ABSTRACT

ANNE E. CROOK. Uncertainty and Reasonabl e
Assurance: Wy W Need to Teach Regulators to
Focus on Uncertainty in R sk Assessnent and

Ri sk Managenent. nder the direction of Dr.
DOUGLAS J CRAVWEOR)

The rationality of regulatory decisions is inextricably
linked to an explicit representation of the uncertainty
underlying scientific predictions. The |evel of
coverage of uncertainty in training programs on risk
assessment and risk managenment devel oped by the EPA is
examned in light of the above thesis. Using the EPA's
Ofice O Drinking Water's Workshops on Assessnent and
Managenent of Drinking Water Contam nation (EPA, 1988)
as an exanple, concepts for formalizing consideration
of uncertainty are presented. A case study on the
risks fromradon in drinking water is devel oped to
illustrate the recormmended | evel of coverage of

uncertainty in EPA training programns.
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CHAPTER 1

VWHY UNCERTAINTY IS | MPORTANT: AN EXAMPLE

Regul ators cannot be expected to make rational
deci sions based on risk assessment w thout understanding the
uncertainty involved. One way to think about naking a
decision is to ask whether the evidence is sufficient to
justify a particular action (Crawford-Brown and Pearce,
1989). Aregulator is never confronted by certainties, but
by an array of evidence, sone of which may be contradictory
and all of which will be inconclusive. For any given set of
evi dence, he nust ask hinself whether it is sufficient to
justify action (which includes inaction), and if it is, how
strong an action, or what type of action. Uncertainty is a
fundamental part of that evidence. The decision nmaker nust

ask hinself not "is this the best decision in terns of

expected val ue?" but "is this level of certainty sufficient
to justify action X?"

The EPA has recogni zed how inportant it is for the

users of risk assessnent to have a general understanding of
risk assessnent and risk managenent, and has devel oped a
variety of training materials to neet this need. The
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primary goal of nost of these materials is to give the user
an appreciation for the basis and conplexities of each of
these disciplines as they are perforned by EPA. Users of

these materials should come away fromthem better equi pped
to use and understand the results of EPA risk assessnent and

ri sk management. The materials are largely aimed at
deci si on-maki ng professionals in public health or

envi ronnmental regul ation.

Any training programfor users of risk assessment that
I's designed to pronote an understanding of the basic
prem ses and conmplexities of risk assessment and risk
managenent woul d be inconplete if it did not encourage
participants to consider the inplications of uncertainty and
the degree of certainty they require to justify specific
kinds of decisions or take specific actions. A selection of
these training materials, evaluated for EPA's ODW (Crook,
1988), reveals a failure to address uncertainty in even a
rudimentary way. Explicit coverage of uncertainty is, in
fact, alnost totally mssing fromthese training materials.

This report describes why explicit coverage of

uncertainty is necessary in EPArisk training materials, and
makes a suggestion as to the kinds of information about

uncertainty that are necessary to help regulators achieve
reasonabl e assurance that regulations will result in an
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acceptabl e outcome. Using the EPA's Office of Drinking
Water's Wrkshops on Assessment and Management of Drinking

Water Contam nation (EPA, 1988) as an exanple, this report
wi || make recommrendati ons on how uncertainty m ght be
treated in such training materials by providing a fully
devel oped case study that mght be included in such a

wor kshop.

The rest of this chapter will describe the EPA's Ofice
of Drinking Water's Wrkshops on Assessnent and Management
of Drinking Water Contam nation (the Wrkshop) as an exanple
of the absence of uncertainty fromtraining materials and
the need for it in them Chapter 2 devel ops the need for
uncertainty in nore theoretical terns. Chapter 3 devel ops
sone useful concepts about uncertainty and incorporating
theminto existing materials. Chapter 4 provides a fully
devel oped case study, using radon in drinking water, that

could be used in training materials.

Wor kshops on Assessnent and
Managenent of Drinking Water Contam nation

Several tinmes a year, EPA's Office of Drinking Water
conducts a three-day training course for professionals
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concerned with protecting drinking water.-* It is designed
to give theman overview of risk assessnent, risk
management, and risk communication as they are conducted by
EPA. It is not intended to make the participants experts in
any of these areas, but rather to provide an appreciation of
how t hese tasks are performed by EPA and to identify the

maj or issues and conplexities.

The Workshop consists of a series of presentations on a
sel ection of subject areas, which are presented in
Table 1-1. The presentations for risk assessment and risk
managenment each are followed by a hands-on case study.
| ndi vidual s work through the case studies during the
evening, and then discuss themin small groups of about ten
peopl e, assisted by a facilitator, the followng day. The
Wor kshop spends about one day each on risk assessnent, risk
management, and risk comunication. The section on risk
comuni cation focuses on comunication of risk to the public
by public officials, and is beyond the scope of this report.

The discussion of the Wrkshop largely refers to
its ggneyaﬁlPorn1 .Spexffrc rgnarLg a%out tLe
questions and difficulties, of part|0|8ants refer
Lgrége g?rkshop conducted in August 1988 in Valley
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Overvi ew of ODW Wbr kshop Cont ent

The Workshop section on risk assessnent is divided into
three parts: principles of toxicology, toxicological

approaches used in devel oping national drinking water
standards, and the risk assessnent case study.

The Workshop section on principles of toxicology
general |y provi des excellent coverage of a conplex topic.
However, the only nention of uncertainty or variability in
the entire presentation is the use of a graph of a
cumul ative probability function showi ng the LDSO* of several
conpounds (see Figure 1-1), representing the variability of
thresholds for a log-probit effects nmodel. The Y-axis of
the graph is in probit units, which are a unit of nmeasure of
standard deviation (one probit unit is the equivalent of one
standard deviation). The graph is not explained. At the
August 1988 Workshop, this provoked some confusion; one
participant asked what the probit units on the Y-axis meant,
and received a fairly unsatisfactory answer, the gist of
which was "it's statistics; don't worry about it."

The section on toxicol ogi cal approaches used in
devel opi ng national drinking water standards is an excellent

The LD50 P

_ hal dose 50, is the dose required,
to kill ha ['s in

r | et
f the animal's in a dose-response experinent
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overview of how risk assessment is used to devel op drinking
wat er standards. The speaker does not touch upon
uncertainty, except tangentially in drawing a distinction

bet ween science and policy in risk assessment. He points
out that EPA's use of the linearized nultistage dose-

response nodel for cancer is a policy choice, based on a
policy decision to be conservative, rather than a
"scientific" choice based on sone scientific proof or
certainty that the nodel is correct. This is essentially
the only nention of uncertainty in this section. This would
be a good place for the Wrkshop to speak of reasonable
assurance, since the linearized nultistage model is claimed

to provi de strong assurance.

The risk assessment case study concerns whet her vinyl
chloride should be classified as a carcinogen, and explores
reasons for such a decision. Participants work through the
case study individually then split into groups of about ten
to discuss the problemand reach a group conclusion. The
information is presented clearly, and provides sone
necessary gui dance, such as "issues to consider" to help
steer, but not elimnate, the thinking process. The "issues
to consider" does include some questions on how confident
the participant is about the evidence presented. The case
study also provides a |ist of alternative conclusions at the

end of each section of the case study, including a
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"fornulate your own conclusion" option. At the August 1988
Workshop, the participants were quite willing to formulate
their own hybrid conclusions fromthe alternatives presented
and their own ideas, but they were relatively unequi pped and

unwi I ling to deal with the questions of uncertainty. They
tended to nake an unarticul ated choice to be conservative

rather than to discuss the uncertainties. This is not
surprising, since the Wrkshop lectures do not give thema
framework for thinking about and discussing uncertainty.
This | eaves themfeeling uncertain, but without a way to

articulate it.

After the case study groups reconvene, the coordinators
distribute a handout that provides additional information on
the case study problem and poses questions about how (and
whet her) this new information would change the decision
reached by the group and the reasons for that decision.
| ncorporating new information and understandi ng how (or
whet her) nore information would affect decisions is an
I mportant part of the risk assessment process;
unfortunately, the coordinators do not take the opportunity
to discuss this idea or the idea that reducing ignorance (by
obt ai ning new information) can nean reducing uncertainty and

increasing confidence. Particularly lacking is a discussion
of the links between this increased confidence and the

justification of regulatory decisions or actions.
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The risk nanagenent section reveals a di sappointing
tendency to equate risk managenent with treatment
technology. Wile treatment is undeniably an inportant
aspect of risk nmanagenent, it is not the only one. The
handout for the introduction to the section on risk
managenent states that risk management "integrates health,
t echnol ogy, economc, political and other considerations,”
(and surely dealing with uncertainty should be included in
"other considerations”) but this idea is not reflected in
the remainder of the risk management section. The section
woul d be strengthened by the addition of material on

uncertainty (as well as econom c and political

consi der ati ons).

The risk managenent case study suffers fromthe
om ssion of uncertainty in the risk managenent
presentations. At the August 1988 Wrkshop, the case study
participants seemed unwilling to consider the uncertainties
In the problemsituation when choosing an alternative. For
exampl e, the problemis based on only two sanples from sonme
contam nated wells, but participants were generally
resistant to the possibility that sanpling results are

uncertain and that this should affect the decision. These

examples illustrate how great the need is to discuss these

i ssues explicitly.
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This report will establish that it is necessary to
teach risk assessment and risk nmanagenent so the workshop
participant grasps that focusing on uncertainty is a major
conponent in denonstrating reasonabl e assurance that a

regul ation will acconplish the desired goals.

13
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TABLE 1-1
TOPI CS COVERED | N ODW WORKSHOP
0 Regional/state update
o Ri sk Assessnent:
Princi pl es of Toxi col ogy

- PrinciP[es of Absorbtion, D stribution,
Met abol i sm and Excretion of Chem cal s

Toxi col ogi cal Approaches Used in
Devel opi ng National Drinking Water

St andar ds

ODW Heal t h Advi sory Program

Toxi col ogy of Inorganics, Pesticides,
Sol vent s "and Vapors

Princi ples of Carcinogenicity
Principles of Ri sk Assessnent
Ri sk Assessnent Case Study

(o] Ri sk Managenent :

Overview of Treatnent Technol ogy as it
Applies to R sk Managenent

| nor gani cs and Radi onucl i de Treat ment

Organics Treatnment, Case Histories
(granul ar activated carbon and aerati on)

R sk Managenent Case Study
o Ri sk Conmuni cati on

Vi deo

Speaker
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FI GURE 1-1

LD50 FI GURE FROM CDW WORKSHOP
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CHAPTER 2

VHY UNCERTAI NTY | S | MPORTANT:
SOVE DEFI NI TI ONS AND A THECRETI CAL DI SCUSSI ON

DEFI NI TI ONS

The analysis of risk is a field in which no two authors
seemto define their terms the sane way. To avoid
confusion, six words or phrases that are central to the
argument made in this report are defined bel ow. They are:
risk, risk assessment, risk managenent, uncertainty,

reasonabl e assurance, and confi dence.

Risk is used in this report to mean the probability of
an outcone of interest for an individual or the frequency of
effect in a population. It also includes a consideration of
the severity of the effect. For exanple, the probability of
getting lung cancer fromradon in drinking water is a
measure of the risk. A quality of the risk estimate (as

opposed to the risk itself) is the confidence placed on the

reliability of that estinate.
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Ri sk Assessnent and Ri sk Managenent

The Environnental Protection Agency (EPA), in the
Ofice of Drinking Water's Wrkshops on Assessment and
Managenment of Drinking Water Contam nation (EPA 1988),

defines "risk assessnent"” as foll ows:

the scientific estimation of hazard which is

obt ai ned by conbining the results of an exposure
assessnent " with the results of the toxicity
assessment for the subject chem cal

In the sane source, EPA (1988) defines "risk nanagement" as

foll ows:

t he judgenent and anal ysis that conbine the
scientific results of a risk assessnment with

economc, political, legal, and social factors to
produce a deci sion about environnental action.

| will adopt these definitions of "risk assessnent” and

"ri sk management” with one caveat. The word "scientific"
(which appears in the definition of risk assessnent) is
often taken (incorrectly) as connoting certainty or at |east
extreme epistemc strength; such a connotation should be
avoi ded. Instead, the word "scientific" in the definition
of risk assessment should be taken as connoting a systematic
endeavor by a well-defined social group designed to confront
and resolve uncertainties. Since uncertainty is a
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fundamental part of the process of science, the uncertainty
of science should be incorporated in risk assessnment
systematically. An awareness of the need to incorporate
uncertainty in risk assessment is crucial to the

prof essional s who use risk assessnent and to those who are
affected by risk nmanagement deci sions.

Uncertainty

Webster's Ninth New Col | egiate Dictionary defines
"uncertainty" as "the quality or state of being uncertain,"”

and "uncertain" as foll ows:

1: | NDEFI NI TE, INDETERM NATE 2: not certain to
occur: PROBLEMATICAL 3: not reliable:

UNTRUSTWORTHY 4 a: not known beyond doubt:

DUBI QUS b: not having certain know edge: DOUBTFUL
c: not clearly identified or defined 5: not
constant: VARI ABLE, FI TFUL.

These definitions are all applicable to risk assessment and
ri sk management. Anything that is projected to occur in the
future is indetermnate (for exanple, at what tine will |ow
| evel radioactive waste begin to escape froma |and disposal
unit). Mny events predicted in risk assessment are not
certain to occur (for exanple, if a person is exposed to a
smal | anount of radon, cancer is not certain to occur).

Data frequently are not reliable (for exanple, a laboratory
ani mal study may have been done poorly). Mny factors in
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ri sk assessment are not known beyond a doubt or we do not
have certain know edge of them (for exanple, the mechani sm
by whi ch carcinogens cause cancer is not known wth
certainty). Factors in risk assessnent may not be clearly
defined (for exanple, "cancers" in a lab study may nean only
mal i gnant tunors or both benign and nalignant tunors).
Finally, many aspects of risk assessnent are not constant,
either over tinme (such as exposure) or wthin popul ations
(such as threshold or sensitivity). The net result of these
considerations is that all of risk assessment, from
specification of analytical categories to required physica

parameters, is characterized by uncertainty.

Reasonabl e Assur ance

According to Webster's, assurance can nean "confidence
of mnd... : easy freedomfrom.. uncertainty." (def. 2c)
Reasonable will be used here in the sense of giving reasons:
something is reasonable if reasons may be given for it.

Thus reasonabl e assurance may be defined as giving reasons
that provide confidence that predictions about risk are
correct. For EPA, the kind of reasons that give confidence

are scientific models and data (Crawford-Brown and Cot hern,
1987).
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Reasonabl e can al so nean "not extreme or excessive"

(Webster's, def. Ib). In this context, the phrase
reasonabl e assurance also inplies that it is possible to

require excessive, or unreasonable, confidence.

Reasonabl e assurance inplies that regul ators are making
a trade-off between increased cost and increased confidence,
not increased cost and decreased risk. A wide variety of
different risk levels may possibly result froma particul ar
regul ation, some of which would be acceptable and some of
whi ch woul d not.-”* The nore stringent the regulation, the
more likely it is that the actual resulting risk will prove
to be acceptable. Therefore, regulatory stringency is not
sinply buying a reduction in risk, but also an increase in
confidence that the actual (unknown) risk wll be

accept abl e.

Confi dence

|t has been asserted that EPA requires the use of

scientific nodels to have confidence. But scientific nodels

can lead to different |evels of confidence. The idea of

Setting the acceptable risk [evel is a conplex
policy issue and is beyond the scope of this

report. In general, the acceptable level is
either a policy given, as in an inference
guideline, or a publicly determned result. In

neither case is it left to the analyst's choice.


NEATPAGEINFO:id=1AA7B5FD-7FD2-4ECD-99AC-5A7C5AB7B260


21

science as a craft is one way of formalizing that fact.
Ravetz (1971) proposes that one inportant measure of
crafting is precision: how good the fit is between reality
and the predictions of science. A science that is well-
crafted will make predictions that fit well with reality,
while one that is poorly-crafted will make predictions that
do not fit well with reality. Ravetz also asserts that
scientists |earn the nethods of performng science and
avoiding pitfalls fromother scientists, and that this craft
know edge, combined with a scientist's personal style, is
fundamental to the achievenent of scientific know edge. He
goes on to argue that when a scientific discipline is
mature, craft know edge allows its practitioners to chart
their way around nost of the pitfalls fairly easily. Wen a
scientific discipline is young, however, the craft know edge
of pitfalls does not yet exist and nust be |earned by
experience. Therefore, science may be well-crafted or
poorly-crafted, depending on how well its predictions fit
with reality and how well devel oped the craft know edge of

the discipline is.

It is reasonable to suppose that the nmore well-crafted
an aspect of science is, the nmore confidence we will have in
its results. A well-crafted discipline will have both
pragmatic (or historical) evidence to support it, as well as
a sound theoretical basis. Put nore sinply, if some aspect
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of science is well-crafted, it works repeatedly (pragmatic
evidence) and we understand why (theoretical evidence).

Such a well-crafted discipline mkes a nmore convincing case
than a discipline that is less well-crafted. A less well-
crafted discipline mght be one with a theoretical basis but
no pragmatic evidence, or one with some pragmatic evidence,
but no theoretical basis. Wile it mght appear on the
surface that a pragmatic support would be equal |y conpelling
with or without theoretical understanding, this is not so.
Pragmatic evidence is nost powerful in the setting in which
It was obtained. Wth no theoretical basis to identify the
I mportant variables in the setting, a scientist nust be |ess
certain when applying pragmatic evidence in a setting even
slightly different fromthe one fromwhich the evidence was
derived. \Wen, however, a scientist has theoretical
evidence in addition to pragmatic evidence, it is possible
to determne whether the new setting differs fromthe ol d
setting in any respect that could significantly influence
the precision of results. Therefore, a discipline in which
the pragmatic evidence is backed up by theoretical
understanding is nore well-crafted than one in which the
pragmatic evidence stands alone. CQoviously, pragmatic or

t heoretical evidence alone results in a nore well-crafted

di sci pline than no evidence.
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VHY UNCERTAI NTY | S | MPORTANT

Two approaches to uncertainty in risk assessnent and
ri sk managenent are w dely used, but neither of them deals

explicitly or adequately with uncertainty.

The first is the use of the "best estinate"” at each
step of the risk assessnent. Uncertainty is admtted and
then resolved by conparing the relative nerits of various
predictions of risk. "Best" may nean different things to
di fferent people, and nay be represented by a nean, nedi an,
or node. Although this nethod may give the "best" single
estimate of risk (e.g., the probability of getting cancer)
in sone sense, no single estinmate is likely to be the true
val ue when the distribution of estimates i s w de.

Therefore, with a "best"” estimate of the risk, the regul ator
cannot be reasonably confident that the risk that actually
results fromthe regulation will be as cal cul ated and,
therefore, acceptable; the true risk is very unlikely to
equal the best estimate, and there is usually a fairly large
probability that the risk will in fact be larger than the
best estimate. |If the regulation has been chosen so that
the best estimate of risk coincides wth the acceptable

| evel of risk (or even a factor of ten or nore | ower than
the acceptable risk), this approach may |lead to a non-

negligible probability that the regulation will fail to
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bring about the desired state of the world (an acceptabl e

| evel of risk).

The second approach comonly used in risk assessment is
t he conservative approach. Conservative values (i.e., those
tending to bias the results in the direction of the upper
bound of the outcone) are used for each factor in the risk
assessnent, typically the value that represents the 95th
percentile of the data. This leads to a final risk |evel
that is even nore conservative, in nost cases, than any of
the inputs. As a result, a stricter regulation nust be
pronmul gated to reach an acceptable risk than if |ess
conservative inputs were used. Stricter regulations usually
result in greater conpliance costs than |enient regulations.

The conservative approach nmay result in unreasonable, or

excessi ve, confi dence.

A single estimate of the risk (e.g., the probability of
getting cancer, generated by either of the above methods)
may be useful in making a trade-off between cost and risk.
To make a trade-off between cost and confidence the
regul ator nmust have as conplete a confidence distribution of
the risk for each regulatory alternative as is possible.
This allows himto see his confidence that each regul atory
option will result in an acceptable risk. By combining this

with the cost of achieving different |evels of confidence
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(through different regulatory options), the regul ator can
make the trade-off between cost and confidence explicit,
allowing himto have reasonabl e assurance that the actua

risk wll be acceptable w thout excessive demands for

confi dence.

The Interpretation of Reasonable Assurance

An inportant concern of regulators when they are
pursui ng reasonabl e assurance will be how the courts wll
interpret "reasonable assurance." There is not a specific
precedent for the interpretation of the word "reasonable" in
this exact context. However, courts have two tendencies
that may be relevant to this issue.""" The first, nore
general, tendency is that on some fuzzy issues of
interpretation, a court nmay rely on the premse that "we
know it when we see it." Applied to the phrase "reasonabl e
assurance," this neans the court can't define "reasonabl e
assurance" generally, but feels it can | ook at any
particul ar case and say whether or not it constitutes
reasonabl e assurance. Therefore, the court may bring its
own sense of reasonabl eness to the interpretation, or it nay
try to rely on some other concept of reasonabl eness (such as
the "reasonabl e man" of conmon | aw negligence doctrine).

| amindebted to Mke Berry and MIton Heath for

their insightful conments on this subject, from
whi ch this discussion took its shape.
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The second, nore specific, tendency that courts follow
in cases involving regulatory agencies is the use of the
doctrine of the hard | ook. Under this doctrine, a court
exam nes the rigor of the analysis perforned by the agency
In setting a regulation, rather than passing judgement on
the quality or correctness of the resulting regulation. A
court is looking at process instead of content in the
doctrine of the hard look. Thus, a court using this
doctrine will tend to support the agency when the agency has
done a rigorous analysis, regardl ess of the outcone of that
anal ysis. One reason for this approach is that courts are
not experts in the fields in which agencies set regulations
and are not, therefore, well-qualified to judge the content
of a technical regulation (a factor presumably required for
the recognition of reasonable confidence in the first
approach discussed above). They are, however, quite
conpetent to judge the quality and rigor of the process that
produced the regulation, and this is what the court is doing

in the doctrine of the hard | ook.

Under both these approaches, a court is likely to | ook
more favorably on a regulation that is based on a ful
consi deration of uncertainty. Under the first approach, an
explicit representation of uncertainty puts the court nore
fully inthe regulator's position and thus increases the
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likelihood that the court will understand the base of

confidence faced by the regulator. Under the doctrine of
the hard | ook, an explicit treatment of uncertainty

i ncreases the rigor of the analysis and, therefore, the

l'i kel i hood that the court will ook favorably on it.
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CHAPTER 3

SOVE USEFUL CONCEPTS ABOUT UNCERTAI NTY

REASONS FOR BEI NG UNCERTAI N

Uncertainty can arise frommny different sources and
be of many different types, but these all have their roots
inalimted nunber of fundanental reasons for being
uncertain. For exanple, a regulator may be uncertain about
the correct dose-response nodel for carcinogens. This is a
specific type of uncertainty that is part of a nore general
type of uncertainty: uncertainty about nodels and their
relationship to the phenonena they nodel. The reason for
this uncertainty is ignorance: science has not discovered
conpl etely how substances produce cancer. The type or
source of uncertainty may be either general or specific, but

the reasons for uncertainty are all very general.

Uncertainty may arise fromany of at |east three
fundanental reasons for being uncertain, as follows:
o] Concept ual / Per ceptual Factors

o | gnor ance

o] Variability
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Each of these reasons has different inplications for risk

assessnent and ri sk managenent.

Concept ual / Per cept ual Factors

Conceptual uncertainty exists because a regul ator may
not have asked an inportant question during the risk
assessnment process, or may have asked it in a vague manner.
The situation he is studying may be affected by some factor
that he has not considered. A conmon exanple of this is
confounding in epidem ol ogical studies. Confounding occurs
in the study of the association between an exposure and a
di sease when a third variable is associated with the
exposure and al so affects the incidence of the disease
I ndependent of the exposure of interest. The presence of
the confounding variable can nake an associ ation appear
where none exists or nmask an existing association. Failure
to consider such a factor mght (or mght not) render the
results meaningless or incorrect. \Wat a regulator thinks
he is seeing and what he is really seeing may be two
different things if the problemas framed is not
conceptual Iy conplete. So a regul ator needs to consider

whet her he has asked all the relevant questions. But he can
never be sure that he has, so he nust be uncertain about the


NEATPAGEINFO:id=9BE882AC-ED35-4485-B091-C360A42517EF


30

results and their relationship to the overall goals of

regul ation.

Two maj or problems arise under conceptual and
perceptual uncertainty. The first is the assignment of
anal ytical categories of effects. The regulator nust decide
what "counts" as an effect in the risk assessnent. WII he
consi der only cancer nortality? Cancer norbidity?
Noncancer effects? The choice of these analytic categories
gives rise to conceptual uncertainty. The second area that
results in conceptual uncertainty is the issue of what is
meant by confidence. The regulator nust decide how he wll
measure confidence, and this choice also gives rise to

uncertainty.

Uncertainty arising fromconceptual and perceptual
causes is not directly quantifiable. The regulator nay be
aware of the possibility that he has either asked the wong
question or has failed to ask a relevant question, but he
cannot fully know the extent of this difficulty. He may
reduce conceptual uncertainty by using procedures to elicit
alternative ways to formulate the problem but such
t echni ques can never elimnate the uncertainty, as the
regul ator can never be certain that there are not additiona

questions he has m ssed.
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| gnor ance

Many of the uncertainties mentioned in the literature
may be attributed to ignorance and insufficient information.
Wien uncertainty is caused by ignorance, a correct answer
exists, but it has not yet been found (this being different
from conceptual uncertainty where humans nust decide on the
most inportant questions to be addressed). Four common
types of uncertainty in risk assessnent have their roots in
I gnorance. These are uncertainty about the follow ng:

o Theori es
o Model form
o Dat a choi ce

o Par aneter estinates

The process of risk assessnent is built on a framework of
theories, nodels, data, and paraneter estimation. For any
particular risk situation there may be nultiple theories
describing the anal ytical categories and the physical |aws
relating them For each theory there may be several
different possible nodels formalizing the theory into

mat hemati cal equations. Finally, the regulator will be
faced with conmpeting sets of data from which paraneter

val ues (appearing in the mathematical equation) may be
obtained. Since different statistical procedures may be
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applied to obtain these paranmeter values fromany specific
set of data, paraneter estimation is also characterized by
uncertainty. The regulator is usually ignorant as to which
conbi nation of theory, nmodel, data, and paranmeter estination

technigue (if any) is the right one.

Theoretical uncertainty often arises fromthe follow ng

guesti ons:

o Wiich of the avail able theories is correct?

0 Have we thought of the correct theory at all?

0 Does a theory hold outside the boundaries
within which it has been tested?

0 Does the theory specify all analytical

categories playing a causal role in the
phenonenon?

Wienever there is nore than one theory, there will be sone
uncertainty about which is correct. For exanple, a variety
of theories exist on the nmechanisms by which chem cal s cause
cancer, and neither scientists nor regulators know which, if
any, of themis correct. In fact, scientists nay not have

t hought of the correct theory at all, so that none of the
existing theories is correct. Finally, evenif a theory is
wel | -accepted in one realm it may not apply in others. For
exanple, different chemcals mght cause cancer in different
ways, so that one theory of carcinogenesis mght hold for

some chem cals but not for others. The ability of the
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theory to explain the behavior of one chemcal nay,

therefore, fail to provide confidence that it applies to
anot her chem cal .
species (such as rats) and not for others (such as humans).

Once a theory (such as a nultistage theory) is

specified, it nust be formalized into a mathematical nodel

for purposes of prediction.

risk assessnent may arise fromthese questions:

VWhi ch npbdel is correct?

Does the nodel reflect the theory accurately?

Does the nodel contain the correct paraneters
as entailed by the theory?

Can the nodel be extrapol ated outside the
experinental range?

|'s the nodel conplete (i.e., does it include
a representation of all analytical categories
required by the theory, or at least all those
adequat e for reasonable precision)?

Simlarly, a theory may hold for some

Uncertainty about nodels in

33

Model s may not contain all of the terns specified by a

theory.
measur ed.

related yet to measurenments

Sone terms may be left out because they can't be

Some may be left out because they can't be

the regul ator does not have time to make neasurenents.

Sone may be left out because
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Conceptual Uncertainty Arising from I gnorance

In risk assessment, the regulator is seldomable to use
data that neasure directly what he is interested in.
I nstead, he uses the data available and extrapolates it to
the situation of interest. This gives rise to conceptual

uncertainties about the follow ng issues:

o0 How should conflicting results be reconcil ed?
o] | s extrapol ation valid?

o How shoul d di fferent ki nds of evidence be
wei ght ed?

Conflicting results are often dealt with by using the one
that results in the nost conservative action. For instance,
if some studies show a substance causes cancer and others do
not, a regulator may treat the substance as a carcinogen to
be on the safe side. This conflict in the data produces
uncertainty. EPA has a weight of evidence classification
schene for carcinogens that is intended to reflect a

judgenent about all available data. The classifications are
listed in Table 3-1.

Variability

A third basic reason for uncertainty is variability.
Variability is different fromthe other reasons for
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uncertainty in that it is a phenonenon to be described and
accounted for, rather than elimnated. Mny paraneters and
processes of interest in risk assessnent are inherently
variable: there is no single correct answer, but a
distribution of actual (existing) answers. An exanple is
sensitivity in a population: sone subgroups may be nore
sensitive to the toxic effects of a chem cal than other
subgroups. Another exanple is wind and weat her patterns
(which are used in transport nodels). Variability may al so
be a cause of uncertainty in the neasurement of a fixed

paraneter because the neasurement process is variable.

Variability is one cause of uncertainty that can be
readily quantified by probability and statistics. A
regulator may artificially "reduce" variability by dealing
wi t h honogeneous subsets of the varying popul ation, but he
can't really reduce or elimnate it, nor is that really
desirable. Variability is not a problemto be elimnated,

but a state of the world that the regulator nust describe

and consider in risk assessnent.

APPROACHES TO DEALI NG W TH UNCERTAI NTY

A regulator may try to reduce uncertainty or he may

describe uncertainty qualitatively or quantitatively. The
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appropriateness of each of these approaches depends on the

cause of the uncertainty.

Reduci ng Uncertainty

The regul ator can reduce uncertainty due to ignorance
by doing nore research or getting nore information. The
regul ator may al so reduce conceptual uncertainty by asking
more questions and | ooking for new information. These
reasons for uncertainty will never be elimnated entirely,
but they can be both reduced and understood. The renaining
cause of uncertainty, variability, is not amenable to
reduction or elimnation. If athing is inherently

variabl e, research may reduce the regulator's ignorance
about its distribution, but it will never renove its

variability.

Addi tional research can be quite valuable, but it is
of ten expensive and time consumng. Depending on the
problem it may or may not be worth the investment of time
and noney to obtain better information. One approach to
deci ding whether to pursue better information and for what
paranmeters is sensitivity analysis. Sensitivity analysis
considers the effect of individual conmponents of uncertainty
on the overall uncertainty. The greater effect an

i ndi vi dual conponent has on the overal|l uncertainty, the


NEATPAGEINFO:id=944CBA5C-A38C-4600-B31B-3635950D1A20


37

more worthwhile (or reasonable) the reduction of that
conponent of uncertainty will be. An exanple of this wll

be given in the case study in Chapter 4.

Descri bing Uncertainty

Uncertainty can be described both qualitatively and
quantitatively. This does not reduce or elimnate
uncertainty, but may be quite helpful to the decision maker.
Uncertainty due to ignorance m ght be descri bed
qual itatively by saying something like "our ignorance in
this area is problematical but not crippling to the
anal ysis" or "our ignorance in this area nmakes useful
analysis inpossible." Simlarly, a regulator mght know
that the uncertainties are relatively large or relatively
smal | . Unfortunately, these phrases may nean different
things to different people; they are inprecise. Wether or
not this limts their usefulness is a matter of debate. As
a result, such qualitative approaches mght still be
explored in any discussion of uncertainty.

A quantitative description of uncertainty may be nore
useful because it can be presented more precisely, although
not necessarily nore clearly. There is also the risk of
excessive precision; see Ravetz (1971). Probability is an
i mportant tool for describing some types of uncertainty
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quantitatively. Probability may be divided into two types:
| ong-term frequency and subjective or Bayesian. Long term
frequency is the idea of probability as the [imt of the
frequency of an event over a large nunber of trials, and is
primarily useful in areas where there is sone past
experience (or trials) available and where such trials can
easily be performed. A wde variety of statistical methods
are based on this kind of probability and can be used to

describe uncertainty due to variability or inprecise
sanpl i ng dat a.

Subj ective probability is a measure of someone's
belief; for exanple, a scientist's belief about whether a
theory is true. Subjective probability is useful where
there is little or no prior experience and trials either
cannot or have not been performed (or where trails are in
fact meaningless). Long-termfrequency approaches are
particularly weak in dealing with confidence assigned to
theories. Using Bayes Rule, subjective beliefs about
theories or nodels, called prior probabilities, may be
conbined with experinental observations and the probability
that such observations would result fromeach theory or
nmodel to obtain a probability, called a posterior
probabi lity, which takes both the subjective and objective
el enents of evidence into account. Bayesian probabilities
can be used to describe any kind of uncertainty that a
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regul ator has a belief about, but are nmost useful when no

| ong-terra frequency data are available or obtainable, such
as when uncertainties are due to inconplete information
(ignorance). The difficulty with Bayesian probabilities is
that they represent an individual's beliefs about
probabilities, which may or may not be well founded.
Bayesi an probabilities are a way of quantifying uncertainty
that is thought of as unquantifiable within a |ong-term
frequency approach. Wiether a regulator should be willing
to use such a quantification is a debatable issue; however,
EPA has used such quantifications (see the case study in
Chapter 4).

Regardl ess of the type of probability, long term
frequency or Bayesian, quantified probabilities should be
presented in a way that is useful to the decision naker.
Two particularly useful forms, which work best when shown
together, are the probability density function and the
cunul ative probability distribution, shown in Figure 3-1.
(Anot her exanple of these is shown in Figure 1-1, fromthe
Workshop.) The probability density function shows the
probability of a particular outcome, while the cunul ative
probability distribution shows the probability that the

outcome will fall below any particul ar val ue.
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Deci sion making is not a trivial process even in the
absence of uncertainty. Mst social problenms have nultiple
conflicting goals; making trade-offs anong them can be so
difficult that an enormous literature has grown up on this
subject. Problens arise because risk assessnent and ri sk
managenent cannot be neatly separated into questions of fact
and questions of values; rather, the two are intermngled at
every step. Gumming (1981) calls risk assessnent a "trans-
science:" a discipline in which questions can be asked
within a scientific framework, but are "beyond the capacity
of science to answer." An exanple of the intertw ning of
fact and value in risk assessnment is risk acceptability.
Even as risk assessors struggle to deternmine what the risk
In agiven situation is, the person who will make use of the
risk assessment nust also struggle to decide how nuch risk
I's acceptable. Science cannot answer this question, nor is
it clear that there is a single right answer.

Qut of a desire to put as many of the questions arising
inrisk assessnent within the "capacity of science to
answer" and so sinplify an already difficult decision,
regul atory decision makers often ignore uncertainty and are,
as a result, extrenely overconfident in the results of risk
assessnent. Nunmerous studies (aptly sunmarized in Morgan,
Henrion, and Small, 1990) have shown the overconfidence of
both lay people and experts (even in their field of
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expertise) when asked to make predictions. Cearly then
the consideration of uncertainty needs to be nade explicit
in an effort to counteract a natural tendency toward
overconfidence, and because reasonable confidence inplies a
reasonabl e procedure for assigning confidence.

How shoul d uncertainty be included in decision naking?
How shoul d decision makers think about naking decisions when
they are uncertain? Decision theory can help to illumnate
choi ces made under uncertainty when the uncertainty can be
quantified. Uncertainty may be propagated through a
decision tree to produce a range of possible outcones and
the probability (or confidence) of each. The value of each
outcome is multiplied by the probability of its occurrence
and the result is then sumed over all outconmes for a
particular decision to arrive at an expected value for that
decision. Sensitivity analysis can identify the parameters
that nost affect the decision. Expected values, while
useful, can also hide inportant information if inproperly
used. A certain outcome of five cancers and an outcone
where there is a probability of 0.5 of ten cancers and a
probability of 0.5 of zero cancers both have an expected
val ue of five, but are obviously not equivalent: the second
situation is less certain than the first. The use of

expected val ues hides the uncertainty. It shields the
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regul ator froman explicit decision as to how uncertainty

shoul d be resol ved.

Evi dence that contains a | ot of uncertainty does not
necessarily mean that the decision naker should not act. |In
fact, sonmetimes the regulator is conpelled to act regardl ess
of the evidence because of statutory or political reasons.
Al'so, a great deal of uncertainty may notivate the regulator
to choose a very conservative regulation and to try to get
more information, while a | ess uncertain situation m ght
allow the regulator to set a |l ess conservative standard
(because he is nore certain it will result in an acceptable
outcome). The level of uncertainty may, however, affect how
the regul ator approaches the regulation; for exanple, he
mght regulate by way of best available technol ogy, a
standard (say for drinking water), a reguired treatnent

technol ogy, or a labelling or disclosure requirenent.

FORMALI ZI NG CONCEPTS ABOUT UNCERTAI NTY FOR | NCLUSI ON
I N RI SK ASSESSMENT AND RI SK MANAGEMENT TRAI NI NG

Uncertainty is a central feature of risk assessnent and
risk management. Therefore, it is inportant for designers
of risk assessment and risk management training materials to
I ncl ude coverage of uncertainty and reasonabl e assurance.

Al the ideas presented here are applicable to any risk
assessnent and risk managenent training nmaterials. This


NEATPAGEINFO:id=F0074339-4A15-4472-8748-DBDD8CD2C36E


43

section proposes a very general process for incorporating
coverage of uncertainty and reasonabl e assurance into
existing risk assessment and risk managenent training
programs. Chapter 4 presents a fully devel oped case study
that incorporates nmany of these principles.

The first step is to assess the information on
uncertainty and reasonabl e assurance already present in a
training program Following is a partial |ist of questions
training designers mght want to ask about what information

is present:

o How i s ri sk defined?

0o How are uncertainties treated?

0 Are the conponents of uncertainty separated?
0 Are the causes of uncertainty discussed?

0 Are ways for dealing with uncertainties
di scussed?

0 Are ways for thinking about making decisions
under “uncertainty discussed?

For the EPA Wrkshop, risk assessnent and risk managenent
are wel |l -defined, but risk is not defined at all
Uncertainties are virtually ignored (and thus conponents of
uncertainty are not separated). The causes of uncertainty,
ways for dealing with uncertainty, and ways for thinking
about making decisions under uncertainty are not discussed.
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Once the designers have a clear idea of the |evel of
coverage already present in a program they will need to
t hink about how to add additional coverage. They m ght want

to consider these five goals:

o0 Ease of under st andi ng,

o Cdarity of ternmns,

o Ease of denonstrati on,

o Conpl et eness of conception, and

o Ri gor of thought.

Ease of understanding, clarity, and ease of
denmonstration all have to do with how information is
presented. They are inportant because many participants nay
be hesitant about tackling uncertainty. Therefore, it is
crucial that the presentation be as clear and easy to
understand as possible. Before the presentation can be
cl ear, however, the designer nust have a conpl ete conception
of the problemof uncertainty. This is not to say that the
presentation need include all of that conception, but rather
that the presenters nust have that conception if they are to

be clear and consistent in what they do present.

Conpl et eness of conception as presented and rigor of

t hought should be tailored to fit the goals of the
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particular training materials. 1In the Wrkshops discussed
here, the goal was a general understanding of risk
assessnent and ri sk management. Such a goal is best served
by a presentation that is not too rigorous, one that gives
participants a vocabulary and framework for thinking about
uncertainty wthout distracting theminto unfruitful

di scussions of statistical procedures and mathematics. This
I's probably true in general of nost of EPA's risk training
materials; all of the ones reviewed in Crook (1988) had
simlar goals. A rigorous treatnent of uncertainty analysis
and statistical methods for dealing with sone uncertainties
woul d be far beyond the scope of any Workshop; even if they
were not, such topics would not be beneficial until the

student has grasped the nore conceptual tools discussed

her e.

In the next chapter, a case study is presented that
I llustrates the concepts developed in this chapter.
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TABLE 3-1

EPA CARCI NOGEN CLASSI FI CATI ONS

A Human Car ci nogen
Pr obabl e Human Car ci nogen

Bl - Limted human data, sufficient aninal data
B2 - Sufficient aninal data

Possi bl e Human Carcinogen - limted aninmal data
Not Classified - inadequate or no data

No Evidence for Carcinogenicity in Humans - data in
animal s indicates the chemcal is not carcinogenic

Source: CDW Wor kshops (EPA, 1988)
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CHAPTER 4

RECOMVENDATI ONS AND CASE STUDY FOR
| NCLUDI NG | DEAS ABOUT UNCERTAI NTY | N ODW WORKSHOPS

RECOVMENDATI ONS FOR | NCORPORATI NG GENERAL CONCEPTS

The Workshop as a whol e shoul d include a discussion or
presentation on why uncertainty is not nerely inportant to
ri sk assessnent and risk managenent, but central to them
The concept of reasonabl e assurance, devel oped earlier,
shoul d al so be introduced. This material is critical in
motivating the participant to make the effort to face the
problems resulting fromuncertainty. Wthout this

motivation, all that follows on uncertainty in the workshop

will be wasted.

The section on risk assessment needs a nore explicit
di scussion of the reasons for uncertainty. At a mninum
the presentation shoul d cover ignorance and variability.
Concept ual / perceptual reasons for uncertainty would al so be
useful . The level of coverage on these ideas need only be a
brief description of what is nmeant by each cause, sone
exanpl es of types of uncertainties that spring fromeach of

t he causes, and how these are related to confi dence.
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The ri sk assessnent section al so needs a di scussi on of

ways the regulator mght think about or describe
uncertainty. This should not be a rigorous, statistical
presentation on uncertainty analysis, but rather a

di scussion of basic ideas of probability and an expl anation
of probability density function and cunul ative probability
function graphs. The participants in the case study groups
reviewed earlier had a |ot of trouble deciding how they
shoul d express the uncertainty in the problen they badly
needed a vocabul ary (including some graphical devices) for

tal ki ng about uncertainty.

Finally, the risk assessnent section would benefit from
a di scussion of the idea of sufficient evidence for
justifying decisions to act, discussed earlier. This is a
very powerful way of thinking about making deci sions under
uncertainty. The coordinators need to raise questions such
as "how nmuch certainty is necessary to take different kinds
of action?" and "does the evidence justify action X?" There
are no easy answers to these questions, nor should the
Workshop attenpt to provide answers. But the Wrkshop nust
rai se these questions so that they nay be discussed. The
participants in the case study groups struggled with howto
I ncorporate the uncertainty in the evidence into the

deci si on maki ng process; the concept of sufficient evidence
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woul d provide themwth a framework for articulating this
difficulty.

In risk assessnent, the concern with uncertainty is
focused on how to express it; in risk managenent, the
concern should be on how to make deci si ons under
uncertainty. Dealing with uncertainty is central to risk
management, but it was alnmost entirely mssing fromthe

Wor kshop presentati on.

The section on risk management needs a presentation of
reasonabl e assurance. The concept of reasonabl e assurance
shoul d be the foundation of any regul atory decision making
process involving risk and uncertainty. Participants should
be introduced to the idea of reasonabl e assurance and
encouraged to work fromthat base. The presentation should
i nclude an anal ysis of why best estinmates and conservatism
do not satisfy the requirenents of reasonable assurance, as
di scussed earlier. Participants should be encouraged to use

the idea of reasonable assurance in the risk nanagenment case
st udy.

The section on risk managenent al so needs a basic
di scussion of the ideas of decision theory. The
presentation need not be highly theoretical or in-depth;
instead, the goal is to give participants a structure for
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t hi nking about the inplications of uncertainty in the

deci si on making process. They need to be nade aware that
trade-of fs nmust be made and how uncertainty mght affect
those trade-offs. Participants in the risk nmanagenent case
study groups had no feeling for the inportance of
uncertainty to the decision making process. They ignored
all kinds of uncertainty built into the problemin their
rush for the nost conservative decision. It is not
surprising that the participants behaved this way; by

I gnoring uncertainty, the presentations did nothing to
val idate the idea that uncertainty was worth considering.
More inportant, it caused participants to resolve

uncertainty through inplicit, rather than explicit, means.

Finally, the discussion of sufficient evidence
reconmended for the risk assessnent section is equally
applicable here. The risk management section mght include
anot her discussion of that subject as it applies to risk

managenent .

CASE STUDY: RADON | N DRI NKI NG WATER

I nt r oducti on

To illustrate the ideas about uncertainty and
reasonabl e assurance presented in this report, this section
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provi des a worked exanple using the risks fromradon in
drinking water. The exanple is designed so that it could be
used directly by EPAin a training programwth little

al teration.

Reasonabl e has been defined previously as "the giving
of reasons." Using that definition, reasonable assurance
was defined as the giving of reasons that provide sone
confidence that predictions about risk are correct. For
EPA, prediction froma scientific nodel is what provides
confidence (Crawford-Brown and Cot hern, 1987; Crawf ord-Brown
and Pearce, 1989). Therefore, to achieve reasonable
assurance, EPA's regulations nust be based on predictions of
risk fromscientific nodels. Risk has been defined as the
probability of an outcome for an individual (e.g., health
effects). This case study uses scientific nodels to predict
the health effects fromradon in drinking water and the
uncertainty about those effects. (The effect considered is

l'ifetime incidence of cancer nortality.)

Sources of Uncertainty

The EPA has proposed a standard for radon in drinking
water of 300 pC/1 (Crawford-Brown and Cothern, 1987). The

standard-setting approach to regul ating heal th hazards

raises two major questions or sources of uncertainty.
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First, wll it be possible to attain the standard? Second,
i f the standard is attained, will it result in the desired

|l evel of health effects?

How confi dent can EPA be that radon can be renoved
fromdrinking water to a level of 300 pC/1? There is solid
pragmatic evi dence that radon can be removed to |evels wel
bel ow 300 pC /1. Ganular activated carbon (GAC) and
aeration have both been used reliably at full scale to
remove radon fromdrinking water with remval efficiencies
of 90 percent and greater (Reid, et al., 1985). Over 99
percent of the hones in the U S. have radon |evels of 1,000
pCG/1 or less (Crawford-Brown and Cothern, 1987); 90 percent
renoval in those honmes would result in levels at or bel ow
100 pG /1. In light of such well-crafted pragmatic
evi dence, there is virtually no uncertainty that a standard
of 300 pCi/1 can be achieved. This case study wll

therefore assume that the 300 pG/1 standard is nmet or

exceeded in all hones.

How confident can EPA be that once the 300 pCi/1
standard is achieved, it will result in an acceptable |evel
of health effects? The nmain health effect of concern with
radon is lung cancer. There is crafting in the predictions
of lung cancer risk at high doses of radon, such as are
experienced by uraniummners (Crawford-Brown and Cot hern,
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1987). The evidence of this crafting is the ability of the
dose-response equations to fit the data with a |arge val ue
of r2 (the correlation coefficient, or neasure of the degree
of empirical support for the dose-response equation). This
does not, however, necessarily provide confidence at |ow

| evel s. The bulk of the uncertainty associated with
predicting health effects fromexposure to radon in drinking
water arises fromquestions about the reliability of
predictions of |ung cancer cases at |ow doses. This case
study will use a scientific nodel to predict the health
effects of radon in drinking water and to anal yze the

uncertainty about that prediction

R sk Mbodel

| ndi vidual s may be exposed to radon from drinking water
by two pat hways: inhalation of radon volatilized to air and
I ngestion of contam nated water. The EPA standard for radon
in drinking water is based only on the air pathway, for
whi ch an uncertainty anal ysis has been done (Crawford-Brown
and Cothern, 1987). EPA concluded that the water pathway
was not significant, but this decision was not based on a
scientific nodel and therefore does not satisfy EPA's
requirenents for reasonabl e confidence (Cothern, pers.

comm). It has since been estimated that the risks

associated with the water pathway are roughly conparable
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with those of the air pathway, but no uncertainty analysis
has been done for the water pathway (Crawford-Brown, 1989).
Because the 300 pCi/1 standard is based only on air

exposures, this case study will focus on that pathway.

The risk fromradon in drinking water by way of the air
pat hway can be predicted as the product of several
paraneters.” To express the uncertainty associated with the

resulting estimates, it is necessary to nmake two

assunpti ons.

First, each parameter is assuned to be |og-nornally
distributed. The literature suggests that many paraneters
rel evant to environnental risk assessnent are |og-normally
distributed (Crawf ord-Brown and Cothern, 1987). The |og-
normal assunption also results in an uncertainty anal ysis
that is relatively straightforward, both conceptually and
computationally. An inportant property of a |og-norna
distribution is that 68 percent of the values fall within
one geonetric standard deviation (GSD) of the nedian (or
50th percentile). The GSDis applied by multiplying or
di viding the nedian; thus the range of "within one GSD' is
fromthe nedian divided by the GSD to the nedian times the
GSD. This is conceptually easy to understand, since

The risk nmodel and all median and geonetr

I C
standard deviation (GSD) val ues used in this case
study are from Crawf ord-Brown and Cot hern (1987).
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statenents of confidence are fornul ated as "accurate to

within a factor of 2." Using the nedian and the GSD of a
| og-normal distribution, the 16th and 84th percentiles can
be cal culated (16th = median/GSD, 84th = median*GSD). Wth
those points and the nedian, a cumul ative confidence curve
can easily be plotted on |og-probability paper as a straight

l'i ne.

The second assunption is that confidence is a measure
of the subjective state of an individual (such as the
regul ator). The GSD for each paraneter is a measure of the
uncertainty associated with it. The GSDs used in this case
study reflect the expert judgement of Crawford-Brown and
Cothern (1987). For each paraneter, the paper provides two
GSDs: one that reflects uncertainty about the average val ue
of the parameter and one that reflects the variability of
the paraneter. The first expresses the uncertainty of
predicting an average value for the U S. popul ation, while

the second expresses the uncertainty about predicting a
value for a particular individual or hone.

Cal cul ati ng Ri sk

The unit individual risk (or probability of contracting
| ung cancer) per pC/1 of radon in drinking water by the air
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pathway is estimted by the foll ow ng nodel:
UR=Ca/Cw* F* CFl * CF2 * T * RF (Eqn. 4-1)
wher e:
UR= wunit individual risk in probability/person/pGC/1.
Ca/Cw = transfer factor fromwater to air in pG/1 air per

pC /1 water.
F = equilibriumfactor (unitless).

CFl = conversion factor, 1 W/100 pC /1 air (W = Wrking
Level, a measure of radioactive activity).

CF2 = Conversion factor fromyears to working nmonths (170
hours), adjusted for unattached fraction and |ung
nodel , in VWM year.

T = length of exposure in years.
RF = risk factor, adjusted for |atency period, in

probabi lity/ person/ WM (WM = Wrking Level Mnth,
a measure of radiation dose).

Tabl e 4-1 shows the median, uncertainty GSD, and variability
GSD for each of these paraneters. Sone paraneters have nore
than one GSD, because the uncertainty about themstens from
more than one separable source. Each paraneter and the

sources of its uncertainty are discussed briefly in the

fol | om ng paragraphs.

The transfer factor fromwater to air, Ca/Cw, depends
on a variety of factors such as dwelling ventilation rate,
bui I ding size, water use, and water tenperature (Crawford-
Brown and Cothern, 19 87). Crawford-Brown and Cot hern
suggest a median value of IxIO"*; thus, for each pG/1in
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water, there will be 1x10"'* pCG/1 in air. The range of
values in the literature for Ca/Cw suggest that this
paraneter is accurate only to a factor of 2 to 3.
Therefore, Crawford-Brown and Cothern estinate the
uncertainty GSD to be 2. Because ventilation rates,
bui | ding size, water use, and water tenperature vary anong
hones, the GSD is greater when variability is included.
Crawf ord-Brown and Cothern set the variability GSD at 4.

The concentration of radon in air is not directly of
concern in predicting health effects. Rather, the
concentration of radon progeny (the radioactive decay
products of radon) is what is of concern. The equilibrium
factor, F, is used to predict the equilibriumconcentration
of radon progeny in air based on the radon concentration.

It is a fraction of the radon concentration and so nust fal
between 0 and 1. The equilibriumfactor depends on
ventilation rate, building volune, and aeroso
characteristics. As shown in Table 4-1, Crawford-Brown and
Cot hern suggest a median value of 0.5, with an uncertainty
GSD of 1.2 and a variability GSD of 1.4. The variability
GSD is slightly higher, due to variability in building

char acteri stics.

The conversion factor, CH, frompG/1to W is equa
to 0.01 by definition and is neither uncertain nor variable.
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The second conversion factor, CF2, fromyears to working (or
occupational) nonths enconpasses uncertainty fromtwo
sources and is adjusted for a third. One occupational nonth
Is 170 hours, so there are 51.5 occupational months in a
year. However, Crawford-Brown and Cothern adjust this to 18
to account for the fact that people spend only a fraction of
their tinme at home. This conversion factor includes
uncertainty fromtwo sources: unattached fraction and
breathing rate. The unattached fraction is a neasure of the
fraction of radon progeny not attached to particles. Radon
progeny deposit differently in the lung when they are
attached to particles than when they are not. Crawford-
Brown and Cothern estimate the uncertainty GSD from
unattached fraction to be 1.2 and the variability GSD to be
1.4. The typical individual has a |ower breathing rate than
a uraniummners (on whomnost of the data on effective dose
are based). The breathing rate affects a person's exposure
and therefore, the effective dose. Crawford-Brown and

Cot hern suggest an uncertainty GSD of 2 and a variability

GSD of 3 for breathing rate. These values are summarized in
Tabl e 4-1.

The length of exposure in years, T, is taken to be 70,
the average |ifespan of a personinthe U S It is not

considered to be uncertain for the purposes of this case
st udy.
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The risk factor, RF, relates dose to risk, (meaning
probability in this context), of contracting cancer. The
risk factor is based on data fromuraniummners exposed to
hi gh doses of radon. It is adjusted for latency period, and
enconpasses uncertainty fromthat adjustment as well as two
other distinct sources (available data and extrapolation to
| ow dose). Crawford-Brown and Cothern find an median
unadj usted val ue of 1x10"" per person/\W.Myear. (Note that
these are not the same units as the adjusted risk factor
used in the unit risk equation.) Based on the range of
avai | abl e data, Crawford-Brown and Cothern suggest an
uncertainty GSD of 2 for the unadjusted value. Because it
I's not known how risk factors vary anmong individuals, the
variability GSD is taken to be the same as the uncertainty
GSD as a | ower bound. The risk factor is also uncertainty
as a result of extrapolation fromthe high doses experienced
by uraniummners to the | ow dose experienced by a typica
i ndividual. Crawford-Brown and Cothern suggest an
uncertainty GSD of 3 and a variability GSD of 5 for the
extrapolation formhigh to low dose. Finally, the risk
factor is adjusted to account for the absence of risk during
the latency period (the time between exposure and
mani festation of the effects). Crawford-Brown and Cothern
give a median adjusted val ue of 3x10"'* per person/\WM Note
that this changes the risk factor froman annual risk factor
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toalifetime risk factor. The uncertainty GSD associ at ed
with the latency adjustment is 2 and the variability GSDis

3. These val ues are sunmmari zed in Table 4-1.

Using the nedian values in Table 4-1 and the unit risk
equation given at the beginning of this section, the median
value of unit individual risk is 1.9x10"" per person/pC/1.
The lifetinme individual risk can then be calculated from
this equati on:

LIR = UR * Cw (Egn. 4-2)
wher e:

LIR= Ilifetime individual risk in probability/person.
UR = wunit individual risk in probability/person/pC/1
Cw = concentration of radon in drinking water in pG/1.

Using this equation and a value of 300 pG /1, the lifetine
i ndividual risk is 5.7x10"".

Cal cul ating the Overall GSD

For a multiplicative function of |og-nornmally
distributed paraneters, the overall GSD can be cal cul ated
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fromthe indivi dugl GSDs by the foll owi ng equation:

GSD = exp [S In2(GSDi)]I/2 (Egn. 4-3)

wher e:
GSD = overall GSD
GSDf = GSD of paraneter i

The overal| GSD is calcul ated separately for uncertainty and
variability. Using this equation and the GSD val ues in
Table 4-1, the overall uncertainty GSDis 6 and the overal
variability GSDis 16. A GSD of 6 corresponds to a 95
percent confidence interval spanning 3 orders of magnitude
(the 95 percent confidence interval ranges fromthe nedian
di vided by the GSD squared to the nedian tinmes the GSD
squared). A GSD of 16 corresponds to a 95 percent
confidence interval of 4 orders of magnitude.

Constructing a Curmul ative Confidence Distribution

Cr awf or d- Brown and Cot hern cal cul ated nedi an ri sk and

the overall GSD as discussed above, but they did not devel op
a cunul ative confidence distribution (CCD) fromt hat
information. Wth a cunul ative confidence distribution, a
regul ator can determne the confidence that the risk will be
| ess than or equal to sone specific, acceptable risk Ievel.

For the purposes of this case study, an acceptable risk is
10-"" (EPA, 1986) .
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The cumul ative confidence distribution is constructed

by plotting the nedian, 16th percentile (nmedian/GSD), and
84th percentile (median * GSD) on | og-probability paper
The scale on the y-axis of |og-probability paper is called a

probability scale, and is designed to allowthe plotting of
a CCD as a straight Iine.

Figure 4-1 shows the CCDs for uncertainty and
variability. The x-axis shows |ifetime individual risk from
300 pG/1 on a log scale. The y-axis is cunmulative
confidence. Both CCDs have the same nedian, but the
variability CCDis less steep, indicating greater
uncertainty. The cunul ative confidence of an acceptable
risk of 10"" as a national average (i.e., accounting only
for uncertainty) is 62 percent. The cunulative confidence
of 10" A risk for any particular individual (i.e., accounting
for both uncertainty and variability) is only 58 percent.

The CCDs in Figure 4-1 are both based on the proposed
300 pCG/1 standard. CCDs may al so be plotted for different
possi bl e standards to conpare the confidence that an
acceptable risk will result fromdifferent alternative
standards. Table 4-2 shows the nmedian value of |ifetine

individual risk for a range of radon concentrations (Cw
from100 to 800 pCi/1, calculated fromEquation 4-2. The
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GSD is the same for all values of Cw, since all of the
uncertainty and variability are in the unit individual risk.
Figure 4-2 shows the CCDs based on uncertainty for the
different values of Cw. The higher the standard, the |ess

confidence that a particular risk (here, 10""") wll be
achi eved. Table 4-2 also shows the confidence associ at ed

wtharisk of 10"'* for each concentration. As the

standard drops from800 to 100 pG /1, the confidence

I ncreases from 4l percent to 83 percent.

Cal cul ati ng Cost

Each different standard inplies not only a different

| evel of confidence, as seen in Figure 4-2, but a different

cost. Cost can be cal cul ated as foll ows:

TAC = UAC * HSHLDS (Egn. 4-4)

wher e:

TAC = Total annual cost in $/year
UAC

Unit annual cost in $/year/househol d

Nunber of househol ds aff ected

The unit annual cost is a function of the nethod used to

renmove radon (granul ated activated carbon (GAC) or
aeration). In this range of target concentrations, it is
not a function of the desired concentration. Reid (1985,
citing Lowy, 1981) presents the capital and operating costs
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per househol d of renoving radon by GAC and aeration. Table

4-3 summarizes those costs. Unit annual cost can be

cal cul ated fromthese values by the foll ow ng equation:
UAC = (CAP + 70 * OPER)/ 70 (Egn. 4-5)

wher e:

CAP = Capital cost in $
OPER = (perating cost in $/year
70 = Lifetinme in years

Table 4-3 al so presents the unit annual cost for each

option. For GAC, the annual cost is $27/househol d; for
aeration, it is $73/househol d.

The nunber of househol ds affected is a function of the
standard. A household is affected if it has a radon
concentration above the standard. The |ower the standard,
the greater the nunmber of househol ds affected, and
therefore, the greater the cost. Crawford-Brown and Cothern
(1987) present graphically the cunul ative incidence of
popul ation for a range of radon concentrations. These
represent the fraction of population with radon
concentrations at or above any particular concentration.
Tabl e 4-4 presents the fraction of popul ation exceeding each
of the concentrations in the 100 to 800 pCi/1 range. Table
4-4 al so shows the total population exceeding each
concentration, based on a total U S. population of 250
mllion people. The last colum in Table 4-4 shows the
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number of househol ds exceedi ng each concentration, assum ng
an average of 3 people per household. As the standard drops

from800 to 100 pC /1, the nunber of househol ds affected
i ncreases from 830,000 to 25, 000, 000.

Table 4-5 presents the total annual cost for each
possi bl e standard for GAC and aeration. The cumulative
confidence of achieving a risk of 10" * is also reproduced
fromTable 4-2. Plotting these against each other produces
a cost versus confidence graph, shown in Figure 4-3, with
confidence on the x-axis and total annual cost on the y-
axis. Using this graph, a regulator can easily conpare the
costs of different |evels of confidence. The costs for both
treatments, but especially aeration, increase sharply after
about 60 percent confidence, with costs exceeding one
billion dollars for confidence over 70 percent for aeration.
The proposed 300 pG /1 standard falls right at the 60
percent point, before costs begin to increase sharply.

Di scussi on
Reduci ng Uncertainty

The cunul ative confidence of achieving 10" * risk with a
standard of 300 pCGi/1 is not very high, even considering
only uncertainty (and not variability). EPA typically uses
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a confidence |evel of 95 percent, whereas the confidence for
300 pCGi/1 is only 62 percent. One way to increase
confidence is to |ower the standard; however, as seen in
Figure 4-3, this may be quite expensive. It is clearly not
feasible to reduce the standard to a point where 95 percent

confidence is achi eved.

There is another way to increase confidence, and that
I's by reducing uncertainty about the parameters in the risk
nmodel . Uncertainty can be reduced by two kinds of research,
depending on the nature of the paraneter and the uncertainty
about it. The first group of paraneters requires nore
know edge or fundamental research to reduce uncertainty.
Such paraneters include the |ung deposition nodel, |atency,
and high to | ow dose extrapolation. The other group of
parameters requires nore accurate neasurenents to decrease
uncertainty. These parameters include the water to air
transfer factor, equilibriumfactor, unattached fraction,

and | ung deposition.

The CCD can be used to identify the relative
sensitivity of confidence to the uncertainty of each
paranmeter by elimnating the paraneter's GSD fromthe
overal| GSD and plotting a new CCD. Table 4-6 shows the
uncertainty GSD of each paraneter and the overall GSDif the
uncertainty fromthat parameter were elimnated. The |arger
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the parameter GSD, the greater the effect elimnating it has
on the overall GSD. Figure 4-4 shows CCDs for 300 pC/1
with a range of GSDs. The GSD doesn't affect the median, so
the median is the same for each CCD. |Instead, the GSD
affects the slope of the CCD, with flatter curves providing
| ess confidence of a particular risk being achieved.

Tabl e 4-7 shows the cunul ative confidence of achieving
10-4 risk for each of the CCDs shown in Figure 4-4. Even
with the overall GSD reduced to 2 (which would require the
elimnation of uncertainty fromextrapolation, with a GSD of
3, and any one of the parameters with a GSD of 2, such as
| atency) the confidence of achieving 10" * is only 80
percent. The difficulty achieving high levels of confidence
stens fromthe closeness of the median risk (5.7x10"") to
the acceptable risk (10" *). Wth a [ower standard (and
hence [ ower nedian risk) the effects of reducing uncertainty
woul d be nmore striking. An analysis like this could be
useful in targeting research where it has the nost potential
to reduce uncertainty and increase confidence.

Targeting Susceptible Popul ations

One reason regul ating radon in drinking water is so
costly is the |arge number of households with radon

concentrations over the standard. An alternative approach
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woul d be to try to target particularly susceptible
househol ds for radon renoval. Suppose the risk nodel
parameter nedian val ues are taken as given (i.e., no
uncertainty about the "average" value). Sone of the
parameters still exhibit considerable variability, so that
all homes with a radon concentration over 300 pG /1 nay
still result in a wde range of different risks. Wat if
EPA coul d target houses with a tendency toward high water-
to-air transfer factors, equilibriumfactors, or unattached
fractions? O identify individuals who deposit radon
preferentially in their lungs or have higher breathing
rates? It is not feasible to identify the second set of

I ndi vidual characteristics (breathing rate, etc.), and it
may not even be feasible to identify the first set of
househol d characteristics, but such an approach m ght be
feasible in other regulatory settings. EPA mght also
attenpt to control building characteristics (such as

ventilation rates) that contribute to extrene paraneter

val ues that increase ri sk above the nedi an.
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TABLE 4-1

Rl SK MODEL PARAMETERS

GSD
Par anet er Medi an Units Una. Var. Source
ca/cw Air/\Vater 1x10-"*  pCi/1 per 2 4
Tr ansf er pCi /1
Fact or
F Equi l i brium 0.5 uni tl ess 1.2 1.4
Fact or
CFI Conver si on 0.01 W/ pGCG/1 .
Factor 1
CF2 Conver si on 18 WM year 1.2 1.4 Unattached
Factor 2 Fracti on
2 3 Lung Model
T Exposure 70 year s
Dur ati on
RF Ri sk 3x10"" % 1/ WM 2 2 Avai | abl e
Fact or per son Dat a
3 5 Ext r apol ati on
2 3 Lat ency

Source: Crawford-Brown and Cot hern (1987)
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TABLE 4-2

MEDI AN RI SK AND CUMJULATI VE CONFI DENCE OF | O'"' * RI SK
FOR Cw = 100 to 800 pC /1

Medi an Lifetine Cumul ati ve
Cw I ndi vi dual Ri sk Confi dence
(pci/ 1) (risk/ person) (percent)
100 1.9x10-5 83
200 3. 8x10-5 70
300 5.7x10-5 62
500 9. 5x10-5 51

800 1.5x10-4 41

72
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TABLE 4-3

CAPI TAL AND OPERATI NG COST PER HOUSEHOLD
OF RADON REMOVAL

Capi t al Annual Tot al
Cost Q)er ati ng Cost Annual Cost*
($/ hshl d) ($/yr/hshid) ___ ($/yr/hshld)
500 20 27
900 60 73

Assunes |ifespan of 70 years

Sour ce:

Reid (1985) citing Lowy (1981)
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800

Sour ce:

TABLE 4-4

AFFECTED HOUSEHOLDS FOR
Ow = 100 to 800 pGi/1

Popul ati on Exceedi ng CW
(fraction)  (mllions)
0. 30 75
0. 15 38
0. 07 18
0. 04 10
0. 01 2.5

Crawf ord- Brown and Cot hern (1987)
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Househol ds

Exceedi ng Cw
(nillions)

25

13
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TABLE 4-5

ANNUAL COST AND CUMULATI VE CONFI DENCE OF | O'"* RI SK
FOR Cw = 100 to 800 pC /1

Annual Cost Cunul ati ve
Cw GAC Aer ati on Conf i dence
(pGi /1) (mllion %) (mllion g (percent)
100 680 1, 800 83
200 340 910 70
300 160 430 62
500 90 240 51

800 23 61 41
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TABLE 4-6

EFFECT ON OVERALL GSD OF ELI M NATI NG
I NDI VI DUAL UNCERTAI NTY SOURCES

Par anet er Overall GsD
Par anet er Sour ce Unc. GSD if omtted
Base Case (no paraneter GSDs onitted) 6
Ca/ Cw Ai r/ \Wat er 2 5
Tr ansf er
Fact or
F Equi l i brium 1.2 6
Fact or
CF2 Conver si on Unat t ached 1.2 6
Fact or 2 Fracti on
Lung Model 2 5
RF Ri sk Avai | abl e 2 5
Fact or Dat a
Ext rapol ati on 3 4

Lat ency 2 5


NEATPAGEINFO:id=D2AE7574-2DD5-4474-9C52-829CA5C9C2C6


csnogC pego

As
ZIao—=

ve 000

3

FI GURE 4- 4

CUMULATI VE CONFI DENCE DI STRI BUTI ONS FOR
A RANGE OF GSD VALUES

ow = 300 pGi/1

GsSD =

M1 I HUM~+ M ni M ni

I ndi vi dual Ri sk

79


NEATPAGEINFO:id=005393D3-8A64-486D-A6C8-B34C7F206123


80

TABLE 4-7

CUMULATI VE CONFI DENCE OF | O'' A RI SK
FOR A RANGE OF GSD VALUES

ow = 300 pGi/1

Cunmul ati ve
Confi dence

Gb (percent) Source of Uncertainty QOmtted*
16 58 None (from Vari ability)
[ == = NN e =

Omt Equilibrium Factor
Omt Unattached Fraction (CF2)

5 64 aOnmt Lung NModel (CI:2)
Omnt Ar/Water Transfer

Onit Avail able Data (RF)
Ont Latency (RF)

4 66 O7Mmit ExXtrapol ati on (RF)

= A @ s =

2 80 Omt Extrapol ati on (RF) and
any source with GSD = 2

From overal | uncertai n_tly_ GSD, except for GSD = 16, which
represents overall variability GSD.
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