies used to estimate PM2.s-associated risk.

. . Age Range Mortality Categories

Epidemiology Study Study Population2 (years) Covered
Long-term mortality studies
Jerrett et al., 2016 ACS 30+ IHD
Pope et al., 2015 ACS 30+ All-cause, IHD
Turner et al., 2016 ACS 30+ Lung cancer
Thurston et al., 2016 AARP 995-85 All-cause
Dietal., 2017b Medicare 65+ All-cause
Short-term mortality
Baxter et al., 2017 77 cities All ages Non-accidental
lto et al., 2013 NPACT All ages All cause
Zanobetti et al., 2014 121 communities 65+ All cause
aACS (American Cancer Survey), AARP (American Association of Retired Persons), NPACT (National Particle
Components Toxicity). See Appendix C Table C-1 for additional study details.

PM:s air quality scenarios evaluated: We first estimate health risks associated with air
quality adjusted to simulate “just meeting” the current primary PM> s standards (i.e., the
annual standard with its level of 12.0 pg/m? and the 24-hour standard with its level of 35
ng/m?). We additionally evaluate the potential for alternative annual standards with levels of
9.0, 10.0 and 11.0 pg/m? to reduce estimated risk, relative to the current standards. As
discussed above (section 3.1.2), there is greater uncertainty regarding whether a revised 24-
hour standard (i.e., with a lower level) would appropriately limit PM; s-associated health
risks by limiting the PM 5 concentrations that make up the middle portion of the air quality
distribution (i.e., where epidemiologic studies provide the strongest support for reported
associations). However, we recognize the potential for considering a revised 24-hour
standard in this review (discussed below in section 3.4.2.4.2). Therefore, to provide insight
into the possible public health implications of a revised 24-hour standard, we also examine

an alternative 24-hour standard with a level of 30 pg/m?3.%8

Model-based approach to adjusting air quality: Air quality modeling is used to simulate
just meeting the current standards and alternative standards with levels of 10.0 ug/m’
(annual) and 30 pg/m?® (24-hour). The air quality modeling employs a hybrid approach that
combines CMAQ-modeled surfaces> and ambient monitoring data to generate ambient
PMb 5 estimates for 2015 on a national grid with 12-km horizontal resolution (downscaler).
The modeled 2015 PM, s concentrations were then adjusted using one of two approaches®
for each air quality scenario (discussed in detail in Appendix C, section C.1.4):

8 We also estimate population risks for recent (i.e., unadjusted) ambient PM» s concentrations (Appendix C).

5 https://www.epa.gov/cmaq

0 These two modeling approaches provided sensitivity analyses on key aspects of the HHRA and are not additive.

September 2019 3-82 External Review Draft—Do Not Quote or Cite



0 NNk W~

—
W N = O O

14

15
16

17
18
19

20
21
22
23

24
25
26
27
28
29

— Reductions in primarily-emitted PM> s (Pri-PM): This approach simulates air
quality scenarios of interest by preferentially adjusting modeled directly emitted
PM.*!

— Reductions in secondarily produced PM> s (Sec-PM): This approach simulates air
quality scenarios of interest by preferentially adjusting modeled SO2 and NOx
precursor emissions to simulate changes in secondarily formed PM s.%?

e Linear interpolation/extrapolation to additional annual standard levels: In addition to
the hybrid modeling approach described above, we also employ linear interpolation and
extrapolation to simulate just meeting alternative annual standards with levels of 11.0 (i.e.,
interpolated between 12.0 and 10.0 ug/m?) and 9.0 pg/m? (i.e., extrapolated from 12.0 and
10.0 pg/m?), respectively (illustrated in Figure 3-11). This interpolation/extrapolation was
only performed for the subset of 30 urban study areas where the annual standard was
controlling in all air quality scenarios evaluated.

11.23

Linear slope

Modeled Interpolated Modeled Extrapolated
attainment of attainment of attainment of attainment of
current standard alternate standard alternative alternate standard

{12) {11) standard (10) {9)

Figure 3-11. Illustration of approach to adjusting air quality to simulate just meeting
annual standards with levels of 11.0 and 9.0 pg/m3.

e Characterization of variability and uncertainty in the risk estimates: Both quantitative
and qualitative methods have been used to characterize variability and uncertainty in the risk
estimates (Appendix C, section C.3), including:

— Inclusion of 95 percent confidence intervals for risk estimates: When modeling
risk, we generate confidence intervals for each risk estimate. The confidence
intervals reflect the standard error associated with the effect estimate reported in
the epidemiologic study that is used to estimate risk.

— Sensitivity analyses: For several of the mortality endpoints, we include a range of
risk estimates reflecting epidemiology studies conducted in various populations
and using a variety of study designs (e.g., differing in the methods used to
estimate exposures and to control for potential confounders). We also estimate
risk using two approaches to adjust air quality to simulate just meeting the current
and alternative standards (i.e., Pri-PM and Sec-PM adjustment approaches).

%! In locations for which air quality scenarios cannot be simulated by adjusting modeled directly emitted PM alone,
modeled SO, and NOx precursor emissions are additionally adjusted to simulate changes in secondarily formed
PM> s (Appendix C, section C.1.4).

%2 In locations for which air quality scenarios cannot be simulated by adjusting modeled precursor emissions alone, a
proportional adjustment of air quality is subsequently applied (Appendix C, section C.1.4).
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—  Qualitative uncertainty assessment: We additionally perform qualitative
evaluations of the potential for key sources of uncertainty to impact the magnitude
and direction of risk estimates (Appendix C, section C.3.2).

3.3.2 Results of the Risk Assessment

This section presents estimates of PM s-associated mortality risks for urban study areas
(additional results are available in Appendix C, section C.2). These results are shown as point
estimates with 95 percent confidence intervals for air quality adjusted to simulate just meeting
the current, and potential alternative, standards. For alternative standards, we provide tables that
include the total or absolute risk, the change in or delta risk, and the percent risk reduction.%
We also quantify the percent of baseline incidence, which estimates the percent of total
incidence (i.e., the total public health burden associated with that health effect) that is associated
with ambient PM, s exposure.®* In addition to tables, we also provide figures to illustrate how
risks are distributed across annual average ambient PM»s concentrations. Figures present results
for IHD mortality associated with long-term PM; s exposures, based on the study by Jerrett et al.
(2016). Additional results are presented in Appendix C (section C.2).

The sections below present risk estimates for the full set of 47 modeled urban study areas
(section 3.3.2.1), the subset of 30 areas for which the annual PM; 5 standard is controlling
(section 3.3.2.2), and the subset of 11 areas for which the 24-hour PM> 5 standard is controlling

(section 3.3.2.3). Uncertainties in the risk assessment are summarized in section 3.3.2.4.

3.3.2.1 Summary of Risk Estimates for 47 Urban Study Areas

Risk estimates for the 47 urban study areas are presented in Table 3-5 and Table 3-6.
Table 3-5 presents absolute risk estimates for air quality just meeting the current primary PMa s
standards and alternative standards. Table 3-6 presents differences in estimated risk between air
quality just meeting the current standards and air quality just meeting alternative standards. More
specifically, the risk estimates presented in the column labeled “Alternative Annual Standard (10
ug/m®)” reflect the reductions estimated (compared to the current standards) in the subset of
study areas for which the alternative annual standard, with a level of 10.0 pg/m?, is controlling.
Risk estimates presented in the column labeled “Alternative 24-hour Standard (30 ug/m?)” reflect

the reductions estimated in the subset of study areas for which the alternative 24-hour standard,

3 Absolute risk refers to risk associated with the full increment of exposure associated with either the current or
alternative standard. Both delta risk and percent risk reduction reflect the change in risk in going from the current
standard to a specific alternative standard, with delta risk referring to the change in incidence (i.e., premature
PM, s-attributable mortality) and percent risk reduction referring to the percent change when comparing risk
under the current standard to risk under simulation of an alternative standard.

% In other words, the percent of the effect associated with PM, s exposure. For example, risk results estimate that 13-
14% of all IHD mortality in 2015 was associated with PM, s exposure (Table 3-5).
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with a level of 30 pg/m?, is controlling. The smaller reductions estimated for the alternative 24-

hour standard reflect the smaller number of study areas controlled by the 24-hour standard and

the relatively small population in those areas. Key observations from these results are

summarized below.

Table 3-5. Estimates of PMz.s-associated mortality for air quality adjusted to just meet
the current or alternative standards (47 urban study areas).

Alternative Standard Absolute Risk
Air quality Current Standad  |CS (12/35)
simulation Absolute Risk % of Alternative Annual Alternative 24-hr
Endpoint Study approach* (12135 pg/m’) baseline* (10 pgim®) (30 pg/m’)
Long-term exposure related mortality
IHD Jerrett 2016 Pri-PM 16,500 (12,600-20,300) 141 [14,400 (11,000-17,700)| 16,400 (12,500-20,000)
Sec-PM 16,800 (12,800-20,500) 14.3 114,200 (10,900-17,500)| 16,500 (12,600-20,200)
Pope 2015 Pri-PM 15,600 (11,600-19,400) 13.3 13,600 (10,100-17,000)| 15,400 (11,500-19,200)
Sec-PM 15,800 (11,800-19,600) 134 13,400 (9,970-16,700) | 15,600 (11,600-19,400)
All-cause Di 2017 Pri-PM 46,200 (45,000-47,500) 8.4 40,300 (39,200-41,400)| 45,700 (44,500-47,000)
Sec-PM 46,900 (45,600-48,200) 8.5 [39,700 (38,600-40,800)| 46,200 (44,900-47,500)
Pope 2015 Pri-PM 51,300 (41,000-61,400) 7.1 44,700 (35,700-53,500) | 50,700 (40,500-60,700)
Sec-PM 52,100 (41,600-62,300) 7.2 |44,000 (35,100-52,700)| 51,300 (41,000-61,400)
Thurston 2015 Pri-PM 13,500 (2,360-24,200) 3.2 11,700 (2,050-21,100) | 13,300 (2,330-24,000)
Sec-PM 13,700 (2,400-24,600) 3.2 11,500 (2,010-20,700) | 13,500 (2,360-24,200)
Lung cancer Turner 2016 Pri-PM 3,890 (1,240-6,360) 8.9 3,390 (1,080-5,560) 3,850 (1,230-6,300)
Sec-PM 3,950 (1,260-6,460) 9.1 3,330 (1,060-5,470) 3,890 (1,240-6,370)
Short-term exposure related mortality
All cause Baxter 2017 Pri-PM 2,490 (983-4,000) 0.4 2,160 (850-3,460) 2,460 (970-3,950)
Sec-PM 2,530 (998-4,060) 0.4 2,120 (837-3,400) 2,490 (982-3,990)
Ito 2013 Pri-PM 1,180 (-16-2,370) 0.2 1,020 (-14-2,050) 1,160 (-16-2,340)
Sec-PM 1,200 (-16-2,400) 0.2 1,000 (-14-2,020) 1,180 (-16-2,370)
Zanobetti 2014 Pri-PM 3,810 (2,530-5,080) 0.7 3,300 (2,190-4,400) 3,760 (2,500-5,020)
Sec-PM 3,870 (2,570-5,160) 0.7 3,250 (2,160-4,330) 3,810 (2,530-5,070)

* Pri-PM (primary PM-based modeling approach), Sec-PM (secondary PM-based modeling approach)

** CS denotes the current standard.
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Table 3-6. Estimated reduction in PMz.s-associated mortality for alternative annual
and 24-hour standards (47 urban study areas).

Delta Risk % Risk Reduction
Air quality CS-AS CS-AS Annual 24-hr
simulation Annual Standard 24-hr Standard | Standard | Standard
Endpoint Study approach* (10 pg/m’)* (30 pg/m®)* (12-10) | (35-30)
Long-term exposure related mortality
IHD Jerrett 2016 Pri-PM 2,390 (1,800-2,970) 200 (150-249) 12.6 1.1
Sec-PM 2,870 (2,160-3,570) 266 (200-331) 15.0 1.4
Pope 2015 Pri-PM 2,240 (1,640-2,830) 187 (137-237) 12.7 1.1
Sec-PM 2,690 (1,970-3,400) 250 (183-315) 15.1 1.4
All-cause Di 2017 Pri-PM 6,440 (6,260-6,630) 573 (557-589) 12.9 1.2
Sec-PM 7,800 (7,580-8,020) 772 (750-793) 15.4 1.5
Pope 2015 Pri-PM 7,100 (5,640-8,550) 644 (511-776) 13.0 1.2
Sec-PM 8,630 (6,860-10,400) 828 (658-997) 15.6 1.5
Thurston 2015 Pri-PM 1,830 (316-3,320) 168 (29-305) 13.2 1.2
Sec-PM 2,230 (387-4,060) 209 (36-381) 15.9 1.5
Lung cancer  Turner 2016 Pri-PM 548 (170-921) 42 (13-70) 13.0 1.0
Sec-PM 670 (208-1,120) 61(19-102) 15.6 1.4
Short-term exposure related mortality

All cause Baxter 2017 Pri-PM 335 (132-537) 30 (12-48) 13.5 1.3
Sec-PM 408 (160-654) 39 (15-62) 16.1 1.6
lto 2013 Pri-PM 158 (-2-317) 14 (0-29) 13.4 1.2
Sec-PM 192 (-3-386) 18 (0-37) 16.1 1.5
Zanobetti 2014 Pri-PM 513 (341-684) 46 (30-61) 13.4 1.2
Sec-PM 622 (413-830) 62 (41-82) 16.0 1.6

*Pri-PM (primary PM-based modeling approach), Sec-PM (secondary PM-based modeling approach)
** CS denotes the current standard and AS denotes the alternative standard.

Drawing from the information in Table 3-5 and Table 3-6, we make the following key

observations:

e Air quality adjusted to simulate just meeting the current PM> s standards

Long-term PM2 5 exposures are estimated to be associated with as many as 52,100
premature deaths (all-cause), including 16,800 IHD deaths and 3,950 lung cancer
deaths, annually across the 47 study areas (and approximately 54 million people
over the age of 30). These estimates account for approximately 3-9% of all-cause,
13-14% of IHD, and 9% of lung cancer mortality in these areas, respectively.®

Short-term PM2 5 exposures are estimated to be associated with up to 3,870 deaths
annually across the 47 study areas.

The approach used to adjust air quality (i.e., Pri-PM and Sec-PM) did not have a
substantial impact on overall risk estimates (also see Appendix C, section C.1.4)

e Air quality adjusted to just meet potential alternative standards

%5 Mortality risk estimates for specific endpoints (e.g., IHD and lung cancer) are distinct subsets of total mortality.
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— Compared to the current standards, risks are estimated to decrease when air
quality is adjusted to just meet an alternative annual standard with a level of 10.0
ug/m® or an alternative 24-hour standard with a level of 30 pg/m? (Table 3-6).5¢

— Substantially larger risk reductions are estimated in the urban study areas for
which the annual standard is controlling than in the study areas for which the 24-
hour standard is controlling, reflecting the larger population in the study areas
controlled by the annual standard.

— The approach used to adjust air quality did not have a substantial impact on
estimated reductions in PM2 s-associated mortality.

3.3.2.2 Summary of Risk Estimates for a Broader Range of Alternative Annual Standards
This section explores the potential impacts of a range of alternative annual standard
levels using interpolation and extrapolation of the modeled PM; 5 concentrations. Table 3-7 and
Table 3-8 below present mortality risk estimates for potential alternative annual standards with
levels of 11.0, 10.0, and 9.0 pg/m?, based on the subset of 30 urban study areas for which the
annual standard is controlling under all air quality scenarios evaluated. Figure 3-12 and Figure 3-
13 present distributions of absolute (total) risk associated with air quality adjusted to just meet
the current and alternative annual standards and the risk reductions estimated for each alternative

annual standard (relative to the current standard), respectively.®’

% In most study areas, the risk reductions presented for an annual standard with a level of 10.0 ug/m? reflect the
difference between air quality with a maximum three-year design value of 12.0 ug/m? and air quality with a
maximum three-year design value of 10.0 pg/m?. Similarly, in most study areas, the risk reduction presented for a
24-hour standard with a level of 30 pg/m? reflects the difference between air quality with a maximum three-year
design value of 35 pg/m?® and air quality with a maximum three-year design value of 30 ug/m®. However, in a
small number of study areas, the “starting concentration” for the annual standard are below 12.0 ng/m? (four
study areas: Riverside-San Bernardino-Ontario, CA; Stockton-Lodi, CA; Bakersfield, CA; and Hanford-
Corcoran, CA) or the starting concentration for the 24-hr standard are below 35 pg/m? (two study areas
Pittsburgh, PA and South Bend-Mishawaka, IN-MI:). This is because, in these areas, the controlling standard for
air quality adjusted to just meet the current standards is different from the controlling standard for air quality
adjusted to simulate just meeting the alternatives evaluated.

7 As noted above, Figure 3-12 and Figure 3-13 present estimates of IHD mortality associated with long-term PM, s
exposures, based on the study by Jerrett et al. (2016).
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1 Table 3-7. Estimates of PMz.s-associated mortality for the current and potential
alternative annual standards in the 30 study areas where the annual standard is
3 controlling.

\S}

CS (12/35 Alternative A | Standard (absolute risk)
Air quality Current Standad ug/m3)
simulation Absolute Risk % of
Endpoint Study approach* (12/35 pgim®) baseline** 11 pg/m* 10 pg/m’ 9 pg/m’
Long-term exposure related mortality
IHD Jerrett 2016 Pri-PM 14,300 (10,900-17,500) 14.1 13,300 (10,200-16,300) 12,300 (9,400-15,100) 11,300 (8,610-13,900)
Sec-PM 14,600 (11,100-17,800) 14.3 13,300 (10,200-16,400) 12,100 (9,240-14,900) 10,900 (8,280-13,400)
Pope 2015 Pri-PM 13,500 (10,100-16,800) 13.3 12,500 (9,340-15,600) 11,600 (8,620-14,500) 10,600 (7,900-13,300)
Sec-PM 13,700 (10,200-17,000) 134 12,600 (9,360-15,600) 11,400 (8,480-14,200) 10,200 (7,590-12,800)
All-cause Di 2017 Pri-PM 39,800 (38,700-40,900) 8.4 36,900 (35,900-38,000) 34,100 (33,200-35,000) 31,200 (30,400-32,100)
Sec-PM 40,500 (39,400-41,600) 8.5 37,000 (36,000-38,000) 33,500 (32,600-34,400) 29,900 (29,100-30,800)
Pope 2015 Pri-PM 44,200 (35,300-52,800) 71 41,000 (32,800-49,100) 37,800 (30,200-45,300) 34,600 (27,600-41,500)
Sec-PM 45,000 (35,900-53,800) 72 41,000 (32,800-49,100) 37,100 (29,600-44,500) 33,200 (26,500-39,700)
Thurston 2015 Pri-PM 11,600 (2,030-20,800) 32 10,700 (1,880-19,300) 9,900 (1,730-17,800) 9,050 (1,580-16,300)
Sec-PM 11,800 (2,070-21,200) 32 10,800 (1,880-19,400) 9,710 (1,700-17,500) 8,650 (1,510-15,600)
Lung cancer  Turner 2016 Pri-PM 3,400 (1,080-5,550) 8.9 3,160 (1,010-5,170) 2,920 (927-4,790) 2,670 (847-4,400)
Sec-PM 3,460 (1,110-5,650) 9.1 3,160 (1,010-5,180) 2,860 (908-4,700) 2,560 (809-4,210)
Short-term exposure related mortality
All cause Baxter 2017 Pri-PM 2,150 (846-3,440) 04 1,990 (784-3,190) 1,830 (721-2,930) 1,670 (658-2,680)
Sec-PM 2,190 (862-3,510) 0.4 1,990 (785-3,190) 1,790 (707-2,880) 1,600 (630-2,560)
to 2013 Pri-PM 1,010 (-14-2,040) 0.2 939 (-13-1,880) 864 (-12-1,730) 789 (-11-1,580)
Sec-PM 1,030 (-14-2,070) 0.2 940 (-13-1,890) 847 (-11-1,700) 754 (-10-1,510)
Zanobetti 2014 Pri-PM 3,280 (2,180-4,370) 0.7 3,040 (2,020-4,050) 2,790 (1,860-3,730) 2,550 (1,700-3,400)
Sec-PM 3,340 (2,220-4,450) 0.7 3,040 (2,020-4,050) 2,740 (1,820-3,650) 2,440 (1,620-3,260)
*Pri-PM (primary PM-based modeling approach), Sec-PM (secondary PM-based modeling approach)
4 ** CS denotes the current standard.

5
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Table 3-8. Estimated delta and percent reduction in PM2.s-associated mortality for the
current and potential alternative annual standards in the 30 study areas where the
annual standard is controlling.

% Risk Reduction
Delta Risk (CS-AS)* CS-AS)*
Air quality
simulation 1211 | 12410 | 12-9
Endpoint Study approach* 12-11 pgim® 12-10 pg/m® 12-9 pg/m® pg/im® | pgim® | ug/m®
Long-term exposure related mortality
IHD Jerrett 2016 Pri-PM 1,140 (859-1,420) 2,270 (1,710-2,830) 3,390 (2,550-4,210) 7% 14% | 21%
Sec-PM 1,400 (1,050-1,740) 2,770 (2,090-3,450) 4,130 (3,110-5,130) 8% 17% | 25%
Pope 2015 Pri-PM 1,070 (785-1,360) 2,130 (1,560-2,690) 3,180 (2,340-4,010) 7% 14% | 21%
Sec-PM 1,310 (960-1,660) 2,600 (1,910-3,280) 3,880 (2,850-4,890) 8% 17% | 25%
All-cause Di 2017 Pri-PM 3,070 (2,980-3,160) 6,120 (5,950-6,300) 9,150 (8,890-9,410) 7% 14% | 21%
Sec-PM 3,800 (3,690-3,900) 7,560 (7,340-7,770) 11,300 (11,000-11,600) 9% 17% | 26%
Pope 2015 Pri-PM 3,390 (2,690-4,080) 6,760 (5,370-8,140) 10,100 (8,030-12,200) 7% 14% | 22%
Sec-PM 4,190 (3,330-5,050) 8,350 (6,640-10,100) 12,500 (9,930-15,000) 9% 17% | 26%
Thurston 2015 Pri-PM 871 (151-1,590) 1,740 (301-3,170) 2,610 (452-4,740) 7% 15% | 22%
Sec-PM 1,080 (187-1,970) 2,160 (374-3,930) 3,230 (561-5,870) 9% 18% | 27%
Lung cancer  Turner 2016 Pri-PM 262 (81-441) 522 (162-877) 780 (243-1,310) 7% 14% | 21%
Sec-PM 327 (101-550) 651 (202-1,090) 972 (303-1,630) 9% 17% | 26%
Short-term exposure related mortality
All cause Baxter 2017 Pri-PM 160 (63-256) 319 (126-512) 478 (188-767) 7% 15% | 22%
Sec-PM 197 (78-316) 394 (155-632) 592 (233-948) 9% 18% | 27%
Ito 2013 Pri-PM 75 (-1-151) 150 (-2-302) 226 (-3-453) 7% 15% | 22%
Sec-PM 93 (-1-187) 186 (-2-374) 279 (-4-561) 9% 18% | 27%
Zanobetti 2014 Pri-PM 244 (162-325) 487 (324-650) 731 (486-975) 7% 15% | 22%
Sec-PM 301 (200-402) 603 (400-804) 904 (600-1,210) 9% 18% | 27%

*Pri-PM (primary PM-based modeling approach), Sec-PM (secondary PM-based modeling approach)
** CS denotes the current standard and AS denotes the alternative standard.
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Figure 3-12. Distribution of absolute risk estimates (PM2.s-associated mortality) for the
current and alternative annual standards for the subset of 30 urban study areas
where the annual standard is controlling (blue and green lines represent the Pri-
PM2s and Sec-PM2s estimates, respectively).

% In Figure 3-12, risk estimates are rounded toward zero into whole PM, s concentration values (e.g., risk estimate at
10 pg/m? includes risk occuring at 10.0-10.9 ug/m?). Risk is estimated in this figure using Jerrett et al., 2016. For
each standard, a small amount of risk is estimated at concentrations higher than the level of the annual standard
(e.g., some risk is estimated at an average concentration of 13 pg/m*® when air quality is adjusted to just meet the
current standard). This can result because risk estimates are for a single year (i.e., 2015) within the 3-year design
value period (i.e., 2014 to 2016). While the three-year average design value is 12.0 ug/m?, a single year can have
grid cells with annual average concentrations above or below 12.0 pg/m>.
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Figure 3-13. Distribution of the difference in risk estimates between the current annual

standard (level of 12.0 pg/m3) and alternative annual standards with levels of 11.0,
10.0, and 9.0 pg/m? for the subset of 30 urban study areas where the annual
standard is controlling.®

Drawing from the information in Table 3-7, Table 3-8, Figure 3-12, and Figure 3-13, we

note the following key observations:

For air quality just meeting the current annual standard, in the subset of 30 study areas in
which the annual standard is controlling, long-term PM2 s exposures are estimated to be
associated with as many as 45,000 total deaths and 14,600 IHD deaths annually, accounting
for approximately 3-9% and 13-14% of baseline mortality, respectively. The majority of this
estimated risk is associated with annual average PM» s concentrations from 10 to 12 pg/m?
(Figure 3-12).

Compared to the current annual standards, air quality adjusted to meet alternative annual
standards with lower levels is associated with reductions in estimated IHD mortality risk
across the 30 study areas (i.e., 7 to 9% reduction for a level of 11.0 pg/m?; 14 to 18%
reduction for a level of 10.0 pg/m?®; 21 to 27% reduction for a level of 9.0 pg/m?) (Table 3-8
and Figure 3-12).

The magnitude of estimated risk reduction increases as alternative annual standards with
lower levels are simulated, and these estimated risk reductions are associated with lower
ambient PM2 s concentrations. Specifically, for air quality adjusted to simulate just meeting
an annual standard with a level of 11.0 pg/m?, the majority of risk reduction occurs in grid
cells with ambient PM> s concentrations between 9 and 11 pg/m?; for air quality adjusted to
simulate just meeting an annual standard with a level of 10.0 pg/m?, the majority of risk
reduction occurs in grid cells with ambient PM, s concentrations between 8 and 10 pg/m?;
and for air quality adjusted to simulate just meeting an annual standard with a level of 9.0
ng/m?3, the majority of risk reduction occurs in grid cells with ambient PM, 5 concentrations
between 7 and 9 ug/m?® 7° (Figure 3-13).

% Risks are presented as integers rounded to three significant digits and aggregated into 1 ug/m? bins. Bins begin at
the whole number value indicated and include values up to, but not including, the next whole number (e.g., risk
occuring at PM concentrations of 6.00 to 6.99 are shown in the bin at 6). Risk is estimated in this figure using
Jerrett et al., 2016.

70 Compared to adjusting primary PM, s emissions, adjustment of PM precursor emissions resulted in substantially
larger estimated risk reductions at 7 pg/m?.
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3.3.2.3 Summary of Risk Estimates for a Potential Alternative 24-Hour Standard

Table 3-9 presents risk estimates and key observations for the subset of 11 urban study

areas in which the 24-hour standard controls the simulated attainment of all modeled standard

levels. For air quality just meeting the current 24-hour standard, long-term PM; 5 exposures are

estimated to be associated with as many as 2,970 total deaths and 870 IHD deaths annually,

accounting for approximately 3-8% and 12-13% of baseline mortality, respectively. Compared to

the current standard, air quality just meeting an alternative 24-hour standard with a level of 30

ng/m? is associated with reductions in estimated risk of 14 to 18%.

Table 3-9. Estimates of PM2.s-associated mortality for the current 24-hour standard,
and an alternative, in the 11 study areas where the 24-hour standard is controlling.

Air quality Current Standad cs Alternative Standard % Risk
simulation Absolute Risk (12/35 pg/m®) Absolute Risk Delta Risk: CS-AS | Reduction
Endpoint Study approach* (12/35 pg/m®) % of baseline™ (30 pg/m’) (daily 30 pg/m’)* | (CS-AS)*

Long-term exposure related mortality

IHD Jerrett 2016 Pri-PM 870 (665-1,070) 13.3 769 (586-945) 115 (87-144) 14%

Sec-PM 862 (658-1,060) 13.1 786 (599-965) 87 (65-108) 17%

Pope 2015 Pri-PM 820 (610-1,020) 12.5 724 (538-903) 108 (79-137) 14%

Sec-PM 811 (604-1,010) 124 739 (550-922) 82 (60-103) 17%

All-cause Di 2017 Pri-PM 2,650 (2,570-2,720) 7.7 2,320 (2,260-2,390) 348 (338-358) 14%

Sec-PM 2,630 (2,550-2,700) 7.6 2,390 (2,330-2,460) 249 (242-256) 17%

Pope 2015 Pri-PM 2,970 (2,370-3,560) 6.5 2,600 (2,080-3,120) 388 (308-467) 14%

Sec-PM 2,950 (2,350-3,530) 6.4 2,680 (2,140-3,220) 279 (222-336) 17%

Thurston 2015 Pri-PM 778 (136-1,400) 29 681 (119-1,230) 99 (17-181) 15%

Sec-PM 771 (135-1,390) 2.9 701 (123-1,260) 72 (13-131) 18%

Lung cancer  Turner 2016 Pri-PM 183 (58-300) 8.4 161 (51-265) 24 (7-40) 14%

Sec-PM 181 (58-297) 8.3 165 (52-270) 18 (6-30) 17%
Short-term exposure related mortality

All cause Baxter 2017 Pri-PM 142 (56-228) 0.3 124 (49-199) 18 (7-29) 15%

Sec-PM 141 (56-226) 0.3 128 (51-206) 13 (5-21) 18%

lto 2013 Pri-PM 69 (-1-138) 0.1 60 (-1-120) 9 (0-18) 15%

Sec-PM 68 (-1-137) 0.1 62 (-1-124) 6 (0-13) 18%

Zanobetti 2014 Pri-PM 217 (145-290) 0.6 190 (126-253) 28 (18-37) 15%

Sec-PM 216 (143-287) 0.6 196 (130-261) 20 (13-26) 18%

* Pri-PM (primary PM-based modeling approach), Sec-PM (secondary PM-based modeling approach)
** CS denotes the current standard and AS denotes the alternative standard.

3.3.2.4 Variability and Uncertainty in Risk Estimates

We characterize variability and uncertainty associated with risk estimates using several

quantitative and qualitative approaches, as described in detail in Appendix C (section C.3).

Approaches to addressing key uncertainties include the following:

e Evaluating various effect estimates for the same health endpoint: In some instances, the
effect estimate used has only a small impact on risk estimates (i.e., [HD mortality using
effect estimates from Jerrett et al. (2016) versus Pope et al. (2015), see Table 3-5). By
contrast, for other mortality endpoints, such as all-cause mortality associated with long-term
exposures (e.g., Di et al. (2017) and Pope et al. (2015) versus Thurston et al. (2016)), the use
of different effect estimates can have a larger impact (Table 3-5). The degree to which
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different concentration-response functions result in different risk estimates could reflect
differences in study design and/or study populations evaluated, as well as other factors.

Evaluating multiple methods for simulating air quality scenarios: The approach used to
adjust air quality (i.e., Pri-PM and Sec-PM adjustments) has little impact on overall estimates
of risk (e.g., see Table 3-5). However, the adjustment approach has a larger impact on the
distribution of risk reductions, particularly for the level of 9.0 pg/m? (Figure 3-13).

Characterizing the 95 percent confidence intervals associated with risk estimates: There
is considerable variation in the range of confidence intervals associated with the point
estimates generated for this analysis (see Table 3-5), with some health endpoint/study
combinations displaying substantially greater variability than others (e.g., short-term PMa s
exposure and all-cause mortality based on effect estimates from Ito et al. (2013) versus long-
term PM; 5 exposure IHD mortality estimates based on Jerrett et al. (2016)). There are a
number of factors potentially responsible for the varying degrees of statistical precision in
effect estimates, including sample size, exposure measurement error, degree of control for
confounders/effect modifiers, and variability in PM> 5 concentrations.

Qualitative assessment of additional sources of uncertainty: Based in part on WHO
(2008) guidance and on guidance documents developed by the EPA (U.S. EPA, 2001, U.S.
EPA, 2004), we have also completed a qualitative characterization of sources of uncertainty
including an assessment of both the magnitude and direction of impact of those uncertainties
on risk estimates.”! Below, we identify those sources of uncertainty given at least a medium
classification for the potential magnitude of impact on risk estimates. Refer to Appendix C,
Table C-31 for additional details.

— Simulating attainment of standard levels using the air quality modeling approach
(medium)

— Simulation of attainment of the alternative annual standards with levels of 9.0 and
11.0 pg/m? using linear interpolation/extrapolation (medium)

— Representing population-level exposure with a 12 x 12 km grid-cell spatial
framework in the context of modeling both short-term and long-term PMa s
exposure and mortality risk (medium-high and medium, respectively)

— Shape of the concentration-response relationship for PMz s exposures and
mortality at low ambient PM concentrations (medium-high)

Most of the uncertainties summarized above, and in Appendix C (section C.3), are

expected to impact absolute risk estimates similarly across the air quality scenarios evaluated.’”

7! As noted in Appendix C, section C.3, the classification of the magnitude of impact for sources of uncertainty

included in this qualitative analysis includes three levels: (a) low (unlikely to produce a sufficient impact on risk
estimates to affect their interpretation), (b) medium (potential to have a sufficient impact to affect interpretation),
and (c) high (likely to have an impact sufficient to affect interpretation). For several of the sources, we provide a
classification between these levels (e.g., low-medium, medium-high).

2 Exceptions are uncertainties related to the air quality adjustment approaches used, which can differ between

model-based adjustments and interpolation/extrapolation-based adjustments.
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Thus, while such uncertainties are key considerations when interpreting estimates of absolute
risk, they are essentially held constant between air quality scenarios. That is, to the extent
particular aspects of the approach tend to bias PMa s risk estimates either high or low (Appendix
C, sections C.3.1 and C.3.2), we expect risk estimates for the various air quality scenarios to be
similarly impacted. As a result, compared to estimates of absolute risk, we have greater
confidence in the risk reductions estimated between air quality scenarios (i.e. between the current

and alternative standards).

3.4 PRELIMINARY CONCLUSIONS ON THE PRIMARY PM:5s

STANDARDS

This section describes our preliminary conclusions regarding the adequacy of the current

primary PM> s standards (section 3.4.1) and regarding potential alternatives for consideration
(section 3.4.2). As described more fully in section 3.1.2, our approach to reaching preliminary
conclusions is based on considering the EPA’s assessment of the current scientific evidence for
health effects attributable to PM» 5 exposures (discussed in detail in U.S. EPA, 2018),
quantitative assessments of PM; s-associated health risks, and analyses of PM; s air quality. In
the final PA, such considerations and conclusions are intended to inform the Administrator’s
judgments regarding primary standards for fine particles that are requisite to protect public health
with an adequate margin of safety. We seek to provide as broad an array of policy options as is
supportable by the available science, recognizing that the selection of a specific approach to
reaching final decisions on the primary PMb> 5 standards will reflect the judgments of the

Administrator as to what weight to place on the various types of information.

3.4.1 Current Standards
We initially consider the adequacy of the current primary PM2 s standards. These
considerations are framed by the first overarching policy-relevant question posed at the
beginning of this chapter:
e Does the currently available scientific evidence and risk-based information support

or call into question the adequacy of the public health protection afforded by the
current annual and 24-hour PM:s standards?

In answering this question, we consider the nature of the health effects reported to occur
following short- or long-term PMaz 5 exposures, the strength of the evidence supporting those
effects, and the evidence that certain populations may be at increased risk (discussed in more
detail in sections 3.2.1 and 3.2.2); the PM> 5 exposures shown to cause effects and the ambient
concentrations in locations where PMa> s health effect associations have been reported (section

3.2.3); and estimates of PM2 s-associated health risks for air quality adjusted to simulate just
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meeting the current annual and 24-hour primary PM> s standards (section 3.3). These
considerations, and our preliminary conclusions on the current primary PM; s standards, are
summarized below.

As an initial matter, we note the longstanding body of health evidence supporting
relationships between PM; 5 exposures (short- and long-term) and mortality or serious morbidity
effects. The evidence available in this review (i.e., assessed in U.S. EPA, 2018 and summarized
above in section 3.2.1) reaffirms, and in some cases strengthens, the conclusions from the 2009
ISA regarding the health effects of PM; s exposures (U.S. EPA, 2009). Much of this evidence
comes from epidemiologic studies conducted in North America, Europe, or Asia that
demonstrate generally positive, and often statistically significant, PMz s health effect
associations. Such studies report associations between estimated PMz 5 exposures and non-
accidental, cardiovascular, or respiratory mortality; cardiovascular or respiratory hospitalizations
or emergency room visits; and other mortality/morbidity outcomes (e.g., lung cancer mortality or
incidence, asthma development). Recent experimental evidence strengthens support for potential
biological pathways through which PM 5 exposures could lead to the effects reported in
epidemiologic studies. This includes evidence from controlled human exposure and animal
toxicological studies reporting cardiovascular effects and animal studies reporting respiratory,
nervous system, and lung cancer-related effects.

Epidemiologic studies report PM> s health effect associations with mortality and/or
morbidity in a variety of populations, including in studies examining substantial portions of the
U.S. population and studies examining populations and lifestages that may be at comparatively
higher risk of experiencing a PMa s-related health effect (e.g., older adults, children). Such
studies employ various designs and examine a variety of health outcomes, geographic areas, and
approaches to controlling for confounding variables. These studies indicate that PM> s health
effect associations are robust across approaches to estimating PMb» s exposures, across statistical
models (including copollutants models), and across exposure windows. Recent “accountability”
studies additionally document that declines in ambient PM3 s concentrations over a period of
years have been associated with decreases in mortality rates and increases in life expectancy,
improvements in respiratory development, and decreased incidence of respiratory disease in
children, further supporting the robustness of PM2 5 health effect associations observed in the
epidemiologic evidence (summarized in sections 3.2.1 to 3.2.3).

In addition to broadening our understanding of the health effects that can result from
exposures to PM> 5 and strengthening support for some key effects (e.g., nervous system effects,
cancer), recent epidemiologic studies strengthen support for health effect associations at
relatively low ambient PM> s concentrations. Studies that examine the shapes of concentration-

response functions over the full distribution of ambient PM> 5 concentrations have not identified
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a threshold concentration, below which associations no longer exist (U.S. EPA, 2018, section
1.5.3). While such analyses are complicated by the relatively sparse data available at the lower
end of the air quality distribution (U.S. EPA, 2018, section 1.5.3), several studies additionally
report positive and statistically significant associations in analyses restricted to annual average
PM: 5 exposures below 12 pg/m? (Di et al., 2017b) and 10 ug/m? (Shi et al., 2016), or to daily
exposures below 25 pg/m* (Di et al., 2017a) and 30 pg/m? (Shi et al., 2016).

These and other recent studies provide support for health effect associations at lower
ambient PM> 5 concentrations than in previous reviews. For example, in the last review key
epidemiologic studies that were conducted in the U.S. or Canada, and that supported “causal” or
“likely to be causal” determinations in the ISA, reported generally positive and statistically
significant associations with mortality or morbidity for PM; s air quality distributions with
overall mean concentrations at or above 12.8 ug/m?® (U.S. EPA, 2011, Figure 2-8). In the current
review, a large number of key studies report positive and statistically significant associations for
air quality distributions with lower overall mean PM 5 concentrations (i.e., Figure 3-7 and Figure
3-8). These key studies indicate such associations consistently for distributions with long-term
mean PM> s concentrations at or above 8.1 pg/m? (8.2 ng/m? based on studies that use monitors
alone to estimate PM> 5 exposures), with the large majority (and all but one key U.S. study)
reporting overall mean PM, s concentrations at or above 9.6 ug/m? (10.7 pg/m? based on studies
that use monitors alone). Air quality distributions with such low mean concentrations are likely
to be allowed by the current PM> s standards, based on analyses of the relationships between
maximum annual PM s design values and annual average concentrations (i.e., averaged across
multiple monitors in the same area) (section 3.2.3.2.1; Appendix B, section B.7).”?

We also consider what key epidemiologic studies may indicate for the current standards
by calculating values similar to PMz s design values, based on monitored air quality from the
locations and time periods evaluated by those studies (i.e., section 3.2.3.2.2). This approach
identifies study-relevant PM> s air quality metrics similar to those used by the EPA to determine
whether areas meet or violate the PM NAAQS. Compared to study-reported mean PM; 5
concentrations, such “pseudo-design values” also have the advantage of being consistently
calculated across key studies, regardless of how the studies themselves estimate PM» s exposures
(e.g., averaging across monitors, predictions from hybrid modeling approaches).

For some key studies that report positive and statistically significant PM> s health effect

associations, substantial portions of study area populations (e.g., > 50% or 75%) lived in

3 Given that the annual standard is the controlling standard across much of the U.S. (e.g., see section 3.3), the PMy s
air quality distributions that occur in most locations meeting the current annual PM; 5 standard are also likely to
meet the current 24-hour standard (i.e., illustrated in Chapter 2, Figure 2-11).
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locations with air quality likely to have met both the current annual and 24-hour PM> 5 standards
over study periods (or substantial portions of health events occurred in such areas) (section
3.2.3.2.2). While there is uncertainty in interpreting analyses of PM 5 pseudo-design values (e.g.,
some study locations and time periods would have met the current standards while others would
have violated those standards, unmonitored areas are excluded from analyses; section 3.2.3.2.2),
the importance of these uncertainties is lessened for studies with the large majority of the study
area population in locations with pseudo-design values well-below current standard levels (e.g.,
Pinault et al., 2016; Shi et al., 2016; Weichenthal et al., 2016¢). This uncertainty is also lessened
for key studies reporting that positive and statistically significant associations persist in analyses
restricted to relatively low annual average PMa s exposure estimates (e.g., below 12 ug/m?® in Di
et al., 2017b; below 10 pg/m? in Shi et al., 2016), particularly given that the excluded exposure
estimates account for about half of the deaths in the entire cohort.”* Thus, analyses of PM2 s
pseudo-design values support the occurrence of positive and statistically significant PM» s health
effect associations based largely on air quality likely to have met the current primary standards.

In addition to the evidence, we also consider what the risk assessment indicates with
regard to the adequacy of the current primary PM> 5 standards. The risk assessment estimates that
the current primary PM> s standards could allow a substantial number of deaths in the U.S. For
example, when air quality in the 47 study areas is adjusted to sim