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reanalyses were similar to those of the original authors, the new HEI analyses used techniques
that revealed a more complex, non-linear set of relationships among pollutants, season, and
mortality. The authors concluded that the Philadelphia data showed a relationship between air
pollution and mortality, but that it would be difficult to use the results of this single study to
attribute such effects solely to particles. The combined pollutant mortality relationships are of
some interest. The first HEI analysis explored the relationship betwgen SO and TSP in depth.
The relationship between TSP and mortality indicates a monotonically increasing response occurs
only at particle levels above 100 ug/m TSP. This result is consistent with either a no-observed-
effects level for TSP at 100 ugfm or a reduced association caused by a correlation,with SO at
lower concentrations. Conversely, SO displays a monotonically increasing concentration
response function from the lowest levels to about 40-60 ppb, where the curve flattens out. Itis
difficult to find a plausible mechanism for such a concentration-response relationship for a single
pollutant, suggesting confounding is likely.

Dockery et al. (1995) commented on the HEI analysis, suggesting that TSP and SO are
indicators of a more appropriate risk factor, such as fine particles. The facts that fine particle
sulfates and SO share a common source in Philadelphia and that the coarse fraction of TSP is
poorly correlated with the fine fraction (CD, Table 6-15) indicate that either or both pollutants
could reasonably serve as a surrogate for fine particles. In this event, SO itself might play no
direct role in causing effects, with only a fraction of TSP participating. Resolution of the merit of
the original investigator’s suggested hypothesis, however, must await the results of subsequent
studies that use fine particle indicators in lieu of TSP.

In evaluating the findings in Philadelphia, an important consideration is the evidence on the
penetration and deposition of particles in the respiratory system as compared to SO . Although
guantitative support is lacking, the discussion of controlled human and animal studies of particles
indicates that smaller particles can more effectively penetrate to the portions of the lung where
irritation or other interactions with lung tissues might produce effects. (See section V.A above).
Beyond reflex broncho-constriction observed only at very high peak levels, however, deep lung
effects of SQ are minimal because gas-phasg SO is generally efficiently removed in the

extrathoracic region in humans (U.S. EPA, 1994c). This lack of penetration in the lung greatly
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reduces the likelihood that SO alone could produce significant cardio-pulmonary effects,
particularly for sensitive individuals spending more of their time indoors wheye SO
concentrations are low due to rapid removal by indoor surfaces. However, one mechanism by
which SQ can be transported deeper into the lung is absorption or dissolution onto the surfaces
of atmospheric particles (See Section V.F). In this case, the complex results reported by HEI in
regard to effects associated with, SO exposure might be partially reflecting varying atmospheric
interactions of the two pollutants, rather than a direct SO effect.

Given the difficulty in ascribing effects to a single pollutant in Philadelphia or similar cities
where elevated particles are associated with SO , confounding,by SO can be addressed by
assessing the PM/mortality relationship in areas with low levels of SO . Dockery et al., (1993)
found no association between SO and mortality in Kingston and St. Louis, areas with
considerably lower SO levels. While consistent associations between PM and health effects are
observed across the different studies, the reported association between health effecis and SO can
vary widely. In Steubenville, the association betweepn SO and mortality was ten-fold greater than
in Philadelphia (i.e., coefficients of 0.0104 versus 0.00132 per ppb) (Schwartz and Dockery,
1992a,b) although the two areas have comparable SO levels.

In a single city such as Philadelphia, wherg SO and PM levels are highly correlated, it is
more difficult to ascribe the observed mortality effects to a single pollutant. In such cases,
consideration of the observed relationships and relevant information on air quality, indoor
exposures, dosimetry, and mechanisms suggest that it is unlikely that an independent effect of SO
is occurring that does not involve PM. Moreover, given the number of studies using different
methods to correct for potential confounding in areas of high and lgw SO that find an association
between PM and mortality, it is unlikely that SO is responsible for all of the observed
associations between PM and mortality. Similarly, when the more severe morbidity endpoints
such as respiratory-related hospital admissions are considered, the presence or absgnce of SO is
also seen to have little effect on observed PM associations (see Table V-11, Schwartz, 1995a) in
most cases.

Ozone The co-occurrence of episodes involving high temperatures with elevated levels of

O, and PM raised the potential for confounding, particularly during the O season in large regions
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of eastern North America, Los Angeles, and some other cities). In such cases, covariate
adjustment has often been used to try to distinguish the effects of multiple pollutants. A number
of studies using such methods have found PM to be a stronger predictor of mortality than O
(Dockery et al. 1992b; Saldiva et al., 1995; Kinney et al., 1995; Ostro et al., 1996). Adjusting for
the presence of O did not significantly affect the associations with PM and mortality. For
example, in Los Angeles, which has the highest concentrations of O studied, investigators found
a significant association between both PM agd O mortality when each pollutant was entered into
the model separately, but found no significant association betwgen O and mortality in models that
included PM (Kinney, 1995). On the other hand, the coefficient for PM remained stable ywhen O
was in the model along with PM, but the uncertainty in the PM association increased, making it
marginally significant; this finding suggests that the PM-mortality association was not completely
independent of © (CD, p. 13-55). In Santiago, where a negative correlation exists befween O
and PM levels, no association was observed betwgen O and mortality across a full year even
without PM in the model; this was despite summertime valueg of O that were twice the U.S.
standard (Ostro et al., 1996). In the Utah Valley, O and PM were also negatively correlated, and
the inclusion of @ as a covariate strengthened the estimated PM effect (Pope et al. 1995a, Table
V-3). Furthermore, the relative risk estimates for PM were relatively unchanged and there was
little increase in the width of the confidence interval after inclusion,of O in the model, and
indicating little evidence of confounding of the PM effect (CD, p. 13-52).

Samet et al., (1996a) extended their analysis of the Philadelphia mortality data by
examining combinations of multiple pollutants (TSR, O ,,NO , SO, and CO). This analysis found
a low correlation between PM and O , indicating independence between the two pollutants.
Ozone had a stable and significant association with mortality that appeared to be independent of
the other pollutants. The effect estimate for TSP was lowered, but remained significant;when O
was added to the model. The CD reanalysis of the HEI results suggestg that O may be a
potential confounder of TSP in the summer, but not in other seasons (CD, p. 12-297).

In some locations, the potential foy O to confound the effects caused by PM is minimized
by the low concentrations of,O observed during seasons which show a robust PM effect.

Examples include Utah Valley and Santa Clara, where O levels are minimal in the winter when
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the PM levels are high (Pope et al., 1992a; Fairley, 1990). The discussion above of confounding
by weather notes a number of cities with cooler climates, where particles are associated with
mortality, which would have low O levels.

There is a higher potential for,O confounding for the risk of respiratory-related morbidity,
because multiple studies have demonstrated apparent separable associations between respiratory
effects and PM and O concentrations. Moreover, the recent review of the O criteria found that
the biological basis for O aggravation of respiratory symptoms was supported by controlled
human and animal studies (EPA, 1986c). The respiratory-related hospital admission studies often
find O, and PM are each singularly associated with respiratory-related admissions (Schwartz,
1994d; Schwartz, 1996; Burnett et al., 1994). When both pollutants are modeled together, the
association between PM and respiratory-related admissions in general remains relatively
unchanged, indicating a separable effect independent of O . The potential for O confounding for
cardiac-related hospital admissions appears to be much lower. Two studies have reported that
PM is associated with cardiac hospital admissions but O is not (Burnett et al., 1995; Schwartz
and Morris, 1995).

Carbon MonoxidéCO). The lethality of high concentrations of CO is well documented;

as such, it must be considered as a potential confounder in community studies (U.S. EPA, 1991).
Three of the short-term PM exposure studies examined the effect of CO on the PM/mortality
relationship. A study in Athens found a significant association between mortality and CO and PM
when each pollutant was considered separately (Touloumi et al., 1994). When considered
together, only PM remained significantly associated with mortality. However, there was a high
correlation between CO and PM making such separation difficult. Similarly in Los Angeles,
where CO and PM were also correlated, positive associations between each pollutant and
mortality were reported when both were evaluated simultaneously (Kinney et al., 1995).
However, in Chicago, insignificant associations were reported between CO and mortality (Ito et
al., 1995). The recent analysis by HEI of Philadelphia also evaluated the role of CO in mortality
(Samet et al., 1996a).irfllar to the other studies they found a moderate correlation between

TSP and CO concentrations, and they considered CO, along with SO and NO to be interrelated

with TSP because of their common sources. Their results show that the average CO
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concentration on current and previous day was never significantly associated with mortality,
whereas CO lagged by three and four days, was significantly associated with mortality. The
authors note that this finding was not expected given the mechanism of CO toxicity and the half-
life of carboxyhemoglobin. With TSP and lagged CO in the model, they find both TSP and

lagged CO level are each significantly associated with mortality. Based on an extended analysis of
these results, the CD finds that TSP effects can be reasonably distinguished from CO in all
seasons (CD, p. 12-297).

The results from these studies are inconsistent with respect to CO. Because of the nature
of urban sources of CO as well as indoor sources, exposure misclassification may introduce
significant problems, which reduces the ability of community studies to detect a CO effect. In
addition, while cardiovascular effects are plausibly linked to CO, controlled studies do not suggest
CO is a respiratory irritant (U.S. EPA, 1991). It is therefore unlikely to confound studies
reporting respiratory related mortality, hospital admissions, or aggravation of conditions such as
asthma, all of which are linked to PM.

The potential relationship of CO and PM to cardiovascular effects was examined in the
Schwartz and Morris (1995) study of hospital admissions for cardiovascular diseases in Detroit.
They found an association between CO and PM and ischemic heart disease and congestive heart
failure admissions when evaluating each pollutant separately. When evaluated together, CO was
no longer associated with ischemic heart disease admissions, but the association with admissions
for congestive heart failure for both pollutants remained relatively unchanged, suggesting each
pollutant had a separable, independent association with congestive heart failure. While significant
exposure to CO in microenvironments characterized by high CO levels may render a hypoxic
effect on patients with cardiopulmonary disease, which may aggravate heart disease (see section B
above and Appendix D), it is unlikely that most patients would be exposed to such a level of CO.
In addition, once taken to the hospital or to other places with low CO the carboxy hemoglobin
levels of such patients would rapidly decline.

Nitrogen Dioxide(NO,). By comparison, fewer of the mortality studies have directly

assessed NO as a potential confounder of,PM effects. Several such studies have reported high

correlations between NO and PM in Los Angeles, CA; Toronto, Canada; and Santiago, Chile
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(Kinney, 1991, Ostro et al., 1996, Ozkaynak et al., 1994). Mixed results were reported
concerning the association between,NO and mortality. Kinney and Ozkaynak (1991) found a
statistically significant relationship with NO and mortality in Los Angeles, but reported that these
results were interchangeable with CO and PM, since the correlations were so high between these
pollutants. In Los Angeles and some other Western U.S. cities, nitrogen oxide emissions are
themselves a major source of fine particles and nitric acid. The Santiago study found, however,
that NO was not associated with mortality when included in the model of PM and mortality
(Ostro et al., 1996). Furthermore, the association between PM and mortality remained relatively
unchanged after addition of NO to the model. Similar results were found in the Sao Paulo study,
where NQ was not associated with mortality in adults after including PM in the model (Saldiva
et al., 1995). All these studies were conducted in areas of relatively high NO levels; Santiago had
the lowest mean level of 0.0556 ppm. A study in St. Louis, with a lower mean level of 0.02 ppm,
found no significant association between mortality and NO (Dockery et al., 1992b). While the
association between NO and health effects in these studies is inconsistent, the association
between PM and health effects remains positive and consistent, both across study areas with
varying levels of NQ and after controlling for NO in the model (Ostro e12®96; Saldiva et al.,

1995; Schwartz et al., 1994).

NO, was also included in the multi-pollutant analyses of mortality in Philadelphia.
Moolgavkar and Luebeck (1996) found that, when all co-pollutants were entered simultaneously
into their model, N@ appeared to emerge as the most important pollutant. By contrast, the
recent HEI multi-pollutant analysis (Samet et al., 1996a) of mortality in Philadelphia found that
with both TSP and NO in the model, the coefficient and the t-value for TSP increased. NO , on
the other hand, was not significantly associated with mortality when modeled alone, and when
TSP or all pollutants combined were included in the model, the coefficient for NO became
significantly negative. In essence, the more limited results fgr NO and mortality to date do not
show a consistent association.

2. Consistency and Coherence of the Epidemiological Studies

While individual studies indicate health effects are associated with PM, a more

comprehensive synthesis of the available evidence is needed to evaluate fully the likelihood of PM
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causing effects at levels below the current NAAQS. Because individual studies in themselves are
inherently limited as a basis for addressing causality, the consistency and coherence of the effects
across the studies must be considered. As noted above, it is too difficult to resolve the question
of confounding using these results from any single city because of the correlation among all the
pollutants (Samet et al, 1996a). The HEI investigators conclude that "insights into the effects of
individual criteria pollutants can be best gained by assessing effects across locations having
differing pollutant mixtures and not from the results of regression models based on data from
single locations” (Samet et al., 1996a). The consistency of the association is evidenced by its
repeated observation by different investigators, in different places, circumstances and time; and by
the consistency of the associations with other known facts (CD, Chapter 13; Bates, 1992). A
complement to consistent associations found for individual endpoints is coherence, which is the
logical or systematic interrelationship among different health indices, which should be
demonstrated across the studies of different endpoints. As the CD notes, the discussion of the
consistency and coherence of the epidemiological studies must be largely qualitative because it
relies on a series of judgments concerning the riélatf the individual studies (CD, p. 13-58).
The consistency and the coherence of the PM epidemiological evidence is discussed and evaluated
below.

a. Consistency

The CD summarizes over 80 community epidemiological studies evaluating associations
between short-term PM levels and mortality and morbidity endpoints in tables 12-2 and 12-8 to
12-13. Over 60 of these have found consistent, positive, significant associations between short-
term PM levels and mortality and morbidity endpoints. These studies have been conducted in a
number of geographic locations throughout the world, including the US, Canada, Europe and
Latin America, using a variety of statistical techniques, and with varying temporal relationships.
Despite the variations in the approaches, the effects estimate for each health endpoint is relatively
consistent among the studies. Figure V-2 displays the estimated relative risk per 50 pg/m PM
increase derived from the U.S. and Canadian short-term studies of mortality and morbidity effects
presented in Tables V-4, V-6, and V-7.
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Clearly, the relative risk estimates exhibit some variation for particular endpoints. For
example, the relative risk estimates for mortality associated with a 50 pg/m3 increase in PM10
range from 1.02 to 1.08. The CD observes that this kind of variation in the RR estimates would
be expected for the following reasons: 1) the relative toxicity of PM varies from region to region;
2) the demographic and socioeconomic characteristics of the population vary regionally; 3) the
health status, and thus the distribution of the sensitive population vary regionally; and 4) ambient
PM levels vary regionally. Thus, the CD concludes that some variation in the RR estimates is not
inconsistent with a real effect of PM exposure on daily mortality (CD, Section 13-4.1.1).

Similarly, some variation in the RR estimates for morbidity endpoints would be expected, as is
observed in Figure V-2.

The large number of studies in a number of different geographic areas, provides an
opportunity to evaluate the consistency and sensitivity of the PM estimates to different levels of
potential influence by weather and copollutants. Such an evaluation allows consideration of both
the potential for confounding from these factors and interpretation of whether the observed health
effects are attributable to PM or to the complex air pollution mixture. As for confounding, the
CD notes generally similar RR estimates for acute mortality in different studies with different
levels of potential confounding copollutants lend credibility to the conclusion that the PM
mortality effects are real (CD, p. 12-33).

If PM is acting independently, then a consistent association should be observed in a variety
of locations of differing relative proportions of particles and potential gaseous pollution
confounders. If, instead, the observed PM effect results from influence from another pollutant,
either through confounding or synergistic interaction, the associations with PM would be
expected to be consistently high in areas with high concentrations of the pollutant, and
consistently low in areas with lower concentrations of the pollutant. In addition, consistent PM
effects across a range of pollutants indicates would indicate that it is more likely that there is an
independent effect from PM, that is not confounded by other components of the air pollution mix.
Figure V-3 shows the reported relative risk of M effects and associated levels of SO, NO ,
O;, and CO from studies conducted in the U.S. as reported in Table V-3. The relative risks are

those reported in each of the studies, unadjusted for the other pollutants. The figure indicates that
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the association with P}yl remains reasonably consistent through a wide range of concentrations
of these potentially influential pollutants. While it is possible that different pollutants may serve to
confound or otherwise influence particles in different areas , it seems unlikely that this would lead
to such similar associations and relative risk numbers for particles. Within the observed range of
relative risk, however, it is certainly possible that other pollutants might modify the apparent
effects of particles by atmospheric interactions (e.g., through dissolution/adsorption or aerosol
formation reactions) or by independent effects on sensitive populations (e.g. respiratory function
changes from © or SO ) as described in the previous section. Moreover, the possibility of
exposure misclassification for primary gaseous pollutants (e.g., CO, SO ) could diminish their
apparent significance. Nevertheless, epidemiological studies have been conducted in a broad
range of areas across the U.S. and Canada, where meteorological and pollution patterns vary
distinctly. These studies find a consistent, positive association between PM and mortality and
morbidity effects. The CD has concluded that the effects are unlikely to be explained by weather
(CD, p. 13-54), that the PM effects are not sensitive to other pollutants and the "findings
regarding the PM effects are valid" (CD, p. 13-57).

b. Coherence

In addition to the consistently observed associations for each effect, this collection of
studies shows coherence in the kinds of health effects associated with PM exposure. The CD
provides a qualitative review of the coherence of the health effects associated with both short-
term and long-term exposure to PM (CD, Tables 13-6 and 13-7). Short-term exposure to PM is
related to a number of effects ranging from mortality to morbidity and changes in lung function
and respiratory symptoms. The association of PM with mortality is mainly linked to respiratory
and cardiovascular causes, which is consistent with the range of observed morbidity effects, from

respiratory and cardiovascular-related hospital admissions to changes in lung function. In

®In this interpretation of the results advanced by Moolgavkar and Luebeck (1996), CO, for example, would
lead to a false association with particles in Utah Valley where SO was low, gnd SO would lead to a false particle signal
in Philadelphia, where CO levels were more modest. Such a serendipitous combination of variable confounding would
make the more ubiquitous pollutant, particles, appear to be consistently associated with the effect. In this event, at least
two other pollutants, or an unidentified substance(s) correlated with them, would be associated with mortality and other
effects.
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addition, the CD tables show a number of similar health effects are associated with both long-term
and short-term exposure to PM.

This qualitative coherence is further supported by quantitative coherence across several
endpoints as demonstrated in Figure V-2 and Table V-10 which also provides some perspective
on the baseline incidence for effects of concern. Observations of increases in cardiovascular and
respiratory mortality associated with PM should be accompanied by more frequently occurring
increases in hospital admissions for the same causes. Table V-10 shows this to be the case. Using
the RR estimates developed in Chapter 12, the CD finds about 0.3 respiratory deaths expected per
day per million for all age groups attributable to a 50 |fg/m increase in PM. The CD notes a
higher expected increase in respiratory-related hospital admissions of 2.0 per day per million in the
total population. Similar results are found for cardiovascular deaths, with 0.9 cardiovascular
deaths and 2.3 cardiovascular hospital admissions per million per day associated with &50 pg/m
increase in PM. There are some numerical inconsistencies in Table V-10, but, given the diversity
of the studies and analytical methods used to derive the estimates, the coherence between the
mortality and morbidity endpoints is consistent with expectations (CD, p. 13-64).

The coherence is further strengthened by multiple studies demonstrating associations with
a range of effects in the same population. Studies in Detroit, Birmingham, Philadelphia and Utah
Valley show increased frequency of a variety respiratory and cardiovascular related health effects
associated with PM exposure in the same population (CD, Section 13.£8r59xample,
studies in Utah Valley have shown a number of closely related outcomes associated with PM
exposures, including decrements in lung function, increased respiratory symptoms, increased
medication use in asthmatics, and increased elementary school absences (frequently due to upper
respiratory illness). Finally, there is coherence in the sense that the observed health effects, which
are related to respiratory and cardiovascular causes, are those that would most likely to be
associated with the inhalation route.

The CD concludes there is evidence for increased health effects risks associated with PM
exposure ranging in severity from asymptomatic pulmonary function decrements, to respiratory
and cardiopulmonary illness requiring hospitalization, and finally to excess mortality from

respiratory and cardiovascular causes (especially in those older than 65 years of age) (CD, p. 13-
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67). Such a coherence of effect greatly adds to the strength and plausibility of the association
(Bates, 1992).

F. Health Effects Associated with Fine and Coarse Fraction Particles

The health effects information summarized in previous sections of this chapter and in the
criteria document provides substantial evidence that ambient PM, alone or in combination with
commonly occurring pollutant gases, is associated with small but significant increases in mortality
and morbidity in some sensitive populations at concentrations below the levels of the current
ambient standards for PM. An examination of potential confounders and other methodologic
issues associated with these studies suggests that these associations are valid (Section V.E).
Taken together, the extensive body of recent epidemiologic studies show both qualitative and
guantitative consistency suggestive of causality, although supporting evidence for plausible
mechanisms of action that have been hypothesized is lacking in the published literature. The
purpose of this section is to examine the health effects evidence most useful in determining which
PM measure(s) are the most appropriate surrogate(s) or indicators for those components of PM
that are most likely to be associated with the array of health effects discussed in the previous
sections of this chapter.

A substantial body of quantitative effects information exists fof,PM , which is the
indicator most frequently used in recent community studies (CD, Tables 13-3, 13-5). Particle
dosimetry and mechanistic considerations continue to suggest that typically occurring ambient
particles capable of penetrating to the thoracic regions of the respiratory tract (i.e. <10um
diameter) are of greatest concern to health (Section V-B). As discussed in Chapter,|V, PM
occurring in ambient atmospheres is composed of two distinct mass fractions (fine mode and
coarse mode fractions). Based on atmospheric chemistry, exposure, and mechanistic
considerations, the CD concludes it would be most appropriate to “consider fine and coarse mode
particles as separate subclasses of pollutants” (CD, p. 13-94) and to measure them separately in

order to plan effective control strategies.
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Accordingly, this section summarizes evidence on the health effects associated with fine
and coarse fraction particles , with an emphasis on epidemiologic results the criteria document
judges as most useful in making quantitative conclusions. While the epidemiological data
providing a direct comparison of the health effects of fine and coarse particles are quite limited in
comparison to that of P (which contains both coarse and fine mode fractions), multiple
indicators of fine mass and/or its constituents {PM , SO , COH, KM, BS) have been associated
with short term effects in over 15 different cities on three continents. In addition, in community
studies where Pl is known to be dominated by fine (e.g. Philadelphia) or coarse (e.g.
Anchorage) particles, some qualitative inferences can be made about the dominant fraction. The
following sections review the epidemiologic evidence presented in the CD for health effects
associated with fine and coarse mode particles and discusses their implications. The discussion
addresses 1) community studies using fine particle indicators, 2) community studies directly
comparing fine and coarse fractions, 3) studies of,PM effects in communities with high coarse
particle levels, and 4) insights from air quality, toxicology, and controlled human studies on
particle characteristics as they relate to the potential toxicity of the two fractions.

The focus of this examination is on evidence that permits a quantitative evaluation of the
extent to which fine and coarse fractions of PM are most likely to be associated with the key
health effects categories of mortality, morbidity, symptoms, and functional changes in sensitive
populations. This is a more meaningful and tractable comparison than that betwgen PM and the
fine fraction of PN, , which is inherently confounded. Given the profound physicochemical
differences between the two subclasses of,PM , it is reasonable to expect some differences may
exist in both the nature of potential effects and in the relative concentrations required to produce
similar responses. In this regard, components within both pollutant classes could be implicated in
causing effects, but the level and nature of risk posed may vary between the two. In that event,

the most appropriate protection from the effects of particles smaller than 10 pm would be

"Tables 13-6 and 13-7 of the CD provide a qualitative summary of the strength of the epidemiologic evidence for
several alternative indicators of PM, including thoracic, fine, coarse, and individual components of fine particles (sulfate
and acids).
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provided by consideration of more than one indicator in developing control strategies. (CD, p. 13-
94).
1. Epidemiological Studies using Fine Particle Indicators

This section briefly summarizes the epidemiological evidence on the health effects
associated with fine particles as measured by a variety of indicators. As noted in the CD (Tables
13-6, 13-7), community studies have shown fine particles to be associated with a range of health
outcomes, including mortality in sensitive population groups, increased hospitalization,
respiratory symptoms, and decreased lung function. While a number of the studies used an
indicator of fine particle mass, such as sulfates, many of them employed PM ,or PM
instruments. These studies are listed in Tables V-11, V-12 and V-13, with key aspects
summarized below.

a. Short-Term Studies

Tables V-11 and V-12 lists 18 studies identified in the CD as evaluating short-term
associations between mortality and morbidity and a number of different measures of fine particles.
Table V-11 lists studies that used filter based optical techniques (BS, KM, COH, see Appendix
B), which provide mainly qualitative support for an association of mortality and fine particles,
while Table V-12 lists quantitative results from studies reporting gravimetrically measured
components that serve as indicators of particles in the fine fraction (i.e. sulfates and acids), and
direct measures of PM or P\ . These tables indicate that statistically significant associations
have been found between fine particles and mortality in a number of cities. Six of these studies
found statistically significant associations with mortality and fine particles as measured with filter-
based optical techniques (BS, KM and COH), while two others could not separate effects of
particles from potential confounding by other pollutants (Kinney and Ozkaynak, 1991) or the
effects of a heat wave (Katsoyanni et al., 1993). More quantitative results on fine particles
(PM, ,) and mortality are provided by Schwartz et al (1996a), which includes 6 cities (Table V-
12). This study is reviewed in detail in the subsection V.F.2 below, along with other studies that
provide direct comparison of effects associated with fine and coarse particles.

Nine studies in the U.S. and Canada have found positive associations between short-term

exposure to gravimetrically measured fine particles or components (including sulfates and acids)
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and indicators of morbidity, including increased hospital admissions, increased respiratory
symptoms and decreased lung function (Table V-12). All the studies found a positive association
between PM; and measured health effects; in eight of the studies the associations were
significant. A particularly informative study was conducted by Thurston et al. (1994b) in

Toronto, which evaluated the associations of respiratory-related hospital admissions with a range
of particle indicators. This study is discussed below in subsection V.F.2.

b. Long-Term Studies

Table V-13 lists the studies the CD finds most useful for presenting quantitative estimates
of effects associated with long-term exposure to PM (CD, Table 13-5). Two recent prospective
studies, the Six City Study and the ACS study, reflect significant methodological advances over
earlier cross-sectional studies and provide the best evidence of the association between long-term
PM exposure and mortality. The relative strength of the results for fine and coarse indicators is
discussed below in subsection V.F.2.

The designs and approaches of the Six City and ACS studies are complementary in nature
(See Section V-13). The Six City study provided a more complete consideration of co-occurring
pollutants that might confound the results (O ,SO ,NO ), but lacked some power due to the
limited number of cities and the size of the total population included. The ACS study was
designed to test the major hypothesis derived from the Six City study, namely that long-term
exposure to fine particles (as PM or sulfates) was associated with increased mortality. The ACS
design improved upon the Six City study by evaluating a larger population in many more cities
across the U.S. (151) but, based on the earlier findings, did not include multiple pollutants. The
ACS study found a significant association between mortality and boih PM and sulfates (Table
V-13). For reasons discussed in Section V.C., the staff concludes the somewhat smaller effects
estimates from the ACS study are likely more useful for risk assessment of long-term mortality
than those from the Six City study. In addition, consideration must be given to the role of earlier
exposures to higher concentrations with respect to the applicability of these estimates based on a
few years of monitoring (CD, P 12-366). If the effects are the result of long-term exposures, as
opposed to the sum of episodic or daily effects, then the reported relative risk estimate are apt to
be high.
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Cross-sectional studies conducted by Ozkaynak and Thurston (1987, 1989) and Lipfert
(1988) provide some additional insights into the relationship between long-term exposure to fine
particle indicators and mortality. Ozkaynak and Thurston's cross-sectional analysis of various
particle measures and 1980 total mortality across US cities found the most consistent and
significant associations with fine particles and sulfates. In their analysis, TSP and PM were often
found to be nonsignificant predictors of mortality. Lipfert also analyzed 1980 total mortality
across US cities in relation to different particle measures (CD, p. 12-15). In general, when
evaluating single site TSP or RM and sulfates oy PM in models with the same covariates, the
effects estimates for sulfates and fine particles were generally larger than those for TSP or PM .
Some model specifications also show significant associations between mortality and multi-station
TSP. A supplemental analyses of the Lipfert 1980 data in the CD found that the introduction of
numerous potentially confounding variables (e.g. water hardness, sedentary lifestyle) reduced but
did not eliminate the Pp} effect on mortality (CD, Fig 12-7) . Clearly there are inherent
methodological issues with these ecological approaches, but they show evidence of associations
between long term measures of fine particles, including sulfates, and mortality that are
guantitatively more consistent with the lower risk estimates found in the ACS study (CD, p 12-
177).

Several studies have evaluated the association between long-term fine particle exposure
and increased respiratory symptoms and decreased lung function most which have been conducted
in children (Table V-13). The 24 city studies are of particular interest. These studies evaluated
the association between different measures of long term PN, (PM, ; PM, , SO and H ) and
respiratory symptoms and pulmonary function in children (Raizenne 1996; Dockery et al. 1996).
The one year surveys found a significant increase in bronchitis in children (one episode or more)
associated with particle strong acidity and fine particulate sulfates. Elevated, but nonsignificant

associations were observed between reporting a bronchitis and PM  and PM . No other

8n this example, the P) effect was reduced from 0.045 to 0.02 deaths pér pg/m . While it is likelyjttbataidd

some of these variables to the Six Cities and ACS cohort studies would reduce the effects estimates for these two studies
as well, the relevance and independence of including all of their variables (e.g., sedentary lifestyle and overweight) can
be questioned.



V-63

respiratory symptoms, including asthma symptoms, were significantly associated with any of the
pollutants.

In contrast to the earlier 6 city results, annual mean particle strong acidity, total sulfates,
PM, . and PM, were all significantly associated with FVC and FEV1 deficits (Table V-13). A
slightly larger FVC decrement was found for children who were lifelong residents of their
communities, though it was not significantly different. For the 24 cities, there was a strong
correlation between particle strong acidity and sulfates (r=0.90) and PM2.1 (r=0.82), but not with
PM,, (r=0.47). Thus, it is difficult to ascribe the association to any one of the 3 fine particle
indicators.
2. Community Studies Comparing Effects of Fine and Coarse Fraction PM

Several studies provide quantitative information directly comparing the association
between health effects and fine and coarse particles. They include an examination of short-term
PM exposure mortality in the Harvard six cities (Schwartz et al., 1996), a short-term exposure
hospital admission study (Thurston et al., 1994b), and the long-term exposure mortality Six City
Study (Dockery et al., 1993). Supporting information on long term effects can also be found in
the data from the ACS study (Pope et al., 1995b) and the 24 city study reports (Spengler et al,
1996; Dockery et al., 1996; Razienne et al, 1996).

a. Short-Term Comparisons

A recent analysis of mortality in six cities by Schwartz et al (1996) evaluated the
association between mortality and 5 different particle measures: coarse fraction particlgs (PM
minus PM . ); thoracic particles (PM, ), PM , Sulfates, and H+. Table V-14 highlights the
results for coarse fraction, thoracic, and,RM particles. The estimated increase in mortality
associated with Pl,; was positive in all the cities except for Topeka, where there was no
association (Table V-3). In all of the other cities, the observed increases ranged from 3.0 to 6%
for a 50 pg/mincrease in B (Table V-3), consistent with the range reported for previgus PM
studies (2 to 9%). A graphical display of the results for the components,pf PM suggests,
however, that most, if not all, of the RM effect in these cities appears to be due to fine particles
(Figure V-4). The estimated increase in daily mortality associated with PM  was consistently

positive in all 6 cities (0.8 to 2.2% for a 10 ug/m RM increase) and statistically significant in 3
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cities. In contrast, the relative risks for mortality associated with coarse particles was inconsistent
across the 6 cities (-1.3% to 2.4% for a 10 |#g/m increase in coarse particles) (Table V-14). The
association with coarse particles was significant only in Steubenville, but it is difficult to interpret
these results given the high correlation between fine and coarse particles (r=0.69) in this city. All
of the other cities have r of 0.45 or less. The negative but non-significant association between
PM,, and mortality in Topeka noted above appears to be driven by the coarse fraction. Although
Topeka has the highest percentage of crustal particles and the second highest average coarse
mass, coarse particles have a nearly significant negative association with mortality, while fine
particles have a positive but non-significant association. While greater measurement error for the
coarse fraction (see Section V.E above) could depress a potential coarse particle effect, this
would not explain the results in Topeka relative to other cities. Even considering relative
measurement error, these results provide no clear evidence implicating coarse particles in the
reported effects.

In a combined analysis across the 6 cities, PM was significantly associated with an
increase in mortality of 2.1% (CI 1.5% to 2.6% for & 25 to 75 percentile increasg in PM ). In
contrast, the coarse particles were associated with a small but insignificant increase in mortality,
0.4% (CI -0.1% to 1.0%, for a 5 to'75 percentile increase in coarse particles). To determine
whether coarse particles were independently associated with mortality, both fine and coarse
particles were considered simultaneously in the regression across all six cities. The estimated
effect for PM ¢ across the interquartile range remained unchanged with a significant association
with mortality (2.1%, Cl 1.5% to 2.6%). Conversely, the coarse particle estimate was
substantially lowered (-0.2%, CI -0.8% to 0.4% for the interquartile range). This study provides
clear evidence that fine particles are more likely to be responsible for the numerous observed
associations between RM and mortality. The study also evaluated the association with fine
particles by age and cause of death. Similar to studies gf PM and mortality, a higher RR
estimates for deaths from ischemic heart disease and deaths from chronic obstructive pulmonary
disease was found in their analysis (Table V-14). The authors note that this is a similar pattern to

that seen in London during the 1952 dramatic pollution episode.
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Thurston et al. (1994b) evaluated the association between summertime respiratory and
asthma related hospital admissions and 5 different particle measures: acids, sulfates, fine particles,
coarse particles and B . Without adjusting for the risk associated with concuyrent O levels, the
investigators found a significant association between respiratory-related hospital admissions and
all measures of particles except the coarse fraction. Only fine acids and sulfates were significantly
associated with asthma admissions in the univariate models. When O was included in the model,
only acids and sulfates remained significantly associated. The authors note the high correlations
between the other particle measures apd O concentration make it difficult to select a best
indicator, but these results provide no evidence of a coarse particle association with respiratory
admissions in an area meeting the,?M standards. The authors conclude that, based on the
relative strengths of hospital admissions associations, the particle indicator, could be ranked as H+
> sulfates > PM; > PM .

b. Long-Term Comparisons

The Six City study evaluated the relationship between mortality and long-term exposure to
particles using several indicators; total particles, inhalable particles, fine particles, coarse particles,
sulfate fine particles and non-sulfate fine particles (Dockery et al., 1993). Figure V-5 plots the
relationship between mortality risk and each of the particle indicators. Although such
comparisons involving only 6 cities should be viewed with caution, there is a trend toward
increasing associated of relative risk of mortality with the particle indicator as the size of the
particle indicator decreases (CD, Chapter 13). Although some association is apparent for TSP
alone, the “super-coarse” fraction of particles larger than 10-15 pm does not appear to be clearly
linked with mortality, particularly in areas other than Steubenville. This furtipgrosts the
notion that extrathoracic particles present a lower risk than thoracic PM. The distinction between
PM, , and coarse fraction (PM,, ) particles is less clear, although -- as was the case in the short
term mortality results above -- the relative risk for the city with the highest proportion of crustal
materials (Topeka) appears to be more consistent with a fine particle effect. For the other cities,
there is less difference between fine and coarse rankings.

Some additional insight into the Six City results is found in an ecological analysis of data

from the ACS study (Pope et al., 1995b). Figure V-6 shows scatterplots of adjusted mortality
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and PM as indicated by sulfate and TSP taken from the ACS study. These figures show a pattern
consistent with a sulfate mortality effect across a large number of cities, but no clear relationship
for TSP. The relative position of the six cities in these figures shows that, consistent with the
original study design (Ferris et al, 1986), which selected cities to show gradients in both TSP and
sulfur oxides, the mortality risk in the six cities shows an apparent relationship with both sulfates
and TSP. The similarity in gradients for mortality for both fine particles (sulfates) and TSP in the
six cities is not typical of the full set of 151 cities in the ACS study. Given the strong significant
association between fine particles and mortality in the full ACS and Six City cohort studies and

the lack of significant association with TSP in the ACS data (Pope et al., 1995b), the evidence for
chronic mortality effects appears to be stronger for fine particles than for coarse.

Both the ACS study and the Six City study found the increase in risk of mortality
associated with fine particle matter was mostly attributed to increases in cardiopulmonary
mortality. As noted in Section 5.C, the Harvard Six City study reported a 37 percent increase in
cardiopulmonary mortality associated with PM , and the ACS study reported a 31 percent
increase in cardiopulmonary mortality associated with PM

The negative results of the third prospective cohort study (Abbey et al, 1991) do not
diminish the above conclusions. As noted in section V-C, despite the theoretically improved
approach to exposure classification in this study (CD, p. 12-162), the choice of PM indicator
(days >200 pg/m as TSP) for a large number of Californialsitiés the inferences that can be
made about smaller particles sizes. Peak TSP in various times and places in California may be
associated with coarse agricultural or road dust or high photochemically derived fine particles.
Unlike other national cross sectional comparisons that use mean TSP from multiple monitors in
metropolitan areas spanning the East and Midwest U.S. (e.g. Lipfert, 1993 ), peak TSP in
California is less likely to be a useful surrogate for fine or thoracic particles. Thus, while neither
this study nor the ACS study finds a significant mortality effect of long term exposures to TSP,
only the ACS study tested this hypothesis with respect to fine particles using appropriate
measurements.

Staff also further examined the data in the 24 city studies of the effects of PM on lung

function in children (Raizenne et al., 1996). As noted above, the authors report significant
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associations between lung function and strong acids, sulfatgs, PM , and PM , but did not report
on any analyses for coarse fraction particles. Figure V-7 plots the lung function results for the 22
cities where such data were taken against both,PM and coarse fractign {PM ). The lack of
any significant association of coarse particles is apparent. The careful selection of the cities and
study participants was intended to provide a clear gradient across regions with elevated fine acid
aerosols and areas with lower levels, and to provide for a separation of potgntial O and PM
effects. Multiple pollutants and indoor conditions were considered. The use of children of similar
socioeconomic status and race reduces much of the confounding. This study provides clear
evidence of an effect of fine particles that is independent of coarse fraction particles.

A longitudinal study by Johnson et al. (1990) in five Montana cities evaluated the
association between lung function and TSP, fine and coarse particles in school children over one
school year. They found significant decrements in FEV1 for TSP and significant decrements in
FVC for fine particles, but at best, results were insignificant and inconsistent in effects for coarse
particles.

3. Epidemiological Studies of Areas Dominated by Coarse Particles

The studies discussed in Section V.F.2 above are the only ones cited in the CD to have
evaluated the association between directly measured coarse particles and health effects. In
general, such studies have found equivocal results, suggesting an inconsistent or insignificant
association between coarse particles and mortality and morbidity. However, with the possible
exceptions of Steubenville and Topeka, the concentrations of coarse particles were relatively low
and below those of fine particles, and measurement error could have influenced the results. The
CD identifies only two additional studies as suggesting morbidity effects associated with short-
term episodes of coarse particles (p. 13-47). In these cases, coarse particles were not measured,
but ancillary evidence indicates that measured,PM s likely to be dominated by coarse particles,
at least during significant episodes or seasons..

A study in Anchorage, Alaska evaluated the association betwegn PM and daily
outpatient visits taken from insurance claims for employees for the State of Alaska and the
Municipality of Anchorage (Gordian et al, 1996). They collected data on asthma, bronchitis,

COPD, congestive heart failure, diarrhea and upper respindibess ( defined as upper
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respiratory problems such as sore throat, sinusitis, earaches, rhinitis, and other nonspecific upper
airway problems). They were not able to evaluate COPD and congestive heart failure because of
insufficient number of cases. The investigators report that there are no industrial sources of the
fine portion of PV, in Anchorage, and the scanning electron microscopy of 10 random samples
found over 80% of the Py mass was between 2.5 to 10 um in diameter. Dajly PM values
ranged from 5 to 565 pgfm (corresponding to a volcanic eruption), with an average over the 22-
month study period of 45.5 ugfm . Gordian et al., report a 3-6% increase in visits for asthma and
a 1-3% increase in visits for upper respiraitimgss associated with 10 pg/m increase inM .

They found no association with visits for bronchitis. They also found a nonsignificant association
with PM,, in the period immediately after a volcanic eruption, and significant associations in the
period excluding the volcanic eruption. The authors suggest that personal interveritioreachin
exposure after the eruption.

Hefflin et al., (1994) evaluated the potential influence of dust storms on emergency room
visits for respiratory disorders in three Southeast Washington State communities. The
investigators report that particle exposure is mostly from windblown soil and related natural
crustal materials (the majority volcanic in origin). Thus, PM is likely dominated by coarse
particles. This area also had high levels of PM , with peak 24-hour values ranging from 1 to
1,689 pg/m with an average of 40 ug/m . Aside from the periodic dust storms, the authors
provide no additional evidence regarding the size composition gf PM (e.g. extent of wood
stoves, other sources). In contrast to Gordian, Hefflin et al. found a significant 0.35% increase in
emergency room visits for bronchitis associated with a 1031g/m increasgjn PM . They also
found a significant 0.45% increase in emergency room visits for sinusitis for a 19 pg/m increase
in PM,, levels over 150 ugfn . There was no association with asthma. They found a slight
association between emergency room visits and two high dust storms days where particle
concentrations were over 1,035 and 1,689 fig/m , but suggested that the reduced unit risk could
have been related to mitigating behavior in these severe conditions.

These studies are suggestive of potential associations between high concentrations of
coarse particles and health effects, but with some inconsistencies. The effects estimates for the

Hefflin et al. study are much smaller than the Gordian et al. study. In addition, the Gordian et al.
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study found an association between PM-10 and asthma but not with bronchitis, and the Hefflin
study found the opposite. This contrast should be interpreted cautiously due to possible
difference in disease classifications int he two study areas. Hefflin et al. (1994) have found overall
asthma incidences in the region to be lower than expected, reducing the power of the study to
detect effects. Both studies report multiple exceedences of the PM standard. The apparent
diminished response of the very highest daggyssts that mitigative measures such as staying
indoors on days of perceived dust episodes offered some protection against the effects of coarse
particles on asthma and upper respiratibrgss. Based on the Gordian results and the potential
for significant deposition of coarse particles in the tracheobronchial regions of the lung where they
may irritate sensitive receptors in asthmatics, the CD concludes that particles in the coarse
fraction appear to be associated with the exacerbation of asthma via ambient exposure (CD, p. 13-
51).
4. Relevant Physicochemical Differences between Fine and Coarse Fraction Particles
Current understanding of the toxicology of ambient PM suggests that fine and coarse
particles may have different biological effects (CD, p. 13-91). The discussion below summarizes
information the CD presents regarding differences in potential toxicity between the two fractions
based on composition and size related properties.

a. Comparisons of fine and coarse component toxicity in laboratory studies

A comparison of the major components of typical ambient particles (Table 1V-2) and the
size and composition of particles studied in the recent toxicologic literature (CD, Chapter 11)
suggests that, while substantial work has been conducted on simulated constituents of fine
particles such as acid aerosols, trace elements, and components of diesel particles, very little
attention has been focused on health effects from exposure to ambient coarse particles or their
significant components. The only study in humans of a coarse aerosol (10 um diameter NaCl, see
Table IV-2) cited in Chapter 11 (CD, Table 11-1) was considered to be a control for an acid fog
exposure. Furthermore, because of Bmigations of particles that can appreciably deposit in the
tracheobronchial and alveolar region in small laboratory animals, most experimental animals
studies involve fine particle exposures (CD, p. 13-44). The most clear and relevant comparison

between the different constituents typically found in the fine and coarse fractions of PM was that
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of Kleinman et al (1995), who found that the relative cellularismaunological toxicity of fine

particle components, sulfate (70 pé/m, 0.2um diameteg (NH ) SO ) and nitrate (350 pug/m,
0.6um diameter NH NO ) were greater than that of a typical resuspended coarse fraction
component - road dust (900 pg/m, 4um diameter), in the rat. While it is clear from the results of
the study that the road dust elicited effects and was present in some concentration in thoracic
region of the rat, the extent of deposition was not given in the study and it is possible that some of
the differential toxicity shown between fine and coarse particle constituents in this study are due
to differential penetration efficiencies of the particles.

Chapter 11 of the CD highlights the results of a volcanic ash study (Raub et al, 1985) as a
comparison of fine and coarse mode patrticles. This study used intratracheal instillation of large
amounts of 12.2 uym and 2.2 pm diameter volcanic ash into rats. The authors report finding a
number effects at the higher concentration used, but essentially no difference in several measures
of toxicity. While these result are of interest, the 2.2 um particles should not be characterized as
fine mode, but rather as the "tail" of the coarse mode. Thus, this study suggests little or no
difference in the toxicity of coarse mode patrticles of different sizes, but even this conclusion is
limited by the artificial nature by which the particles were deposited in the animals.

Raub et al. (1985) also found no differences in toxic responses between normal and
emphysemic animals inhaling 9600 pg/m submicrometer sized volcanic ash for short durations.
Mauderly (1990) found that emphysematous rats had less effects than normal animals because of
the sparing effects of emphysema to high levels of diesel particles. However, Raabe et al. (1994)
exposed rats with induced emphysema to two fine particle mixtures intended to simulate a
London aerosol (ammonium sulfates, coal fly ash, lamp black carbon) and a California aerosol
(ammonium sulfates and nitrate, graphitic carbon, clay, and trace metal sulfates). Even at the
lowest levels tested (550 -800 pug/m ), 3 to 30 day exposures resulted in significant responses that
were greater than those seen in normal animals (CD, p 11-176).

b. Toxicity of Fine and Coarse Mode Chemical Components

Table 1V-2 lists the key differences in chemical composition of fine and coarse particles.
The CD review highlights a number of specific components of PM that could be of concern to

health, including typically fine components (e.g., acids, certain metals, diesel particles, and
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ultrafines), and typically coarse components (e.g., silica and bioaerosols). It is clear that
components of both modes can produce responses, although in general, the fine mode appears to
contain more of the irritant substances potentially linked to the kinds of effects observed in the
epidemiological studies. The following is a brief summary of the potential toxicity associated with
fine and coarse substances.

Most of the aerosol acidity is contained in the fine fraction. Section V-C details a variety
of effects associated with acids in community epidemiology and at high levels in laboratory
studies. Acids may produce effects as liquid droplets or surface coatings in mixtures. For
example, Chen et al. (1990) exposed guinea pigs to fly ash derived from either low or high sulfur
coal. The acidity of the resulting particles was proportional to sulfur content with the greatest
pulmonary functional response noted for the high sulfur fly ash.

Acid aerosol exposure has been associated with changes in airway morphology as well as
airway responsiveness (Gearhart and Schlesinger, 1988; Kleinman et al., 1995; Chen et al., 1992b;
Gearhart and Schlesinger 1986; and El-Fawal and Schlesinger, 1994) in experimental animals.
Markers of cytotoxicity and increased cellular permeability, following a single exposure to fine or
ultrafine H, SQ aerosols, have also been reported (Chen et al., 1992a). Levels of biological
mediators of inflammatory responses, as well as smooth muscle tone, have been shown to be
altered after exposure to fine acid aerosols (0.3 um diameter) and lavage. Fine acid aerosol
exposure has been shown to alter macrophage function, production of tumor necrosis factor
cytotoxic activity, and superoxide radical production, all of which are related to host defense
mechanisms. Fine aerosols of ammonium sulfate and nitrate at relatively low levels have also been
shown to alter antigen binding and respiratory burst activity by macrophages (Kleinman et al.,
1995).

As noted in the 1982 Staff Paper, extractable organic matter from particles with potential
carcinogenic activity is also preferentially derived from the fine fraction. The CD (p. 5-10) notes
that the majority of diesel exhaust particles is in the fine mode and both short and long term
inhalations of diesel particles are associated with respiratory effects at higher than ambient levels

in experimental animals. Occupational studies report (at levels higher than ambient
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concentrations) bronchitis, impaired respiratory function, cough, and wheezing (CD, Table 11-
11), all of which have been reported in community air pollution studies of PM.

Ultrafine aerosols (<0.1 pum) are a class of fine particles that have the potential to cause
toxic injury to the respiratory tract as seen in studies conductednbatio and in vitro(CD, p.

13-76). An important aspect of their potential toxicity is their relatively low solubility (CD, p. 13-
77). Studies on a number of relatively insoluble ultrafine particles (diesel, carbon black), present
in the ambient air as aggregated ultrafines, indicate that inhalation exposure to these as well as
TiO, to rats are associated with epithelial cell proliferation, chronic pulmonary inflammation,
pulmonary fibrosis, and induction of lung tumors at high concentrations (CD, p. 13-77). Ultrafine
particle have also been shown to evade macrophage phagocytosis and penetrate the interstitium
more easily than larger sized particles (Takenaka et al., 1986; Ferin et al., 1990, CD, p. 13-77).
There is also evidence that some aggregated insoluble ultrafine particles dissociate into singlet
ultrafine particles in the lung which would facilitate transport across the epithelium (Takenaka et
al., 1986; Ferin et al., 1990; Oberdorster et al, 1994; CD, p. 13-77). Because of their short
lifetime, it is unclear that unaggregated ultrafine particles make up any significant fraction of the
mass of fine particles or of BM , other than in the vicinity of significant sources of ultrafine
particles. The relationship between ultrafine numbers (or mass) and the mass of fine or thoracic
particles found in typical community air pollution has not been established. Although the CD
provides little direct information, it might be expected that penetration and persistence of
unaggregated ultrafine particles to indoor environments would be limited. For these reasons, it is
guestionable whether ultrafine aerosols could be playing a major role in the reported
epidemiologic associations between the measured mass of fine,or PM particles and health effects
in sensitive populations. Because of the potential toxicity suggested by the available literature,
however, this an area where significant additional research is needed.

The only major coarse particle components highlighted in the CD summary are silica and
bioaerosols. The majority of silica particle mass is found in the coarse fraction (CD, p. 11-127).
Occupational, but not community exposures to crystalline silica has been associated with
pulmonary inflammation and silicosis (pulmonary fibrosis from silica) (Spel®&r; Morgan et

al 1980; Bowden, 1987). Although some evidence of long term accumulatiticadé snaterial
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at near ambient levels has been noted (Section V-C), the CD provides no evidence of any
significant short term effects of ambient silica. Thus, there is no evidence suggesting that this
class contributes to the observed daily mortality and morbidity effects.

Bioaerosols (which includes fungal spores, pollen, bacteria, viruses, endotoxins, and
animal and plant debris) can be distributed in both fine and coarse fractions and are capable of
producing serious health effects. Strong sources (e.g., grain elevators) of these materials may
have obvious effects on allergic individuals. However, as the CD points out, the annual
variability, relative mass, and distribution of such materiadgests that they too “appear to be
unlikely to account for observed ambient (outdoor) PM effects on human mortality and morbidity
demonstrated by epidemiology studies reviewed in Chapter 12" (CD, p. 11-136).

C. Physical Aspects of Fine and Coarse Particles

Figure IV-2 and Table 1V-2 show key differences between fine and coarse particles. The
fine fraction contains by far the largest number of particles and a much larger aggregate surface
area than the coarse fraction. As noted above, the size range of particles containing the largest
number of particles (<0.02 pm) is not that with most of the mass of the aerosol (fine or coarse).
However, most of the aggregate surface area of the entire size distribution of typical urban
particles is contained in the fine size range of 0.1 to 1.0 um diameter (CD, Figure 13-4; Figure
IV-2). Unlike the case with particle number, therefore, it is clear that the aggregate surface area
of PM,, is likely to be strongly related to the mass of fine particles (see Figure 1V-). This
relationship should be a common property of PM in a variety of different urban settings.

The greater surface area of the fine fraction means this fraction has a substantially greater
potential for absorption of other potentially toxic components of PM (e.g. metals, acids, organic
materials), as well as for dissolution or absorption of pollutant gases. It is the surface of a particle
that is primarily in contact with respiratory cells and surfaces (CD, p. 13-68). The total surface
area of a particle may be important in the presentation of active groups on the surface of the
particle to cell surfaces (CD, p. 13-26). Biological effects on epithelial cells or macrophages may
depend on the number of cell surface receptors stimulated or occupied by particles.
Consequently, numbers of particles may be relevant to their toxic effect (CD, 13-27). Therefore,

in comparison to coarse mode particles, fine mode particles will have the greatest probability of
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interactions with potential respiratory targets of toxicity through increased numbers of particles as
well as surface area (see Appendix D).

The CD notes that the presence of surface coatings can increase the toxicity of particles.
Such considerations may be important when trying to ascertain the appropriate dose metric for
evaluation of lower respiratory tract health outcomes (CD, p. 13-24). For example, retardation of
alveolar macrophage phagocytosis due to particle overload appears to be better correlated with
particle surface area than particle mass (Morrow, 1988; Oberdérster eta al 1995a,b, CD, p. 13-
24). Various biological responses (e.g., reduction in lung volumes and diffusion capacity,
alteration in biochemical markers, and changes in lung tissue morphology) in guinea pigs have
been reported after exposure to ultrafine zinc coated with a surface layer gf H SO (CD, Chapter
11, Chen et al., 1992b,1995). These responses were much greater than those following exposure
to larger size K S© in pure droplet form yet having similar mass concentration of acid. A
possible mechanism for the differential toxicity of the two aerosols is the difference in particle
numbers deposited at target sites. At an equal total sulfate mass concentgatign, H SO existed on
many more particles when layered on the ZnO carrier particles than when dissolved into aqueous
droplets. In addition, a recent study by Chen et al., (1995) confirmed that the number of particles
in the exposure atmosphere, not just total mass concentration of acid, is an important factor in
biological responses following acidic sulfate particle inhalation when aerosols having the same
size distribution were compared (CD, Chapter 11).

Coating the surface of insoluble particles with certain transition metals (e.g. iron) has been
shown to enhance pulmonary toxicity (Costa et al., 1994a,b,; Tepper et al., 1994). Accordingly,
fine particles may serve as an efficient carrier of more toxic material to respiratory tract targets.
Coating of micrometer-sized particles with formaldehyde has been shown to increase the delivery
of formaldehyde and consequently increase irritant responses in human subjects (CD,13-76).
Jakab and Hemenway (1993) suggest that reaction products on particle surfaces may be more
toxic than the primary material. Exposure tp O was shown to increase the toxicity of carbon
black particles in mice. The authors hypothesized that this result was due to a "reaction of O on
the surface of the carbon black particles in the presence of adsorbed water, producing surface

bound, highly toxicologically reactive oxygen species” (CD, p. 11-161).
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Increased surface coating of water or the presence of hygroscopic sulfates, nitrates, and
organic compounds found as droplets in the fine fraction may also increase the potential for
delivery of irritant species such as SO , hydrogen peroxide, and aldehydes to more sensitive
regions of lung, which, when in the gas phase, would normally be removed in the extrathoracic
region (CD, p 13-9). The potential for increasing delivery of pollutant gases provides some basis
for expecting some interaction among PM as a pollutant and gases observed in community
studies.

d. Deposition in Sensitive Individuals

As shown in Table V-1, both fine and coarse particles penetrate to and deposit in the
tracheobronchial and alveolar region. Based on the epidemiological results and deposition
considerations, it is reasonable to expect that high levels of coarse particles alone could aggravate
asthmatics through tracheobronchial deposition. However acids and fine particles have also been
associated with hospital admissions for asthma in areas with relatively low coarse mass (Thurston
et al., 1992). Receptors that have been linked to an asthmatic response have been demonstrated
to be in areas of the lung where both coarse and fine particles deposit (see Appendix D).
Moreover, certain insoluble coarse particles can deposit and remain for extended periods in the
alveolar region, although the relation to the chronic effects observed in epidemiologic studies is
unclear..

The epidemiological studies suggest greater mortality and morbidity effects in individuals
with cardiopulmonary disease. In this regard, it is of note that fine particles have been shown to
have a greater deposition in the lungs of individual with chronic respiratory disease than in normal
subjects (CD, Chapter 13). Such individuals also have reduced clearance for these particles (see
Appendix D). Thus, the potential for greater target tissue dose in susceptible patients is present
(CD, Chapter 11). Simulations discussed in Chapter 10 of the CD, suggest that adolescent
children (14-18 yrs of age) are predicted to have greater respiratory tract daily mass deposition of
submicron particles than adults.

5. Summary and Conclusions
The staff assessment of the evidence finds substantial quantitative and qualitative

information on the effects of fine particles and its constituents. Because of the remarkable volume
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of pertinent literature produced in the last 9 years, far more quantitative epidemiologic data exist
today for relating fine particles to mortality, morbidity, and lung function changes in sensitive
populations on a short- and long-term basis than was the case fpr PM at the conclusion of the
last review? Like the P)\ studies, the fine particle studies consistently find positive, significant
associations between fine particle levels and mortality and morbidity endpoints, with over 20
studies conducted in a number of geographic locations throughout the world, including the US,
Canada, and Europe. This collection of studies shows qualitative coherence in the types of health
effects associated with fine particle exposure including mortality, morbidity, symptoms, and
changes in lung function (Tables V-11 to V-13). The association with mortality is mainly
attributable to respiratory and cardiovascular causes, which is consistent with the range of
observed respiratory and cardiovascular-related morbidity effects, from respiratory and
cardiovascular-related hospital admissions, respiratory symptoms to changes in lung function.

By contrast, the CD and this staff assessment find much less direct evidence in the recent
epidemiologic and toxicologic literature regarding the potential effects of coarse particles. The
previous staff assessment of occupational and toxicologic literature (EPA 1982a,b) as well as the
present review have found ample qualitative reasons to be concerned about elevated levels of
coarse particles smaller than 10 pum. These effects (e.g., asthma) are consistent with enhanced
deposition of coarse particles in the tracheobronchial region (CD, p. 13-51). However, unlike the
case for fine particles, the clearest community evidence regarding coarse particles finds such
effects only in areas with numerous marked exceedences of the currgnt PM standard (CD, p. 13-
51). Inthis regard, it appears that the weight of the available evidence allowing direct
comparisons suggests that ambient coarse particles are either less potent or a poorer surrogate for
community effects of air pollution than are fine particles.

It is clear, however, that still more quantitative evidence exists today fgy PM , which
includes both fine and coarse particles. The above assessment does not conclusively demonstrate

that coarse patrticles play no role in the effects associated with PM at levels below the standard.

®The 1986 staff assessment of the ditetive basis for the standard cited studies conducted in essentially 3 locations
for the 24-hour standard and 4 studies involving a total of 10 cities for the annual standard; none meggured PM (EPA,
1986).
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The potential role of coarse particles in producing such effects could be masked in community
studies by potential differences in measurement error and exposure patterns between fine and
coarse particles. As noted in the CD, fine particles tend to be more uniformly distributed than
coarse mode particles within (and among) urban areas. Moreover, the apparent greater
infiltration ratio (penetration and settling) of fine particles indoors means that variations in both
short- and long-term personal exposures to outdoor PM will be more influenced by fine than
coarse patrticles.

It is also important to note that some of the more important components of ambient fine
particles (e.g. acid sulfates) have no notable indoor sources, while a substantial fraction of indoor
coarse particles comes from indoor resuspension of local crustal (e.g. deposited or tracked in on
footwear) and other coarse materials (Wallace, 1996). This means that any effects that are
potentially produced by coarse particles (from outdoor air and indoor resuspension) are more
likely to be decoupled from outdoor concentrations. The less even urban distribution of coarse
particles and stronger indoor sources would tend to diminish the power of community studies of
outdoor air to detect the effects of such crustally derived materials as compared to fine particles
(CD, p. 1-9). Viewed from another perspective, this also suggests that efforts to reduce any such
effects by controlling outdoor coarse particles would be lessessful than a program to reduce
outdoor fine particle effects. Thus, while the epidemiologic data are not conclusive with regard
to the potential effects of coarse particles, they more strongly support the notion that fine particles
are a better surrogate for that fraction of ambient PM that is most clearly associated with the
health effects observed in community air pollution studies at levels below the current standards.
This view is also supported by qualitative considerations derived from a consideration of the
toxicologic implications of the profound physical and chemical differences associated with

components of these fractions.
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VI. RISK ASSESSMENT

The objective of this PM health risk assessment is to provide quantitative estimates of
the risks to public health associated with 1) existing air quality levels, 2) projected air quality
levels that would occur upon attainment of the current PM,, standards, and 3) projected air
quality levels that would occur upon attainment of alternative PM, . standards. As an integral
part of this assessment, qualitative and, where possible, quantitative characterizations of the
uncertainties in the resulting risk estimates have been developed, as well as information on
baseline incidence rates for the health effects considered. This assessment provides
information most relevant to evaluating alternative levels of PM standards, rather than to
selecting the most appropriate indicator of PM. This risk information is intended as a tool that
may, together with other information presented in this Staff Paper, assist the Administrator in
selecting primary PM standards that, in her judgment, would reduce risks to public health
sufficiently to protect public health with an adequate margin of safety, recognizing that such
standards will not be risk-free.

As discussed in section V.E above, the CD concludes that the overall consistency and
coherence of the epidemiologic evidence suggests a likely causal role of ambient PM in
contributing to adverse health effects (CD, p. 13-1). Also discussed in section V.E. is an
alternative interpretation, suggested by some researchers, that PM may be serving as an index
for the complex mixture of pollutants in urban air. The risk assessment described here is
premised on the assumption that PM (measured as PM,, and PM, ;, is causally related to the
health effects observed in the epidemiological studies and/or that PM is a useful index for the
mixture of pollutants that is related to these effects.

In presenting this risk assessment, the staff cautions that despite the consistency and
coherence of the epidemiological evidence with respect to the existence of effects, quantitative
relative risk results derived from these studies include significant uncertainty. Due to the
uncertainties in the concentration-response study results, as well as the many sources of
uncertainty inherent in the analyses presented in this chapter, the risk estimates developed in
this assessment should not be interpreted as precise measures of risk. The major uncertainties

and assumptions associated with these analyses are highlighted in the following discussion and
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presentation of results. In addition, some key uncertainties are addressed quantitatively
through individual sensitivity analyses as well as integrated uncertainty analyses which assess
the combined effects of several key uncertainties.

The following sections summarize the scope of the analyses, key components of the
risk model, and results of baseline risk and sensitivity analyses. A detailed discussion of the
risk assessment methodology and results is presented in technical support documents (Abt
Associates, 1996a,b).

A. General Scope

The PM risk analyses focus on selected health effects endpoints such as increased daily
mortality, increased hospital admissions for respiratory and cardiopulmonary causes, and
increased respiratory symptoms for children. Although the risk analyses could not address all
of the various health effects for which there is some evidence of association with exposure to
PM, all such effects are identified and considered above in section VV.C. All concentration-
response functions used in these analyses are based on findings from human epidemiological
studies, which rely on fixed-site, population-oriented, ambient monitors as a surrogate for
actual integrated PM exposures. Measurements of daily variations of ambient PM
concentrations, as used in the time series epidemiological studies that provide the
concentration-response relationships for these analyses, have a plausible linkage to the daily
variations of exposure from ambient sources for the populations represented by ambient
monitoring stations, as discussed in Chapter IVV. The CD concludes that this linkage should be
better for indicators of fine particles (e.g., PM, ) than for indicators of fine plus coarse
particles (e.g., PM,,, TSP), and in turn, should be better than indicators of inhalable coarse
fraction particles (PM,, - PM, ) (CD, p. 1-10). A more detailed discussion of the possible
impact of exposure misclassification on the estimated concentration-response relationships

derived from the community epidemiological studies is presented above in section V.E.
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These PM risk analyses feature:

. analyses of risks under a recent 12-month period of air quality (labeled “as is” air
quality) and under a situation where air quality just attains various alternative standards
being considered;

. estimates of risks for the urban centers of two example cities, one eastern (Philadelphia
County) and one western (Southeast Los Angeles County), rather than national
estimates;

. estimates of risks only for concentrations exceeding an estimated background level;
and

. qualitative and quantitative consideration of uncertainty, including sensitivity analyses

of key individual uncertainties and integrated uncertainty analyses combining key

uncertainties.

More specifically, consistent with the recommendations to the Agency provided in the
January 5, 1996 CASAC letter to the Administrator (Wolff, 1996b), alternative 24-hr and
annual PM, . standards are examined alone and in combination with the current PM,,
standards. This focus also reflects the conclusions drawn in the CD (CD, Chapter 13) that it
IS appropriate to consider fine and coarse fraction particles separately, and that for mortality
and some measures of morbidity, the most consistent associations are seen with fine and
thoracic particles (e.g., PM, ., PM,,) as compared to coarse fraction particles (CD, Chapter
13; section V.F above). The scope of these analyses initially focuses on developing risk
estimates for portions of two selected urban areas: Philadelphia County and a portion
(roughly the southeastern third) of Los Angeles County (hereafter referred to as “Los Angeles
County™). These areas were chosen based on availability of PM,, and PM, ; air quality data,
and the desire to include areas from the eastern and western parts of the United States to
reflect regional differences in the makeup of PM. Finally, estimates of risks above
background PM concentrations are judged to be more relevant to policy decisions about the
level of ambient air quality standards than estimates that include risks potentially attributable

to uncontrollable background PM concentrations.
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B. Components of the Risk Model

In order to estimate the change in health effects incidence corresponding to the
difference in PM levels between "as is" conditions and just attaining alternative standard
scenarios, the following three key components are required for a given health endpoint and
selected city: 1) air quality information, 2) concentration-response relationships, and 3)
baseline health incidence rates. Figure VI-1 is a broad schematic depicting the role of these
components in the risk analyses. The general health risk model which combines changes in
PM air quality concentrations (Ax), the concentration-response relationships for a given health
endpoint (reflected by B, the PM coefficient derived from epidemiology studies), and the
baseline health effects incidence rate (y) for a given health endpoint is represented by equation
1:

Equation 1 Ay=y[ePr*-1]

Estimates of risk (i.e., health effects incidences attributable to PM) are quantified for
PM concentrations above background except for those studies in which the range of observed
PM concentrations did not go down to estimated background (e.g., the prospective cohort
mortality studies). For these studies effects are quantified down to the lowest concentrations
observed in the study. As indicated in Figure VI-1, sensitivity analyses on various key inputs
to the PM health risk model are conducted as part of this assessment, as well as an integrated
uncertainty analysis that examines the potential impact of combining several key uncertainties.
Each of these key components is briefly discussed below.
1. Air Quality Information

The air quality information required to conduct the PM risk analyses includes: 1) "as
is" air quality data for both PM,, and PM, ; from population-oriented monitors for the selected
cities, 2) estimates of background PM concentrations appropriate to that location, and 3) a
method for adjusting the *“as is” data to reflect patterns of air quality change estimated to
occur when each city attains various alternative standards. Table VI-1 provides a summary of
the



Figure VI-1 Major Components of Particulate
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TABLE VI-1. CITIES EXAMINED IN PM RISK ANALYSIS

% of Days on Which PM,,° PM, °
Air Quality Data are
Available
Annual Second Max, Annual | Second Max,
Population? Average 24-hr Avg. Average 24-hr Avg.
City (millions) Year PM,, PM, ; (ng/m3) (ng/m3) (ng/m3) (ng/m3)

Philadelphia 1.6 1992-93 99 96 25 77 17 72
County, PA
Los Angeles 3.6 1995 59 59 52 195 30 129
County, CA

®Based on 1990 U.S. Census data.
®Concentrations are reported for the monitor with the highest value.

Note: More detailed information about the air quality data in these cities is presented in Section 4 of Abt Associates (1996Db).
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PM,, and PM, . air quality data for the two areas included in these analyses. The PM,, and
PM, ¢ monitoring information for Philadelphia County are from three monitors used in the
Acid Aerosol Characterization Study during 1992-1993 (network sites described in Suh et al.,
1995). The monitoring information for southeast Los Angeles County comes from two
dichotomous samplers operated during 1995 by the South Coast Air Quality Management
District. Figure VI-2 presents frequency distributions of the daily PM,, and PM, ¢
concentrations in Philadelphia County based on spatially averaging the reported concentrations
available from the different monitors for each day. Figures VI-3 and VI-4 show the frequency
distributions of the daily PM,, and PM, ; concentrations by quarter in southeast Los Angeles
County based on spatially averaging the reported concentrations available from the different
monitors for each day.

As discussed above, these ambient concentrations are used as a surrogate for population
exposures in these analyses, a procedure consistent with the health literature but which adds
uncertainty to the risk estimates. In an effort to limit uncertainties that would result in
combining data across different monitoring methods, only information from these monitors
was used directly in the risk analysis.*

Background PM concentrations used in these analyses are defined in Chapter IV as the
distribution of PM concentrations that would be observed in the U.S. in the absence of
anthropogenic emissions of PM and its precursors in North America. For these analyses, an
estimate of the annual average background level is desired, rather than a daily average (e.g.,
the maximum 24-hour level), since estimated risks are aggregated for each day throughout the
year. The staff have chosen to use the midpoint of the appropriate ranges of annual average

estimates for PM background presented in Table IVV-3 for the base case risk estimates (i.e.,

Although not directly used in the risk analyses, information from the AIRS database for sites in Los
Angeles county was used to help define the region of Los Angeles County included in this analysis (see Abt
Associates, 1996b).
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Figure VI-2. Daily Average PM Concentration Frequencies
Philadelphia County, September 1992 - August 1993
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Figure VI-3. Daily Average PM-10 Concentrations for
Southeast Los Angeles County, 1995
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Figure VI-4. Daily Average PM-2.5 Concentration Frequencies
For Southeast Los Angeles County, 1995
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eastern values are used for Philadelphia and western values for Los Angeles):

. For PM,,: 5 - 11 pg/m? for Philadelphia, and 4 - 8 pg/m?® for Los Angeles

. For PM, .: 2 -5 pg/m? for Philadelphia, and 1 - 4 pg/m?® for Los Angeles.
Sensitivity analyses have been done using the appropriate lower and upper ends of the above
ranges to characterize the impact of this model input choice on the risk estimates.

To estimate health risks associated with just attaining alternative PM, ; standards, it is
necessary to estimate the PM concentrations that would occur under each alternative standard.
When assessing the risks associated with long-term epidemiological studies that use an annual
average concentration level, the annual mean is simply set equal to the standard level. In
contrast, when assessing the risks associated with short-term epidemiological studies, the
distribution of 24-hour values that would occur upon just attaining a given 24-hour PM
standard has to be simulated. While there are many different methods of reducing daily PM
levels, preliminary analysis found that PM levels have in general historically fluctuated in a
proportional manner (i.e., concentrations at different points in the distribution of 24-hour PM
values have decreased by approximately the same percentage) (Abt Associates, 1996b).
Therefore, attainment of the current PM,, and alternative PM, . daily standards has been
simulated by adjusting the *“as is™ air quality data using a proportional rollback approach (i.e.,
concentrations are reduced by the same percentage) for concentrations exceeding the estimated
background level (see Abt Associates, 1996b). Sensitivity analyses have been conducted to
examine alternative air quality adjustment procedures (e.g., a method that reduces the top 10%
of daily PM concentrations more than the lower 90%).

2. Concentration-Response Functions

The second key component in the risk model is the set of concentration-response
relationships which provide estimates of the relationship between each health endpoint of
interest and ambient PM concentrations. Table VI-2 summarizes the selected epidemiological
studies which are judged adequate by the CD to provide estimated concentration-response
relationships for a variety of health endpoints associated with elevated PM,, and/or PM, .
exposures (CD, Tables 13-3, 13-5). Only studies based on either PM,, and/or PM, ; as a

measure of PM have been used in these analyses. Each study provides an estimate of relative



Table VI-2. Selected Epidemiological Studies and
Associated Relative Risk Estimates Used in Risk Analyses

Reported PM Levels

PM (ug/md) Estimated Relative Risk? Pooled Relative
Health Effect Indicator Study Location Mean (Range)! (95% Confidence Interval) Risk®
TOTAL MORTALITY
Short-term Exposures PM,, Six Cities®
Portage, WI 18 (+11.7) 1.04 (0.98, 1.09)
Boston, MA 24 (+12.8) 1.06 (1.04, 1.09)
Topeka, KS 27 (+16.1) 0.98 (0.90, 1.05)
St. Louis, MO 31 (+16.2) 1.03 (1.00, 1.05)
Kingston/Knoxville, TN 32 (+14.5) 1.05 (1.00, 1.09) 1.04 (0.99, 1.09)
Steubenville, OH 46 (+32.3) 1.05 (1.00, 1.08)
Chicago, IL® 38 (NR/128) 1.03 (1.02, 1.04)
Utah Valley, UT® 47 (11/297) 1.08 (1.05, 1.11)
Birmingham, AL® 48 (21,80) 1.05 (1.01, 1.10)
Los Angeles, CA® 58 (15/177) 1.03 (1.00, 1.06)
PM, Six Cities®
Portage, WI 11.2 (+7.8) 1.03 (0.99, 1.07)
Topeka, KS 12.2 (+7.4) 1.02 (0.95, 1.09)
Boston, MA 15.7 (+9.2) 1.06 (1.04, 1.07) 1.04 (1.00, 1.07)
St. Louis, MO 18.7 (+10.5) 1.03 (1.01, 1.04)
Kingston/Knoxville, TN 20.8 (+9.6) 1.04 (1.01, 1.07)
Steubenville, OH 29.6 (+21.9) 1.03 (1.00, 1.05)
Long-term Exposures PM, ACS Studyf 9-34 1.17 (1.09, 1.26)
(50 U.S. SMSA)
HOSPITAL ADMISSIONS -- Short-term Exposures
All Respiratory PM,, Tacoma, WA?® 37 (14, 67) 1.10 (1.03, 1.17)
Causes New Haven, CT9 41 (19, 67) 1.06 (1.00, 1.13) 1.09 (1.02, 1.19)
(for Elderly = 64 years) Cleveland, OH" 43 (19, 72) 1.06 (1.00, 1.11)
Spokane, WA 46 (16, 83) 1.08 (1.04, 1.14)
PM, ¢ Toronto! 18.6 (NR/66.0) 1.15(1.02, 1.28)




Health Effect

PM
Indicator

HOSPITAL ADMISSIONS -- Short-term Exposures

Study Location

Reported PM Levels

(ng/m?®)
Mean (Range)!

Estimated Relative Risk?
(95% Confidence Interval)

Pooled Relative
Risk®

Symptoms in Children:

Utah Valley, UT?

46 (11/195)

1.28 (1.06, 1.56)

COPD PM,, Minneapolis, MN¥ 36 (18,58) 1.25 (1.10, 1.44)

(for Elderly = 64 years) Birmingham, AL' 45 (19,77) 1.13 (1.04, 1.22) 1.14 (1.05, 1.31)
Spokane, WA 46 (16,83) 1.17 (1.08, 1.27)
Detroit, MI™ 48 (22,82) 1.10 (1.02, 1.17)°

Ischemic Heart Disease PM, Detroit, MI" 48 (22,82) 1.02 (1.01, 1.03)

(for Elderly = 64 years)

Congestive Heart Failure PM,, Detroit, MI" 48 (22,82) 1.03 (1.01, 1.05)

(for Elderly = 64 years)

Pneumonia PM,, Minneapolis, MN¥ 36 (18,58) 1.08 (1.01, 1.15)°

(for Elderly = 64 years) Birmingham, AL' 45 (19,77) 1.09 (1.03, 1.15)
Spokane, WA! 46 (16,83) 1.06 (0.98, 1.13) 1.07 (1.01, 1.14)
Detroit, MI™ 48 (22,82) 1.06 (1.02, 1.10)°

RESPIRATORY SYMPTOMS
Lower Respiratory PM, Six Cities® 30 (13,53) 2.03 (1.36, 3.04)°

Short-term Exposures

PM, . Six Cities®

18.0 (7.2-37)

1.44 (1.15-1.82)°

Bronchitis in Children:
Long-term Exposures

PM,s/10 Six Cities?

20-59*

3.26 (1.13, 10.28)°

References:

®Schwartz et al. (1996a)
®Ito and Thurston (1996)
‘Pope et al. (1992)
Schwartz (1993a)
Endnotes:

1. Range of 24-hour PM indicator level shown in parentheses is typically either the standard deviation (+ S.D.) or 10th and 90th percentiles.
Based on a 50 pg/m?® increase for PM,, studies, and a 25 pg/m?® increase in PM, ; studies.
See Abt Associates (1996b) for calculation method.
Range of city means of PM levels.

Only RR reported includes other pollutants in model.

ok wND

Odds ratio.

*Kinney et al. (1995)
Pope et al. (1995)
9Schwartz (1995)
"Schwartz et al. (1996b)

'Schwartz (1996)
IThurston et al. (1994b)

'Schwartz (1994e)

Schwartz (1994f)
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mSchwartz (1994d)

"Schwartz and Morris (1995)
°Schwartz et al. (1994)

PPope et al. (1991)

9Dockery et al. (1989)
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risk (B), along with a measure of the uncertainty (95% confidence interval) of the estimate,
associated with specific changes in PM levels (i.e., a 50 pg/m? increase in PM,, or a 25 ug/m?
increase in PM, ;).

As indicated in the CD, the most credible approach to risk analysis would be to use
site-specific relative risk (RR) estimates for PM (CD, p.13-87). For Los Angeles County,
site-specific RRs are available from two studies (Kinney et al, 1995; Ostro et al., 1995).
Philadelphia County has been the location of several studies reporting associations between
PM and mortality and hospital admissions, but none of the published reports have used PM,,
or PM, .. Since site-specific relative risks are not available for all endpoints in both locations
(and in the absence of more information concerning which individual studies might most
appropriately characterize the health risk in a risk analysis location), an approach was
employed which combined available information from all the key studies for a health endpoint.
A form of meta analysis (referred to as a ““pooled analysis™ in this Staff Paper) was conducted
which combined the results of the various studies. For comparison purposes, Table VI-2 lists
the mean estimate of RR from the pooled analysis along with the RRs for the individual studies
comprising the pooled analysis.

Given differences in population, particle size distribution, and other environmental
stressors (e.g., weather variables, co-pollutants), RRs may be expected to vary from location
to location. The CD notes such variation appears to be observed in coefficients for mortality
associated with short-term exposures, and cautions against the application of a single “best
estimate” relative risk value across various locations (CD, p.13-87). The pooled analyses in
this risk analysis have utilized an “empirical Bayes™ approach in an effort to more fully reflect
the range of relative risk estimates, and accompanying statistical uncertainty, seen from
location to location. Standard meta analysis techniques, such as a random effects meta
analysis, estimate a mean relative risk and the statistical uncertainty around that mean
estimate. The empirical Bayes approach estimates the underlying distribution of RRs observed
across
areas and the likelihood that any relative risk estimate from that distribution will be applicable

to an uninvestigated location. The empirical Bayes approach uses the random effects model



VI-15

framework, in which the relative risks from different locations can be genuinely different,
while adjusting the relative risk and statistical uncertainty observed in individual locations to
some degree to reflect the information available from the entire set of studies (see Abt
Associated, 1996b, for further details). However, the distribution of RRs from the empirical
Bayes approach provides uncertainty estimates (““credible intervals™) which are intended to
represent the range of reported RRs (and not simply the uncertainty around a mean estimate)
and is not restricted to assuming a normal distribution (see Abt Associates, 1996b, Exhibit
5.12). As a result, credible intervals from the empirical Bayes approach are typically wider
than confidence intervals from random effects meta analysis? and are expected to more fully
convey information on both statistical uncertainty and potential inherent differences (due to
different population characteristics, PM size distributions, etc.) in the RRs for different
geographic locations.?

In the risk analyses, the 5th and 95th percentile values from the distributions of RRs
estimated by the empirical Bayes approach are provided as a 90% “credible interval” to
characterize uncertainty in the risk estimates for each endpoint. (In Table VI-2, the 95%
credible interval around the pooled relative risk estimate is provided instead, to facilitate
comparison with the reported RRs from the original studies). In the risk analyses the mean of
the distribution based on the empirical Bayes approach is also reported as an estimate of the
central tendency of the distribution. Because a random effects framework was used for the
empirical Bayes approach, this mean estimate is identical to what would be estimated by a
random effects meta analysis. A more detailed description of the techniques used to develop
the pooled estimates and the application of the empirical Bayes approach is provided in the
technical support document (Abt Associates, 1996b).

In the absence of site-specific RRs for all the endpoints of interest (a product of data
limitations that preclude constraining the assessment solely to those areas where both adequate

air quality and concentration-response information are available), pooled analyses using this

2 Exhibit 5.10 of Abt Associates (1996b) shows that the credible intervals resulting from the empirical Bayes
approach are wider for cases in which a number (6-10) of location-specific concentration-response relationships are
available (e.g., mortality associated with short-term exposures of PM,, or PM, .), but not substantially different for

hospital admissions endpoints for which fewer studies (3-4) were pooled.
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empirical Bayes approach is one method employed to allow potential differences in RR from
location to location to be reflected in the risk estimates. As an additional approach, sensitivity
analyses have been performed evaluating the effects of including alternative studies or
excluding studies or groups of studies from the pooled analyses (Appendix F, Table F-4; Abt
Associates, 1996b).

The CD identifies the interpretation of specific concentration-response relationships as
the most problematic issue for risk assessment purposes at this time due to the absence of clear
evidence regarding mechanisms of action for the various health effects of interest (CD, p.13-
87). The reported study results used in these analyses are based on linear models extending
over the range of air quality within the study, as illustrated in Figure VI-5 (CD, Figure 13-5)
by Line A. This model implies a possible linear, no-threshold underlying relationship
potentially extending to zero PM concentrations (illustrated by Line B). Alternatively, the
existing data do not rule out the possible existence of an underlying non-linear, threshold
relationship (illustrated by Line C). Although these alternative interpretations of study results
could significantly affect estimated risks, only very limited information is available to aid in
resolving this issue (CD, pp. 13-87-91). Thus, the approach taken in this risk assessment is to
address alternative models through sensitivity and integrated uncertainty analyses to develop
ranges of estimated risks, rather than characterizing any of the sets of risk estimates as
representing best estimates.

To frame the sensitivity analyses of concentration-response models, the results from
various studies have been examined through a number of alternative approaches to identify
appropriate PM concentration “cutpoints™ which define the lower end of the range over
which the concentration-response functions would be applied. Table VI-3 summarizes the
cutpoints examined in the sensitivity and integrated uncertainty analyses. A more detailed

discussion of the basis for selecting these particular cutpoints is presented in Appendix E.

3 “Cutpoint” as used in Chapter VI refers to concentrations determined to be of interest for evaluating the
sensitivity of risk estimates to assumptions about the shape of concentration-response relationships. This is in
contrast to the use of the term “cutpoint” in Chapter 1V, which refers to the aerodynamic diameter of particles
being sampled by a monitor.
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Figure VI-5. Schematic Representation of Alternative Interpretations of Reported
Epidemiologic Relative Risk (RR) Findings with Regard to Possible Underlying PM
Mortality Concentration-Response Functions (CD, Figure 13-5). Published studies
typically only report results from linear models that estimate RR over a range of observed PM
concentrations as represented by Line A (specific PM values shown are for illustrative
purposes only), compared against baseline risk (RR = 1.0) at the lowest observed PM level.
One alternative interpretation is that the RR actually represents an underlying linear, no-
threshold PM-mortality relationship (Line B) with the same slope as Line A but extending
below the lowest observed PM level essentially to 0 ..g/m*. Another possibility is that the
underlying functional relationship may have a threshold (illustrated by Curve C), with an
initially relatively flat segment, not statistically distinguishable from the baseline risk (1.0)
until some PM concentration where it sharply increases (or more likely somewhat less sharply
ascends in the vicinity of the breakpoint as shown by the dashed lines).
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Table VI-3. Concentration-Response “Cutpoints” Examined in Uncertainty Analyses

Pollutant Health Effects Cutpoints Examined
(ng/m°)

PM,, Effects Associated with Short-Term Exposure 20 30 40

PM, ¢ Effects Associated with Short-Term Exposure 10 18 30

PM, ¢ Effects Associated with Long-Term Exposure 12.5 15 18

In conjunction with defining such concentration cutpoints, the slopes of the
concentration-response functions have been increased to reflect the effect of potential
thresholds at the selected levels. This concept that the slope above a cutpoint would be
expected to increase somewhat in a threshold model is illustrated by the comparison of linear
and nonlinear models applied, for example, to the TSP data set from Philadelphia presented in
the CD (CD, Table 13-6; Appendix F, Figure F-1). Figure VI-6 illustrates the two methods
used to adjust slopes when nonlinear models with cutpoints were applied in the risk analyses.
The first method adjusts the slope of the relationship from the cutpoint to the maximum
concentration observed in the health effects studies so that the area under this line is the same
as the area under the original concentration-response relationship that went down to estimated
background. To compensate for fewer PM-associated health effects at low concentrations (and
no effects below the cutpoint level), the adjusted function must rise more rapidly than the
original function. The second slope adjustment method assumes that the RR associated with
the maximum concentration observed in the studies is the same as in the original function and,
therefore, the concentration-response relationship extends from the cutpoint to the RR
observed at the maximum concentration in the original study. This second method increases

the slope less than the first method. It is important to recognize that the two adjustment
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Figure VI-6. Slope Adjustment Methods Used in
Sensitivity and Uncertainty Analyses
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methods are illustrative and intended to roughly bound the potential impact on concentration-
response relationships if cutpoints or thresholds above background exist.

Based on this examination of study results, presented in Appendix E, the cutpoints
identified in Table VI-3 have been selected as a basis for a series of sensitivity and uncertainty
analyses. Results of sensitivity and uncertainty analyses involving cutpoint and other
important uncertainties are presented in section VI.C below.

An additional issue concerning the appropriate interpretation of ambient PM
concentration-response relationships is whether they may represent effects resulting from the
combined exposure to ambient and indoor particles (or some subset of ambient and indoor
exposures, such as the combined exposure to ambient and indoor combustion source particles).
While total personal exposure to ambient and indoor particles can be substantially higher than
exposure to ambient particles alone*, the CD concludes that additional exposure to particles
indoors from sources independent of ambient sources (which individuals can be exposed to
when either outdoors or indoors, since particles penetrate residential indoor
microenvironments (CD, p. 1-9)) would not be expected to systematically affect coefficients of
ambient concentration-response relationships (CD, p. 1-10).

3. Baseline Health Effects Incidence Rates

The third key component required in the PM risk analyses is an estimate of the baseline
health effects incidence rate corresponding to "as is™ PM levels. Incidence rates express the
occurrence of a disease or event (e.g., asthma episode, hospital admission, death) in a
specified time period, usually per year. Health effects incidence rates vary among geographic
areas due to differences in population characteristics (e.g., age distribution) and factors

affecting illness or response (e.g., smoking, occupation, income levels, air pollution levels).

*For example, the PTEAM study found that for a study population in Riverside, CA, during a period in which
daytime ambient PM,, concentrations measured at a central monitor averaged 91 pg/m?® and ranged from 37 - 158
ug/m? (10th -90th percentile of daytime concentration distribution), daytime total personal exposure averaged
approximately 60% higher (150 ug/m?, ranging from 60 - 263 ug/m?® (10th -90th percentile) (Clayton et al, 1993).
However, nighttime ambient and personal exposures were highly similar [mean concentrations were identical (77
ug/m®) with ambient PM,, values ranging slightly above and below personal exposure values across the group
(10th-90th percentile range 30 -156 pg/m® ambient; 37 - 135 pg/m?® personal)].
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Tables VI-4 and VI-5 provide a summary of population estimates and baseline
mortality and morbidity incidence rates used in these analyses for Philadelphia and Los
Angeles Counties. Mortality rates are based on county-specific data from the National Center
for Health Statistics. Morbidity rates for hospital admissions in Philadelphia are based on
Philadelphia County admissions data obtained from the Delaware Valley Hospital Council,
and for Los Angeles County from California’s Office of Statewide Health Planning and
Development. For respiratory symptoms, baseline incidence information on symptoms is not
routinely reported, so for these endpoints the incidence rates from the studies themselves were
used. This would be expected to introduce considerable uncertainty, since baseline symptoms
incidence would be expected to vary across locations, and because many diary studies (e.g.,
Schwartz et al., 1994; Pope et al., 1991) do not record symptoms incidence across an entire
year. Thus, incidence estimates for respiratory symptoms are particularly uncertain and are
primarily included to provide perspective on the number of effects estimated relative to other
health effects.

Uncertainty in baseline incidence rates primarily affects estimates of numerical
incidence (e.g., counts of number of hospital admissions, symptoms). Percent of incidence
estimates can be obtained without the use of baseline incidence health information, since
almost all of the key studies used in the risk analysis report results in the form of RR versus
air quality (the exception being Thurston et al., 1994) which generate the same percent of
incidence estimates regardless of the baseline incidence rates. Baseline incidence rates are
only involved in estimating the implication of the estimates of percentage incidence in terms of

numbers of health effects.
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Table VI-4. Relevant Population Sizes for Philadelphia County and
Southeast Los Angeles County

Population Philadelphia County Southeast Los Angeles
County
Total 1,590,000 3,640,000
Ages > 65 241,000 (15.2%) 322,000 (8.9%)
Children, ages 8-12 103,000 (6.5%) 282,000 (7.8%)
Children, ages 10-12 62,000 (3.9%) 166,000 (4.6%)
Asthmatic Children, 3,900* (0.3%) 10,700* (0.3%)
ages 9-11
Asthmatic African-American -- 1,800* (0.05%)
Children, ages 7-12

*Incidences for asthmatic children were obtained using the national asthma prevalence among children (6.3%).
The incidence of asthmatic African-American children ages 7-12 in Southeast L.A. County, for example, is
3,640,000 multiplied by {0.0937 (the proportion of the population that is ages 7-12) x 0.085 (the proportion of the

population that is African-American) x 0.063 (the proportion of the national population of children that are
asthmatic)}.
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Table VI-5. Baseline Health Effects Incidence Rates
Health Effect Philadelphia | Southeast Los National
County Angeles County | Average®
Mortality” 1280 667 830
(per 100,000 general population/year)
Morbidity:
A. Hospital Admissions (per 100,000 general population/year)
Total respiratory hospital admissions® (all ages): 816 427 -
ICD codes 466, 480-482, 485, 490-493
Total respiratory hospital admissions (65 and older): 650 428 504
ICD codes 460-519
COPD admissions (65 and older): ICD codes 490-496 202 116 103
Pneumonia admissions (65 and older): ICD codes 480-487 257 205 229
Ischemic heart failure (65 and older): ICD codes 410-414 614 307 450
Congestive Heart Disease (65 and older): ICD code 428 487 197 231
B. Respiratory Symptoms (percent of relevant population)
Lower Respiratory Symptoms (LRS) in children, ages 8-12
(number of cases of symptoms per day) 0.15%* 0.15%* _
Lower Respiratory Symptoms (LRS) in asthmatic children,
ages 9-11 (number of days of symptoms) 16%* 16%* _
(Doctor diagnosed) acute bronchitis in children ages 10-12 6.5%* 6.5%* --

per year

All incidence rates are rounded to the nearest unit.

a. National rates for hospital admissions for patients over 64 years of age were obtained from Vital and Health
Statistics, Detailed Diagnoses and Procedures, National Hospital Discharge Survey, 1990. June, 1992. CDC.
Hyattsville, Md. Each rate is based on the number of discharges divided by the 1990 population of 248,709,873 .
b. Mortality figures exclude suicide, homicide, and accidental death, which corresponds to the measures used in the

epidemiological studies employed in this analysis.

c. Although a baseline incidence rate is not needed for calculating the incidence of total respiratory hospital
admissions associated with PM (because the concentration-response function is linear), it is needed for calculating

the percent change in incidence associated with PM.

*Baseline incidence rates for respiratory symptoms were taken from the original studies: Schwartz et al. (1994):
percent of all child-days on which there were respiratory symptoms, as defined in the study; Pope et al. (1991):
for number of days of LRS in asthmatic children ages 10-12; and Dockery et al. (1989), for acute bronchitis in

white children ages 10-12.




4.

VI1-24

Limitations and Uncertainties

This PM health risk assessment involves substantial uncertainties given the nature of

the pollutant, limited data on population exposures, and the nature of the epidemiological

evidence of effects. The major uncertainties include:

Limited information on air quality and on human activity patterns (e.g., how they vary
over time and location compared to the original studies) add uncertainty to the
analyses. Errors in measurement of relevant air quality, both instrument error in
monitored concentrations and errors resulting from using averages of population-
oriented monitors to represent population exposure, are potentially important sources
of uncertainty.

Modeled air quality simulations of attainment of alternative PM standards introduce
potentially significant uncertainties, particularly in assessing the impact of alternative
standards with regard to the pattern of reductions that would be observed across the
distribution of air quality values.

The use of uncertain estimates of annual average background PM concentration for
each location results in uncertainties with regard to estimates that are representative of
risks in excess of those potentially attributable to uncontrollable background PM levels.
Insufficient information exists to fully assess the extent to which PM concentration-
responses functions reflect the best estimates of risk associated with PM, as well as
whether such functions are transferable across cities due to (1) variations in PM
composition across cities, (2) the possible role of associated copollutants in influencing
PM risk, and (3) variations in the relation of total exposure to ambient monitoring in
different locations. There also is the additional uncertainty concerning the
transferability of health functions to future PM aerosol mixes.

The use of pooled concentration-response functions from studies in several locations to
represent the overall effect of particles on a particular health endpoint in any one
location introduces uncertainty.

The impact of historical air quality on estimates of health risk from long-term PM

exposures is not well understood, nor is the duration of time that a reduction in particle
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concentrations must be maintained in a given location in order to experience the
predicted reduction in health risk.

. Normalizing the health risk experienced or reduced in different locations due to
differences in the completeness of the air quality data sets introduces uncertainty.

. Additional uncertainty is related to baseline health effects incidence information,
particularly where location specific information is not available and must be estimated
either by scaling national incidence rates or using reported rates from the original
studies. Uncertainties in baseline health information would be expected to affect
numerical estimates of total incidence more than estimates of the percentage of
incidence.

Sensitivity and uncertainty analyses addressing many of these uncertainties are presented along

with the PM risk estimates in the following section and in Appendix F.

C. Risk Estimates for Philadelphia and Los Angeles Counties

In the sections below risk estimates are first presented for the two locations analyzed
using base case assumptions associated with *“as is” PM levels. Risk estimates are then
presented for Los Angeles County with PM levels adjusted to just attain the current PM,,
standards using base case assumptions. Finally, risk estimates are presented associated with
attainment of alternative PM, . standards. For each of these cases, the potential impacts of
alternative assumptions and uncertainties inherent in the risk assessment are examined in
sensitivity analyses of individual key uncertainties and in an integrated uncertainty analysis that
looks at the combined effect of several uncertainties.

1. Base Case Risk Estimates Associated with “As Is” PM Levels

The estimated health risks associated with exposure to short- and long-term ambient
particle concentrations in Philadelphia County and Los Angeles County have been estimated
using base case assumptions, as discussed in Section VI-B, for recent 12 month periods.
Estimates for health risks posed by ambient particles measured both as PM,, and PM, . are
provided. The risk estimates for PM,, and PM, . should be viewed as providing alternative
estimates of the total health impacts of particles for the health endpoints listed in the Tables.

The risk estimates for the two different measures of PM should not be summed. The estimates
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are for annual health risks from particle concentrations above estimates of annual background
concentrations (8 pg/m* PM,, and 3.5 pg/m® PM, ; in Philadelphia County, 6 ug/m* PM,, and
2.5 pg/m® PM, ; for Los Angeles County).

These risk estimates of effects associated with particles have been restricted to those
endpoints where associations between particles and health endpoint have been demonstrated in
U.S. and Canadian cities (CD, p.13-36). Risk estimates for other health endpoints reported
to be associated with short-term PM,, concentrations, such as emergency room visits for
asthma (Schwartz et al., 1993), respiratory hospitalization in children (Pope, 1991), school
absences (Ransom and Pope, 1992), symptoms of cough (Schwartz et al., 1994; Ostro et al.,
1991; Pope and Dockery, 1992), and asthma medication usage (Pope et al., 1991), or
associated with short-term PM, . concentrations, such as respiratory-related restricted activity
days and work loss days in adults (Ostro and Rothschild, 1989) have not been developed.
Risk estimates also have not been developed for some health endpoints reported to be
associated with long-term PM concentrations, such as chronic bronchitis in adults (Abbey et
al., 1995a) and decreased lung function in children (Raizenne et al., 1996) In addition, risk
estimates have not been extended to different age groups from those in the original study, even
though this means often estimating risks for only narrow age groups of children.>

a. Philadelphia County

Base case risk estimates presented in Table VI-6 suggest that PM is associated with
between 1.1-1.8% (90% credible intervals (Crl) = 0.8-1.4% to 1.1-2.5%) of total mortality
for short-term exposures and with about 4.6% (Crl 2.8-6.2%) of total mortality for long-term
exposures in Philadelphia County. The risk estimates associated with long-term exposure are
likely to reflect both a component of mortality from short-term exposures as well as mortality
not tightly linked to daily changes in PM concentrations. Expressed in terms of number of

deaths, the mortality incidence in Philadelphia County estimated to be associated with PM

®However, for studies of respiratory symptoms in Caucasian children which were restricted to exclude racial
differences for analytical purposes (Schwartz et al., 1994; Pope et al., 1991; Dockery et al., 1989) the resulting
concentration-response relationships were applied to the whole population of children in the pertinent age group

(children 8-12, 0-11, and 10-12 years old, respectively) in the two cities examined for the risk analysis.
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ranges from 220 deaths (Crl 160-290) associated with short-term exposures to 920 deaths (Crl
580-1260) associated with long-term exposures.

Base case morbidity risk estimates associated with “as is” PM levels in Philadelphia
county are approximately 2.4% (Crl 1.5-3.3%) of total respiratory hospital admissions for
individuals over 64 based on a pooled analysis of studies using PM,, as the pollutant indicator.
This compares to an estimated risk of 2.0% (Crl 0.5-3.5%) of total respiratory hospital
admissions for all ages in Philadelphia County based on a single study using PM, . as the
pollutant indicator. Risks associated with PM exposure range from 0.7-1.4%(Crl 0.3-1.2 to
0.7-2.1%) of cardiac hospital admissions among individuals over 64 years of age for ischemic
heart disease and congestive heart failure.

Risks associated with short-term exposures to PM range from 6.8% (Crl 2.4-10.9%) to
20.1% (Crl 10.3-28.3%) of the lower respiratory symptoms reported in children 8-12 years in
age, depending on PM indicator and the exact ages and asthma status of the children. Long-
term exposure to PM over the course of the year was estimated to be associated with a 0.3%
(Crl 0-0.6%) increase in incidence of doctor diagnosed acute bronchitis among 10-12 year
olds.

b. Los Angeles County

Base case risk estimates associated with “as is” PM levels in Los Angeles County are
presented in Table VI-7. The PM,, and PM, . annual concentrations are approximately double
the PM concentrations in Philadelphia (annual mean concentration of approximately 52 pug/m?
PM,, and 30 pug/m* PM, ; in Los Angeles County versus 25 pg/m® PM,, and 17 pg/m?® PM, .
for Philadelphia). Risks associated with “as is” particle levels in Los Angeles County are
estimated to range from 1.6-3.7% (Crl 0.2-3.1% to 0.8-6.3%) of total mortality for short-
term exposure and to be approximately 11.9% (Crl 7.5-16.0%) of total mortality for long-
term exposure. The estimate of 1.6% of total mortality is based on a study of mortality in Los
Angeles County (Kinney et al., 1995). This lower estimate of mortality incidence may be due
in part to the fact that this study employed the shortest averaging time (1 day) of those
included in the pooled estimate (CD, p.12-72).



Table VI-6. Estimated Annual Health Risks Associated with "As Is" PM Concentrations
in Philadelphia County, September 1992- August 1993 (for base case assumptions)

Health Effects Associated with PM-10 Above Background** Health Effects Associated with PM-2.5 Above Background**
Health Effects* Incidence Percent of Total Incidence Incidence Percent of Total Incidence
Mortality (all ages) (A) Associated with short-term exposure 220 1.1% 370 1.8%
(160 - 290) 0.8-1.4) (220 - 510) (1.1-25)
(B) Assoc. with long-term exposure - e - e 920 4.6%
(51 locations) [ [ (580 - 1260) (2.8-6.2)
Hospital Admissions (C) Total Respiratory - e - e 260 2.0%
Respiratory (all ages) - e - e (70 - 450) (0.5-3.5)
(D) Total respiratory 250 2.4% - e - e
(>64 years old) (150 - 340) (1.5-3.3) e e
(E) COPD 120 3.7% - e - e
(>64 years old) (80 - 150) (2.5-4.7) e e e e
(F) Pneumonia 80 1.9% - e - e
(>64 years old) (50 - 100) (1.3-2.6) e e
Hospital Admissions (G) Ischemic Heart Disease *** 80 0.8% 70 0.7%
Cardiac (>64 years old) (30 - 120) (0.3-1.3) (30 - 120) (0.3-1.2)
(H) Congestive Heart Failure *** 110 1.4% 100 1.3%
(>64 years old) (50 - 160) 0.7-2.1) (50 - 150) (0.6 -2.0)
Lower Respiratory (I) Lower Respiratory Symptoms (# of cases) < 10000 > 17.5% < 11000 > 20.1%
Symptoms (8-12 year olds) (8000 - 11000) (15.3 - 19.6) (6000 - 15000) (10.3-28.3)
in Children**** (J) Lower Respiratory Symptoms (# of days) < 16000 > 6.8% - e - e
(9-11 year old asthmatics) (6000 - 25000) (2.4-10.9) - - e - - e
(K) Doctor-diagnosed Acute Bronchitis assoc- <190 > 0.3% - e - e
iated with long-term exposure (10-12 year olds) (20 -370) (0.0 -0.6) -- - - -- - -

* Health effects are associated with short-term exposure to PM, unless otherwise specified.

** Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not
below background level. Background PM-10 is assumed to be 8 ug/m3; background PM-2.5 is assumed to be 3.5 ug/m3.

*** PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.

****Angle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for
location-specific incidence rates. This increases the uncertainty in the incidence estimates.

The numbers in parentheses for pooled functions are NOT standard confidence intervals.
All the numbers in parentheses are interpreted as 90% credible intervals based on uncertainty analysis
that takes into account both statistical uncertainty and possible geographic variability.

Sources of Concentration-Response (C-R) Functions:

(A) PM-10 C-R function based on pooled results from
studies in 10 locations; PM-2.5 C-R function based on pooled
results from studies in six locations.

(B) Pope et al., 1995

(C) Thurston, et al., 1994

(D) PM-10 C-R based on pooled results from 4 functions

(E) PM-10 C-R based on pooled results from 4 functions

(F) PM-10 C-R based on pooled results from 4 functions

(G) Schwartz & Morris, 1995

(H) Schwartz & Morris, 1995

() Schwartz, et al., 1994

(J) Pope et al., 1991

(K) Dockery et al., 1989
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The estimated mortality risks in Los Angeles County based on the pooled, short-term
mortality functions and the long-term mortality functions expressed in either percentage terms
or as number of deaths are roughly two to three times the risks estimated applying the same
functions in Philadelphia County. The population of the Los Angeles County area used in the
analysis is more than twice as large as Philadelphia County (3.6 million versus 1.6 million),
however, the death rate is half of that observed in Philadelphia (667 versus 1280 per 100,000).
The differences in population size and death rate between the two study areas are largely off-
setting in terms of the risk calculations, but Los Angeles County PM annual levels are nearly
double those observed in Philadelphia county. Thus, the differences in risk estimates between
the two study areas appears to be largely due to differences in PM levels.

With respect to morbidity health endpoints, short-term exposures to PM concentrations
in Los Angeles County are estimated to be associated with approximately 6.9% (Crl 4.2-
9.4%) to 7.7% (Crl 2.1-13.4%) of total respiratory hospital admissions (all ages and
individuals over 64, respectively). PM also is estimated to be associated with between 1.4%
(Crl 0.6-2.3%) to 4.1%(Crl 2.0-6.1%) of cardiac hospital admissions among individuals over
64 years of age for ischemic heart disease and congestive heart failure.

Short-term exposure to PM in Los Angeles County is estimated to be associated with
between 18.4% (Crl 6.9-28.0%) and 41.4% (Crl 37.2-45.2) of the lower respiratory
symptoms reported in children 8-12 years in age, depending on PM indicator and the ages,
races, and asthma status of the children. These incidences seem high, and EPA staff notes that
questions can be raised about the transferability of concentration-response functions derived in
eastern U.S. locations to Los Angeles. Therefore, risk estimates based on a recent study of
asthmatic symptoms among African-American children in central Los Angeles are provided
for comparison (Ostro et al., 1995). Estimates based on this study indicate that daily
variations in PM concentrations are associated with 19.3% (Crl 6.4-29.2%) of the reported
incidence of shortness of breath, which is similar to that derived from the other studies.
Long-term exposure to PM over the course of the year is estimated to be associated with a
3.1% increase (Crl 0.4-4.7%) in incidence of doctor diagnosed acute bronchitis among 10-12

year olds.
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Table VI-7. Estimated Annual Health Risks Associated with "As Is" PM Concentrations
in Southeast Los Angeles County, 1995* (for base case assumptions)

Health Effects Associated with PM-10 Above Background*** Health Effects Associated with PM-2.5 Above Background***
Health Effects** Incidence Percent of Total Incidence Incidence Percent of Total Incidence
Mortality (all ages) (A) Associated with 800 3.3% 900 3.7%
short-term exposure (570 - 1020) (2.3-4.1) (200 - 1560) (0.8-6.3)
(B) Associated with short-term exposure 400 1.6% - e - e
(study done in Los Angeles) (40 - 750) (0.2-3.1) - e - e
(C) Associated with long-term exposure - e -- -- 2,920 11.9%
(51 locations) [ [ (1850 - 3930) (7.5 - 16.0)
Hospital Admissions (D) Total Respiratory - e -- -- 1,200 7.7%
Respiratory (all ages) - - e -- -- (330 - 2080) (2.1-13.4)
(E) Total Respiratory 1,070 6.9% - e - e
(>64 years old) (660 - 1460) (4.2-9.4) e e e e
(F) cCOPD 440 10.3% - e - e
(>64 years old) (310 - 560) (7.3-13.1) e e e e
(G) Pneumonia 420 5.6% - e - e
(>64 years old) (290 - 550) (3.9-7.3) - e - e
Hospital Admissions (H) Ischemic Heart Disease**** 260 2.3% 160 1.4%
Cardiac (>64 years old) (100 - 420) 0.9-3.7) (60 - 260) (0.6 -2.3)
() Congestive Heart Failure**** 290 4.1% 180 2.5%
(>64 years old) (140 - 430) (2.0-6.1) (90 - 270) (1.2-3.8)
Lower Respiratory (J) Lower Respiratory Symptoms (# of cases) < 62000 > 41.4% < 51000 > 34.4%
Symptoms (8-12 year olds) (56000 - 68000) (37.2-45.2) (28000 - 68000) (19.1-45.7)
in Children *+*** (K) Lower Respiratory Symptoms (# of days) < 115000 > 18.4% -- -- -- --
(9-11 year old asthmatics) (43000 - 175000) (6.9 - 28.0) [ [
(L) Days of shortness of breath (7-12 year old <7200 > 19.3% -- -- -- --
African American asthmatics in Los Angeles) (2400 - 10900) (6.4-29.2) -- --
(L) Doctor-diagnosed Acute Bronchitis assoc- <5090 > 3.1% - -
iated with long-term exposure (10-12 year olds) (680 - 7750) (0.4-4.7) - - e - - e

* Southeast Los Angeles County was not in attainment of current PM-10 standards (50 ug/m3 annual average Sources of Concentration-Response (C-R) Functions:

standard and 150 ug/m3 daily standard) in 1995. Figures shown use the actual reported concentrations.
** Health effects are associated with short-term exposure to PM, unless otherwise specified.
*** Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not
below background level. Background PM-10 is assumed to be 6.0 ug/m3 and background PM-2.5 is assumed to be 2.5 ug/m3.
*++% PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.
**+%Angle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for
location-specific incidence rates. This increases the uncertainty in the incidence estimates.

(A) PM-10 C-R function based on pooled results from
studies in 10 locations; PM-2.5 C-R function based on pooled
results from studies in six locations.

(B) Kinney et al., 1995

(C) Pope et al., 1995

(D) Thurston, et al., 1994

(E) PM-10 C-R based on pooled results from 4 functions

(F) PM-10 C-R based on pooled results from 4 functions

(G) PM-10 C-R based on pooled results from 4 functions

(H) Schwartz & Morris, 1995

(1) Schwartz & Morris, 1995

(J) Schwartz, et al., 1994

(K) Pope et al., 1991

(L) Dockery et al., 1989

The numbers in parentheses for pooled functions are NOT standard confidence intervals.
All numbers in parentheses are interpreted as 90% credible intervals based on uncertainty
analysis that takes into account both statistical uncertainty and possible geographic variability.
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C. Key Uncertainties

There are additional uncertainties about the risk estimates for both locations beyond
those reflected in the credible intervals. These additional uncertainties include but are not
limited to the degree of transferability of concentration-response functions and measurement
error in air quality values for each location. Because national or community gathering of
respiratory symptoms information is not routinely performed, the numbers of days or cases of
symptoms is estimated by applying the percentage of incidence associated with PM to the
baseline incidence rates reported in the health studies, which are from locations different than
those being analyzed, with the exception of the Ostro et al. (1995) study. Baseline incidence
may be considerably different from that observed in the cities analyzed, resulting in additional
uncertainty pertaining to the numerical estimates of incidence reported in Tables VI-6 and VI-
7. The estimates of percent incidence are less uncertain than the estimates of incidence counts
for respiratory symptoms risk estimates in both Philadelphia and Los Angeles.

2. Base Case Risk Estimates Upon Attainment of Current Standards

For comparisons with alternative standards it is desirable to estimate health risks
associated with PM air quality that does not include the effects of concentrations in excess of
those allowed by the current national PM standards. For Philadelphia county, Table VI-6 also
represents the estimated health risks associated with PM at or below the current PM,,
standards, since the monitors used in estimating Philadelphia’s air quality are already in
attainment of the current PM,, standards. For Los Angeles County, however, the estimates
given in Table VI-7 include contributions from concentrations in excess of those allowed by
the current PM,, standards. The PM,, concentrations for the monitors used in the risk analysis
in Los Angeles County have an annual mean controlling value of 52 pg/m® and a 2nd-daily
max controlling value of 195 pg/m?, versus the current PM,, standards of 50 pg/m?® annual
mean and 150 pg/m?, 24-hr average. Adjusting PM air quality for Los Angeles County to
simulate attainment of the current PM,, standards introduces additional uncertainty into the
risk estimates, but is required in order to compare risks associated with attaining the current

PM,, standards with risks associated with meeting alternative PM, . standards.
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The method chosen to simulate attainment of the current PM,, standards is to apply a
proportional rollback to both PM,, and PM, ¢ concentrations (preserving the PM, ./PM,, ratio)
to air quality concentrations that “just attain” current standards (under current interpretation,
this means reducing annual mean concentrations to 50.4 pg/m?, and the second daily max
concentration® to 154 pg/m?3, to reflect rounding conventions used to judge attainment). This
modeling of attainment in Los Angeles County through proportional rollback contains two
analytic assumptions. First, it assumes that the general shape of the distribution of PM air
quality concentrations in Los Angeles County will remain the same as observed under the “as
is” situation and that PM levels will be reduced proportionately based on the controlling
standard. For Los Angeles County the 24-hr second daily max concentration of 195 pg/m? is
the controlling value and needs to be reduced 21% to bring it into attaintment. Thus, the
amount of each PM concentration above estimated background for the 1995 year in Los
Angeles County was reduced by 21%. The second assumption is that the relationship between
PM, . and PM,, (PM,./PM,, ratio = 0.58) would be preserved as PM,, concentrations are
reduced. If control strategies are used to reach attainment that preferentially controls coarse
particles relative to fine particles (as has been observed in some areas, see Chapter 1V), or that
preferentially controls fine particles relative to coarse particles, this simplifying assumption
introduces some inaccuracy. If the error is in the direction of not adequately reflecting a
preferential control of coarse particles, then PM, . concentrations in the “just attain PM,,
standards case” would be expected to be higher than those estimated in this analysis. In this
case, larger reductions in PM health risks would be expected than those reported later in the
alternative standards risk analysis.

The results for Los Angeles County based on simulating attainment of the current PM,,
standards are shown in Table VI-8. The reduction in PM concentrations results in an

approximately 18-28% reduction in the risk estimates associated with short-term PM

® The current 24-hr standards are applied to the 4th highest daily concentration in a three year period. Since
we are only examining a year of air quality concentrations in the risk analysis, the second daily max concentration
was chosen as an approximate surrogate for the 4th highest concentration in three years value.
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exposures compared to “as is” levels. This provides an example of how the estimated change
in health
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Table VI-8. Estimated Annual Health Risks Associated with Attainment of Current Standards
in Southeast Los Angeles County, 1995* (for base case assumptions)

Health Effects Associated with PM-10 Above Background*** Health Effects Associated with PM-2.5 Above Background***
Health Effects** Incidence Percent of Total Incidence Incidence Percent of Total Incidence
Mortality (all ages) (A) Associated with 630 2.6% 710 2.9%
short-term exposure (450 - 800) (1.8-3.3) (430 - 970) (1.7 - 3.9)
(B) Associated with short-term exposure 290 1.2% —- - e —- - e
(study done in Los Angeles) (30 - 550) (0.1-2.2) - - e - - e
(C) Associated with long-term exposure —- - e —- - e 2,110 8.6%
(51 locations) R R (1330 - 2860) (5.4-11.7)
Hospital Admissions (D) Total Respiratory —- - e —- - e 940 6.1%
Respiratory (all ages) - - e - - e (250 - 1630) (1.6 - 10.5)
(E) Total Respiratory 840 5.4% —- - e —- - e
(>64 years old) (520 - 1160) (3.3-7.4) [ [
(F) COPD 350 8.2% —- - e —- - e
(>64 years old) (240 - 440) (5.8 - 10.5) [ [
(G) Pneumonia 330 4.4% —- - e —- - e
(>64 years old) (230 - 430) (3.1-5.8) [ [
Hospital Admissions (H) Ischemic Heart Disease**** 200 1.8% 130 1.1%
Cardiac (>64 years old) (80 - 330) (0.7-2.9) (50 - 200) (0.4 -1.8)
(1) Congestive Heart Failure**** 230 3.2% 140 2.0%
(>64 years old) (110 - 340) (1.5-4.8) (70 - 210) (1.0 - 3.0)
Lower Respiratory (J) Lower Respiratory Symptoms (# of cases) < 52000 > 34.8% < 43000 > 28.7%
Symptoms (8-12 year olds) (46000 - 57000) (31.0 - 38.4) (23000 - 58000) (15.4 - 39.0)
in Children ***** (K) Lower Respiratory Symptoms (# of days) < 93000 > 14.9% —- - e —- - e
(9-11 year old asthmatics) (34000 - 143000) (5.5 - 23.0) R R
(L) Days of shortness of breath (7-12 year old <5200 > 14.1% - e e
African American asthmatics in Los Angeles) (1700 - 8100) (4.6 - 21.8) - - e
(L) Doctor-diagnosed Acute Bronchitis assoc- <3760 > 2.3% —- - e —- - e
iated with long-term exposure (10-12 year olds) (470 - 6190) (0.3-3.7) -- - - -- - -

* Southeast Los Angeles County was not in attainment of current PM-10 standards (50 ug/m3 annual average
standard and 150 ug/m3 daily standard) in 1995. "As is" daily PM-10 concentrations were first rolled
back to simulate attainment of these standards. "As is" daily PM-2.5 concentrations were rolled back
by the same percent as daily PM-10 concentrations. See text in Chapter VI for details.
** Health effects are associated with short-term exposure to PM, unless otherwise specified.
*** Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not

below background level. Background PM-10 is assumed to be 6.0 ug/m3 and background PM-2.5 is assumed to be 2.5 ug/m3.

**** PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.
***xxAngle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for
location-specific incidence rates. This increases the uncertainty in the incidence estimates.

The numbers in parentheses for pooled functions are NOT standard confidence intervals.

All numbers in parentheses are interpreted as 90% credible intervals based on uncertainty
analysis that takes into account both statistical uncertainty and possible geographic variability.
See text in Chapter VI for details.

Sources of Concentration-Response (C-R) Functions:

(A) PM-10 C-R function based on pooled results from
studies in 10 locations; PM-2.5 C-R function based on pooled
results from studies in six locations.

(B) Kinney et al.,1995

(C) Pope et al., 1995

(D) Thurston, et al., 1994

(E) PM-10 C-R based on pooled results from 4 functions

(F) PM-10 C-R based on pooled results from 4 functions

(G) PM-10 C-R based on pooled results from 4 functions

(H) Schwartz & Morris, 1995

(1) Schwartz & Morris, 1995

(J) Schwartz, et al., 1994

(K) Pope et al., 1991

(L) Dockery et al., 1989
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risks associated with PM is approximately equal to the amount of proportional air quality
reduction required (for Los Angeles County, a reduction of 21% in air quality concentrations
results in a 18-28% reduction in health risks associated with short-term exposures). This
correspondence results from the shape of the concentration-response relationships reported in
the literature and in the base case analysis, which are essentially linear over most of the range
of concentrations considered here. For risks associated with long-term exposures, the
reduction is greater than the relative change in PM levels because estimated health risks
associated with long-term exposures are quantified relative to lowest observed annual mean
concentrations in the health studies used in the risk analysis which are considerably in excess
of background.

Although there are substantial uncertainties in predicting annual health risks associated
with attainment of the current standards in Los Angeles County, the estimates in Table VI-8
suggest that short-term exposure to PM could be associated with approximately 1.2% (Crl
0.1-2.2%) to 2.9% (Crl 1.7-3.9%) of mortality, 5.4% (Crl 3.3-7.4%) of respiratory hospital
admissions for those over 65, 1.1% (Crl 0.4-1.8%) to 3.2% (Crl 1.5-4.8%) of cardiac
hospital admissions for ischemic heart disease and congestive heart failure, and from 14.9%
(Crl 5.5-23.0%) to 34.8 (Crl 31.0-38.4%) of respiratory symptoms in children upon
attainment of the current PM,, standards. Estimated mortality associated with long-term
exposure is about 8.6% (Crl 5.4-11.7%) and doctor-diagnosed acute bronchitis associated with
long-term exposure is about 2.3% (Crl 0.3-3.7%) upon attainment of the current NAAQS.
However, in considering such estimates it is important to consider the substantial uncertainties
that may affect these estimates. The next section summarizes the results of several sensitivity
analyses to provide some insight into the magnitude of the uncertainties associated with the
PM risk estimates. Additional uncertainties, not captured by the sensitivity analyses, were

discussed previously in Section VI.B and VI.C.1.c.
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3. Uncertainty Analyses of Estimated Risks Associated with “As Is” PM Levels in
Philadelphia County and Attaining Current PM,, Standards in Los Angeles County

a. Sensitivity Analyses of Individual Key Uncertainties

A number of sensitivity analyses of the health risk model have been conducted to
provide some perspective on the impact of various uncertainties and assumptions on the health
risk estimates presented in this Staff Paper. These sensitivity analyses are presented in
Appendix F and in the technical support document (Abt Associates, 1996b). Table VI-9
summarizes the results of a number of these sensitivity analysis indicating the effects of
alternative specifications for several important air quality and concentration-response
parameters (background, cutpoint concentrations, averaging time for mortality functions, and
the effects of reduced slopes for long-term mortality functions resulting from the potential
effects of inadequately considered confounders or previous air quality). The results are
presented as a range of estimates of the percent of mortality and respiratory hospital
admissions incidence associated with PM under “as is air quality in Philadelphia County.

From Table VI-9 it can be seen that the estimates of health risks show particular
sensitivity to assumptions concerning the use of appropriate cutpoint concentrations for
quantifying risk.” The cutpoints used in the analysis can be used to inform judgments
concerning the potential effects of nonlinear concentration-response relationships resulting
from potential biological considerations, copollutant effects, or exposure misclassification
associated with the use of ambient monitors as a measure of population exposures.

Disaggregating the pooled PM,, mortality analysis into subsets of studies with effects
estimates based on more homogenous averaging times also can make substantial differences in
the estimates of PM,, mortality health risk; for example, when studies with the shortest (1-
day) and longest (3-5 day) averaging times are contrasted. As would be expected, assuming
lower than reported coefficients for long-term mortality risk from PM exposures reduces risk

estimates by an amount equal to the reduction in the coefficient. The estimates of health risks

To quantify risks above various cutpoints, two alternative slope adjustment methods have been used to
examine the potential impact of a concentration-response function having a steeper slope (i.e., larger RRs per pg)
above specified cutpoints. See Figure VI-6 and discussion in Appendix F for further details.
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associated with PM also show some degree of sensitivity to alternative specifications of
background concentrations.

One important uncertainty that is not included in Table VI-9 concerns the effect of
copollutants on the estimated risks associated with PM. The base case estimates risk resulting
from concentration-response relationships developed without inclusion of copollutants. Since
not all of the studies included in the base case analysis controlled for copollutants by
simultaneously incorporating them in the analysis, it is not possible to directly estimate the
sensitivity of the base case results by taking into account the effect of simultaneous inclusion
of all copollutants in all studies. However, an examination of the sensitivity of risk estimates
from individual studies that did include copollutants is provided in Appendix F, Table F-5b.
The results for most, but not all, of the studies are consistent with the assessment in the CD
that the magnitude of PM effects and their statistical uncertainty in many studies showed little
sensitivity to the adjustment for copollutants (CD, p.13-55). As discussed in Section V.E.,
however, reanalyses of Philadelphia using TSP data by the HEI (Samet et al., 1996a) and
Mooglavkar et al. (1995a,b) have reported a potential for more significant interaction by
copollutants when multiple pollutants are entered into the concentration-response model. The
implications of the perspective that PM may be serving as an index reflecting the effects of
several pollutants in combination is discussed below in section VI.C.4 and is an area of
uncertainty that needs to be investigated further.

Similar sensitivity analyses to the ones summarized above for Philadelphia County
were performed for Los Angeles County. A primary point of interest is that the Los Angeles
County risk estimates show less sensitivity to the choice of cutpoint than the Philadelphia
County results, since a larger proportion of days in Los Angeles County have PM
concentrations above some or all of the cutpoints analyzed (see exhibits 7.17 - 7.20 in Abt
Associates, 1996b).



Table VI-9. Summary of Selected Sensitivity Analyses on Estimates of Risk Associated with PM in Philadelphia County

HEALTH PM BASE SENSITIVITY ANALYSES
ENDPOINT Indicator CASE Central Estimates
Central |l p ACKGROUND! | CUTPOINT? | CUTPOINT? | AVG TIME® | SLOPE
Estimate (Low-High Method | Method I REDUCTION®
Concentration) (Low-High) | (Low- High) | (5day-1day) | Long-Term Study
MORTALITY | PM,, 1.1% 1.3- 0.9% 04-01% | 04-0.1% 1.8 -0.4%
Short-Term
Exposure PM, 1.8% 2.0- 1.6% 11-01% | 1.0-0.1.%
MORTALITY PM, 4.6% No change® 2.4 - 0%° 3.4-23%
Long-Term
Exposure
HOSPITAL PM 2.4% 2.9-1.9% 1.3-0.4% 1.0- 0.2%
ADMISSIONS
Tota PM, 2.0% 2.3-1.8% 1.4 - 0.4% 1.2 - 0.2%
Respiratory’

! Low = 5 pg/m® PM,,, 2 ug/m® PM,; High = 11 pg/m® PM,,, 5 pg/m? PM, .; Base Case = 8 pg/ m® PM,,, 3.5 ug/m3PM,

2 Low = 20 pug/m*PM,,, 10 pg/m® PM, .; High = 40 ug/m*® PM,,, 30 ug/m* PM, ; Base Case = linear relationship above background. Method | and Method
Il refer to methods of adjusting the slope of the concentration-response relationship above the cutpoint upwards to different extents to reflect the anticipated
effect of a “hockey stick”-style threshold concentration response function. See Appendix F for further details..

® 5 day = results using 3-5 day averaging time studies; 1 day = result using single day averaging time study; Base Case used 2 day averaging time.

* First number represents effect of 33% reduction in slope; second number represents effect of 50% reduction in slope; Base Case used relative risk as
reported in study (i.e., no adjustment). Slope Reduction intended to roughly model potential effects of previous air quality or uncontrolled confounding.

® Background concentration sensitivity analyses make no difference in the risk estimates for mortality from long-term exposure since the lowest observed
concentrations in this studies (the limit to which the concentration-response function was applied) was well above background.

®Low = 12.5 ug/m® PM, ;; High = 18 pg/m® PM, ; Base Case = linear relationship above the lowest observed concentration in study (9 ug/m3). No slope
adjustment was made to the long-term mortality concentration-response relationship when applying the cutpoints.

"Total Respiratory Hospital Admissions for those = 64 yrs of age for PM,,; for all ages for PM, ;
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In general, these sensitivity analyses indicate that alternative analytic choices within the
range of those considered in this analysis may lead to sizable differences in risk estimates.
However, these are also primarily intended as bounding exercises to characterize the
magnitude of potential uncertainty, and as such do not reflect judgments concerning the
likelihood of specific alternative cases tested.

b. Integrated Uncertainty Analysis

In addition to individual sensitivity analyses discussed above, an integrated uncertainty
analysis has been conducted for mortality associated with short-term exposures to PM, ¢ to
assess the potential combined effects of several key uncertainties simultaneously. Through
Monte Carlo sampling approaches, a distribution of values for several key parameters in the
model has been estimated or specified, and 90 percent credible intervals have been generated
representing the probability that the risk estimates fall within a particular range once the
combined effect of these uncertainties have been considered. An advantage of this approach is
that it allows the combined effect of several uncertainties to be quantitatively estimated. A
major difficulty of the approach, however, is that the method inherently requires an estimate
of the distribution of values for each uncertainty included, even if little empirical evidence is
available to inform what is an appropriate choice for each distribution. Since there is little
information on which to base some of the distributions and/or weightings chosen to represent
certain key parameters in the integrated uncertainty analyses, the results of this analysis should
be viewed as illustrative in character. The purpose of the analysis is to show the potential
sensitivity of the risk estimates when several uncertainties, rather than just a single
uncertainty, are considered simultaneously.

As discussed earlier in this Chapter, there are a number of uncertainties encountered as
one attempts to estimate health risks associated with PM levels for a given city or location.
Given the availability of specific data for baseline health effects incidence and daily PM air
quality data for the two locations examined (i.e., Philadelphia and Los Angeles Counties),
staff judges that the uncertainties associated with these two inputs to the risk model are
relatively small compared to the uncertainties associated with what is the appropriate

concentration-response function for these locations. Therefore, the integrated uncertainty
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analysis is primarily focused on the concentration-response uncertainties, since this is judged

to be the largest source of uncertainty in the health risk model. In addition, uncertainty about
background levels and uncertainty about how PM air quality distributions might change upon

attainment of alternative standards also is included in the analysis.

Table VI-10 below summarizes how each of the uncertainties incorporated into the
integrated uncertainty analysis is treated. As outlined in Appendix E, there is substantial
uncertainty concerning whether cutpoint concentrations above background exist based on a
review of the available data. As discussed previously in this Chapter and in Appendix E,
various approaches have been used to derive cutpoints of interest from the available data. The
current data does not provide strong evidence concerning where a cutpoint concentration
might exist (CD). To account for this state of uncertainty, the integrated uncertainty analysis
use several illustrative weightings to assess the possible effects of this important uncertainty in
combination with other key uncertainties (i.e., estimated background levels, air quality
rollback approach). Each of the key uncertainties were incorporated sequentially into the
analysis to illustrate the impact of each uncertainty on the risk estimates.

Figure VI-7 displays the results of the integrated uncertainty analysis for mortality
associated with short-term exposure to PM, . for Philadelphia County under the *“as is”
scenario. The risk estimates are expressed in terms of both number of deaths over a 1-year
period and as a percent of total mortality. Each vertical bar represents a set of risk estimates
that includes the uncertainties identified below the bars. The mean estimate is given, as well
as the 5th, 25th, 75th, and 95th percentiles. The first vertical bar includes only uncertainty in
the RR and assumes that background equals 3.5 pg/m*. The second vertical bar incorporates
uncertainty in RR and in the PM, . background concentration for Philadelphia, with the
cutpoint set equal to the background concentration. The final three vertical bars incorporate
uncertainties about RR, background, and three weighting schemes differentially weighting the
likelihood that various cutpoint (or threshold) concentrations exist. The three weighting
schemes are indicated in the box below Figure VI-7. Case | represents a judgment that
concentration-response functions are more likely to exist down to background or 10 pg/m?;

Case |11 represents a judgment that concentration-response functions are more likely to have a
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Table VI-10. Summary of Uncertainties Incorporated Into Integrated
Uncertainty Analysis

Uncertainty

Distribution

Coefficient () in concentration-response
function

Based on distribution of ’s obtained from
pooled results of PM, . mortality studies in
six locations

Cutpoints in concentration-response function

Four cutpoints (background, 10, 18, 30
ug/m?) with three discrete weighting
schemes and two slope adjustment methods

Background PM, . concentration

Uniform distribution on the intervals [2,5]
and [1,4] (ug/m?) for Philadelphia County
and Los Angeles County, respectively, based
on the estimated ranges identified in the CD
for the Eastern and Western sections of the
United States

Shape of PM, ; air quality distribution upon
attainment of alternative standards

Based on distribution of regression slope of
linear rollback over background to ratio of
second high 24-hr PM, . values for 129 pairs
of site-years of data (see Section 8.2 in Abt
Associates (1996hb))




Expressed As Percent of Total Mortality
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Figure VI-7. Effect of Several Uncertainties on

Mortality Risk Associated With Short-Term Exposure

to PM-2.5 in Philadelphia County

September 1992 - August 1993
(Population: 1.6 Million)
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Uncertainty in background concentration enters into these calculations only when
the cutpoint is set equal to background. The other cutpoints are greater than the
highest background concentration considered.

Cutpoint Weighting Schemes

Casel |Casell |Caselll
Background | 0.5 0.2 0.05
10 ng/m® 0.3 0.3 0.15
18 ng/m® 0.15 0.3 0.5

30 ng/m® 0.05 0.2 0.3

Mortality
Risk
Associated
with PM-2.5:
Number of
Deaths
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cutpoint at 18 or 30 pg/m?; and Case Il represents a judgment that concentration-response
functions are somewhat more likely to have cutpoints in the 10-18 pg/m? range.® Figure VI-8
shows a similar figure for Los Angeles County where attainment of the current PM,, standards
is simulated.

The results of the integrated uncertainty analysis illustrate the impact on the mortality
risk estimates of whether or not one judges there to be a likely cutpoint or threshold above
estimated background levels. If one assumes no cutpoint above background, mortality
associated with short-term exposure in Philadelphia County under the “as is”” scenario is
estimated to be about 1.8 (Crl 1.2-2.7) percent of total mortality or 375 (Crl 225-525) excess
deaths. Allowing for the possibility of a cutpoint above estimated background levels, three
alternative cutpoint weighting schemes reduce the mean risk estimates to about 1.3, 0.8, and
0.5 percent of total mortality for Cases I, 1l, and Ill, respectively. For Cases I and Il the 90
percent credible intervals also become considerably wider than the risk estimates incorporating
only uncertainty in the RR slope and estimated background concentration and all three cutpoint
weighting schemes indicate a lower bound of the 90 percent credible interval of about 0.2-0.3
percent of total mortality. For Los Angeles County under the just attaining the current PM,,
standards, the mean mortality risk estimates assuming no cutpoint is about 2.8 percent (Crl
1.7-3.8). The alternative cutpoint weighting schemes reduce the mean mortality risk estimates
to about 2.2, 1.6, and 1.2 percent for Cases I, Il, and 11, respectively. The higher risk
estimates in Los Angeles County are due mainly to the higher PM, . levels, since Philadelphia

County air quality is lower (i.e., better) than the current PM,, standards.

8In the sensitivity analysis described previously in the Chapter two different methods for adjusting the slope of
the concentration-response function were examined when various cutpoints (or thresholds) were analyzed. In the
integrated uncertainty analysis, the two slope adjustment methods were given equal weight.
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Figure VI-8. Effect of Several Uncertainties on Mortality Risk Associated

Expressed As Percent of Total Mortality

With Short-Term Exposure to PM-2.5 After Meeting Current
PM-10 Standards in Los Angeles County

(Population: 3.6 Million)
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the cutpoint is set equal to background. The other cutpoints are greater than the
highest background concentration considered.

Cutpoint Weighting Schemes

Casel |Casell |Caselll
Background | 0.5 0.2 0.05
10 ng/m® 0.3 0.3 0.15
18 ng/m® 0.15 0.3 0.5

30 ng/m® 0.05 0.2 0.3
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4. Risk Estimates Associated with Alternative PM, . Standards

This section presents risk estimates associated with just attaining several alternative
PM, ¢ standards for the Philadelphia and Los Angeles County study areas. In addition to risk
estimates using base case assumptions, individual sensitivity analyses and integrated
uncertainty analyses also are presented, analogous to the approach used for the “as is” risk
estimates. The additional uncertainty introduced primarily by adjusting air quality to reflect
future attainment of alternative standards also is discussed.

a. Base Case Risk Estimates

Table VI-11a summarizes the air quality information indicating which monitor in each
location has the “controlling value” for a rollback to attain 24-hr or annual mean alternative
standards.® Table VI-11b shows the amount of reduction in air quality required to attain the
alternative PM, . standard, and which standard of the combination, daily or annual, is
“controlling™ (i.e., requires the larger reduction in concentration). To model attainment of
alternative PM, . standards, a proportional rollback approach is used as the base case.
Although it is extremely difficult to predict what patterns of air quality would be observed in
these two locations upon attaining alternative PM, ; standards, a preliminary investigation of
changes in PM, . air quality observed over the past 15 years of limited monitoring reported to
the AIRS database finds that the general pattern of air quality changes observed is a
proportional change in both daily and annual mean concentrations (Abt Associates, 1996b).
The estimated effects of alternative assumptions concerning patterns of air quality rollback are
presented in Table VI-14.

Tables VI-12a and VI-12b show the risk estimates for just attaining alternative PM, -
standards in Philadelphia County, and Tables VI-13a and VI-13b show the risk estimates for
just attaining alternative PM, . standards in Los Angeles County using base case assumptions.

Similar to the approach used to model attainment of the current PM,, standards in Los Angeles

° The terminology of “controlling value” and “controlling monitor” are used here as synonyms for the well-
known terms “design value” and “design value monitors”. The monitors used in the risk analysis are not genuine
design value monitors established for particular air sheds, and thus the alternative terminology is used to avoid
confusion.
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Table VI-11a. Controlling Monitors for Rollbacks to Attain Alternative PM-2.5
Standards

Monitor Site

Weighted Annual
Average PM, g
Concentration*

Second Daily
Maximum 24-Hour
PM,
Concentration*

Controlling Monitor

Philadelphia County

N/E 16 65

PBY 17 72 For daily standard
TEM 17 70 For annual standard
Southeast Los Angeles County

Central LA 24 91 For annual standard
Diamond Bar 22 102 For daily standard

All concentrations are given in pg/m? .

*Both weighted annual averages and second daily maximum concentrations at the two monitors in Southeast Los
Angeles County were adjusted to reflect attainment of the current PM,, annual standard of 50 ug/m? and the
current PM,, daily standard of 150 pg/m?®. These standards are currently attained in Philadelphia County.

Table VI-11b. Controlling Standards and Percent Rollbacks Necessary to Attain
Alternative PM, . Standards

Alternative PM-2.5 Philadelphia County Southeast Los Angeles County
Standards
Annual Avg. 24-Hour Controlling Standard and Controlling Standard and
Standard Standard Percent Rollback* Percent Rollback**
20 alone Annual -- 18.8%
20 65 Daily -- 10.4% Daily -- 37.0%
20 50 Daily -- 32.3% Daily -- 52.1%
20 25 Daily -- 68.7% Daily -- 77.3%
15 alone Annual -- 15.5% Annual -- 42.0%
15 65 Annual -- 15.5% Annual -- 42.0%
15 50 Daily -- 32.3% Daily -- 52.1%
15 25 Daily -- 68.7% Daily -- 77.3%

All concentrations are given in pg/me .

*Based on controlling values for Philadelphia County of 17 pg/m? for the annual standard and 72 pg/m?® for the

daily standard.

** Based on controlling values for Southeast Los Angeles County of 24 pg/m? for the annual standard and 102

ug/m? for the daily standard.
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Table VI-12a. Estimated Changes in Health Risks Associated with Meeting Alternative PM-2.5 Standards
in Philadelphia County, September 1992 - August 1993 (for base case assumptions)

PM-2.5-Associated

Incidence Incidence Associated with Meeting Alternative Standards
Health Effects* associated with 20 ug/m3 annual 20 ug/m3 annual 20 ug/m3 annual 20 ug/m3 annual
current standards** and 65 ug/m3 daily and 50 ug/m3 daily and 25 ug/m3 daily
Mortality (all ages) (A) Associated with short-term exposure 370 370 330 250 110
(220 -510) (220 -510) (200 - 460) (150 -340) (70 - 160)
Percent Reduction in PM-Associated Incidence:*** 0.0% 10.8% 32.4% 70.3%
Percent Reduction in Total Incidence:**** 0.0% 0.2% 0.6% 1.3%
(B) Associated with long-term exposure 920 920 750 390 0
(580 -1260) (580 -1260) (440 -960) (230 -490) (0 -0)
Percent Reduction in PM-Associated Incidence: 0.0% 18.5% 57.6% 100.0%
Percent Reduction in Total Incidence: 0.0% 0.8% 2.6% 4.6%
Hospital Admissions (C) Total Respiratory 260 260 230 180 80
Respiratory (all ages) (70 -450) (70 -450) (60 -400) (50 -300) (20 -140)
Percent Reduction in PM-Associated Incidence: 0.0% 11.5% 30.8% 69.2%
Percent Reduction in Total Incidence: 0.0% 0.2% 0.6% 1.4%
Hospital Admissions (D) Ischemic Heart Disease***** 70 70 60 50 20
Cardiac (>64 years old) (30 -120) (30 -120) (30 -110) (20 -80) (10 -40)
(E) Congestive Heart Failure***** 100 100 90 70 30
(>64 years old) (50 - 150) (50 - 150) (40 - 130) (30 -100) (20 -40)
Range of Percent Reductions in PM-Associated Incidence: 0.0% - 0.0% 10.0% - 14.3% 28.6% - 30.0% 70.0% - 71.4%
Range of Percent Reductions in Total Incidence: 0.0% - 0.0% 0.1% - 0.1% 0.2% - 0.4% 0.5% - 0.9%
(F) Lower Respiratory Symptoms (8-12 yr. olds) ****** <11000 > <11000 > < 10000 > <7000 > <3000 >
(6000 - 15000) (6000 - 15000) (5000 - 13000) (4000 - 9000) (2000 - 4000)
Percent Reduction in PM-Associated Incidence: 0.0% 9.1% 36.4% 72.7%
Percent Reduction in Total Incidence: 0.0% 1.8% 7.3% 14.6%

* Health effects are associated with short-term exposure to PM, unless otherwise specified.
** Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not below background
PM-2.5 level. Background PM-2.5 is assumed to be 3.5 ug/m3 in Philadelphia County.

*** The percent reduction in PM-associated incidence achieved by attaining alternative standards as opposed to the current standards is the reduction in
incidence divided by the incidence associated with current standards. For example, the percent reduction in PM-associated incidence of mortalit
associated with short-term exposure to PM-2.5 achieved by meeting both a 15 ug/m3 annual and a 65 ug/m3 daily standard is (370-330)/370=10.8%.

**+* The percent reduction in total incidence achieved by attaining current or alternative standards is the reduction in incidence achieved by attaining
the standard divided by the total (not only PM-associated) incidence.

*xikk PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.

w+kxAngle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for location-specific
incidence rates. This increases the uncertainty in the incidence estimates.

The numbers in parentheses for pooled functions are NOT standard confidence intervals. All the numbers in parentheses are interpreted as 90% credible intervals
based on Monte Carlo analysis that takes into account both statistical uncertainty and possible geographic variability. See text in Chapter VI for details.

Sources of Concentration-Response (C-R) Functions:

(A) C-R function based on pooled
results from studies in six locations.

(B) Pope et al., 1995
(C) Thurston, et al., 1994

(D) Schwartz & Morris, 1995
(E) Schwartz & Morris, 1995

(F) Schwartz, et al., 1994




V1-49

Table VI-12b. Estimated Changes in Health Risks Associated with Meeting Alternative PM-2.5 Standards
in Philadelphia County, September 1992 - August 1993 (for base case assumptions)

PM-2.5-associated

Incidence Incidence Associated with Meeting Alternative Standards
associated with 15 ug/m3 annual 15 ug/m3 annual 15 ug/m3 annual 15 ug/m3 annual
Health Effects* current standards** and 65 ug/m3 daily and 50 ug/m3 daily and 25 ug/m3 daily
Mortality (all ages) (A) Associated with short-term exposure 370 310 310 250 110
(220 -510) (190 - 430) (190 - 430) (150 - 340) (70 - 160)
Percent Reduction in PM-Associated Incidence:*** 16.2% 16.2% 32.4% 70.3%
Percent Reduction in Total Incidence:**** 0.3% 0.3% 0.6% 1.3%
Mortality (all ages) (B) Associated with long-term exposure 920 660 660 390 0
(580 - 1260) (390 -850) (390 -850) (230 -490) (0 -0)
Percent Reduction in PM-Associated Incidence: 28.3% 28.3% 57.6% 100.0%
Percent Reduction in Tohil Incidence: 1.3% 1.3% 2.6% 4.6%
Hospital Admissions (C) Total Respiratory 260 220 220 180 80
Respiratory (all ages) (70 -450) (60 - 380) (60 - 380) (50 - 300) (20 - 140)
Percent Reduction in PM-Associated Incidence: 15.4% 15.4% 30.8% 69.2%
Percent Reduction in Total Incidence: 0.3% 0.3% 0.6% 1.4%
Hospital Admissions (D) Ischemic Heart Disease***** 70 60 60 50 20
Cardiac (>64 years old) (30 -120) (30 -100) (30 -100) (20 -80) (10 -40)
(E) Congestive Heart Failure***** 100 80 80 70 30
(>64 years old) (50 -150) (40 -130) (40 -130) (30 - 100) (20 - 40)
Range of Percent Reductions in PM-Associated Incidence: 14.3% - 20.0% 14.3% - 20.0% 28.6% - 30.0% 70.0% - 71.4%
Rgnge of Percent Reductions in Tot:l Incidence: 0.1% - 0.3% 0.1% - 0.3% 0.2% - 0.4% 0.5% - 0.9%
(F) Lower Respiratory Symptoms (8-12 yr. olds) ****** < 11000 > <9000 > <9000 > < 7000 > < 3000 >
(6000 - 15000 ) (5000 - 12000) (5000 - 12000) (4000 - 9000) (2000 - 4000)
Percent Reduction in PM-Associated Incidence: 18.2% 18.2% 36.4% 72.7%
Percent Reduction in Total Incidence: 3.6% 3.6% 7.3% 14.6%

* Health effects are associated with short-term exposure to PM, unless otherwise specified.
** Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not below background
PM-2.5 level. Background PM-2.5 is assumed to be 3.5 ug/m3 in Philadelphia County.
*** The percent reduction in PM-associated incidence achieved by attaining alternative standards as opposed to the current standards is the reduction in
incidence divided by the incidence associated with current standards. For example, the percent reduction in PM-associated incidence
of mortality associated with short-term exposure to PM-2.5 achieved by meeting both a 15 ug/m3 annual and a 65 ug/m3
daily standard is (370 - 310)/370 = 16.2%.
**+* The percent reduction in total incidence achieved by attaining current or alternative standards is the reduction in incidence achieved by attaining
the standard divided by the total (not only PM-associated) incidence.
*xxxx PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.
rxxkkAngle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for location-specific

incidence rates. This increases the uncertainty in the incidence estimates.

Sources of Concentration-Response (C-R) Functions:
(A) C-R function based on pooled
results from studies in six locations.
(B) Pope et al., 1995
(C) Thurston, et al., 1994
(D) Schwartz & Morris, 1995
(E) Schwartz & Morris, 1995
(F) Schwartz, et al., 1994

The numbers in parentheses for pooled functions are NOT standard confidence intervals. All the numbers in parentheses are interpreted as 90% credible intervals
based on Monte Carlo analysis that takes into account both statistical uncertainty and possible geographic variability. See text in Chapter VI for details.
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Table VI-13a. Estimated Changes in Health Risks Associated with Meeting Alternative PM-2.5 Standards

in Southeast Los Angeles County, 1995* (for base case assumptions)

PM-2.5-Related Incidence Incidence Associated with Meeting Alternative Standards
Health Effects associated with 20 ug/m3 annual 20 ug/m3 annual 20 ug/m3 annual 20 ug/m3 annual
current standards** and 65 ug/m3 daily and 50 ug/m3 daily and 25 ug/m3 daily
Mortality (all ages) (A) Associated with short-term exposure 710 560 430 310 120
(430 - 970) (350 - 780) (270 - 600) (210 - 460) (100 -220)
Percent Reduction in PM-Associated Incidence:*** 21.1% 39.4% 56.3% 83.1%
Percent Reduction in Total Incidence:**** 0.6% 1.1% 1.6% 2.4%
(B) Associated with long-term exposure 2110 1540 940 480 0
(1330 - 2860) (980 -2080) (600 - 1260) (310 - 640) (0 -0)
Percent Reduction in PM-Associated Incidence: 27.0% 55.5% 77.3% 100.0%
Percent Reduction in Totil Incidence: 2.3% 4.8% 6.6% 8.6%
Hospital Admissions (C) Total Respiratory 940 750 570 410 160
Respiratory (all ages) (250 - 1630) (200 -1320) (160 - 1030) (120 - 780) (50 -370)
Percent Reduction in PM-Associated Incidence: 20.2% 39.4% 56.4% 83.0%
Percent Reduction in Totil Incidence: 1.2% 2.4% 3.4% 5.0%
Hospital Admissions (D) Ischemic Heart Disease ***** 130 100 80 60 20
Cardiac (>64 years old) (50 -200) (40 -160) (30 -120) (20 -90) (10 - 40)
(E) Congestive Heart Failure ***** 140 110 80 60 20
(>64 years old) (70 -210) (60 -170) (40 -130) (30 -100) (20 -40)
Range of Percent Reductions in PM-Associated Incidence: 21.4% - 23.1% 38.5% - 42.9% 53.8% - 57.1% 84.6% - 85.7%
Ra_nge of Percent Reductions in Tot&l Incidence: 0.3% - 0.4% 0.4% - 0.8% 0.6% - 1.1% 1.0%-1.7%
(F) Lower Respiratory Symptoms (8-12 yr. olds)****** < 43000 > < 32000 > < 23000 > < 16000 > <6000 >
(23000 - 58000) (18000 - 43000) (14000 - 31000) (10000 - 22000) (5000 - 9000)
Percent Reduction in PM-Associated Incidence: 25.6% 46.5% 62.8% 86.0%
Percent Reduction in Total Incidence: 7.3% 13.3% 18.0% 24.7%

Health effects are associated with short-term exposure to PM, unless otherwise specified.
* Los Angeles County was not in attainment of current PM-10 standards in 1995. Figures shown assume actual PM-10 concentrations
are first rolled back to simulate attainment of these standards, and that actual PM-2.5 concentrations are rolled back by the same
percent as PM-10. See text in Chapter VI for details.
** Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not below background
PM-2.5 level. Background PM-2.5 is assumed to be 2.5 ug/m3 in Southeast Los Angeles County.
*** The percent reduction in PM-associated incidence achieved by attaining alternative standards as opposed to the current standards is the reduction in
incidence divided by the incidence associated with current standards. For example, the percent reduction in PM-associated incidence
of mortality associated with short-term exposure to PM-2.5 achieved by meeting both a 20 ug/m3 annual and a 65 ug/m3
daily standard is (710 - 420)/710 = 40.8%.
**** The percent reduction in total incidence achieved by attaining current or alternative standards is the reduction in incidence achieved by attaining
the standard divided by the total (not only PM-associated) incidence.
**xxk PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.
**xxxxAngle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for location-specific
incidence rates. This increases the uncertainty in the incidence estimates.

Sources of Concentration-Response (C-R) Functions:

(A) C-R function based on pooled results from
studies in 6 locations

(B) Pope et al., 1995

(C) Thurston, et al., 1994

(D) Schwartz & Morris, 1995

(E) Schwartz & Morris, 1995

(F) Schwartz, et al., 1994

The numbers in parentheses for pooled studies are NOT standard confidence intervals. All the numbers in parentheses are interpreted as 90% credible intervals
based on Monte Carlo analysis that takes into account both statistical uncertainty and possible geographic variability. See text in Chapter VI for details.
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Table VI-13b. Estimated Changes in Health Risks Associated with Meeting Alternative PM-2.5 Standards

in Southeast Los Angeles County, 1995* (for base case assumptions)

PM-2.5-Related Incidence Incidence Associated with Meeting Alternative Standards
Health Effects associated with 15 ug/m3 annual 15 ug/m3 annual 15 ug/m3 annual 15 ug/m3 annual
current standards** and 65 ug/ma3 daily and 50 ug/m3 daily and 25 ug/m3 daily
Mortality (all ages) (A) Associated with short-term exposure 710 390 390 310 120
(430 - 970) (250 -560) (250 -560) (210 -460) (100 -220)
Percent Reduction in PM-Associated Incidence:*** 45.1% 45.1% 56.3% 83.1%
Percent Reduction in Tot_al Incidence:**** 1.3% 1.3% 1.6% 2.4%
(B) Associated with long-term exposure 2110 810 810 480 0
(1330 - 2860) (520 -1090) (520 -1090) (310 - 640) (0 -0)
Percent Reduction in PM-Associated Incidence: 61.6% 61.6% 77.3% 100.0%
Percent Reduction in Totil Incidence: 5.3% 5.3% 6.6% 8.6%
Hospital Admissions (C) Total Respiratory 940 520 520 410 160
Respiratory (all ages) (250 -1630) (140 -950) (140 -950) (120 -780) (50 -370)
Percent Reduction in PM-Associated Incidence: 44.7% 44.7% 56.4% 83.0%
Percent Reduction in Totﬁal Incidence: %7% %7% 3.4% 5.0%
Hospital Admissions (D) Ischemic Heart Disease ***** 130 70 70 60 20
Cardiac (>64 years old) (50 -200) (30 -110) (30 -110) (20 -90) (10 -40)
(E) Congestive Heart Failure ***** 140 80 80 60 20
(>64 years old) (70 -210) (40 -120) (40 -120) (30 -100) (20 - 40)
Range of Percent Reductions in PM-Associated Incidence: 42.9% - 46.2% 42.9% - 46.2% 53.8% - 57.1% 84.6% - 85.7%
Ra_nge of Percent Reductions in Tot_al Incidence: 0.5% - 0.8% 0.5% - 0.8% 0.6% -1.1% 1.0%-1.7%
(F) Lower Respiratory Symptoms (8-12 yr. olds)****** < 43000 > < 21000 > < 21000 > < 16000 > < 6000 >
(23000 - 58000 ) (13000 - 28000 ) (13000 - 28000 ) (10000 - 22000 ) (5000 - 9000 )
Percent Reduction in PM-Associated Incidence: 51.2% 51.2% 62.8% 86.0%
Percent Reduction in Total Incidence: 14.7% 14.7% 18.0% 24.7%

Health effects are associated with short-term exposure to PM, unless otherwise specified.

* Los Angeles County was not in attainment of current PM-10 standards in 1995. Figures shown assume actual PM-10 concentrations

are first rolled back to simulate attainment of these standards, and that actual PM-2.5 concentrations are rolled back by the same

percent as PM-10. See text in Chapter VI for details.

**  Health effects incidence was quantified across the range of PM concentrations observed in each study, when possible, but not below background

Sources of Concentration-Response (C-R) Functions:

(A) C-R function based on pooled results from

studies in 6 locations.
(B) Pope et al., 1995

PM-2.5 level. Background PM-2.5 is assumed to be 2.5 ug/m3 in Southeast Los Angeles County. (C) Thurston, et al., 1994
(D) Schwartz & Morris, 1995
(E) Schwartz & Morris, 1995

(F) Schwartz, et al., 1994

*** The percent reduction in PM-associated incidence achieved by attaining alternative standards as opposed to the current standards is the reduction in
incidence divided by the incidence associated with current standards. For example, the percent reduction in PM-associated incidence
of mortality associated with short-term exposure to PM-2.5 achieved by meeting both a 15 ug/m3 annual and a 65 ug/m3
daily standard is (710-390)/710 = 45.1%.
**** The percent reduction in total incidence achieved by attaining current or alternative standards is the reduction in incidence achieved by attaining
the standard divided by the total (not only PM-associated) incidence.
**x% PM-2.5 results based on using PM-2.5 mass as PM-10 mass in the PM-10 functions.
*xxxx% Angle brackets <> indicate incidence calculated using baseline incidence rates reported in studies, with no adjustment for location-specific
incidence rates. This increases the uncertainty in the incidence estimates.

The numbers in parentheses for pooled studies are NOT standard confidence intervals. All the numbers in parentheses are interpreted as 90% credible intervals
based on Monte Carlo analysis that takes into account both statistical uncertainty and possible geographic variability. See text in Chapter VI for details.
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Table VI-14. Sensitivity Analysis: Effect of Alternative Rollback Methods on Mortality Estimates
Short-term Exposure (Pooled Function) and Long-term Exposure PM-2.5 Mortality Functions
Philadelphia County, September 1992 - August 1993

Initial Air Quality: 16.3 ug/m3 annual average, 69.3 ug/m3 2nd daily maximum

Percent Change in PM-Associated Incidence

All PM concentrations rolled

Higher PM concentrations

Portion of Proportional
Rollback Incidence Reduction
Achieved by Alternative

Alternative Standard back equally reduced more Rollback
(A) Mortality associated with 15 ug/m3 annual 10.6% 9.2% 86.4%
short-term exposure
50 ug/m3 daily 29.7% 18.6% 62.6%
(B) Mortality associated with 15 ug/m3 annual 19.4% 19.4% 100.0%
long-term exposure
50 ug/m3 daily 54.1% 39.3% 72.6%

* Health effects incidence was quantified across the range
of PM concentrations observed in each study, but not below
background PM-2.5 level, which is assumed to be 3.5 ug/m3.

(A) C-R function based on studies in 6 cities

(B) Pope et al., 1995
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County, alternative PM, . standards have been modeled based on the amount of air
quality reduction required to meet the numerical value of the controlling standard.
Rounding conventions to be applied to any PM, . standards have not been determined
yet, and so the effect of rounding conventions has not been incorporated into this
analysis of alternative standards. Several points from these Tables are of particular
interest:

Daily standards control the air quality reduction, and thus the estimated health risk
reductions observed, for almost all of the alternative standards scenarios (Table VI-
11b). In Philadelphia, which has an *“as-is”” annual mean concentration close to 15
pg/m?, an annual standard of 20 ug/m?® has no effect on reducing estimated incidence of
health effects (Table VI-12a). Attaining an annual standard of 15 pg/m? without a
daily standard is estimated to result in reductions in air quality concentrations and
health risks (about 14-20% reduction for effects associated with short-term exposures
and about 28% reduction for mortality associated with long-term exposure). However,
the estimated reductions in health risks associated with attaining the 50 pug/m? 24-hr
standard are significantly higher (e.g., about 29-36% reduction in mortality and other
health effects associated with short-term exposures and about 58% reduction in
mortality associated with long-term exposure upon attaining a 50 pg/m? 24-hr
standard). Attaining a 25 pg/m? 24-hr standard in Philadelphia County is estimated to
result in the largest risk reductions (e.g., about 69-73% reduction in mortality and
other health effects associated with short-term exposures and 100% reduction in
mortality associated with long-term exposures to PM).

In Los Angeles County, an annual standard of 20 pg/m? is estimated to reduce air
quality concentrations about 19%, with all three of the 24-hr alternative standards (65
pg/m?, 50 pg/m?, and 25 pg/m®) requiring considerably greater reductions. A 15
ug/m? annual standard controls the amount of air quality reduction and estimated health
risk reduced for the case involving a 65ug/m? alternative 24-hr standard, but not for
cases involving a 50 pg/m?® or 25 pg/m? alternative 24-hr standard. An annual standard

of 15 pg/m? alone reduces estimated health risks associated with PM about 43-51% for
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mortality and other health effects associated with short-term exposure and about 62%
for mortality associated with long-term exposure relative to just attaining the current
PM,, standards in Los Angeles County. Attaining a 50 pg/m? 24-hr standard reduces
estimated health risks associated with PM about 54-63% for mortality and other health
effects associated with short-term exposure and about 77% for mortality associated
with long-term exposure. Attaining a 25 pg/m?® 24-hr standard is estimated to further
reduce health risks relative to the current PM,, standards, with about a 83-86%
reduction in mortality and other health effects associated with short-term exposure and
a 100% reduction in mortality associated with long-term exposure. As expected, the
estimated health risk reductions are larger for Los Angeles County than Philadelphia
County due to the higher PM air quality levels associated with meeting the current
PM,, standards (i.e., baseline air quality in Philadelphia is below the level required to
meet the current standards).

The proportion of estimated risk associated with reductions in PM, ¢ under alternative
standard scenarios can be considered either as a percentage in the PM-associated
incidence reduced or as a percentage of total incidence of that health endpoint due to
PM and all other causes. As an example, standards of 15 pg/m?* and 50 pg/m? 24-hr in
Philadelphia County lead to an estimated 32% reduction in mortality associated with
short-term exposures to PM and a 29-36% reduction in morbidity (hospital admissions
and respiratory symptoms) associated with short-term exposures to PM. These
changes result in reductions in the overall incidence rates of these endpoints that are
considerably smaller. For example, a 32% reduction in mortality associated with
short-term PM exposures leads to an estimated 0.6% reduction in the total mortality
incidence.

Estimates of the reduction in total annual incidence of mortality upon attainment of
alternative standards are more uncertain than estimates of the reduction in total annual
incidence of other health effects, as a consequence of uncertaintiesin the extent of
mortality displacement (shortening of life) that may be associated with PM (see Section
V.C.1.c; CD, pp. 13-44-45). These uncertainties concerning the degree of mortality
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displacement are not as salient for estimates of reductions in annual mortality incidence
associated with long-term PM exposures compared to short-term PM exposures, since
the type of study design that produced the long-term exposure concentration-response
functions provides findings that indicate effects on annual mortality rates (Utell and
Frampton, 1995). However, depending on assumptions concerning the biological lags
and cumulative effects of air pollution involved in these long-term exposure studies,
uncertainty is involved concerning how long an area would need to be in attainment of
an alternative standard in order for the full measure of estimated mortality rate
reduction to be realized.

. Greater percent reduction of PM-associated risks is estimated for mortality associated
with long-term exposures to PM than from short-term exposures. This is the
consequence of quantifying increases in mortality associated with long-term exposures
only at concentrations considerably above background (PM, . concentrations = 9
ug/m? based on Pope et al. (1995)).

b. Individual Sensitivity Analysis Concerning Air Quality Rollbacks

The estimates of risk reductions in Tables VI-12 and VI-13 particularly depend on what
inherently must be assumptions about the pattern of air quality reductions that will be observed
in the future in attaining the alternative standard cases. While the base model used assumes a
proportional reduction would be observed in all PM, . concentrations above background as a
consequence of control strategies intended to meet a controlling annual mean or 24-hr
standard, it is quite possible that substantial differences in PM, . air quality reductions could
occur across the PM, ; distribution.’® An attempt to bound the potential effects of these

possible alternative rollbacks has been examined in a sensitivity analysis of PM-associated

) rformation on past reductions of PM, , concentrations as a direct result of NAAQS is not available, given
that prior and current ambient standards for particles regulated larger particle indicators (TSP, PM,,). Existing
monitoring information can be examined instead, although it is uncertain how much of the variation observed will
reflect actual control strategies versus more general year-to-year variability. In a preliminary examination of
changes in the distribution of PM, . concentrations from sites with multiple years of data (from AIRS and CARB
data sets), Abt Associates found that while a proportional rollback was a reasonable approximation of the central
tendency of variation observed, considerable variation in this relationship was observed (see Abt Associates, 1996b
for more information).
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mortality risks by choosing alternative assumptions for modeling PM, . rollbacks. The results
of this sensitivity analysis are presented in Table VI-14. The alternative reduction approach
provided for illustration decreases the upper 10% of PM, . 24-hr air quality concentrations by
a larger amount (a ratio of 1.6) than the reductions in the remaining 90% of the distribution of
PM air quality concentrations and is intended to model a control strategy that preferentially
targets peak PM levels.

The results of the sensitivity analysis in Table VI-14 indicate that estimated mortality
risks reduced by annual PM, . standards are largely insensitive to the pattern of rollbacks in
PM, ¢ concentrations, whereas estimates of risk associated with alternative 24-hr PM, ¢
standards are somewhat more sensitive to the choice of rollback methodology.

C. Integrated Uncertainty Analysis

Using the same approach described previously in Section VI1.C.3.b, an illustrative
integrated uncertainty analysis was prepared for estimating the reduction in mortality risk
associated with short-term exposures upon attainment of example alternative PM, . standards in
Los Angeles County. These risk reductions were calculated relative to the scenario where Los
Angeles County just attains the current PM,, standards. Figure VI-9 displays the results of
the integrated uncertainty analysis for attaining example PM, ; standards of 15 pg/m?, annual
average and 50 pug/m?, 24-hour average in Los Angeles County. Several sources of
uncertainty were progressively included from left to right in the figure. The first vertical line
reflects only uncertainty in the RR. The second vertical line includes uncertainty in RR and
estimated background concentration, but no cutpoints are included. The next three vertical
lines incorporate uncertainty about cutpoints, using the same three cutpoint weighting schemes
discussed previously in Section VI.C.3.b and employs a proportional rollback method to
simulate attainment of the PM, . standards. The last three vertical lines also incorporate
uncertainty about cutpoints, but use a non-proportional rollback approach to simulate
attainment of the PM, . standards.

As was observed in the earlier integrated uncertainty analysis, uncertainty about
cutpoints has the largest impact on the estimated risk reduction associated with alternative

standards. In contrast, the use of a proportional or non-proportional rollback method appears
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Figure VI-9. Effect of Several Uncertainties on Reductions in Mortality
Risk Associated With Short-Term Exposure to PM-2.5 Upon Attaining PM-2.5
Standards of 15 ng/m3 Annual and 50 ng/m?3 Daily in Los Angeles County

(Population: 3.6 Million)
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to have only a slight impact on the estimated risk reduction for mortality associated with short-
term exposure to PM, . when placed in the context of the other uncertainties that also affect
our ability to predict risk reductions from alternative PM, . standards.

In addition to the uncertainties inherent in estimating risks for the as is scenarios, such
as the relative risk, background, and cutpoint uncertainties assessed in the integrated
uncertainty analyses, estimates of reductions in risk resulting from attainment of alternative
PM, . standards are subject to uncertainties related to the projection of air quality that would
occur when alternative standards are attained. These uncertainties relate in part to the
potential that PM, . may be serving in varying degrees as an index for air pollution (either by
indexing the effects of other gaseous copollutants in addition to PM, ., or by indexing
relatively more harmful constituents within PM, ;). Such uncertainties may serve to alter
estimates of risk reduction associated with attainment of alternative PM, ; standards, and the
anticipated effects of potential strategies used to reduce PM concentrations.

Figure VI-10 displays the results of the integrated uncertainty analysis for Los Angeles
County associated with attainment of several alternative PM2.5 standards. Four sets of
standards are included: an annual standard alone set at 15 pg/m?®, and three pairs of standards
with an annual standard set at 15 pg/m?® accompanied by a 24-hour standards set at 65, 50, or
25 pug/me. In this figure, each set of four vertical lines represents the estimated risk reduction
where uncertainties about background, RR, and cutpoint, and form of rollback have been
included. The first vertical line in each group, labeled *““background™, assumes a cutpoint set
equal to background, while the next three lines represent the three different cutpoint weighting
schemes described previously and listed in the table at the bottom of the figure.

The estimated risk reduction associated with the 15 pg/m? annual standard alone
is the same as that associated with this annual standard coupled with a 65 pg/m? daily
standard,
because the annual standard is the controlling standard. The greatest risk reduction is
associated with the 15 pg/m? annual, 25 pg/m? daily standards pair. For this standard

combination, the estimated mean risk reduction is about 2.2% (Crl 1.3-3.0) of total mortality
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or about 500 (Crl 300-700) excess deaths avoided when the cutpoint is set equal to the

estimated background concentration level. Under the alternative cutpoint weighting schemes,
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Figure VI-10. Effect of Several Uncertainties on Reductions in Mortality

Risk Associated With Short-Term Exposure to PM-2.5 Upon Meeting

Alternative PM-2.5 Standards in Los Angeles County

(Population: 3.6 Million)
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the estimated mean risk reduction for this same suite of standards is reduced to about 1.2 to
1.8% of total mortality (or about 290-430 excess deaths avoided) depending on the weighting
scheme used. As discussed previously, the percent reduction in total mortality can be
expressed as either a percentage of total mortality due to all causes as shown on Figures VI-9
and VI-10 or as a percent reduction in the PM-associated mortality. For example, a reduction
of 1.5% in total mortality (or 400 deaths) corresponds to a 56% reduction in PM-associated
excess mortality and a 1.0% decrease in total mortality (or 300 deaths) corresponds to a 42%
reduction in PM-associated mortality.

5. Key Observations from the Risk Analyses

This Chapter has presented a summary of a PM health risk assessment that quantifies
health risks associated with 1) existing air quality levels, 2) projected air quality levels that
would occur upon attainment of the current PM,, standards, and 3) projected air quality that
would occur upon attainment of several alternative PM, . standards in two urban areas.
Summarized below are key observations resulting from the risk analyses, as well as several

important caveats and limitations:

1) Fairly wide ranges of risk estimates result for mortality and morbidity health effectsin the
two locations analyzed when the effects of key uncertainties and alternative assumptions
are considered.

2) In the staff’ s judgment, estimates of mortality and morbidity risks remain significant from a
public health perspective when the current PM ,, standards are attained.

These points are illustrated below for mortality risks using base case and aternative
assumptions as well as for morbidity risks using base case assumptions. For example, risk of
mortality from short-term PM, ¢ exposures upon attainment of the current standards was
estimated to range from approximately 400 to 1,000 deaths a year in Los Angeles County
(population = 3.6 million) under base case assumptions, and from approximately 100 to 1,000
deaths across alternative assumptions considered in the integrated uncertainty anaysis. For
Philadel phia County (population = 1.6 million), a city with more moderate air quality already well

below the current standards, mortality risk associated with short-term PM,, , exposures ranged
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from approximately 200 to 500 deaths under base case assumptions, and from approximately 20
to 500 deaths under alternative assumptions. In addition, risks of morbidity effects associated
with exposures to PM, . are estimated to center around approximately a thousand hospital
admissions and many thousands of cases of respiratory symptoms in children per year for Los
Angeles, with several hundred hospital admissions and thousands of cases of respiratory

symptoms estimated for Philadel phia (mean estimates of base case assumptions).

3) Attainment of the range of alternative PM, . standards considered was estimated to lead to
essentially no changes in PM-associated risk to very substantial changes, depending on the
city and the levels of the standards.

Mortality and morbidity risks associated with short-term PM exposuresin Los Angeles
County are estimated to be reduced by roughly 20-25% upon attainment of an annual PM,, .
standard of 20 pg/m? and 45-50% for an annual standard of 15 pg/m? beyond the risks associated
with attainment of the current PM,, standards when base case assumptions are used. Under
alternative assumptions, a greater proportion of PM-associated risk would be expected to be
reduced (although reductions in the absolute incidence of hedlth effects may be less). Daily
standards ranging from 65 pg/m? to 25 pg/m?® would reduce PM-associated risks from roughly
40% to 85% beyond those associated with attainment of the current PM ,, standards when base
case assumptions are used. For an area already within attainment of the current standards
(Philadel phia County), risk reductions are estimated upon attainment of an annual standard of 15
pg/m? (of roughly 15-20%) and attainment of 24-hr standards of 65 to 25 pg/m? (ranging from

10-70%, respectively), for base case assumptions.

4) Based on the results from the sengitivity analyses of key uncertainties and the integrated
uncertainty analyses, the single most important factor influencing the uncertainty
associated with estimates of PM health risk is whether or not a cutpoint concentration
exists below which PM health risks are not likely to occur.

Alternative cutpoint concentrations considered for these analyses could result in as much
asa3to4-fold difference in estimated risk associated with PM exposures in Los Angeles County

(Figure V1-8, see also Exhibits 7.19 and 7.20, Abt Associates, 1996b) depending on the degree of
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confidence one imputed to the likelihood that a PM,, ; cutpoint concentration existed at the highest
concentrations evaluated relative to the base case assumptions. In an areawith PM
concentrations well below the current PM standards (e.g., Philadelphia County), differencesin “as
IS’ risk for aternative cutpoint assumptions may be even greater, since these locations would be

expected to have a greater proportion of air quality values below the cutpoint concentration.

5) Based on results from the sengitivity analysis of key uncertainties and/or the integrated
uncertainty analyses, quantitative consideration of the following uncertainties have a much
more modest impact on the risk estimates. inclusion of individua copollutant species
when estimating PM effect sizes; the choice of approach to adjusting the slopein
analyzing aternative cutpoints; the value chosen to represent average annua background
PM concentrations; and the choice of rollback adjustment approaches for simulating
attainment of alternative PM standards.

6) Risk analyses of alternative standard scenarios incorporate several additional sources of
uncertainty, including: uncertainty in the pattern of air quality concentration reductions
that would be observed across the distribution of PM concentrations in areas attaining the
standards (“rollback uncertainty”) and uncertainty concerning the degree to which current
PM risk coefficients may reflect contributions from other pollutants, or the particular
contribution of certain constituents of PM,, ., and whether such constituents would be
reduced in similar proportion to the reduction in PM, ; as awhole.

To the extent concentrations of other combustion source copollutants are reduced more or
less than PM,, . concentrations in attaining alternative PM, . standards, estimates of health risk
reduced by aternative PM, ¢ standards would be expected to vary in proportion to the degree to
which such copollutants have a genuine role in producing, or modifying the ability of PM to
produce, some of the health effects associated with PM in current concentration-response
relationships. Similarly, if specific constituents of PM,, ; mass have differing potenciesin
producing health effects relative to other PM,, . constituents, estimates of risk reduced would be
expected to vary if these constituent concentration are reduced to different degrees by control

strategies designed to attain aternative PM, . standards.
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VIlI. STAFF CONCLUSIONS AND RECOMMENDATIONS ON PRIMARY NAAQS

This chapter presents staff conclusions and recommendations for the Administrator to
consider in deciding whether to retain, revise, and/or supplement the current primary PM
NAAQS. Drawing from the synthesis of information and analyses contained in both the
Criteria Document (CD, Chapter 13) and in Chapters 1V, V, and VI herein, this chapter
begins with staff findings on the overall adequacy of the current primary standards for PM,
going on to address each of the major components needed to specify ambient standards:
pollutant indicator, averaging time, form, and level. Staff conclusions and recommendations
on each of these interrelated components for the current and alternative primary standards are
based on considering how both the components of an individual standard and a suite of
standards operate together to protect public health with an adequate margin of safety.

In recommending a range of options for the Administrator to consider, the staff notes
that the final decision is largely a public health policy judgment. A final decision must draw
upon scientific information about health effects and risks, as well as judgments about how to
deal with the range of uncertainties that are inherent in the scientific evidence and analyses.
The staff's approach to informing these judgments is based on a recognition that the available
health effects evidence generally reflects a continuum consisting of levels at which scientists
generally agree that health effects are likely through lower levels at which the likelihood and
magnitude of the response become increasingly uncertain. This approach is consistent with the
requirements of the NAAQS provisions of the Clean Air Act and with how EPA and the
courts have historically interpreted the Act. These provisions do not require the Administrator
to establish a NAAQS at a zero-risk level but rather at a level that avoids unacceptable risks
and, thus, protects public health with an adequate margin of safety.

In addition, the staff notes that especially where considerable uncertainty exists with
regard to appropriate policy choices based on the scientific information and analyses, it is
appropriate to consider the risk management implications of alternative approaches that
represent scientifically sound options. For example, if the Administrator concludes that the
current standards should be revised to provide greater health protection, it is appropriate to

consider whether it would be more effective and efficient to do so by tightening the current
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PM,, standards or by establishing new PM, . standards. Thus, staff has considered risk
management implications together with the scientific evidence in assessing whether alternative
approaches to establishing PM standards would provide both the requisite level of protection
and an effective and efficient basis for pollution control strategies that will result in the
attainment and maintenance of adequate public health protection.

A. Adequacy of the Current Primary Standards for Particulate Matter

As discussed in Chapter 11, the Clean Air Act calls for periodic review of the criteria
and the NAAQS. The overarching issue in such reviews is whether revision of the existing
standards is appropriate to reflect advances in scientific knowledge. The information
presented in the Criteria Document and this Staff Paper is intended to provide a scientifically
sound and policy-relevant basis, in accordance with sections 108 and 109 of the Clean Air
Act, for the Administrator to reach conclusions with respect to whether the existing standards
should be revised and, if so, what revised or new standards, are appropriate. The concluding
section of the integrative summary of health effects information in the PM Criteria Document
provides the following cogent summary of the science with respect to this issue for the current
review of the PM standards:

“The evidence for PM-related effects from epidemiologic studies is
fairly strong, with most studies showing increases in mortality, hospital
admissions, respiratory symptoms, and pulmonary function decrements
associated with several PM indices. These epidemiologic findings cannot be
wholly attributed to inappropriate or incorrect statistical methods,
misspecification of concentration-effect models, biases in study design or
implementation, measurement errors in health endpoint, pollution exposure,
weather, or other variables, nor confounding of PM effects with effects of other
factors. While the results of the epidemiology studies should be interpreted
cautiously, they nonetheless provide ample reason to be concerned that there are
detectable health effects attributable to PM at levels below the current NAAQS”
(CD, p 13-92).

This finding from the review of the scientific criteria clearly calls into question the
adequacy of the current NAAQS. The extensive PM epidemiologic database provides

evidence of serious health effects (e.g., mortality, exacerbation of chronic disease, increased

hospital admissions) in susceptible population groups (e.g., the elderly older adults with
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chronic cardiopulmonary disease). Although the increase in individual relative risk is small
for the most serious outcomes, it is likely significant from an overall public health perspective,
because of the large number of individuals in susceptible population groups that are exposed to
ambient PM (CD, p 1-21). While the lack of demonstrated mechanisms that explain the
range of epidemiologic findings is an important caution which limits conclusions as to
causality, qualitative information from laboratory studies of the effects of particle components
at high concentrations and dosimetry considerations suggest that the kinds of effects observed
in community studies (e.g., respiratory- and cardiovascular-related responses) are at least
plausibly related to particulate matter. Indeed, the CD points to the consistency of the results
of the epidemiologic studies from a large number of different locations and the coherent nature
of the observed effects as being suggestive of a likely causal role of ambient PM in
contributing to the reported effects. Given the evidence that such effects may occur at levels
below the current standards, as well as the nature and potential magnitude of the public health
risks involved, the staff believes that revision of the current standards is clearly appropriate.
Thus, the principal recommendation of this staff assessment is that the current standards
should be revised.

The remainder of this chapter focuses on developing a range of alternative standards
for the Administrator to consider in determining what revised or new standards are appropriate
to protect public health. In formulating alternative approaches to establishing adequately
protective, effective, and efficient PM standards, staff concurs with the important conclusion
from the CD that fine and coarse fractions of PM,, should be considered as two separate
pollutants (CD, p 13-93). As discussed in Section V.F., the staff assessment finds sufficient
evidence to support establishment of separate standards relating to these two fractions of PM .
On the other hand, the staff also notes the larger body of epidemiologic evidence and air
quality information related to undifferentiated PM,, .

Therefore, staff concludes that it is reasonable to consider two alternative approaches
for revising the standards: 1) adopt more protective standards using PM,, as the sole indicator
combining fine and coarse fractions; and 2) develop separate standards for fine and coarse

fractions of PM,, using appropriate indicators for each fraction. Conceptually, the first
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approach is precautionary and gives significant weight to recent findings using PM,, as a
surrogate for both fine and coarse fraction particles, with less consideration of the evidence
that suggests that the current standards provide adequate protection for coarse fraction
particles. Because the PM,, monitoring network is in place, it also would result in more
immediate implementation of revised standards. The second approach is based on the view
that in the long run, more effective and efficient protection can be provided by separately
targeting appropriate levels of controls to fine and coarse particles. Because of the need to
develop and install additional monitors, this approach would provide additional time to
consider significant new scientific information before any such standards were actually
implemented.

The relative merit of these two alternative approaches are considered in the next
section, which also summarize staff conclusions and recommendations regarding indicators for
thoracic particles, fine particles, and coarse fraction particles. Subsequent sections focus on
identifying alternative averaging times, forms, and levels for the recommended approach.

B. Alternative PM Indicators and Risk Management Implications

1. PM,, as Surrogate Indicator for Fine and Coarse Fraction Particles
The most recent summary of scientific information in the CD and outlined in Chapters

IV and V continues to support past staff and CASAC recommendations regarding selecting

size specific-indicators for PM standards. More specifically, the staff believes that the

following conclusions reached in the 1987 assessment remain valid:

1) Health risks posed by inhaled particles are influenced both by the penetration and
deposition of particles in the various regions of the respiratory tract and by the
biological responses to these deposited materials.

2) The risks of adverse health effects associated with deposition of ambient fine and
coarse fraction particles in the thorax (tracheobronchial and alveolar regions of the
respiratory tract) are markedly greater than for deposition in the extrathoracic (head)
region. Maximum particle penetration to the thoracic region occurs during oronasal or

mouth breathing.
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3) The risks of adverse health effects from extrathoracic deposition of general ambient
PM are sufficiently low that particles which deposit only in that region can safely be
excluded from the standard indicator.

4) The size specific indicator(s) should represent those particles capable of penetrating to

the thoracic region, including both the tracheobronchial and alveolar regions.

Based upon the above considerations as well as the available information on human
dosimetry of particles, in the previous review the staff and CASAC recommended a size
specific indicator that included particles less than or equal to a nominal 10 um cut point,
termed PM,,. The recent information on human particle dosimetry contained in the CD
provides no basis for changing 10 um as the appropriate dividing line for particles capable of
penetrating to the thoracic regions. The recent epidemiologic literature also provides some
evidence that thoracic particles can be somewhat more closely linked to effects than can the
“super coarse” (=10 um) fraction of TSP (e.g. Dockery et al., 1993). The CD concludes
that “recent analyses have substantiated the previous selection of PM,, as an indicator of
particle-related health effects” (CD, p. 13-93).

In selecting the most appropriate indicator(s) for the PM standards, the staff believes
that consideration should be given to protecting public health through the use of standards that
are as effective and efficient as possible. An effective set of standards would capture all of the
most harmful constituents of PM,, and target them such that an appropriate level of control
occurs for the harmful components. Conceptually, a broad based PM indicator such as TSP
set at a stringent enough level can provide effective protection for the most harmful
components. However, because such a standard would set unnecessarily stringent controls on
extrathoracic constituents unlikely to be most harmful, it would not be an efficient standard.
As staff concluded in the previous review, a PM,, indicator provides more efficient as well as
more effective health protection than would TSP (U.S. EPA, 1982b). In the present review, it
is important to make use of the current state of knowledge to select an indicator(s) that not

only captures all of the most harmful components (i.e., an effective indicator), but also places
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greater emphasis for control on those constituents or fractions that are most likely to result in
the largest risk reduction (i.e., an efficient indicator).

Therefore, consideration of the available evidence regarding the components of PM,,
most likely responsible for the observed health effects categories at various levels is critical to
maximizing the effectiveness and efficiency of health protection strategies. The indicator is
used to target and monitor health protection strategies, and the choice is key to overall health
protection provided by the PM NAAQS. Given these concerns and the expanded information,
the staff believes it is appropriate to reexamine the question of whether the PM,, indicator
should undergo additional refinement to reflect new scientific understandings of fine and
coarse fraction particles as separate pollutants.

The staff assessment of the progress made through implementing the current PM,,
standards is instructive in this regard (Section 1V.D). Figure 1V-4 and Table 1V-5 summarize
how the States and EPA characterize the major sources of PM,, and the extent of progress to
date. In essence, the lessons learned from past TSP and PM,, programs can be summarized as
follows:

. PM,, is generally viewed as a local rather than a regional problem. This is clearly
appropriate in most Western areas with the highest PM,, levels. However, even in the
eastern U.S., where high regional levels of transported fine particles make significant,
but not dominant, contributions to PM,, mass, programs tend to focus on control of
local sources, in part because of the difficulty in developing multi-jurisdictional
strategies. This means that abatement programs will generally focus on the most
readily available local sources of primary particles, leaving secondary or regional
options as a last resort.

. In areas where local fine particle sources are overwhelmingly dominant, for example in
areas with high woodsmoke contributions (e.g., Klamath Falls, OR), PM,, controls
have led to significant reductions in fine particles. Historically, TSP-based local
programs have also resulted in significant reductions in local primary fine particle
emissions from coal combustion and industrial sources (e.g., New York City,
Pittsburgh, PA).

. In areas where fugitive sources of crustal materials are clearly dominant (e.g.,
Coachcella Valley, CA), PM,, programs focus on measures that reduce road dust,
construction, and related sources. These programs have had limited success to date.
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Local sources of precursor gases contributing to fine particles generally are not
addressed.

. In areas dominated by local point source complexes (industrial emissions), both coarse
and fine controls are applied, and sources sometimes may trade reductions between the
two on a mass basis. Where source complexes are located in a zone of high
transported fine particles, the transported component is treated as background,
increasing the need for local controls; this likely results in greater relative control for
coarse particles than fine.

. In Western areas having “mixed” contributions, including significant local secondary
particle formation, three areas (SCAB*; Provo, UT; Denver, CO) have begun to
require controls of gaseous precursors (SO,, NO,) in addition to fugitive dust and other
controls.

. Any reductions in fine particles related to regional sulfur oxides emissions that have
taken place to date are not related to implementation of the PM,, or TSP standards, but
the SO, NAAQS and other mandated requirements of the CAA, such as the acid rain
program.

This experience is a useful guide for a qualitative examination of the potential
effectiveness and efficiency of alternative revised protective standards using PM,, as the sole
surrogate for the harmful components of PM. To provide a basis for such examination, Table
VII-1 presents a set of increasingly more protective alternative PM,, standards drawn from the
staff analysis of potential PM,, effects “cutpoints™ developed in Appendix E for the risk
assessment. These alternatives do not reflect staff recommendations, but are examples
presented for the purpose of the present assessment of the PM,, indicator. The table indicates
the regional distribution of the percentage of counties (meeting a 50% data completeness
criteria) that would not attain the listed alternatives. The table also notes the characteristic
regional contribution of coarse fraction particles to PM,, mass, which, like total mass, is
generally highest in the West.

Looking first at annual PM,, standards alone, the table suggests that a moderate

reduction from the current level (to 40 pg/m®) would result in few controls in eastern areas,

1 South Coast Air Basin of California.
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but would approach the combined effect of the current 24-hour and annual standards in the
West. A more substantial reduction in an annual standard to 30 pg/m?® would affect about half
of the Western areas and also begin to prompt additional controls in the East. By
comparison, a revised 24-hour PM,, standard of 100 pg/m? (alone or in combination with a 40
pg/m? annual) would have effects similar to a 30 pg/m? annual standard alone in the East, but
affect still more (approximately 55 to over 75%) Western areas. Based on the implementation
experience outlined above, the eastern areas would likely develop control programs to achieve
such standards with an initial focus on local sources of PM,,, which would tend to result in a
proportionally greater reduction for coarse

TABLE VII-1. PERCENTAGE OF COUNTIES NOT MEETING ALTERNATIVE

PM,, STANDARDS*
Level of
Alternative All SW NW CE SE NE
Standards**
County Total 482 60 80 68 99 175
Annual 50 2.3 13. 3.8 0 0 0
40 7.3 22 15 1.4 1.0 2.3
30 29 45 48 26 16 23
24-hr 150 12 27 34 8.8 2.0 34
100 35 55 76 32 25 16
50 97 97 98 90 100 98
Combined 50/150 12 26 34 8.8 2.0 34
Standards
40/100 35 55 76 32 25 16
30/50 97 97 98 90 100 98
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Level of
Alternative All SW NW CE SE NE
Standards**
Coarse/PM j*** -- 0.44 0.55 0.60 0.37 0.44 0.37
* Based on 1991-1993 data, using 50% data completeness criteria and the Appendix K missing data adjustment

to account for less than every day sampling frequencies. See staff analyses (Fitz-Simons et al., 1996).

** Based on current 1-expected-exceedance form of the 24-hour PM,, NAAQS and current expected annual
average of annual PM,, NAAQS, at the highest monitor for each standard.

falele Regional median ratio of coarse fraction mass to PM,, mass all seasons, based on available data from few
sites (SAI, 1996).

fraction particles than fine. Without a more detailed assessment beyond the scope of this
paper, it is not clear whether or how much PM,, standards set at these levels would also
prompt more balanced reductions in fine and coarse fraction particles in the East. In the
West, however, widespread nonattainment resulting from such PM,, standards would clearly
prompt much more coarse particle control, based on the prevailing high coarse fraction
content of PM,,.

This analysis suggests that, nationwide, progressively reducing the level of the PM,,
standards alone to the middle levels in the table would place relatively more emphasis on
additional controls for coarse fraction particles than for fine. On a regional basis, relatively
less impetus for additional control would be placed on the East, which has the highest regional
concentrations of fine particles, than on the West, which has the highest localized
concentrations of coarse fraction particles. Clearly, PM,, standard levels somewhere in the
range below the middle levels shown in Table VI1I-1 would also result in relatively more
control of fine particles in the East. Such standards would inevitably increase the number of
areas needing to address coarse fraction particles in the West.

One view of the risk management implications of the recent epidemiology holds that a

single PM,, indicator is most appropriate because more studies have used PM,, and it would




VI1-10

therefore be more prudent to prompt proportional reductions in the major components of
PM,,. Even accepting such a view, however, our analysis indicates that reduced PM,,
standards would not result in proportional reductions in fine and coarse fraction particles in the
very areas from which most of the epidemiological results are derived (see cover figure).
Selecting levels that would achieve such proportional reductions in the East through a PM,,
indicator alone would still result in significantly disproportional coarse particle control in the
West®. In essence, the above analysis is consistent with the admonition in the CD that more
effective PM,, programs can be achieved by establishing separate targets for fine and coarse
fraction particles (CD, 13-94).

From this analysis, then, a decision to provide increased health protection through
standards indexed by undifferentiated PM,, alone would have to be based on two additional
premises: 1) fine and coarse fraction particles are likely to produce similar health effects at
equivalent concentrations, i.e. be of relatively comparable toxicity; and 2) control strategies
for fine and coarse fraction particles would produce roughly equivalent reductions in exposure
in sensitive populations shown to be at increased risk of PM effects. Yet, the staff analyses of
the available information as summarized in Section V.F provides little support for either
premise. While the relative toxicity of fine and coarse fraction particles is not clearly
established, both physical and chemical toxicologic considerations suggest that fine particles
are likely to be more toxic for several, although not necessarily all, of the relevant effects
categories than are coarse fraction particles (Section V.F). Based on the direct comparisons in
epidemiological studies and on exposure considerations, the staff further concludes that - -
whatever the relative toxicity of fine and coarse fraction particles - - control of sources of
ambient fine particles is likely to be more effective in reducing exposure to sensitive

subpopulations than is control of sources of ambient coarse fraction particles.

2The acid rain program should result in some additional regional SO, reductions in the East. However,
much of the improvement has already been realized with more gradual reductions over the next 15 years due to the
banking and trading components. The existence of such a program, however, provides no justification for
establishing inappropriate PM NAAQS targets, nor for the potential over control of coarse fraction particles,
particularly in the West.
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Given the available evidence, a uniform reduction in the levels of the PM,, standards
could provide effective health protection from the effects of the most harmful components of
PM,,, but only at concentrations that appear to be unnecessarily stringent with respect to
coarse fraction particles. Limited, but important epidemiological evidence as well as
mechanistic considerations suggest that coarse fraction particles are linked to effects in areas
that exceed the current PM,, standards (CD, p. 13-51). Given the lack of evidence with
respect to coarse particle effects at concentrations at or below the level of the current PM,,
standards, however, little justification exists for proportional, much less disproportional,
reductions in coarse fraction particles beyond those afforded by the current standards. By
contrast, a number of epidemiological studies have used fine particles as an indicator. The
available evidence comparing the two fractions suggests that fine particles are a better
surrogate for those components of PM,, that are associated with adverse effects at levels below
the current standard (sectionV.F). For these reasons, staff concludes that a single PM,,
indicator would not provide the most effective and efficient protection from the health effects
of particulate matter. Instead, the data available in this review suggest that the most effective
and efficient approach would be to control PM,, through separate standards for fine and coarse
fraction particles.

2. Alternative Surrogate Indicators for Fine and Coarse Fraction Particles

The large number of recent community epidemiologic studies and improvements in
human exposure and air quality presented in the CD and outlined in Chapters IV and V above
have greatly expanded the information regarding associations between contemporary
community air pollution containing particles and morbidity and mortality in sensitive
subpopulations as compared to the previous review. Even with the presence of other
pollutants in the communities studied, PM is independently associated with the observed health
effects. While earlier studies mainly relied on BS, TSP, and sulfates as particle indicators, the
recent work has added a much larger body of quantitative and qualitative information on PM,,,,
with a lesser but still substantial number of community studies that provide specific
information on fine particles, including sulfate and acid aerosol components, and to a still

lesser extent, coarse fraction particles (CD, p 1-21).
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The CD concludes that the indices most consistently associated with health endpoints
are thoracic ( PM,, or PM;) and fine particle indicators. Less consistent relationships have
been observed for TSP and the coarse fraction of PM,, (CD, p 1-21). Based on an
examination of relevant information in the CD on fine and coarse fraction particles (Section
V.F), the staff concludes that the weight of the available evidence allowing direct comparisons
suggests that ambient coarse fraction particles are either less potent or a poorer surrogate for
community effects of air pollution than are fine particles.  This assessment finds that the limited
evidence suggestive of independent coarse particle effects was found in areas that significantly
exceed the current standards, while reported associations with fine particles frequently occur at
levels well below the current standards.

The staff concurs with the CD recommendation that “it would be appropriate to
consider fine and coarse mode particles as separate subclasses of pollutants” (CD, p 13-94).
The staff also concludes that sufficient information exists to do so. The analysis in the
preceding section indicates that establishing distinct targets for fine and coarse fraction
particles would provide more effective and efficient health protection strategies for PM.
Therefore, the staff recommends that separate standards be established for the fine and coarse
fractions of PM,,. The discussion below outlines staff conclusions and recommendations for
selecting indicators for such standards.

a. Surrogate Indicators for the Fine Fraction of PM,,

Although fine mode particles consist of several distinct chemical classes (Table 1V-2),
they share a number of important characteristics related to size and formation mechanisms.
The CD concludes that none of these subclasses can be specifically implicated as the sole or
even primary cause of specific morbidity and mortality effects (CD, p. 13-93). In essence,
fine particle mass is a surrogate for whatever components appear to be causing the mortality
and morbidity effects in community air pollution.

In examining the potential effectiveness of fine particles as a surrogate, it is useful to
consider the results of various analyses of air pollution and mortality in Philadelphia as
discussed in Section V.E (Moolgavkar et al., 1995; Wyzga and Lipfert, 1995; Samet et al.,
1995, 1996a; Cifuentes and Lave, 1996). The CD evaluation of these multiple investigations
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concludes that for this single city example, it appears most difficult to separate independent
effects of PM (as TSP) and SO,, concluding that the relationship between these pollutants and
mortality may be inherently non-linear (CD, p 13-57). Several clearly hypothetical
explanations have been advanced to explain these results. The following qualitative assessment
of several speculative, but plausible hypotheses (in italics), outlines the potential implications
of these alternatives for the effectiveness of fine particle control as a surrogate:

. The complex relationship is a statistical artifact and only one of the pollutants is
causally related. If the pollutant is PM, then fine particle control would clearly be
beneficial. If the pollutant is SO,, which occurs at moderate levels in Philadelphia,
reductions in local and transported SO, precursor control prompted by a fine particle
standard would reduce health risk.®

. The relationship is real and due to increased penetration of an SO, complex carried on
carbonaceous or other non-acidic particles. Then local controls of primary fine
particle combustion sources would likely reduce risks, because reducing the aggregate
particle surface area (by reducing fine mass) is more likely to reduce dose than SO,
reductions.

. The relationship is due to the association between SO, and acidic sulfates, which are
the active agent. In this case, fine particle controls are clearly beneficial.

. The relationship is due to the combined interactions of SO, and particles in different
regions of the respiratory tract. Again, control of fine particles would be beneficial.

The staff does not have to accept any one of these hypothesized explanations as more
likely to conclude that control of fine particles as a class appears to be a reasonable approach
to reducing health risks in this particular example of potential confounding. It is also useful to
note that, because of their relatively low surface area and origin, such a conclusion would not
be as applicable to control of coarse fraction particles.

Although the above examples of alternative consequences of the use of fine particles as
a surrogate are limited to PM and SO, interactions, some of these outcomes would extend to

PM interactions with other pollutants as well. Given the large surface area of aqueous droplet

3 As noted in section V.E, the evidence across multiple areas shows that PM is consistently associated
with mortality in areas with high and low SO,, making the second explanation unlikely.
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and/or dry fine particles, as well as the multiplicity of similar effects caused by common
gaseous pollutants such as ozone and related photochemical products and precursors, and NO,
in addition to SO,, direct or indirect interactions among these pollutants would not be
unexpected (Section V.F.; CD, p 13-9.). Because ozone precursors, including NO, and
volatile organic compounds, are also secondary particle precursors, it is reasonable to expect
that the control of fine particles could also prompt control of local and regional sources of
some of these precursors as well as SO,. On the other hand, beyond the possibility of effects
modifications in the body, the potential for gas/particle interactions between PM and CO is
limited. It is also less clear that fine particle control would prompt significant additional CO
control, the major contributors of which, mobile sources, are already subject to significant
national reduction requirements. The rationale for concluding that the existence of PM effects
is unlikely to be due to confounding by other pollutants is discussed in Section V.E.

The above examples also illustrate why, based on current information, it is more
appropriate to control fine particles as a group, as opposed to singling out particular classes.
The qualitative literature has found various effects of high concentrations of fine sulfuric acid,
ammonium sulfates and nitrate, carbonaceous materials, and transition metals, alone or in
some cases, in combination with gases (CD, Chapter 11; Section V.C). Community studies
have found significant associations between fine particles or PM,, and health in areas with
significant mass contribution of these fine components, including sulfates (6 cities), wood
smoke (Santa Clara), nitrates (Los Angeles and Utah Valley), secondary organics (Los
Angeles), and acid sulfate aerosols (24 City Study). As noted above, it is not possible to rule
out any one of these components as contributing to fine particle effects.

The most substantial laboratory and epidemiologic data for any single class of fine
particles exists for sulfates and associated acids. The data for acids, which are more difficult
to measure, is less consistent than for sulfates. For example, the recent 24 City Study data
suggest that regionally high exposures to acids in modest sized communities in the “sulfate
belt” are associated with bronchitis and decreased lung function in children (Dockery et al.,
1996; Raizenne et al., 1996). Yet relatively strong correlations exist between acids, sulfates,

and fine particles, making it difficult to single out any factor with confidence (CD, p 13-93).
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Indeed, the staff considers sulfates useful as an indicator of fine particles for assessing the
health effects literature. This literature suggests that reductions of regional sulfates as part of
a fine particle standard control program would likely reduce mortality and morbidity risks for
the large segments of the sensitive population who reside in the East. It would be
inappropriate, however, to extend this finding to establishing a separate sulfate standard, alone
or in combination with fine particle standards. A sulfate standard, even if understood as an
indicator of all fine particles as suggested by Lippmann and Thurston (1996), would be less
likely to lead to controls of the other potentially harmful components of fine particles.

A number of monitoring approaches have been used as indicators for fine particles
(Appendix B). All of them have inherent strengths and weakness (CD, pp. 1-6 to 7). In
selecting an indicator for a fine particle NAAQS, the staff places great weight on providing
consistency with the largest segment of the epidemiologic data, and to a lesser extent, on
making use of the existing fine particle data in the U.S. Staff have submitted their
recommendations regarding the most appropriate monitoring approach for a fine particle
standard to the CASAC Technical Subcommittee for Fine Particle Monitoring®. The staff
rejected the use of filter based optical approaches because they are more sensitive to variations
in carbon and require mass calibration (CD, p 1-6). Although direct optical (e.g.,
nephelometry) and other continuous methods can offer significant advantages and are often
well correlated with gravimetric mass measurements, under some circumstances they are less
well linked, in part because of losses of semi-volatile components (CD, p 1-6). Further
development of such approaches for routine use is an important need. Because most of the
quantitative epidemiological data for fine particles and PM,, were based on gravimetrically
determined mass, staff recommends that this measurement principle be adopted for fine
particle standards. Although some loss of nitrate and other semi-volatile mass can occur with
such methods, gravimetric approaches are most directly related to the available epidemiology,

and they can be used to provide composition information helpful for developing control

“The Subcommittee met to review these recommendations as well as specifications for a possible Federal
Reference Method and Monitoring Guidance at a public meeting on March 1, 1996.
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strategies. Again, improved continuous approaches that could be used as equivalent methods
for fine particles are an important development need.

Staff also recommend the use of a sharp 2.5 um cutpoint for a fine particle indicator.
As discussed in Chapter 1V and Appendix A, the minimum particle diameter between the fine
and coarse modes lies between 1 and 3 um, and the scientific data support a cut point to
delineate fine particles in this range. Because of the potential overlap of fine and coarse
particle mass in this intermodal region, specific cut points are only an approximation of fine
mode particles. Thus, the decision within this size range is largely a policy judgement. The
staff recommendation for a 2.5 um cutpoint is based on considerations of consistency with
health data, the limited potential for intrusion of coarse fraction particles into the fine fraction,
and availability of monitoring technology. Therefore, the staff recommends using PM, . as
the fine particle indicator. The definition will be further specified in the Federal Reference
Method and equivalency program.

PM, . encompasses all of the potential agents of concern in the fine fraction, including
most sulfates, acids, fine particle metals, organics, and ultrafine particles and includes most of
the aggregate surface area and particle number in the entire PM distribution. PM, . has been
used directly in health studies as described in the CD and Chapter V. Although a number of
studies have used PM, ,, in most locations there should be little difference in mass. The
more widespread use of PM, . measurement technologies since the 1970s has resulted in the
generation of relatively more data for this cutpoint than for other cutpoints for fine fraction
particles.

PM, . does have some potential for intrusion of the “tail”” of the coarse mode during
episodes of fugitive dust concentrations (See Appendix A). Staff recommends a sharp inlet for
the FRM to minimize this potential intrusion of coarse mode particles. Such intrusions into
PM, . measurements is not anticipated to be significant in most situations; nevertheless, if
subsequent data reveal problems in this regard, this issue can and should be addressed on a
case-by-case basis in the monitoring and implementation programs. Because the purpose of a
PM, ; standard is to direct controls toward sources of fine mode particles, it would be

appropriate to develop analytical procedures for identifying those cases where a PM, . standard
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violation would not have occurred in the absence of coarse mode particle intrusion.®
Consideration should be given to a policy similar to the natural events policy (See Chapter 1V)
for addressing such cases.

Some commentors have recommended use of a smaller cutpoint at 1 um (PM,) to
further reduce coarse particle intrusion. PM, has not been used in health studies, although in
most cases mass should be similar as for cutpoints of 2.1 or 2.5. While this indicator could
reduce intrusion of fugitive dust, it might also omit portions of hygroscopic acid sulfates in
high humidity episodes. PM, sampling technologies have been developed; however, the PM,
samplers have not been widely field-tested to date. Of some concern is the theoretical
possibility that different flow velocities for the smaller cut might increase the loss of
semivolatile materials relative to a larger cut. Thus, the staff recommends the use of PM, . as
the fine particle cutpoint.

b. Surrogate Indicators for the Coarse Fraction of PM,,

The CD and staff assessment finds that epidemiologic information, dosimetry and
toxicology support the need for a particle indicator that addresses the health effects of coarse
fraction particles smaller than nominal 10 um. Coarse fraction particles deposit in both the
tracheobronchial and alveolar region. Although the role of coarse fraction particles in much
of the recent epidemiological results is unclear, studies where coarse fraction particles are the
dominant fraction of PM,, suggest that the major short-term effects include aggravation of
asthma and increased upper respiratory illness. Such effects are supported by dosimetric
considerations (CD, p 13-51). Children, who spend more time in outdoor activities, may
encounter higher exposures and doses of coarse fraction particles than other potentially
sensitive populations. Long-term deposition of insoluble coarse fraction particles in the
alveolar region may have the potential for enhanced toxicity, in part because clearance from
this region of the lung is significantly slower than from the tracheobronchial region.

Qualitative support for this concern is found in autopsy studies of animals and humans exposed

5 Analytical procedures could involve measurements of chemical components related to local coarse mode
particles as a basis for developing a coarse mode intrusion estimate. Lundgren et al. (1996) have submitted a paper
suggesting one such approach.
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to various ambient crustal dusts at or slightly above ambient levels typical in the Western U.S.

(Section V.C).

In selecting an indicator for coarse fraction particles, it is important to note that the
existing ambient data base for coarse fraction particles (PM,,, ;) is smaller than that for fine
particles, and that the only studies of clear quantitative relevance have used undifferentiated
PM,,. However, it is possible to consider PM,, itself as a useful surrogate for coarse fraction
particles, when used in conjunction with PM, . standards. As noted above, in many areas
with high fugitive dust, this is already the case with respect to control strategies. Because
coarse fraction particles in such areas contribute significantly more mass than smaller
particles, risk managers have incentives to focus reduction measures on particle sources that
contribute the most by mass. The monitoring network already in place for PM,, is large.
Therefore, if a fine particle indicator were chosen, the staff would recommend retention of
PM,, as the indicator to protect against the risks of coarse fraction particles.

3. Staff Conclusions and Recommendations for Particle Indicators
Based on the above assessments and the scientific information in the CD, the staff

draws the following conclusions and recommendations:

1) Ambient particles capable of penetrating to the thoracic region represent the greatest
risk to health. Previous staff and CASAC recommendations for 10 um as the
appropriate cut point for such particles remain valid. In examining alternative
approaches to increasing the protection afforded by PM,, standards, the staff finds that
reducing the levels of the current standards would not provide the most effective and
efficient protection from the health effects of particulate matter.

2) The recent health evidence, the fundamental differences between fine and coarse
fraction particles, and implementation experience with PM,, have, however, prompted
the staff to consider separate standards for the fine and coarse fractions of PM,,.

3) The staff finds that the available information is sufficient to support separate indicators
for these pollutant classes. While it is difficult to distinguish the effects of fine or
coarse fraction particles from those of PM,, , consideration of comparisons between

fine and coarse fraction particles suggests that fine particles are a better surrogate for
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those particle components linked to mortality and morbidity effects at levels below the
current standards. Coarse fraction particles are most clearly linked with certain effects
at levels above those allowed by the current standards.

4) In selecting an indicator for fine particles, staff recommends use of a 2.5 um cut point
for fine particle mass. Adoption of sulfate or other chemical class indicators is not
advisable during this review. In selecting an indicator for coarse fraction particles, the
staff recommends use of PM,, .

C. Alternative PM, . Standards for Control of Fine Fraction Particles

1. Averaging Time

The current primary PM NAAQS include both a 24-hour standard, with no more than
one expected exceedance, and an annual standard with an expected arithmetic mean form.
These standards were intended jointly to protect the public against the health effects associated
with both short-term and long-term exposures to PM based on epidemiological and other
health studies available at the conclusion of the last review. The recent health effects
information includes reported associations with both short-term (from less than 1 day to up to
5 days) and long-term (from generally a year to several years) measures to PM. This
information, summarized in Chapter V, provides increased support for consideration of both
short-term and long-term standards, as discussed below.

a. Short-term PM, . Standard

The current 24-hour averaging time is consistent with the majority of the results from
community epidemiological studies, which have reported associations of 24-hour
concentrations of PM,,, fine particles, and TSP with an array of health effects. Nevertheless,
because some such studies have found a stronger association with a multiple day average (Pope
et al., 1992; Ostro et al., 1995; Pope and Dockery et al., 1992), the staff considered whether
a multiple day averaging time would be more appropriate. The above results are also
consistent with the existence of a lagged single exposure effect of PM, which may not be due
to multiple day exposures. Moreover, some studies have found health effects to be associated
with same day or previous day PM concentrations. For example, such associations are shown

by mortality studies in Los Angeles, CA; Birmingham, AL; St. Louis, MO; Toronto, Canada;
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Santiago, Chile; Athens, Greece; and London, England. Further, most hospital admissions
studies show associations with same day concentrations. In any case, a 24-hour standard can
effectively protect against episodes lasting for several days while also protecting sensitive
individuals who may experience effects after a single day of exposure. Thus, the staff
concludes that the complexity in adopting a multiple day averaging time, e.g. 3 to 5 days,
would not provide more effective protection than a 24-hour average.

The staff has also considered the evidence regarding effects associated with PM
exposures of durations less than 24 hours. Some investigators prior to the 1987 review
(Lawther et al., 1970) speculated that the observed health effects might be largely due to
short-term peaks on the order of an hour. Controlled human and animal exposures to specific
components of fine particles, such as acid aerosols, also suggest that some effects, such as
bronchoconstriction, can occur after exposures of minutes to hours. Some epidemiological
studies of exposures to acid aerosols have also found changes in respiratory symptoms in
children using averaging times less than a 24-hour period (e.g., 12 hours). However, the
majority of effects have been associated with daily or longer exposure to PM. Moreover,
limitations in current mass monitoring devices make shorter durations less practical at present.
A 24-hour average can be expected to provide significant protection from potential effects
associated with short duration peaks in most urban atmospheres. Thus, although some study
results may be suggestive of short duration effects, the staff does not believe that the reported
results provide a satisfactory quantitative basis for setting a general particle standard with an
averaging time of less than 24 hours. The staff believes that additional research is needed to
examine short duration exposures.

The staff recommends that consideration be given to retaining the current 24-hour
averaging time as a means of controlling short-term ambient PM, . concentrations, especially
peak concentrations, and thus providing protection from health effects associated with short-
term (from less than 1-day to up to 5-day) exposures to PM, ..

b. Long-term PM, . Standard

As summarized in Chapter VV, community epidemiological studies have reported

associations of annual concentrations of PM, ., sulfates, PM,,, and TSP with an array of health
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effects, notably increased mortality (Dockery et al., 1993, Pope et al., 1995), respiratory
symptoms and illness (e.g., bronchitis and cough in children), and reduced lung function. The
relative risks associated with such exposures, although highly uncertain, appear to be larger
than those associated with short-term exposures. Based on the available epidemiology and
consideration of relevant toxicologic and dosimetric information, staff concludes that
significant, and potentially independent, health consequences are associated with long-term PM
exposures (CD, p 13-34)°.

The staff notes that some health endpoints may better reflect the cumulative effects of
PM exposures over a number of years (CD, p. 1-13). In such cases, an expected annual
average standard would provide effective protection against long-term exposures to PM that
exceed several years. Requiring a much longer averaging time would complicate and
unnecessarily delay control strategies and attainment decisions.

In addition, an annual standard would have the effect of controlling air quality across
the entire yearly distribution of 24-hour PM, ¢ concentrations to varying degrees, although
such a standard would not as effectively limit peak 24-hour concentrations as would a 24-hour
standard. Thus, an annual standard could also provide protection from health effects
associated with short-term exposures to PM, .

Based on the above considerations, the staff recommends consideration be given to
retaining an annual averaging time as a means of controlling both long- and short-term
ambient PM, ; concentrations, and thus providing protection from health effects associated

with both long- and short-term exposures to PM, ..

The seasonality of wintertime smoke and summertime regional acid sulfate and ozone suggest that an
intermediate averaging time might also be appropriate in future reviews. Annual effects associated with acids, such
as those observed by Dockery et al (1996) and Raizenne et al (1996) might be interpreted as the result of repeated
seasonally high exposures.
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2. Form -- General Approaches
a. 24-Hour PM, . Standard

As part of the last review, the 24-hour standard was changed from a deterministic
form, in which the standard was not to be exceeded more than once per year, to a statistical
form. The statistical form selected permits no more than one expected-exceedance, averaged
over 3 years. The basis for this change in the form of the standard was that a statistical form
can offer a more stable target for control programs and, with reasonably complete data, is less
sensitive to truly unusual meteorological conditions than the deterministic form (U.S. EPA,
1982b). The staff continues to believe that this rationale is sound, but could be extended to
consider alternatives that have been developed in conjunction with the ongoing review of the
ozone standard. These general approaches to defining the form of a 24-hour standard include
multiple exceedances and concentration percentile forms, as discussed more specifically in the
next section in conjunction with the level of alternative standards.

One additional approach that is also being considered for the ozone standard is some
form of averaging across multiple monitors. In a previous review of the PM NAAQS, staff
recommended consideration of a multiple monitor spatial average form in its earlier
recommendations for a secondary fine particle standard (EPA, 1982b). Such a form would
better focus risk management activities on reductions in area or regionwide fine particle
concentrations. Because the health effects information (as well as the risk assessment in
Chapter VI) is keyed to fluctuations in areawide fine particle concentrations, such a form
would also be more directly related to reduction in population risk. Such an approach would
not have to require multiple monitors in all areas, assuming location criteria specified sites
representative of areawide population exposures. If such an approach were adopted,
consideration should be given to the extent to which peak localized exposures might result in
unacceptable individual risk. Limits on localized peak exposures might be provided through
the 24-hour PM,, NAAQS, if retained, which is applied at each monitor individually.
Appropriately located PM,, monitors would likely limit not only coarse fraction particle levels
but also fine particle levels that result from highly localized emission sources.

b. Annual PM, . Standard
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As part of the last review, the annual standard was changed from a geometric mean to
an expected arithmetic mean of the daily measurements. This change in the form of the
standard was based on an arithmetic mean being 1) more directly related to dose, which is
associated with observed health effects, 2) more sensitive to repeated short-term peaks, and 3)
more consistent with other annual NAAQS (U.S. EPA, 1982b). The staff continues to believe
that this rationale is sound and, thus, recommends that an expected arithmetic average form be
adopted for an annual PM, . standard. Further, as discussed above for a 24-hour standard,
staff recommends consideration be given to adopting a spatial averaging approach for an
annual PM, ¢ standard.

3. Level and Specific Forms
In developing an approach to formulating recommendations on appropriate ranges of

levels and specific forms for 24-hour and annual PM, ; standards, staff has taken into account

the following considerations:

1) Recent new epidemiological studies are noteworthy in their scope and efforts to account
for potential confounding and other uncertainties (e.g., characterization of exposure).
However, each individual study has inherent and methodological limitations and
interpretation of these findings is the subject of ongoing debate within the scientific
community. Thus, the staff views its assessment of each individual study in the context
of the overall body of epidemiological evidence (with mechanistic support from
toxicological and dosimetry studies) and the consistency and coherence of results across
studies and effects.

2) As noted in the last review, it continues to be the case that even the best
epidemiological studies have inherent limitations. Further, the available studies do not
provide clear evidence of population thresholds of response. Thus, the staff recognizes
that attempting to identify “lowest observed effects levels” and adding margins of
safety below such levels is not an appropriate approach in this case. Instead, the staff
has attempted to assess the nature of health effects and risks, and the associated

uncertainties, along a continuum of exposures using the full range of available health
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and exposure data from studies identified in the CD as being appropriate for

quantitative assessments.

3) Relative to other single pollutants for which NAAQS have been set, establishing
appropriate ranges of levels for PM, . standards involves unusually large uncertainties.

While recent studies help to reduce the uncertainties that were present in the last

review, they do not change this basic observation relative to other NAAQS. To better

address these uncertainties over time, the staff believes that research should continue
into the more difficult problem of identifying and assessing potential health effects that
may be associated with specific chemical and physical characteristics within the fine
and coarse fractions of thoracic particles. However, even without any additional
chemical-specific evidence, the staff believes that the large uncertainties inherent in
setting PM, . standards do not preclude our identifying appropriate ranges of policy
alternatives from which specific standards can be selected to effectively and efficiently
protect public health with an adequate margin of safety.

Taking these considerations into account, the staff’s approach to formulating
recommendations on appropriate ranges of standard levels and forms for the recommended
PM, . indicator and averaging times is based on: 1) quantitative results from studies showing
statistically significant associations between ambient concentrations of fine fraction particles
and health effects; 2) information on U.S. air quality distributions and estimated background
levels of PM, ; 3) examinations of the quantitative concentration-response relationships
suggested by specific epidemiological studies identified in the CD as appropriate for
guantitative assessment purposes; 4) quantitative risk analyses that provide estimates of risk
associated with air quality under “as is” conditions and attainment of current and alternative
new PM, . standards; and 5) quantitative and qualitative consideration of the sensitivity of the
risk estimates to key assumptions and inherent uncertainties in these analyses that affect the
margins of safety associated with ranges of standard levels. This approach recognizes that
final decisions about appropriate PM standard levels and forms must draw not only on
scientific information about health effects and risks, but also on policy judgments about

avoiding unacceptable risk from a public health perspective, addressing the uncertainties
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inherent in the evidence and assessments, and establishing health protective standards that
serve as a meaningful guide to action in developing strategies to reduce unacceptable health
risks associated with anthropogenic contributions to ambient PM, . levels.

These staff assessments and considerations are discussed below for both 24-hour and
annual PM, . standards. The following discussions are based on information in the CD and in
Chapters 1V, V, and VI, and associated appendices, of this Staff Paper.

a. 24-Hour PM, . Standard

Several key observations discussed below frame the staff’s thinking in defining a range
of 24-hour PM, . levels and specific forms for the Administrator to consider in selecting an
appropriate standard that protects public health with an adequate margin of safety from
adverse health effects associated with ambient levels of PM, ;.

. Staff notes, based on consideration of the body of evidence as a whole as discussed
throughout this Staff Paper, that PM, . concentrations occurring in areas that attain the
current PM,, standards are likely to be associated with increased risks of mortality,
hospital admissions, and respiratory symptoms in various sensitive subgroups.

As a result, staff concludes that an appropriate range of 24-hour PM, . levels should
result in reductions in health risks relative to the risks associated with the current PM,,
standards. Results estimated for the highest 24-hour PM, . level considered in the quantitative
risk assessment done for two example cities, 65 pg/m?3, suggest that this level would result in
some reductions in risks relative to the current standard, with the amount of reductions likely
to vary from city to city.

As would be expected from these risk results, a PM, ; level of 65 pug/m? is below the
PM, . level that corresponds, based on a national average ratio, to the current PM,, standard
level of 150 pg/m?® (i.e., a PM, ; level of approximately 75 pg/m?). Staff notes that the use of
a national average ratio does not take into account the highly regional nature of the ratio
between PM, . and PM,,. In some Eastern areas, a PM, ; level as high as about 100 pg/m?
could correspond to the current 24-hour PM,, standard level, whereas in some Western areas
the corresponding PM, . level could be as low as about 50 pg/m3. Thus, there is no

“equivalent” level that applies nationally based on information on ratios between PM, . and
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PM,,. Alternatively, “equivalence” with the current NAAQS could be considered on the basis
of determining the PM, . standard level that would result in approximately the same number of
counties that would not be in attainment. Consistent with the information provided in Table
VII-1 for alternative PM,, standards, Table VI1I-2 presents the predicted total and regional
distribution of the percentage of counties that would not attain the listed alternative PM, .
standards defined in terms of the current forms.” By comparison with Table VII-1, it can be
seen that, based on the 1991-1993 PM,, data used to develop the two tables, a PM, ¢ level of
greater than 75 pug/m?® but well less than 100 pug/m? is predicted to result in approximately the
same number of nonattainment counties as for the current 24-hour and annual NAAQS
combined.

Based on the above discussion, although there is no clear point at which *““equivalence”
with the current NAAQS would be achieved, in staff’s judgment consideration should be given
to a PM, . standard set below a level reflecting any type of approximate equivalence with the
current NAAQS. Thus, staff recommends consideration be given to bounding the upper end
of the range below 75 pg/m?3, at approximately 65 pg/me.

. Epidemiological studies reporting statistically significant associations were conducted in
areas in which the mean 24-hour PM, . concentrations ranged from approximately 16 to

30 pg/m? for mortality studies, with hospital admissions and respiratory symptoms

studies falling within this range (Table VI-2).

Staff notes that these concentrations are relevant to considering a range of a standard,
in that these studies are generally interpreted as providing risk estimates for which there is
greatest confidence around the mean of the air quality data. However, as discussed in section
V.E, there are significant uncertainties in any given study due to model specification, exposure

misclassification, confounding, and other issues. Thus, staff believes that no one PM, ¢

" The predicted comparison of counties not meeting alternative PM, . standards in Table V1I-2 is derived
from an analysis that estimates PM, . air quality from the much larger PM,, data base in AIRS (Fitz-Simons et al.,
1996). As such, these estimates are highly uncertain and are presented here for rough comparative purposes only.
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TABLE VII-2. PREDICTED PERCENTAGE OF COUNTIES NOT MEETING
ALTERNATIVE PM,; STANDARDS*

Level of
Alternative All SW NW CE SE NE
Standards**

County Total 482 60 80 68 99 175
Annual 25 2.5 5.0 3.8 4.4 0 1.7
20 8.7 15 8.8 15 4.0 6.9
15 36 27 28 48 26 43
10 84 52 65 93 95 94
24-hr 100 6.8 13 24 4.4 1.0 11
75 15 28 41 15 2.0 6.3
65 23 38 59 21 8.1 10
50 42 58 78 35 38 25
25 98 97 98 96 100 98
Combined 25/75 15 28 41 16 2.0 6.3

Standards
20/65 24 38 59 24 10 11
15/50 56. 58 78 56 50 50
* These estimates are based on a methodology that uses the PM,, datain AIRS, together with more limited

information on PM, /PM,, relationships, to predict which monitors might exceed a given PM,, ; alternative
standard. Such estimates are highly uncertain and should be interpreted with caution. More speifically, the
estimates are based on 1991-1993 data, using a 50% data completeness criteria, and applying the Appendix K
missing data adjustment to account for less than every day sampling frequenciew. See staff analyses (Fitz-
Simons et al., 1996) which discusses methodology for calculating estimated PM, ; values.

** Based on current 1-expected-exceedance form of the 24-hour PM,, NAAQS and current expected annual
average of annual PM,, NAAQS, at the highest monitor for each standard.




VI1-28

concentration derived from any particular study should appropriately serve as the basis for the

level of a standard.

. Results from the quantitative risk assessment presented in section VI.C suggest a
pattern of a continuum of decreasing risk with lower levels of alternative PM, .
standards, extending over and likely below the range of 65 to 25 pug/m® PM, . included
in the risk analyses.

Based on the limited risk analyses for two example cities, using base case assumptions,
a 24-hour PM, ; standard of 25 ug/m? is estimated to reduce PM-related risks associated with
short-term exposures for the effects considered by roughly 70% - 85%, relative to risks
associated with attaining the current standards. Alternatively, at a 24-hour PM, . level of 65
pg/m?, risks are estimated to be reduced by roughly 10% and 40% for the Philadelphia and
Los Angeles study areas, respectively. Putting these risk estimates into a broader perspective,
these PM-related risk reductions translate into much smaller reductions relative to the total
incidence of such effects from any cause. Relative to total incidence, a PM, . standard of 25
ug/m® may reduce total mortality risk by roughly 1% to 2%, total hospital admissions by
roughly 1% to 5%, and respiratory symptoms in children by roughly 15% - 25%.
Alternatively, at a level of 65 pug/m?, total mortality risk may be reduced by roughly 1% or
less, total hospital admissions by roughly 2% to less than 1%, and respiratory symptoms in
children by roughly 2% to 13%.

In terms of total incidence of effects upon attainment of alternative PM, . standards,
mortality incidence associated with short-term PM exposures is estimated to range from
roughly 300 to 400 events per year for the Philadelphia (population 1.6 million) and Los
Angeles (population 3.6 million) study areas, respectively, with a PM, ; standard of 65 pg/m?.
At a level of 25 pug/m?, mortality incidence is estimated to be roughly on the order of 100
events per year in each study area. Estimated incidences of hospital admissions for respiratory
and cardiac causes are up to 70% greater than those of mortality events. Respiratory symptom
incidence is judged to be considerably more uncertain than estimates for the other effects, with
roughly 10 to over 20 thousand events per year in the Philadelphia and Los Angeles study

areas, respectively, at a level of 65 pg/m?, and from roughly 3 to 6 thousand events per year,
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respectively, at a level of 25 ug/m®. Thus, under base case assumptions, rough estimates of
incidences are appreciably lower, but not eliminated in going from a PM, . standard of 65 to
25 ug/me.

Staff emphasizes that these estimates are based on only two cities, include significant
uncertainties, and are sensitive to a number of assumptions that have been considered in the
integrated uncertainty analyses discussed in Chapter VI. Thus, policy judgments that are
based in part on a consideration of such results should also take into account these
uncertainties, critical assumptions, and the public health implications of the estimated
incidence rates.

. Sensitivity analyses designed to address alternative assumptions in the risk analyses
presented in section VI.C. suggest that estimated risks are sensitive to a number of
assumptions, including in particular assumptions about the shape of concentration-
response relationships and the ranges of air quality to which they are applied. The
examination of concentration-response relationships that helped to frame the sensitivity
and integrated uncertainty analyses provides information useful in identifying an
appropriate PM, . range for consideration.

For several alternative assumptions examined in the sensitivity and integrated
uncertainty analyses, relatively small to moderately large differences in estimated risks were
predicted across the range of alternative assumptions considered. In examining relevant
concentration-response relationships using a variety of approaches, staff identified alternative
cutpoints for the lower end of the range of air quality over which it may be appropriate to
calculate increased risk from the studies. From the short-term PM, . studies, staff identified
concentrations of 10, 18, and 30 pg/m? as potential cutpoints reflecting increased uncertainties
in this lower range of observed concentrations and inherent limitations in the data to detect any
potential effects thresholds that may be present within that range. Relative to base case risk
estimates, which do not assume any effects threshold or cutpoint within the range of the data,
mortality risks estimated from the integrated uncertainty analysis are lower by as much as a
factor of 2 across the range of alternative assumptions considered. Thus, alternative

assumptions, most notably about the shape of the concentration-response relationship, can have



VI1-30

significant impacts in lowering the estimated total PM-related risk for “as is” air quality as

well as for attainment of the current NAAQS and alternative PM, . standard cases.

. Several epidemiological studies reporting statistically significant effects include ranges
of air quality that may approach estimates of background levels in some locations.

To serve as a meaningful guide to action in developing strategies to reduce
unacceptable health risks associated with anthropogenic contributions to ambient PM, ; levels,
staff believes that a standard should be set at a level sufficiently above estimated background
levels. As discussed in Chapter 1V, while estimated annual average PM, . background levels
range from approximately 2 to 5 pg/m? in the East and 1 to 4 pg/m? in the West, maximum
annual 24-hour fine particle concentrations of 15 to 20 pug/m? are possible from background
sources particularly in Eastern areas. Further, staff notes that on a daily basis exceptional
natural events such as forest fires can result in even higher background concentrations, but
such excursions are dealt with through the natural events policy in implementing the standards.

In taking into account the above observations, staff believes that the lower end of a
range of PM, . levels for the Administrator to consider in selecting an appropriate standard
level should be less than 25 pg/m?® but greater than 15 to 20 pg/m°. While at 25 pg/m?
significant reductions in risk may result, mortality studies show significant associations even
when the observed means of 24-hour PM, ; concentrations in each of the study locations are
approximately at or below 20 pg/m®. Further, an assessment of concentration-response
relationships below these levels suggested consideration of possible thresholds at
concentrations of 18 and 10 pg/m®. On the other hand, staff believes an appropriate standard
should be sufficiently above estimated background levels so as to meaningfully facilitate the
design and implementation of realistic air quality management strategies. Further, staff is
mindful that the Act does not require that NAAQS be set at a zero-risk level, but rather at a
level that avoids unacceptable risks and, thus, protects public health with an adequate margin
of safety.

. With regard to specific alternative forms of 24-hour PM, . standards, staff analyses of
predicted PM, . concentrations provide an illustrative comparison of the impact in
terms of the number of counties that would not attain alternative forms for an example
standard level (Table VII-3).
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Table VII-3 compares the predicted impact of alternative exceedance-based forms
(ranging from 1 to 5 exceedances per year) and concentration percentile forms (including the
average n™ concentration percentile, with n ranging from the 95" to the 99" percentile) for an
example 24-hour PM, ; standard level held constant at 50 pg/m? (in conjunction with an annual
PM, . standard set at 15 pug/m®).% As can be seen from the table, the form of the standard can
result in significant differences in the number of areas that would not attain a given standard,
such that the degree of health protection provided by a standard is a function of both the level

and form of the standard.

TABLE VII-3. PREDICTED COMPARISON OF ALTERNATIVE FORMS
FOR A 24-HOUR PM, . STANDARD
(For counties meeting a 15 pug/m?® annual PM,, ; standard)

Alternative Forms Number of Counties Number of Counties Not
of Standard Projected to Meet 24- Projected to Meet 24-
hour Standard of hour Standard of
50ug/m? 50ug/m?
1 Exceedance 210 99
2 Exceedance 229 80
3 Exceedance 268 41
4 Exceedance 274 35
5 Exceedance 280 29
Avg 99th percentile 277 32
Avg 98th percentile 292 17
Avg 95th percentile 303 6

8 As for Table VII-2, these staff estimates are based on predicting PM, . concentrations based on the
available PM,, data base, and are highly uncertain. See staff analyses in Fitz-Simons et al. (1996).
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NOTE: Of the 482 counties with at least 50% data completeness per quarter 1991-93, 309 meet the PM2.5 annual

standard, and 173 do not. Exceedance formsinclude the Appendix K missing data adjustment to account for
less than every day sampling frequencies. See staff analysesin Fitz-Simons et al. (1996).

In weighing all these factors and considerations outlined above, staff offers the

following conclusions and recommendations:

1)

2)

3)

The lower end of the range of consideration for a new 24-hour PM, . standard should
be 20 ug/m?. Considering a standard at this level would place significant weight on the
consistency and coherence of the body of evidence as a whole, and on the results of
quantitative analyses of concentration-response information and risks, even in light of
inherent uncertainties in the analyses and alternative interpretations possible for each
study considered independently. The staff believes that a 24-hour PM, ; standard set at
this level, while not likely to be risk-free, would be precautionary in nature in
protecting against a full range of short-term effects associated with the identified
sensitive subgroups of the population. A standard set at this level would give less
weight to concerns that the relied-upon studies may not have completely controlled for
all potential confounding variables nor fully accounted for all limitations in the
exposure data. Staff notes that this level is at the upper end of the range of uncertainty
for peak 24-hour PM, ; background concentrations.

The upper end of the range of consideration for a new 24-hour PM, . standard should
be approximately 65 pug/m?. A standard set at or near this level would give significant
weight to both the qualitative and quantitative uncertainties inherent in the most recent
epidemiological studies, and, conversely, little weight to the quantitative assessments of
the evidence and associated risks. Such a standard would likely provide increased
protection relative to the current standard.

In selecting a level for a 24-hour PM, ; standard within this range, the staff suggests
that the Administrator also take into account the degree and nature of protection that
would be afforded by a new annual PM, . standard. The joint protection provided by a

suite of standards that includes both 24-hour and annual PM, . standards may be an
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important consideration in selecting the levels for each standard. One possible policy
approach would be to view an annual PM, . standard, as discussed below, as serving as
the target for control programs designed to effectively lower the entire distribution of
PM, . concentrations, thus protecting not only against long-term effects but also short-
term effects as well. With this approach, the 24-hour PM, . standard could be set so as
to protect against the occurrence of peak 24-hour concentrations that would likely not
be controlled in areas attaining a new annual PM, ; standard. Thus, in conjunction
with an annual PM, ¢ standard, the Administrator may judge that the 24-hour standard
should be set so as to limit only those peak 24-hour concentrations that are likely to
persist upon attainment of the annual standard.

4) In selecting a form for a 24-hour PM, ; standard within the range of alternative forms
analyzed, the staff suggests that the Administrator give primary consideration to a
concentration percentile form. Concentration percentile forms are more stable and
better take into account differences in sampling frequencies than the single (i.e., the
current form) and multiple exceedance forms. Further, consideration should be given
to the relative health protection provided by alternative forms at a given level,
considering the relative impact of alternative forms on the number of counties affected
by a particular form, and, thus, the number of areas likely to experience reduced risks
to public health as a result of attaining a given standard level and form.

b. Annual PM, . Standard

Similar to the approach outlined above for a 24-hour standard, the following
observations frame the staff’s thinking in defining a range of annual PM, ; levels:

. Staff notes that annual PM, . concentrations occurring in some areas that attain the
current PM,, standards are likely to be associated with increased risk of mortality
beyond that associated with short-term mortality effects, as well as possibly increases
in doctor-diagnosed cases of acute bronchitis in children.

. Further, as discussed above in the section on averaging times, an annual standard
would have the effect of controlling air quality across the entire yearly distribution of
24-hour PM, ; concentrations to varying degrees, such that an annual standard set an
appropriate level could also provide protection from health effects associated with
short-term exposures to PM, .
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Based on the above considerations, the staff recommends consideration be given to use
of an annual averaging time as a means of controlling both long- and short-term ambient PM, .
concentrations, and thus providing protection from health effects associated with both long-
and short-term exposures to PM, ..

By comparing information in Tables VII-1 and VII-2, it can be seen that for the 1991-
1993 data presented in the two tables, an annual PM, 5 level of 25 pg/m? is estimated to result
in approximately the same number of nonattainment counties as the current PM,;; NAAQS. In
staff’s judgment consideration should be given to an annual PM, ; standard set below a level
reflecting approximate equivalence with the current annual NAAQS. Thus, staff recommends
consideration be given to bounding the upper end of the range below 25 pg/m?, at
approximately 20 pg/m?.

Alternatively, in viewing an annual standard as creating a target for control programs
designed to effectively lower the entire distribution of PM, ; concentrations, staff concludes
that an appropriate range of annual PM, - levels for such a standard should result in reductions
in health risks relative to the risks associated with the combination of current 24-hour and
annual PM,, standards. Under this approach, a comparison of Tables VII-1 and VII-2
suggests that an annual PM, ; standard level of less than 20 pug/m?® would be needed to result in
the same number of predicted nonattainment counties as for the combination of current 24-
hour and annual PM,, NAAQS.

. Based on the long-term mortality study used in the quantitative risk assessment (Pope et
al., 1995), a statistically significant association was observed across 151 cities in which

the annual PM, ; concentrations ranged from approximately 9 to 34 pug/m?® (Table VI-

2); a somewhat similar range is estimated from the long-term studies of lung function

decrements and doctor-diagnosed bronchitis in children (Table V-13).

Staff notes that these concentrations are relevant to considering a range for an annual
standard, although, as discussed in Chapter VI and Appendix E, staff recognizes that
uncertainty in the concentration-response relationships increase at the lower end of the range
of data due in part to inherent limitations in discerning any potential effects threshold that may
actually be present. In examining the concentration-response relationships for long-term

mortality from the Pope et al. (1995) study, as well as from the more uncertain Dockery et al.
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(1993) study, possible concentration cutpoints at which effects threshold may potentially exist
were identified (Chapter VI and Appendix E). The lowest such cutpoint was 12.5 pg/m?,
based on inherent limitations of the data for discerning effects thresholds, and a cutpoint of 15
ng/m? was identified based on visual inspection of the data. The minimum mean
concentrations in these two studies were 18 pg/m?.

. The body of evidence from long-term exposure studies, together with results from the
quantitative risk assessment presented in section VI.C, suggests a pattern of a
continuum of decreasing risk with lower levels of alternative annual PM, . standards,
likely extending below the range of concentrations included in the analyses, 15 and 20
ug/m? PM, . annual average.

Based on these limited analyses for two example cities, and applying only base case
assumptions, the analyses estimate that an annual PM, ; standard of 15 pg/m* may reduce PM-
related risks for mortality associated with long-term exposures by roughly 30 and 60% relative
to risks associated with attaining the current NAAQS for Philadelphia and Los Angeles study
areas, respectively. Alternatively, at a PM, ; level of 20 ug/m?, reduction in risks associated
with long-term exposure in Los Angeles county are estimated at 30%; staff notes that this level
does not result in any estimated risk reduction in Philadelphia county because the current
annual mean in Philadelphia is below this level. Putting these risk estimates into a broader
perspective, these PM-related risk reductions translate into much smaller reductions relative to
the total incidence of such effects from any cause. Relative to total incidence, an annual PM, ¢
standard of 15 pug/m?* may reduce total mortality risk associated with long-term exposures by
roughly land 5% for the Philadelphia and Los Angeles study areas, respectively.
Alternatively, at a level of 20 pg/m?, total mortality risk for Los Angeles county may be
reduced by roughly 2%.

In terms of total incidence of effects upon attainment of alternative annual PM, ¢
standards, mortality incidence associated with long-term exposures to PM is estimated to range
from roughly less than 1000 to about 1500 events per year for the Philadelphia and Los
Angeles study areas, respectively, with an annual PM,  standard of 20 ug/m?, to roughly on

the order of half as many events per year for each study location at a level of 15 pg/m3. Thus,



VI1-36

under base case assumptions, rough estimates of incidences are appreciably lower, but not
eliminated, in going from an annual PM, , standard of 20 to 15 pg/mq.

Staff again emphasizes that these estimates are based on only two cities, include
significant uncertainties, and are sensitive to a number of assumptions that can not be fully
addressed by additional analysis of available data. Thus, policy judgments that are based in
part on a consideration of such results should also take into account these uncertainties,
inherent limitations in available data and analyses, and the public health implications of the
estimated incidence rates.

. Sensitivity analyses designed to address alternative assumptions in the risk analyses
presented in section VI.C. suggest that estimated long-term risks are sensitive to a
number of assumptions, including in particular assumptions about the shape of
concentration-response relationships and the ranges of air quality to which they are
applied and historical air quality information used in the analysis. The examination of
concentration-response relationships and historical air quality that helped to frame these
particular sensitivity analyses provides information useful in identifying an appropriate
PM, ¢ range for consideration.

Based on an analysis of long-term mortality using the alternative cutpoints discussed in
Chapter VI, staff notes that estimated risk for Philadelphia County is roughly 50% lower than
the base case estimate if a 12.5 pg/m? cutpoint is applied. Similarly, applying a cutpoint of 15
ug/m? reduces estimated long-term mortality risk by over 75%, while applying a cutpoint of
18 pg/md results in an estimate of no long-term mortality risk for “as is” air quality in
Philadelphia County. Further, by assuming higher historical PM, ¢ concentrations than were
reported in the Pope et al. (1995) study, estimated risk would be significantly lower than the
base case estimate (Appendix F). Thus, alternative assumptions about the shape of the long-
term PM concentration-response relationships and historical air quality can have very
significant impacts on the estimated risk reductions associated with attaining alternative PM, .
standards.

In taking into account the above observations, staff believes that the lower end of a
range of PM, . levels for the Administrator to consider in selecting an appropriate annual
standard level should be consistent with the lowest cutpoint for a possible threshold derived

from an examination of the long-term mortality concentration-response relationships, 12.5
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ug/m?d. Staff believes that such an annual level is sufficiently above estimated annual PM,

background levels as to serve as a meaningful standard to facilitate the design and

implementation of realistic air quality management strategies. Further, as noted above, staff is

mindful that the Act does not require that NAAQS be set at a zero-risk level, but rather at a

level that avoids unacceptable risks and, thus, protects public health with an adequate margin

of safety.

In weighing all these factors and considerations outlined above, staff offers the

following conclusions and recommendations:

1)

2)

3)

The lower end of the range of consideration for a new annual PM, . standard should be
12.5 ug/m?3. Considering a standard at this level would place significant weight on the
consistency and coherence of the body of evidence as a whole, and on the results of
quantitative analyses of concentration-response information and risks, even in light of
inherent uncertainties in the analyses and alternative interpretations possible for the
relevant studies. The staff believes that an annual PM, . standard set at this level,
while not likely to be risk-free, would be precautionary in nature in protecting against
long-term mortality effects and other long-term morbidity effects such as lung function
decrements and doctor-diagnosed bronchitis in children. A standard set at this level
would give less weight to concerns that the relied-upon studies may not have
completely controlled for all potential confounding variables nor fully accounted for all
limitations in the exposure data.

The upper end of the range of consideration for a new annual PM, . standard should be
20 pug/m3. A standard set at or near this level would give significant weight to both the
qualitative and quantitative uncertainties inherent in the long-term epidemiological
studies, and, conversely, little weight to the quantitative assessments of the evidence
and associated risks. Such a standard would likely provide some increased protection
relative to the current annual standard.

As discussed above, in selecting a level for an annual PM, ¢ standard within this range,
in conjunction with a 24-hour PM, . standard, staff suggests that the Administrator take

into account the joint protection likely to be afforded by both standards. In an
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approach that viewed the annual PM, . standard as the primary target for control
programs designed to effectively lower the entire distribution of PM, . concentrations,
the Administrator may choose to consider an annual standard from the lower end of
this range. Correspondingly a 24-hour PM, . standard could be set so as to protect
against the occurrence of peak 24-hour concentrations that would likely not be
controlled by areas attaining a new annual PM, . standard. For example, an annual
PM, ; standard at 15 pug/m?* may be expected to result in substantially reduced 24-hour
levels, potentially limiting the second highest 24-hour levels to less than about 50
pg/m? in approximately 90% of the areas, thus adding to the protection against short-
term effects afforded by a 24-hour standard (SAI, 1996).

D. Alternative PM,, Standards for Control of Coarse Fraction Particles

1. Averaging Time

If fine particle standards are adopted, the major function of the PM,, standard would be
to protect against the known and anticipated effects associated with coarse fraction particles in
the size range of 2.5 to 10 um. As noted above, coarse fraction particles are plausibly
associated with certain effects from both long and short-term exposures. Some epidemiologic
evidence suggests increased asthma and upper respiratory infections may be associated with
daily increases in PM,, that was dominated by coarse fraction particles (Gordian et al, 1996),
while another study suggests smaller relative risks of bronchitis symptoms after daily episodes
of very high fugitive dust (Hefflin et al, 1994). Both studies reported multiple exceedences
of the current 24-hour NAAQS with PM,, peaks exceeding 900 ug/m*. The potential build
up of insoluble coarse fraction particles in the lung after long-term exposures to high levels
should also be considered.

These studies show an important characteristic of significant coarse particle events. In
a number of Western areas, multiple exceedences occur in relation to high winds increasing
emissions from naturally occurring or human-disturbed surfaces. In the Gordian et al. (1996)
study, the worst levels occurred in relation to a volcanic eruption. In a number of cases, such
excursions are exempted from control by the natural events policy. In some areas, variations

in annual rainfall or windspeed cause year-to-year changes in dust emissions, making
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implementation and assessment of control strategies more difficult. It is therefore
appropriate to consider which combination of averaging time and form might provide a more
robust target for practical coarse particle controls. In this regard, basing control on an annual
standard alone or in combination with a 24-hour standard with multiple exceedences may
provide adequate protection from potential long- and short-term effects of coarse fraction
particles.
2. Level and form for alternative averaging times

a. Annual PM, , Standard

The nature of the more limited information for coarse fraction particles means the
approach for selecting a level of the standard should be less like the recommended approach
for fine particles, and more related to the approach taken in the last review for PM,,. In that
approach, evidence from limited quantitative studies was used to select a range, with support
from the qualitative literature used to support decisions within the range (EPA, 1982b, 1986).

The major quantitative basis for the level of the current annual PM,, standard was a
study of children by Ware et al. (1986), conducted as part of the Harvard Six City series.
This study has been supplemented in the recent literature by a follow-up long-term cohort
study of acute bronchitis in children (Dockery et al., 1989). This study found somewhat
better associations with PM,; than with PM, . over the entire cohort, but a direct comparison
with coarse fraction particles was not presented. However, still more recent studies found
bronchitis symptoms in a larger cross sectional comparison to be unrelated to somewhat lower
coarse particle concentrations than found in some of the six cities (Dockery et al, 1996). It is
possible, but not conclusive, that coarse fraction particles, in combination with fine particles,
may have influenced the observed effects, at least at the levels in the three most polluted cities
in the study. From an exposure/deposition perspective, it is possible that cumulative
deposition of coarse fraction particles could be elevated in children, who are more prone to be
active outdoors than sensitive adult populations.  Based on the original study by Ware et al.
(1986), in the last review, staff recommended consideration that the lower bound of the range
for the annual standard be set at 40 pg/m?* (EPA, 1986).
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Qualitative evidence of other long-term coarse particle effects, most notably from long-
term buildup of silica containing materials, supports the need for a long-term standard, but
does not provide evidence of effects below this range (CD, p 13-79). Staff concludes that the
qualitative evidence with respect to biological aerosols (13-79) also supports the need to limit
coarse materials, but should not form the major basis for a national standard. The nature and
distribution of such materials, which vary from endemic fungi (e.g. valley fever) to pollens
larger than 10 um are not appropriately addressed by traditional air pollution control
programs.

A PM,, standard in the range of 40 to 50 pg/m?® (current level) would also provide
substantial protection against the effects of 24-hour exposures associated with asthma and
upper respiratory infections. The national mean ratio for the second highest 24-hour
concentration in a year to the annual mean is 2.41 (SAIl, 1996). This indicates that the mean
second highest 24-hour concentrations associated with such a range (about 95 to 120 pg/m?3)
would be well below the current standard. Peak levels at the worst sites could still exceed the
level of the current 24-hour standard. Additional information on the relative short-term
protection afforded by the current annual standard is summarized in the discussion below.

Staff recommends that consideration be given to adopting an annual PM,, standard in
the range of 40 to 50 pg/m? to protect against the long- and short-term effects of coarse
fraction particles. Such a standard would provide a more robust target for coarse particle
controls that would be less sensitive to episodic natural events.

b. 24-Hour PM,, Standard

Consideration should also be given to a 24-hour standard for coarse fraction particles
as measured by PM,, . The level of the current 24-hour PM,, standard (150 pg/m?®) was
based in large measure on the London mortality and morbidity studies (EPA, 1982b). As
noted above, staff believes that fine particles are a better surrogate for such effects. The main
quantitative basis for a short-term standard is provided by the two fugitive dust studies
referenced above. Because these studies reported multiple large exceedences of the current

24-hour standard they suggest no need to lower the level of the standard below 150 pg/m?.
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If a 24-hour PM,, standard is retained in conjunction with a fine particle standard,
consideration should be given to maintaining the current level and revising the PM,, standard
to a more robust form. Such forms would be less sensitive to naturally occurring episodes.
Staff have conducted analyses of several alternative forms for a PM,, standard, similar to the
analyses for alternative forms for a PM, . standard as discussed above. Table VII-4 compares
the impact of alternative exceedance-based forms (ranging from 1 to 5 exceedances per year)
and concentration percentile forms (including the average n™ concentration percentile, with n
ranging from the 95" to the 99" percentile) for an example 24-hour PM,, standard level held
constant at 150 pg/m? (in conjunction with an annual PM,, standard set at 50 pug/m®). As can
be seen from the table, the analysis suggests that a 50 pug/m? annual standard would limit 24-
hour exceedences in all but nine of the sites to 5 or less (i.e., only nine sites would not attain a
standard with a 5-exceedance form). Staff is examining alternative analytical approaches to
provide additional insight into the relative protection afforded by these forms.

Because of the episodic nature of coarse particle excursions, the staff recommends that
if a 24-hour standard is adopted, consideration should be given to one of the alternative more
robust forms presented in Table VII-4, with or without an accompanying annual PM,,
standard.

3. Summary of Coarse Fraction (PM,,) Standard Conclusions and Recommendations
Staff conclusions and recommendations are as follows:

1) As an indicator for coarse fraction particles, in conjunction with a PM, . standard, the
basis and purpose for the PM,, standards have been altered.

2) Staff recommends consideration of an annual PM,, standard in the range of 40 to 50
ng/m? to protect against both the short- and long-term effects of coarse fraction
particles. An annual standard would provide a robust target for effective coarse
particle control and monitoring strategies.

3) Consideration should also be given to a 24-hour PM,, standard of 150 pg/m?® with a
revised, more robust form selected from the range of alternatives presented in Table
VII-4. Additional analyses of these forms are needed before more definitive

recommendations can be made.
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TABLE VII-4. COMPARISON OF ALTERNATIVE FORMS FOR A
24-HOUR PM,, STANDARD
(For counties meeting a 50 pug/m?® annual PM,, standard )

Alternative Forms Number of Counties Number of Counties Not

of Standard Projected to Meet 24-hour | Projected to Meet 24-hour
Standard of 150..9/m3 Standard of 150..9/m3

1 Exceedance 425 46
2 Exceedance 433 38
3 Exceedance 451 20
4 Exceedance 455 16
5 Exceedance 462 9

Avg 99th percentile 455 16

Avg 98th percentile 467 4

Avg 95th percentile 471 0

NOTE: Of the 482 counties with at least 50% data completeness per quarter 1991-93, 471 meet the PM,, annual
standard, and 11 do not. Exceedance forms include the Appendix K missing data adjustment to account for less
than every day sampling frequencies. See staff anaysesin Fitz-Simons et . (1996).

E. Summary of Key Uncertainties and Research Recommendations

Staff believesit isimportant to emphasize the unusually large uncertainties associated
with establishing standards for PM relative to other single component pollutants for which
NAAQS have been set. The CD and this Staff Paper note throughout a number of unanswered
guestions and uncertainties that remain in the scientific evidence and analyses as well asthe

importance of ongoing research to address these issues. Prior to summarizing staff
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recommendations on the primary PM NAAQS in the next section, this section summarizes key

uncertainties and related staff research recommendations.

1)

2)

3)

One of the most notable aspects of the available information on PM is the lack of
demonstrated mechanisms that would explain the mortality and morbidity effects
associated with PM at ambient levels reported in the epidemiological literature. The
absence of such mechanistic information limits judgments about causality of effects and
appropriate concentration-response models to apply in quantitatively estimating risks.
Building on promising preliminary findings from ongoing research involving more
representative animal models and particle mixes and levels, staff believes there is an urgent
need to expand ongoing research on the mechanisms by which PM, aoneand in
combination with other air pollutants, may cause health effects at levels below the current
NAAQS.

Uncertainties and possible biases introduced by measurement error in the outdoor
monitors, including both the error in the measurements themselves and the error
introduced by using central monitors to estimate population exposure, contributes to
difficultiesin interpreting the epidemiological evidence. To address these concerns,
additional research into improved continuous sampling and analyses methods, together
with the use of aresearch-oriented ambient monitoring network and personal monitors to
better characterize relationships between personal exposure and outdoor/indoor air
quality, is needed for PM components as well as for other criteria pollutants. For example,
monitoring techniques that allow new epidemiological studies to address not only size
fractionation and improved measurements of semi-volatile particles but also particle
number and surface areawill be important to isolate key components of fine and coarse
fraction particles. Further, examination of potential exposure to ultrafine particles near
highways and other possible sources, for example, isimportant to determine the extent to
which these materials persist long enough to present significant exposure to sensitive
population groups.

Inherent in epidemiological studies such as those cited in this review is the question asto

whether or to what extent the observed effects attributed to PM exposures are



4)

5)
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confounded by other pollutants commonly occurring in community air, such as SO,,
ozone, NO,, and CO. In particular, a number of authors conducting reanalyses of
mortality studies within a given city, most notably for Philadelphia, have demonstrated that
it may not be possible to separate individua effects of multiple pollutants when those
pollutants are highly correlated within agiven area. Based on its assessment of available
information regarding potential confounding within and across a number of areas with
differing combinations of pollutants, as recommended in the HEI reanalysis report, the CD
concludes that in genera the reported PM effects associations are valid and not likely to
be serioudy confounded by copollutants. Nevertheless, additional research and analyses
are important to better characterize the extent to which PM-related effects may be
modified by the presence of other copollutantsin the ambient air.

Although staff has concluded that it is more likely than not that fine fraction particles play
asgnificant role in the reported health effects associations, identification of specific
components and/or physical properties of fine particles which are associated with the
reported effects is very important for both future reviews of the standards and in
development of efficient and effective control strategies for reducing health risks.
Epidemiological and toxicological research is needed to isolate key components (e.g.,
nitrates, sulfates, organics, metas, ultrafine particles) and/or characteristics of fine
particles, aswell as to identify the nature and extent of subpopulations most susceptible to
the adverse effects associated with such components and/or characteristics. Such research
iscritical in addressing uncertainties in estimating risk reductions likely to be achieved by
aternative fine particle standards and new implementation strategies.

Uncertainties in the shape of concentration-response relationships, most specifically
whether linear or threshold models are more appropriate, significantly affects the
confidence with which risks and risk reductions can be estimated. Mechanistic and
epidemiological research highlighted above would likely help reduce such uncertainties.
Unaddressed confounders and methodological uncertainties inherent in epidemiological
studies of long-term PM exposures limit interpretations and conclusions that can be drawn

with regard to associations between PM and chronic health effects. Additiona research
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and analysis are needed to reduce the uncertainties related to the appropriate exposure
periods and historical air quality to consider in evaluating such studies, and to better
address life-style and other potentially important cofactors.

An important aspect in characterizing the nature of the mortality risk associated with
short- and long-term exposures to PM, from a public health perspective, is the extent to
which lifespans are being shortened. Available epidemiological evidence provides avery
limited basis for testing hypotheses as to whether and to what extent lifespans are
shortened by only afew days or by years. More research is needed to quantitatively
characterize the degree of prematurity of deaths associated with exposuresto PM.

The characterization of annual and daily background concentrations likely to occur across
the U.S. contains significant uncertainties. Additional air quality monitoring and analyses
that improve these background characterizations would help to reduce the uncertaintiesin
estimating health risks relevant to standard setting, i.e., those risks associated with
exposures to PM in excess of background levels.

Despite long-standing staff recommendations for a comprehensive examination of the
effects associated with exposures to coarse fraction particles, there continues to be a lack
of animal, clinical, and community studiesin thisarea. Such research would potentialy
provide both qualitative and quantitative information that could allow for the
establishment of a coarse fraction particle standard rather than continued reliance on a
PM ,, standard as the means to control exposures to coarse fraction particles.

Summary of Staff Recommendations on Primary PM NAAQS

The major staff recommendations and supporting conclusions from sections VII.A-D

are briefly summarized below:

1)

The current PM standards should be revised. As the Criteria Document concludes,
current evidence provides ample reason to be concerned that there are detectable health
effects attributable to PM at levels below the current NAAQS. Given the nature and
potential magnitude of the public health risks involved, staff believes revision of the
current standards is clearly appropriate. The health effects reported, ranging from

premature mortality to various measures of morbidity, including increased hospital
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admissions, aggravation of existing respiratory disease, including asthma, and
decreased lung function, include effects that are clearly adverse to public health.
Ambient particles capable of penetrating to the thoracic region, including both the fine
and coarse fractions of PM,, , should continue to be the focus of PM standards. Staff
concludes that these thoracic particles represent the greatest risk to health, and that the
previous recommendations for 10 um as the appropriate cutpoint for such particles
remain valid.

The fine and coarse fractions of PM,, should be considered as two separate pollutants
based on the recent health evidence, the fundamental differences between fine and
coarse fraction particles, and implementation experience with PM,,. The staff
concludes that the available information is sufficient to support separate indicators for
these separate pollutants. Further, while it is difficult to distinguish the effects of fine
or coarse fraction particles from those of PM,, , consideration of comparisons between
fine and coarse fractions suggests that fine fraction particles are a better surrogate for
those particle components linked to mortality and morbidity effects at levels below the
current standards. In contrast, coarse fraction particles are more likely linked with
certain effects at levels above those allowed by the current PM,, standards. In
examining alternative approaches to increasing the protection afforded by PM,,
standards, the staff concludes that reducing the levels of the current PM,, standards
would not provide the most effective and efficient protection from these health effects.
A 2.5 um cutpoint (i.e., PM, ) should be used as the indicator for fine fraction
particles, and the current PM,, indicator should now be used as the indicator for the
coarse fraction particles. A PM, . indicator for fine fraction particles is specifically
recommended based primarily on consistency with the health effects literature and the
suitability and availability of ambient monitors. The recommendation for PM,, as the
indicator for coarse fraction particles is based on the very limited data base and
monitoring capabilities directly for coarse fraction particles, as well as the applicability
of the existing PM,, monitoring network. Further, staff concludes that use of sulfate

or other chemical class indicators is not advisable on the basis of this review.
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5) Staff recommends that new PM, . standards be established for two averaging times.

a)

b)

Annual and 24-hour PM, . standards should be established as the most
appropriate standards to address health effects associated with both short-term
(from less than 1 day up to 5 days) and long-term (from months to years)
exposures to fine fraction particles.

Staff recommends consideration of more robust forms for a 24-hour standards
(especially concentration percentile forms), averaged over three years. In
addition, staff recommends consideration be given to using the average of
multiple monitors representative of population exposure as part of the form of
the annual and/or 24-hour standards. Staff also recommends the retention of
the current expected arithmetic average form of the annual standard.

Staff recommends that the Administrator consider selecting the level of a new
24-hour PM, ; standard from the range of 20 pg/m?® to approximately 65 pug/m?,
and the level of a new annual PM,  standard from the range of 12.5 pug/m?® to
approximately 20 pg/m3. These recommended ranges are based primarily on
quantitative results from epidemiological studies, examinations of concentration-
response relationships suggested by these studies, quantitative risk assessment,
including consideration of the sensitivity of the risk estimates to key
assumptions and inherent uncertainties in the underlying data and analytic
approaches, and relevant policy considerations based on air quality analyses. In
recommending these ranges, staff is mindful that the Clean Air Act does not
require that NAAQS be set at zero-risk levels, but rather at level that avoid
unacceptable risks to public health, thus protecting public health with an
adequate margin of safety. Further, in selecting specific levels for PM, ¢
standards, staff recommends that the Administrator consider the joint protection
afforded by both the 24-hour and annual standards. The recommended
approach is to view an annual PM, . standard as the primary target for control
programs designed to effectively lower the entire distribution of PM, ¢

concentrations, with a corresponding 24-hour PM, . standard set so as to protect
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against the occurrence of peak 24-hour concentrations that would likely not be

controlled by areas attaining such a new annual PM, ; standard.

6) Staff recommends that an annual PM,, standard be retained, alone or in combination
with a 24-hour PM,, standard.

a)

b)

Staff recommends that the Administrator consider selecting the level of an
annual PM,, standard from the range of 40 pug/m? to 50 pg/m?, with an
expected arithmetic mean form. Such a standard would reflect the range
considered in the last review, and would protect against the principal effects of
concern, including effects associated with both short- and long-term exposures
to PM such as aggravation of asthma, upper respiratory infections, and
bronchitis in children, as well as the long-term build-up of insoluble coarse
fraction particles in the lung.

Further, if a 24-hour PM,, standard is retained, staff recommends retention of
the current level of 150 pg/m?®, but with a revised, more robust form to better

address the episodic nature of coarse particle excursions.
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VIIl. CRITICAL ELEMENTS IN THE REVIEW OF THE SECONDARY STANDARD

FOR PARTICULATE MATTER
A. Introduction

This chapter presents critical information for the review of the secondary NAAQS for
particulate matter drawing upon the most relevant information contained in the CD and other
significant reports. The welfare effects of most concern for this review are visibility
impairment, soiling, damage to man-made materials, and damage to and deterioration of
property. For each category of effects, the chapter presents (1) a brief summary of the
relevant scientific information and (2) a staff assessment of whether the available information
suggests consideration of secondary standards different than the recommended primary
standards. Staff conclusions and recommendations related to the secondary standard for PM
are presented at the end of the chapter.

It is important to note that the discussion of fine particle effects on visibility in chapter
8 of the CD is intended to only include information complementary to several other significant
reviews of the science of visibility. These reports include the 1991 report of the National Acid
Precipitation Assessment Program, the National Research Council’s Protecting Visibility in
National Parks and Wilderness Areas (1993), and EPA's 1995 Interim Findings on the Status
of Visibility Research. Where appropriate, this chapter of the staff paper will cite the above
reports directly.

The chapter does not address the effects of particles on climate change. As discussed
in the criteria document, particles (in the submicrometer size range) can result in perturbations
of the radiation field that are generally expressed as radiative forcing. Radiative forcing due
to aerosols has a cooling effect on climate through the reflection of solar energy. This is in
contrast to ""greenhouse gas™ that produces a positive long wave radiative forcing which has a
warming effect. Given the complex interaction of these two phenomena and the present state
of the science, it is the staff's judgment that these effects should not be addressed in this paper,

but should instead be considered in the broader context of global climate change.

B. Effects of PM on Visibility
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1. Definition of Visibility and Characterization of Visibility Impairment

Visibility can be defined as the degree to which the atmosphere is transparent to visible
light (NRC, 1993; CD, 8-3). Visibility effects are manifested in two principal ways: (1) as
local impairment (e.g., localized hazes and plumes) and (2) as regional haze. These
distinctions are significant both to the ways in which visibility goals may be set and air quality
management strategies may be devised.

Local-scale visibility degradation has been generally defined as impairment that is
"reasonably attributable™ to a single source or group of sources. A localized haze may be seen
as a band or layer of discoloration appearing well above the terrain, and may result from
complex local meteorological conditions. "Reasonably attributable™ impairment may include
contributions to local hazes by individual or several identified sources. Plumes are comprised
of smoke, dust, or colored gas that obscure the sky or horizon relatively near sources.
Sources of locally visible plumes, such as the plume from an industrial facility or a burning
field, are often easy to identify. Overall, visible plumes appear to be minor contributors to
visibility impairment in Class | areas (i.e., certain national parks, wilderness areas, and
international parks as described in section 162(a) of the Clean Air Act) (NRC, 1993).

The second type of impairment, regional haze, is produced from a multitude of sources
and impairs visibility in every direction over a large area, possibly over several states.
Regional haze masks objects on the horizon and reduces the contrast of nearby objects. The
formation, extent, and intensity of regional haze is a function of meteorological and chemical
processes, which sometimes cause fine particle loadings to remain suspended in the
atmosphere for several days and to be transported hundreds of kilometers from their sources
(NRC, 1993). It is this second type of visibility degradation that is principally responsible for
impairment in national parks and wilderness areas across the country (NRC, 1993). Visibility
in urban areas may be dominated by local sources, but may be significantly affected by long-
range transport of haze as well. Fine particles transported from urban areas in turn may be
significant contributors to regional-scale impairment in Class | areas.

2. Significance of Visibility to Public Welfare

Visibility is an air quality-related value having direct significance to people’s
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enjoyment of daily activities in all parts of the country. Survey research on public awareness
of visual air quality using direct questioning typically reveals that 80% or more of the
respondents are aware of poor visual air quality (Cohen et al., 1986). Individuals value good
visibility for the well-being it provides them directly, both in the places where they live and
work, and in the places where they enjoy recreational opportunities. Millions of Americans
appreciate the scenic vistas in national parks and wilderness areas annually. Visibility is also
highly valued because of the importance people place on protecting nationally significant
natural areas, both now and in the future (i.e., preservation value). Many individuals want to
protect such areas for the benefit of future generations, even if they personally do not visit
these areas frequently (Chestnut et al., 1994). Tracking changes in visibility provides one
measure of the success of efforts to protect such areas from environmental degradation.
Society also values visibility because of the significant role it plays in air transportation.
Serious episodes of visibility impairment can lead to increased risks in the air transportation
industry, particularly in urban areas with high traffic levels (U.S. EPA, 1982b).

Many contingent valuation studies have been performed in an attempt to quantify
benefits (or individuals® willingness to pay) associated with improvements in current visibility
conditions. The results of several studies are presented in CD table 8-5 (CD, 8-83), table 8-6
(CD, 8-85), and in table VIII-1 (Chestnut et al., 1994). Past studies by Schultze (1983) and
Chestnut and Rowe (1990Db) have estimated the preservation values associated with improving
the visibility in national parks in the Southwest to be quite significant, on the range of
approximately $2-6 billion annually (CD, 8-84). Another recent study estimates visibility
benefits primarily in the eastern U.S. due to reduced sulfur dioxide emissions under the acid
rain program also to be quite significant, in the range of $1.7 - 2.5 billion annually by the
year 2010 (Chestnut et al., 1994).

3. Mechanisms of and Contributors to Visibility Impairment

Visibility impairment has been considered the "best understood and most easily
measured effect of air pollution™ (Council on Environmental Quality, 1978). It is caused by
the scattering and absorption of light by particles and gases in the atmosphere. It is the most

noticeable effect of fine particles present in the atmosphere. Air pollution degrades the visual
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appearance of distant objects to an observer, and reduces the range at which they can be
distinguished from the background. Ambient particles affect color of distant objects
depending upon particle size and composition, the scattering angle between the observer and
illumination, the properties of the atmosphere, and the optical properties of the target being
viewed.

Fine particles can be emitted directly to the atmosphere through primary emissions or
formed secondarily from gaseous precursors. The fine particles principally responsible for
visibility impairment are sulfates, nitrates, organic matter, elemental carbon (soot), and soil
dust. The efficiency of particles to cause visibility impairment depends on particle size, shape,
and composition. Fine particles are effective per unit mass concentration in impairing
visibility because their mean diameter is usually comparable to the wavelength of light, a
condition that results in maximum light scattering. In the size range from 0.1 to 1.0 pum in
diameter, fine particles are more effective per unit mass concentration at impairing visibility
than either larger or smaller particles (NAPAP, 1991). Coarse particles (i.e., those in the 2.5
to 10 um size range) also impair visibility, although less efficiently than fine particles. All
particles scatter light to some degree, whereas only elemental carbon plays a significant role in
light absorption. In all regions of the country, annual average light extinction is dominated by
light scattering as opposed to light absorption (NRC, 1993).

Most sulfates, nitrates, and a portion of organics begin as gaseous emissions and
undergo chemical transformation in the atmosphere (NAPAP, 1991; CD, 3-2). These particle
constituents can readily absorb water from the atmosphere (i.e., are hygroscopic) and grow in
size in a nonlinear fashion as relative humidity levels increase. In general, soluble organics
are considered to be less hygroscopic than sulfates and nitrates (Sisler, 1993). The
relationship between humidity and particle size is a significant factor in visibility impairment
in the East, where in many locations average relative humidity exceeds 70% on an annual
average basis and can surpass 80% on many days, particularly in the summer (see more
detailed discussion of humidity in section 5).

Light absorption is caused mainly by elemental carbon, a product of incomplete

combustion from activities such as the burning of wood or diesel fuel. Light absorption by
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nitrogen dioxide typically accounts for a few percent of total light extinction in urban areas
and is typically negligible in remote areas (CD, 8-13). It contributes to the yellow or brown
appearance of urban hazes since it absorbs blue light more strongly than other visible
wavelengths. Nitrogen dioxide also may be a factor in isolated plumes from industrial sources
in remote locations.

Atmospheric transport of fine particles is a critical factor affecting regional visibility
conditions. Fine particles and their precursors can remain in the atmosphere for several days
and can be carried hundreds or even thousands of kilometers from their sources to remote
locations, such as national parks and wilderness areas (NRC, 1993).

4. Background Levels of Light Extinction

The light extinction coefficient represents the summation of light scattering and light
absorption due to particles and gases in the atmosphere. Both anthropogenic and non-
anthropogenic sources contribute to light extinction. The light extinction coefficient is
represented by the following equation:

Ot — Oy + 0,y + 0y, + 0y
where o,, = light scattering by gases (also known as Rayleigh scattering)
o,, = light absorption by gases
o,, = light scattering by particles
o,, = light absorption by particles (CD, 8-12).
Light extinction is commonly expressed in terms of inverse kilometers (km™) or inverse
megameters (Mm™), where increasing values indicate increasing impairment.

a. Rayleigh Scattering

Rayleigh scattering represents the degree of natural light scattering found in a particle-
free atmosphere, caused by the gas molecules that make up "blue sky" (e.g., N,, 0,, CO,). It
accounts for a relatively constant level of light extinction nationally, between 10-12 Mm™
(NAPAP, 1991; U.S. EPA, 1979). The concept of Rayleigh scattering can be used to

establish a theoretical maximum horizontal visual range in the earth’s atmosphere. At sea
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level, this maximum visual range is approximately 330 kilometers. Since certain
meteorological circumstances can result in visibility conditions that are close to "Rayleigh,"™ it
is analogous to a baseline or boundary condition against which other extinction components
can be compared.

b. Light Extinction Due to Background Particulate Matter

Light extinction caused by PM from non-anthropogenic sources can vary significantly
from day to day and location to location due to natural events such as wildfire, dust storms,
and volcanic eruptions. It is useful to consider estimates of background concentrations of PM
on an annual average basis, however, when evaluating the relative contributions of
anthropogenic and non-anthropogenic sources to total light extinction.

The CD identifies several alternative definitions of "background™ concentrations of PM
(CD, 6-32). For the purposes of this document, background PM is defined as the distribution
of PM concentrations that would be observed in the U.S. in the absence of anthropogenic
emissions of PM and precursor emissions of VOC, NO,, and SO, in North America. Table
IV-4 describes the range for annual average regional background PM, . mass in the East as 2-5
ug/md, and in the West 1-4 ug/m*. For PM,,, the estimated annual average background
concentrations range from 5-11 pg/m? in the East, and 4-8 ug/m? in the West. The lower
bounds of these ranges, taken from estimates in the 1990 report of the National Acid
Precipitation Assessment Program, are based on compilations of natural versus human-made
emission levels, ambient measurements in remote areas, and regression studies using human-
made and/or natural tracers (NAPAP, 1991; Trijonis, 1982). The upper bounds are derived
from the multi-year annual averages of remote monitoring sites in the IMPROVE network
(Malm et al., 1994). It is important to note, however, that IMPROVE data used here reflect
the effects of background and anthropogenic emissions from within North America and
therefore provide conservative estimates of the upper bounds.

Table VII1-2 from the NAPAP report includes estimates of annual average background
concentrations of PM by aerosol constituent, as well as their related contributions to light
extinction, expressed in inverse megameters (Mm™) (NAPAP, 1991). On an hourly or daily

basis background concentrations will vary considerably depending on seasonal,
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meteorological, and geographic factors. The table illustrates that estimated extinction
contributions from Rayleigh scattering plus background levels of fine and coarse particles, in
the absence of anthropogenic emissions of visibility-impairing particles, are 26 plus or minus 7
Mm in the East, and 17 plus or minus 2.5 Mm™ in the West. These equate to a naturally-
occurring visual range in the East of 150 plus or minus 45 kilometers, and 230 plus or minus
40 kilometers in the West. Excluding light extinction due to Rayleigh scatter, annual average
background levels of fine and coarse particles are estimated to account for 14 Mm™ in the East
and about 6 Mm™ in the West. Major contributors that reduce visibility from the Rayleigh
maximum to the ranges noted above are naturally-occurring organics, suspended dust
(including coarse particles), and water. In these ranges of fine particle concentrations, small
changes have a large effect on total extinction. Thus, one can see from table VIII-2 that
higher levels of background fine particles and associated humidity in the East result in a fairly
significant difference between naturally-occurring visual range in the rural East and West.

5. Overview of Current Visibility Conditions

Annual average visibility conditions (i.e., total light extinction due to anthropogenic
and non-anthropogenic sources) vary regionally across the U.S. The rural East generally has
higher levels of impairment than remote sites in the West, with the exception of the San
Gorgonio Wilderness, Point Reyes National Seashore, and Mount Rainier, which have annual
average levels comparable to certain sites in the Northeast. Higher averages in the East are
due to generally higher concentrations of anthropogenic fine particles and precursors, higher
background levels of fine particles, and higher average relative humidity levels.

Visibility conditions also vary significantly by season of the year. With the exception
of remote sites in the northwestern U.S., visibility is typically worse in the summer months.
This is particularly true in the Appalachian region, where average extinction in the summer
exceeds the annual average by 40% (Sisler et al., 1996).

Figures VIII-1 and VIII-2 present 3-year (March 1992 - February 1995) averages of
monitored visibility levels for 44 IMPROVE protocol sites nationally. The regional variation
in current conditions is quite apparent from these figures. Figure VIII-1 expresses conditions

in terms of the extinction coefficient. The highest annual average levels are found in the rural
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East, where the coefficient ranges from about 100-160 Mm™ (about 23-39 kilometers visual
range) for several rural sites south of the Great Lakes and east of the Mississippi River. This
means that in certain eastern sites, 3-year average light extinction due to anthropogenic
sources is 4 to 6 times natural light extinction levels.

The 3-year average extinction coefficient for many western sites ranges from about 30-
70 Mm™ (about 55-150 kilometers visual range), with the lowest extinction found in the
intermountain west and Colorado plateau regions. Most of this difference between East and
West is due to greater sulfate concentrations and the effect of higher humidity levels on this
sulfate in the East (NAPAP, 1991). Studies of historical visibility trends have shown a fairly
strong correlation between long-term light extinction levels and sulfur dioxide emissions. This
correlation is illustrated for the northeast and southeast U.S. in figure IVV-8 and is further
discussed in section IV.B. of the staff paper.

Figure VI11-2, which expresses 3-year average visibility conditions in terms of
deciviews, shows the same regional variability. Pristine or Rayleigh conditions are
represented by a deciview of zero, whereas the highest 3-year average level of impairment in a
remote site is 28 deciview in Alabama’s Sipsey Wilderness. Under many circumstances, a
change of one deciview represents a change perceptible to the average person. By using the
deciview scale, the effect of aerosol extinction on human perception is portrayed as a linear
scale of visibility degradation. Most of the sites in the intermountain west and Colorado
Plateau have impairment of 12 deciviews or less. The northwest and eastern half of the U.S.
have values greater than 15 deciviews, with much of the east having values exceeding 23
deciviews.

Figures VII1-3 and VI1I1-4 present multi-year averages for PM, ; and PM,, at
IMPROVE sites. Analyses of aerosol constituents from these data are used in determining the
light extinction coefficient and deciview. Again, regional variability is apparent, with 3-year
average PM, ; levels for most rural western sites in the 2-5 pg/m? range, and levels in the
rural East in the 9-15 pg/m?® range. Figure VI11-5 compares PM, ; mass to PM,, mass for each
IMPROVE site. It illustrates that fine PM comprises a larger fraction of PM,, in remote

eastern (60-70%) versus western (40-50%) locations.
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Figures VII1-6 and VIII-7 show the seasonal variability of visibility impairment,
expressed in terms of the deciview. One can see that in the rural East, seasonal averages are
generally highest in the summer, with values exceeding 30 deciview at Shenandoah National
Park and the Sipsey Wilderness in Alabama, and they are generally lowest in the winter. In
the Southwest, impairment is slightly higher in the summer and winter, ranging from 10-13
deciview. In the Northwest and northern Rockies, impairment is highest in the autumn and
winter. The following subsections further explain significant reasons for the regional
variability in visibility impairment.

a. Role of Humidity in Light Extinction

As mentioned previously, humidity plays a significant role in the impairment of
visibility by fine particles, particularly in the East, where annual average relative humidity
levels are 70-80% as compared to 50-60% in the West (Sisler et al., 1993). Table VIII-2
accounts for relative humidity effects by assigning an extinction efficiency for water associated
with aerosols, while extinction efficiencies found in table VI11-3 are modified by a relative
humidity adjustment factor in calculating total extinction. The adjustment factor represents 1)
the hygroscopic nature of the aerosol constituent, and 2) the average annual humidity for the
relevant location (Sisler et al., 1993).

Because annual average relative humidity is higher in the East, the same ambient
concentration of sulfate, for example, will on average lead to greater light extinction in an
eastern location rather than a western one. The top map in figure VII1-8 illustrates the
regional variability of annual mean relative humidity nationwide. The bottom map depicts the
variability of the relative humidity correction factor used for sulfates in an analysis of
IMPROVE data (Sisler et al., 1993). For example, when corrected for humidity, the overall
extinction efficiency for sulfates in the East may exceed 11-12 m?/g, whereas the extinction
efficiency for sulfate in the West may be one-third to one-half of that.

b. Significance of Anthropogenic Sources of Fine Particles

On an annual average basis, the concentrations of background fine particles are
generally small when compared with concentrations of fine particles from anthropogenic

sources (NRC, 1993). The same relationship holds true when one compares annual average
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light extinction due to background fine particles with light extinction due to background plus
anthropogenic sources. Table VIII-4 makes this comparison for several locations across the
country by using background estimates from table VI11-2 and light extinction values derived
from monitored data from the IMPROVE network. These data indicate that anthropogenic
emissions make a significant contribution to average light extinction in most parts of the
country, as compared to the contribution from background fine particle levels. Man-made
contributions account for about one-third of the average extinction coefficient in the rural West
and more than 80% in the rural East (NAPAP, 1991).

It is important to note that even in those areas with relatively low concentrations of
anthropogenic fine particles, such as the Colorado plateau, small increases in anthropogenic
fine particle concentrations can lead to significant decreases in visual range. This is one
reason why Class | areas have been given special consideration under the Clean Air Act. This
relationship is illustrated by figure VII1-9, which relates changes in fine particle concentrations
to perceptible changes in visibility (represented by the deciview metric). The graph shows that
in cleaner areas, such as the West, perceptible visibility changes are more sensitive to existing
fine particle concentrations than is the case in more polluted areas. In other words, to achieve
a given amount of perceived visibility improvement, a larger reduction in fine particle
concentration is required in areas with higher existing concentrations, such as the East, than
would be required in lower concentration areas. This figure also illustrates the relative
importance of the overall extinction efficiency of the pollutant mix at particular locations. At
a given ambient concentration, areas having higher average extinction efficiencies (expressed
in m?/g in figure V111-9) due to the mix of pollutants would have higher levels of impairment.
In the East, the combination of higher humidity levels and a greater percentage of sulfate as
compared to the West causes the average extinction efficiency for fine particles to be almost
twice that in the Colorado Plateau.

C. Regional Differences in Specific Pollutant Concentrations

As total light extinction levels vary significantly across the country, so does the mix of
visibility-impairing pollutants from region to region. Table VIII-5, taken from the 1993

National Research Council study on visibility, shows the estimated contribution of various



External Review Draft Do Not Quote or Cite
July 1996 VIII-11

anthropogenic pollutants to visibility impairment for three main regions of the U.S. The table
takes into account relative emissions levels of each pollutant type within each region. This and
other analyses (Sisler et al., 1993) show that sulfates are a significant cause of visibility
impairment in all parts of the country, but particularly in the East, where they are responsible
for about two-thirds of overall light extinction. In the Southwest and Northwest, organics play
a larger role, as does elemental carbon. Suspended dust is also a major constituent in the
Southwest. The main categories of sources responsible for visibility-impairing fine particle
and precursor emissions are listed in table VI11-6 (NRC, 1993).

d. Regional Variation in Urban Visibility

Visibility impairment has been studied in several major cities in the past decade (e.g.
Middleton, 1993) because of concerns about fine particles and their potentially significant
impacts (e.g., health-related and aesthetic) on the residents of large metropolitan areas. Urban
areas generally have higher loadings of fine particulate matter than monitored Class | areas,
suggesting that visibility impairment in urban areas is typically greater than in rural areas.
Monitored annual mean and second highest maximum 24-hour fine particle levels for selected
urban areas are listed in Table IV-4. These levels are generally higher than those found in the
IMPROVE database for rural Class | areas.

The degree to which different aerosol constituents contribute to overall light extinction
in urban areas can vary significantly. Table VIII-7 illustrates the difference between
percentage contributions of aerosol constituents to annual average total light extinction in the
Washington, DC urban area and the southern California areas. The dominance of sulfate in
Washington, DC exhibits a regional effect stemming from sulfur dioxide emissions outside the
metropolitan area. In contrast, nitrate plays the greatest role in the overall light extinction
levels in the mountainous areas just outside Los Angeles, with most of the nitrate formation in
this area coming from nitrogen dioxide emissions within the urban area.

6. Measures of Visibility Impairment and Light Extinction.

Several atmospheric optical indices and approaches can be used for characterizing

visibility impairment and light extinction. The CD discusses several indicators that could be

used in regulating air quality for visibility protection, including: 1) light extinction (and
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related parameters of visual range and deciview) calculated from measurements of fine particle
constituents and their associated scattering and absorption; 2) light extinction measured
directly by transmissometer; 3) light scattering by particles, measured by nephelometer; 4)
fine particle mass concentration; 5) contrast transmittance (CD, 8-125).

In conjunction with the National Park Service, other Federal land managers, and State
organizations, EPA has supported since 1986 a monitoring protocol utilizing a combination of
the first four measurements. This long-term visibility monitoring network is known as
IMPROVE (Interagency Monitoring of PROtected Visual Environments. The following
discussion briefly describes the IMPROVE protocol and provides rationale supporting use of
the light extinction coefficient, derived from both direct optical measurements and
measurements of aerosol constituents, for purposes of implementing air quality management
programs to improve visibility.

IMPROVE provides direct measurement of fine particles and precursors that contribute
to visibility impairment at more than 40 mandatory Federal Class | areas across the country.
The IMPROVE network employs aerosol, optical, and scene measurements. Aerosol
measurements are taken for PM,, and PM, . mass, and for key constituents of PM, ., such as
sulfate, nitrate, organic and elemental carbon, soil dust, and several other elements.
Measurements for specific aerosol constituents are used to calculate "reconstructed™ aerosol
light extinction by multiplying the mass for each constituent by its empirically-derived
scattering and/or absorption efficiency. Knowledge of the main constituents of a site’s light
extinction "budget" is critical for source apportionment and control strategy development.
Optical measurements are used to directly measure light extinction or its components. Such
measurements are taken principally with either a transmissometer, which measures total light
extinction, or a nephelometer, which measures particle scattering (the largest human-caused
component of total extinction). Scene characteristics are recorded 3 times daily with 35
millimeter photography and are used to determine the quality of visibility conditions (such as
effects on color and contrast) associated with specific levels of light extinction as measured
under both direct and aerosol-related methods. Because light extinction levels are derived in

two ways under the IMPROVE protocol, this overall approach provides a cross-check in
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establishing current visibility conditions and trends and in determining how proposed changes
in atmospheric constituents would affect future visibility conditions.

The light extinction coefficient has been widely used in the U.S. for many years to
describe visibility conditions and the change in visibility experienced due to changes in
concentrations of air pollutants. As noted earlier, the extinction coefficient can be defined as
the fraction of light lost or redirected per unit distance through interactions with gases and
suspended particles in the atmosphere. Direct relationships exist between measured ambient
pollutant concentrations and their contributions to the extinction coefficient. The contribution
of each aerosol constituent to total light extinction is derived by multiplying the aerosol
concentration by the extinction efficiency for that aerosol constituent. Extinction efficiencies
vary by type of aerosol constituent and have been obtained through empirical studies. For
certain aerosol constituents, extinction efficiencies increase significantly with increases in
relative humidity.

In addition to the optical effects of atmospheric constituents as characterized by the
extinction coefficient, lighting conditions and scene characteristics play an important role in
determining how well we see objects at a distance. Some of the conditions that influence
visibility include whether a scene is viewed towards the sun or away from it, whether the
scene is shaded or not, and the color and reflectance of the scene (NAPAP, 1991). For
example, a mountain peak in bright sun can be seen from a much greater distance when
covered with snow than when it is not.

One’s ability to see an object is degraded both by the reduction of image forming light
from the object caused by scattering and absorption, and by the addition of non-image forming
light that is scattered into the viewer's sight path. This non-image forming light is called path
radiance (CD, 8-23). A common example of this effect is our inability to see stars in the
daytime due to the brightness of the sky caused by Rayleigh scattering. At night, when the
sunlight is not being scattered, the stars are readily seen. This same effect causes a haze to
appear bright when looking at scenes that are generally towards the direction of the sun and
dark when looking away from the sun.

Though these non-air quality related influences on visibility can sometimes be
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significant, they cannot be accounted for in any practical sense in formulation of national or
regional measures to minimize haze. Lighting conditions change continuously as the sun
moves across the sky and as cloud conditions vary. Non-air quality influences on visibility
also change when a viewer of a scene simply turns his head. Regardless of the lighting and
scene conditions, however, sufficient changes in ambient concentrations of PM will lead to
changes in visibility (and the extinction coefficient). The extinction coefficient integrates the
effects of aerosols on visibility, yet is not dependent on scene-specific characteristics. It
measures the changes in visibility linked to emissions of gases and particles that are subject to
some form of human control and potential regulation, and therefore can be useful in
comparing visibility impact potential of various air quality management strategies over time
and space (NAPAP, 1991).

By apportioning the extinction coefficient to different aerosol constituents, one can
estimate changes in visibility due to changes in constituent concentrations (Pitchford and
Malm, 1994). The National Research Council’s 1993 report Protecting Visibility in National
Parks and Wilderness Areas states that "[P]rogress toward the visibility goal should be
measured in terms of the extinction coefficient, and extinction measurements should be routine
and systematic.” Thus, it is reasonable to use the change in the light extinction coefficient,
determined in multiple ways, as the primary indicator of changes in visibility for regulatory
purposes.

Visual range is a measure of visibility that is inversely related to the extinction
coefficient. Visual range can be defined as the maximum distance at which one can identify a
black object against the horizon sky. The colors and fine detail of many objects will be lost at
a distance much less than the visual range, however. Visual range has been widely used in air
transportation and military operations in addition to its use in characterizing air quality.
Because it is expressed in familiar units and has a straightforward definition, visual range is
likely to continue as a popular measure of atmospheric visibility (Pitchford and Malm, 1994).
Conversion from the extinction coefficient to visual range can be made with the following
equation (NAPAP, 1991):
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Visual Range = 3.91/a0,

Another important visibility metric is the deciview, which describes changes in uniform
atmospheric extinction that can be perceived by a human observer. It is designed to be linear
with respect to perceived visual changes over its entire range in a way that is analogous to the
decibel scale for sound (Pitchford and Malm, 1994). Neither visual range nor the extinction
coefficient has this property. For example, a 5 km change in visual range or 0.01 km™ change
in extinction coefficient can result in a change that is either imperceptible or very apparent
depending on baseline visibility conditions. Deciview allows one to more effectively express
perceptible changes in visibility, regardless of baseline conditions. A one deciview change is a
small but perceptible scenic change under many conditions, approximately equal to a 10%
change in the extinction coefficient. The deciview metric also may be useful in defining goals
for perceptible changes in visibility conditions under future regulatory programs. Deciview

can be calculated from the light extinction coefficient by the equation:

dV = 10|0910(0ext/10 Mm_l)

Figure VI11-10 graphically illustrates the relationships among light extinction, visual range,
and deciview.
7. Policy Considerations Pertaining to the Effects of PM on Visibility

Impairment of visibility in multi-state regions, urban areas, and Class | areas is clearly
an effect of particulate matter on public welfare. The staff has considered a number of factors
in assessing appropriate regulatory responses.

An initial question is whether the range of recommended primary standards for fine
PM would provide adequate protection against visibility impairment across the country. The
range being considered for an annual PM-fine standard is 12.5 pg/m? to less than 20 pg/m?
and the range under consideration for a 24-hour standard is 18 pg/m? to less than 65 pg/md.
Table 1VV-4 presents monitored fine particle annual averages and second highest maximum

levels for several major U.S. cities. Analysis of these data suggests that adoption of an annual
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fine particle standard in the lower half of the recommended range, in combination with
adoption of a 24-hour standard in the lower half of the recommended range, would be
expected to lead to reductions in annual average fine particle concentrations in many urban
areas nationally. Additionally, reductions could be achieved in broader areas in the East if
regional attainment strategies are carried out. To examine expected regional visibility
improvements resulting from these reductions requires an understanding of the various factors
affecting the relationship between fine particle loadings and visibility, such as background
levels, humidity, and pollutant mix, as described in section 5 above.

Expected reductions in fine particle concentrations resulting from adoption of the
primary fine particle standards in the lower half of the recommended range is likely to result
in maintained or improved visibility in many urban areas and in a broader area in the East. As
with reductions in fine particle concentrations noted above, improvement of visibility would be
greater if regional fine particle attainment strategies are carried out. In its 1993 Report to
Congress on the effects of Clean Air Act programs on visibility in mandatory federal Class |
areas, EPA examined the impact of expected regional sulfur dioxide reductions under the acid
rain program (U. S. EPA, 1993). This report estimated that regional annual average sulfate
levels would be reduced over a wide area in the eastern U.S. by the year 2010, resulting in
potential improvements in visibility for the region. The analysis projected no expected
improvement in the rural West. Moreover, despite projected improvements in visibility, there
IS no evidence that adoption of the primary fine particle standards in the lower half of the
recommended range will eliminate visibility impairment.

The staff has also considered whether the adoption of a national secondary standard
would provide adequate and appropriate protection of public welfare across the country. Due
to the regional variability in visibility conditions created by background fine particle levels and
humidity, the staff has concluded that a national secondary standard would not be the most
appropriate means to achieve this objective. The data presented in table VI1I-4 indicates that
current annual average light extinction levels on the Colorado Plateau (reflecting effects of
anthropogenic and background sources of PM) are about equal to background levels (i.e.,

those levels representing an absence of anthropogenic contributions) in the East. Thus, a
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national secondary standard set to maintain or improve visibility conditions on the Colorado
Plateau would have to be set at or below natural background levels in the East, effectively
requiring elimination of all anthropogenic (and some nonanthropogenic) emissions.
Conversely, a national secondary standard that would be both attainable and improve visibility
in the East would permit further degradation in the West.

An approach which would be more responsive to visibility protection goals, while
recognizing these significant regional variations, would be to establish a regional haze
program under section 169A of the Clean Air Act. This program, while designed to address
the existing adverse effects of fine particles on visibility in Class | areas, would further
contribute to visibility improvement in non-Class | areas as well. Section 169A established a
national goal of "the prevention of any future, and the remedying of any existing, manmade
impairment of visibility in mandatory Class | areas.” The EPA is required to establish
programs to ensure reasonable progress toward the national goal. These programs are to be
implemented by the States and can be regionally specific. Concern with regional visibility
impacts to highly valued national parks and wilderness areas in the U.S. led to the inclusion of
specific language in section 169B of the 1990 Clean Air Act Amendments, requiring EPA to
form the Grand Canyon Visibility Transport Commission. In June 1996, the Commission
provided the Administrator with recommendations for regional approaches to protecting
visibility. The work of the Commission will be useful to development of a regional haze
program under section 169A of the Act.

Much progress has been made in technical areas important to the successful
implementation of a regional haze program, including areas such as visibility monitoring,
regional scale modeling, and scientific knowledge of the regional effects of particles on
visibility. The National Academy of Sciences 1993 report on visibility protection confirmed
this point:

Current scientific knowledge is adequate and control technologies are available
for taking regulatory action to improve and protect visibility. However,
continued national progress toward this goal will require a greater commitment
toward atmospheric research, monitoring, and emissions control research and
development.
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In addition, as noted above, it is expected that the development of a regional haze
program would have associated benefits outside of mandatory Class | areas. The National
Academy of Sciences concluded the following:

Efforts to improve visibility in Class I areas also would benefit visibility outside

these areas. Because most visibility impairment is regional in scale, the same

haze that degrades visibility within or looking out from a national park also

degrades visibility outside it. Class | areas cannot be regarded as potential

islands of clean air in a polluted sea.

Based on the above considerations, the staff recommends that the Administrator
consider establishing a regional haze program under section 169A of the Act, in conjunction
with the recommended fine particle primary standards, as the most effective means of
addressing the welfare effects associated with visibility impairment. Together, the two
programs and associated control strategies should adequately protect against the effects of fine
particle pollutants on visibility and make reasonable progress toward the national visibility

goal for Class | areas.

C. Effects of PM on Materials Damage and Soiling

The deposition of airborne particles can become a nuisance, reducing the aesthetic
appeal of buildings and culturally important articles through soiling, and contribute directly
(or in conjunction with other pollutants) to structural damage by means of corrosion or
erosion. These potential effects are discussed more fully below. The relative importance of
particle size, composition, and other environmental factors (i.e., moisture, temperature,
sunlight, and wind) in contributing to the effects is also considered.

1. Materials Damage

Particles affect materials principally by promoting and accelerating the corrosion of
metals, by degrading paints, and by deteriorating building materials such as concrete and
limestone. Particles contribute to these effects because of their electrolytic, hygroscopic, and
acidic properties, and their ability to sorb corrosive gases (principally sulfur dioxide). The

staff review suggests that only chemically active fine mode or hygroscopic coarse mode
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(mainly sea or road salt) particles contribute to such effects (U.S. EPA, 1986b). While
particles have been qualitatively associated with damage to materials, there are insufficient
data at present to relate such effects to specific particle pollution levels. The following
discussion briefly outlines the available information on PM-related effects associated with each
category of material presented in the criteria document.

a. Effects on Metals

The rate of metal corrosion depends on a number of factors, including the deposition
rate and nature of the pollutant; the influence of the metal protective corrosion film; the
amount of moisture present; variability in the electrochemical reactions; the presence and
concentration of other surface electrolytes; and the orientation of the metal surface (CD,
Chapter 9). This section briefly discusses the factors affecting metal corrosion set forth in the
criteria document.

Nriagu (1978) and Sydberger (1977) conducted studies that highlighted the ability
metals have to form a protective film that slows corrosion rates. Metals initially exposed to
low concentrations of SO, corroded at a slower rate than did samples continuously exposed to
higher concentrations. This protective corrosion layer may, however, be affected by either
dry or wet deposition (CD, Chapter 9).

The rate of metal corrosion decreases in the absence of moisture (CD, Chapter 9).
Moisture influences corrosion rates by providing a medium of conduction paths for
electrochemical reactions and a medium for water soluble air pollutants. Schwartz (1972)
established that the corrosion rate of a metal could increase by 20 percent for each one percent
increase in relative humidity above the minimum atmospheric moisture content that allows
corrosion to occur (i.e., critical relative humidity). Later studies by Haynie and Upham
(1974) and Sydberger and Ericsson (1977) supported Schwartz's theory.

While particles alone have some effect on the early stages of metal corrosion, there is
insufficient evidence to relate such effects to specific particle levels. One study (Goodwin et
al. (1969)) reported damage to steel, protected with nylon screen, exposed to quartz particles
larger than 5 um; but the exposure time and concentration were not reported. Barton (1958)

also found that dust contributed to the early stages of metal corrosion. A number of the



External Review Draft Do Not Quote or Cite
July 1996 VIII-20

studies evaluated concluded that particulate matter increased the corrosion rate of sulfur
dioxides (Sanyal and Singhania, (1956); Yocom and Grappone, (1976); Johnson et al., (1977);
Russell, (1976); Walton et al., (1982)). Laboratory studies show mixed results as to whether
catalytic species or conductance of the thin-film surface electrolyte is the cause of the increases
in corrosion rates (Walton et al., 1982; Skerry et al., 1988 a,b; Askey et al., 1993).

Results of actual field studies have not established a quantitative relationship between
particles and corrosion. Thus, the independent effect of particles is not evident since SO, is
the controlling factor for determining corrosion rate (U.S. EPA, 1986b). Edney et al. (1989)
exposed galvanized steel panels to actual field conditions in Research Triangle Park, NC and
Steubenville, OH between April 25 and December 28, 1987. The panels were exposed under
the following conditions: (1) dry deposition only; (2) dry plus ambient wet deposition; and (3)
dry deposition plus deionized water. The average concentrations for SO, and particulate
matter was 22 ppb and 70 pg/m?® and <<1 ppb and 32 ug/m? for Steubenville and Research
Triangle Park, respectively. The runoff from the steel panel was analyzed and it was
concluded that the dissolution of the steel corrosion products for both sites was likely the result
of deposited gas phase SO, on the metal surface and not particulate matter. Another study
conducted by Butlin et al. (1992) also demonstrated that the corrosion of mild steel and
galvanized steel was SO,-dependent. Butlin et al. monitored the corrosion of steel samples by
SO, and ozone under artificially fumigated environments, and NO, under natural conditions.
Annual average SO, concentrations ranged from 2.1 pg/m? in a rural area to 60 pug/m? in one
of the SO,-fumigated locations. Annual average NO, concentrations ranged from 1.5 to 61.8
ug/md. The study concluded that corrosion of the steel samples was primarily dependent on
the long-term SO, concentration and was only minimally affected by nitrogen oxides.

b. Effects on Paint

Paints undergo natural weathering processes from exposure to environmental factors
such as sunlight, moisture, fungi, and varying temperatures. In addition to the natural
environmental factors, studies show particulate matter exposure may give painted surfaces a
dirty appearance (CD, Chapter 9). Several studies also suggest that particles serve as carriers

of other more corrosive pollutants, allowing the pollutants to reach the underlying surface or
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serve as concentration sites for other pollutants (Cowling and Roberts, 1954).

A number of studies have shown some correlation between particulate matter and
damage to automobile finishes. Fochtman and Langer (1957) reported damage to automobile
finishes due to iron particles emitted from nearby industrial facilities. General Motors
conducted field tests in Jacksonville, Florida to determine the effect of various meteorological
events, the chemical composition of rain and dew, and the ambient air composition during the
event, on automotive paint finishes. Painted (basecoat/clearcoat technology) steel panels were
exposed for varying time periods, under protected and unprotected condition. The researcher
concluded that calcium sulfate formed on the painted surface by the reaction of calcium from
dust and sulfuric acid contained in rain or dew. The damage to the paint finish increased with
increasing days of exposure (Wolff et al., 1990).

Paint films permeable to water are also susceptible to penetration by acid forming
aerosols (U.S. EPA, 1995). Baedecker et al. (1991) reviewed studies dealing with solubility
and permeability of SO, in paints and polymer films. These studies showed permeation and
absorption rates varied depending on the formulation of the paint.

Studies reported in the criteria document (Spence et al., (1975); Campbell et al.,
(1974); Haynie and Spence, (1984); Yocom and Grappone, (1976); and Yocom and Upham,
(1977)) support the conclusion that gaseous pollutants contribute to the erosion rates of
exterior paints.

C. Effects on Stone

Damage to calcareous stones (i.e., limestone, marble and carbonated cemented stone)
has been attributed to deposition of acidic particles. Moisture and salts are considered the
most important factors in building material damage (CD, Chapter 9). However, many other
factors (such as normal weathering and microorganism damage) also seem to play a part in the
deterioration of inorganic building materials. The relative importance of biological, chemical,
and physical mechanisms has not been studied to date. Thus, the relative contribution of
ambient pollutants to the damage observed in various building stone is not well quantified.

Baedecker et al. (1991) reported that 10 percent of chemical weathering of marble and

limestone was caused by wet deposition of hydrogen ions from all acid species. Dry
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deposition of SO, between rain events caused 5 to 20 percent of the chemical erosion of stone,
and dry deposition of nitric acid was responsible for 2 to 6 percent of the erosion (Baedecker
et al., 1991). Under high wind conditions, particulates result in slow erosion of the surfaces,
similar to sandblasting (Yocom and Upham, 1977).

d. Effects on Electronics

Exposure to ionic dust particles can contribute significantly to the corrosion rate of
electronic devices, ultimately leading to failure. Particles derived from both natural and
anthropogenic sources and ranging in size from tens of angstroms to one um can cause
corrosion of electronics because many are sufficiently hygroscopic and corrosive, at normal
relative humidities, to react directly with non-noble metal and passive oxides, or to form
conductive moisture films on insulating surfaces to cause electrical leakage. The effects of
particles on electronic components were first reported by telephone companies who reported
that particles high in nitrates caused corrosion, cracking, and ultimate failure of wire spring
relays (Hermance, 1966; McKinney and Hermance, 1969). More recently, Sinclare (1992)
and Frankenthal (1993) have reported that anthropogenically-derived particles penetrating into
indoor environments can contribute to the corrosion of electronics.
2. Staff Considerations Pertaining to the Effects of PM on Materials Damage

While particles, particularly in conjunction with sulfur dioxide, have been qualitatively
associated with damage to materials, there is insufficient data available to relate such damage
to specific particle levels in the ambient air. Absent better quantitative data, the staff does not
believe the Administrator should consider a separate secondary standard based on materials
damage.
3. Soiling

Soiling is the accumulation of particles on the surface of an exposed material resulting
in the degradation of its appearance. When such accumulation produces sufficient changes in
reflection from opaque surfaces and reduces light transmission through transparent materials,
the surface will become perceptibly dirty to the human observer. Soiling can be remedied by
cleaning or washing, and depending on the soiled material, repainting.

Determination of what accumulated level of particulate matter leads to increased
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cleaning or repainting is difficult. For example, Carey (1959) found that the appearance of
soiling only occurred when the surface of paper was covered with dust specks spaced 10 to 20
diameters apart. When the contrast was strong, e.g., black on white, it was possible to
distinguish a clean surface from a surrounding dirty surface when only 0.2 percent of the areas
was covered with specks, while 0.4 percent of the surface had to be covered with specks with
a weaker color contrast.

Hancock et al. (1976) found that with maximum contrast, a 0.2 percent surface
coverage (effective area coverage; EAC) by dust can be perceived against a clean background.
A dust deposition level of 0.7 percent EAC was needed before the object was considered unfit
for use. The minimum perceivable difference between varying gradations of shading was a
change of about 0.45 percent EAC. Using the information on visually perceived dust
accumulation, Hancock et al. (1976) concluded that dustfall rates of less than 0.17 EAC/day
would be tolerable to the general public. Similar studies have not been reported for other
soiling effects.

Despite the observation that airborne particles soil a wide range of man-made
materials, there is only limited information available with respect to size and composition of
the culpable particles. In general, the soiling of fabrics and vertical surfaces has been ascribed
to fine particles, particularly dark, carbonaceous materials. Soiling of horizontal surfaces may
result from deposition of a wide range of particles, including coarse mode dusts.

An important consideration in assessing soiling potential is deposition velocity, which
is defined as flux divided by concentration. Deposition velocity is a function of particle
diameter, surface orientation and roughness, wind speed, atmospheric stability, and particle
density. As a result, soiling is expected to vary with the size distribution of particles within an
ambient concentration, whether the surface is positioned horizontally or vertically, and
whether the surface is rough or smooth (CD, Chapter 9).

Theoretically, coverage of horizontal surfaces will be related to particle surface areas
and deposition velocity. Particle surface areas per unit mass decreases linearly with diameter
(assuming spherical particles), while, under quiescent conditions, deposition velocity increases

with the square of the diameter. Under such conditions, large particles would result in more
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soiling than an equivalent mass of smaller particles. Although second order effects may
enhance fine particle deposition relative to larger particles, deposition velocity data still
suggest substantially higher deposition on horizontal surfaces for particles larger than 10 um
than for smaller particles (U.S. EPA, 1982b).

The increasing soiling potential associated with increased particle size is mitigated by
lighter particle color, effects of rainfall, smaller transport distance from sources and markedly
lower penetration of larger particles to indoor surfaces (relative to smaller particles). Because
these conflicting factors have not been fully evaluated, it is not possible to make clear particle
size divisions with respect to soiling of horizontal surfaces.

The time interval that it takes to transform horizontal and vertical surfaces from clean
to perceptibly dirty is generally determined by particle composition and rate of deposition.
The process is influenced by the location (sheltered or unsheltered) and spatial alignment of
the material, the texture and color of the surface relative to the particles, and meteorological
variables such as moisture, temperature, and wind speed.

Haynie and Lemmons (1990) conducted a soiling study in a relatively rural
environment in Research Triangle Park, North Carolina. The study was designed to determine
how various environmental factors contribute to the rate of soiling of white painted surfaces,
which are highly sensitive to soiling by dark particles and represent a large fraction of all man-
made surfaces exposed in the environment. Hourly rainfall and wind speed, and weekly data
for dichotomous sampler measurements and TSP concentration were monitored. Gloss and
flat white paints were applied to hardboard house siding surfaces and exposed vertically and
horizontally for 16 weeks, either sheltered or unsheltered from rainfall. Measurements,
including reflectance, were taken at 2, 4, 8, and 16 weeks. Based on the results of this study,
the authors concluded that: (1) coarse mode particles initially contribute more to soiling of
both horizontal and vertical surfaces than fine mode particles; (2) coarse mode particles,
however, are more easily removed by rain than are fine mode particles; (3) for sheltered
surfaces, reflectance changes are proportional to surface coverage by particles, and particle
accumulation is consistent with deposition theory; (4) rain interacts with particles to contribute

to soiling by dissolving or desegregating particles and leaving stains; and (5) very long-term
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remedial actions are probably taken because of the accumulation of fine rather than coarse
particles (Haynie and Lemmons, 1990).

Creighton et al. (1990) reported that horizontal surfaces soiled faster than vertical
surfaces and that large particles were primarily responsible for the soiling of horizontal
surfaces not exposed to rainfall. Soiling was related to the accumulated mass of particles from
both the fine and coarse fraction. Fine mode black smoke and motor vehicle exhaust have
been associated with the soiling of building material and facades (Tarrat and Joumard, 1990;
Lanting, 1986).

Ligocki et al. (1993) studied the potential soiling of art work in five Southern
California museums. The authors concluded that a significant fraction of fine elemental
carbon and soil dust particles had penetrated to the indoor atmosphere of the museums studied
and may constitute a soiling hazard to displayed art work. The seasonally averaged
indoor/outdoor ratios for particulate matter mass concentrations ranged from 0.16 to 0.96 for
fine particles and from 0.06 to 0.53 for coarse particles, with lower values observed for
building with sophisticated ventilation systems that include filters for particulate removal.

4. Societal Costs

a. Soiling/Property Value

The effect of particles on aesthetic quality depends in part on human perception of
pollution. The reduction of aesthetic quality may arise from the soiling of buildings or other
objects of historical or social interest from the mere dirty appearance of a neighborhood. A
number of studies have indicated that such perceptions of neighborhood degradation are
revealed indirectly through effects on the value of residential property. That is, when
residential properties similar in other respects are compared, the properties in the more highly
polluted areas typically have lower value.

Freeman (1979), reporting on 14 property value studies that used particulate matter
or dustfall as one of their pollutant measures, noted that the results generally supported the
premise that property values are affected by the full range of particle pollution. He cautioned,
however, that direct comparison of the monetary results is not possible since the studies cover

a number of cities and use different data bases, empirical techniques, and model specifications.
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The extent to which the city-specific results represent soiling as opposed to perceptions
of the effects of particles on health and visibility is not clear. Therefore, the results of these
studies cannot provide reliable quantitative estimates of the effects of soiling on property
values (U.S. EPA, 1982b).

b. Soiling/Materials

Airborne particles soil a wide range of materials in all sectors of the economy.
Assuming that these sectors are not as well off in a dirtier state as a cleaner one, soiling will
result in an economic cost to society. While the household sector has been examined by a
number of investigators, their results have been questioned because of methodology problems
and their failure to appropriately address particle size, composition, and deposition rates. As
a result, no single study has produced a completely satisfactory estimate of soiling costs for the
household sector. It is unfortunate that little or no effort has been expended to account for
soiling costs in the commercial, manufacturing, or public sectors. Results from MathTech,
Inc. (1983) suggest that soiling costs for the manufacturing sector alone could be significant.

In the review of effects of household soiling, the staff paper has relied principally on
Booz, Allen and Hamilton, Inc., (1970); Watson and Jaksch, (1978, 1982) [which was cited in
the CD and discussed in more detail in the 1982 criteria document]; and MathTech, Inc.,
(1983) to derive estimates of household soiling costs. For the year 1970, the estimate for
amenity loss due to exterior household soiling was estimated to range form 1 to 3.5 billion
dollars (1978 dollars). The 14 pg/m? reduction in U.S. annual TSP levels between 1970 and
1978 was estimated to have resulted in an annual benefit for the year 1978 of 0.2 to 0.7 billion
dollars or 14 to 50 million dollars for each pg/m? of reduction (U.S. EPA, 1982a).

MathTech, Inc. (1983) estimated household soiling costs in the range of $88.3 million to $1.2
billion (1980 dollars) for attaining the primary PM,, standard nationwide. Gilbert (1985) used
a household production function framework to design and estimate the short-run costs of
soiling. The results were comparable to those reported by MathTech (1983). Finally,
McClelland et al. (1991) concluded that households were willing to pay $2.70 per pg/m?
change in particle level to avoid soiling effects.

Haynie (1989), using fine and coarse mode particle levels calculated from 1987 EPA
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AIRS data for PM,, and TSP, estimated that $1.74 billion of annual national residential
repainting costs could be attributed to soiling (using national average painting costs and
frequencies). Haynie and Lemmons (1990) estimated that the national soiling costs associated
with repainting the exterior walls of houses probably were within the range of $400 to $800
million a year in 1990. This lower estimate, as compared to Haynie (1989), reflects that
households in dirtier areas may not respond with average behavior but mitigate their behavior
by (1) accepting greater reductions in reflectance before repainting, (2) washing surfaces
rather than painting as often, or (3) selecting materials or paint colors that do not tend to show
dirt. Haynie and Lemmons (1990) extrapolated their findings for houses to all exterior paint
surfaces and produced a range from $570 to $1,140 million per year.
5. Staff Considerations Pertaining to the Effects of PM on Soiling

It is clear that, at high enough concentrations, particles become a nuisance and result in
increased cost and decreased enjoyment of the environment. The available data are limited,
however, and do not permit any definitive findings with respect to societal costs or provide
clear quantitative relationships between ambient particle loading and soiling. Absent sufficient
data, the staff concludes that there is not a sufficient basis to set a separate secondary standard
based on soiling effects alone. The recommended suite of primary ambient air quality
standards and the regional haze program should reduce the soiling and nuisance effects
associated with particle pollution. The effects associated with dustfall are likely to be very
localized and thus, more appropriately addressed at the local level.

D. Summary of Staff Conclusions and Recommendations on Secondary NAAQS

This summary of staff conclusions and recommendations for the PM secondary
NAAQS draws from the discussions contained in the previous sections of this Staff Paper.
The key findings are:

1) Anthropogenic fine particles impair visibility. The level of this impairment varies
greatly from East to West, in terms of total loadings, pollutant mix, and the resulting
total light extinction. Background levels of fine particles, humidity, and resulting total
light extinction vary regionally as well, with the East having generally higher levels
than the West.
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2) The levels recommended in this staff paper for protection of public health from the
adverse effects of fine particles will not completely address the visibility impairment of
fine particles on visibility or fully achieve the national visibility goal across the
country.

3) Because of regional variations in visibility conditions created by background levels of
fine particles, annual average humidity, pollutant mix, and resulting total light
extinction, the staff concludes that a national secondary standard to protect visibility
would not be an appropriate approach for addressing visibility impairment due to fine
particles. Therefore, to address the impairment of visibility from fine particles and to
make reasonable progress towards the national visibility goal, the staff recommends
that the Administrator consider establishing regional haze regulations under section
169A of the Act.

4) The available data assessed in the CD does not provide an adequate basis to establish a
unique national secondary standard to protect against soiling and materials damage
effects. The staff recommends setting a secondary standard equivalent to the primary

standards for the purposes of addressing soiling and materials damage.
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