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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
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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,

1-3



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.

1-4



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
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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.
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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.

Meteorological
Conditions
&
6{\690 at Sources G o
« — L
7
Imported . Primary
Pollutants pfeCUr - RES Emissions
So,-s Y ?‘60
Secondary
Aerosol
¢m
Meteorological Conditions in Area
Transport, Dispersion, Deposition
jn}
Measured Measurement Ambient Atmospheric Visibility
- | . | .
Concentration Protocol Concentration Optics Impairment
7]

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
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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 