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Abstract

Expert judgement elicitation is expected to be used in the performance assessments (PA) of the long-term
behavior of high-level waste (HLW) geologic repositories. As a preparation for an effective review of the U.S.
Department of Energy (DOE) PA, the Nuclear Regulatory Commission (NRC) is evaluating the mechanics of
eliciting expert judgements. One of the objectives of this evaluation is to explore techniques for generating and
aggregating probabilistic judgements of future conditions at the proposed HLW repository at Yucca Mountain,
Nevada. An actual elicitation was conducted as an aid to these evaluations. This paper documents this
probabilistically centered elicitation and subsequent activities to explore aggregation of opinion techniques. Future
climate in the Yucca Mountain, Nevada vicinity was selected as the topic for elicitation. Personnel from the NRC
and Center for Nuclear Waste Regulatory Analyses (CNWRA) defined the climatic parameters of interest in
conjunction with a panel of five expert climatologists. Individual elicitations were performed with each climatologist
to produce probabilistic estimates of each parameter at seven points of time in the future. The elicitations
employed the fractile technique to generate cumulative probability distributions representing the uncertainty in the
predictions. After the individual elicitations, a group session was conducted to explore aggregation and consensus
methods.

Keywords: Expert elicitation; Expert judgement; Subjective probability assessment; Climate; Uncertainty; Opinion aggregation

1. Introduction
1.1. Background
The Nuclear Regulatory Commission (NRC)

is developing methods to determine compliance
with its regulation for the disposal of high-level

* Corresponding  author. Tel. +12105226072; Fax
+1210 522 6081.

nuclear waste (10 CFR Part 60) by the U.S.
Department of Energy (DOE). Performance of
high-level nuclear waste (HLW) geologic re-
positories has to be assessed for a regulatory
period of 10000 years as stipulated in standards
developed by the Environmental Protection
Agency. Because of this extremely long time
period, a combination of data from site charac-
terization, experimental methods, studies of
natural analogs and mathematical models will be
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used in performance assessments (PA) to demon-
strate compliance with the requirements in these
standards. Mathematical models are expected to
be the primary tools for estimating the long-term
future performance of the repository. Expert
judgement elicitation is a potential source of
data for PA and, like other data such as that
from scientific site exploration, will require inter-
pretation and supplementation before it can be
incorporated into PA models.

This study applies a state-of-the-art expert
judgement elicitation procedure to an area of
considerable interest related to predicting the
performance of a HLW repository. Identification
of external conditions, to which the repository
will be subjected, during the regulatory period is
an essential requirement for applying the mathe-
matical models. These external conditions per-
tain to evolving tectonism, volcanism, seismicity,
climate and other factors that may affect reposit-
ory performance. In the HLW program in the
United States (and several other countries) these
external conditions are included in PA by defin-
ing ‘disruptive scenarios’ (NRC, 1992). Noting
that the future is highly uncertain, a full defini-
tion of a scenario consists of not only its charac-
teristics but also its probability of occurrence.
One method of defining scenarios and their
probability of occurrence is the use of formal
expert elicitation.

1.2. Formal expert elicitation

Expert judgement is involved in an informal
manner in all scientific research. A scientific
judgement is defined to be informal when there
is no formal training provided to debias the
expert and the documentation is lacking. Infor-
mal judgement is applied every time a researcher
makes decisions about what phenomenon to
study, how to initialize a model, what variables
are important to the process, what data are
appropriate, and how to process and use those
data. Informal expert judgements are a normal
part of the scientific process and, under well-
controlled and understood situations, such
judgements are validated, or invalidated, by the
process itself. This validation is not possible for

the long-term assessment of HLW repositories.

Formal expert elicitation (commonly referred
to as expert judgement elicitation) refers to a
structured procedure designed to gather knowl-
edge about a discipline or area of endeavor from
individuals considered human experts in that
domain. Topics of elicitations can be probability
encoding, scenario development, or model selec-
tion. The elicitation procedure requires the par-
ticipation of three parties: normative experts,
generalists, and experts. Normative experts have
a suitable background in decision theory, prob-
ability theory, and psychology. The generalists
are usually project staff that (i) have a thorough
understanding of the project and the manner in
which the judgements will be used, and (ii) play
a role in defining the issues that the experts are
to address, and (iii) participate in assembling
and presenting the fundamental information
about the issue(s) to the experts. The experts
from which the judgements are elicited have
extensive expertise in the domain of interest.
The elicitation procedure includes methods to
select and train the experts as well as a defined
approach to gathering the appropriate knowl-
edge. The normative experts elicit judgements
from the experts according to the formal process
and carefully document the experts’ rationale.
The generalists and the normative experts to-
gether are often referred to as the elicitation
team.

Compared to an informal expert judgement
process, formal expert elicitation increases the
credibility and defensibility of the judgements
because of the careful and thorough documen-
tation of each expert’s rationale and enhances
the communication of the results. The normative
expert carefully documents the procedure used
to obtain the judgements and the rationale for
each judgement, making the process readily
available for external evaluation. The training
session incorporated in the formal process en-
sures that the participants are aware of the
cognitive and motivational biases that can in-
fluence expert judgements and provides tech-
niques to recognize and avoid them. Accuracy is
improved also because the problem definition is
clear and the issues addressed are explicitly
stated. Finally, formal expert elicitation in-
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creases the consistency of procedures across
studies, facilitating comparisons among them.

1.3. Interpretations of probability

Probability elicitation is a special case of
expert elicitation that focuses on collecting sub-
jective probabilities for uncertain events. In this
view, a probability is interpreted as an indi-
vidual’s degree of belief that an event will occur.
This differs from classical or frequentist prob-
abilities in which the relative likelihood of out-
comes (e.g., the roll of a die) can be determined
or in which there is empirical evidence describing
the relative frequency of events (e.g., the fre-
quency of accidents at an installation). In our
case, the probability is the individual’s degree of
belief based on any relevant information that is
available. For uncertain quantities that are con-
tinuous, an expert’s estimate is often interpreted
as the median of the experts’ distribution and the
spread of the distribution is based on the confi-
dence or degree of belief in that value. Formal
elicitation techniques have been devised to col-
lect and interpret subjective probability assess-
ments. A workshop sponsored by the Nuclear
Energy Agency in 1987 (NEA, 1987) concluded
PA of HLW repositories will be plagued by ‘lack
of knowledge’ uncertainties in areas such as
future seismicity and climate that can be quan-
tified as probabilities representing degrees of
beliefs.

The elicitation and use of expert judgement
encoded as probabilities has long been a vital
part of decision analysis (Raiffa, 1968; Spetzler
and Stael von Holstein, 1975). Many of the
techniques and procedures developed and used
in decision analysis are also used in risk assess-
ment and performance assessment. For the HLW
repository PA program, obtaining probabilities
through elicitation is motivated largely by basic
and compelling facts: in the earth and atmos-
pheric sciences, current models and underlying
principles are still elementary in many respects,
the time and space scales of the problem at hand
are quite large, and the interrelationships are
complex. In this situation, obtaining sufficient
quantities of data to compute a reliable prob-
ability estimate will usually not be feasible. The

elicitation approach permits the formal incorpo-
ration of subjective expert judgement into the
PA process. This information supplements other
sources, including the results of scientific ob-
servations, characterizations, experiments, and
modeling of physical and geochemical processes.
The role of the experts is not to create knowl-
edge, but to summarize the available information
and to help express what is known and what is
not known (level of uncertainty). That is, the
experts present a state-of-the-art assessment of
the scientific knowledge of a specific discipline or
scientific topic based on the information avail-
able at a point in time.

2. The expert elicitation procedure

Our formal expert elicitation procedure con-

sists of 11 steps:
(i) Determine the objectives and goals of
the study.
(ii) Recruit the experts.
(iii) Identify issues and information needs.
(iv) Provide initial data to the experts.
(v) Conduct the elicitation training session.
(vi) Discuss and refine the issues.

(vii) Provide a multi-week study period.

(viii) Conduct the elicitations.

(ix) Provide post-elicitation feedback to the
experts.

(x) Aggregate the experts’ judgements (if
required).

(xi) Document the process.

The eleven steps can be broken into roughly
five sequential phases: pre-training activities ((i)
through (iv)), training ((v)), study period ((vi)-
(vii)), elicitation ((viii)), and follow-up ((ix)
through (xi)). These phases are strictly sequen-
tial while the individual steps within the phases
can proceed largely concurrently. These steps
should be present in high-quality formal elicita-
tions.

This study was concerned with acquiring prob-
abilistic judgement of future climate parameters
in the Yucca Mountain Nevada vicinity
(YMNV). One of the areas that can affect the
performance of a high-level nuclear waste re-
pository, over a 10 000-year horizon is hydrologic
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transport of the radionuclides contained in the
entombed wastes, which may be significantly
affected by future climates. Because the state of
science and modeling in the area of climate
projections has not been validated for long-term,
sub-regional estimates, the uncertainty in this
area can best be characterized by expert prob-
ability judgements. Expressing uncertainty in the
form of probabilities allows the judgements to be
directly utilized in the PA models examining the
behavior of the proposed HLW repository
because these models are probabilistic. Five of
the steps in the formal elicitation procedure are
particularly relevant to probability elicitation in
general and to the climate elicitation in par-
ticular: identifying the issues (iii), conducting the
elicitation training session (v), refining the issues
(vi), conducting the individual elicitations (viii),
and aggregating the expert judgements (x). The
following sections describe each of these steps.
Description of the recruiting and selection of the
experts, as well as their identification and re-
sumes, is provided in DeWispelare et al., 1993.

2.1. Identify the issues and information needs

The focus in this step was on identifying the
issues to be considered. Early in this step, a
broad scope was chosen to ensure that the
significant issues were identified and that other
issues were excluded for sound reasons. Once a
list of issues was developed the most important
issues were identified to enhance the likelihood
of achieving the project objectives and goals. For
example, the climatology elicitation included
precipitation variables related to the maximum
amount of precipitation likely to be experienced
in the YMNYV. This, issue was chosen because
extreme precipitation is thought to have a poten-
tially adverse impact on repository performance.
But the issue of the future state of society’s
impact on climate was rejected because of the
inability to characterize the extreme uncertainty.
Criteria used to select the issues were explicitly
stated and reviewed by the experts at the initial
meeting of the entire group.

The definition of the issues should be precise
because their clarity is critical for the elicitation
design. The issues can range from general to

specific and from complex to simple. For exam-
ple, a general question might be, “What are the
primary climatological controls operating at
Yucca Mountain?” A more specific question
might be, “What is the likely average annual
precipitation amount at 3000 years after the
present (AP) in the vicinity of Yucca Moun-
tain?” The generalists and normative experts
should propose initial conceptual models and
scenarios for the purposes of interest to be
reviewed by the experts at the first meeting.

This first step also involves formalizing the
quantities to be elicited and stating all assump-
tions that are to influence the judgements. Win-
kler et al. (1978) state that all questions asked of
the experts should be about observable or at
least theoretically observable quantities. The
questions in probability elicitation should be
framed to reduce the possible impact of motiva-
tional and cognitive bias on the judgements. The
normative expert should avoid ways of framing
questions that may bias the response; for exam-
ple, focusing on the extremes of a distribution
rather than the central part can help reduce the
tendency to anchor on a central value and
thereby reduce the overconfidence bias (Winkler
et al., 1992).

The issue statement for the climatology elicita-
tion charged the experts with predicting the
future climate conditions in the YMNV. The
primary variables of interest were changes in
annual precipitation and temperature as well as
changes in the seasonal variability of precipi-
tation at the site over the course of 10000 years.
These variables were selected by the generalists
to include those that were thought most likely to
have an impact on repository performance. The
issue statement also indicated the intent to
evaluate these changes at a series of future time
epochs: 100, 1000, 3000, 5000, 7500, and 10 000
AP (300 was added later). At each of these time
steps, the experts were charged with providing
distributions for the main variables and discuss-
ing the climatic controls that caused any ex-
pected changes.

2.2. Conduct the elicitation training session

The literature on expert judgement stresses
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the importance of training experts on the task
facing them (Merkhofer, 1987; von Winterfeldt
and Edwards, 1986; Mosleh et al., 1988). A
formal meeting involving the elicitation team and
the experts is appropriate to accomplish this
training. Training consists of familiarizing the
experts with the judgement process and motivat-
ing them to provide formal judgements, giving
them practice in expressing their judgements
formally and educating them about possible
judgement biases. There are two general classes
of bias: motivational and cognitive. Motivational
biases occur because the expert has a vested
interest in an issue which, consciously or uncon-
sciously, distorts his judgement. Cognitive biases
occur because of a failurc to process, aggregate.
or integrate the available data and information
(Kahneman et al., 1982). Motivational biases
can generally be avoided, or at least reduced, by
a careful expert selection process. The primary
cognitive biases in probability judgements are (i)
overconfidence, (ii) anchoring, (iii) availability,
(iv) ignoring base rates, and (v) nonregressive
predictions. To counter cognitive biases, experts
should learn about the bias through personal
experience, detailed discussion (Bonano et al.,
1990) and debiasing cxercises as part of the
training.

The initial meeting of the elicitation team and
climatology panel occurred at the CNWRA in
San Antonio, Texas. The goals of this meeting
were threefold: (i) to orient the experts, (ii) to
refine the initial issue statement, and (iii) to
conduct elicitation training. Initially, CNWRA
personnel provided an overview of the proposed
repository and the PA program together with a
short overview of the goals of the elicitation.
These overviews also described the current and
past climate in the YMNYV and the structure of
the proposed HLW repository. The introductory
sesston attempted to motivate the experts by
showing the importance of the elicitation study
and discussing how their judgements would be
used in the PA program. In addition, the elicita-
tion team fielded any concerns the experts had
about making subjective judgements. Another
part of the initial meeting was devoted to exten-
sive training in probability elicitation and debias-
ing. The training session included an overview of

subjective judgements of uncertainty. Examples
were given of overconfidence, and confirmatory
bias anchoring, availability, base rate dependen-
cy, and nonregressive predictions to help the
experts learn first hand about possible cognitive
biases. Probability assessment was demonstrated
through the use of graphical techniques. The
normative expert helped elicitation team mem-
bers practicc responding to probability ques-
tions.

2.3. Discuss and refine the issues

This step can take place at the first meeting of
the experts, which may coincide with the elicita-
tion training. The experts should be familiar with
the issue statement and should comment on the
issues to be covered in the elicitation. Discussion
is used by the experts to refine the initial con-
ceptual models and scenarios in order to arrive
at an unambiguous definition of the events or
quantities to be elicited. This definition needs to
include a list of all assumptions that will be
shared by the group. Finally, the experts should
discuss possible decompositions of the problem,
noting any areas in which conditional prob-
abilities are nccessary to capturc the relationship
among variables. When done properly, this step
results in a convenient model with which to focus
discussion and proceed into an individual re-
search effort by each expert.

At the first meeting of the climatology elicita-
tion panel, the experts had the opportunity to
refine the issues statement and generate a list of
the climate-forcing factors and assumptions that
would be shared by the group. Fig. 1 shows the
results of this session. The primary forcing fac-
tors of the climate in the YMNV were identified
as the physiography of the area, Milankovitch
cycles (i.e., cyclical perturbations in the earth’s
orbit), solar output, shocks to the climate sys-
tem, natural variability and the human influence
on climate. Through their impact on large-scale.
regional-scale and local-scale weather phenom-
ena, such as atmospheric circulation, these fac-
tors determine the temperature, precipitation,
seasonal variability, precipitation persistence,
short-term precipitation intensity, and solar
radiation at the site. The group reached consen-
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Fig. 1. Conceptual climate model.

sus on several assumptions. They agreed that the
area of evaluation would be a 50-km radius
around YMNYV and that they would estimate the
various parameters for 100-year climatological
normals (moving average) centered on the point
in time of interest.
The following is a definition of each of the
variables within the context of this study.
(i) Precipitation:
The average amount of annual rainfall.
(ii) Temperature:
The average annual temperature.
(iii) Seasonal Variability:
The average summer versus winter pre-
cipitation in monthly units or in propor-
tions.
(iv) Short-Term Precipitation Intensity:
The largest amount of rainfall that will
occur in a 10-day period.

(v) Persistent Precipitation:
The wettest concurrent 10-year period in
the 10 000-year period of investigation.
(vi) Solar Radiation:
Changes in either cloud cover or incident
solar radiation relative to current levels.
The group added the 300-year time slice
because they felt it was an important step be-
tween 100 and 1000 AP. Precipitation estimates
provided the absolute incident amount rather
than an effective amount available for infiltration
resulting from evapotranspiration. The group
agreed to assume that the topography of the
region would remain essentially invariant across
the 10 000-year period. Finally, for purposes of
tractability, the group decided to consider only
those scenarios of plausible human impact on the
environment that are possible at present. Unlike-
ly but possible changes, such as the potential to
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control the weather at some point in the future,
were ignored.

2.4. Conduct the individual elicitations

The experts in the climatology elicitation had
one month between training and the individual
elicitations to review any literature, data, or
model results they felt were relevant to their
judgements and to prepare position papers rel-
evant to their judgements. Each expert prepared
his position paper independently; they had ac-
cess to each other only for brief consultation to
exchange data or to clarify information of com-
mon interest. The goal was to obtain their
independent stances in preparation for the in-
dividual elicitations. At the end of the research
period, the experts each prepared a short paper
that documented the basis of their judgements.
At the start of the individual elicitations, the
experts were assembled as a group and asked to
provide short presentations of the main conclu-
sions contained in their position papers. The aim
of this meeting was to expose the experts to each
others’ reasoning processes in a non-confronta-
tional environment without attempting to alter
their individual stances. Questions at the end of
each presentation were limited to clarification of
the expert’s reasoning.

After the group meeting, the experts indi-
vidually provided judgements and probability
estimates for the variables identified in the issue
statement in a formal elicitation. The individual
elicitations were held in a quiet conference room
and were attended by the elicitation team and an
individual expert. At the start of the session, the
normative expert mapped out the general tasks
and summarized the issues to be covered. The
normative expert explicitly reviewed all defini-
tions and assumptions agreed to by the group
during the initial meeting. The expert then
described in his own words the current climatic
controls in effect at the site. The first judgements
provided by an expert were trends in precipi-
tation and temperature across the 10 000-year
time period. This provided an initial look at the
expert’s fundamental approach to predicting the
climate in the area and allowed for subsequent

consistency checks at each point in time, (called
a time slice). The expert also provided a trend
for solar radiation (or its surrogate, cloud cover)
across the time slices. The normative expert then
asked the expert to provide specific answers to
questions about the variables considered, en-
couraged the expert to discuss the reasoning
behind the estimates, ensured that the required
information was obtained and checked the con-
sistency of the information. The information was
documented for subsequent analysis.

After this, the elicitation progressed time slice
by time slice. At each time slice, the expert
provided probability distributions for tempera-
ture, precipitation and short term intensity as
well as the most likely precipitation distribution
by season. At the end of the session, the expert
estimated the persistent precipitation. Cumula-
tive distribution functions (CDFs) and/or prob-
ability density functions (PDFs) were produced
for each variable of interest at each time slice.
The fractile method was used as the probability
encoding technique to elicit information to con-
struct the probability distributions. In the fractile
method, the z-fractile is the magnitude x, of the
uncertain quantity x such that there is a prob-
ability of z that the true magnitude falls below x,
or is equal to x, and a 1-z probability that x falls
above x,. The lower bound is the 0.0 fractile and
the upper bound is the 1.0 fractile. The tails of a
distribution, for example, 0.01 or 0.05 fractiles
and 0.95 or 0.99 fractiles, were explored first to
reduce the effects of overconfidence and anchor-
ing to a central value. Questions like the follow-
ing were posed: “‘Is this the point at which you
see only a 5% chance of getting a lower value of
the variable and a 95% chance of getting a
higher value?” The extreme events needed to
have credible explanations that the expert
deemed probable at the given level. Each dis-
tribution was systematically constructed from
five to nine points representing the various
fractiles (depending on the degree to which the
expert could propose the distribution shape).
Because of the significant uncertainty involved in
identifying the 0.0 and 1.0 fractiles, lower tail
values of either 0.01 or 0.05 and upper tail values
of 0.95 or 0.99 were agreed upon as satisfactory
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and practical distribution end points by both the
generalists (representing the modelers or users of
the data) and the experts. The elicitations lasted
approximately 4 h each and were documented by
careful notes and videotape.

2.4.1. Results of the individual elicitation
sessions

The experts reviewed the results to ensure that
they accurately reflected the information pro-
vided in the elicitation. They also provided
comprehensive rationales with each of their
distributions (DeWispelare, et al. 1993). Appen-
dix A contains a sample from one of the tran-
scripts to show the way the elicitation team
collected the probability distributions and justifi-
cations. The following two sections discuss the
results for the future temperature and precipi-
tation in the YMNYV as a sample of the data
obtained in the elicitations.

2.4.2. Likely future temperature in the YMNV

Distributions associated with the temperature
estimates for each of the five expert climatolog-
ists (identified in the legend) are shown in Fig. 2.
The 1993 annual temperature was assumed to be
16°C (DOE, 1988). Generally all the experts
agreed that the next 100 years will be getting
warmer by as much as 3°C, on average, due to
the greenhouse warming associated with anthro-
pogenic activities. Following 100 years AP, the
temperature trends across the 10 000-year period
represented two distinct beliefs in the relative
impact of the forcing factors on the YMNV
climate. Both groups cited the influence of
anthropogenic global warming and Milankovitch
(solar radiation variability due to orbital fluctua-
tions) forcing in their trends, but two of the
experts believed that anthropogenic warming
would have a more persistent impact across the
10 000-year period. These two experts predicted
that temperatures would rise to a maximum of a
3.5°C increase between 300 and 1000 years AP
and then would decrease somewhat across the
remainder of the period. However, at no point
would temperatures decrease below current
levels.

The other three experts viewed anthropogenic

warming differently. These three experts agreed
that beginning 300 years AP temperatures will
drop and will continue dropping through the
remainder of the 10000-year time frame of
interest. All five of the experts agreed that
anthropogenic warming would extend to be-
tween 1000 and 3000 years AP, but the remain-
ing three experts forecast some cooling (relative
to current temperature) following that time, due
to a decreased impact of anthropogenic forcing
and increased influence of Milankovitch forcing.
One expert predicted maximum warming after
300 years but before 1000 years AP, while
another expert predicted that the anthropogenic
warming effects will continue through the 10 000
years, but superimposed on the warming will be
cooling associated with Milankovitch forcing
with a slight cooling overall in the last 5000
years. Final temperatures at 10000 years AP
ranged from —2°C to +2°C with one expert
saying that temperatures in the YMNV 10000
years from now will be about the same as present
temperatures. All experts agreed that the overall
effect from 3000 years AP to 10000 years AP
will be a net cooling from the 3000 years AP
atmospheric temperatures.

2.4.3. Likely future precipitation in the YMNV

The expert’s distributions associated with the
precipitation estimates are shown in Fig. 3. Each
climatologist expressed the opinion that tem-
perature and precipitation were not consistently
correlated in the YMNV. Depending on the
conditions and controls in place at a specific
future point in time, it was equally likely that
temperature could rise with increasing precipi-
tation, or that temperature could decrease with
increasing precipitation or vice versa. 1993 pre-
cipitation was assumed to be 150 mm annually
(DOE, 1988). For the first 100 years, four of the
five experts agreed that precipitation might in-
crease by as much as 10% on an annual basis
while one researcher suggested that precipitation
might decrease by a comparable quantity. One
expert predicted a significant lessening of pre-
cipitation from 100 to 300 years AP while four
experts predicted similar precipitation quantities
with relatively little change over this time period.
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Between 300 and 1000 years AP four experts
predicted relatively little change in precipitation.
A fifth expert, however, predicted a 25-mm
precipitation decrease which would remain for
4000 years before increasing to 15 mm per year
in the last 5000 years. This would still represent a
15 mm per year decrease (relative to current) at
10000 AP. One of the four remaining experts
forecast precipitation remaining very similar to
1993 precipitation for the last 7000 years of the
10 000-year time frame, while two researchers
showed increases by as much as 40 mm (27%)
above present values. The final expert showed a
substantial increase in precipitation from 3000
years AP to a high at 10000 years AP. Final
values for this expert at 10000 years AP are
150 mm more than the current annual average.
Other individuals suggested precipitation max-
imums that were no more than about 30% wetter
than the current average. In summary, all but
one of the experts predicted increased precipi-
tation during the 10000-year time period. The
median precipitation amounts at 10 000 years AP
ranged from a 15-mm decrease (10% decrease)
to a 150-mm increase (100 percent increase) over
current values.

3. Aggregation of the experts judgements

One of the objectives of this effort was to
examine techniques and approaches that would
satisfy the occasional requirement for combining
or aggregating the judgements of experts. Speci-
fically, we wanted to know whether behavioral
aggregation is convenient and appropriate for
obtaining a consensus (following individual ex-
pert judgements) or if mechanical mathematical
combination by the elicitation team (normative
experts and generalists) is more appropriate to
achieve aggregation.

There were a number of motivations for this
experiment. First, an objective was to explore
whether the experts could arrive at a consensus
opinion following an elicitation which focused on
their individual judgements. That is, could the
experts agree to a common probability distribu-

tion? If this were possible, it would at least leave
open the possibility of generating behavioral
consensus distributions for use in risk analysis
and PA. However, if it were not possible, this
would suggest that either a mechanical aggrega-
tion approach or a sensitivity-analysis approach
would be preferred. A second motivation was to
attempt a comparison of behavioral consensus
distributions and mechanically aggregated dis-
tributions. The hope was to be able to show that
the behavioral consensus mimicked one of the
mechanical methods, either in terms of the
experts’ reasoning about how to generate the
distribution or in terms of the shape of the
combined distributions. Such a demonstration
would in a sense “validate” that particular me-
chanical aggregation scheme and support the
latter’s use in lieu of the more expensive be-
havioral consensus approach.

3.1. Aggregation approaches

The first nine steps of the expert elicitation
were used to acquire individual probability dis-
tributions from each expert. The advantages of
acquiring individual probability distributions in-
clude attribution and traceability of judgements
to an individual and the voicing of disparate
views and perspectives to ensure issue coverage.
If only a single combined judgement is required
from the group of experts, a panel format or
other group opinion technique is generally used
(Winkler et al., 1992). These bypass the in-
dividual elicitation step previously described.

Although a representative panel of experts
may be assembled, it is no surprise that their
individual opinions may differ (perhaps substan-
tially) due to different backgrounds, assump-
tions, and interpretations. Nevertheless, the ap-
plication of models of a HLW repository in PA
may require that individual judgements from
multiple experts on any given issue or variable
be combined into a single coherent representa-
tion, possibly a single probability distribution;
thus, obtaining an aggregated representation of
the individual judgements may be a critical step
in the process. Two ways of aggregating the
judgements of experts are behavioral and me-
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chanical which are discussed in the next two
sections.

3.2. Behavioral aggregation of probability
distributions

In behavioral aggregation, the experts them-
selves produce a combined or consensus view.
One method for achieving behavioral consensus
is a structured discussion. A wide variety of such
techniques are available. Most require a
facilitator to guide the discussion. The essence of
these techniques is that all participants have an
opportunity to express their opinions and that
the environment is as non-threatening as pos-
sible. In addition to structured discussion, there
are non-interactive consensus-building tech-
niques such as the Delphi Method (Linstone and
Turoff, 1975). The Delphi Method does not
involve face-to-face interaction but relies on a
cycle of judgemental assessment and controlled
communication of the assessments and reassess-
ments to all participants via the project manager.

While behavioral aggregation is secemingly a
natural possibility for the individual experts to
use to generate a consensus probability distribu-
tion, it brings with it some difficult issues.
Having created their individual distributions,
they must develop a consensus distribution. To
whom, though, does this consensus distribution
belong? It is not clear whether an individual
expert will actually change his or her opinion in
arriving at a consensus. Instead, finding a con-
sensus may be more a matter of negotiation; an
expert may agree to concede a point in order
that the group appear ““of one mind.” Another
possibility is than an expert’s opinion is some-
what loosely held, and thus it is relatively easy to
agree with the consensus distribution. Given the
lack of commitment to the original assessment,
the consensus distribution may not appear to be
so different from the expert’s assessed distribu-
tion.

3.3. Mechanical aggregarion of the probability
distributions

In contrast to the behavioral approach in
which the experts themselves generate consen-

sus, there is a large literature on methods for
aggregating individual opinions by means of
mathematical formulas. Such formulas are re-
ferred to as ‘mechanical’ aggregation methods
because generally the only inputs required from
the experts are their individual distributions. A
central decision maker or analyst is responsible
for the aggregation which is accomplished by
applying an aggregation formula. The term ‘me-
chanical’ is somewhat misleading in that it sug-
gests that the process is entirely impersonal and
always straightforward. This is not strictly true,
as application of any given aggregation approach
can require subjective judgements on the part of
the decision maker or elicitation team and, in
some cases, the experts themselves.

The distributions of each expert can be com-
bined using a number of algorithms to produce
aggregations (Clemen, 1989). However, in prior
forecasting studies the simple average of point
forecasts has tended to do as well, (and often
better) than more complex methods. Although
the simple average has some conceptual draw-
backs (e.g., it is not sensitive to differential
expert information, quality or dependence) it is
computationally efficient. Other mechanical ag-
gregation formulae attempt to account for dif-
ferential expert information, quality, and depen-
dence, although their application in practice may
be difficult (Cooke, 1991; Chhibber and Apos-
tolakis, 1993). The results of these simple
weighted averages, with each expert’s distribu-
tions being equally weighted, are shown in Fig.
4.

3.4. Aggregation issues

Research has demonstrated that behaviorally
combined forecasts often perform well relative to
the individual forecasts (Hastie, 1986). The
studies that have supported this, however, have
been conducted largely with students as subjects
(Einhorn et al., 1977; Uecker, 1982). It is
unclear whether this result would emerge with
groups of expert subjects. Studies comparing the
accuracy of mechanical aggregation and be-
havioral consensus techniques are equivocal
(e.g., Rohrbaugh, 1979; Lawrence et al., 1986;
Flores and White, 1989).
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It is not clear that aggregating opinions is
always the best thing to do. In fact, it is im-
portant to preserve the individual opinions if
only because these opinions contain more in-
formation than the aggregated distribution
(Clemen, 1987). For example, by looking at a
combined or consensus distribution, a user of the
information cannot reconstruct the individual
distributions. Such information may have an
important impact on how the decision maker
uses the information.

In an intriguing discussion, Bunn (1988) sug-
gests that decision makers may be better served
by having the individual distributions and using
them as a basis for a sensitivity analysis. For
example, the decision maker may simply take
the range of opinions and factor each one into
his or her decision model. If the chosen decision
remains the same, regardless of the distribution
used, this indicates that the decision is not
sensitive to the uncertainty in that parameter. If
the decision is sensitive, it is possible to return to
the experts and delve deeper into their reasoning
in an effort to refine the information and reduce
the uncertainty.

In summary, aggregating judgements across a
group of experts provides a distribution that
attempts to summarize the state of knowledge
across the group. This often needs to be done to
meet the needs of the users of the judgements.
All aggregation alternatives need to be consid-
ered and evaluated in the context of the overall
program and selection of a method may depend
on the way the users intend to manipulate and
present the data. Whichever aggregation tech-
nique is used, it is the responsibility of the
assessment team to provide the aggregation of
the data, following the individual elicitation,
rather than the experts themselves.

From a regulatory standpoint, it may be ad-
vantageous to retain the individual expert judge-
ments so that the regulator can determine the
potential impact of different aggregation rules on
the regulatory decision. Preservation of the in-
dividual judgements also permits the regulator to
examine the diversity of opinion and, hence,
obtain a sense of the uncertainty regarding a
given variable, quantity, and/or phenomenon

(Fehringer and Coplan, 1992). However, this is
not necessarily the best approach from a model-
ing standpoint. Therefore, mechanical aggrega-
tion and behavioral consensus techniques were
examined in the climatological risk assessment of
YMNV.

3.5. Consensus session results

To examine these issues, an informal experi-
ment was conducted in the context of the
climatology study. In this experiment, structured
discussions were held in which the experts were
asked to arrive at a consensus probability dis-
tribution. In other discussions, they were asked
to try to arrive at a consensus only in terms of
their reasoning about underlying issues. In an
effort to explore, first hand, the various behavior
aggregation techniques for combining expert
judgements (the climate forecasts in the form of
probability distributions were the judgements of
interest here), three exercises were conducted
which attempted to achieve consensus among the
experts on selected distributions. Different sup-
porting information was presented in each of the
exercises. The first exercise utilized the 100-year
temperature distribution. The experts saw a
graph of all five individual temperature distribu-
tions and attempted to gencrate a consensus
distribution, either by selecting one of the five
temperature distributions or by creating a new
distribution. The process of attempting to
achieve consensus was fairly structured. The
group saw the five distributions, each member
commented on his stance and then the group
discussed the issues involved. After approxi-
mately 1h, the experts arrived at a consensus
distribution (see Fig. 5(a)). This distribution
differed from a simple average of the individual
distributions because one member of the group
conceded part of his stance before the group
generated a consensus distribution. New infor-
mation had become available between the in-
dividual elicitation sessions and the group meet-
ing that allowed one member to modify his
individual probability distribution. This change
allowed the group to agree quickly on a consen-
sus distribution.
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The group saw different supporting material in
the second exercise. They were charged with
generating a consensus distribution after seeing
four different mechanically aggregated distribu-
tions for precipitation at 3000 years AP. The
process was the same as in the first exercise.
However, this exercise proved considerably
more difficult. Because the elicitation team had
agreed to allow the experts to use analyses
supplemented by their own data, they were not
forced to reach the same conclusion about the
current state of the YMNYV climate. One of the
experts elected to use a slightly lower average
annual precipitation level (125 mm), based on his
analysis of precipitation records throughout
Nevada, than the other experts who used an
average of 150 mm. This inconsistent base for
annual precipitation confounded the process
considerably, making it impossible for the ex-
perts to achieve consensus. In the end, the
experts agreed to support three separate precipi-
tation curves for use by PA analysts to conduct a
sensitivity analysis to determine the impact of
the uncertainty in the change in precipitation on
the PA results. The curves represent both of the
extreme bounds on precipitation with a moder-
ate distribution in between (see Fig. 5(d)).

The difficulty in resolving the precipitation
distribution also stemmed from differences in the
forecasts of how changes in climate-forcing
mechanisms would affect the region. Two of the
experts indicated that the YMNV would be
somewhat wetter throughout the period. One
expert argued that, toward the end of the period,
it would be substantially wetter. Two experts
thought it would be a somewhat drier through a
large part of the 10 000-year time frame. These
three possible scenarios defined the boundaries
of the consensus discussions and polarized the
group. The group reached consensus only by
defining three separate curves that preserved
their original stance with only minor compro-
mise.

In the third exercise the group saw both the
individual and mechanically aggregated distribu-
tions. They were charged with generating a
consensus distribution for short-term intensity at

7500 years AP. Again, the process was the same:
initial presentation followed by open discussion.
The group had difficulty generating a consensus
distribution. Instead, they generated three sepa-
rate curves as they had for the 3000-year precipi-
tation distributions [See Fig. S5(e)]. They did
eventually agree that, in lieu of a sensitivity
analysis, modelers could take the lowest point on
the three curves, the median of the middle
curve, and the high point on the top curve to
generate an approximate consensus distribution
for this variable. Although the discussion began
with a substantive analysis of the climate forcing
mechanisms, it eventually centered primarily
around the procedural aspects of devising a
curve that would aid the modeling endeavor.

A fourth session, also consisting of a struc-
tured discussion, was not centered around a
single probability distribution. Rather, the dis-
cussion concentrated on substantive issues iden-
tified by the generalists in which there was
substantial disagreement by the expert panel.
The intent of this session was to help the
generalists appreciate the diversity of opinion
represented by the experts. The first issue was
the duration and magnitude of anthropogenic
effects on the climate. Some of the experts
argued that the maximum warming, due to
increased greenhouse gases, would occur rela-
tively soon, for example, within the next 300
years, and taper off out to 3000 years AP. After
that, other forcing mechanisms, such as Milan-
kovitch orbital variation, would dominate. Other
experts asserted that the effect of anthropogenic
warming would be more pronounced and would
increase temperature relative to today, through-
out the 10000-year period. Cooling due to
Milankovitch orbital forcing would not return
temperatures to their present-day values.

To explore this discrepancy, the experts en-
gaged in an open discussion of the issues. They
decided to evaluate the 300 and 1000 years AP
temperature distributions. Consensus in a single
distribution was achieved for 300 years AP (Fig.
5(b)), but the experts could only produce
warmer, cooler, and moderate temperate
cumulative distributions for temperature for 1000
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years AP (Fig. 5(c)). After this, they examined
the 10000-year trends. The experts concluded
that, although they agreed on the primary forc-
ing mechanisms (and even, to some extent, when
those forcing mechanisms would affect the cli-
mate) they could not agree on the magnitude of
the effects. This resulted again in agreement on
three separate curves for temperature change.

4. Summary and conclusions

4.1. Application of expert elicitation to produce
probability distributions in support of licensing
activity

An extensive amount of data remains to be
collected in support of a license application for a
HLW repository. Most of this data will be
gathered through activities such as site charac-
terization and experimental studies. However,
certain data may not be readily obtainable
through such investigations, particularly in re-
gard to the prediction of future events which
may affect the performance. In these cases,
expert judgements may be used to supplement
the other data sources. Expert judgements, eli-
cited through a formal expert elicitation process,
will be scrutable and the rationales used to reach
the judgements will be documented. Prob-
abtlities are a natural medium for expressing
uncertainty and can be manipulated mathemati-
cally. This makes them particularly attractive for
the PA program for the proposed HLW reposit-
ory at YMNYV. Traceability and rationality of
judgements are important considerations during
review of a license application.

It is often desirable and expedient to aggregate
the results of individual expert judgement elicita-
tions. Conversely, from a regulatory standpoint,
it is advantageous to retain the individual expert
judgements. Preservation of the individual
judgements permits the regulator to examine the
diversity of opinion leading to a basis for the
uncertainty regarding a given variable, quantity,
or phenomenon and to determine the potential

impact of different aggregation rules on the
outcome.

4.2. Elicitation procedure summary and
conclusions

One of the goals of this study was to utilize a
state-of-the-art expert elicitation exercise to gen-
erate future climate forecasts using probability
distributions to represent the uncertainty in the
climatological predictions. Probability distribu-
tions of four variables (annual temperature,
annual precipitation, precipitation intensity, and
persistent precipitation) at seven time slices were
obtained successfully from five climate experts.

The five experts who participated in the study
reported little difficulty in representing their
judgements as probability distributions. They felt
that the training session was essential to acquaint
them with this process. They were also comfort-
able with generating and evaluating CDFs and
did not need to rely on PDFs. The fractile
technique proved a very effective elicitation
technique. The group can be sensitized to the
need for the data they are providing and make
reasonable recommendations for its use.

4.3. Expert judgement aggregation summary
and conclusions

A second objective of this paper was to
explore the aggregation of individual expert
judgements to determine the adequacy and
feasibility of behavioral consensus as compared
to mechanical aggregation. Once experts have
publicly provided their individual analyses, they
rarely admit a change. Our experts agreed to
modifications and consensus distributions only
on the pretext of establishing a group opinion.
They indicated that they did not actually change
their minds about their own stance. Finally, the
consensus distributions generated behaviorally
are not necessarily similar to those generated
from mechanical combination techniques. Ulti-
mately, the decision of whether and how to
combine the individual distributions is the re-
sponsibility of the decisionmaker and the elicita-
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tion team. Efficiency would dictate that a well
documented mechanical aggregation of the in-
dividual experts judgements (probability distri-
butions) provided by the elicitation team is both
a feasible and appropriate way to satisfy the
needs of the PA modelers for aggregation and
the regulatory concerns for documented indi-
vidual expert judgements.

The findings of the consensus study are in-
formative but not definitive. This area is appro-
priate for future research.
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Appendix A: Sample transcript from an
individual elicitation

This transcript starts after the expert had
provided his probability distribution for the
likely values of temperature at 100 AP. The
following is his temperature distribution:

Probability Change in °F
0.05 —0.05

0.25 3

0.50 5

0.75 6.5

0.95 7.5

At this point, the elicitation team checked his

reasoning to ensure that the spread of the
distribution represented his uncertainty and to
allow him to articulate the rationale behind his
distribution.

Let’s take a look at the tips
of the distribution here.
When you said 95%, this
point here, there’s only a 1
in 20 chance that it will be
greater than 7.5?

Normative Expert:

Yes, and a 1 in 20 chance
that it’ll be less than —0.5.

Expert:

So, you’re very confident
it’s going to warm at 100
years.

Normative Expert:

Yes, (laughs) very confi-
dent.

Expert:

Now, about your median.
You’re saying it’s equally
likely to be cooler than 5
degrees as warmer than 5

Normative Expert:

degrees.

Generalist: These are degrees Fahren-
heit?

Expert: Yes, degrees F.

Normative Expert:  So, this captures your logic
of fairly radical atmos-

pheric perturbation.

And that, by the way, is
consistent with the models
(GCM models) that I relied
on, although I modified
from the models, as I un-
derstand it from the latest
runs I'm still straight down
the middle of the road in
my answer for the next 100
years. I'm not making any
radical judgement, in fact

Expert:



Generalist:

Expert:

Generalist:

Expert:

Generalist:

Expert:
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its a very conservative
judgement.

What’s the control operat-
ing here? Please restate
your position.

This is almost entirely due
to greenhouse gas control
leading to global warming.
However, I think one
would say here that by ac-
cepting the models I have
accepted the controls that
they include, which are
driven primarily by in-
creases in greenhouse gases
but they do have the topog-
raphic controls build in a
crude way and the more
recent ones do have
oceanographic controls as
well.

Would you say that 5 de-
grees is what you’d predict
with a doubling of green-
house gases.

Yes.

And how would you ex-
plain the 7.5 extreme?

Ah, two important points
to bear in mind. First, all of
the models give different
results, which are in a sense
equally likely or equally
unlikely to occur. So, 1
have worked toward what I
believe is the middle of the
road of their projections,
that is their projections
based on 1 to 2 times CO,
and dealing with very large
grid cells, some include San
Diego. This is my best esti-

mate bearing in mind that
the models vary among
themselves and the models
refer to a variety of areas.
So, by the time you bring it
down to the small area of
Yucca Mountain, you have
increased the uncertainty
and these numbers reflect
my uncertainty.
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