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Glossary and Abbreviations

AAQS
Aethelometer
AL

ARB

BAM

CAAM

CAC

CAS

CFR

C.L

Coarse Particles

COH

COPD
DEP
DOP
ESP
ETS
ET

Extinction

Extinction Coefficient

FDMS
FEM
FEV,

ambient air quality standard(s)

an instrument to measure light absorption
alveolar

Air Resources Board

beta attenuation monitor

continuous ambient air monitor
correlated acceptable continuous
California approved sampler

Code of Federal Regulations

confidence interval, a statistical measure of the interval in which the true
value of an estimate is likely to be found

particles with an aerodynamic diameter between 2.5 and 10 micrometers
(microns), also referred to as the coarse fraction, or PM10-PM2.5

coefficient of haze, a measurement of particle light absorption that was
historically used as a surrogate for suspended particle mass. A COH
instrument draws a known volume of air through a paper filter, then
reports the change in light transmittance between a clean filter and the
filter with aerosol deposit as though it were a transmittance measurement
over a path, equal to the filtered volume divided by the filter area. COH /
1000 ft = (logso (lo/1;) * 10,000) / L where b is the clean filter transmittance,
l, is the transmittance of the filter with aerosol deposit, and L equals the
filtered volume divided by the filter area expressed in feet.

chronic obstructive pulmonary disease

diesel exhaust particle

dioctyl phthalate

electrostatic precipitator

environmental tobacco smoke

extrathoracic, referring to the upper respiratory tract

the reduction of the intensity of a beam of light as it propagates through a
transmitting medium: (l-11)/lh where |, and |, are the beam intensity at the
beginning and end, respectively, of the transmittance path

natural logarithm of extinction per unit distance. The Extinction Coefficient
is defined as Bey in the following equation: Bey: = - In ((l-10)/k) / d where }
and | are beam intensity at the beginning and end, respectively, of the
transmittance path and d is the length of the path

filter dynamics measurement system
federal equivalent method
forced expiratory volume in one second, a measure of lung function



Fine Particles

FRM
FvC
HRV
ICAM

Ipm
LRS
Mie Scattering

MMEF
NAAQS
Nephelometer
nm

NO,

NO,

NO,
Odds Ratio (OR)

OEHHA
PEF
PM
PM10

PM2.5
PMNs

RAAS

Rayleigh Scattering

Relative Risk (RR)

PM2.5, or particulate matter with a mean aerodynamic diameter of 2.5
micrometers (microns) or less

federal reference method
forced vital capacity, a measure of lung function
heart rate variability, a measure of the heart’s ability to respond to stress

intercellular adhesion molecule, involved in directing movement of
immune cells to the site of injury or inflammation

liters per minute
lower respiratory symptoms
light scattering by particles with diameters near the wavelength of the light

(0.1 um to 10 unj. Mie scattering is the dominant cause of visible atmospheric

haze.

mid-maximal expiratory flow, a measure of lung function
National Ambient Air Quality Standard

an instrument to measure light scattering in air.
nanometer, or one billionth of a meter

nitrogen dioxide

oxides of nitrogen, which includes nitric oxide (NO), nitrogen dioxide
(NO,), and other oxides of nitrogen

total reactive nitrogen

a measure of association between an exposure and disease. An odds
ratio of one indicates no association, while odds ratios greater than one or
less than one indicate positive and negative associations between the
exposure and disease, respectively

California Office of Environmental Health Hazard Assessment
peak expiratory flow, a measure of lung function
particulate matter

particulate matter with an aerodynamic diameter of 10 micrometers
(microns) or less

particulate matter with an aerodynamic diameter of 2.5 micrometers
(microns) or less, also referred to as fine particles

polymorphonuclear cells, a class of white blood cells involved in acute
inflammatory response

reference ambient air monitor

light scattering by atmospheric gases. Rayleigh scattering decreases as
the fourth power of wavelength. In pure air, blue light A = 400 nm) is
scattered 9 times more efficiently than red light (A= 700 nm).

a measure of association between an exposure and disease. A relative
risk of one indicates no association, while relative risks greater than one

Xi



REM
RMSSD

SBP
scc
SDNN

SDANN

SES
SO,
SO,

SSlI
B

TEOM
Transmissometer
TSP

Ultrafine Particles

Visual Range (V)

vsce
U.S. EPA
ng

ng/m
mm

3

or less than one indicate positive and negative associations between the
exposure and disease, respectively.

regional equivalent monitor

root mean square successive differences, a measure of heart rate
variability. More specifically, this measure is the square root of the mean
of the sum of squares of differences between adjacent normal beats over
the whole electrocardiographic recording.

systolic blood pressure
sharp cut cyclone

standard deviation of all normal R-R intervals, a measure of heart rate
variability

standard deviation of all normal R-R intervals of successive 5-minute
periods, a measure of heart rate variability

sampler equilibration system
sulfur dioxide

oxides of sulfur, which includes sulfur dioxide (SO,) and sulfur trioxide
(SOs)

size selective inlet

tracheobronchial, referring to the conducting airways from the trachea
through the bronchioles

tapered element oscillating microbalance
an instrument to measure light extinction in air
total suspended patrticles, a measure of airborne particles of all sizes

particles with an aerodynamic diameter less than 0.1 micrometer (100
nanometers)

the greatest distance at which a black target can be distinguished from
the background sky around the majority of the horizon circle

very sharp cut cyclone

United States Environmental Protection Agency
microgram, or one millionth of a gram
micrograms per cubic meter

micrometer (micron), or one millionth of a meter
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1. Executive Summary

In this report, the staff of the Air Resources Board proposes amendments to the state
Ambient Air Quality Standards (AAQS) for particulate matter. The potential health impacts
from exposure to particulate matter (PM) air pollution are significant. Health effects associated
with PM exposure include: premature mortality, increased hospital admissions for
cardiopulmonary causes, acute and chronic bronchitis, asthma attacks and emergency room
visits, respiratory symptoms, and days with some restriction in activity. These adverse health
effects have been reported primarily in infants, children, the elderly, and those with pre-
existing cardiopulmonary disease.

The Children’s Environmental Health Protection Act (Senate Bill 25, Senator Martha Escutia;
Stats. 1999, Ch. 731, Sec. 3) requires the Air Resources Board (ARB or Board), in
consultation with the Office of Environmental Health Hazard Assessment (OEHHA), to “review
all existing health-based ambient air quality standards to determine whether, based on public
health, scientific literature, and exposure pattern data, these standards adequately protect the
health of the public, including infants and children, with an adequate margin of safety” (Health
& Safety Code section 39606(d)(1)). In December 2000, as a result of that requirement, the
ARB approved a joint ARB/OEHHA staff report (ARB and OEHHA, 2000) that contained
preliminary reviews of all of the health-based California ambient air quality standards. These
reviews were not exhaustive, but were narrowly targeted to two purposes: (1) to determine
whether the existing ambient air quality standards adequately protect the health of the public,
including infants and children, with an adequate margin of safety; and (2) to prioritize for full
review those standards determined not to adequately protect public health (Health & Safety
Code section 39606(d)(1) and (2)).

The staff recommended, and the Board concurred, that among several standards deemed
possibly inadequate, the existing standards for particulate matter less than 10 micrometers in
aerodynamic diameter (PM10) should be the first to undergo full review. This
recommendation was based on the assessment that almost everyone in California is exposed
to levels at or above the current State PM10 standards during some parts of the year, and
that the statewide potential for significant health impacts associated with PM exposure was
determined to be large and wide-ranging. Finally, the staff recommended, and the Board
concurred, that the standard for sulfates be reviewed concurrently with the PM10 standards
since sulfates are a component of particulate matter.

This report presents the findings and recommendations of a joint ARB/OEHHA review of the
health and scientific literature on PM and sulfates, as well as exposure pattern data for PM
and sulfates in California. The proposed amendments to the AAQS for particulate matter are
based on a health effects review and recommendations from OEHHA. The scientific review
suggests the need for separate standards for PM2.5 (particulate matter less than 2.5
micrometers in aerodynamic diameter) in addition to revising the standards for PM10 to make
them more health protective. The review also concluded that the standard for sulfates should
be retained.

In accordance with Health & Safety Code section 57004, the proposed amendments were
peer reviewed by the Air Quality Advisory Committee (AQAC), an external scientific peer
review committee, comprised of world-class scientists in the PM field and appointed by the
Office of the President of the University of California.

As part of the review process, a joint ARB/OEHHA staff report entitled “Review of the
California Ambient Air Quality Standards for Particulate Matter and Sulfates” was submitted to
the AQAC for their review. This report, containing recommendations for revising the PM
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standards, was released to the AQAC and the public on November 30, 2001. Public
workshops to receive community input on the proposal to review the standards were held
during December 2001 in Sacramento, Oakland, Bakersfield, EI Monte, Mira Loma, and
Huntington Park.

The AQAC met on January 23 and 24, 2002, to review the scientific basis of the
recommendations and comments received from the public. The AQAC’s major findings were
that the recommendations for amending the PM standards in the November 30, 2001 report
were based upon sound scientific knowledge, methods, and practices and supported by the
scientific literature. However, the AQAC did not concur with the lack of a recommendation for
a 24-hour standard for PM2.5. The AQAC concluded that there was adequate information in
the scientific literature and in the studies reviewed in the November 30, 2001 report to support
a 24-hour standard for PM2.5. The AQAC requested staff to develop a proposal to establish
a 24-hour PM2.5 standard and to incorporate it into the overall staff recommendation. In
response, staff rom ARB and OEHHA developed a proposal entitled “Draft Proposal to
Establish a 24-hour Standard for PM2.5, Report to the Air Quality Advisory Committee.” This
draft proposal and associated public comments were reviewed and approved by the AQAC at
its meeting on April 3, 2002. Following that AQAC meeting, the staff report was revised to
incorporate the proposal to establish a 24-hour PM2.5 standard along with written and oral
comments received from the AQAC and the public.

Proposed Amendments to the Ambient Air Quality Standards for Particulate Matter:

The proposed amendments to the standards are largely based on results from
epidemiological studies in hundreds of cities. These studies indicate strong associations
between both long- and short-term exposure to PM and a variety of adverse health effects, as
described above. California ambient air quality standards have four elements (see Health
and Safety Code section 39014, and title 17, California Code of Regulations, sections 70100
and 70200): (1) definition of the air pollutant, (2) an averaging time, (3) a pollutant
concentration, and (4) a monitoring method to determine attainment of the standard. Staff's
recommendations for amending the ambient air quality standards for PM and sulfates are
summarized below.

Pollutant, Concentrations and Averaging Times:

PM10 Annual-Average Standard — Lower the annual-average standard for PM10 from
30 micrograms per cubic meter (rg/m®) to 20 mg/m°®, not to be exceeded. Revise the
averaging method from an annual geometric mean to an annual arithmetic mean. This
recommendation is based on the results of numerous epidemiological studies which have
found associations between long-term PM10 exposure and adverse health effects, such
as mortality and morbidity from cardiopulmonary causes.

PM10 24-hour-Average Standard — Retain the 24-hour-average standard for PM10 at
50 mg/m®, not to be exceeded.

PM2.5 Annual-Average Standard — Establish a new annual-average standard for PM2.5 at
12 mg/m®, not to be exceeded. Establish the new PM2.5 standard as an annual
arithmetic mean. This recommendation is based on a growing body of epidemiological
and toxicological studies showing significant toxicity (resulting in mortality and morbidity)
related to exposure to fine particles.

PM2.5 24-hour-Average Standard — Establish a new 24-hour-average standard for PM2.5
at 25 mg/m°, not to be exceeded. This recommendation is based on epidemiological
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studies showing associations between ambient PM2.5 levels and mortality and morbidity
resulting from cardiopulmonary causes.

Sulfates 24-hour-Average Standard — Retain the 24-hour-average standard for sulfates at
25 mg/m”.

Monitoring Methods, Samplers, and Instruments:

PM10 Monitoring Method — Adopt the Federal Reference Method (FRM) for PM10 as the
method for California.

PM2.5 Monitoring Method — Adopt the Federal Reference Method (FRM) for PM2.5 as the
method for California.

Continuous PM Samplers — Adopt those continuous PM samplers which have been found
to be suitable for determining compliance with the state PM10 and PM2.5 AAQS, and
designate them as California approved samplers (CAS).

Sulfates Monitoring Method — Revise the sulfates monitoring method by deleting the
current total suspended particle (TSP) sulfates method, ARB method MLD 033, and
replacing it with the existing ARB method for PM10 sulfates, ARB method MLD 007.

Health Benefits:

The health benefits from attaining the proposed standards are substantial. For example, a
guantitative risk assessment estimated that attainment of the proposed annual PM10
standard from current ambient levels would result in a reduction of approximately 6,500 cases
(3,200 — 9,800 for a 95 percent confidence interval (95% CI)) of premature mortality per year.
This estimate is based on the assumption that mortality is primarily associated with exposure
to PM2.5 rather than with the coarse PM fraction. Estimated annual reductions in
hospitalizations related to attaining the proposed PM10 standards are 1,200 (66-2,300, 95%
ClI) for chronic obstructive pulmonary disease, 1,700 (760-2,600, 95% CI) for pneumonia,
3,100 (2,500-3,600, 95% CI) for cardiovascular causes, and 960 (400-1,500, 95% CI) for
asthma. Among children ages 7 to 14, attainment of the PM10 standard is estimated to result
in about 389,000 (161,000 —573,000, 95% CI) fewer days of lower respiratory symptoms per
year. Of these, approximately half of the days of lower respiratory symptoms may be
associated with attainment of the proposed PM2.5 standard.

Other Recommendations:

Staff recommends that the standards for PM and sulfates be revisited within five years, to
evaluate new evidence regarding the health effects associated with averaging time,
particle size, chemistry, and concentration.

Staff also recommends that further scientific information be gathered and research be
conducted into the health effects of short-term exposures to PM, especially effects from
less than 24-hour exposures. This information should be considered when staff revisits
the PM standards to determine if AAQS with averaging times of less than 24 hours would
be appropriate.

Environmental and Economic Impacts:

The proposed ambient air quality standards will in and of themselves have no environmental
or economic impacts. Standards simply define acceptable air quality. Local air pollution
control or air quality management districts (Districts) are responsible for the adoption of rules
and regulations to control emissions from stationary sources, while the Board is responsible
for controls related to mobile sources. A number of different control measures are possible,
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and each will have its own environmental and economic impacts. These impacts will be
evaluated when specific control measures are proposed by the ARB or the Districts.

Environmental Justice Concerns:

State law defines environmental justice as the fair treatment of people of all races, cultures,
and incomes with respect to the development, adoption, implementation, and enforcement of
environmental laws, regulations, and policies. Ambient air quality standards define clean air,
therefore, all of California’'s communities will benefit from the proposed health-based
standards.

Comment Period and Board Hearing:

Release of this staff report opens the official 45-day comment period required by the
Administrative Procedure Act. Please direct all comments to either the following postal or
electronic mail address:

Clerk of the Board

Air Resources Board

1001 “I” Street, 23" Floor
Sacramento, California 95814
aagspm@listserv.arb.ca.gov

To be considered by the Board, written submissions not physically submitted at the hearing
must be received at the ARB no later than 12:00 noon, June 19, 2002.

Public workshops are scheduled for June 2002 to present the recommendations and receive
public input on the Report. Information on these workshops, as well as summaries of the
presentations from past workshops and meetings are available by calling (916) 445-0753 or
at the following ARB website: www.arb.ca.gov/research/aags/std-rs/std-rs.htm.

The final recommendations for revising the PM and sulfate standards will be presented to the
Board at a public hearing scheduled for June 20, 2002.

The staff recommends that the Board adopt the proposed amendments to the Ambient Air
Quality Standards for Particulate Matter and Sulfates. The proposed amendments and their
basis are described in detail in this staff report.

1.1 References

Air Resources Board and Office of Environmental Health Hazard Assessment (2000).
Adequacy of California Ambient Air Quality Standards: Children's Environmental Health
Protection Act. Staff Report. Sacramento, CA. Available at
http:/www.arb.ca.gov/ch/ceh/airstandards.htm.
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2. Introduction and Overview

Particulate matter (PM) is a complex mixture of suspended particles and aerosols composed
of small droplets of liquid, dry solid fragments, and solid cores with liquid coatings. Particles
vary widely in size, shape and chemical composition, and may contain inorganic ions, metallic
compounds, elemental carbon, organic compounds, and compounds from the earth’s crust.
PM may be either directly emitted into the atmosphere (primary particles) or formed there by
chemical reactions of gases (secondary particles) from natural or man-made (anthropogenic)
sources such as SO,, NOy, and certain organic compounds. PM is a public health concern
because it can be inhaled into the upper airways and lungs, with the amount inhaled directly
related to size and shape. Detailed discussions on exposure and associated adverse human
health effects are presented in Sections 6 and 7, respectively.

To protect public health, the Air Resources Board (ARB or Board) previously adopted three
ambient air quality standards for particulate matter: an annual-average standard for
particulate matter less than 10 micrometers in diameter (PM10), a PM10 24-hour-average
standard, and a sulfates 24-hour-average standard. This report presents the findings and
recommendations of a joint review by the ARB and the Office of Environmental Health Hazard
Assessment (OEHHA) of the health and scientific literature on PM and sulfates, as well as
exposure pattern data for PM and sulfates in California. Based on the results of that review,
staff proposes amendments to the PM standards to ensure that they continue to adequately
protect public health. The proposed amendments to the PM standards are based on
recommendations from OEHHA. The scientific review suggests the need for separate annual
and 24 hour standards for PM2.5 (particulate matter 2.5 micrometers or less in aerodynamic
diameter) in addition to revising the annual standard for PM10 to ensurepublic health
protection. The review concludes that the standard for sulfates should be retained, although
staff recommends a change in the monitoring method to expand monitoring capabilities in the
State.

2.1 Setting California Ambient Air Quality Standards

Section 39606(a)(2) of the Health and Safety Code authorizes the ARB to adopt standards for
ambient air quality "in consideration of public health, safety, and welfare, including, but not
limited to, health, iliness, irritation to the senses, aesthetic value, interference with visibility,
and effects on the economy".

Ambient air quality standards (AAQS) represent the legal definition of clean air. They specify
concentrations and durations of exposure to air pollutants that reflect the relationships
between the intensity and composition of air pollution and undesirable effects (Health and
Safety Code section 39014). The objective of an AAQS is to provide a basis for preventing or
abating adverse health or welfare effects of air pollution (titte 17, California Code of
Regulations, section 70101).

Ambient air quality standards should not be interpreted as permitting, encouraging, or
condoning degradation of present air quality that is superior to that stipulated in the
standards. Rather, standards represent the minimum acceptable air quality. An AAQS
adopted by the Board is implemented, achieved, and maintained by the adoption and
implementation of control measures through rules and regulations that are separate from the
standard itself. These rules and regulations are primarily, though not exclusively, emissions
limitations that apply to specific source categories of pollutants established by the regional
and local air pollution control and air quality management districts for stationary sources, and

2-1



by the Board for vehicular sources (see generally, Health and Safety Code sections 39002,
40000, and 40001).

California law specifies that standards be health based, although welfare effects are also
considered. Health-based standards are predicated on a review of health science literature,
and are to be based on the recommendation of OEHHA (Health and Safety Code section
39606(a)(2)). Standards are set to ensure that sensitive population sub-groups are protected
from exposure to levels of pollutants that may cause adverse health effects. In addition,
OEHHA is to assess the following considerations for infants and children in its
recommendation (Health and Safety Code section 39606(b)):

Exposure patterns among infants and children that are likely to result in disproportionately
high exposure to ambient air pollutants in comparison to the general population.

Special susceptibility of infants and children to ambient air pollutants in comparison to the
general population.

The effects on infants and children of exposure to ambient air pollutants and other
substances that have a common mechanism of toxicity.

The interaction of multiple air pollutants on infants and children, including the interaction
between criteria air pollutants and toxic air contaminants. OEHHA's assessment of these
considerations is to follow current principles, practices, and methods used by public health
professionals.

In accordance with Health & Safety Code section 57004, the proposed amendments were
peer reviewed by the Air Quality Advisory Committee (AQAC), an external scientific peer
review committee, comprised of world-class scientists in the PM field and appointed by the
Office of the President of the University of California. Under Health and Safety Code section
57004(d)(2), the committee prepares a written evaluation of the staff report that describes the
scientific basis of the proposed ambient air quality standard. A description of the AQAC
review of the proposed standards for particulate matter and sulfates follows later in this
chapter. The findings of the Air Quality Advisory Committee can be found in Appendix 2.

2.2 Current California Ambient Air Quality Standards for Particulate
Matter and Sulfates

2.2.1 Particulate Matter, 24-hour and Annual Averages

The current California ambient air quality standards for PM10 are 50 micrograms per cubic
meter (my/m®) for a 24-hour average and 30 ng/m?® for an annual geometric mean. Both values
are not to be exceeded. Both standards were adopted by the ARB in 1982 (ARB 1982). They
were based on recommendations from the Department of Health Services (at the time, the
Department of Health Services fulfilled the role in ambient air quality standard setting now
assigned to the OEHHA). The standards were based on studies indicating a significant
association between particulate pollution and excess mortality, increased symptoms of
respiratory disease in persons with chronic bronchitis and asthma, respiratory functional
impairment, and increases in respiratory illness among school children. Evidence from short-
term exposure studies indicated that effects were evident at concentrations as low as
70 ng/m® total suspended particulate (TSP) and at 60ng/m® British smoke. These
concentrations are equivalent to PM10 concentrations of approximately 41 to 60 ng/m?®,
respectively. The Department recommended a 24-hour standard of 50 ng/m®, which was
approximately the mid-point of the range of values noted above. It was also essentially neither
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a relaxation nor tightening of the previous 24-hour TSP standard when converted to an
equivalent PM10 concentration.

The range of values at which long-term effects (effects on pulmonary function and increased
respiratory illness) were observed was approximately 50 to 177 ng/m® when TSP was
converted to PM10. Another chronic health effect of concern was cancer. The epidemiological
studies reviewed did not establish a relationship between cancer and community air pollution,
although known carcinogens were recognized in community air at that time. The Department
of Health Services concluded that a particle standard should not only protect the public
against pulmonary function health effects, but also to some degree serve as a surrogate
measure for protection against cancer. Until more substantial evidence concerning cancer
was available, the Department of Health Services believed that the long-term standard should
not be a relaxation of the TSP standard. An annual geometric mean of 30 ng/m® (10 nm
diameter) was approximately equivalent to the former annual TSP standard when corrected to
PM10.

2.2.2 Sulfates, 24-hour Average

The current California ambient air quality standard for sulfates was established in 1976 at 25
nmy/m® as a 24-hour average (ARB, 1976). The need for a sulfates standard was based on
concern that a natural gas shortage would lead to greater use of fuel oil containing higher
levels of sulfur, which would result in increases in ambient sulfate levels, particularly in the
South Coast Air Basin. The small body of scientific literature available suggested that the
projected concentrations of sulfates posed health risks, further raising concerns.

The 1976 sulfates standard was based on a critical harm value methodology so that public
health could be protected, even though there was insufficient information available at the time
to set a standard according to the usual threshold model. The concentration selected, 25
nmy/m?, was the midpoint between an upper bound of 33 ng/m? based on analysis of industrial
exposures, and a lower bound of 10 ng/m?® derived from the few epidemiological studies
available. The midpoint of the range was selected as opposed to the lower bound because of
uncertainties in the epidemiological data related to the adequacy of the statistical models
used for the analyses, and whether potential confounding factors had been adequately
controlled.

At the time the sulfates standard was promulgated, in 1976, it was known that there were
differences in the sulfate concentrations reported from collocated samplers that used different
methods of collection and analysis (ARB, 1976). The Board decided the use of glass filters to
collect 24-hour high-volume total suspended particle samples was the most practical method
to use. They were also unable to identify a suitable size-segregating collection device.

In 1977, the ARB conducted a subsequent review of the sulfate standard and monitoring
methodology (ARB 1977). The review indicated that the variability of sulfate data between
different types of glass-fiber filters may be due in part to a sulfate artifact which ranged from 1
to 8 ng/m*®, depending on which filter types were used. After the review in 1977, and because
other methodologies based on respirable particles (e.g. PM10) were not yet developed, no
changes were recommended to the monitoring methods and the level of the standard was
also reaffirmed (ARB, 1977).1t should be noted that the uncertainty of the exposure estimates
does not impact the sulfate standard. The 1976 standard recommendation, affirmed by the
1977 review, was neither directly based on industrial health nor epidemiologic studies.
Rather, since the standard was based on a critical harm level methodology, the uncertainties
in the monitoring data did not enter into selection of the concentration for the standard.
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2.3 Review of the California Ambient Air Quality Standards
2.3.1 Review Schedule

The Children's Environmental Health Protection Act (Senate Bill 25, Escutia, Stats. 1999, Ch.
731 section B; Health and Safety Code section 39606) required the Board, in consultation
with the OEHHA, to evaluate all health-based standards by December 31, 2000, to determine
whether the standards were adequately protective of the health of the public, including infants
and children (Health and Safety Code section 39606(d) and (e)). Standards deemed possibly
not protective were prioritized for full review. If the standard is found during the full review to
be inadequate, the standard will be revised. The Act requires that the highest priority standard
be reviewed and, if necessary, revised no later than December 31, 2002. Additional standards
where health protection, particularly for infants and children, may not be sufficient are to be
reviewed, and revised as necessary, at the rate of at least one standard per year (Health and
Safety Code section 39606(d)(2)). Regulations also require the review of standards whenever
substantial new information becomes adopted by the ARB pertaining to ambient air quality
standards available, and at least once every five years (titte 17, California Code of
Regulations, section 70101).

In the report on the adequacy of the standards (ARB and OEHHA, 2000), the Board found
that health effects may occur in infants, children, and other groups of the population exposed
to several pollutants at or near levels corresponding to current standards. The standard with
the highest priority for review is PM10 including sulfates. Other standards with a high priority
for review include ozone and nitrogen dioxide. Standards with a lower priority for review are
carbon monoxide, sulfur dioxide, hydrogen sulfide, and lead.

After extensive review of the scientific literature, ARB and OEHHA staff developed the staff
report titled “Review of the California Ambient Air Quality Standards for Particulate Matter and
Sulfates, Report to the Air Quality Advisory Committee” (ARB, 2001a). This report, which was
released November 30, 2001, contained the proposed PM and sulfate standards. As
described in the following section, the public was afforded an opportunity to comment on and
participate in the standard setting process.

2.3.2 Public Outreach

Public outreach for the standard review involved dissemination of information through various
outlets to include the public in the regulatory process. In an ongoing effort to include the
public in the review of the PM standards, the ARB and OEHHA integrated outreach into public
meetings, workshop presentations, electronic “list serv” notification systems, and various web
pages. Notification of release of the staff report, the schedule for public meetings and
workshops, and invitations to submit comments on the staff report were made through the “list
serv” notification system. The notices gave information on where, when and how materials
relating to the PM and sulfates standards reviews was available, and how interested persons
could participate in the standards review process. Public workshops on the proposed PM and
sulfates standards were held in December 2001 in Oakland, Sacramento, Bakersfield, Mira
Loma, ElI Monte, and Huntington Park. Additional public workshops on the proposed
standards are scheduled for June 2002.

In addition, public meetings of the Air Quality Advisory Committee (AQAC) were held in
Berkeley on January 23 and 24, 2002, and in Oakland on April 3, 2002 (described below).
The public was invited to submit comments to the committee before and during these
meetings.

Individuals or parties interested in signing up for an electronic e-mail “list-serv” notification on
the PM standards, as well as any air quality-related issue, may self-enroll at the following
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location: www.arb.ca.gov/listserv/aags/aags.htm. Additional information on the standards
review process is also available at the PM standards review schedule website at:
www.arb.ca.gov/research/aaqgs/std-rs/std-rs.htm.

2.3.3 Air Quality Advisory Committee Review and Public Comments

The Air Quality Advisory Committee, an external scientific peer review committee that was
appointed by the President of the University of California, met January 23 and 24, 2002 to
review the initial staff report and public comments, and to ensure that the scientific basis of
the recommendations for the annual PM10 and PM2.5 standards and the 24-hour PM10
standard are based upon sound scientific knowledge, methods, and practices. Although the
AQAC approved the scientific underpinning of the recommendations, finding that the changes
proposed for the AAQS were appropriate, the AQAC also concluded that the staff report,
which lacked a recommendation for a 24-hour PM2.5 standard, needed to be revised to
incorporate such a recommendation. In response, staff from ARB and OEHHA released an
update to the staff report titled “Draft Proposal to Establish a 24-hour Standard for PM2.5,
Report to the Air Quality Advisory Committee.” This proposed recommendation and
associated public comments were reviewed and approved by AQAC on April 3, 2002.

Following the April 3° AQAC meeting, the draft report was revised to reflect comments
received from AQAC and to address comments made by the public. These comments, both
written and oral, have been summarized, responded to and incorporated when appropriate
into this Staff Report. A summary of the comments, and ARB/OEHHA responses is provided
in Appendices 2 and 3. The comments ranged in scope and detail, and included procedural
issues related to the standards-setting process, editorial issues, and requests that a particular
reference be included. Other concerns related to control issues, natural PM background, the
statistical form of the standards, and attainment designations. Another group of questions
addressed the epidemiological models used, and the interpretation and application of the
scientific literature. Each comment was considered in the process of revision of the draft
report, and a response to the comment has been prepared (see Appendices 2 and 3). The
comments were accommodated in the revised draft report in various ways, including
correction of errors, expanded discussion, clarification of explanation, consideration and
inclusion of additional material, and addition of references, as described in the responses to
the public comments. Comments that staff disagreed with or which addressed issues that
were not part of the standards or the standard setting process were not incorporated into the
report. In these cases, an explanation for not incorporating the comment is provided in the
responses to comments (Appendices 2 and 3).

2.4 Recommendations

The proposed amendments to the standards are largely based on results from
epidemiological studies in hundreds of cities. These studies indicate strong associations
between both long- and short-term exposure to PM and a variety of adverse health effects, as
described above. California Ambient Air Quality Standards have four elements (Health and
Safety Code section 39014, and title 17, California Code of Regulations, Article 2, section
70200): (1) definition of the air pollutant, (2) an averaging time, (3) a pollutant concentration,
and (4) a monitoring method to determine attainment of the standard. A summary of staff's
proposed recommendations for amending the PM and sulfates standards is listed below.

2.4.1 Pollutant, Concentrations and Averaging Times

PM10 Annual-Average Standard — Lower the annual-average standard for PM10 from
30 micrograms per cubic meter (rg/m®) to 20 mg/m°®, not to be exceeded. Revise the
averaging method from an annual geometric mean to an annual arithmetic mean.
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This recommendation is based on the results of numerous epidemiological studies of
mortality and morbidity, which have found associations between adverse health effects
and PM10 when the long-term (i.e., months to years) study mean concentrations are at or
below the current annual average standard of 30 ng/m®. The recommendation is primarily
based on the Harvard Six-Cities data (Dockery et al., 1993) and the American Cancer
Society (ACS) study (Pope et al., 1995), both reanalyzed by Krewski et al. (2000). Other
investigations, including the Children’s Health Study (McConnell et al., 1999) and the
Harvard Six-Cities Study (Dockery et al., 1989), have also reported associations between
long-term PM exposures and morbidity outcomes, including bronchitis, exacerbation of
asthma, and reductions in lung function. In these studies, the long-term (one- or multi-
year) mean PM10 concentrations ranged from about 21 to 35 ng/m?®.

PM10 24-hour-Average Standard — Retain the 24-hour-average standard for PM10 at
50 mg/m?®, not to be exceeded.

Staff recommends that the 24-hr standard for PM10 at 50 mg/m?, not to be exceeded, be
retained. The recommendation is based on time series studies of daily mortality and
morbidity.

PM2.5 Annual-Average Standard — Establish a new annual-average standard for PM2.5 at
12 mg/m®, not to be exceeded. Establish the new PM2.5 standard as an annual
arithmetic mean.

This recommendation is based on a growing body of epidemiological and toxicological
studies showing significant toxicity related to exposure to fine particles. The ACS and
Harvard Six-Cities long-term exposure studies (Dockery et al., 1993; Pope et al., 1995;
Krewski et al., 2000) reported robust associations between long-term exposure to PM2.5
and mortality. The mean PM2.5 concentrations for all the cities studied were 18 and
20 ng/m® in the Six-Cities and the ACS studies, respectively. In the ACS study, the
relative risks are similar in cities at the lowest long-term PM2.5 concentrations of 11 and
12.5 ng/m®. Larger increases in risk do not occur until the long-term PM2.5 mean equals
14.9 ng/m*. Therefore, an annual standard of 12 ng/m® would be below the mean of the
most likely effects level and would provide a margin of safety. Additional evidence comes
from other epidemiological studies that examined the relationships between multiple daily
exposures of PM2.5 and adverse health outcomes. These studies have long-term (three-
to four-year) means in the range of 13 to 18 ng/m®.

PM2.5 24-hour-Average Standard — Establish a new 24-hour-average standard for PM2.5
at 25 mg/m®, not to be exceeded.

This recommendation is based on studies showing associations between ambient PM2.5
levels and mortality and morbidity when the 98" percentile of the study PM2.5
concentration ranged between 28 and 55 ng/m®. The methodology used to derive the
standard is based on setting the level of the standard at a concentration below the 98"
percentile observed in studies consistently associated with adverse health effects. The
underlying principle is to reduce not only the mean concentration (represented by the
annual average), but specifically the upper tail of the distribution, described by the 98"
percentile of the distributions of published studies. For this standard staff has relied
primarily on studies relating fine particle concentrations with daily mortality, the most
serious irreversible health impact. Ultimately, additional protection will be provided by
expressing the standard in a “not to be exceeded” form.
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Sulfates 24-hour-Average Standard — Retain the 24-hour-average standard for sulfates at
25 mg/m?®.

Exposure to ambient sulfates has been associated with mortality and the same range of
morbidity effects as PM10 and PM2.5, although the associations have not been as
consistent as with PM10 and PM2.5. These effects have been particularly noted in areas
rich in strongly acidic sulfates, such as the eastern United States and Canada. In
contrast, controlled exposure studies involving high levels (up to 1,000 ng/m?) of strongly
acidic sulfates have demonstrated little, if any, effect on volunteer subjects, (e.g., Aris et
al., 1991). Furthermore, in California, acidic sulfates (principally sulfuric acid and
ammonium sulfate) constitute a small fraction of the PM mass relative to the areas in
which sulfates have been found to be associated with adverse health impacts. Also,
sulfate concentrations in California have been far lower during the past few years than the
level of the existing standard. In view of the mixed evidence on sulfates and health in
California, the low likelihood of health risks in relation to ongoing reduction trends in
sulfate emissions and ambient levels, staff recommends that the current standard be
retained until the next review of the PM standard, if not earlier. However, staff is making
recommendations to change the monitoring method for sulfates.

2.4.2 Monitoring Methods, Samplers, and Instruments

PM10 Monitoring Method — Adopt the Federal Reference Method (FRM) for PM10 as the
method for California. This proposal allows for alignment of the State method for PM
monitoring with all federal high-volume and low-volume samplers, and thereby will
eliminate confusion of having two methods (State and federal) for the same parameter.

PM2.5 Monitoring Method — Adopt the Federal Reference Method (FRM) for PM2.5 as the
method for California. This proposal allows for alignment of the State method for PM
monitoring with all federal high-volume and low-volume samplers, and thereby will
eliminate confusion of having two methods (State and federal) for the same parameter.

Continuous PM Samplers — Adopt those continuous PM samplers which have been found
to be suitable for determining compliance with the state PM10 and PM2.5 AAQS, and
designate them as California approved samplers (CAS). This proposal allows for the use
of continuous PM sampler technology. Continuous monitoring for either PM10 or PM2.5
has many advantages over traditional filter based sampling techniques. A continuous
method is an in-situ, automatic measurement method of suspended particle mass with
varied averaging time (minutes to hours) that provides an instantaneous result. Their 24
hour/day, 7day/week sampling schedule will further our understanding of PM emission
patterns and exposure, and can be used to enhance public health research into short-term
peak exposure. They can provide more data for model validation, to aid in identifying air
pollution source(s), and to reflect dispersion patterns. Official approval of continuous
instruments/methods will promote further development of continuous samplers and
potentially reduce the cost of the air monitoring network.

Sulfates Monitoring Method — Revise the sulfates monitoring method by deleting the
current total suspended particle (TSP) sulfates method, ARB method MLD 033, and
replacing it with the existing ARB method for PM10 sulfates, MLD 007. This proposal
allows the ARB to use its existing PM10 network to greatly expand its monitoring network
capabilities for sulfates. By doing so, the ARB greatly expands its ability to better
understand sulfate air quality in the state. This method changes allows for the
minimization of any artifact-forming potential through the use of alkalinity-controlled filters.
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The staff also proposes to maintain the regulatory language that permits other samplers
deemed to give equivalent results to be approved by the ARB at a subsequent time.

This action is intended to eliminate the ambiguity that currently exists between the acceptable
use of samplers for State and federal programs and to respond to the need for continuous
samplers to meet a variety of needs. It will also greatly expand the database of information
that will be available to decision-makers. Adopting the specific samplers into the regulation
will make information about appropriate monitoring methods and samplers accessible,
standard and enforceable.

2.4.3 Other Recommendations:

Further, in light of the adverse health effects observed at current ambient concentrations and
the lack of a demonstrated threshold, staff makes the following recommendations for Board
approval:

Staff recommends that the standards for PM and sulfates be revisited within five years, to
evaluate new evidence regarding the health effects associated with, particle size,
chemistry, concentration,and averaging time.

Staff also recommends that further scientific information be gathered and research be
conducted into the health effects of short-term exposures of PM, especially effects from
less than 24-hour exposures. This information should be considered when staff revisits
the PM standards to determine if AAQS with averaging times of less than 24 hours would
be appropriate.

2.5 Health Benefits

Although a precise measure of risk is difficult to determine, staff performed a quantitative risk
assessment based on attainment of the recommended annual average standards of 12 ng/m?®
and 20 ng/m® for PM2.5 and PM10, respectively. The results of this assessment are
summarized in Tables 9.4 and 9.6, respectively. The assessment applied concentration —
response functions from available epidemiologic studies to California by using California-
specific PM, mortality and morbidity data (see Chapter 9 for a full discussion).

The guantitative risk assessment estimated that attainment of the proposed annual PM10
standards would result in a reduction of approximately 6,500 cases of premature mortality per
year (3,200 — 9,800, 95 percent confidence interval (Cl)). This estimate is based on the
assumption that mortality is primarily associated with exposure to PM2.5 rather than with the
coarse PM fraction. Estimated mean annual reductions in hospitalizations related to attaining
the proposed PM10 standards are 1,200 cases for Chronic Obstructive Pulmonary Disease
(COPD) (66 — 2,300, CI), 1,700 cases for pneumonia (760 — 2,600, CI), 3,100 cases for
cardiovascular causes (2,500 — 3,600, CI), and 960 cases for asthma (400 — 1,500, CI).
Among children ages 7 to 14, attainment of the PM10 standard is estimated to result in about
390,000 fewer days of lower respiratory symptoms per year (160,000 — 570,000, CI). Of
these, approximately half of the days of lower respiratory symptoms may be associated with
attainment of the proposed PM2.5 standard.

Use of the concentration-response functions from short-term exposure studies, which only
capture part of the total effects on mortality, generates an estimate of 1,900 fewer premature
deaths per year (2,200 — 3,100, CI) based on attainment of a standard of 12 ng/m® for
PM2.5. Attainment of the recommended PM2.5 standards is estimated to result in up to
about 11,000 fewer cases of chronic bronchitis among people over age 27. Estimated
reductions in hospitalizations are 600 (33 — 1,200, CI) for COPD, 860 (390 — 1,300, CI) for
pneumonia, and 470 (86 — 850, CI) for asthma.

2-8



In summary, the epidemiologic evidence and risk assessment support the likelihood of
significant reductions in mortality and morbidity effects with attainment of the recommended
annual and 24-hour PM standards.

2.6 Environmental and Economic Impacts

The proposed ambient air quality standards will in and of themselves have no environmental
or economic impacts. Standards simply define clean air. Once adopted, local air pollution
control or air quality management districts are responsible for the adoption of rules and
regulations to control emissions from stationary sources to assure their achievement and
maintenance. The Board is responsible for adoption of emission standards for mobile
sources. A number of different control measures are possible, and each will have its own
environmental and economic impact. These impacts must be evaluated when any control
measure is proposed. Environmental or economic impacts associated with the imposition of
future control measures will be considered when specific measures are proposed.

2.7 Environmental Justice

State law defines environmental justice as the fair treatment of people of all races, cultures,
and incomes with respect to the development, adoption, implementation, and enforcement of
environmental laws, regulations, and policies (Senate Bill 115, Solis; Stats 1999, Ch. 690;
Government Code 8§ 65040.12(c)). The Board recently established a framework for
incorporating environmental justice into the ARB's programs consistent with the directives of
State law (ARB, 2001b). The policies developed apply to all communities in California, but
recognize that environmental justice issues have been raised more in the context of low-
income and minority communities, which sometimes experience higher exposures to some
pollutants as a result of the cumulative impacts of air pollution from multiple mobile,
commercial, industrial, areawide, other sources. Because ambient air quality standards
simply define clean air, all of California’s communities will benefit from the proposed health-
based standards, as progress is made to attain the standards. Over the past twenty years, the
ARB, local air districts, and federal air pollution control programs have made substantial
progress towards improving the air quality in California. However, some communities continue
to experience higher exposures than others as a result of the cumulative impacts of air
pollution from multiple mobile and stationary sources and thus may suffer a disproportionate
level of adverse health effects (see section 7.7.2 of this report). Since the same ambient air
quality standards apply to all regions of the State, these communities will benefit by a wider
margin and receive a greater degree of health improvement from the revised standards than
less affected communities, as progress is made to attain the standards. Moreover, just as all
communities would benefit from new, stricter standards, alternatives to the proposed
recommendations, such as recommending no change to the PM10 standards, or not
proposing standards for PM2.5, would adversely affect all communities. Once ambient air
quality standards are adopted, the ARB and the local air districts will propose emission
standards and other control measures to reduce emissions from various sources of PM. The
environmental justice aspects of each proposed control measure will be evaluated in a public
forum at this time.

As additional relevant scientific evidence becomes available, the PM standards will be
reviewed again to make certain that the health of the public is protected with an adequate
margin of safety. To ensure that everyone has an opportunity to stay informed and participate
fully in the development of the PM standards, ARB and OEHHA staff have held (and will
continue to conduct) workshops in a number of communities across the State and have
distributed information by mail and through the internet, as described in section 2.3.2 in this
chapter.
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2.8 Research Needs

Available evidence indicates that significant adverse health effects may occur among both
children and adults when ambient PM concentrations exceed current State standards or
become elevated above those proposed in this report. The foundation for revising California
PM standards is based primarily on numerous epidemiological studies conducted throughout
the world which yielded remarkably consistent results, despite local differences in PM sources
and types of co-pollutants. Although this consistency was sufficient to guide staff in proposing
new, more stringent standards, several data gaps were identified during the preparation of
this document. Moreover, many questions about the mechanisms by which particles
adversely affect health remained unanswered. Results from research designed to address
these questions would refine knowledge and reduce uncertainties in various aspects of the
PM literature and should be ongoing at the State, federal, and international level. Specific
areas of research that would assist the Board with subsequent revisions of the standards
include:

health impacts of short-term exposures to PM and sulfates
health impacts of long-term exposures to PM and sulfates

health impacts of ultrafine PM

relationship between community and individual exposures to PM
factors contributing to sensitivity in individuals and groups

health effects of PM related to physical properties and/or chemical constituents
physiological mechanisms of PM and sulfates effects

how PM interacts with other air pollutants to harm health

health impacts of PM at low concentrations

role of PM in causing new disease

impacts of PM and sulfates on children including neonates

environmental justice and its relationship to PM health effects

Development and application of improved study methodologies will require research in
several areas, including improvements in air monitoring and exposure assessment
methodologies. As ambient air monitoring for PM expands to include time-resolved data
reporting, it would be useful to incorporate this new data into community health investigations.
Further, studies are needed to determine how community and indoor levels of PM relate to
actual human exposures.

Development and application of improved statistical methodologies, particularly for
epidemiological studies, are needed to improve the analytical tools available to health
investigators as they evaluate the health impacts of daily or multi-day observations collected
over prolonged study periods. Improved identification of and control for potentially
confounding factors in epidemiological studies are critically needed.

Review of the health effects literature undertaken for this document presented staff with a
major challenge in determining safe levels of PM for short- or longer-term exposure. The
epidemiological studies reviewed reported adverse effects even at the lowest levels of
ambient PM present. The statistical methods available, as well as the sources and types of
air quality and health data available for use in these studies, impose substantial limitations to
identifying truly safe levels of these pollutants.
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Crucial to answering the questions outlined above is an improved physical characterization
(particle shape and aerodynamic diameter) and chemical speciation of PM and sulfate
samples which will allow identification of the toxic components of the ambient mixture.
Physical and chemical characterization data for sulfates and PM will likely become
increasingly important in designing hypothesis-driven animal and controlled human exposure
studies. Comparisons of the toxicity of different sized particles of the same chemical species
are also needed (ultrafine vs. fine vs. coarse).

More information is needed to identify the physiological, genetic, medical and other factors
that contribute to susceptibility to PM and sulfates health effects. Age appears to be one
factor in susceptibility to adverse effects resulting from exposure to PM and sulfates. Studies
on children and neonates are critically needed. Subjects at risk of PM and sulfates-induced
health effects need to be incorporated into research on the health impacts of these pollutants.
Hypothesis-driven animal toxicological experimental studies, as well as human clinical
studies, offer especially valuable opportunities to investigate issues that are related to
biological sensitivity. This information will be very useful in optimizing research protocols and
refining subject selection criteria so that future research targets the most significant endpoints
and most at-risk subpopulations.
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3. Physics and Chemistry of Particles

3.1 Introduction

Airborne particulate matter (PM) is not a single pollutant, but rather a mixture of many
subclasses of pollutants with each subclass potentially containing many different chemical
species. Particles may be either directly emitted into the atmosphere (primary particles) or
formed there by chemical reactions of gases (secondary particles) from natural and
anthropogenic sources such as SO,, NOy, and certain organic compounds. The relative
importance of primary and secondary particles generally depends on the geographical
location with precursor emissions, atmospheric chemistry, and meteorology all playing a role.
Examples of PM include combustion-generated particles, such as those from automobiles or
wood burning; photochemically-produced particles, such as those found in urban haze; salt
particles formed from sea spray; and soil-like particles from resuspended dust.

In California, the proximity of a location to a variety of sources, in addition to the diurnal and
seasonal variations in meteorological conditions, causes the size, composition, and
concentration of particulate matter to vary in space and time. PM pollution is the most serious
and complex air pollution problem facing both scientific communities and regulatory agencies,
and reducing particulate pollution is one of the most difficult environmental challenges facing
California because of the great diversity of sources and chemical species involved.

Atmospheric particles contain inorganic ions, metallic compounds, elemental carbon, organic
compounds, and crustal compounds. Some atmospheric particles are hygroscopic and
contain particle-bound water. The organic fraction is especially complex, containing hundreds
of organic compounds. The particle formation process includes nucleation of particles from
low-vapor-pressure gases emitted from sources or formed in the atmosphere by chemical
reactions; condensation of low vapor pressure gases on existing particles; and coagulation of
particles. Thus, any given particle may contain PM from many sources. The composition and
behavior of airborne particles are fundamentally linked with those of the surrounding gas. An
aerosol may be defined as a suspension of solid or liquid particles in air. The term aerosol
includes both the particles and all vapor or gas-phase components of air. However, while this
is the rigorous definition of aerosols, the term is often used in the atmospheric chemistry
literature to denote just the particles.

A complete description of the atmospheric aerosol would include an accounting of the
chemical composition, optical properties, morphology, and size of each particle, and the
relative abundance of each particle type as a function of particle size. However, most often
the physical and chemical characteristics of particles are measured separately. Size
distributions by particle number, from which surface area and volume distributions are
calculated, often are determined by physical means, such as electrical mobility or light
scattering of suspended particles. Chemical composition usually is determined by analysis of
collected samples. The mass and average chemical composition of particles, segregated
according to aerodynamic diameter by cyclones or impactors, can also be determined. This
chapter provides general information on the physics and chemistry of atmospheric particles
that may be useful in reading subsequent sections. For a more extensive review of the
physics and chemistry of PM, the reader is referred to Finlayson-Pitts and Pitts (1999),
Warneck (1999), and Seinfeld and Pandis (1998).



3.2 Physical Properties
3.2.1 Definition

Particulate matter can exist in the liquid or solid phase and its size can span several orders of
magnitude, from a molecular cluster of 0.002 um in aerodynamic diameter to coarse particles
on the order of 100 um. The lower end of the size range is not sharply defined because there
iS no accepted criterion at which a cluster of molecules becomes a particle. The upper end
corresponds to the size of fine drizzle or very fine sand; these particles are so large that they
quickly fall out of the atmosphere and hence do not remain suspended for significant periods
of time. The most important particles with respect to atmospheric chemistry and physics are
generally in the 0.002 to 10 um range.

Atmospheric particles are usually referred to as having a radius or diameter, implying they are
spherical. However, many particles in the atmosphere have quite irregular shapes for which
geometrical radii and diameters are not meaningful. Hence, the size of such irregularly
shaped particles is expressed in terms of equivalent diameter that depends on a physical,
rather than a geometrical, property. One of the most commonly used term is the aerodynamic
diameter, which is defined as the diameter of a sphere of unit density (1 g/cm®) that has the
same terminal falling speed in air as the particle under consideration. The aerodynamic
diameter of particles is important because it determines the residence time in the air, and it
reflects the various regions of the respiratory system in which particles of different sizes
become deposited.

3.2.2 Particle Size Distributions

The atmosphere, whether in urban or remote areas, contains significant concentrations of
aerosol particles, sometimes as high as 10’ to 10° particles/cm®. The aerodynamic diameter
of these patrticles span over four orders of magnitude, from a few nanometers to around 100
pm. Because the size of the atmospheric particles plays such an important role in both their
chemistry and physics in the atmosphere, as well as their effects, it is important to know the
distribution of particle sizes.

Urban aerosols are mixtures of both primary and secondary particles. The number distribution
is dominated by particles smaller than 0.1 um, while most of the surface area is in the 0.1 to
0.5 um size range. The aerosol size distribution is quite variable in an urban area. Extremely
high concentrations of very fine particles (less than 0.1 um) are found close to sources such
as highways, but their concentrations decrease rapidly with distance from their source. Figure
3.1 (Seinfeld and Pandis, 1998) describes the number of particles as a function of their
diameter for rural, urban-influenced rural, urban, and freeway-influenced urban aerosols.
There is roughly an order of magnitude more particles close to the freeway compared to the
average urban concentration.

An important feature of atmospheric aerosol size distribution is the tri-modal character: (1)
nuclei, (2) accumulation, and (3) coarse. As the technology for measuring small particles has
improved, ultrafine particles (with diameters less than .01 um, i.e., <100 nm) have also been
increasingly studied. Particles in the atmosphere are now frequently treated in terms of the
four modes summarized in Figure 3.2 (Finlayson-Pitts and Pitts 1999). This figure shows the
mechanisms such as condensation and coagulation that transfer aerosol mass from one size
range to another, and also shows the major sources and removal processes for each one.
The number distribution is dominated by particles smaller than 0.1 pm, while most of the
surface area is in the 0.1 to 0.5 um size range. The mass distribution has usually two distinct
modes, one in the submicrometer regime (referred to as accumulation mode) and the other in
the coarse particle regime.
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The nuclei mode, corresponding to particles below about 0.1 pm, may not be noticeable in
volume or mass distributions. Nuclei mode particles are the result of nucleation of gas phase
species to form condensed phase species with very low equilibrium vapor pressure. As an
example, metallic ultrafine particles may be formed from metals in lubricating oil or fuel
additives that are vaporized during combustion of gasoline or diesel fuels (Kittelson 1998).
Recent smog chamber studies and indoor experiments show that atmospheric oxidation of
certain organic compounds found in the atmosphere can produce highly oxidized organic
compounds with an equilibrium vapor pressure sufficiently low to result in nucleation (Kamens
et al. 1999; Weschler and Shields 1999). Some scientists argue that ultrafine particles pose
potential health problems and that some health effects may be more closely associated with
particle number or particle surface area than particle mass. Because nuclei-mode particles
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contribute the major portion of particle number and a significant portion of particle surface
area, further attention to nuclei-mode particles is justified.

The size range from 0.1 to 2.5 pum, is the accumulation mode. Fine particles include both the
accumulation and the nuclei modes. Nuclei-mode particles may be removed by dry deposition
or by growth into the accumulation mode. This growth takes place as other low vapor
pressure material condenses on the particles or as nuclei-mode particles coagulate with
themselves or with accumulation mode particles. The coagulation rates for particles in the
nuclei range with the larger particles in the accumulation range are usually larger than for self-
coagulation of the small particles. This occurs because of the high mobility of the small
particles combined with the larger target area of the bigger particles.

Particles in accumulation mode tend to represent only a small fraction of the total particle
number, but a significant portion of the aerosol mass. Because they are too small to settle out
rapidly, they have much longer lifetimes than coarse particles. This long lifetime, combined
with their effects on visibility, cloud formation, and health, makes them of great importance in
atmospheric physics and chemistry. Because of the nature of their sources, particles in the
accumulation mode generally contain organic compounds as well as soluble inorganic
compounds such ammonium nitrate and ammonium sulfate.

The third mode, containing particles larger than 2.5 um, is known as the coarse particle mode.
Coarse particles are usually produced by mechanical processes such as grinding, wind, or
erosion. As a result, they are relatively large and hence settle out of the atmosphere by
sedimentation in a reasonably short time, except on windy days, where fallout is balanced by
reentrainment. Chemically, their composition reflects their source, and hence it is
predominantly inorganic such as sand and sea salt, although significant amounts of organic
compounds have also been reported associated with them (Boon et al. 1998). Because the
sources and sinks are different from those of the smaller modes, the occurrence of particles in
this mode tends to be only weakly associated with the fine particle mode. The majority of
biological particles, such as spores and pollens, tend to be in the coarse particle range.

While particles in the coarse particle mode are generally sufficiently large that they are
removed relatively rapidly by gravitational settling, there are large-scale mechanisms of
transport that can carry them long distances during some episodes. The results of several
studies indicate the transport of dust in larger particles from the Sahara Desert to the
northwestern Mediterranean, Atlantic Ocean, and the United States (Gatz and Prospero
1996). Similarly, dust transported from Asia has been reported on a regular basis over the
Pacific (Zhang et al. 1997). Asian dust has been observed during the spring at the Mauna Loa
Observatory in Hawaii (Zieman et al. 1995; Holmes et al. 1997). At this location, the elemental
signaure (in terms of silica to iron or titanium to iron ratios) in particles in the size range 0.5 to
3.5 um is very similar to those measured during dust storms in Beijing, consistent with long-
range transport of these patrticles.

The literature includes references to fine, coarse, suspended, respirable, inhalable, thoracic
and other adjectives to indicate a size segregation of PM. Uniform criteria are not always
employed in the application of these designations. Particles less than 2.5 um in aerodynamic
diameter are generally referred to as “fine” and those greater than 2.5 pm diameters as
“coarse”. The selection of PM10 as an indicator was based on health considerations and was
intended to focus regulatory concern on those particles small enough to enter the thoracic
region. Detailed definitions of the various sizes and their relationships are given in standard
aerosol textbooks (e.g., Seinfeld and Pandis 1998, Finlayson-Pitts and Pitts, 1999,
Friedlander, 2000).
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3.2.3 Particle Formation and Growth

The formation of particles in various size ranges in the atmosphere may occur by a number of
mechanisms. These include reaction of gases to form low-vapor-pressure products followed
by nucleation to form new particles or condensation on preexisting particles, along with some
coagulation between particles. An important parameter in particle nucleation and in particle
growth by condensation is the saturation ratio, which is defined as the ratio of the partial
pressure of a species to its equilibrium vapor pressure above a flat surface. For either
condensation or nucleation to occur, the species vapor pressure must exceed its equilibrium
vapor pressure.

Nucleation can occur both in the absence or presence of foreign material (pre-existing
particles, such as primary particles emitted by sources). Homogeneous nucleation is the
nucleation of vapor on embryos comprised of vapor molecules only, in the absence of foreign
substances. Heterogeneous nucleation is the nucleation on a foreign substance or surface,
such as an ion or a solid particle. In addition, nucleation processes can be homomolecular
(involving a single species) or heteromolecular (involving two or more species). Once the
initial nucleation step has occurred, the nuclei of the new phase tend to grow rapidly.
Nucleation theory attempts to describe the rate at which the first step in the phase
transformation process occurs — the rate at which the initial very small nuclei appear. For a
review of nucleation in the atmosphere, the reader is referred to literature on nucleation and
atmospheric aerosols (Fukura and Wagner 1992; Seinfeld and Pandis 1998).

Condensation occurs when the vapor concentration of a species exceeds its equilibrium
concentration (expressed as its equilibrium vapor pressure). Condensable species can either
condense on the surface of existing particles or can form new particles. The relative
importance of nucleation versus condensation depends on the rate of formation of the
condensable species and on the surface or cross-sectional area of existing particles
(McMurry and Friedlander 1979). In ambient urban environments, the available particle
surface area is sufficient to rapidly scavenge the newly formed condensable species.
Formation of new particles (nuclei mode) is usually not important except near sources of
condensable species. The results of several studies report observations of the nuclei mode in
traffic (Hildemann et al. 1991; Abdul-Khalek et al. 1998). New particle formation also can be
observed in cleaner, remote regions. Bursts of new particle formation in the atmosphere
under clean conditions usually occur when aerosol surface area concentrations are low
(Covert et al. 1992). High concentrations of nuclei mode particles have been observed in
regions with low particle mass concentrations, indicating that new particle formation is
inversely related to the available aerosol surface area (Clarke 1992). For more detailed
discussions of the quantitative treatment of condensation processes in the atmosphere, the
reader is referred to articles by Pandis et al. 1995, and Kerminen and Wexler 1995.

Coagulation refers to the formation of a single particle via collision and adhesion of two
smaller particles. Small particles undergo relatively rapid Brownian motion (i.e., constant
random movement along an irregular path caused by the bombardment of surrounding air
molecules), that leads to sufficient particle-particle collisions to cause such coagulation.
Coagulation of smaller particles with much larger ones is similar to condensation of a gas on
the larger particles and acts primarily to reduce the number of small particles, adding
relatively little to the mass or size of the larger particles. Hence the larger mode will not show
significant growth by such a mechanism. The rate of such processes depends on the
diameter of the large particle, how rapidly the smaller particle is carried to it (i.e., the diffusion
of the smaller particle), and the concentrations of the particles. Self-coagulation, where the
particles are approximately the same size, can, however, lead to changes in the size



distribution of the aerosol particles. The rate of this process is a strong function of the patrticle
concentration as well as the particle size (Pandis et al. 1995).

3.2.4 Removal Processes

Once particles are in the atmosphere, their size, number, and chemical composition are
changed by several mechanisms until they are ultimately removed by natural processes.
Some of the physical and chemical processes that affect the “aging” of atmospheric particles
are more effective in one regime of particle size than another. The lifetimes of particles vary
with size. Coarse patrticles can settle rapidly from the atmosphere within hours, and normally
travel only short distances. However, when mixed high into the atmosphere, as in dust
storms, the smaller-sized coarse-mode particles may have longer lives and travel distances.
Nuclei mode particles rapidly grow into the accumulation mode. However, the accumulation
mode does not grow into the coarse mode. Accumulation-mode fine particles are kept
suspended by normal air motions and have very low deposition rates to surfaces. They can
be transported thousands of kilometers and remain in the atmosphere for a number of days.

Atmospheric species removal processes can be grouped into two categories: dry deposition
and wet deposition. Dry deposition denotes the direct transfer of species, both gaseous and
particulate, to surfaces and proceeds without the aid of precipitation. Wet deposition, on the
other hand, encompasses all processes by which airborne species are transferred to surfaces
in aqueous form (i.e., rain, snow, or fog). Wet deposition include processes such as
dissolution of atmospheric gases in airborne droplets (cloud droplets, rain, or fog), removal of
atmospheric particles when they serve as nuclei for the condensation of atmospheric water to
form a cloud or fog droplet, and removal of atmospheric particles when the particle collides
with a droplet both within and below clouds.

Dry deposition rates are expressed in terms of a deposition velocity that varies with particle
size, reaching a minimum between 0.1 and 1.0 um aerodynamic diameter. The wide ranges
of reported dry deposition velocities for any given pollutant reflect a combination of
experimental uncertainties as well as real differences due to meteorology, nature of the
surface, diurnal variation, etc. The overall uncertainty in the appropriate value of the
deposition velocity to use under a given set of circumstance can thus be quite large. A
discussion of these issues can be found in articles by Gao and Wesley (1995) and Wesley
and Hicks (1999).

Accumulation-mode particles are removed from the atmosphere primarily by cloud processes.
Fine particles, especially particles with a hygroscopic component, grow as the relative
humidity increases, serve as cloud condensation nuclei, and grow into cloud droplets. If the
cloud droplets grow large enough to form rain, the particles are removed in the rain. Falling
rain drops impact coarse particles and remove them. Ultrafine or nuclei mode particles are
small enough to diffuse to the falling drop, be captured, and removed in rain.

3.2.5 Meteorology and Particles

Meteorological conditions are, generally, the biggest factor influencing the temporal variation
in pollutant concentrations. Weather plays a major role in what primary particles are emitted,
and to what degree. “Background” aerosol (e.g., sea spray, volcanic dust) concentrations are
affected by wind transporting material or by *“stirring up” local natural aerosols. Rain
suppresses dust from both natural and manmade sources. Seasonal and daily variations in
weather influence the production of biogenic pollutants (gases, pollen, etc.). Primary
emissions from human activities will be similarly influenced, both directly, as with wind and
rain on dust, and indirectly through changes in human activity (e.g., residential wood burning
increases in colder weather, and agricultural activity peaks during planting and harvesting).
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Secondary particle formation is influenced by a combination of precursor pollutant
concentrations and weather conditions. Conversion of SOy to sulfate aerosols is accelerated
by the presence of oxidants and OH radicals in the air (as during ozone episodes) and is
accelerated even more under humid conditions when the conversion can occur inside water
droplets. NOx conversion to nitrate is even more sensitive to weather conditions, as formation
rates must compete with dissociation back to gases, so that nitrate is generally a cool-wet
(e.g., winter) weather phenomenon. Figure 3.3 represents a flowchart of actual linkages
between particulate matter air pollution and controlling factors of weather and source activity.
Due to the influences of these links, the same emissions can result in high PM concentrations
on one occasion, and low concentrations on another. The purpose of detailed analysis is to
refine our understanding of how the linkages shown in this chart act on pollutants so that we
can accurately determine what portions of the measured concentrations are due to each of
the various sources.
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Figure 3.3. Flowchart of actual linkages between particulate matter air pollution and
controlling factors of weather apd source activity

Pollutant concentrations at measurement sites vary not only due to the various influences on
local pollutants, but also due to the transport of material from upwind areas. In addition to
variable local influences, occasional transport of PM can significantly influence
concentrations, particularly at sites downwind of major urban centers. Different conditions not
only cause different concentrations, they can also alter the mix of responsible sources; in
other words, the sources identified for appropriate control can vary not only temporally but
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also among monitoring sites. For example, in the San Joaquin Valley, PM10 and PM2.5
episodes in the winter-time are often accompanied by light and variable winds, thus limiting
horizontal transport. As a result, pollutants tend to accumulate in local areas; however, a
uniform gradient of secondary aerosols was seen valley wide (nitrates in particular). Results
of several data analyses, as to the cause of this smooth gradient in secondary particulate
concentrations, revealed a shallow mixing layer near the surface with nearly calm winds, but
winds of 4 to 8 m/s were observed about 100 meters above the surface. Thus, pollutants
trapped near the surface when mixed into this fast moving upper layer, were transported large
distances and reacted with sources such as ammonia to form the secondary aerosols.

3.2.6 Fine Mass and Aerosol Light Scattering Relationship

The aerosol parameter to be monitored must be a suitable causal measure of health effects,
as well as effects on visibility, climate, etc. It can be presumed that, for health effects,
penetration into the lung and toxicity of the aerosol chemical species are relevant. On the
other hand, visibility effects are determined by the light extinction under atmospheric
conditions. The direct aerosol effect on climate is due to scattering and absorption of sunlight
while the indirect aerosol effect on climate is due to the aerosol interaction with cloud
processes. Because each of the aerosol effects is associated with a specific size and/or
chemical composition, it is not likely that a single monitoring variable would be equally
suitable as a surrogate for all of the effects. Thus, a choice in the measurement technique
requires a value judgment as to which effect (health, visibility, or climate) matches most
closely with exposure.

Depending on their size and composition, particles can scatter or absorb light. Coefficient of
haze (COH) and nephelometer (Bsca:, Or Scattering coefficient) measurements provide an
indication of the relative contributions of light absorption and light scattering. The COH is a
direct measure of the light-absorbing ability of the particles. Light absorption is primarily due
to elemental carbon from combustion. The nephelometer roughly measures all scattering by
fine particles. The characteristics of scattering light are extremely sensitive to the size of the
scattering particles. Light scattering by the large particles (>10 um diameter) is generally not
significant. As particle sizes approach the range of light wavelengths (0.1-1 um) they become
significantly more efficient in light scattering. COH units are defined as the quantity of
particulate matter that produces an optical density of 0.01 on a paper filter tape. A photometer
detects the change in the quantity of light transmitted through the spot as the particulate
matter collects on the paper filter tape and produces an electrical signal proportional to the
optical density. A COH of less than 1.0 represents relatively clean air while a COH of greater
than 2.0 represents air with a relatively high concentration of primary combustion-generated
particles and/or secondary aerosols formed in the atmosphere.

As was noted earlier in this chapter, the aerosol population is a mixture of different particle
sizes, and each size class is composed of an internal and/or external mixture of chemically
diverse particles. Hence, it is not possible to express the aerosol concentration as a single
number, as is the case for gaseous pollutants. On the other hand, practical considerations
dictate that the number of aerosol parameters to be monitored has to be limited. Routine
monitoring of aerosol chemical composition in many size classes does not appear to be
practical for regulatory purposes. Rather, the aerosol size - chemical composition distribution
function needs to be monitored using integral measures such as fine mass concentration
(PM2.5) and/or total (or size segregated) light scattering coefficient. PM2.5 is the integral of
the aerosol mass - size distribution up to about 2.5 um. The total light scattering is also an
integral of the aerosol mass size distribution but also weighted by the size-dependent
scattering efficiency factor.
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Numerous field investigations have been performed on the correlation between scattering
coefficient and particulate volume and mass concentration. Most of the earlier studies (1970s)
were based on “high volume” (non-particle size selective sampler) total suspended particle
(TSP) mass concentration measurements whose uncertainties and ill-defined upper particle
size limits resulted in questionable data. As attention focussed on fine particle monitoring
during the 1980s, similar comparison field tests restricted to smaller particles were conducted.
It is well established that the fine particle mass concentration measured by size segregated
filter sampling has a strong statistical correlation with total aerosol light scattering. The main
reason for this relationship is that both the fine particle mass as well as the light scattering
efficiency factor have a peak in the size range 0.3 - 0.6 um. Exception to this relationship
occurs when the characteristic aerosol size is either smaller (e.g., primary automobile
exhaust) or larger (wind blown dust) than the above size range.

Husar and Falke (1996) conducted a comparative study of the aerosol light scattering and fine
particle mass data. A comparison of the light scattering coefficient and PM2.5 was performed
for fourteen different sites in the western U.S. (including six sites in California). The scatter
charts of daily PM2.5 and scattering data included the slope (m?/g) of the relationship as well
as the correlation, R?. The data for the fourteen sites indicate a good correlation, with half of
the sites exhibiting R? above 0.8. A notable exception is Azusa, CA, (R*> = 0.61). The slope,
ie., tl;e light scattering PM2.5 ratio, ranges between 4.1 and 11.9 with an average of
7.4 mlg.

Groblicki et al. (1981) presented the light scattering coefficient observed in studies in Denver,
Colorado as a function of the observed mass in the fine and coarse particle ranges,
respectively. It has been seen that a good linear relationship exists between scattering
coefficient and the fine mass, but not between scattering coefficient and coarse particle mass.
A good linear relationship has been observed in a number of areas ranging from pristine to
urban sites with scattering coefficient to fine particle mass concentration ratio of
approximately 3 (Waggoner et al. 1981; Conner et al. 1991).

Light scattering dominates light absorption except where there are light absorbing particles or
gases present. Graphitic or elemental carbon (commonly known as soot) is very efficient at
absorbing light. Particle light absorption is about 10% of particle scattering in rural areas, but
can be nearly equal to particle light scattering in urban areas where elemental carbon is
present (Waggoner and Weiss 1981). Because of the nature of its sources, the elemental
carbon contribution to light extinction varies geographically and temporally. For example,
wood-burning fireplaces and diesel engines are major sources of elemental carbon, and
areas with large numbers of these sources generally have more elemental carbon in the
atmospheric aerosol, hence more light absorption.

The results of several studies of the contribution of various particle components to light
scattering and light absorption suggest that sulfate and organic species are major contributors
to light scattering, with the contribution of nitrate being more variable. Relative humidity
influences patrticle light extinction strongly when relative humidity exceeds 70%. The effect of
humidity on light scattering properties is also very dependent on chemical and microphysical
variables, as components of fine particles (hygroscopic fraction of aerosol) will vary in their
ability to absorb water.

Finally, although results of several studies are strongly suggestive of common optical
properties for the fine particle fraction, it would be disingenuous to claim that PM2.5 mass and
light scattering coefficient are always equivalent, either temporally and spatially. The high-
time resolution (i.e., hourly measurements) light scattering data clearly indicate that aerosol
variation is significant in both seasonal and monthly time scales. There is also a measurable
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diurnal variation of up to 50% of the daily average values where primary particle emissions
are significant. The light scattering-humidity relationship depends on the particle composition,
microstructure (i.e., internally or externally mixed aerosols) as well as the history of relative
humidity values previously experienced by the particles. Hence the relationship between fine
particle mass and light scattering can be obscured by many physical/ chemical factors and
sampling errors. All of these factors should be examined carefully before the use of any
scattering data for estimating fine mass concentration.

3.3 Chemical Properties of Particles

Generally, atmospheric PM can be divided into fine (<2.5 um) and coarse particles (>2.5 pm).
Fine and coarse particles differ in formation mechanisms, chemical composition, sources, and
exposure relationships. Figure 3.4 represents a schematic diagram of both primary and
secondary particles formation.

Semi-Volatile o, Primary Organic
Photochemistry Organic Vapors articulate Emissions
g P (OC, EC)
Primary Gaseous 5072 Emissions
Organics
¥
Sea Salt \
Gas-Phase
PARTICLE Photochemistry

Primary Inorganic
Particulate Em?ssicns -"’

(dust, fly ash, etc.) / \

HNO3 Hz20 H2304
Gas-Phase
Photochemistry
Primary H2S504

MOy Emissions NH3 Emissions Emissions

Figure 3.4. Schematic diagram of particle formation (adapted from Meng et al 1997).

Fine PM is derived from combustion material that has volatilized and then condensed to form
primary PM, or from precursor gases (such as sulfur dioxide, nitrogen oxides, and certain
organic compounds) reacting in the atmosphere to form secondary PM. Fine particles
typically are comprised of sulfate, nitrate, ammonium, elemental carbon, organic compounds,
and a variety of other compounds.

Coarse particles, in contrast, are formed by crushing, grinding, and abrasion of surfaces,
which breaks large pieces of material into smaller pieces. These particles are then suspended
by wind or by anthropogenic activity such as construction, mining, and agricultural activities.
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As the particles respond to conditions in their atmospheric environment, their chemical and
physical properties - and hence their characteristics, such as light scattering and toxicity - can
change by accumulation of atmospheric gas-phase chemical reaction products or through
heterogeneous reactions with gas-phase species.

3.3.1 Nitrate Chemistry

The atmospheric chemistry leading to formation of particulate nitrate is fairly complicated.
Fresh NOx emissions, which consist primarily of nitric oxide (NO) undergo reactions with
ozone and peroxy radicals to form nitrogen dioxide (NO.), via the reactions shown below.

NO + O, ® NO,+0, (3.1)
NO+HO, ®  NO,+OH (3.2)

The NO, can be directly converted to nitric acid via the homogenous gas phase reaction with
the hydroxyl radical (OH).

NO,+OH ® HNO; (3.3)

This is the principal formation mechanism for nitric acid in the daytime (Finlayson-Pitts and
Pitts, 1999). Modeling calculations suggest that more than 90% of the daylight HNO;
formation occurs via this reaction. It involves the OH radical, which is the key species in the
photochemical oxidation cycle. The OH radical concentration is controlled by the amount of
sunlight and the ambient concentrations of ozone, water vapor, NO, NO,, and reactive
organic compounds.

NO, reacts with O; forming nitrate radical (NO3z). An important reaction of NO; is with NO, to
form N,Os. The second major formation pathway for nitric acid is the reaction of NOs with
water vapor and liquid water.

N,Os+H,0 ®  2HNO; (3.4)

The rate of reaction will only be significant when the liquid water content of the atmosphere is
high, i.e., when clouds and fog are present.

There is a wide range of conversion rates for nitrogen dioxide to nitric acid, ranging from less
than 1 percent per hour to 90 percent per hour. Although they vary throughout a 24-hour
period, these rates are significant during both daytime and nighttime hours. This is in contrast
to the gas-phase sulfate chemistry, which is most active during daylight hours.

The principal chemical loss process for gas-phase nitric acid is its reaction with gaseous
ammonia to form ammonium nitrate (NH;NO3).

NH; + HNO; ® NH;NO; (reversible) (3.5)

This reversible reaction is believed to be the primary source of fine (<2.5 um diameter) nitrate
aerosol in California’s urban air. The equilibrium constant for the reaction is both temperature-
and relative humidity-dependent. High humidity and low temperature favor NH,;NO; formation.
Aqueous NH,NO; is formed at relative humidities above the relative humidity of
deliquescence (62%).

Another pathway for the formation of nitrate aerosol is a heterogeneous chemical reaction
between sea-salt particles and gas-phase nitric acid, leading to thermally stable sodium
nitrate production in the particle phase accompanied by liberation of gaseous hydrochloric
acid (HCI) from the particles. Gard et al. (1998) focussed their study on the replacement of
chloride by nitrate in sea-salt particles (reaction 3.6) at Long Beach.

HNO;+ NaCl ®  NaNO; +HCI (3.6)
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Reaction (3.6) may be the principal source of coarse (2.5 to 10 um) nitrate, and plays an
important role in atmospheric chemistry because it is a permanent sink for gas-phase nitrogen
oxide species. This reaction is one of the most extensively studied heterogeneous chemical
reactions in the laboratory, and the extent to which this occurs is affected by many factors,
including gas-phase and particle-phase concentrations, temperature, relative humidity, and
reaction time.

Significant amounts of NO x can be converted to organic nitrates, such as peroxyacetyl nitrate
(PAN) which is the most abundant organic nitrate in urban air. The thermal decomposition of
PAN is very temperature sensitive. As temperature rises, PAN decomposes back to NO, and
methyl peroxyacetyl. A deficit exists in observable NOy species in ambient air, and it is
thought that PAN-analog compounds could comprise a significant part of the missing nitrogen
species. Nitric acid and ammonia are believed to be deposited on surfaces very rapidly, while
sulfate deposits relatively slowly. NOy, ammonium, and nitrate aerosol deposit at rates in
between these two extremes.

The atmospheric chemistry leading to formation of particulate nitrate is complicated. The rate
of formation depends on the concentrations of many intermediate species (including ammonia
and radical species) involved in the reactive organic gases and NOx photochemical system.
Figure 3.5 summarizes chemical pathways involving nitrogen oxides in the atmosphere
(Warneck 1999). Photochemically induced reaction pathways are indicated by bold arrows.
These processes are active only during the day, whereas the others occur at all times.

Until recently it was assumed that the end product of tropospheric NOy was nitric acid.
However, a recent research project conducted under ARB sponsorship (Mochida and
Finlayson-Pitts 2000) has shown that nitric acid on a surface can react with NO to regenerate
NO, which can then form ozone and particulate nitrate. Preliminary modeling studies suggest
that this reaction may increase the formation of particulate nitrate and that existing models
underestimate the benefit of NOy controls for reducing PM and ozone. This finding may have
very serious implications as to the effectiveness of control strategies for both ozone and PM.
An additional research contract is continuing with a focus on providing a more complete
understanding of the effect of heterogeneous nitrogen chemistry on ozone and particle
formation. The information gained in this project may have very serious implications as to the
effectiveness of control strategies for both ozone and PM.
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Figure 3.5. Oxidation scheme for nitrogen oxides and related compounds (adapted
from Warneck 1999).

Ambient concentrations of secondary particles are not necessarily proportional to the
qguantities of their precursor emissions, since the rates at which they form and their
gas/particle equilibria may be controlled by factors other than the concentration of the
precursor gases. The rate of NOy oxidation and the branching ratio between inorganic and
organic nitrates depends on the specific environmental conditions in addition to reactant
concentrations (Seinfeld and Pandis 1998). The partitioning of inorganic nitrate between
gaseous nitric acid, ammonium nitrate, and nonvolatile nitrate is known to depend on a
number of factors, such as relative humidity, temperature, and ammonia, in a nonlinear
manner.

Secondary ammonium nitrate is generally the largest contributor to the PM2.5 mass during
the winter at most of the urban sites in California. The results of several studies (Magliano et
al.,1999; Kim, et al. 2000) indicate that during some episodes of high particle concentrations
in California, ammonium nitrate — formed secondarily from NOyand ammonia emissions — can
account for over half of the PM2.5 mass. The formation of secondary particles, which are a
major contributor to the fine PM levels in California, from gas-phase precursors is a complex,
nonlinear process. Consequently, a one-to-one relationship between precursor emissions and
ambient secondary PM concentrations is not expected. Understanding how particulate
ammonium nitrate is formed and how to effectively reduce it through controls on NOyx and/or
ammonia sources is a critical part of California’s PM2.5 program.

3.3.2 Sulfate Chemistry

Sulfur dioxide emissions result almost exclusively from the combustion of sulfur-containing
fuels. Other sulfur compounds, such as sulfur trioxide (SOs), sulfuric acid (H,SO,), and
sulfates (SO4*), may also be directly emitted during combustion of sulfur-containing fuels,
although usually only in small amounts. In the atmosphere, sulfur dioxide is chemically
transformed to sulfuric acid, which can be partially or completely neutralized by ammonia and
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other alkaline substances in the air to form sulfate salts (Warneck 1999; Seinfeld and Pandis
1998).

The oxidation of sulfur dioxide to sulfuric acid can occur in the gas phase, in or on particles,
and in the aqueous phase (i.e., in droplets of rain, clouds, or fogs). Sunlight intensity, the
presence of oxidants and oxidant precursors, relative humidity, and the presence of fogs and
clouds all appear to be related to the observed high oxidation rates. Results of several studies
show that aqueous-phase oxidation of SO, is a significant pathway for the total transformation
of SO,.

3.3.2.1 Aqueous-Phase Sulfur Dioxide Reactions

Oxidation of sulfur dioxide can also occur in the aqueous phase via reactions of dissolved
sulfur constituents (hydrated SO,, sulfite, and bisulfite; collectively called S(IV)) with hydrogen
peroxide (H,O,), ozone, and oxygen catalyzed by iron and manganese (Kleinman 1984;
Seigneur et al. 1984). Ozone is an important oxidant for sulfur dioxide at high pH, but its effect
becomes negligible at pH levels less than 4. The extent of S(IV) oxidation is primarily limited
by the availability of H,O, and the low solubility of sulfur dioxide at low pH. When fog droplets
form on acidic nuclei, the low initial pH prevents oxidation of S(IV) other than by H,O..

The effects of season and time of day suggest the importance of photochemistry, and
perhaps temperature, in the oxidation rate of SO,. This does not necessarily imply that
oxidation reactions themselves are photochemical in nature, but rather they may involve
oxidants such as H,O, which are formed through photochemical processes.

The fastest atmospheric reactions of SO, believed to be with H,O,, and with O; at higher pH
values. Under extreme conditions of large droplets (>10 um) and very high oxidant
concentrations, the chemical reaction times may approach those of diffusion, particularly in
the aqueous phase. However, it is believed that under most conditions typical of the
troposphere, this will not be the case and the chemical reaction rate will be rate determining in
the S(IV) aqueous phase oxidation.

In heavily polluted atmospheric water droplets, such as those found in urban fogs, metal-
catalyzed S(IV) oxidation is a significant contributor to formation of S(VI) in the liquid phase,
and apparently is more important than oxidation by H,O..

3.3.2.2 Gas-Phase Sulfur Dioxide Reactions

Sulfur dioxide is converted to sulfuric acid in the gas phase during daylight hours, primarily by
reaction with hydroxyl radical (OH). (See reaction sequence below.)

OH+SO, ®  HOSO, (3.7)
HOSO,+0, ®  HO,+SO; (3.8)
SO;+H,0 ®  H,SO0, (3.9)

The SO;-H,O adduct may dissociate back to reactants with about the same probability as it
rearranges to sulfuric acid. Thus, the kinetics of sulfuric acid formation in reaction (3.9) may
be considerably more complex than if it were a simple bimolecular reaction as written above.

Because of its extremely low vapor pressure (<107 atmospheres), sulfuric acid quickly
adheres to existing particles. Sulfuric acid reacts irreversibly with ammonia to form
ammonium bisulfate, NH;HSO, and ammonium sulfate, (NH,),SO,. Since the sedimentation
velocity of these submicrometer particles is very low, sulfate can be transported long
distances. In the absence of precipitation or fog, the typical atmospheric lifetime of fine
particulate sulfate is on the order of several days. Washout by precipitation and accelerated
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sedimentation resulting from incorporation of sulfate particles into fog droplets are important
sinks.

In power-plant or smelter plumes containing SO, and NOy, the gas-phase chemistry depends
on plume dilution, sunlight, and volatile organic compounds, either in the plume or in the
ambient air mixing into and diluting the plume. For the conversion of SO, to H,SO,, the gas-
phase rate in such plumes during summer midday conditions in the eastern United States
typically varies between 1 and 3% h™* but in the cleaner western United States rarely exceeds
1% h™. For the conversion of NO to HNO3, the gas-phase rates appear to be approximately
three times faster than the SO, conversion rates. During the winter, rates for SO, conversion
are approximately an order of magnitude lower than during the summer.

The contribution of aqueous-phase chemistry to particle formation in point-source plumes is
highly variable, depending on the availability of the aqueous phase (wetted aerosols, clouds,
fog, and light rain) and the photochemically generated gas-phase oxidizing agents, especially
H,O, for SO, chemistry. The in-cloud conversion rates of SO, to S0,% can be several times
larger than the gas-phase rates. Overall, it appears that SO, oxidation rates to SO,” by gas-
phase and aqueous-phase mechanisms may be comparable in summer, but aqueous phase
chemistry may dominate in winter.

Nationwide, large reductions in ambient SO, concentrations have resulted in reductions in
sulfate formation that would have been manifest in PM2.5 concentrations on the regional
scale in the eastern and central United States, where sulfate has historically constituted a
larger fraction of PM2.5 than in the west. Likewise, reductions in NO, concentrations would
have had a more noticeable impact on PM2.5 concentrations in the western United States
than in the eastern United States because nitrate is a larger component of the aerosol in the
western United States. Trends in aerosol components (i.e., nitrate, sulfate, carbon, etc.) are
needed for a more quantitative assessment of the effects of changes in emissions of
precursors. Measurements of aerosol nitrate and sulfate concentrations have been obtained
at North Long Beach and Riverside, CA, since 1978 (Dolislager and Motallebi, 1999).
Downward trends in aerosol nitrate have tracked downward trends in NO, concentrations, and
SO, and sulfate concentrations have both decreased. However, the rate of decline of sulfate
has been smaller than that of SO,, indicating that long-range transport of sulfate from outside
the air shed may be an important source in addition to the oxidation of locally generated SO..
There are a number of reasons why pollutant concentrations do not track estimated
reductions in emissions. Some of these reasons are related to atmospheric effects, such as
meteorological variability and changes in the rates of photochemical transformations and
deposition. Other reasons are related to uncertainties in ambient measurements and in
emissions inventories.

3.3.3 Organic Particles

Atmospheric particulate carbon consists of both elemental carbon (EC) and organic carbon
(OC). Elemental carbon has a chemical structure similar to impure graphite and is emitted
directly by sources. Organic carbon can either be emitted directly by sources (primary OC) or
can be the result of the condensation of low-vapor-pressure products of the gas-phase
reactions of hydrocarbons onto the existing aerosol (secondary OC). Atmospheric carbon
particles are emitted from more than 70 different types of air pollution sources (Gray and
Cass 1998). Obvious sources include gasoline-powered motor vehicles, heavy-duty diesel
vehicles, railroad engines, boilers, aircraft and many other combustors that burn fossil fuel. To
the emissions from fuel combustion are added carbon particles from woodsmoke, food
cooking operations, and even an ambient concentration increment from such minor sources
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as cigarette smoke. In addition, there are fugitive sources including the organic carbon
content of paved road dust, tire dust and vehicular brake wear particles.

Although the mechanisms and pathways for forming inorganic secondary particulate matter
are fairly well known, those for forming secondary organic PM are not as well understood.
Ozone and the hydroxyl radical are thought to be the major initiating reactants. Pandis et al.
(1992) identified three mechanisms for formation of secondary organic PM: (1) condensation
of oxidized end-products of photochemical reactions (e.g., ketones, aldehydes, organic acids,
hydroperoxides), (2) adsorption of organic gases onto existing solid particles (e.g., polycyclic
aromatic hydrocarbons), and (3) dissolution of soluble gases that can undergo reactions in
particles (e.g., aldehydes). The first and third mechanisms are expected to be of major
importance during the summertime when photochemistry is at its peak. The second pathway
can be driven by diurnal and seasonal temperature and humidity variations at any time of the
year. With regard to the first mechanism, Odum et al. (1996) suggested that the products of
the photochemical oxidation of reactive organic gases are semivolatile and can partition
themselves onto existing organic carbon at concentrations below their saturation
concentrations. Thus, the yield of secondary organic PM depends not only on the identity of
the precursor organic gas but also on the ambient levels of organic carbon capable of
absorbing the oxidation product.

The formation of atmospheric aerosols from biogenic emissions has been of interest for many
years. Recent laboratory and field studies support the concept that nonvolatile and
semivolatile oxidation products from the photo-oxidation of biogenic hydrocarbons could
contribute significantly to ambient PM concentrations in both urban and rural environments. A
number of multifunctional oxidation products have been identified in laboratory studies (Yu et
al. 1998; Glasius et al. 2000; Koch et al. 2000). Many of these compounds have subsequently
been identified in field investigations (Kavouras et al. 1998, 1999b). However, further
investigations are needed to accurately assess their overall contributions to fine PM
concentrations.

Generally, organic PM concentrations, composition, and formation mechanisms are poorly
understood. Particulate organic matter is an aggregate of hundreds of individual compounds
spanning a wide range of chemical and thermodynamic properties (Saxena and Hildemann,
1996). Some of the organic compounds are “semivolatile” such that both gaseous and
condensed phases exist in equilibrium in the atmosphere. The presence of semivolatile or
multiphase organic compounds complicates the sampling process. Understanding the
mechanisms of formation of secondary organic PM is important because secondary organic
PM can contribute in a significant way to ambient PM levels, especially during photochemical
smog episodes. Experimental studies of the production of secondary organic PM in ambient
air have focused on the Los Angeles Basin. Turpin and Huntzicker (1994, 1995) provided
strong evidence that secondary PM formation occurs during periods of photochemical ozone
formation in Los Angeles and that as much as 70% of the organic carbon in ambient PM was
secondary in origin during a smog episode in 1987. Schauer et al. (1996) estimated that on
an annually averaged basis, 20 to 30% of the total organic carbon PM in the <2.1um size
range in the Los Angeles airshed was secondary in origin.

A high degree of uncertainty is associated with all aspects of the calculation of secondary
organic PM concentrations. Currently, it is not possible to fully quantify the concentration,
composition, or sources of the organic components. Many of the secondary organic aerosol
components are highly oxidized, difficult to measure, multifunctional compounds. This is
compounded by the volatilization of organic carbon from filter substrates during and after
sampling as well as potential positive artifact formation from the absorption of gaseous
hydrocarbon on quartz filters. In addition, no single analytical technique is currently capable of

3-17



analyzing the entire range of organic compounds present in the atmosphere in PM. Even
rigorous analytical methods are able to identify only 10 to 20% of the organic PM mass on the
molecular level (Rogge et al. 1993a; Schauer et al. 1996).

Environmental smog chambers can be useful in elucidating the chemical mechanisms
associated with the formation of compounds found in organic PM; however, significant
uncertainties always arise in the interpretation of smog chamber data because of wall
reactions. Limitations also exist in extrapolating the results of smog chamber studies to
ambient conditions found in urban airsheds. Additional laboratory studies are needed to
comprehensively identify organic compounds, strategies need to be developed to sample and
measure such compounds in the atmosphere, and models of secondary organic aerosol
formation need to be improved and added to air quality models in order to address
compliance issues related to reducing PM mass concentrations that affect human exposure.

3.3.4 Particle-Vapor Partitioning

Several atmospheric aerosol species, such as ammonium nitrate and certain organic
compounds, are semivolatile and are found in both gas and particle phases. A variety of
thermodynamic models have been developed to predict the temperature and relative humidity
dependence of the ammonium nitrate equilibria with gaseous nitric acid and ammonia. The
gas-particle distribution of semivolatile organic compounds depends on the equilibrium vapor
pressure of the compound, total particle surface area, particle composition, atmospheric
temperature, and relative humidity. Although it generally is assumed that the gas-particle
partitioning of semivolatile organics is in equilibrium in the atmosphere, neither the equilibria
nor the kinetics of redistribution are well understood. Diurnal temperature fluctuations, which
cause gas-particle partitioning to be dynamic on a time scale of a few hours, can cause
semivolatile compounds to evaporate during the sampling process. The pressure drop across
the filter can also contribute to loss of semivolatile compounds. The dynamic changes in gas-
particle partitioning, caused by changes in temperature, pressure, and gas-phase
concentration, both in the atmosphere and after collection, cause serious sampling problems.

A recent ARB-funded final research report (Ashbaugh et al. 1998) describes analysis of three
data sets to evaluate the extent of mass loss on polytetrafluoroethylene (PTFE or Teflon®)
filters due to ammonium nitrate volatilization. The results indicated that the effect on
measured mass is site-dependent, and depends on the meteorological conditions and the
fraction of PM mass that consists of ammonium nitrate particles. There is no straightforward
method to correct for the mass loss without measuring it. The highest mass loss occurred
during summer daytime in southern California, amounting to 30-50% of the gravimetric mass.
This study of ammonium nitrate suggests potentially significant nitrate or semivolatile organic
compounds loss using the Federal Reference Method sampler for fine particle sampling
because it uses PTFE filters for mass concentrations. This may lead to control strategies that
are biased toward sources of fugitive dust and other primary particle emission sources.

3.4 Summary

Atmospheric particles originate from a variety of sources and possess a range of
morphological, chemical, physical, and thermodynamic properties. Atmospheric size
distributions show that most atmospheric particles are quite small, below 0.1 um, whereas
most of the particle volume (and therefore most of the mass) is found in particles greater than
0.1 pum. Several processes influence the formation and growth of particles. New particles may
be formed by nucleation from gas phase material. Existing particles may grow by
condensation as gas phase material condenses onto existing particles. Particles may also
grow by coagulation as two particles combine to form one. Gas phase material condenses
preferentially on smaller particles and the rate constant for coagulation of two particles
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decreases as the particle size increases. Therefore, nuclei mode particles grow into the
accumulation mode but accumulation mode particles do not grow into the coarse mode.

The lifetimes of particles vary with particle size. Coarse particles can settle rapidly from the
atmosphere within minutes or hours, and normally travel only short distances. However, when
mixed high into the atmosphere, as in dust storms, the smaller-sized, coarse-mode particles
may have longer lives and travel greater distances. Accumulation-mode fine particles are kept
suspended by normal air motions and have very low deposition rates to surfaces. They can
be transported thousands of kilometers and remain in the atmosphere for a number of days.
Accumulation-mode particles are removed from the atmosphere primarily by cloud processes.
Coarse mode patrticles of less than 10 um diameter as well as accumulation-mode and nuclei-
mode (or ultrafine) particles all have the ability to penetrate deep into the lungs and be
removed by deposition in the lungs.

The major constituents of atmospheric PM are sulfate, nitrate, ammonium, and hydrogen
ions; particle-bound water; elemental carbon; a great variety of organic compounds; and
crustal material. Particulate material can be primary or secondary. PM is called primary if it is
in the same chemical form in which it was emitted into the atmosphere. PM is called
secondary if it is formed by chemical reactions in the atmosphere. Primary coarse particles
are usually formed by mechanical processes. Primary fine particles are emitted, either directly
as particles or as vapors that rapidly condense to form particles.

Most of the sulfate and nitrate and a portion of the organic compounds in atmospheric
particles are secondary. Secondary aerosol formation depends on numerous factors including
the concentrations of precursors; the concentrations of other gaseous reactive species such
as ozone, hydroxyl radical, peroxy radicals, or hydrogen peroxide; atmospheric conditions,
including solar radiation and relative humidity; and the interactions of precursors and
preexisting particles within cloud or fog droplets, or on or in the liquid film on solid particles.
As a result, it is considerably more difficult to relate ambient concentrations of secondary
species to sources of precursor emissions than it is to identify the sources of primary
particles.

Finally, current filter-based mass measurements lead to significant evaporative losses, during
and possibly after collection, of a variety of semivolatile components (i.e., species that exist in
the atmosphere in dynamic equilibrium between the condensed phase and gas phase).
Important examples include ammonium nitrate and semivolatile organic compounds. Loss of
these components may significantly impact the quality of the measurement, and can lead to
both positive and negative sampling artifacts. The systematic bias in the sampling method is
likely to result in a bias in recommended control strategies. If the measured mass is under-
represented by the semivolatile compounds in the atmosphere, other sources of particulate
matter will be over-represented. Thus, control strategies developed from the biased data will
tend to overemphasize controls on nonvolatile species.
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4. Sources and Emissions of Particles

Particulate matter is produced by emission sources either directly in particle form (primary
PM), or as gases that react in the atmosphere to produce particulates (secondary PM). The
emissions are produced by stationary, mobile, area-wide, and natural sources. For air
pollution, the particulates of concern are those that are 10 micrometers or less in size (PM10),
and, those that are 2.5 micrometers or less in size (PM2.5, which is a subset of PM10). This
section discusses the characteristics of the major particulate matter sources.

PM emission levels are either measured, using monitoring equipment, or estimated, using
emission inventory methods. Most of the information provided in this section is from estimated
emission inventory data. This is currently the most reliable and comprehensive method of
comparing PM emissions between sources and for evaluating regional emission sources.

4.1 Primary Particulate Sources

Primary particulate emission sources emit particulate matter directly to the air. Primary
sources include stationary, mobile, area-wide, and natural particulate generating processes.
Figure 4.1 summarizes the statewide directly emitted PM10 emission sources for California.
Each of the major source categories depicted in the chart is discussed more fully below.

4.1.1 Stationary Sources

Stationary sources are generally small contributors to overall statewide primary particulate
levels. The stationary source PM contribution is small because most major stationary source
facilities have incorporated control equipment for decades and therefore are not large PM
emitters. Some stationary sources of PM include industrial sources such as petroleum
refining, wood and paper processing, food and agricultural processing, and sand, rock, and
gravel mining and handling. Most stationary source facilities submit emission inventory
reports to their air districts, so PM from these sources is typically well quantified. Most of the
PM generated by combustion from stationary sources is PM2.5. Other stationary sources,
such as those handling mineral products, emit relative greater proportions of PM10.

4.1.2 Mobile Sources

The contributions of directly emitted PM from mobile sources vary substantially within
California. Sources of mobile emissions include gasoline and diesel powered vehicle exhaust
emissions, tire wear, and break wear. Types of mobile sources include trucks, busses, heavy
equipment, ships, trains, and aircraft. Like most combustion sources, the particulate
emissions from mobile sources are nearly all in the PM2.5 size fraction. (This category does
not include the road or soil dust created by car, truck, or equipment operations, which are
included in the area-wide source category.)

4.1.3 Area-Wide Sources

Based on ambient measurements and emission inventory data developed by the ARB, area-
wide sources contribute to a large fraction of the primary particulate emissions inventoried for
the State. Area-wide sources are generally defined as sources that lack a definitive emissions
point such as a stack or exhaust pipe, or sources which are relatively small, numerous, and
geographically spread out.

For PM10, some of the most significant area-wide sources of directly emitted PM are geologic
dust, such as windblown dust from disturbed lands, paved road dust, unpaved road dust,
construction activities, and agricultural land preparation. Typical area-wide combustion
sources, which predominantly produce particulates in the sub-2.5 micrometer size range,
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include burning of agricultural debris, open burning, forest and range management burning,
wildfires, fireplaces and wood stoves. The major PM sources vary from region to region in
California, as well as by season.

4.1.4 Natural Sources

Most natural sources of PM are not currently included in the statewide emission inventory.
These sources include marine-derived airborne salts, windblown dust from undisturbed lands,
and biogenic emissions from plants. However, wildfires are currently included in emission
inventory estimates.

4.2 Secondary Particulate Sources

Secondary particulate matter is typically 2.5 micrometers or less in size. Secondary PM is
formed via atmospheric reactions of primary gaseous emissions. The gases that are the most
significant contributors to secondary particulates in California are nitrogen oxides, ammonia,
sulfur oxides, and certain organic gases.

The primary sources of nitrogen oxides and sulfur oxides include motor vehicle exhaust and
stationary combustion sources such as boilers and other industrial equipment. Sources of
ammonia include livestock operations such as dairies and feedlots, fertilizer application, some
industrial sources, and biogenic sources. Organic gases are produced by both anthropogenic
and natural sources.

Unlike direct emissions, it is not possible to develop an emission inventory for secondary
particulates. This is because the particles form through various chemical pathways when
gaseous emissions react in the atmosphere. So instead, the precursor gases are inventoried,
and then location- and time-specific modeling is performed to estimate how much of each gas
converts to particles.

Because a significant component of PM2.5 can be due to gaseous precursors, a pie chart that
includes only the directly emitted PM2.5 emissions can be misleading, and is not included in
this document. Such a chart would not give an accurate representation of which sources
contribute to PM2.5 levels, especially in regions with high secondary particulate levels. For
PM2.5, chemically speciated air quality monitoring data often provides a more meaningful
portrayal of the sources contributing to PM2.5 in the air.

4.3 Regional Dependence of Source Contributions

The contributors to primary PM vary regionally in the State. Urban areas are typically
dominated by paved road dust and construction-related emissions for directly emitted PM.
More rural regions include paved and unpaved road dust, farming operations, and windblown
dust as major contributors. Desert regions often have some of the cleanest air in the State,
but, when episodic windstorms occur, they also experience some of the most dramatic
exceedances of the PM10 standards. Unpaved road dust, paved road dust, and construction
activities also contribute to PM10 in the desert.

Regional meteorology also plays a part in PM concentrations in the State. As mentioned, high
winds can contribute to PM in the drier areas of the State. In other areas, stagnant air can
exacerbate PM levels. Moist, colder weather in the San Joaquin Valley during winter
contributes to the formation of secondary nitrates, and nitrates also contribute to high
particulate levels in Southern California. In regions that are relatively cold, wood burning can
substantially increase regional PM10 concentrations during the winter. In summary, the
sources and quantities of PM emissions throughout the state are strongly affected by regional
meteorology, geography, population, and land use.
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4.4 Temporal Dependence of Source Contributions

Regional monitoring shows that many areas in the state show seasonal trends in ambient PM
concentrations. For example, in the Sacramento Valley, PM values peak during October to
January, and July to August. In the San Joaquin Valley, there are both winter and late fall
peaks. The winter PM is predominantly fine particulate (PM2.5 and smaller secondary
particulates), while the fall season PM has a more significant PM10 emission component due
to directly emitted geologic dust. In Southern California, high PM levels occur at several times
of the year based on meteorological conditions. In the Owens Valley, windstorms create
short-term episodic high PM concentrations. And in places like Mammoth Lakes and Lake
Tahoe, high particulate levels typically occur in the winter due to woodstove emissions and
application of anti-skid materials to icy roads.

There are substantial regional and seasonal variations in the quantities and types of PM
emitted to the air. These variations are not fully captured through emission estimates,
especially when trying to include secondary particulates. Therefore, chemically speciated air
quality monitoring data is a more effective means to identify the sources and levels of
particulate matter for specific regions and locations.

Windblown Dust
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Dust
27% Mobile
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Industrial
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Waste Burning
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Fireplaces
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Figure 4.1. California Statewide PM10 Emission Inventory, Direct Particulate
Emissions, 2001
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5. Measurement of Particulate Matter

5.1 Introduction

On December 9, 1982, the California Air Resources Board (Board or ARB) replaced the total
particulate matter ambient air quality standard with a standard that focused on particles of a
smaller diameter. The Board approved amendments to the California Code of Regulations,
title 17, section 70200, which modified the definition of suspended particulate matter (PM) to
specifically include particulate matter with an aerodynamic diameter of 10 microns or less
(PM10), and established PM10 ambient air quality standards. The Board included general
reference to a PM10 measurement method in the standard and directed staff to establish
more specific criteria for PM10 sampling equipment. Method P, adopted by the Board in 1985,
established the State method for ambient PM10 measurement. In 1986, the State identified
the size selective inlet (SSI) high volume (hi-vol) PM10 sampler as the PM10 sampler
satisfying the requirements of Method P.

In December 2000, the Board determined that the state ambient air quality standards for
PM10 and particulate sulfates should be reviewed to ensure they are protective of public
health. The Board asked staff to provide this review and any recommendations for changes
to the standards by 2002.

This chapter addresses the measurement methods that are required to be used to determine
compliance with the newly proposed PM standards. At this time, the ARB proposes to align
the state and federal requirements for PM samplers by adopting the Federal Reference
Methods (FRMs) for PM10 and PM2.5 as the state’s method. The FRMs specify performance
characteristics and operational requirements applicable to PM10 and PM2.5 monitoring
methods, and for PM2.5, specify sampler design characteristics. The associated samplers
meet the requirements specified in the methods. The method and associated sampler are
designated as a reference method. We are not proposing to adopt Federal Equivalent
Methods, per se, given their history of poor performance in California. Continuous samplers
will be addressed, however, and will be incorporated as California Approved Samplers based
on their performance in a recently concluded study in Bakersfield, CA.

The reference methods (FRMs) are traditional, filter-based sampling methods with laboratory
weighing of the filters before and after sampling. The sampling and analytical methods are
both labor-intensive. Each sample is collected during a 24-hour period, and one sample
typically is taken every six days throughout the year at each monitoring station. There is a
time-lag of days to weeks from the date of sampling to the time results are available.

Continuous monitoring for either PM10 or PM2.5 has many advantages over traditional filter
based sampling techniques. A continuous method is an in-situ, automatic measurement
method of suspended particle mass with varied averaging time (minutes to hours) that
provides an instantaneous result. Their 24/7 sampling schedule will further our understanding
of PM emission patterns and exposure, and can be used to enhance public health research
into short-term peak exposure. They can provide more data for model validation, to aid in
identifying air pollution source(s), and to reflect dispersion patterns. Official approval of
continuous instruments/methods will promote further development of continuous samplers
and potentially reduce the cost of the air monitoring network.
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5.2 Existing Monitoring Requirements
5.2.1 State Method P for PM10

Method P (cited in title 17, California Code of Regulations, sections 70100 and 70200)
describes the design and performance requirements for the PM10 sampler to be used to
determine compliance with the state ambient air quality standards. Method P is contained in
Appendix 5 part A of this document and describes the operating principle and design of the
samplers, which are in turn specified in proposed section 70100.1.

An *“ideal” sampler should be designed to determine the mass concentration of ambient
particulate matter of a mean aerodynamic diameter of 10 micrometer (mm) or less (PM10) to
simulate particle penetration of the human respiratory system as described by the Chan-
Lippmann model (1980). According to this model, PM10 particles are small enough to enter
the thoracic region of the human respiratory tract. An ideal sampler is the one that collects 50
percent (referred as D50) of all particles of 10 + 1 mm aerodynamic diameter, and which
collects a rapidly declining fraction of particles as their diameter increases and rapidly
increasing fraction of particles of smaller particle diameters. Aerodynamic diameter is defined
as the diameter of a spherical particle of a unit density with settling velocity equal to that of
the particle in question. Particles with the same size and shape but with different densities
will have different aerodynamic diameters.

Suspended particulate matter refers to atmospheric particles, solids, or liquids, except
uncombined water. Dry, free-flowing particles should be sampled with the same efficiency as
liquid, sticky particles. The expected mass concentrations of liquid particles should be within
the limits of that predicted by the ideal sampler. For solid particles, the expected mass
concentration should be no more than 5 percent above that obtained for liquid particles of the
same size. The sampler must have less than 15 percent variation in the measurements
produced by three collocated samplers.

Meteorology is one of several factors that can effect sampling efficiency. The performance of
a PM10 sampler should be independent of wind speed to simulate human respiration. The
inlet design and its internal configuration should be such that it shows no dependency on wind
direction and wind speed when operated within 2 to 24 kilometers-per-hour wind speeds. To
do this, the inlet should be omnidirectional, that is, the inlet should be symmetrical about the
vertical axis.

A sampler must possess a sampling medium (filter) upon which the PM is collected without
spattering and falling off. The sampler should be designed to hold and seal the filter in a
horizontal direction so that the sample air is drawn uniformly downward through the filter to
allow a uniform distribution of PM10 collected so as to permit subdivision of the filter for
gualitative and quantitative analysis. Filters shall have a collection efficiency of more than 99
percent as measured by the dioctyl phthalate (DOP) test (ASTM-2986), with 0.3 mm particles
at flow rates equal to the sampler’s operating face velocity. Filters must have mechanical and
chemical stability and be stable in a wide temperature range to allow a variety of qualitative
and quantitative analyses. Filters must minimize artifacts, that is, should not react with the
deposit and must not absorb contaminant gases. They must be non-hygroscopic, and have
high chemical purity with alkalinity of <5 microequivalents/gram. The filters must be
equilibrated prior to use at constant temperature and humidity conditions.

The sampler must possess an automatic flow control device which maintains a constant flow
rate to within £ 10 percent of the recommended range for the sampler inlet over normal
variations in line voltage and filter pressure drop during the sampling period. Change in flow
velocity will result in change in nominal particle size collected. Therefore, it is important that
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the flow rate through the inlet be maintained at a constant value that is as close as possible to
the inlet design flow rate.

A timing/control device should be capable of starting and stopping the sampler during a
sample collection period of 24 £ 1 hr (1,440 = 60 min). An elapsed time meter, accurate to
within 15 minutes, shall be used to measure sampling time. This meter is optional for
samplers with continuous flow recorders if the sampling time measurement obtained by
means of the recorder meets the + 15 minutes accuracy specification. Using the total
sampling time, the total volume of air sampled is determined. PM concentration is computed
as the total mass of collected particles in PM10 size range divided by the volume of air
sampled. The particulate matter concentration is expressed as micrograms per cubic meter
(my/m®) corrected to standard conditions (760 torr and 25 C).

5.2.2 State Method for Sulfates

State regulations (section 70200 of title 17, California Code of Regulations) contain an
independent ambient air quality standard for particulate sulfates. The measurement method
for sulfates described in this standard is high-volume TSP sampling, with filter analysis by
Turbidimetric Barium Sulfate Spectrometry, AIHL Method 61, or “[alny equivalent procedure
which can be shown to the satisfaction of the Air Resources Board to give equivalent results
at or near the level of the air quality standard.”

The ARB'’s current measurement method for sulfates is MLD Method 033, which uses TSP
sampling followed by ion chromatography. However, adsorption of SO, with subsequent
chemical reactions on the filter surface, can, at sufficient concentrations, lead to gas-to-
particle conversion, and can create positive artifacts on the filter. These can be minimized
with the use of alkalinity-controlled filters which are provided for in the current PM10 network
and PM10 Federal Reference Methods.

5.2.3 Federal Methods for PM10

Federal ambient measurement methods must be used to determine the attainment status of
air basins nationwide. Federal Reference Methods (FRMs) use the measurement principles
and specifications defined in U.S. EPA regulations. Provisions also allow for a Federal
Equivalent Method (FEM) to be approved by the U.S. EPA and used for the same purpose.
The requirements for an FRM for PM10 are described in Appendix M, Title 40, Code of
Federal Regulations Part 50, 1997, and are provided here as Appendix 5 part B to this
document. These requirements are, for the most part, the same as the California Method P.
This is understandable, as Method P was adopted by the ARB in consultation with the U.S.
EPA as that agency was preparing to propose methods for the NAAQS for PM10. A
comparison of the two methods, item-by-item, is given in Appendix 5 part C. There are
differences in a few specific requirements, which are highlighted in the table. The discussion
below focuses only on those differences. The purpose of presenting this information is to
highlight the need to update Method P.

The FRM requires PM10 sampler to simulate particle penetration of the human respiratory
system as described by the Chan-Lippmann (1980), penetration model. The D50 cut-
point of the sampler is 10 nm with a tolerance of £ 0.5 mm, compared to the tolerance of +
1.0 mm for Method P.

The alkalinity of filter medium should be less than 2.5 microequivalents/gram for FRM as
opposed to less than 5 microequivalents/gram for Method P. The filters should be
equilibrated at constant relative humidity of between 20 percent and 45 percent 15
percent for FRM instead of <50 percent relative humidity for Method P before weighing.
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The precision of collocated FRM samplers must be 5ng/m® for PM concentration below
80 ng/m?® and 7 percent for PM10 concentration above 80 ng/m?® for FRM, as opposed to
15 percent for all concentrations for Method P.

The FRM requires the air flow rate through the sampler remain stable over a 24-hour
period, regardless of filter loading; the specific requirements are +5 percent of the initial
reading for the average flow, and £10 percent of the initial flow rate for any instantaneous
flow measurement. For Method P, the flow rate should be within 10 percent at all times.

Typically, an analytical balance with a sensitivity of 0.1 mg is required for hi-vol samplers
(flow rates >0.5 m*min, large filters). Lo-vol samplers (flow rates <0.5 m*/min, smaller
filters) require a more sensitive balance, which is not indicated in Method P.

The particulate matter concentration is expressed as micrograms per cubic meter (ng/m?®)
at local temperature and pressure (LTP) as opposed to standard temperature and
pressure (STP, 760 torr and 25 C) for Method P.

The other major difference between the State and federal method is the designation of FEM
test protocols, not included in Method P, although method equivalency is referred to and
accepted in general terms in State regulations.

The differences between the FRMs and state-approved samplers can generally be attributed
to advancements and improvements in sampler flow control and filter medium technology that
occurred since Method P was established. The PM10 air monitoring network in California
meets FRM requirements. Consequently, changing Method P to be consistent with the FRM
will bring the criteria into line with both equipment and material specifications, and field and
laboratory practices.

5.2.4 Federal Methods for PM2.5

The U.S. EPA promulgated rigorous design and performance specifications for its PM2.5
FRM samplers (40 CFR part 50, Appendix L; 40 CFR part 53, Subpart E; and 40 CFR part 58,
Appendix A, all dated July 18, 1997. These are set forth in Appendix 5, parts D, E and F,
respectively, of this document). Only measurements made using U.S. EPA-designated FRM
samplers may be used to determine an area’s compliance status with the PM2.5 NAAQS.
The PM2.5 sampler is an adaptation of the PM10 lo-vol sampler that initially removes, by
impaction, particles larger than PM10. Downstream lies a second impactor (Well Impactor
Ninety-Six [WINS]) that reduces the cut point to 2.5 pm.

The dimensions and materials of sampler components that come in contact with the sampled
air stream (the first stage inlet, the downtube, the second stage separator [WINS], the upper
filter holder, the filter cassette, and the filter support screen) are specified by design (40 CFR
part 50, Appendix L, July 18, 1997). The design of the other components of the FRM sampler
is left to manufacturers, as long as resulting samplers meet all the prescribed performance
specifications.

Performance specifications include active monitoring of a number of operational
characteristics of the samplers, including sampler volumetric flow, temperature, and pressure.
The performance criteria specify strict requirements for controls that must be observed for
sampler operations. These include sampling efficiency, accuracy, precision, sampling
medium, flow controller, laboratory, calibration, and measurement procedures. The details of
the performance criteria are given in Appendix L of 40 CFR part 50 (see Appendix 5 part D to
this document).

The current network of PM2.5 samplers in California (more than 80) was funded almost
entirely by the U.S. EPA following the adoption of the federal PM2.5 standard. The U.S. EPA
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continues to provide operating funds for the network. The samplers’ operation is governed by
federal regulation.

The network of PM2.5 samplers has been operating in California since 1999. Additional
speciation samplers will eventually supplement the FRM samplers and provide information
about the composition of the particulate matter in the sample. Staff recommends adopting
both the FRM sampler and the performance and operational requirements of the methods for
the proposed State PM2.5 standard. Staff is not proposing to adopt the U.S. EPA’'s FEM
criteria for PM2.5.

5.3 Available PM Sampling Methods

There are two fundamental methods commonly used to measure atmospheric PM10 and
PM2.5 that are potentially useable in California. The first is a laboratory-based, gravimetric,
or filter method, in which particles segregated by size are collected on a pre-weighed filter
medium and weighed after sampling to determine PM mass. PM concentration is calculated
by dividing the mass increase of the filter by the 24-hour total volume of air (at ambient
conditions) that passed through the filter.

The second fundamental technique employs in-situ field samplers that are based on different
operational principles, but that all operate continuously and produce real-time, hourly average
concentrations. There are pros and cons to either type of sampler. Over the years, the staff
has heard reports of the need for both types of samplers. Consequently, staff is proposing to
incorporate the leaders in both types of samplers as part of this regulation as California
Approved Samplers for PM.

New technology samplers may be added in future years, and others perhaps deleted, from
the list of approved sampler as the situation warrants. The samplers proposed in this action
have been demonstrated to have wide applicability, and have good agreement with standard
methods. The intent of this rulemaking is to incorporate recent advances in sampler
technology, align the state with federal samplers where possible, and incorporate samplers
that can be used widely in California in areas with persistent high PM levels. The proposal
does not support approving different samplers for every air basin or approving samplers that
respond differently based on season of the year unless absolutely necessary.

The staff carefully considered the limitations of a wide variety of samplers in making the
method proposals. Filter based methods can result in loss of PM during or after sampling, or
formation of PM on the filter medium during sampling. Loss of semi-volatile chemical species
such as atmospheric ammonium nitrate and organics may occur during and after sampling as
particles move from the particle to the gas phase. The amount of particulate matter lost is
dependent on the concentration and composition of the semivolatile components, and the
handling and retention time on the sampler at the conclusion of the sample run. Loss of
volatile chemical species can underestimate PM mass. PTFE (polytetrafluoroehtylene or
Teflon®) filters can easily lose semi-volatile materials (a so-called negative artifact) (Eatough
et al., 1993; Gundel et al., 1995). Therefore, regular sampling procedures now include steps
to minimize these losses, including rapid removal of filters from the sampler, prompt storage
in Petri dishes, transport in cool environments, expedited transport of filters from the field to
the weigh rooms, and prompt extractions once the filters are weighed (Achtelik and Omand,
1998).

Adsorption of gases (such as SO,) with subsequent chemical reactions with other gases on
the filter surface, can, at sufficient concentrations, lead to gas-to-particle conversion, and can
create positive artifacts on the filter. These can be reduced with the use of alkalinity-
controlled filters and possibly the use of low-volume samplers.
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Formation particles from gaseous species can lead to overestimation of PM mass (i.e., a
positive artifact). Quartz filters can adsorb some gas-phase organics producing positive
artifacts (Gundel et al., 1995; Turpin et al., 1994).

Operation of conventional filter-based samplers with laboratory gravimetric analysis is
extremely time-consuming and labor intensive to produce a single mass measurement
compared to real time, continuous samplers. Moreover, data are available only on a 24-hour
average basis from conventional filter-based techniques. This limits using the data to
investigate sub-24-hour health effects. The time lag inherent in data availability in
conventional filter-based methods also precludes their use to provide the general public with
timely warnings about episodic air pollution hazards. Filter-based systems can also have
problems with particle loss during handling and transport, particularly when mass loading on
the filter is high. These “sloughing” effects have been minimized by having strict operational
protocols.

5.3.1 General Description of Gravimetric Methods

5.3.1.1 High-Volume Size Selective Inlet Sampler

The size selective inlet (SSI) sampler is described in Method P and is recognized by the
U.S.EPA as an FRM. California identified the SSI in May 1986 as the PM10 sampler to be
used for the State AAQS. The U.S. EPA identified it in 1987 as an FRM (U.S. EPA/ORD,
2000).

The high-volume (hi-vol) SSI sampler used in the State and federal PM10 networks consists
basically of a PM10 inlet, an impactor, a flow control system recorder, and a pump. The
automatic flow control system consists of either a mass flow controller or a volumetric flow
controller, which controls the flow to 40 ft*/min (at standard temperature and pressure). The
flow rate through the impactor is used with the elapsed time to determine size of particle
collected and the volume of air sampled. According to one manufacturer, its inlet has a cut-
point of 9.7 mm in winds up to 22 miles per hour (36 kilometers per hour) (Thermo Andersen,
Inc.).

PM10 hi-vol samples are collected on an 8x10 inch (20x25 cm) quartz filter that offers high
collection efficiencies and is resistant to absorbing artifacts related to the collection of sulfates
and nitrates. However, the quartz filter can under some circumstances adsorb organic vapor
more readily than a PTFE filter leading to an overestimation of PM mass (Turpin et al., 1994).
Volatile constituent losses during sampling and transport are known to exist; however, prompt
sample removal can minimize these losses.

There are three versions of the SSI samplers currently designated as FRMs. The unit widely
used in California, the SA-1200 (Sierra-Anderson 1200), is a single-stage fractionator with
hinged design to facilitate oiling and cleaning of the impaction shim.

The SSI sampler provides a direct measurement of PM10 mass concentration. The large
filter size provides two benefits. First, it increases the precision and accuracy of mass
measurement, and second, it provides sufficient PM that can be analyzed for many of the
primary constituents of interest.

5.3.1.2 Low-Volume Sampler
5.3.1.2.1 PM10

Low-volume (lo-vol) PM10 FRM samplers collect PM of a specific size range on a filter at a
flow rate considerably less than for the hi-vol samplers. A lo-vol sampler consists of a PM10
inlet, an impactor, a pump, a flow rate controller, and a timer. Fundamentally, the operational
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principles of the lo-vol and the hi-vol (SSI) samplers are the same. The differences occur with
features such as the inlet size, flow rate, and filter size. These differences are discussed
below. The flow rate in both cases is a critical feature of the instrument’s ability to segregate
particle sizes. Lo-vol samplers were not available at the time Method P was promulgated.

Federally approved lo-vol samplers (FRM) are equipped with either a flat or tilted PM10 inlet,
as specified in Appendix L of 40 CFR Part 50 (Figures L-2 through L-19). They use small
PTFE-coated fiber filters. The filters are chemically stable, and suitable for a wide
temperature range. The sampler may have a manual or an automatic filter-changing
mechanism. It must be able to measure 24-hour PM10 mass concentrations of at least 300
nmy/m?, while maintaining the operating flow rate within the specified limits.

FRM lo-vol samplers operate at a flow rate of 16.67 Ipm. They use gravimetric means to
determine ambient PM mass concentrations. The PTFE filters can be analyzed for elements,
but are incompatible for analysis of some elements such as carbon, and do not provide a
large enough sample to analyze all chemical constituents. The FRM lo-vol samplers have the
same labor-intensive limitations of the hi-vol samplers which, in air monitoring networks,
allows for only intermittent, 24-hour sampling.

5.3.1.2.2 PM25

PM2.5 FRM samplers are updated versions of the PM10 lo-vol FRM samplers. Sampler
operation is controlled by a microprocessor. Downstream of the PM10 inlet is a Well Impactor
Ninety Six (WINS) impactor, a filter medium, a timer, and a flow controller.

The WINS is a particle separator, where suspended PM2.5 is separated from the PM10. The
WINS impactor is a single jet impactor, which impacts into a “well” holding a 37 mm glass
fiber substrate impregnated with 1 mL of tetramethyltetraphenyltrisiloxane (silicone oil) single-
compound diffusion oil. The WINS impactor inertially separates fine particles of an
aerodynamic diameter of 2.5 mm or less from PM10. Larger particles are captured in the oil-
impregnated substrate in the wells of the impactor, and the PM2.5 and smaller particles are
collected on a 47-mm filter.

The filter is made of PTFE, and has a particle collection efficiency of greater than 99.7
percent. Prior to its use, the filter is equilibrated for 24 hours at a temperature range of 20 to
23 C and at a relative humidity in the range of 20 to 40 percent, and preweighed in a
laboratory. The well filter needs to be cleaned regularly or the resulting deposited material
can begin to affect the cut point of the inlet.

The sampler flow rate is 16.67 Ipm (1.000 m’/hr), measured by volumetric flow rate at the
temperature and pressure of the sample air entering the inlet.

5.3.1.2.3 Dichotomous Sampler

The dichotomous sampler (dichot) is another low-volume sampler (draws air at 16.67 Ipm).
Ninety percent of the air (15.00 Ipm) flows through the fine particulate filter, and the remaining
10 percent (1.67 Ipm) flows through the coarse particulate filter.

The dichotomous sampler uses a virtual impactor (region of stagnant air) to segregate the air
sample into two fractions. The virtual impactor particle separator accelerates the air sample
through a nozzle and then deflects the air at a right angle. Most particles smaller than 2.5
micrometers (fine fraction) will follow the higher air flow path and collect on a fine particulate
filter. Particles between 2.5 and 10 micrometers (coarse fraction) have sufficient inertia to
impact into the chamber below the nozzle and are collected on a coarse patrticulate filter. Ten
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percent of the sample air flows through the coarse particulate filter and because of this,
approximately 1/10 of the fine particulate are collected on the coarse particulate filter.

The coarse and fine particulate filters are 37 mm in diameter and are mounted in plastic rings.
The filters are weighed to calculate mass concentrations and, where appropriate, analyzed to
determine the concentration of selected chemical elements.

PM2.5 measurements made using the dichot with its virtual separation technique do not meet
U.S. EPA requirements for PM2.5 sampling in terms of the impactor type, filter size, and flow
rate. The dichot utilizes a PM10 inlet similar to that in a a lo-vol sampler, but the flow rate is
only 10 percent of the total flow rate, hence introducing a potential source of difference from
the lo-vol PM10 sampler. Therefore, the use of this method for PM2.5 produces data that are
not usable for compliance designation with the NAAQS for PM2.5. It is a reference sampler,
however, for PM10.

5.3.2 General Description of Continuous Methods

Continuous methods produce hourly average PM concentration measurements in real time on
a daily basis. In contrast to the intermittent sampling frequency of filter-based methods,
continuous monitoring of atmospheric PM concentration has many advantages over periodic
sampling; principally, the ability to assess air quality on those days missed by periodic
samplers and finer time resolution. Arnold et al., (1992) collected daily 24-hour PM10
samples with an automated monitor and noted that 80 percent of the highest 10 daily
concentrations in 1989 and 1990 were not encountered by the commonly used every-sixth-
day sampling schedule.

Continuous methods provide data that can be accessed remotely in real time, and fill many
needs for information that are very impractical, if not impossible, for typical filter-based
methods. These include timely warnings about episodic air pollution hazards, enhanced
public health research, air quality indexing, investigating diurnal variation and short term peak
exposure, model evaluation, complaint investigation, data analyses, and specifying source
impacts.

Several brands of continuous measurement technologies are commercially available. These
include the tapered element oscillating microbalance (TEOM) including the SES, FDMS and
differential configurations, beta attenuation monitors (BAM), and continuous ambient mass
monitors (CAMM).

The CAMM is based on a measure of increasing pressure drop across a membrane filter with
increasing particle loading on the filter. The analyzer consists of a diffusion dryer to remove
particle-bound water and a filter tape to collect PM. Babich et al. (2000), using a Fluoropore
membrane filter, measured PM using the CAMM in seven U.S. cities. Results of comparison
to the Harvard Impactor (HI) yielded a good correlation (r = 0.95) and the average of CAMM-
to-HI of 1.07. When the same sampler was tested by the ARB in 1998/1999 at the
Bakersfield monitoring station during the winter months, it yielded a slope of 0.74 and
correlation of 0.98 (Chung et al. (2001). Although well correlated, the sampler showed a bias
of 25% compared to the FRM.

The BAM and the TEOM are the two most commonly used, commercially available,
continuous PM analyzers in California. Both have been used to measure ambient PM10 and
PM2.5 mass concentrations. These two technologies are designated FEMs for PM10.
Because of their widespread use, a discussion of each is provided below.
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5.3.2.1 Beta Attenuation Monitor

Several researchers (Jaklevic et al., 1981 and Kim et al., 1999) have used the measurement
principle of absorption of beta radiation by PM on a filter as an indicator of particulate matter
mass to provide real-time measurement of atmospheric PM. A Beta Attenuation Monitor
(BAM) uses a lo-vol size selective inlet, a filter tape, a beta attenuation source and detector, a
lo-vol flow controller, and a timer. The sampler contains a source of beta radiation (**C or
#Kr) and a detector to measure the beta absorption of PM accumulated on a filter. The filter
material is a roll or cassette, which advances automatically on a time sequence. When
particles are placed between the beta source and the detector, the beta rays are attenuated
or absorbed by particles in their path. The difference in attenuation before and after the
segment of the tape used to collect PM is attributed to the PM deposited on the filter. The
reduction in beta ray intensity passing through the collected PM is assumed to be a function
of the mass of material between the source and the detector. The degree of beta radiation
attenuation is converted to PM concentration.

5.3.2.1.1 PM2.5 Results

Instrument inter-comparison studies of BAM PM2.5 units (a Met One model 1020) were
conducted at Bakersfield (1998 — 1999) (Chung et al., 2001) and Fresno (1999 — 2000)
(Appendix 5 part G). The results at Fresno were good (regression coefficient [R?] of 0.97,
slope of 1.07, intercept of 7.06). At Bakersfield (1998-1999), the PM2.5 BAM study compared
one BAM equipped with a standard PM2.5 WINS inlet and one with sharp cut cyclone with the
PM2.5 FRM. The comparison showed very good agreement (R*> = 0.99 each, slopes of 0.91
and 0.97, and intercepts of 0.8 and 3.25, respectively). A minimum of 20 data pairs were
gathered at each location (Chung et al., 2001). These studies were surveyed and considered
in designing the 2001/2002 California Approved Sampler Study in Bakersfield, CA. The
sampler comparison study is summarized in Appendix 5 part H. It included collocated
Thermo Andersen BAMs (model FH 64 C14, here-after named And-BAM) and Met One BAMs
(model 1020, here-after named Met-BAM) were configured to measure PM10 and PM2.5, and
were operated in parallel with PM10 (SSI and Partisol) and PM2.5 (RAAS) FRMs. Using the
results of the collocated samplers, precision was determined. The accuracy was evaluated
using the lo-vol FRM as the reference. Two of each of the continuous PM2.5 samplers were
fitted with sharp-cut cyclones to isolate the PM2.5 fraction from PM10.

The accuracy of the PM2.5 sampler data was determined by comparing 24-hr average data
with the RAAS FRM (Table 4, Appendix 5 part H). There was excellent agreement between
the continuous methods and the FRM. Regression analysis of the And-BAM and Met-BAM
against the RAAS produced slopes of 1.03 and 1.03, respectively, correlations of 0.98 and 1.0
respectively, and intercepts of -1.32 and -1.58 respectively. A minimum of 102 data pairs was
used in the analysis.

5.3.2.1.2 PM10 Results

Data comparing the SSI to the Met One BAM PM10 in Bakersfield in 1998-99 vyielded limited
but encouraging results (R = 0.99 with slope of 1.01 and intercept of 1.90 ny/m? for eight
data pairs (Chung et al., 2001). A study in Fresno in 2000, however, showed a weaker
relationship (R* = 0.76 with slope of 1.11 and intercept of 23.24 ng/m® for 10 data pairs).

California_Approved Sampler Study: In the ARB’s 2001/2002 sampler comparison study in
Bakersfield, (Appendix 5 part H) the And-BAM and Met-BAM PM10’s compared favorably to
the Partisol PM10 yielding slopes of 1.04 and 1.13 respectively, correlation values of 0.99 and
1.0 respectively, and intercepts of —2.50 and -1.65 respectively. Thirty data pairs or more
were used for comparison.
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The results of comparison of continuous samplers with each other and with PM2.5 and PM10
FRMs were compared with U.S. EPA PM10 class Il test specifications (slope 1 + 0.1,
intercept = 5 ng/m®, correlation 3 0.97, and precision of 7%, Table 5, Appendix 5 part H). The
rationale for selecting this test is provided in Appendix 5 part H.

Accuracy and precision values of these continuous samplers for both size cuts meet or
exceed the proposed test specifications. Consequently, staff recommend that both the
Thermo Andersen BAM (FH 64 C14 model), and the Met One BAM (1020 model) be
approved for use to determine compliance with the State AAQS for PM2.5 and PM10.

5.3.2.1.3 Tapered Element Oscillating Microbalance

The Tapered Element Oscillating Microbalance (TEOM) is a low-volume sampler (16.67 Ipm)
that uses a mass sensor to measure airborne particle mass in real time. A TEOM consists of
a size-selective inlet, flow splitter, sample filter, microbalance, flow controller timer, and
software that makes the operation of the instrument fully automatic. In practice, the TEOM
collects PM on a filter located on the top of a hollow, oscillating tapered tube. A small portion
of the incoming air flow is drawn through the filter and through the tube. The oscillation
frequency of the tapered inlet tube is inversely proportional to the mass of the sample that is
deposited on the collection filter. The frequency decreases as mass accumulates on the filter,
providing a direct measure of inertial mass. The typical measurement is collected over a
period of ten minutes. The sample chamber is maintained above ambient temperatures (30-
50C) to minimize the effect of temperature changes and thermal expansion of the tapered
element that may affect the oscillation frequency, and to reduce particle-bound water
(Patashnick et al., 1991).

Several studies (Allen et al. 1997, Chung et al. 2001, Cook et al. 1995) have shown that the
concentration of PM10 or PM2.5 mass using the TEOM are often lower than PM
measurements produced by other methods. Analysis of the constituents typically found in
such cases indicates that this is caused by loss in the heated sample chamber of semi-
volatile PM, such as ammonium nitrate and/or organic compounds. While most of the volatile
components are found in the fine PM fraction (PM2.5), discrepancies between PM10 TEOM
and reference samplers have also been observed.

Cook et al. (1995) studied the performance of the PM2.5 TEOM with a candidate FRM PM2.5
sampler at the Bakersfield monitoring station. The TEOM was operated at two temperatures,
30C and 50C, to determine the effect of temperature on measurement of PM mass. At both
temperatures, the TEOM measured lower PM2.5 mass than the dichot or a single-stage lo-vol
gravimetric sampler. PM concentrations from the TEOM at 50C were much lower (negative
bias) compared to those at 30C, confirming the effect of temperature at that location on semi-
volatile organics and nitrates from the filter.

In another study in Bakersfield, a PM10 SSI (an FRM) and TEOM sampler operated in
parallel from November 1998 to February 1999 (Appendix 5 part G). This is a period when
PM concentrations, and in particular volatile components, are high. The samplers correlated
well, but again, the TEOM showed a significant negative bias (R* = 0.95 with slope of 0.37).
At the Fresno Supersite, for the 1999 - 2000 sampling period, similar samplers correlated as
well, and less bias relative to the FRM was seen (R? = 0.95 and slope of 0.83).

When PM2.5 was evaluated at the Fresno Supersite, the TEOM showed poor correlation and
a very large negative bias with respect to the PM2.5 (R* = 0.31 with a slope of 0.42). At both
sites, the TEOM underestimated PM mass concentration where semi-volatile components of
PM are a significant component in both PM fractions.
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In general, EPA-approved TEOMs have not performed well in the two areas of the State with
the most persistent PM problem, the San Joaquin Valley Air Basin and the South Coast Air
Basin. The TEOM'’s disadvantage is that the temperature necessary for the proper operation
of the microbalance volatilizes a substantial component of the PM as part of the measurement
process. This is more pronounced for measurement of fine PM fraction where volatile
components make up a large part of the PM. The instrument manufacturer acknowledges
this situation, and has developed several enhancements in recent years that address this
problem.

A Sampler Equilibration System (SES) conditions the incoming sample air to lower humidity
and temperature, to reduce losses of volatile species for the TEOM (Meyer et al., 2000). The
SES utilizes a Nafion dryer which fits between the flow splitter that follows the size-selective
inlet and the sensor unit. This unit was evaluated by the U.S. EPA as part of the
Environmental Technology Verification program. The results were encouraging; however, the
negative bias still existed.

Patashnick et al. (2001) subsequently developed a differential TEOM, which is a matched pair
of TEOM sensors that operate at ambient temperature. The intent of the design is to
measure continuous PM mass including volatile components. Downstream flow from a
common size selective inlet is passed through a dryer. At the dryer exit, the flow is split with
each branch passing through an electrostatic precipitator (ESP), each of which alternately
turns off and on, out of phase with the other. The flow through each ESP is directed to a
separate microbalance. The difference in the effective mass measured by the two
microbalances is the sum of PM masses due to non-volatile and volatile component, from
which filter artifacts and effective mass due to instrument sensitivity due to temperature
changes is subtracted. However, this instrument is very expensive and is not applicable for
routine field use.

In 2001, Rupprecht & Patashnick developed the commercial version of the differential system,
the filter dynamics measurement system (FDMS). The FDMS uses the TEOM-SES system, a
dryer, a switch, a purge filter conditioning unit, and a microbalance configured in a way to
measure both volatile and non-volatile PM mass.

The sampling process consists of alternate sampling and purge cycles of 5-mintes each.
During the first five minutes a PM is collected on the microbalance filter and mass is
determined. The next five minutes, the collected PM is purged by air from the purge filter
control unit from which PM is removed. Any decrease in filter mass observed during the
purging cycle is attributed to the loss of volatile PM. The mass lost is added back to the mass
measured during the first cycle (before purging) thus compensating for any loss during
sampling. The reported mass concentration approximates the sum of nonvolatile and volatile
PM.

California Approved Sampler Study: In the latest Bakersfield sampler study (ARB, 2001 —
2002) (Appendix 5 part H), comparison of the Partisol PM10 and the FDMS produced a slope
(1.05), correlation (0.97), and an intercept (1.08) that agree with the proposed test
specifications (Table 5, Appendix 5 part H). Thirty data pairs were used in the comparison.

Comparison of PM2.5 FDMS with the RAAS PM2.5 produced a slope (1.03), correlation
(0.99), and an intercept (2.92) that are within the acceptable ranges described in the test
specifications. At least 100 data pairs were used for the comparison.

Because of its performance, the staff recommends that the FDMS be approved for use to
determine compliance with the State AAQS for PM10 and PM2.5.
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5.4 Recommendations
The staff recommends the following monitoring methods:

PM10 Monitoring Method — Adopt the Federal Reference Method (FRM) for PM10 as the
method for California.

PM2.5 Monitoring Method — Adopt the Federal Reference Method (FRM) for PM2.5 as the
method for California.

Continuous PM Samplers — Adopt those continuous PM samplers which have been found
to be suitable for determining compliance with the state PM10 and PM2.5 AAQS, and
designate them as California approved samplers (CAS).

Sulfates Monitoring Method — Revise the sulfate monitoring method by deleting the
current total suspended particle (TSP) sulfate method, ARB method MLD 033, and
replacing it with the existing ARB method for PM10 sulfates, MLD 007.

A summary of measurement methods recommended by staff is provided below.
(a) Measurement of PM10 shall be accomplished by one of the two following techniques:

(1) A sampler that meets the requirements of the U.S. EPA Federal Reference
Method(FRM) sampler for PM10, as specified in 40 CFR Part 50, Appendix M
(1997), and which employs an inertial impactor; or,

(2) A sampler that has been demonstrated to the satisfaction of the Air Resources
Board to produce measurements equivalent to the FRM.

At the time of Board consideration of this regulation, the following samplers are
deemed to satisfy section (2) above, and staff is recommending their adoption by
the Board: A continuous PM10 sampler as specified in Appendix 5 part H, Thermo
Andersen BAM (model FH 62 C14), Met One BAM (model 1020), and Rupprecht &

Patashnick FDMS (series 8500).
(b) Measurement of PM2.5 shall be accomplished by one of the following two techniques:

(1) A sampler which meets the requirements of the U.S. EPA Federal Reference
Method (FRM) sampler for PM2.5, as specified in the 40 CFR Part 50, Appendix L
(1997); with either a WINS impactor or a U.S. EPA approved very sharp cut
cyclone (Federal Register, 2002) to isolate PM2.5 from PM10, or

(2) A sampler which has been demonstrated to the satisfaction of the Air Resources
Board to produce measurements equivalent to the FRM.

At the time this regulation is considered by the Board, the following samplers are
deemed to satisfy section (2) above, and staff is recommending their adoption by
the Board: A continuous PM2.5 sampler as specified in Appendix 5 part H, with
either a very sharp cut cyclone or a sharp cut cyclone: Thermo Andersen BAM
(model FH 62 C14), Met One BAM (model 1020), and the Rupprecht & Patashnick
FDMS (series 8500).

The rationale for these recommendations is given below
54.1 PM10

The Board needs to update the State PM10 method to reflect advancements and
improvements in sampler technology. The FRM for PM10 is quite similar to Method P and
includes requirements that are more up-to-date. The FRM sampler operation requirements
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are currently used in the State and local air monitoring network. Incorporating the FRM into
the AAQS will simply change legal requirements to reflect practice.

State methods have not been updated since the mid-1980’s and need to recognize advances
in both hi-vol and lo-vol measurement technology. Expanding the State method for PM
monitoring to include all federal high-volume and low-volume samplers will allow the FRM
samplers that perform well, but had not been approved for use in California, to be used for
both State and federal regulatory activities. This will eliminate confusion of having two
methods (State and federal) for the same parameter.

Allowing the use of the lo-vol PM10 method for the State PM10 standard offers the advantage
of having one PM10 sampler produce data for both the State PM10 standard and as a
possible element for a the potential federal PM coarse standard.

54.2 PM25

There are more than 80 PM2.5 FRM samplers currently in operation in California. Approval of
the staff's proposal by the Board will incorporate these samplers into the State network and
enhance their usefulness in the State. Adopting a continuous sampler technology that
corresponds to a high degree with the FRM for PM2.5 has many programmatic and public
health benefits to the State.

Staff proposes to maintain the provision in regulation for it to evaluate new measurement
technologies and approve them pending a determination they are consistent with the
applicable FRM.

5.4.3 Sulfates

The current sulfates standard uses MLD Method 033 for the sampling and analysis of sulfate
by TSP. The ARB also has MLD Method 007 (latest version dated April 22, 2002) for
measuring sulfates on PM10 filters, which uses PM10 sampling with sulfates analysis by ion
chromatography. Staff recommends replacing the existing MLD Method 033 with MLD
Method 007 as the proposed measurement method. This will provide the capability of using
the PM10 sampling network for measuring sulfates, as well as allow for the minimization of
any artifact-forming potential through the use of alkalinity-controlled filters.

5.5 Estimated Costs and Impacts

A substantial PM2.5 monitoring network, largely funded by the U.S. EPA, is now in place in
California, and the U.S. EPA is in the process of implementing the last stages of the network
build-up. A state-funded portion of the PM2.5 network also exists, primarily as continuous
samplers. It was funded by the legislature in the late 1990’s in response to Health & Safety
Code section 39619.5, that requires the Board to conduct “monitoring of airborne fine
particles smaller than 2.5 microns in diameter (PM 2.5).” The methods, samplers, and
instruments proposed by staff include those used in, and so take full advantage of, these
existing networks. Little extra expense is anticipated. However, approval of continuous
samplers may result in requests for additional samplers, given their economies of operation.

The Board has had in place an extensive PM10 network for years. This proposal reaffirms
the past samplers and incorporates the more recent federal samplers into the list of approved
samplers for the State AAQS. The State’s PM10 sampling method (Method P) has been the
State ambient air monitoring method since 1985. The sampler of choice at that time was the
hi-vol SSI. Implementing the proposed changes in Method P to explicitly acknowledge all
FRM samplers would not incur any cost to either government entities or private businesses,
because it would allow the operators of the PM samplers the option of retaining the current
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sampling method. In fact, it would expand the number of acceptable samplers now in use to
include heretofore unrecognized methods.

The recommended changes to Method P may result in cost saving to the extent that
continuous PM10 monitoring methods are used in place of conventional filter-based methods.
Continuous methods are less labor intensive than Method P and generate substantially more
data. The staff cannot quantify any cost saving since it is unknown to what extent local
agencies would choose to use to continuous samplers, instead of the conventional filter-
based samplers used now.

Appendix 5 part | lists PM10 and PM2.5 monitoring sites and includes the various types of
samplers that were being used at these sites in June 2001.
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6. Exposure to Particles

6.1 AreaDesignations

California has two ambient air quality standards for inhalable particulate matter (PM10), one
with a 24-hour averaging time and a level of 50 ng/m?, and an annual standard with a level of
30 ng/m°. Health & Safety Code (H&SC) section 39607(e) requires the Air Resources Board
(ARB) to establish and periodically review criteria for designating areas as nonattainment,
attainment or unclassifiable. The last review was completed in November 2000 (ARB 2000).

The Board designates areas based on recent ambient air quality data. The data must satisfy
specific siting and quality assurance procedures established by the U. S. Environmental
Protection Agency (U.S. EPA) and adopted by the ARB. An area is designated nonattainment if
ambient PM10 concentrations in that area violate either of the State standards at least once
during the previous three calendar years.

The Board designates an area as attainment if air quality data show PM10 concentrations have
not violated the standards during the three previous years. Regions without adequate PM10
monitoring data are designated unclassified.

Since highly irregular or infrequent events can lead to ambient PM10 concentrations over the
24-hour State standard level, such exceedances are not considered violations. The area
designation criteria define three types of highly irregular or infrequent events: extreme
concentration, exceptional concentration, and unusual concentration.

An extreme concentration event is identified through a statistical procedure that calculates the
PM10 concentration that is expected to occur no more than once per year. This calculated
PM10 concentration is the Expected Peak Day Concentration (EPDC). The EPDC is calculated
for each monitoring site using PM10 concentration data collected during a three-year period.
Unusual meteorology can cause an extreme concentration event. PM10 concentrations
measuring higher than the EPDC are identified as extreme concentrations and are not
considered violations of the standard. Included in these criteria is a once per year expected rate
of exceedances (on average).

An exceptional concentration event is an identifiable event that causes an exceedance of the
State standard, but that is beyond reasonable regulatory control. Examples include wildfires,
severe windstorms, and seismic activity.

An unusual concentration event is an anomalous exceedance of the State standard that cannot
be identified as an extreme concentration or an exceptional event. Unusual concentration
events apply only to areas designated attainment or unclassified.

As specified in the California Code of Regulations, title 17, section 70302, the geographical
extent of an area designated for PM10 usually is an entire air basin. However, the Board may
designate smaller areas, based on a review of topography and meteorology, population density,
location of emission sources, and existing political boundary lines.

As shown in Figure 6.1, virtually all of California violates the current State PM10 air quality
standards. Only Lake County is designated attainment for the State standards. In the Mountain
Counties Air Basin, Amador County and portions of Mariposa and Tuolumne Counties are
unclassified. The Yosemite National Park, located in Tuolumne and Mariposa Counties is
designated nonattainment.



Figure 6.1. Area Designations for the State PM10 Ambient Air Quality Standards
(Reference: Air Resources Board. Proposed area designations and maps.

Staff report: Initial statement of reasons for proposed rulemaking,
Sacramento, 2000).
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Air districts with areas designated nonattainment for the State PM10 standards are not required
by State law to develop plans for attaining the State PM10 standards. However, H&SC sections
40001 and 40913 require such districts to adopt and enforce rules and regulations to
expeditiously attain the PM10 standards.

6.2 Monitoring Network

California has a PM10 monitoring network with over 130 monitors statewide (Figure 6.2). At
each monitoring site, High Volume Size Selective Inlet samplers collect 24-hour average PM10

samples, usually once every six days. The network is described in further detail in the State and
Local Air Monitoring Network Plan (ARB 2000a).

To assess the nature and extent of PM2.5 pollution in the State, ARB and local air districts
began deploying PM2.5 samplers in 1998. Currently we have placed federally-approved PM2.5
mass monitoring equipment (Federal Reference Method, FRM monitors) at 81 sites across
California (Figure 6.3). FRM monitors collect 24-hour average PM2.5 samples, usually once
every three days. More information about the PM2.5 network is contained in ARB’s 2000
California Particulate Matter Monitoring Network Description (ARB 2000b).

California’s dichotomous (dichot) sampler network has been in operation since 1983. Until
recently the network comprised 20 sites collecting 24-hour samples every sixth day (Figure 6.4).
The dichot sampler, or virtual impactor, uses a low-volume PM10 inlet followed by a virtual
impactor which splits the air stream in two, separating particles into two fractions: fine particles
(PM2.5) and coarse particles (PM2.5-10). The sum of the fine and coarse fractions provides a
measure of total PM10. With the implementation of the federally required PM2.5 network, a
number of dichot monitoring sites were closed by early 2000. With the exception of the dichot
site in Fresno, the complete phase out of the dichot network occurred in December 2000.

6-3



Figure 6.2. PM10 Mass Monitoring Sites
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Figure 6.3. PM2.5 FRM Mass Monitoring Sites

TS ] AP

MNortheast Plateau

Sacramerto Valley

San Joaquin Valley

Lake Courty Lake Tahos
Mourtain Courties
Great Baszin Valleys
Eay fArea T
Monterey Bay L
- ®
San Luis Obizpo i
Conrty
i &
L ]
K E
5 Santa Barbara
Courty
Wertura County o g8 i
el oS P, o ®
South Coast
B
h
® Deployved
\ San Diego
Courty
Mikes
] a0 m 0 m = Im

6-5

Mojave Desert

Cozchella
alley

Irnperal Courty



Figure 6.4. Dichotomous Sampler Sites
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6.3 Characterization of Ambient Air Quality
6.3.1 Overview

This section describes the characteristics of PM10 and PM2.5 by each air basin in California,
including: ambient concentrations; seasonal variations; identification of sources leading to the
observed ambient particle concentrations; and the frequency distribution of the observed
concentrations. To assess the spatial and temporal characteristics of PM10 and PM2.5
concentrations, we analyzed the following ambient air quality data:

PM10 observations from Size Selective Inlet (SSI) monitors (from 1998 to 2000) (ARB 1998,
ARB 2000a);

PM2.5 information from the newly deployed Federal Reference Method (FRM) monitors,
available only for two years (1999 and 2000) (ARB 2000b); and

PM10-2.5 and PM2.5 data from dichotomous (dichot) samplers (from 1988 to 1999)
(ARB 1998).
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The data were extracted from the U.S. Environmental Protection Agency (U.S. EPA) Aerometric
Information Retrieval System (AIRS) on November 15, 2001 (on May 18, 2001 for frequency
distribution analysis).

For assessing the chemical composition of ambient PM10 and PM2.5, we reviewed information
available from:

The State’s PM10 and PM2.5 monitoring networks;

Two-Week Samplers (TWS) used in the California Children’s Health Study (Taylor et al.
1998);

The Interagency Monitoring of Protected Visual Environments (IMPROVE) program; and

From special studies conducted in Imperial Valley, Sacramento, San Francisco Bay Area,
San Joaquin Valley (1995 Integrated Monitoring Study, IMS95), Santa Barbara County, and
South Coast Air Basin (1995 PM10 Enhancement Program, PTEP95).

6.3.1.1 PM10 and PM2.5 Ambient Concentrations

Table 6.1 lists maximum 24-hour and annual average PM10 concentrations in micrograms per
cubic meter (ng/m® recorded in each air basin from 1998 through 2000 and PM2.5
concentrations from 1999 and 2000 — since federally approved PM2.5 monitors have been in
operation in California. The revised State PM10 and the new State PM2.5 standards are
proposed to be based on an annual arithmetic mean. The average of quarters is the preferred
method for determining the arithmetic mean. For PM10 Table 6.1 includes two annual average
statistics. The first is the annual geometric mean for the site with the highest value within the air
basin. The annual geometric mean is used for the current State standard. The second statistic is
the annual average of quarters with the highest annual average of quarters within the air basin,
which is also the site with the highest annual geometric mean. We applied the data
completeness criteria specified for the current State annual PM10 standard for estimating both
annual means. For PM2.5 the table lists the annual average of quarters for the site with the
highest value. This is also the annual averaging used for the current federal standard. In
addition, Table 6.1 shows the number of days with measured PM10 concentrations over the
current PM10 State standard and the number of days with concentrations over the proposed
State PM10 standard. For PM2.5 the table lists the number of days with measured
concentrations over the federal PM2.5 standard and the number of days with concentrations
over the proposed State PM2.5 standard. No conclusions on attainment for the federal PM2.5
standards should be drawn from these data, since attainment designations will be based on
three years of air quality data. No conclusions on attainment for the revised State PM10 and
new PM2.5 standards should be drawn from these data either, since attainment designations
are part of a separate regulatory process. Detailed data by monitoring station for each air basin
are presented in Appendices 6-A and 6-B. We used SSI data for PM10 and FRM data for PM2.5
to generate these tables. Monitoring data are presently being evaluated for occurrences of
exceptional events, consequently the data listed in Table 6.1 and Appendices 6-A and 6-B
include data that in the future may be removed from AIRS.
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Table 6.1.

Maximum PM10 and PM2.5 Statistics per Air Basin

PM10 (ng/m°)™? PM2.5 (ng/m°)™2
Air Basin | Year ["gampled Max. Annual Average Concentrations'” | Sampled | Sampled Max. Annual Avg.
Days over 24-hour Days over | Days over 24-hour Concentration
State Std. Conc. Max. Annual Max. Annual Federal New State Conc. Max. Annual
(Std.=50) Geometric Arithmetic Std. Std. Average of
Mean® Average of (Federal Quarters®”
Quarters” Std.=65) (Federal
(Current Std.=15)
Std.=30) (Revised (New State (New State
Std.=20) Std.=25) Std.=12)
Great 1998 | 29 1116 20 51
Basin 1999 | 7 514 14 15 2 41 Incomplete data
Valleys 2000 | 28 3059 19 39 2 9 68 Incomplete data
Lake 1998 35 Incomplete data Incomplete data
County 1999 43 Incomplete data Incomplete data 15 Incomplete data
2000 22 10 11 9 Incomplete data
Lake 1998 | 2 59 20 23
Tahoe 1999 41 17 20 21 8
2000 50 18 20 23 8
Mojave 1998 | 8 165 14 16
Desert 1999 | 12 109 28 32 2 48 12
2000 | 11 90 19 23 4 39 12
Mountain 1998 | 11 92 23 25
Counties 1999 | 13 125 23 25 4 13 92 11
2000 | 10 98 16 18 10 48 9
North 1998 | 5 76 26 28
Central 1999 | 9 103 28 31 2 31 Incomplete data
Coast 2000 | 4 74 24 26 1 26 Incomplete data
North 1998 50 20 21
Coast 1999 | 11 100 21 25 4 37 9
2000 | 2 51 20 22 24 9
Northeast 1998 4 66 Incomplete data Incomplete data
Plateau 1999 12 100 22 26 2 40 8
2000 10 80 18 23 2 38 9
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Table 6.1. Maximum PM10 and PM2.5 Statistics per Air Basin (continuation)
Air Basin Year PM10 (ng/m°)"? PM2.5 (mg/m°)&2%)
Sampled Max. Annual Average Concentrations"” Sampled Sampled Max. Annual Avg.
Days 24-hour Days over | Days over 24-hour Concentration
over Conc. Max. Annual Max. Annual Federal New State Conc. Max. Annual
State Geometric Arithmetic Std. Std. Average of
Std. Mean® Average of (Fefera' Quarters(6’7)
_ @ Std.=65)
(Std.=50) Quarters (New State (Federal
Std.=25) Std.=15)
Revised New State
(S(;’;r:rggt) (Std.:ZO) ( Std.=12)
Sacrament | 1998 17 130 23 29
oValley | 1999 27 179 30 38 11 64 108 18
2000 17 86 25 28 5 42 98 16
Salton 1998 53 176 59 66
Sea® 1999 63 227 66 78 15 53 15
2000 92 268 73 85 1 16 84 17
San Diego | 1998 18 89 39 43
County | 1999 24 121 48 52 70 64 18
2000 25 139 32 34 2 55 66 16
San 1998 5 92 23 25
Francisco | 1999 12 114 25 29 4 48 91 Incomplete data
Bay Area 5000 7 76 24 27 1 47 67 14
San 1998 51 160 32 40
Joaquin 1999 62 183 50 60 42 109 136 28
valley 2000 64 145 45 53 32 106 160 23
South 1998 18 110 24 25
Central 1999 18 90 28 31 11 65 14
Coast 5000 24 113 26 31 14 55 15
South 1998 59 116 43 50
Coast 1999 55 183 65 72 12 108 121 31
2000 83 139 55 59 20 189 120 28
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Notes for Table 6.1.

(1)

(2)

®3)

(4)

(5)

(6)

()

(8)

Monitoring data are presently being evaluated for occurrences of exceptional events,
consequently the table includes data that in the future may be identified as recorded
during an exceptional event and be removed from consideration.

No conclusions on attainment for the revised State PM10 and new PM2.5 standards
should be drawn from these data, since attainment designations are part of a separate
regulatory process.

No conclusions on attainment for the federal PM2.5 standard should be drawn from
these data, since attainment designations will be based on three years of data.

The same number of ambient PM10 observations is used for estimating each annual
average for PM10; the only difference among the annual averages is the averaging
method used.

For PM10 the table lists the monitoring site with the highest estimated annual geometric
mean in the corresponding air basin. The same site also has the highest estimated
annual arithmetic average of quarters.

For PM2.5 the table lists the monitoring site with the highest estimated annual average
of quarters in the corresponding air basin.

The annual average of quarters for each monitor is estimated by first averaging the
ambient 24-hour PM measurements to obtain quarterly means and then averaging the
estimated quarterly means (as generally described in Appendix N to 40 CFR Part 50:
National Ambient Air Quality Standards for Particulate Matter; Final Rule. July 18, 1997).

Salton Sea PM10 statistics exclude data from the Calexico-East Site, because data from
this site do not represent widespread exposure.
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As shown in Table 6.1, with the exception of Lake County, all air basins exceed the State 24-
hour PM10 standard of 50 ng/m®. The Great Basin Valleys Air Basin recorded the three highest
24-hour PM10 levels in the State, 3059 ng/m?® in 2000, 1116 ng/m?® in 1998, and 514 ng/m?® in
1999. Four air basins exceeded the current annual PM10 State standard of 30 ng/m?®: Salton
Sea, San Diego, San Joaquin Valley, and South Coast. The Salton Sea Air Basin had the
highest PM10 annual geometric means - 73 ng/m? in 2000 and 66 ng/m?® in 1999 - followed by
the South Coast Air Basin - 65 ng/m?® in 1999. In air basins exceeding both current State PM10
standards, the ratios of maximum 24-hour and annual concentrations compared to the
respective standards suggest that the 24-hour State standard is controlling (Table 6.2). As
shown in Table 6.1, with the exception of Lake County, all air basins exceeded the proposed
annual PM10 State standard of 20 ng/m®. Currently, eight air basins (Great Basin Valleys,
Mountain Counties, Sacramento Valley, Salton Sea, San Diego County, San Francisco Bay
Area, San Joaquin Valley, and South Coast) recorded 24-hour concentrations over the federal
PM2.5 standard. Values over the 24-hour standard in Mountain Counties in 1999 may have
been caused by extensive wildfires. With the exception of Great Basin Valleys,
Mountain Counties and San Francisco Bay Area, the other five air basins also recorded
maximum annual averages above the federal annual PM2.5 standard. In comparison, all air
basins - with the exception of Lake County and Lake Tahoe - recorded 24-hour concentrations
over the proposed State PM2.5 standard of 25 ng/m® and seven air basins (Sacramento Valley,
Salton Sea, San Diego County, San Francisco Bay Area, San Joaquin Valley, South Central
Coast and South Coast) also had maximum annual averages above the proposed State annual
PM2.5 standard.

Table 6.2. Ratios of yearly maximum 24-hour PM10 and annual average
concentrations compared to the respective State standards.
Air Basin Year | Max. 24-hour/Std. Max. Annual Avg®/Std.
(Std. = 50 ng/m°) (Std. = 30 ng/m°®)
Salton Sea 1998 | 35 18
1999 |45 2.1
2000 |54 31
San Diego 1998 | 1.8 1.3
1999 | 24 16
2000 | 2.8 11
San Joaquin Valley 1998 | 3.2 11
1999 | 3.7 1.7
2000 | 2.9 15
South Coast 1998 | 2.3 1.6
1999 | 3.7 2.2
2000 | 2.8 18

(1) For the air quality monitoring site with the highest estimated annual geometric mean for PM10 in the
corresponding air basin.
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Background sites are intended to quantify regionally representative PM concentrations for sites
located away from populated areas and other significant emission sources. Background
concentrations are defined as concentrations that would be observed in the absence of
anthropogenic emissions of PM and the aerosol particles formed from anthropogenic precursor
emissions of VOC, NOy and SOy However, it is very difficult to find true background sites.
Depending on the season and meteorological conditions, even the monitoring sites located in
pristine areas can be influenced by anthropogenic emissions and transport. This in turn may
lead to higher annual average PM concentrations. Annual average PM concentrations from the
IMPROVE network are presented in Table 6.3 (aggregated over a three year period,
March 1996 to February 1999) (Malm et al. 2000).

Table 6.3. Annual Average PM10 and PM2.5 Concentrations at IMPROVE Sites

Site Annual Average PM10 Annual Average
(ug/m®) PM2.5 (ug/m®)
Lassen Volcanic National Park 5.06 2.68
Pinnacles National Monument 10.97 4.55
Point Reyes National Seashore | 12.42 4.01
Redwood National Park 7.45 2.44
San Gorgonio Wilderness Area | 13.72 7.20
Sequoia National Park 18.64 8.86
Yosemite 8.52 4.33

As part of California’s PM2.5 program, three locations have been selected to measure
background PM2.5 concentrations: Point Reyes National Seashore in Northern California, and
San Rafael Wilderness and San Nicholas Island in Southern California. These sites are located
away from populated areas and other significant sources of particulate and particulate precursor
emissions. The sites have been in operation since December 2000. Data from these sites are
not yet available. However, data obtained from the IMPROVE program for Point Reyes from
March 1996 through February 1999 indicate that the annual average concentrations were
4.01 ng/m® for PM2.5 and 12.42 ng/m® for PM10. PM10 and PM2.5 data collected at San
Nicolas Island as part of PTEP95 program show a PM10 annual average of 18.7 ng/m® and a
PM2.5 annual average of 6.82ng/m® (Kimetal. 2000). In addition, as part of
California Regional PM10/PM2.5 Study (CRPAQS), we will be evaluating data from several
sites, including one site in a desert locality and one site in a forested area for determining
regional background PM concentrations.

6.3.1.2 Historical Trends

We determined PM concentration trends using dichot PM2.5, PM10-2.5, and PM10 data
collected from 1988 through 1999 at selected urban sites. The dichot sampler uses a
low-volume PM10 inlet followed by a virtual impactor, which splits ambient air samples into fine
(PM2.5) and coarse (PM10-2.5) particle fractions. The sum of these two fractions provides a
measure of total PM10. We estimated annual arithmetic mean concentrations, by averaging
quarterly (January through March, April through June, July through September, and October
through December) arithmetic means. Data illustrated in Figure 6.5 indicate that, overall, the
annual means of PM2.5 decreased until 1998, increasing in 1999 at most sites. Monthly rainfall
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data obtained from National Weather Service stations indicate 1999 was a much drier year than
1997 and 1998, contributing to higher particulate matter concentrations in 1999. As shown in
Figures 6.6 and 6.7, the coarse PM10-2.5 and the PM10 annual means exhibited similar trends,

with a slightly less pronounced decrease in coarse fraction concentrations in the 1994 to 1999
period.
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6.3.1.3 Seasonality

Plots showing seasonal variation in ambient particulate matter concentrations were generated
using FRM data for PM2.5 and SSI data for PM10. These seasonality plots are included in the
subsections of this chapter describing particulate matter air quality in each air basin. The data
represent the peak 24-hour PM concentration per month for each size fraction. In some cases
PM2.5 is higher than PM10. This can occur for two reasons. First, the measurements are made
on two different sampling systems and therefore have different levels of accuracy, precision,
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and uncertainty. Second, in some cases peak PM10 and PM2.5 concentrations do not occur on
the same day. The plots were generated to provide an understanding of the seasonality of peak
concentrations, not to compare specific PM10/PM2.5 concentrations to each other.

In general, there are a number of air basins which exhibit strong seasonal patterns. Areas such
as Sacramento, the San Joaquin Valley, and the San Francisco Bay Area record much higher
PM2.5 and PM10 concentrations in the winter months (Figure 6.8). During this time of year, the
PM2.5 size fraction drives the particulate matter concentrations.
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(Figure 6.9). In the South Coast, PM10
and PM2.5 concentrations remain high
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concentrations (e.g., Table 6.4). Figure

6.10 shows that in general, the average
PM2.5 portion of PM10 was higher during
the winter (November to February) than
during the rest of the year (March to
October). These seasonal differences
were most pronounced in the San Joaquin Valley (75% in the winter and 38% during the rest of
the year) and least prominent in the Mojave Desert (46% in winter and 39% during the rest of
the year). No seasonal differences were apparent in the Great Basin Valleys Air Basin (see data
for the Coso Junction monitoring site in Table 6.4)

Figure 6.10. Monthly variation in the PM2.5 to
PM10 ratio
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Table 6.4.

Ratios of monthly average PM2.5 to PM10 mass with a reported minimum
and maximum at each location, 1999. Ratios were estimated using dichot

data.

1999 |Portola |Sacramento|San Jose|Modesto |Fresno |Bakersfield|{Coso |Victorville |Long [Calexico
Jct Beach

Jan |0.71 0.78 0.65 0.73 0.82 0.71 0.27 ]0.49 0.62 (041
Feb [0.59 0.60 0.51 0.68 0.68 0.58 0.43 |0.48 0.54 (041
Mar |0.54 0.61 0.39 0.51 0.53 0.44 0.30 |0.38 0.45 1|0.31
Apr |0.49 0.49 0.42 0.40 0.47 0.39 0.36 |0.56 0.45 |-
May [0.32 0.39 0.34 0.31 0.33 0.28 0.38 |0.36 0.39 |-
Jun |0.30 0.38 0.39 0.32 0.35 0.27 0.34 |0.37 0.47 |0.30
Jul 0.28 0.44 0.52 0.34 0.35 0.26 0.39 1|0.39 0.45 |0.24
Aug 10.43 0.48 0.52 0.38 0.31 0.28 0.30 |0.34 0.46 |0.24
Sep (0.32 0.41 0.52 0.37 0.28 0.31 0.38 |0.34 0.45 |0.21
Oct |0.40 0.42 0.51 0.34 0.38 0.34 0.30 |0.34 0.49 |0.26
Nov |0.74 0.66 0.60 0.63 0.68 0.58 0.36 |0.43 0.61 |0.26
Dec |(0.71 0.45 0.59 0.72 0.67 0.60 0.32 |0.45 0.58 |0.32
Max
. 0.91 0.86 0.80 0.85 0.88 0.82 0.73 |0.75 0.96 |0.59
Min
s 0.19 0.13 0.30 0.11 0.19 0.16 0.14 |0.20 0.30 |0.17

Seasonal variations in meteorological conditions and in the activity of emissions sources cause
the size, composition, and concentration of particulate matter to vary by region and by season.
Because air typically flows inland from the Pacific Ocean, the percentage of days exceeding the
California 24-hour standard is generally lower along the coast than in inland areas. As the air
parcel moves downwind across areas with significant anthropogenic activities, fresh emissions
and gas-to particle conversion cause PM concentrations to increase with distance, for example,
along the North Long Beach, Azusa, Riverside-Rubidoux corridor. PM2.5 concentrations are
highest during the winter months (November to February). Cool temperatures, low inversion
layers, and humid conditions favor the formation of secondary nitrate and sulfate particles,
which are found predominantly in the fine fraction. Residential wood combustion also leads to
higher PM2.5 concentrations during the winter. From 1988 to 1999, in the San Joaquin Valley,
97% of the four highest 24-hour PM2.5 concentrations and 68% of the four highest PM10
concentrations occurred during the winter. In the South Coast 53% of the four highest PM2.5
and 58% of the highest PM10 levels occurred in the winter season. Soil dust is the dominant
contributor to PM10 in the summer. A desert environment generally has low PM concentrations,
but on occasion high winds cause significant increases in dust.
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Figure 6.11. Winter average PM10 and PM2.5 concentrations by region
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6.3.1.4 Source Apportionment

Chemical Mass Balance (CMB) models are used to establish which sources and how much of
their emissions contribute to ambient particulate matter concentrations and composition.
CMB models use chemical composition data from ambient PM samples and from emission
sources. These data are often collected during special source attribution studies. The quality of
source apportionment results depends on the adequacy of the chemical markers used for each
potential source and of the ambient chemical composition data used in the analysis, as well as
the inclusion of appropriate sources. The source attribution data presented in this report was
derived from a variety of studies with differing degrees of chemical speciation. In general,
however, the source categories can be interpreted in the following manner. The road and other
dust, wood smoke, cooking, vehicle exhaust, and construction categories represent sources
which directly emit particles. Road and other dust represents the combination of mechanically
disturbed soil (paved and unpaved roads, agricultural activities) and wind-blown dust. Wood
smoke generally represents residential wood combustion, but may also include combustion from
other biomass burning such as agricultural or prescribed burning and cooking. The vehicle
exhaust category represents direct motor vehicle exhaust particles from both gasoline and
diesel vehicles. Construction reflects construction and demolition activities. Ammonium nitrate
and ammonium sulfate represent secondary species (i.e., they form in the atmosphere from the
emissions of nitrogen oxides (NOy), sulfur oxides (SOyx), and ammonia). Combustion sources
such as motor vehicles and stationary sources contribute to the NOy that forms ammonium
nitrate. Mobile sources such as diesel vehicles, locomotives, and ships and stationary
combustion sources emit the SO, that forms ammonium sulfate. Ammonia sources include
animal feedlots, fertilizers, and motor vehicles. The other carbon sources category reflects
organic sources not included in the source attribution models, such as natural gas combustion,
as well as secondary organic carbon formation. The unidentified category represents the mass
that cannot be accounted for by the identified source categories. It can include particle-bound
water, as well as other unidentified sources. Figure 6.12 illustrates the results of the PM2.5
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source apportionment analysis conducted for Fresno using ambient air samples collected
January 1°' through 4™ of 1996.

Winter 24-Hour Average PM, s FigL:rgb 6t-_12- tS(?DU'\;IZGSQat?:QOVieS
Fresno (1/4-6/96) contributing to 5 in Fresno

during the winter.
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For the area represented by the Children’s Health Study and by the IMPROVE network, specific
source apportionment analysis has not been conducted. Instead, the primary chemical
components of ambient PM2.5 are shown. As discussed above, nitrate and sulfate are
secondary species. Soil, elemental carbon, as well as much of the organic carbon are primary
species.

New data that is becoming available will allow for better, and more consistent source
apportionment. For example, the PM2.5 speciation samplers measure the species needed for
source apportionment analysis on the same sampler. Previously, ions and carbon were
measured on the SSI, and elements on the dichotomous samplers, requiring data from different
samplers to be combined for a complete picture. Data from special studies such as the
California Regional PM10/PM2.5 Air Quality Study (CRPAQS) and the 1997 Southern California
Ozone Study (SCOS97) will also provide more detailed speciation data for source
apportionment analysis.

As mentioned earlier, the size, concentration, and chemical composition of PM vary by region
and by season. A number of areas exhibit strong seasonal patterns. Other areas have a much
more uniform distribution — PM concentrations remain high throughout the year.

In the San Joaquin Valley, the San Francisco Bay Area, and the Sacramento area, there is a
strong seasonal variation in PM, with higher PM10 and PM2.5 concentrations in the fall and
winter months. The higher concentrations are due to increased activity for some emissions
sources and meteorological conditions that are conducive to the build-up of PM. During the
winter, the PM2.5 size fraction drives the PM concentrations, and the major contributor to high
levels of ambient PM2.5 is the secondary formation of PM caused by the reaction of NOx and
ammonia form ammonium nitrate. Emissions from wood smoke — mostly from fireplaces and
wood stoves — vehicle exhaust particles, and other carbon sources also contribute significantly
to PM2.5 levels. The San Joaquin Valley also records high PM10 levels during the fall. During
this season, the coarse fraction (PM10-2.5) — mostly road and agricultural dust - drives the PM
concentrations.

In the South Coast region, PM10 and PM2.5 concentrations remain high throughout the year.
The more uniform activity patterns of emission sources, as well as less variable weather
patterns, leads to this more uniform concentration pattern. On an annual basis, dust from roads
and construction is the major contributor to ambient PM10. NOx emitted from mobile and
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stationary combustion sources, combined with ammonia, contributes significantly. Vehicle
exhaust particles and other carbon sources also contribute.

In other areas, high PM can be more episodic than seasonal. For example, in Owens Lake in
the Great Basin Valleys Air Basin, episodic fugitive dust events lead to very high PM10 levels,
with soil dust as the major contributor to ambient PM10. In Imperial Valley in the Salton Sea Air
Basin, fugitive dust and dust from roads and farming operations lead to high PM10 levels.

Background sites often exhibit very different profiles. In national parks like Redwoods, Lake
Tahoe, and Pinnacles, organic carbon is the major component of annual average fine
particulate matter (Sisler 1996). Figures 6.13 and 6.14 show the PM2.5 chemical composition at
two of the PM2.5 program background sites. Data for Point Reyes are from analysis of ambient
air collected in 1995 as part of the IMPROVE program. Composition data for San Nicholas
Island were collected as part of the PTEP95 study. The data show sea salt, sulfate, and organic
carbon are the largest contributors to PM2.5 at both sites. Organic carbon particles in
background sites originate from natural combustion processes such as wild fires and organic
aerosols formed from VOC emissions from vegetation. In addition, natural emissions of gaseous
sulfur compounds contribute to the background sulfate component.

Annual Average PM, 5
Point Reyes (1995)

Annual Average PM, 5
San Nicolas Island (1995)

Ammonium
Unidentified 10% Sea Salt
26% 11%
Elemental
Carbon
4%

Unidentified Sea Salt
24%

Elemental
Carbon
3%

0 Sulfate Organic 25%

Organic Nitrate 18% Carbon Nitrate

16%

Total Mass 6.5 u/m3

Carbon 13% 21% 11%

Total Mass 5.6 ug/m3

Figure 6.13. Chemical composition
of ambient PM2.5 in the Point Reyes

Figure 6.14. Chemical composition
of ambient PM2.5 in San Nicolas

National Seashore Island

6.3.1.5 Frequency of Measured PM10 and PM2.5 Concentrations

We generated histograms that represent the frequency distribution of observed particulate
matter concentrations at all sites within an air basin. Separate histograms were plotted for
1998-2000 for PM10 (Appendices 6-C1 to 6-C3) and 1999-2000 for PM2.5 observations
(Appendices 6-D1 and 6-D2). As with previous analyses, the PM10 data is derived from the SSI
monitor and the PM2.5 data from the FRM monitor. These data were obtained from AIRS on
May 18, 2001. Figures 6.15 and 6.16 show the PM2.5 histograms generated for the North Coast
Air Basin and the South Coast Air Basin, respectively. Each bar represents the number of
observations within the specified range. For example, for PM2.5 the first bar is the number of
observations between Oand 5 ng/m®, the second between 5and 10 ng/m® and so on. The
histograms provide information on the frequency of high concentrations within each air basin, as
well as the most frequent, or predominant concentration levels, and can provide insight into the
impact of setting the standards at varying levels.
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In many of the air basins, 80% of the PM10 observations are below 30 to 35 ng/m®. However,
other air basins, such as the San Joaquin Valley and the South Coast, have significant numbers
of observations that are much higher. In these areas, the 80% cumulative frequency is not
reached until about 70 mg/m®. For PM2.5, in many of the air basins, most of the observations
are below 10 to 20 ng/m® (in the North Coast Air Basin example shown on Figure 6.15, all
observations are below 30 ng/m®). However, as with PM10, areas such as the San Joaquin
Valley and the South Coast (Figure 6.16), exhibit a distribution such that the 80% cumulative
frequency is reached at 35 to 40 ng/m®.

PM2.5 North Coast Air Basin PM2.5 South Coast Air Basin
Histogram for 2000 Histogram for 2000
70 T r 100.% 600
60
=50 4 T 80.% & 500
G 40 1 T 60.% S 400
] S
g 307 T 40.% =z 300
T 20 - T 200
10 1 i T 20% 100 :
O e s e w5 v e e s s 8 g Omgﬁg&ggggssgég-'%
=
PM2.5 Concentration (ug/m3) PM2.5 Concentration (ug/ms)
= Frequency —# Cumulative % P rrequency —™ Cumulative %
Figure 6.15. Frequency distribution of Figure 6.16. Frequency distribution of
ambient PM2.5 levels in the North Coast ambient PM2.5 levels in the South Coast
Air Basin (measurements from all Air Basin (measurements from all
monitors in the air basin). monitors in the air basin).

6.3.1.6 Diurnal Variation in PM10 levels

We used PM10 data collected with a Tapered Element Oscillating Monitor (TEOM) at two rural
agricultural locations in the Sacramento Valley and filter-based samples collected at one urban
and one rural site in the San Joaquin Valley to analyze hourly variations in PM10 levels. TEOM
samplers collect PM10 samples continuously, while filter-based samples were collected every
three hours. PM10 levels can vary significantly within a day and continuous monitoring data are
most useful to study these variations. On a rice straw burning day, in the Sacramento Valley,
PM10 concentrations reached 4 to 5 times the level of the State 24-hour standard for several
hours, although the 24-hour average PM10 level was barely above the current State standard.
In the San Joaquin Valley, PM10 levels varied significantly in urban Fresno during the course of
a winter day, with the highest concentrations occurring at nighttime, while PM10 concentrations
did not vary much throughout the day in rural SW Chowchilla. Chemical composition data
indicate diurnal variations in ammonium nitrate were the primary cause of the PM10 variations
in SW Chowchilla. The rise in PM10 concentrations in Fresno corresponded mostly to significant
nighttime peaks in vegetative burning, mobile sources, and excess organic carbon.

6.3.1.7 Particle Size Distribution

Data on particle size distribution is limited. During the IMS95 winter study in San Joaquin Valley,
air samples using a Micro-Orifice Uniform Deposit Impactor (MOUDI) sampler were collected at
Bakersfield (Chow et al. 1997). The MOUDI partitions ambient PM samples into nine size cuts
between 0.054 and 15 mm. We used these data to study the size distribution of PM10
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components. Soil components were concentrated mainly in the larger size fractions (>3.16 nm),
the coarse component of PM10. The size of nitrate particles peaked between 1 and 1.78 nm,
while organic carbon particles appeared in both larger (peak between 0.37 and 1 mm) and
smaller (<0.054 mm) size fractions.

6.3.2 Characterization of Ambient Particulate Matter by Air Basin

This section describes the characteristics of ambient particulate matter for each of the fifteen air
basins in the State. The information presented includes: maximum 24-hour and annual average
PM10 and PM2.5 concentrations, seasonal variation of particulate matter levels; frequency of
measured PM10 and PM2.5 concentrations, and ratios of PM2.5 to PM10 levels. Where
available, source attribution information is also included. For areas where no source attribution
analyses are available, the primary chemical composition of ambient PM10 or PM2.5 is
illustrated. Based on the 2000 annual average PM10 emission inventory, we identify the main
sources of directly emitted PM10.
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Great Basin Valleys
Air Basin

On an annual basis, particulate levels are low in the
Great Basin Valleys Air Basin (PM10 = 14 to 20 ng/m?®).
Eighty percent of the 24-hour PM10 observations were
below 25 to 30 ng/m® and 80% of the 24-hour PM2.5
observations were under 10 to 15 ng/m>. However, on a
short term, episodic basis, Great Basin Valleys may
record some of the highest monitored levels in the State.
During windy conditions, dust from the Owens and Mono
dry lakebeds produce extremely high concentrations of
particulate in the air, reaching 3059 ng/m® in Mono in
2000 and 1116 ng/m® in Owens in 1998. Particulate
levels exceeded the 24-hour State PM10 standard 64

times in the 1998-2000 period and two observations over the federal PM2.5 standard were
recorded in the 1999-2000 period. The Great Basin Valleys Air Basin did not exceed the PM10

annual standard.

Figure 6.17 illustrates the monthly variation of the maximum daily PM10 and PM2.5
concentrations at Keeler in 2000. Keeler is located near the Owens dry lakebed. High PM10
concentrations can occur at any time of the year, though more frequently in the spring and fall.
PM2.5 concentrations are relatively uniform most of the year.

Figure 6.17.

Monthly variation in maximum

24-hour PM10 and PM2.5 concentrations at Keeler

Great Basin Valleys - Keeler 2000
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*The monitors used to measure PM10 and PM2.5
are different and occasionally recorded
concentrations of PM2.5 which are greater than

PM10.

Data obtained from the Keeler and Coso Junction dichotomous samplers in 1999 indicate the
PM2.5 component of PM10 ranges from 14% to 89%, with an annual average of 33%.
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Based on the 2000 annual PM10 emission inventory, the major sources of directly emitted
particulate matter in the Great Basin Valleys Air Basin are unpaved road dust, windblown dust,
residential wood burning, and wildfires.

In the town of Mammoth Lakes, high  Figure 6.18. Monthly variation in maximum

PM10 concentrations usually occur  24-hour PM10 and total carbon levels at
during the winter months (December  pammoth.

— February). Figure 6.18 shows the

monthly variation of the maximum Mammoth Lakes PM10 Composition
daily PM10 concentrations in 1997. (1997)
The chart also illustrates how much 120
of the measured PM10 is total
carbon. During the winter, total | _ 1% M
carbon comprises 30% to 50% of | 32.8 __ so0
the measured PM10. Sources of 322 60
carbon include residential wood | §<\g
combustion and motor vehicles. § S 401
0 T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
Month

® Total Carbon OpPM10
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Lake County

Air Basin

On average, Lake County has among the lowest particulate
levels in the State. Maximum 24-hour PM10 ranges from
22t035my/m® and maximum 24-hour PM2.5 from
9 to 15 ng/m?, with no exceedances of either standard.

Figure 6.19 illustrates the monthly variation of the maximum
daily PM10 and PM2.5 concentrations at Lakeport in 1999.
PM10 levels are highest from August through October and are
low the rest of the year. PM2.5 concentrations peak in October
and November.

Based on estimated 2000 annual average PM10 emission
inventory data, the principal sources of directly emitted
particulate matter in Lake County are unpaved road dust and
residential wood burning. Occasionally, Lake County also has
significant levels of particulates from wildfires.

Figure 6.19. Monthly variation in maximum

24-hour
Lakeport

PM10 and PM2.5 concentrations at

Lake County - Lakeport 1999
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Lake Tahoe
Air Basin

PLACER

ELSDORA

Figure 6.20.

In the Lake Tahoe Air Basin, particulate levels exceeded the 24-
hour State PM10 standard two times in the 1998-2000 period,
but fine particulate levels were well below the federal PM2.5
standards. The State annual PM10 standard was also not
exceeded. In 1998, 80% of the PM10 observations were below
4510 50 ng/m®. In the last two years, 80% of the PM2.5
observations were below 10 to 15 ng/m?.

Figure 6.20 illustrates the monthly variation of the maximum
daily PM10 and PM2.5 concentrations in South Lake Tahoe in
2000. PM10 as well as PM2.5 levels are highest during the late
fall and winter (November through February), and are lowest in
the in spring and summer.

Monthly variation in maximum

24-hour PM10 and PM2.5 concentrations at
South Lake Tahoe

Max. 24-hour
Concentration (ug/m3’

Lake Tahoe - South Lake Tahoe 2000
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*The monitors used to measure PM10 and PM2.5 are
different and occasionally recorded concentrations of
PM2.5 which are greater than PM10.

Based on the 2000 annual PM10 emission inventory, the major sources of directly emitted
particulate matter are unpaved road dust and residential wood burning.
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Mojave Desert Air Basin

In the Mojave Desert Air Basin, particulate levels
exceeded the 24-hour State PM10 standard 31 times in
the 1998-2000 period, but fine particulate levels were
below the federal PM2.5 standards. The State annual
PM10 standard was also not exceeded. Eighty percent
of the PM10 observations were below 30 to 35 ng/m?

Figure 6.21 illustrates the monthly
variation of the maximum daily PM10
and PM2.5 concentrations in Lancaster
in 1999. PM10 as well as PM2.5 levels
are highest during the winter months -
December and January. During the rest
of the year, PM2.5 levels are quite low,

and 80%
20 to 25 ny/m®.

Figure 6.21.

of the PM2.5 observations were below

Monthly variation in maximum
24-hour PM10 and PM2.5 concentrations at
Lancaster

Mojave Desert - Lancaster 1999
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Ambient air quality data from 1997
through 1999 show Ilow levels of
secondary nitrate and sulfate particulate
in the Mojave Desert, indicating that
most of the particulate matter is primary
in origin.
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*The monitors used to measure PM10 and PM2.5 are

different and occasionally recorded concentrations
PM2.5 which are greater than PM10.

of

contributors to primary particulates in the Mojave Desert Air Basin are unpaved road dust,
windblown dust, paved road dust, and construction related dust. A few point source categories,
such as mineral processing facilities, also contribute significant emissions.
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Mountain Counties
Air Basin
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In the Mountain Counties Air Basin, particulate levels exceeded
the 24-hour State PM10 standard 34 times in the 1998-2000
period and four observations over the federal 24-hour PM2.5
standard were recorded in 1999. Fine particulate exceedances
in 1999 were most probably due to wild fires which occurred in
the late summer and early fall. Neither the State PM10 nor the
federal PM2.5 annual standards were exceeded. In the
Mountain Counties 80% of the PM10 observations were below
30 to 35 ny/m® and 80% of the PM2.5 readings were below 10
to 15 ng/m?.

Figure 6.22 illustrates the monthly variation of the maximum
daily PM10 and PM2.5 concentrations in Quincy in 2000.
Highest ambient concentrations of PM10 occur during the
summer and winter months, while fine particulate matter levels
are highest in the late fall and early winter months of November
through January.

Figure 6.22. Monthly variation in maximum 24-hour PM10
and PM2.5 concentrations at Quincy

Mountain Counties - Quincy 2000
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Data obtained from the Portola
dichotomous sampler in 1999
show that the PM2.5 portion of
PM10 ranged from 19% to 91%.
The average PM2.5 fraction of
PM10 was 72% from November
through January and 41% during
the rest of the year.

Based on the 2000 annual PM10
emission inventory, directly
emitted particulate sources are
unpaved road dust, wood burning
stoves and fireplaces, and open
burning.
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*The monitors used to measure PM10 and PM2.5 are
different and occasionally recorded concentrations of
PM2.5 which are greater than PM10.
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As shown on Figure 6.23 , substantial levels of organic carbon are observed in the late fall and
winter months, most likely due to residential burning and motor vehicles. There may also be
episodic particulate emission impacts when forest management burning takes place.

Figure 6.23. Monthly variation in maximum
24-hour PM10 and total carbon
concentrations at Quincy

Quincy PM10 Composition
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In the North Central Coast Air Basin, particulate levels
North ('_.Zentra_l Coast exceeded the 24-hour State PM10 standard 18 times in
Air Basin the 1998-2000 period, but fine particulate levels were
below the federal PM2.5 standards. The State annual
PM10 standard was also not exceeded. In the North
Central Coast, 80% of the PM10 observations were below
30 to 35 ng/m® and 80% of the PM2.5 measurements were
below 10 to 15 nmy/m®.

Figure 6.24. Monthly variation in maximum
24-hour PM10 and PM2.5 concentrations at
Santa Cruz

MONTE REY

North Central Coast - Santa Cruz 2000

45
(92]
Figure 6.24 Iillustrates the monthly | _&
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PM2.5 concentrations in Santa Cruz in 36
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very low the rest of the year. PM10 levels §
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distinct seasonal pattern. 1 2 3 456 78 96101112
Based on the 2000 annual PM10 emission Month

inventory, the major sources of directly
emitted particulates in the North Central
Coast Air Basin are unpaved roads,
windblown dust, dust from farming
operations, paved road dust, and
residential wood burning.

—&- PV25 8- PM10

*The monitors used to measure PM10 and PM2.5 are
different and occasionally recorded concentrations of
PM2.5 which are greater than PM10.
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North Coast Air Basin

In the North Coast Air Basin, particulate levels exceeded the
24-hour State PM10 standard 13 times in the 1998-2000 period,
but fine particulate levels were below the federal PM2.5
standards. The State annual PM10 standard was also not
exceeded. In the North Coast Air Basin, 80% of the PM10
observations were below 30 to 35 ng/m® and 80% of the PM2.5
measurements fell below 10 to 15 ng/m°®.

Figure 6.25 illustrates the monthly variation of the maximum daily
PM10 and PM2.5 concentrations in Ukiah in 2000. PM10 as well
as PM2.5 levels are highest during the months of November
through January, with a smaller peak in June.

Figure 6.25. Monthly variation in maximum
24-hour PM10 and PM2.5 concentrations at Ukiah
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*The monitors used to measure PM10 and PM2.5 are
different and occasionally recorded concentrations of
PM2.5 which are greater than PM10.

Based on the 2000 annual PM10 emission inventory, the principal source of directly emitted

particulate matter is unpaved

road dust. Other significant sources are residential wood burning

and waste burning, which could include forest management burning.
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Northeast Plateau Air Basin N the Northeast Plateau Air Basin, particu!ate I_evels
exceeded the 24-hour State PM10 standard 26 times in the
1998-2000 period, but fine particulate levels were below the
federal PM2.5 standards. The State annual PM10 standard
was also not exceeded. In this air basin, 80% of the PM10
measures were below 30 to 35 ng/m® and 80% of the PM2.5
observations were below 15 to 20 ng/m?.

SISKIYOoU

LASSEN
Figure 6.26 illustrates the monthly variation of the maximum
daily PM10 and PM2.5 concentrations in Alturas in 2000.
PM10 levels are highest during the winter months of
December through March with lower concentrations during

the spring and summer. PM2.5 levels are highest in
December.

Figure 6.26. Monthly variation in maximum
24-hour PM10 and PM2.5 concentrations at Alturas

Northeast Plateau - Alturas 1999
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*The monitors used to measure PM10 and PM2.5 are
different and occasionally recorded concentrations of PM2.5
which are greater than PM10.

The 2000 annual PM10 emission inventory shows that unpaved road dust is the predominant
source of directly emitted particulates. The Northeast Plateau Air Basin may also have
occasional high emissions from wildfires and forest management burning.
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Sacramento Valley Air Basin

In the Sacramento Valley Air Basin, particulate levels
exceeded the 24-hour State PM10 standard 61 times in the
1998-2000 period and PM2.5 concentrations over the
federal PM2.5 standard were recorded 16 times in the 1999-
2000 period. Particulate levels also exceeded both the State
PM10 and federal PM2.5 annual standards. In the
Sacramento Valley Air Basin, 80% of the PM10
observations are below 45 to 50 ng/m® and 80% of the
PM2.5 measurements are below 20 to 25 ng/m?.

Figures 6.27 and 6.28 illustrate the monthly variation of the
maximum daily PM10 and PM2.5 concentrations in Colusa,
a rural community in the central portion of the Valley, and
the city of Sacramento, in the southern portion of the Valley
for 2000, respectively. In Colusa, PM10 levels oscillate
throughout the year with no distinct seasonal pattern. PM2.5
levels are highest in the fall and winter. In contrast, in

Sacramento, both PM10 and PM2.5 levels are low during the spring and summer, with PM10
reaching peak values in the fall and early winter and PM2.5 reaching highest values in the
winter. Data obtained from the Sacramento dichotomous sampler show that in 1999 and 2000
the PM2.5 portion of PM10 ranged from 13% to 86%. The two-year average PM2.5 portion of
PM10 from November through February was 68% dropping to 43% from March through

October.

Figure 6.27.
maximum 24-hour
concentrations at Colusa

Monthly variation in
PM10 and PM25

Figure 6.28. Monthly variation in
maximum 24-hour PM10 and PM2.5
concentrations at Sacramento
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*The monitors used to measure PM10 and PM2.5 are different and occasionally recorded
concentrations of PM2.5 which are greater than PM10.

Based on the 2000 annual PM10 emissions inventory, the major sources of directly emitted
particulates in the Sacramento Valley include soil from farming, construction dust, paved road
dust, smoke from residential wood combustion, and exhaust from mobile sources such as cars

and trucks.
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Figures 6.29 and 6.30 illustrate source contributions to ambient PM10 and PM2.5 during the
winter in Sacramento. The data are from the analysis of ambient air samples collected from
November through January, during six years - 1991 through 1996 (Motallebi 1999, Motallebi
2001). The constituents shown can vary based on a variety of factors such as meteorology and

which particulate sources are most active.

Figure 6.29. Source contribution to PM10
during the winter

Figure 6.30. Source contribution to PM2.5
during the winter
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NOx emissions from mobile and stationary combustion sources, combined with ammonium,
contribute the most to ambient PM levels. Vehicle exhaust particle emissions and wood smoke
from residential wood combustion also contribute significantly. While road and other dust is a
significant component of ambient PM10, its contribution to PM2.5 is minor.

Figure 6.31. Hourly PM10 levels on a
smoky day in rural Sacramento
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The northern Sacramento Valley can be
impacted by seasonal agricultural burning,
mostly during the fall. Figure 6.31 illustrates
the hourly variation in PM10 levels on a rice
straw burning day in Willows and Colusa in
2000. PM10 levels reached 4 to 5 times the
level of the State 24-hour PM10 standard
for two hours in Willows and an average of
3 times the level of the standard for three
hours in Colusa.




Salton Sea Air Basin

RIVERSIDE

IMPERIAL

In the Salton Sea Air Basin particulate levels
exceeded the 24-hour State PM10 standard 208 times
in the 1998-2000 period, but only one observation
over the 24-hour federal PM2.5 standard was
recorded in 2000. Particulate levels also exceeded
both the State PM10 and federal PM2.5 annual
standards. Eighty percent of the PM10 observations
were below 100 to 120 ng/m?®, while 80% of the PM2.5
measurements fell below 20 to 25 ng/m°.

Figure 6.32 illustrates the monthly variation of the maximum daily PM10 and PM2.5
concentrations in Calexico in 2000. PM10 levels peak in the summer and fall. Fine particulates
show a small increase in the fall and winter.

Figure 6.32. Monthly variation in maximum
24-hour PM10 and PM2.5 in Calexico
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*The monitors used to measure PM10 and

PM2.5 are different and occasionally recorded
concentrations of PM2.5 greater than PM10.

Data obtained from the Calexico dichotomous sampler in 2000 indicate the PM2.5 component of
PM10 ranges from 13% to 49%. The average PM2.5 fraction of PM10 from November to
January is 34% and from February to October is 24%.

Based on the 2000 annual PM10 emission inventory, the major contributor of directly emitted
particulates in the Salton Sea is windblown dust. Unpaved road dust and farming related dust

also contribute.

Data for Figures 6.33 and 6.34 are from the source apportionment analysis of ambient samples
collected during 1996 in Calexico. The source profiles developed by Chow and Watson (1997)
were used in the analysis (Woodhouse, 2001).
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Figure 6.33. Sources contributing to annual
average PM10 levels in Calexico
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In both cases, dust — windblown, road and agricultural — is the major contributor to PM10.
Vehicle exhaust particle emissions also contribute significantly. Combustion emissions from
industrial processes and agricultural burns contribute noticeably to PM10 on an annual basis,
but are a minor contributor to the peak 24-hour average PM10 levels.

The observed results could partially be due to transported pollutants from the neighboring city of
Mexicali, which has high traffic. Secondary sulfate and nitrate formed from reactions in the
atmosphere of nitrogen oxides and sulfur oxides from motor vehicle exhaust and other
combustion processes also are small contributors to particulate matter levels in the air basin.

Figure 6.34. Sources contributing to peak
24-hour PM10 levels in Calexico

Peak* 24-Hour Average PM,,
Calexico (1996)

Mobile and Stationary Mobile and Stationary
Combustion SO Combustion NOx
(sulfate) (nitrate)
1%

Combustion
Particles
1%

*Average of days with PM1g>50ug/m®

Vehicle
Exhaust Rogc and
Particles Agricultural

Dust
65%

29%

Total Mass = 127 ug/m®
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San Diego Air Basin

SANDIEGO
COUNTY

Figure 6.35 illustrates the monthly variation of the maximum daily PM10 and PM2.5
concentrations in Escondido in 2000. PM10 concentrations exhibit no distinct seasonal pattern,

while PM2.5 concentrations

Figure

In the San Diego Air Basin, particulate levels are high year-
round, exceeding both the annual State PM10 and federal
PM2.5 standards over the 1998-2000 period. Ambient
particulate levels also exceeded the State 24-hour PM10
standard 67 times in these three years and two PM2.5
observations over the federal PM2.5 standard were recorded
in the 1999-2000 period. In San Diego County, 80% of the
PM10 measurements were below 40 to 50 nmg/m® and 80% of
the PM2.5 observations were below 20 to 25 ng/m?.

are highest during the fall and winter.

6.35. Monthly variation of maximum

24-hour PM10 and PM2.5 levels in Escondido

San Diego - Escondido 2000
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Based on the 2000 annual

road dust. Other sources
processes.

PM10 emission inventory, the major contributors to directly emitted
particulates in the San Diego Air Basin are construction dust, paved road dust, and unpaved
are fireplaces and woodstoves, mobile sources, and mineral

6-35




Data for Figure 6.36 are from the chemical analysis of ambient data collected in Alpine from
1994 through 1999 as part of the Southern California Children’s Health Study. The data show
substantial contributions from secondary nitrate and sulfate formed from reactions in the
atmosphere of nitrogen oxides and sulfate oxides from motor vehicle exhaust and other
combustion processes. The unidentified category represents emissions from dust sources and
from total carbon. Carbon sources include wood smoke, other combustion sources, and motor
vehicles (Salmon et al. 2001).

Figure 6.36. Sources contributing to annual
average PM2.5 levels in Alpine

Alpine - Annual Average PM2.5
(1994 - 1999)

Feedlot, fertilizer and

~ Mobileand yehicle ammonium L
Stationary Combustion 11% Unidentified
NOx (nitrate) 50%

20%

Mobile
and Stationary Combustion
SOy (sulfate)

19% Total mass = 8.5 ug/m3
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San Francisco Bay Area
Air Basin
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Data obtained from

the San Jose

In the San Francisco Bay Area Air Basin, particulate levels
exceeded the 24-hour State PM10 standard 24 times in the
1998-2000 period and five PM2.5 observations over the
24-hour federal PM2.5 standard were recorded in the
1999-2000 period. Eighty percent of the 24-hour PM10
observations were below 25 to 30 ng/m® and 80% of the 24-
hour PM2.5 measurements were below 20 to 25 ng/m?®.

Figure 6.37 illustrates the monthly variation of the maximum
daily PM10 and PM2.5 concentrations in San Jose in 2000.
Highest concentrations of both PM10 and PM2.5 occur
during the winter months of November through January.
PM2.5 drives PM10 concentrations during the winter, while
smaller summer peaks are driven by PM10.

Figure 6.37. Monthly variation of maximum
24-hour PM10 and PM2.5 levels in San Jose

dichotomous sampler in 1999 indicate

San Francisco Bay Area - San Jose

the PM2.5 portion of PM10 ranges from 2000
30% to 80%. The average PM2.5 portion 80
of PM10 from November to January is »
61%, dropping to 46% from February to |55 60
October. E £ g . /(
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*The monitors used to measure PM10 and PM2.5
are different  and occasionally recorded
concentrations of PM2.5 which are greater than
PM10.

Based on the 2000 annual PM10 emission inventory of directly emitted particulate matter, major
sources include smoke from residential wood combustion, dust from construction operations,
and the dust created by vehicles traveling on paved roads. There are also significant emissions
from unpaved road dust in some counties and motor vehicle exhaust from cars and trucks.
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Figures 6.38 and 6.39 illustrate the sources of PM during the winter in the San Franciso Bay
Area. The data are from the source apportionment analysis conducted by the Bay Area Air
Quality Management District using samples collected during two special studies (Fairley, 1996,
2001).

Figure 6.38. Sources contributing to Figure 6.39. Sources contributing to
winter peak 24-hour levels of PM10 in winter peak 24-hour levels of PM2.5
San Jose in San Jose
Winter Peak* 24-Hour Average PM,, Winter Peak* 24-Hour Average PM, s
San Jose (11/93-1/94) San Jose (12/00-1/01)
Mobile and Stationary Mobile and Stationary
Combustion SOx Road Dust Combustion SOx )
Sego/?alt (ammonium sulfate) Mobile and Wood 204 (ammpnium sulfate) '\g?;:fnz?j
Wood Stationary Smoke/ Combustion
Smoke/ Combustion moke
) Cooking NOx
Cooking NOx 38% (ammonium
41% (ammonium nitrate)
nitrate)
o 26%
Vehicle Exhaust  Road Dust Mobile and Stationary SeaoSalt
. Particles 14% Combustion Particles 2%
|Total Mass = 81 ug/m | 17% |Tota| Mass = 51 ug/m3| 29%
*Average of days with PMy > 50 ug/m?. *Average of days with PM, s > 40 ug/m”°.

During the winter in San Jose, high PM concentrations are associated with high levels of wood
smoke - primarily from residential wood combustion, and cooking. NO, emitted from mobile and
stationary combustion sources, in combination with ammonia, contributes about one-fourth of
the PM levels. Particle emissions from mobile and stationary combustion sources are also a
major contributor to PM2.5. Road dust is a significant contributor to PM10, but not PM2.5.
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San Joaquin Valley
Air Basin

AQUIN

In 1999 and 2000, the San Joaquin Valley Air Basin
recorded the highest PM2.5 levels in the State — more
than twice the federal standard - and 74 PM2.5
observations over the federal standard were recorded.

Particulate levels exceeded the 24-hour State PM10
standard 177 times in the 1998-2000 period. Particulate
concentrations also exceeded both the State PM10 and
federal PM2.5 annual standards. In the San Joaquin
Valley Air Basin, 80% of the PM10 observations were
below 60 to 65 ng/m® and 80% of the PM2.5
measurements were below 35 to 40 ng/m®.

Figures 6.40 and 6.41 illustrate the monthly variation of
the maximum daily PM10 and PM2.5 concentrations in
Corcoran in 2000 and in Fresno in 1999. In Corcoran,
PM10 levels are highest in October and November, with
PM2.5 peaking in November. In Fresno, PM10 and
PM2.5 are highest from October through January. PM2.5 drives PM10 concentrations during the
wintertime in Fresno. The PM2.5 fraction of PM10 is smaller in Corcoran with fall peaks driven
by PM10. Data obtained from the Fresno dichotomous sampler from 1998 through 1999 indicate

Figure 6.40. Monthly variation of
maximum 24-hour PM10 and PM2.5 levels
in Fresno

Figure 6.41. Monthly variation of
maximum 24-hour PM10 and PM2.5 levels
in Corcoran

San Joaquin Valley - Fresno 1999

San Joaquin Valley - Corcoran 2000
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*The monitors used to measure PM10 and PM2.5 are different and occasionally recorded
concentrations of PM2.5 which are greater than PM10.

the PM2.5 component of PM10 ranges from 19% to 88%. The November through February
average PM2.5 fraction is 75% of PM10 and the March through October average is 38%. Data
obtained from the Corcoran dichotomous sampler from 1998 and 1999 show that the PM2.5
component ranges from 12% to 90%. The November through February average PM2.5 portion
of PM10 is 62% and the March through October average is 28%.

Figure 6.42 shows the daily variations in PM2.5 levels in Fresno during the winter of 2000 to
2001. The data were obtained as part of the CRPAQS study. PM2.5 concentrations were over
the federal 24-hour PM2.5 standard close to 40% of the time.
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Based on the 2000 annual PM10 emission
inventory, the major sources of directly
emitted particulates in the San Joaquin
Valley are agricultural and unpaved road
dust, paved road dust, and windblown dust.
Other sources include stationary industrial
activities, residential wood combustion, and
particulates emitted by mobile sources such
as cars and trucks.

Figures 6.43 and 6.44 illustrate source
contributions to ambient PM in the San
Joaquin Valley during the fall and winter.
These are the results from a detailed
chemical analysis of samples collected
during the 1995-Integrated Monitoring Study
(Magliano et al. 1999).

Figure 6.43. Sources contributing to PM10
levels in the fall in Corcoran

Figure 6.42. Daily variations in winter
PM2.5 levels in Fresno

Fresno - Winter Daily PM2.5
(12/15/00 - 2/3/01)
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Figure 6.44. Sources contributing to

PM2.5 levels in the winter in Fresno

Fall 24-Hour Average PMyg
Corcoran (11/6-14/95)

Winter 24-Hour Average PMyg
Fresno (1/4-6/96)

Mobile and

. . Other Carbon
Stationary Combustion NOx

Vehicle Exhaust

DD sources  Unidentified Unidentified Particles Wood
(amm0;g$ nitrate) 8% 1% Other 12% 13% Smoke
() Carbon 19%
Mobile and SolLér;es
Stationary 0 i
' Mobile and
Combqstlon IfSOx Stationary
(ammonium sulfate) Rqad and Combustion SOx
AgI’ISU|tlill'a| Mobile and (ammonium sulfate)
Construction us Stationary Combustion NOx 5%

55%

Particles
4% 7%

(ammonium nitrate)
36%

|T0ta| Mass = 121 ug/m3| |Tota| Mass = 54 uq/m3|

In the fall at Corcoran, elevated concentrations of PM10 were associated with high levels of
road and agricultural dust. NOx emissions from mobile and stationary combustion sources,
combined with ammonia, led to significant secondary ammonium nitrate contributions to PM10.
During the winter, in Fresno, secondary ammonium nitrate was the major contributor to PM2.5
and PM10. Emissions from wood smoke, vehicle exhaust particles, and other carbon sources
also contributed significantly to PM2.5. levels.

Figure 6.45 illustrates the source contributions to winter PM2.5 levels at two urban and two rural
areas in the valley. The Bakersfield and Fresno sites were located in large urban areas; the
Kern Wildlife Refuge site was located amidst natural vegetation, while the SW Chowchillla site
was in a rural area, surrounded by agricultural fields. At the peak of a winter PM2.5 episode,
PM2.5 concentrations at the two rural sites were about half of the PM2.5 levels at the two urban
sites. Secondary ammonium nitrate was the largest contributor at all four sites. Vegetative
burning and direct mobile source exhaust contributed 19% and 12% of the PM2.5 mass in the
urban areas, but only an average of 8% and 9% at the rural sites. The excess organic carbon
resulting from combustion sources other than vegetative burning and mobile sources as well as
secondary organic carbon — was significant at the urban, but not at the rural sites.
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Figure 6.45. Sources contributing to the
PM2.5 levels at the peak of a winter

episode.in two urban and two rural areas

Figure 6.46. Comparison of hourly
variations in winter PM2.5 levels at urban

Fresno and rural SW Chowchilla
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Figure 6.46 illustrates that in the winter
in  Fresno, PM10 levels varied
significantly during the course of the
day, with the highest concentrations

Figure 6.47. Particle size distributions for nitrate,
organic carbon and soil during a winter episode
in Bakersfield

occurring during the nighttime. In
contrast, in rural SW Chowchilla
PM10 levels did not vary much within
a day. Chemical composition data
indicate  diurnal  variations in
ammonium nitrate were the primary
cause of the PM10 variations in SW
Chowchilla. The rise in PM10
concentration in Fresno corresponded
mostly to significant nighttime peaks
in vegetative burning, mobile sources,
and excess organic carbon (Magliano
et al. 1999).

Data for Figure 6.47 are from air
samples collected with a Micro-Orifice

Percent of Total
Concentration

Bakersfield - Particle Size Distribution
(12/28/95)
Stage Size (um)
- 1 >15
2 316-15
3  1.78-3.16
4  100-178
5 054-1.00
6 037-054
"""" 7 0.148-0.37
------------ 8  0.105-0.148
............ 9  0.054-0.105
i i 10 <0.054
10 9 8 7 6 5 4 3 2 1
MOUDI Stage
ONitrate  OOrganic Carbon B Soil

Uniform Deposit Impactor (MOUDI) sampler at Bakersfield during IMS95 (Chow et al. 1997).
The size distribution of nitrate particles peaked between 1 and 1.78 um. Organic carbon
particles appeared in both smaller (<0.054 mm) and larger (peak between 0.37 and 1 um)
stages. The ultrafine carbon particles (< 0.08 mm) result from direct emissions from combustion
sources or from the condensation of gases cooled down soon after they are emitted. The soil
components were concentrated mainly on the larger particle size fractions (>3.16 nm), the

coarse fraction of PM10.
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South Central Coast
Air Basin

SAN LUIS OBISPO

SANTA BARBARA

In the South Central Coast Air Basin, particulate levels
exceeded the 24-hour State PM10 standard 60 times in
the1998-2000 period. Neither of the federal PM2.5
standards or the State annual PM10 were exceeded in the
last few years. Eighty percent of the 24-hour PM10
observations were below 30 to 35 ng/m® and 80% of the
24-hour PM2.5 measurements were under 10 to 15 ng/m®.

Figure 6.48 illustrates the monthly variation of the
maximum daily PM10 and PM2.5 concentrations at
Thousand Oaks in 1999. PM10 concentrations tend to
peak in the summer, while highest PM2.5 levels occur in
November and January.

Figure 6.48. Monthly variation of Figure 6.49. Sources contributing to
maximum 24-hour PM10 and PM2.5 levels annual average PM10 Ilevels in
in Thousand Oaks Santa Barbara
South Central Coast Santa Barbara - Annual Average PM10
Thousand Oaks 1999 (1989)
& 9 Vehicle Exhaust Particles
£ 80 42% Road Dust
= B 70 30%
3260 [\
i.:r S 50 // \-/lﬂﬁT
= - N \
: g 401 ./l\- - N
c c 30 \i .
=3 20 1 \\——I/_ [ Mobile and
S 10 v -® L ) . Stationary
© ——— — Mobile and - combustion SO
Sea Salt Stationary (sulfate)
1 2 3 4 5 6 7 8 9 10 11 12 18% Combustion NOy %%
Month (nitrate)
—& PM2.5 —B- PM10 |Total Mass = 34 ug/m’ 1%

*The monitors used to measure PM10 and
PM2.5 are different and occasionally recorded
concentrations of PM2.5 which are greater
than PM10.

Based on the 2000 annual PM10 emission inventory, the major contributors of directly emitted
particles in the South Central Coast Air Basin are paved and unpaved road dust, dust from
farming operations, and residential and waste burning. This region can also have significant

seasonal wildfire emissions

Data for Figure 6.49 are form source apportionment analysis performed for the 1989 Santa
Barbara County PM10 Study (Chow et al. 1996). The constituents shown can vary daily and
from year to year depending on factors such as meteorology and which particulate sources are
most active. On an annual basis, in the city of Santa Barbara, vehicle exhaust is the major
contributor to PM10 levels. Sea salt and road dust also contribute significantly. Secondary
ammonium nitrate and sulfate are relatively small contributors.
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South Coast Air Basin

Figure 6.50 illustrates the monthly
variation of the maximum daily
PM10 and PM2.5 concentrations in
Riverside in 1999. Both PM10 and
PM2.5 concentrations exhibit no
distinct seasonal pattern, with high
concentrations throughout the year.

Data obtained from the Long Beach
dichotomous sampler in 1999
indicate the PM2.5 portion of PM10
ranges from 30% to 96%. The
average PM2.5 portion of PM10
from November to February is 59%
dropping to 45% from February to
October.

The 2000 annual PM10 emission
inventory shows that the major
sources of directly  emitted
particulates in the South Coast Air
Basin are paved road dust, unpaved
road dust, construction related dust,
and the general categories of motor
vehicle emissions and industrial
emissions.

In the South Coast Air Basin, particulate levels
exceeded the 24-hour State PM10 standard 197 times
in the 1998-2000 period, and 38 PM2.5 observations
over the 24-hour federal PM2.5 standard were recorded
in the 1999-2000 period. Particulate levels also
exceeded both the State PM10 and federal PM2.5
annual standards. The South Coast recorded some of
the highest levels of PM2.5 in the State — almost twice
the level of the standard. Eighty percent of the 24-hour
PM10 observations were below 65 to 80 ng/m® and 80%
of the 24-hour PM2.5 measurements were below 35 to
40 ng/m?®.

Figure 6.50. Monthly variation of maximum
24-hour PM10 and PM2.5 levels in Riverside
South Coast - Riverside 1999
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*The monitors used to measure PM10 and PM2.5 are
different and occasionally recorded concentrations of PM2.5
which are greater than PM10.

Data for the illustrations below are from the source apportionment analysis that the South Coast
Air Quality Management District (SCAQMD) performed for the 1997 Air Quality Management

Plan.

SCAQMD collected samples during a one-year special study from January 1995 to

February 1996 as part of the PM10 Technical Enhancement Program (SCAQMD, 1996).

Figure 6.51 shows that on an annual basis, in Central Los Angeles, dust from roads and
construction is the major contributor to ambient PM10. This is not the case for the episode on
November 17, 1995 (Figure 6.52). In both cases, NOx and SOx emitted from mobile and

stationary combustion sources, combined with ammonia, contribute significantly.

Vehicle

exhaust particles and emissions from other carbon sources also contribute to both annual and

episodic ambient PM10levels.
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On an annual basis, in Rubidoux, dust from roads and construction is the major contributor to
ambient PM10 (Figure 6.53). In contrast, as shown in Figure 6.54, dust was a minor contributor
to the PM10 episode on November 17, 1995. In both cases, NOx emitted from mobile and
stationary combustion sources, combined with ammonia, contributes significantly. Vehicle
exhaust particles and emissions from other carbon sources also contribute to both annual and
episodic ambient PM10 levels.

Figure 6.51. Sources contributing to Figure 6.52.  Sources contributing to
annual average PM10 levels in PM10 levels during a November episode in

Central Los Angeles Central Los Angeles
Annual Average PMy, Maximum 24-Hour Average PM,
Central Los Angeles (1995) Central Los Angeles (11/17/1995)
Mobile and
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Stationary Combustion SOx

(ammonium sulfate)
10%

Residual Oil Sea Salt
Combustion
4%

Stationary Combustion SOy
(ammonium sulfate) Unidentified
11% Sea Salt 24%

Mobile and 1%
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Road Residual Oil

: Mobile and
and Other ombustion | compustion S?atlisnzrr]
Dust NO« 1% 44
36% (ammonium . Combustion
Vehicle Other nitrate) Vehicle NOx
Exhaust Carbon 24% Exhaust (ammonium
Particles Sources Particles nitrate)
0,

[Total Mass = 48 ug/m’| 13% 8% 8% [Total Mass = 164 ug/m” | 26%
Figure 6.53. Sources contributing to Figure 6.54. Sources contributing to a
annual average PM10 levels in PM10 levels during a November episode in
Rubidoux Rubidoux

Annual Average PM,, Maximum 24-Hour Average PM,,
Rubidoux (1995) Rubidoux (11/17/95)
Mobile and Stationary Mobile and Stationary
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Sea Salt ) ; i x
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) . 5% .
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NOx Combustion

(ammonium Road and NOy
Road and nitraote) Other Dust (am.monium
Other Dust 21% 3% nitrate)
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7% Iy (]
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6.4 Ambient Air Quality Population Exposure
6.4.1 Introduction

This section addresses two main questions: 1) what percent of the population in each air basin
is exposed to ambient concentrations over the levels of the current and revised State PM10
standards, the current federal PM2.5 standards and the new State PM2.5 standards. 2) what is
the population weighted average PM10 and PM2.5 concentration in each air basin?

We recognize that PM can vary in a small spatial scale. Our exposure analysis is limited by the
number of PM monitors in the State and their geographic distribution in relation with location to
the population. In addition, research on which PM sizes (e.g., coarse, fine, ultrafine) and which
compounds of PM are the most toxic is an on-going effort at laboratories in the U.S. and abroad.
Studies on the spatial distribution of specific PM compounds and particle size number are
ongoing at the Fresno and Los Angeles Supersites. Samples to study these variables in the
San Joaquin Valley were collected as part of the 2000-2001 California Regional PM10/PM2.5
Study, and are now being analyzed. We realize that these points need to be considered in
future PM standard reviews.

6.4.2 Ambient Air Quality Exposure Model Details and Assumptions

The basic procedure for determining exposure was first adopted by the ARB in 1993 to fulfill the
requirements of section 39607(f) of the Health and Safety Code. Full details are provided in
Guidance for Using Air Quality-Related Indicators in Reporting Progress in Attaining the State
Ambient Air Quality Standards (ARB 1993). For this application, ambient PM concentrations and
population counts were associated by census tract and merged to assemble a distribution of
exposures to different concentrations of PM.

Concentrations of many air pollutants including particulate matter change significantly from one
place to another. PM10 concentrations may be well under the State standard in one location but
above the standard less than 10 kilometers away. Accordingly, population exposures tend to be
more accurate when the population data used to estimate them are highly resolved
geographically.

Population counts by census tract provide a convenient basis for determining population
exposures to air pollutants. A typical census tract contains several thousand people. Densely
populated areas have many census tracts, while sparsely populated regions have very few.

Air pollutant data from a network of air quality monitors are used to determine appropriate
values at census tracts that lie between them. The concentration for a census tract is a
weighted average of the concentrations at all monitors within a maximum allowed distance. For
the present analyses of PM10 and PM2.5, the maximum distance was 50 kilometers (75 km in
the Great Basin Valleys Air Basin). A small number of census tracts are more than 50 km from
any PM monitor, so their populations were not included in the analyses. The population
numbers will be affected slightly by different choices for the maximum distance.

The weight assigned to each monitor is the inverse square of its distance from the census tract.
In this way, close monitors are more influential than distant monitors are. Geographical features,
such as mountain ranges, were not used in the model
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6.4.3 Data Used

Ambient PM air quality data were extracted from AIRS on May 18, 2001. Exposure calculations
were performed for three metrics: for PM10: annual arithmetic mean (AAM), annual geometric
mean (AGM), and peak 24-hour concentration, represented by the Expected Peak Day
Concentration (EPDC). For PM2.5 we performed calculations for the annual arithmetic mean
and the EPDC. PM10 data from 1998 through 2000 and PM2.5 data from 1999 through 2000
were obtained from all monitors in the State meeting quality assurance criteria for valid data. For
each metric, different numbers of monitors were available which met the specified validity
criteria. Therefore the population represented for each metric is slightly different. For PM10 the
population used in the analysis represented 99 percent of the 1990 statewide total population,
while for PM2.5 it ranged from 62% to 66%, due to smaller number of monitors available. For
variations among air basins see Appendices 6-G1 to 6-G3 and 6-H1 to 6-H2.

As mentioned in section 6.1, the EPDC for a monitoring site is the peak 24-hour PM10 (or
PM2.5) concentration expected to occur no more than once per year. The EPDC is a highly
precise estimate of the 99.7"" percentile (364/365" percentile) of the 24-hour PM10 (or PM2.5)
concentrations measured at the monitoring site. Since the sampling frequency for PM10
concentrations is usually once every six days and for PM2.5 it varies by monitoring site (once
every six days, once every three days or daily), the method used for calculating the EPDC
automatically compensates for sampling frequencies that are less than daily. To calculate the
EPDC, we use the highest twenty percent of all measurements during the last three years. An
“exponential-tail” model is used for this purpose (Larsen and Nystrom, 1992; Breiman et al.,
1978). The computer program to determine the EPDC is available to the public upon request
(Contact: Larry Larsen, ARB).

1990 census data reported by census tract were used as the 2000 data were not yet available in
the census tract format. The census data contains the shape, size, and centroid of each census
tract, as well as the population count.

6.4.4 Discussion of the Ambient Air Quality Exposure Model Results

The detailed output of the exposure model for each of the three PM10 metrics is provided in
Appendices 6-E1 to 6-E6 and for the PM2.5 metrics in Appendices 6-F1 to 6-F6. For each
metric there is a statewide summary as well as a summary by air basin. For the PM2.5 AAM,
the concentration data are shown in 2 ng/m® and in 5 ng/m® increments with the associated
population exposed to concentrations within that range. For the PM2.5 EPDC and the three
PM10 statistics, the concentration data are shown in 5 ng/m?® increments. An additional column
is provided to indicate the percent of the population that is above the relevant standards. Table
6.5 summarizes the results of the PM10 statewide assessment.
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Table 6.5. Population in the State Exposed to PM10 Levels above the Current State Standards.

Area

Above Current
PM10 Standards

Above Revised
Annual PM10 Standard

24-hour EPDC

Annual Geometric Mean

Annual Arithmetic Mean

Pop. Exposed to Revised
Annual Std. — Pop.
Exposed to Current Annual

Std.

> 50 ng/m® > 30 ng/m® > 20 ng/m®

Percent of 1990 Percent of 1990 Percent of 1990 Percent of 1990

Population Population. Population Population. Population Population. Population Population

Exposed Exposed(l) Exposed(l) Exposed(l) Exposed(l) Exposed(l) (x100,000)

(x100,000) (x100,000) (x100,000)

Great Basin Valleys 100 0.29 0 0 225 0.03 225 .03
Lake County 0 0 0 0 0 0 0 00
Lake Tahoe 100 0.39 0 0 66.7 0.26 66.7 .26
Mojave Desert 100 3.29 7.9 0.23 51.5 1.35 43.6 1.12
Mountain Counties 100 3.27 0 0 70 2.17 70 2.17
North Central Coast 92.4 5.75 0 0 78.7 4.90 78.7 4.90
North Coast 84.8 1.72 0 0 24.7 0.69 24.7 0.69
Northeast Plateau 51.8 0.19 0 0 24.3 0.09 24.3 0.09
Sacramento Valley 100 20.12 2.3 0.47 93.4 18.78 91.1 18.31
Salton Sea 100 3.45, 91.8 3.21, 100 3.36 8.2 0.15
San Diego County 100 24.67 36.1 8.90 100 24.67 63.9 15.77
San Francisco Bay Area 100 58.77 0 0 68.3 40.14 68.3 40.14
San Joaquin Valley 100 25.60 68.9 18.28 100 25.60 31.1 7.32
South Central Coast 86.6 10.87 0 0 74 9.34 74 9.34
South Coast 100 128.62 90.6 116.48 100 128.61 9.4 12.13
Statewide 98.9 287.00 50.7 147.57 89.5 259.99 38.8 112.42

(1) This represents the percent of the 1990 population used in the exposure analysis. The total population used in the analysis varied by metric,
since the number of monitors with data meeting specified validity criteria was different for each metric (Appendices VI-G1 to VI-G3).
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Figures 6.55, 6.56 and 6.57 show the distribution

different ambient PM10 concentration ranges.
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Figure  6.55. Estimated
percentages of the statewide
population exposed to various
annual arithmetic mean levels

of ambient (outdoor) PM10.

Figure 6.56. Estimated
percentages of the statewide
population exposed to various
annual geometric mean levels

of ambient (outdoor) PM10.

Figure 6.57. Estimated
percentages of the statewide
population exposed to
various  24-hour  average
levels of ambient (outdoor)

PM10.



The AAM statistics show that 57% of the statewide population is exposed to ambient PM10
concentrations over 30 ng/m?®, while 33% is exposed between 20 and 30 ng/m*. The AGM
statistics indicate 47% of the people in the State are exposed to annual ambient PM10 levels
between 15 and 30 ng/m?®. Based on the EPDCs, essentially the whole State has PM10 levels
exceeding the 24-hour State PM10 standard.

The air basin statistics in Appendices 6-E1 to 6-E3 show that for the two forms of the PM10
annual average, the percent of the population exposed to concentrations of 30 ng/m* or more is
highest in the South Coast (over 90%), Salton Sea (over 90%), and San Joaquin Valley (over
68%). San Diego follows with over 36% of its population exposed to annual PM10 levels
exceeding the State annual PM10 standard. Based on AAMs, less than 12% of the population in
the Great Basin Valleys, Mojave Desert, North Central Coast, South Central Coast, and
Sacramento Valley are exposed to concentrations equal to or above 30 ng/m®. But, based on
the AGMs, less than 8% of the population living in the Mojave Desert and San Joaquin Valley
are exposed to PM10 levels over 30 ng/m?®, while no one in Great Basin Valleys, North and
South Central Coast is exposed over these levels.

The 24-hour EPDC statistics show that essentially the entire State has PM10 levels exceeding
the 24-hour State PM10 standard. Lake County is an exception, with its entire population
exposed to concentrations below the current standard. Annual Geometric Mean values, show
that about half of the State’s population is exposed to annual average PM10 concentrations
over the current annual PM10 State standard of 30 ng/m®. A much larger fraction (90%) of the
State’s population is exposed to annual average levels over the revised annual PM10 standard
of 20 ng/m®, as shown by the Annual Arithmetic Mean statistics. A sizable portion of the
population (36% to 92%) in four air basins (Salton Sea, San Diego, San Joaquin Valley, and
South Coast), 2% of the population in Sacramento, and 8% of the population in Mojave Desert
is exposed to annual average PM10 concentrations over the current State annual PM10
standard. In contrast, a significant fraction (23%-100%) of the total number of inhabitants in all
air basins, with the exception of Lake County, are exposed to ambient PM10 levels over the
revised annual State standard. The revised State annual PM10 standard would protect an
additional 39% of the State population included in the study or 11 million persons over the
current annual standard.

Table 6.6 summarizes the results of the PM2.5 assessment.
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Table 6.6. Population in the State Exposed to Ambient PM2.5 Levels above the Current Federal and New State Standards.

Above Current Federal
PM2.5 Standards

Above New State
PM2.5 Standards

Pop. Exp. to. New State Std —
Pop. Exp. to. Federal Std

24-hour EPDC Annual Mean 24-hour EPDC Annual Mean 24-hour Annual Mean
> 65 rrg/m3 >15 rTg/m3 > 25 rrg/m3 >12 rrg/m3
Area Pop. 1990 Pop. Pop. 1990 Pop. Pop. | 1990 Pop. Pop. | 1990 Pop. Pop. 1990 Pop. Pop. | 1990
Exp. @ Ex p'(l) Exp. @ Exp'(l) Exp. @ Exp'(l) Exp. ) Exp'(l) Exp. @ Exp'(l) Exp. ) Pop.
(%) | (x10°) (%) | (x10°) (%) | (x10°) (%) | (x10°) (%) | (x10°) %) |Exp?
Great Basin Valleys 20.6 0.03 0 0 20.6 0.03 0 0 0 0 0 (XlOO)
Lake County 0 0 0 0 0 0 0 0 0 0 0 0
Lake Tahoe 0 0 0 0 100 0.26 0 0 100 0.26 0 0
Mojave Desert 0 0 0 0 100 1.34 0 0 100 1.34 0 0
Mountain Counties 17.2 0.13 0 0 100 0.76 12.5 0.27 82.8 0.63 12.5 0.27
North Central Coast 0 0 0 0 69.5 2.75 0 0 69.5 2.75 0 0
North Coast 0 0 0 0 100 121 0 0 100 1.21 0 0
Northeast Plateau NA NA NA NA NA NA NA NA NA NA NA NA
Sacramento Valley 99.0 13.24 30.5 0.41 100 13.37 49.3 6.68 0.1 0.13 15.8 2.66
Salton Sea 7.4 0.17 21.4 0.50 100 231 51.3 1.20 92.6 214 29.9 0.70
San Diego County 0 0 63.4 10.43 100 16.44 100 16.46 100 16.44 36.6 6.03
San Francisco Bay Area 90.7 35.53 8.6 0.34 100 39.18 58.4 22.88 9.3 3.65 49.8 22.54
San Joaquin Valley 100 17.12 89.3 14.43 100 17.12 98.9 17.49 0 0 9.6 3.06
South Central Coast 0 0 0 0 100 7.18 59.2 4.96 100 7.18 0 0
South Coast 99.9 85.24 98.4 83.95 100 85.33 98.8 84.74 0.1 0.11 0.4 0.79
Statewide 80.7 151.30 60.6 113.67 96.5 180.93 82.5 154.60 15.8 29.63 21.8 40.93

(1) This represents the percent of the 1990 population used in the exposure analysis. The total population used in the analysis varied by metric,

since the number of monitors with data meeting specified validity criteria was different for each metric (Appendices VI-H1 to VI-H2).

6-50




Figures 6.58 and 6.59 show the distribution of the statewide population exposed to different
PM2.5 concentration ranges.
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The 24-hour EPDC statistics show that 80% of the Statewide population is exposed to PM2.5
levels above the current federal 24-hour PM2.5 standard of 65 rrg/m3, while 97% of the
Statewide population is exposed to ambient PM2.5 concentrations over 25 ng/m?®, the level of
the new State 24-hour PM2.5 standard. The fraction of the population in the seven air basins
with 24-hour EPDCs over 65 my/m?® ranges from 7% in the Salton Sea to 100% in the South
Coast. With the exception of Lake County and Northeast Plateau, all air basins have at least
20% of their population exposed to 24-hour concentrations over the new State 24-hour PM2.5
standard. The new State 24-hour standard would protect an additional 16% of the population in
the State (close to 3 million persons) over the protection offered by the current federal standard.

Annual Mean statistics show that 61% of the statewide population corresponding to 11 million
inhabitants (21%-98% in six air basins) is exposed to annual average PM2.5 concentrations
over the current federal standard of 15ng/m®. In contrast, 83% of the State’s population
(15 million persons) is exposed to PM2.5 levels over the new State annual PM2.5 standard of
12 ng/m®. In addition to the protection rendered by the current federal annual PM2.5 standard
the new State annual standard would provide significant additional protection to people living in
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the Mountain Counties, Salton Sea, San Francisco Bay Area, and the South Central Coast air
basins.

From the data presented in Appendices 6-E1 to 6-E3 and 6-F1 to 6-F2, we estimated PM10 and
PM2.5 annual and 24-hour population weighted concentrations for each air basin. We assumed
that the population in a specific concentration bin is exposed to the midpoint concentration in
that bin. Table 6.7 lists the results of the analysis for PM10.

The annual statistics show that in three air basins - South Coast, San Joaquin Valley, and
Salton Sea - the basinwide population weighted annual geometric mean PM10 concentrations
are above 30 ng/m®. The Salton Sea has the highest PM10 annual averages in the State
(58 no/m®). The South Coast (with an average of 37 ng/m®) and the San Joaquin Valley (with
34.3 ng/m®) follow. With the exception of Great Basin Valleys and Lake County, all air basins
have population weighted annual arithmetic means over 20 g/m®.

The results of the 24-hour PM10 concentration analysis show that, with the exception of Lake
County, the rest of the State has basinwide population weighted average EPDCs over 50 ng/m®.
The desert areas - Great Basin Valleys and Salton Sea - have the highest EPDCs, around 300
my/m®. The South Coast and San Joaquin Air Basins follow, with EPDCs above 100 ng/m®. The
rest of the air basins have EPDCs between 50 and 100 ng/m®.

Table 6.7. Estimated Population Weighted Annual Means and 24-hour EPDC for PM10

Population Weighted Metrics for PM10
Air Basin Annual Annual Expected Peak
Arithmetic Mean | Geometric Mean | Day Concentration

(ug/m?) (ug/m?) (ug/m®)
Great Basin Valleys 16.7 11.1 337.1
Lake County 10.8 9.2 40.8
Lake Tahoe 20.8 17.5 69.2
Mountain Counties 23.0 15.8 86.4
Mojave Desert 21.6 234 69.4
North Coast 17.5 15.9 59.6
North Central Coast 24.2 22.7 73.0
Northeast Plateau 13.0 9.7 61.2
South Coast 40.7 37.0 105.3
South Central Coast 23.0 214 62.4
San Diego 28.8 28.8 72.8
San Francisco Bay Area 21.7 19.4 79.4
San Joaquin Valley 39.5 34.3 158.8
Salton Sea 70.2 58.0 299.9
Sacramento Valley 245 21.0 100.6
Statewide 33.1 30.0 100.4
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Table 6.8 lists the population weighted statistics calculated for PM2.5. The PM2.5 annual means
show that three air basins — South Coast , San Diego and San Joaquin Valley - have basinwide
population weighted averages above 15 ng/m® while three additional air basins — San
Francisco Bay Area, Salton Sea and Sacramento Valley — have population weighted annual
measn over 12 ng/m°.

Four air basins have population weighted average 24-hour EPDCs over 65 ng/m®. The San
Joaquin Valley has the highest EPDC (132 ng/m?®) of about twice the level of the standard,
followed by the Sacramento Valley (93.1 ng/m®), South Coast (87 ng/m®), and San Francisco
Bay Arega (71 ng/m®). Seven additional air basins have population weighted EPDCs over
25 ng/m

Table 6.8. Estimated Population Weighted Annual Means and 24-hour EPDC for PM2.5

Population Weighted Metrics for PM2.5
Air Basin Annual Arithmetic Mean Expected Peak Day
(ug/m?) Concentration (ug/m®)

Great Basin Valleys 7.5 18

Lake County 2.5 175

Lake Tahoe 7.5 275
Mountain Counties 9.8 44.9
Mojave Desert 12.3 27.6

North Coast 7.5 35.6

North Central Coast 7.5 23.8
Northeast Plateau NA NA

South Coast 22.3 87

South Central Coast 11.8 43.1

San Diego 15.7 54.3

San Francisco Bay Area 12.9 71

San Joaquin Valley 20.3 132

Salton Sea 13.6 45.3
Sacramento Valley 12.8 93.1
Statewide 18.2 814

6.5 Characterization of Personal and Indoor Exposures
6.5.1 Personal PM Exposures

Peoples’ actual exposures to PM, or their “personal exposures,” have been shown in numerous
studies to differ notably from outdoor PM concentrations measured at ambient monitoring
stations, and often are much higher than outdoor PM levels. This is primarily due to people’s
close proximity to sources of PM throughout the day, especially PM sources inside of buildings,
where people spend the large majority of their time. Personal PM exposures are estimated by
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measuring pollutant concentrations in a person’s breathing zone, the area near their nose and
mouth, using portable instruments worn by the individuals. Because people often spend time in
enclosed environments close to PM sources such as smoking, cooking, and cleaning activities,
personal concentrations also are often higher than indoor PM concentrations measured at fixed
locations in the indoor environment. The results of recent studies of personal and indoor
concentrations of PM most relevant to understanding Californians’ exposures are presented in
Table 6.9. and discussed below.

The first major study to demonstrate personal PM concentrations above indoor and outdoor
concentrations was the Particle Total Exposure Assessment Methodology (PTEAM) Study,
conducted in 1990 in Riverside, California. Investigators measured PM10 and PM2.5 for 12-
hour daytime and nighttime periods in 178 homes during September to November. They found
12-hour daytime personal PM10 concentrations to be about 50% higher than simultaneously
measured daytime residential indoor or outdoor concentrations. Daytime personal
concentrations averaged 150 pg/m®, while indoor and outdoor concentrations both averaged
about 95 pug/m® (Clayton et al. 1993, Ozkaynak et al. 1996a,b). Most importantly, 12-hour
daytime personal PM10 concentrations exceeded the California 24-hour ambient air quality
standard of 50 pg/m?® for about 90 percent of the monitoring days and exceeded the federal
PM10 standard of 150 pg/m?® for 25 percent of the monitoring days. During nighttime, personal
PM10 concentrations decreased and were similar to concurrent indoor and outdoor
concentrations (roughly 80 pg/m?), reflecting the importance of the proximity of people to PM
sources during normal activities in determining personal exposure concentrations.

The PTEAM study used a probability sampling design, in which study subjects were carefully
chosen to ensure that the sampled population represented the city of Riverside as a whole.
These types of studies are large and expensive, and therefore not frequently performed. Three
other probability studies of personal PM levels have been performed since PTEAM; in two,
investigators found higher personal concentrations than corresponding outdoor concentrations,
while outdoor concentrations were not measured in the third study. In Toronto, the investigators
found average personal and outdoor PM2.5 concentrations of 28 pg/m® and 15 pg/m?
respectively (Pellizzari et al. 1999). For PM10, average personal and outdoor concentrations
were 68 pg/m® and 24 pg/m?®, respectively. In Basel, Switzerland, average personal and
residential outdoor PM2.5 concentrations were measured at 24 pg/m® and 19 upg/m?
respectively; for nonsmokers, average personal and residential outdoor concentrations were
both 18 pg/m?®, showing the large impact smoking can have on personal PM2.5 exposures
(Oglesby et al. 2000). In Mexico City, personal PM10 concentrations, averaged 97 pg/m?®, but
no outdoor measurements were available for comparison (Santos-Burgoa et al. 1998).

Many smaller-scale particle exposure studies that have not used probability sampling design
have been performed, in both the general population and in populations sensitive to PM such as
the elderly or patients with chronic obstructive pulmonary disease (COPD). Recent U.S. studies
of personal PM10 and PM2.5 in which all or most of the study subjects were elderly and/or
COPD patients include Evans et al. 2000, Linn et al. 1999, Rojas-Bracho et al. 2000, Sarnat et
al. 2000, and Williams et al. 2000a,b,c. Like PTEAM, these smaller studies have also shown
that personal exposures can be higher than simultaneously measured residential indoor and
outdoor concentrations.
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Table 6.9. Recent Personal-Ambient Air Particulate Matter Exposure Studies

and COPD

Reference Location and No. of Study Age Concentration: arithmetic mean | Personal-ambient
opulation : el b alli s iord
pop subjects period range PM Size N (SD), all |nﬂg/m : correlation
Personal | Indoor | Ambient Value Type
Probability-based studies
Clayton et al., Riverside, CA 178 08-11/90 10-70 PM10- 171 150 (84) 95 (61) 91 (48) 0.37° P
1993 PTEAM day
PM10- 168 77 (40) 63 (37) 77 (48) 0.54° P
night
Pellizzari et al., Toronto, 732 11/95-10/96 >16 PM2.5 922 28 21 15 0.23 P
1999 Canada PM10 141 68 30 24 NA
Oglesby etal., Switzerland 50 01/97-12/97 25-55 PM2.5 44 24 (17) NAS 19 (12) 0.07 P
2000 EXPOLIS
Subset with no 20 01/97-12/97 25-55 PM2.5 20 18 (13) NAS 18 (7) 0.21 P
ETS exposure
Not probability-based, California studies
Linnetal, Los Angeles; 30 10/96-02/97 56-83 PM2.5 60 24 (15) 24 (15) 25 (15)° 0.26° P
1999 Elderly COPD PM10 59  35(15) 33(16) 40 (18) 0.22 P
Evans etal., Fresno, CA; 5 02/99 >60 PM2.5 56 13 9.7 22 0.41 P
2000 Elderly
Fresno, CA; 16 04/99-05/99 >60 PM2.5 190 11 8.0 8.6 0.84 P
Elderly
Not probability-based, recent United States studies
Rojas-Bracho  Boston, MA; 18 01-09/96, 38-60 PM25 224 22 (14) 18 (14) 14 (11) 0.61° L
et al., 2000 COPD 01-02/97 PM10 225 37 (23) 32 (25) 22 (19) 0.35° L
Sarnat et al., Baltimore, MD; 15 06-08/97 62-82 PM2.5 37 27 (14) NA' 25 (12) 0.76 L
2000 Elderly 06-08/97 PM10 37  34(12) NA! 34(13) 064 L
02-03/99 PM2.5 36 19 (11) NA 5.6 (49) 0.25 L
02-03/99 PM10 36 28 (17) NA 7.5 (73) 0.53 L
Williams et al., Baltimore, MD; 21 07/98-08/98 72-93 PM2.5 23 13 9.4 22 0.80 L
2000a,b,c Elderly, healthy

a-Refer to publication for measurement averaging times; most are 24 hr, 'day’ refers to 12 hr daytime, 'night' refers to 12 hr nighttime.
b-Listed sample size for personal samples; see reference publication for sample size information for indoor and ambient samples.
c-Outdoor residential measurements substituted as ambient concentration data from a nearby monitoring site were unavailable.
d-Values are Pearson correlation coefficients unless otherwise noted; types are Pooled (P) or median Longitudinal (L).

e-Values were calculated as the square root of R
f-NA indicates information was not available
g-Spearman rank correlations

2 . .
from mixed model regression
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However, these studies of sensitive populations have generally shown smaller personal-outdoor
or personal-ambient station differences than those found in the PTEAM study, and stronger
correlations with ambient levels. This appears to be in part due to the reduced activity levels of
many of the study subjects who have pre-existing lung disease (for example, fewer cleaning and
cooking activities), as well as the use of longitudinal study designs (multi-day monitoring) which
are more likely to reflect personal to outdoor relationships. These studies have also generally
found smaller differences between personal and ambient levels for PM2.5 as compared to
PM10, and that correlations between ambient and personal levels are generally higher for
PM2.5 than for PM10. Notable exceptions exist, however, such as the results from two recent
studies of elderly subjects in Fresno, California and Baltimore, Maryland (Evans et al. 2000,
Williams et al. 2000a,b,c) where personal levels were lower than ambient levels, on average.
Also, another study of elderly subjects in Baltimore found a lower correlation between personal
and ambient levels of PM2.5 than for PM10 (Sarnat et al. 2000). These results are likely
explained by the reduced activity level of the study participants; seasonal differences in ambient
levels, ventilation practices, local variability, and the presence or use of fewer indoor PM
sources; and multi-day monitoring.

There are few data available on personal PM2.5 concentrations in California, although non-
smoking elderly subjects in Fresno (Howard-Reed, et al., 2000, Evans et al. 2000) and COPD
patients in Los Angeles (Linn et al. 1999) have been studied. Because none of the PM2.5
studies have used a probability-based design, and although much information is currently being
gathered about PM2.5 in California, the extent to which Californians’ personal exposures to
PM2.5 are elevated above ambient concentrations is largely unknown.

Because measured personal exposures to PM are often greater than estimates based on time-
weighted averages of concurrent indoor and outdoor PM levels, researchers have identified a
“personal cloud” of PM. It is thought that this “personal cloud” is due to an individual's activities
(which can generate or resuspend particles), their proximity to other activities that generate PM
emissions, and their visits to non-monitored environments with elevated PM levels. Examples
of activities that generate PM likely to contribute to elevated personal PM include smoking,
cooking, cleaning, travel, some types of work, and playing on a carpeted floor.

In several PM exposure studies, researchers have estimated the magnitude of the “personal
cloud.” Wallace (2000a) reviewed several recent studies, and found that the personal cloud for
PM10 for healthy persons, from children to the elderly, was often about 30 ug/m?®, but it ranged
from 3-67 pug/m® among individuals. The personal cloud for PM2.5 was smaller, ranging from 6-
27 pug/m®. The personal cloud for COPD patients in two studies was considerably smaller than
that for the general population: 6-11 pg/m® for PM10, and about 6 pg/m® for PM2.5; this
reduction is probably attributable to the reduced level of personal activities of the study subjects,
and the lack of significant indoor PM sources in their homes.

The sources and composition of the personal clouds were not identified in these studies.
Personal activities that resuspend particles from clothes, furnishings, and other surfaces may be
an important source, in addition to the activities listed above. Recent studies have identified
other factors that could affect the personal cloud composition and size fractions, such as the
use of cosmetics and antiperspirants (Conner, et al.,, 2001), and the proximity and type of
combustion sources such as incense burning and cooking (McBride et al. 1999; Fortmann et al.
2001).

In summary, in spite of the many studies cited, the ability to accurately estimate PM exposure
concentrations for general populations, especially PM2.5 exposures, is still limited by the small
number of probability design studies, the large amount of individual variability, and the limited
seasonal coverage of the probability studies that have been conducted (which did not include
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the important seasonal variations in air exchange rates; U.S. EPA 2001). The PTEAM study
remains the only major probability sampling PM exposure study conducted in the U.S. and still
provides the most relevant California PM10 exposure data, although it essentially covered just
one season in one city. Representative PM2.5 data for all Californians are lacking.

6.5.2 Sources of Indoor PM

Indoor PM sources often increase particle concentrations inside a building above ambient
concentrations, due to the trapping effect of the building shell. A key factor in the effectiveness
of this trapping is the air exchange rate of the building, which tends to vary by season and is
strongly affected by open windows and doors, mechanical ventilation, and building construction
characteristics.

Outdoor air infiltration and indoor combustion sources such as smoking and cooking are
typically the greatest sources of indoor PM (Wallace 1996; Ozkaynak et al. 1996a,b; Brauer et
al. 2000; Abt et al. 2000; Fortmann et al. 2001). For example, through source apportionment
the PTEAM investigators estimated that, on average, about 76% of the indoor PM2.5 mass and
66% of the indoor PM10 mass originated outdoors. They also estimated that, on average, 5%
of PM2.5 and 4% of PM10 was attributed to tobacco smoking; 4% of PM2.5 and 5% of PM10
was attributed to cooking; and 14% of PM2.5 and 26% of PM10 were from unexplained sources
(Ozkaynak et al. 1996a). Abt et al. (2000) and Long et al. (2000) found that the relative
contribution of outdoor PM to indoor levels varied by particle size, with outdoor air generally
contributing a majority of the smaller particles (less than 0.5 micrometers) measured indoors,
while indoor sources contributed more to the larger (2-10 micrometers) size fraction. Thus,
reductions in outdoor PM levels can have a major effect on the indoor concentrations.

For PTEAM homes with smokers, it was estimated that 30% of the PM2.5 mass and 24% of the
PM10 mass came from smoking. For homes in which cooking occurred during the monitoring
period, 25% of the PM2.5 and PM10 was estimated to come from the cooking activity
(Ozkaynak 1996b). These results are consistent with those found in many previous indoor
studies that have examined the impact of cigarette smoking on indoor PM levels, and led to
subsequent studies of indoor cooking emissions that have confirmed the high impact that some
cooking methods can have on indoor and personal PM levels (Abt et al. 2000; Wallace 2000b;
Brauer et al. 2000; Fortmann et al. 2001). In a study of a variety of cooking activities using gas
and electric stoves in a test home in northern California, kitchen PM10 levels ranged to more
than 1400 ug/m? during frying, broiling, and baking activities (Fortmann et al., 2001). During use
of the self-cleaning feature, oven cleaning resulted in kitthen PM10 levels up to 3661 ug/m?®,
and indoor PM2.5 ranged to 2032 pg/m?®, while concurrent outdoor levels ranged only to 20
pg/m®. The burning of wood, incense, and mosquito coils can also be important combustion
sources of residential indoor PM, especially in the 2.5 um size range and below (Brauer et al.
2000; Lofroth et al. 1991).

Physical generation or re-suspension of particles also can be an important PM source. Indoor
surfaces such as carpets and draperies can attract and re-emit particles (Thatcher and Layton,
1995, Kamens et al. 1991). Particle concentrations from carpets can be high even in homes
where good cleaning practices are used, and the particles can become re-entrained in the
indoor air when people walk or play on the carpeted surface (Wallace 2000a; Roberts and
Dickey 1995; Abt et al. 2000, Vette et al. 2001). Track-in of particles on shoes and by children
and pets has also been shown to contribute significantly to indoor particle concentrations in
residences (Roberts and Dickey 1995, Thatcher and Layton 1995). House dust particles have
been found to include vapors, metals, and semi-volatile chemicals of intermediate vapor
pressures, such as pesticides and polycyclic aromatic hydrocarbons (Rothenberg et al. 1989;
Roberts and Dickey 1995; Lewis et al. 1999; U.S. EPA, 1999) that have their own toxic
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properties. These contaminants are often adsorbed onto the surfaces of house dust particles,
and are available for re-emission to the air and subsequent inhalation, and for dermal
absorption and/or ingestion by children through floor contact and hand-to-mouth behavior
(Lewis et al, 1994; Zartarian et al. 1998; Zartarian and Leckie, 1998). For toxics such as lead,
floor dust levels can be a major determinant of exposure.

Biological contaminants such as fungi, bacteria, house dust mites, and pollen also can
contribute to indoor particle concentrations, especially in buildings with moisture problems from
flooding or roof leaks that have not been properly repaired. Many biological contaminants can
trigger asthma attacks in sensitive individuals and cause other adverse health effects such as
allergy symptoms, sinus and respiratory infections, headaches and irritant effects (NAS 1993;
NAS 2000). Bioallergens, such as pollen, in outdoor air can also penetrate indoor spaces. Re-
entrained road dust may be a particularly important source of bioallergens in both indoor and
outdoor air (Miguel et al. 1998).

6.5.3 Relation of Personal PM Concentrations with Ambient Concentrations

Although much effort has been made to determine the relationship between outdoor and
personal PM concentrations, no consistent predictive relationship has been found. Complicating
factors include varying degrees of particle infiltration from outdoors, varying particle removal
rates indoors, and the wide variety of peoples’ activities and proximity to sources.

The complex relationships between personal exposures and outdoor concentrations are
reflected in the variable correlations found between personal PM10 concentrations and ambient
concentrations. Correlations (r) of personal PM10 concentrations with ambient concentrations in
studies utilizing a cross-sectional study design (each individual monitored for one day), including
PTEAM, have been low, ranging from O to about 0.3 (Dockery and Spengler 1981, Sexton et al.
1984a,b, Spengler et al. 1985, Lioy et al. 1990, Clayton et al. 1993, Ozkaynak et al. 1996b). In
these studies, investigators have generally collected personal exposure samples over durations
of 12 or 24 hours.

However, for longitudinal studies with seven or more repeated measurements, correlations for a
given subject between personal and outdoor concentrations are greater than for a cross section
of subjects with a single measurement period (Wallace 1996, Wallace 2000a). Additionally,
recent studies for PM2.5 have found stronger correlations for personal PM2.5 concentrations
with outdoor particle concentrations than were found for PM10 in earlier PM10 studies. Rojas-
Bracho et al. (2000) found that the median longitudinal Spearman correlation coefficient (r)
between personal and outdoor PM2.5 concentrations for each individual over multiple days was
0.61 in Boston. Median longitudinal Pearson correlations (r) were 0.25 and 0.76 for winter and
summer, respectively, in Baltimore (Sarnat et al. 2000). Average Pearson correlation
coefficients (r) between personal and outdoor PM2.5 concentrations were 0.41 and 0.84 for the
winter and spring phases of study in Fresno, respectively (Evans et al. 2000), 0.26 during the
fall and winter in Los Angeles (Linn et al. 1999), and 0.89 in Baltimore (Williams et al. 2000a,b).
However, because most of these studies used elderly and/or ill subjects, the correlations may
be greater than would be seen for healthy individuals. This appears to be due to the
participants’ reduced rates of activities and mobility relative to the general population (see Table
6.9 for a description of the demographic group observed in each study), the absence of major
indoor PM sources, and increased operation of heating, cooling, and ventilation systems (which
usually have air filtration) (Rodes et al. 2001; Williams et al. 2000a).

Strong correlations between personal and outdoor concentrations have also been observed in
two European studies. In their longitudinal study of 13 children in the Netherlands, Janssen et
al. (1999) found longitudinal correlation coefficients between personal and outdoor PM10 of
0.75 for all children and 0.84 for children not exposed to environmental tobacco smoke.
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Correlation coefficients for PM2.5 were 0.86 for all children and 0.92 when environmental
tobacco smoke exposures were excluded. Personal concentrations averaged 28 pg/m®, while
outdoor concentrations measured 17 pg/m®. In a study of elderly subjects with cardiovascular
disease, the median Pearson correlation (r) for personal and outdoor PM2.5 was 0.79 in
Amsterdam and 0.76 in Helsinki (Janssen et al. 2000).

In spite of the complex relationship between personal and outdoor PM concentrations, studies
have shown outdoor PM to be a consistent and important contributor to overall PM exposure.
Analysis of the results of personal exposure studies have estimated average outdoor
contributions to personal PM mass exposures ranging from about 50% to 64% for PM10
(Ozkaynak et al. 1996a, Mage 1998) and to 75% or more for PM2.5 (Koutrakis et al. 1992,
Mage 1998). Mage (1999) also found that variations in personal exposures of persons with
similar lifestyles and no exposure to tobacco smoke were driven by variations in ambient PM
concentrations. The work of Mage et al. (1999) and Wilson et al. (2000) attempts to show that
indoor and personal PM concentrations reflect the “superposition” of an ambient-derived indoor
PM component, which tracks outdoor concentrations, and a more variable indoor-derived PM
component, which does not. Sarnat et al. (2000) showed that personal-to-ambient concentration
correlations improve greatly with increasing air exchange rates. Findings such as these help
explain why mortality and morbidity effects seen in epidemiology studies have been linked to
ambient PM concentrations despite the sometimes poor correlations between personal and
outdoor concentrations for a given population on a given day, such as is reflected in cross-
sectional studies.

6.5.4 Contributions of Outdoor Sources of PM to Indoor Concentrations

Outdoor particles enter buildings and contribute to indoor concentrations. The rate at which
particles infiltrate into indoor environments and the ratio of indoor to outdoor concentrations are
dependent on many factors, especially the air exchange rate of the building, the use of operable
windows and doors, and the aerodynamic size of the particles. In addition, outdoor
concentrations measured outside of or near the building where indoor measurements are taken
can vary considerably in relation to corresponding ambient levels measured at stationary
ambient monitoring stations, especially for PM10 at higher concentrations (Ozkaynak et al.
1996Db) .

Indoor PM10 concentrations in PTEAM were similar to nearby outdoor PM10 concentrations
during the daytime, but slightly lower during the nighttime (Clayton et al. 1993). Indoor PM2.5
concentrations were similar to outdoor concentrations during the daytime, and lower during the
nighttime. However, through source apportionment techniques, the PTEAM investigators
estimated that, of the total indoor mass of particles, outdoor particles contributed 66% of the
PM10 mass and 76% of the PM2.5 mass (Ozkaynak et al. 1996a,b).

Correlations (r’) between indoor PM2.5 and nearby outdoor PM2.5 were estimated in studies of
elderly subjects to be 0.93 (winter) and 0.75 (spring) in Fresno (Evans et al. 2000), and 0.96 in
Baltimore (Williams et al. 2000a). In a study of four Boston homes with air exchange rates below
1.0 hr ™, Abt et al. (2000) estimated that only 20-43 percent of indoor particles from 2-10 pm
were from outdoors, while 63-92 percent of indoor PM from 0.02-0.3 pum were from the
outdoors.

The outdoor-derived fraction of indoor PM is determined by several factors (e.g., air exchange
rate, particle penetration, and deposition) and, under steady-state conditions, can be calculated
from the following equation, assuming no indoor sources are present:

Cout-in = Cout [P a/(a + k)]
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where P is the particle penetration factor, a is the air exchange rate of the building, k is the
particle deposition rate, C,..in iS the concentration of particles of outdoor origin in indoor air (i.e.,
those that have infiltrated indoors), and C, is the concentration of particles in outdoor air. Both
P and k are in large part dependent on particle size, making the solution to this equation
dependent on the particle size fraction considered, except when a is high. The steady state
modeling approach is shown here for simplicity, but dynamic modeling is generally needed
because pollutant source emissions and ventilation are episodic and not constant.

Air exchange rate is the rate at which the air in an indoor air space is exchanged with the same
volume of outdoor air. In residential buildings, air exchange rates vary widely depending upon
building construction, opening of windows and doors, wind-and fan-induced pressure changes,
and seasonal changes. A number of investigators have reported air exchange rates for homes
in California (Ozkaynak et al. 1996a,b, Sheldon et al. 1993, Wilson et al. 1993, Pellizzari et al.
1999, Wilson et al. 1986). Representative values for the mean and standard deviation of air
exchange rates in residential buildings in California have been estimated at 1.2 and 1.0,
respectively, with a log normal distribution (Air Resources Board, 1998b), and have been
measured as high as 5 or more air changes per hour.

The penetration factor denotes, for a given volume of air that enters the building, the fraction of
the outdoor contaminant mass that moves through the building shell to the indoor space without
interception. For residential buildings, the main entry routes of outdoor air are open windows
and doors, cracks in the building shell, and mechanical ventilation systems such as swamp
coolers, whole house fans, and central systems with substantial duct leakage. Penetration
factors are calculated based on measurements of other parameters, mainly indoor and outdoor
particle mass concentrations and air exchange rates, and can vary depending on the size
fraction of PM being considered. The values of the penetration factor for PM2.5 in residences
have generally been estimated in the range of 0.5 to 1.0 (Long et al. 2001; Suh et al. 1994,
Koutrakis et al. 1992, Dockery and Spengler 1981, Ozkaynak et al. 1996b), with California
studies showing penetration factors for PM2.5 and PM10 close to 1.0 (Ozkaynak et al. 1996b;
Thatcher and Layton 1995). More recent field studies have found differences in penetration
efficiencies among particles of different sizes, with larger sizes showing reduced penetration
(Abt et al. 2000; Vette et al. 2001; Long et al. 2001), especially under conditions of low air
exchange. Laboratory studies with simulated penetration and infiltration scenarios have
generally supported and complemented the field results, although they are limited to leakage
measurements (Mosley et al. 2001; Liu and Nazaroff 2001; Thornburg et al. 2001).

In public and commercial buildings, penetration depends on the size of the building, whether
operable windows are present, and the presence or absence of a central HVAC system with
filtration. A large, multi-story building with a central system and high efficiency filtration would
generally have very low penetration and infiltration of particles of all sizes. At the other extreme,
a small grocery or retail store with no central system and open windows and doors would be
similar to many homes and have high penetration and infiltration due to the high air exchange
rate with little interception of particles (Air Resources Board, 1998Db).

In the process of entering an indoor environment, particle concentrations may be reduced by
various mechanisms, including deposition, transformation, decay, decomposition, and
adsorption. The cumulative effect of these processes is reflected in the particle deposition
(removal) rate. Typically, particles of larger aerodynamic diameter have higher deposition rates.
Values for the particle deposition rate for California homes, estimated as part of the PTEAM
study, were 0.39 hr' for PM2.5 and 0.65 hr' for PM10 (Ozkaynak et al. 1996b). Other
investigators have found a wider range of deposition rates for particles of different aerodynamic
size, with the lowest deposition rates shown by particles in the 0.1 to 1.0 micrometer range
(Thatcher and Layton 1995; Long et al. 2001; and others). Additionally, the indoor furnishings
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and material surfaces can affect deposition, with rough “fleecy” materials collecting particles
more than smooth, slick surfaces.

In summary, the contribution of outdoor PM to indoor PM concentrations can be substantial but
highly variable. The transport of outdoor PM into a building’s air volume and surfaces is very
complex and varies greatly, depending on many factors through time for different particle size
ranges. The indoor-outdoor relationships for PM also vary with outdoor PM concentrations, so
that simple indoor-outdoor ratios do not reflect the true interrelationships. Using the PTEAM
source apportionment results as an example from a large, population-based study in California,
indoor PM can be expected to be comprised of about 0 and % outdoor PM10 and PM2.5,
respectively. For elderly and ill persons in nursing homes, hospitals, or apartments, the outdoor
PM contribution appears to be much less. The contribution of outdoor PM2.5 is generally
greater than that for PM10 due to increased penetration. During cold weather periods, the
outdoor PM contribution appears to be less due to reduced air exchange rates. The contribution
of outdoor PM to indoor PM in public, commercial and multi-family buildings would be expected
to be somewhat less than that for single-family residences due to outdoor air filtration by
mechanical ventilation systems; however, representative data are lacking in this area.

6.5.5 Indoor Concentrations in Public and Commercial Buildings

Because adults and children in California typically spend about 62% and 75% of their time in
their residence, respectively (Jenkins et al. 1992, Phillips et al. 1991), residences are the most
important locations for overall PM exposure for most people. However, significant time—about
25% on average--is also spent in other buildings, such as at work and school, so PM
concentrations in these buildings are also important in estimating exposure to PM.

PM concentrations in public and commercial buildings appear to often be lower than ambient
concentrations, but far fewer studies have been conducted for public buildings than residences.
Reasons for lower indoor PM concentrations in public and commercial buildings include the use
of particle filters in mechanical ventilation systems, inoperable windows, reduced exterior
surface to volume ratios, and the lack of many indoor sources typically present in residences.
However, as with residences, the presence of indoor sources in public and commercial buildings
can produce indoor concentrations that exceed concurrent ambient concentrations, especially if
smoking is allowed in the building. The largest public and commercial building PM study to date
was conducted in the Pacific Northwest for 38 commercial buildings (Turk et al. 1987). Buildings
where smoking was prohibited averaged 19 ug/m® PM3.5 indoors, the same as the outdoor
level, while buildings where smoking was permitted averaged 70 pg/m?®, notably higher than the
outdoor level. (PM3.5 was measured as respirable PM or “RSP”). Sheldon et al. (1988)
measured PM in six buildings in the eastern U.S., and found indoor PM concentrations generally
lower than outdoors where there was no smoking, but much higher indoor concentrations where
smoking was allowed (14 to 56 pg/m®versus 13 to 17 pg/m?® outdoors).

Elevated PM concentrations can occur in other enclosed environments such as inside motor
vehicles, but few studies have been conducted to examine such exposures. The most
comprehensive study to date has been that of Rodes et al. (1998) conducted in Sacramento
and Los Angeles. Real-time fine particle count concentrations and black carbon concentrations
inside vehicles increased up to ten times the average roadway concentrations when following
certain diesel vehicles. However, average PM mass concentrations inside the vehicle were
similar to outdoor concentrations measured at the nearest ambient monitor, while roadway PM
concentrations were somewhat higher. Average in-vehicle PM10 concentrations were about 27
pg/m? for Sacramento runs and 61 pg/m?® for Los Angeles as compared to 29 ug/m® and 73
pg/m? at the nearest ambient stations, respectively. In-vehicle PM concentrations averaged 60
to 80% of those concentrations measured just outside the vehicle, which reflected the elevated
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roadway concentrations. In summary, it appeared the impact of traffic on PM exposures inside
vehicles was small with regard to total mass, although significant differences in traffic PM
chemical composition and PM size distribution are probably present compared to ambient PM.
Using carpool lanes appeared to reduce in-vehicle PM concentrations significantly, although
carpool lanes were used in only two of the 29 two-hour runs.

6.5.6 PM Exposures in Sensitive Subgroups

Individuals with pre-existing respiratory disease, such as COPD and asthma, and pre-existing
cardiovascular disease can be more susceptible to adverse effects from exposure to particulate
pollutants. Until recently, personal exposures of such groups to particles had not been
measured. Only a few small, recent studies have been conducted to examine the PM2.5
exposures of such groups. Elderly healthy persons and young children may also be more
susceptible; the PM exposures of these subpopulations have been discussed earlier in this
chapter.

Rojas-Bracho et al. (2000) and Linn et al. (1999) have reported on PM10 and PM2.5 exposures
for individuals with COPD. Rojas-Bracho et al. found that mean personal PM10 and PM2.5
concentrations were 67% and 52% above outdoor PM10 and PM2.5 concentrations,
respectively, for 18 COPD patients in Boston. (PM10 and PM2.5 concentrations were 22 and 14
pg/m? outdoors, 32 and 18 pg/m?® indoors, and 37 and 22 pg/m® personal, respectively).
Personal-to-ambient concentration median longitudinal correlations were moderate with better
correlation observed for PM2.5 (r=0.61) than for PM10 (r=0.35) or for PM2.5-10 (r=0.35). The
authors attribute this to the higher deposition rate of PM2.5-10 compared to that for PM2.5. The
authors also found personal-to-outdoor concentration ratios to be high (i.e., greater than 3)
when air exchange rates were low (less than one exchange per hour). Overall, this study found
similar results to those of other studies for healthy adults except PM concentrations were lower.

Linn et al. monitored 15 COPD patients for PM2.5 exposures and 15 for PM10 exposures in Los
Angeles during the fall and winter. PM10 and PM2.5 mean concentrations were 40 and 25
pg/m? for outdoors, 33 and 24 pg/m?® for indoors, and 35 and 24 pg/m?® for personal. The
personal and indoor PM levels are similar to those discussed above for the Rojas-Bracho et al.
study of COPD, although the outdoor PM levels in Los Angeles were higher.  Unlike other
studies, this study did not find personal concentrations to be significantly higher than indoors or
outdoors. The authors suggest that the lack of increased personal PM in these subjects with
severe COPD may be due to less personal activity, less time spent outside of the home, less
personal particle generation, and failure to keep the personal monitor in their personal
environment at all times. The pooled correlation of personal PM concentrations to ambient PM
concentrations at a monitoring station (some of which were distant from the subject’'s home)
were quite low (r* < 0.1). Daily indoor PM levels tracked PM levels outside the home more
closely (r* =0.27 for PM10, r=0.19 for PM2.5); presumably personal PM levels had similar
correlations, because they correlated very closely with indoor PM levels.

Lillquist et al. (1998) reported indoor and outdoor PM10 measurements in three Utah hospitals
over one winter season. Significant variability in indoor PM levels was found both among room
types and among hospitals, and the relationship between indoor PM10 levels and outdoor levels
was highly variable. The ICUs had significantly lower PM10 levels than other types of rooms,
after adjusting for hospital differences. Thus, the most critically ill individuals may experience
some protection in hospitals from ambient PM; however, in general, hospitals do not offer
regular protection from ambient PM.

Two studies nearing completion will add significantly to our understanding of Californians’
exposures to PM in both sensitive subpopulations and healthy persons. Conducted by the
Harvard School of Public Health, both studies are designed to longitudinally examine the

6-62



relationships between outdoor and indoor concentrations and personal exposures across
different seasons. The first of the two studies is examining PM exposures of a group of 15
individuals with COPD in Los Angeles. This study will provide information on how 24-hour
average PM10 and PM2.5 mass, elemental carbon, particulate nitrate, and elemental
concentrations vary by season, individual, and subject activity. The second study uses a similar
design for a group of healthy persons, though it involves even more detailed characterizations of
the PM levels and ventilation characteristics of the subject’'s homes, and focuses on determining
the contribution of outdoor concentrations to personal exposures. The results from these two
studies are expected to provide important new information on the relationships between outdoor
and indoor concentrations as well as personal exposures for several components of PM, for
both COPD patients and healthy persons in California.

6.5.7 Summary

Ambient PM is usually the major contributor to indoor and personal PM exposure, especially
when few indoor sources are present. However, the relationships between indoor and ambient
concentrations and personal and ambient PM concentrations are complex, and correlations
between total PM mass concentrations in different microenvironments are sometimes low.
People’s use of, or proximity to, sources of PM, such as indoor cooking and cigarette smoke,
typically results in higher personal exposure levels than indoor and ambient levels measured
concurrently by stationary monitors. Indoor sources of PM such as cooking, tobacco smoke, and
cleaning activities such as vacuuming often contribute to elevated indoor concentrations as well.
Investigators have generally found somewhat greater correlations between personal and
ambient PM concentrations for single individuals studied over several days as compared to
single day analyses for more individuals, and for elderly or ill individuals with more limited
activities and few indoor sources. Correlations also tend to be greater for PM2.5 than for PM10,
in part because of increased penetration and reduced deposition rates indoors for smaller
particles. However, there remains much uncertainty in the current understanding of these
relationships.
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7. Health Effects of Particulate Matter

The Children’s Environmental Health Protection Act (Senate Bill 25, Senator Martha Escutia,
Stats. 1999, Ch. 731) required the ARB, in consultation with OEHHA, to “review all existing
health-based ambient air quality standards (AAQS) to determine whether, based on public
health, scientific literature, and exposure pattern data, these standards adequately protect the
health of the public, including infants and children, with an adequate margin of safety.” Of
those AAQS identified as providing insufficient public health protection, SB 25 requires the
ARB to revise the highest priority standard by December 31, 2002. Last year OEHHA staff,
assisted by six academic air pollution researchers, undertook a critical review of the health
impacts of exposure to the regulated pollutants, and categorized the latter into two tiers, with
the first representing greater potential risks to public health at the concentrations of the
current AAQS. Of the first-tier standards, OEHHA identified the AAQS for particulate matter
as the highest priority pollutant, and recommended to the ARB that this standard be the first
to consider for a more thorough evaluation and possible revision. This decision was based on
the evidence in the literature of health effects, including mortality and morbidity in infants,
children, the elderly and other potentially sensitive subgroups, associated with particulate
matter at or below the current state standards. The ARB accepted the recommendation by
OEHHA staff at the Board Meeting held in December 2000.

This chapter contains a targeted, critical review by OEHHA staff of the research relevant to
setting the standard(s) for the particulate matter AAQS for California. Beginning with
deposition, clearance and dosimetry of particles (section 7.1), the review focuses primarily on
epidemiological studies of mortality associated with both acute and chronic exposure to PM
(sections 7.2, 7.3 and 7.4), as well as morbidity outcomes (sections 7.5 and 7.6). This review
of the most pertinent literature is followed by discussions of susceptible subpopulations
(section 7.7), plausible biological and toxicological mechanisms underlying the
epidemiological observations (section 7.8), and causal inference regarding the associations
between ambient PM concentrations and increased morbidity and mortality (section 7.9). The
OEHHA staff recommendations for revision of California’s AAQS for PM are provided in
section 7.10).

In brief, OEHHA staff recommends that the current PM10 standards be revised. There are
compelling reasons to be concerned about significant adverse health effects associated with
ongoing exposures occurring at or below concentrations prescribed by the existing standards.
Recommended changes include:

Revise the annual average standard for PM10 from 30 to 20 ng/m?.
Retain the 24-hour standard for PM10 of 50 ng/m?, not to be exceeded.

Add an annual average standard for PM2.5 of 12 ng/m® given growing evidence from
epidemiological and toxicological studies of significant toxicity related to this size fraction
of PM.

Establish a 24-hour standard for PM2.5 of 25 ng/m®, not to be exceeded.

Retain the current 24-hour average standard of 25 ng/m? for sulfates.

Prevent degradation of current ambient air concentrations, measured as PM10 or PM2.5.
7.1 Particle Deposition, Clearance and Dosimetry

For particles to exert any biological effect, they must first come into contact with the target
organ tissue: for purposes of this document, the initial target organ of concern is the
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respiratory tract. In general, particles 10 mm or less in diameter are considered respirable by
humans. The depth of penetration into the lung and extent of deposition are determined by a
particle’s aerodynamic diameter, its ability to attract water (hygroscopicity), electrostatic
charge, and by host characteristics, including airway structure and geometry, as well as
depth, rate and mode of breathing (e.g., nasal vs. oronasal). Many inhaled particles are
exhaled without depositing in the respiratory tract; the theoretical particle diameter for minimal
deposition is about 0.5 mm. In general, for particles with diameters greater than 0.5 and less
than 10 mm, increasing size is associated with greater total lung deposition, while for particles
with diameter less than 0.5 mm deposition is inversely related to particle size. Soluble particles
can be cleared by dissolution into the extracellular fluid lining the airways, with subsequent
transport into epithelial or other cells of the respiratory tract, and then into the circulation.
Insoluble particles are cleared by more complex mechanisms, as described below.

7.1.1 Deposition

The respiratory tract is often considered to consist of three anatomically and functionally
distinct units: (a) the extra-thoracic (ET - from the mouth and nose to the larynx); (b) the
tracheo-bronchial (TB — from the larynx through the conducting airways; and (c) the alveolar
(AL — the gas exchange zone). In general, more serious pollution-related health outcomes are
related to effects in the TB and AL regions. The patterns of particle deposition in the
respiratory tract do not, however, correspond well to the categories used to classify particles
for regulatory purposes (PM10, fine (PM2.5) and coarse (PM10 — PM2.5) fractions).
Generally, larger particles demonstrate a greater fractional deposition in the ET and upper TB
areas, while smaller particles show greater deposition in the deep lung (lower TB and AL).
These regional patterns reflect principally the mechanisms of deposition that differentially
influence particles by size.

Mechanisms of nonfibrous particle deposition include: (i) gravitational settling, for particles
more dense than air; (i) impaction on the wall of a bronchus or bronchiole, due to inertia
maintained when the airstream changes direction at an anatomical bend or bifurcation; (iii)
diffusion related to Brownian motion; and (iv) electrostatic attraction, which is generally
considered of lesser importance than the other three. Settling and diffusion are more
important for particles less than about 3 mm, while inertial impaction generally affects larger
particles, particularly in the ET and upper TB area (Foster, 1999). For ultrafine particles (with
diameters <0.1 mm in diameter), diffusion represents the dominant mode of deposition.

The ET region and especially the nose effectively filter out a large fraction of inhaled particles,
mainly those above 1 mm in diameter, but also including ultrafine particles. In general, inertial
impaction predominates in the ET region, so increasing particle size and increasing flow rates
will tend to increase particle deposition. However, fractional deposition of ultrafine particles
(inhaled at flow rates between 5.9 and 22 liters/min) in the nose has also been reported to be
very high (in excess of 93%) (Swift and Strong, 1996).

In the TB and AL areas, increased depth of breathing tends to enhance the deposition of fine
particles, while an increased respiratory rate has the opposite effect (Foster, 1999). Exercise
and increased respiratory rates also tend to result in greater deposition in larger, central
airways, and less in the AL region (Foster, 1999). Using inert particles 1, 3, and 5 mm in
diameter, Kim et al. (1996) showed that, even in healthy adults, there is striking heterogeneity
of deposition patterns, with airway surface doses 2 to 16.6 times greater in large airways and
up to 4.5 times greater in small airways than in the alveolar region for larger (3 and 5 mm)
particles. A similar, but less pronounced, pattern was also observed for particles of 1 mm
diameter. Heterogeneous local particle dose enhancement may also be important among
individuals with obstructive lung disease (see below).
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Among healthy adults, airway caliber (measured by specific airway resistance) appears to be
an important determinant of particle deposition, with a generally inverse relationship between
airway diameter and deposition efficiency Bennett et al., 1996). This may result from the
decreased cross-sectional distance that particles have to traverse (by inertial velocity,
gravitational settling, or diffusion) before depositing. Women tended to display a greater
deposition fraction than men (perhaps because of a smaller respiratory tract anatomy overall).
Nevertheless, because men breathed more rapidly than women, they showed a greater
deposition of particles per unit time, though the difference was slight when normalized to lung
surface area. However, under controlled breathing conditions, women tend to display greater
deposition of coarse particles, defined here as those with 3 and 5 nm in diameter, throughout
the lung, particularly in the ET and TB regions (Kim and Hu, 1998). Bennett and colleagues
(1996) also found that the deposition fraction of inert fine particles, defined here as those with
2 mm in diameter, was independent of age among 62 healthy adults (ages 18 — 80), which
suggests that among elderly individuals, pre-existing lung disease may be more important
than age per se with respect to respiratory tract deposition (see below).

Individuals with asthma and chronic obstructive lung disease experience greater fractional
deposition of fine particles, defined here as those with 1 nm in diameter, than individuals with
healthy, normal lungs, with the degree of particle retention roughly proportionate to the
severity of airway obstruction (Kim and Kang, 1997). Adult subjects with asthma or COPD
showed approximately 1.6- and 2.0-fold greater fractional deposition, respectively, of fine
particles than healthy subjects (Kim and Kang, 1997). Anderson et al. (1990) showed a
similar increase in deposition efficiency of fine and ultrafine particles, defined here as those
with 0.02 — 0.24 mm in diameter, in several individuals with asthma and COPD relative to
healthy subjects. This study also included 3 individuals with restrictive lung disease
(characterized by lung fibrosis or scarring); these subjects demonstrated particle deposition
patterns similar to healthy individuals. The enhanced deposition of particles in individuals with
chronic obstructive lung disease is likely to have at least four physiological bases: (1)
narrowed airways result in increased deposition by inertial impaction; (2) relatively low
expiratory flow rates and even airway collapse during expiration allow for longer particle
residence time in the lung, favoring deposition of fine and ultrafine particles by diffusion; (3)
mucus hypersecretion may cause airflow irregularities that can enhance particle deposition;
and (4) uneven ventilation related to airway obstruction may result in deeper particle
penetration into those areas of the lung that are still ventilated and functional (Kim and Kang,
1997).

In such individuals, one can observe focal hyperdeposition of particles, often in sites of airflow
limitation in central airways, even when nominal ambient particle concentrations are relatively
low (Foster, 1999). Airway hyperresponsiveness, which is one of the hallmarks of asthma but
can also occur in otherwise healthy individuals, is likewise associated with enhanced
regionalization of deposition to the central airways (Foster, 1999). This may exaggerate the
patterns of local deposition enhancement observed in healthy individuals (Kim et al., 1996,
see discussion above). The work of Kim and Kang (1997) indicates that such dose
amplification can occur because individuals with obstructive lung disease: (1) ventilate only a
portion of their lungs, (2) experience increased deposition compared with healthy individuals,
and (3) if symptomatic, tend to have increased minute ventilation. Assessing these factors
together, Kim and Kang (1997) estimate that such individuals may have more than three-fold
greater total lung deposition than healthy subjects, with this enhanced deposition
concentrated in small areas of the lung.

One group of investigators modeled short-term particle deposition in various regions of the
respiratory tract using a dosimetry model developed by the International Committee on
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Radiological Protection (Snipes et al., 1997). They identified large differences in deposition
between the ET, TB and AL regions. Daily deposition of all particle sizes was estimated to be
greater (by one to three orders of magnitude) in the TB compared with the AL region. For
instance, using aerosol size distributions corresponding to those of Philadelphia (favoring the
fine mode) and Phoenix (favoring the coarse mode), and assuming inhalation for 24 hr/day, 7
days/week of 50 ng/m®, they predicted that the daily mass of particles deposited per gram of
epithelial tissue/day to range from 0.47 to 1.8 ng in the TB region and 1 to 34 ng in the AL (or
in their model the alveolar-interstitial or Al region). The predicted mass deposited per unit of
epithelial tissue surface area under similar simulated exposure conditions was much lower,
ranging from 0.9 to 3.5 ng/cm’ in the TB area and 0.78 to 25 pg/cm?® in the Al region.
Examining predicted dose/unit surface area in terms of particle number suggested daily
deposition of up to 100,000 particles/cm? (in the fine mode) in the TB region.

Results of the deposition modeling forming the basis for the report by Snipes et al. (1997) are
presented in slightly different form in the 1996 U.S. EPA Criteria Document for particulate
matter (U.S. EPA, 1996; vol I, chapter 10). For instance, using the same inhalational
assumptions as noted in the previous paragraph for normal adult males in the general
population exposed to the Phoenix aerosol, the model predicted daily deposition of 2 and 6
ng/day of fine and coarse mode particles, respectively, in the bronchi, 3 (fine) and 4 (coarse)
ng/day in the bronchioles, and 17 (fine) and 12 (coarse) in the alveolar region. Particle doses
were estimated to increase substantially in all zones of the lower respiratory tract among
“mouth breathers™. 5, 5, and 27 for fine mode and 31,12, and 30 ng/day for coarse mode
doses in the bronchi, bronchioles, and alveolar regions, respectively (U.S. EPA, 1996).
Higher doses were also predicted to occur as a result of light or heavy work (involving
increased breathing rates). Somewhat lower doses were estimated to result from exposure to
a Philadelphia-like aerosol, which is characterized by a particle distribution favoring smaller
particles. The model employed in these deposition exercises is based on average doses and
does not take into account the potential impacts of age, gender, disease states or inter-
individual variations in anatomy, ventilation patterns, short-term peak exposures, and so forth.
Nonetheless, this report suggests the likelihood of significant particle deposition in the lung
from ambient PM exposures, especially within the TB region. While many particles will be
cleared from the lung, some remain in the airways, interstitium and lymph nodes for
prolonged periods of time, as discussed below.

7.1.2 Clearance

The localization of deposition in the lung will affect the rate, mode, and completeness of
clearance. Soluble particles are cleared from the respiratory tract by absorption into
extracellular fluids or mucus, then to epithelial cells, from which they can pass into the
circulation (Foster, 1999). Insoluble ultrafine particles can also be taken up into the respiratory
epithelium and have recently been reported to enter the blood of humans within minutes of
inhalation, suggesting a potential route for the rapid initiation of systemic particle-related
effects (Ferin el al., 1992; Nemmar et al., 2001). However, in general, insoluble particles have
been considered to be cleared in two phases: (1) a faster TB phase considered to be more or
less complete within 24 - 36 hours, which is effected by mucociliary activity; (2) a more
prolonged phase, which can continue for days to months, which is considered to be mediated
via engulfment by alveolar macrophages for particles depositing in the deep lung Foster,
1999).

The ciliated airways in the TB region are covered by a thin two-fluid liquid; the upper mucous
layer traps particles and transports them up to the throat, propelled by ciliary beating in the
lower layer. Upon reaching the oropharynx, the mucus containing the particles is usually
swallowed or expectorated. Carriage on the mucociliary “escalator” is the principal
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mechanism of the “fast” phase; mucociliary transport rates are generally fastest in the trachea
and large bronchi. Some particles may be engulfed by macrophages in the airways, which
can then be transported on the mucociliary escalator. However, these processes are not
universally successful; some insoluble particles cross into the airway epithelium and enter the
lung interstitium (Ferin et al., 1992; Churg and Brauer, 1997).

The slow clearance phase has traditionally been considered to affect particles that deposit
deep in the lung, beyond the ciliated epithelium. Recent evidence, however, indicates that a
substantial fraction of particles depositing in the TB region, particularly the bronchioles, are
not cleared for days (Falk et al., 1999; U.S. EPA, 1996). Falk et al. (1999) followed the long-
term clearance (over a 6-month period) of 6 mm radiolabelled Teflon particles inhaled at 0.5 or
0.05 I/s by human volunteers. The slow inhalation rate facilitates particle deposition that is
nearly independent of airway resistance, allowing for greater deposition in the bronchioles.
About half the deposited particles remained in the lungs after 24 hr. At inhalation rate of 0.5
I/s, 14% of the particles that had not cleared by 24 hr showed a clearance half-time of 3.7
days, while the remaining 86% demonstrated a clearance half-time of 217 days. Of the
particles retained at 24 hr after slow inhalation (0.05 I/s), 35% cleared with a half-time of 3.6
days, while the remaining 65% showed a half-time of 170 days (Falk et al., 1999). Thus, for
both slow and normal modes of inhalation, there appear to be three phases of clearance: an
initial fast phase (< 24 hr), an intermediate phase (t, » 4 days), and a slow phase (t, » 200
days). These investigators assumed that the intermediate phase represented clearance from
the bronchiolar region, while the slow phase represented clearance from the AL region.

Alveolar macrophages are the principal clearance vehicle in the AL region. Particle-containing
macrophages can make their way to the mucociliary escalator, move to a lymphatic channel
within the interstitium to regional lymph nodes, or cross into the circulation, either after
passing through the lymph node or possibly by direct entry into the blood across the alveolar
capillary endothelium. However, as noted above, clearance processes are not 100% effective:
numerous patrticles are translocated into the epithelium and interstitium (often within hours of
deposition), where they may become aggregated in specific sites around the airways or blood
vessels. Lymph nodes can become storage depots for particles, as well.

Once in the interstitium, particles tend to stay there; clearance is extremely slow, on the order
of months to decades. Particle access to the lung interstitium increases as particle size
decreases and particle numbers increase (Ferin et al., 1992). In an examination of autopsy
lung tissues of elderly, never-smoking residents of Vancouver (a city with relatively low levels
of particulate air pollution; mean PM10 from 1984 - 1993 = 20 - 25 ny/m®), Churg and Brauer
(1997) found that 96% of particles retained in the lung parenchyma had (calculated)
aerodynamic diameters < 2.5 mm, with a geometric mean of 0.41 m while coarse and ultrafine
particles comprised 4.0 and 4.8%, respectively of the total. Investigating the size and
composition of particles retained in the airways among residents of Mexico City as well as
Vancouver, Churg and Brauer (2000) found strikingly large numbers of particles (roughly
10'/g dry lung tissue), with generally increasing quantities proceeding from the mainstem
bronchus to the deep lung. The highest concentrations, with particle numbers 25-100 times
higher than along the mainstem bronchus, were in the respiratory bronchioles (at the junction
between the conducting airways and the alveoli) and at large airway carinas (anatomic
bifurcations of the airways). In addition, there were enormous differences (up to several
hundred-fold) in particle retention among the study subjects, probably reflecting inter-
individual variability in clearance rates.

Exposure to respiratory irritants can stimulate epithelial, sensory neural, and other airway
cells to release cytokines and other chemical messengers, and can result in local
inflammation, altered epithelial permeability, increased mucus secretion, and
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bronchoconstriction. Disease states characterized by mucus hypersecretion and disruption of
the normal epithelial architecture (e.g., asthma and chronic bronchitis) can produce mucus
stasis and adversely affect particle clearance (Foster, 1999). As alveolar macrophages engulf
substantial quantities of particles, their viability and functional integrity can be adversely
affected by PM exposures, which have been attributed in part to soluble metal-induced
oxidative stress (Soukup and Becker, 2001). Effects on alveolar macrophages may not be
limited to fine and ultrafine particles. Kleinman et al. (1995) demonstrated that essential
alveolar macrophage functions (phagocytosis and oxidant generation) can be inhibited by
coarse particles in re-suspended road dust. In vitro experiments suggest that, in addition to
decreasing alveolar macrophage phagocytosis, PM10 exposure appears to reduce resistance
to infection with respiratory syncytial virus (Becker and Soukup, 1999). Recent work suggests
also that ultrafine particle uptake by human alveolar macrophages is common (observed in
macrophages obtained from all 14 subjects), and that there may be an inverse relationship
between lung function and the extent of ultrafine particle content of alveolar macrophages
(Hauser et al., 2001).

Mucociliary clearance can be affected by exposure to acidic aerosols (Schlesinger et al.,
1992). In humans, mucociliary clearance has been shown to be depressed following
exposures to approximately 100 pg/m? sulfuric acid particles for one to two hours (Spektor et
al., 1989). In contrast, depression of mucociliary clearance in animals requires concentrations
greater than 100 pg/m?® delivered over several hours or even months (U.S. EPA, 1989; Mautz
et al., 1996; Kleinman et al., 1999). Altered mucociliary clearance in humans has the potential
to affect the incidence of respiratory infection in healthy, as well as compromised, subjects.

7.1.3 Differences between Children and Adults

There are significant anatomic and physiological differences between the developing lungs of
children and those of mature adults (Snodgrass, 1992). These include differences in the size
and shape of the conducting airways, the number and orientation of physiologically active gas
exchange regions, and ventilation rates. Though the basic structure of the airways is
established in utero, most of the alveoli ¢ 85%) develop in infancy and early childhood.
Alveolar multiplication coincides with incorporation of elastin and collagen in the lung, which
are responsible for the mature lung’s mechanical properties (Lipsett, 1995). With growth and
development other patterns of anatomical differences emerge. For instance, TB airways
increase in diameter and length until adulthood. Lung volume expands disproportionately in
relation to the increasing number of alveoli during somatic growth, indicating enlargement of
individual alveoli (Murray, 1986). Repeated episodes of PM-related injury and inflammation
may therefore have long-term consequences on the lung’s functional abilities (see section
7.6, below).

Because of differences in anatomy, activity, and ventilation patterns, children are likely to
inhale and retain larger quantities of pollutants per unit body weight than adults (Adams,
1993). Phalen et al. (1985) developed a model incorporating airway dimensions measured in
lung casts of people (aged 11 days to 21 years) to predict that particle deposition efficiency
would be inversely related to body size, which would tend to accentuate differences in
exposure related to activity and ventilation patterns. Corroborative evidence for this was
provided by Oldham et al. (1997), who found that in models of the proximal TB airways (i.e.,
the trachea and the first two bronchial bifurcations) of 4- and 7-year-old children and an adult,
deposition efficiencies for radiolabelled particles 1.2, 4.5, 9.7 and 15.4 mm in median
aerodynamic diameter were greater in the child models in almost all cases. As expected,
particle deposition efficiency increased markedly with increasing particle size in this model
system. For instance, in the model of the four-year-old child, the deposition efficiency
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increased from 0.3% to 10.7% when the smallest and largest particle sizes were used,
respectively.

Inhalation experiments comparing particle deposition patterns in children and adults have
produced somewhat inconsistent results. Schiller-Scotland et al. (1994) reported greater
fractional deposition in healthy children, aged 3 — 14 years, compared with adults, when
breathing 1, 2 or 3 mm particles spontaneously through a mouthpiece. The differences were
greater with the larger particles. However, as noted by the authors, these children were
breathing more deeply than expected, which is a common tendency when breathing through a
mouthpiece. This propensity may result in greater time-dependent deposition of fine particles
(by sedimentation and diffusion). Schiller-Scotland et al. (1994) also noted that, among the
older children (mean age = 10.9 years) who were capable of controlled breathing in time with
a metronome, particle deposition was inversely related to body height, so that the shorter
children demonstrated greater fractional deposition (for 1 and 2 nm particles, the only
categories analyzed in this manner). In contrast, Bennett and Zeman (1998) found no
significant differences between children (7 — 14 yr), adolescents (14 to 18 yr), and young
adults (19 — 35 yr) in deposition (measured as deposition fraction or rate) of 2 nm particles
during spontaneous breathing at rest. Unlike the study by Schiller-Scotland et al. (1994), this
investigation tailored the participants’ mouthpiece breathing patterns to those measured
during unencumbered breathing, in order to control for the tendency to breathe more deeply
through a mouthpiece. Another difference between the study by Bennett and Zeman (1998)
and that by Schiller-Scotland et al. (1994) is that the former did not include very young
children, who would have had difficulty in mimicking their normal breathing patterns while
using a mouthpiece. However, Schiller Scotland et al. (1994) found that older children (mean
age = 10.9 years) as well as the younger ones (mean age = 5.3 years) also showed
increased fractional particle deposition relative to adults.

Children demonstrate lower absolute minute ventilation at rest than adults, despite having
higher breathing rates. Relative to lung volume, however, children demonstrate a higher
minute ventilation than adults. Thus, Bennett and Zeman (1998) noted that children tended to
have a somewhat greater normalized deposition rate (by about 35%) than the combined
group of adolescents and adults, suggesting that children at rest would receive higher doses
of particles per unit of lung surface area than adults. This tendency might be additionally
enhanced by activity patterns, as children spend more time than adults in activities requiring
elevated ventilation rates. However, it is unknown whether flow-dependent deposition
mechanisms operative at higher ventilation rates in children would offset the decreases that
would occur in time-dependent mechanisms (sedimentation and diffusion). If this offset does
occur, then particle deposition would likely be shifted more towards the larger, more central
airways, which would tend to increase the dose per surface area in children versus adults
(Bennett and Zeman, 1998).

The above studies suggest that children may experience proportionately greater particle
deposition than adults. It is also possible that, especially in very young children, immature
respiratory defenses may result in lower clearance rates in relation to those observed in
adults. For instance, Sherman et al. (1977) reported that alveolar macrophages of neonatal
rabbits (1 day old) ingested significantly fewer bacteria than older animals (7 days). To the
extent that this phenomenon may also apply across species and to nonbiological particles,
the immaturity of the neonatal human lung may result in slower and less complete particle
clearance.
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7.2 Overview: Epidemiological Studies of Airborne Particulate
Matter

Particulate matter (PM) is a heterogeneous, complex mixture of liquid and solid particle sizes
and chemicals; thus, it has been difficult to conduct animal or human clinical studies using
mixtures found in ambient air. Until the recent development of ambient air particle
concentrators, toxicological and controlled human experiments involving PM have generally
used simple model particles (e.g., sulfuric acid) or mixtures taken from a single source (e.g.,
diesel exhaust or residual oil fly ash). In contrast, some health effects of gaseous pollutants
can be studied directly using controlled concentrations in chamber experiments. Therefore,
most of the health evidence on PM has been derived from observational epidemiological
studies of human populations in a variety of geographic (principally urban) locations. Most of
the studies have examined short-term or acute health consequences of PM exposure on
health (i.e., those occurring on the same day as or within a few days of the exposures of
interest), including both mortality and morbidity. Studies of the acute effects of PM exposure
typically involve daily time-series observations collected over several months or years. The
studies often examine whether daily counts of mortality or cause-specific hospitalizations are
correlated with daily concentrations of PM, after controlling for effects of other covariates and
potential confounders. Such factors may include temporal and meteorological variables, e.g.,
day-of-the-week, extremes in temperature, humidity or dewpoint, co-pollutants, and longer-
term trends represented by seasonal changes or population growth. Well designed time-
series studies can have several methodological strengths, including: (1) a large sample size
(sometimes up to 4 to 8 years of daily data), conferring substantial statistical power to detect
effects; (2) implicit incorporation of a wide range of population demographics, baseline health
characteristics, and human behaviors, enhancing the generalizability of the results; (3) real-
world exposures, avoiding the need to extrapolate to lower concentrations or across species;
(4) the ability to examine effects in potentially sensitive individuals, children and infants; and
(5) a limited number of covariates or potential confounders, particularly other pollutants and
weather factors. Limitations of or potential uncertainties associated with time-series studies
include: (1) difficulty in determining actual pollutant concentrations to which people are
exposed; (2) the potential for misclassification of exposure; (3) the potential for omission of
important explanatory factors or inappropriate control of potential confounding factors; (4)
difficulty in measuring or observing all potential health effects; (5) covariation among
pollutants, making it difficult to attribute an effect to a single pollutant. Moreover, the average
daily PM10 concentration in a given location will be similar to the annual average PM10
concentration. While relationships between health outcomes and acute exposures have
frequently been identified through time-series analysis, it may be difficult to determine the
effect of a single 24-hour exposure independent of the influence of low-level chronic
exposures. Nevertheless, the epidemiological studies of PM provide a major body of evidence
regarding the associated health effects, and serve as a basis for many of the conclusions and
recommendations that follow.

7.3 Daily Exposure — Mortality

Over the past two decades, several dozen time-series studies spanning five continents have
demonstrated associations between daily counts of mortality and daily or multi-day changes
in the concentrations of several common air pollutants. Among these pollutants, various
particulate matter metrics — including PM10 (particulate matter with a median aerodynamic
diameter equal to or less than 10 microns), PM2.5 (particulate matter with a median
aerodynamic diameter equal to or less than 2.5 microns), black smoke, and sulfates — appear



to show the most consistent associations with mortality, although some associations have
also been reported for ozone, sulfur dioxide, carbon monoxide, and nitrogen dioxide.

Time-series studies examine daily changes in air pollution, typically based on 24-hour
average concentrations, in relation to daily counts of mortality. The analysis typically uses
multivariate regression models that control for potential confounding factors other than a
specific pollutant that may vary over time and may also be associated with mortality. Such
factors include day of the week, season, weather, time, and co-pollutants. For example, there
is evidence that meteorological factors, such as extremes in temperature and humidity, are
associated with mortality. Similarly, there have been consistent observations of cause-specific
mortality patterns related to the day of the week. Failure to control for such effects could bias
the estimated effects of air pollution. All of the mortality studies associated with short-term
exposure reviewed below incorporated statistical control for the effects of weather. In addition,
two studies (Samet et al., 1998; Pope and Kalkstein, 1996) involved very detailed modeling of
weather patterns with the aid of a meteorologist. These studies found that the estimated
effects of PM were not affected by the more complex consideration of weather factors.
Likewise, population increases over time must be taken into account since they could, by
themselves, explain some increases in daily mortality. In addition, in cities with temperate
climates throughout the world, colder winter seasons are associated with more respiratory
disease and mortality. Again, failure to adjust for seasonal patterns in mortality could lead to a
false attribution of these effects to air pollution.

Most of the air pollution-mortality studies published over the last decade employ statistical
techniques that control for these potentially confounding influences. In particular, recent,
higher-quality studies are characterized by: (1) use of Poisson regression models, since
mortality is a rare event and can be described by a Poisson distribution; (2) three or more
years of daily data in a given city or metropolitan area; (3) examination of the effect of day-of-
the-week and daily changes in the weather; and (4) use of locally weighted smoothing (loess).
The latter is a technique that can account for both time trends and seasonal patterns (due to
variations in weather and population susceptibility) in daily mortality data. The loess
smoothing techniqgue can accommodate nonlinear and nonmonotonic patterns between time
and other factors and the health outcome, offering a flexible nonparametric modeling tool.
Including a smoothed variable in the model does not explain the underlying reason for the
pattern over time, but controls for it statistically, allowing one to observe the relationship
between daily mortality and environmental factors after the underlying trend in daily mortality
is controlled for. In addition, adding a locally weighted smooth of time diminishes short-term
fluctuations in the data, thereby helping to reduce the degree of serial correlation. Serial
correlation exists when the errors of the regression model are related over time, producing
biased estimates of the variance of the explanatory variable coefficients, which may in turn
result in spurious tests of statistical significance.

With increasing statistical sophistication, these studies have shown that either one-day or
multi-day PM average concentrations are associated with both total and cardiopulmonary
mortality. However, although acute exposures have repeatedly been reported to exert an
independent effect on mortality, the influence of a single 24-hour exposure at a concentration
relevant to the PM standards, absent any other exposure to PM, has not been (and probably
cannot be) determined epidemiologically. Our review focuses primarily on those studies that
used PM10 or PM2.5 as the exposure metric. Other measures of PM include black smoke
(BS), coefficient of haze (COH), and sulfates.



7.3.1 General Results

There are now many studies linking short-term (i.e., daily) changes in PM10 with premature
mortality. This includes not only studies from throughout the U.S., including several from
California, but also those from a diverse group of cities throughout the world: such as
Santiago, Chile (Ostro et al., 1996), Mexico City (Castillejos et al., 2000), Sao Paulo, Brazil
(Saldiva et al., 1995), Amsterdam (Verhoeff et al., 1996), Bangkok (Ostro et al., 1999a) and
Sydney (Morgan et al., 1998). Such cities span a wide range of environmental and population
characteristics, including temperature—air pollution relationships, housing stock, transportation
systems, industrial emissions, population age distributions, typical activity patterns, and
baseline health conditions. Meta-analyses of earlier mortality studies suggest that, after
converting the alternative measures of particulate matter used in the original studies to an
equivalent PM10 concentration, the effects on mortality are fairly consistent (Ostro, 1993;
Dockery and Pope, 1994; Schwartz, 1994a). Specifically, the mean estimated change in daily
mortality associated with a one-day 10 ng/m® change in PM10 implied by these studies is
approximately 0.8 percent, with a range of 0.5 percent to 1.6 percent. Since these meta-
analyses were published, many more studies of acute exposure-mortality have been
completed. All include control for weather and other potential confounding factors and most
use sophisticated smoothing techniques as well. Table 7.1 summarizes the acute exposure
mortality studies that have directly measured PM10. The table provides information for single-
pollutant models of all-cause mortality, using the lags demonstrating the strongest
associations with mortality, based on t-statistics. When necessary, the authors were
contacted to complete the information provided in the tables and figures in section 7.3.
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Table 7.1 Summary of Cities Included in Short-term PM10 Studies for All Age Groups

(except where noted), Sorted by Mean* Concentration

S
o3 % Increase #of
ID City/Region Country Reference Time Period | ¢ % (95% ClI) per obs

0 10 ug/m3

-

$0

=a
1 Stockholm Sweden | Katsouyanni et al., 2001 P2" 11%%%"3% 14 | 0.39(-1.30,2.08) | 2555
2 Portage, WI us Schwartz etal., 1996 [V ig;g-oec 18 0.7(-0.4,1.7) | 1436
3 Sydney Australia | Morgan etal., 1998 [J2N 1822"\'0" 18 | 0.95(0.32,1.60) | 1795
4 Ottawa Canada Burnett et al., 2000 1986-1996 20 1.45 (-0.88, 3.78) 433
5 Edinburgh Scotland Prescott et al., 1998 1992-1995 21 0.1(-2.8,3.0) 1460
6 Birmingham | England |Katsouyanni et al., 2001 [ ig%%'Dec 21 | 0.28(0.23,0.80) | 1825
7 Vancouver Canada Burnett et al., 2000 1986-1996 22 1.46 (-0.28,3.20) | 565
8 Paris France |Katsouyanni etal., 2001 P2" i%%%‘Dec 22 | 0.43(-0.02,0.88) | 2190
9 Helsinki Finland | Katsouyanni et al., 2001 P&" i%%?é“)ec 23 | 0.32(-0.51, 1.16) | 1460
10 Edmonton Canada Burnett et al., 2000 1986-1996 23 1.28 (-0.90, 3.46) 508
11 |Buffalo-Rochester,| ;g Gwynnetal, 2000 |May1988-Oct 5, | 533049 4.16) | 175

NY 1990
12 |  Boston, MA us Schwartz et al., 1996 [M1&Y 113;2'33” 25 12(0.7,17) | 1140
13 London England | Katsouyanni et al., 2001 Jan 11%%%_[)9(: 25 0.69(0.35,1.03) | 1825
14 Calgary Canada Burnett et al., 2000 1986-1996 26 1.47 (-0.49, 3.43) | 598
15 | Birmingham | England | Wordleyetal.,, 1997 |AP Bgi"\"ar 26 11(0.1,21) | 730
16 Winnipeg Canada Burnett et al., 2000 1986-1996 26 0.35(-1.18,1.88) | 538
17 Toronto Canada Burnett et al., 2000 1986-1996 26 0.67 (-0.02,1.36) | 889
18 |  Topeka, KS us Schwartz et al., 1996 [°€P 118;2'0“ 27 0.5(-2.0,0.9) | 1432
19 Montreal Canada Burnett et al., 2000 1986-1996 27 0.51(-0.25,1.27) | 853
20 Basel Germany | Katsouyanni et al., 2001 Jan 11%%%'[)6(: 28 0.41 (-0.44,1.27) | 2190
pp | Helsinki (Mortality | - g Ponka et al., 1998 1087-1993 | 28 | 3.45(1.08,5.88) | 2555
for under 65 years)

22 | Minneapolis, MN US Braga et al., 2000 1986-1993 | 28 | 1.34(0.78,1.90) | 2920
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=
gg % Increase #of
ID City/Region Country Reference Time Period | ¢ = (95% CI) per
=T obs
Pla 10 pg/m3
S
o O
=aq
. Sep 1985-
23 St. Louis, MO us Dockery et al., 1992 Aug 1986 28 1.50 (0.15, 2.85) 311
24 Zurich Switzerland| Katsouyanni et al., 2001 P21 i%%%'[’ec 28 | 0.42(-0.30,1.15) | 2190
25 London England | Bremneretal.,, 1999 [2" 1199%i'DeC 29 | 0.26(-0.20,0.72) | 1095
Kingston/Knoxuville, Sep 1985- :
26 gy us Dockery etal. 1992 | %0 700> | 30 | 1.60(-1.32,452) | 330
27 | stLouis, MO us Schwartz et al., 1996  [°€P %g;gdan 31 06(0.1,1.0) | 1375
28 Detroit, MI Us Lippmann etal,, 2000 | 1992-1994 | 31 | 0.86 (:0.22, 2.00) | 490
29 Windsor Canada Burnett et al., 2000 1986-1996 31 2.88(0.88, 4.88) 850
30 | Knoxville, TN us Schwartz et al., 1996 [0 11%8807‘[390 32 09(0.1,1.8) | 1481
31 Montreal Canada | Goldberg etal., 2001a | 1984-1993 32 0.67 (-0.16, 1.49) | 3650
32 | Seattle, WA Us Braga etal, 2000 | 1986-1993 | 32 | 0.52(0.11,0.04) | 2920
33 Ogden, UT Us Pope etal, 1999a | 19851995 | 32 | 1.62(0.30,2.90) | 2308
34 Geneva [Switzerland| Katsouyanni et al., 2001 P2" 11%%%"3% 33 |-0.10(-1.02, 0.81) | 2190
35 Madrid Spain | Katsouyanni etal., 2001 2" 11%99%{’90 33 | 0.53(0.07,1.00) | 1460
36 San Jose, CA us Fairley, 1999 1989-1996 34 1.54 (0.74, 2.34) 823
37 | Chicago, IL Us Bragaetal, 2000 | 1986-1993 | 36 | 0.81(0.54, 1.09) | 2920
38 | Chicago, IL Us Schwartz, 2001a 1988-1993 | 36 | 0.89(0.61, 1.16) | 2190
39 Detroit, MI Us Braga etal, 2000 | 1986-1993 | 36 | 0.87(0.60, 1.15) | 2920
40 Pittsburgh, PA us Braga et al., 2000 1986-1993 36 0.84 (0.51,1.18) | 2920
41 | Provo/Orem, UT us Pope et al., 1999a 1985-1995 38 0.95(0.15,1.75) | 3687
42 Lyon France |Katsouyanni et al., 2001 P2" 1199%37‘De° 39 | 1.35(0.31,2.39) | 1825
43 Athens Greece [Katsouyannietal., 2001 Jan 11%%%_[)9(: 40 1.53(0.98, 2.09) | 1825
44 Budapest Hungary |Katsouyanni et al., 2001 [/a" 11%%%3"3% 40 | 0.29(-0.62,1.19) | 1460
45 | Chicago, IL Us lto and Thurston, 1996 | 1985-1990 | 41 05(03,08) | 1529
46 | Salt Lake City, UT us Pope et al., 1999a 1985-1995 41 0.77 (0.30,1.30) | 3700
47 Teplice Slovakia |Katsouyanni et al., 2001 [*&" ig%%“)ec 42 | 0.64(-0.03,1.32) | 2920
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ES
gg % Increase #of
ID City/Region Country Reference Time Period | ¢ = (95% CI) per
=T obs
Pla 10 pg/m3
S
o O
=aq
48 Tel Aviv Israel Katsouyanni et al., 2001 Jan 11%%%_[)9(: 43 0.64 (0.13,1.15) | 2190
49 | Mexico City Mexico | Castillejos etal,, 2000 | 1993-1995 | 45 | 1.83(0.98, 2.68) | 866
50 Detroit, M US Lippmann et al,, 2000 | 19851090 | 45 | 0.34 (0.04,0.64) | 1565
51 | Steubenville, OH us Schwartz etal., 1996 |AP' igg'sep 46 09(0.1,1.6) | 1520
Phoenix, AZ
52 | (Mortality for 65 us Mar et al., 2000 1995-1997 | 46 | 1.06(0.01,2.11) | 1095
years and older)
53 C°a°hegaAva"ey’ us Ostroetal, 2000 | 1989-1998 | 47 |0.41(-0.41,0.81) | 3011
54 Milano ltaly | Katsouyanni et al., 2001 P2" 11%%%'[)90 47 | 1.16(0.79, 1.53) | 2555
55 | UtahValley, UT | US Popeetal., 1992 [P 128859'[)60 47 | 1.47(0.86,2.08) | 1706
56 | Birmingham, AL us Schwartz, 1993 A“19918%85' 48 11(0.2,2.0) | 1248
57 Erfurt Germany | Katsouyanni et al., 2001 72" 11%%15'%0 48 |-0.56(-1.34,0.21) | 1825
58 Cracow Poland | Katsouyanni et al., 2001 P2" 1199%%‘De° 54 | 0.13(-0.54,0.81) | 2555
59 Rome ltaly | Katsouyanni et al., 2001 72" ig%%‘[’ec 57 | 1.28(0.75,1.81) | 1825
60 | Los Angeles, CA |  US Kinney etal., 1995  [Jan 11%%%"3% 58 05(0.0,1.1) | 364
61 Barcelona Spain Katsouyanni et al., 2001 Jan 11%%%3_[)9(: 60 0.93(0.57,1.29) | 2190
62 Bangkok Thailand | Ostroetal.,, 1999a  [72" 182?'\'0" 65 | 1.70(1.11,2.29) | 1431
63 Torino Italy Katsouyanni et al., 2001 Jan 11%%%-Dec 65 1.05(0.71,1.38) | 2555
64 Prague Czech |Katsouyanni et al., 2001 Feb iggé’Dec 66 0.12(-0.24,0.48) | 1795
Sao Paulo
65 | (Mortality for 65 | Brazil |Saldivaand Bohm, 1995 Mayllggf'Apr 82 | 1.31(0.28,2.33) | 365
years and older)
66 Rome ltaly | Michelozzietal., 1998 |70 1882‘3“” 84 | 0.66(0.31,1.02) | 1278
67 Santiago Chile Ostro etal., 1996 1989-1991 | 115 | 1.13(0.87,1.39) | 779

* Average of 24-hour measurements over time period.
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Among the first of the multi-city studies on mortality, Schwartz et al. (1996) examined data
from the Harvard Six-Cities investigation. This database included monitors sited specifically to
support ongoing epidemiological studies and be representative of local population exposures.
Consistent associations were reported between daily mortality and daily exposures to both
PM10 and PM2.5. The mean concentrations of PM10 among the six cities ranged from 18 to
47 ng/m® (overall mean of 30 ng/m®) with a joint effect estimate indicating a 0.8% (95%CI =
0.5 —1.1) increase in daily total mortality per 10 nmg/m® of PM10.

Samet et al. (2000a) applied a wide range of statistical tools and sensitivity analyses to a
database consisting of the 88 largest cities in the United States (NMMAPS), while Samet et
al. (2000b) focused on the 20 largest cities. For both of these studies, the combined effect of
all of the cities indicated an association consistently within but near the lower end of the range
reported by earlier researchers (approximately 0.5% per 10 ng/m® of PM10). Among these
cities, the long-term mean PM10 concentrations ranged from 24 to 46 ng/m®. The authors
examined pollution and sociodemographic factors that might modify the estimated effects of
PM10. They reported no association, in univariate models, between the effect estimates for
each of the cities and the mean level of PM or other pollutants (ozone, nitrogen dioxide, sulfur
dioxide or carbon monoxide) in the city. This suggests a constant slope or effect per ny/m? of
PM regardless of the average concentration of PM or other pollutants. In addition, city-wide
estimates of sociodemographics such as median income, percent unemployed, and percent
below poverty level did not modify the estimated effect of PM. However, there may have been
insufficient statistical power to detect any effect of such socioeconomic factors on the PM-
mortality relationship.

Samet et al. (2000a) indicated that their estimates may be at the lower end of the range
because their database included a wide range of cities and incorporated findings in some
cities where no effects were observed. There may be other explanations for the lower effects,
however. For example, the studies only considered lags (or delayed effects) of zero, one or
two days, or an average of zero and one day lags, though other studies have reported greater
effects with longer lags or multi-day moving averages. Since many of the cities in the study
collected PM10 data on an every-sixth-day basis, cumulative averaging times could not be
examined. Another possible reason for the lower effect estimates in the study by Samet et al.
(2000a) relates to the number of covariates used in the regression model. Besides PM10, day
of week, and a smooth of time using 7 degrees of freedom (or cycles of about 7 weeks), two
variables were included for temperature and two for dewpoint (same day and an average of
the three previous days). Most previous mortality studies used fewer controls for weather
factors or, more appropriately, modeled extreme weather events (e.g., binary variables
indicating a day with temperature above 80 degrees or below 32 degrees). To the extent that
PM may be causally related to mortality and correlated as well with these meteorological
variables, these multiple statistical controls could result in an underestimate of the effects of
PM, though residual confounding by weather factors might also bias the PM effects away
from the null hypothesis of no effect. Thurston and Ito (2001) demonstrated that the modeling
of weather factors had a significant impact on the estimated effect of ozone, and postulated
that it could impact the estimated effects of secondary aerosols, as well.

The largest and most significant regional effects were found for the Northeast U.S. and for
Southern California, with modest heterogeneity in the PM-mortality relationships from region
to region. The regional heterogeneity may have resulted from differences in: (1) the particle
composition and size distributions; (2) the underlying distributions of age, chronic disease,
and other determinants of susceptibility among the local populations, including behaviors,
activity patterns, and exposures; or (3) the density of pollutant monitors and relative exposure
measurement errors. Moreover, the application of a similar statistical model to all 90 cities
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may have contributed to the inter-city and inter-regional variability observed by these
researchers. Similar loess smoothers of time and temperature were used throughout the
country, despite the diversity of climate, PM sources, and population characteristics. By not
tailoring the model to each locale, they may have had varying degrees of “goodness-of-fit” of
the models to the mortality patterns in the individual cities, which might either exaggerate or
underestimate the magnitude of the associations between ambient PM and daily mortality in
different locations. In the Samet et al. (2000a) analysis, the averaged effect for the six
California counties studied (Los Angeles, San Diego, Orange, Santa Clara, San Bernardino
and Alameda) was 0.9% per 10 ng/m?® (with a range of 0.3% to 2.0%) versus 0.5% for all 90
cities together. The same data set was used to address issues relating to potential exposure
measurement error bias and confounding by co-pollutants. They found that measurement
error would likely underestimate the effect of PM (Zeger et al., 2000) and that co-pollutants
such as ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide did not significantly
affect or confound the estimated effect of PM (Samet et al., 2000a).

In studies of 10 U.S. cities, Schwartz (2000a,b) examined the effects of PM10 for all age
groups, and for a more limited subset of individuals above age 65. For the group of all ages, a
10 ny/m® change in PM10 (measured as a two-day average of lag 0 and lag 1) was
associated with a 0.7% increase in daily mortality. For the elderly age group, the same
change in PM10 was associated with a 1.1% increase in mortality. For these 10 cities, the
arithmetic mean of PM10 ranged from 27 to 41 ng/m®.

In another multi-city study, Burnett et al. (2000) analyzed mortality data for 1986 - 1996 from
the eight largest Canadian cities. This study found that both PM10 and PM2.5 were
associated with daily mortality. For PM10, a 10 ng/m?® increase was associated with a 0.7%
(95%CI = 0.2 — 1.2) increase in daily mortality, with a mean PM10 concentration of 26 mg/m>.
For PM2.5, a similar 10 ng/m?® increase was associated with a 1.2% increase in daily mortality
(95% C.I. = 0.44 — 1.96). Moolgavkar (2000a) examined the association between air pollution
and mortality in three large U.S. counties: Cook (including Chicago), Maricopa (including
Phoenix), and Los Angeles, for 1987 through 1995. For the latter two counties, only every
sixth day measures of PM10 were available, unlike most of the other studies which had daily
data (except Samet et al., 2000a, b). PM10 was significantly associated with mortality in all
three counties but with a lower effect estimate (approximately 0.2 to 0.4% per 10 ng/m®) than
found in most other studies. In addition, the author concluded that it was difficult to assign the
effect to any single pollutant because of the high correlation among pollutant measurements.

Another multi-city study involved 29 European cities that measured PM10 (although in some
of the cities PM10 was estimated from observations collected from a subset of days using co-
located TSP or Black Smoke monitors) Katsouyanni et al., 2001). Using a methodology
similar to the U.S. studies cited above, an association between daily mortality and PM10 was
reported, with an overall effect estimate of 0.6% per 10 my/m>. The study reports
heterogeneity in the effect estimates, which was likely due to real differences in PM sources
and exposures among the cities. In this regard, cities that had higher concentrations of
nitrogen dioxide, indicating the likelihood of a greater contribution of ambient pollution from
mobile sources, especially diesel, demonstrated greater PM10-associated effects. For
example, for cities in the lowest quartile for nitrogen dioxide, the estimated PM10 effect was
0.2% per 10 ng/m®, while for cities in the highest quartile for nitrogen dioxide the effect
estimate was 0.8% per 10 nmg/m®.

In addition to these multi-city investigations, studies examining the effect on mortality of short-
term exposure to PM have been conducted in over 100 cities. Those studies that specifically
use PM10 (as opposed to Black Smoke, Coefficient of Haze (COH), nephelometry data or
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other measures of PM) as their exposure metric are summarized in Table 7.1, which displays
the estimated effect and ambient concentration of PM10 for each city. As in the studies
conducted in the early 1990s, these studies indicate a generally consistent mortality effect of
around 1% per 10 ng/m® of PM10. Taken together and combined with the evidence of
morbidity effects described below, these studies provide compelling evidence of a significant
impact of PM on mortality. Although the relative risk per unit is low, the large number of
people exposed suggests the existence of a major impact on public health.

Many of the above studies reported that lags in exposure to PM10 of one to four days
exhibited stronger associations with mortality than did same-day exposures to PM10. In
addition, cumulative exposures of three or five days, when tested, often had stronger
associations than single-day lags. Recent analyses demonstrate that effect estimates
increase when a longer-term average of exposure is used. For example, Schwartz (2000b)
examined mortality for those above age 65 in 10 U.S. cities. A regression model that allowed
for an air pollution effect to persist over several days using a distributed lag was incorporated,
resulting in a doubling of the relative risk, to approximately 2% per 10 ng/m*® of PM10.

In a separate study restricted to out-of-hospital deaths (i.e., excluding those due to homicide
or trauma), the effect size increased four-fold (Schwartz, 2001a). Schwartz (1994b) had
previously found a much greater likelihood of deaths occurring outside of hospitals or clinics
on days with high versus low concentrations of PM (measured as Total Suspended Patrticles
or TSP). These findings suggest that particulate air pollution may have had a greater impact
among individuals who were not in the hospital when exposed and who were not admitted to
the hospital before expiring. Sudden death may therefore be a factor in air pollution-related
mortality, which suggests that the average impact on loss of life is likely to be more than just a
few days, since it need not include only those already chronically ill and hospitalized. The
recent paper by Peters et al. (2000a), demonstrating associations between serious cardiac
arrhythmias and several pollutants, including PM2.5 and black carbon, supports this notion.
However, deaths occurring among those outside of a hospital may represent individuals who
are frail or without health insurance, or both. In contrast to the results reported by Schwartz
(1994b), Levy et al. (2001) did not find any association between PM10 and the incidence of
primary cardiac arrest using a case-crossover analysis. This study, though, involved a small
number of cases in Seattle, where relatively low levels of PM occurred during the study period
[1988-1994, mean PM10 = 31.9 ng/m® mean PM2.5=18.4 ng/m?].

The results of these studies also indicate that the associations between PM and mortality are
not significantly confounded by weather patterns, longer-term seasonality, or day of week.
This evidence is provided by careful modeling and controlling for these factors in the
individual studies, as well as by the heterogeneous nature of the cities examined. Specifically,
consistent evidence of an effect of PM has been observed in cities in both cold (e.g., Detroit
and Montreal) and warm (e.g., Mexico City and Bangkok) climates, in some cities where PM
peaks in the summer (Steubenville, Philadelphia) and in others with peaks in winter (e.g.,
Utah Valley) or spring (Helsinki), and in cities with substantial seasonal changes in mortality
(e.g., Chicago) and in others with little seasonality (e.g., Coachella Valley, Birmingham,
Bangkok). These factors are carefully modeled and controlled for in the studies, and the
mortality results are consistent throughout, thereby providing compelling evidence of an
effect. Furthermore, factors such as smoking, exposure to secondhand smoke or
occupational irritants, and personal characteristics are not confounders in these studies since
they do not vary with air pollution on a daily basis.

A related issue is whether there is independent evidence of an effect of PM, or whether
confounding by co-pollutants makes it impossible to implicate PM as a pollutant of concern.
One method for examining such potential confounding involves including multiple pollutants in

7-16



the explanatory regression model. While this method can help rule out confounding effects if
the effect of PM10 is unchanged when other pollutants are included in the model (assuming
non-differential measurement error), the reverse is not true. If the estimated effect of PM10 is
altered after inclusion of other pollutants, this may be a predictable result of statistical
collinearity. It is well established that regression estimates can vary widely with the
inclusion/exclusion of highly correlated covariates. It may also be the result of differential
pollutant measurement errors or monitor performance. However, single-pollutant models may
incorporate the effects of other highly correlated pollutants not included in the model, so that
any health impact attributed to the pollutant in the model may be overestimated.

Despite these potential limitations, there is substantial evidence from the available literature
that PM effects are, in general, not substantially affected by co-pollutants. In many of the
time-series mortality studies, inclusion of additional pollutants into the regression model does
not alter the estimated impact of PM. Samet et al. (2000a) provide a recent and
comprehensive test of this theory using the data set consisting of 90 U.S. cites, as described
earlier. The authors sequentially tested the estimated effect of PM10 after gaseous pollutants
(ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide) were each added to the
regression model. The authors report minimal change in the estimated PM10 coefficient after
these inclusions. Similar results have been reported in most studies that have examined
PM10 and mortality, with few exceptions (e.g., Moolgavkar, 2000a). In a different approach to
the issue, Schwartz (2000a) examined the sensitivity of the PM10 coefficient to different
amounts of co-pollutant covariation among 10 U.S. cities. Theoretically, if the PM10 effect
were really a result of confounding by another pollutant, the estimated PM10 effect per ng/m?®
would be greater in those cities where PM10 was highly correlated with other pollutants,
indicating that PM10 was taking on some of the explanatory power of the “true” causal co-
pollutant. However, Schwartz (2000a) did not find any evidence consistent with this
hypothesis, suggesting that confounding of the effects of PM10 by other pollutants was
unlikely. Similarly, in the study of 29 European cities, Katsouyanni et al. (2001) report no
effect modification or confounding associated with either ozone or sulfur dioxide. PM effects
were higher in cities with higher concentrations of nitrogen dioxide, but the effects of PM were
not attenuated.

The recent findings of Sarnat et al. (2001) are important in assessing the usefulness of multi-
pollutant models. In a study of 56 subjects in Baltimore, studied over both the summer and
winter seasons, ambient and personal exposure to PM2.5, ozone, sulfur dioxide, nitrogen
dioxide and carbon monoxide were measured for 12 consecutive days. Ambient
concentrations of PM2.5 were correlated with the ambient concentrations of the gaseous
pollutants. Personal and ambient PM2.5 exposures were also correlated, but personal and
ambient concentrations were not related for any of the gases. In fact, ambient measures of
the gases were associated with personal exposure to PM2.5. The authors concluded that this
indicates that ambient PM2.5 is a suitable surrogate for personal PM2.5 and that ambient
gaseous concentrations are surrogates, not confounders, for PM2.5. Therefore, multi-
pollutant models may not be a suitable method of evaluating the effects of gaseous pollutants,
and the health effects attributable to ambient gases may result from exposure to PM2.5. This
important finding needs to be replicated in other settings.

We have attempted to provide a context for both the average ambient concentrations and the
statistical level of uncertainty in these studies. Figure 7.1 and Table 7.1 summarize the
estimated effect levels and the associated average concentrations for the available studies
that used PM10. (Unpublished data for individual city results within multi-city studies were
graciously supplied by the authors.) This obviates the need to adjust from some other PM
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Figure 7.1 Daily Mortality Estimates and PM10 Concentration
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measure (such as black smoke to PM10), and thereby reduces one source of uncertainty.
The figure indicates that many studies in which the average PM10 concentrations are in the
range of 20 to 30 ng/m® show associations between daily exposure to PM10 and mortality.
However, all of the published studies at the lower end of the range have been conducted
outside of California, and several are from outside the U.S. The cities are sorted by PM10
concentration in Table 7.1 and show, for example, that the 10 lowest concentrations occur in
Stockholm, Portage (Wisconsin), Sydney, Ottawa, Edinburgh, Vancouver, Paris, Helsinki, and
Edmonton. Factors that may affect the PM-mortality relationships, including sources of PM,
different distributions of PM size and chemical compositions, time spent outdoors, proximity to
roadways, climate, population age distribution and health status, smoking characteristics, and
use of medical care, may all affect extrapolations to California. Figure 7.2 demonstrates that
the studies themselves may involve greater uncertainty at lower mean PM10 ambient
concentrations. As the average PM10 level decreases, the confidence intervals of the
estimated effect on mortality tend to increase. The associated t-statistic (which equals the
regression coefficient divided by the standard error of the estimate) is a unit-free measure of
the association in each of the regressions. The larger the t-statistic, the stronger the
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association and the smaller the 95% confidence interval associated with the estimated effect.
The larger the t-statistic, the stronger the association and the smaller the 95% confidence
interval associated with the estimated effect. Therefore, Figure 7.2 also indicates that at lower
ambient concentrations, the t-statistic tends to be lower as well. This simple figure, however,
does not account for other factors that may be confounding this relationship. For example,
studies conducted in generally less polluted cities may involve other factors that affect the
association, such as weather, particle composition, or housing stock (i.e., with different levels
of “tightness” and infiltration rates). In addition, lower variation in the pollution exposure, with
everything else the same, will result in greater variance in the estimated pollution regression
coefficient. Therefore, Figure 7.2 can only be considered suggestive regarding the reasons for
the greater degree of uncertainty at lower concentrations. It should be noted that many
studies have found statistically significant associations between PM10 and mortality at low
ambient concentrations and that analyses explicitly conducted to determine thresholds have
failed to detect any (see section 7.3.5 below). Therefore, Figure 7.2 should not be construed
as demonstrating a threshold level of zero risk. It also should be noted that the large (n = 88)
multi-city study of short-term exposure and mortality by Samet et al. (2000a) found that
although the magnitude of the estimated mortality effect varied across all of cities (and tended
to be associated with PM within each city), the effect estimate was independent of the mean
PM10 in any given city. Thus, cities with higher average concentrations of PM10 tended to
have the same general effect per microgram of PM10 as cities with lower averages. The t-
statistic associated with the estimated coefficient of PM10 will be affected by both the strength
of the association between PM10 and mortality, and the number of observations used in the
regression model. Theoretically, the t-statistic should increase with the square root of the
number of observations. In order to control for this factor and still determine whether the
concentrations of PM10 were associated with greater uncertainty, we conducted a simple
statistical analysis of the 62 single-city studies for which we had complete data for all-cause
mortality for all age groups together (see Table 7.1 for details of the studies). Only all-age, all-
cause mortality results are included, using the lag with the highest association with mortality,
based on the t-statistic. In the analysis, we used ordinary least squares multiple regression to
explain variations in the t-statistic as a function of both the number of study observations
(days) and the average concentration of PM10. We also used locally weighted smoothing
analysis (Cleveland and Devlin, 1988) to examine the shape of the possible associations.
Both the concentration of PM and the square root of the number of days in the study appear
to have linear associations with the t-statistic. Specifically, we found the following relation:

Tstat =-0.39 + 0.025 SRN + 0.0528 PM

(0.019) (0.0129)
p=0.18 p < 0.0001
R?>=0.25

where Tstat = t-statistic of the association between PM10 and mortality,
SRN = square root of the number of days of the study,
PM = average study concentration of PM10

(standard errors in parentheses).

Figure 7.2 Uncertainty in Daily All-Age, All-Cause Mortality Studies
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The estimated coefficients indicate that uncertainty (the inverse of the t-statistic) decreases
with increasing sample size and PM concentration. The coefficient of SRN had a p-value of
0.18, while the coefficient of PM had a p-value < 0.0001, indicating that the mean PM
concentration may be an important determinant of the level of uncertainty in these studies.
About 25% of the variation in the dependent variable Tstat was explained by the two terms.
The lack of statistical significance of the study day coefficient suggests confounding by one or
more omitted variables, which might include other time-variant factors such as co-pollutants
or meteorological factors, or other variables such as population size, which would determine
the number of deaths/day. The statistical significance of the study PM10 concentration
coefficient may also be influenced by unmeasured covariates. However, the high precision of
that estimate suggests that PM10 concentrations would still be an important predictor even
with the inclusion of other covariates in the model.

Figure 7.3 displays a plot of the linear fit for the predicted value of Tstat versus average PM10
concentration, after controlling for number of observations. While this simplistic analysis does
not control for a wide range of other factors that may affect the strength of the association, it
does suggest greater uncertainty at lower concentrations. The plot also indicates that there
are at least two influential data points: the observations associated with the highest and
lowest t-statistics. Therefore, as a sensitivity analysis, the model was rerun after deleting
these two points. The resulting model produced a slightly lower coefficient for PM10 of 0.046
(s.e. = 0.015, p < 0.01), a higher coefficient for SRN of 0.031 (s.e. = 0.018, p < 0.10) with an
R? = 0.20. Thus, both the number of observations and the study average concentration of
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PM10 were associated with the t-statistic of the estimated effect of pollution when these
influential observations were deleted.

7.3.2 Effects by Size Cuts: Fine and Coarse Particles

In the last several years, several daily exposure-mortality studies have examined associations
using different particle cut sizes, especially PM2.5 and coarse (PM10 — PM2.5) (abbreviated
below as CP). The ability of these epidemiological studies to differentiate between the effects
of different PM size cuts, however, is limited by two factors. First, PM metrics in a given
region are often highly correlated. For example, in many urban areas, PM2.5 and PM10 are
highly correlated (r > 0.7) on a daily basis. On the other hand, in areas where crustal PM
predominates, daily concentrations of PM10 are correlated with CP. The second factor that
limits the interpretation of the epidemiological studies is the relative degree of exposure
measurement error. Since PM2.5 tends to be more uniformly spatially distributed than CP, it
is likely that a fixed-site monitor will be less precise in measuring the latter. Since
misclassification of exposures would normally result in biasing the estimated effect
downwards, the relative difference in measurement error could lead to relatively lower (and
less certain) effect estimates for CP.

Earlier studies of PM2.5 used measures of PM2.5 components, such as sulfates (Bates and
Sizto, 1987), or estimates of PM2.5 based on airport visibility (Ostro, 1995). Schwartz et al.
(1996) was among the first studies using actual measures of PM2.5 in the Harvard Six-Cities
data set, and then determining CP using the difference between PM10 and PM2.5. Based on
both the individual-city analyses and a meta-analysis of all six cities, an association was
demonstrated between daily mortality and PM2.5, but not CP. An effect of CP was observed
in only one of the six eastern and mid-western cities included in the database (Steubenville,
Ohio). In this study, the mean PM2.5 among the cities ranged from 11 to 30 ng/m® with a
mean of 18 ng/m®, while CP ranged from 7 to 16 ng/m?®, with a mean of 11.5 ng/m>. These
findings were validated in an independent replication of the six-Cities data by Klemm et al.
(2000).

Among more recent studies (summarized in Table 7.2 and Figure 7.4) examining the relative
impacts of coarse and fine particles, however, the results have been mixed. The estimated
effects of PM appear to depend on: (1) the cities being studied; (2) the lags in exposure used
in the statistical models; (3) the mortality endpoint(s) under study (i.e., all-cause versus
cardiovascular or respiratory); and (4) the season(s) under study. In some cities, only a
PM2.5 effect is found. In other cities, both PM2.5 and CP are associated with mortality, while
in a third set of cities, an association is found only for CP. Table 7.2 provides a summary of
these findings. For example, support for a dominant PM2.5 effect is provided by the Fairley
(1999) study of Santa Clara County, California. In this study, PM10 (mean = 34) and PM2.5
(mean = 13) were associated with all-cause daily mortality, whereas no effect was observed
for CP. When cardiovascular mortality was examined in relation to the three different PM cut
sizes, associations were found for only PM10. A similar result was reported for all-cause
mortality in a study of eight Canadian cities (Burnett et al., 2000). The effect of PM2.5 on
mortality was stronger than that of CP, although the latter did demonstrate a positive, though
weaker, association with mortality.

In contrast, results from Coachella Valley, CA (which includes Palm Springs), Detroit and
Mexico City suggest effects of CP greater than those of PM2.5. In PM data from Coachella
Valley, Ostro et al. (2000) found very high correlations between CP and PM10 (R ~ 0.95) with
the ratio of CP/PM10 of approximately 0.60. This is the reverse of most urban areas,
particularly in the eastern part of the U.S., where PM2.5 is more highly correlated with PM10
and the PM2.5/PM10 ratio is typically between 0.55 and 0.75 (U.S. EPA, 1996). Using 2.5
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years of data of PM10 and PM2.5, both CP and PM10, but not PM2.5, were associated with
cardiovascular mortality (Ostro et al., 2000). For all-cause mortality, no associations were
found for the alternative measures of PM, with the exception of a 4-day lag in PM2.5, which
was the only single-day lag demonstrating a positive association. In a previous study
conducted in the same geographic location using data from 1989 - 1992, there was also an
association between PM10 and cardiovascular mortality, although no measures were
available for PM2.5 or CP (Ostro et al., 1999b).

The more recent Coachella Valley study (Ostro et al., 2000), as well as analyses by Pope et
al. (1999a) and Schwartz et al. (1999), all indicate, however, that high PM days dominated by
windblown dust were not associated with excess mortality. It is not clear whether these
findings are due to lower toxicity of crustal particles (relative to those generated by
combustion processes) or because people change their behavior and reduce exposure on
windy days. Lippmann et al. (2000) examined the effects of different size cuts of PM using
mortality data from Detroit and pollution data from the adjacent city of Windsor, Canada. For
this study, daily data were collected from May to September with every third- or sixth-day data
during the rest of the year, over a two-year period. No associations were reported between
all-cause mortality and any PM metrics. However, for cardiovascular mortality, associations
were reported for CP, but not PM2.5. Finally, in a study of four years of data from Mexico City,
CP had a larger impact and stronger association than PM2.5 for all-cause, cardiovascular and
respiratory mortality (Castillejos et al., 2000).
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Three separate studies of PM-mortality relationships in Phoenix also demonstrate effects from
exposure to CP. Mar et al. (2000) found stronger associations of all-cause mortality with CP
than with PM2.5 for individuals 65 and older. Equally strong associations were reported
linking both PM2.5 and CP with cardiovascular mortality. Using a different statistical model,
Smith et al. (2000) also found stronger associations and estimated effects between all-cause
mortality and CP, relative to PM2.5. Similarly, Clyde et al (2000) also reported stronger effects
for CP in their analysis of data from Phoenix. Finally, Wichmann et al. (2000) analyzed
several years of mortality data from Erfurt, Germany. Most of the analysis was focused on PM
data using a mobile aerosol spectrometer, which provided size-specific number and mass
concentration data in several size classes. However, filter-based impactor data on PM10 and
PM2.5 were collected at the same time. Analyses of these data indicated associations
between daily cardiovascular or respiratory mortality and PM10, PM2.5 and ultrafine particles.

More mixed results were generated from an analysis of PM2.5 and CP data from Santiago,
Chile (Cifuentes et al., 2000). The authors reported that the results were season-dependent.
PM2.5 had a stronger association with mortality for the year as a whole and in the winter,
whereas CP had a stronger effect during summer. Lipfert et al. (2000a) analyzed data from
Philadelphia and the surrounding metropolitan area. For all-cause mortality in Philadelphia,
stronger associations (based on t-statistics) were reported for PM2.5 than CP, but the effects
per ng/m*® were of similar magnitude for the two measures. For cardiovascular mortality in the
seven-county region, PM2.5 had a stronger association and effect size than CP, while for
respiratory mortality, the effect size for CP was greater. Finally, in a relatively small data set
from Pittsburgh, Pennsylvania, Chock et al. (2000) report no clear association between
mortality and either PM2.5 or CP for individuals under 75 years old.

There are several issues related to the interpretation of these studies. For example, in some
cities, PM2.5 are likely to be correlated with ozone. In Detroit the correlation was 0.49
(Lippmann et al., 2000), while the correlations between these pollutants in Montreal and
Toronto were likely to have been higher (Burnett et al., 2000 - only the joint correlation across
all eight cities was reported). Although several measures of PM were associated with
mortality and morbidity in Detroit, the effects were less consistent than those observed in
other studies. Also, when cardiovascular mortality was examined (in a subset of the above
studies) instead of all-cause mortality, another mixed pattern emerged. For instance, in Santa
Clara County, Fairley (1999) reported strong associations between cardiovascular mortality
and PM10, but not PM2.5 or CP. In Coachella Valley (Ostro et al., 2000), Mexico City
(Castillejos et al., 2000) and Detroit (Lippmann et al., 2000), associations were found for
PM10 and CP, but not PM2.5. In contrast, Mar et al. (2000) reported associations between
cardiovascular mortality and both PM2.5 and CP in Phoenix.

In summary, the relative results of PM2.5 versus CP, as summarized in Table 7.2 and Figure
7.4, are mixed. In some of the mortality studies, primarily those undertaken in cities on the
East Coast, PM2.5 effects appear to predominate. In other studies, CP has a stronger
association with mortality, while in a third set of studies, the effects of PM2.5 and CP are
similar. However, on average, the effect of a unit mass increase in PM2.5 appears to be
greater than a comparable increase in CP mass. For the studies summarized in Table 7.2
and Figure 7.4, the average effect of PM2.5 is about 1.7% per 10 ng/m°®, with a range of
around 0.6 to 5.2%. For CP, the mean effect of the summarized studies is around 1% per
nmy/m?® with a range from less than zero at the low end to 2 to 4% on the high end. Thus, the
PM2.5 effect generally appears stronger per unit mass, due perhaps to greater intrinsic
toxicity, greater indoor infiltration rates, lower exposure measurement error, or other factors.
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Table 7.2. Cities Included in Studies of Short-term Exposure and Daily Mortality for All Age Groups (except where noted)
Associated with PM2.5 (FP) and Coarse Particles (CP)

Mean* in % Increase
. . . 3
City Country Reference Particle | Time Period |Hg/m°(except| (95% CI) per
Type where noted) 10pg/m?®
8-Cities (Calgary, Edmonton, Canada Burnett et al., 2000 FP 1986-1996 13 1.20(0.45, 1.96)
Montreal, Ottawa, Toronto, CP 13 0.71(-0.28, 1.71)
Vancouver, Windsor, Winnipeg)
Mexico City Mexico Castillejos et al., 2000 FP 1993-1995 27 1.48(-0.01, 2.96)
CP 17 4.07(2.49, 5.66)
Pittsburgh, PA (Mortality for 75 years | US Chock et al., 2000 FP 1989-1991 NA 0.59(-1.25, 2.43)
and older) CP NA 0.50(-0.51, 1.51)
Santiago Chile Cifuentes et al., 2000 FP 1988-1996 64 0.73(0.52, 0.94)
CP 47 0.91(0.55, 1.27)
St. Louis, MO us Dockery et al., 1992 FP 1985-1986 18 1.71(-0.17, 3.59)
Kingston, TN us Dockery et al., 1992 FP 1985-1986 21 2.28(-1.37,5.93)
Santa Clara, CA us Fairley, 1999 FP 1990-1996 13 3.26(1.27,5.24)
CP 11 1.77(-2.86, 6.41)
Montreal Canada Goldberg et al., 2001a FP 1984-1993 18 1.93(1.16, 2.71)
Detroit, Ml us Lippmann et al., 2000 FP 1992-1994 18 1.24(-0.26, 2.83)
CP 13 1.58(-0.49, 3.74)
Phoenix, AZ (Mortality for 65 years us Mar et al., 2000 FP 1995-1997 13 2.22(0.00, 5.56)
and older) cp 34 1.17(-0.20, 2.54)
Coachella Valley, CA us Ostro et al., 2000 FP 1995-1998 17 -1.42(-7.81, 4.97)
CP 31 0.51(-0.51, 1.02)
Harvard 6-Cities (Boston, Knoxville, us Schwartz et al., 1996 FP 1979-1988 15 1.5(1.1,1.9)
Portage, St. Louis, Steubenville, CP 9 0.4(-0.1, 1.0)
Topeka,) (medians)
Newark, NJ us Tsai et al., 2000 FP Summers & 42 1.70(1.11, 2.29)
Winters 1981 &
1982

* Average of 24-hour measurements over time period.
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Figure 7.4 Daily Mortality Increases Associated with Fine and Coarse Particles
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7.3.3 Effects by Chemical-specific or Source-oriented Analysis and by Other Size
Cuts

Besides examining the relative impacts of PM2.5 and CP, several studies have examined the
effects of chemical-specific constituents, including sulfates and a wide range of elements,
especially metals. For example, in a study in Santa Clara County, Fairley (1999) examined
the impacts of nitrates, sulfates, and COH (coefficient of haze). The latter is highly correlated
with elemental carbon, and is likely to be a good marker of pollution from motor vehicles
(especially diesel exhaust) and of wood smoke. All three of these constituents of PM2.5 were
associated with all-cause mortality, while nitrates were also associated with cardiovascular
mortality. These findings were consistent with those in the Netherlands, where associations
were reported for sulfates, nitrates, and black smoke (Hoek et al., 2000). In a study in Buffalo,
Gwynn et al. (2000) reported effects on total mortality for COH, sulfates and hydrogen ion, a
measure of aerosol acidity. Lippmann et al. (2000) did not find associations of mortality with
sulfate or hydrogen ion in Detroit, although only limited data for these pollutants were
available. In their study of the eight largest Canadian cities, Burnett et al. (2000) examined the
impact of 47 separate elements within PM2.5 and CP. Among the constituents in the fine
fraction, sulfates, zinc, nickel and iron were all associated with mortality, as was COH. These
elements are associated with a wide range of sources, including, among those relevant to
California, oil combustion, road dust, tire wear, and incinerators (Burnett et al., 2000).

Several studies also examined source-oriented combinations of pollutants. For example,
Ozkaynak and Thurston (1987), used 1980 U.S. vital statistics data in a cross-sectional
analysis of air pollution and mortality. Applying fine particle source apportionment techniques,
particles from industrial sources (e.g., iron and steel emissions) and from coal combustion
were more significant contributors to mortality than were soil-derived particles. Laden et al.,
(2000) examined PM2.5 data from the Harvard Six-Cities study, and characterized the
pollutants into three different factors: motor vehicle emissions, coal combustion, and soil and
crustal material. Generally, both the motor vehicle and coal factors were associated with
mortality, with the strongest effect from the former. The crustal material in PM2.5 was not
associated with mortality. In a study with a limited humber of days in three New Jersey cities,
Tsai et al. (2000) examined the effects of source-type components on mortality. Using factor
analysis, this study reported associations of sulfates and motor vehicle tracers with both all-
cause and cardiopulmonary mortality. Ozkaynak et al. (1996a) also reported associations
between pollutants linked with motor vehicles and total, cardiovascular and respiratory
mortality.

Finally, Wichmann et al. (2000) examined the effects of PM2.5 mass as well as ultrafine
particles (0.01 to 0.1 mm) for the small German city of Erfurt. The number rather than the
mass of ultrafine particles was used as the exposure measure. For this study, three different
size classes of ultrafines were measured, including 0.01 to 0.03 mm, 0.03 to 0.05 mm, and
0.05 to 0.1 mm. The authors reported that both PM2.5 mass and several measures of
ultrafines were associated with daily mortality.

Several studies have indicated a potential role for high concentrations of acidic sulfates in
excess human mortality, particularly in London in the 1950s and 1960s (Thurston et al., 1989;
Ito et al., 1993). More recent studies of cities in North America with lower acidic sulfate levels
have been inconsistent (Dockery et al.,, 1992; Burnett et al., 2000; Lippmann et al., 2000,
Gwynn et al., 2000). For instance, Dockery et al. (1992) found that PM10 concentrations
showed a stronger relationship with daily mortality in St. Louis than did ambient sulfate levels.
As noted above, Lippmann et al. (2000) did not find an association of sulfates with mortality in
Detroit. In contrast, Gwynn et al. (2000), in a time-series analysis in Buffalo, NY, found
stronger relationships between both acid particles and sulfates and respiratory mortality than
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that observed for PM10. However, she and her colleagues found no relationship between
sulfates and circulatory (cardiovascular) mortality. Burnett et al. (2000) found associations
between sulfates and mortality in eight Canadian cities. Thus, strong acid sulfates may play a
role in the observed PM-mortality associations, particularly in urban areas with elevated levels
of these sulfate classes. However, it should be noted that in California, strong acidic sulfates
(particularly sulfuric acid) constitute but a small fraction of PM mass (Chapter VI).

7.3.4 Mortality Displacement

Additional support for pollution-related mortality occurring outside of the hospital and for the
likelihood of significant shortening of life is provided by recent studies reporting associations
between ambient PM and increased heart rate, decreased heart rate variability, and the
incidence of arrhythmias (Liao et al., 1999; Pope et al., 1999b, c; Peters et al., 2000a; Gold et
al., 2000; see section 7.7). These outcomes are considered reliable predictors of the risk of
death from heart disease (See, e.g., Tsuji et al., 1996; Nolan et al., 2000). Direct evidence for
a nontrivial reduction in life expectancy is provided by studies that statistically control for the
phenomenon of mortality displacement; i.e., in which the time of death might be delayed by
only a few days. If all pollution-related deaths were associated with such mortality
displacement, the total life shortening would likely be very small. However, both Schwartz
(2000c) and Zeger et al. (1999) have shown, using both frequency- and time-domain
methods, that most air pollution-associated mortality is not due to such displacement. For
cardiovascular deaths, mortality displacement does not appear to be a major factor, as the
average life-shortening appears to be greater than two to three months. In contrast, deaths
from chronic obstructive pulmonary disease (COPD, which consists mainly of emphysema
and chronic bronchitis) appeared to be more consistent with a mortality displacement
hypothesis (Schwartz, 2001a, 2000c).

The possibility of significant loss in life expectancy is suggested by studies indicating that
death occurring outside of a hospital had larger (two- to four-fold) and stronger associations
with PM than did deaths occurring inside hospitals (Schwartz 2001a, 2000c). This suggests
that some of the impacts of PM occur among a subgroup that is not under intensive medical
care, and may not be at the end-stage of their disease. However, it is possible that some out-
of-hospital deaths may have occurred among the large contingent of uninsured people in the
U.S., who perhaps should have been under medical care.

Finally, evidence of a significant loss in life-years from air pollution is provided by studies of
infants and children (see section 7.7.3). Several recent studies suggest that exposure to PM
may result in neonatal or infant mortality (for example, Woodruff et al., 1997; Ostro et al.,
1999a; Bobak and Leon, 1998). These studies indicate that infants and children, possibly
those with pre-existing respiratory illness, may represent an additional subgroup especially
sensitive to effects of exposure to ambient PM pollution.

7.3.5 Analysis of Thresholds

For short-term exposure to PM, two general methods are available to address the issue of the
existence of a threshold, or an ambient PM level below which there would be no risk of a
significant adverse health outcome. First, it can be examined indirectly, by considering data
sets with very low mean ambient concentrations. Second, it can be examined directly by
developing statistical tests that carefully model the shape of the concentration-response
function. Both of these approaches appear to indicate the lack of an observable population
threshold. Several studies have been conducted in cities with low ambient concentrations of
PM10, including Morgan et al. (1998) for Sydney, Australia (mean = 18 ng/m?®, based on
conversion from co-located nephelometry data), Wordley et al. (1997) for Birmingham, UK
(mean = 26 my/m®), Schwartz et al. (1996) for the Harvard Six-Cities (mean = 25 ng/m?®),
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Burnett et al. (2000) for the eight largest Canadian cities (mean =26 ng/m?), and Gwynn et al.
(2000) for Buffalo and Rochester (mean = 24 ng/m®). In addition, several cities in the data set
used by Samet et al. (2000a) have mean concentrations in the low 20s. Examination of these
data indicates that the concentration-response functions are not driven by the high
concentrations and that the slopes of these functions do not appear to increase significantly at
higher concentrations.

Among the statistical approaches, Schwartz et al. (2000a) examined the concentration-
response relationship in 10 U.S. cities, restricting the data to days on which the PM10
concentration was less than 50 ny/m® The resulting risk estimates were statistically
significant and greater than for that for the entire data set. Two other papers first addressed
the issue of whether existing statistical techniques could identify a threshold, assuming one
existed. Cakmak et al. (1999) simulated data with varying amounts of exposure measurement
error, based on actual data from Toronto. They examined whether statistical models used in
most air pollution epidemiology (including locally weighted smoothing techniques in Poisson
regression models) would be able to detect thresholds in the PM-mortality association. They
concluded that, if a threshold existed, it is highly likely that the existing statistical modeling
would detect it. Many mortality papers have, in fact, examined the shape of the concentration-
response function and indicated that a linear (non-threshold) model fit the data well (Pope,
2000).

A different statistical approach was used by Schwartz and Zanobetti (2000) in their analysis of
10 U.S. cities. The authors combined concentration-response curves across the cities, after
demonstrating that this approach produced unbiased estimates. Predicted values of the
response function were estimated at 2 ng/m® intervals. Results from this approach did not
provide any evidence for a threshold effect. Finally, Daniels et al. (2000) used an alternative
approach to test for the existence of a threshold using the 20 largest cities in the U.S. The
authors considered three different log-linear regression models. One used a simple linear
term for PM10, which could then be used as a basis for comparison with the other models. A
second model used a cubic spline model that would allow for nonlinearity in PM10 that could
represent a threshold function. The third model presumed a threshold, in which a grid search
was used to test for a concentration that would support a threshold. The results indicated that
for the second model, which can allow for a threshold if the underlying data suggest one, a
linear specification provided the best fit to the data. Analysis using the grid search model
suggested that no threshold was apparent for either total mortality or cardiopulmonary
mortality. Finally, using a goodness-of-fit test (Akaike’s information criterion) to compare the
simple linear nonthreshold model with models that would allow for a threshold concentration,
the authors reported that there was no evidence to prefer the threshold models to the linear
model.

Schwartz et al. (1996) examined the relationship of PM2.5 concentrations and daily mortality
in the Harvard Six Cities dataset. When they restricted the analysis to days on which the
PM2.5 24-hour average concentrations equalled or exceeded 30 or 25 ng/m®, Schwartz et al.
(1996) reported that the strong association persisted, suggesting that, if there is a threshold of
effect, it cannot be found at concentrations in excess of 25 ng/m*. On the other hand, Smith
et al. (2000) statistically examined the threshold issue in data on mortality and ambient PM2.5
from Phoenix, AZ. They reported evidence of a significant change in the regression slope at
a concentration of around 20 to 25 ng/m® PM2.5, suggesting the possibility of a threshold in
this range. However, to our knowledge, this is a (nearly) unique publication reporting such a
finding. Staff from OEHHA and the Bay Area Air Quality Management District (BAAQMD)
analyzed data from the two published California studies involving 24-hour measurements of
PM2.5 and daily mortality counts (in Coachella Valley [Ostro et al., 2000] and Santa Clara
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County [Fairley, 1999]). The modeling techniques used for the exposure-response functions
included piecewise linear regression (e.g., utilizing several “hockey-stick” models), locally
weighted smoothing in generalized additive models, trimming analysis (selectively deleting
days with high PM2.5 values), and Bayesian models (comparing the likelihoods of various
thresholds) to explore the evidence for a nonlinear exposure-response at low PM2.5
concentrations. In general, staff found that a linear, nonthreshold model within the
concentration range of interest for PM2.5 provided an adequate fit to the data, while threshold
(or other nonlinear) models provided no better fit. Except for the report of Smith et al. (2000),
it appears that the relationship between daily mortality and PM2.5 can be well characterized
by a nonthreshold model, consistent with the findings reported by others for PM10 (see
above).

7.3.6 Summary
Staff concludes the following from the above results:

The associations observed between daily changes in PM10 and mortality appear to be
independent of the effect of weather factors, seasonality, time, and day of week — all of
which are typically controlled for in the analyses. The studies include a wide range of
environments, pollution-temperature conditions, population age distributions, background
health conditions, socioeconomic status, and health care systems. The range of the
association is approximately 0.5% to 1.6% increase in mortality per 10 ng/m® increment of
PM10. However, when longer exposure averaging times are examined, using distributed
lags of several days or cumulative exposures of up to several months, the estimated
effects may be approximately 2% per 10 nmg/m?®. Although the relative risk per unit is low,
the large number of people exposed suggests the existence of a potentially major impact
on public health.

The effects of PM cannot be explained by exposure to other pollutants. As might be
expected, examining several correlated pollutants in the same model often increases the
variation of and attenuates the estimated PM effect. However, the estimated PM impact is
generally consistent regardless of the concentration of, or degree of co-variation with,
other pollutants, giving strong support to an independent effect of PM.

The elderly, those with chronic heart or lung disease, and infants appear to be at
significantly greater risk of PM-associated mortality. Study results suggest that some, and
perhaps a large fraction of, mortality associated with acute exposure is not the result of
just a few days of life shortening. Rather, for cardiovascular mortality, there is evidence
that significant reductions in life expectancy may be involved. In addition, if the
associations between PM and infant mortality represent causal relationships, large
reductions of life expectancy could result, as well.

The effects associated with short-term exposure to PM appear to occur at current ambient
concentrations, including cities or counties where the long-term mean PM10 concentration
is around 25 to 35 my/m*® (Figure 7.1). As suggested by Figure 7.2, greater uncertainty is
apparent with decreasing concentrations, particularly those below about 25 ng/m®.

No threshold of response has been observed in the PM-mortality studies. Several direct
and indirect approaches have consistently found that non-threshold, linear models provide
the best fit to the data.

Premature mortality appears to be associated not only with PM10, but also with both fine
and coarse patrticles, as well as sulfates (a subset of PM2.5). The effects per unit mass
appear to be greater for PM2.5 than CP; this may be due to intrinsically greater toxicity of
PM2.5 versus CP, but may also be attributable to differential measurement error in
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monitoring for CP than for PM2.5, or greater indoor infiltration rates of PM2.5 versus CP
(and therefore greater overall exposure to PM2.5), or to some combination of these three.
In addition, there is preliminary evidence that pollutants from mobile sources, oil burning,
steel industry emissions, and coal combustion are associated with mortality. Crustal
materials, particularly those entrained on windy days, have been reported by several
investigators to be less strongly associated with premature mortality.

7.4 Chronic Exposure —Mortality
7.4.1 Study Design and Methods

Several air pollution studies examine the effects of long-term exposure to PM using a
prospective cohort design. In this type of study, a sample of individuals are selected and
followed over time. For example, Dockery et al. (1993) published results for a 15-year
prospective study based on approximately 8,000 individuals in six cities in the eastern United
States. Pope et al. (1995) published results of a 7-year prospective study of the mortality
experience of approximately 550,000 individuals in 151 cities in the United States using a
cohort participating in a long-term investigation sponsored by the American Cancer Society
(ACS). These studies used individual-level data so that other factors that affect mortality can
be characterized and adjusted for in the analysis. Specifically, these studies were able to
control for mortality risks associated with differences in body mass, occupational exposures,
smoking (current and past), alcohol use, age, and gender. Once the effects of individual-level
factors were determined, the models examined whether longer-term city-wide averages in PM
(measured as PM10, PM2.5 or sulfates) were associated with different risks of mortality and
life expectancies. Several different cause-specific categories of mortality were examined,
including lung cancer, cardiopulmonary, and all other causes. These studies incorporate
much, but not all, of the impact associated with short-term exposures (Kunzli et al., 2001). An
effect that would tend not to be included in the long-term studies is mortality displacement of a
very short-term nature, such as a few days. These effects would not alter the differences in
overall life expectancy predicted by the longer-term studies.

Statistical analysis used proportional hazards regression modeling with time since enroliment
as the underlying time variable. The study samples were stratified by combinations of age (5-
year groups), gender and race. Additional analyses were undertaken after stratifying the
samples by smoking habit and gender. The greatest uncertainties in these studies involve the
disease-relevant times, durations, and intensities of exposure. Both studies assigned city-
wide, multi-year averages that occurred when the study participants were young to middle-
aged adults (between ages 20 and 50, approximately). Thus, early childhood exposure was
not estimated and no within-city differences in exposure were incorporated into the analysis.
These errors in exposure assessment would tend to make it more difficult to detect an effect
of pollution and would bias the analysis towards the null hypothesis of no effect. Therefore, it
is unlikely that bias or misclassification of exposure could explain the results.

7.4.2 Summary

Both the ACS and Harvard Six-Cities studies report robust and statistically significant
associations between several years of exposure to PM and various measures of mortality.
Smoking was the dominant factor in explaining mortality patterns, overall and for each of the
cause-of-death categories. Regarding air pollution effects, Dockery et al. (1993) reported
associations between total mortality and PM10, PM2.5, and sulfates. An association with CP
is also apparent (U.S. EPA, 1996). Smaller associations were found with total suspended
particles, sulfur dioxide, nitrogen dioxide, and aerosol acidity, but no association was found
with ozone. Using a model that included smoking and other non-pollution explanatory
variables, all-cause mortality and cardiopulmonary deaths (but not “all other causes”) were
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both related to sulfates and PM2.5. In additional analyses, PM2.5 was associated with
cardiopulmonary mortality but not with “all other” mortality. In this study, PM2.5 concentrations
ranged from 11 to 29.6 ng/m?® (with a mean of 18 ng/m®) and PM10 ranged from 18 to 46.5
my/m?® (with a mean of 30 ng/m®). It should be noted that these pollutants were measured only
for part of the follow-up time for this cohort: while the mortality experience in the Six Cities
covered the years 1974 — 1991, PM2.5 and PM10 were measured from 1979 through 1985,
while sulfates were measured from 1979 through 1984. During these pollutant measurement
periods, the concentrations of PM2.5 and sulfates remained relatively stable; nevertheless,
the effects of exposures prior to the study could not be evaluated with this data set.

In the study using the ACS cohort, Pope et al. (1995) reported associations between fine
particles and sulfates with both all-cause mortality and cardiopulmonary mortality. Across the
50 cities with PM2.5 data, PM2.5 ranged from 9 to 33.5 ng/m®, with a median of 18 and a
mean of 20 ng/m°. For the 151 cities with sulfate data, sulfates ranged from 3.5 to 23.5 ng/m?®
with a mean of 11 ng/m®. Exposure data collection was not concurrent with the mortality
incidence data: annual arithmetic mean sulfate data were obtained for the year 1980, while for
PM2.5 the investigators used the city-specific medians of data collected from 1979 to 1983.
Mortality among the cohort, meanwhile, was assessed from September 1982 through 1989.
The relative risk estimates for this study were smaller than those reported from the Six-Cities
study but the confidence intervals around the relative risk estimates overlapped enough that
the results were statistically indistinguishable. The estimated mortality effects of
approximately 4 to 7% per 10 mg/m® of long-term exposure to PM10 are much larger than
those effects associated with daily exposure (approximately 1% per 10 ng/m®). These studies
also provide a basis for calculating reductions in life expectancy associated with PM
exposure. The results suggest that the 24 ng/m?® difference in PM2.5 between the cleanest
and dirtiest cities is associated with an almost 1.5-year difference in life expectancy (Pope,
2000). Brunekreef (1997) used a life-table for men in the Netherlands and estimated a
difference of 1.1 years in life expectancy between the two extreme cities in the ACS study. In
addition, the difference in life expectancy of a person who actually died from diseases
associated with air pollution was estimated to be about 10 years. This is because air pollution-
related deaths only make a small fraction of the total deaths in a given city. Subsequent
analysis by Pope and colleagues (reported in Krewski et al., 2000) demonstrated an
association between mortality and PM, when PM2.5 was used as the metric of exposure. No
association was found, however, when either PM15 or the coarse particle fraction measured
as PM15 — PM2.5 was used.

Krewski et al. (2000) completed an independent validation and reanalysis of both the Six-
Cities and the ACS cohort studies. The first task of this study was to recreate the data sets
and validate the original results. Krewski et al. (2000) reported few errors in the coding and
data merging in the original studies and basically replicated the results of both studies. The
second task was to conduct an exhaustive sensitivity analysis of the original studies to
determine whether the results were robust. Specifically, the authors examined the effects of:
(1) alternative statistical models; (2) potential individual-level interactions and confounders
such as physical activity, education, body mass, smoking status, marital status, alcohol
consumption and occupational exposure; (3) potential city-wide confounders such as
population growth, income, weather, number of hospital beds and water hardness; (4)
consideration of various subgroups; (5) non-linear specifications in the dose-response
function that would allow for the possibility of a threshold; (5) co-pollutants, including ozone,
sulfur dioxide and nitrogen dioxide; (6) alternative PM exposure estimates, including different
years and particle sizes; (7) underlying variation from city to city; (8) spatial correlation
between cities; and (9) time-dependent variables such as air pollution exposure and individual
risk factors that change over time. In general, the re-analysis confirmed the original results of

7-32



associations between mortality and long-term exposure to PM. However, in some cases, the
adjustment for spatial correlation led to an attenuation of the effect of PM2.5 or sulfates. Also,
inclusion of SO,, which was likely to be highly correlated with PM2.5 and sulfates, into the
model reduced the estimated effect of both PM2.5 and sulfates. Among the more important
new findings were: (1) education (possibly serving as a marker for socioeconomic status,
health care or lifestyle factors) appears to be a significant effect modifier (see section 7.7.2
below); (2) PM2.5 was more strongly associated with mortality than was either PM10 or CP;
(3) the results were not confounded by either individual-level or city-wide (ecological)
covariates; (4) the associations between sulfate and PM2.5 and both all-cause and
cardiopulmonary mortality were near linear within the relevant ranges, with no apparent
threshold; (5) the PM effects were not confounded by and were independent of effects of
other pollutants, (6) the effects were robust with respect to alternative functional forms,
alternative air pollution data, and detailed spatial analysis; and (7) the results of the original
investigators were confirmed.

Chronic exposure to PM was also examined using a smaller and younger nonsmoking cohort
participating in the Seventh Day Adventist Health Study (Abbey et al., 1999). For the years
prior to 1987, PM10 data were unavailable and were estimated from TSP concentrations. In
this study, neither mean PM10 nor sulfate concentrations were associated with mortality.
However, using the particle exposure metric of the number of days when PM10 levels were
above 100 ng/m?®, an interquartile range of 43 such days was associated with both all-cause
and nonmalignant respiratory mortality in males, but not females. In a follow-up study using a
subset of the cohort living near airports, estimates of PM2.5 were developed from data on
airport visibility (McDonnell et al., 2000). PM10 was again estimated from season- and city-
specific regressions using TSP data. Positive but nonstatistically significant associations were
found between all three measures of PM (PM10, CP and PM2.5) and both all-cause and
respiratory mortality in males. Although the mean of the estimated value of PM10 was
relatively high in these studies (i.e., 51 ng/m? in Abbey et al,, 1999 and 59 ng/m?in McDonnell
et al,, 2000), most of the measures of PM10 were estimated from either TSP or from airport
visibility. This process added errors in the measurement of exposure which would likely lead
to a lowered effect estimate.

Finally, preliminary results of a study of long-term exposure among a cohort of 50,000 men
assembled by the U.S. Veterans Administration (VA) from 32 clinics in the mid 1970s has
been reported by Lipfert et al. (2000b). The study cohort included a larger proportion of
African-Americans (35%) than the U.S. population as a whole, and a large percentage of
current or former smokers (81%). The cohort was selected at the time of recruitment based
on their having mild to moderate hypertension and on their receiving care at VA facilities.
Many individual-level risk factors were not ascertained, so socioeconomic variables were
assembled at the zip-code, census tract and county levels. County-wide pollutant levels
based on county of residence at the time of entry into the study were obtained for TSP, PM10,
PM2.5, PM15, PM15-2.5, SO,, O3, CO, and NO,. PM2.5 data were available for only 26,000
men. Four different exposure periods were examined (1974 and earlier, 1975-81, 1982-88,
1989-96) with three sequential mortality follow-up periods (1975-81, 1982-88, 1989-96). In
addition, analysis was conducted using the entire follow-up period, not disaggregated into
separate periods. The final proportional hazards regression model involved 233 terms,
including age, systolic and diastolic blood pressures, body mass index, height, race, age and
race interaction terms, present or former smoking, average zip-code education, and poverty,
and a clinic-specific variable. The most consistently positive effects were found for ozone and
nitrogen dioxide exposures in the years immediately preceding death. When the PM
analyses used segmented (shorter) time periods, the results were highly variable, including
significantly negative mortality coefficients for some PM metrics. However, when methods
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consistent with previous long-term exposure studies were used (i.e., the entire follow-up
period of mortality as a function of average PM concentrations over several years), results for
sulfates, PM2.5 and PM15 were similar to those reported in previous studies.

7.5 Daily Exposure —Morbidity

Over the last decade, several hundred epidemiological studies have reported associations
between alternative measures of PM and a range of morbidity outcomes. The PM measures
have included PM10, black smoke (BS), COH, sulfates , more recently, PM2.5 and CP. The
health outcomes associated with PM include, but are not limited to, hospitalization for
cardiovascular or respiratory disease, emergency room and urgent care visits, asthma
exacerbation, acute and chronic bronchitis, restrictions in activity, work loss, school
absenteeism, respiratory symptoms, and decrements in lung function. Typically, these studies
have involved either of two analytic methods. First, many of the outcomes use a methodology
similar to that described above for mortality related to short-term exposure -- time-series
analysis of daily count data. Specifically, daily counts of an endpoint such as hospitalization
for cardiovascular disease are examined in response to single- and multi-day average
concentrations of PM. As in the case of mortality, these models also control for potential
confounders, such as season, meteorology, day of week, and time trends. A second
approach involves the use of panel data, in which a cohort of subjects (e.g., asthmatic
children) is followed prospectively over a period of several months or years while daily health
outcomes and pollution measures are recorded and then compared. In the following
subsections, we briefly review some of the important health outcomes, with particular
attention given to studies undertaken in California. The review is not meant to be exhaustive,
but rather to illustrate the range and consistency of morbidity effects associated with PM10 or
its components.

7.5.1 Cardiovascular Hospital Admissions

Associations between daily concentrations of PM10 and daily hospital admissions for
cardiovascular disease have been reported for close to a hundred cities in the U.S, Canada
and Europe (Table 7.3). As is the case for the mortality studies related to short-term
exposure, there are several multi-city efforts (Schwartz et al., 1999; Samet et al., 2000a;
Zanobetti et al.,, 2000a). For example, Schwartz et al. (1999) examined daily hospital
admissions for cardiovascular disease (ICD9 codes 390 — 429) from 1988 to 1990 among
persons above age 65 for eight metropolitan areas, including Chicago, Colorado Springs,
Minneapolis, New Haven, St. Paul, Seattle, Spokane, and Tacoma. For five of the cities and
for the effect estimate pooled across all eight cities, statistically significant associations were
reported with PM10. Across the cities, a 10 ng/m® change in PM10 was associated with about
a 1% change in hospitalization for cardiovascular disease. The median PM10 concentration in
these cities ranged from 23 to 37 ng/m”°.

Samet et al. (2000a) examined data on hospitalizations for cardiovascular disease among
people 65 and older in 14 U.S. cities from 1985 to 1994. The cities were located throughout
the U.S., though none was in California. Again, a statistically significant association was
reported across the cities with a pooled effect estimate of 1.1% per 10 ng/m®. The estimate
increased to 1.5% per 10 ng/m® when a two-day average of PM10 was used and PM10 was
restricted to concentrations less than 50 ng/m®. For these cities, the long-term mean PM10
ranged from 24 to 45 ng/m® with a group mean of 33 ng/m® Zanobetti et al. (2000a)
essentially confirmed the Samet et al. (2000a) results and also demonstrated that other
pollutants such as carbon monoxide, ozone and sulfur dioxide were not confounding or
modifying the estimated effects of PM10. Burnett et al. (1997a) also reported an association
between PM, measured as COH, and congestive heart failure (ICD9 = 427) for those ages 65
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and above living in Canada’s 10 largest cities, from 1981 to 1994. The effect size was similar
to that reported for PM10 in the U.S. studies. Similar results have been reported between PM
and either total cardiovascular disease or subsets thereof (e.g., heart failure or ischemic heart
disease) in a disparate range of cities including, but not limited to: Detroit (Lippman et al.,
2000), Tucson (Schwartz, 1997), Toronto (Burnett et al., 1997b), London (Atkinson et al.,
1999), Edinburgh (Prescott et al., 1998), Sydney (Morgan et al., 1998), Chicago (Morris and
Naumova, 1998) and Hong Kong (Wong et al., 1999). In addition, Stieb et al. (2000) reported
associations between emergency department visits for angina or myocardial infarction and
both PM10 and PM2.5.

Among California cities, associations have been reported between PM10 and hospitalization
for total cardiovascular disease, myocardial infarction, congestive heart failure and cardiac
arrhythmia among individuals above age 30 in Los Angeles (Linn et al., 2000). Daily
gravimetric measures of PM10 were estimated from TEOMs and averaged 37 ng/m® in the
winters to 54 ng/m® during autumn. In another study of Los Angeles’ hospitals, Moolgavkar
(2000b) reported associations between PM10 and total cardiovascular admissions among
people ages 20 to 64, and among those 65 and above. Mean PM10 was 44 ng/m®. The effect
magnitudes of PM10 estimated for Los Angeles were generally similar to those reported for
other studies in the U.S. -- a 0.6 to 2% increase in cardiovascular hospitalizations per 10
ng/m?® of PM10.

Only a few cardiovascular admissions studies have measured PM2.5 and CP concentrations.
However, among those that measured different particle sizes, Lippmann et al. (2000) reported
associations of hospitalizations for heart failure and ischemic heart disease with both PM2.5
and CP in Detroit. Likewise, Burnett et al. (1997b) found associations between
hospitalizations for total cardiovascular conditions, heart failure, dysrhythmias, and ischemic
heart disease and both PM2.5 and CP in Toronto. Finally, in the Moolgavkar (2000b) study in
Los Angeles, an association was reported between PM2.5 and cardiovascular hospital
admissions for the 20 to 64 age group, and for the group aged 65 and above. Estimates for
CP were not provided. Gwynn et al. (2000) found little evidence of a relationship between
PM10 or sulfates and circulatory (cardiovascular) hospital admissions.

In summary, studies over the past several years consistently report associations between
PM10 and hospitalization for total cardiovascular disease and several of its specific
components, such as congestive heart failure and ischemic heart disease. These effects have
been mostly reported among people above age 65, a group that dominates the prevalence of
cardiovascular diseases. For many of these studies, the long-term mean PM10 ranged from
25 ng/m* to 40 ny/m?®, although studies of cities with reported means below and above this
range exist, as well. Most of the studies carefully controlled for the potential confounding of
weather, season, time, and co-pollutants. Overall, PM10 is consistently associated with these
clinically significant cardiovascular endpoints, with a general effect estimate of between 0.6 to
2% per 10 ng/m°. These relatively low risk estimates, however, are shared over a large
segment of the population regularly exposed to PM who has pre-existing cardiovascular
disease. Based on the few studies that have measured both fine and coarse particles,
associations are apparent between hospital admissions for cardiovascular diseases and both
of these exposure measures. In these studies, mean PM2.5 ranged from 17 ng/m® to 22
nmy/m°. Finally, as indicated in section 7.3., associations between daily or multi-day exposure
to PM10 and cardiovascular-related mortality have also been reported. In addition, section 7.8
includes a summary and discussion of several of the other cardiovascular outcomes
associated with PM such as changes in heart rate, heart rate variability, arrhythmia, heart
attacks, and blood viscosity. The coherence of the mortality and morbidity results provides
compelling evidence of an effect of PM.

7-35



Table 7.3. Summary of Cities Included in Studies of Short-term Exposure & Hospital
Admissions for PM10, PM2.5 (FP) and Coarse Particles (CP)

) . ) . Age Endpoint* and % Increase | Particle QE
City/Region | Time Period Reference Group (95% Cl) per 10”@/m3 Type E i
§3
35
London 1992-94 Atkinson et al., 1999 |allages |CV: 0.64(0.18, 1.10) PM10 29
CV: 5.40(2.20, 8.80)
Toronto metro 1992-94 Burnett et al., 1997b |all ages CP 12
area Resp: 5.00(2.08, 8.00)
CV: 2.36(0.72, 4.08
Toronto metro 1,995 94 |Burettetal., 1997b |all ages ( ) FP 17
area Resp: 3.40(1.36, 5.52)
Toronto metro  |1992-94 Burnettetal., 1997b |allages [Resp: 2.12(0.90, 3.42) PM10 28
area
Montreal Summers Delfino et al., 1997a |under 65 |Resp-ED: 9.56(1.96, 17.12) |FP 12
1992-93
Montreal fgg‘zmgés Delfino et al., 1997a |under 65 |Resp-ED: 7.32(2.00, 12.64) |PM10 22
Buffalo g?tyllg%? Gwynn et al., 2000 |all ages CV:1.14(-0.66, 3.10) PM10 24
Resp: 2.20(0.80, 3.60)
London 1992-94 Hajatetal., 2001  |0-14 Resp-Allergic Rhinitis Dr - [pp10 29
Visits:5.67(2.21, 9.45)
London 1992-94 Hajatetal., 2001  |15-64  [Resp-Allergic Rhinitis Dr  Ipp1g 29
\Visits:6.85(4.59, 8.66)
CV: 0.65(0.41, 0.89)
Los Angeles, 1199595  |Linn etal., 2000 30 & older PM10 |46
CA Resp: 0.66(0.34, 1.00)
CV-Dys: 0.08(-4.88, 5.76);
HF: 2.08(-1.32, 5.80); IHD:
4.20(1.08, 7.56); Stroke:
Detroit, Ml 1992-94 Lippmann et al., 2000|65 & older 1.96(-1.88, 6.20) CP 12
Resp-COPD: 3.72(-1.76,
10.00); Pneu:4.80(0.32,
9.60)
CV-Dys: 1.28(-2.60, 5.60);
HF: 3.64(0.96, 6.48); IHD:
1.72(-0.56, 4.16); Stroke:
Detroit, MI 1992-94 Lippmann et al., 2000|65 & older|0.72(-2.12, 3.76) FP 18
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6.80); Pneu: 5.20(1.48,
8.80)




Age Endpoint* and % Increase | Particle E’E

. . . . 2

City/Region | Time Period Reference Group (95% ClI) per 10r’rg/m3 Type ;5 i

§3
3

CV-Dys: 0.58(-1.63, 2.74);
HF: 1.94(0.04, 4.02); IHD:
1.78(0.10, 3.60); Stroke:

Detroit, Ml 1992-94 Lippmann et al., 2000|65 & older|0.96(-1.10, 3.24) PM10 31
Resp-COPD: 1.92(-1.02,
5.40); Pneu: 4.40(1.66,
7.20)

Santa Clara Co,|Winters Lipsettetal., 1997 |allages [R€SP-AsthmaED Visits: PM10 61

CA 1988-92 6.94(3.20, 11.30)

Paris 1991-95 Medina etal., 1997 |allages [R€SP-Asthma House Visits: |pp13 25
2.54(0.82, 4.38)
CV: 0.84(0.60, 1.10)

Cook Co, IL 1987-95 Moolgavkar, 2000b |65 & older Resp-COPD:0.40(-0.04, PM10 35
0.86)

Los Angeles  |19g7-95 Moolgavkar, 2000c  |0-19 Resp-COPD: 6.84(3.56, cP NA

Co, CA 10.32)

Los Angeles  11987.95 Moolgavkar, 2000c  [20-64  [Resp-COPD:3.60(1.20, |cp NA

Co, CA 6.12)

Los Angeles  11987-95 Moolgavkar, 2000c |65 & older[X€Sp-COPD:2.04(-0.16, |cp NA

Co, CA 4.36)

Los Angeles  [1987-95 Moolgavkar, 2000c  |0-19 Resp-COPD: 1.72(-0.04,  |pp 22

Co, CA 3.56)

Los Angeles CV: 1.40(0.72, 2.12)

Co. CA 1987-95 Moolgavkar, 2000b [20-64 Resp-COPD: 2.24(0.76, FP 22
3.76)

Los Angeles CV: 1.72(1.00, 2.44)

Co. CA 1987-95 Moolgavkar, 2000b, c|65 & older Resp-COPD: 2.04(0.36, FP 22
3.76)

Los Angeles  11987-95 Moolgavkar, 2000c  |0-19 Resp-COPD: 2.14(0.88,  |pm10 44

Co, CA 3.46)

L os Angel CV: 0.88(0.44, 1.34)

0S Angeles

Co G N 1987-95  |Moolgavkar, 2000b, ¢|20-64  |Resp-COPD: 1.30(0.34,  |PM10 44
2.30)

Lo Ancel CV: 0.64(0.24, 1.06)

0S Angeles

Co. CA 1987-95 Moolgavkar, 2000b, c|65 & °|derResp-COPD: 1.22(0.22, PM10 44
2.26)

X'Zaricopa Co, [1987-95 Moolgavkar, 2000b |65 & older|CV: -0.48(-1.38, 0.46) PM10 44

Minneapolis/St. |1986-91 Moolgavkar et al., 65 & older|Resp-COPD+Pneu: PM10 34

Paul, MN 1997 1.74(0.92, 2.60)

Birmingham, AL [1986-91 Moolgavkaretal.,  |g5 & older[R€SP-COPD+Pneu: PM10 43

1997 0.30(-0.30, 0.92)
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EF
City/Region | Time Period Reference Age Endpoint™ and % Increase | Pparticle gé
yiReg Group (95% CI) per 10ny/m? Type ¥ X
§3
=15
King County, 1987-95 Moolgavkar et al., allages |Resp-COPD: 2.56(0.36, FP 18
WA 2000 4.84)
King County, 1987-95 Moolgavkar et al., allages |[Resp-COPD: 1.02(0.00, PM10 30
WA 2000 2.08)
Sydney 1990-94 Morgan et al., 1998 |allages |CV:1.56(0.44,2.72) FP (bscat) |10
Chicago, IL 1986-89 if';gfgs & Naumova, |oyer65  [CV: 0.78(0.20, 1.38) PM10 41
Los Angeles, (Wetseasons |Nauenberg & Basu, |gages [ReSP-Asthma: 3.24(0.40,  |pm10 45
CA 1991-94 1999 6.00)
Spokane, WA  [1995-97 Norris et al., 2000  |under 65 [R€sp-Asthma ED Visits: PM10 28
0.48(-2.18, 3.52)
Seattle, WA  |1995-96 Norris et al., 2000  |under 18 |[R€SP-AsthmaED Visits:  |pm10 22
11.24(2.08, 24.22)
Santiago 1992-93 Ostro etal., 1999b |under2 [Resp-Lower Resp Clinic PM10 109
Visits: 0.50(0.04, 0.96)
Santiago 1992-93 Ostro etal., 1999b  |2-14 Resp-Lower Resp Clinic  |pm10 109
Visits: 0.74(0.16, 1.34)
Edinburgh 1992-95 Prescott et al., 1998 |under 65 |CV: 0.40(-2.50, 3.80) PM10 21
Edinburgh 1992-95 Prescott et al., 1998 |65 & older|CV: 2.48(0.92, 4.18) PM10 21
CV: 1.10(0.94, 1.24)
1985-94,
14 cities, US  |range varies |Samet et al., 2000a |65 & older[Resp-COPD: 1.50(1.06, PM10 24-45
by city 1.96); Pneu: 1.34(1.06,
1.64)
14 cities, US  |1985-94,  Isametetal., 2000a |65 & older|CV: 1.52(1.20, 1.82) PMI10< = 124.45
range varies 50nmg/m
Minneapolis/ Resp-Pneu: 0.12(0.10,
1986-89 Schwartz, 1994c 65 & older 0.13); COPD: 0.16(0.12, PM10 36
St. Paul, MN
0.21)
Tacoma, WA 1988-90 Schwartz, 1995 65 & older|Resp: 2.00(0.64, 3.45) PM10 37
Cleveland, OH [1988-90 Schwartz, 1996 65 & older|Resp: 1.16(0.10, 2.28) PM10 43
Tuscon, AZ 1988-90 Schwartz, 1997 over 65 |CV:1.21(0.22, 2.19) PM10 42
8 metro 1988-90 Schwartz et al., 1999 [65 & older|CV: 1.00(0.74, 1.28) PM10 23-37
counties, US
Seattle, WA  |1987-94 Shepard et al., 1999 |under 65 SR%ZF;'ASthmai 4.44(1.12, |cp 16
Seattle, WA  |1987-94 Shepard et al., 1999 |under 65 EeY;I;'ASthmai 3.48(1.32, |pp 17
Seattle, WA  |1987-94 Shepard et al., 1999 |under 65 [Re€Sp-Asthma: 2.74(1.10,  |ppm10 32
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ES
Age Endpoint* and % Increase | Particle E’E
. . . . 2
City/Region | Time Period Reference Group (95% ClI) per 10rrg/m3 Type ;5 i
§3
)
Saint John 1992-96 Stieb et al., 2000 allages |CV:6.04(-0.12,13.12) FP 9
Saint John 1992-96 Stieb et al., 2000 allages [CV:6.50(2.04, 11.86) PM10 14
Atlanta, GA  |SUMMers  ITolbertetal, 2000 |under 17 |[R€SP-AsthmaEDVisits:  |pm10 39
1992-94 2.64(0.24, 5.34)
Hong Kong 1994-95 Wong et al., 1999 allages |CV:0.60(0.16, 1.08) PM10 45

*Endpoint Abbreviations:

COPD=Chronic Obstructive Pulmonary Disease
CV=Cardiovascular

Dys=Dysrhythmia

ED=Emergency Department

HF=Heart Failure

IHD=Ischemic Heart Disease

Pneu=Pneumonia

Resp=Respiratory

**Average of 24-hour measurements over time period.

7.5.2 Respiratory Hospital Admissions (RHA)

Many studies have also used time-series analysis to examine associations between daily PM
and hospitalization for respiratory diseases (Table 7.3). Such endpoints have included total
respiratory admissions (ICD9 = 460-519) for all age groups, as well as for those greater than
age 65, and admissions for chronic obstructive pulmonary disease (COPD), pneumonia and
asthma. For example, the recent NMMAPS multi-city study (Samet et al, 2000a) examined
associations between PM10 and several specific respiratory diseases among a group of
individuals aged 65 and above. Associations were reported between PM10 and both COPD
and pneumonia. Among the 14 cities in the analysis, the long-term mean PM10 concentration
ranged from 24 to 45 ny/m®. The NMMAPS results suggest a range of 1.5 to 3% increase in
the risk of RHA per 10 ng/m? of PM10.

Similar findings of an association of PM10 and hospital admissions for total respiratory
diseases or its components such as COPD, asthma or pneumonia have been reported for
many other cities throughout the U.S., including Minneapolis (Schwartz, 1994c; Moolgavkar et
al., 1997), Tacoma (Schwartz, 1995), Cleveland (Schwartz, 1996), Buffalo (Gwynn et al.,
2000), Chicago (Zanobetti et al., 2000a), Detroit (Lippmann et al.,, 2000) and Seattle
(Sheppard et al., 1999).

Three separate studies have reported similar associations using data from Los Angeles (Linn
et al., 2000; Moolgavkar, 2000b; Nauenberg and Basu, 1999). The Linn et al. (2000) study
used pulmonary hospital admissions data from 1992 to 1995 and found positive associations
with PM10 (mean = 45 ng/m®) throughout the year, but especially in the winter. Moolgavkar
(2000c) used data on COPD for 1987 through 1995, and reported associations with PM10
(median = 44ngy/m®), and both PM2.5 (median = 22 ng/m®) and CP for three different age
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groups: 0 to 19, 20 to 64, and 65 and above. Finally, Nauenberg and Basu (1999) used data
on hospital admissions for asthma from 1991 through 1994. Associations were reported with
PM10 (mean = 45 ng/m®) in the “wet season” (Jan 1 to March 1) but not the “dry season”. The
wet season effect was also stronger among MediCal claimants, suggesting an effect
modification by income. Gwynn and Thurston (2001) also reported stronger effects from
PM10 and other pollutants on respiratory hospital admissions among those without insurance
or on Medicaid versus those with private insurance or Medicare.

Besides Moolgavkar (2000b), a few other studies have reported findings using PM2.5 and
CP. For example, Lippman et al. (2000) found an association between pneumonia admissions
for those aged 65 and above and both PM2.5 and CP in Detroit. For COPD, an association
was also reported with PM2.5, and less so with CP. Likewise, Burnett et al. (1997b) found
associations between hospital admissions for respiratory diseases and both PM2.5 and CP in
Toronto. Sheppard et al. (1999) also found associations between both PM2.5 and CP and
asthma hospital admissions. Finally, Moolgavkar et al. (2000) found an association between
PM2.5 and hospital admissions for COPD in King County (Seattle). No results were reported
for CP.

Associations have also been reported between PM10 and emergency department and urgent
care visits, which may or may not result in hospital admissions. For example, in a study
conducted in Santa Clara County, California, Lipsett et al. (1997) reported associations
between PM10 (mean = 61 ng/m?®) and emergency room visits for asthma during the winters,
particularly on colder days. Using limited data (only one year), Delfino et al. (1997a) found
associations between respiratory emergency department visits and PM10, PM2.5, sulfates
and hydrogen ion in Montreal. Norris et al. (2000) analyzed emergency room visits for asthma
in Spokane and Seattle, using two years of data on patients of all ages in Spokane, and 16
months of data for asthma cases below the age of 18 in Seattle. Besides PM10, a stagnation
index was created, which reflected days with relatively low windspeed. Factor analysis
indicated that days characterized by greater stagnation were likely to involve higher
concentrations of products of incomplete combustion (including fine particulate elemental
carbon) and sulfates. In Spokane, associations were found between emergency asthma visits
and the stagnation index, but not with PM10. However, for Seattle both of these metrics were
associated with pediatric emergency room visits.

Several other studies have also reported effects among children. For example, Tolbert et al.
(2000) examined the effects of air pollution on roughly 6,000 pediatric emergency room visits
for asthma during the summers of 1993-1995 in Atlanta. Several different statistical models
were used to explore the sensitivity of the results to the model selection. PM10 concentrations
(mean = 39 ng/m® were highly correlated with 1-hour maximum ozone (r = 0.75).
Associations between daily visits and PM10 were reported, with consistent results across all
of the models. Medina et al. (1997) analyzed doctors’ house calls for asthma in Paris, France
for the years 1991 to 1995. Black smoke (BS) was used as a measure of particulate matter.
House calls for asthma were divided into three age groups: all ages, 0 to 14 years, and 15 to
64 years. Associations were reported for the full age group (0 to 64 years), but especially for
children below age 14. The effect estimate for children, based on a 4-day moving average of
BS was 8 times higher than that of the older population. Hajat et al. (1999) reported a similar
association in London, England between PM10 and doctor visits for asthma for children below
age 14. While the effect size was not as greatas in the Medina et al. (1997) study, the
strongest effect was found from a multi-day average of exposure to PM10. In examining
allergic rhinitis, Hajat et al. (2001) reported stronger associations for adults than for children.
The associations were also stronger for multi-day averages of PM10. Ostro et al. (1999c)
analyzed associations between PM and daily visits to primary health care clinics in Santiago,
Chile among children under age 2, and ages 2 to 14. This area is characterized by very high
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levels of ambient PM10, especially during the winter, when inversions are common. For this
study, several public clinics around the city were organized to undertake a specific study of
urgent care visits for lower and upper respiratory symptoms. Associations were found
between PM10 and visits for lower respiratory symptoms for both age groups.

Several studies suggest relationships between strong acid sulfates and respiratory hospital
admissions. In a time-series study in Buffalo, NY, Gwynn et al. (2000) reported stronger
associations between both H+ aerosol and sulfates and respiratory hospital admissions than
those observed for either PM10 or COH. Burnett et al. (1994), in an analysis of urgent daily
admissions at 168 acute care hospitals in Ontario, Canada, found significant associations of
sulfates (lagged 0 to 3 days) with several respiratory diseases, but not with nonrespiratory
conditions. These associations were not significant during the winter, when the sulfate levels
tend to be lower. However, during the summer months, sulfates were strongly correlated with
both PM2.5 and with H+ (r>0.8), so it is difficult to ascribe a “causal” role to any one of these
PM constituents.

In summary, studies over the past several years consistently report associations between
PM10 and several different measures of hospitalization or urgent care for respiratory
diseases. The outcomes include hospitalization for total respiratory diseases, as well as for
specific diagnoses, including COPD, asthma and pneumonia. In addition, associations have
been reported between PM10 and the need for urgent care including emergency department
visits, doctor visits, and public clinic visits. These effects have been reported primarily among
elderly individuals, but effects have been also reported among all age groups, including
children under age 18, and children under age 2. For many of these studies, the long-term
mean PM10 ranged from 25 ng/m® to 40 ng/m®, although studies of cities with reported means
below and above this range exist as well. Most of the studies carefully control for potential
confounding by weather, season, time, and co-pollutants. Overall, PM10 consistently was
associated with these clinically significant respiratory endpoints, with a general effect estimate
of between 1.25 and 5% increase in risk per 10 nmg/m®. Based on the few studies that have
measured both fine and coarse particles, associations have been reported between hospital
admissions for respiratory diseases and both of these exposure measures. In these latter
studies, long-term mean PM2.5 ranged from 17 ng/m® to 22 ng/m®. Finally, as indicated in
section 7.3, associations between daily or multi-day exposure to PM10 and respiratory-related
mortality have also been reported.

7.5.3 Asthma Exacerbation

Asthma affects more than 15 million Americans, including almost 5 million children, making it
the most common childhood iliness in the U.S. Asthma prevalence increased 75% from 1980
to 1994 in the United States (Mannino et al.,, 1998). In a recent analysis of data from the
National Health Interview Survey, the prevalence of asthma among children aged 5 — 14 was
about 67% higher than for adults aged 35 and above (74.4/1000 vs. 44.6/1000, respectively;
Mannino et al., 1998). Asthma surveillance data developed by the U.S. Centers for Disease
Control and Prevention (CDC) and recent reports on asthma hospitalization by the California
Department of Health Services (CDHS, 2000), and King County, Washington, indicate that
children, especially young children, may experience severe exacerbations at a greater rate
than older children or adults (Mannino et al., 1998; CDHS, 2000). Hospitalization rates for
children 0 to 4 years are greater than for all others (49.7/10,000/year for ages 0 — 4 versus a
range of 18.0 to 25.5/10,000/year for all other age groups) and is four-fold higher among
black children versus white children (CDHS, 2000). While hospitalization rate data are
influenced by a number of factors, including access to health care, these data support the
notion that asthma may generally affect young children more than adults.
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In the last few years, many studies have been published on the effects of PM exposure on
symptoms and lung function changes in asthmatics (Table 7.4). These studies typically follow
a panel of subjects who record daily health outcomes over several months. Several outcomes
have been measured, including specific symptoms (e.g., cough, shortness of breath, wheeze,
chest tightness, phlegm), medication use, and lung function changes [e.g., peak expiratory
flow rate (PEF), forced expiratory volume (FEV), and forced vital capacity (FVC)]. Concurrent
air pollution is recorded along with potential confounders that also change on a daily basis
and might be associated with the health outcome such as weather factors, environmental
tobacco smoke (ETS) or wood smoke exposure, activity patterns, time spent outdoors, use of
air conditioning, and day of week. Generally, the study of air pollution and asthma is
analytically challenging since the disease and its triggers are complex. Several of the studies
combine individuals with different levels of asthma severity and medication use, or combine
asthmatics and non-asthmatics. Nevertheless, evidence for a fairly consistent (but not
universal) effect of PM has emerged over the last several years, including several studies
conducted in California.

For example, Ostro et al. (2001) examined the effect of PM10 and PM2.5 on 138 African-
American children with current, physician-diagnosed asthma living in Los Angeles from
August through October, 1993. Daily reporting of cough, shortness of breath and wheeze, and
asthma episodes (i.e., the start of several consecutive days with symptoms) were associated
with PM10 (24-hour mean = 52 ng/m®) and PM2.5 (12-hour mean = 41 ng/m?®), but not with
ozone. The PM10 effects were slightly stronger than those from PM2.5, with a 10 ng/m?®
change in PM10 associated with an approximate change in onset of symptom rates of from 5
to 15%. In addition, an association was reported between PM10 and the use of extra asthma
medication. These findings supported an earlier study of 83 African-American children with
asthma in Los Angeles that indicated an association between PM10 and shortness of breath
(Ostro et al., 1995).

Delfino et al. (1997b, 1998) examined panels of asthmatics living in California. In a summer
study, 22 asthmatics, ages 9 to 46, from the semi-rural town of Alpine were followed (Delfino
et al., 1997b). Symptoms were not related to PM10 (24-hour mean = 26 ng/m®) or any of the
other pollutants or bioaerosols measured. However, there was an association between PM10
and inhaler use. Delfino et al. (1998) followed a panel of 24 asthmatics, ages 9 to 17 from
August to October, 1995 in Alpine. “Bothersome” asthma symptoms (either cough, wheeze,
sputum production, shortness of breath, or chest tightness) were associated with both PM10
(24-hour mean = 31 my/m®) and ozone, with a greater relative effect from PM10. The largest
effects of PM10 were on those children not currently on anti-inflammatory medication.

In studies outside of California, Yu et al. (2000) followed 133 asthmatics, ages 5 to 13, living
in Seattle. A strong association was reported between asthma symptoms and ambient
particles monitored using nephelometry, which measures primarily PM1.0, or particles below
one micron in diameter. Vedal et al. (1998) examined 75 physician-diagnosed asthmatic
children, ages 6 to 13, living in Port Alberni, British Columbia. Several other groups of non-
asthmatics were analyzed as well. For the entire group (n = 206), PM10 (median = 22 ng/m?®)
was associated with increases in both cough and phlegm (7% increase in each per 10 ng/m?®
PM10), and decreased PEF. Stratified analysis indicated effects only among asthmatic
children. No consistent effects were found in the other groups of children. Thurston et al
(1997) examined children with asthma at a summer camp in Connecticut. Associations were
reported between both sulfates and ozone (which were highly correlated) and asthma
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Table 7.4. Summary of Cities Included in Studies of Short-term Exposure and
Respiratory Morbidity for PM10, PM2.5 (FP) and Coarse Particles (CP)

City/ Tim Age Group, | oo ic Mean*
] Perioed Reference Other ET_ t %e General Results /m3
Region Demographics yp (ny/m-)
Association with lower
i respiratory symptoms Urban: 55,
Rural and Winters g .
Urban areas, | 1992/93- Boezen et al., 7-11, N=632 PM10 among_chlldren with both| 42, ant_j 31.
Holland 94/95 1999 bronchial Rural : 45,
hyperresponsiveness 44,27
and high total serum IgE.
Association with asthma
symptoms, especially
Alpine (rural | Aug-Oct |Delfino et al., 9-17, N=24, PM10 children less frequently 31
southern CA) 1995 1998 asthmatics symptomatic for asthma
on anti-inflammatory
medication
Alpine (rural | Summer |Delfino et al., 9-46, N=22, PM10 Association with inhaler 26
southern CA) 1994 1997b asthmatics use
Amsterdam, SuEri:lnyer Gielen et al., 7-r1n35{joNri:tsll PM10 Association with acute 31
Holland 1995 1997 asthmatics respiratory symptoms
Leiden
University ; Association with
Medical Slir;g;er :Intelrgrgznn et 18-55, N=60 PM10 shortness of breath and 40
Center, " bronchodilator use
Holland
Reanalysis of
several
studies
including
UtahU\_/rzflIIey, varies by [Hoek et al., children PM10 Significant decreases in | varies by
y study (1998 PEF study
Bennekom,
Holland;
Uniontown,
PA; State
College, PA
Los Angeles,| Summer |Ostro et al., afr?c-;r?-,a’?lnze?ﬁ:’an PM10 ?ﬁiﬁ?}lggg r(])f\,\{)ltrgalth, 56
CA 1992 1995 asthmatics ' particularly moderate
and severe asthmatics.
8-13 N=138 Association with new
Los Angeles,| Aug-Oct |Ostroetal., african’-ar;ericén PM10. EP episodes of cough and PM10=52,
CA 1993 2001 asthmatics ! extra asthma FP=41
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Age Group,

City/ [ [ Mean*
T”T‘e Reference Other Particle General Results 3
Region Period Demographics Type (My/m")
Association with
Oct 1994', increased plasma o
June 1995; viscosity in both men TSP=47;
Ausburg, severe |Petersetal., 25-64, N=3256 TSP and women when severe
Germany episode (1997 comparing severe episode
Jan 7-19, paring s TSP=98
1985 pollution episode to the
remainder of study.
10-12, N=79, split Particularly symptomatic
between those children, associations
. asymptomatic for with respiratory
Utah Valley, Winter |Pope and
uT 1990/91 |Dockery, 1992 asthma and _those PM10 symp_toms and o 76
symptomatic for significant association
asthma but not on with small decreases in
medications PEF.
Association with
Apr 1991- . . :
. . .|Romieuetal., | 5-13,N=71, mild increased lower
Mexico City ;enaolngil?s% 1996 asthmatics PM10 respiratory illness and 167
decreased PEF.
New Haven, Schwartz et al 65 and older, all Association with 41-New
CT and 1988-1990 1994 " hospital PM10 respiratory hospital Haven; 37-
Tacoma, WA admissions admissions Tacoma
Rﬁ:&??’;gigf Association with lower
: . . ) respiratory symptoms; :
C'tY Study, | varies by [Schwartz and |children grades 2 FP and CP |stronger effect with FP. varies by
Uniontown study [Neas, 2000 5, . h study
and State Association with
College, PA decreased PEF for FP.
8-13, N=49, L . .
' Spring ) children with Association with morning
Kuopio, 1995 six Tiittanen et al., chronic PM10, FP, |PEF and cough; PM10=28,
Finland Weei<s 1999 respirator CP strongest association for EP=15
di‘s’ease y FP and CP.
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City/ Time Age Group, Particle Mean*
. Period Reference Other Type General Results (y/m°)
Region Demographics
urban and Significant association
Winters with decreases in PEF
nc;r;lé;t;an 1992/93- \z;?nldgeQrQZee et 7-11, N=795 PM10 and lower respiratory rangBe:SI 24
Holland 94/95 " symptoms in
symptomatic children.
. Associations with cough
Port Alberni, _
British | May 1990- |Vedal et al., 6-13, N=206 and phiegm and 22
Columbia Mar 1992 |1998 |nclud|ng 75 PM10 decr_eased PEF, )
Canada asthmatics particularly among (median)
asthmatics.
/'23" ngf 5-13,N=133, |PM10, PM1.0 |Association with asthma | 5y11 0205
Seattle, WA g "|Yu et al., 2000 mild/moderate (nephel- |symptoms; strong 1N
28-112 - L PM1.0=10
days asthmatics ometry) association for PM1.0
Association with new
. Summer |Zhang et al., adult, N=673, PM10, FP, . N
Vinton, VA 1995 2000 mothers cp E[;sodes of rhinitis for NA

*Average of 24-hour measurements over time period.

symptoms, PEF and bronchodilator use. Data on PM10 were not available. Pope and
Dockery (1992) studied two different cohorts of fifth- and sixth-grade students in Utah Valley.
One group had symptoms of asthma or had been diagnosed by a physician as having
asthma, but was not currently on medication. The other group had no history or symptoms of
asthma. Associations were found for both groups between PM10 and both PEF and
respiratory symptoms. The symptomatic group demonstrated a greater effect from exposure
to PM10.

Several studies on asthma have also been completed outside of the U.S. and Canada. For
example, Gielen et al. (1997) reported associations between PM10 and both asthma
symptoms and PEF among children in Amsterdam. Hilterman et al. (1998) reported
associations between PM10 and symptoms, but not PEF, in asthmatic adults living in Leiden,
the Netherlands, while Peters et al. (1997) reported associations between various measures
of PM and both symptoms and PEF among adults in Erfurt, Germany. Finally, Romieu et al.
(1996) also reported associations between PM10 and asthma exacerbation among a panel of
children living in Mexico City.

Overall, the effects of PM on asthma exacerbation are not as consistent as those found with
hospitalizations for cardiovascular or respiratory disease. This is likely due to the complexity
and multi-dimensional aspects of the disease itself, and the subsequent difficulties in
estimating the impact of air pollution. Nevertheless, several well-conducted prospective cohort
studies, often involving over 100 children with asthma, have found associations between
PM10 and a range of asthma symptoms or medication use. Most of the studies have
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controlled for potentially confounding factors such as weather and other pollutants, such as
ozone. Given the findings reported above, of an association between PM10 and
hospitalizations and urgent care for asthma, it is reasonable to expect an impact on less
severe asthma outcomes as well.

7.5.4 Respiratory Symptoms and Other Adverse Outcomes

Panel studies and other analytical study designs have also been used to examine the effect of
air pollution on the general population (including both asthmatic and non-asthmatic
individuals) (summarized in Table 7.4). A wide range of outcomes has been studied including
upper and lower respiratory symptoms (in aggregate form and separated out by specific
symptoms), lung function changes, restrictions in activity due to respiratory illness, school
absenteeism and work loss. Although these effects are clearly not as significant as mortality
and hospitalization, they may have an important effect on public health since they impact a
greater proportion of the population. Some of these studies are summarized below to provide
a sense of the range of impacts associated with exposure to PM.

In a study in three cities in Southern California (Azusa, Glendora and Covina), Ostro et al.
(1993) examined the daily effects of air pollution on 321 nonsmoking adults. Associations
were reported between both sulfates and ozone on lower respiratory symptoms. Schwartz
and Neas (2000) reanalyzed three different panel studies to examine the relative impact of
PM2.5 and CP on respiratory symptoms and peak flow in young children. First, daily
respiratory data from 1,844 children in second through fifth grade from six eastern cities (the
Harvard Six-Cities) were used. The second and third data sets involved daily data collected
from June through August from fourth and fifth grade children living in Uniontown and State
College, PA. In both of these studies, twice daily PEF measures were recorded. The analysis
of the Six City data suggested that, using single pollutant models, lower respiratory symptoms
(any day with at least two of the following: cough, phlegm, chest pain or wheeze) were
associated with both PM2.5 and CP, as well as sulfates. The stronger effects were observed
for PM2.5 and sulfates. When considering only cough as the outcome, associations were
again found with all of the measures of PM, but the strongest effect was with CP. In the
analysis of PEF in the two other cities, an association was found with PM2.5 and sulfates but
not with CP. Zhang et al. (2000) examined respiratory symptoms among 673 mothers living in
Vinton, VA during the summer of 1995. Of all the pollutants considered, only CP were
associated with a new episode of rhinitis.

Tiittanen et al. (1999) examined the association between PM and PEF and cough among 49
children with chronic respiratory symptoms living in Kuopio, Finland. Several different
measures of PM were available, including PM10, PM2.5, CP, black carbon, resuspended
road dust, and ultrafines. Associations were reported between morning PEF and all of the
measures of PM. In addition, incidence of cough was also associated with all of the PM
measures. For cough, however, the strongest association was with a 4-day cumulative
average of both PM2.5 and ultrafines. Since the PM measures were highly correlated, it is
difficult to attribute the effect to any single constituent. Schwartz et al. (1994) examined the
respiratory symptoms of 300 elementary school children from April to August in each of six
eastern cities. Several different endpoints were considered, including lower respiratory
symptoms (reports of at least two among cough, chest pain, phlegm, and wheeze), upper
respiratory symptoms (reports of at least two among hoarseness, sore throat, and fever), and
cough alone. An association was reported between both PM10 and PM2.5 and lower
respiratory symptoms, cough, and to a lesser extent, upper respiratory symptoms.

Two studies in the Netherlands examined the impact of wintertime PM10 on symptoms in two
panels of children. Boezen et al. (1999) studied a panel of children ages 7 to 11 to determine
if those with bronchial hyperresponsiveness (BHR) and high serum concentrations of IgE
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were more responsive to air pollution. Based on data from three winters, an association was
found between PM10 and lower respiratory symptoms among children with BHR and high
total IgE. No associations between PM10 and respiratory symptoms were found among
children who did not have both of these factors. The wintertime PM10 averages for the three
years were 55, 42 and 31 ng/m®. In a related study, van der Zee et al. (1999) examined PEF
and respiratory symptoms among children in urban and rural areas with and without asthma,
chronic cough, or wheeze (classified as symptomatic). In both the urban and rural areas,
associations were found between PM10 and both lower respiratory symptoms and
decrements in PEF among the symptomatic children. However, stronger effects were
observed in the urban areas. Among the non-symptomatic children, no association between
PM10 and symptoms was found. In the urban area, PM10 averaged 48, 37 and 29 ny/m?®
during the three winters that were studied, versus 35, 35 and 24 ng/m? in the rural area.

Regarding changes in lung function, Hoek et al. (1998) reanalyzed data on PEF from four
other studies conducted in Utah, the Netherlands, and Uniontown and State College, PA. This
paper focused on explaining significant decrements in PEF, defined as a daily change greater
than 10% below a person’s mean. This change was found to be associated with changes in
PM10.

Besides respiratory symptoms and changes in lung function, other less severe symptoms
have been reported for the general population. For example, Ostro (1987) and Ostro and
Rothschild (1989) used data from six years of the annual Health Interview Survey conducted
by the National Center for Health Statistics. Based on a two-week recall period, the endpoint
used in these studies was restricted activity days, which includes days spent in bed, days
missed from work, or days when activities were partially restricted due to illness. In Ostro
(1987), which included 49 metropolitan areas, an association was reported between PM2.5,
estimated from airport visibility and restricted activity in adults. Ostro and Rothschild (1989)
reported an association between PM2.5 and both respiratory-related restrictions in activity
and minor restrictions (days where activity was restricted but not resulting in work loss) in
adults. These studies imply about a 10 to 15% change in reduced activity per 10 ng/m® of
PM10. Finally, Ransom and Pope (1992) examined PM10 and weekly absenteeism in an
elementary school in Utah. An association was reported with PM10, with about a 4% increase
in absenteeism per 10 nmy/m®.

7.6 Chronic Exposure —Morbidity

Data from the past quarter century suggest that long-term PM exposures are associated with
chronic respiratory symptoms or disease, and possibly with decreased lung function. Much of
this evidence derives from cross-sectional analyses, which compare symptom or disease
prevalence, or lung function, during a given time period (e.g., one year) among communities
with different average pollution levels (e.g., Ferris et al., 1973, Hodgkin et al., 1984; Mullahy
and Portney, 1990). Cross-sectional studies, however, while suggestive of potentially
meaningful associations, are generally not considered good evidence of causal relationships
because inter-city differences may be due to unmeasured factors other than air pollution.
Also, chronic health effects are thought to occur as a result of long-term or repeated
exposures, but cross-sectional investigations generally present a snapshot in time and are not
informative regarding the critical exposure averaging time (e.g., 1 year, 10 years, or even the
number of times a given level is exceeded during a specified period). Moreover, in cross-
sectional studies people who may have died from exposure-related illness are not included in
the analysis. This “survivor bias” tends to underestimate effects of exposures (assuming that
such effects exist). Nevertheless, several large cross-sectional investigations in the U.S. and
Europe, in which individual-level data on a variety of other relevant factors have been
collected (e.g., smoking status, exposure to environmental tobacco smoke, occupational
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exposures), provide reasonably consistent evidence for effects of long-term exposure to PM
on chronic respiratory health outcomes.

Several large-scale cohort studies provide prospective evidence related to long-term effects
of PM exposure. These studies have collected information on individual participants, and
therefore can statistically control for most of the potentially relevant confounding variables,
including cigarette smoking, exposure to environmental tobacco smoke, occupational
exposures (for adults), weight, alcohol consumption, and so forth. The most important of the
relevant cross-sectional and cohort studies are summarized in the following paragraphs. Most
have been conducted in the United States, and several have been undertaken (at least in
part) in California. One large cohort study undertaken in four cities in the Los Angeles basin
(the Chronic Obstructive Respiratory Disease or CORD study) is not included in the
discussion, because inter-city differences in participants’ lung function were not presented by
pollutant (e.g., Tashkin et al., 1994, Detels et al., 1991).

7.6.1 The Adventist Health Study

In 1977, a cohort of 6,338 nonsmoking non-Hispanic white Seventh Day Adventists, aged 25
years and older and residing principally in three large metropolitan areas of California (San
Francisco, San Diego, and the South Coast Air Basin), were enrolled in a long-term study of
the effects of air pollution on respiratory health (AHSMOG). Approximately 10% of the study
population lived in other areas of California. One criterion for enrollment was residential
stability: all participants had to have lived within 5 miles of their 1977 address for 10 years or
longer. Participants completed questionnaires in 1977, 1987, and 1992 regarding residential
and work location histories, past smoking, exposure to ETS, occupational exposures,
presence of various respiratory symptoms, and physician diagnoses of respiratory disease.
Cumulative air pollution exposure was assessed by interpolation of fixed-site monitoring data
in relation to the subjects’ residences and worksites during the study period. Numerous
reports describing the morbidity and mortality of this cohort have been published: earlier
reports focused on total suspended particulates (TSP) as the PM metric (e.g., Abbey et al.,
1993) and will therefore not be discussed. Several of the more recent articles are described
below, while the mortality results are described in section 7.3.

Abbey and colleagues (1995a, b) analyzed the incidence of chronic respiratory disease in
relation to several particle metrics for the 10-year period 1977 through 1987 for a subset of
3,914 study participants. PM10 concentrations were estimated using site- and season-specific
regressions on TSP data during this period. They reported that long-term exposures to
estimated PM10 concentrations exceeding 80 or 100 ngy/m® for at least 250 hours/year
produced statistically significant increases in risk of newly reported symptoms of overall
airway obstructive disease (AOD, consisting of a triad of asthma, chronic bronchitis and
emphysema) and of chronic bronchitis alone, but not asthma (Abbey et al., 1995a). Although
point estimates of risk associated with lower concentrations of estimated PM10 were all
greater than one, none was statistically significant. For a subset of the cohort living near
airports (n=1,868), PM2.5 concentrations were also estimated using visibility data (Abbey et
al., 1995b). In this group, PM2.5, PM10 and sulfates were all significantly related to worsening
severity of AOD (relative risks of 2.20, 2.64, and 3.04, respectively) or asthma alone (relative
risks of 2.05, 2.82, and 2.75, respectively), while sulfates and PM10, but not fine particles,
were both associated with significantly increased risks of AOD, and PM10 with chronic
bronchitis. All of the long-term studies in this document involve exposure measurement error,
which generally would tend to impede researchers’ ability to detect any relationship between
air pollution and health. In these reports this situation is exaggerated because neither PM2.5
nor PM10 were directly measured, suggesting that these results, though perhaps reliable
qualitatively, should not be considered quantitatively accurate.
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Beeson et al. (1998) examined associations between several air pollutants and lung cancer
incidence (n=36 incident cases, 16 in men and 20 in women) from 1977-1992), adjusting for
several covariates (attained age, pack-years of past cigarette smoking, years of education,
and consumption of alcohol at baseline), though a variety of other variables were also
examined as potential confounders. The estimated annual mean concentration of PM10 from
1973-1992 was 51 ng/m® (SD=16.52). As in prior reports on this cohort, PM10 concentrations
from 1977-87 were estimated from TSP measurements, while after 1987 PM10 was
measured directly. Incident lung cancer in men was significantly associated with the average
annual mean concentration of PM10 (RR = 5.21, 95% C.1.=1.94-13.99, for an interquartile
range or IQR of 24 ng/m®), with somewhat lower estimates for ozone and SO2. For women,

lung cancer incidence was associated with PM10 (including the annual mean concentration
and several exceedance frequencies), but these relationships were not statistically significant.
In multi-pollutant models, the coefficients for PM10 and SO,, but not ozone, remained stable.
Although these RR estimates for men were stable in a variety of sensitivity analyses, they are
substantially higher than those observed in other investigations, and may be due to a lower
baseline lung cancer rate in the nonsmoking Seventh Day Adventist source population.
However, the relatively small number of cases on which these are based suggests a need for
cautious interpretation.

In 1993, 1,391 of the study participants who had completed all three questionnaires and met
several other criteria successfully completed lung function testing. For this analysis, mean
PM10 levels averaged over monthly values from 1973-1993 were 54.1 ng/m® for male
subjects (range 20.0 — 80.6) and 52.7 ng/m? (range 21.3 — 80.6) for female subjects. An inter-
quartile difference of 54 days/yr in excess of 100 ng/m® PM10 was associated with significant
decreases in FEV; of —7.2% (95% C.I = -11.5 - -2.7) in men whose parents had a history of
obstructive lung disease or hay fever, and of —1.5% (95% C.I. -=2.7 - -0.4) FEV1/FVC in male
never-smokers. No such effects were seen in women or in other strata of men. These results
should be viewed with caution because: (1) these results are essentially cross-sectional and
represent only about 1/5 of the original AHSMOG cohort members; who may differ from those
who did not participate in this part of the study in ways that may affect estimation of the PM-
lung function relationship; and (2) about 2/3 of the PM10 data were estimated from TSP.

7.6.2 The Six-Cities and 24-Cities Studies

In the mid-1970s a cohort of white first- and second-grade school children (n = 10,106) in six
cities in the eastern U.S. were enrolled in a study to examine both cross-sectional and
longitudinal relationships between air pollution and respiratory disease and lung function
growth. The mean annual TSP concentrations ranged from 39.3 (Portage, WI) to 114.1
(Steubenville, OH) ng/m?, while the corresponding range for sulfates was 5.4 to 18.8 ng/m®.
Exploring the relationships between pollutant levels in the year preceding the second annual
health examination of the children, Ware and colleagues (1986) reported significant
relationships between both average PM concentrations (measured as TSP) and sulfates (i.e.,
the sulfate fraction of TSP) and cough frequency, bronchitis and a composite index of lower
respiratory illness. For a 10 ng/m? increase in sulfates, the odds ratios for these three health
outcomes were 1.60, 1.68, and 1.57, respectively. Sulfate levels in the 6 cities ranged from
4.4 t0 19.3 ng/m®. These air pollution — health outcome relationships were observed when the
analysis focused on inter-city pollutant differences, but were not supported by analyses within
each city over time. No relationship was observed between any of the air pollution metrics
and lung function, even when the analysis was restricted to lifetime residents of the six cities.

In a subsequent analysis involving several highly correlated PM metrics (TSP, PM15, PM2.5,
and sulfates, measured during 1980-81), all were found to be related to chronic cough,
bronchitis, and chest illness reported on health questionnaires (Dockery et al., 1989).
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Comparing the least and most polluted cities for PM15 (Portage, Wisconsin, and Steubenville,
Ohio, respectively), the annual mean concentrations were 20.1 ng/m® and 58.8 ngy/m®. For
PM2.5 the range was 11.8 — 36.7 ng/m?®, represented by Topeka, Kansas and Steubenville,
respectively. Across the range of PM15, the odds ratios for these three health outcomes for
all children were 3.7 (95% C.I. = 1.0 — 13.5) for chronic cough, 2.5 (95% CI = 1.1 - 6.1) for
bronchitis, and 2.3 (95% CI = 0.8 — 6.7) for chest illness. For sulfates and PM2.5, the odds
ratios for these outcomes were approximately doubled; however, unlike the results for chronic
cough and bronchitis in relation to PM15, these effect estimates were not statistically
significant. There was no association between any pollutant and asthma or persistent
wheeze. However, when the analysis was stratified by the presence of asthma or persistent
wheezing, the fine particle-related odds ratios for bronchitis and chest illness among those
with these conditions were about 60% higher than for the group as a whole, but nevertheless
were still not significant. Among the asthmatic and wheezy children, odds ratios for these
symptoms in relation to PM15 were at least as high as those for the fine particle metrics, and
also were significant for chest illness, and remained so for the nonasthmatic children for the
other symptoms. While these results suggest that the combined coarse and fine fractions
(measured as PM15) were likely more influential than PM2.5 or sulfates alone in relation to
chronic respiratory symptom reporting, the estimates were not statistically distinguishable
(i.e., there was substantial overlap between the confidence intervals around the odds ratios
for each metric). Finally, as in the earlier report on this cohort, there was no relationship
between any PM metric and lung function.

Subsequently, the same group of investigators evaluated the relationships of several air
pollutants, including PM10, PM2.1, fine particle sulfate and strong acidity, to respiratory
symptoms and lung function in 13,369 white children, aged 8 to 12, in 24 suburban
communities throughout the U.S. and Canada (Dockery et al., 1996; Raizenne et al., 1996).
Three of the 24 communities were located in California (Livermore, Monterey, and Simi
Valley). Particle measurements in each city took place every other day over a one-year
period, based on the assumption that this would serve as a reasonably representative
surrogate for longer-term exposures; nevertheless this study is essentially cross-sectional in
design. Mean PM concentrations over all 24 cities in this study were as follows: PM10 = 23.8
ng/m® (SD=5, range 15.4 — 32.7), PM2.1 = 14.5 ng/m® (SD = 4.2, range 5.8 — 20.7), and
sulfates = 4.7 ng/m® (SD = 2.2, range 0.7 — 7.4). Neither PM10 nor PM2.1, per se, was
associated with any chronic respiratory symptoms. Comparing cities with the highest and
lowest annual concentrations, sulfates were associated with at least one episode of bronchitis
(OR = 1.65, 95% C.I. = 1.12-2.42) and with any bronchitic symptom (OR = 1.27, 95% C.I. =
1.01-1.61); fine particle strong acidity (which includes sulfates) was linked with bronchitis (OR
=1.66, 95% C.I. = 1.11-2.48). There were no obvious susceptible subgroups within this study
population.

Acceptable lung function data were obtained from a subset of 10,251 children in 22 of the 24
communities. All measures of particles were reported to be associated with small, but
statistically significant, decrements in several measures of lung function across the ranges of
each pollutant. The greatest point estimates of effect were observed for particle strong acidity.
For instance, a change in particle strong acidity of 52 nmol/m® was associated with the
following percentage decrements: forced vital capacity (FVC) = -3.45 (95% C.I. = -4.87 - -
2.01), forced expiratory volume in one second (FEV;) = -3.11 (95% C.I. = -4.62 - -1.58), and
peak expiratory flow rate (PEFR) = -3.71 (95% C.l. = -7.10 - -0.20). Still, the estimated lung
function differences associated with the range of strong particle acidity could not be
statistically distinguished from those related to the other particle metrics. More importantly,
because of the cross-sectional nature of this investigation, it is not possible to postulate a
causal relationship between any particle metric and long-term decrements in the growth and
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development of children’s respiratory function. This would require a prospective design, such
as that employed in the Children’s Health Study.

7.6.3 Children’s Health Study

Children may be at greater risk from long-term exposures to particles or other air pollutants
because the growth and development of the respiratory system may be permanently affected
by early environmental insults. Funded by the California Air Resources Board, the Children’s
Health Study was designed as a 10-year investigation of the impacts of southern California air
pollution on lung growth and development and other indices of respiratory health among
3,676 fourth-, seventh-, and tenth-graders in 12 communities, which were chosen to
emphasize different long-term air pollution conditions. For data collected in 1986-90, prior to
the health data collection efforts, the 24-hr average PM concentration ranged from 28.0 ng/m?®
in Atascadero and Santa Maria to 84.9 rrg/m3 in Mira Loma and Riverside. In 1994, the mean
24-hr average PM10 concentration across the 12 communities was 34.8 ng/m*® (range = 13.0
my/m?® in Lompoc to 70.7 mg/m® in Mira Loma) (McConnell et al., 1999; Peters et al., 1999a).
Although the full 10 years of follow-up data have not been analyzed yet, the initial cross-
sectional analysis and some longitudinal results have been published. At enrolliment, neither
PM10 nor PM2.5 were associated with respiratory illness among the total cohort (ever or
current asthma, bronchitis, cough, or wheeze) assessed by questionnaire (Peters et al.,
1999a). In contrast, among children with asthma, respiratory symptoms increased with
increasing particle levels (McConnell et al., 1999). Specifically, there was about a 40%
increase in the odds of bronchitis among asthmatics per 19 ng/m® change in PM10 measured
over 2-week intervals (OR=1.4, 95% C.I. = 1.1-1.8). Exposure to a 15 ng/m?® increment in fine
particles resulted in about the same magnitude of increase in risk, which was not statistically
significant. Both measures of PM were also associated with at least a doubling of risk of
phlegm in asthmatic children. Acid vapors and NO, were also associated with respiratory
symptoms in asthmatic children. However, because all four (PM10, PM2.5, NO,, and acid
vapor) were highly correlated, it is not possible to definitively attribute these effects to any
single pollutant (McConnell et al., 1999).

In another cross-sectional analysis of the Children’s Health Study, both PM10 and PM2.5, as
well as NO,, were significantly associated with decreased lung function (forced vital capacity
[FVC], forced expiratory volume in one second [FEV:], and maximal mid-expiratory flow
[MMEF]), especially in girls who spent more time outdoors (Peters et al., 1999b). Recently
these results were supported in an analysis of lung function growth over a four-year period
(Gauderman et al., 2000). Examining the data from a sample of children who were fourth-
graders at enrollment, the investigators found statistically significant effects on lung function
growth associated with PM10, PM2.5, PM10-2.5 (coarse particles), NO,, and inorganic acid
vapors. The effects were more pronounced for tests measuring airflow at low lung volumes,
especially for children spending more time outdoors. However, unlike the cross-sectional
results, there were no differences observed by gender. Although the effects on the children
who were seventh- and tenth-graders at enrollment were generally also negative, these were
not statistically significant, in part because the sample sizes in the higher grades were
markedly smaller. As with the cross-sectional symptom data, the independent effects of the
different pollutants cannot be assessed because of high inter-pollutant correlations.

Although data on sulfate concentrations have been collected as part of the Children’s Health
Study, no analyses examining potential independent effects of this component of PM2.5 have
been published. According to ARB staff, such analyses will be conducted during the next few
years.
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7.6.4 The SAPALDIA Study

The Swiss Study on Air Pollution and Lung Disease in Adults (SAPALDIA) examined the long-
term effects of air pollution exposure in a cross-sectional study of 9,651 adults residing in
eight areas in Switzerland in 1991. Eligibility for the study was conditional on having lived in
the same area for at least three years. PM measurements used in the analysis were taken
over a 1-year period (1991 for TSP, and 1993 for PM10), on the assumption that air pollution
concentrations had not changed significantly over the proceeding several years. Significant
associations were observed between chronic symptoms (chronic phlegm, chronic cough,
breathlessness at rest during the day or at night, and dyspnea on exertion) and the pollutant
metrics TSP, PM10 and NO, (Zemp et al.,, 1999). These associations were strongest for
PM10; the investigators estimated that an increase of 10 ng/m*® PM10 (within the observed
range across cities of 10.1 — 33.4 ny/m®), would correspond to increases in risk among never-
smokers of 30% for chronic phlegm (OR=1.30, 95% C.I. = 1.04-1.63), 41% for breathlessness
during the day (OR=1.41, 95% C.I. = 1.13-1.76), and 23% for dyspnea on exertion (OR =
1.23, 95% C.I. = 1.09-1.39). Nevertheless, the roles of PM10 versus NO, in the observed
associations could not be ascertained, as NO, concentrations were strongly correlated with
PM10 levels (r = 0.91).

The SAPALDIA investigators also examined lung function (FEV,; and FVC) in study
participants in relation to several air pollutants, controlling for age, sex, height, weight, atopy,
educational level, nationality, smoking status (never, ever, and current), workplace exposures,
residential gas stove, serious respiratory infection before age 5, and other potentially
influential covariates (Ackermann-Liebrich et al., 1997). Statistically significant decrements in
both indices of lung function were found in relation to annual mean levels of PM10, sulfur
dioxide, and nitrogen dioxide, with the strongest effects being related to PM10 (-3.4% for FVC
and —1.6% for FEV1 in healthy never-smokers, per 10 ng/m*® annual average PM10, p<0.001
for both estimates). The mean PM10 concentration in this study (measured only in 1993) was
21.2 ng/m?® (SD = 7.4), with a range of 10.1 — 33.4. Similar, but slightly smaller, estimates
were found for past and current smokers. As with the respiratory symptom analysis, however,
the strong pollutant inter-correlations made it impossible to disentangle the effects of the
various pollutants (rpmiosoz = 0.93; femio, no2 = .91, Iso2no2 = 0.86). Thus, they concluded that
the principal source of all three pollutants, fossil fuel combustion, was associated with the
decrements in lung function.

7.6.5 Summary

In summary, the evidence of PM effects in these studies of morbidity in relation to chronic
exposures is not as consistent as for mortality. In several studies, the various PM metrics are
highly inter-correlated, or co-varied with gaseous pollutants, so that it was not possible to
attribute the effects observed to any single pollutant or to a specific mix of pollutants (e.g., the
Six-Cities, Children’'s Health, and SAPALDIA studies). In studies examining effects of
exposure to different PM metrics, in some cases the point estimates of effect were greater for
those metrics encompassing the coarse fraction (e.g., Dockery et al., 1989), and in some
cases the reverse was true. Overall, there is some, albeit weak, evidence of a PM-related
effect on chronic morbidity, as measured by chronic respiratory symptoms and lung function.
However, it is not possible, based on current evidence, to identify which size cuts or specific
constituents are likely to be most influential.
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7.7 Susceptible Subgroups at Risk for Mortality
7.7.1 By Disease Status

Pre-existing cardiovascular disease is clearly a risk factor for PM-related mortality. Many of
the time-series studies, and both the ACS and Harvard Six-City chronic exposure studies,
report statistically significant associations for cardiovascular-specific mortality (for example,
Samet et al., 2000a; Ostro et al., 2000; Fairley, 1999; Schwartz, 1993). When compared with
all-cause mortality, the cardiovascular-specific mortality typically (but not always) generates
larger and more precise effect estimates for PM. These conditions might be further
exacerbated by pre-existing respiratory disease. Several mortality studies of acute air
pollution exposure provide evidence to identify the most likely sensitive subgroups among
adults. For example, Schwartz (1994b) reported that respiratory conditions were more likely to
be contributing causes of death on high versus low PM days. Thus, air pollution was
associated with increased deaths from respiratory conditions and increased deaths from other
causes with respiratory conditions as a contributing factor. In a study of hospital admissions in
Cook County, Zanobetti et al. (2000b) found that acute bronchitis and pneumonia increased
the risk for admission to hospital with cardiovascular disease, while Zanobetti and Schwartz
(2001) found that diabetics were also at greater risk. Finally, in a daily mortality study in
Montreal (Canada), Goldberg et al. (2001b) found that the association between PM and
mortality was elevated among those with acute lower respiratory disease, coronary artery
disease, congestive heart failure, and any cardiovascular disease. No risk elevation was
observed for those with acute upper respiratory disease, airways disease (which was defined
to include chronic bronchitis, emphysema, asthma, and bronchiectasis), acute coronary artery
disease (i.e., acute myocardial infarction, and other acute and subacute forms of chronic
ischemic heart disease), hypertension or cerebrovascular disease (i.e., stroke). Taken
together, these studies suggest that concurrent lower respiratory infections and subsets of
cardiovascular disease may be precursors to death associated with PM.

7.7.2 By Socioeconomic Status

Several mortality studies have examined whether socioeconomic status (SES) and related
factors such as education and race/ethnicity affect the magnitude of PM-mortality
associations. These studies help address the question of whether factors linked with poverty
or educational attainment render individuals more susceptible to the adverse effects of
exposure to air pollution. To date the findings have been mixed. The prospective cohort
studies investigating the potential impacts of longer-term exposure appear to find consistent
effect modification by education, whereas the acute exposure studies do not demonstrate
much, if any, modification of these relationships.

In their re-examination of the American Cancer Society (ACS) data set originally analyzed by
Pope et al. (1995), Krewski et al. (2000) conducted an exhaustive set of sensitivity analyses.
They considered a wide range of alternative specifications, ecological variables, corrections
for spatial autocorrelation, interactions, adjustment for time-varying parameters, and
measures of occupational exposure, smoking, and physical activity. Their findings
corroborated those of the original study.

However, the relative risk (RR) estimates from the prospective cohort studies vary
significantly when the analysis was stratified by educational attainment (Table 7.5). For those
with a less than high school education, the relative risk (RR) associated with an inter-quartile
change in the annual average fine particle concentration was 1.35 (95% C.I. = 1.17 — 1.56),
while for those with more than a high school education, the RR = 1.06 (95% C.I. = 0.95- 1.17).
This lower risk associated with more education was also observed in the education-stratified
re-analysis of the Dockery et al. (1993) study (Krewski et al., 2000). The lack of an
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association among more well-educated individuals may indicate that better nutrition and
access to health care (or some other variables correlated with educational attainment) may be
important co-factors in air pollution-associated mortality. The effect of SES did not appear to
be confounded by occupational exposures in these cohorts. For example, among the groups
with either low or high occupational exposures, higher educational attainment was associated
with lower risks from air pollution. Among individuals with lower educational attainment,
poverty, poor nutrition, and less access to medical resources are all more common.
Anecdotally, lower SES is also likely to be associated with residences closer to mobile and
stationary sources of pollution. Therefore, it is possible that SES is simply associated with
higher exposure to existing sources, rather than an effect modifier.

In a third prospective cohort study (of Seventh Day Adventists in California), McDonnell et al.
(2000) analyzed a subset located close to airports, in order to utilize airport visibility as a
surrogate measures of PM2.5. For the population as a whole, no association was observed
between alternative measures of PM (fine, coarse or PM10) and either all cause mortality or
non-cancer respiratory mortality. Similarly, no association was apparent for the male cohort.
This group was then further disaggregated by other subsets including individuals who were:
past smokers, exposed occupationally, exposed to ETS, with a history of cardiovascular or
respiratory disease, using antioxidant pills, living in high-density areas, and not using alcohol.
The largest observed effect, which was statistically significant, was among those living in high
housing density, which is often associated with low SES.

There is some, albeit fragmentary, evidence of effect modification of the PM-mortality
relationship by income or education. For example, Zanobetti and Schwartz (2000) tested for
effect modification in the four largest cities with daily PM10 data during the study period of
1986 — 1993 (Chicago, Detroit, Minneapolis-St. Paul, Pittsburgh). They used individual-level
educational status from the death records of the National Center for Health Statistics. In three
of the four cities, the PM10 effect for the cohort members with less than 12 years of education
was larger than that for those with more than 12 years of education. In two of the cities, the
PM effect for those in the low-education group was more than twice the other cohort. Thus,
there was weak evidence of effect modification by education. In contrast, in a study of air
pollution and mortality in 10 U.S. cities, Schwartz (2000a) examined whether the city-specific
mortality effect was modified by several city-wide factors. No effect modification of the
pollution effect was found from unemployment, living in poverty, college degree or the
proportion of the population that is nonwhite, although sample size limited the ability for
detection. Samet et al. (2000a) tested for effect modification of the PM10-mortality association
among the 90 cities used in the study. Using aggregate (city-wide) statistics, they tested for
potential modification using local SES-related variables, including household income, percent
of the population having less than a high school education, percent using public transit, and
percent unemployed. None of these factors helped explain the city-specific pollution effects.
However, the variable representing the percent of the population having less than a high
school education had a moderate (but still not statistically significant) association with the
regression coefficients.

The evidence to date, therefore, suggests that there may be a greater effect of PM among
individuals from lower SES groups, although the actual risk factors are unknown. Candidate
risk factors include poor nutrition, lower access to and use of health care, and higher air
pollution exposures due to location of residences near PM sources such as freeways and
industrial facilities.
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7.7.3 By Age
7.7.3.1 The Elderly

Existing evidence suggests that most of the more severe effects of PM are likely to be
experienced by elderly people with pre-existing heart or lung disease. For example, when the
acute exposure mortality studies have disaggregated the sample by age, the elderly
subsample typically exhibits stronger associations and larger effect sizes. In some extreme
cases, statistically significant effects are observed only for the elderly subset (Goldberg et al.,
2001b; Kelsall et al.,, 1997). As summarized in Table 7.6, PM has, in general, a
disproportionate effect on the elderly. For example, a study in Brisbane, Australia (Simpson et
al., 1997) found that 81% of all mortality occurred in the age group above 65, but 90% of the
PM-related mortality occurred in this group. Likewise, in Santiago, Chile (Ostro et al., 1996)
the rates are 65 and 79%, respectively. Thus, a large share, but not all, of the acute-exposure
mortality occurs within the elderly population.

7.7.3.2 Infants and Children

While the elderly may dominate the potential population at risk, several recent cross-sectional
and time-series studies have reported associations between ambient PM and neonatal or
infant mortality, low birth weight or higher rates of prematurity. For example, in Rio de Janeiro
(Penna and Duchiade, 1991) and the United States (Woodruff et al., 1997), cross-sectional
associations have been reported between measures of PM and neonatal or infant mortality.
Woodruff et al. (1997) studied a cohort of four million infants born between 1989 and 1991,
who were studied using data from the National Center for Health Statistics. Infants were
assigned three different PM10 exposure intervals based on metropolitan area-wide data
averaged over the first 2 postnatal months. The mean PM10 was 31 ng/m® Logistic
regression was used to examine whether there was an association between early neonatal
exposure and total or cause-specific mortality, after controlling for other demographic and
environmental factors. Associations were found between higher PM10 exposure and both all-
cause and respiratory-specific mortality.

Another study (Dejmek et al., 1999) evaluated the impacts of PM2.5 and PM10 on intrauterine
growth retardation (IUGR) in the highly polluted Teplice District in the Czech Republic. Again,
three different exposure intervals were determined for several pollutants (PM, nitrogen dioxide
and sulfur dioxide) for each month of gestation. Data analysis found no effect from nitrogen
dioxide, but PM10 and sulfur dioxide in early pregnancy were associated with IUGR, after
controlling for several potential confounders. Both PM10 and PM2.5 (which were highly
correlated in this study) were associated with the likelihood of an IUGR birth, defined as one
where the birth weight fell below the 10" percentile by gender and age for live births in the
Czech Republic. These results suggest that exposure to PM in Teplice (which includes
PM2.5, PM10, sulfates, acid aerosols and PAHS) early in pregnancy may impact subsequent
fetal growth and development.

Bobak and Leon (1998) conducted a matched case-control study of all births registered in the
Czech Republic from 1989 to 1991, which were linked to death records. A logistic model was
used to estimate the effects of PM on the risk of death, after controlling for socioeconomic
status, birth weight and length, and gestational age. An association was found between PM
and post-neonatal respiratory mortality. Bobak (2000) used a somewhat similar database of
live births registered in the Czech Republic in 1990-1991 to examine associations between air
pollution and both low birth rate and prematurity. The birth outcomes were linked with
pollution data on TSP, sulfur dioxide and nitrogen dioxide in the 67 of 85 districts (about 85%
of all births) for which data were available. Outcomes studied included the likelihood of lower
birth weight (<2,500 g), prematurity (< 37 weeks of gestation) and IUGR (< 10" percentile of
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birth weight for gestational age and sex). The analysis controlled for sex, parity, maternal age
group, education, marital status, nationality and month of birth. Associations were found
between TSP (median concentration = 72 ng/m®) and both low birth weight and prematurity,
but not with [IUGR. The association with TSP and low birth weight appeared to be explained
by low gestational age.

In both the cross-sectional and case-control study designs, it may be difficult to separate the
effects of pollution from other factors such as poverty, exposure patterns (e.g., in the higher
pollution areas people may spend more time outside or live closer to highways), and diet.
However, daily time-series studies have also reported associations between changes in PM
and infant or child mortality in Mexico City (Loomis et al., 1999) and Bangkok (Ostro et al.,
1999a). The statistical models used in these studies were similar to those used in the adult
mortality studies of acute exposure — general additive Poisson models, controlling for time,
season and weather. In Mexico City, 3- to 5-day lags in PM2.5 (mean = 27 ng/m®) were
associated with infant (< 1 year) mortality. Likewise, in Bangkok, lags of 2 or 3 days of PM10
(mean = 65 ny/m®) were associated with child (< 5 years) mortality. These two studies
suggest about a 2 to 4% increase in daily infant mortality per 10 ng/m® PM10. In both of the
cities, however, the personal exposure to PM is likely to be much greater than in the U.S. due
to factors such as weather, poverty, time spent outdoors, and housing ventilation. In addition,
differences in prenatal maternal health status and early postnatal infant diet may make it
difficult to extrapolate these findings to California.

Finally, Ritz et al. (2000) reported associations between PM and both low birth weight and
premature delivery among a cohort of 98,000 neonates born in Southern California between
1989 and 1993. Prematurity was defined as a birth occurring at less than 37 weeks of
gestation. Seventeen monitoring stations throughout the Los Angeles air basin had data for at
least four pollutants of interest, including PM10, carbon monoxide, nitrogen dioxide and
ozone; only 8 of the stations had PM10 data. Only births for women living within 2 miles of a
monitoring station were included in the analysis. Pollution exposures were averaged over
several distinct periods, such as 1, 2, 4, 6, 8, 12, and 26 weeks before birth and the entire
pregnancy, as well as averages over the first and second months of pregnancy. Several
known risk factors were controlled for, including maternal age, race, education, parity, sex of
the infant. However, data were not available for maternal smoking or exposure to ETS, marital
status, maternal height, and pregnancy weight gain. Ultimately, the strongest association was
found between PM10 averaged over the 6 weeks prior to birth and the likelihood of pre-term
birth.

7.7.4 Summary

Taken together, the evidence to date suggests that exposure to PM is likely to have a
disproportionate effect on the elderly, and possibly on children and infants. The impacts on
the elderly have been observed in both the mortality and the hospitalization studies. In the
latter, associations were found between PM10 and hospitalization for both cardiovascular
disease and respiratory diseases, including COPD and bronchitis. These outcomes are
observed primarily in the elderly, and many of the studies restricted the sample to those
above age 65. It may be premature to generalize the findings of the effects of PM exposure
on infants. Many of the studies were cross-sectional in nature, making it more difficult to
attribute the effect to a single factor. On the other hand, the time-series studies were
undertaken outside of the U.S., where the pollution concentrations, exposure conditions and
underlying socioeconomic factors may be very different from that in the U.S. Besides
predicting mortality, several studies have reported associations between exposure to PM and
low birth weight, prematurity, and IUGR.
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Table 7.5. Relative Risk Estimates for Mortality Related to Average Annual PM2.5 --
Effect Modification by Education in Two Prospective Cohort Mortality

Studies*

Study Less than High High School Post-high

- School Education Graduates school
(D PM2.5) education
ACS 1.27 1.20 1.05
(24.5) (1.13-1.42) (1.08 - 1.33) (0.96 — 1.23)
Six-cities 1.45 1.30 0.98
(18.6) (1.13-1.85) (0.98 —1.73) (0.72 -1.36)

* - Pope et al. (1995); Dockery et al. (1993)
** - D PM2.5 = inter-quartile range of PM2.5 (annual average)

Table 7.6. Pollution-related mortality versus all-cause mortality in the elderly
population.
City First Author % Share of Total | % Share of Pollution-
Mortality for related Mortality for
Elderly Elderly
Santiago, CH Ostro (1996) 65 79
Mexico City Loomis (1999) 57 68
London Bremner (1999) 82 62
Bangkok Ostro (1999) 66 73
Brisbane, AU Simpson (1997) 81 90
Philadelphia Kelsall (1997) 41 33

7.8 Biological Mechanisms
7.8.1 Overview

Until recently, there was no clear mechanistic explanation for the observed epidemiological
findings of mortality and morbidity following acute or subacute exposure to ambient particles,
especially those findings referable to the cardiovascular system. However, within the past few
years epidemiological and controlled exposure studies in human subjects, as well as some
toxicological investigations, have provided evidence of several biologically plausible
mechanisms that may underlie some of the serious adverse effects observed in the time-
series investigations. The initial target organ affected by exposure to particles is the lung,
though small particles have been reported to penetrate into the blood and be detected in the
systemic circulation within minutes of inhalation (Nemmar et al., 2001a, b). Within the lung,
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effects have been observed in both the conducting airways and the gas-exchange zone, both
of which may result in local and systemic effects. In epidemiological studies examining the
relationships between PM pollution and mortality, in particular, effects have often involved the
cardiovascular system. Much of this section will focus on recent research suggesting
mechanisms by which systemic effects, particularly those affecting the heart, may occur.

The basic pathophysiological models of PM-related health impacts begin with deposition of
PM in the airways and the alveoli, eliciting an inflammatory response, and potentially affecting
pulmonary defenses against infection. Inflammation is a stereotyped biological response to
injury or infection and, although necessary in principle for the defense of the organism’s
physiological integrity, can also result in amplification of injury, both locally and systemically.
A variety of cell types in the lung (e.g., alveolar macrophages and epithelial cells) may
respond to the presence of particles by secreting chemical messengers (cytokines and
chemokines), which in turn can attract inflammatory cells to the lungs from the circulation.
Particles may also adversely affect the ability of macrophages to protect the lung against
inhaled micro-organisms, which could result in enhanced susceptibility to infection.
Programmed cell death (apoptosis) may be induced in both epithelial cells and macrophages
by particles, further reducing native defenses against environmental stresses. Inflammation of
the bronchi and bronchioles is associated with airway hyperresponsiveness, accompanied by
an increased propensity of smooth muscle cells of the airways to constrict in response to
irritants, cold air, pharmacological spasmogens, and other agents.

Acute responses to PM may also involve effects on the autonomic nervous system and the
composition of the blood. Chronic lung diseases, including asthma, emphysema, and chronic
bronchitis, all involve ongoing, unresolved inflammation in the lung. Additional inflammatory
stimuli in the lungs could exacerbate chronic lung disease, resulting in bronchoconstriction
and respiratory symptoms, as well as reduced blood oxygenation. In addition, chronic
inflammation may facilitate PM-induced release of pro-inflammatory mediators, resulting in
additional pulmonary inflammation and systemic (including cardiac) effects.

7.8.2 Pulmonary and Systemic Inflammation

Reports in humans and experimental animals suggest that inhalation of particles from diverse
sources can cause pulmonary and systemic inflammatory responses. Many of these
experiments involved exposure concentrations well above ambient levels, as well as
nonphysiologic modes of administration (such as intratracheal administration), both of which
must temper extrapolation of the results to general population exposures. In a variety of in
vivo animal and in vitro experimental models (Costa and Dreher, 1997; Kennedy, et al., 1998;
Brain, et al., 1998; Li et al., 1996), exposures to high concentrations of PM have been found
to cause lung inflammation, cell and tissue injury, and changes in cell populations. In many
cases, toxicological studies involving high-level exposures in vitro or by intra-tracheal
instillation or inhalation indicate that the presence of soluble transition metals (e.g., iron,
vanadium, nickel) enhances inflammatory responses (Kodavanti et al., 1997, 1999; Monn and
Becker, 1999; Costa and Dreher, 1997; Li et al., 1997). These metals may generate localized
oxidative stress through the formation of oxygen-based free radicals, such as the potent
hydroxyl radical (Donaldson et al., 1997). The injury caused by oxidative stress may lead to a
decrease in epithelial integrity, resulting in enhanced transfer of particles into the lung
interstitium. The presence of particle-associated metals is not, however, a sine qua non for
inflammation to take place. Ultrafine carbon black particles (i.e., particles of aerodynamic
diameter less than 100 nm or 0.1 mm) appear to cause markedly greater inflammation than
fine particles in experimental settings; these effects of ultrafine particles are not mediated by
soluble metals or iron at the particle surface (Brown et al., 2000). Moreover, on a mass basis,
ultrafine carbon black particles exert a greater effect than fine particles in vitro on alveolar
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macrophage function, which could, in theory, affect the host’s ability to clear other patrticles,
including infectious micro-organisms (Renwick et al., 2001).

PM-associated organic compounds such as polycyclic aromatic hydrocarbons (PAHS) may
also exert toxic effects in the lung via oxidative stress. A series of experiments using diesel
exhaust particles (DEP) demonstrates the induction of reactive oxygen species (ROS,
including hydrogen peroxide and superoxide) by both lung macrophages and epithelial cells
(Nel et al., 2001). Generation of such oxidant stress can activate specific transcription factors,
including nuclear factor kB and activator protein-1, which can upregulate the expression of
genes for cytokines, chemokines, and other pro-inflammatory mediators. DEPs or organic
extracts of DEPs may also, through oxidant effects on mitochondria, induce programmed cell
death (apoptosis) or necrosis of macrophages and respiratory epithelial cells (Nel et al.,
2001). Moribund macrophages release additional ROS in their immediate environments,
amplifying the oxidative stress and, in addition, would be unable to engulf and kill infectious
micro-organisms. Apoptosis of respiratory epithelial cells could lead to a loss of integrity of the
lining of the airways, which may facilitate airway hyperresponsiveness and exacerbation of
asthma or other conditions involving airway inflammation. Generation of oxidant stress has
also been demonstrated both in vivo and in vitro after exposure to concentrated, resuspended
PM2.5 and ultrafine carbon black (Shukla et al., 2000). While these experiments are
suggestive of potential effects in humans, the exposure modes and concentrations used
constrain the general applicability of the results.

Although there has been little toxicological work examining potential impacts of coarse versus
fine particles, some recent literature indicates that, in vitro, the coarse fraction can elicit
greater pro-inflammatory effects than the fine fraction, due at least to metals and endotoxin in
the coarse fraction (Monn and Becker, 1999; Soukoup and Becker, 2001). Endotoxin is a
generic name for an essential component of gram-negative bacterial cell walls, and is nearly
ubiquitous in soils. Exposure of humans to endotoxin in largely occupational settings has
resulted in increased lung inflammation, enhanced airway responsiveness, increases in
systemic immune cell populations, and decrements in lung function (Michel et al., 1997,
Vogelzang et al.,, 1998; Zock et al., 1998). Monn and Becker (1999) demonstrated the
importance of endotoxin associated with the coarse particle fraction (PM10-PM2.5) in the
induction of pro-inflammatory cytokines, such as interleukin-6. In these in vitro studies, coarse
fraction PM induced cytokine levels 50 times higher than those seen with the soluble fractions
of coarse PM or fine-mode particles. Kleinman et al. (1995) demonstrated that lung
permeability, a measure of cell damage and inflammation, was increased by coarse fraction
road dust exposure in a dose-dependent fashion. While the relevance of such work to human
responses to ambient PM remains to be established, it is clear that different size cuts of PM
(coarse, fine and ultrafine) of PM10 can deposit throughout the airways (see Section 7.1), and
have the potential to elicit intrapulmonary inflammation and compromise the functional
abilities of alveolar macrophages.

The intrapulmonary responses elicited by PM may be due in part to neurogenic inflammation.
Sensory neurons in contact with irritant particles (e.g., within the conducting airways) can be
stimulated to release neuropeptides (e.g., substance P, calcitonin gene related peptide,
neurokinin A and others), which can initiate airway inflammatory events, including release of
cytokines, vasodilation, and mucus secretion. Neuropeptides act on a variety of cell types
within the lung, including epithelial and smooth muscle cells (resulting in modulation of
inflammation and airway hyperresponsiveness), as well as immune cells (polymorphonuclear
cells or PMNSs, lymphocytes, eosinophils, and others), which can amplify the inflammatory
response. Recent in vitro experiments indicate that specific irritant (capsaicin or vanilloid)
receptors on neurons are necessary for PM-related neurogenic inflammation to occur, as
evidenced by responses to several types of particles, including ambient particles collected
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from St. Louis and Ottawa, coal fly ash, residual oil fly ash, and particles from the eruption of
Mt. St. Helens (Veronesi et al., 2000).

Several controlled exposure studies in humans clearly demonstrate that particle inhalation
evokes an inflammatory response. Salvi et al. (1999) exposed 15 healthy human adult
volunteers to either air or diesel exhaust (PM10 concentration = 300 ng/m®) for an hour each,
at least 3 weeks apart, and examined inflammatory responses 6-hr post-exposure in bronchial
washings, bronchoalveolar lavage fluid, bronchial biopsies, and in peripheral blood samples.
They observed a vigorous inflammatory response in the samples obtained from the lung,
including significantly increased numbers of PMNs, T- and B-lymphocytes, mast cells,
inflammatory mediators (histamine and fibronectin), as well as several adhesion molecules
that facilitate the passage of inflammatory cells from the circulation into the airways. In the
blood samples, they reported increased platelets (cells involved in the initial formation of
blood clots) and PMNs, suggesting that the diesel exposure stimulated the bone marrow to
release these cells into the circulation and then to the airways.

Subsequently, the same group of investigators reported that this diesel exposure protocol
also resulted in increased intra-airway transcription of messenger RNA for interleukin-8 (IL-8),
a protein that attracts PMNs to sites of injury (Salvi et al., 2000). In addition, they detected
increased production of IL-8 and another protein (GRO-a), both of which promote
inflammation, in the subjects’ airways. Another laboratory (Nightingale et al., 2000) also
reported evidence of airway inflammation following a different experimental protocol in 10
healthy adult volunteers (involving 2-hr exposures to 200 mg/m® of re-suspended diesel
exhaust particles, with different timing and methods of obtaining intra-airway specimens).
Though this group found no increases in three mediators of inflammation in the subjects’
blood, they did report an increase in exhaled carbon monoxide after diesel exhaust exposure,
suggesting the presence of oxidative stress in the lung (Nightingale et al., 2000). The
increased exhaled carbon monoxide levels are thought to be due to the oxidant-related
induction of the enzyme heme oxygenase, which catalyzes the first step in the degradation of
heme (the principal structure of hemoglobin) to bilirubin, producing carbon monoxide as a by-
product (Otterbein et al., 2000). Though the findings of Nightingale et al. (2000) are somewhat
inconsistent with those of Salvi et al. (1999, 2000), some of the discrepancies may be due to
differences in the study designs and methods. For instance, some of the discordance may be
due to differences in doses or in the timing of sample collection; inflammatory responses
follow a consistent succession of events, with increases in different cytokines and cell types
occurring sequentially. These events begin within hours of the initial exposure, which could
help explain the short time lag between exposure and outcome observed in some time-series
studies (Nordenhall et al., 2000).

Taken together, these publications suggest a potential pathway by which particles might
increase airway inflammation and provoke exacerbations of chronic respiratory disease such
as asthma. However, these data should be interpreted cautiously. First, the exposure
concentrations were relatively high: ambient particle levels rarely reach 200 - 300 ng/m® in the
U.S., though this range is not uncommon in some of the larger cities in the developing world.
In addition, diesel exhaust exposures may not be representative of PM generally, and are well
recognized to enhance allergic inflammation (Nel et al., 1998). However, in some cities
outside the U.S. (such as London, UK, or Santiago, Chile), diesel exhaust particles comprise
the majority of small particles (QUARG, 1993; Cifuentes et al., 2000). Moreover, other
particles administered in high doses (e.g., residual oil fly ash) are capable of amplification of
the allergic response in experimental animals (Gavett et al., 1999). Finally, the Salvi et al.
studies involved whole diesel exhaust, which also contains oxidant gases known to enhance
intra-pulmonary inflammation. While additional controlled studies using lower exposure
concentrations might be useful to confirm these results, these kinds of investigations have
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other limitations on interpretability, including the typically small humber of subjects, ethical
and practical constraints on subject eligibility (i.e., those at either end of the age spectrum,
people who are seriously ill would routinely be excluded), and other factors that might bias the
results towards the null hypothesis of no effect.

In a controlled study using particles potentially more representative of those to which the
general population is exposed, Ghio et al. (2000) reported evidence of mild airway
inflammation, without concomitant lung injury. In this study the investigators used
concentrated ambient particles (CAPs) collected in the immediate vicinity of the Human
Studies Facility of the U.S. EPA in Chapel Hill, NC. The investigators exposed 38 healthy
adults once to either clean air (n = 8) or CAPs (n = 30) for 2 hours, with intermittent exercise.
The CAPs exposures ranged from 23.1 to 311.1 ng/m?® of PM2.5, with a mean concentration
of 120.5 ng/m®. Technical limitations of the concentrator restricted the range of particles
collected to those with diameters between 0.1 and 2.5 nm. As reported in the controlled diesel
exposure studies (discussed above), they found an influx of PMNs into the airways (an
approximately 3.7-fold increase in bronchial washings and 6.2-fold increase in
bronchoalveolar washings obtained 18 hr post-exposure), comparable to what has been
observed among individuals exposed to low concentrations of ozone for several hours.
However, they found no increase in indicators of lung injury or in the concentrations of a
variety of pro-inflammatory mediators (IL-8, IL-6, fibronectin, and others) in the lung lavage
fluid. Moreover, most of the blood parameters analyzed showed no exposure-related changes
(hemoglobin, hematocrit, red blood cell count, PMNs, lymphocytes, other white blood cells
[monocytes], platelets, ferritin [an iron transport protein that can increase during the early
phases of an inflammatory reaction], or blood viscosity). However, fibrinogen, a key
constituent involved in blood clotting, was elevated by the CAPs exposures relative to clean
air (p = 0.009), with no obvious exposure-dependence. Thus, while not entirely consistent with
the diesel exhaust controlled exposure studies discussed in preceding paragraphs (which
may be due in part to differences in experimental protocol), this CAPs study suggests that
exposures to ambient particles in healthy humans can result in a mild pulmonary inflammatory
response. Though the exposure concentration was higher than what would ordinarily be
encountered in the U.S., the cumulative particle exposure experienced by most of the
subjects in this experiment would be lower than 24-hr PM exposures in many urban areas.

Tan et al. (2000) obtained venous blood samples at weekly intervals from 30 military recruits
in Singapore who followed standardized outdoor activities throughout the Southeast Asia
haze episode of 1997 resulting from wildfires in Indonesia. Measures of immature PMNs in
the subjects’ blood were analyzed in relation to daily measures of several pollutants (including
24-hr PM10) monitored during and after the haze episode, which lasted for about 5 weeks.
During the episode the mean PM10 concentration was 125.4 ng/m®, while afterwards it was
about 40.0 ng/m®. Tan et al. (2000) found the strongest relationship between same-day PM10
and increased immature PMNs in the circulation, though there was also a statistically
significant relationship with a one-day lag. Although not sufficient to establish a cause-and-
effect relationship, these results suggest an immediate stimulation of the bone marrow from
inhalation of smoke containing high levels of particles, resulting in the early ejection of
immature PMNs into the circulation.

In a subsequent experiment in which rabbits had 5 mg of PM10 (previously collected in
Ottawa, Canada) instilled intrapharyngeally twice a week for three weeks, the same
laboratory found that repeated PM exposure increased the production of PMNSs in the bone
marrow and accelerated their release into the circulation (Mukae et al., 2001). The PM10
exposure resulted in diffuse inflammation of the lungs, with particles present in alveolar
macrophages, lung epithelial cells (Type Il pneumocytes), and in the airway walls. The effects
on PMN production in bone marrow and release of immature cells into the blood were
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associated with the numbers of particles ingested by alveolar macrophages. Also, for
purposes of comparison, the investigators found that a higher percentage of human alveolar
macrophages, obtained from lung sections removed from both smokers and nonsmokers with
small lung tumors, contained fewer particles than those taken from the experimental rabbits
(Mukae et al., 2001).

For individuals with chronic lung disease, such as asthma or COPD, such pro-inflammatory
effects may result in exacerbation of disease. PM effects on alveolar macrophage function
may also compromise one of the principal pulmonary defenses against infection (Renwick et
al., 2001). The latter may also represent an important pathway for worsening of both asthma
and COPD, as serious exacerbation of both conditions is often related to respiratory infection.

Taken together, these data suggest that inhalation of different sources of particles may initiate
inflammatory events in human lungs, with some (albeit sparse) evidence of systemic impacts,
including stimulation of bone marrow to accelerate production of inflammatory cells to
respond to the pulmonary insult. However, these observations are subject to the caveat that
the results observed in the high-dose animal and in vitro experiments, as well as in the
controlled human exposures, may or may not be directly applicable to humans exposed to
ambient PM.

7.8.3 Effects on the Circulation and Cardiac Events

Changes in the composition of the blood may result from PM exposure, with potentially
serious effects on individuals with cardiovascular disease. Several years ago, Seaton et al.
(1995) proposed that exposure to ultrafine particles might induce alveolar inflammation, which
could lead to exacerbation of pre-existing lung disease and increased blood coagulability.
Increased blood coagulability could in turn lead to acute cardiovascular events, notably
myocardial infarctions, by the formation of blood clots (thrombi) in compromised coronary
arteries, or through the formation of such thrombi in other sites, which subsequently travel
through the circulation to the coronary arteries. Research during the past decade has
demonstrated that thrombus formation is the critical event in many patients suffering an acute
coronary event (Rosito and Tofler, 1996). As described above, several studies of controlled
exposures to particles demonstrate increases in both cellular and biochemical markers of
inflammation in the lung (Salvi et al. 1999, 2000; Nightingale et al., 2000; Ghio et al., 2000).
This observation is subject to the caveat that three of these four studies involved exposures to
high concentrations of diesel exhaust particles, which may not necessarily be representative
of ambient PM generally. The Ghio et al. (2000) study also noted a PM-related increase in
fibrinogen, a key component in blood coagulation). Fibrinogen concentrations have been
reported to be elevated in cigarette smokers and individuals exposed to cigarette smoke,
which is well recognized as a risk factor for cardiovascular disease (Sato et al., 1996; Iso et
al., 1996). At least one study of rats exposed to residual oil fly ash particles at a high dose
level (8.3 mg/kg by intratracheal instillation) also found an increase in the animals’ blood
fibrinogen levels (Gardner et al., 2000). Plasma viscosity was also elevated in these animals,
but not significantly so. Some recent epidemiological data suggest potential effects of
particulate air pollution on blood coagulation (Peters et al.,, 1997; Seaton et al., 1999).
Recently, PM pollution has also been linked with the onset of myocardial infarction (Peters et
al., 2001a). While the existing evidence is still somewhat sparse and is not completely
consistent, plausible mechanisms for the time-series results regarding cardiovascular
morbidity and mortality are beginning to emerge.

Using data collected as part of a large cross-sectional study of cardiovascular risk factors in
southern Germany (MONICA -- MONItoring of trends and determinants in CArdiovascular
disease), Peters et al. (1997) analyzed blood viscosity in relation to a 13-day air pollution
episode that occurred in January 1985. During the episode, TSP and sulfur dioxide were
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markedly elevated. The investigators found that, although the distributions of viscosity had not
shifted during the episode, there was a tendency (among some of the participants) towards
higher values on episode days. During the air pollution episode, the risk of having blood (or
strictly speaking, plasma) viscosity above the 95" percentile [determined for the whole study,
including before and after the episode] was increased in both genders (OR = 3.62, 95% CI =
1.61-8.13 for men, and OR = 2.26, 95% CI = 0.97-5.26 for women). Odds ratios for increased
plasma viscosity related to a 100 ng/m® increment in TSP concentration were also elevated
for both men and women, but were not statistically significant. Blood viscosity has been
associated with severity of cardiovascular disease (Junker et al., 1998). Moreover, subjects
with elevated plasma viscosity also tended to have increased heart rates as well, suggesting
multiple pathways of elevated cardiovascular risk (Peters et al. 2000b). Fibrinogen, one of the
principal proteins involved in the determination of blood viscosity, is well established as an
important independent risk factor for myocardial infarction and stroke (Yarnell et al., 1991,
Ernst et al., 1993). However, fibrinogen was not specifically assayed in this investigation.

In a subset of the German MONICA study population, consisting of 631 randomly selected
healthy men aged 45 to 64 years, the investigators examined C-reactive protein
concentrations in blood obtained during the initial cross-sectional study (1984-85) and again
three years later (Peters et al., 2001b). C-reactive protein (CRP) is a sensitive indicator of
infection, injury, and inflammation, and has been linked with increased risks of both incidence
and exacerbation of cardiovascular disease (Haverkate et al., 1997; Rifai and Ridker, 2001).
CRP levels were elevated during the 1985 air pollution episode, with the strongest effects
related to TSP. In multivariate regression analyses, the odds of having elevated CRP above
the 95th percentile (for the entire study) were increased by » 50% for same-day TSP (31
my/m? inter-quartile range), to » 75% for a five-day TSP average (26 my/m® inter-quartile
range). These increases were unchanged even after deletion of the 1985 episode days,
indicating that acute and subacute effects could be observed even at normal ambient PM
levels: the mean TSP concentrations during the two study periods were 54 ng/m? in 1984/85
and 47.8 ng/m* in 1987-88.

In a large, representative cross-sectional sample of the United States population, Schwartz
(2001b) found that ambient PM10 was associated with elevated blood levels of several
cardiovascular risk factors. Schwartz (2001b) examined local PM10 concentrations either the
same day or the day before an extensive questionnaire and physical examination (including
obtaining venous blood samples) were administered to approximately 20,000 individuals in 44
communities as part of the Third National Health and Nutrition Examination Survey. In single
pollutant models, controlling for age, race, sex, body mass index, and cigarette smoking,
PM10 concentrations were significantly associated with serum fibrinogen levels, platelet
counts, and white blood cell counts. Platelets and fibrinogen were also associated with NO,,
while WBC counts were associated with SO,: none of the three blood markers were
associated with ozone. In multi-pollutant models, only the coefficients linking PM10 and these
cardiovascular risk factors remained significant. Schwartz undertook extensive sensitivity
analyses, examining the potential impacts of social factors (poverty, educational attainment,
household size), other exposures (environmental tobacco smoke, serum cotinine [a biomarker
of exposure to tobacco smoke], use of a wood stove, fireplace, or gas stove), dietary
influences (serum vitamin C, intake of fish, shellfish, saturated fat, caffeine, and alcohol), as
well as other cardiovascular risk factors (systolic blood pressure, total serum cholesterol and
high density lipoprotein levels). The associations between PM10 and fibrinogen, platelet
counts, and WBC counts remained robust to the inclusion of all of these potential confounders
and effect modifiers. The estimated odds ratios for being in the top 90" percentile of the
distribution of these blood markers for the entire NHANES population associated with an
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interquartile change in PM10 (26 ng/m?®) were 1.77 (95% CI = 1.26-2.49) for fibrinogen, 1.27
(95% CI = 0.97-1.67) for platelet counts, and 1.64 (95% CI = 1.17-2.30) for WBC counts.

Seaton et al. (1999) obtained monthly blood samples from 112 elderly individuals in two cities
in the United Kingdom, and investigated relationships between several blood constituents and
3-day PM10 concentrations (including modeled personal exposure and central city real-time
measurements). While there was no relationship between personal PM exposure and
fibrinogen, the investigators found an unanticipated pattern of PM-associated changes in
blood components suggesting a sequestration of red blood cells, specifically decreased levels
of hemoglobin, RBCs, and packed cell volume. In addition, there was a significant decrease in
platelets in relation to personal PM exposure and a decrease in fibrinogen associated with
central-city PM measurements (both of these blood components are involved in the formation
of blood clots). Finally, they observed a significant increase in CRP, consistent with the recent
Peters et al. (2001b) study discussed above. Seaton et al. (1999) speculated that these
results might be explained by particle-associated effects on RBC adhesive properties, making
these cells more likely to be involved in thrombus formation in the circulation. The findings
related to decreased RBCs, hemoglobin, platelets and fibrinogen are not entirely consistent
with the results of the controlled exposure study by Ghio et al. (2000) or the cross-sectional
data from Schwartz (2001b), discussed above.

If indeed PM pollution might be causally linked with increased formation of blood clots, one
might also expect to see a relationship with the incidence of myocardial infarctions. One
mechanism by which myocardial infarction may develop is through disruption of an
atherosclerotic plaque in one of the coronary arteries; the extent to which this becomes a site
of thrombus formation depends in part on the balance of forces affecting blood coagulation in
the individual’s circulation. Recently, Peters et al. (2001a) examined potential associations
between PM concentrations and the timing of symptom onset in 772 patients with myocardial
infarction in the greater Boston area. They found significant associations between symptom
onset and both acute (within 2 hr prior to symptom onset) and subacute (24-average PM2.5 in
the previous day) exposures, after adjusting for season, weather, and day of the week.
Moreover, they found increasing risks with increasing PM2.5 concentrations. Adjusted odds
ratios for increases in PM2.5 from the 5" to the 95" percentiles in 2-hr (25 ng/m?®,
representing the range of the 2-hr average PM2.5 distribution between the 5" and 95"
percentiles) and 24-hr (20 ny/m°®, representing the range of the 24-hr average PM2.5
distribution between the 5" and 95" percentiles) exposures were 1.48 (95% Cl=1.09-2.02)
and 1.62 (95% CI=1.13-2.34), respectively. For PM10 the comparable odds ratios for 2-hr (40
my/m®) and 24-hr (30 ng/m®) averaging times were 1.51 (95% Cl=1.06-2.15) and 1.66 (95%
CI=1.11-2.49), respectively. In this study the mean levels of 2-hr and 24-hr average PM2.5
were both 12.1, and for PM10 the corresponding mean values were both 19.4, though in both
instances the shorter averaging intervals showed greater variability. Interestingly, the entire
range of 24-hr PM2.5 concentrations in this study was lower than the U.S. EPA’s ambient air
quality standard for fine particles of 65 ng/m?.

7.8.4 Disturbances of the Cardiac Autonomic Nervous System

PM-associated mortality may be explained, at least in part, by alterations in autonomic
nervous system balance. Heart rate variability (HRV — a measure of the heart’s ability to
respond to stress), resting heart rate, blood pressure, and cardiac arrhythmias are all
intimately connected with the balance between the two principal components of the
autonomic nervous system - i.e., sympathetic and parasympathetic nervous systems.
Numerous studies have demonstrated an association between cardiac autonomic balance
and all-cause mortality (Tsuji et al., 1994), sudden cardiac death (Algra et al., 1993), and
death due to congestive heart failure (Szabo et al., 1997).
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HRV refers to oscillations both in the intervals between consecutive heart-beats and in
consecutive instantaneous heart rates as observed on an electrocardiogram. Reduced HRV
is considered a good predictor of increased risk of cardiovascular morbidity and mortality
(Tsugi et al., 1994; 1996; Nolan et al., 1998). HRV can be used to stratify the risk of sudden
death following myocardial infarction (Kleiger et al., 1987; Copie, 1996) and in congestive
heart failure (Szabo et al., 1997). A marked decrease in HRV is observed immediately
preceding EKG changes precipitating ischemic sudden death; fatal arrhythmias may be
triggered by such sudden autonomic dysfunction (Corbalan et al., 1974; Pozzati et al., 1996).
Although decreased HRV clearly indicates a worse prognosis for individuals with heart
disease, it is unknown whether this relationship is causal or whether decreased HRV
represents only an epiphenomenon of more fundamental pathophysiological changes.
Moreover, though several studies (described in the following paragraphs) demonstrate
associations between PM exposure and HRV, the mechanistic linkage (if any) between these
phenomena is unknown.

Several recent publications have linked exposure to ambient PM with decreased HRV (Liao et
al., 1999; Gold et al., 2000; Pope et al., 1999c). There are at least a half dozen ways of
measuring changes in HRV discussed in these papers, and there are some differences in
results between studies. However, they are all consistent in demonstrating an inverse
relationship between particulate air pollution and at least one measure of HRV. Of particular
interest in these studies is the observation that these HRV changes could be observed shortly
after exposure to PM (i.e., within hours).

The first published study examining the relationship between air quality and heart rate
variability involved seven individuals with heart disease (congestive heart failure, angina,
history of myocardial infarction, coronary artery bypass graft surgery, and arrhythmias),
whose heart rates and rhythms were monitored on several occasions with and without
elevated levels of particulate air pollution (Pope et al., 1999c). In this small study, PM10 was
associated with decreased measures of total HRV (SDNN) and long-term HRV (SDANN), but
an increase in one of the short-term measures of parasympathetic tone (r-MSSD). While
parasympathetic tone is generally considered to have a beneficial or protective effect, there is
at least one study suggesting that increases in parasympathetic stimulation of the heart may
be linked to serious arrhythmias (Kasanuki et al., 1997).

Liao and colleagues (1999) undertook standardized cardiac monitoring in 26 elderly residents
of a retirement home in Baltimore over a three-week period, examining changes in HRV in
relation to several concurrently measured indoor and outdoor particulate metrics. Among the
18 subjects with pre-existing cardiovascular disease, the investigators reported statistically
significant, decreased HRV in relation to several indoor and outdoor measures of PM2.5
measured the same day or one day previously. Minimal, nonsignificant effects were observed
among the subjects with no documented cardiovascular disease, though the number of
individuals in this group was small (n=8). One aspect of the analysis included dividing each
individual's HRV (specifically, the high-frequency power, an indicator of parasympathetic
tone) into tertiles, and evaluating the relationships between PM2.5 levels and the position of
the high-frequency power on any given day within that individual’s distribution for the whole
study. The investigators reported that, when the 24-hour PM2.5 concentration exceeded 15
ng/m?®, the risk of having an individual’'s HRV in the lowest third of his or her HRV distribution
increased by three-fold, compared to days when the PM2.5 concentration was lower (OR =
3.08, 95% C.I. = 1.43 — 6.59). The clinical significance of this report is unclear; however, as
cardiac parasympathetic activity is generally considered beneficial, acute decreases in this
index of HRV may indicate an increased risk of an adverse cardiac event.
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Gold and colleagues (2000) conducted 163 brief (25 minutes) electrocardiographic
measurements in 21 ambulatory Boston residents (aged 53 to 87), once a week over a three-
month period. Ambient PM2.5 and PM10 were measured in real-time with TEOMs located
about 6 km from the study site. They reported a variety of statistically significant effects on
two measures of HRV related to PM2.5, measured during the hour of EKG monitoring and
during the three hours prior to such monitoring. No associations between PM2.5 and HRV
were seen at a lag period longer than 24 hours, nor was any association noted for coarse
particles. Although different metrics were used in this study than in the Liao et al. (1999)
investigation, these investigators also found a relationship between PM2.5 and decreased
parasympathetic cardiac activity for a short interval preceding the measurement of HRV.

Another recent publication by Pope et al. (2001) reinforces the observations that changes in
HRYV can occur quite rapidly after exposure to air pollution. Sixteen volunteers were monitored
electrocardiographically over the course of a day when they spent alternating 2-hour periods
outside and inside a smoking lounge at a major airport. Several measures of HRV were
significantly decreased in relation to several measures of exposure during the 2-hr periods in
the smoking lounges. In contrast to the Liao et al. (1999) and Gold et al. (2000) reports, the
measures reflecting parasympathetic tone appeared to be less strongly affected than the
other measures relative to measured particles. While cigarette smoke contributes little to
ambient air pollution, the rapidity of the changes observed in HRV is consistent with the
findings of the studies discussed above.

Exposure to particulate air pollution has also been associated with another potentially adverse
disturbance of the cardiac autonomic nervous system, as manifested by increased heart rate.
Increased resting heart rate is considered an independent risk factor for cardiovascular
mortality (Goldberg et al., 1996, Mensink and Hoffmeister, 1997). This phenomenon has not
been extensively investigated in epidemiological studies. Pope et al. (1999b) found that,
among 90 elderly but healthy individuals in Utah, PM10 levels were related to small, but
significantly increased resting heart rates. For instance, a 100 ng/m® increase in PM10 (same-
day) was associated with about a 50% increased risk of having at least a 10-beats/min
elevation in heart rate or pulse (OR =1.51, 95% C.I. = 1.00-2.29), while PM10 lagged by one
day was associated with a near-doubling of the risk of the pulse increasing by at least 10
beats/min (OR =1.95, 95% C.I. = 1.35-2.82).

In another analysis of the German participants in the MONICA study (discussed above),
Peters et al. (1999c) assessed whether resting heart rates increased in relation to air pollution
among a subset of 2,681 men and women who had valid electrocardiographic tracings during
both the 1984-85 and 1987-88 parts of the study. During the 1985 episode, resting heart rates
were increased, more so in women than in men, relative to non-episode days of the study. In
addition, mean heart rates were slightly, but significantly, elevated in relation to same-day and
five-day averages of TSP, sulfur dioxide, and carbon monoxide. Even excluding the episode
days from the analyses, both TSP and sulfur dioxide were still both related to small, but
significant changes in mean heart rates (between 1 and 2 beats/min). Though the overall
mean elevations in heart rate were small, they provide support for the notion that PM air
pollution is associated with altered autonomic control of the heart.

In contrast to these studies, Gold et al. (2000), in a study of elderly Boston residents, found
that PM2.5 levels were associated with decreased resting heart rate. However, this finding
appears to be physiologically inconsistent with the finding of decreased PM-associated short-
term HRV in this panel, as described above. The investigators speculated that this
inconsistency may be due to autonomic dysregulation, in which both HR and HRV might
decrease in concert. In any case, there is limited evidence that ambient PM is associated with
changes in heart rate in humans.
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Control of blood pressure is another manifestation of the influence of the autonomic nervous
system, particularly the sympathetic nervous system. Elevated blood pressure (or
hypertension) is the most common cardiovascular condition in the U.S., affecting over 60
million Americans (Oparil, 1992). Hypertension is a well recognized risk factor for
cardiovascular disease, stroke, and renal disease. In an examination of a subset of 2,607
participants in the German MONICA study (discussed above), 5-day average TSP (70 ng/m?®)
was associated with a 1.96 mm Hg increase in systolic blood pressure (SBP), adjusting for
relevant confounders and effect modifiers, including temperature, barometric pressure, and
individual cardiovascular risk factors (lbald-Mulli et al., 2001). Although sulfur dioxide was
also associated with increased SBP, inclusion of both pollutants in the same regression
models indicated that the TSP effect dominated that of sulfur dioxide. Interestingly, the effects
on SBP were magnified in individuals with other cardiovascular risk factors: for subjects with
high levels of plasma viscosity, a 90 ng/m® same-day increase in TSP was associated with a
6.93 mm Hg increase in SBP (95% CI = 4.31-9.75); while among those with higher resting
heart rates (>90" percentile, or > 80 beats/min), the same increment in TSP was associated
with a 7.76 mm Hg increase in SBP (95% CI = 5.70-9.82). These findings suggest that there
may be persons with pre-existing cardiovascular disease who are especially susceptible to
autonomic effects of exposure to ambient particles. How PM may affect SBP is unknown, but
may be related to increased blood levels of endothelin-1, a protein involved with regulating
vascular tone, which has been detected in the blood of experimental animals exposed by
inhalation of very high levels (40 mg/m®) of resuspended urban particles, even though these
failed to produce obvious structural pathology in the animals’ lungs (Bouthillier et al., 1998).
Endothelin-1 is produced not only by lung capillary (endothelial) cells, but also by airway
epithelial and neuroendocrine cells, as well as macrophages. A variety of potentially adverse
cardiovascular effects have been associated with elevated levels of endothelin-1, including
increased blood coagulability, worsening of congestive heart failure, and increased risk of
mortality after myocardial infarction (Bouthillier et al., 1998).

Finally, the incidence of serious cardiac arrhythmias has been linked with exposure to PM2.5.
Implanted cardioverter defibrillators (ICDs) can initiate pacemaker activity if required, or
provide an electric shock to the heart in order to terminate potentially fatal arrhythmias
(ventricular fibrillation or ventricular tachycardia). An ICD logs each such event electronically.
Peters and colleagues (2000b) recorded the ICD data for 100 individuals for approximately 3
years, and compared the ICD events with air pollution over this period. Overall, NO, and CO
appeared to provide the strongest associations with ICD discharges. In the most susceptible
members of this population (i.e., those with 10 or more discharges [n = 6]), however, PM2.5
and PM10 were both associated with an increased risk of an ICD discharge (OR = 1.64, 95%
Cl = 1.03 — 2.62; and OR = 1.68, 95% CI = 0.98 — 2.86, respectively, with a 2-day lag for
each). Though the effects for both PM2.5 and NO, were essentially linear, including both
pollutants in the same regression model reduced the PM effect to zero, while the NO,
estimate remained unchanged. Although this study is limited by the small number of patients
at high risk, and by the lack of individual clinical data other than the ICD discharges, it does
suggest another potential effect of PM (as well as gaseous pollutants) on cardiac autonomic
balance. A recent mortality time-series study conducted in the Netherlands (Hoek et al., 2001)
provides some consistency with these findings, with risks of mortality from arrhythmia in
relation to 7-day means of black smoke (40 ng/m® RR= 1.071, 95% CIl=1.001-1.146) and
PM10 (80 nu/m®, RR=1.041, 95% CI = 0.932-1.163).

Recent publications involving PM exposures of “sick” or compromised experimental animals
provide evidence supportive of these findings in humans. The compromised animal models
examined in these studies include monocrotaline (MCT) treated rats, which serve as a model
for pulmonary hypertension, rodents with chronic bronchitis induced by high-level sulfur
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dioxide exposure, spontaneously hypertensive rats, and aged rodent models. Effects
observed under these exposure conditions include a variety of cardiac arrhythmias,
bradycardia (slowing of the heart rate), increases in plasma fibrinogen (a protein integral to
blood clotting discussed above), hypertension, increases in pulmonary inflammation and
mortality (Costa and Dreher, 1997; Kodavanti et al., 1999, Watkinson et al., 1998, 2000;
Campen et al., 2000; Gardner et al., 2000).

A series of experiments in spontaneously hypertensive (SH) rats is illustrative of the utility of
compromised animal models. The pathophysiology of hypertension in the SH rats is similar to
that observed in essential hypertension in humans. Kodavanti et al. (2000a) examined
normotensive and spontaneously hypertensive rats, exposed to filtered air or to high-dose (15
mg/m?) residual oil fly ash (ROFA — a source containing high levels of the soluble metals iron,
vanadium, and nickel) particles by nose-only inhalation for six hours/day for three days. They
found that, compared to normotensive rats, the SH rats had evidence of pulmonary
inflammation, alveolar hemorrhage, cardiomyopathy, and evidence of ST-segment depression
by electrocardiography (ECG), an indicator of insufficient oxygen delivery to the heart muscle.
After ROFA exposures, the SH rats showed significantly greater pulmonary injury and
inflammation, including alveolar hemorrhage, a compromised ability to increase anti-oxidant
defensive responses, and exaggerated depression of the ST segment on ECG (Kodavanti et
al., 2000a). In addition, both strains of rats exhibited similar adverse reactions to ROFA
exposure, including increased airway reactivity, focal lesions in alveoli and airways, as well as
around airways and blood vessels of the lung, pulmonary inflammation and production of
inflammatory cytokines. Thus, although the dose levels were extremely high compared to
ambient particles, this experiment suggests that compromised animals are potentially more
vulnerable to pollutant-associated oxidative stress and pulmonary vascular leakage than
healthy animals. Generally similar results were obtained with an experiment using one-time
intratracheal administration of high-dose ROFA or nickel, but not vanadium (Kodavanti et al.,
2001).

Several toxicological studies report cardiac arrhythmias in compromised animals exposed to
high-dose ROFA. Investigators exposed Sprague-Dawley rats (one group with pulmonary
inflammation and hypertension from MCT pre-treatment and one control group) intratracheally
to large doses of ROFA (0.25, 1.0, and 2.5 mg) and observed a variety of cardiac arrhythmias
in both groups (Watkinson et al., 1998; Campen et al., 2000). However, the compromised
group had more severe arrhythmias, including patterns indicative of inadequate cardiac
oxygenation (myocardial ischemia) and conduction abnormalities (2" degree heart block),
accompanied by substantial mortality rate in all exposure levels (about half of the
compromised animals died). In a study of rats exposed intratracheally to several different
kinds of particles (ROFA, volcanic ash, and resuspended ambient particles from Ottawa,
Canada), ROFA induced significant pulmonary inflammation, bradycardia and arrhythmias in
healthy rats, which were exaggerated in MCT-treated rats. MCT and SH rats exposed by
inhalation showed similar, but less severe, effects. Older SH rats exposed to high dose
ambient particles (2.5 mg intratracheally) also exhibited significant bradycardia and cardiac
arrhythmias. The volcanic dust administration had no cardiac effects in any animal group
(Watkinson et al., 2000).

Rats exposed to concentrated ambient particles (whose composition can vary from day to
day) were found to exhibit various degrees of pulmonary inflammation (Kodavanti et al.,
2000b). In these whole-body inhalation studies, involving exposure concentrations of 475 —
907 ng/m?, the pulmonary responses, when they occurred, were generally modest, and the
animals with chronic bronchitis fared slightly worse than the control animals. Thus, although
these exposure conditions were found to cause injury and inflammation, the results were
inconsistent, which may have been due in part to the relatively low metal content of these
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particles (collected in Research Triangle Park, NC, a nonurban area). These results suggest
that the very high-dose intratracheal experiments using toxic ROFA patrticles, for instance,
may have limited generalizability to environmental exposures.

In a similar vein, Gardner et al. (2000) found increased blood fibrinogen levels in rats exposed
only to the highest dose of ROFA particles by intratracheal instillation (8.3 mg/kg), but not at
lower concentrations (1.7 and 0.3 mg/kg). Recognizing the limited statistical power of this
investigation (six rats per exposure group), these results suggest that although animal models
may help illuminate potential toxicological mechanisms, the necessity of using extremely high-
dose exposures warrants a cautious interpretation.

Thus, animal studies using high-dose exposures by intratracheal administration and inhalation
provide ancillary support for observations of pulmonary inflammation and cardiopulmonary
toxicity in epidemiological and controlled human exposures. Such investigations bolster the
biological plausibility of the human studies, but are nevertheless limited by uncertainties
related to cross-species extrapolation and high-level exposures used.

7.8.5 Summary

In summary, recent research provides mechanistic support for a causal relationship between
ambient PM and the cardiopulmonary morbidity and mortality consistently observed in time-
series studies. Such support derives from clinical, epidemiological, and toxicological studies
of a variety of pathophysiological events that could result in adverse cardiovascular
outcomes. Localized airway inflammation and absorption of particles not only into the lung
interstitium, but into the circulation, may result in systemic impacts, including effects on
factors influencing blood coagulation, altered cardiac autonomic control, and recruitment of
inflammatory cells from the bone marrow. Interestingly, most if not all of these events have
been reported to occur acutely (within a day or less of exposure), and at least in the German
MONICA study, several were observed to occur in concert in a subgroup of potentially
vulnerable individuals. While the evidence is still fragmentary, it represents a dramatic
advance from a few years ago, and begins to sketch a framework of biological plausibility for
the time-series studies.

7.9 Causal Inference

This section deals with the evidence that the associations between both acute and chronic
exposures to ambient PM and human morbidity and mortality represent causal relationships.
The following criteria for causal inference are considered: (1) the consistency of the findings;
(2) the coherence of the study results; (3) the likelihood that findings are due to chance; (4)
the possibility that findings are due to bias or confounding; (5) temporal sequence of the
associations; (6) the specificity of the findings; (7) evidence for exposure-response
relationships; (8) strength of the associations; and (9) the biological plausibility of a causal
associations. These are based on informal guidelines for causal inference described by Sir
Austin Bradford Hill, as modified by other epidemiologists (Hill, 1965; Rothman, 1982).

7.9.1 Consistency of Results Among Different Studies

The consistency of results among scores of epidemiological studies provides substantial
evidentiary support for causality. Several hundred studies, conducted among different
populations on five continents over multiple time periods, have reported small, but
consistently elevated risks of daily mortality and diverse measures of morbidity (such as
hospital admissions and emergency department visits for cardiac and respiratory causes,
exacerbation of asthma, increased respiratory symptoms, restricted activity days, school
absenteeism, and decreased lung function). Though the principal study design has been time-
series analysis, modeling approaches have differed substantially among investigators;
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moreover, similar estimates of effect have been obtained with other study designs, including
case-crossover and panel studies. The ranges of risk estimated in all these studies have been
remarkably similar, despite the different PM source mixtures and size distributions, co-
pollutant distributions, weather patterns, population characteristics (distributions of age,
baseline health status, and access to health care) (See section 7.3, for example). Daily
mortality and morbidity have also been linked with different measures of PM, as well,
including TSP, PM10, PM2.5, the coarse fraction (PM10-PM2.5), black smoke, and ultrafine
particles. It can be seen in Table 7.1 and sections 7.3 through 7.6 that, with few exceptions,
there is a consistent tendency for point estimates of relative risk to be greater than unity. If
these findings were due to chance, one would expect a more nearly equal distribution of point
estimates of risk above and below unity. In general, consistency of results across scores of
investigations offers one of the strongest arguments favoring a causal relationship (Ostro,
1993

7.9.2 Coherence of Results

Referring in particular to the time-series studies of mortality, Bates (1992) has argued that, if
the PM-mortality relationship is causal, there should also be evidence of relationships
between PM and health outcomes of lesser severity, such as hospitalizations, changes in
lung function, and so forth, suggesting an ensemble of coherence among possible outcomes.
This phenomenon has been observed in a number of areas throughout the world; perhaps the
best illustration of such coherence in a given area are the studies undertaken in the Utah
Valley. In addition to increases in PM-associated mortality, studies in this area have
demonstrated statistically significant relationships between ambient PM and respiratory
hospitalizations, decrements in children’s lung function, school absenteeism, respiratory
symptoms, medication use among asthmatics, increased heart rate and decreased heart rate
variability among elderly individuals (Pope, 1996; Pope et al., 1999a, b). Finally, there are
over twenty cities in which associations between PM10 and both mortality and hospital
admissions have been reported.

7.9.3 Likelihood That the Findings are Due to Chance

Almost all the studies described in the previous sections showed increased risks of PM-
associated morbidity and mortality, though these results are not all statistically significant.
While the informativeness of testing for statistical significance has been the subject of lively
debate in epidemiology for at least the past decade, this process does represent one of the
conventional approaches to assessing the likelihood that study results might be attributable to
chance. The purpose of significance testing is to compare the results observed with what
would be expected to occur by chance if the null hypothesis of no effect or no relationship
(e.g., between ambient PM exposure and daily mortality) were true. This assessment is
usually based on comparison with a pre-designated significance level (usually 5%), which
indicates a traditional, convenient cut-off value for assessing the likelihood of the results that
could be expected to occur by chance. Thus, finding that the results are statistically significant
represents a judgment that the results are not likely to be due to chance. Moreover, it should
be noted that many of the results cited above are highly statistically significant, indicating that
they could be considered extremely unlikely to be due to chance. However, these are still
probabilistic assessments, and it is still possible that the results could be due to random
variation.

Assuming the existence of a causal relationship, a variety of factors influence the calculations
underlying an assessment of significance, including the size of the subject population, the
numbers of events observed over the duration of the study interval, an appropriate
specification of the model relating pollution to mortality or morbidity events, the extent of
exposure measurement error, the degree of covariation among the pollutants and
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meteorological variables (see confounding below), and other potential biases. Thus, the
absence of statistical significance in a given study may indicate the lack of a real causal
relationship, but may also reflect the influence of one or more of these factors.

7.9.4 The Possibility That Findings are Due to Bias or Confounding

In evaluating these results, one needs to consider confounding, information bias and selection
bias. In the time-series studies that are population-based, selection bias is not an important
issue. Rather the principal concerns regarding the validity of the results would be confounding
and information bias, specifically the potential impact of misclassification of exposure.

Confounding occurs when the estimates of effect are distorted by an extraneous variable that
is associated with both the exposure and outcome of interest, where that extraneous variable
is not part of the causal pathway between the exposure and the outcome. In daily time-series
analyses, any confounder would have to vary in concert with both the daily fluctuations in
pollutant concentrations and with the health outcome. Thus, variables that one might
intuitively consider as potential confounders, such as cigarette smoking patterns, are not
relevant in this context. The principal potential confounders of concern in such studies are
meteorological variables and gaseous co-pollutants such as ozone and sulfur dioxide, and
possibly the presence of respiratory epidemics such as influenza.

Of the meteorological variables, temperature is probably the most important, as it has been
demonstrated to have independent effects on a variety of health outcomes, including
mortality. All of the time-series studies of PM and mortality cited in this report have controlled
for temperature, or have at least examined whether temperature could be a confounder.
Investigators have employed a variety of modeling approaches to assess the impact of
temperature; some studies have undertaken sensitivity analyses to assess the likelihood that
weather-related impacts were being inappropriately ascribed to PM (Samet et al., 1998; Pope
and Kalkstein, 1996). The weight of the evidence indicates that the PM-associated health
outcomes are not the result of confounding by temperature or other meteorological variables.
In addition, similar estimates of PM-related effects have been obtained in cities with diverse
climates and different seasonal relationships between PM and temperature. This issue is
discussed in greater detail in section 7.3.

Respiratory epidemics, such as influenza, regularly occur in specific seasons (e.g., influenza
generally is a winter phenomenon in the United States). To the extent that there is adequate
control of seasonal meteorological influences in any given study, this should address potential
effects of confounding by infectious disease. In addition, if PM-associated mortality or
morbidity is also observed in other seasons in a given locale, this would indicate that
respiratory infectious disease epidemics could not explain the association. In some instances
it would be methodologically inappropriate to control for influenza, for example, if this outcome
itself represents either one of the health outcomes of interest or can be considered part of the
causal pathway for one of the health outcomes, such as exacerbation of asthma. Several
studies have explicitty modeled infectious respiratory illness outbreaks in examining PM-
associated health effects; these also indicated that the relationships could not be explained by
seasonally concurrent epidemics (Braga et al., 2000).

Finally, there is the issue of confounding by gaseous co-pollutants, including specifically
ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide. All of these pollutants have
also been associated in time-series studies with daily mortality and a variety of other adverse
health outcomes. Therefore, in the presence of strong correlations between any one or more
gaseous pollutants with a PM metric within a given study, it may be difficult to disentangle
their relative impacts. In some instances, particularly in studies outside of North America,
measurements of co-pollutants were limited, and therefore the potential impacts of these
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gaseous pollutants could not be controlled for in the analysis. The two principal methods to
address potential confounding by gaseous pollutants are: (1) to examine PM effects in
multiple locations in which there are different correlations between PM and the various gases;
and (2) to include multiple (measured) pollutants in the regression model. Using the first
method, if the PM coefficients are consistent from place to place in the presence or absence
of a putative co-pollutant confounder, this suggests that the associations between PM and
mortality or morbidity indices are independent of, and not confounded by, the other pollutants.
In view of the plethora of epidemiological studies in diverse locations, some with high ozone
or sulfur dioxide levels, and some with low concentrations of these pollutants, the evidence is
compelling that PM effects cannot be explained away due to confounding by co-pollutants.

In a recent, large-scale application of the second method involving 90 U.S. cities, Samet et al.
(2000a) sequentially tested the estimated effects of PM10 on daily mortality after each of the
principal gaseous pollutants (ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide)
was added to the regression model. These authors reported trivial or no change in the
estimated PM10 coefficients when the other pollutants were included in the model. Similar
results have been obtained in most of the studies that have examined PM10 and mortality,
with few exceptions (e.g., Moolgavkar, 2000a). Other recent examinations o the problem of
confounding by co-pollutants have also found little evidence that confounding can explain the
associations between PM concentrations and adverse health outcomes Schwartz, 2000a;
Katsouyanni et al., 2001).

One other potential threat to validity of the results of epidemiological studies is information
bias, particularly in the form of exposure measurement error. In this instance we are
concerned with errors in measurement of PM exposures. Such measurement error is an
inherent feature of epidemiological studies: given that pollutant concentrations vary over
space and time, as do individuals’ activity patterns, it is not possible to measure personal
exposures to the important components of PM for large numbers of individuals. This is a
multi-dimensional problem that could consist of the following components: (1) use of a PM
metric that includes some “nuisance” particles that do not really contribute to health effects
rather than the “true” components that are biologically active; (2) errors in measurement
between the values recorded by ambient monitors and the true ambient levels, due to either
instrument error or temporal-spatial variation, or both; (3) differences between aggregate
ambient measurements and individual personal exposures; (4) differences between average
personal exposures and true ambient pollutant levels; and (5) differences in the accuracy of
measurement of co-pollutants, so that in multivariate regression models, those pollutants
measured with greater accuracy and precision may spuriously appear to have a greater effect
than they would if all were measured with equivalent accuracy and precision.

Typically the effects of measurement error tend to bias the results towards the null hypothesis
of no effect — that is, the effects of PM on morbidity and mortality tend to be underestimated.
There may be exceptions to this generalization, however. Recently the issues of
measurement error in air pollution time-series studies were systematically reviewed,
characterizing the errors in measurement as either classical or Berksonian in nature (Zeger et
al., 2000). Berkson-type errors, an example of which is using aggregate rather than individual
exposure data, do not produce biased regression coefficients. Zeger and colleagues (2000)
suggest that in the usual case, time-series studies will tend to underestimate, rather than
overestimate, pollutant effects. In the case of multi-pollutant models, differences in the
monitoring accuracy and precision of pollutants may result in confounding, with the effects of
a more poorly measured pollutant being transferred to one measured more accurately, but
only when the pollutants or their errors in measurement (particularly the latter) are strongly
correlated. When pollutant levels are strongly correlated, they generally should not be
included in the same regression model, as this produces unstable and biased estimates of
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effect. Zeger et al. (2000) suggest that the largest potential source of bias in measurement
error is likely to be due to differences between ambient measurements and average personal
exposures, which could occur if indoor sources produce particles of similar size and toxicity
as outdoor local and regional sources. Taking the “best” data set available that would allow an
examination of the magnitude of this kind of error (from the P-TEAM study in Riverside, CA),
they found again that standard regression analysis will tend to underestimate the strength of
the association between fixed-site monitoring data and adverse health outcomes (mortality, in
this case).

Based on the above, it is possible that, in limited circumstances, particularly when multiple
pollutants are measured with error, that some of the PM effect may be due in part to
differential measurement error. However, it is reasonable to infer that in most situations, the
results of the numerous time-series studies of PM-associated morbidity and mortality cannot
be explained by information bias.

7.9.5 Temporality of the Associations

That a putative cause precede its effect(s) is a sine qua non for causal inference (Rothman,
1982). 1t is in this sense that this guideline for causal inference is typically used in
epidemiology, and is clearly met in the ensemble of PM studies. In the time-series studies of
morbidity and mortality, one typically finds significant associations between PM
concentrations and adverse health outcomes with lags of zero to four days, with moving
average concentrations occasionally demonstrating a slightly stronger association. Several
studies examining “reverse lags” (i.e., with the health effects preceding the pollution
measurements) have found no relationship.

However, a number of investigations have found statistically significant associations between
PM concentrations and adverse health outcomes on the same day. For certain health
outcomes, such as exacerbation of asthma, this could be explained mechanistically without
much difficulty. For cardiovascular outcomes, including mortality, such short lags between
exposure and outcome might appear problematic. Nonetheless, recent evidence suggests
relatively rapid systemic responses to PM pollution that are consistent with the observations
in the time-series studies (Gold et al., 2000; Pope et al., 2001 — see section 7.8 above).

7.9.6 Specificity of Effect

In the original formulation of the guidelines for causal inference, Hill (1965) expressed the
notion that the basis for causal inference would be strengthened if an exposure led
specifically to a single effect. The absence of such specificity does not necessarily negate the
existence of a causal relationship — witness the protean manifestations of disease
engendered by exposure to cigarette smoke. Nevertheless, it is intuitive that the more specific
an association between an exposure and an adverse health outcome, the more likely it is to
represent a causal relationship. Although PM exposures have been linked to a variety of
adverse effects, the latter are circumscribed to effects on the respiratory and cardiovascular
systems. Given our current understanding of the pathophysiology of inflammation, with both
local (respiratory) and systemic effects, these are the organ systems that one would expect to
be most strongly affected by exposure to particles. While many of the mortality time-series
studies have examined impacts on total mortality only, a few have done comparative analyses
of relationships with cardiac- and respiratory mortality and with mortality from all other causes
(section 7.3). The results of these studies suggest that the relationship between PM exposure
and mortality is relatively specific to those organ systems expected to be affected by such
exposures. A similar pattern can be observed with time-series studies of hospitalizations
(section 7.5).
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7.9.7 Evidence for Exposure-response Relationships

As noted above, the data from most of the time-series studies discussed in this document
clearly demonstrate statistically significant exposure-response relationships. The range of the
PM-mortality coefficients is surprisingly narrow over a wide range of PM concentrations over
time and across locations, indicating that, at least within the observable range in most
metropolitan areas examined, this relationship is more or less linear (section 7.3). Generally,
for morbidity outcomes that are more common than daily deaths, the magnitude of the
associations are slightly greater, as one would expect if the relationships were causal.

7.9.8 Strength of Association

The relative risk (RR) estimates obtained in the epidemiological studies of morbidity and
mortality are generally low, with virtually all estimates of effect less than two. RR estimates of
this magnitude may weaken the evidence of causality, due to the possibility of uncontrolled
confounding or other sources of bias producing the findings. However, small estimates of
relative risk do not, in themselves, nullify the existence of a causal relationship. As indicated
above, the potential threats to the validity of any given study (i.e., bias and confounding) are
not likely explanations of the consistent findings of increased PM-associated risks of morbidity
and mortality.

In addition, when either the outcome measures or the exposure metric are given greater
precision, the estimate of effect increases, which, everything else held equal, increases the
plausibility of the association. For instance, as indicated in section 7.3 and Tables 7.1 and
7.2, the risks of mortality associated with PM10 range from 0.5% to 1.6% per 10 ng/m® of
PM10, while the likely range for PM2.5 is 1% to 2.5% per 10 ng/m® For cardiac and
respiratory causes of death, the corresponding ranges per 10 ng/m® increase in PM10
concentration are 0.8% to 1.8% and 1.3% to 3.7%, respectively (Ostro et al., 1999a). This
was highlighted in a recent publication from the Netherlands, in which specific causes of
cardiorespiratory mortality were found to be more strongly related to PM10, than was total
mortality (Hoek et al., 2001).

Thus, although the estimates of effect are low, they are consistently highly statistically
significant, and increase in magnitude and precision with better specification of either the
outcome or the exposure metric.

7.9.9 Biological Plausibility of the Associations

Biological plausibility is not necessary for causal inference from epidemiological studies, since
it depends on the state of knowledge of ancillary disciplines. When present, however,
supporting evidence from other scientific fields such as toxicology can strengthen the case for
a causal association between an exposure and a disease outcome. A decade ago biological
plausibility for a causal linkage of ambient PM with mortality or with multiple indicators of
morbidity would have been purely speculative. Major recent advances in toxicology, clinical
exposure studies, and epidemiological studies with intermediate endpoints suggest that
effects observed in the epidemiological studies are likely to be initiated with inflammatory
responses in the lung, which can have both local and systemic effects. Focal hyperdeposition
of particles at airway carinas and in the respiratory bronchioles, may lead to localized particle
concentrations substantially greater than what might be anticipated based only on an
assessment of ambient concentrations. Particle mass or constituents may generate oxidative
stress and inflammation. Inflammatory reactions in the airways may exacerbate pre-existing
pulmonary disease, such as asthma or COPD, and may also result in systemic impacts.
Potential mechanisms of toxicity are discussed in detail in section 7.8, especially those that
might bear on cardiovascular events, including effects on blood coagulability and viscosity, as
well as disturbances of cardiovascular autonomic control. While the picture is far from
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complete, plausible biological mechanisms have been proposed and are the subject matter of
active research.

7.9.10 Summary

The scientific evidence linking PM exposure to premature mortality and a range of morbidity
outcomes appears to meet the generally accepted guidelines for causal inference in
epidemiology (Hill, 1965). Much current research is now focusing on biological mechanisms in
order to provide a more complete understanding of the effects of PM.

7.10Recommendations for Standards

This chapter presents the staff recommendations for the Board to consider in promulgating
the PM Ambient Air Quality Standards (AAQSs) for California. The section begins with
findings on the overall adequacy of the current standards for PM with respect to protecting the
health of the public, including infants and children. It continues with recommendations for the
pollution indicators, averaging times, forms, and concentrations adequate to protect public
health.

The recommended concentrations for the PM standards should be based on scientific
information about the health risks associated with PM, recognizing the uncertainties in these
data. With this in mind, the numerous studies of PM-associated morbidity and mortality
indicate that, within the concentration ranges reported, there is no identifiable “bright line” or
threshold PM concentration for either short- or long-term exposures, below which health
effects would not occur However, the Children’s Environmental Health Protection Act [Senate
Bill 25, Escutia; Stats. 1999, Ch. 731, sec. 3; Health & Safety Code section 39606(d)(2)] does
not require setting a given AAQS at a level that ensures zero risk. Given the current state of
the science, which is limited by the uncertainties of existing data sets and methods available
to analyze the impacts of low-level exposures, it is not possible to set such standards for
particulate matter. Rather, the statute requires a standard that “adequately protects the health
of the public, including infants and children, with an adequate margin of safety.” (Emphasis
added)

The governing statutory language indicates that California’s ambient air quality standards
should also protect other vulnerable populations, in addition to infants and children, and the
general public [(H&SC sections 39606(d)(2) and 39606(d)(3)]. This legislative directive is
consistent with historical practice in California, where ambient air quality standards have been
formulated to protect identifiable susceptible subgroups, as well as the general population.
For instance, the one-hour sulfur dioxide standard was developed in order to protect the most
sensitive recognized subgroup, exercising asthmatics. Nonetheless, even with standards
tailored to shield vulnerable populations, there may be exquisitely sensitive individuals
remaining outside the ambit of protection.

Both the Health & Safety Code (section 39606) and the federal Clean Air Act (section 109)
refer to an adequate margin of safety, but no specific legislative definition of this term is
provided. The concept of a margin of safety derives from the field of structural engineering, in
which such margins of safety (or safety factors) are applied to design and construction
specifications in order to prevent structural failures, which might otherwise result from
variability in design, materials, or workmanship. The science of predicting health outcomes
resulting from PM exposures is considerably less developed than the design considerations of
structural engineering, making the notion of a margin of safety even more appropriate in
setting ambient PM standards. An “adequate margin of safety” in standard-setting is
generally understood to account and compensate for scientific uncertainty, as well as the lack
of precise predictions regarding the health impacts of air pollutants on a multiplicity of
potentially susceptible subpopulations. Some of the relevant uncertainties in this instance
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would include, among others, potential health hazards that have not been identified, factors
determining variability in response to PM among susceptible subpopulations, micro-
environmental variability in PM exposure related to indoor penetration of PM, activity patterns,
and geographic proximity to point and area sources. The incorporation of a safety margin has
been recognized by the California Supreme Court as integral to the process of promulgating
ambient air quality standards [See Western Oil and Gas Association v. Air Resources Board,
37 Cal.3d, 502 (1984)].

As described in the preceding chapters, using the current epidemiological data and analytic
techniques, researchers have been unable to detect a level of PM exposure below which no
adverse health effects would ever be expected to occur, which creates substantial
uncertainties in the prediction of health impacts of low-level PM exposure. To the extent that
health effects associated with ambient PM have occurred at relatively low levels of exposure,
and that there is substantial inter-individual variability in response to environmental insults, it
is difficult to promulgate any PM standard that will provide universal protection for every
individual against all possible PM-related effects.

Nevertheless, taking into account the current knowledge regarding the health impacts of PM,
the limitations of the scientific data and the methods available to analyze this data, as well as
variability in real-world exposures and human responses to PM, we have operationalized the
concept of an adequate margin of safety by recommending multiple standards that, in
combination, should protect nearly all of the California population, including infants and
children, against PM-associated effects throughout the year. We have reviewed the available
scientific literature and proposed standards that, when attained, will avoid exposures that
have been reported to produce health effects in published studies.

7.10.1 Adequacy of Current California AAQS for PM in Protecting Public Health

The extensive epidemiologic data on the health effects of PM, supported by clinical and
toxicological evidence, suggests that, in combination, the current annual average standard for
PM10 of 30 ng/m* and the 24-hour average of 50 ng/m® do not offer sufficient protection of
public health, including that of infants and children (ARB, 2000). Chronic exposures to
ambient PM appear to be especially deleterious, and may influence responses to shorter-term
(usually daily) exposures. Nonetheless, as reviewed in the above sections, there are strong
and consistent associations between daily exposure to PM (measured as PM10, PM10-
PM2.5, or PM2.5) and a range of adverse outcomes, including premature mortality, hospital
admissions, emergency room and urgent care visits, asthma exacerbation, chronic and acute
bronchitis, restrictions in activity, school absenteeism, respiratory symptoms, and reductions
in lung function. These studies have been conducted in a wide range of cities on five
continents, with differing PM sources, climates, seasonal patterns, co-pollutants, and
population characteristics. The more severe outcomes are experienced primarily by the
elderly and by people with pre-existing chronic heart or lung disease. However, several
epidemiological studies suggest that children under age five may also experience serious
adverse outcomes from exposure to PM10, including premature mortality and hospitalization
for respiratory conditions (See section 7.7.3.2).

As indicated in section 7.3, many of the epidemiologic studies demonstrate associations
between PM10 and the risk of premature mortality. The extent of early mortality or life
shortening may be from days to years. Because the exposure-response relationship between
ambient PM and daily mortality appears to be linear with no identifiable threshold, it is
possible that associations between PM10 and adverse health effects may occur throughout
the range of concentrations reported in each study. However, these occurrences are
intuitively more likely when patrticle levels are elevated, especially in the upper portion of the
PM distribution. Although we cannot know at what concentration health impacts of PM
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exposures begin, for purposes of these recommendations, the staff has identified the mean
PM10 concentration in any given study as representing a likely minimum effects level. This
approach is consistent with that taken in the recommendation for the California 24-hour
standard for sulfur dioxide. At higher mean concentrations however, the probability increases
that adverse health outcomes will occur below the mean, in contrast, as concentrations
decrease, the associated risks incorporate a larger range of uncertainty (see section 7.3). In
view of the current state of the science, it is not possible to identify specific levels at which no
PM-related adverse effects will occur; however, the strength of the association of interest in
any given study is likely to be greatest at the mean PM concentration.

Analyses of mortality (summarized in sections 7.3 and 7.4, Tables 7.1 and 7.7, as well as
Figure 7.1) and morbidity (summarized in sections 7.5 and 7.6) demonstrate that numerous
epidemiological investigations have found associations of adverse health effects with PM10
when the long term (i.e., months to years) study mean concentrations are at or below the
annual average standard of 30 ng/m®. Both of the studies reporting associations between
long-term exposure and mortality have mean concentrations of PM10 or its equivalent at or
below the current annual average standard in California (Pope et al., 1995; Dockery et al.,
1993). In the report by Dockery et al. (1993), the long-term average for PM10 ranged from 18
to 46.5 nmg/m® in the six cities studied, with an overall mean of 30 ng/m® A stronger
association was found for PM2.5, which ranged from 11 to 29.6 rrg/ms, in which the overall
mean concentration was 18 ng/m?®. Likewise, Pope et al. (1995) reported associations of
mortality with PM2.5 in the analysis of the American Cancer Society cohort, with an overall
study mean of 20 ng/m?. If the ratio of PM2.5 to PM10 is approximately 0.65, as it was in
many urban areas included in the American Cancer Society study, this would convert to a
PM10 average of about 28 ng/m?®. Therefore, it appears that the current annual ambient
standard does not incorporate an adequate margin of safety against the occurrence of
mortality associated with long-term exposures.

Numerous epidemiological studies have demonstrated small, but consistent, relationships
between health outcomes and daily variations in PM concentrations. It should be noted,
however, that the impacts associated with the underlying chronic exposure cannot be fully
separated from the health effects attributed to daily peak PM10 or PM2.5 exposures. The
notion that chronic exposures exert a major influence on health outcomes is reinforced when
one examines the mortality risks associated with daily versus chronic exposure. Most of the
time-series studies demonstrate a 0.5 to 1% increase in total mortality per 10 ng/m?® change in
PM10 (section 7.3). In contrast, based on the American Cancer Society cohort study, the
estimated mortality effect of chronic PM10 exposure is in the range of four to seven percent
per 10 ng/m® change in the long-term average of PM10 (Pope et al., 1995; section 7.4). These
results suggest that longer-term exposures (i.e., several days to several years) account for a
substantial fraction of PM10-related mortality.

While relationships between health outcomes and daily exposure measurements have been
identified through time-series analysis, it is not possible to completely disentangle the
influence of low-level chronic exposures. Nonetheless, recognizing the limitations of the
existing epidemiological data, the literature suggests that, when long-term mean PM10 or
PM2.5 concentrations are within the ranges reported in the published literature, it is possible
to document a variety of adverse health outcomes in relation to day-to-day PM fluctuations.

Long-term mean PM10 levels near and below that of the current ambient California 24-hour
standard have been consistently linked with respiratory symptoms and exacerbations of
asthma in children. Although there are a few studies linking infant mortality to ambient PM, it
is not clear, based on existing data, whether infants and children are more or less susceptible
to PM-associated premature mortality than older adults with chronic heart and lung disease.
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For example, it is possible that children who die of sudden infant death syndrome may have
physiological abnormalities that render them unusually susceptible to the effects of PM,;
however, the database of published studies is too sparse for causal inference. As indicated in
section 7.7.3.2, most studies of infant mortality consist of either: (I) cross-sectional study
designs, in which statistical control for all potential confounders is difficult and causal
inference problematic, or (ii) time-series studies conducted in cities outside of the United
States in which the PM levels are much greater than in California. In the latter group of
studies, factors related to infant nutrition, health care and exposures may not be generalizable
to the United States. Given the current state of knowledge, it is uncertain whether infants and
children represent an additional susceptible subpopulation with respect to air pollution-
associated mortality at current ambient concentrations of PM. However, childhood respiratory
morbidity does appear to be consistently linked with different measures of PM, within the
same concentration ranges as those associated with mortality in adults with chronic heart and
lung disease (See sections 7.3 and 7.5).

The voluminous published data suggest that, taken together, the current PM10 AAQSs are
probably not adequately protective of public health, particularly for the elderly and individuals
with pre-existing heart or lung disease. In addition, the available evidence suggests the need
for new standards for PM2.5. From the perspective of public health protection, the principal
shortcoming appears to be related to chronic PM exposures, though short-term effects on
morbidity and mortality are also clearly important. The quantitative benefits assessment
(section 9) suggests that significant mortality and morbidity benefits will result from reducing
population exposures to PM.

7.10.2 Recommended Pollution Indicators

The scientific evidence suggests a need for standards to encompass fine particles as well as
PM10. We therefore recommend that the PM10 indicator be retained and that both long- and
short-term standards for PM2.5 be promulgated as well. These recommendations are
predicated on the following rationale:

PM10 and PM2.5 are both associated with a wide range of serious adverse health
outcomes, including premature mortality, hospitalizations, and asthma exacerbation,
among others.

Dosimetry studies indicate that both fine and coarse particles deposit throughout the
respiratory tract (see section 7.1). Fine particles are more likely to deposit in the alveolar
region (or gas exchange zone) and may initiate inflammatory responses, with both local
and systemic effects. Coarse particles (PM10 — PM2.5) can also deposit in significant
guantities in the conducting airways and, to a lesser extent, in the gas exchange region of
the lung. Moreover, multiple studies in which the health impacts of PM2.5 and coarse
mode have been examined have reported adverse effects associated with both metrics.

Particles larger than 10 mm in median aerodynamic diameter have limited deposition in
either the alveolar or tracheobronchial region, but rather deposit preferentially in the nose
and oropharynx. The health impacts related to particle deposition in the ET region have
not been extensively explored. Therefore, staff does not recommend an ambient air
guality standard for particles larger than 10 mm.

Ultrafine particles (particles with aerodynamic diameters between 0.001 and 0.1 mm),
which can deposit in significant quantities throughout the respiratory tract, have been
linked with serious health impacts, including premature mortality and asthma
exacerbation. There is a small but growing toxicological database suggesting that ultrafine
particles may be more toxic, on a mass basis, than fine particles of similar composition.
However, there are few epidemiologic studies of ultrafine particles and findings are mixed.
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Therefore, there are insufficient data available to judge whether or not an ambient air
quality standard for ultrafine particles is needed. Staff does not recommend an ambient air
quality standard for ultrafine particles at this time.

While recent toxicological research suggests potentially important roles for transition
metals (e.g., iron, nickel, or vanadium) and PM-associated organic compounds in PM
toxicity, there is insufficient evidence to develop ambient air quality standards for metals
or any other specific chemical constituents of PM10 or PM2.5, with the exception of
sulfates (see below). Therefore, staff does not recommend promulgating any other
ambient air quality standard for any specific constituent of either PM10 or PM2.5. Ambient
concentrations of most of the identified fine particulate constituents of potential concern,
including sulfates, particulate acids, metals, and organic compounds, will be reduced by
control strategies targeting PM10 and PM2.5 mass.

Serious health effects have been associated with exposure to ambient sulfates,
particularly in areas rich in strongly acidic sulfates, such as the eastern United States and
Canada (See sections 7.3, 7.4, 7.5 and 7.6). The results of such studies, however, have
not been as consistent as for PM10, PM2.5 or the coarse fraction. Some studies (Gwynn
et al., 2000) suggest that particle-associated hydrogen ion (H") and strong acidic sulfates
are associated more with respiratory effects than other particle metrics, including PM10.
However, in other studies, sulfates are highly correlated with the fine mode in which they
predominantly occur, such that independent effects of these correlated co-pollutants
cannot be reliably estimated. In a third set of studies, no association was reported for
sulfates or strong particle acidity, while associations were found for PM10 (for example,
Lippmann et al., 2000, Schwartz et al., 1994). In contrast to the results of some of the
epidemiological studies, controlled exposure studies involving high levels (up to 1,000
my/m®) of strongly acidic sulfates have demonstrated little, if any, effect on volunteer
subjects, including those with asthma (e.g., Aris et al., 1991). Though daily sulfate
excursions in epidemiological studies have been linked with a variety of adverse health
events, the nature of the study data does not allow for segregation of outcomes related to
chronic low-level exposure from those associated with acute (daily) elevations in sulfate
concentrations. Thus, though the mean concentrations of some multi-year studies are
lower than the current 24-hour sulfate standard in California (Burnett et al., 1994; Gwynn
et al., 2000), these do not directly address the adequacy of the current 24-hour sulfate
standard because it is difficult to separate the impact of a single 24-hour exposure. In this
light, staff believes that the current scientific database is insufficient to use for revision of
the existing sulfate standard.

In California, acidic sulfates (principally sulfuric acid and ammonium sulfate) constitute a
small fraction of the PM mass relative to the areas in which sulfates have been found to
be associated with adverse health impacts. For instance, in Long Beach, where the fixed-
site monitor consistently shows the highest sulfate levels in the South Coast Air Basin,
sulfates constitute about 13% of PM10 mass and 22% of PM2.5 mass on an annual basis,
and about 16% of the maximum 24-hr PM10 mass (15 ng/m® sulfates/93 g/m3 PM10) and
21% of the maximum PM2.5 mass (13 ng/m?® sulfates/61 ng/m3 PM2.5), respectively. In
the San Francisco Bay Area and in Bakersfield, the percentages are much lower (ARB,
1994). In the ongoing Children’s Health Study in Southern California, data on sulfates
have been collected, but not yet analyzed as predictors of children’s respiratory morbidity
or lung function growth and development. According to ARB staff, these data should be
analyzed over the next couple years.

In general, sulfates detected in California are less strongly acidic than those commonly
found in the eastern United States and Canada. Though a time-series study linked sulfate
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concentrations in 1978-79 in Azusa, California with respiratory symptom reporting in
adults, ambient levels during that study period exceeded the standard (Ostro et al., 1993).
Sulfate concentrations in California have been lower, typically far lower, during the past
few years than the level of the existing standard. Although a mortality time-series study
undertaken in Santa Clara County (1989-1996) involving very low 24-hour average sulfate
values (mean = 1.8, range 0-7.9 g/m®) suggests an association with daily respiratory
mortality, staff believes this finding can be attributed principally to the strong covariation of
sulfates with PM2.5 (Fairley, 1999). Based on an assessment of current scientific
evidence and ambient air quality data, staff believes that exposures to sulfates in
California do not appear to pose health risks distinct from or greater than those associated
with exposures to particulate matter generally. In view of the mixed evidence in the
sulfates health effects literature, the paucity of recent data examining sulfates and health
in California, the low likelihood of health risks in relation to ongoing trends in sulfate
emissions and ambient levels, staff recommends the current standard be retained until the
next review of the PM standard.

In the review of the adequacy of the California AAQS to protect public health mandated by
the Children’s Environmental Health Protection Act (ARB, 2000), much of the evidence
regarding the health impacts of sulfates was based on considerations of the PM
epidemiology. Revisions of California’s PM standards as recommended (below) will likely
further reduce sulfate concentrations. In addition, based on discussions with ARB staff,
the differences in sulfate composition and levels between California and the eastern
United States are sufficient for OEHHA staff to recommend further studies in California
prior to a full review of the sulfate standard. In particular, OEHHA staff recommends
analysis of the sulfate data in relation to health indicators in the Children’s Health Study,
as well as time-series analyses of health outcomes and daily sulfate data being collected
at the two California particulate matter Supersites in Los Angeles and Fresno. OEHHA
recommends that ARB ensure that these analyses be conducted in such a manner as to
provide optimally useful data for a full review of the sulfate standard.

PM2.5 can infiltrate directly into residences, with greater penetration than the coarse
fraction, and therefore individuals are likely to have more consistent indoor exposure to
ambient PM2.5 than to the coarse fraction. Nevertheless, the coarse fraction also
demonstrates substantial indoor infiltration, particularly in older buildings, or those in
which windows or doors are kept open. Evidence from studies in California, indicate that
75% of indoor PM2.5 and 65% of indoor PM10 may originate outdoors (Ozkaynak et al.,
1996b; see Chapter 6). Therefore, outdoor, ambient concentrations of PM2.5 and PM10
will play a significant role in total, personal exposure.

Fine and coarse particles, in general, originate from different sources and have different
lung penetration and deposition characteristics, but are both linked to adverse health
effects. In most California cities, mobile sources are a significant source of PM10. In these
cities, there are strong daily correlations between PM2.5 and PM10 throughout much of
the year, such that a substantial fraction of PM10-associated health impacts can be
reasonably ascribed to PM2.5. In some air basins, such as the San Joaquin Valley during
the winter, PM10 concentrations are clearly dominated by the fine fraction.

In contrast, PM2.5/PM10 ratios are lower in many parts of California than those observed
nationally (Chapter 6). In some parts of the state, particularly in the inland air basins in
Southern California, high PM10 concentrations are driven by the coarse mode. However,
at this time, the current research database regarding coarse particles’ health impacts is
not as well developed as that for PM10 (or PM2.5). Therefore, staff recommends that
PM10 standards be used as a basis for protection from exposure to coarse particles.
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Taking into account all of the above factors, therefore, staff recommends the Air Resources
Board promulgate new annual standards for PM10 and PM2.5, and a new 24-hour average
standard for PM2.5, while retaining the existing 24-hour standards for PM10 and sulfates.

7.10.3 Averaging Times and Forms

The current PM10 AAQSs for California include both an annual standard based on the
geometric mean concentration, and a 24-hour averaging time, not to be exceeded during the
calendar year. These joint standards were developed to protect the public from both long-term
and short-term exposures. Studies published since the California PM10 AAQSs were
developed in the early 1980s support earlier findings and report associations between
adverse health outcomes and both long-term (i.e., a year or longer) and short-term (i.e., from
less than one day to several months) exposure to both PM10 and fine particles. Therefore,
staff proposes standards using annual averages for PM10 and PM2.5, and 24-hr averages for
PM10, PM2.5, and sulfates. The foundations for the annual averages are relatively
straightforward, as explained in the subsections below. Identifying shorter-term average
standards based on the existing epidemiological database is somewhat more difficult
conceptually, due principally to the linear, nonthreshold nature of the relationship of ambient
PM and adverse health effects, and somewhat less to the intermingling of effects related to
chronic and acute exposure. While there is evidence of health effects associated with other
averaging times (e.g., 4-hour and multi-year averages), staff believes that proposed
averaging times will provide a satisfactory basis for setting PM standards and directing
subsequent pollution control efforts.

Attainment of the annual standards described below will shift the current distributions of
PM10, the coarse fraction, and PM2.5 to levels substantially lower than currently exist.
Therefore, peak 24-hour averages of these particle measures will also decline. This implies
that the current 24-hour average standard for PM10 should be exceeded in most air basins
less frequently than today. However, data developed by ARB staff indicate that even if the
proposed annual PM10 and PM2.5 standards are attained, some parts of California will
sporadically experience significant elevations of one or both particle metrics into ranges
associated with both morbidity and mortality. Therefore, short-term standards will function
primarily to address intermittent short-term, seasonal exceedances (e.g., from residential
wood combustion during the winter holiday season or prolonged summer temperature
inversions) that might occur in air basins otherwise in attainment with the annual averages.

For the annual averages, OEHHA staff recommends using the arithmetic rather than the
geometric mean because the former is: (1) more directly related to cumulative exposure; (2)
more sensitive to repeated peak concentrations; and (3) more consistent with other annual
standards. For the 24-hour standards, OEHHA staff recommends a “not to be exceeded”
standard. The rationale for the latter is related to providing a margin of safety in the
recommendations and is detailed below.

7.10.4 Recommended Concentrations

Although individual epidemiological studies are subject to some uncertainty, particularly with
respect to exposure assessment, the overall body of evidence (including toxicologic,
dosimetric and human clinical studies, in addition to the epidemiological investigations)
particularly the consistency and coherence of results, provides compelling evidence of causal
relationships between exposure to ambient PM and a variety of adverse health outcomes
(See section 7.9). These studies provide a sound, scientific basis for the establishment of
standards for both PM2.5 and PM10.

Multiple indicators of morbidity have been associated with exposures to several ambient PM,
including hospital admissions, emergency room Vvisits, exacerbation of asthma, work loss,
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school absenteeism, bronchitis and respiratory symptoms, and changes in lung function.
However, the choices of levels for the annual average standards described below are based
primarily on studies of PM-associated mortality. The rationale for this choice is as follows: In
the opinion of OEHHA staff, mortality is the most serious of all the health events associated
with exposure to PM. PM-associated mortality has been observed at long-term average
ambient concentrations comparable to those at which morbidity outcomes have been
detected in other populations (See sections 7.3 — 7.6, Figure 7.5), which suggests that it
would be reasonable to base the standards principally on studies involving mortality. To our
knowledge, there is no evidence that morbidity effects would occur at PM concentrations
lower than those associated with increased risks of mortality. This may be due to the different
populations at risk examined in the various studies. That is, associations between 24-hour
averages and mortality have been detected primarily in the elderly, who have a high
prevalence of chronic cardiac and respiratory disease. In contrast, time-series or panel
studies of children, who are not at high risk of mortality, have examined a variety of
respiratory morbidity outcomes in relation to daily changes in PM. Though the initiation of
biological reactions may overlap (e.g., airway and alveolar inflammation), the downstream
pathophysiological consequences could vary by age, pre-existing genetic and acquired
chronic conditions and co-morbidity, and so forth. Interestingly, there does not appear to be a
gradient of exposure concentrations related to increasing health outcome severity. Thus,
standards premised on providing protection against mortality should also, a fortiori, protect the
public, including infants and children, against the occurrence of morbidity outcomes.

To the extent that the annual standards for PM10 and PM2.5 are attained, the distributions of
24-hour and other short-term averages of PM10 and PM2.5 will shift downward markedly
throughout the year. The likelihood of adverse health events occurring after acute exposures
will also therefore be substantially reduced. Nevertheless, there may well be areas that will
attain the annual PM standards, yet still experience seasonally high PM excursions
associated, for instance, with prolonged winter air stagnation combined with residential wood
combustion or with summer temperature inversions. The plethora of time-series and panel
studies cited in this document make it clear that short-term elevations of PM are associated
with increased morbidity and mortality, though again, the impacts of the ongoing chronic PM
exposure have not been identified. Therefore, though downward revisions to the annual PM
standard will enhance protection of the health of the public, including infants and children, it is
appropriate to limit shorter-term PM exposures, as well.
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Figure 7.5 PM10 Range of Long-term Mean Concentrations Observed in Epidemiological Studies

Chronic Exposure Morbidity: Dockery et al., 1989; McConnell et al., 1999 (LA Children's Health Studies)
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7.10.4.1 Annual Standard for PM10

Considering the weight of evidence from the literature reviewed in prior sections, staff
recommends that the annual average standard for PM10 be revised from 30 to 20 ng/m?.
Consideration of an annual standard at this level would place significant weight on the studies
of mortality related to long-term PM exposure using the Harvard Six-Cities data (Dockery et
al., 1993) and the American Cancer Society cohort (Pope et al., 1995), both reanalyzed by
Krewski et al. (2000). In the study by Dockery et al. (1993), the long-term average for PM10
ranged from 18 to 46.5 my/m® in the six cities, with an overall mean of 30 ng/m®. Visual
inspection of graphs of this study’s results suggests a continuum of effects down to the lowest
levels, with no evidence for a threshold (recognizing that it would be difficult to detect a
threshold graphically in this set of six data points corresponding to the six cities). However,
the city with the lowest long-term average PM10 concentration (Portage, WI) was, for
purposes of analysis, designated as the reference category, against which the other cities
were compared. In other words, it was assumed in the analysis that there was no increase in
risk in this city. Thus, it would not be appropriate to infer, for standard-setting purposes, that
PM-related effects on mortality occurred (or did not occur) at the long-term mean PM10
concentration of 18 nmg/m® in Portage. In addition, while there appears to be a graphic
exposure-response relationship by city, no clear increase in the risk of mortality is evident in
Topeka, KS (which had a long-term annual PM10 concentration of 26.4 ng/m®) relative to
Portage. Finally, the relevant periods of exposure associated with long-term effects are
unknown (other than those likely to be associated with short-term exposures within each
year). In the absence of better information, it is reasonable to select the mean long-term
PM10 level as a starting point for recommending the annual standard. In the Six-Cities study,
the mean long-term PM10 level was 30 ng/m?.

Likewise, Pope et al. (1995) reported effects on mortality associated with PM2.5, but not
PM10, in the analysis of the American Cancer Society cohort, with an overall PM2.5 study
mean of 20 ng/m®. The recent re-analysis of the ACS study also suggests associations of
mortality with long-term exposure to PM2.5, but not PM10 (Krewski et al., 2000). If one
assumes that fine particles are driving the associations between PM and mortality in the ACS
study, and that the ratio of PM2.5 to PM10 is about 0.65 for most of the urban areas included
in that study (see Chapter 6), this would convert to an overall long-term average PM10
concentration of 28 mg/m?.

Several investigations, including the Children’s Health Study (McConnell et al., 1999) and the
Harvard Six-Cities Study (Dockery et al., 1989), have also reported associations between
long-term PM exposures and morbidity outcomes, including bronchitis, exacerbation of
asthma, and reductions in lung function (see section 7.6). In these studies, the long-term
(one- or multi-year) mean PM10 concentrations ranged from about 21 to 35 ng/m®. Some of
the morbidity studies, however, may be capturing the effects of exposure to multiple
pollutants. For instance, in the Children’s Health Study, the associations of adverse health
outcomes with PM10 and PM2.5 could not be statistically disentangled from the co-pollutants
NO, and acid vapors. Therefore, selection of a target concentration of 20 ng/m? puts greater
likelihood on a PM-specific effect in these morbidity studies, and provides a margin of safety,
assuming that there may be interactions among co-pollutants.

As noted above, the epidemiological studies of daily exposure and mortality have reported
long-term mean or median PM10 concentrations from 14 to 115 my/m® (see Table 7.1 and
Figure 7.1). These studies examine short-term fluctuations in air quality in relation to daily
changes in mortality over intervals ranging from months to years. The degree of uncertainty
regarding the results generally decreases as the average or median concentration increases.
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As can be seen in Figure 7.2, most of the studies that have long-term means or medians
below 25 ng/m® have point estimates suggesting an association with PM10, but the
confidence intervals tend to be wide and include the null value, indicating weaker, more
uncertain associations. The annual averages of these short-term exposure studies are
relevant, since associations are observed throughout a wide range of exposures and not only
at the extreme values. In addition, some of the PM-associated mortality captured in the cohort
studies described above would include the modest increments in short-term risks reported in
the time-series studies, recognizing that larger long-term increments in risk appear to be
related more to chronic than to short-term exposures. Finally, all of the time-series studies
conducted at these lower concentrations were undertaken outside California and the United
States. Studies more relevant to California (i.e., those conducted in California or other parts of
the United States) reported long-term PM concentrations in the range of 25 to 35 ng/m® (see
Table 7.1). Consideration of a standard of 20 ng/m® would, therefore, provide a margin of
safety by placing significant weight on some of the time-series studies conducted outside of
California and the U.S. This recognizes the generalizability of the results of these studies,
although the sources and mix of PM constituents, the underlying population health
characteristics, and the exposure patterns may differ from those in California. A standard set
at 20 ng/m® would protect against mortality effects related to long-term exposure in adults and
morbidity effects (such as acute bronchitis in children). The quantitative benefits assessment
(section 9) suggests that attainment of this standard could result in the avoidance of an
estimated 6,500 (95% CI=3,200-9,800) cases of premature mortality per year associated with
the difference between this proposed level and the current annual averages of ambient PM10
concentrations throughout California (a population-weighted average exposure of 33.1

my/m?®).
7.10.4.2 24-hour Average for PM10

Staff recommends that the 24-hour average for PM10 of 50 ng/m3, not to be exceeded, be
retained. If the recommendations for new 24-hour and annual standards for PM2.5 are
adopted, this standard would offer protection primarily against peak concentrations of coarse
particles in areas that otherwise attain the annual standard for PM10. For many urban areas
in California, attainment of the annual standards will mean infrequent PM excursions, which
would typically be associated with seasonal air stagnation or with wind events in desert or
semi-arid areas. Thus, the 24-hour standard is intended to prevent occasional elevated PM10
levels. Staff believes that the existing 24-hour PM10 standard proscribing any single day
concentration above 50 ng/m?, in concert with attainment of the 24-hour standard for PM2.5
and the annual average standards for PM10 and PM2.5, would provide substantial protection
of public health, including that of infants and children, as described below.

The 24-hour PM10 standard was first promulgated in California in 1983, based primarily on an
analysis of daily mortality in London in relation to changes in PM. At that time, there were no
epidemiological studies in which PM10 had actually been measured. Rather, critical PM10
concentrations had estimated from other PM metrics, including TSP and British Smoke. Since
then, a voluminous literature has appeared linking fluctuations in short-term or daily
measurements of PM10 with a variety of adverse health outcomes, as reviewed in sections
7.2, 7.3 and 7.5. Complemented by recent toxicological and controlled human exposure
studies, the epidemiological foundation linking variations in ambient PM10 and daily morbidity
and mortality has been firmly established.

Nonetheless, translating the results of these epidemiological studies into a short-term
standard remains somewhat problematic. As noted in prior sections, multi-city analyses in
Europe and the United States suggest exposure-response relationships between daily
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variations in ambient PM10 and fluctuations in cardiopulmonary mortality and other health
effects that are essentially linear and without an observable threshold. To the extent that this
is an accurate characterization of PM10-mortality associations, and that the latter represent
causal relationships, there is little guidance on where to draw a “bright line” in recommending
a short-term standard. Moreover, in time-series studies segregation of the influence of chronic
low-level exposures on individual susceptibility to daily PM elevations remains problematic.
Cumulative exposures over several days or longer, rather than during a single 24-hour period,
may represent a more relevant time frame of exposure. Consistent with this hypothesis,
numerous epidemiological studies report morbidity or mortality effects of greater magnitude
associated with multi-day moving averages compared with single-day lags (Hajat et al., 2001,
Schwartz, 2000b; Schwartz et al.,, 1993; Pope et al., 1992). Nevertheless, as described
above, 24-hour average PM10 concentrations have been consistently associated with
increased daily mortality and morbidity.

Recognizing the limitations of the epidemiological data available for standard-setting
purposes, OEHHA recommends retention of the 24-hour standard in consideration of the
following factors: (1) the apparent linearity of dose-response; (2) the greater uncertainty of
effects at the lower concentrations; (3) the paucity of epidemiological data documenting the
impact of a single 24-hour exposure at low ambient (i.e., non-occupational) concentrations;
(4) the dominance of the effects associated with chronic exposures and the impact of chronic
exposure on the response to short-term elevations in PM concentration; (5) the likelihood of
effects occurring at concentrations above 50 mg/m?® and (6) the interrelationships of alternative
averaging times.

7.10.4.2.1 Linearity of Dose-Response

As discussed above (section 7.3.5), time-series studies of morbidity and mortality indicate that
the exposure-response relationships for 24-hour average PM exposures are linear and show
no evidence of a threshold. The latter observation makes it difficult to identify where a “bright
line” representing a single-day 24-hour PM10 standard should be drawn. The historic
rationale for a 24-hour standard was the presumption that significant health effects occurred
only on high concentration, “episodic” days or that high pollution days generated
disproportionately greater and more severe adverse health outcomes. In general, the notion
that episodic peaks alone are responsible for adverse effects ignores the potential role of
chronic low-level exposures, which may predispose individuals towards greater susceptibility
to elevated PM concentrations. In addition, there is little, if any, evidence that the exposure-
response relationship becomes steeper at higher ambient concentrations; rather, the data
generally indicate a linear exposure-response relationship.

7.10.4.2.2 Greater Uncertainty at Lower Concentrations

Epidemiological studies of short-term exposure and mortality have reported mean or median
PM10 concentrations ranging from 14 to 115 ng/m® (see Table 7.1 and Figure 7.1). As can be
seen in Figures 7.2 and 7.3, however, greater uncertainty about the effects exists as one
moves to studies with lower concentrations. The greater uncertainty may be due to fewer
health impacts associated with exposure to lower concentrations as well as other factors,
including errors in exposure measurement, confounding by co-pollutants, and the chemistry of
the particle mixture. Other uncertainties related to extrapolating the epidemiological findings
from many of the daily exposure studies to California may result from differences in factors
such as weather, housing stock, and population characteristics. Therefore, retention of the
existing 24-hour standard acknowledges the uncertainty in applying the underlying studies
with relatively low PM10 levels to urban and suburban populations in California.
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7.10.4.2.3 Impact of Single 24-Hour Exposures at Low Concentrations

Exposures of 24-hours duration occur “on top of” consistent chronic low-level exposures to
PM. The effects of long-term exposure to PM, as described in section 7.4, have been
documented in several carefully conducted studies using a prospective cohort design. These
studies incorporate effects associated with both short-and long-term exposures (although they
may not include all of the impacts associated with mortality displacement). Basically, for these
study effects to be observed, individuals must be continually moving into a “risk pool” from a
non-risk or lower-risk status over time. Long-term exposure to PM subjects people to an
increased risk (i.e., moves then into the “risk pool”) of mortality from cardiovascular disease,
whether or not their deaths are ultimately associated with a recent “acute” exposure to PM
(Schwartz, 2001a; Kunzli et al., 2001). While acute daily exposures appear to exert an
independent effect on mortality and morbidity, the influence of a single 24-hour exposure at a
concentration relevant to the PM standards, absent any other exposure to PM, has not been
(and probably cannot be) determined epidemiologically. This would require observance of
weeks or months of exposure to very low background levels of PM followed by a single day
peak exposure. Even for individuals exposed experimentally in chamber studies, prior
exposure to ambient PM cannot be discounted. Therefore, it is difficult to completely isolate
the impacts of short-term elevated PM levels from chronic background exposures. In addition,
as reviewed above, there is evidence that multi-day PM10 exposures are, at least in some
studies, associated with greater risks than single-day exposures.

7.10.4.2.4 Importance of Impacts of Chronic Exposure

Our quantitative benefits assessment (section 9) as well as similar efforts undertaken recently
by the U.S. EPA (U.S. EPA, 2000) demonstrates the significant implications of long-term
exposure on mortality. In addition, effects on adult cases of bronchitis and childhood acute
bronchitis, both associated with longer-term exposure to PM, are significant as well.
Therefore, from a public health perspective, one should focus on reducing the entire
distribution of PM concentrations, which would also lower the number of peak days.
Formulating a short-term index consistent with the annual average is a rational way to
approach the issue of limiting peak exposures that might still occur even when the annual
average PM standard is attained.

7.10.4.2.5 Relationship of Recommended 24-hour and Annual PM10 Standards

As discussed in Chapter 6, ARB uses the Expected Peak Day Concentration (EPDC) in
determining the “design value” for the 24-hour standard. The development of the EPDC uses
a statistical model of the highest 20% of the daily values from the previous three years,
making it relatively robust with respect to fluctuations in daily meteorological conditions.
Specifically, the index will not be unduly influenced by any single day, and exceptional events
such as forest or urban fires can be excluded. We conducted an analysis to determine the
relationship between the EPDC and the annual average of 20 ng/m®, the most health-
protective end of the range proposed above. This analysis identified the single day peak
exposure concentration that is consistent, given the current statewide distributions of PM10,
with an annual average of 20 ng/m?.

Using data from 144 sites around the state, a linear regression model was run relating the
EPDC to the annual average for each site. The regression model generated an r of 0.72 and
indicated that statewide, the EPDC associated with a 20 ng/m?® annual average is 48 ng/m?®
which accords quiet closely with the existing standard. For the South Coast AQMD,
representing the most populous air basin in the state, the predicted EPDC is 51 ng/m®.
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7.10.4.2.6 Likelihood of Effects Occurring at Single Exposures Above 50 ng/m?®

As indicated by Table 7.1, several studies with study means in the range of 15 to 30 ngy/m?®
PM10 demonstrate associations between daily exposures and mortality. However, as
indicated above, several studies at the lower concentration had wide confidence intervals that
included the null value; that is, where the null hypothesis of no effect could not be rejected.
OEHHA staff has examined the distribution of peak concentrations (i.e., 95" percentiles or
maximum 24-hour concentrations) when they were provided in the time-series mortality
studies reporting study mean concentrations of less than 30 ng/m®. Many of these studies
have peak values close to or above 50 ng/m®. Given the linear, nonthreshold nature of the
exposure-response relationship, keeping peak PM10 concentrations below 50 mg/m?® will not
categorically assure the absence of health impacts. However, combined with the
recommended PM2.5 standard of 25 mg/m?®, attainment of a PM10 standard in which peak
concentrations are kept below 50 my/m°®is consistent with a distribution of PM10 in which the
likelihood of mortality will be substantially reduced. Therefore, it is reasonable from a public
health perspective to recommend a goal of preventing days when the 24-hour average
concentration exceeds 50 ny/m°.

In summary, while it is difficult to determine the effects of a single 24-hour exposure from
available scientific studies, the evidence suggests that minimizing or eliminating days when
the 24-hour PM10 average concentration exceeds 50 ng/m?® represents a desirable public
health goal. Bearing in mind that the attainment of the annual average PM10 standard will
significantly depress the entire PM10 distribution, and attainment of the recommended 24-
hour PM2.5 standard will in many instances also reduce peak PM10 levels, preventing single
day PM10 concentrations above 50 ng/m® should afford additional public health protection.
Therefore, we are proposing that the 24-hour standard be retained at 50 nmg/m®. Together,
these standards should protect public health with an adequate margin of safety in the sense
described in the introductory paragraphs of section 7.10.

7.10.4.3 Annual Standard for PM2.5

Staff recommends that the annual average for PM2.5 should be 12 ng/m°, as explained
below. Consideration of a standard at this level would place significant weight on the long-
term exposure studies using the ACS and Harvard Six-Cities data (Dockery et al., 1993; Pope
et al., 1995; Krewski et al., 2000). In both studies, robust associations were reported between
long-term exposure to PM2.5 and mortality. The mean PM2.5 concentration was 18 ng/m?
(range of 11.0 to 29.6 ng/m®) in the Six-Cities study and 20 ng/m? (range of 9.0 to 33.5 ng/m®)
in the ACS study (see Figure 7.6). Thresholds were not apparent in either of these studies,
although the precise period(s) and pattern(s) of relevant exposure could not be ascertained. If
we assume, as in the PM10 standards considered above, that health effects are more likely to
be observed when concentrations are at or above the mean or median PM2.5 levels, rather
than at lower levels, then the most likely effects level for considering an annual PM2.5
standard would be 18 nmg/m°®. Graphical analyses of these studies (Dockery et al., 1993,
Figure 3 and Krewski et al., 2000, page 162) suggest a continuum of effects down to lower
levels. In the case of the ACS study, uncertainty in the risk estimates becomes apparent at 13
nmy/m°. Around this level, the confidence bounds significantly widen since the concentrations
are relatively far from the mean. In the Dockery et al. study, the relative risks are similar to
the cities at the lowest long-term PM2.5 concentrations of 11 and12.5 ng/m® Larger
increases in risk don’t occur until the long-term PM2.5 mean equals 14.9 ng/m®. Therefore,
an annual standard of 12 ng/m*® would be below the mean of the most likely effects level and
would provide a margin of safety.
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Figure 7.6 PM2.5 Range Of Long-term Mean Concentrations Observed In Epidemiological
Studies

Chronic Exposure Mortality: Dockery et al., 1993 (Six-Cities Study)
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Targeting a long-term mean PM2.5 concentration of 12 mg/m?® would also place some weight
on the results of multiple daily exposure studies examining relationships between PM2.5 and
adverse health outcomes (Table 7.2). These studies have long-term (three- to four-year)
means in the range of 13 to 18 ny/m®. It should be noted however, that many of these
epidemiological investigations were conducted outside California, and may not be
representative of exposures or population characteristics here. A standard set at 12 ng/m?,
well below the means of the major cohort mortality studies, would provide additional
protection against mortality in adults associated with long-term exposure, as well as against a
variety of morbidity effects in children (described in section 7.6, above). In the opinion of
OEHHA staff, an annual PM2.5 standard of 12 ng/m?® would be likely to provide adequate
protection of public health, including that of infants and children, against adverse effects of
long-term exposure.

The quantitative risk assessment examining the impacts of attainment of the annual PM2.5
standard (section 9) suggests that this could result in a reduction of 6,500 cases (95 percent
Cl 3,200 — 9,800) of premature mortality per year associated with the current annual average
of ambient PM2.5 concentrations in California (approximately 18.5 ng/m?®, as reported in
Chapter 9).

7.10.4.4 24-hour Standard for PM2.5

In the initial report to the Air Quality Advisory Committee (November 30, 2001), OEHHA staff
did not propose a specific 24-hour standard for PM2.5. The Committee, however,
unanimously recommended that OEHHA develop such a standard, and suggested several
possible approaches. Responding to the Committee’s concerns and suggestions, OEHHA
staff members have formulated the following recommendation, in consultation with staff at the
ARB.

As reviewed in prior sections, the epidemiological literature suggests the existence of impacts
on both morbidity and mortality related to fluctuations in ambient PM2.5 on a daily basis.
Morbidity outcomes associated with changes in 24-hour concentrations in PM2.5 include
admissions to hospitals for respiratory and cardiac diseases (see sections 7.5.1 and 7.5.2).
There is also a growing literature suggesting potential mechanistic linkages between ambient
PM2.5 and exacerbations of cardiovascular disease that could result in hospitalization or
death (see section 7.8). These include associations with serious cardiac arrhythmias,
myocardial infarctions, and decreased heart rate variability (Peters et al., 2000a, 2001a, Liao
et al.,, 1999; Gold et al., 2000; Pope et al., 1999c). As noted in prior sections, the entire
spectrum of adverse health outcomes associated with ambient PM2.5, including
exacerbations of asthma, emergency room visits, hospitalizations, as well as mortality, occurs
within the same general concentration range and also seems to be best described by a linear,
non-threshold model. Such a model implies that the level(s) at which adverse effects begin to
occur cannot be identified and that there are no abrupt changes in the slope of the dose-
response relationship to delineate a “bright line” or threshold.

Consistent observations of health effects associated with low ambient concentrations of fine
particles, however, indicate that a short-term PM2.5 standard is required to protect public
health. Moreover, while state-wide attainment of the proposed annual PM2.5 standard will
result in a reduction of PM2.5 peak concentrations, some areas will be able to attain the
annual standard and still experience periods during which 24-hour PM2.5 concentrations
associated with increased morbidity and mortality can occur (e.g., during winter inversions
accompanied by widespread residential wood combustion). This phenomenon also
evidences the need for a short-term standard.
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Development of a short-term standard for PM2.5, however, encompasses difficulties similar to
those encountered with respect to the 24-hour standard for PM10, largely because the
exposure-response relationships examined appear to be linear without clear evidence of a
threshold. In order to address the lack of a “bright line” in the exposure-response curve,
OEHHA staff members propose to reduce the entire distribution of fine particles below the
reported levels of distributions consistently associated with adverse health effects. The
underlying principle is to reduce not only the mean concentration (represented by the annual
average), but also specifically the upper tail of the distribution, described by the 98" percentile
of the distributions of published studies. In so doing, OEHHA has relied primarily on studies
relating fine particle concentrations with daily mortality, the most serious irreversible health
impact. As noted above and in section 7.5, associations of PM2.5 with morbidity, including
effects such as exacerbation of asthma in children, have been observed to occur within the
same concentration range as those linked with increased daily mortality in adults. We have
therefore assumed that a standard intended to protect against the occurrence of mortality will
also protect against these other important health outcomes.

7.10.4.4.1 Methodological Approaches

In developing this recommendation, OEHHA staff followed several approaches. Specifically,
we have: (1) used statistical methods to examine the shape of the exposure-response
relationships using two California datasets, and compared the results with those reported for
other non-California datasets; (2) tabulated the results of all time-series studies published in
English, for which direct PM2.5 monitoring data were available, that have explored
associations between low levels of ambient PM2.5 and daily mortality; and (3) examined, with
technical assistance from ARB staff, the upper tail of the PM2.5 distribution in California
consistent with an annual average of 12 ng/m?®, based on data collected throughout California
in 1999 and 2000. Based on the results of these analyses, OEHHA recommends that the 24-
hour PM2.5 standard be established at a level of 25 mg/m?®, not to be exceeded. The adoption
of the accompanying recommendation for an annual PM2.5 standard of 12 ng/m® is an
integral component of this proposal. Attainment of the recommended annual standard will
help shift the entire PM2.5 distribution to the left, and will influence peak concentrations, as
well. However, in itself, the annual average will not fully address the issue of brief (i.e., one to
several days) increases in PM2.5 levels. Thus, the 24-hour standard is intended to protect
Californians against significant short-term elevations of PM2.5.

1. Statistical approaches

As discussed in section 7.3.5, staff from OEHHA and the Bay Area Air Quality Management
District (BAAQMD) undertook a variety of detailed analyses of data from the two published
California studies involving 24-hour measurements of PM2.5 and daily mortality counts (in
Coachella Valley [Ostro et al., 2000] and Santa Clara County [Fairley, 1999]). In general,
nonlinear models (and, in particular, models intended to identify possible thresholds) offered
no improvement over a linear, nonthreshold model in fitting the data. These analyses, which

2. Distributions of PM2.5 in daily mortality studies.

OEHHA staff obtained data from the authors of all recently published studies examining
ambient PM2.5 concentrations in relation to daily nonaccidental mortality. Table 7.7 provides
information on the estimated percentage change in daily mortality associated with a 10 ng/m?®
change in PM2.5. All the point estimates of this relationship in Table 7.7 are positive, though
not all are statistically significant. The upper tail of the PM2.5 distribution in each of these
investigations is indicated by the 98" percentile, which is somewhat less subject to the factors
determining the most extreme values. Examination of the PM2.5 levels in Table 7.7 indicates
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Table 7.7 Distributions and Associations of 24-hour PM2.5 with Daily Total(T) and
Cardiovascular(CV) Mortality for All Age Groups (except where noted) in
U.S. and Canadian Cities with Mean* PM2.5 Concentrations < 25 mg/m3,
Sorted by Reported 98th Percentile Concentrations**

Mean* 98th
City Time Period Reference (mg/m?) per- | % Increase (95% ClI)
g centile per 10mg/m®
Edmonton 1986-1996 | Burnett et al., 2000 10 28 T:2.18(-1.74, 6.10)
Calgary 1986-1996 | Burnett et al., 2000 10 29 T:0.63(-3.58, 4.84)
Winnipeg 1986-1996 | Burnett et al., 2000 10 29 T:0.38(-3.15, 3.91)
Vancouver 1986-1996 | Burnett et al., 2000 13 30 T:2.56(0.23, 4.89)
Topeka, KS 1979-1988 | Schwartz et al., 1996 12 31 T:0.80(-0.20, 3.60)
Phoenix, AZ T:2.22(0.00, 5.56)
(Mortality for 1995-1997 [ Mar et al., 2000 13 32
65 yrs & older) CV:6.85(2.22, 11.48)
Portage, WI 1979-1987 | Schwartz et al., 1996 11 34 T:1.20(-0.30, 2.80)
Ottawa 1986-1996 | Burnett et al., 2000 12 35 T:2.45(-0.53, 5.43)
T:-1.42(-7.81, 4.97
\C/Oﬁ‘ChegaA 1995-1998 | Ostro et al., 2000 17 38 ( )
alley, CV:3.73(-2.37, 9.84)
Toronto 1986-1996 | Burnett et al., 2000 15 41 T:0.91(-0.05, 1.87)
Boston, MA 1979-1986 | Schwartz et al., 1996 16 42 T:2.20(1.50, 2.90)
Windsor 1986-1996 | Burnett et al., 2000 18 43 T:5.20(2.24, 8.16)
Montreal 1984-1993 [ Goldberg et al., 2001a 18 43 T:1.93(1.16, 2.71)
Kingston 1980-1987 | Schwartz et al., 1996 21 44 T:1.40(0.20, 2.60)
St. Louis, MO 1979-1987 | Schwartz et al., 1996 19 46 T:1.10(0.40, 1.70)
T:3.26(1.27, 5.24
gaAma Clara, 1990-1996 | Fairley, 1999 13 51 ( )
CV:2.48(-0.35, 6.02)
Montreal 1986-1996 | Burnett et al., 2000 15 51 T:1.23(0.11, 2.35)
. _ T:1.24(-0.26, 2.83)
Detroit, Ml 1992-1994 | Lippmann et al., 2000 18 55

CV:1.28(-0.91,3.65)

* Mean of 24-hour measurements over time period.

** Some data in Table 7.7, particularly most of the og™" percentile values, were obtained directly from

the authors of the published reports
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that, when the 98" percentiles of the fine particle distributions are <32 ng/m?, and the mean
fine particle concentrations are <13 ng/m® the results are characterized by greater
uncertainty, since the confidence intervals for the percent change in mortality include zero.
These were studies conducted in Portage (WI), Topeka (KS), and in four Canadian cities
(Calgary, Edmonton, Ottawa, and Winnipeg). One partial exception to this observation is
Vancouver, British Columbia, which had a 98" percentile PM2.5 concentration of 30 ng/m?,
though the mean concentration was 13 ng/m®. These results do not imply an absence of
effects when peak PM2.5 concentrations are below 30 ng/m?; rather, these estimates may be
subject to greater uncertainty potentially ascribable to several factors, including fewer health
impacts associated with exposure to lower concentrations, exposure measurement error,
confounding by co-pollutants or meteorological factors, differences in the composition of
particle mixtures, decreased statistical power, and reduced variance in the PM2.5 values in
studies with lower means. The last explanation is unlikely, however, as we examined the
coefficients of variation in the studies with relatively low PM2.5 mean concentrations and
found that they were generally similar to those in the studies with higher mean levels. In
contrast, statistical power (i.e., the ability to detect statistically a real relationship between two
variables) is likely to be reduced at lower ambient pollutant concentrations. Based on model
simulations conducted by staff at the BAAQMD, the increased uncertainty between lower-
level PM2.5 concentrations and daily mortality may be attributable in part to insufficient
statistical power.

Published studies provide some guidance for an appropriate reduction in the distribution of
PM2.5. An annual PM2.5 standard of 12 mg/m?® would represent a level lower than the long-
term means of all the studies in which significant associations with changes in daily mortality
have been identified (see Table 7.7 and section 7.3, above). Attainment of the annual
average would, as previously noted, result in an across-the-board reduction of PM2.5,
including peak concentrations. Setting a 24-hour standard level below 30 ng/m® would shift
the upper extreme of the PM2.5 distribution to a level lower than those identified in the studies
described above. Because the exposure-response relationship is characterized by a linear,
nonthreshold model, such a 24-hour standard does not imply total elimination of health risks
when this standard is attained. However, reduction of peak PM2.5 concentrations below
those observed in studies reporting adverse effects represents a rational approach to reduce
the risk of short-term PM2.5-associated mortality and morbidity and to position the entire
distribution of PM2.5 below those for which there is current, published evidence of health
effects.

3. Relationship of Recommended Annual PM2.5 Standards and 24-hour PM2.5
Concentrations in California

As discussed in Chapter 6, the ARB uses the Expected Peak Day Concentration (EPDC) to
determine the “design value” for 24-hour standards. The development of the EPDC uses a
statistical model of the highest 20% of the daily values from the previous three years, making
it relatively robust with respect to fluctuations in daily meteorological conditions. Specifically,
the index will not be unduly influenced by any single day, and exceptional events such as
forest or urban fires can be excluded. We used a modified version of this process to examine
the upper tail of the PM2.5 distribution (98" percentile) rather than the most extreme values
within California. With assistance from ARB staff, we conducted an analysis to determine the
relationship between the 98" percentile of the PM2.5 distribution in California and the
proposed annual average of 12 ng/m® This analysis identified the 98" percentile
concentrations consistent with an annual average of 12 ng/m® given recent statewide
distributions of PM2.5.
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Using data from 54 sites around the state, located principally in large urban areas, a linear
regression model was performed (linear models fit the data better than non-linear models)
relating the 98" percentile of the PM2.5 distribution to the annual average for the years 1999
and 2000 for each site. The regression model generated an ¢ of 0.79 and indicated that
statewide, the 98" percentile for the distribution of PM2.5 associated with a 12 ng/m® annual
average is approximately 39 ng/m>. For sites within the jurisdiction of the South Coast Air
Quality Management District, representing the most heavily populated air basin in the state,
the predicted 98" percentile concentration is approximately 37 ng/m?, while the corresponding
value for three other major air basins (the San Francisco Bay Area, San Joaquin Valley, and
Sacramento) is 45 ng/m®, and that for the South Central Coast is 33 ng/m”°.

This approach to identify ambient PM2.5 98" percentile concentrations consistent with
attainment of the proposed annual average indicates that, at least in some of the heavily
populated air basins, predicted concentrations of PM2.5 could fall within ranges previously
reported to be associated with increased daily mortality (Table 7.2) and morbidity. This
modified EPDC exercise suggests the need for a lower short-term standard to limit excursions
of PM2.5 to protect against increased risks of morbidity and mortality.

7.10.4.4.2 Recommendation for 24-hour PM2.5 Standard

Examining the evidence described above, OEHHA recommends that the 24-hour PM2.5
standard be 25 ng/m?, not to be exceeded. The rationale for this recommendation is as
follows:

(i) Multiple analyses of the exposure-response relationships between PM2.5 and mortality
indicate that the data can be fitted most parsimoniously with linear, nonthreshold models.
Given the apparent linearity of the exposure-response relationships in the epidemiological
data, it is difficult to determine at what concentrations within the PM2.5 distributions in each
study adverse health effects begin. Intuitively, one would expect greater biological responses
and larger numbers of adverse events occurring at higher concentrations, everything else
being equal. Nonetheless, in a linear exposure-response relationship, effects may be
observed at lower levels as well (e.g., Schwartz et al., 1996).

The importance of the linear, nonthreshold exposure-response relationship cannot be
overemphasized in light of legislation requiring that ambient air quality standards be
“established at levels that adequately protect the health of the public, including infants and
children, with an adequate margin of safety.” (California Health & Safety Code section
39606(d)(2)) If a threshold in the exposure-response curve cannot be identified, then
specification of an “adequate margin of safety” becomes challenging. The approach OEHHA
staff members have adopted in pursuit of this objective has therefore been to: (1) identify
indicators of the distribution of PM2.5 (specifically the means and 98" percentiles) in
epidemiological studies that demonstrate the relationship of ambient fine particles with
adverse health impacts, (2) recommend that the distribution of PM2.5 in California be reduced
below the levels of these distributions, and (3) incorporate a margin of safety in the form of a
standard “not to be exceeded”, which will assure that the extreme values of the PM2.5
distribution in California will be lower (and in general substantially lower) than the 98"
percentiles of PM2.5 distributions in published studies.

(i) Without placing a short-term limitation on PM2.5 concentrations, recent experience in
California indicates that even attainment of the recommended annual standard of 12 ng/m?®
will allow for excursions well into the range in which adverse effects, including mortality, have
been identified in epidemiological studies. Notably, the modified EPDC analysis undertaken
by the ARB staff indicates that for several large air basins, the estimated 98" percentile of the
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PM2.5 distribution consistent with attainment of an annual standard of 12 ng/m® would be in
excess of 40 ng/m*. Thus, adoption of a 24-hour standard of 25 ng/m® would be intended to
limit such excursions.

(iii) As with PM10, morbidity and mortality outcomes appear to occur within the same PM2.5
concentration ranges (see section 7.5). Therefore, we have focused on mortality as the most
serious adverse health outcome. Changes in ambient air quality sufficient to protect against
increases in mortality should, a fortiori, also protect against the occurrence of morbidity, in
children as well as adults.

(iv) Among studies examining PM2.5 and mortality, the long-term mean concentrations of
those finding a significant association varied from 13 to 21 ng/m?, while the 98" percentiles of
the distributions ranged from 30 to 51 ng/m®.  Shifting the entire PM2.5 distribution
downwards and limiting short-term excursions should reduce the likelihood of fine particle-
associated mortality and morbidity. Recommending an annual average of 12 ng/m®
addresses the issue of shifting the overall distribution downwards. By the same token,
recommending a 24-hour PM2.5 limit of 25 ng/m® would place the upper extreme of the
distribution lower than the 98" percentile of those identified in studies finding significant
associations with mortality, thereby incorporating a margin of safety. More specifically, except
for the study of Vancouver (Burnett et al., 2000), all published investigations of PM2.5 and
mortality in which statistically significant effects were detected had 98" percentile PM2.5
concentrations of 32 ng/m® or greater. Positioning the upper extreme of the PM2.5 distribution
in California at 25 ng/m?® effectively incorporates a margin of safety into this recommendation,
based on the best available scientific evidence.

7.10.4.5 24-hour Standard for Sulfates

Staff recommends that the 24-hour average standard for sulfate of 25 ng/m® be retained.
Serious health effects have been associated with exposure to ambient sulfates, particularly in
areas rich in strongly acidic sulfates such as the eastern United States and Canada. The
results of such studies however, have not been as consistent as those for PM10, PM2.5, or
the coarse fraction. In addition, though daily sulfate concentrations have been linked with a
variety of adverse health events in epidemiological studies, the nature of the study data does
not allow for segregation of outcomes related to chronic low-level exposure from those
associated with daily elevations in sulfate concentrations.

In California, acidic sulfates (principally sulfuric acid and ammonium sulfate) constitute a small
fraction of the PM mass relative to the areas in which sulfates have been found to be
associated with adverse health impacts. Sulfate concentrations in California have been far
lower during the past few years than the level of the existing standard. Based on an
assessment of current scientific evidence and ambient air quality data, staff believes that
exposures to sulfates in California do not appear to pose health risks distinct from or greater
than those associated with exposures to particulate matter generally. In view of the mixed
evidence in the sulfates and health in California, the low likelihood of health risks in relation to
ongoing trends in sulfate emissions and ambient levels, staff recommends that the current
standard be retained until the next review of the PM standard, if not earlier.

7.10.4.6 General Staff Conclusions

In light of the adverse health effects observed at current ambient concentrations and the lack
of a demonstrated threshold, staff further concludes: (1) that in any air basin in California that
currently attains the ambient air quality standards, for either PM10 or PM2.5, the air quality
should not be degraded from present levels; and (2) that the ARB revisit the standards in five
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years or less, in order to re-evaluate the evidence regarding the health effects associated with
particle size, chemistry, and concentration.

7.10.5 Summary of Recommendations

Revise the current PM10 annual average standard from 30 to 20 ng/m®. Revise the
averaging method to an annual arithmetic mean from the current annual geometric
mean.

Retain the 24-hour standard for PM10 at 50 ng/m?®, not to be exceeded.

Establish an annual average standard for PM2.5 of 12 ng/m?®, given growing evidence
from epidemiological and toxicological studies of significant toxicity related to this size
fraction of PM. Establish the annual PM2.5 standard as an annual arithmetic mean.

Establish a 24-hour standard for PM2.5 of 25 ng/m®, not to be exceeded.
Retain the current 24-hour average standard of 25 ng/m?® for sulfates.
General Staff Conclusions Regarding Air Quality Degradation

For any air basin in California that currently attains the ambient air quality standards,
for either PM10 or PM2.5, that air quality should not be degraded from present levels.

Revisit the standards in five years or less, in order to re-evaluate the evidence
regarding the health effects associated with particle size, chemistry, and concentration.
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8. Welfare Effects of Particulate Matter

8.1 Standards and “Welfare Effects”

“Welfare effects” includes all air pollutant impacts unrelated to human health. The manner in
which these effects are evaluated depends on the legal authority for standard setting and how
these effects bear on the standard in question. The California State standard setting
environment is distinct from that under Federal law.

Under the Federal Clean Air Act (FCAA) (42 USC Ss 108 & 109) the National Ambient Air
Quality Standard (NAAQS) for a particular pollutant consists of a “primary” standard aimed at
protecting public health, and a “secondary” standard addressing welfare effects (if such effects
exist). For gaseous air pollutants, such as ozone, the “primary-secondary” model allows the
regulatory process to distinguish between an exposure (a specific concentration and duration)
that causes human health impacts and other exposures that cause environmental and/or
economic impacts.

Unlike a chemically homogeneous gaseous pollutant, particulate matter is a complex mixture of
chemicals distributed over a wide range of particle sizes, with wide variation of chemical
composition across patrticle size ranges. Moreover particle size and composition vary over time
and between geographic areas. Consequently, the effects of particulate matter reflect its
heterogeneous nature — different materials in different size ranges may have very different
effects.

California law allows broad flexibility for air quality standards to address “public health, safety,
and welfare, including, but not limited to, health, iliness, irritation to the senses, aesthetic value,
interference with visibility, and effects on the economy” [H&SC 39606(a)(2)]. In establishing the
State PM10 Standard, the Air Resources Board declared that PM10 is “the fraction of inhalable
particles which cause adverse health effects” and it should be “specifically addressed in a
health-based standard” (ARB, 1982).

California has legal authority to define additional standards to specifically address other
particulate matter effects. The PM10 standard is, therefore, not burdened with the requirement
to cover all aspects of particulate matter pollution, and a separate State standard for “Visibility
Reducing Particles” was created to address the dominant welfare effect of particulate matter -
haze.

This section presents a brief overview of welfare effects and their regulation under State and
Federal law to place the present PM10 review in the larger context of the role of particulate
matter in the global environment.

8.2 Optical Effects: Visibility and Climate

The effects of particulate matter (aerosols) on visibility and climate are caused by the same
optical processes. Visibility is reduced when aerosols interfere with light passing between an
observer and a distant target; climate effects occur when aerosols interfere with incoming solar
radiation or outgoing terrestrial radiation, changing the net energy balance between Sun and
Earth. Where, how, and how intensely these interactions occur determines whether or not they
are matters of regulatory concern. (The following discussion is highly simplified, the reader is
referred to Friedlander (1977) for a full review of aerosol optics.)
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8.2.1 How Particles Interact with Light

When a beam of electromagnetic radiation (“light”) encounters the gases, particles and droplets
that comprise the atmosphere, some light is scattered, some is absorbed, and some continues
along its original path. The obscuring quality of a particular volume of air is termed “turbidity”;
the experience of turbidity is the perception of “haze.” The reduction of intensity of a beam of
light as it moves through the atmosphere is termed “extinction,” expressed as the “extinction
coefficient” — the natural logarithm of the fractional change in intensity per unit distance
(Middleton, 1952). Extinction is conventionally reported in units of “inverse megameters”
(1/1,000,000m, or “Mm ™). Extinction is defined by the fundamental radiation transfer equation:

l = lp e Bt (8.1)

where |, is the intensity of a beam at the beginning of the beam path, | is the intensity at the
end of the path, e is the root of natural logarithms (2.718...), Bey is the extinction coefficient per
unit distance, and d is the path length.

Under typical ambient conditions, extinction by various materials and processes is additive.
Total extinction is the sum of scattering and absorption:

Bext = Bscat +Babs

Total extinction can be directly measured by observing the reduced intensity of a beam of light

over a fixed distance, or scattering and absorption can be measured independently (monitoring
methods are addressed below).

The strength of extinction is a function of the wavelength of the light, the density of the air, and
the concentration, size and chemical composition of particles and droplets (aerosols). The
extinction coefficient is additive, consisting of the sum of independent extinction due to n
components of the atmosphere:

Bext = San(B*C (8.2)

where B; is the extinction coefficient per unit mass for the i-th component, and G is the mass
concentration of the i-th component.

8.2.2 Components of Extinction

Extinction can be represented as the linear sum of four generic components: scattering and
absorption by both gases and particles. This is represented by the equation:

Bext = Bsg+ Bag+ Bsp+Bap

Assessing the causes of strong extinction usually involves addressing each of these
components separately.

Under typical ambient air conditions, Bsg, also known as “Rayleigh scattering,” is a function of air
density (thus a function of altitude), and proportional to the fourth power of wave number
(inverse of wavelength):

Bsg (Mm™) =12 *r OG0 )* / (.00123)
where r = air density (g/cm®) and | = wavelength (nm).

For green light (the middle of the visible range) at standard conditions:
Bsg =12 Mm™

Light absorption by gases, B, for clean air and visible light, is practically zero. In urban
atmospheres, nitrogen dioxide absorbs blue light, causing a yellowing of the sky and distant
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targets. Outside the visible range, gaseous components of the atmosphere exhibit strong
absorption at various wavelengths in both the ultraviolet (especially ozone) and infrared
(especially water vapor and carbon dioxide) portions of the electromagnetic spectrum.

Bsp is generally the largest component of extinction. For a given mass of aerosol, the largest
determinant of scattering is particle size. If the aerosol size distribution and composition are held
constant, then, for typical atmospheric particle loads, scattering will be proportional to particle
concentration. If the particles contain hydrophilic chemicals (e.g., nitrates, sulfates), the size
distribution may change with humidity. Raising humidity will promote particle growth through
absorption of water, increasing scattering with no change in pollutant concentration.

The scattering power for a particular amount of aerosol can be expressed as effective surface
area - the scattering cross-section (cm?). If the volume or mass or aerosol is known, “scattering
efficiency” can be expressed, respectively, as the volumetric scattering efficiency (cm?cm?) or
the mass scattering efficiency (cm?/g). Using appropriate units:

B, (Mm™) = Efficiency (m?/g) * Concentration (ng/m®)
(see egn. 8.2 above)
Particle size is very important for scattering (Friedlander, 1977).

The relationship between size and particle scattering efficiency for monochromatic light (a single
wavelength) is plotted in Figure 8.1. The scattering cross section of particles much smaller than
the wavelength of the light being scattered (d/I <0.1) is negligible. For particles much larger than
the wavelength (d/l >10), the effective cross section tends toward twice the actual cross section.
For particles near the wavelength, complex electrical interaction between light waves and
particles accentuates scattering, increasing it to about 4 times the particle cross section for
particles near d/I =2 (a process known as Mie scattering).

Expanding to all wavelengths of visible light, scattering efficiency is near zero for particles less
than .05 nm diameter, less than 1 m*cm? for particles near 0.1 mn diameter, rises to a peak at
about 10 m?/cm3 in the range .4 to .7 mm diameter, then falls to less than 1 m%cm? for particles
greater than 2 mm diameter and continues to decrease as the inverse of diameter for larger
particles (Friedlander, 1977). Applying these physical characteristics to observed ambient
aerosol size distributions, Friedlander (1977) calculated that light scattering is dominated by the
population of particles between 0.2 and 2 mm diameter (Figure 8.1).

Absorption by aerosols, By, is essentially a function of particle composition and total aerosol
surface area. The strongest and most common absorbing aerosols are composed of nearly pure
carbon (“elemental carbon”, “EC”, or “soot”); some soil materials also absorb some visible light
(especially iron oxides), but with only a fraction of the efficiency of carbonaceous aerosols.
Aerosols composed of a mixture of EC and other materials exhibit intermediate absorption
efficiencies, roughly proportional to their EC content. Absorption is moderately sensitive to
particle size. Very small particles (d/l <0.1) don't interact efficiently with light waves. For
particles with d/l >0.3, absorption is roughly linear to total particle surface area, with the
influence of particle size driven by the geometric decrease in surface area/volume ratio as size
increases (m?/cm?® p d*?).



K scat

4 8
d/A

Figure 8.1a Monochromatic single particle scattering (Mie scattering; Friedlander, 1977).

B scat

d (pm)

Figure 8.1b Particle light scattering vs. size in a typical urban aerosol (Friedlander,
1977).
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8.2.3 PM10 and Extinction

Uniting the foregoing theoretical discussion and the discussion of PM composition in an earlier
chapter (Chapter 3), it is evident that the smaller particles within PM10 (i.e., those below 2.5 mm
diameter) play the dominant role in light extinction. Analysis of detailed aerosol data from over
5000 samples taken at 36 undeveloped rural sites across the United States (Sisler, et al., 1993)
indicates that fine aerosols (PM2.5) exhibit 2 to 20 times more extinction efficiency per unit
mass than do coarse particles (i.e., between 2.5 and 10 nm diameter), depending on chemical
composition and relative humidity. For remote rural sites in California, their data (Sisler, et al.,
1993) show that average coarse material light extinction is consistently less than 10 percent of
the total. In urban areas, where fine material is more abundant, the coarse particle contribution
to extinction is frequently even smaller.

8.2.4 Visibility

“Vision” is a psychophysical process involving light focusing and perception by the eye and
image formation and interpretation by the brain. The process is subject to basic physiological
limitations such as light sensitivity, spatial resolution, and color differentiation. Psychological
processes control the brain’s conversion of optic nerve signals into the perceptual components
of vision, such as image formation, object recognition, and esthetic appreciation. Visual acuity
varies among individuals due to interacting factors of physical and perceptual capabilities and
acquired skill due to training and experience [this discussion is necessarily simplified, the reader
is referred to Middleton (1952), ARB (1989), and Malm (1999)].

“Visibility” refers to the perceptibility of a distant target or scene. Variation of illumination,
contrast, color, spatial frequency (target size and detail), background, foreground, etc., and the
psychophysical variations among potential viewers combine to make “visibility” a very subjective
concept. Managing visibility requires developing policy tools (such as air quality standards) that
link physical qualities of the atmosphere to the subjective human experience of haze (ARB,
1989). This requires accepting a fundamental abstraction: regulating and managing the optical
density of the air is a reasonable substitute for regulating the quality of human visual experience
(ARB, 1989).

8.2.5 Measuring Visibility
8.2.5.1 Visual Range

In order to characterize atmospheric turbidity consistently and repeatably, measurements need
to be standardized. “Visual Range” (V,), in the parlance of meteorology or air pollution, is an
operationally defined observation: the greatest distance at which a large black object can be
distinguished from the background sky around a majority of the horizon circle. This method
reduces the variation among definitions of “visibility,” but imposes other strict limitations by
requiring sites with clear views of the horizon in all directions and dark objects to view at varying
distances in all directions. Moreover, it does not address differences among viewers.
Nonetheless, visual range data are the best source of historical visibility information (Trijonis,
1980).

Visual Range data from many stations are significantly biased by lack of appropriate viewing
targets. Historically, most Visual Range data have been recorded as part of routine weather
observations at airports. Since low visibility impairs airport operations, “Airport Visibility” records
are often biased toward reporting low visibility events, while moderate and good visibility are
frequently grouped together as “greater than 10 miles” or “greater than 30 miles” (Trijonis,
1980). As weather observations have been increasingly automated, “Meteorological Visibility”
(Visual Range) observations at many locations have been replaced with instruments calibrated
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to replicate human observations; unfortunately, these instrumental records also replicate the
bias toward measuring low visibility.

Visual Range from airport observations can be related to extinction if appropriate assumptions
are applied. Human perception is much more sensitive to contrast than absolute light intensity
(Middleton, 1952), so Visual Range can be restated as the distance at which a dark target
(inherent contrast with the background sky @100%) is barely discernable to a human observer
["liminal contrast” threshold for detection @ 5% (Trijonis, 1980)]. The fundamental radiation
transfer equation (eq. 1) applies for contrast as well as for intensity, so, substituting contrast for
intensity in eq. 1 gives:
Ci=Coe® (8.3)

where C, is the scene contrast at the target and C; is the apparent scene contrast at the
viewer's location.

Algebraically transforming eq. 3 to relate distance (d, or in this case, V) to extinction (Bey) and
using the contrast assumptions above and units of Mm™ gives:

V; = 2996 / Bey (8.4)
where V; is in km,
or
V, = 1857 / Bext
where V; is in miles.
The relationship in eq. 4 is generally known as the Koschmieder equation (Middleton, 1952).

Correcting for the limitations of airport data, Trijonis (1980) compiled a statewide assessment of
visibility in California. Although there have been some reductions in aerosol loading in parts of
the state, the general patterns he found still exist. No more recent statewide review exists.
Figure 8.2 shows Trijonis’ map of average visual range in California.

8.2.5.2 Instrumental Measurements

Since meteorological records are imperfect sources of visibility data, both Federal and California
visibility monitoring programs use specialized monitoring methods designed to characterize
“visual air quality” in a manner compatible with routine air quality management programs.

By measuring the physical property of “extinction” or its components (scattering and absorption)
instrumentally, the “human factor” is eliminated altogether. Extinction can be related to
measured aerosol characteristics (mass, size, chemical composition, etc.) both empirically (e.g.,
through regression analyses) and by calculating extinction “from first principles” using detailed
knowledge of aerosol characteristics. These approaches allow management of visual air quality
through the same types of measurement, modeling, and control programs that are used for
other air quality purposes.

California’s instrumental measurement of extinction, California Method “V”, consists of side-by-
side measurements of light scattering using a nephelometer and light absorption on a filter
(modified from the “Coefficient of Haze” protocol), and supported by measurements of relative
humidity (RH) (ARB, 1989). This provides direct observation of aerosol optical properties at the
location of the monitoring site.



Figure 8.2 Average Annual Visual Range in California (Trijonis, 1980)

Determining the causes of the observed extinction depends on additional aerosol monitoring to
identify the particular aerosol components present when visibility is poor, and then linking them
to emission sources. Optical data (COH & nephelometer) consistent with Method V are
available from 15 sites in the state. To date, implementation of full Method V visibility monitoring
(i.e., including RH) has been restricted to a few sites in the South Coast Air Basin and the Lake
County Air Basin.

The United States national visibility monitoring is done by the Interagency Monitoring of
Protected Visual Environments (IMPROVE) program (Sisler, et al., 1993). The primary
IMPROVE protocol consists of size-selective aerosol collection (total PM10 mass and PM2.5
mass and elemental analysis) supported by a long-path transmissometer to measure total
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extinction over a fixed sight path near the monitoring site. Measurements of light absorption are
taken from the PM2.5 particle filters; subtracting absorption from total extinction gives a
measure of scattering. Some IMPROVE sites also employ nephelometers. Because the
IMPROVE program combines optical and aerosol monitoring, the particular pollutants causing
low visibility at an IMPROVE site can be assessed directly by analyzing the monitoring data.
The IMPROVE network in California consists of six sites with records beginning in 1989, and 8
additional sites added in 2000.

8.3 Effects: Aesthetic, Economic, and Operational

Low visibility can result from natural causes (e.g., fog, volcanic eruption, forest fire smoke), from
purely anthropogenic causes (e.g., industrial smoke, diesel exhaust), from mixtures of natural
and anthropogenic aerosols (e.g., “agricultural haze” consisting of dust and combustion
products), or from interactions of natural processes and anthropogenic activities (e.g., nitrate
haze, smoke from prescribed fires). The fact of low visibility is not, of itself, cause for regulatory
concern; rather, it is the combination of human cause and adverse effect on human activity that
drives visibility regulation. While instrumental measurement and source identification can
guantify the anthropogenic factors in the timing and intensity of poor visual air quality, identifying
undesirable effects and determining appropriate levels of controls is wholly in the realm of
policymaking.

There are three broad categories of effects due to reduced visibility: aesthetic, economic, and
operational. Aesthetic effects, such as impairment of vistas in national parks, animate the
present National visibility program. Economic effects, such as reduced tourism or depressed
real estate values, are largely a secondary impact of aesthetic effects. Finally, operational
impacts arise when low visibility interferes with “business as usual” such as airport operations,
or causes short-term calamity (e.g., chain reaction accidents on freeways). Establishing visual
air quality goals for each type of impairment involves balancing the effort and cost of control
against the “value” (social and financial) of expected reductions in the frequency and intensity of
visual impairment.

8.3.1 Aesthetic Effects

Aesthetic effects dominate the visibility regulatory landscape. The Federal visibility protection
program derives from a tradition of National Park and Wilderness conservation based on
eliminating all traces of human activity and preserving “pristine nature” in undisturbed enclaves
— defined in the CAA as “Class I” areas. The FCAA defines the “national goal” as “prevention of
any future, and the remedying of any existing, im