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1.0 Introduction

Llhe National Ambient Air Quality Standard (NAAQS) for photochemical

oxidants 1§ being rgyiewed in conjunction with the reissuance of the
criteria document. (1) This review affords an opportunity not only to examine the
standard in the light of a more extensive data base, but also to develop a
general method for setting NAAQS'i;—J

Although the scientific data base is now more extensive than it was when
the original criteria document was published, many uncertainties relevant to
standard setting remain. These include uncertainties about the concentrations,
exposure times, and patterns of exposure which contribute to each category of
health effect associated with oxidants in general and ozone in particular., Due
in large part to the unpredictable nature of meteorological conditions, there
are also uncertainties about the maximum ambient ozeone concentrations that will
occur in a given period of time, whatever the precursor emission situation. Dealing
with these uncertainties requires setting a standard with an adequate margin of
safety. The method described in this report provides a framework and suggests a
quantitative approach to accomplish this end.

The National Academy of Sciences has recommended that EPA make use of some
of the principles and techniques developed in the discipline of decision analysis

(2:3) The method

wnich are helpful to rational decision-making under uncertainity.
discussed below incorporates some of these principles and techniques. For example,
the technigue of "probability encoding", which enables optimal use of the quantitative
judgments of health experts, plays an important role, The decision analysis priaciple
of reaucing complex judgments to smaller,more manageable subjudgments whose logical

implications can be determined mathematically is employed.
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The kernel of the suggested approach is a systematic assessment of the risks
associated with alternative standards in a carefully defined sense. Unfortunately,
there are secondary uncertainties about how to represent the primary uncertainties
which give rise to the risks. Yet, an ambient air quality standard specifies a
precise averaging time, level, and expected number of exceedances of the level.
Another principle of decision analysis and the spirit of yet another are applied in
dealing with this situation. First, the method attempts to define terms precisely
so that uncertainty about what a guantity means is not added to the inherent uncertainty
about its value. Second, the output of the method clearly displays how a calculated
risk varies with the particular choice made from a reasonably comprehensive set of
representations of the primary uncertainties which give rise to the risk. 1In other
words the "softness" of the risk calculations which results from the secondary
uncertainties is dealt with directly in such a way as to give the decision-maker(s)

a conception of its degree.
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2.0 Underlying Principles of the Method

2.1 Risk and Margins of Safety

2.1.1 Legislative Guidance

Guidance for setting a primary NAAQS is given by the Clean Air Act in
the following passage:

National primary ambient air quality standards . . . shall be
ambient air quality standards the attainment and maintenance

of which in the judgment of the Administrator, based on [air

quality] criteria and allowing an adequate margin of safety,

are requisite to protect the public health. (4)

A fundamental motivation for the development of a method for assessing
the health risks associated with possible pfﬁmary air quality standards is
the premise that in order for EPA to make the most meaningful judgment on
whether a possible standard provides an adequaie margin of safety it needs as
clear a conception of the risks associated with the possible standard as it
is feasible to get at the given time. This important premise is supported in
Appendix A. The point that in general safety can only meaningfully be interpreted
in terms of risk is made in reference (5).

The provision in the Act for an adequate margin of safety and the following
clarification of the intent of the Act given in it;'Legislative History make
clear the sense in which the term 'risk' must be interpreted to capture the
intent of the Act:

... In setting“such air quality standards the Secretary
should consider and incorporate not only the results of
research summarized in air quality criteria documents,
but also the need for margins of safety. Margins of
safety are essential to any health-related environmental
standards if a reasonable degree of protection is to be
provided against hazards which research has not yet
identified.

... the Conmittee emphasizes that included among those
persons whose health should be protected by the ambient
standard are particularly sensitive citizens such as
bronchial asthmatics and emphysematics who in the normal
course of daily activity are exposed to the ambient



environment. In establishing an ambient standard
necessary to protect the health of these persons,
reference should be made to a representative sample
of persons comprising the sensitive group rather than
a single person in such a group.

Ambient air quality is sufficient to protect. the
health of such persons whenever there is an absence of
adverse effect on the health of a statistically related
sample of persons in sensitive groups from exposure to
the ambient air. An ambient air quality standard,
therefore, should be the maximum permissible ambient
air level of an air pollution agent or class of such
agents (related to a period of time) which will protect
the health of any group of the population.

For purposes of this description a statistically
related sample is the number of persons necessary to
test in order to detect a deviation in the health of
any person within such sensitive group which is
attributable to the condition of the ambient air. (6)

The passage explicitly states that the intent of the Act is to protect the
most susceptible group in the general population, implicitly assumes there is
an adverse health effects threshold concentration of any NAAQS pollutant, and
implicitly acknowledges that the threshold concentration will be unknown. If
there were no uncertainty the objective would be to set standards at the maximum
level (related to a period of time) for which peak pollutant concentrations
would not exceed the health effect threshold when the standard is.met. Since
there is uncertainty, standards must provide a margin of safety. Even if the
assumption that there is an adverse health effects threshold concentration is
true, there is no positive concentration which the threshold is known to
be above. Hence, standards cannot be set so that there is no risk that
peak pollutant concentrations will exceed the health effect threshold
when the standard is met.

In order to make a meaningful judgment on whether a possible standard

provides an adequate margin of safety, a conception is needed of the threshold

risk associated with the possible standard. The threshold risk associated with




a possible standard is the risk that ambient concentrations of the pollutant will
excead the health effects threshold concentration for the most sensitive group

in the general population when air quality just achieves that standard. If

the threshold risk associated with the possible standard is deemed to be
~acceptable in view of the circumstances then that standard is judged in a
meaningful way to allow an adequate margin of safety.

The part of the passage quoted above from the Legislative History of the Act
which says, "Margins of Safety are essential ... if a reasonable degree of
protection is to be provided against hazards which research has not yet identified,”
is ambiguous. 'Hazards which research has not }et identified', could refer to:
(1)} types of health effects of the pollutant that research has not yet identified which
are caused by lower concentrations than cause known or suspected health effects
of the pollutant; or (2) lower concentrations of the pollutant than have been
shown by research to date to contribute to health effects that research has shown
_are effects of the pollutant at higher concentrations; or (3) both (1) and (2).

There is a way to assess the thrashold risk associated with a standard for
nealth effects on which there is evidence, but there is no way to assess the
risk for health effects on which there is no evidence. Hence, the approach taken
r="a is to assess the risk for effects on which there is svidence. it is suggested
it the primary concern in standard setting should be with effects for wnich
there is evidence. Truisms are the most that can be said about effects for
,nicn tnere is no evidence: there may not be any; if there are any their threshoid

concantration may be eitner nigher or lower than the threshoicd concentration of

-

=7

zcts for wnich there is svidence; and, the lower the risk of effects for which

taere is evidence, the Tower the risk of effects Tor wnich there is no evidence.
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Decision-makers may wish to keep these truisms in mind when deciding what

constitutes an acceptable risk for those effects for which there is evidence.

2.1;2 Hgé]th Effect Threshold

It is obviously important to give the health effect threshoid concept
a precise definition. Uncertainty about what the concept means in general
would hinder attempts to deal with the uncertainty about particular health
effect threshold concentrations. Defining the health effect threshold concept
precisely must be distinguished from measuring particular health effect thres-
hold concentrations accurately. The latter cannot be done, but the former
can. The health effect threshold concept is a very useful one, despite the
inherent limitations in the accuracy with which particular threshold concentratior
can be determined.

One task involved in giving the concept of a health effects threshold a
precise definition is defining precisely what is to be regarded as a health
effect. A health effect threshold concentration must be distinguished from
a physiological response threshold concentration. It is well known that one
molecule of a pollutant can react_biochemicaliy with the human body. However, not
every physiological effect need be classified as a health effect. Effects
such as a disease or increased susceptibility to a disease are clearly health
effects, but there are other effects whose classification is not clear.

There is no precise and general technical definition of the health effect
concept which is in accord with common usage where common usage is clear, but
also guides classification of the unclear cases as health effects or non-health
effects. This is because there are inherent difficulties in trying to draw

the line in a non-arbitrary and general way between physiological changes which
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are health effects and those which are not. Many physiological responses are
on a continuum from trivial to obviously adverse effects with no obvious point
at which the one leaves off and the other begins. In such cases, pragmatic
judgments have to be méde about how much of the given response is to be

considered a health effect; i.e., how much of the given response to protect against.
A second aspect of defining_the health effects threshold concept precisely

requires distinguishing the health effects threshold concentration for a group

from the health effects threshold concentration for a person. People within

a group, even a sensitive group, will vary in their sensitivity. One person

can be said to be more sensitive than another if he has a lower health effect
threshold concentration. From a strictly theoretical point of view a natural
définition of the health effects threshold concentration for a group would be
that conqgntration which is the health effect threshold concentration for the
most sensitive member of the group. For practical reasons addressed in
section 2.2, a different definiﬁion has been adopted in the initial application
of this method, even though one reading of the above passage from the Legislative
History of the Clean Air Act is that this natural definition 1; the one intended.
The definition used is: the health effect threshold for the most sensitive
group is that concentration which is the health effect threshold concentration
for the least sensitive member of the most sensitive 1% of the most sensitive
group. o

A third aspect to making the concept of the health effect threshold
for the most sensitive group precise is the stipulation of the conditions
of exposure, such as: the concentrations of co-pollutants with which the
given pollutant may be additive in causing an effect; the concentration -
time patterns the exposure may have; and, the state of the subjects with
regard to possible stresses such as exercise. This aspect will also be

addressed in Section 2.2.
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2.1.3 Idealized Risk Surfaces

Suppose the conditions of exposure are uniform throughout a hypothetical
geographical region of concern, and constant over time; suppose for all persons
in the region under the conditions of exposure which obtain, the amount of
physiological response contributed to by pollutant X is a non-decreasing
function of its maximum concentration; suppose all necessary judgments have
been made on what is to count as a health effect; and, suppose a most
sensitive group has been identified, all of whose members will suffer a health
effect due to the presence of X if its concentration is high enough. Then, if
poliutant X reaches a certain concentration it will contribute to a health
effect in 1 percent of the people in the most sensitive group; if it reaches a
certain higher concentration it will contribute to a health effect in 10 percent
of the people in the most sensitive group; and so on.

Suppose that this somewhat idealized situation is realistic in the sense

that the relationship between the peak concentration and the percehtage of the

most susceptible group affected is unknown. Suppose that the risk surface

depicted in:FiQure 2-1 represents this uncertainty. Then, if the health effect
threshold for the most sensitive group is defined to be that concentration
which is the health effect threshold concentration for the least sensitive member
of the most sensitive 1 percent of the most sensitive group, the intersection of
the plane which is perpendicular to the XZ - plane and to the Z-axis at the_]
percent point with the risk surface gives a probability density distribution
which represents the uncertainty as to what concentration is the health effect
threshold for the most sensitive group.

In Figure 2-1, line ab in the XZ-plane is the set of medians of
the probability distributions obtained by intersecting the risk surface with

planes perpendicular to the XZ-plane and to the Z-axis at the full range of

c 1%

e is the expected concentration at

points on the Z-axis. Concentration
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Figure 2-1. " Risk Surface
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10% is the expected concen-

which 1 percent of the groub would be affected, Co
tration at which 10 percent of the-group would be affected, and so on.

2.1.4 "Risk" Nomenclature

In the public health literature where dose-response relationships have
been estimated without consfructing a risk surface, concentrations corresponding
to Ce1% have been said to have a risk of 1 percent. "Risk" in this sense
is an estimate df the percentage of a group which will suffer a health effect;
this percentage is called risk because it is interpreted to be the probability
that a generic member of the group will suffer a health effect. In the context
at hand, it is better terminology to refer to the risk that n percent of the
members of the group will suffer a health effect at various concentrations. These
risks can be determined from the n% probability distribution, where the
n% probability distribution is the distribution which is the intersection
of the risk surface with the plane that is perpendicular to the xZ-plane
and to the 7z.axjs at the n% point.

Obviously, a risk surface such as the one shown in Figure 2-1 would be
a very valuable input to a real-world attempt to determine the expected
concentration at which a certain percentage of a group would suffer health
effects, the expected percentage of people suffering health effects at a
certain concentration (sTice the surface perpendicular to the x-axis), the
risk that a certain percentage of the group wou1d suffer health effects at
a certain concentration, and so on. However, the idealized nature of the
situation described above must be kept in mind. Conditions of exposure
are not uniform throughout an area and are not constant over timé: po1iutantv
mixes vary, concentration-time patterns vary, some people are sitting,
some people are walking, some people are jogging, etc. Different people
react differently to different concentration-time patterns. How many
béople are 6eing exposed varies over time. Within a given control area

concentrations of a pollutant vary at any given time.



In view of the above complexities, the initial application of this
method (to ozone) concentrates on determining the risk that the health
effects threshold for the most sensitive group would be exceeded.

This is a risk that some sensitive people would suffer adverse effects.

This approach, as well as seeming to capture the sense of the Clean Air

Act, avoids many formidable problems the above complexities pose for

attempts to make various types of "head count" estimates such as those
mentioned in the preceding paragraph. Of course, these estimates give a more
complete risk picture, and so the capability to make meaningful estimates

of this type is being developed.

2.1.5 Basic Model

In estimating the risk that a health effects threshold will be exceeded it
is necessary to take into account, in addition to the uncertainties concerning the
location of health effect thresholds, another major source of uncertainty. This
is the uncertainty concerning the maximum concentration of the pollutant which will
occur in the time period over which the risk is to be estimated and when the
general air quality just meets the NAAQS for the pollutant. This uncertainty comes
about because the ambient concentrations of a pollutant are subject to the random
changes in meteorological conditions and in the emissions of the pollutant or its
precursors into the atmosphere. As a result, even though pollutant or precursor
levels in an area have been brought to a general level at which the overall ambient
air quality is meeting the NAAQS, the highest concentration levels observed over
the area in a given time period (e.g. 1, 2, or 5 years) will vary over a succession
of time periods. The uncertainty in the maximum concentration can be accounted
for by a probability distribution which can be estimated from aerometric data.
Figure 2-2 broadly represents the situation that must be dealt with, It
shows two probability distributions in the form of probability density
functions. The curve drawn in the upward direction is the probability density
function for a health effects threshold. The curve drawn in the downward

direction is the probability density function for the maximum hourly average ozone
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health effect threshold distribution

Concentration, C

max . 03 concentration distribution

Figure 2-2. Probability Distributions on the Two
Major Sources of Uncertainty
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concentration observed over some time period. This distribution is drawn in
the downward direction so that both distributions can be conveniently
displayed on the same axis. The location on the concentration axis of the
distribution representing the uncertainty about the maximum ozone value
depends on which potential standard is under consideration. The more

stringent the potential standard, the farther it is to the left, that is, sﬁifted

toward lower concentrations. The farther it is to the left, the lower the risk that the

maximum ozone value will exceed the overall health effect threshold concentration.

To better take into account the statistical behavior of ambient pollutant
concentrations, the proposed standard for ozone has been given the following
statistical form,

CSTD ppm hourly average concentration with an expected number of exceedances

per year less than or equal to E.
Through the use of an expected exceedance rate an area is allowed to occasionally
experience a measured exceedance rate of greater than E so long as the expected
rate, estimated by averaging the rate over a number of years, is not exceeded.

The lower the numbers CSTD and £ the more stringent the standard and the
more the lower curve in Figure 2-2 will be displaced to the left.. Raising one of
these two numbers and lowering the other sets up a tradeoff in which the oarticular
numbers and the particular context determine whether the standard is more or less
stringent. For any CSTD or E a standard of any desired stringency can be obtained
by making the other number high or low enough. However, Tor reasons which will be
discussad more fully in a later section it is desirable to maintain the value of £
in the vicinity of one or lower.

It should be clear that the standard ievel and the health effect threshcid
concentration are not {in general) the same. Hence, 3 standard which ailows cre
sxceedance of a standard level may have a very low thresnold risk associated with it.

The standard, the standard level, and the health effect threshold are all distinct

concepts.
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The shape of the maximum ozone concentration distribution is a function
of tﬁe time period considered. For example, a one-year distribution and
a three-year distribution for the same standard will have different
shapes. Hence, the risk is a function of the time period; the longer
the period the greater the risk. It is required by law that the scientific
criteria for NAAQS's be reviewed and reissued every five years. Hence,
NAAQS decisions apply to at least a five-year period. At the end of five
years when the new criteria are reissued the risks can be reassessed.

So, the time period chosen over which to assess the risks is five years.

2.2 Uncertainty Concerning Health Effect Threshold Concentrations

An important part of assessing threshold risk is representing the uncertainty
about the health effect threshold concentration for the most sensitive group.
Representing this uncertainty requires subjective judgments that go beyond
strict scientific interpretation. However, these judgments are best made
by members of the set of health scientists who are most familiar with the
health science information reviewed and assessed in the criteria document.

For, although some of the judgmehts required go beyond strict scientific
interpretation, they can best be made on the basis of the scientific information
presented in the criteria document, and by those with the expertise to understand

the scientific implications of that information.

2.2.1 Subjective Probability

Since an integral step in arriving at the desired representation of the
uncertainty about the health effect threshold concentration for the most

sensitive group is the elicitation of subjective probability distributions for

individual categories of health effects, the required subjective judgments are

made in probability encoding sessions. "Probability encoding” is a term used in

the management science and decision analysis literature to refer to the elicita-
tion of subjective probability distributions from experts. It is an explicit,
precise, and formal technique for quantifying the probability judgments of

experts. The technique has been pioneered by Stanford Research Institute (SRI),

$oskbocss dem 0T dalabnad acnhlicatinne daceriha the tachnigue and the



Several distinctions regarding "subjective" and "objective" probability
need to be understood. The first distinction is between:

(a) the method by which a probability distribution is derived; and

(b) the decision to accept a probability distribution as the representation

of uncertainty about the value of a quantity for some practical

purpose.
In the sense of (a), probability distributions are either objective or subjective;
that is, either the procedure by which a probability distribution is derived
from a body of information is completely determinate, so that two different
people following the procedure exactly will arrive at the same distribution,
or probability judgments are required in going from the information to the
distribution, so that in general different probability distributions will result
when different people make the judgments.

In the sense of (b), all probability distributions are subjective. The
decision to use a particular probability distribution to represent the uncertainty
about the value of a quantity is a subjective decision, no matter whether
the distribution is derived objectively or subjectively.* The uncertainty
about the health effect threshold concentration for a po]lutant could be
represented by any number of objectively derived distributions about which
any health scientist well informed on the topic would presumably make the
(subjective) judgment that he could contribute a subjectively derived
probability distribution which would represent the uncertainty better. In some
situations, a health expert might feel that a particular objectively derived
distribution represents the uncertainty best. However, as will be seen, the
situation is generally so complex that this will generally not be the case.

Certainly the situation is too complex for the type of objectively
derived probability distributions which have historically played a large
role in statistical inferences in the empirical sciences. Another

distinction needed here is between subjective and objective interpretations

*Hence, Quinn and Matheson suggest the term "judgmental probability" be used
rather than the term “subjective probability". (8)
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of probability. The mathematical relatiomrships between various probability
statements, distributions, etc. can be treated as part of an abstract
axiomatic system in which the terms remain uninterpreted. But an important
question concerns what these statements mean. Two basic interpretations

of probability statements dominate the history of the prabability |

concept. (9) One is the subjective (or epistemic) interpretation in which

a probability is interpreted as a measure of degree of belief, or as the
quantified judgment of a particular individual. Degree of belief consists

of a disposition to make certain specific kinds of choices in well-defined choice

situations (10). The second interpretation is "the frequentist (or aleatory)

interpretation according to which the probability of an event is the relative

frequency of occurrence of that event to be expected in the long run (11).
The relative frequency interpretation has been the foundation of

sampling - theory (or classical) statistical infarence in the empirical sciences.

Often in the empirical sciences experiments can be designed such that random
samples can be taken from a well-defined population or process. If, by
agreement of those in a position to knaw, such an experiment satisfies certain
conditions, a probability calculated on the basis of a sample relative freguency
can be the only rational prabability to assign to an event. Such a probability
is not only objective in its derivation, but also gains general acceptance because
of the compelling nature of its empirical content. Such general agreement
brought about by empirical content is the trademark of good empirical science.

In such situations, subjectivity has been reduced to a minimum. But,
there js still the subjective element of agreeing that the relevant conditions

obtain, and the subjective interpretation of what the probability means applies.
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Since the sample relative frequency is the only rational probability to
assign the event, it is the one assigned. Within the confines of such
contexts whether the probability is given the relative frequency or the
subjective interpretation makes 1little practical difference. However, the
concept of probability has always applied to a much wider range of uncertain
situations than those that can be investigated directly and empirically through
random sampling. Many of these situations are like the situation at hand; a
probability or probability distribution based on the available information is needed
for the most rational approach to decision-making, but it cannot be determined
on the basis of scientific data alone what probability or probability distribution
best represents the available knowledge and the remaining uncertainty. The
subjective interpretation of probability can be extended to these situations
and the relative frequency interpretation cannot. Hence, the subjective
interpretation of probability is the one that is used in decision analysis.

The subjective interpretation of probability has come to be identified
in scme minds with the Bayesian approach to statistical inference, since in
that approach sample information in the form of a likelihocd ratio is often
combined with prior information in the form of subjective probability distri-
butions. But, in the Bayesian approach, which is an extension of the classical
approach, enough sample information will “swamp" the subjective prior distribution
in formally arriving at the posterior distribution. So, the oniy constraint to
"objectifying” the postericr distribution to any degree desired is a cost
constraint on the amount of sample information it is rational to obtain under the
circumstances. In the situation at hand it is not a resource constraint that
leads to the use of subjective probability distributions, but rather an inherent
inability to get sample information which is a direct input to the distribution

in guestion.



Of course, either the Bayesian or the classical approach to statistical infer
can be used in fitting models to data outside the range of interest in order to
extrapolate from the range in which there is data to the range of interest
(12) (13). Such models can be used by an expert as an aid in arriving at the needs
distribution. But, unless there is wide agreement that the model holds within
the range of interest, it should not be felt that a distribution arrived at
using such a model is necessarily a better representation of the uncertainty
than a distribution arrived at without using the model.

To sum up, the representation of the uncertainty about the health
effect threshold concentration cannot be determined by solely scientific
means. The goals of empirical science and the goals of practical
decision-making must be distinguished. For excellent reasons, whereof
empirical science cannot speak it remains silent. The goal of practical
decision-making is to use mathematics and science as far as they go, but
if there remains a gap to adopt whatever means seem at the time to be best
for bridging the gap; The question is not whether subjective judgments will

be made, but rather how and by whom. It is argued here that these judgments

are best made explicitly, under well-defined choice situations, by the best-
informed health scientists; rather than implicitly, under ill-defined circum-
stances, and/or by non-experts.

-2.2.2 Independence of Health Effects

The criteria document for the typical pollutant discusses several health
effects contributed to by the pollutant. A risk surface similar to the one
in Figure 2-1 of section 2.1 could be constructed for each of these effects.
rowever, if the risk of exceeding a health effect threshold is made the focus
of the risk assessment, several simplifications are possible. First, the
health effécts can be grouped into independent categories according to the
following definition of independence: If for two health effects the judgments of

an expert, about the probability that the threshold for either effect is



effect threshold concentration for the other, then for that expert the two

health effects are threshold dependent; otherwise the two health effects are

threshold independent. Threshold-dependent health effects are grouped into

the same health effect category.

One point of grouping the health effects into threshold-independent
categories is to enable the health experts to concentrate on one category
of health effects at a time in making their judgments.* Once subjective
probability distributions are obtained for each individual health effect
category, a composite health effect threshold distribution can be determined
mathematically from the individual distributions (see section 3.0). The
mathematical laws of probability used to obtain the composite distribution
can only be applied to independent distributidns.

Although the grouping of the health effects into threshold-independent
categories reduces the number of effects that must be addressed by the health
expert at one time, he still may have to address several effects within a given
category. Just as in making his judgments about threshold independence the
expert focuses on whether knowledge about the threshold concentration for one ef-
fect would affect his judgments about the threshold concentration for another,
and does not concern himself with whether he believes there is any relationship

between the two effects at higher concentrations, so he focuses on the

effect within the category that he believes has the lowest threshold concen-

tration. One reason two given effects may be in the same category is that

the expert is sure or thinks it likely that one of the effects occurs at a lower

concentration than the other.

*See subsection Z2.2.6 for two other reasons.
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2.2.3 Responses of Concern

Once it has been determined how many independent health effect categories

an expert judges there to be for which much or most of the evidence is from

his field of expertise (such as epidemiology), there are several types of
important judgﬁents he makes for each category. First, he describes what
he considers the health effect to be that has the lowest threshold concen-
tration for the category. In those cases where the effect is a continuum
of physiological response, he judges how much response should be regarded
as a health effect; EPA representatives involved in the probability encoding
session clarify as much as possible for the expert the sense of the Act on
what is to be regarded as a serious enough response to be :considered an
adverse health effect. But, since neither the Act nor its Legislative History
is explicit on this point, much is left to the expert's judgment. Since
experts naturally differ some in. their judgments in cases where drawing

the line involves some inevitable arbitrariness, the definition of a health
effect in such cases usually varies some among experts. 30, differences
in subjective probability distributions on the health effect threshold con-
centration for such categories can be due both to differences in judgment
about what concentration (for the averaging time) will cause what reSponse
and how much response should be considered an adverse effect on health.

~ Once one or more applications of the method have been made in which various
health experts have addressed the question of how much response of a given
type is an adverse health effect, the option of designating a given amount
of response as the amount EPA regards as a health effect and wants to

protect against may become more attractive.

2.2.4 Sensitive Population

Another judgment the expert makes for each category he addresses is
what group, characterizable in general terms, is the most sensitive group

for that category. The most sensitive group for a category is the most



sensitive group for the health effect of that category which is judged to

have the lowest threshald concentration. Since experts may'differ on

what group they judge to be the most sensitive group, the number of

pecple in_the most sensitive group may differ for different experts. This

fact means that in specifying the health effect threshold concentration

for a group it may be that either the "target individuaT", whose threshold
concentration is used to define the threshold concentration for the

group (above in section2,1.2, the least sensitive member of the most sensi-

tive 1 percent of the most sensitive group), will be different for the two experts,

or the number of people more sensitive than the target individual will be different.

2.2.5 Seriousness of Effect

There are two aspects to the risk of exceeding a health effect
threshold: the probability of exceeding the threshold and the seriousness
of the adverse effect. Determining the probability 1s the more complex
task, but giving EPA decision-makers and interested parties as good a
conception as feasible of the serjousness of the effect is also very
important. Everything else being equal, less risk is acceptable for serious
effects than for effects which are not serious. Hence, each expert
is asked to describe how serious he believes the given effect to be and
to say anything he feels would help clarify for a decision-maker how
much concern there should be about the effect.

2 2.8 Uncertainty About Causality

For scme categories of health effects there is no uncertainty about
the existeance of a causal relationship between the poliutant and the
category of health effect. For others, the existence of a causal relation-
ship is uncertain. This uncertainty often arises in cases where there 1s

todicological evidence from animal studies that the pollutant causes the

2-19



effact in one or more species of animals, but there is no conclusive
evidence from clinical and/or epidemiclogical studies that a causal
relationship exists between the pollutant and the effect in humans. In
those cases where the existence of a causal relationship for a category

is in doubt, experts addressing that category are asked to judge the proba-
bility that a causal relationship exists between the pollutant and the
effect in humans.

Distributions which represent the expert's uncertainty about the health
effect threshold concentration if there exists a causal relationship
between the pollutant and the effect in humans are encoded for such cate-
gories in the same way as the distributions for categories about which
there is no doubt about the existence of such a causal relationship. The
existence probability is used to apportion the encoded distribution
between the range of concentrations the expert believes contains the
threshold concentration if a causal relationship exists and a range of
concentrations much higher than would ever be found in the ambient atmosphere.
The latter portion must be maintained somewhere on the concentration
axis for mathematical reasons (see Appendix B); its particular shape does

"not affect the risk calculations. The fraction of the distribution

in the lower concentration range is equal to the existence probability.
The part of the distribution in this range has the same shape as the
encoded distribution. Figure 2-3 depicts a probability density function
for a health effect whose threshold is thought to be in the vicinity

of 0.20 ppm, but which has only a 20 percent probability of being real.
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Figure 2-3  Hypothetical Threshold Probability Density Function
for a Health Effect with a 20% Chance of Being Real
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Having the expert address the question of the probability of existence
separate from the question of the most probable concentration of the health
effect threshold if a causal relationship exists is a second simplification
of the judgments which he has to make.* There can be a tendency when such a
breakdown is not made to either assume a causal relationship exists in risk
calculations if the existence probability is thought to be high, or neglect
the possible existence of a causal relationship in risk calculations if the
existence probability is not thought to be high. Unless the existence pro-
bability is negligibly different from 1 or 0, this tendency amounts to the
mistake of using outcomes rather than probabilities of outcomes in calcu-
lating probabilities (risks). The formal incorporation of an existence pro-
bability into the mathematics used to make the risk calculations, as is done

in Appendix B, avoids this mistake.

The third reason for grouping the health effects into threshold-
independent categories is that the probability that at least one of several
unknown and independently distributed health effect thresholds is less than a
given concentration is greater than the probability that any selected one of
the thresholds is less than the given concentration. To put the point another
way, the composite health effect threshold distribution calculated from the
threshold distributions for single health effect categories will always be
displaced toward lower concentrations from all of the single category
distributions. For any given concentration the total area under the composite
density curve to the left of that concentration will be greater than the total
area under any one of the individual density curves to the left of that
concentration. |

The leftmost individual health effect distribution will in general
have the most influence on the composite distribution. The one exception
to this generalization can be a case in which the leftmost distribution is a

distribution for a health effect category about which the existence of a causal



relationship between the pollutant and it is uncertain. FEigure 2-4 illustrates this
point. Figure ?:1153‘shows three examples of composite functions derived from

two individual health effect threshold probability density functions (Figure zZETEEjT
The two hypothetical individual functions used in the example are both normal
distributions. As can be seen in section 4.0, reai subjective probability

distributions will tend to be neither symmetrical nor a well-known distribution,

2.2.7 Defining the Encoding Variable

The probability encoding technique is designed to minimize the moti-
vational and cognitive biases which psychologists have found can arise in
the elicitation of subjective probability distributions. Care can be taken
to guard against two possible "motivational" biases: the building of "safety
margins" into judgments, and the favoring of what has been scientifically
demonstrated over what is viewed to be most likely in view of the
current evidence. Judgments about the degree to which a health effect threshold
concentration has been scientifically demonstrated to be below certain
concentrations could also be elicited in the probability encodina sessions.
In fact, these would be useful judgments that would best be elicited in such
a session where the nature of the judaments could be carefully defined; belief

functions (14) on degrees of confirmation (15) could be elicited. But,

whether this is done or not, such judgments should not be confused with the
probability judgments made in the encoding of a subjective probability distri-

bution. (16) It is the latter that must be used to calculate risk.
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Figure 2-4 Variation in Composite Health Effect Threshold Probability
Density Functions of Two Independent Density Functions as Different
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Defining well the uncertain quantity about which probability judgments are
elicited is a normal part of a probability encoding session. As was discussed
in section 2.1, there are three aspects to defining the health effects threshold
for the most sensitive group precisely:

(1) definition of what is to be regarded as a health effect;

(2) stipulation by his place in the distribution of sensitivities within
the most sensitive group the member of the group whose threshold
concentration is to serve as the threshold concentration for the
group;

(3) stipulation of the conditions of exposure.

In the initial application of the method (to ozone) the definition of a
health effect for each expert was based on his own best judgment of how much
response should be regarded as a health effect. The expert's judgments concerned
the concentration of ozone that would cause the effect in 1 percent of the group

he judged to be most sensitive for that effect if the whole group were exposed

under the stipulated conditions of exposure. The selection of the 1 percent
figure unavoidably involves some arbitrariness, but was selected for several
reasons. To use the health effect threshold of the most sensitive group
rather than fhe threshold of the least sensitive member of the most sensitive
1 percent of the most sensitive group would be impractical for at least one
reason. For the types of effects contributed to by ozone, the most sensitive
member of the most sensitive group is an unknown type of person who would

be extremely difficult for the health expert to make judgments about. Sub-
jective judgments grade from well-informed judgments to sheer guesses;

Judgments about the most sensitive member of the most sensitive group would be
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at the latter end of the scale. The health expert is applying his own
expertise to make judgments on the basis of the scientific information in
the criteria document, While judgments about what dose of a pollutant

would affect a small percentage of the people in the most sensitive group
under certain conditions on the basis of the data in a criteria document are
very difficult and extrapolative, they are not as uninformed as would be
Judgments about the most sensitive person.

As stated previously, the legislative history of the act indicates
that EPA is to protect the most sensitive group as a whole, rather than
the most sensitive person. The approach chosen satisfies this intent,
for the threshold risk determined on the basis of this definition of the
health effect threshold can reasonably be interpreted as the risk that the
pollutant will affect the group as a whole. It would be incorrect to

interpret this definition as an indication of a utilitarian judgment
to trade off the interests of 1 percent of a sensitive group against the interest

of society as a whole. Threshold risk so defined is not the risk that 1 percent
of the most sensitive group will be affected by the pollutant. How many people
would be affected if the ambient air level of a pollutant exceeds the health
affects threshold concentration as it is defined here is unknown; the point
is that it would affect some people.

By redefining the threshold in terms of 0.005 or 0.05 of the most sensitive
group we can say that roughly half as many or five times as many people
will be affected. So the somewhat arbitrary choice of 1 percent is not
unimportant. But this kind of choice must be made. The threshold risk can be
calculated for more than one definition to give the decisioanaker an idea of

how much it varies with the definition chosen.
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The decision-makers can also keep in mind that the threshold risk
for individuals more sensitive than the least sensitive member of the
most sensitive 1 percent of the most sensitive group, inc]udfng
the most sensitive member of the most sensitive group, is greater than
the threshold risk for the most sensitive group. The question of whether
the health effect threshold concentration for the most sensitive
member of the most sensitive group is greater than 2ero is left unanswered and
unaddressed. In general, for any low concentration the lower the probability
that the health effect threshold concentration of the most sensitive group
is less than the given concentration, the lower the (higher) probability that the
health effect threshold for the most sensitive member of the most sensitive
group is less than the given concentration.- A relationship could be developed
to extrapolate from the most sensitive group threshold probability (which
is itself extrapolated from the available scientific data) to a probability
for the most sensitive member of the most sensitive group.

The approach taken in stipulating the conditions of exposure is tc have
the expert make his judgments for an idealized situation in which the con-
ditions of eprsure are assumed to be the same for the whole sensitive group
and the whole group is assumed to be exposed. One condition of exposure is that
it is in the ambient air of an "average" United States city. If the
expert's best judgment is that there are additive effects from other
poliutants in the ambient air he is instructed to take them into account.

He is *o assume, however, that the ambient concentration of other NAAQS pollu-



tants is their standard level. This stipulation is to avoid double-counting,
yet deal with the fact that some NAAQS pollutants may be additive with one
another in causing some health effects. Non-NAAQS pollutants are to be
assumed to be at levels found in an average U.S. city.

Another condition of exposure for short-term effects concerns the
concentration-time patterns the exposure may have. If one exposure can
cause a health effect, the expert is instructed to make his Jjudgments for
the following exposure pattern: the peak concentration lasts the length of
the averaging time with a "typical" build-up and drop-off in concentration
before and after the peak concentration. If possible, the averaging time is
selected before the elicitation of subjective probability distributions from
experts. |

The experts are instructed to consider the members of the most sensitive
group to be under any norma]]y_oécurring stress such as exercise{ mild exercise
such as tennis or jogging is interpreted to be normally occurring, but heroic
exercise such as marathon running is not. To the extent that adaptation is
considered to be an important factor in making the judgments, the histdry of the
group is that they have all lived in that environment in which the expert
feels it most likely the pollutant would cause exactly 1 percent of the group
to suffer adverse health effects if they were all exposed on the worse days.

The point of having the health expert make judgments for an idealized
situation is to simplify the judgments. Even taking one health effect category
at a time, the expert is faced with portions of the criteria document which
review, critique, and interpret studies of different types, ages, and scientific

validity; some of these studies report positive results, some negative results,



and possibly some contradict each other; each of the three types of studies,
clinical, epidemiological, and toxicological, has inherent Timitations,
although they often complement each other. To take this scientific work
and the interpretation of it given in the criteria document and determine
its implications for even an idealized real world is a task only the
flexibility of the human mind can deal with, but a very complex task.

The degree of idealization which makes the judgments simplest
is an open question. If the evidence is mainly epidemiological the
degree of idealization suggested here is probably too great. When the evidence
is mixed among the three types of studies, as it usually is, it is hard to judge
what degree of idealization would be best. When risk surfaces are estimated
for the purpose of making the various kinds of head-count risk estimates which
would fill out the risk picture, there is another consideration. This con-
sideration is the type of risk surface which would be most convenient for the
second step from the risk surface to the real world — in that case a
quantitative step. The problem becomes that of designing the risk surface
optimally for serving as a pier between the information in the criteria
document and a full risk picture; the first span being the health expert
judgments and the second span being analysis, exposure pattern data, air

quality data, etc.
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2.3 Uncertainty in Peak Air Quality Levels

As indicated in Section 2.1.5 the second of the two primary uncertainties
which must be accounted for in assessing the risk of exceeding a health
effects threshold is the uncertainty as to the peak levels of oxidant con-
centration which may be encountered in the time period over which the risk
is assaessed.

There exists a certain amount of confusion concerning peak pollutant
levels in that there is a tendency to think that a geographic area at a
given level of precursor emissions will experience a characteristic highest
concentration of pollutant in any calendar year or period of several calen-
dar years. This tendency is more evident in the belief that there is a charace
teristic second-highest concentration which may be related to the level
of precursor emissions. In reality the highest concentration or second
highest (or third or fourth, etc.) are statistical variables which can
change significantly from one calendar year to the next even though the
average level of precursor emissions remains constant. These changes are
largely of a random nature and come about because of random fluctuations in
weather and in emission levels. It is precisely because of this random
behavior that the uncertainty in the highest concentrations experienced in
a given period of time needs to be accounted for in the risk assessment.

If the peak concentration for a given time period was a constant for a given
area at a given emission level, only the uncertainty in the position of the
health gffect threshold would need to be of concern.

The uncertainty in the value of the highest hourly average concentra-

tion is represented in Fig 2-5(a) by a probability density function. In the



actual calculation of risk, as discussed in Section 3, it is more conven-
ient to use the cumulative distribution function which is just an alternate
way of expressing the same uncertainty. Figure 2-5 shows a hypothetical
probability density function and the corresponding cumulative distribution of
the annual maximum hourly average ozone concentrations. For the hypotheti-
cal situation depicted in the figure, the most probable value of the maximum
concentration in a  calendar year is 0.10 ppm. The cumulative distribution,
customarily called the distribution, is such that the value of a point on
the distribution read from the vertical axis is the probability that the
observed maximum hourly average concentration for a given time period is
less than the concentration read off the horizontal axis. For example,
Figure 2-5(b) shows that there is a 50 percent chance that the maximum ozone
concentration in any year is less than or eqdﬁl to 0.105 pom. This con-
centration is usually referred to as the median value. The expected or
mean value of the annual maximum concentration is 0.109 ppm. This dis-
tribution is referred to in the following sections as the PC function.

It may be desired to assess the risk of exceeding a health effect
*hreshold "m” or more times in a given period, where m is an integral
numpber such as 1, 2, 3,° -+ etc. In this case there is no change in the
tareshold prebability density functions, but there is a change in the PC
functicn. As is discussed more fully in Section 3.2, the PC function for
m" or more'exceedances is the distribution of the mth highest concentration
shservad in the time period. The distribution in this case is referred to
''sing this notation, the distribution PC of the highest concentra-

(1)

tion, wou.d hLe designated as PC .



Figure 2-5. JProbability Density Functions and Cumulative Distribution
(Pc) of Annual Highest Hourly Average Concentration
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To use the Pc function in estimating risk it is necessary to be able
to estimate the PC functions corresponding to potential or alternative
1évels of the ambient air quality standard. The averaging time, the con-
centration level and the overall form of the standard are all factors in
making this connection. The averaging time of the concentrations to which
the Pc function is applied is the same as the averaging time specified in
the standard. Theoretically, there is no limitation in the averaging time.
It could be one hour, one day, one month or even one year. In the case of
ozone the one-hour average is most appropriate because protection is desired
against short-term peak concentrations. The remaining discussion will
assume hourly average concentrations, but it should be kept in mind that'
the approach is not limited to this time period.

The concentration level of the standard determines the general position
of the Pc function along the concentration axis. The manner in which it
does is dependent upon the form of the standard. For example, if the stan-

dard were to have the following form:

(A) C ppm, expected maximum hourly average
STD

concentration in one year,

where Cerp is the concentration level of the standard, then the PC function

is placed so that its mean concentration value corresponds to CSTD

(Refer to Figure 2-5). If the standard level had corresponded to the median (0.5
fractile) of the maximum concentration instead of the expected |

maximum value, then the 50% point of the Pc function would be set at CSTD'

2-33



In both of the above-mentioned forms, the standard deals directly with the
behavior of the annual maximum hourly average concentration and, therefore,
there is a direct connection between the standard level and the Pc function.
In other forms the connection may be less direct. For example, the form

of the ozone standard which has been proposed is:

(8) CSTD ppm hourly average concentration with an expected

number of exceedances per year less than or

equal to one.

In this case the standard is not based on the annual maximum hourly
average concentration but on the concentration which is expected to be
exceeded once a year on the average. That is, the proposed form is
directly connected to the distribution of hourly average concentrations
rather than to the distribution of the annual maximum hourly average con-
centrations. In fact, it can be shown that CSTD is that concentration
which corresponds to the 1 - 1/8760 = 0.999886 (where 8760 is the number
of hours in one year) fractile on the distribution function for the hourly
- averages.

The Pc distribution and the hourly average concentration distribution
are distinctly different, as shown in Figure 2-6. The hypothetical distribution
for the hourly averages shown is a Weibull distribution which has been
demonstrated to provide a good fit to ambient hourly average ozone concen-
trations (17). The P¢ function in the figure corresponds to a time period of
one year. The concentration axis is in units relative to the standard level
as defined by (B) above; that is, the relative concentration 1.0 corresponds

to the level of the standard. As would be expected, the effective range
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2 2-6.

Hypothetical Distribution of Hourly Average Concentrations and the

Corresponding Distribution of the Annual Maximum Hourly Average Concentxatdon
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(values sensibly above zero and below one) of the PC function is much
narrower than that of the hourly average distribution and encompases the
standard level. On the other hand, the hourly average distribution is
very close to its 1imiting value of 1 at the standard level. Under the
circumstances depicted in the figure:the value of the Pc function at the
standard level is 0.368 and will be this value at all levels of the stan-
dard. Figure 2-7 shows a serieé of Pc functions for various alternative
levels of the standard. It is seen that the chief effect of the standard
level is to establish the position of the Pc function along the concentra-
tion axis. Note, also, there is a tendency for the Pc function to spread
as the standard level is increased.
To determine the corresponding PC function it is necessary to

know the distribution function for the hourly average concentrations. How-
ever, the exact connection is influenced by the degree to which the hourly
average concentrations in neighboring hours are correlateq and/or are
affected by the time of day, of the week and of the year. The concentrations
of pollutants tend to show such dependencies and ozone concentrations in
.particular show strong autocorrelation and time dependence. The Pc functions
shown in the figures of this section are all based on the assumption of no
correlation and no time dependence. As discussed in Section 3.2 this case
is important in the development of approaches to taking these interactions
into account.

Mational Ambient Air Quality Standards are, of course, set for the
entire U.S. While the level of the standard tends to locate the position
of the corresponding Pc function, the degree of spread or effective range

of the function can vary from one geographic area to the next. The shape of

the function can also vary. This, of course, means that the risk of exceeding
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a health effects threshold is not the same with a given standard level for

all parts of the country. This is not a limitation of the proposed risk
assessment method but rather a limitation in the procedure of setting a

single standard level applicable to all of the U.S. Therefore, in setting

a single national ambient ai» quality standard it is important to determine
the range of risks associated with each level of the standard. As indicated,
the standard level sets the position of the Pc function and tends to be the
major factor determining the risk. The variation from one geographic area

to the next primarily affects the spread of the P. function and this effect
has less impact on the risk than the placement of the Pc function. Variations
in shape of the function as distinct from changes in spread are expected to
have a distinctly lower effect on risk. There may also be some influence of
geographic area on the placement of the Pc function if the nature of the
correlation between hourly average concentrations and time dependence were

to vary markedly from one area to the next. This possibility has not been
investigated suffic{ently as yet but is presently judged to introduce less
variation than the change in spread since the broad aspects of the correlation
and time dependence probably do not vary substantially with location, at least
- for urban areas. Figure 2-8 shows the possible variations in the spread of a
hypothetical Pc function. Each of the Pc functions in the figure passes

through P, = 0.368 at the level of the standard. Section 3.2 treats PC

C
functions in more detail and describes methods for deriving them from the
distribution of hourly average concentrations.

One further difficulty in estimating the appropriate PC functions for

a pollutant is that available air quality data may be at a significantly
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higher level than would exist if the alternate levels of the standard
under consideration were being attained. In this case it will be necessary
to make an extrapolation to the more stringent air quality levels, making

the most of whatever information is available.

2.4 Secondary Uncertainties and Public Probability

In section 2.1, it has been pointed out that the two primary uncertainé

ties which give rise to the threshold risk associated with NAAQS's are the
uncertainty about the health effect threshold concentration and the uncertainty
about the maximum pollutant concentration which will be reached in a given
period of time if a given standard is just attained. Section 2.2 discussed
the factors involved in obtaining a representation of the first primary
uncertainty, a composite health effects threshold.probability distribution.
Section 2.3 discussed the factors involved in obtaining a representation of
the second primary uncertainty, a Pc probability distribution. Once a
composite threshold distribution and a P¢4probabi11ty distribution have been
determined, the mathematical formulas presented in section 3.1 can be used to
calculate a threshold risk estimate.

If the only uncertainties that needed to be addressed were primary
uncertainties, it would only be necessary to calculate one threshold risk
estimate for each alternative standard under consideration. However, there

are also secondary uncertainties about how to best represent the primary

uncertainties; these secondary uncertainties cannot be ignored because they
can greatly affect the calculated risk values, which in turn can affect the
decision on which alternative standard to adopt.

In saying that there is secondary uncertainty about how to best represent
the primary uncertéinty about the health effect threshold concentration, the

possibility is left open that there may be no best representation of this



uncertainty in one sense; that is, in the sense of there being a probability

distribution which most rationally represents the available evidence. If

for each health effect category there exists a threshold distribytion

which most rationally represents the available evidence and if there

exist probabilities which most rationally represent the available evidence
on the existence of a causal relationship between the pollutant and each
category of effect about which the existence of such a causal relationship
is in doubt, then the composite distribution obtained from these phobabi11-
ty distributions and these probabilities is the most rational representation
of the available evidence; otherwise, no such moét rational representation
exists. It is an open philosophical question whether there exist most
rational representations of evidence in the two required senses. The

situation is similar with regard to the Pc distribution.

Subjective probability distributions on threshold concentrations for
jndividual categories tend to be subjectively derived and hence different
for each health expert; likewise probability-of-existence judgments. One
of the primary aims in standard setting is to minimize arbitrariness; to
minimize arbitrariness in standard-setting decisions, arbitrariness must be

minimized in the generation of the information on which the decision is made.
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From the public's point of view as a whole, it would be arbitrary to let
one health expert make the required subjective judgments. Ideally, all
of the fully qualified health scientists who are best informed about the
information in the criteria document would contribute judgments. But

resource constraints and the inadvisability ~of attempting to determine

the exact membership of the set of best-informed scientists dictate that only a
representative sample of the best-informed experts contribute judgments. Selection
of the experts is obviously an important juncture that deserves close attention,
both in terms of the particular expefts to be seTécied for a parficu]&f asseséﬁent ém
the criteria and process'by which eibérts are selected in general.

Presumably, one criteria which deserves to play a role in the selection
of experts is diversity in viewpoint. The whole idea of having more than
one expert make the necessary judgments is to avoid arbitrarily basing a
standard on one point of view when more than one rational point of view
may exist about the most probable implications of the same evidence. To
the extent that diverse, well-informed viewpoints are recognizable

a priori, this criteria could either enter in selecting the sample of

experts or in selecting a subset of the best-informed scientists from which
a truly random sample could be selected. 7

Perhaps the most widely known technique for the use of expert judgment
in decision-making is the Delphi Technique.(iéf“(ié) Diverse approaches
have been included under the Delphi rubric, but at least three themes seem
to be common to most: (1) systemat1cness, (2) sharing of information and
perspective among experts, (3) convergence of judgment among experts.
The method being suggested here subscribes to (1) and (2). It also
subscribes to (3) to the extent that convergence of judgment is brought

about by the sharing of information and perspective. However, to the



extent that convergence of expert opinion is made a goal in itself in the
Delphi approach, the philosophy of the approach being suggested is different.
In some formal work, distinct from the Delphi approach, convergence of judgment
for the sake of convergence is a formal goal. (20) The method described here does
not accept the idea that convergence of judgment in representing the
implications of inconclusive evidence for the sake of convergence is a
'agitimate goal; at least not for public decision-making. Rather, the

;cal is to represent to the decision-maker, as much as is feasible, the
inplications of the actual diversity of well-informed judgments that

can remain after information and perspective have been shared; ideally

the diverse judgments would be representative of the diversity of judgments
that would be made by the whole set of well-informed scientists were it
feasible to have them all participate.

Consider as an example a case in which there are two threshold-
independent health effect categories, one of which requires a probability-
of-existence judgment: suppose that three subjective probability distri-
butioné are elicited on the health effect threshold concentration of
each category and three probability-of-existence judgments are made for
the category about which the existence of a causal relationship is uncertain.
Tren, there are 3 x 3 x 3 = 27 different combinations of distributions
and axistence judgments which give rise to 27 different composite health
gffact aistributions. letting 'd‘?' represent the jth distribution for

i i
3

el

the ith category, represent the jth existence judgment for the ith

tanegory, 'I' represent the compositing function, and Di represent the ith
composite distribution, the situation can be represented formally as follows:
1 1
I (d1 s e

DY

, dy) = D,
I (d 2)=Dz

. »

3
I, ef,di)
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On the air quality side assume there exists a two-parameter distribution
that best fits available air quality data, that can be used to derive an approxi-
mation of the true P, distribution (PQ%S; and that has a scale parameter which
varies with the standard level and a shape parameter, k. Suppose that for
any given alternative standard level the value of k which gives the best
approximation to Pct for that standard level is unknown, but 5 equiprobable

alternate values of k. (namely, k., where h ranges from 1 to 5) exhaust the

possibilities. Then 135 risk estimates can be generated by combining the 27 Dy's
with the 5 ky's. Letting 'V' represent the convolution function and ‘r,' represent

the ith risk number:

VI (4], el, 4)), kg1 =V (Dy, Kq) =

[
-
—

2 1 .

L4 ®
. v

3 3 3 -
v [I (d s 31, dz)’ k5] =V (D

1 27 Kg) = I35

Or, alternatively:

T .1 -
R (d;’ e-l 9 d¥, k]) - R (w1) = r.l
1 - -

R (6], &, a3 kg) = R (m3g) = iz

where w, = (d}, e}, d;, k1), etc.

Now, with no loss of generality the subscripts can be rearranged on the risk

estimates so that they are ordered from smallest to largest:



Then, the 135 ordered pairs

(r]’ _]_)9 (rz, 2

) ISP (r 134), (ryaes 1)
T35 KL 134, 135

135

can be plotted and a relatively smooth curve can be drawn through the plotted

points; this is done for a hypothetical example in Figure 2-9,

Figure 2-9. Relative Frequency Plot
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Even without its being given‘gny further interpretation, the type of curve
shown in Figuré 2-9 is worthy of the attention of decision-makers and
Other interested parties:
(a) It gives a measure of the degree of consensus among the
experts on the risk implications for the standard under
consideration of the information in the criteria document;
a curve that stands up relatively straight indicates

that the data base reviewed in the criteria document
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(b)

(c)

is strong enough in its implications for the standard under
consideration to have lead to a high degree of consensus; a curve
that stretches from corner to corner indicates a low degree of
consensus for that standard.

Let Std (L, 1 hr, 1 hr/yr) be a formal way of representing a
standard where "L" represents the concentration level, the
averaging time is one hour, and the expected number of ex-
ceedances per year is one. Then, a series of curves for different
standard levels Ln serve to indicate the range of standard levels
for which the risk is fuzzy; that is, if n is low enough the whole
curve is far to the left, which means the risk is low no matter
what combination of judgments is used; if n is large enough the
whole curve is far to the right, which means the risk is high

no matter what combination of judgments is used. A risk greater
than 0.5 would be hard to interpret as providing a margin of
safety, so if ry > 0.5 for a siaadérd,the standard level can be
regarded to be above the fuzzy risk range.

The type of curve depicted in Figure 2-9 incorporates the secondary
uncertainty about how to best represent the primary uncertainty on
the air quality side as well; it simultaneously exhibits the

Consequences of the two secondary uncertainties. Also, in

cases where geographical variation in the Pc distribution affects
the resulting calculated risk significantly;.a lower-bound Pc
distribution and an upper-bound Pc distribution can be used to

generate an upper-bound curve and a lower-bound curve for the same

standard; the resulting risk ribbon indicates clearly that the risk
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variss geographically throughout the United States for the

same standard.

(d) Curves or ribbons of the type depicted in Figure 2-9 can be
plotted for different combinations of health effect categories,
for different definitions of the health effect threshold
concentration, and for different numbers of exceedances of the
threshoid concentration.
Uespite its useTulness even without being given further interpretation,
tne type of curve shown in Figure 2-9 needs to be given further interpretation
and can be . It needs to be given further interpretation so that distinctions
of degree can be made within the fuzzy risklrange. It can be given further

interpretation because:

(1) it has the formal properties of a cumulative probability distribution;

(2) it can be interpreted as a cumulative probability discribution on the
tnrashold risk, although it may not be a cumulative probability
distribution on the true threshold risk since there may be no such

thing.

-~

‘23 it has a uniqueness that has importance for pubiic regulatory
dacisicn-making.

Each of these will now pe discussed in turn:
(1) It can be checked that the Kolmogorov Axicms are satisfied for the

ity space (0,73, P), where the sampie spacs i = (w], Aos o o .y w}3;},

£311 of the subsets of Q), and the probability

lers. 7, T a subset of Q is the numoer of elaments in the subset divided



(2) The 135 ri's are risk estimates, but they may not be estimates
of some "true risk" in the same sense that an estimate of the length
of a stick is an estimate of the actual length of the stick. There may be
no such thing as "the true risk" associated with a standard in the fuzzy risk
range. If there were a most rational Pc distribution and a most ratfona] threshold
distribution then the risk value obtained by convoluting the two most rational
distributions could be considered the true risk; then the r.'s could be said
to be estimates of the true risk. But since whether such most rational distri-
butions exist is shrouded in philosophical obscurity, it cannot be assumed
they do.

Unlike the Pc distribution, the threshold distribution does not fit the

relative frequency mold, so the alternative available on the air quality side

t
C’

bution of the maximum pollutant concentration over the relevant period as the

of defining the true Pc disiribution, P, to be the limiting frequency distri-
number of periods increases without limit when the given standard is just met,
is not available on the threshold side. Hence, the alternative possibility of
considering the convolution of the true Pc distribution with the true threshold
distribution to be the true risk is not available.

Since the question of whether there exists a true risk for the ri's to
estimate is open, and is likely to remain open for the foreseeable future,
the further interpretation of the curve in Figure 2-9 must be broken down
into the two possible cases. The interpretations given for each case must
be such that for practical purposes it will make no difference which case

‘proves to be the actual case in the philosophical millennium.



Case 1: For a given body of evidence relevant to the value of a quantity,
there exists (conceptually) a probability distribution which is the
most rational representation of the ﬁncertainty about the value
of the quantity.

Let Std (Li’ 1 hr, 1 hr/yr) be a series of alternative standards;
consider Std (Ln, 1 hr, 1 hr/yr). Let DR,be the most rational distribution
representing the evidence on the health effect threshold; let PCR(Ln) be the

most rational distribution representing the evidence on the maximum pollutant

concentration in the relevant period if Std (Ln’ 1 hr, 1 hr/yr) is just
R

attained. Call RT(Ln),the convolution of D" with PCR(Ln), the True Threshold
Risk associated with Std (Ln, 1 hr, Thr/yr). Let| RT(Ln) - ri(Ln)l = Gi(Ln)'
Then the r; (Ln) which gives the minimum Gi(Ln) is the Truest Risk Estimate (TRE)

for Std (Ln, 1 hr, 1 hr/yr).

We have from (1) that the Kolmogorov Axioms are satisfied for a
probability space which has £ = (w], Wos « o - w135) as its sample space, If each
Ws =(d1, ei,dj; kh) is considered to be equally likely to give the TRE, then a
curve of the type depicted in Figure 2-9 is a cumulative probability distribution
on the TRE for the given standard level. Assuming arbitrariness has been
minimized in the selection of the experts énd each ky is equally 1ikely to give
the best approximation of Pct(Ln), from the public point of view each Wy is
equally 1iké1y to give the TRE,

These circumstances suggest a public probability interpretation of the type of

curve depicted in Figure 2-9. "Public probability" for two reasons: First, the
particular experts contributing judgments were selected and encoded“for the

express purpose of assessing the risk associated with alternative

standards by the public regulatory agency that has the responsibility of setting
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the standards. Sec0nd, it is the public regulatory agency that would make the
decision to regard each w; as being equally likely to give the TRE.
This interpretation of probability is 1ike, but not exactly the same as, both

the subjective interpretation and the classical interpretation of probability.

The classical interpretation is of a relative frequency type, but relative
frequency in the sample space, not relative frequency in a random sample.
Games-of-chance examples in textbooks often for the sake of simplicity use the
classical interpretation. The 135 w's have the symmetric appearance of games-
of-chance examples, but, just as ih~sdéh gameé, someone has to decide to regard the
elements of the sample space to be equally likely. In this case that someone

is not a private individual, but ratheg.a public regulatory agency; hence the

interpretation is not a subjective interpretation.

This particular interpretation is the weak interpretation of public pro-

bability. The label for the vertical axis of the curve in Figure 2-9 uider the
weak interpretation would read “Estimated Public Probability that the Truest Risk
Estimate is less than or equal To the given risk value", “There s atso a strong

interpretation of public probability. The label for the vertical axis of the curve

in Figure2-9 under the strong interpretation would read "Estimated Public
Probability", period. Under the strong.ihterpretation a feature of the

weak interpretation is dropped. The probability distribution is no longer on a
point of the sample s_pace.’r The probability distribution is on threshold risk, not
on the TRE. The public agency decision is to give each w; equal weight in a
cumulative probability distribution on threshold risk; that is, the decision

is to regard the whole curve as a probability distribution on threshold risk.

On the true threshold risk, RT(Ln)?, That depends on whether RT(Ln) exists.

*An endpoint adjustment is made in the way the curve is plotted; the points
are (ri, i ), rather than (r., i )}, under the strong interpretation. This
138 L & 11 |

adjustment follows the recommendation of Gumbel (22).



Case 2: For a given body of evidence relevant to the value of a quantity,
there does not exist (even conceptually) a probability distribution
which is the most rational representation of the uncertainty about the
value of the quantity.

In this case, RT(Ln), the true threshold risk, does not exist. So, under
the strong interpretation of public probability the curve is a public
probability distribution on threshold risk, but not on the true threshold
risk since no such thing exists. The weak interpretation of public probability
is not avai]éble in this case, because the TRE is not wéll-defined; none of the
135 ri's can be nearest the true threshold risk if there is no true threshold
risk.

Since the weak interpretation of public probability is not available
in one of the two possible cases and the strong interpretation of public
probability is available in both cases, it is best to adopt the strong
interpretation. The curve can be thought of as a probability distribution
on the true threshold risk if there is a true threshold risk=just on threshold
risk otherwise. Threshold risk definitely exists, whether there is a true
threshold risk or not.

The practical import of the probability distribution is the same in either
case. The distribution indicates the public probability that threshold risk is less
than or equal to various values. Thus, distinctions of degree can pg made in a
meaningful way-within the fuzzy risk range. Each alternative standard has a public
probability distribution (actually, a ribbon) associated with it and these
distributions (ribbons) can be compared. The public has a meaningful way

of comparing the alternative standard selected to the alternative not selected.
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In generating public probability curves it is useful to recognize
their classical structure in dealing with a third type of secondary uncertainty
that can arise, disagreement among experts in their judgments on the
number of threshold-independent categories. For example, suppose that half of
the experts judge there to be three threshold-independent categories (only one
of which requires a probability-of-existence judgment) and half judge there to be two
in a situation similar in every oﬁher respect to the situation under consideration. |
Assuming there are two independent categories has given 33 x 5 = 135 risk estimates.

4 X 5 = 405 estimates.

Assuming there are three independent categories gives 3
Plotting 135 + 405 = 540 estimates would give undue weight to the judgments

of those experts who judge there to be three categories; the resulting curve

would not be a probability distribution on the TRE under the weak interpretation

if the true risk exists. So, under the strong interpretation making no assumptions
about the existence of a true risk, the correct approach should give the two

groups of experts equal representation in the sample space; this is accomplished

by counting three times each of the 135 r;'s calculated while working under

the assumption that there are two independent categories. Then, 3 x 135 + 405

= 405 + 405 = 810 risk estimates are plotted.

(3) The public probability distribution for a given standard in a given
location would include the judgments of every member -of “"the set of best-
informed experts."” Since the membership of this set could in principle be
specified by ha#ing the public agency make (in some cases arbitrary) decisions on
who is and who is not a member, the fact that it is unwise for the Agency to do so
does not affect}the conceptual existence of the public probability distribution.
Another reason the label on the ribbon diagrams (see section 4.4) is "Estimated
"Public Probabi]ity""rather than just "Public Probability”, is that on the air
quality side the public probability distribution for a given standard and location
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is the limit of successive approximations which can be made by increasing
without 1imit the number of shape-factor values used (see table 3-3).

Obviously, the probability distribution which is used to estimate the
public probability would be different if the subset of experts who contributed
probability judgments were different. So, why should any one distributiop
be considered to give the estimated public probability? For the same sort of
reason any one jury's decision should be considered the decision in a court case
(assuming there was due process), even though another group of twelve people might
have decided differently. In pragmatic decision-making, where subjecti&e judgment
inevitably plays a vital role and resource constraints are inevitably a factor,
arbitrariness should be minimized, but it can't be avoided. The method suggested
here attempts to identify and isolate those junctures at which there is
inevitably some arbitrariness, so that how to proceed at such junctures in
general can be carefully considered, and so that how the Agency does proceed
in particular cases can be scrutinized by the public.

The jury analogy cannot be pressed too far, of course. The regulatory
agency decision-makers, not the health experts,make the decision on what ribbon
to acceptf The fact that in selecting a standard they are also accepting an
associated risk ribbon separates the normative judgment of what risk ribbon to
accept from the assessment of risk itself. These two types of judgment are
best kept clearly separated.

Can the arbitrariness which is unavoidable in selecting a particular
subset of health experts to make the judgments which help give rise to risk
ribbons be avoided by returning to simpler times when risks, not risk ribbons,

were accepted? An assumption of this rhetorical question is false. In

*The topic of risk acceptance is not addressed in this report; see Rowe (23).



accepting risk one is always accepting a risk ribbon, since a particular risk
number is a special case of a ribbon — the special case in which one judgment
is accepted at each point where there is a secondary uncertainty. Even if

these judgments are made by highly qualified experts, there is more, not less,

arbitrariness in ignoring-the secondary uncertainty problem in assessing risks.
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2.3 General Description of the Method

Tae previous section discusssed the underlying principles involved in
assessing the risk to the most sensitive members of the population from a
siven air poilutant in an area just meeting a specified level of air quality.
This saction describes the method in more detail giving the basic tools for
astimating the risks. The mathematical framework is presented showing how
the uncertainties concerning the health effects thresholds and the maximum
pollutant concentrations observed in a given time period are combined quantitatively
to determine the risk. Next, the methods for obtaining the probability functions

for maximum concentrations are discussed.

In the following subsections only the actual working equations used
ia the calculations are shown. Their derivations are given in Appendices
3 and C. An understanding of the underlying mathematics {s not necessary

to an understanding of the method or its application.

3.1 #athematical Description of the Method

:n tha preceeding section it vas pointed out that the risk of exceeding
1 ru2 hwealth effects threshold in a given period of time is determined by

t2 uncarzaiaty {n the location of the health effacts thresheld (or in the
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case of multiple thresholds, the uncertainty in the location of the lowest
threshold) and the uncertainty in the maximum oxidant concentration oéer
the given time period. It can be shown, by appliication of the theory of
probability, that the follewing equation gives the relationship between
the risks and the above uncertainties:

R =1-f P.{(C)p.(C)dC Q
( c\v/Py )

where:

R = Probability (Risk) that a true health effect threshold,
or the lowest of a multiple number of thresholds, is
exceeded one or more times in a given time period
(e.g. one year, five years, eatc.).

PC(C) = Probability that the highest observed time-averaged
(e.g. one hour, two hour, etc.) pollutant concentration
does not exceed the concentration C in the given time
period.

PT(C) = The probability density function for the health effsct
threshold or in the case of multiple health effects
the function for the lowest effect (the composits den-
sity function).

The derivation of Equation (1) is given in Appendix B.

Equation (1) also holds for a more general case in which R is defined
as the risk of m or more exceedances of a threshold in a given time period,
where m may have the integral values 1, 2, 3, etc. In this case P, is
redefined as the probability that the mth highest time averaged pollutant

concentration does not excsed the concantration C in the given time period.



In other words, Pc is the cumulative distribution of the mth highest time
averaged pollutant concentration in the time period of fnterest.

It was pointed out in the last section that specifying the national
ambient air quality standard for a pollutant 1imits the range of Pc(c)
functions which will satisfy the air quality requirements of the standard.
If this 1imitation can be expressed quantitatively, and the health effect
threshold density functions have been determined, then for any given
specification of the standard, a range of risks associated with that speci-
fication can be calculated from Eq. (1).

In practice, it is only convenient to use Eq. (1) directly to calculate
risk when a single health effect with an existence probability of one is
involved. When the risk that lowest of n health effects will be exceeded
is to be calculated and when there is uncertainty as to whether one or
more of the effects actually occur in the sensitive population at any

attainable pollutant concentration, the following expanded version of
Eq. (1) s used. (See Appendix B):

R=1 - [Pe(Clpy dC - (1-e1)(1¢p) (1) (2)

where:

p; = The probability density function for the location of the
lowest of n thresholds over the possible range of concen-
trations of the pollutant.

e; = The probability that the ith health effect actually occurs
in the most sensitive population in the possible range of
concentrations of the pollutant.

3-3



The function p; is calculated from:

e.p;  e,p. e p®
. 8 1 1 2 2 » e 68 n
pT of Q‘ + 02 + + ——-n-qn ] (3)

where

®
P{ = The probability density function for the threshold of
the ith health effect assuming its e; = 1. (That is,

{ p; dc = 1).
0

In practice p; is obtained by asking the subject health expert in
an encoding sessfon to first give his best judgment of the value of e,
and then encoding him as to the location of the threshold assuming that
the effect actually occurs in fhe sensitive population at an attainable
pollutant concentration. As was discussed in Section 2.2.7, the encoding
procedure gives the cumulative distributions for the health effects thres-
holds. These functions are differentiated by numerical methods to obtain
the h;.

The terms Q1 and Q in Eq. (3) are calculated from:

¢

Q = 1 - ey { p; dc (4)
Q = 01Q2Q3""Qn 4 (5)



The Qi are seen to be functions of the cumulative distribution of the‘
srobabiiity density functions p;.

Thus, given the PC(C) functions corresponding to different levels
of the standard, the probability density functions p; for n independent
health effects and their corresponding ey, Egs. (2) through (5) can be
used to calculate the range of risks associated with alternate specifica-
tions of the ambient air quality standard. The risks can be calculated
7ir the individual health effacts and for composites of two or more of the
ertects in any combination. As will be discussed in later sections, cal-
culating risks for individual health effects and various combinations can
pe of value where the effects diffar significantly in their seriousness.

The calculations involved in £qs. (2) through {5) can be most con-
jenfently carried out with a computar. The function p; can also be
ciicuiated by differentiating its cumulative distribution function. The
s.zuiative distribution is a function of the gxfstence probabilities e,
sad the cumulative distribution functions of the p;. (See Appendix 3.)
2ss compurational labor is involved with this amethod if thare is no

o
‘ataraest 1n knewing the density functions p;-

(V%]

n



3.2 Obtaining the Pq(¢) Distributions

As indicated in earlier sections the Pc(c) function is the cumulative
distribution function for the highest time-averaged pollutant concentration
for a specified period of time. If the risk is calculated for m or wore
exceedances, it is the cumulative distribution for the mth highest concen-
tration. To simplify the following discussion it will be assumed that the
concentration averaging time is one hour.

The PC(C) function for a pollutant in the air over a given region {s
a measure of the air quality for that region with respect to the pollutant.
Specifying a National Ambient Air Quality Standard places a 1imitatfon on
the range of PC(C) functions corresponding to air quality just meeting the
standa;-d. For example, if the ambient air quality standard specified an
expected (average) value of maximm hourly average concentration for a one-
year period was not to exceed a given level, this would immediately locate
the mean value of the distribution of maximum values and thus define the
concentration region in which the preponderance of maximm values must
occur. However, depending upon the area and the control methods used to
meet the standard, the distribution of maximum values about the mean could
be relatively narrow or spread out. [t {s expected, however, that there
would be practical limitations on the degree of spread of the distribution.
Therefore, specifying the expected maximum concentration limits the P.(C)
distributions just satisfying the standard.

In applying the risk assessment method it {s necessary to determine
the range of Pc(c) functions just meeting each alternate specification of
the standard. While, in principle, this should be possibie for almost any
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type of standard it is more readily done for standards with statistical
forms than for standards with deterministic forms.

The P, distribution function is related to the distribution of
hourly average concentrations. However, the presence of correlation
between hourly average concentrations observed in different hours and the
dependence of concentrations on time of day or period of the year can
strongly affect this relationship. Air pollutants commonly show this
correlation and time dependence and these effects must, therefore, be
taken into account in developing suitable Pc functions. The approach
to taking these effects into account that will be discussed here makes
use of the case in which independence of hours and no time dependence of
hours are assumed. This case will be disenSSed—ftrst;

If no correlation or time dependence of hours exists then 1t can
easily be shown (See Appendix C) that:

pc = (1-6C)" (6)

where Pc is the distribution of the highest concentration for m hours.
(n = 8760 hrs. for one year or 43,800 hrs. for 5 years.) The function
G(C) is defined by:

&(C) = Pr [C,e > C] (7)



That, is,6(C) is the probability that an observed hourly average concentra-
tion is greater than C. It is an altermative way of expressing the cumula-
tive distribution of hourly average concentrations depicted im Fig. 2-6(a) in
section 2.3. If the distribution function in Fig. 2-6(a) is labeled F(C)

then:

F(C) = Pr[Cops <C1 (8)

from which it follows that:

6(C) = 1 - F(C) (9)

If the broader definition of Pc is used, the expression is mors complex.

-1

pf:') =3 m—%ﬂ-e“ a-e"" (10)

v=(

where Pg') is the distribution of the mth highest hourly average concentra-
tion for n hours. (See Appendix C for derivation.)

Thus, if the distribution function G(C) s known, the desired P.
function can be obtained from application of Eq. (65 or {(10). Studies
have found that the distributions of short-tarm time averaged concentrations

of air pollutants can usually be represented by lognormal, Weibull, or gamma

distribution functions (24). Of these the Weibull function provides a good



it to photochemical oxidant air monitoring data and is convenient to

g3 sinca its G{C) function can be stated explicitly.
K
sc) = o (C/é) (1)

T airamazer § is raferred to as tne scale factor. It is the concen-
estion corrasponding to G(C) = C.368. It establishes the approximate
sc3ition of the mid-concentration values of the distribution. The para-
metar x i3 called the shape factor. It tends to be a measure of the

soread Jf the distribtution. The larger k the more compact the distribu-
tion. 1€ the values of k and § have been determined for a given geographic
ire3 the corresponding Pc functions can then be obtained by usa of Egs.

.53 and {11) (or Egs. (10) and (11)) at the given leval of air quality.

s

tne risk assessment it is necessary to conunect zitsrnative levels
;7 the ambient air quality standard with the correspondina PC function.
This is 2asily done tarough the Weibull distribution, £9. {11). The pro-
~z2d form for the ozone standard is:

Cc,p pom hourly avarage concentration with an axpacted

I

vmpar of axceedances per year less than or equal to E.

= > n Appandix T that Tor any ragion to which the Weibuil function

(73]

. . N o . - ¢ o
.ot s meat: tie srandard:
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CSTD = level of ambient air standard.

E = expected number of exceedances in "E hours.
The term ne is customarily the number of hours in one year or 8760 hours.
The expected exceedance rate would normally be one for an air standard.

In this case Eq. (12) becomes:

8(c) = o 9-078 (clcm)" (13)

It should be pointed out that from the point of view of the risk assessment
method developed in this report, the designation of the expected number of
exceedances is a relatively arbitrary matter and could be set at any value
that gives a conwenient level for Cery SO long as the risk is the same
(the value of a in Pé") of Eq. (11) has a.more direct impact on health since
it directly bears on the number of exceedances of a true threshold}. For
example, if it i{s decided that it is undesirable to have any exceedances of
a true threshold over a given time period then the Pc used in the calcula-
tion is Pc(1) (see Eq. (10)) and once an acceptable level of risk is chosen
any combination of E and Ceyp values which yields this risk value in a
given area give the same level of protection.

The combination Cep and E determine the general location of Pc while
k determines its spread. Figure 2-7 (Sec. 2.3) shows the Pc functions for a
one-year period for a series of alternate levels of cSTD with E = 1 and
for the Weibull shape factor k = 1. Figure 2-8 (Sec. 2.3) shows the effect
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of changing the shape factor at Ccn = 0.1 ppm and E = 1. Figure 3-1 shows
the effect of changing k for a Pc covering a 5-year period. It is seen

from the three figures that changing CSTD displaces the Pc function over

a wide range while having a relatively small effect on its shape. Chang-

ing k causes 1little actual displacement of the Pc for a one-year period

but has a large effect on its shape. The changing k causes the Pc

function in Figure 2-8 to pivot about the point (0.10, 0.368). The effect

of k on the P. for a five-year perfod (Fig. 3-1) is still largely in the

c
shape of the function, but there also seems to be more displacement. This
results from the fact that the pivot point for the distribution {s now
very close to the concentration axis (0.10, 0.007). In general, calculated
risk values will be more sensitive to changing values GSTD than to changes
in k over the usual ranges of these parameters.

From the preceeding discussion it is seen that the assumption of
independence of hours and the use of the Weibull function to represent
the distributfon of hourly average concentrations readily yield Pc and
Pé') functions. The Weibull can be used with 1ittle loss in accuracy
even where otﬁer distributions such as the lognormal distribution provides
a better fit to the concentration data. The primary concern in estimating
the appropriate Pc function is to have it placed properly along the con-
centration axis and have the correct degree of spread. The parameters.
8 and k in the Weibull function provide Qide flexibility in this regard.
As shown above, the standard level essentfally places the P. function.
The appropriate values of k can be obtained by fitting a Weibull distribution

to hourly average concentration data obtained from air monitortag-sites.
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figure 3-1. Pc Function for 5-Year Period for Different Values
of Weibull Shape Factor, k
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.2 range of applicable k values for standard-setting purposes should be
.sze~1inad by examining aerometric data in areas that are close to the
concentration ranges of the alternate levels of the standard under con-
sideration. Where this is not possible, the k values can be determined
at existing levels of air quality and the results extrapolated to potential
scandard levels.

dYhile using a Weibuil distribution where a lognormal or gamma distri-
~4Tion mignt be more appropriate does not appear to laad to serious errors
4 the risk estimatas, ignoring the possible dependence of hourly average
concantrations can lead to significant error. An internal EPA study (25)
snowed that dependence of one hourly concentration on the value of another
4id not lead to serious errors if independence of hours was assumed. MHow-
zvar, {t aisc showed that dependence of concentrations on time of day or
rear cin i2ad to PC functions which were placed lower on the concentration
ixis than wouid be obtained assuming no time dependenca. Wian this time
raosendence can be modeled it should be possible to generate the corres-
sonding ?C tadles of functions and express them mathematicaliy. This aas
.she in :he EPA study for the 9211? maximum hourly average ozone concentra-
cion.

Asother approach can be taken {f the time dependence is such that the
ladimum concantration tends te occur only within some determinable period
-2 the socbability distribution of concentrations {s approximately the

iae for 071 ccurs within the time period. In this case all hours outside

™
&
£

te Lirtod 23a se exciuded and independence assumed for the hours withia
.o3amted. 0 odeihull dizcrioution them could te fit to the hours within

i oTnoULr Tn ogatant. e the aporopriate k valuas and Egs. (5] and (12)

18

¢o:z oty ¢l culate 2., To the exteant that the pericd under consideration is

w



ilso 1ikely to contain the mth highest hourly average concentration, Pc(")

wuld be obtained using Eq. (10). The term nc in Equation (12) would be

set equal to the number of hours per calendar year of the time period. The term
1 in Equation (6) would be ne times the number of years for which the risk

is to be estimated. As will be discussed in Section 4, this procedure was

ipplied to ozone.
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4.0 Application of the Risk Assessment Method to Ozone

4.1 Introduction

The risk assessment method described in the previous sections has
been developed during EPA's review of the Photochemical Oxidant NAAQS, which
EPA proposes to rename the Ozone NAAQS. The initial application of the
method has been to ozone. In order that the public be made aware of the method
and some preliminary results of its application, a preliminary report was
issued on January 6, 1978, Since that time two more health experts have
contributed judgments, the question of the number of threshold-independent
categories has been investigated further, and more suitable shape parameters
for the Pé distributions have been chosen. A1l of these changes affect some
or all of the risk estimates. The risk estimates are now presented in risk
ribbon diagrams, as well as in tables as averages.

This section presents the finél results of the ozone risk assessment..
Subsection 4.2 presents the judgments of the health experts, including their
subjective probability distributions. Subsection 4.3 presents the method
used to derive the Pc probability distributions for ozone. Subsection 4.4
presents the results of the risk assessment.

4.2 The Judgments of Health Experts

Judgments were elicited from the nine health scientists listed in
Table 4-1. There is a consensus that there are at least two threshold-
independent health effect categories for ozone. The category of reduced
resistance to bacteria infection was judged to be threshold independent of
the remaining health effects of ozone. The evidence on this category of
effect is mainly from animal toiico]ogica1 studies, so the three toxicologists

contributed judgments for that category.
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Richard Erlich
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Jack Hackney

Steven
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.Carl Shy

Clinical Investigator
Epidemiologist
Epidemiologist
Toxicologist
Toxicologist
Toxicologist

Clinical Investigator
Clinical Investigator
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The Advisary Panel on Health Effects of Photochemical Oxidants,
ceveral of whose members supplied distributions for this assessment,
has advised that the information in the revised criteria document

indicates a one-hour averaging time represents a satisfactory estimate

o

7 the exposure duration which a primary ozone or oxidant NAAQS should
-2ct against. Therefore, the health effect categories considered
rzoresent short-tarm effects only. Most of the evidence for the re-
72iaing short-term effects of ozone is from clinical and epidemioliogical
studies. Hence, the six clinical investigators and epidemiologists
coentributed the judgments on these effects.

There is not a consensus on how many thresho]d—independent cate~
jories there ara of the remaining short-term effects. Two experts
f21t that there afe three additional threshold-independent categories.
For one of these two experts the three additional categories are:

dycticn in pulmonary function; cough, chest dizcomfert, and irritation

(i

of mucous membranes of nose, throat, and trachea; and aggravation of
asthma, emphysema, and chronic brénchitis. The other agrees, except
~hat ne feels emphysema and cpronic bronchitis belong in the same
zitsmory witn couch, chest discemfcrt, atz. One expert judges that
tnerz ars two additional thnrechold-independent categories; he would
croin the affects similar to the way the First axpert who judges thers
ur catesorias does, except he grouss reducticn in pulmcnary

noiad w3gconeszion of isthma, emphysema, and chronic broncnitis

\

“: "oz SAME Categry. Three experts feel that a1l of the remaining

otc are thrachoid interdependent. In curmation, it is



uncertain whether there are two, three, or four fhreshold-independent
cétegories for ozone.

Judgments were elicited from three experts for each of the following
four categories: (1) reduction in pulmonary function; (2) cough, chest
discomfort, and irritation of mucous membrances of nose, throat, and
trachea; (3) reduced resistance to bacterial infection; and (4) aggra-
vatipn of asthma, emphysema, and chronic bronchitis. The secondary
uncertainty about how many of these categories are threshold independent
is taken into account in the risk estimates. Of the nine sets of judgments
elicited for categories (1), (2), and (4), two each were contributed by Drs.
Bates, Chapman, and Shy, one each by Drs. Carroll, Hackney, and Horvath.

In this initial application of the method seVgral subjective pro-
bability distributions were elicited from Drs. Shy and Goldstein before
the final scheme for matching special fields of expertise to categories
was determined. Several of those distributions did not fit the scheme
arrived at later, and thus have not been used. It is contrary to the
spirit of the method, of course, to encode more distributions than are
intended to be used, and then select the ones to include in the
assessment. When those distributions which do not fit the scheme
arrived at later were encoded, they were intended to be used. In
future applications the scheme will have been determined before
Jjudgments are elicited.

The definition of conditions of exposure will improve with time.

They were not as precise as described in section 2.2.7 in two
respects for the application to ozone. First, although the experts

were asked to make their judgments for the ambient air of an average
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United States city, to take additive effects from other pollutants
in the air into account and to not double-count for other NAAQS
pollutants, ambient levels to assume for other NAAQS pollutants were
not specified. Second, the way in which adaptivity should be incor-
porated into their judgments was not specified precisely.

Although care was taken to emphasize that their best judgment, not
the easiest-to-rationalize judgment, was desired, the health experts were
encouraged to verbalize their thoughts about how they came to their
probability judgments. These comments were noted and are used to sketch a
very rough picture of the reasoning behind each expert's distribution.
(1) Reduction in Pulmonary Function

Three clinical investigators contributed subjective probability
distributions for health effect category 1, reduction in pulmonary
function. The amount of decrement in pulmonary function considered a
health effect(as measured by percentage reduction in forced eXpiratory
volume (FEV) response)was described by Expert B as 2-3% above the noise
level, which will be diffgrent for djffgrent groups, and by Expert A

as just above noise level. The percentage changes in mind when judgments were
made were roughly 5-10% for Expert A, 15% for Expert B, and 10% for

expert C. By consensus, asthma and infrequent exposure to high ozone
levels were two characteristics of the most sensitive group. Expert A
further characterized the most sensitive group as exercising, particularly
those exercising at high altitudes. Expert B further characterized the
most sensitive group for whom data was available to him, as a working
population of asthmatic subjects. Expert C further characterized the most

sensitive group as young (children) or elderly.
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None of the three experts felt that one occurrence of the effect is
serious; one occurrence is reversible, even for the most susceptible
group. However, Expert A expressed concern about any impairment of
functioning, and Expert C stressed that the sericusness goes up rapidly with
the frequency. _ '

The three subjective probability distributions elicited for
_reduction in pulmonary function are given in Figure 4.1, Although
at most concentrations experts B and C differ some in their assessment
of the probability that the health effect threshold is less than the
~given concentration, the trend of their judgments is close compared to
. these of expert A. The three medians (0.5 probability) are approximately
. 0.075 ppm for expert A, 0.175 ppm for expert B, and 0.18 ppm for
expert C. Experts B and C assign a probability.in the 0.03-0.05 range to
the proposition that the threshold is less than Q.1 ppm; expert A assigns
a probability of about 0.97 to the 0.18 ppm concentration which is roughly
- the median for both B and C.
In making his judgments, Expert A mentioned the results of
_,DeLucia and Adams (1977) on the effects of ozone on exercising
individuals. Experts B and C did not give the epidemiological
‘studies reviewed in the criteria document and the von Nieding, et. al.
(1976) clinical study very much weight. In light of the questions
that have been raised, they will be skeptical about the von Nieding results
until they are replicated. Expert B mentioned that he has noticed hints of an
- effect at abouﬁ 0.2 pem in his investigations of asthmatic subjects; taking
variation in susceptibility into account, he estimated a median of 0.175 ppm.
_ Expert C estimated that it would take about a two-hour exposure to 0,37 ppm

to cause a health effect in normal people, about a one-hour exposure to 0.37 ppm
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to cause a health effect in very sensitive asthmatics such as those
for whom the threshold is defined in this assessment.
(2) Cough, Chest Discomfort, and Irritation of Mucous Membranes of
Nose, Throat, and Trachea

One clinical investigator (Expert A) and two epidemiologists
(Experts B and C) contributed subjective probability distributions
for health effect category 2. A heé]th effect for this category
was defined to be a coughing spell, sore throat, etc. sufficient to cause
discomfort. By consensus of all three experts, the most susceptible
group is exercising children. Expert C added that healthy children are
probably the most sensitive since their nervous system would be the
most acute. By consensus, category 2 is the least serious of the four
categories of health effects; one occurrence is reversible.

The three subjective probability distributions elicited for category
2 are given in Figure 4-2. The three medians are about 0.13 ppm (Expert c),
0.15 ppm (Expert B), and 0.18 ppm (Expert A). Expert A assigns a pro-
-bability of about 0.97 to the threshold being in the 0.1 ppm to 0.25 ppm
concentration range; Expert B assigns a probability_of about 0.95 to the
:thresho1d being in the 0.09 ppm to 0.3 ppm concentration range; and Expert
C assigns a probability of only about 0.90 to the threshold being in the
'0.05 ppm to 0.4 ppm concentration range. Hence, the three experts not
only differ in the relative weight they put on various relevant studies,
but also in the absolute weight they put on the body of evidence that is

available.



SR 1 | - ¥ 4

SUBJECT

IITE AVIEWER .

........

1
Ti'.{

t

05 |-—— ==ttt

04

A_Q

1.

a5
ke
o

,4C)

B

’

Chest Discomfort, and Irritation of Mucous Membranes of
(Experts A

Nose, Throat, and Trachea

=
[=2]
3
o
o
v.
N
]
==
v
S
=
(=]
o
L.
w
e
@
<
<
>

COMMENT




Different relative weight was put on the experimental findings of
Bates and Hazucha (1973), Hammer's study of student nurses (1974),
and the results of several Japanese epidemiological studies (Shimizu,
1975; Makino and Mizoguchi, 1975; Japan Environment Agency, 1976).
Possible additive effects had to be factored into the weighting of
these studies because the Hammer study and most of the Japanese results
were for oxidants, whereas the Bates and Hazucha findings were for oﬁone.
Also, the subjects of the Hammer and the Bates and Hazucha studies
were young adults, whereas the subjects of the Japanese studies were
school children.

A1l three experts considered the Japanese studies significant;
they also found their implications hard to assess since total oxidants
were measured, the relative contribution of other pollutants is not
clear, and in some cases group dynamics may have been a factor. In
making their judgments, Expert C, an epidemiologist, gave the Japanese
‘studies the most weight and Expert A, a clinical investigator,. gave them
the least.
(3) Reduced Resistance to Bacterial Infection

The subjective probability distribution of three toxicologists
was used for category 3, reduced resistance to bacterial infection.
Most of the scientific basis for the health effect is a set of toxicolo-
gical studies on animals. Experts A and C define the health effect for
this catagory to be an increased incidence of bacterial infections in
humans . Expert B defined the health effect to be an increased incidence
of bacterial infections in humans or an increase in the severity of already

occurring infections.
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By consensus, the most susceptible group for category 3 is young
children. Young children do not have fully developed lungs and immuno-
logical protection. Expert A characterized the most susceptibie group
more finely as: (a) prematurely born, since the lung development of
prematurely born children lags behind that of the normal child until
the age of about five; (b) not asthmatic; hence, airways are in good
condition, and they will breathe deeply; (c) exercising vigorously.

Reduced resistance to bacterial infection itself was not described
as being serious, but concern was expressed about: (a) increased severity
of bacterial infections; (b) the obvious consequence to some of the people
who have their resistance to bacteria infections reduced, namely, a
bactérial infection they would not have had otherwise; and (c) the
poséibi]ity of an increase in the risk of other, even more serious,
health consequences due to the existence of the resulting bacterial
infection. Expeft B felt that the very old would belong to the group
that is most susceptible in this sense.

Expert A's subjective probability of the health effect existing in
humans was the lowest, namely 0.3. He believes that concentrations of
ozone high enough to injure macrophages (which are a vital part of the.
body's defense mechanism against bacterial infection) may never reach
the alveoli (air cells of the lung) of humans in commonly occurring ambient
situations. First, he observed that there are anatomic differences
between human and rodent lungs such that the exposure required to achieve
the same dose to the alveoli is larger for humans. Second, he conjectured
that irritation to the upper respiratory tract might be great enough to

make most young children stop exercising before the dose necessary to

cause the effect ever reached the lower lung. In support of this
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conjecture, he referred to “a piece of work done at Riverside, California,
in the 1960's" in which mice stopped running after a certain amount of
exposure to ozone.

Because of the anatomical difference in the lungs of rodents and
humahs, and because of the difference between the conditions of actual .
human exposure in the ambient atmosphere and the conditions of exposure
in the Gardner, et. al., infectivity model, Expert A felt it would take
much higher concentrations than Q.1 ppm to cause the effect in humans,
if it indeed caused the effect at all.

Expert B expressed a very different point of view on the probability
of existence of the effect in humans. His subjective probability of
existence in humans is 0.95. He expressed confidence that the lower
lung of humans would receive the dose necessary tﬁ cause the effect if
the exposure concentrations is high enough. This confidence was partially
based on the results of the mathematical modeling approach to estimating
ozone uptake in the deep lung done by Miller (Ph.D. Thesis). Some of
the differences between Experts A and B on this question may be due to
the fact that Expert B explicitly introduced an increase in severity
of an already occurring bacterial infection into his definition of the
 health effect, whereas Expert A did not.

As can be seen in Figure 4-3, Expert B also has a very different
view of the probability that the threshold is below various concentra-
tions. His median is 0.11 ppm. He feels that the threshold for very
susceptible humans is most likely about the same concentration as the

concentration (0.1 ppm) which has been found to cause the effect in rodents.
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| Expert: C's subjective probability that ozone contributes to

the effect in humans is 0.5. He feels that if the effect does occur

in humans, the threshold for its occurrence in very susceptible indi-
‘viduals is most likely to be even less than the 0.7 ppm concentration
which apparently will cause the effect in rodents. His median is about
0.07 ppm. He thinks there is a significant possibility that the
threshold is as Ioﬁ as about 0.04 ppm. But, he acknowledges the
possibility that the threshold mighé be as high as 0.35 ppm, either
‘because humans are different than rodents or because, despite

their apparent validity, the results at the 0.1 ppm level are

misleading for rodents themselves.

(4) Aggravation of Asthma, Emphysema, and Chronic Bronchitis

Three epidemiclogists have contributed distribﬁtions for health
ieffect category 4, aggravation of asthma, emphysema, and chronic bronchitis.
For expert B aggravation of asthma is threshold independent of aggravation
of emphysema and chronic bronchitis. He groups aggravation of emphysema
and chronic bronchitis with the effects of category (2). Expert C feels
the evidence for this category is sparse, and that what little evidence
there is applies mainly to aggravation of asthma.

A health effect for this category was defined to be an aggravation
of one of the three lung diseases. It was observed that such aggravation
not only increases discomfort, but also affects the individual's functioning,
which is already restricted, and can have more serious irreversible conse-

quences. The effect was described as serious. Expert C remarked that
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4.3 Deterwination of P Functions for Ozone

As suggested in Sections 2 and 3 estimating the appropriate Pc
function involves: 1. determining the mathematical function or functions
which best describe the distribution of time-averaged ambient concentrations
of the pollutant; 2. given the distribution of time-averaged concentrations,
the standard, and the nature of the correlation between concentrations in
neighboring time periods and dependence upon time of day and year, deriving
suitable Pc functions; and 3 <es-t‘1'mat1‘ng Athe ran>ge rof values of parameters
appearing in the Pc function.

A study performed under contract for EPA involving 14 sites scattered
around the United States and involving 22 site-years of data shonéd that
the Weibull Distributfon (Eq. (11), Section 32) provides an excellent fit
to hourly ozone concentrations(17). In only two cases did a lognormal
distribution give a superior fit.

Ozone hourly average concentrations exhibit strong correlation and
strong dependence on time of day and time of year. The day of the week
also has some effect. As indicated in Section 3, the correlation between
neighboring concentrations does not appear to have an important effect on
the Pc function; however, the time dependence does.

The method of dealing with the time dependence discussed in Section 3
was to find a time period in which the time dependence was relatively con-
stant and uh'lch was highly 1ikely to contain the maximum hourly average
concentration for the time period. If such a time period existed and a
distribution could be fit to the tiﬁavenged concentrations within this
period, then the appropriate Pc function could be derived by assuming
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complete i{ndependence of the time-averaged concentrations. For ozone this
perfod {s during the midday hours of the warm months of the year.

In a continuation of the above-mentioned study {177 it was found that
Weibull distributions could be fit to data obtained between 11 AM and 6 PM
both from May through September and July through August. It was further shown
that the maximum ozone concentration had a significantly greater chance of occurring
during the longer period. Therefore, this time period, which contains 1071
hours, was used in the derivation of the Pc function.

The form of the National Ambient Air Quality Standard proposed for ozone
1saneSTD“ppnfhourly average conceatratien wdth an expected: number of exceedances
per year less than or equal to one. For a region whose air qualfty just
meets this standard, the Weibull distribution of hourly averages for the
hours 11 AM to 6 PM, May through September, would be according to Eq. (12)
in Section 3.3:

k
G(c) = Q-('“‘ 1071)(CICSTD) (12)

And the Pc function for a period of n, years would be from Eq. (6) in
- Section 3.3.

P. = (]_e°(1n 1071)(C/CSTD)k) 1071 n,

c

By substituting alternate levels, CSTD‘ of the standard into Eq. (6')
the Pc function for ny years needed for the risk assessment can be sbtained.
However, before this can be done it is necessary to estimate the range of

values of the parameter k (Weibull shape factor) over differeat regions in
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cha Y.S. Table 4-2 shows measured k values for the 1071-hour time period
2$ seil as other time periods. The range for the values based on 1071
Csues s 1,31 to 2.04.

For the risk assessment best estimates were made of the lower-bound
and upper-bound values of k. This was done by probability encading two
~esearchers involved in the development of the Weibull distributions and
:ae 2. functicns. The information base was the data in Table 4'2',P]95,tb?

b

ie2d dev2iopad during the Heibull distribution studies. The data shown in
Tizie 4-2 are, by and large, for geographic regions above the range of

s tsrnative ozone standards considered. The Weibull studies suggest that
tha k factors at the stancard levels would be somewhat higher than those
saoom in Table 4-2. This factor was taken into account in the enccding.
Ths median values for tha location of the lower- and upper-bound shape.
“ieuare ware 1.36 and 2.54 respectively. The distributions obtained in
:.e :nceding sassions are shown in ?abie'4;£jh 5;5;;.353 ;ggg;wgfwghgaiues
4\rias somewnat with the standard leval, the range, sirictly speaking,
s-30%d te astimatad for 2ach alternative level of the siandard. In the
L.5i i Lilne tﬁe diffarence is nct 1ikely to te iavge encugh to sarfcusiy
SPect tre risk estimatas.

4 tpe above rangz of valuass for the weibull shape “actors, BG4 (30

<. .--g t5 calculate the P functions. Figure 4.5 shows the Pc functions ucac
_--=ziing sections tc z2iculate risk estimataes for a standard level of
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fable 4-2 Change in Weibull Distribution Shape Factors With Changing Time

Segment in Which Hourly Average Concentrations are Collected®

— Sits
Nsas City, Kansas

S Moines, lowa
Wueisville, Kentucky
“emwhis, Tennessee
hnarcneck. New York

Racine, Wisconsin

2 Reference 17V.

b 8760 hours.

¢ 1071 hours

d 434 hours.

e Poor Weibull fit.

Year

1975
1978
1974
1974
1975
1974

Shape Factor, k

Fyll Year

4-20

1.24
1.92
0.80
1.32
0.80
1.49

b

May-Sept.©
11 _AM-6PM

2.04
1.66
2.28
1.3

July-Aug.d

11 AM-6PR_

4.34°
2.40
2.02
2.34
1.57
. 1.99°



Table 4-3 Subjective Probability Distributfons for Upper- and Lower-Bound Weibull

Shape Factors (k) for Distributions of Hourly Average Ozone Concentrationsl

Probability

that k is Lower- Upper-
below specified Bound Bound

value k k

0.10 1.15 2.41

0.30 1.30 2.50

0.50 1.36 2.54

0.60 1.41 2.66

0.90 1.47 2.98
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Figure 4-5 Pc Function for Estimating Risks of Exceeding an Ozone
Health Effects Threshoid One or More Times in Five Years

1.0
0.8 -
0.6 !—
0.4 |- / Standard Level =0.10 ppm
Expected Exceedances
per Year = ]
Effective Hours.
per Year = 1071
0.2 |~ o
a.0 L | | i 1
0.08 0.09 0.10 0.1 0.12 0.13 0.14

Concentration, (ppm)
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t.o curves in the figure therefore bound the large majority of Pc functions

(“or the above parameters) that would be encountered in different areas of the

iecause the standard level enters into Eg (6') as a divisor of the concen-
oL or, Figure 4-5 can also pe used to indicate the P function for other
standard levels. This is done by relabeiing the concentration axis. For
axample, if the function is desired for a new level, CSTD' each number on the

roncantraticn axis is multipiied by CSTD/O.iﬂ.

Tiiimates were aiso made of the risk of exceeding an ozone health effect
B
vag3l i Five or mor2 times in five years. The corraspending Pc(a’ functions

‘i tne median upper- and lower-bound shape facters are shown in Figure 4-6. It
:. .eaen that these functions are much closer together than those in Fig. 4-5, Ag
the range of risk astimates for fiv2 or ~ors exceedances of 3 neaith
SifLets tpeeashold in @ Tive-year pericd will 2@ much saaliar than for one or
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Figure 4-6 Pe Functions for Estimating Risks of Exceeding an Ozone
Health Effects Threshold Five or More Times in Five Years

10T e e e e e e
k=2.54
0.8 }=
0.6 e
(8)
¢
0.4 |-
Standard Level = 0.10 ppm
Expected Exceedances
per Year =
0.2 Effective Hours per
Year = 1.0
0.0 | ] ] | 1
0.08 0.09 0.10 o.M 0.12 0.13

Concentration, (ppm)
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Figure 3-7 P, Functions for Estimating Risks of Exceeding an Ozone
" Health Effects Threshold "m* or More Times in "m" Years

1.0“”-'” )
0.8 |~
n
o 1
2
3
0.6 e -'-4
5
(m) |
Pe
0.4 |-
B Standard Level = 0.10 ppm
Expected Exceedances
per Year =]
0.2 |- Effactive Hours per Year = 1071
Shape Factor = 1,36
| ] L } ] { i { L 1 i |

0.08 0.09 .10 0.1 0.2 0.13 0.14 0.15
Concentration, (ppm)
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average risk can be significantly different from the risks for
low values of m. In general, it would give a lower risk than

that obtained using the Pc(m) for lower values of m.
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+.4 Risk Tables and Risk Riboons

nic section presents the guantitative results of the gzone isk
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Table 4-4(a). Risk that Health Effect Threshold Will be Exceeded 1 or More Times
) in 5 Years for Alternate Standard Levels*

Hourly average standard | (1)Reduction | (2)Chest discomfort (3)Reduced resistance to (4)Aggravation of asthma Risk of exceeding 1 or
level (1 expected ex- n pulmonary and irritation bacterial infection (animal emphysema, and chronic more of the thresholds for
ceedance per year) function of the respira- studies) bronchitis the individual categories
tory tract

0.06 ppm 0.14-0.16 0.03-0.05 0.03-0.12 0.03-0.04 0.25-0.30

0.08 ppm 0.22-0.26 0.09-0.14 0.17-0.20 0.10-0.15 0.42-0.50

0.10 ppm 0.31-0.36 0.21-0.27 0.24-0.26 0.22-0.29 0.60-0.67

0.12 ppm 0.41-0.47 0.34-0.42 0.28-0.29 0.36-0.41 0.74-0.79

0.14 ppm 0.52-0.60 0.47-0.56 0.31-0.32 0.45-0.50 0.83-0.87

Table 4-4(b). Risk that Health Effect Threshold Will be Exceeded 5 or More Times
‘ in 5 Years for Alternate Standard Levels*

Hourly average standard ] (1)Reduction | (2)Chest discomfort (3)Reduced resistance to (4)Aggravation of asthma § _ Risk of exceeding 1 or
level (1 expected ex- in pulmonary and {rritation bacterial infection (animal emphysema, and chronic more of the thresholds for
ceedance per year) function of the respira- studies) bronchitis the individual categories
tory tract

0.06 ppm . 0.M 0.03 0.08 0.02 0.21

0.08 ppm 0.19-0.20 0.06 0.15 0.06 0.36

0.10 ppm 0.27 0.15 0.21 0.16 0.52

0.12 ppm .0.35. 0.27 0.26 0.28-0.29 0.67

0.14 ppm 0.44 0.39 0.29 0.40 0.78-0.80

*Risk values expressed as range to reflect estimated variation in risk throughout U.S.



Figure 4-8. RISK OF EXCEEDING THE THRESHOLD* OF
AT LEAST ONE OF THE FOLLOWING HEALTH EFFECTS:
o REDUCED RESISTANCE TO BACTERIAL INFECTION
o AGGRAVATION OF ASTHMA, EMPHYSEMA, AND
CHRONIC BRONCHITIS

Estimated 1.0
Public \
Probability \ \

0.9 A

0.7 0.8 0.9 1.0

Risk of Exceeding a Health
Effect Threshold One or More
Times in a Five Year Period.

* HEALTH EFFECT THRESHOLD: Concentration at which 1%
of group most sensitive to the effect would suffer
the effect if the whole group were exposed under
specified conditions.
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Figure 4-9, RISK OF EXCEEDING THE THRESHOLD* OF
AT LEAST ONE OF THE FOLLOWING HEALTH EFFECTS:
o REDUCED RESISTANCE TO BACTERIAL INFECTION
o AGGRAVATION OF ASTHMA, EMPHYSEMA, AND

CHRONIC BRONCHITIS
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specified conditions.

Risk of Exceeding a Health
Effect Threshold One or More
Times in a Five Year Period.

Concentration at which 5%
of group most sensitive to the effect would suffer
the effect if the whole group were exposed under
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Figure 4-10. RISK OF EXCEEDING THE THRESHOLD* OF
AT LEAST ONE OF THE FOLLOWING HEALTH EFFECTS:
o REDUCED RESISTANCE TO BACTERIAL INFECTION
o AGGRAVATION OF ASTHMA, EMPHYSEMA, AND

CHRONIC BRONCHITIS

Tstimated 1.0
Public
Probability g
0.9 g‘#ﬂ
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0 0.7 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Risk of Exceeding a Health
Effect Threshold One or More
Times in a Five Year Period.

* HEALTH EFFECT THRESHOLD: Concentration at which 10%
of group most sensitive to the effect would suffer

the effect if the whole group were exposed under
specified conditions.

4-31



Figure 4-11 presents the ribbons for the risk of exceeding the health
effect threshold for the two most serious categories five or more times
in a five year period when the threshold is given the 1 percent definition.
Figure 4-12 similarly for the 10 percent definition. The ribbons genera11y
collapse to curves when the risk values are rounded to two decimal places for
five or more exceedances because the shape of the Pc distribution for the
fifth high hourly average ozone concentration is not as sensitive to
changes in its shape parameter k (see section 4.3).
Figure 4-13 presents the risk ribbons for all four health effect categories
when the health effect threshold is given the 1 percent definition. These
are the only risk ribbons presented which must deal with the fact that there
is secondary uncertainty about the number of threshold-independent health effect
categories for ozone. See section 2.4 for an explanation of how this type
of uncertainty is handled. The weights used were
3 - two independent categories
1 - three independent categories
2 - four independent categories
in view of the judgments related in section 4.2.
Figures 4-14 through 4-17 present the risk ribbons for the individual
categories. They are not as smooth because there are only 15 (= 3 x 5)
points being plotted, except for category 3. Category 3 requires a probability-
32

of-existence judgment so 45 (= x §) points are plotted for it.
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Fiqure 4-11.RISK OF EXCEEDING THE THRESHOLD* OF
AT LEAST ONE OF THE FOLLOWING HEALTH EFFECTS:
© REDUCED RESISTANCE TO BACTERIAL INFECTION
o AGGRAVATION OF ASTHMA, EMPHYSEMA, AND
CHRONIC BRONCHITIS
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Risk of Exceeding a Health
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* HEALTH EFFECT THRESHOLD: Concentration at which 1%
of group most sensitive to the effect would suffer
the effect if the whole group were exposed under
specified conditions.
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Figure 4-12. RISK OF EXCEEDING THE THRESHOLD* OF
AT LEAST ONE OF THE FOLLOWING HEALTH EFFECTS:
o REDUCED RESISTANCE TO BACTERIAL INFECTION
o AGGRAVATION OF ASTHMA, EMPHYSEMA, AND
CHRONIC BRONCHITIS
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13. RISK OF EXCEEDING THE THRESHOLD* OF
LEAST ONE OF THE FOLLOWING HEALTH EFFECTS:

REDUCTION IN PULMONARY FUNCTION

COUGH, CHEST DISCOMFORT, AND IRRITATION
OF THE NCSE, THROAT, AND TRACHEA

REDUCED RESISTANCE TO BACTERIAL INFECTION
AGCRAVATION OF ASTHMA, EMPEYSEMA, AND
CHRONIC BRONCHITIS
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Figure 4-14. RISK OF EXCEEDING THE THRESHOLD*
OF THE FOLLOWING HEALTH EFFECT:
© REDUCTION IN PULMONARY FUNCTION
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" Figure 4-15. RISK OF EXCEEDING THE THRESHOLD*
OF THE FOLLOWING HEALTH EFFECT:
o COUGH, CHEST DISCOMFORT, AND IRRITATION
OF MUCOUS MEMBRANES OF NOSE, THROAT, AND

TRACHEA
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Figure 4-16. RISK OF EXCEEDING THE THRESHOLD*
OF THE FOLLOWING HEALTH EFFECT:
o REDUCED RESISTANCE TO BACTERIAL INFECTION
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Figure 4-17. RISK OF EXCEEDING THE THRESHOLD*

OF THE FOLLOWING HEALTH EFFECT:
o] AGGRAVATION OF ASTHMA, EMPHYSEMA, AND

CHRONIC BRONCHITIS
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APPENDIX A
THE NEED FOR A RISK ASSESSMENT

How is it to be determined which alternative standards would provide
an adequate margin of safety? Assume for the present that short term
{one hour) 2xposura to pollutant X results in only one adverse human
nzaith effect, that the suitably defined threshold concentration for this
:¥72¢ct i L, and that the maximum hourly concentration of ¥ in a given period
of time can be set at any concentration desired by adoption of a suitadle
control program. One approach would be to consider various margins of
cancentration, as measured in the direction of lower levels from some

f raference, and try to determine the gmallzast margin

Lnariicary 26int
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that provides an adaguate margin of safety. The point of reference could
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Concentration

Figure A-1. | "Margins of Safety"

The approach just outlined falls short because it does not
provide for an estimation of the risk associated with each possible
standard. The risk associated with each possible standard is the risk to
the most susceptible group in the general population of suffering adverse
health effects when air quality just achieves that standard. In order to
make a meaningful judgment on whether a possible standard provides an
adequate margin of safety, a conception is needed of the risk associated
with the possible standard. If the risk associated with the possible
standard is deemed to be acceptable in view of the c¢ircumstances, then
that standard is judged in a meaningful way to allow an adequate margin.
of safety.

To see clearly why the approach of comparing margins outlined above has
inherent problems, consider the two hypothetical probability density distribu-
tions shown in Figure 2. If Ly is the 10west concentration at which human
health effects are judged to be scientifically demoﬁstrated to a certain
(high) degree, the probability density distribution representing uncertainty
about the health effect threshold concentration could be flat, as in (a), or
relatively spiked, as in (b). That is, the criteria document could either

have a sparse scientific data base which leaves a wide range of uncertainty
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Figure A-2, Larger Margin with Higher Risk



about the threshold concentration, or it could have a more complete
data base which strongly suggests'the threshold concentration lies
within a relatively narrow range. The margin m is greater than the
margin My . But, if (a) is thevcase My gives ‘a standard level, Lis that
has more risk associated with it than the standard level m, gives, L2,
if (b) is the case.

The point made by the example does not assume that there would ever
be agreement among experts as to the exact shape of a probability distribution --
only that in the one case they would agree that the range of uncertainty is
relatively large and the probability distribution Felatively flat, whereas
in the ather case they would agree that the range of uncertainty is relatively
small and the probability distribution relatively spiked. The point reinforced
by the example is that in setting a NAAQS one should do more than just
identify a nonarbitrary point of reference and then choose the length
of a margin to be called "the margin of safety.” The Clean Air Act
requires that the standard provide an adequate margin of safety, not
jdentify some margin as "the margin of safety”. Hence, setting a NAAQS
is fundamentally a matter of choasing the least stringent standard which
has an acceptable level of risk associated with ijt. Only then can any
margin be meaningfully jdentified as an adequate margin of safety.

To be sure, one of the circumstances EPA decision-makers may want to
consider in determining what alternative standard to set are the concentrations
at which it is scientifically demonstrated to a given degree in the judgment

of health experts that the pollutant in question contributes to various
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wasarse numan health afvects. As menticned inove, the ditierenca between
zn2 iowsst such concentration and the standard level could be called "the
margin of safety". Everything else being equal a decision-maker may prefer

to accept more risk the larger "the margin of safety" in this sense.
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Let Std(L, t, e/u) be a formal way of representing a standard,
where ‘L' represents 'the concentration level,’ 't' represents ‘the averaging
time,' 'e' represents ‘the number of expected exceedenaces of the level,' and
‘u' represents a unit of time. Now, the analysis of how to estimate the risk
associated with a standard presented in the main body of ihe raport shows that
Std(L]. 1 hr. 1 hr/yr) provides more protection, that is a greater margin
of safety, than Std(L,, 1 hr, 2 hrs/yr). Yet, the so-called "margin of
safety”, whether defined in terms of m or m/Td, is the same for the two
standards. The same would_be true for Std(LI, 1 he, 1 hr/yr) and Std(L],
1 hr, n hrs/yr.), no matter how large n. Yet, if n is large enough the degree
of protection or safety provided by the two standards can differ substantially.

Compare Std(L1, t, e/u) with Std(Lz, t, e/u), where L2,< Ly If either
m or m/L; were a good measure of the margin of safety provided by a standard,
the difference in the degree of protection provided by the two standards
would be the same in cases (a) and (b) of Figure 3. But in fact if the
evidence indicates something like (a} is the case, there is a small difference
in the degree of protection or risk associated with the two standards, whereas
if the evidence indicates something like (b) is the case, there is a large
difference.

When the simplifying assumption that the pollutant only contributes to
one health effect is dropped there are additional problems with using m or m/Ld
as a measure of the margin of safety provided by a standard. Llet X and Y be
two pollutants for which Ld is the same concentration; suppose there is a thin
criteria document for X which indicates X only contributes to one health
effect; suppose there is a thick criteria document for Y which indicates that

there are h health effects which, by agreement of the experts, group into j
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(b)

Figure A-3. Small Change in Risk vrs. Large Change in
Risk for Same Change in Standard Level
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independent categories; suppose also that the demonstrated effect levels

for each of the j-i categories that don't have the lowest demonstrated
effect level are at concentrations only slightly greater than Ld' Then, as
the analysis in the main body of the report shows, the risks associated with
std(L, t, e/u) are not the same for pollutants X and Y; yet, they have the
same so-called "margin of safety” as measured by m or m/Ld.

Suppose Z were a pollutant just like Y except that its ¢criteria document
indicates there is evidence from animal studies that Z may contribute to a
j + 1st human health effect category; suppose the experts agree that if the
effect is an effect of Z in man as it is in animals, then its threshold
concentration is most Tikely less than the threshold concentrations of the
other j categories of health effects; suppose the expert judgments of the
probability that Z contributes to the effect in man are neither close to
0 or 1.0. Then, clearly the risk associates with Std(L, t, e/u) is even
greater for Z than for Y; yet m and m/L, remain the same.

I1lustration has been given of several ways an approach to setting NAAQS's,
that does not involve risk assessment, can fail to put EPA in a positfon to make
the most meaningful judgment as to which alternative standards provide an adequate
margin of safety. In.most real world cases several of the logical difficulties
with alternate approaches illustrated by the above hypothetical situations
will obtain. Therefore, risk assessment should be an integral part of

setting NAAQS's.



APPENDIX B

DERIVATION OF BASIC EQUATIONS FOR ASSESSING HEALTH RISKS
ASSOCIATED WITH ALTERNATIVE AIR QUALITY STANDARDS

<i:k of Exceeding a Trua Health Effect Threshold or the Lowest of

Soue=3l Thrasholids

‘rst dstermine probability P where:

¢ = Probability tnat no hourly average conceritration exceeds
the true heaith effect threshold or the lowest of several
thresholds in 1 given neriod.

F.(C) = Probability that no time averaged concentration exceeds
the concentration C in the given perind.

T{u, = Probability density function expressing tne uncertainty
in the lccation of the true threshold sr the lowest cf
several thresholds.

¥

?TfC}dC = Prebabiiity tnat a trus threshoid or the lowest of
vda cevaral thresholids is in cthe inrta2rvail a,b.

Z..Cyp.(C)aC = Probatility that tne =rue threshoid or the lowest
o sevaral thrasncids (s contzined in tre infenval
2C and tais salue is ncc exceeded by any hourly

srerate concantratisr  in the given period.
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By integrating over all values of C the quantity P, defined above, is
determined:

p =‘/°‘PC(C)PT(C)dC (B-1)

If R is the probability or risk of exceeding a health effects threshold or
the Towest of several thresholds one or more times in the given period, then:

R = 1-°P

R = 1-/0' P(Chpo(C)dC (B-2)

Note that if the function Pc is defined as the probability that no
time averaged concentration exceeds the concentration C it must also be the
probability that the highest time averaged concentration observed in the
time period does not exceed C (Therefore, is < C). In other words, Pc is
the cumulative distribution of the highest time averaged concentration
‘occuring in the given time period.

It is further noted that if it is desired to estimate the risk of
exceeding a health effects threshold or the lowest of several threshold
“n* or more times in a given time period, then Pc becomes the probability
that a threshold will not be exceeded more than m-1 times in the given time
| period. In this case PC js the probability distribution of the mth highest
. time averaged concentration.

2.0 Determination of Probability Density Function for the Lowest of Several
Health Effect Threshold

Assume n different health effects and that a probability density function
has been obtained for each. If the function P.(C) is known, Eq. (B-1) can
then be used to evaluate the individual probabilities for each health effect.

B-2



P, =f PC(C)PTi (€)dc

0
Let:

P = The probability thét no hourly average concentration
exceed any of the n true thresholds in the given time period.

To evaluate this probability for all possible configurations it is assumed
that each threshold in turn is the lowest threshold.

Differential elements of the following type can be formed:

PC(C)PT1 (c)dc - fPTz (x)dx - fPT3 (x)dxu--‘[i’_l_n (x)dx
. C € C

This term is the probability that: 1. no hourly average concentration
exceeds the value C; 2. the threshold TI is in the interval dC; and
3. all the other thresholds are above this value. '

If:

Qi(C) = J{PT. (x)dx
. i
And:

n
T 0, (C)

i=1

Q(c)
the above expression simplifies to:

Q
ch Q1 i

B-3
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ftegrating over the concentration range gives:

jc%

fis integral is the probability that no hourly average concentration exceeds
g of the n thresholds in the time period and T; is the lowest threshold.
jorder to enumerate all cases, it is necessary to form the sum of integrals
fthis type in which each threshold in turn is assumed to be the lowest.

¥refore:
n
P = 3 [pdop. dc
i=1 J Qi 4
L
P ==ch[0 2 P1./0:7 dc
1
r
P -

= -/ﬁP P, dC
A cC’'T

iB equation is, as would be expected, identical to Eq. (B-1) except that
}is now a composite probability density function such that:

n
SRR a0 (8-4)
i=]
kre:
0(C) = {pﬂ- dc 8-5)



and
(8-6)

The quantity pT(C)dC is the probability that the lowest of the n thresholds
is in the interval dC.

An alternate method of deriving the composite probability density
function is to start with the composite cumulative distribution for the -
health effects threshold. Let:

Dy Pr (T owest <0

and:

(=)
1

Pr (T, < C)

It follows from probability theory that:

n

1-D. = (1-D, ) B-7
T L (B-7)

The composite probability density function is by definition:

pr = — (8-8)

Differentiating (B-7) yields:

T n o 7 dDTi
- (mO-0.)) 5 ¢ (8-9)
i=n i 1:] T-,

3-5



Since by definition:
p. dC = Q (B-10)
e
= TT (1-Ds )
e i T

e (8-11)
71 dDTi/dC

Equation (B-9) is equivalent to Equation (B-4).

Equations (B-7) and (B-8) provide an alternate wroute to obtaining the
composite density function, Py which can then be used in Equation (B-2) to
estimate risk.

3.0 Inclusion of Uncertainty That One or More Health Effects Exist

For some health effects there may be uncertainty that the effect
actually occurs in humans. It would be desirable to include this considera-
tion when considering the uncertainty in the location of the threshold on
the concentration. axis. Given uncertainty only in the location of the
threshold it has been shown that Eq. (B-2) gives the risk that the true
threshold T1 is exceeded one or more times in a given period.

If there is uncertainty as to whether the ith effect occurs in humans,
issign the probability e, that the effect does exist. Then choose a value
of C = u such that u is many times larger than any concentration likely to
be encountered. In other words, u is many times beyond the concentration
range of interest. In this case, if p (C) is defined as the probability
density function for the location of thl i th effect if it does exist, a
new overall probability density function can be written:

pTi(C) = eip;1 + (1-e1) §(C-u) i=Teeeee,n (8-12)
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where § (C-u) is the Dirac delta function. It has the property:

b =1 ifa<uz<hb

f §(C-u) dC

a =0 ifasuorbc<u

In other words, if the interval of integration includes C = u the
value of the integral is unity. If it does not include C = u the integral
is zero. The Dirac delta function itself may be considered as zero for
all values of C except u. At u it has an infinite value. It is also
assumed that p;i(C) is essentially zero in the vicinity of C = u and above.

Equation (B-12) is based on the premise that saying an effect does not
exist is mathematically equivalent to saying that the true threshold is at
a very high concentration which is above any concentration 1ikely to be
encountered. Thus, if the probability e can be assigned to ‘the certainty
that it does exist, the fraction e of the total area under the probability
density curve can be assigned to the concentration range in which the effect
is thought to be located if it does occur. The rest of the area, (1-e),
can be assigned to a range above any concentration likely to occur.

Note also, the use of the Dirac delta function is only a matter of
convenience since it leads to a simple form of Eq. (B-12). Any function
can be used in this outer region as Tong as it has the value zero in the
region of interest and has the area (1-e). The Dirac function is simply
a convenient form for including the desired property in the probability
density function.

Substituting Eq. (B-12) into (B-3) gives:

o
Pi = ey ch pTi dc + (1-e1) /PC 8(C-u)dc
0 0

Since P. will be essentially 1 at C = u, the above equation yields:

c

Pi = ei[ PcpTi dc + (1’ei) i= 1:"") n
0

B8-7
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To find the probability that no hourly average concentration exceeds any
of n thresholds, it is necessary to derive the appropriate form of the
composite threshold probability density function. Its general form is
given by Eq. (B-4).

Substituting Eq. (B-12) into Eq. (B-4) and rearranging gives:

n & n l-ei
Pr o =Q Y ==pp + [0 Y g (8-15)

The first term on the right side of the Eq. (B-15) is evaluated in the
ambient concentration range of the pollutant well below the value C = u.

In this region the functions Qi have a simple interpretation. Substituting
Eq. (B-12) into Eq. (B-5).

4 = ey [Terdc v (1ve) | stc-urac (8-16)
C C

For all1 C < u

Qi = e ./F';;idc + (1-e1) (8-17)
C

The second term on the right side of the Eq. (B-15) is evaluated in
the vicinity of C = n, far above the ambient concentration range. In this
region the behavior of the Qi functions needs to be more carefully consid-
ered. The problem s the behavior of the second term on the right side

of Eq. (B-16) as C passes through u.

Note that in the vicinity of C = u the first term on the right side
of Eq. (B-16) is zero by definition.
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Weu) = - G0 (B-22)

W that the derivative has the properties of the Dirac delita function,
Rte between the 1imits a and b.

b
Cu)dC = - f 4" = o) - o(5)"
a
= [f §(C-u)dC ]n - f&(c-u)dc ]n (B-23)
a b

Eq. (B-13) to evaluate the quantities in brackets for different valaes
nd b it follows that:

5 =1ifasush
f $(C-u)dC (B-24)

a sQ0ifa>uorbcu
Pebo>a

fore, ¥(C-u) is also a Dirac delta function.

P, therefore, write:

e
by = (in% 27) + a(Cu) f"] (1-e,) |  (B-25)

O = e fp;'dc+(1-e,)
c
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or alternatively:
¢ °
0 = 1-e1_o[ p7 dC (B-26)
and
Q = 040, °Q, (B-27)

Substituting Eq. (B-25) into Eq. (B-1) gives:

P = chpTdC + [11 (l-ei) (8-28)
o

and therefore:

R = ]-[PcpTdC + gl (1-e1) (8-29)

o

The Eqs. (B-25) through (B-29) are the basic working equations for estimating
risk when a multiple number of health effects thresholds are involved, and
where one or more of the health effects may not occur in humans.

The above results can be derived in an alternate manner starting with
the cumulative distribution functions for the location of the health effects
thresholds. Note that Eq. (B-7) relating the composite cumulative distribu-
tion to the individual distributions continues to hold, although now the
composite and individual density functions are given by Eqs. (B-25) and
(B=12). The definition of the cumulative distribution for the ith effect
can be written:

c
DT‘ e D-'l'- + (1-e1) fs(c-u)dc (8-30)
0

i
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‘differentiating Eq. (B-30) it can be shown to be the appropriate distri-
ttion function for the density function Eg. (B-12).

o
dDTi dDT -

= _1 - d—— ‘ - =
= * 4 v 0 dcfs(c u)du Pr,
0

= ° - -
pTi e:!.l.‘I + (1 ei) 8(C-u)

hich is Eq. (B-12).

Next, it can be shown that the use of Eq. (B-30) and Eq. (B-7) yields
he correct form of the composite, Py Substituting £q. (B-30) in Eq. (B-7)
Hves:

.
(1-0p) * I[1-e0r - (l-ei)f s(C-u)dc] (B-31)
o

bte that for c < u:
Q

FOT‘CA,U

d, therefore:

C
(1-DT) = gl [ 1-¢ -(l-ei) Jf §(C-u)dC ]
o

B-12



For C > u

It is, therefore, possible to write:

]'DT

where Eq. (B-32) gives the same result as Eq. (B-31) over the whole range

of the conce

If D° is def

]‘DT = gl(]-eiDT-)

then Eq. (B-32) can be written as:

D

which is the composite analog of Eq. (B-30).
The derivative of Eq. (B-34) is taken to obtain Pr- But first, note

= 11 (1-e
1

ntration, C.

ined by:

c
= 0+ ([il (1-e;) )fa(c-u)dc
o]

;D

2) - (T (1-e,
RERQUEND

1

from the definition of Qi in Eq. (B-26)

%

and from Eq.

o
]-eiDTi

(B-27)

/

(4]

C
6(C-u)du

(B-32)

(B-33)

(B-34)

(B-35)



laking the derivative of (B-34) then:

dD. .dq
T . . -9
T Pr @t OO dcfa(Cu)dC
or
Pr = % + &(C-u) n (1-e,)
However:
d, eiPT
aQ 1 = - i
dC Q:E:Q Q:E: Qi
or
eip'?i
a + g(C- 1
DT Q:E: T (C-u) gl ( -e,)

which is the desired composite density function and is identical to Eq. (B-25).

Note that starting with the DT and their corresponding ey it is possible
to first form the composite DT and  then by:

ddy .
= * " (8-36)

obtain the function p; for insertion into Fq. (B-29) to estimate the risk
of exceeding the lowest of n thresholds.
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APPENDIX C

DERIVATIONS RELATED TO THE P. FUNCTION

c

1.0 Derivation of Pr Function Given Distribution of Time Averaged

Concentrations and No Interactions or Time Dependence

The following basic relationship from probability theory may be used
to relate the PC function to the distribution function for the time averaged
concentrations G(C) which is defined by Eq. (8) of Section 3.2.

Py = ;Tiﬁéng-p“(1-p)"'° (C-1)

Where P, is the probability that a certain event, whose probability of
occuring in a single trial p, will occur v times in n independent trial.
Here a trial is the period covered by one averaging time. For example,
for an averaging time of one hour a trial is a single hour. Thus, a
year will have 8760 trials. The event is the occurence of an observed
concentration above some specified value C.

The collection of values Pn'Pl’PZ’ *** are referred to as the binomial
distribution.

From the above definition of the event it follows that:

p = G(C) (C-2)

Where G(C) is distribution of the averaged concentrations defined by
Eq. (8) of Section 3.2.

1f¥ there are to be no exceedances of the concentration C, then m =0
and it follows from Eqs. (C-1) and C-2) that:

P, = (1-(C) )" (C-3)

which is Eq. (1n) of Section 3.2.
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If the Pc function is to be used to calculate the risk that the

lold will be exceeded m or more times, then it is labeled Pc(m) and

sponds to the probability that a threshold will be exceeded not more
=1 times in the time period.

is case:
m . =
M = DRy
va(

Py is given by Eq. (C-1). 1If Eqs. (C-1) and (C-2) are substituted
Eq- (C°4):

m=1
P - Zo STy ¢ (-8
V=

C-3) is the special case of Eq. (C-5) corresponding tom = 1.

Distribution of Time Averaged Concentrations When Represented by
Weibull Distribution Just Meeting an Air Quality Standard.

The National Ambient Air Quality Standard is assumed to have the
wing form:

CSTD ppm hourly average concentration with an expected
number of exceedances per year less than or equal to E.

The Wefbull distribution is defined by Eq. (12) of Section 3.2:

6(c) = e™(¢/8)

(c-4)

(C-5)

(C-6)



5(C) can be interpreted as a relative frequency.
E/nE (where ne
of concentrations above the level C = CSTD'

Therefore:

_ Lsmn, K

E
—— = e 6
g

Solving this expression for the parameter § gives:

1
8 =cSTD/(1n(nE/E)YE

Substituting this value in Eq. (C-6) yields:
)k

6(C) = e-(]n(nE/E)) (C/Cerp

which is Eq. (13) of Section 3.2.

C-3

As such, the quantity
= 8760 hrs in a year) is the expected frequency of occurence

(c-7)

(C-8)

(c-9)



