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Abstract

The development of two new probabilistic accident consequence codes, MACCS and COSYMA, was completed in 1990.
These codes estimate the risks presented by nuclear installations based on postulated frequencies and magnitudes of potential
accidents. In 1991, the US Nuclear Regulatory Commission (NRC) and the Commission of the European Communities (CEC)
began a joint uncertainty analysis of the two codes. The ultimate objective of the joint effort was to develop credible and
traceable uncertainty distributions for the input variables of the codes. As a first step, a feasibility study was conducted to
determine the efficacy of evaluating a limited phenomenological area of consequence calculations (atmospheric dispersion and
deposition parameters) and to determine whether the technology exists to develop credible uncertainty distributions on the
input variables for the codes. Expert elicitation was identified as the best technology available for developing a library of
uncertainty distributions for the selected consequence parameters.

The study was formulated jointly and was limited to the current code models and to physical quantities that could be measured
in experiments. The elicitation procedure was devised from previous US and EC studies with refinements based on recent
experience. Elicitation questions were developed, tested, and clarified. Sixteen internationally recognized experts from nine
countries were selected using a common set of selection criteria. Probability training exercises were conducted to establish
ground rules and set the initial boundary conditions. Experts developed their distributions independently. Results were pro-
cessed with an equal weighting aggregation method, and the aggregated distributions were processed into code input variables.
To validate the distributions generated for the wet deposition input variables, samples were taken from these distributions and
propagated through the wet deposition code model. Resulting distributions closely replicated the aggregated elicited wet depo-
sition distributions. To validate the distributions generated for the dispersion code input variables, samples were taken from
the distributions and propagated through the Gaussian plume model (GPM) implemented in the MACCS and COSYMA
codes. Resulting distributions were found to well replicate aggregated elicited dispersion distributions consistent with the
GPM assumptions.

Valuable information was obtained from the elicitation exercise. Project teams from the NRC and CEC cooperated success-
fully 1o develop and implement a unified process for the elaboration of uncertainty distributions on consequence code input
parameters. Formal expert judgment elicitation proved valuable for synthesizing the best available information. Distributions
on measurable atmospheric dispersion and deposition parameters were successfully elicited from experts involved in the many
phenomenological areas of consequence analysis.
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Preface

This volume is the third of a three-volume document that summarizes a joint project conducted by the US Nuclear Regulatory
Commission and the Commission of European Communities to assess uncertainties in the MACCS and COSYMA probabilis-
tic accident consequence codes. These codes were developed primarily for making estimates of the risks presented by nuclear
reactors based on postulated frequencies and magnitudes of potential accidents. This three-volume document reports on an
ongoing project intended to assess uncertainty in the MACCS and COSYMA offsite radiological consequence calculations for
hypothetical nuclear power plant accidents. A panel of 16 experts was formed to compile credible and traceable uncertainty
distributions for the dispersion and deposition code input variables that affect offsite radiological consequence calculations.
The expert judgment elicitation procedure and its outcomes are described in these volumes.

Volume III contains six appendices that describe the specific methods used by the atmospheric dispersion and deposition pan-
els. This volume includes descriptions of the probability assessment principles, the expert identification and selection process,
the weighting methods used for combining the expert judgments, and the inverse modeling methods. It also contains the case
structures, a non-Gaussian information survey, and summaries of the MACCS and COSYMA consequence codes.

Volume I of this document includes a complete description of the joint consequence uncertainty study. Volume II contains two
appendices that include (1) the rationales for the dispersion and deposition data provided by the 16 experts who participated in
the elicitation process (2) the tabulated elicited information, and (3) short biographies of the 16 experts.
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Appendix C

C. Principles for Probability Assessment, Expert Identification and Selection

C.1 Principles for Probability
Assessment

The key element of the joint CEC/NRC project is the use
of experts to establish probability distributions for
uncertain parameters. As a foundation for the development
of a common CEC/NRC elicitation protocol, eleven
principles were distilled from the views presented by the
EC and US team members responsible for probability
assessments. In this appendix, these jointly developed
principles of probability assessments are discussed.
Additional discussions of these principles can be found in
the references to this appf:ndix.l'2 For the most part, these
principles are the same as those that guided the NUREG-
1150 process. Any deviations from the principles defined
for the NUREG-1150 process are explained in the 11
probability assessment principles listed below.

1. The issues analyzed using expert opinion
should have the potential to make a significant
impact on the estimates of consequences and
uncertainty in consequences.

2.  The assessments should be limited to issues
where alternative sources of information—such as
experimental or observational data or validated
computer models—are not available, or where
multiple sources of information provide conflicting
or incomplete evidence.

3. Experts should be required to respond only to
questions about physically measurable quantities, but
undertaken in the context of the presuppositions
being used. If the elicitation variables differ from the
code input variables, processing of elicitation
variable distributions may be required to obtain
distributions for code input variables. This principle
was not explicitly stated for NUREG-1150, but it
was followed. Elicitation variable processing is
necessary 1o a larger extent in this study than in the
NUREG-1150 study because this uncertainty study is
designed for fixed codes. The models in NUREG-
1150 had the flexibility to be modified to fit the
elicitation responses if necessary.

4.  The issues should be presented to the experts
in an unambiguous manner without the potential for
preconditioning or biasing the responses.

5.  Discussion of issues and alternative opinions
should take place in structured and controlled
meetings where the exploration of alternative beliefs
is encouraged while the pressure to conform is
inhibited.

6. The selection of experts should be made to
ensure that a wide diversity of expertise is admitted,
thus encouraging the inclusion of alternative points
of view. The selection of experts should preclude
direct stakeholders in the findings from participating
as members of the expert panel.

7.  Experts should be trained in the practice of
expressing knowledge and beliefs as probability
distributions.

8.  Elicitation of expert opinion should be
accomplished using techniques and instruments that
reflect the state of the art in subjective probability
assessment.

9.  The method for combming/evaluating expert
judgment should encourage experts to state their true
opinions.

10. The experts should be identified with their
probabilities and the rationales for those
probabilities. (In  NUREG-1150 experts were

allowed to remain anonymous if they desired.) This
principle requires that all probability assessments and
rationales behind them must be accessible for a full
peer review, if warranted, by CEC and/or NRC
officials. For that purpose only, the assessments and
rationales are associated with the experts' names and
affiliations. For all other purposes, all experts’
names and affiliations will not be associated with the
probability assessments and rationales.

11. It should be possible for scientific peers to
review and, if necessary, reproduce all calculations.
This principle requires that the calculation models be
fully specified beforehand and all ingredient data be
assessable.

C.2 Agenda of First Expert Meeting

The preparation for elicitation took place in a meeting with
the experts conducted approximately four weeks prior to
the probability elicitation. Preparation for elicitation

NUREG/CR-6244



Appendix C

requires that the experts be introduced to the purposes of
the study, including how their judgments are to be used.
The experts should also be introduced to background
material about the subject area and to the science of
probability elicitation. This required the project staff to
prepare and distribute materials explaining the general
subject area, the relation of the questions posed to the
parameters in the model, and the specific initial conditions
and assumptions to be used in answering the elicitation
questions. Training was conducted to introduce the experts
to the psychological biases in judgment formation and to
give them feedback on their performance in assessing
probability distributions. This training was accomplished
using questions that emulate the assessment task but which
have known answers.

The experts were given presentations on the elicitation
issues and participated in a seminar on expert judgment
methods. The agenda for the first meeting with the experts
is presented in Tables C.1 and C.2.

Table C.1 Agenda of First Expert Meeting
Wednesday, April 14, 1993

Topic: Presented By:
Introduction Louis Goossens (TUD)
Overview of project Fred Harper (SNL)
Probabilistic training Steve Hora (UHH)

Overview of MACCS Jiirgen Pésler-Sauer
and COSYMA (KfK)
consequence codes LeAnn Miller (SNL)

Introduction to dispersion
elicitation vanables and
case structure

Jirgen Pasler-Sauer

Introduction to deposition

g : LeAnn Miller
ehicitation variables and
case structure
Contmgguqn of . Steve Hora
probabilistic training:
training exercise
Discussion All

NUREG/CR-6244

Table C.2 Agenda of First Expert Meeting
Thursday, April 15, 1993

chemical and physical
properties of source term
from a nuclear power
plant accident

Topic: Presented By:
Assessment of training Steve Hora
exercise

Discussion of aggregation | Steve Hora

by simple averaging

Discussion of aggregation | Roger Cooke
using performance based

weighting

Expert feedback on Experts
elicitation variable

definition

Brief description of J. Brockmann (SNL)

Clarification of issues:
lists of all uncertainty
issues to be considered in
uncertainty distributions,
issues addressed as part
of case structure, and
issues that are outside the
scope of the project were
discussed collectively.

All

Selection

1. A list of experts was compiled by searching
through the literature and requesting nominations

C.3 Expert Identification and

from organizations familiar with the areas.

The purpose of the expert selection process was to select
experts in the dispersion and deposition fields from the
pool of American and European experts. The following
procedure was employed to select the experts:



2. The experts were contacted and Curriculum
Vitae (CV) were requested (suggestions for additions
to the list of experts were also requested from each
expert contacted).

3. Objective selection boards studied the CVs and
selected eight dispersion experts and eight deposition
experts according to selection criteria agreed on
before initiating the process. Two selection boards
were involved in the selection process: a board from
the EC selected the European experts and a board
from the US selected the American experts. In the
US, the selection board was made up of technical
personnel from the University of New Mexico, the
Inhalation Toxicology Research Institute, and Sandia
National Laboratories. The EC selection board was
composed of knowledgeable faculty members from
the Delft University of Technology and the
University of Utrecht. '

The selection criteria were as follows:

reputation in the field of dispersion or deposition;
experimental experience in the field of dispersion
or deposition;

. number and quality of publications in the field of

interest;

familiarity with uncertainty concepts;

diversity in background;

awards;

balance of views; and

interest in the project.

4.  The experts were judged by the CVs received.
The experts were ranked according to the above
criteria. Subjectivity in the selection process was
minimized as much as possible by scoring each
expert according to each criterion and summing the
scores.

C.4 Justification for Panel Size

Much has been written regarding the optimal number of
experts in an assessment of this type. Meyer and Booker
recommend that the number of experts should fall between
five and 10;> Armstrong recommends from six to (VR
was decided by the NRC/CEC staff that panel size would
be set at eight (four supplied by the US and four supplied
by the EC). Some of the objectives to be considered when
establishing the size of a panel are presented below:

Appendix C

The first and most important reason for larger panels is
to include adequate diversity on the panel.3‘4 If there
are many points of view, many experts should be
included.

If enough experts with different perspectives are
present, the information exchange provides a better
basis for the assessments.

" As in a statistical sample, the non-systematic biases

disappear as the number of experts increases.

Among the purposes for limiting the size of panels are:

The practical reasons of cost and schedule feasibility.

The efficiency of meetings, which decreases if the
number of participants becomes too large.

The statistical limitations: If experts are correlated
(similarity in background), there is a statistical upper
limit above which additional experts provide no more
benefit.’

C.5 References

Cooke, R., Delft University of Technology, “Expert
Judgment Study on Atmospheric Dispersion and
Deposition,” Reports of the Faculty of Technical
Mathematics and Informatics no. 91-81, Delft, The
Netherlands, 1991.

Hora, S.C., and R.L. Iman, “Expert Opinion and
Risk Analysis: The NUREG 1150 Methodology,”
Nuclear Science and Engineering, 102: 323-331,
1989.

Meyer, M., and J. Booker, Eliciting and Analyzing
Expert Judgment: A Practical Guide, Academic
Press, Orlando, FL, 1991.

Armstrong, J. S., Long-Range Forecasting; from
Crystal Ball 1o Computer, Wiley, New York, NY,
1985.

Chhibber, S., and G. Apostolakis, “Some
Approximations Useful to the Use of Dependent
Information Sources,” Reliability Engineering and
System Safety, 42: 67-86, 1993.
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Appendix D

D. Equal and Performance Based Weighting Methods for
Combining Expert Judgments

D.1 Introduction

This appendix reviews the alternative aggregation schemes
applied to the data elicited in this study. The dispersion and
deposition experts provided 5th, 50th, and 95th percentile
values for the cumulative distribution of each elicitation
variable for each case (i.e., set of initial and boundary
conditions for a question). The project staff was respon-
sible for aggregating the individual expert distributions
(5th, 50th, and 95th percentile values) into a single
probability distribution for each elicitation variable and
case. Although the equal weighting form of aggregation
was chosen for the development of dlstrlbutlons over the
consequence code input parameters, performance based
weighting schemes were also applied to the elicited results
s0 that these results would be available for exploring the
robustness of alternative welghtmg schemes in the context
of consequence measures. A more extensive discussion
of performance based weighting may be found in the draft
document entitled “Methods for CEC\USNRC Accident
Consequence Uncertainty Analysis of Dispersion and
Deposition,” published by the Delft University of
Technology in the Netherlands.! Much of the information
contained in this appendix is derived from that document.

D.2 Overview of EXCALIBR

The EXCALIBR computer program2 was used in this
study to aggregate the individual expert distributions. The
EXCALIBR software system, developed under CEC
sponsorship, is designed to develop both equal and
performance based weighted aggregated distributions from
individual elicited distributions. The inputs for EXCALIBR
are the individual percentile assessments of the experts on
both the elicitation variables and the seed variables. The

* As discussed in Sectton 351, Volume 1 of this document,
investigating different weighting schemes was not the objective of
this joint project A programmatic decision was therefore made to
assign all experts equal weight

" A peer review panel of the NUREG-1150 study questioned the
use of the equal weighting scheme without consideration of other
methods. Sufficient mformation was subsequently elicited in the
present study to allow the application of alternative weighting
schemes to the elicited data.
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seed variables are the variables used to evaluate (score) the
experts’ assessments. The true values of the seed variables
are known to members of the elicitation team but not to the
experts. EXCALIBR uses the elicited distributions over the
seed variables to score the experts' assessments with
respect to calibration (statistical likelihood). EXCALIBR
also evaluates the distributions provided by the experts in
terms of the informativeness of the distributions.”
EXCALIBR then computes various combinations and
generates the aggregated distribution based on the
weighting scheme chosen by the user. In the equal
weighting scheme, the calibration and informativeness
scores are not used; the distributions of the individual
experts are assigned equal weight.

D.3 Measuring Performance

Performance based weighting is an available option after
the project analysts have decided what is meant by good
performance, how good performance is measured, and
how performance measures can be translated into weights
in a combination algornhm The basic prerequisite is the
establishment of metrics by which to measure an expert's
ability to accurately assess the cumulative probability
distribution for an uncertain variable. The EXCALIBR
system of performance based aggregation is based on the
evaluation of experts' assessments with respect to
calibration and informativeness. This section reviews the
concepts of calibration and informativeness.

D.3.1 Calibration

Calibration measures the statistical likelihood that actual
experimental results correspond, in a statistical sense, with

" To a large degree, the formativeness of a distnbution 1s
determined by the width of the uncertainty band, that is, a
distribution with a narrow range between the Sth and 95th
percentile parameter values will typically provide more
information about the parameter than a distribution with a
broader range between these percentsle  values However,
informativeness is also influenced by the placement of the
median between the Sth and 95th percentiles; that is, the
placement of the median halfway between (with regard to the
background measure) these percentiles is less informative than a
placement near either the 5th or 95th percentile.
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the expert’s assessments. Each expert receives a calibration
score, which is determined by his percentile assessments
for items whose true values are known post hoc, and by
the true values themselves.

Call p = (0.05, 0.45, 045, 0.05) the “theoretical”
distribution for the experimental results falling

e  below the 5th percentile,

e  between the 5th and 50th percentiles,

e  between the 50th and 95th percentiles, and

s above the 95th percentile,

respectively.  Calibration measures how well this

theoretical distribution is supported by the actual
experimental results. For a given expert, let s = (5, $,, 83,
s4) be the sample distribution generated by the expert’s
assessments and the experimental results, where

s, = proportion of experimental results falling below
the 5th percentile, .
s, = proportion of experimental results falling
between the 5th and 50th percentiles,

s; = proportion of experimental results falling
between the 50th and 95th percentiles, and

s, = proportion of experimental results falling above
the 95th percentile.

The sample distribution, s, varies from expert to expert
because the experts choose their percentiles differently. To
determine for each expert how well the sample
distribution, s, supports the theoretical distribution p, we
ask “How likely is it that we should see such a difference
between s and p, if s were really generated by random
samples from p?” More precisely, we first compute the
relative information I(s,p) of s with respect to p:

4
I(S,p)= ;st ln(sl /pl)'

I(s,p) is always non-negative, and the closer s is to p, the
smaller is Ks,p). Calibration is now measured as the
probability that a random sample of appropriate size drawn
from p would produce a discrepancy at least as great as
I(s,p). This probability is a number between zero and one,
with larger values corresponding to “s closer to p” and
hence to better calibration.

In scoring calibration, each expert is regarded as a
statistical hypothesis, namely:

For each experimental result, there is a 5% chance that
it lies below the Sth percentile, a 45% chance that it lies
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between the 5th and 45th percentile, 2 45% chance that
it lies between the 50th and 95th percentile, and a 5%
chance that it lies above the 95th percentile; moreover,
for different experiments these chances are independent.

The decision maker algorithm in the performance-based
weighting method (see Section D.4) wants experts for
whom the corresponding statistical hypothesis is well
supported by the data obtained from the seed variables;
that is, if an expert gives 90 percent probability bands for a
large number of variables, then we might expect that 10
percent of all variables will actually fall outside his bands.
If the expert has assessed 20 variables for which the
realizations are known, then three or four of the 20
variables falling outside these bands would be no cause for
alarm, as this can be interpreted as sampling fluctuation.
The above hypothesis would still be reasonably supported
by the data. If 10 of the 20 variables fell outside the bands,
we should be worried, as it is difficult to believe that so
many outliers should result from fluctuations. Statistical
likelihood measures the degree to which data support the
corresponding statistical hypothesis.

The proper interpretation of a calibration score requires
knowledge of the number of realizations on which it is
based, and scores based on different numbers of
realizations cannot be directly compared.

D.3.2 Informativeness

To measure informativeness, a background measure is
assigned to each query variable.” The background
measures are either uniform or loguniform. Simply put, if
one uses a log scale, the background measure is
logarithmic, whereas if one uses the natural scale of the
variable, the background measure is linear. The choice of
background measure usually has a small effect, but in
certain cases a modest effect has been found. On the basis
of experience, the following default rule has been chosen:
If the smallest interval that includes all expert percentiles
exceeds three orders of magnitude, use a loguniform
background; otherwise use a uniform background. In the
data sets analyzed in this study, the choice of background
measure had little effect.

EXCALIBR associates probability densities with the
assessments of each expert for each query variable in such

*™ Query variables are called “elicitation variables” in the main
report.
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a way that (1) the densities agree with the expert's
percentile assessments, and (2) the densities are minimally
informative with respect to the background measure, given
the percentile constraints. Informativeness is scored per
variable per expert by computing the relative information
of the expert's density for that variable with respect to the
background measure. Overall informativeness per expert is
the average of the information scores over all variables.
This average is proportional to the relative information in
the expert's joint distribution over all variables under the
assumption that the variables are independent. Information
scores are always positive, and—other things being equal—
experts with high information scores are preferred.

To find these minimally informative distributions the
background measure must be restricted to a finite range
outside of which the expert densities must be zero. This
intrinsic range is taken, per variable, by finding the
smallest interval that includes all expert percentiles and the
realization (if present) and extends this by 10 percent
above and below. The 10 percent overshoot rule is used
only in the measurement of information and is not output
with the decision maker. Changing this range by a large
amount has a negligible effect on the decision maker.

The information score is a positive number, with
increasing values indicating greater information relative to
the background measure. Since the intrinsic range depends
on the expert assessments, this range can change as experts
are added or deleted, and this can exert a small influence
on the information scores of the remaining experts.
Information is a slow function; that is, large changes in the
percentile assessments produce only modest changes in the
information score. On a data set with 20 realizations,
calibration scores typically vary over four orders of
magnitude, but information scores seldom vary by more
than a factor of 3. The performance based weights are
proportional to a product of calibration and information
scores. The calibration score is the more important
measure. The information score serves to modulate
between more or less equally well calibrated experts. This
prevents the eventuality that very informative distributions
(very narrow confidence bands) should compensate for
very poor calibration.

D.4 Combining Expert Assessments

The performance based weighting schemes implemented in
EXCALIBR emphasize calibration and give little emphasis
to informativeness. Thus experts who are skilled at
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expressing uncertainty but not knowledgeable in the subject
field of study will receive more weight than those who are
poor in probability assessment but very knowledgeable in
the substantive field of study.

All the EXCALIBR combination schemes are examples of
linear pooling; that is, the combined distributions are
weighted sums of the individual experts' distributions, with
non-negative weights adding to one. Different combination
schemes are distinguished by the method according to
which the weights are assigned to densities. These schemes
are designated “decision makers." The three decision
makers  (combination  schemes) implemented in
EXCALIBR are the equal weight, global weight, and item
weight decision makers. These three combination schemes
are described briefly in this section.

D.4.1 Equal Weight Combination Scheme

The equal weight combination scheme assigns equal weight
to each density. If N experts have assessed a given set of
variables, the weights for each density are I/N. For
variable i in this set the decision maker's density is given

by:

N
fewdm,l = (1 /N)zfl-‘
1=l

where f, is the density associated with expert j's
assessment for variable i.

D.4.2 Global Performance Weight
Combination Scheme -

Global weights are determined, per expert, by the expert's
calibration score and overall information score. The
calibration score is determined per expert by his
assessments of the seed variables (see Section D.10). The
overall information score is the (relative) information in
the expert's joint distribution over the seed variables.”
For expert j, the same weight is used for all variables
assessed. Hence for variable i the global performance

weight density is:

.....

Because experts are queried only about marginal distnbutions,
the deciston maker regards the vaniables as independent (otherwise
jomnt distnibutions should have been assessed). In this case the
information in the joint distribution is the sum of the information
of the marginal distributions.
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N

= ij gy

1=/

f gwdm,

where w, is the global weight. These weights satisfy a
"proper scoring rule" constraint. That is, under suitable
assumptions an expert achieves his maximal expected
weight in the long run by, and only by, stating percentiles
that correspond to his true beliefs.

D.4.3 Item Performance Weight
Combination Scheme

As with global weights, item weights are performance
based weights that satisfy a proper scoring rule constraint;
they are based on calibration and informativeness.
Whereas global weights use an overall measure of inform-
ativeness, item weights are determined per expert and per
variable in a way that is sensitive to the expert's
informativeness for each variable. This approach enables
an expert to up- or down-weight himself for each variable
by choosing a more or less informative distribution for that
variable. Roughly speaking, more informative distributions
are obtained by choosing percentiles that are closer
together, whereas less informative distributions result
when the percentiles are farther apart. Item weights
depend on the expert and on the item. Hence the item
weight density for variable i is:

N
frwdm,l = Z WJJ fj.l
j=

where w,, is the item weight.

D.5 Advantages of Equal Weighting
Scheme

An important advantage of equal weights is the simplicity
and ease of application of the method. In this regard, equal
weighting is often justified on the basis of Ockham’s razor:
when selecting among equal theories, take the least
complicated. Another advantage of equal weighting is that
the weights are fixed and subsequently not subject to
tampering. Equal weights can tend to reduce the impact of
extreme observations (i.e. a large weight combined with an
outlier). With equal weights, the extremes of the resulting
distributions are equal to the extremes of the assessed
distributions, which insures that the width of the
aggregated distribution will not be dominated by the
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overconfidence of any one expert. However, with
performance based weighting the impact of an outlier can
be completely eliminated (because of low performance
scores) with a low or zero weight assigned to the
distribution with which it is associated. Performance based
weighting makes the assumption that the experts’
performance on the variables of interest will be similar to
their performance on the seed variables. This assumption
is not required to implement the equal weighting scheme.

Many past formal expert elicitation studies (e.g., NUREG-
1150,4 WIPP,5 Yucca Mountain,6 etc.) have aggregated the
results from the different experts by weighting each of the
experts equally. Von Winterfeldt and Edwards’ suggest
that going beyond equal weighting is of little practical
value. In addition, the evaluation of performance may not
always be defensible.

D.6 Advantages of Performance
Based Weighting Scheme

The primary potential advantages of performance
measurement and performance based weighting are:

e calibration and information scores are provided to

experts, thereby sensitizing them to possible biases;

the weight allotted to individual expert distributions is
determined by performance on seed variables;

they provide techniques for evaluating of the use of
expert subjective distributions in the assessment of
uncertainty in decision-support modeling.

Performance based weighting schemes also have the
potential to be less dependent on expert selection than the
equal weighting scheme. The main burden in performance
measurement is the measurement of expert calibration. The
seed variables must resemble the variables of interest as
closely as possible. The objectives of performance
measurement are served only if performance on seed
variables plausibly correlates with performance on
variables of interest. The generation of seed variables
therefore places demands on the uncertainty analyst: He
must find actual experiments that resemble these
hypothetical measurements as closely as possible and that
can be conditionalized in the required manner. In addition,
performance weights can be subject to high variance as a
result of the dependence of the method on the seed
variables. Changing the seed questions could potentially
greatly impact the weights. The stability of weights,
however, can be evaluated by considering subsets of the



seed questions. Performance assessment techniques, even
if the information is not applied to the development of
weights, have the potential of providing some indication of
the robustness of the results of expert elicitation exercises.

D.7 Scoring and Weighting of Joint
NRC/CEC Results

This section reviews the scores and weights calculated by
EXCALIBR for the dispersion and deposition assessments.
The tables below present the equal and performance based
scores and weights for the assessments.” The
aggregated distribution is labeled DM (decision maker) in
these tables. The "Number realiz" columns in the tables
refer to the number of seed variables used to score the
assessments. The remaining column headings are defined
below:

Mean rel. inform, total:

Average information score calculated relative to the
background measure over all items (i.e., both seed and
elicitation variables).

Mean rel. infor, realiz:

Average information score calculated relative to
background measure over only the seed variables.
UnNorm weight:

Product of calibration score and mean rel.infor realiz. if
calibration score is not below significance level.

Normalized weight, no DM:
Weights used in computing decision maker; for item

weights no values are shown, since these weights are
assigned per item per expert.

Normalized weight, with DM:

Weights which would be used if DM were added as new
"virtual expert”; indicates performance of DM relative to
experts.

Tables D.1 through D.6 show that, in the performance
based weighting schemes, some of the experts have been
assigned zero weight. For global and item weighting, an
expert is assigned zero weight if his calibration score is
below the "significance level." The significance level is
determined using optimization techniques.

SAESSS

The experts are numbered 1 through 8 in these tables This

numerical system does not correspond in any way to the alpha-
betic notation for experts used in Volume II of this document.
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Performance based weights were not calculated for wet
deposition. It was originally intended that the same experts
would assess wet and dry deposition variables. However,
during the elicitation it appeared that very few experts
considered themselves able to assess both sets of variables
and it was necessary to split the deposition into wet and
dry deposition groups. As a result, there were not enough
seed variables to enable the performance based
combinations of assessments for wet deposition.

The weights listed for dry deposition in Table D.5 show
that item based aggregated dry deposition distribution is
based solely on the Expert 2 distribution. Cooke' provides
the following explanation for this performance based
weighting result:

It is well known that, within the deposition literature,
large differences exist between theoretical predictions
and empirical measurements of deposition velocity.
Most experts apparently answered the elicitation
questions in the following way: they used a theoretical
model to derive their median assessment, and accounted
for the possibility of large measured values by choosing
a high 95% upper bound. This caused most realizations
1o fall above their median assessments. Since roughly
half of the realizations should lie below the median
assessments, this feature drives their calibration score
down. Only Expert 2 accounted for the possibility of
high measured values by raising his median assessment
above the "theoretical values". Expert 2, subsequently,
was very well calibrated and received all of the weight
in both the item and global decision makers (for this
reason these two decision makers coincide and only the
item weight decision maker is shown).

The above explanation assumes that the seed variables used
to calibrate the experts are sufficiently representative of
dry deposition variables as a whole. There is no
independent evidence for this assumption. It is also
possible, therefore, that the seed variable data are unusual.

For dispersion, the total mean relative information scores
are higher than the mean relative information scores over
the seed variables. This is because the seed variables
correspond to actual measurements, which are generally
obtained close to the source, where the uncertainty is
smaller. This effect is not observed on the deposition
variables, which is reasonable because the uncertainty in
atmospheric dispersion predictions increases with the
distance from the source, whereas the uncertainty in
deposition velocities is not likely to vary with distance
from the source.

NUREG/CR-6244



Appendix D

Table D.1 Dispersion: scores and weights, equal weights

Results of scoring experts.

Significance level: — Weight: equal Calibration power: 1.0

Expert name Calibr. Mean rel. mfor. Number UnNorm Normalized weight

total realiz realiz weight no DM with DM

Expert 1 0.00010 2.078 1.281 23 0.00013 0.12500 0.00033
Expert 2 0.00010 1.594 1.431 23 0.00014 0.12500 0.00037
Expert 3 0.00100 1.504 1.285 23 0.00129 0.12500 0.00330
Expert 4 0.13000 1.286 1.242 23 0.16142 0.12500 0.41390
Expert 5 0.03000 1.092 1.622 23 0.04867 0.12500 0.12480
Expert 6 0.00500 1.590 1.540 - 23 0.00770 0.12500 0.01974
Expert 7 0.01000 1.508 1.506 23 0.01506 0.12500 0.03861
Expert 8 0.02000 1.840 1.312 23 0.02625 0.12500 0.06730
DM 0.15000 0.811 0.862 23 0.12935 0.33166

©1993 TU Delft, SoLogic.

Table D.2 Dispersion: scores and weights, item weights

Results of scoring experts.

Significance level: 0.020 Weight: item Calibration power: 1.0

Expert name Calibr. Mean rel. infor. Number UnNorm Normalized weight
total realiz realiz weight no DM with DM

Expert 1 0.00010 2.078 1.281 23 0 0

Expert 2 0.00010 1.594 1.431 23 0 0

Expert 3 0.00100 1.504 1.285 23 0 0
Expert 4 0.13000 1.286 1.242 23 0.16142 0.13288
Expert 5 0.03000 1.092 1.622 23 0.04867 0.04006

Expert 6 0.00500 1.590 1.540 23 0 0

Expert 7 0.01000 1.508 1.506 23 0 0
Expert 8 0.02000 1.840 1.312 23 0.02625 0.02160
DM 0.90000 1.024 1.087 23 0.97849 0.80545

©1993 TU Delft, SoLogic.

Significance level:

Table D.3 Dispersion: scores and weights, global weights

0.030

Results of scoring experts.
Weight: global

Calibration power: 1.0

Expert name Calibr. Mean rel. infor. Number UnNorm Normalized weight
total realiz realiz weight no DM with DM

Expert 1 0.00010 2.078 1.281 23 0 0 0

Expert 2 0.00010 1.594 1.431 23 0 0 0

Expert 3 0.00100 1.504 1.285 23 0 0 0
Expert 4 0.13000 1.286 1.242 23 0.16142 0.76834 0.25142
Expert 5 0.03000 1.092 1.622 23 0.04867 0.23166 0.07581

Expert 6 0.00500 1.590 1.540 23 0 0 0

Expert 7 0.01000 1.508 1.506 23 0 0 0

Expert 8 0.02000 1.840 1.312 23 0 0 0
DM 0.36000 0.857 1.200 23 0.43196 0.671278

©1993 TU Delft, SoLogic.
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Significance level:
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Table D.4 Dry Deposition: scores and weights, equal weights

Results of scoring experts.

Weight: equal

Calibration power: 1.0

Expert name Calibr. Mean rel. infor. Number UnNorm Normalized weight

total realiz realiz weight no DM with DM

Expert 1 0.00010 1.953 1.799 14 0.00018 0.12500 0.00025
Expert 2 0.52000 1.434 1.339 14 0.69651 0.12500 0.98587
Expert 3 0.00100 1.702 1.503 14 0.00150 0.12500 0.00213
Expert 4 0.00100 1.734 1.820 14 0.00182 0.12500 0.00258
Expert 5 0.00010 1.792 1.792 14 0.00018 0.12500 0.00025
Expert 6 0.00100 2.234 2.457 14 0.00246 0.12500 0.00348
Expert 7 0.00100 1.695 1.869 14 0.00187 0.12500 0.00265
Expert 8 0.00050 1.985 1.581 14 0.00079 0.12500 0.00112
DM 0.00100 1.103 1.184 i4 0.00118 0.00168

©1993 TU Deift, SoLogic.

Table D.5 Dry Deposition: scores and weights, item weights

Results of scoring experts.

Significance level: 0.520 Weight: item Calibration power: 1.0
Expert name Calibr, Mean rel. mfor. Number UnNorm Normalized weight
total realiz realiz weight no DM with DM
Expert 1 0.00010 1.953 1.799 14 0 0
Expert 2 0.52000 1434 1.339 14 0.69651 0.50000
Expert 3 0.00100 1.702 1.503 14 0 0
Expert 4 0.00100 1.734 1.820 14 0 0
Expert 5 0.00010 1.792 1.792 14 0 0
Expert 6 0.00100 2.234 2.457 14 0 0
Expert 7 0.00100 1.695 1.869 14 0 0
Expert 8 0.00050 1.985 1.581 14 0 0
DM 0.52000 1.434 1.339 4 0.69651 0.50000

Significance level:

©1993 TU Delft, SoLogic.

Table D.6 Wet Deposition: scores and weights, equal weights

Results of scoring experts.
Weight: equal

Calibration power: 1.0

Expert name Calibr. Mean rel. mfor. Number UnNorm Normalized weight

total realiz realiz weight no DM with DM

Expert 1 0.00010 2.139 2.066 5 0.00021 0.14286 0.00004
Expert 3 0.73000 1.823 1.773 S 129402 0.14286 0.24369
Expert 4 0.73000 1.163 0.791 5 0.57728 0.14286 0.10872
Expert 5 0.73000 1.992 1.882 5 1.37419 0.14286 0.25879
Expert 6 0.60000 1.846 2.128 5 1.27707 0.14286 0.24050
Expert 7 0.06000 1.979 1.974 5 0.11845 0.14286 0.02231
Expert § 0.01000 2.740 3.108 5 0.03108 0.14286 0.00585
DM 0.73000 1.060 0.874 5 0.63771 0.12010
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D.8 Discrepancy and Robustness
Analysis

Discrepancy and robustness analysis are two additional
evaluation tools available in EXCALIBR that allow further
analysis of the individual and aggregated distributions. The
EXCALIBR software package aliows these analyses to be
performed for both items and experts. Discrepancy
analysis can be used to indicate how much the decision
maker distribution differs from the distributions of the
individual experts or to identify those items for which there
is the greatest disagreement among the experts. Robustness
analysis can indicate the impact of an individual seed
variable on the performance aggregated decision maker or
show how the decision maker distribution would be
affected if an expert had not participated in the panel.

D.8.1 Discrepancy Analysis

In performing discrepancy analysis on experts, the average
relative information of each expert's distributions is
computed relative to the decision maker's distributions.
This indicates how much the decision maker differs from
the individual experts. Tables D.7 through D.10 present
the results of a discrepancy analysis performed for the
experts for the equal and item based decision makers. The
lower the Rel.Inf. to DM score, the greater the agreement
between the aggregated distribution and the individual
expert distribution. Perfect agreement is indicated by zero.
Tables D.7 and D.8 indicate that, for dispersion, the
distribution provided by Expert 4 most resembles the
aggregated distribution for both the equal and item based
distributions. However, the Rel.Inf. to DM Expert 4 score
is much lower for item weights than for equal weights, as
would be expected because Expert 4 was assigned the
greatest weight in the development of the item based
aggregated dispersion distributions. Table D.10 indicates
that the item based dry deposition distribution was simply
the distribution provided by Expert 2. In the equal weight
dry deposition discrepancy analysis results listed in Table
D.9, the distribution provided by Expert 2 does not receive
the lowest Rel.Inf. to DM score.

Tables D.8 and D.10 indicate that the degree to which an
expert's distributions resemble those of the performance
based decision maker do not strictly coincide with the
expert's weights. Comparing Tables D.2 and D.8, we see
that Experts 7 and 8 more closely resemble the decision
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maker for seed variables than Expert 5, even though
Expert 5 has more weight. This is a natural effect of the
optimization routine; an expert may receive zero weight
not because his performance is low, but because his
distributions do not differ much from distributions of better
calibrated experts. Including such experts does not improve
the score of the decision maker. Tables D.7 and D.S show
that the relative information of an expert proportionate to
the equal weight decision maker tends to be about 0.5 for
seed items. This observation may be taken as an indication
of how well the experts' distributions agree with each
other. For the item weight decision makers, the variation
across experts is greater because the experts do not exert
equal influence on the decision maker.

D.8.2 Robustness Analysis

For robustness analysis on experts, the experts are
removed from the data set one at a time, and the decision
maker is recalculated. Tables D.11 through D.14 list the
result of the robustness analysis on experts for both equal
and item weights. For dispersion, the effect of removing
one expert for the equal weight DM is seen in Table D.11.
Compared with the individual discrepancies between the
experts and the equal weight DM (Table D.7), the effect of
removing one expert is small. For the item weight DM the
same is true (Tables D.8 and D.12), although the effect of
removing one expert is more variable. Tables D.11 and
D.12 show that the greatest difference between the original
aggregated distribution and the aggregated distribution
developed by eliminating one of the expert-distribution
results from the exclusion of the Expert 2 and Expert 4
distributions for equal and item weights respectively. The
dry deposition results in Table D.14 again show the
dependence of the aggregated item based dry deposition
results on a single distribution, that of Expert 2.

For robustness analysis on items, the seed variables are
removed one at a time and the decision maker is
recalculated. Because the equal weight decision maker is
not affected by this operation, robustness on items is not
performed for the equal weight decision maker. Tables
D.15 and D.16 show the results for the item weight
decision makers for dispersion and dry deposition
respectively. For the dispersion item resuits listed in Table
D.15, there did not appear to be a large difference between
the impact of any one seed variable. The deposition results
listed in Table D.16 however indicate that the item based
aggregated results were dominated by two seed variables.
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Table D.7 Dispersion: discrepancy analysis for experts, equal weights

Results of scoting experts and Experts Relative Information to DM.

Weights: equal

Expert name Calibr. Mean rel. infor. Rel. Inf. to DM
total " realiz total realiz,
Expert 1 0.00010 2.078 1.281 1.094 0.398
Expert 2 0.00010 1.594 1.431 0.943 0.672
Expert 3 0.00100 1.504 1.285 0.769 0.445
Expert 4 0 13000 1.286 1.242 0 486 0.397
Expert 5 0 03000 1092 1.622 0.588 0.596
Expert 6 0.00500 1.590 1.540 0.686 0.693
Expert 7 0.01000 1.508 1.506 0.609 0.595
Expert 8 0.02000 1.840 1.312 0.879 0.526

DM 0.15000 0.811 0.862 0 0

Table D.8 Dispersion: discrepancy analysis for

Results of scoring experts and Experts Relative Information to DM.

Weights: item

©1993 TU Delft, SoLogic.

experts, item weights

Expert name Calib1. Mean rel. infor, Rel. Inf. to DM

total realiz total realiz.
Expert 1 0.00010 2.078 1.281 1.074 0.789
Expert 2 0.00010 1.564 1.431 0.951 0.828
Expert 3 0.00100 1.504 1.285 0.746 0.626
Expert 4 0.13000 1.286 1.242 0.301 0.160
Expert 5 0.03000 1.092 1.622 0.642 0.514
Expert 6 0.00500 1.540 1.540 0.660 0.658
Expert 7 0.01000 1.506 1.506 0.582 0.510
Expert 8 0.02000 1.840 1.312 0.744 0.485

DM 0.15000 1.024 1.087 0 0

©1993 TU Delft, SoLogic.

Table D.9 Dry Deposition: discrepancy analysis for experts, equal weights

Results of scoring experts and Experts Relative Information to DM.

Weights: equal

Expert name Calibr. Mean rel. mfor. Rel. Inf. to DM

total realiz total realiz.
Expert 1 0.00010 1.953 1.799 0.852 0.554
Expert 2 0.52000 1.434 1.339 0.419 0.363
Expert 3 0.00100 1.702 1.503 0.555 0.288
Expert 4 0.00100 1.734 1.820 0.610 0.577
Expert 5 0.00010 1.792 1.792 0.651 0.578
Expert 6 0.00100 2.234 2.457 1.137 1.199
Expert 7 0.00100 1.695 1.869 0.618 0.649
Expert 8 0.00050 1.985 1.581 0.860 0.466

DM 0.00100 1.103 1.184 0 0

©1993 TU Delft, SoLogic.
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Table D.10 Dry Deposition: discrepancy analysis for experts, item weights

Results of scormg experts and Experts Relative Information to DM.

Weights: item
Expert name Calibr. Mean rel. infor. Rel. Inf. to DM
total realiz total realiz.
Expert 1 0.00010 1.953 1.799 1.551 0.915
Expert 2 0.52000 1.434 1.339 0 0
Expert 3 0.00100 1.702 1.503 0.910 0.495
Expert 4 0.00100 1.734 1.820 1.269 1.003
Expert 5 0.00010 1.792 1.792 1.263 1.051
Expert 6 0.00100 2.234 2.457 1.748 1.269
Expert 7 0.00100 1.695 1.869 1.357 1.084
Expert 8 0.00050 1.985 1.581 1.382 1.287
DM 0.52000 1.434 1.339 0 0
©1993 TU Delft, SoLogic.
Table D.11 Dispersion: robustness on experts, equal weights
Robustness analysis on Experts.
Sigmificance level: — Weight: equal Calibration power: 1.0
Excluded Expert Rel. mnf. to background Calibration Rel. Inf. to onginal DM
name totai realiz total realiz.
None 0.862 0.811 0.150 0 0
Expert 1 0.795 0.894 0.25000 0.072 0.059
Expert 2 0.816 0.860 0.15000 0.042 0.060
Expert 3 0.812 0.866 0.25000 0.039 0.028
Expert 4 0.822 0.897 0.06000 0.038 0.050
Expert 5 0.674 0.842 0.25000 0.181 0.021
Expert 6 0.796 0.851 0.25000 0.041 0.034
Expert 7 0.775 0.855 0.25000 0.070 0.024
Expert 8 0.79%4 0.840 0.15000 0.073 0.056
©1993 TU Delft, SoLogic.
Table D.12 Dispersion: robustness on experts, item weights
Robustness analysis on Experts.
Significance level: 0.020 Weight: item Calibration power: 1.0
Excluded Expert Rel. mf. to background Calibration Rel. Inf. to original DM
name total realiz total realiz.
None 1.087 1.024 0.900 0 0
Expert 1 1.023 1.087 0.90000 0.000 0.000
Expert 2 1.015 1.049 0.90000 0.001 0.004
Expert 3 1.024 1.087 0.90000 0.001 0.002
Expert 4 1.193 1.227 0.44000 0.450 0.241
Expert § 0.875 1.069 0.85000 0.191 0.035
Expert 6 1.021 1.076 0.51000 0.002 0.007
Expert 7 0.980 1.087 0.90000 0.004 0.000
Expert 8 0.981 1.108 0.51000 0.133 0.086

©1993 TU Delft, SoLogic.
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Table D.13 Dry Deposition: robustness on experts, equal weights

Sigmificance level: —

Robustness analysts on Experts.
Cahbration power: 1.0

Weight: equal

Excluded Expert Rel. 1nf. to background Calibration Rel. Inf. to ortgmnal DM
name total realiz total realiz.
None 1.184 1.103 0.001 0 0

Expert 1 1.107 1.172 0.00100 0.023 0.014
Expert 2 1.169 1.334 0.00100 0.058 0.116
Expert 3 1.096 1.178 0.00100 0.013 0.013
Expert 4 1.107 1.171 0.00100 0.022 0.016
Expert 5 1.111 1.173 0.00100 0.026 0.015
Expert 6 1.131 1.175 0.00100 0.047 0.030
Expert 7 1.154 1.173 0.00100 0.063 0.014
Expert 8 1.124 1.284 0.00100 0.041 0.110

©1993 TU Delft, SoLogic.

Table D.14 Dry Deposition: robustness on experts, item weights

Significance level: 0.520

Robustness analysis on Experts.
Calibration power: 1.0

Weight: item

Excluded Expert Rel. nf. to background Calibration Rel. Inf. to original DM
name total realiz total realiz.
None 1.339 1.434 0.520 0 0

Expert 1 1.434 1.339 0.52000 0 0
Expert 2 1.262 1.529 0.05000 0.905 0.554
Expert 3 1434 1.339 0.52000 0 0
Expert 4 1.434 1.339 0.52000 Y 0
Expert 5 1.434 1.339 0.52000 0 0
Expert 6 1.444 1.339 0.52000 0 0
Expert 7 1.430 1.339 0.52000 0 0
Expert 8 1.434 1.339 0.52000 0 0
©1993 TU Delft, SoLogic.
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Table D.15 Dispersion: robustness on items, item weights

Robustness analysis on Items.

Sigmificance level: 0.020 Weight: item Calibration power: 1.0
Excluded Item Rel. mf. to background Calibration Rel. Inf. to original DM
name total realiz total realiz.
B-1-220 chw/Q 1.031 1.806 0.47000 0.043 0.016
B-1-315 chi/Q 1.021 1.074 0.47000 0.059 0.022
B-2-220 chi/Q 1.030 1.079 0.47000 0.043 0.016
B-2-315 chi/Q 1.066 1.032 0.86000 0.072 0 055
B-3-300 chi’Q 0.907 1172 0.43000 0.245 0.160
B-3-600 chi/Q 0.962 1.153 0 86000 0.167 0.090
B-4-300 chi/Q 0.991 1.071 0.86000 0.059 0.011
B-4-600 chi/Q 1.022 1.081 0.47000 0.059 0.022
B-5-600 chi (y) 1.030 1.093 0.43000 0.062 0.017
B-5-600 cht (z) 1.051 1.250 0.47000 0.142 0.133
B-5-600 sig-y 1.050 1.101 0.86000 0.025 0.013
B-5-600 sig-z 1.054 1120 0.86000 0.025 0.015
C-60-1 chi/Q 0.985 1.224 0.43000 0.132 0.109
C-60-2 chi/Q 1.045 1.080 0.86000 0.025 0.015
C-60-3 ch/Q 1.040 1.072 0 86000 0.024 0.018
C-120-1 chi/Q 1.012 1.103 0.97000 0.048 0.014
C-120-2 chw/Q 1045 1.081 0.86000 0.025 0.015
C-120-3 chi/Q 1.040 1.071 0.86000 0.024 0.018
C-240-1 chi/Q 1.012 1.103 0.97000 0.048 0.014
C-240-2 chi/Q 1.045 1.081 0.86000 0.025 0.015
C-240-3 chi/Q 1.195 1.040 0.76000 0.211 0.073
D-60 sig-z 1.127 1.085 0.86000 0.103 0.035
D-60 sig-y 1.084 1.078 0.40000 0.264 0.063

©1993 TU Delft, SoLogic.

Table D.16 Dry Deposition: robustness on items, item weights

Robustness analysis on Items.

Significance level: 0.520 Weight: stem Calibration power: 1.0
Excluded Item Rel. mf. to background Calibration Rel. Inf. to original DM
name total realiz total realiz.
None 1339 1.434 0.52000 0 0
DD-E-10.55 mu 1.436 1.345 0.38000 0 0
DD-E-1 0.7 mu 1.436 1.346 0.38000 0 0
DD-E-1 0.9 mu 1436 1.346 0.38000 0 0
DD-E-1 1.2 mu 1.436 1.342 0.58000 0 0
DD-E-1 1.6 mu 1.435 1.340 0.58000 0 0
DD-E-2 0.55 mu 1.436 1.345 0.38000 0 0
DD-E-2 0.7 mu 1.436 1.346 0.58000 0 0
DD-E-2 0.9 mu 1.436 1.346 0.58000 0 0
DD-E-2 1.2 mu 1.436 1.342 0.58000 0 0
DD-E-2 1.6 mu 1.435 1.340 0.58000 0 0
DD-E-2 2.3 mu 1.344 1.290 0.38000 0.180 0.016
DD-E-2 3.2 mu 1.434 1.335 0.58000 0 0
DD-E-2 4.2 mu 1.322 1.264 0.66000 0.255 0.164
DD-F 0.5-2.0 1.436 1.345 0.38000 0 0

©1993 TU Deift, Sologic.
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D.9 Analyses of Equal and
Performance Based Aggregated
Elicited Dispersion and Deposition
Distributions

This section analyzes the aggregated equal and item based
distributions. The figures discussed in this section are
presented after Tables D.17 through D.20, which contain
the information used in the MACCS calculations.

D.9.1 Equal Weighted and Item Based
Weighting: Dispersion Distributions

Figures representing the central measure and the
uncertainty measure of the elicitation variables for the
eight dispersion experts, along with the equal and item
weight based aggregated results, are presented in Figures
D.1 through D.10. As the figures show, very little
difference is observed between the median assessments
produced using the two aggregation methods. Figures D.7
and D.8 indicate that the item weight performance scheme
can have the effect of significantly narrowing the
aggregated uncertainty band that would be produced by
equal weighting. Figures D.9 and D.10 show that the item
weighting scheme has typically served to increase the value
of the 5th percentile and decrease the value of the 95th
percentile, although the difference between the 5th and
95th percentile values resultng from the two weighting
schemes is much less than an order of magnitude.

D.9.2 Equal Weighted and Item Based
Weighting: Dry Deposition Velocity
Distributions

Figures representing the central measure and the
uncertainty measure of the dry deposition velocities are
presented for both aerosols and elemental iodine for the
eight deposition experts in Figures D.11 to D.14, along
with the equal and item based aggregated results. The
difference between the equal and item based weighting
results plotted in Figure D.13 for the 50th percentile values
of the dry deposition velocity of elemental iodine are
negligible. The differences between the item and equal
weighted results for the 95th/5th percentile ratios, though
not negligible, are nevertheless not great. The differences
between the values obtained with the two weighting

Appendix D

methodologies for the median aggregates for the dry
deposition velocity of aerosols as plotted in Figure D.11,
however, are substantial. As discussed in Section D.6, the
item based aggregated results for dry deposition are
established on the assessments of only one expert. The
impact of the difference between the dry deposition equal
and performance based weighted distributions on a
consequence analysis s discussed in the next section.

D.9.2.1 Impact of Differences Between Equal and
Item Based Aggregation of Dry Deposition Data
on Consequence Calculations

MACCS calculations were performed to evaluate the
potential impact of the difference between equal and item
based aggregated distributions. Two cases were analyzed.
All parameters in the code were held constant with the
exception of the dry deposition velocity. Samples of 20 dry
deposition velocities were randomly selected from the
equal and item based aggregated distributions, and the code
was run 20 times for each case. The distributions used for
these cases were those for which the greatest difference
was observed between the equal and item based weighting
methods. The wind speed, constant weather, and stability
class were defined consistent with the initial and boundary
conditions defined for the distributions. No evacuation was
assumed. The results are discussed below.

Case 1

The first case is for deposition to an urban area for a
particle size of 3 um. Table D.17 contains the different
percentile values of the distributions from EXCALIBR.
Table D.18 shows the resulting consequence measures.

Case 2

For the second comparison, the distributions for forest and
particle size of 3 um were used. The information on these
calculations is presented in Tables D.19 and D.20. The
difference between the mean value for the doses is likely
the result of the equal weighting distributions producing
samples with higher deposition velocities than the
performance based distributions. Therefore, more material
is being removed from the plume early in its transport
(i.e., before the plume reaches farmland and population).
Because of this condition, the population dose is lower for
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the equal weighting than for the performance based
weighting. Note that the difference in minimum doses
exhibited in the following tables is related to the difference
in maximum deposition velocity.

Table D.17 Dry deposition velocity distributions for
an urban area and a particle size of 3 um;
EXCALIBR percentiles

Dry Deposition Velocity
(cm/s)
5% 50% 95%
Equal Weighting
EXCALIBR .035 .46 19
Performance
Based Weighting
EXCALIBR .08 4.0 30

Table D.18 Population dose for an urban area and a
particle size of 3 um for both EARLY and CHRONC

data
Population Dose (person-Sv)
min. mean max.
EARLY
Equal 2880 36500 65600
Weighting
Performance 1510 30100 61900
Based
Weighting
CHRONC
Equal 19600 | 486000 | 1060000
Weighting
Performance 9580 441000 | 1040000
Based
Weighting

NUREG/CR-6344

Table D.19 Dry deposition velocity distributions for
forest and a particle size of 3 ym

Dry Deposition Velocity
(cm/s)

5% 50% 95%

Equal Weighting
EXCALIBR 115 1.85 208
Performance Based
Weighting
EXCALIBR .08 4.0 30

Table D.20 Population dose for forest and a particle
size of 3 um

Population Dose (person-Sv)
min. mean max.
EARLY
Equal Weighting 178 17400 33700
Performance 2760 23900 33400
Based Weighting
CHRONC
Equal Weighting 634 347000 | 972000
Performance 14500 | 462000 | 984000
Based Weighting

The indication from the above cases is that the different
aggregation schemes did not make much difference in the
median and upper percentile results for both early and
chronic results, but observable differences were found in
the lower percentiles. Because the middle and upper
percentiles tend to dominate the results of interest to the
risk and regulatory communities, this difference is not
likely to be of much concern. It is not surprising that little
difference was demonstrated because the overall placement
of the central mass of the uncertainty distributions is
similar in the equal weighted scheme and the performance
based weighting scheme. However, a calculation based on
the median values would probably result in a visible
difference in consequence measures.

D-14
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Figure D.5 50th percentile elicited Sy {(crosswind dispersion) values, stability class A
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Figure D.6 50th percentile elicited Sy (crosswind dispersion) values, stability class E/F
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Figure D.7 Ratio of elicited 95th/5th percentiles for the elicited Sy (crosswind dispersion), stability class A
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Figure D.9 Elicited and aggregated 5th percentile data for sy (crosswind dispersion), stability class E/F
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Figure D.11 50th percentile elicited dry deposition velocity of aerosols onto urban surface, wind speed 2 m/s
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Figure D.12 Ratio of 95th/5th percentile elicited aerosol dry deposition velocity; urban surface, wind speed 2 m/s

* The order of the particle size parameters (expressed in um) differs between Figures D 11 and D.12 so the data can be viewed more clearly
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Surface*

Figure D.13 Elicited 50th percentile dry deposition velocities of elemental iodine; wind velocity 2 m/s
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Figure D.14 Ratio 95th/5th elicited percent'ile values for the dry deposition elemental velocity of iodine, wind

velocity 2 my/s

* The oider of the surface parametets differs between Figures D 13 and D 14 so the data can be vicwed morc clearly
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D.10 Dispersion and Deposition Seed
Variables

The seed variables listed in this section were used in the
determination of weights for the performance based
weighting aggregation schemes implemented in this
project. Cooke® has provided the following description of
seed variables:

It will often arise that the decision maker needs
assessments for events, none of which will be
observed within a required time frame. This
typically occurs in risk analysis, where probabilities
for unlikely and nonrepetitive events must be
assessed. In this case the model must be "seeded”
with other events, whose outcome are known, or
become known within a short time. These seed
variables must be drawn from the experts' area of
expertise, but need not pertain to the problem at
hand. Weights are then determined on the basis of
seed variables and used to define the decision
maker's distributions for the variables of interest.

The choice of meaningful seed variables is difficult,
and critical.

The seed variables used in this project were derived from
experiments in the same field as the elicitation variable.
Finding seed variables for dispersion and deposition
required finding actual tracer experiments performed under
circumstances that were amenable to the case structure of
the variables of interest. Three sets of tracer experiments
were found suitable for dispersion, two sets of aerosol
cxperiments were found suitable for dry deposition, and
one iodine experiment was found suitable for wet
deposition.

At the time of the elicitation, the experimentally
determined value of the seed variable in question was
known by the normative expert, but not by the substantive
assistant. Most of the seed variables listed are from recent
experiments which had not been published at the time of
the elicitation.

D.10.1 Dispersion Seed Variables

Twenty-three seed variables were defmed for the
dispersion panel. The B, C and D cases in the dispersion
case structure, as presented in Appendix F, are seed
variables derived from the following experiments:

NUREG/CR-6344

1. The B-cases are based on Danish tracer
experiments called BOREX '92, "Concentration
fluctuations measured during the BOREX '92
clevated plume experiment” conducted by Erik
Lyck, Per Loefstroem, Hans E. Joergenson and
Torben Mikkelsen of the Danish Center for
Atmospheric Research, P.O. Box 358, DK-4000
Roskilde.

2.  The C- cases are based on French tracer
experiments at the Cadarache Nuclear Research
Center conducted by B. Crabol and G. Deville-
Cavelin, "Assessment of dispersion of fission
products in the atmosphere following a reactor
accident under meteorological conditions of low
wind speeds with or without high temporal and
spatial variability in wind speeds and direction,"
November, 1984, experiment 12.

3. The D-cases are based on British experiments
performed by British Gas, Midlands Research
Station (Dr. R. Brown), Solihull, UK and the
National Physical Laboratory (Dr. B. Jolliffe),
Teddington, UK, experiment 73 on October 20,
1992.

Danish Experiments

These experiments come from the so-called BOREX 92
tracer experiments, cited as “Concentration fluctuations
measured during the BOREX '02 elevated plume
experiment.”

Two experiments were used for seed variable questions.
The first experiment concerned a tracer experiment, and
the second experiment concerned an experiment in which
measurements were carried out using a Light Detecting
and Ranging (LIDAR) system. In conducting a tracer
experiment, collectors are positioned along the travel
direction of the plume. These collectors measure ground
level concentrations. The release of both experiments
consisted of sulfur hexafluoride (SF;), which was used
because it does not easily disintegrate and can therefore be
measured at relatively large distances from the source.

A LIDAR system can be viewed as a detection instrument.
The system consists of a pulsed laser, a photodetector and
preamplifiers, a transient recorder, a PC-controlled data
storage system, and a monitoring facility. The principle of
the LIDAR can be explained as follows: Pulsed laser
radiation of very short duration is transmitted horizontally
through the aerosol plume, where a small fraction
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proportional to the number of aerosols in the measurement
volume is backscattered into the telescope. The time
between transmission and reception of a light pulse
indicates the range between the particles and the LIDAR.
At the same time, the intensity of the signal reflects the
particle concentration in the small volume occupied by the
traveling light pulse. The data processing of measured
backscatter profiles has been performed in order to correct
the LIDAR measurements for range dependence and
extinction.

For most of the stability classes, either tracer or LIDAR
experiments were available. The meteorological data were
rather complete and were determined at a 10 minute
average; it contained either the temperature lapse rate or
Monin-Obukhov length, windspeed, og (the standard
deviation of wind direction fluctuation in horizontal
direction), surface roughness, and release height. The
downwind distances varied from 220 to 600 m.

Because most of the experiments concerned measurements
of ground level concentration and standard deviations of
the plume, the experts were queried about these variables.

French Experiments

The French experiments involved assessments of the
dispersion of fission products in the atmosphere following
a reactor accident under meteorological conditions of low
windspeeds with or without high temporal spatial
variability in windspeed and direction.

The determination of meteorological conditions was
performed using four weather stations, which were located
on the experimental site at Cadarache, France. The
meteorological data consisted of wind speed and wind
direction (at different heights), the sampling time, and the
vertical temperature lapse rate.

The release of 40 kg of SF, was made at a constant rate
during one hour. Along the travel direction of the plume,
collectors were positioned to measure ground level
concentrations. The data acquired in this experiment
therefore consisted of ground level concentrations at
various distances for various sampling times. Hence the
experts were queried about the ground level concentration
at various downwind distances for various sampling times
ranging from one to four hours after the start of the
release.
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British Experiments

The British experiments were performed by Dr. R. Brown
from the British Gas Midlands Research Station, Solihull,
and Dr. B. Joliffe from the National Physics Laboratory,
Teddington. The experiment, known as Experiment 23,
was performed on October 20, 1992.

These experiments were also carried out using a LIDAR
system. The material released contained 90% nitrogen and
10% methane and was released from a I-m-diameter
source. With the LIDAR system, concentrations of gas at
various downwind distances were measured. At each
downwind distance, detailed meteorological data on the
wind speed and wind direction were acquired. Additional
measurements were carried out at the source in order to
determine the vertical wind profiles and turbulence length
scales.

The data acquired was used to look for fluctuations or
relative effects in the concentration close to the source, and
hence the experts were queried about the standard
deviation of the vertical as well as the crosswind
concentration at 60 m from the source at one minute
sampling time.

D.10.2 Deposition Seed Variables

Nineteen deposition seed variables were defined (14 on dry
deposition and 5 on wet deposition). The B-cases in the dry
deposition case structure, as presented m Appendix F, are
seed variables derived from the following experiments:

1. One seed variable 1s based on experiments in
the Netherlands on dry deposition velocities
performed by ECN  (Energy Centre of the
Netherlands, Petten, the Netherlands), personal
communication with Dr. J. Slanina.

seed variable is based on
experiments performed Dby TNO (Netherlands
Research Organization for Applied Scientific
Research, Delft, the Netherlands), J. H. Duyzer and
F. C. Bosveld, "Measurements of dry deposition
fluxes of O, NO,, SO, and particles over
grass/heathland vegetation and the influence of
surface m homogeneity,” KNMI-TNO/MT report R
88/111, 1988.

2. The other
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Dutch Experiments I

The Dutch experiments come from KNMI/TNO/The
Netherlands, aerosol measurements at two locations in the
Netherlands (Duyzer, Bosveld, 1988). Aerosols of
specified particle sizes were released and collected, from
which dry deposition velocities were measured. Several
cxperiments took place.

One experiment was over moorland and peatland with
vegetation consisting of 40-cm-high tussocks and old dry
grass partly filling the spaces between the tussocks and
underlain by a wet peat layer. Wind speeds were an
average of 5 m/s measured at a 5-m height. The surface
roughness length was reported to be 5 ¢cm, + 1 cm. Particle
sizes between 0.55um and 1.6pum were used.

One experiment was over heather and green grass where
vegetation only partly covered the soil. Wind speeds were
an average of 5 m/s measured at a 5-m height. The surface
roughness length was reported to be 4.5 cm, * 1.5 cm.
Particle sizes between 0.55um and 4.2um were used,

Dutch Experiments IT

These experiments come from ECN/The Netherlands,
aerosol measurements at one location in the Netherlands.
Aerosols of specified particle sizes (ranging from 0.5um to
2.0pm) were released and collected, from which dry
deposition velocities were measured. Several experiments
took place.

French Experiments

The B-cases in the wet deposition case structure as
presented in Appendix F are seed variables based on
French experiments conducted by C. Caput, H. Camus,
D. Guthier, and Y. Beot, "Etude experimental du lavage
de L'iode par la pluie”, Radioprotection, 1993, Vol. 1.
These elemental iodine washout experiments were carried
out at two locations in France and at various wind speeds
and rain intensities.

NUREG/CR-6344
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E. Inverse Modeling Methods

E.1 Introduction

The development of uncertainty distributions over the most
important code input variables (i terms of impact on code
output) is a necessary prerequisite to the performance of
code uncertainty analyses. The distributions are propagated
through the code calculations in order to develop
uncertainty distributions over the model output. The steps
that the uncertainty analyst takes when transforming the
uncertamnty distributions provided by panels of experts into
the distributions over code mput variables are termed "pro-

cessing" or “post-processing.” In this study, processing of

the elicited data breaks down into two main steps:

¢ combining expert uncertainty assessments
(aggregation),
e developing distributions over code input variables.

Alternative aggregation schemes, the first step, are
discussed m Appendix D of this document. The second
step, obtaining distributions over code input variables, 1s
necessary when variables for which distributions are
elicited from experts are not code input variables.

A fundamental ground-rule adopted in this study was that
distributions would be elicited from experts only on
parameters that are directly measurable in the
environment. In this study, the dry deposition code input
parameters are dry deposition velocities, which are directly
measurable parameters; subsequently distributions were
elicited on these variables. In the case of wet deposition
and dispersion, the code input parameters are not directly
measurable in the environment, and the elicitation
variables for these phenomena were therefore not the code
input variables. The elicitation variables for dispersion and
wet deposition were, however, variables from which
values for the code input variables could be derived.
Mathematical processing techniques were therefore
developed for this study, which enabled the development

* The decision to elicit only on measurable parameters was
imposed so that there would be no ambiguity when presenting the
definition of the elicitation variables If the experts assess poorly
defined variables, the potential for mcompatible assessments is
high. Also, assessments on physically measurable parameters are
not inherently dependent on any given theoretical model and may
therefore be developed from a combination of relevant information
sources.

of distributions over code input parameters from the
aggregated elicited distributions. This appendix reviews the
methods used in the NRC/CEC study to develop
distributions over code variables from aggregated elicited
distributions.

E.2 Consequence Code Dispersion and
Wet Deposition Input Parameters

One of the objectives of this study was to develop
uncertainty distributions that could be applied in the
MACCS and COSYMA consequence codes without
modification of the basic models implemented in these
codes. Both the European consequence code, COSYMA,
and the US code, MACCS, employ a Gaussian plume
model for atmospheric dispersion. At a given downwind
distance and given atmospheric conditions, the model
predicts the time-integrated concentration at various
horizontal and vertical displacements from the center-line
of the plume. The equation for determining the
concentration relative to the source strength is:

— €Xpy - 2
2noyc U 20y

z+h)?
xp(- 2¢? D

y = time integrated air concentration

Q = the source strength

y = the horizontal displacement relative to the plume
centerline

z = the vertical displacement

h = the vertical height of the plume centerline

i = the average wind velocity

o, and o, are parameters that depend on the downwind
distance x

X
Q

2
(exp(— -h)y hz) ] +e

2634

where:

The parameters o, and o, define the expansion of the
Gaussian plume in the crosswind and vertical directions,
respectively, as a function of downwind distance (x). The
dependency of o, and o, on the downwind distance
depends on the coefficients a,, by, and a,, b, through the
power law relations:
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oy = ayx ; o, = g xP

The parameters a,, b,, a,, b, are the important dispersion
code input parameters and the parameters for which
uncertainty distributions are required. In consequence code
calculations they are typically assigned nominal values per
stability class.

The consequence code input parameters for wet deposition
are also power law coefficients. The washout coefficient,
A, is defined as a function of rain intensity I through the
power law:

A =aklb’

The important code input parameters for wet deposition
are the g, and b, coefficients.

In the past, MACCS and COSYMA calculations assumed
constant values for the code input parameters, a,, b,, a,
b,, a,, b,. In an uncertainty analysis of consequence code
calculations, they are assigned distributions. The dispersion
code input parameters are assigned distributions for each
atmospheric stability class.

E.3 Overview of Processing
Methodologies

Prior to this study, a method was developed under CEC
sponsorship that was capable of deriving, from the
aggregated  elicited wet deposition distributions,
distributions over the wet deposition code input parameters
(ay, b,). The PARFUM' software package was developed
prior to this study for the implementation of this
methodology. The PARFUM methodology was selected
for the development of a joint distribution over the g, and
b, parameters using the power law relationship for the
washout coefficient. Processing of the aggregated elicited
dispersion distributions into distributions over code input
parameters was more complex because it required the
development of a joint distribution over four code input
parameters (a,, b,, @,, b)) and the application of a number
of different relationships between elicitation variables
derived from the Gaussian Plume Model (GPM).

Two different methods were devised in this stdy for the

development of distributions over dispersion code input
parameters from the aggregated elicited dispersion
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distributions. Under the sponsorship of the present study,
the capabilities of the PARFUM methodology were
expanded to include the capability to process the
aggregated elicited dispersion distributions. The expanded
PARFUM methodology developed to process the
aggregated elicited dispersion distributions is referred to in
this study as the Sigma processing methodology. The
Sigma processing methodology is an under-constrained
optimization method, based on the GPM, which utilizes
only the aggregated elicited distributions for s, and %./Q.
In the Sigma method, s, is equated to the o, of the GPM.
The Sigma processing methodology is designed to capture
the uncertainty in crosswind plume growth and %./Q. The
Sigma method processes 5th, 50th, and 95th percentile
elicited data.

The Chi processing methodology was developed for this
project as a more general approach designed to capture the
uncertainty in the plume profile as well as the uncertainty
in cross-wind plume growth and %./Q. The Chi processing
methodology is an over-constrained optimization method
which utilizes the aggregated elicited distributions for
X/Q, %y/%e> and X/%.. Unlike the Sigma processing
methodology, the Chi processing methodology is not
inherently based on the GPM. However, because of a
project constraint against the modification of the code
GPM, it was necessary to use the code GPM with the Chi
methodology for the transformation of the elicited
aggregated distributions into distributions over the code
input variables. The Chi methodology is designed to
process Oth, 5th, 50th, 95th, and 100th percentile elicited
data.

E.4 PARFUM and Sigma Processing
Methodologies

This section briefly describes the Sigma method for
obtaining distributions on the code parameters a,, b, a,
b,. Distributions over a, and b, were developed using the
PARFUM methodology and are not discussed separately.
Detailed information regarding both the PARFUM and
Sigma processing methodologies may be found in the
document “Methods for CEC/USNRC  Accident
Consequence Uncertainty Analysis of Dispersion and
Deposition,”® published by the Delft University of
Technology of the Netherlands.

As stated above, the parameters a,, b,, @, b, are not
measured directly. In fact, the vertical dispersion o, is
measurable only close to the source of release. Beyond a



few hundred meters, G, is not measured directly. Instead,
its values are derived from measurements of o, and the
centerline concentration ratio, that is, the ratio of the time-
integrated concentration on the plume centerline at
downwind distance x to the release rate. On the GPM,
when the release height is small relative to s, the
centerline concentration ratio is given by

1
N oy0o U

X

Q

where @i is the average wind speed (always in the x
direction). When o, and o, obey the power laws, then

Q

X

m?acxb‘

where:

nia,

and

b, =b, +b,

To determine a joint distribution on a,, b,, a;, b,, it is
sufficient to determine a joint distribution on a,, b, 4., b..
To sample a value from a,, by, a, b,, one simply samples
a value from a,, b, a, b. and sets @, = n*u*a./a, and b,
= b, - b,.

The Sigma method for determining a joint distribution on
a,, b, a, b, breaks down into two steps: (1) determine
joint bivariate distributions on &, by, and on a,, b, and (2)
join these two bivariate distributions to yield a joint

distribution on a,, b, a. b..

E.4.1 Bivariate Joint Distribution: the
PARFUM Method

The method for determining joint bivariate distributions
applies equally to the crosswind dispersion o,(x), the
concentration ratio 3/Q, and to the washout coefficient A.
It is therefore discussed on]?r for s,. The method uses the
computer code PARFUM." Inputs for this method are
percentile assessments for o, at various downwind
distances x,, ...x, (n is typically 3 to 5). PARFUM outputs
a joint distribution over In(a,), by, which of course
determines a distribution on a,, by. The method involves
the following steps:

E-3
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determine a uniform search grid G of possible values of
In(a,) and b,

for each downwind distance, x,, determine a distri-
bution P, on G that is minimally informative relative to
the uniform measure on G under the following

constraint: the 5%, 50% and 95% percentiles of ay*x,b-"
must agree with the input percentiles for 5,(x,),

determine a distribution P on G that is munimally
informative with respect to Py, ...P,. In other words, P
solves

n
P = argminy, I(P.,P)
1=l

where I(P, P) denotes the relative information of P, with
respect to P. It can be shown that P is just the average of
the P;:

n
P =(/n) Y P.
=]

The most important step is the first, in which the initial
search grid G is chosen. If G is large enough, then the
final distribution P is insensitive to the choice of G. The
determination of “large enough” depends on the number of
percentiles elicited and the number of downwind distances
elicited. For numbers that are realistic from a practical
point of view, P becomes insensitive to the choice of G
only when G is so large as to include “unreasonable” pairs
of values in (a), b,. This point is best illustrated with an
example. For this purpose we take logs of the power law
and neglect the constant n*u; then the power law becomes:

In(o, (%)) = In(a)) + by*In(x); i=1,..n

Figure E.1 shows the 5th, 50th and 95th percentiles for
o,(x) at three downwind distances Xx,, X, X3. At each
distance, the 50th percentiles are represented by ||s, and
the 5% and 95% percentiles are represented by fs. A pair
of values In(a,), b, corresponds to a line via the equation
Inoc,(x) In(a) + b, *In(x). Two lines are shown
corresponding to two pairs of values. Both lines intersect
the central mass of the uncertainty distributions for o, at
the three downwind distances. Hence both pairs would
jook “reasonable” to the PARFUM optimization routine
for this small set of input data. However, the dashed line
predicts that o, actually gets smaller as downwind distance
increases. If assessments at greater downwind distances
had been elicited, this line would surely look less
reasonable. With sparse input data, the dashed line must be
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excluded by an intelligent steering of the optimization
routine, which is accomplished by the choice of G.

The problerﬁ of finding a distribution on a,, b, 4., b, is
split into the two smaller problems of finding a distribution
on a,, b, and a distribution on a,, b,, exactly, in order to
facilitate a heuristic steering of the optimization routine.
The choice of G in each bivariate problem is supported by
graphs like that of Figure E.1. When we find an optimal
distribution P, we may then compute distributions on the
o(x,) using power law coefficients drawn from P. The
resulting distributions are somewhat wider than the
distributions from which we started. This reflects a
contribution to uncertainty that arises because the power
law does not perfectly describe the downwind propagation
of the experts’ uncertainty.

E.4.2 Joining Bivariate Distributions

PARFUM yields a bivariate distribution on a,, b, and a
bivariate distribution on a,, b. These two bivariate
distributions must now be joined; that is, we must specify
a 4-dimensional joint on a,, b,, 4., b, whose 2-dimensional
marginals on a,, b, and a,, b, agree with those from
PARFUM. The most tractable way to do this is to specify

a correlation between ore of the pairs (a,, a,), (a,, b,), (b,,
ay) or (b, b) and to choose a minimally informative
distribution under bivariate and correlational constraints (if
correlations are specified on more than one pair, this might
lead to nconsistent constraints). It turns out that the
correlation between o,(x) and o,(x) (or between c,(x) and
¥/Q) becomes independent of the downwind distance, x, as
x gets larger, and approaches the correlation between b,
and b, (or between b, and b). It was therefore decided to
specify a correlation between b, and b, .

One possibility would be to configure the elicitation in such
a way that a correlation between b, and b, could be
extracted from the expert data. Since b, and b are not
directly measurable, a direct query is not possible.
Exploratory simulation exercises indicated that the residual
influence of the correlation is small once the two
dimensional marginal on a,, b, and on a,, b_ are fixed.
Table E.1 shows the 5Sth, 50th and 95th percentiles for o,
at 500 meters downwind for stability classes A, C, and F
under three values for the correlation p(b,, b,) between b,
and b.. The data are from the equal weight decision
maker; the 2-dimensional marginal distributions on a,, &,
and on a,, b, are derived from PARFUM, and the residual
correlation p(b,, b,) is varied. The differences in Table E.1
are scarcely visible in the time-integrated concentrations.

== Quantiles at x;

= Quantiles at x,

In x

Quantiles at x;

In Oy

Figure E.1 50% percentiles (]}) and 5th and 95th percentiles (|) at three downwind distances with two possible
combinations for In(a), b,
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Table E.1 5th, 50th and 95th percentiles for o,
the 2 dimensional marginal distributions on a,,

Appendix E

at 500 meters downwind, data from equal weight decision maker;
b,and on a,, b, are derived from PARFUM, and the residual

correlation p(b,, b)) is varied

pb,, b) =0 p(by, b) = 0.5 p(by b) = 1.0
Percentiles

c, 5% 50% 95% 5% 50% 95% 5% 50% 95%
Stability
Class F 1.73 27.0 336 1.93 27.3 326 1.98 25.7 277
Stability
Class C 6.56 58.4 469 7.27 58.5 439 7.97 59.9 404
Stability
Class A 6.97 1280 1700 8.20 1273 1640 8.65 1177 1380

In light of the relative unimportance of the residual
correlation between b, and b, it was decided not to
burden the elicitation further, but instead to assess this
correlation by other means. Two methods were available:
previous expert assessments and an equilibrium method
based on the so-called Cournot duopoly. In previous
Furopean uncertainty analyses, the correlation between
the uncertainties in o, and o, was assessed to be small.>*
The reason for this assessment was that the turbulence
scales responsible for wind meander, the principle
contributor to uncertainty in o,, are independent of scales
causing fluctuations in o,. The equilibrivm method is
described in Cooke et al.? and can be rendered very

intuitively as follows: Imagine two “players”™ contesting .

the correlation between b, and b.. The first player wants
the correlation p,. between G,(x) and %/Q to depend as
little as possible on downwind distance x, for the elicited
values x;, ...X,. The second player wants the correlation
P, between c(x) and ¥/Q to depend as little as possible
on downwind distance for the elicited values X, ...X,.
The goals of these two players are antagonistic, but they
will eventually agree on a pair of “equilibrium” values
P yes Pz Setting the correlation between b, and b, equal
to p,* leads to values for the correlation between o, and
o, that are very close to zero (the actual values depend
on the input data).

Simulation exercises indicate that the major influence on
the time-integrated concentrations is captured by a
distribution which preserves the one-dimensional
marginals on a,, by, a, b, and the correlations p(a,,b,),
p(a.,b,) and which is minimally informative under these
constraints. The software package UNICORN® was used

in this study to construct such distributions. The
information lost by replacing the two-dimensional joint
distributions by one-dimensional marginals  plus
correlations is not great. Tables E.2 and E.3 compare the
quantiles of the equal weight decision maker with the
results using the PARFUM method and using the
minimal information distributions from UNICORN for
downwind distances 1 km, 3 km, and 10 km, for stability
classes A and F.

Three final remarks on the PARFUM method are
appropriate. First, the rather large spread in o, shown in
Table E.1 above reflects modeling uncertainty with
respect to the GPM. Indeed, the quantities s, and X./Q
are empirically defined in a model-independent way.
When developing their distributions, experts took account
of factors that are not taken into account in the GPM.
When we project distributions onto the parameters of the
GPM and then extract a distribution for o, additional
uncertainty is being factored in as well. This, of course,
is exactly what we want to happen, as the distributions
over model parameters should, if possible, also take
account of uncertainty in the model itself. The additional
modeling uncertainty captured in this way concerns only
the uncertainty with regard to the power law models for
plume growth. Non-Gaussianality may also express itself
in non-Gaussian crosswind and vertical profiles, the type
of uncertainty not captured in the PARFUM approach.
The Chi method discussed in the following section
attempts to do this. Second, a problem arose in
processing stability class A. At 30 km downwind in this
stability class, o, is significantly affected by the mixing
layer, which reflects vertical diffusion. This effect was
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Table E.2 Stability Class A: Comparison of equal weight DM, PARFUM and UNICORN 5th, 50th, and 95th
percentile values for x./Q and o, at three downwind distances

Stability Class A
X/Q oy
Eq. wgt DM | PARFUM | UNICORN | Quantiles | Eq. wgt DM | PARFUM UNICORN
9.06E-8 1.02E-7 1.03E-7 5% 103.4 92 80.7
1 km 1.83E-6 2.08E-6 2.31E-6 50% 329.7 303 329
1.90E-5 2.24E-5 2.62E-5 95% 1274 1372 1430
2.24E-8 1.63E-8 1.61E-8 5% 279 274 216
3 km 3.04E-7 3.30E-7 3.66E-7 50% 739 827 897
2.48E-6 3.51E-6 4.26E-6 95% 3638 3764 3960
2.30E-9 2.16E-9 2.11E9 5% 677 728 626
10km | 5.57E-8 4.42E-8 4 86E-8 50% 2303 2475 2740
4 52E-7 4.77E-7 5.64E-7 95% 11560 11589 12000

Table E.3 Stability Class F: Comparison of equal weight DM, PARFUM and UNICORN 5th, 50th, and 95th
percentile values for x./Q and o, at three downwind distances

Stability Class F
x/Q oy

Eq. wgt DM | PARFUM UNICORN Quantiles | Eq. wgt DM | PARFUM UNICORN

1.69E-6 1 3.22E-6 4.12E-6 5% 25.8 23 22.4
1km | 4.92E-5 4.82E-5 5.39E-5 50% 87.8 88 85.8

2.97E4 3.88E4 5.97E4 95% 243.2 270 286

1.03E-6 5.06E-7 6.66E-7 5% 64.6 57 56.4
3 km 1.07E-5 1.06E-5 1.24E-5 50% 231.3 230 216

8.47E-5 1.07E4 1.66E-4 95% 639.8 726 774

1.22E-7 6.05E-8 8.64E-8 5% 158 152 151
10km | 1.94E-6 1.97E-6 2.16E-5 50% 632.8 642 613

2.11E-5 2.70E-5 2.39E-5 95% 2106 2140 2330

visible in the experts' assessments of x./Q. It was
therefore decided to exclude assessments at 30 km in this
case in the PARFUM algorithm, as the power law for
%./Q ceases to hold when o, is reflected from the mixing
layer. Finally, at 500 m from the source, the 5th
percentile of o, is quite small. The approximation:

X 1
Q TGCyo i
holds only when o, is large relative to the release height,
and this condition does not hold for the lower percentiles

of o, at 500 m. The error in the above approximation
may exceed 10 percent. A correction term was derived,
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but its implementation would require change of the
COSYMA and MACCS codes.

E.5 Chi Methodology

This section reviews the development of a joint (4-variate)
probability distribution for the vector of parameters (a,, by,
a,, b,) using the Chi methodology. The objective is to find
the minimally informational joint distribution that is
consistent with the elicited probability distributions.
Minimally informational means that the joint distribution
has the largest entropy among distributions that are
consistent with the experts’ judgments, which consist of
the percentile assessments of the elicited variables. This



discussion will employ the following three elicited
variables: 1/Q, Xy/Xc» a0 Xo/YAc-

The following relationships for the elicited variables %./Q,
Xy/Xe» and /¥ can be derived from the GPM:

- 2 2
_X'—Z- = (exp(_.@...ﬂ.) +exp(_.(z_.+ﬂ—} ] X
Xe 262 26%
-1
2
(1 + exp(—ﬁ%)} assuming: y=0
Oz
2 ol
ZY = exp| — | assuming: z=h
Xe A\ 203 ®
2
LI ! _(] +exp(-—2j—D
Q noyo i cf

assuming: y = Oand z = A.

The goal of processing the judgments is to obtain a
probability distribution for (a,, by, 4, b,) that is consistent
with the set of assessed probability distributions for %./Q,
Xy Xe» a0 Xz/Xc- For example, when the GPM is exercised
by sampling from the distribution of (a,, by, 4, b)), the
computed values of %/Q, X,/X., and %./X should fall into
the various assessed intervals with the correct probabilities.

The three assessed percentiles for each elicitation variable
generate four intervals: lower 5%, lower 45%, upper
45%, and upper 5% intervals. Each vector (a,, by, a,, b))
yields values of 5, and ©,, which, in turn, give values of
X/Q: Xyl Aer AN Al These values can be classified with
respect to which intervals they fall into, and the vector that
generated these values can also be associated with the
intervals. For example, a particular vector (g, by, a, b)
might generate a value of x/Q in the lowest interval, a
value of x,/x. in the second highest interval, and a value of
x,/%; in the second-lowest interval. By keeping track of
which vectors map into which intervals, it becomes
possible to assign probabilities to the vectors so that the
assessed probabilities of the elicitation variables are closely
reproduced when the model is exercised.

Let the symbol m,, be the number of vectors mapping into
e i  and K intervals for x/Q, %y/te a4 Xo/Xe
respectively. Let the symbol Py denote the collective
probabilities to be assigned to these vectors. It is a
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necessary condition for maximizing entropy that each of
these vectors be assigned an equal probability so that P (a,,
by, a6 b)) =P,/m, for each (a,, b), a,, b) mapping into
the i, i and k" intervals. Let oy ,0, O3, o4, and Qs
represent the percentiles for which assessments are
available (where the lower, o, and upper, o, bounds may

be elicited or analytical values).

Now consider determination of the probabilities for Py. In
order for the probabilities to be consistent with the assess-
ments, they must satisfy the following three constraints:

M
)
©))

ZI Py = Oy - Oy fori=1,... 4,
ZI Py = 0y - O forj=1,....4,
ZIPy = O - O for k=1,....,4.

As a first order approximation to maximizing entropy of
the probability distribution over the (a,, by, a,, b,) vectors,
the expected or average probability of the vectors is
minimized. This is accomplished by minimizing

@ Z,ZJkauk(Puk/m,Jk)z.

Minimization of (4), subject to the constraints (1) through
(3), can be accomplished via an optimization procedure
known as quadratic programming. If solutions exist that
satisfy (1) through (3), then the quadratic program will
have as its solution the set of probabilities Py, which
minimizes the expected probabilities while generating the
quantities of X./Q, Xy/Xc, and ,/X. in a manner consistent
with the elicited distributions.

E.5.1 Quadratic programming

Let P, be the probability of the ijk cell in the elicitation
variable space, and let my be the number of vectors
mapping into that cell. The probability assigned to any one
vector in that cell is simply Py /m,. In order to spread the
probability of the vectors as evenly as possible, the
expected probability across all vectors is minimized. This
is a first-order approximation to minimizing entropy
because it is equivalent to minimizing the first term in the
Taylor series expansion of entropy.

The expected probability of a randomly chosen vector is
simply the probability of the vector squared, summed
across all possible vectors. Thus E(Py/my) = Z i,y
(Pyi/my) = Ty Py/my, which is a quadratic function of
the cell probabilities. Of course, in assigning the
probabilities to cells, the constraints imposed by the
elicitation intervals must be satisfied. Joining the objective
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of spreading the probability as evenly as possible with the
information from the aggregated distributions given by the
experts leads to the problem:

Minimize Z,, P, */m,
subject to:
P =o -0 fori=1,..,4,
ZikPUk =04 -OLJ forJ = 1, aeny 4,
Py =0y -y fork=1,..4,
and
Py 20 foralli, j, k.

Note that satisfaction of the constraints is sufficient for
Z, Py = 1.0 so that an additional constraint is not neces-
sary in order to guarantee that the probability sums to one.

This mathematical problem has a quadratic objective
function and linear constraints. Conceptually, the problem
can be solved using classical techniques through a large
number of LaGrangian multipliers that augment the
objective function. Practically, however, the problem is
most easily solved using an approach known as quadratic
programming. A quadratic program will converge to the
solution to this problem in a finite number of steps,
provided the constraints can be simultaneously satisfied.

A solution may not exist when some of the cells in the
elicitation space are impossible. This can occur when the
elicited values are highly inconsistent with the GPM. For
example, it may be impossible to find any (e, b, a,, b,
vectors that, vis-a-vis the GPM, map into certain cells in
elicitation space. If a cell is empty, the coefficient in the
objective function corresponding to the cell is undefined
(division by zero). The variable must then be removed
from the formulation and that cell assigned zero
probability. If enough of these cells are empty and the
corresponding variables removed, their pattern can be such
that no solution is possible.

Quadratic programming employs the simplex algorithm of
linear programming to solve a quadratic program. It does
so by first converting the quadratic objective function into
a set of linear equations by first attaching each constraint to
the objective function in the form of a LaGrangian
multiplier and then differentiating with respect to the
solution variables (the P;)) and the LaGrangian multipliers.
Each differentiation generates a linear expression that is set
equal to zero. However, it is also necessary to deal with
the non-negativity constraints on the P,. The theory of
constrained optimization proposed by Kuhn and Tucker’
leads to the following set of equations, which, when
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satisfied, give the solution to the problem of determining
cell probabilities. These equations are:

TPy =0y - fori=1,..4,
ZEZPy = oy - forj .
ZZPy =y -oyfork=1,..4

2Py/my) + Ay, + Ay + Ay + vy = O foralli, j, k;
= 0 forall i, j, k;

]
—
»

Pljkvljk
and
PV 2 0 for all i, j, k.

In this formulation A represents the usual LaGrangian
multipliers while v, represent the complementary slack
variables introduced so the linear programming algorithm
can be used. The implementation used in this study is
through a commercial mathematical programming package
called LINDO.?

E.5.2 Implementatlon of the Proposed
Solution

The goal of the processing methodology is to find
probabilities for the coefficient (a,, b,, a,, b,) vectors so
that when these vectors are sampled, the probability
distributions of the variables in the elicited variable space
(Xc/Q» Xy/Xc» and /%) match those given by the experts.
To understand how the methodology works, recognize that
each pomt in the coefficient vector space maps to a unique
point in the elicited variable space. This is true because
X/Q. Xy/Xc» and ,/X. are functions of o, and o,, which, in
turn, can be calculated from the foliowing relations:

oy = ayx ; 0, = a;x’

A distribution of the (a,, b,, a,, b)) vectors is developed in-
dependently for each stablllty class via the following steps:

1.  The development of an initial set of (a,, b, a,, b)
vectors.

2. The development, at each downwind distance, of
subsets of the (a,, b,, a,, b)) vector space defined by
the intersection of intervals of the elicited ¥./Q,
Xy Xer and %,/%, values.

3.  The elimination from the initial set of (a,, b, a,, b)
vectors those vectors whose values, when mapped
into the elicitation variable space, are outside the
range of any elicitation variable at any downwind
distance.



4. The determination of the number of (a,, b, a,, b)
vectors that are contained in each subset. These
numbers provide coefficients needed to accomplish
step 5 below.

5. The solving of a quadratic program to determine the
allocation of probability to the subsets of vectors so
as to: (a) satisfy the elicited percentiles, and (b)
spread the probability across the vectors as evenly as
possible subject to (a).

6. The calculation of a probability for each (a,, b,
b,) vector at each downwind distance. This calcula-
tion is simply the quotient of the probability allocated
to a subset and the number of vectors in that subset.

7.  The averaging of the (a, b, a, b) vector
probabilities across the various downwind distances
to-obtain the final vector probabilities.

Step 1: Development of the initial set of (a, by, a, b)
vectors. ’

The first step is the development of an initial set of four-
dimensional (a,, by, a,, b, vectors. The requirement for
the initial set of vectors is that it contain a range of values
sufficient to adequately cover the range of elicited %./Q,
Xy/Xe> and X/Xc values at every downwind distance with
only vectors that are within the range of elicited ./Q,
Xy Xe» a0A X% values for each downwind distance.

In the construction of this set of vectors, the principle of
minimum relative information with respect to log(c,) and
log(c,) is evoked in order to establish the spacing of the
grid of values to be sampled. This translates into an initial
grid of points that are uniformly spaced in the log of the
coefficients and uniformly spaced in the exponents.

A typical set of (g, b, 4, b, vectors can be constructed
from the values presented in Table E.4 by taking the
product of the four sets of values. The values of the
coefficients in Table E.4 consist of 6 values for a, and a,
and 21 values for b, and b, vyielding a total of
6x6x21x21=15,876 unique vectors. A large set of vectors
is required to ensure a reasonable level of fineness (e.g., a
doubling of the value of b, might result in a step size so
large that no vector would map into one of the sets in
elicited variable space).

Step 2: The development, for each downwind distance, of
sets of the elicited /Q, %y/Xcr and /%, values.

Figure E.2 provides three-dimensional representations of
the sets formed with the elicited percentile values for %./Q,
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Xy/¥e» and X.fx. for each downwind distance. In the
following discussion the subsets in the (X/Q, Xy/Xc» and
/%) space will be called cells. Note that each (g, by, a,,
b,) vector maps into one or none of these cells at each
downwind distance.

Table E.4 Typical initial (a,, by, a,, b,) values

a, b, a, b,
023 | 050 | 023 | 0.50
038 | 055 | 038 | 055
1.06 | 060 | 1.06 | 0.60
177 | 0.65 | 177 | 0.65
296 | 070 | 2.96 | 0.70
493 | 075 | 493 | 075
0.80 0.80
0.85 0.85
0.90 0.90
0.95 0.95
1.00 1.00
1.05 1.05
1.10 1.10
1.15 1.15
120 | 1.20
1.25 1.25
1.30 1.30
1.35 1.35
1.40 1.40
145 1.45
1.50 1.50

Step 3: The elimination of (@, b,, a, b,) vectors outside of
the X /O, %Yo aNA X/ Xc cells at any downwind distance.

A vector is eliminated from the initial set of vectors if it
produces vales for x./Q, Xy Xer OF XaofXe that fail at any
downwind distance to map into one of the cells created in
Step 2. For example, a vector which produces a value for
X/ Qs Xy/Xes OF Xo/%c less than the elicited Oth percentiles
or greater than the 100th percentile at any distance would
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be eliminated from the set of vectors during this step.
Therefore, a vector that produces values of the elicitation
variables that are outside the 100% probability intervals
are not allowed. This step is consistent with the tenet that
values deemed impossible should not be permitted in the
analysis. The product of this step is a reduced set of
vectors for the particular stability class under analysis.

Step 4: The determination of the number of (a,, b,, a, b)
vectors that are contained in each cell of X/Q, Y/ %o Xo/%e
space at each downwind distance.

In order to calculate a probability for each vector, it is first
necessary to calculate the probability of each cell within

Xc/Q
\

the three-dimensional x./Q, X,/Xc, X,/ matrix formed for
each downwind distance. This probability is then evenly
distributed across all (a,, b,, a,, b,) vectors within that cell.

The cell probabilities are calculated using the quadratic
program discussed in this appendix. In order to satisfy Step
5b (spread the probability as evenly as possible), it is
necessary to have a measure of the size of each cell. This
measure is the number of (a,, b, @,, b,) vectors mapping
into each cell. The reciprocal of this number becomes the
coefficient for the cefl probability in the objective function
of the quadratic program. The rationale is explained above
in the section on quadratic programming.

xeixe /7T e

/*;

1001k

95th

Elicited Quantiles Xc/Q

50th

AN -
L
¢ 1 —
X Cell (4,4,1)
[1)]
L ¢
®
23
g
o) 3
Q0
=
0
W =
'y
Cell
(1,1.1) o
£ .
[=]
Oth Sth 50th 95th 100th

e Y Xy/Xe

Elicited Quantiles Xy/Xc

Figure E.2 Three dimensional space defined by the elicited x./Q, Xy/Xcs and x,/y. values
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Step 5: The numerical solution for probabilities of cells in
the elicitation variable space.

A quadratic program is solved to find the assignment of
probabilities to cells that (1) satisfies the probability
intervals in the elicitation variable space when the (a,, b,,
a,, b)) vectors are "pushed” through to that space, and (2)
spreads the probability across the (a,, b, a,, b;) vectors as
evenly as possible, subject to satisfying (a). The objective
function is given as proposed solution (4) above; the
accompanying constraints (1) through (3) ensure that the
probability intervals are satisfied.

Step 6: The calculation of the probability of each (ay, b,,
a,, b,) vector for each downwind distance.

A probability for each vector in each cell is then calculated
by dividing the cell probability by the number of vectors
determined to fall within that cell. All vectors within a
specific cell are thereafter assigned the same probability.

Step 7: Averaging of the (a,, by, a,, b,) vector probabilities
calculated for each distance to obtain the final vector
probability values.

The probability values calculated at the various distances
for each of the possible (a,, by, @, b,) vectors are then
averaged over the downwind distances in order to establish
the final vector probabilities, which are to be used at all
downwind distances under consideration.

E.5.3 Application of Methodology to Elicited
Data

Because the Chi method is by design an over-constrained
methodology and the method was required to process the
elicited data through the GPM in the consequence codes,
the successful application of this methodology was depen-
dent on the level of consistency between the data elicited
from the experts and the GPM. In the Chi processing
method there were two potential sources of inconsistency
between the elicited dispersion data and the GPM.

In the first case, the GPM does not permit X,/ and X./X.
values greater than one. Two of the eight dispersion
experts provided 95th percentile values for x,/x. and X,/X.
greater than one. In the aggregated distributions, this
resulted in 95th percentile values greater than one for %,/%.
and y,/y, for all stability classes. For processing, the 100th
percentiles of x,/x. and x.fx. for all downwind distances
and all stability classes were therefore assigned a value of
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1.0 and the 95th y,/x. and x,/¥. percentiles were not used.
This required that the cells illustrated in Figure E.2 be
modified to the form illustrated in Figure E.3.

A second area of potential inconsistency between the
elicited data and the GPM is the relationship between the
elicited x./Q and the X,/x. and x,/x. values. The individual
experts sometimes provided a range of values for X/Q
between the Oth and 5th percentiles, which, using the
GPM, were mconsistent with the elicited range of values
for y,/x. and ¥,/X. from the same expert; that is, the set of
(a,, by, a,, b, vectors consistent with the range (between
the Oth and 100th percentiles) of elicited x,/x. and X./X.
values did not provide values for x/Q that fell within the
elicited Oth to 5th percentile range for the %./Q parameter.
Because of the unwillingness of some of the experts to
provide Oth and 100th percentiles, aggregated elicited
values for the Oth and 100th percentiles were not available
for the X./Q, X,/Xc» and ¥,/X. parameters. It was therefore
not possible to determine if this consistency would have
been present for the aggregated data. For the processing of
the aggregated elicited data, it was assumed that zero was
the logical lower bound (Oth percentile) for the x,/x. and
/% parameters. The Oth and 100th values for ¥./Q,
provided by one of the experts, were used for the
processing of the aggregated elicited data.

E.5.4 Implications of y,/x. and x,/. Greater
Than 1

Table E.5 presents the range of values and the average
values for aggregated ¥,/x. and X/Xc elicited data (equal
weighting method of aggregation) at the 95th percentile. It
is apparent that the GPM implemented in the consequence
codes cannot be used for the representation of plume
profile uncertainty without limiting the range of the %,/
and ¥,/ to values equal to or less than one.

In order to process values of x,/x. and X./%. greater than
one with the GPM, it would be necessary to add an error
term to the Gaussian equations which would enable the
GPM to accommodate ¥,/X. and Xz/Xc values greater than
one. Although the concentration fluctuations represented
by the concentration ratios greater than one are generally
not thought to be an important source of uncertainty for
most of the endpoints of accident consequence
assessments, the next section presents an example method
for adding an error term to the GPM that would enable the
determination of the significance of concentration ratios
greater than one to consequence code output.
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Figure E.3 Three-dimensional matrix modified to process actual elicited data

Table E.5 Range of Aggregated Elicited x,/x. and x,/x. values for different stability classes

95th Percentile'

95th Percentile’

Percentile (1,/%. = Yo/%e = 1)’

)(),/)(c Range

X-/X. Range

Xy X Im

X/ XIm

Ky e

%ol e

1.4510 3.91

1.44 10 3.63

2.49

2.27

0.63

0.65

' Range of aggregated ehicited ¥,/x, and X,/ values for different stabulity classes.
! Average values for the aggregated 95th percentile x,/%, and x,/x, values (averaged over stability classes)
Y Lincar interpolated percentile at which the /%, and x,/x. values would equal I, assuming the average values for the aggregated 95th percentile.
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E.5.5 The GPM with an Error Term

Three types of variables are assessed in the CEC/NRC
study of dispersion. These are concentrations (X./Q), ratios
of concentrations (¥,/Xc» Xo/Xc)» and standard deviations
(c,). The GPM provides that, for a downwind distance x
that is not too large for the subject stability class,

1/Q « V(o,0,),
Xyl Ke = exp[-.S(y/cy)zl, and
LlYe = expl-.5@/5)).

It is also assumed that s, ~ o, because s, is a statistic that
estimates o,. In reality, measurements of concentrations
will not exactly follow the equations above. Measurements
will deviate from the values that would be assigned by the
model because plumes are somewhat irregular, having
pockets of high and low concentrations. It is these
deviations from the GPM that give rise to greater
variability in concentrations than would arise from
uncertainty about o, and c, alone. Because concentrations
such as ¥, ¥, and x, are affected by these sources of
variation, the ratios of concentrations will also be affected.
The effect on G,, however, will be minimal because this
statistic is computed from an average in which deviations
are apt to cancel.

Modeling these additional sources of uncertainty can be
accomplished by adding an error term to the concentrations
predicted by the GPM. For example, the center-line
concentration would be modeled as

%/Q = [1/(o,0)]e,

where € is a multiplicative deviation or noise such that
£>0. The ratio measures are subject to two deviations
because two concentrations are involved in their
calculation. For example:

%% = expl-.50/0,) e fe).

To obtain a workable analysis of the GPM with an error
term, three assumptions are made. First, it is assumed that
the distribution of € is stationary throughout the plume,
meaning that a concentration measured at one position in
the plume will have the same distribution of relative
deviation as a concentration measured at some other point.

The second assumption is concerned with the dependence
of the two deviation terms that appear in the ratio

Appendix E

measurements.  Although these deviations will be
dependent when the measurements are taken close to one
another, the dependency will lessen and, for offset
distances used in the CEC/NRC study, it will be assumed
that the dependence is negligible. Third, it is assumed that
the deviations are stochastically independent of the values
of o, and o,

Perhaps surprisingly, the three assumptions given above
are sufficient to derive the distributions of the deviations,
their ratios, and that of o, directly from the elicited data. It
will now be demonstrated how this can be accomplished.
For a given stability class and downwind distance, denote
the distribution function of -.S(yIs),)2 by G(x), the
distribution function of log(x,/x.) by H), and the
unknown density of log(e,/e)—the log of the ratio of
deviations—by f{x). These three functions are related by
the convolution integral:

Hx)= [G(x—w)f(w)dw

-0

From a practical point of view, it is easiest to approach
convolution problems using Fourier, or LaPlace
transforms. Let g() and A(f) be the Fourier transforms of
the densities corresponding to the densities of G(x) and
H(x), and let r(f) be the Fourier transform of f{ix). Then
rf) = h(®/g(). The probability elicitation provides the
distribution of H(x) directly and that of G(x) through the
assessed distribution s,. Finally, let P(x) be the assessed
distribution of log(x,/x.) and let s(r) be the Fourier
transform of the corresponding density. Then the Fourier
transform of -.5(z/c5z)2 is just s()/r(f) so that the density of
o, can be found be inverting the Fourier transform and
making a monotone transformation of the variable.

Modeling an error term in the GPM accomplishes three
objectives. First, the model more nearly corresponds to the
thinking of the experts, and thus there is less forcing of
judgments into the model. Second, the noise can be
decoded (removed) from the assessed distributions and the
distribution of o, found. Having the distributions for the
center line concentration, Gy, and o, allows an inference on
the joint distribution without making assumptions about the
correlation among parameters. Third, the distribution of
the plume noise can be found directly from its
characteristic function, which is [r(t)]”z. Knowing this
distribution permits the exercising of the GPM with noise
so that additional sources of uncertainty can be included.
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E.6 Comparison of x./Q and o, Values
Resulting From Sigma and Chi
Methodologies

The tables contained in this section compare the %./Q and
o, values for stability classes A/B and E/F, calculated
using the Chi and Sigma processing methodologies. Case
A-1 represents stability class A/B, which is regarded as
very unstable atmospheric conditions. Case A-4 represents

Case A-1: x = 500 m

stability class E/F, which is regarded as very stable
atmospheric conditions. Values developed from both equal-
and item-weighted aggregated distributions are presented
for the EXCALIBR, PARFUM, and UNICORN data.
Equal-weighted aggregated assessments processed by the
Chi method are also presented in these tables. Additional
results from the two methodologies. are contained .in
Chapter 3 of Volume I of this document. Typically both
methods accurately reproduce the ./Q and o, aggregated
elicited values, although the Sigma method in general
predicts these values more accurately than the Chi
methodology.

x (x, 0, H)/Q, VALUES AT DOWNWIND DISTANCE: 500 m
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM | UNICORN CH]I
(item) (item) (item) (equal) (equal) {equal) {equal)
5% 7.33E-07 6.95E-07 6.84E-07 4.64E-07 3.22E-07 3.33E07 7.19E-07
50% 9.80E-06 1.07E-05 1.13E-05 7.31E-06 6.68E-06 7.44E-06 7.17E-06
95% 9.01E-05 9.59E-05 1.43E-04 7.42E-05 7.38E-05 8.26E-05 5.03E-05
o, VALUES AT DOWNWIND DISTANCE: 500 m
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) {equal) (equal) {equal)
5% 4.89E+01 4.57E+01 4.78E+01 5.34E+01 4.84E+01 4.39E+01 5.50E+01
50% 1.54E+02 1.37E+02 1.32E+02 1.76E+02 1.62E+02 1.74E+4+02 1.72E+02
95% 3.09E+02 | 3.28E+02 | 3.49E+02 || 6.54E+02 | 7.385402 | 7.49E+02 || 7.24E+02
Case A-1: x = 1 km
x (x, 0, H)/Q, VALUES AT DOWNWIND DISTANCE: 1 km
Quantile EXCALIBR | PARFUM | UNICORN || EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 1.94E-07 1.76E-07 1.75E07 9.06E-08 1.02E-07 1.03E-07 7.85E-07
50% 2.80E-06 2.94E-06 3.08E-06 1.83E-06 2.08E-06 2.31E-06 6.37E-06
95% 2.34E-05 2.82E-05 4.46E-05 1.90E-05 2.24E-05 2.62E-05 3.75E-05
O, VALUES AT DOWNWIND DIST. ANCE: 1 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 9.55E+01 8.26E+-01 8.61E+401 1.03E+02 | 9.20E+01 8.07E+01 8.90E+01
50% 294E402 | 2.69E+02 | 2.58E+02 | 3.30E+02 | 3.03E+02 | 3.29E+02 I 3.08E+02
95% 5.98E+02 | 6.69E+02 | 7.17E+02 § 1.27E+03 1.37E4+03 1.43E4+03 1.51E+03
NUREG/CR-6244 E-14



Case A-1: x = 3 km
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y (x, 0, H)/Qq VALUES AT DOWNWIND DISTANCE: 3 km
Quantile EXCALIBR | PARFUM | UNICORN [i EXCALIBR | PARFUM | UNICORN CHI
(iterm) (item) (item) (equal) (equal) (equal) (equal)
5% 2.26E-08 1.98E-08 1.93E-08 2.24E-08 1.63E-08 1.61E-08 5.27E-08
50% 4.08E-07 3.76E-07 3.88E-07 3.04E-07 3.30E-07 3.66E-07 5.01E-07
95% 2.85E-06 4.09E-06 6.93E-06 2.48E-06 3.51E-06 4.26E-06 3.71E-06
G, VALUES AT DOWNWIND DISTANCE: 3 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR [ PARFUM | UNICORN CHI
(item) (item) (item) {equal) {equal) {equal) (equal)
5% 3 63E+02 | 2.09E+02 | 2.19E+02 | 2.79E+02 | 2.74E-+02 | 2.16E+02 1.98E+02
50% 7 78E402 | 7.69E+02 | 7.35E+02 || 7.39E+02 | 8.27E+02 | 8.97E+02 7.68E+02
95% 1.65E+03 | 2.41E+03 | 2.32E+03 | 3.64E+03 | 3.76E+03 | 3.96E+03 4.84E+03
Case A-1: x = 10 km
x (x, 0, H)/Q, VALUES AT DOWNWIND DISTANCE: 10 km
Quantile EXCALIBR | PARFUM | UNICORN [ EXCALIBR | PARFUM UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) {equal)
5% 1.69E-09 1.71E-09 1.72E-09 2.30E-09 2.16E-09 2.11E-09 5.31E-09
50% 4.73E-08 3.89E-08 4.33E-08 5.57E-08 4.42E-08 4.86E-08 6.72E-08
95% 6.06E-07 5.08E-07 8.77E-07 4,52E-07 4.77E-07 5.64E-07 4.95E-07
G, VALUES AT DOWNWIND DISTANCE: 10 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM UNICORN CHI
(item) (item) . (item) {equal) (equal) (equal) {equal)
5% 4.86E+02 | 5.71E+02 | 5.97E+02 | 6.77E+02 | 7.28E+02 6.26E+02 || 5.68E+02
50% 1.9SE+03 | 2.43E+03 | 2.25E+03 [ 2.30E+03 | 2.48E+03 2.74E+03 || 2.09E+03
95% 2.82E+03 | 7.74E+03 | 8.16E+03 1.16E+04 | 1.16E404 1.20E+04 1.73E+04
Case A-1: x = 30 km
X (x, 0, H)/Q, VALUES AT DOWNWIND DISTANCE: 30 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 1.43E-09 1.73E-10 1.83E-10 1.08E-09 3.40E-10 3.31E-10 6.11E-10
50% 2.28E-08 4.58E-09 5.73E-09 1.88E-08 6.95E-09 7.77E-09 8.45E-09
95% 4.59E-07 7.84E-08 1.32E-07 1.95E-07 7.71E-08 9.76E-08 7.87E-08

The ¥ (x, 0, H)/Qy values at 30 km for case A-

case A-1 because of the presence of the mixing layer.

1 cannot actually be compared because data from the PARFUM mput file were removed for

G, VALUES AT DOWNWIND DISTANCE: 30 km

Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR PARFUM | UNICORN CHI
(item) (item) (item) {equal) (equal) (equal) (equal)

5% 1.67E+03 1.41E4+03 1.49E+03 || 2.05E+03 1.88E+03 1.65E+03 1.23E+03
50% 6.52E4+03 | 6.97E+03 | 6.37E+03 | 5.93E+03 6.77E+03 | 7.35E+03 5.11E+03
95% 1.89E+04 | 2.52E+04 | 2.59E+404 | 3.31E+04 3.33E+04 | 3.33E+04 | 5.56E+04
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Case A-4: x = 500 m

¥ (x, 0, H)/Qy VALUES AT DOWNWIND DISTANCE: 500 m
Quantile EXCALIBR | PARFUM | UNICORN || EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 1.73E-05 7.45E-06 7.32E-06 1.76E-05 1.00E-05 1.26E-05 1.70E-05
50% 1.30E-04 8.63E-05 9.59E-05 1.22E-04 1.25E-04 1.44E-04 1.37E-04
95% 8.68E-04 8.71E-04 1.04E-03 8.27E-04 8.90E-04 1.34E-03 9.14E-04
G, VALUES AT DOWNWIND DISTANCE: 500 m
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) {equal)
5% 1.81E+01 1.67E+01 1.61E+01 1.42E+0! 1.30E+01 1.26E401 9.27
50% 3.83E+01 | 4.54E+01 | 4.42E4+01 || 4. 70E+01 | 4.80E+01 | 4.73E+01 3.83E+01
95% 9.90E+01 1.13E+02 1.19E+02 1.33E+02 | 1.47E+02 1.55E402 || 2.31E+Q02
Case A-4: x = 1 km
% (x. 0, HY/Q, VALUES AT DOWNWIND DISTANCE: 1 km
Quantile EXCALIBR | PARFUM UNICORN || EXCALIBR | PARFUM UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) {equal)
5% 1.24E-06 3.12E-06 3.04E-06 1.69E-06 3.22E-06 4.12E-06 6.98E-06
50% 4.07E-05 3.75E-05 4.23E-05 4.92E-05 4.82E-05 5.39E-05 5.72E-05
95% 2.99E-04 3.95E-04 4.84E-04 2.97E-04 3.88E-04 5.97E-04 4.40E-04
G, VALUES AT DOWNWIND DISTANCE: 1 km
Quantile EXCALIBR | PARFUM | UNICORN { EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) {equal)
5% 3.43E+01 | 2.87E+01 | 2.79E+01 | 2.58E+01 2.30E+01 2.24E+01 1.55E4-01
50% 7.72E+01 8.43E+01 | 8.18E+401 8.78E401 8.80E+01 | 8.58E+401 6.77E+01
95% 1.86E+02 | 2.12E+4+02 | 2.28E+02 || 2.43E+02 | 2.70E+4+02 | 2.86E+02 {| 4.67E+Q2
Case A-4: x = 3 km
% (x, 0, H)/Q, VALUES AT DOWNWIND DISTANCE: 3 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) {equal) (equal) (equal) (equal)
5% 1.01E-06 7.46E-07 7.47E-07 1.03E-06 5.06E-06 3.33E07 1.00E-06
50% 7.87E-05 9.90E-06 1.15E-05 1.07E-05 1.06E-05 6.18E-05 8.58E-05
95% 1.07E-04 1.15E-04 1.46E-04 8.47E-05 1.07E-04 8.32E-04 9.94E-04
G, VALUES AT DOWNWIND DISTANCE: 3 km
Quantile EXCALIBR | PARFUM | UNICORN || EXCALIBR | PARFUM | UNICORN CHI
(item) (item) (item) (equal) {equal) (equal) (equal)
5% 7.90E+01 | 6.77E+01 | 6.50E+01 6.46E+01 | 5.70E+01 5.64E+01 3.18E+01
50% 248E+02 | 2.23E+02 | 2.21E+02 | 2.31E+02 | 2.30E+01 | 2.16E+01 1.43E4+02
95% 5.65E+02 | 6.05E+02 | 6.67E+02 | 6.94E+02 | 7.26E+02 | 7.74E+02 1.46E+03
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x (x, 0, H)/Q, VALUES AT DOWNWIND DISTANCE: 10 km
Quantile EXCALIBR | PARFUM | UNICORN [ EXCALIBR | PARFUM UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 2.04E-07 1.53E-07 1.56E-07 1.22E-07 6.05E-08 8.64E-08 1.32E-07
50% 1.88E-06 2.32E-06 2.62E-06 1.94E-06 1.97E-06 2.16E-06 1.35E-06
95% 2.68E-05 3.08E-05 4.08E-05 2.11E-05 2.70E-05 2.39E-05 2.10E-05
G, VALUES AT DOWNWIND DISTANCE: 10 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 1.81E+02 1.68E+02 | 1.58E+02 | 1.58E402 | 1.52E+02 1.51E+02 || 7.37E+01
50% 7.90E+02 | 6.47E+02 | 6.31E+02 | 6.33E+02 6.42E+02 | 6.13E+02 [ 3.66E+02
95% 2.02E+03 1.96E+03 | 2.17E+03 || 2.11E+03 | 2.14E+03 2.33E+03 || 5.12E+03
Case A~4: x =30 km
x (x, 0, H)/Qy VALUES AT DOWNWIND DISTANCE: 30 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 7.18E-08 3.70E-08 3.66E-08 1.45E-08 9.90E-09 1.32E-08 1.75E-08
50% 7.13E-07 6.10E-07 7.12E-07 5.40E-07 4 23E-07 5.47E-07 2.16E-07
95% 1.07E-05 9.07E-06 1.26E-05 7.66E-06 7.84E-06 1.33E-05 4.67E-06
O, VALUES AT DOWNWIND DISTANCE: 30 km
Quantile EXCALIBR | PARFUM | UNICORN | EXCALIBR PARFUM | UNICORN CHI
(item) (item) (item) (equal) (equal) (equal) (equal)
5% 3.77E+02 | 3.70E+02 | 3.57E+02 || 3.42E+02 3.66E+02 | 3.60E+02 1.58E+02
50% 1.83E+03 1.72E+03 | 1.64E+03 1.86E+03 | 1.64E+03 1.59E+03 || 7.47E+02
95% 4.98E+03 6.07E+03 6.35E+03 5.83E+03 5.92E+03 6.40E+03 1.47E+03

E.7 Development of Final
Distributions Over Dispersion Code
Input Parameters

The Sigma method was chosen for the development of
the final distributions over the dispersion code input
parameters. The choice of the Sigma method was based
on the following two factors: '

1.

%./Q and s, data on which it was based.

2.

(Use

The Sigma method successfully processed
and accurately reproduced the aggregated elicited

The assumption of the Sigma method, based
on the Gaussian plume model, is consistent with
the fixed code model constraint of this joint study.

of the

Chi

method

would

require

modifications of MACCS and COSYMA in order
to handle ¥,/¥. and ¥,/X. values greater than 1.0.)

E-17

NUREG/CR-6244



Appendix E

E.8 References

Cooke, R.M., and F. Vogt, Delft University of
Technology, “PARFUM - Parameter Fitting for
Uncertain  Models, Concepts and Code for
Accident Consequence Modeling,” Delft, The
Netherlands, February 1993.

Cooke, R.M., L.H.J. Goossens, and B.C.P.
Kraan, Delft University of Technology, “Methods
for CEC/USNRC  Accident Consequence
Uncertainty Analysis of Dispersion and Deposition
- Performance Based Aggregating of Expert
Judgments and PARFUM Method for Capturing
Modeling Uncertainty,” EUR-15856-EN,
Luxembourg, June 1994.

Fischer, F., J. Pisler-Sauver, and J. Raicevic,
Kernforschungszentrum Karlsruhe GmbH,
“Uncertainty Analyses for the Atmospheric
Dispersion Submodule of UFMOD with Emphasis
on Parameter Correlations,” KfK-4447, Karisruhe,
Germany, August 1989.

NUREG/CR-6244

E-18

Jones, J.A., National Radiological Protection
Board, “Uncertainty in Dispersion Detimates
Obtained from the Working Group Models,”
NRPB-R-199, Chilton UK, August, 1986.

van Dorp, J.R., and A. Vinovarov, Delft
University of Technology, “UNICORN - User’s
Manual for the UNICORN Computerized
Uncertainty  Analysis System,” Delft, The
Netherlands, February, 1992,

Kuhn, HW., and A.W. Tucker, “Nonlinear
Programming™ (J. Neyman, ed.) Proceedings of
the Second Berkeley Symposium on Mathematical
Statistics and Probability, University of California
Press, Berkeley, CA, 481492, 1950.

Schrage, L., University of Chicago, “LINDO -
An Optimization & Modeling System,” 4th
edition, Cincinnati, OH: Boyd & Fraser, 1991.



e

APPENDIX F

Case Structures



Appendix F

F. Case Structures

F.1 Case Structure for Atmospheric
Dispersion

For the dispersion case structures, the experts were asked
to provide 5th, 50th, and 95th percentile data for each
elicitation variable. Values for the Oth and 100th percentiles
were also requested but not required.

The atmospheric dispersion elicitation questions refer to five
cases:

A. Dispersion within 30 km of the release under four
different meteorological conditions (specified by wind
speeds, standard deviations of wind directions, and lapse
rate).

B. Dispersion in the near field under five different
meteorological conditions (specified by wind speeds,
standard deviations of wind directions, and lapse

rate or Monin-Obukhov length). These assessments are
relevant to understand the behavior of the plume near and
close to the ground for short ranges and flat terrain.

C. Dispersion in the near field only under stable

_meteorological conditions (specified by wind speeds and

D.

standard deviations of wind directions). These assessments
are relevant to understand the downwind behavior of the
plume near the ground for low wind speeds at varying time-
integrated concentrations in cases of a one-hour release.

Dispersion very close to the release source with no
wake effects and under stable meteorological conditions
with a very short sampling time. These assessments are
relevant to understand the “snap-shot” plume start.

E. Dispersion into the far field at three distances: 80
km, 200 km, and 1000 km from the source.

NUREG/CR-6244
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Meteorological
Conditions

icitation
WV ariables

] 2 |

l I Case A-1 l Case A-2

ownwind distance (km)

Temperature Lapse Rate -2.0 K/100m -1.6 K/100m
Average Wind Speed 2.0 m/s 4.0 m/s
Standard Deviation of Wind 25 degrees 15 degrees
Direction at 10 m over 10 min
Monin-Obukhov Length (1/L) unknown unknown
Surface Roughness Urban & Rural Urban & Rural
Release Height 10 meters 10 meters
Sampling Time 60 min 60 min

| I N |
D

x/Q x/Q

Xy/x. at 170 meters

Xy/X. at 100 meters

0.5 crosswind crosswind
’ X./%. at 50 meters above %/ % at 50 meters above
centerline centerline
SY SY
x/Q x/Q
%,/ x. at 300 meters x,/%. at 200 meters
1.0 x./x. at 150 meters above /% at 100 meters above
centerline centerline
sy SY
x/Q x/Q
Xy/x. at 850 meters %y % at 500 meters
3.0 crosswind crosswind
) x./% at 500 meters above x/%. at 250 meters above
centerline centerline
Sy Sy
x%/Q %/Q
10.0 X,/X. at 2.5 km crosswind x,/x. at 1.5 km crosswind
S, s,
x/Q x/Q
30.0 %,/ at 6.7 km crosswind %,/ at 4 km crosswind

Sy

Sy
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u Il I Case A-3 l Case A-4
Temperature Lapse Rate -1.0 K/100m 2.5 K/100m

-
g 0 Average Wind Speed 6.0 m/s 3.0m/s
Ty
gﬁ o) Standard Deviation of 10 degrees 2.5 degrees
- ':! Wind Direction at 10 m
0 omi over 10 min
‘5 E Monin-Obukhov Length unknown unknown
¢
‘5 8 Surface Roughness Urban & Rural Urban & Rural
2 Release Height 10 meters 10 meters
Th Sampling Time 60 min 60 min
Downwind distance (km)
%/Q x1/Q
%,/ at 100 meters crosswind | x,/x. at 30 meters crosswind
0.5 x./x. at 50 meters above %,/%. at 10 meters above
centerline centerline
SY SY
1/Q x/Q
: 0 X,/ at 150 meters crosswind | x,/x. at 60 meters crosswind
o0 1.0 x./x. at 100 meters above x./%. at 30 meters above
o i centerline centerline
w2
“ ﬂ S, S,
o 1:/Q %/Q
4] E x,/x. at 350 meters crosswind | x,/x. at 150 meters crosswind
':l 3.0 %,/ at 250 meters above x./% at 100 meters above
M > centerline centerline
Sy Sy
‘ x/Q x/Q
F %/%. at 1.0 km crosswind X,/ at 500 meters crosswind
1 ‘ 10.0 X./x. at 250 meters above
T l centerline
- . :
_x/Q x/Q
“ %,/ at 6.7 km crosswind X,/x. at 4 km crosswind
30.0 X/ at 500 meters above
{ centerline
i ‘ S, S,
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Meteorological Conditions Case B-1 Case B-2
Temperature Lapse Rate unknown unknown
Average Wind Speed 6.0 m/s 5.0 m/s
Standard Deviation of Wind 5 degrees 10 degrees
Direction at 10 m over 10 min
Monin-Obukhov Length (1/L) -0.005 -0.01/m
Surface Roughness Flat Flat
Release Height 22 meters 22 meters
Sampling Time 60 min 60 min
1 |[BlictatonVariable |
x./Q at 220 meters downwind x./Q at 220 meters downwind
" x/Q at 315 meters downwind x./Q at 315 meters downwind "

Meteorological Conditions Case B-3 Case B-4
Temperature Lapse Rate unknown -1.0 K/100m

Average Wind Speed 8.0 m/s 3.0 m/s

Standard Deviation of Wind 15 degrees 10 degrees

Direction at 10 m over 10 min
Monin-Obukhov Length (1/L) -0.02/m unknown
Surface Roughness Flat Flat

Release Height 22 meters 22 meters

Sampling Time

60 min

%./Q at 300 meters downwind

60 min

Elicitation Variable

i

x./Q at 300 meters downwind

%./Q at 600 meters downwind

x./Q at 600 meters downwind

| I Case B-5 I

Meteorological Conditions

Temperature Lapse Rate -3.0 K/100m
Average Wind Speed 3.0 m/s
Standard Deviation of Wind Direction at 10 m over 10 min 2.5 degrees
Monin-Obukhov Length (1/L) unknown
Surface Roughness Flat
Release Height 22 meters
Sampling Time 60 min

1 Downwind Distance (m) - Elicitation Variable

600

X,/X. at SO meters crosswind

%./x. at 10 meters below centerline

s, at release height

s, of overhead Jocations height
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| Dry Deposition Velocity (v,) of Elemental Iodine I

Surface Type Wind Speed at 10 m Elicitation Variable
height
urban vy
5 m/s v,
meadow 2 mfs v,
5 m/s Vv,
forest 2 m/s vy
5m/s Yy
human skin 2 m/s v,
5 m/s Va

Dry Deposition Velocity (v) of Methyl Todide

Wind Speed at 10 m height

Elicitation Variable

urban vy

5 m/s Vg

meadow 2 m/s vy

5 m/s Vg

forest 2 m/s Yy

5 m/s v,

human skin 2 m/s v,
S m/s Vv,

F-7
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Dry Deposition velocity (v,) of aerosols on Specific Surfaces

average, with
a range of 0.5
to 2.0u

Surface Type Wind Speed Surface Roughness Particle Size Elicitation
length Variable
Moorland/peatland 5 m/s at 5 meter 5 +lcm 0.55u Vy
with vegetation of height 0.7 vy
40 cm high tussocks
0.9, vy
and dry grass
underlain by wet 1.2u Ve
peat 1.6p vy
Heather and green 5 m/s at 5 meter 45 +1.5cm 0.55u vy it
grass, soil partly height 0.7 V4
covered 0.9 v,
1.2 vy
1.6u vy
2.3# Vd
3.2u vy
4.2[,4 vd
Grassland unknown unknown 1.0u mass vy

NUREG/CR-6244
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Meteorological Conditions Case C Case D
Temperature Lapse Rate stable conditions stable conditions
Average Wind Speed 1.9 m/s 3.0 m/s
Standard Deviation of Wind 6 degrees unknown
Direction at 10 m over 10 min
Monin-Obukhov Length (1/L) unknown unknown
Surface Roughness Urban & Rural Flat
Release Height 45 meters 12 meters
Sampling Time 60, 120, & 240 min 1 min

| Downwind Distance (km)

Elicitation Variable I

60 1/Q
s, of vertical concentration
SY
360 1./Q
970 %/Q
1970 %./Q

Meteorological Conditions Case E *
Temperature Lapse Rate -3.0 K/100m
Average Wind Speed 3.0 m/s
Standard Deviation of Wind 2.5 degrees
Direction at 10 m over 10 min
Monin-Obukhov Length (1/L) unknown
Surface Roughness Flat
Release Height 22 meters
Sampling Time 60 min

| Downwind Distance (km) Elicitation Variable

80 X%/ X at 50 meters crosswind
“ 200 1o/ % at 10 meters below centerline
" 1000 s, at release height

s, of overhead locations height

* For Case E the experts were asked to provide the shortest arc or sum of lengths of arcs at a distance from the

release pomnt crossed by 90% of the materal, assuming that the material does not deposit during transport.

Variable 1s tn terms of the length of arc or sum of arcs crossed by 90% of the materal

F-5
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F.2 Case Structure for Dry Deposition

Only 5th, 50th, and 95th percentile data were requested for
the dry deposition elicitation variables.Values for the Oth
and 100th percentiles were also requested but not required.
The experts were asked to provide the dry deposition velo-
city of aerosols, elemental iodine, and methyl iodide for
four surface types: urban, meadow, forest, and human skin.

The dry deposition velocity of aerosols was also solicited
for three specific surfaces: (1) moorland/ peatland with
vegetation consisting of 40 cm high tussocks, old dry grass
partly filling the spaces between the tussocks, all underlain
by a wet peat layer; (2) a surface of heather and green
grass with vegetation only partly covering the soil; and (3)
grassland.

Dry Deposition velocity (v,) of aerosols

L DryDenositionvelocity paofaerosols |

Surface Type Particle Size
Wind Speed at 10 m height

2mis || sms |
urban 0.1u Vy vy
0.34 V4 V4
1.0u Vy vy
3.0u Vy Vy
10.0n vy vy
meadow 0.1u Vg vy
0.3. Vq vy
1.0u vy vy
3.0u vy V4
10.0u v, Vv,
forest 0.1y Vg Vv,
0.3u v, vy
1.0u Vy vy
3.0u vy '
10.0p vy Vy
human skin 0.1u Vy V4
0.3u Vg Vg
1.0u Vg Vy
3.0u Yy Vg

10.00 v, Vs 1l
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F.3 Case Structure for Wet Deposition

Only 5th, 50th, and 95th percentile data were requested for
the wet deposition elicitation variables.Values for the Oth
and 100th percentiles were also requested but not required.
The experts were asked to supply values for the fraction of
elemental iodine, methyl iodide, and aerosols removed by

Appendix F

rain (1-f,). For the elemental jodine variables, the rainfall,
time period and windspeeds were specified. For the methyl
iodide, the rainfall and time period were specified. For the
fraction of aerosols removed by rain, the particle sizes
were specified to have a unit density of 1 g/cm?; the rainfall
and time period were specified.

Elemental Yodine: fraction removed by rain (1-f,)

Rainfail Amount Time Period Wind Speed Elicitation Variable
0.3 mm 1 hour unknown 1-f,
2.0 mm 1 hour unknown 1/,

0.075 mm ’ 10 minutes 10 m/s 1-f,
0.05 mm 10 minutes unknown 1-f,
0.17 mm 10 minutes 5 m/s 1-f,
0.17 mm 10 minutes 14 m/s 1-f,
0.23 mm 10 minutes 12 m/s 1-f,
0.5 mm 10 minutes unknown 1-f,
0.33 mm 10 minutes unknown 1-f.,
1.0 mm 10 minutes 14 m/s 1-f.
1.67 mm 10 minutes unknown 1-f.

Methyl Iodide: fraction removed by rain a-£)

Rainfall Amount Time Period Wind Speed Elicitation Variable
0.3 mm 1 hour unknown 1/
2.0 mm 1 hour unknown 11,
0.05 mm 10 minutes unknown 1-f,
0.33 mm 10 minutes unknown 1-f,
1.67 mm 10 minutes unknown 1-f,
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l Aerosols: fraction removed by rain (1-f,) |

Rainfall Amount Time Period Particle Size Wind Speed Elicitation
Variable
0.3 mm 1 hour 0.1u unknown 1-f,
0.3u 1-f,
1.0 1-f,,
10.0u 1-f,
2.0 mm 1 hour 0.1u unknown 1-f,
0.3u 1-f,
1.0u i-f,
10.0u 1-f,
0.05 mm 10 minutes 0.1 unknown 1-f.
0.3u 1-f,
1.0u “1-f,
10.0u 1-f,
0.33 mm ' 10 minutes 0.1u unknown 1-f,
0.3 1-f.
1.0u 1-f,
10.0u : 1.
1.67 mm 10 minutes 0.1u unknown 1-f,
0.3 1-f,
1.0u 1-f,
10.0 BE AN
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G. Summary of MACCS and COSYMA Consequence Codes

G.1 Introduction

This appendix provides a brief overview of the MACCS
and COSYMA consequence codes. A more complete
discussion of MACCS and COSYMA can be found in the
reports by Jow et al.' and Kelly,” listed among the
references.

G.2 Brief Description of MACCS and
COSYMA Dispersion and
Deposition Models

The information developed in this study will be used to
perform uncertainty studies using the CEC consequence
code COSYMA and the USNRC code MACCS.
COSYMA and MACCS model the offsite consequences of
postulated severe reactor accidents that release a plume of
radioactive material to the atmosphere. These codes model
the transport and deposition of radioactive gases and
aerosols into the environment and the potential resulting
human health and economic consequences.

COSYMA and MACCS both employ a Gaussian plume
model (GPM) for atmospheric dispersion. At a given
downwind distance and given atmospheric conditions, the
Gaussian model predicts the time-integrated concentration
at various horizontal and vertical displacements from the
center-line of the plume. When the plume is not
constrained by the ground or the inversion layer, the basic
Gaussian plume equation for determining the concentration
relative to the release rate is:

2 2
ro T _exp(-_y__z)exp(- i hz) )
Q  2Znoyo.d 262 20!

where:

x = time integrated air concentration

Q = the source strength

y = the horizontal displacement relative to the plume
centerline

z = the vertical displacement

# = the vertical height of the plume centerline

i = the average wind velocity

o, and o, are plume expansion parameters

In MACCS and COSYMA, the plume expansion
parameters, ©, and o, arc modeled by the following
power law:

oy = ayx ; 67 = ax™

where x = the downwind distance from the plume release
point.

Currently, constant values for a,, b, and a, b, are
provided in the codes. The values for the a,, by, and a,, b,
parameters are determned by the atmospheric stability
class and the roughness length of the terrain.

Two types of deposition are modeled m the MACCS and
COSYMA codes: wet and dry deposition. Dry deposition
incorporates removal from the plume by diffusion,
impaction, and settling; it is modeled through a dry
deposition velocity, which is a user input. The dry
deposition velocity depends on particle size; therefore, if
the aerosol size distribution is divided into ranges, a dry
deposition velocity must be specified for each range. The
washout of radioactive material from the plume, wet
deposition, is modeled as dependent on the rain intensity.
The fraction of material, f,,, that remains in the plume is
given by:

fw= exp{—a b At}

where / is the rain intensity and Af is the amount of time
the plume is exposed to the rain. The parameters @ and b
are the user-specified parameters that determine the
amount of material washed from the plume as a result of
rain intensity. Rainout, in which droplets nucleate on the
aerosol particles, is not modeled.

G.3 Summary of the MACCS
Radiological Consequence Code

The MACCS code was originally developed under NRC
sponsorship to estimate the offsite consequences of
potential severe accidents at nuclear power plants by using
meteorological data that varies on an hourly basis. The
code models the transport and dispersion of plumes of
radioactive material released from the facility to the
atmosphere. As the plumes travel through the atmosphere,
material may be deposited on the ground via wet and dry
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deposition processes. There are seven pathways through
which the general population can be exposed: cloudshine,
groundshine, direct and resuspension inhalation, ingestion
of contaminated food and water, and deposition on skin.
Emergency response and protective action guides for both
the short and long term are also considered as means for
mitigating the extent of the exposures. As a final step, the
economic costs that would result from the mitigative
actions are estimated. Variability in consequences as a
result of weather may be obtained in the form of a
complementary cumulative distribution function.

MACCS is orgamzed into three modules. The ATMOS
module performs the atmospheric transport and deposition
portion of the calculation. The EARLY module estimates
the consequences of the accident immediately following the
incident (usually within the first week), and the CHRONC
module estimates the long-term consequences of the
accident. A schematic representation of these modules and
the input files that provide information to them is shown in
Figure G.1. The phenomena modeled i1 MACCS are
described in more detail below.

G.3.1 Atmospheric Dispersion and Transport

The release of radioactive materials to the atmosphere can
be divided into successive plume segments, which can
have different composttions, release times, durations,
release heights, and amounts of sensible heats. The plume
segment lengths are determined by the product of the
segment’s release duration and the average windspeed

Dispersion and

Weather Data -
Transport

:
: i

| oo >

during release. The initial vertical and horizontal
dimensions of each plume segment are user-specified.

A lift-off criterion based on a critical windspeed
determines whether or not a plume is subject to buoyant
plume rise. Momentum plume rise is not modeled. If the
windspeed at release is greater than the critical windspeed,
plume rise is prevented.

After release from the facility, windspeed determines the
rates at which plume segments transport in the downwind
direction, and the wind direction at the time of release
determines the direction of travel. MACCS neglects wind
trajectories, as do most other consequence codes. Sixteen
compass-sector population distributions are assumed to
constitute a representative set of downwind exposed
populations. The exposure probability of each of the 16
compass-sector population distributions is assumed to be
given by the frequency with which the wind blows from
the site into the sector. During transport, dispersion of the
plume in the vertical and horizontal directions is estimated
using an empirical model, the GPM. In this model,
dispersion depends on atmospheric stability and windspeed.
Horizomtal dispersion of the plume segments is
unconstrained. However, vertical dispersion is bounded by
the ground and by the mixing layer, which are both
modeled as totally reflecting layers. A single value for the
mixing layer is specified by the user for each season of the
year and is constant during a calculation. Eventually the
vertical distribution of each plume segment becomes
upiform and 1s so modeled. Figure G.2 contains an
illustration showing the dispersion and deposition
phenomena modeled in MACCS.

EARLY & CHRONC

...................................

Dosmmetry and Health

M itigative Action Effecis

T A R h—

Deposition :
M EARLY Data
CHRONC Data

....................

Figure G.1 Progression of a MACCS consequence calculation
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Figure G.2 Dispersion and deposition phenomena considered in a MACCS calculation

G.3.2 Deposition, Weathering, Resuspension,
and Decay

As noted earlier, two types of deposition are modeled in
MACCS: wet deposition and dry deposition. Weathering,
resuspension, washoff, and radioactive decay decrease the
deposited concentrations of radioactive materials. Radio-
active decay treats only first generation daughter products.

G.3.3 Weather

Plume rise, dispersion, downwind transport, and depo-
sition depend on the prevailing meteorological conditions.
These conditions can be modeled as time-invariant or as
varying hour-by-hour. If they are modeled as variable, the
user may specify them directly or through an input file.

G.3.4 Dosimetry

The MACCS dosimetry model consists of three interacting
processes: (1) the projection of individual exposures to
radioactive contamination for each of the seven exposure

pathways modeled over a user-specified time, (2)
mitigation of these exposures by protective-measure
actions, and (3) calculation of the actual exposures
mcurred after mitigation by protective-measure actions.
For each exposure pathway, MACCS models the
radiological burden for the pathway as reduced by the
actions taken 1o mitigate that pathway dose. The total dose
to an organ is obtained by summing the doses delivered by
each of the individual pathways.

G.3.5 Dose Mitigation

The time after accident initiation is divided into three
phases: (1) an emergency phase, (2) an optional
intermediate phase, and (3) a long-term phase. During the
emergency phase, which can last up to seven days, doses
are reduced by evacuation, sheltering, and temporary
relocation of people. During the intermediate phase, doses
may be avoided by temporary relocation of people. During
the long-term phase, doses are reduced by decontamination
of property that is not habitable, by temporary interdiction
of property that cannot be restored to habitability by
decontamination alone, by condemnation of property that
cannot be restored to habitability at a cost below or equal
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to the worth of the property, by disposal of contaminated
crops, and by banning farming on contaminated farmland.

G.3.6 Exposure Pathways

MACCS models seven exposure pathways: (1) exposure to
the passing plume (cloudshine), (2) exposure to materials
deposited on the ground (groundshine), (3) exposure to
materials deposited on skin, (4) inhalation of materials
directly from the passing plume (inhalation), (5) inhalation
of materials resuspended from the ground by natural and
mechanical process (resuspension inhalation), (6) ingestion
of contaminated foodstuffs (food ingestion), and (7)
ingeston of contaminated water (water ingestion).
Ingestion doses do not contribute to the doses calculated
for the emergency phase of the accident. Only groundshine
and inhalation of resuspended materials produce doses
during the optional intermediate phase of the accident.
Long-term doses are caused by groundshine, resuspension
inhalation, water ingestion, and food ingestion. Ingestion
of contaminated food or water generates doses (o people
who reside at unknown locations both on and off of the
computational grid.

G.3.7 Population Cohorts

People on the computational grid are assigned to three
groups: (1) evacuees, (2) people actively taking shelter,
and (3) people who continue normal activities. Shielding
factors for each of the groups are specified by the user.

G.3.8 Health Effects

Health effects are calculated from doses to specific organs
using dose conversion factors. Early injuries and fatalities
(thosc occurring within one year of the accident) are
estimated using nonlinear dose-response models. Latent
cancers are estimated using a piecewise linear dose-
response model that is discontinuous. Two equations are
implemented in the code, one for high exposures and one
for low exposures.

G.3.9 Economic Effects

Economic consequences result from the implementation of
mitigative actions. The following costs are considered in
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this estimate: (1) evacuation costs, (2) temporary
relocation costs, (3) costs of decontaminating land and
buildings, (4) lost return-on-investments from temporarily
interdicted properties, (5) value of crops destroyed or not
grown, and (6) value of condemned property. Costs
associated with damage to the reactor, the purchase of
replacement power, medical care, life-shortening, and
litigation are not considered.

G.4 Summary of COSYMA
Radiological Consequence Code

COSYMA (COde SYtem from MAria) is a computer
program package used for calculating off-site consequences
of accidental releases to the atmosphere. The code was
developed by the National Radiological Protection Board
(NRPB) of the UK and Kernforschungszentrum Karlsruhe
GmbH (KfK) of Germany as part of the MARIA
project.z‘3 It represents a fusion of ideas and modules from
the NRPB program MARC, the KfK program system
UFOMOD, and input from other MARIA contractors. The
program package was made available in the autumn of
1990. Several updates have since been released. A PC
version was released in 1993.

COSYMA is intended for probabilistic calculations of the
health effects, economic costs, and effects of
countermeasures following postulated accidents at nuclear
sites. The results can be presented in a variety of ways,
depending on what is required. COSYMA can be applied
to accidental releases ranging from small perturbations in
operations to large hypothetical accidents at both fission
and fusion mnstallations.

Figure G.3 provides an outline of the COSYMA program.
COSYMA is a package of programs and data bases rather
than a single program. It contains three main accident
consequence assessment programs together with a number
of preprocessing and evaluation programs. The three main
programs of COSYMA are known as the NE (near, early),
NL (near, late), and FL (far, late) subsystems. These three
programs are designed for application in different time
periods and distance ranges. The terms “near” and “far”
indicate the range of the calculation; the terms “early” and
“late” characterize the kind of health effects and
countermeasures considered.

The main endpoints of COSYMA are the numbers
representing health effects, economic costs, and the effect
of countermeasures resulting from the accidental releases.



A large number of intermediate results are obtained in the
process of calculating the endpoints; these results include
activity concentrations, individual and collective doses, and
the areas and numbers of people affected by counter-
measures. The package contains a series of evaluation
programs that allow these results to be presented in a
variety of ways.

G.4.1 Atmospheric Dispersion and Transport

A complete description of the modeling of atmospheric
dispersion and deposition, including 4plume rise, is given in
the report describing UFOMOD." In the atmospheric
dispersion module ATMOS of the COSYMA code, two
ranges are distinguished:

e near rénge modeling up to about 50 km,
e far range modeling from about 50 km up to about 3000
km.

COSYMA's standard atmospheric dispersion model of the
near range is the Gaussian segmented plume model
MUSEMET.® Alternative models can be used for special
calculations:

T COSYMA
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s the Gaussian puff model RIMPUFF,6 if 2-dimensional
wind fields will be considered,

e the straight-line Gaussian plume model COSGAP,
extracted from the NRPB code MARC ,7

o the statistical Gaussian plume model ISOLA,8 for use
with quast-stationary releases of weeks to months.

The far-range model of COSYMA is the trajectory puff
dispersion model MESOS.’

G.4.2 Standard Near-Range Modeling of
Atmospheric Dispersion and Deposition
in COSYMA

Time steps, release phases, and plume segmentation.

The dispersion model implemented in COSYMA is a
segmented GPM, which allows for the modeling of time-
dependent meteorological conditions and release rates. The
time-step length of the release and the dispersion calcu-
lations is one hour, (i.e., variations of the release rates and
meteorological conditions can be considered only hourly).

e et — ——————— s i e ey

near range modeling of 1i

atmospheric dispersion ,
t | i
i ‘1 <50 km :
- .__!_.. ——— P
_ v _ v _
« short-term . long-term
countermeasures countermeasures

«short-term doses . long-term doses

. early health effects . late health effects

', economic costs . economic costs

subsystem NE subsystem NL

far range modeling of
atmospheric dispersion

> 50 km up to - 3000 km

|

I

. long-term
countermeasures

. long-term doses
. late health effects

. economic costs

L subsystem FL

Figure G.3 General structure of the program system
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During the time intervals, constant average conditions are
assumed. The lengths of the straight-line plume segments
correspond to these time intervals. The source term can be
represented as a series of up to nine independent release
phases with one hour durations for each, but with arbitrary
gaps of one-hour multiples.

Meteorological data input:

The meteorological data are a series of hourly averages of
windspeed and direction, diffusion category (Pasqull),
precipitation intensity, and mixing layer height measured at
or representative of the nuclear power production (NPP)
site. Probabilistic risk assessment (PRA) runs use a set of
weather sequences from a one-year or larger pool with
. hourly meteorological data. Different sampling methods
(stratified, random, cyclic) for deriving this set can be
chosen by the user.

Gaussian formulas used:

The normal Gaussian plume formulas are used for
calculating the concentration y(x,y) in the air 1 m above
ground with consideration of reflection at the ground
surface and at the mixing height level. The Gaussian
equation 1n COSYMA includes an error function, which
describes the drop of the concentration curve in the
downwind direction for both ends of the i" plume segment.

Deposition:

Dry deposition of aerosols and iodine 1s calculated 1n
COSYMA by using deposition velocities that relate the
surface contamination to the time-integrated concentration
in the air above the surface. Particulate materials are
assumed to have particle diameters of 1 m. Gravitational
settling is not considered. Average deposition velocities
used m COSYMA are: 0.001 m/s (aerosols), 0.01 m/s
(elemental iodine), and 0.0005 m/s (organic iodine). The
loss of activity in the plume caused by dry deposition is
accounted for by reducing the source strength with
downwind distance. This source depletion model assumes
that the depletion occurs over the whole depth of the plume
rather than in a layer close to the surface. As discussed in
section G.4, wet deposition is modeled by washout. The
loss of actvity in the plume caused by wet deposition is
modeled by source depletion.

Modeling of plume rise, lifi-off, and the influence of
" buildings-

In COSYMA, the plume rise model of Briggsm is used to
calculate the rising phase and the final rise of the plume in
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case of a release of thermal energy. This model considers
different atmospheric stratifications (like unstable, neutral,
and stable stratification), wind profiles, temperature
profiles, and turbulent heat flows together with the
conservation equations of mass, momentum, and enthalpy
for modehing the interaction of a hot plume with a
turbulent atmosphere. Initial momentum and radioactive
self-heating of the plume are not treated in the COSYMA
version of the Briggs model.

If there is sufficient advection, a hot release from an NPP
building may get drawn into the cavity zone of the lee flow
of the building. The heat energy density in this zone then
determines whether there is enough buoyancy that the air
still can rise. This component 1s decided by a lift-off
criterion.

The influence of buildings is considered as far as it can
reduce the height of the plume axis by lee flow effects;
they cause an initral broadening of the plume by enhanced
mixing m the turbulent wake =zone. Initial plume
broadening depends on the building size and is modeled by
using a virtual source concept.

G.4.3 Dose Mitigation

Besides the assessment of the radiological situation after a
release of radioactive material, COSYMA allows the user
to specify a wide range of emergency actions and
countermeasures to-reduce the exposure of the population.
The program allows the user considerable freedom in
specifying the criteria at which .these actions will be
imposed and withdrawn so that most of the criteria
presently adopted 1n different EC countries (and some of
those that may be suggested in the future) can be modeled.
Sheltering and evacuation can be implemented
automatically or on the basis of doses received in definable
time periods. Relocation can be implemented on a dose
criterion. The criteria for returning from evacuation and/or
relocation can also be specified by the user. Food bans can
be imposed on the basis of doses received within specified
periods or on the basis of the instantaneous radionuclide
concentrations in food.

G.4.4 Health Effects

COSYMA calculates the doses from external radiation of
the cloud and contaminated surfaces, including skin, and
from internal radiation caused by inhalation and ingestion
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activity. The data bases for external radiation and
inhalation comprise 145 nuclides. The number of nuclides
for ingestion is about 35. The default number of foodstuffs
is 10, but larger numbers of foodstuffs can also be
considered.

The risk of early health effects is calculated using “hazard
functions.” Ten different fatal and nonfatal early effects
are quantified. Late health effects are calculated using
linear dose-response relationships. COSYMA considers
both fatal and nonfatal cancer in each of a series of internal
human organs. COSYMA can provide information on the
time at which the late health effects occur, the number of
effects occurring in those people alive at the time of the
accident, and the number of effects occurring in their
descendants. Results can also be given in terms of life
shortening.

G.4.5 Economic Effects

COSYMA can calculate the economic cost of the accident,
considering the costs arising from countermeasures and the
costs of health effects. The countermeasures for which
costs are considered are movement of the population, food
restrictions, and decontamination. The costs arising from
lost production in the area from which people are moved
can be assessed in terms of the per capita contribution of
the relocated population to gross domestic product (GDP)
or n terms of the value of the land area affected. The costs
of food bans include contribution to GDP as well as the
lost capital value of the affected land and the costs of
affected food disposal. The costs arising from health
effects in the exposed population may be calculated in
terms of treatment costs and lost economic productivity.
Alternatively, an estmate of the health effects using a
more general approach to the valuation of life may be
applied.
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H. Non-Gaussian Information Survey

Two of the eight dispersion experts provided values
greater than one for the 95th percentile ratios of the off-
centerline-plume concentration and the centerline-plume
concentration (X,/Xc» X</Xo)- The following is a very
general summary of the rationales provided by two

experts for their specification of concentration ratios’

greater than one.

Expert P

The values for /X, and x./X. greater than one result
from complicated cross-wind concentration distributions
as frequently observed in reality. For instance, a
bifurcated chimney plume may have two off-centerline
concentration maxims so that the ratios as quoted above
may well exceed the value of one.

Expert J

The values for y/x. and x./x. greater than one result
from the fact that the concentration distributions in
plumes are not always Gaussian. Complex meteorology—

“such as convective conditions, vertical wind shear, or

changing wind directions—can result in non-Gaussian
shaped plumes. The center of a plume in a certain cross
section has been defined as the center of mass in this
cross section. In the case of non-Gaussian-shaped
plumes, the concentration in the center of a cross section
(as defined earlier) usually does not coincide with the
highest concentration in the cross section. Therefore the
ratio of the off-centerline concentration to the centerline
concentration may be greater than one.
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