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FOREWORD

The Canadian Environmental Assessment Research Council (CEARC) was established in
1984 by the federal Minister of the Environment through the Federal Environmental
Assessment Review Office (FEARO), to advance the theory and practice of environmental
assessment (EA). As part of its commitment to improve EA in Canada, CEARC
encouraged research in several areas related to environmental assessment. The
research results are presented in three series of publications: Research Prospectus,
Background Papers and Manuscript Reports.

This report is part of the Manuscript Report series which is composed primarily of individual
research papers sponsored, completely or in part, by CEARC. The Manuscript Reports are
provided in the language and format in which they were submitted. They are not subject
to peer review and do not necessarily reflect the views and policies of CEARC.

Microfiche copies of CEARC publications can be ordered through:

Micromedia Limited

165 Hoétel de Ville

Place du Portage, Phase Il
Hull, Quebec

G8X 3X2

Tel : 1-800-567-1914 (Canada), (819) 770-9928
Fax : (819) 770-9265

For more information on CEARC’s work, please contact:

Federal Environmental Assessment Review Office
Process Development Division

14th Floor, Fontaine Building

200 Sacré-Coeur Boulevard

Hull, Quebec K1A OH3

Tel : (819) 953-8591 or 953-0036

Fax : (819) 994-1469

*  Her Majesty in Right of Canada owns all intellectual and other property rights and title in
the CEARC Reports.
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EXECUTIVE SUMMARY

The lack of scientific rigour in environmental impact

assessment (EIA) has been identified as a major problem

(Beanlands and Duinker 1983; Canadian Environmental Law
Research Foundation 1986). The solution clearly lies in the
development and application of better methods for assessing
impacts. The solution also lies in better utilization of
existing tools, such as mathematical models. Where models
have been applied, they have increased the scientific rigour

of the assessment.

Benefits of Models and Modelling

Many benefits arise from the use of mathematical models
t
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the accurate eval uation of specific inpacts or in conparis-
ons of different alternatives. I n cases where different
views need to be synthesized into an overall framework, t he
process of nodelling is often nore inportant than the
predictive capabilities of the nodel; the participation of
interested parties in nodel devel opment can greatly inprove
the useful ness of a nodel

Because of their predictive abilities, nodels are often
used to provide a quantitative basis for inpact predictions.
In the case of air quality analysis, for exanple, nodels are
used to nmake predictions about concentrations or |oadings of
pollutants for conparison against environnental quality
st andar ds. In another exanple, fisheries |osses due to
hydro-el ectric devel opnent, nodels are applied nake direct
predictions of effects. Because nodel predictions, Iike al
predictions, are uncertain, they have often been downplayed
or discounted in making the final analysis. lronically, it
is the predictive capabilities of nodels that make them so
useful in other aspects of environnental assessnent.

Conceptual nodels and conceptual nodelling are very
useful in the scoping phase of environnmental assessnent.
Mbdel building requires that the boundaries of the analysis
be drawn and also forces decisions to be made about which
components of the systemw |l be the focus of the analysis.
A wel | -desi gned conceptual nodel that |inks project activi-
ties wwth nmeasures of inpact provides a strong analytica
framework for an assessnent.

Mat hemati cal nodels have proven their useful ness in
evaluating alternative devel opnment scenarios. Once a nodel
of the biophysical system and/or socio-economc system has
been devel oped, different devel opnent scenari os can be sinu-
|ated and their results conpared. Different mtigation and
renedial neasures can be tested in the sane nmanner. An
exciting new application of nodels is in the statistica
design of nonitoring prograns. By integrating a nodel that
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simul ates the sanpling and data collection process with the
nodel of environnental system the uncertainties and errors
associated with nonitoring can be exanmined. This allows the
designer of the nonitoring programto make infornmed deci-
sions about the appropriateness of different sanpling pro-
grans in relation to desired |evels ofconfidence estimates
of environnental changes.

Anot her interesting application is the role nodels can
play in followup studies in environmental assessnent.
Fol owup studies are necessary if we are to assess the
ultimate inpacts and to evaluate the quality of inpact
assessments. Oten the quantitative predictions of nodels
are the only reliable data sets upon which to assess the
accuracy of inpact predictions. Thus, nodels wll [likely
become increasingly inportant in followup studies.

Case Studi es

An earlier report (de Brossia 1984) produced for the
Canadi an  Environmental Assessnent Research Council (CEARC)
di scussed many current and potential applications of nodel-
ling in EIAwth particular enphasis on the application of
physi cal nodels to problens of pollution control and abate-
ment. The terns of reference for this study were designed to
extend cearc's review of the use of mathematical nodels to
five subject areas not adequately addressed in the earlier
report: socio-econom c inpact assessment, biophysical inpact
assessnent (subdivided into air, water, and ecol ogical),
toxi c chem cal assessnent, technical risk assessnment, and
health risk assessment. The case studies, which provided
enpirical evidence on the application of nodels in environ-
mental assessnent, span these five subject areas and are
briefly described in the follow ng paragraphs. Each case

study provided insights into how nobdels were and mght be
used.

In applying the North Dakota Economi c- Denogr aphi ¢
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Assessnent Model to the Fort Union Coal Project, the nodel -
ling was integrated into the Bureau of Land Managenent's

public information program In this process, the nodel was
designed to be responsive to econom c issues identified dur-
ing consultations wth the public, interest groups, and

government agencies. Bureau of Land Managenent staff con-
cluded that using the nodel in the initial stages of assess-
ment allowed for explicit statenents of definitions, data
needs, and assunptions. This allowed the assessment to focus
on the major issues.

The Buoyant Line and Point Source Mdel was wused to
predict the pollutant dispersion pattern of fluoride ems-
sions from al um num reduction plant proposed for Vanderhoof,
B.C. The main purpose of the nodel was to determne the
aerial extent and location of potential effects to vegeta-
tion. The results of the nodel were to be used (the project
was cancelled) in negotiations to determne the size of the
buf fer zone needed around the proposed facility.

In the Weck Cove Hydroelectric Project in Nova Scoti a,
a sinple tenperature-oxygen nodel was applied to help define
final project design and operation options. A subsequent
foll owup study on the predictions nade in the environnental
assessment  docunments pointed out the need for post-

operational nonitoring studies to confirm calibrate, and
val i date nodel s.

The long history of applying nodels and nodelling to
t he i ssues surroundi ng the Hudson River controversy provides
many insights into the use and abuse of nodels. One inpor-
tant observation is that the issue of fish nortality was not
resolved until theoretical nodels were abandoned in favour
of sinpler, enpirically-based nodels.

The EXAMS exposure assessnment nodel was applied to a
field test of the dispersion of a detergent chemcal in a
muni ci pal waste-water system This exanple pointed to a sig-
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nificant |evel of uncertainty associated with the nodel's
predictions. As a consequence, it is doubtful that a realis-
tic assessment of the ecological effects could have been
made.

The risk of an oil spill associated with each conponent
of the proposed production and transportati on systemfor the
Beaufort Sea Proposal was evaluated through the wuse of
several  nodels. In applying formal technical risk assess-
nment methods to provide a nunerical estimate of risk, t here
was considerable disagreement about the appropriateness of
t he nodel s and the basic assunptions used. i1n the end the
conflict was resolved during the Environnental Assessnent
and Review Process hearings through a highly sinplified
joint statenent of the contending parties.

An environnmental pathways analysis was used to assess
the regional radiological inpact of uraniummning and ml -
ling activities in Northern Saskatchewan. A nunmber of dif-
ferent types of nodels were integrated to conduct a cunul a-
tive inpact assessnment of the radiological dose to hunman and
biota. The resulting predictions were characterized by a
great deal of uncertainty due mainly to the conplexity of
nmodel s, | ack of site specific data, and nature of the cunu-
| ative inpact assessment methodol ogy.

Recommendati ons for Research

The reconmendations are organized into three mgjor
groups: those concerned wth consolidating existing best
practice; those of a scientific and technical nature; and
those of an institutional nature. The first set of recom
nmendations are directed towards devel oping a know edge base
that will allow EIA practitioners to nmake infornmed decisions
about nodels, such as which nodels (if any) should be uysed
and when and how they shoul d be applied. The scientific and
technical reconmendations are directed towards difficult
problems with regard to the inputs, outputs, structure, and
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integration of nodels. The institutional reconmmendations
deal with the use of nodels as tools for comunication,
negotiation, and coordination. The institutional r econmen-

dations also address problenms of nodel msuse and barriers
to successful application

| nformati on needs to be consolidated on existing best
practice regarding the wuse of nodels in environnenta
assessnment. This consolidation should take place through:

0 t he devel opment of a conprehensive framework for
classifying past and potential applications of
nodel s and nodelling as to nodel type, the appli-

cation area, and phase of ElA process to which the
model appl i es;

0 studying nodelling strategies previously used to
coordinate large environmental assessments or
research prograns, and using the results of such
studies to design a procedure for devel oping
future nodelling strategies; and

0 t he devel opnent of an expert systemfor prescrib-

ing the details of a nodelling strategy for an
environmental inpact assessnent.

A nunber of scientific and technical problenms need to
be resolved. These should be addressed through:

0 a study to denonstrate how the data i nput needs of
a nodel could be used to direct the data needs for
the environnental assessnent;

0 a study to establish a set of validation standards
for comonly used nodels in ElA

0 encour agenent by CEARC of research prograns that
directly relate to inproving the scientific under-
standi ng underlying each of the scientific discip-
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lines which support EIA (special encouragenent

should be given to researchers who are using
nodel s and nodel ling as part of their research);

0 a study to investigate the technical feasibility
of constructing I nt egr at ed i nterdisciplinary
nodel s for EIA; and

0 an analysis of a case where an integrated set of
nodel s have been used in environnental assessnent.

I nprovenents |eading to nore effective use of existing
model s, and scientific and technical solutions, will not be
wor t hwhil e without inproving the institutional arrangenments
regarding  nodel acceptance and use. A institutiona
anal ysis should be carried out to ascertain: how current
formal environmental assessment institutions (e.g., FEARQ
NEPA) affect the quality and potential application of
models, and how institutions are affected by the use of
model s.

More specific institutional questions need to be
addressed through:

0 a study enploying institutional analyses to better
understand how to nerge nodels into the institu-
tional environment;

0 a study conducted to determne the extent and
seriousness of nmisuse and msinterpretation of
nodel results in the context of environnenta
assessnent;

0 a study conducted to investigate how nodels and
model i ng can productively bring substantive
information to bear in resolving environnenta
conflict;

0 a study to evaluate the utility of existing pro-
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cedures, whi ch are based on nodelling, to

integrate and coordinate environmental assess-
ments; and

a study to both assess Canadian capabilities to
undertake nodelling in EIA and investigate the

costs and benefits of increasing the use of nodels
in ElA



1.0 1 NTRODUCTI ON

This report, prepared for the Canadian Environnental

Assessment Research Council (cearc), is the second of two
reports addressing the use of mathematical nodels in
environnmental  inpact assessnent (EIA). The first report (de

Brossia 1984) reviewed the current and potential application
of nmodelling in EIAwth particular enphasis on the applica-

tion of physical nodels to problens of pollution control and
abatenment. Although de Brossia provided an excellent review
of this topic, his report neglects other types of nodel

applications in EIA  Therefore, this study focuses on five
categories of problemareas given inconplete treatnment in de
Brossia's study: socio-econonmic inmpact assessnent; biophysi-
cal inpact assessment; toxic chem cal assessnent; t echni ca

risk assessment; and health risk assessnent. This fina

report provides sone background to the topic, in the way of
a general overview and anal ysis of case studies, as well as
a set of recommendations regarding the use of mathematica

nmodel s in EIA.

Each of the five categories represents a specific prob-
lem area, Wwth wunique nodelling tools, wthin EIA The

structure and use of these nodels reflect different |[|evels
of scientific wunderstanding of issues in the various
categories. There are, however, sone general aspects of

nodel | i ng and nodel classification that apply to all problem
areas. These principles are presented in Chapter 2 of this
report (Background) and discussed with respect to the vari-
ous phases of ElA.

Al though nodelling proponents often enphasize t he
predictive capability of nodels in EIA nodels have also
been used for other purposes. |In Chapter 3, the wuse of
model s in evaluating alternatives, design of nonitoring pro-

grams, mtigation planning, and followup and wvalidation
studies is discussed.
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The net hods used in devel opi ng the background material
and, ultimately, inwiting this final report are detailed
in Chapter 4. An integral part of this study was a critica
eval uation of the working report at a workshop. The workshop
participants are listed in Appendix 1. Their suggestions and
enthusiasm contributed substantially to the inprovements
made to that report.

It was not the intent of this study to conprehensively
review the state-of-the-art of mathematical nodels in the
defined categories. Nevertheless, to better understand the
useful ness of quantitative nodels, Chapter 5 presents a
brief overview of sone environnental issues which have been

the focus of nodelling activities and the general structure
of the nodels that have been appli ed. Each of the above
five categories is discussed.

The primary interest of this study is an analysis of
the use of nmodels in EIA not a description of the nodels
t hensel ves. To provide an enpirical basis for this
anal ysis, a nunber of cases studies (spanning all five
categories) are presented in Chapter 6. Each case study
provides insights on the role and application of nbdels in
EIA.  Wile the | essons drawn fromthe case studies nmay be
somewhat subjective, they raise inportant questions about
the wuseful ness of nmathematical nodels in environnental
assessnent .

Recommendations for research (Chapter 7) fall into
three groups: those concerned with consolidating existing
best practice; those of a scientific and technical nature;
and those of an institutional nature. The reconmendations
with respect to consolidating existing best practice are
directed towards devel oping a know edge base that will allow
EI A practitioners to nake i nforned decisions on nodel use.
EI A practitioners wll have the necessary information to
deci de which nodels (if any) to use, and when and how they
shoul d be  applied. The scientific and t echni cal
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recommendations are directed towards difficult problens with
regard to model inputs, nodel outputs, nodel structure, and
integration of nodels. The institutional recomendations
deal with the use of nodels as tools for conmunication,
negotiation, and coordination. The institutional reconmen-
dations also address problens of nodel misuse and barriers
to successful application.



2.0 BACKGROUND

The practice of environnental assessnent relies heavily
on expert, judgenent aided by an assortment of analytica
tools. Whileothers M ght choose a different classification,
shopley and Fuggle (1984) identified eight analytical
approaches: ad hoc; checklists; mtrices; networks;, over-
lays; nodelling procedures; evaluation;, and adaptive. Al
approaches, with the exception of the first, attenpt to sys-
tematically structure problems so they are nore anenable to
scientific analyses. In contrast, "pure" expert judgenent, a
type of ad hoc analysis, iS characterized by a process of
assessnment that can never be duplicated because the conclu-

sions of each expert are based on a unique conbination of
experience, training, and intuition. In sone assessnents,

unfortunately, this is the only required or possible
approach. In other instances, when nore rigorous scientific
methods are available, it is often unwise to rely only on

expert judgenent.

In nore systenatic approaches, the experts first arti-
culate an analytical structure or conceptual nodel of the
problem  The conceptual nodel may take the form of a
cross-inpact matrix, a fault tree, a box and arrow di agram
describing energy flow, or it nmay sinply be a set of state-
ments describing the systemunder study. In all cases, the
rel ationships or |inkages between various parts of the sys-
tem are identified. Conceptual nodels are w dely accepted
and provide excellent means for explaining the interrela-
tionships in conplex systens.

Wil e conceptual nodels are a necessary first step in
any analysis, they are basically limted to indicating that
"x*" wll affect "y", or to asserting that activity "a" wll
cause a mnor, noderate, or nmjor inpact on species “y".
More sophisticated conceptual nodels use box and arrow
diagranms for illustrating relationships between systemvari -
ables. Such diagrans (if not overly conplex) are very useful
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for thinking about the system of concern, and deci di ng what
shoul d be included in nore detailed anal yses (perhaps wth
mat hemati cal nodels). For this reason, box and arrow nodel s
can be very useful in the early phases of an EIA, Wwhen the
terms of reference are being fornulated and the problemis
identified. To nove beyond this level of analysis QUANTIFI -
CATION is necessary. To quantify, the conceptual nodel nust
be fornul ated as a nat henatical nodel

Mat hematical nodels are simlar to conceptual nodels in
that they are both abstractions or sinplifications of the
system of concern. The sinplest mathematical nodels used in
EIA are single relationships between two variables, where
t he i ndependent variable (the "x")is a neasure of some
human activity (e.g., phosphorus input to a |lake), and the
dependent variable (the "y") is a measure of inpact (e.g.,
concentrations of algae in the lake). Though only a single
equation, the quantitative relationship between phosphorus
and al gae provides much nore information concerning the mag-
ni tude of potential inpacts than does the conceptual node

"increased phosphor us inputs lead to increased alga
bi omass". Also, such an equation has potentially greater
credibility t han its conceptual analog, because the

equation's paranmeters and variables can be based on a sta-
tistical analysis of enpirical data. For mathematical nodels
that consist of a single equation, the key "structural
features" are the shape of the curve that represents the
| i nkage between "x" and "y", and the strength of the enpiri-
cal data at different points along the curve.

Sinmpl e mat hematical relationships can be used directly
in many areas of inpact assessnent (e.g., dose-response
curves |inking exposure to carcinogens with the probability
of contracting cancer) or can formthe building blocks of
more conplex nodels, consisting of sets of equations (e.g.
econom c-denographic nodels wused in socio-econonic inpact
assessment). Asthe nunmber of nmathematical relationships,
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particularly non-linear relationships, increases in a nodel,
the tools required to conpute predicted outcones nust becone
more sophisticated. The analyst either resorts to rela-
tively sophisticated mathematical approaches (e.g., solving
several differential equations), or constructs a conputer
simul ati on nodel which wuses conputational power to work
through the consequences of a large nunber of relatively
sinpl e equations connected together.

Mat hemati cal nodels vary in many respects. Reckhow and
Chapra (1983) provided a convenient set of criteria for
classifying nodels:

0 Enmpirical or nechanistic. Enpirical nodels, [like
the phosphorus-algae exanple above, are based
", ..nmore on fitting a set of data and |ess on
theoretical principles" (Reckhow and Chapra 1983).
Mechani stic, or theoretical, nodels are the con-
verse. They describe, in a mathematical form the
t heoretical principles which govern a particular
system Exanples of theoretical-nechanistic nodels
are ecological population dynanics nodels and
chem cal fate nodels that take account of biochem
i cal processes. Though good nodels have both
enpirical and mechanistic features, nost can be
classified as being either fundanmentally enpirical
or theoretical.

0 Simul ation or optimzation. Si mul ati on nodel s
describe the function of a systemin such a way
that the nodel can predict the systenis response
to many different scenarios or assunptions. The
set of responses are then examned to assess
potential inmpacts. Optimzation nodels are used to
find a solution that is best (either the m ninum
or the maxinun) of sone predefined function. The
best solution is usually constrained by such con-
siderations as cost or environnmental quality.
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0 Static or dynamc. Static (or st eady- st at e)
nodel s describe tinme-independent behavior. Usually
the predicted state of the systemis that which
the system would ultimately reach assumng no
other perturbations. Dynam c nodels describe how
t he behavi our of the system changes through tine.

0 Lunped paraneter or distributed paraneter. Thi s
criterion is the spatial analog to the static-
dynam c classification of tine dependency. Lunped
paraneter nodels are "zero dinmensional” in that
they assume wuniform conditions throughout the
nodel | ed system (i.e., space-independent). Distri-
buted paraneter nodels are structured to allow
variable conditions in one or nore spatial dinen-
sions (i.e., space-dependent).

0 Determnistic or stochastic. This criterion dif-
ferentiates between nodels on the basis of the
variability incorporated into the inputs and out-
puts of the nmodel. Deterministic nodels assune
zero variability - they wuse a single expected
value for each input paranmeter and variable and
produce a single expected prediction. Stochastic
nodel s represent paraneters and variables as pro-
bability density functions, thereby potentially
incorporating nmeasured variability and/or uncer-
tainty due to nmeasurement error. The predictions

of stochastic nodels are also probability density
functions.

These criteria are not entirely independent. For exam
ple, dynamc descriptions of conplex systens alnost invari-
ably require conputer sinulation nodels, particularly when
sone processes in the system are discontinuous.

The types of nodels discussed in the case studies of
this report fall along a gradient or continuumfrom empiri-
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cal to nechanical or theoretical nodels. I n undert aki ng
this review, it was not practical or desirable to catal ogue
or review all existing nodels that fall along the conti nuum

The approach taken was to discover applications of nodels
that represent different points along the full range of the
conti nuum For example, the case studies range from
envi ronnent al pat hways nodels in health risk assessnment to
an ecol ogical process nodel of the effects of power plants
on striped bass in the Hudson River. It is interesting to
note that the issue at stake in the Hudson River case was
only resolved after the detailed process nodels were aban-
doned for sinpler enpirical nodels.

Keeping in mnd the above discussion of conceptual,
mat hematical, and conputer sinulation nodels, we now briefly
exam ne their role in EIA Through questioning the benefits
and problems of using nmodels, we try to uncover, in a gen-
eral sense, how nodels function in this context.

2.1 Should Models be Used in Environnental Assessnent?

The answer is yes. There was unani mous agreement anong
t he workshop <contributors to an evaluation of the El A pro-
cess in Canada (Beanlands and Dui nker 1983) that nodelling
was a useful and appropriate scientific tool

2.2 \What are the Potential Benefits?

Dui nker (1985) summarized many benefits which nmay be
derived from using nodels in environnmental assessment:

0 stating assunptions explicitly;
0 devel oping and testing inpact hypotheses;
0 identifying information gaps to structure further

i nformation gathering;

0 rigorous detailing of systemconponents and their
rel ati onshi ps;
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0 conpi ling and organizing data;
0 organi zing concepts and i deas;

0 predicting inpacts;

0 estimating confidence coefficients of predictions;

0 identifying and testing mtigation neasures

0 provi ding a neans for comunication and educati on;
and

0 providing a forumfor interdisciplinary coopera-
tion.

Actually, many of these benefits are a result of the
model ling process and not, strictly speaking, of nodels
t hensel ves. Successful devel opment and testing of mathemati -
cal nodels, however, increases the |ikelihood of deriving
the above benefits.

| ncreased communi cation is probably the npbst comonly
observed benefit when all actors participate in the nodel -
ling process. The process of developing a quantitative
model forces conmmunication between various disciplinary
experts and potential users of the nodel. Projects involv-
ing a high degree of effort in communication between the
nodel | er and the decision nmaker are often the nost success-
ful. For exanple, in an application of an air quality nodel
in the United States, the nodellers participated in neet-
ings, were constantly available for questioning, and the
nodel was wel | -docunmented so others could wunderstand the
process of nodel devel opment (Dennis 1982).

Quantitative nodelling can also inprove the clarity of
an analysis in an EIA. One wide ranging effect of nodelling
I's making the assunptions of the analysis explicit. Wthout
an enphasis on quantification, an opportunity to clarify
assunptions m ght never occur (Dennis 1982).
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Finally, quantitative nodels are often the only scien-
tifically defensible predictive tool available.

2.3 What are the Probl ens?

"Despite acadenic preoccupations Wwth nunerica

indices and their sophisticated manipulation [in
mat hemati cal nodel s], nanagers and deci si on makers
have difficulty in relating to them and incor-
porating their information content into rationa

action in the decision naking process." (Hirst
1984) .

Al nodels have some degree of uncertainty; conse-
quently, judgenent is required in interpreting the results
of nmodelling. This inplies that the nodel's assunptions and
data validity should be checked (Dennis 1982). Some nodels
produce a single numerical value, wth no sensitivity
analysis. Athough the decision nmaker's task is easier,
there is less opportunity for the assunptions to be
evaluated for accuracy or relevance. Wth new projects in
new geographic areas there may be insufficient data for
input into predictive nodels (MIler 1983).

Quantitative nodels are valuable for predicting effects
of pollutants, but are less reliable for predicting general
ecol ogi cal inpacts. Therefore, it is worthwhile considering
the expectations concerning the purpose of nodelling in
I mpact assessnent (Beanl ands and Dui nker  1983). Beanl ands
and Dui nker (1983) al so found nodel s were used sporadically
in EIAas they reviewed. This could be a result of uncer-
tainty at both the technical level and, with respect to the
utility of nodels, at the decision naking I|evel

An energing problemis an over-reliance on nodels that
have becone generally acceptable to both the decision makers
and technical experts. As they grow nore familiar wth a
model, there is a tendency to be less critical of the
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model 's limtations. In addition, w despread use of these
model s usually creates a resistance to change which nmay
inhibit inprovenments in our analytical capabilities and may
| ead to neglect of aspects of the problemnot addressed by
the nodel. One mght suspect that this acceptance may con-
tribute to the fact that few nodels are eval uated, docu-
mented, or subjected to hindsight review

Arthur C. darke, the noted science fiction witer,
once said that any sufficiently advanced technology is
i ndi stinguishable frommagic. This principle often appears
to apply to the responses of people unfamliar with conput-
ers or wth the predictions of conputer nodels. The

responses of such people to conputer nodels parallels indi-
vidual responses to magicians; that is, varying from wonder

to healthy skepticism to deep suspicion and fear. For sone,
the nystique of the conputer may lead to unwarranted confi-
dence in the predictions of mathenatical nodels. For others,
any nodel hidden inside a conputer is assunmed to be driven

by sleight of hand and is fundanentally not worthy of their
trust.

2.4 \Wat Types of Mdels Should be Used in EI A, and Wen?

The nost appropriate choice of nodel (or nodelling
strategy) for an EIAis a difficult one. At least tw fac-

tors cone into play in deciding what type or types of nodel
are preferred:

0 the anount of scientific wunderstanding and data
avai l able to analyze the issue; and

0 the | evel of confidence in predictions required to

successfully resolve the issue (often related to
the contentiousness of the issue).

Both factors vary with the stage of the EIA and wth
t he type of project under consideration. As the EA
progresses, understanding generally increases, and issues
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becone nore focused, requiring increasingly nore accurate
predictions for'a narrower set of questions. Therefore, the
nmodel (or nodels) used in the EIA should change with each
stage of the assessnent process. Mdels and nodelling have
differing roles to play in each of the scoping, assessnent,
and inplenmentation phases of ElIA

2.4.1 Scoping

In general, scoping involves: i dentification and
anal ysis of issues; preparation of a project description;
setting boundaries on the geographical scale of inpacts;
determnation of the period of time over which inpacts are
to be projected; and prelimnary identification of the major

conponents of the social, economc, and ecol ogical systens
that m ght be inpacted.

Conceptual box and arrow nodels are particularly useful
during the scoping phase of an EIA for organizing and syn-
thesizing information for further analysis.

2.4.2 Assessnent

In nost cases, a formal assessnent involves: descrip-
tion of the existing environment (baseline information);
detail ed description of the project; prediction of effects:
assessnment of the significance of the effects; design of
mtigation measures designed to aneliorate the effects;
determnation of the net effects of the project after mti-
gation; design of nonitoring prograns to determne the
actual effects and success of mtigation neasures; and
assessnent of remmining uncertainties with respect to the
effects.

Model s are nost frequently applied in the assessnent
stage of EIA for the prediction of effects. Mdels are al so
potentially very useful for eval uating al ternatives,
evaluating alternative mitigation nmeasures, and designing
environnental nonitoring prograns.
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2.4.3 Implementation

Once a project is approved, a nunber of environnenta
managenment programs are usually inplenmented. These prograns
include: routine surveillance to ensure conpliance with set
terms and conditions; nonitoring of the actual effects to
al | ow operational changes to be nade to mtigation and com

pensation nmeasures; provisions for research, experinental
managenent, or denonstration projects; and audits and
evaluation to maximize the use of new information, which is
usual Iy gained at consi derabl e expense.

In addition to their role in the design of nonitoring

and nitigation, nodels can be used in followup and post-
audit studies to interpret the results fromthese prograns.
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3.0 ANALYTI CAL TOOLS I N ENVI RONMENTAL ASSESSMENT

Mbdel s, as analytical tools for environnmental assess-
ment, give the assessnent a nore systematic and scientific
basis. As noted in the previous chapter, they are used for
various purposes in different aspects of the assessnent pro-
cess: to nake quantitative predictions, as analytical framne-
works, and for synthesizing and manipulating data. In this
chapter we illustrate how nodels can specifically be applied
to scoping, evaluating alternatives, evaluating nitigation
measures, design of nonitoring prograns, followup and
post-audit studies as well as the prediction of inpacts.

3.1 scoping

Conceptual nodels and the process of nodelling can be
used effectively during the scoping phase of an EIA when the
terms of reference are fornulated and the problenms are
defined. The infornal I nput of regulators, the proponent,
experts, and the public are easily incorporated into such
nmodel s.  Both quantifiable and non-quantifiable inpacts can
be represented, and the overall synthesis of issues in such
model s hel ps to bound and focus the problem Exam nation of
a detailed conceptual nodel by experienced experts helps to
determne which issues can be addressed by quantitative
model s, and which nust be addressed by other nmethods. The
conceptual nodel thus forms the foundation for the nodelling
strategy adopted during the EIA. A well-defined conceptual
nmodel has the potential to becone the basic analytical
framework for the overall ElIA

3.2 Prediction

Mat hematical nodels are often used as tools for the
prediction of environnental inpacts. Perhaps the nost com
nmon application is in evaluating whether effluents and em s-
sions neet air and water quality standards. In these cases
there is no direct assessment of biophysical inpact; rat her
nodel s nmake predictions of pollutant concentrations or load-
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ings for conparison with established standards. In other
applications (e.g., assessing ecol ogi cal inpacts), nodels
make predictions of actual effects. Ecological nodels of
fish and wildlife popul ations are good exanpl es.

| deal |y, predictive nodels should be both calibrated
and validated. Calibration involves selecting the best
values for the paraneters used by the nodel. It is usually
performed by varying the parameters until sone neasure of
the difference between predicted and observed conditions is
mni m zed. Validating the nodel involves testing predictions
on a set of data different fromthat used for calibration
Mbdel s applied at this stage, particularly within relatively
wel | - under st ood subj ect areas such as hydrol ogy, nmay be suf-
ficiently well-calibrated and validated to provide quantita-
tive predictions with confidence.

However well validated and calibrated a nodel nay be,
its predictions wll always have a degree of uncertainty
associated wth them Because of this, the predictive
results of nodels have often been discounted or ignored in
maki ng final assessments of environmental inpacts. It is
the predictive capabilities of nodels, however, that nake

them especially useful in other aspects of environnental
assessment .

3.3 Evaluation of Alternatives

In sone EiAas there is an explicit need to evaluate
alternatives and nodels have been shown to be inval uable
tools for this purpose. In this application, a nodel should
be capabl e of generating predictions that allow for a confi-
dent separation of reasonable and unreasonabl e alternatives,
based on a wide range of criteria. GCenerally, the accuracy
and precision of nodel predictions need not be very great,
t hough predictions nmust obviously be credible to be useful.
Gaming with a nodel at this stage is very inportant for
devel oping communi cation between the proponent, regul ators,
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and nodel |l er. The proponent |learns new constraints on the
project design; regulators learn new system interactions
(which often inply a different planning or nanagenent stra-
tegy); and the nodeller learns what forns of nodel output
are of greatest interest, and', therefore, critical to future
model ling efforts. |f the problemis very poorly understood
and | acks data on nost conponents, it may be better not to
nodel at all, but rather to expend efforts on gathering
basic information to describe the systemand sel ect feasible
al ternatives.

Gaming wth nodels is also useful to assess trade-offs
when evaluating alternative project configurations. Because
model s only include estimates of the expected changes in
quantifiable wvariables, however, Inpacts for qualitative
variables (e.g., nost social and cultural values) mnust be
inferred by careful contenplation of predicted scenarios

with the people potentially affected. At the evaluation
stage it is therefore inportant to return to the box and
arrow conceptual nodel, identified at the beginning of the

EIA,  which usually includes non-quantifiable conponents of
the system

The analysis and evaluation of alternatives should
always include an assessment of the uncertainty in node
predictions, to allow full recognition of uncertainty by the
decision makers who select the preferred option. For sinple
model s, the uncertainty in nodel predictions can be quanti-
fied wusing pencil and paper nethods, such as first-order
analysis. In first-order analysis (Reckow and Chapra 1983),
error estimtes are based on first order Taylor series
expansi ons of the mathematical functional representation of
t he nodel. The Tayl or series approximation is taken about
at the nean values for the independent variables. This
allows an assessnent of the error contribution of the
I ndependent variables to the total prediction error

Estimating the uncertainty of nore detail ed nodels
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requires conputer-intensive nethods such as Mnte Carlo
analysis. 1n this analysis, the nodel is run hundreds of
times, wth the values of uncertain paraneters randony
varied according to their known or suspected probability
distributions. The probability distribution of predictions
reflects the aggregate uncertainty in the nodel. As nodels
become increasingly conplex, uncertainty analysis becones
difficult and expensive, and for very |large nodels, inpossi-

bl e. Parsimony in nodel construction is, therefore, very
| mportant.

3.4 Design of Mnitoring Prograns

The experinental design of nonitoring prograns, an
often neglected area of environnental assessnent, can bene-
fit from nodelling. By incorporating the observed or
estimated level of natural variation into the nodel, the
desi gner of the nonitoring programcan quantitatively deter-
mne the appropriate level of intensity of sanpling to
detect effects of a given magnitude. For many ecol ogi cal
I ssues, the paucity of pre-devel opnment data nmeans that no
amount of post-devel opment nonitoring will be sufficient to
detect project inpacts. The design of the nonitoring program
shoul d al so include consideration of the potential for adap-
tive managenment of the project, should negative inpacts
occur. Dynam c system nodels can help to assess how quickly
the system wll be able to respond to corrective actions,

and, therefore, orient managers towards effective post-
devel opment managemnent .

I n applying nodels to examne the statistical design of

a nmonitoring program the following analytical steps are
normal 'y undert aken:

0 a sinple theoretical mathenatical nodel (usually a

simulation nodel) of the system under study is
devel oped;
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0 the level of natural variation associated wth
different environnental conponents is added to the
nodel ; and

0 then an error structure to account for observation

error is included in the nodel.

This nodel can then be used to generate tinme series
data for statistical analysis. Two time series data are gen-
erated: a baseline that represents what would have occurred
if the source of the potential inpact had not been present;
and a case where the system has undergone the simlated
| npact . A given nodel scenario requires assunptions about
the level of natural variation in inportant environmenta
conmponents, the anount of observation error associated with
the tine series to be generated, and the nagnitude of the
direct inpact on the system For a given scenario, a Mnte
Carlo sinulation is usually perfornmed to generate a distri-
bution of outcones.

The resulting synthesized data sets are assuned to
include both natural variation and observation error. Sta-
tistical analysis of these data requires the specification
of an appropriate statistical nodel or test. In determning
the appropriate nonitoring program the |level of statistical
certainty (confidence level), the magnitude of the change to
be detected, and the proposed sanpling program need to be
considered. The follow ng questions can be addressed

0 G ven a confidence level 'x'is required, and the
sanpling programis 'y', how [ arge nust a change
'z' be before it can be detected; or

0 G ven a confidence level of 'x'is required, and a
change of 'z' is to be detected, what is an
appropriate sanpling progranf

0 G ven a sanpling program'y', and a change of 'z'
is to be detected, what is the confidence |evel?
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3.5 Mtigation Planning

Model s are potentially very useful for evaluating mti-
gation neasures. |f the estimated costs of mtigation are
very high, however, a great deal of enpirical support (com
pelling evidence) is required to back up nodel predictions.
In the case of the Hudson River controversy (discussed in
Section 6.5), it took over a decade to devel op an acceptable
| evel of enpirical support for nodel predictions.

The use of nodels in nitigation planning is relatively
straightforward. It is sinply a process of conparison of a
nunber of different alternatives. First a nodel of the sys-
tem under study is constructed. This nodel has to represent
the causal basis for inpact in enough detail to allow for
di scrimnation between alternative mtigation neasures.
Then the results of the nodel are determned with sone base-
line devel opment scenario. At this stage the nodel can be
used to ask "what if" questions about the effectiveness of
mtigation neasures. By conparing the nodel predictions
with and without various mtigation neasures the potential
effectiveness of mitigation neasures can be assessed.

Exanpl es where nodel s m ght be used in assessing niti-
gation neasures include: assessing different flow regulation
regi mes associated with hydroelectric devel opnent, eval uat-
ing habitat enhancement, and conparing different control
strategies for emssions and effluents.

3.6 Followup and Validation Studies

Followup studies on environmental assessnments are
necessary to determ ne actual inpacts and assess the accu-
racy of environnental inpact predictions. Follow up studies
concerned with the latter have often encountered problens
with auditing predictions because of the manner in which the
predictions were made. Predictions fromquantitative nodels
are readily audited, however, because these nodels require

explicit statements of assunptions. In many cases, nodels
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provide the only quantitative estinates of inpacts and, as
such, their results represent the only auditable data-sets
on predictions. Conparison of results from followup stu-
dies with nodel results, while a form of nodel validation

can also provide information on the success or failure of
the overall environnental assessnent.

The degree to which mathematical nodels are used in an
environnental assessnment is a function of the credibility
attached to the nodel. Credibility is in part related to
the validation studies that have been perforned on the nodel
to confirm the nodels' predictions. In many applications in
environnmental  assessnment, nodels are poorly calibrated and
validated. The results of nonitoring prograns could be used
to test and anmend the nodel. COpportunities to validate
nodel s are often | ost, however, due to lack of planning or
interest in the collection of followup data. After the
envi ronnental assessnent is conplete, there seens to be lit-
tle incentive to collect information on the actual inpacts.
This information would be invaluable in assessing the pred-
ictions of wvarious nodels. The supplenental investnent in
testing and updating the nodel would pay dividends both in
environnental  nanagenment of the existing project and in the
design and assessment of other future developnents of a
simlar nature.

Model predictions provide good data-sets for follow up
studies concerned wth evaluating the accuracy of predic-
tions in environnental inpact statenents. Data collected in
foll owup studies or nonitoring progranms, if directed by the
structure of the nodel, could be used in nppdel validation
st udi es.
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4.0 METHODS
This project proceeded through five interrel ated
stages: a literature search and survey of experts, a case

study analysis, a working report, a review workshop, and the
final reporting.

4.1 Literature Search and Survey of Experts

In the initial stages of investigation, the CAN/OLE
(National Research Council of Canada) computerized i nfornma-
tion systemwas used to find relevant docunmentation on the
use of nodels. W searched three databases, BIOSIS, ELIAS
(Environnment Canada library), and NTIS (U S. governnent

docunents), wth little success. The limted nunber of docu-
ments uncovered were either technical manuals for running

the nodels, t heoretical discussions of nodel structure, or
the actual environnmental inpact statement (EIS), in which
the results of nodelling were a small part. W al so revi ewed
a small part of the literature, available at |ocal uni ver -
sity libraries and in our own library, on nodelling in each
of the application areas.

Because the literature search provided little informa-
tion on nodel use, we relied on personal comunication to
identify suitable exanples of the application of nodels in
environmental assessment. A list of people surveyed for
information is provided in Appendix 2.

4.2 Case Study Analysis

The main thrust of our early efforts was to identify a
set of case studies where nodels had actually been applied.
Two criteria guided early efforts: the nodel had to be ysed
in the context of a formal assessnent process; and it had to
be a conputer nodel. These criteria excluded many interest-
ing and informative applications and had to be nodified. 1n
the end, we used the following two criteria: the nodel had
to have been applied; and it had to fall within the applica-
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tion areas defined by the terns of reference.

The overall study had a small sanple size. It was |im
ited in the breadth of application areas considered and in
the nunber of case studies within each application area. It
was further limted 1in the amount of detail that could be
present ed about each nodel application. Thus, while the

case studies provided a good set of |essons, we are cautious
about overgeneralizing our results.

4.3 The Working Report

Based on the analysis of the case studies, a nunber of
observations were made and a nunber of questions were
rai sed. These, along with the docunentation of the case stu-
dies, were assenbled in a working report. Specific research
recommendati ons were not made in the working report.

4.4 The Wrkshop

El even experts famliar with nodelling in the context
of EIA nmet in Toronto on March 12 - 13, 1986, to review the
working report and the issues it raised. The overall pur-
pose of the workshop was to provide a well-structured forum
for focused, interdisciplinary discussions of the wuse of
mat hematical nodels in EA  Each expert was asked for an
opi nion on the research needed to inprove the state-of-the-
art in nodelling for EIA.  The workshop participants drafted
recommendations for research which fornmed the basis for the
content of Chapter 7.

4.5 The Final Report

Subsequent to the workshop, the corments of the parti-
cipants were integrated into this final report and a set of
research recommendations were prepared.
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5.0 THE USE OF MATHEMATI CAL MODELS I N
ENVI RONMVENTAL ASSESSMENT

The scope of this study is restricted to the use of
mat hemat i cal nmodel s in socio-economc inpact assessment,
bi ophysi cal inpact assessnent, toxic chemcal assessment,
technical risk analysis, and health risk assessnent. The

section provides a brief background on each of these appli-
cation areas.

5.1 Soci o-econom ¢ | npact Assessnent

cearc (1985) views social inpact assessnent (SIA) as an
i nqui ry which seeks to investigate and understand the soci al
consequences of planned change and the processes involved in
the change. The product of an SI A can be used in decision
maki ng and as a source of public information. |In the final
analysis, SIA is about people and every attenpt should be
made to have people's concerns clearly understood so that
the decisions affecting themare both responsive and respon-
sible. CEARC believes four types of social changes are usu-
ally I nvestigated as part of SIA  denographical ly-
econom cal ly-, resource-, and culturally-related changes.

Leistritz and Murdock (1981) take a narrower view. They
bel i eve the purpose of SIAis to:

0 project social and economc profiles of study
areas under baseline and inpact conditions;

0 sensitize the decision nmaker to critical problem
areas and key relationships; and

0 provide direction to further research

One view of SIA classifies inpacts into econom ¢, deno-
graphic, public service, fiscal, and social (Leistritz and
Mirdock 1981). Computer projection nodels for assessing
local and regional econonic inpacts have been considerably
refined and received extensive use in the United States for
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the assessment of regional inpacts. Mst nodels feature an
integration of the econonic and denographic aspects. Mdels
for assessing public service and fiscal inpacts are fewer
and less refined. There are few, if any, nodels for assess-
ing social inpacts. Social inpacts are often broken down
into socio-cultural and psychol ogical inpacts. Wile there
is work being done to determ ne these inpacts, nathematical

and simul ation nodels of social inpacts are still in an
experinmental stage.

5.2 Bi ophysi cal |npact Assessnment: Air

Model s are used in air quality analysis for a nunber of
purposes: predict pollutant dispersion; predict pollutant
deposition patterns; test theories of atnospheric physics
and chemstry; explore emssion control strategies; and
assist in construction of atmospheric materials budgets.
Mbdel s of varying conplexity may be required dependi ng upon
whether the wuser is interested in pollutant em ssions,
at nospheric transport and mxing (atnospheric physics),
transformati on (atnospheric chem stry), deposition (both wet
and dry), or conbinations of these, Existing nodels will
reflect past as well as current interests and needs of dif-
ferent user  groups. Major air quality policy issues
currently addressed by using nodels include: ground |evel
pol lutant concentrations relative to existing standards;
regi onal deposi tion patterns; and sour ce/ recept or
(em ssions/deposition) relationships. Al though results from
air quality nodels are nost often used in ElIA for regulatory

purposes, they are also valuable in industrial and urban
pl anni ng.

Initially, air quality nodels were devel oped to predict
pollutant dispersion in the imediate vicinity of a speci-
fied source (up to several kilonetres), but in recent vyears
increasing inportance has been placed on issues of a nore
regional (up to hundreds of kilonmetres) or global nature. As
well, air quality issues were historically addressed on
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relatively short time scales, but now simulation nodels are
used to address long-termissues (e.g., global clinmte warm
ing).

Basically, there is a gradient of nodel types available
for analysis of atnospheric pollutant issues. At one end of
the spectrum are statistical (enpirical) nodels, while at
t he ot her end are  theoretical (process) model s
Statistical/enmpirical nodels are used not only to assist in
synthesis and analysis of field data, but also in devel op-
nment of |arge scal e atnospheric budgets focused on pol | utant
exports (transboundary pollution). Theoretical nodels that
use information and data on physical and chem cal processes
are especially well-suited for hypothesis testing and use in
anal yzing conplicated issues involving pollutant transforma-
tion and | ong distance transport. Consequently, depending on
the particular requirenents of the end user, different types
of nodels may be selected. Because there is a grow ng
awar eness that there is sone |evel of uncertainty associated
with nodel outputs, research is now underway to refine sta-
tistical forecasting approaches using techniques |ike Box-
Jenkins nodelling (Box and Jenkins 1970), in which auto
regressive integrated noving average nodels (ARl MA) are used
to fit time series data. As nore conplicated i ssues energe,
however, there is an increasing need for theoretically-based
si mul ati on nodel s.

Sinmulation nodels are beconming accepted as powerful
anal ytical tools in dealing with air quality issues. The two
mai n types of nathenatical nodels currently in use are dis-
tinguished by the underlying theory, either Gaussian or
Lagrangi an.  Mbdel s developed with Gaussian equations are
used to describe effluent dispersion and depend on the
at nospheric diffusion theory elaborated by Sutton in 1932,
Al though nodels of this type were used on a voluntary basis
prior to 1977 (when the U S. Cean Air Act was anended),
their use has increased sharply since that time because of
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| egal requirenents. Now, both the U S. Environnental Protec-
tion Agency (EPA) and Canadi an At nospheric Environnent Ser-
vice (AES) use single and multiple source Gaussian plune
nodels in their regulatory prograns. Gaussian nodels, by
their design, are limted to relatively snall spati al
scal es; consequently, they are inappropriate for dealing
with long range transport of atnospheric pollutants (LRTAP).
As concern over LRTAP issues (e.g., acid precipitation)
increases, nore attention has been focused on Lagrangian-
based nodel s. In these nodels, discrete pollutant parcels
are advected and diffused by a time- and space-dependent
wind field to produce a fixed space-tinme average pollution

concentration. To date, nobst LRTAP nodels focus on oxi des of
sul fur.

5.3 Bi ophysi cal |npact Assessnent: \Water

Mat hemati cal and sinul ati on nodel s have been applied to
a | arge nunber of issues related to water quantity and qual -
ity. The review of nodelling by de Brossia (1984) provided a
detailed inventory of applications. The following Iist
groups applications according to the najor issues, proceed-
ing fromwater quantity to water quality concerns.

0 Water Wthdrawal s: water managenent, downstream
effects (instream flow, physical carrying capacity
for aquatic biota), aquifer supply.

0 Water Discharges: hydro power yield, tail races,
diffusers, surface channel jets.

0 Fl ooding: frequency, extent (stage), damage.

0 lce: formation, cover, novenent.

0 Stormwater: routing, sewer overflows, water qual-
ity.

0 Tenper at ur e/ Oxygen Regi nes: t enper at ur e/ oxygen

regines in reservoirs, rivers and |akes (effects
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of altered mxing or flow, thermal plunes, etc.).

0 Soi | / Sedi ment Transport and Erosion: soil [oss,
effects of shoreline nodifications, reservoir
flooding, river diversion or augnentation, dredg-
I ng.

0 Trophic State: phosphorus and nitrogen | oadings,

algal bionmss, biological oxygen demand, sewage
and colifornms, water-based recreation inpacts.

0 Pol | utant Loadi ng and Di spersi on: non- poi nt
sources; dispersion of inorganic pollutants, oil,
radi oi sotopes, pulp and paper effluents, etc.

0 V\at er - Sedi nment Interactions: heavy met al and
radi oi sotope accunulation in sedinents, contam
i nant resuspension by dredging or scouring, mne
tailing and drilling nud disposal.
(The above two issues are discussed further in
Section 5.5, Toxic Chenical Models.)

0 G oundwater Quality: novenent of radioisotopes,
persi st ent organi c chemcals or mne wastes
t hrough soil and rock to the water table.

This list, long as it is, is by no neans conprehensive.
Qobviously, the research and nodelling techniques vary w dely
across these diverse areas. Sone general statenents can be
made, however. Accurate estinmates of water flow and novenent
are a prerequisite to all types of water quality nodels.
These flow estimates may be either neasured directly or
predi cted using hydrol ogical nodels.

Both enpirical and theoretical nodels have been used in
nost of the above areas. Both dynam c and steady-state
model s are applied to water issues, though steady-state
models are preferred due to their relatively snall data
requi rements. A conmmon technique is to exanmine water quan-
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tity or quality wunder extreme conditions (e.g., floods,
droughts, low flow, or mninmm dilution).

The mathematical formof nodels dealing wth water
varies from single enpirical equations (e.g., predicting
runoff, flood frequency, or algal biomass) to conplex
t hr ee- di nensi onal convection-diffusion nodels. The spatial
formof the nodel adopted is a function of the nature of the
substance being nodelled, the environmental setting, and the
zone of greatest potential inpact.

The nost commonly predicted variables in water nodels
are flows and chem cal concentrations. Cenerally, these out-
puts are conpared to standards to determ ne whether poten-
tial inpacts are significant, though occasionally, biologi-
cal responses are integrated into the nodels thenselves
Econom ¢ subnodel s, sonetines wth optimzation routines,
are often linked with water quantity nodels to determ ne the
potential costs and benefits of different water managenent
schenes.

5.4 Biophysical |nmpact Assessnent: Ecol ogi cal

Conmpared to physics and chemstry, ecology is a rela-
tively young science. As a result, the approaches available
for predicting ecological inpacts are nore prinmtive than
for inpacts on water quantity and quality, which are driven
by physics and chemstry. Notwithstanding the "youth" of
ecology, it is probably also true that the ecol ogical com
ponents of systens are inherently less predictable than
their physical and chemcal conponents, due to the large
nunber of conplex interactions which determne the distribu-
tion and abundance of plants and animals. The w de range of
ecol ogi cal eval uation techni ques extends fromfield observa-
tions to laboratory tests to conputer simulation nodels.

In general, ecological nodels have been used nore for
research than for inpact prediction. Since the 1940s, the
science of ecology has developed a considerable nunber of
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theoretical nodels concerned wth the dynam cs of popul a-
tions and communities. These nodels are sel dom applied, how
ever, because either their parameters do not correspond to
nmeasurabl e features of real plants and aninals, or because
they are too difficult to nmeasure accurately. Predictions
from ecol ogi cal nodel s are nost useful for gaining an under-
standing of the system and the inplications of different
managenent strategies, rather than naking precise predic-
tions. Applications of ecological models to ElA include:

0 aquatic ecosystem nodels incorporating nutrients,
bacteria, algae, zooplankton, and fish (see Hall
and Day 1977, Spaulding et al. 1983);

0 dynam ¢ nodels for fisheries managenent (Holling
1978; Webb et al.. 1986), pest nmanagenent in
forests (McNamee et al.. 1983), wldlife manage-
ment (McNamee €f al. 1984), inpact eval uation of
wat er w thdrawal s (Barnthouse et al. 1984), or
assessment of the extent of acidification damage
to fisheries (Jones et al.. 1983);

0 static habitat bookkeeping nodels, such as the

Habitat Evaluation Procedure (HEP) (U. S. Fish and
Wldlife Service 1980); and

0 enpirical nodels to predict fish presence/absence
(Reckhow et al.. 1987) or fish yield (the mor-
phoedaphi ¢ index (MEI) devel oped by Ryder et al..
1974).

Sensitivity analysis, resulting in a probability dis-
tribution of events, is often used in ecological applica-
tions. Sensitivity analysis is sinply the varying of the
nodel 's assunptions and paraneters to test the degree to
whi ch nodel behavior is affected by the changes. This use
of nmodelling Ileads to increased understanding because the
responses of a systemto extrene conditions are sinulated or
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determ ned wi thout spending years in the field or performng
el aborate laboratory tests. This is not to say that these
met hodol ogi es are not required; field studies and |aboratory
tests can 'be designed nore effectively after first using
nodel ling to provide prelimnary estinmates of results.

Wiereas quantitative nodels are valuable for predicting
the fate of pollutants, nodels for predicting general eco-
| ogi cal inpacts are not yet generally accepted. Such nodel s,
however, are being used increasingly nore often for problem
scopi ng, planning, and the design of nonitoring prograns.

5.5 Toxi ¢ Chem cal Assessnent

The nunber of synthetic organic chem cals produced and
released into the aquatic environnent has rapidly increased
in the last two decades. The focus of many studies has been
to discover whether or not these chemcals are toxic.
Efforts to understand the inpact of these chem cals on
aquatic systens have been largely directed toward two areas:

0 bi oassays to assess the toxicity of synthetic
chemcals and conplex effluent m xtures of these
chem cals (Marking and Dawson 1975;  Parkhurst et
al. 1979a, 1979b); and

0 nodel s to assess the fate of these chem cal s, and
thus estimate environnental exposures (Dickson et
al. 1982).

Al t hough this section of the report focuses on the
second area, it is worth noting that integration of nodels
and bi oassays (dose and response) is not apparent in nost
[iterature on toxic chemcals. This absence may be due to
the preferences of engineers and biologists to define prob-
lens in a way that mnimzes the anount of detailed interac-
tion with each other's disciplines. Consequently, through
| ack of interaction, bioassays often do not reflect the
forms of exposure observed in the field (Auble et al.
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1982) . Anot her consequence is that intensive efforts to
refine fairly conplex exposure nodels have been devel oped
wi thout considering the types of uncertainties inherent in
estimating biol ogi cal response. Both problems can lead to
exposure predictions which cannot be easily translated into
bi ol ogi cal responses.

Toxi ¢ chenmical nodels are frameworks for integrating
two nulti-dimensional groups of factors:

0 the distribution and transformation properties of
the chem cal; and

0 t hose properties of the environment which contro
the fate of the chemcal (i.e., both its fina
distribution and final form.

These factors are integrated by neans of differential equa-
tions which incorporate many different physical, chenical
and biol ogi cal processes. Detailed reviews of toxic chemca
model ling structures and methods are found in Burns (1982
1985) and in O Connor and St. John (1982). Briefly, the phy-
sical processes typically represented include advective and

di spersive fluid transport, ent rai nment,
adsor ption/ desorption, volatilization, sedinment transport,
and exchanges across the sedinent-water interface. The

maj or chem cal processes generally included in these nodels
are ionization, hydrolysis, direct and indirect photolysis,

and oxidation-reduction reactions. There is considerable
variation anong nodels in the biological processes sinu-
| at ed. Mcrobial transformations are alnost invariably

included as they affect virtually all chem cals. Qher bio-
|l ogical processes found in sone nodels are biosorption

bi oaccumul ation, and al gal metabolisnitransformation of syn-
thetic organics. The relative inportance of these processes
obviously varies anmong synthetic chenmicals wth different
properties. Variation in the inportance of different
processes can al so occur with the distance from the pollu-
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tion source, as the chem cal undergoes transfornations, or
is carried into zones with different physical or chemcal
properties.

5.6 Technical R sk Anal ysis

The concept of risk assessnent is often |oosely applied
to describe several different activities. These activities
(Grima et al.. 1985) fall into two stages:

0 risk analysis -~ neasure the probability and sever-
ity of harm This stage is conprised of:

risk identification: identify the risks of
t he event and associ ated consequences; and

risk estimation: estimate probabilities of
events and consequences.

0 ri sk evaluation - where values and judgenents are
explicitly st at ed. Deci sion makers determne
trade-offs between inpacts. They also develop

managenent strategies at this point based on the
information provided in the analysis stage.

Because risk assessment can be broadly defined, the
scope of this analysis has been restricted to exam ning the
nore probabilistic and system nodel Ii ng-based techni ques for
technical risk analysis. Health risk assessnment is dis-
cussed in the next section. Risk analysis techniques based
on probability theory (i.e., probability of an event occur-
ring) are relatively straightforward mathematically but can
be information-intensive. This need for a great deal of data
(usually historical) neans there nust be an adequate data
base for risk analysis nodels to be of use in ElA

Bercha (1985) grouped risk analysis techniques under
three categories: general risk evaluation: network analysis;
and Monte Carlo simulation. Each level involves increas-

ingly sophisticated nodelling nethodol ogi es and conpl exity.
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Bercha subdivided the first category into Delphi methods,

boot st rappi ng nmet hods, Bayesi an net hods, general statistical

nmet hods, general probabilistic nmethods, and mathenatical

model ling techniques. The structure of these mathemati cal

nodel s is such that there is an initiating event and iden-
tification of the hazard potential. An exanple application
of such a nodel is predicting the atnospheric dispersion of
a sour gas cloud. Network analyses include risk flow
di agr ans, fault trees, and event trees. This type of
analysis is especially useful for examning systens that
have no history; that is, systems using new technology or
new processes. Monte Carl o sinulation techniques are used
to sinulate mathematically intractable probabilistic rela-
tionshi ps. Results of Monte Carlo anal yses include proba-
bility distributions of events based on risk paraneters.

These techniques may be usefully conbined in any given
application.

Technical risk analysis nodels are anmong the nost
sophisticated and potentially the nost objective of all
techni ques for use in EIA Wile the techniques are sound
they rely heavily on probabilistic information. In many
cases, assunptions have to be made about the |ikelihood of a
given event. This introduces a |arge degree of subjectivity
and uncertainty into what appears to be a wholly objective
analysis. These uncertainties in estimtion of probabilities
are matched with uncertainties in interpretation. The best
exanple is that of our difficulty in interpreting the risk
associated with a low probability-high consequence event
(Grima et_al. 1985).

5.7 Health Ri sk Assessnent

Mdel s, while having great potential for application in
health risk assessnent, often do not play nuch of a role
Their greatest contribution to date appears to be in
unearthing many of the assunptions underlying current prac-
tices in health risk assessment. The potential role for
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nodels is best revealed by exam ning the four najor steps
involved in health risk assessment (National Research Coun-
cil 1983):

0 hazard identification - the process of determ ning
whet her exposure to an agent can cause an increase
in the incidence of a health condition

0 dose-response assessnment - the processof charac-
terizing the relationship between the dose of an
agent admnistered or received and the incidence
of an adverse health effect in exposed popul ations
and estimating the incidence of the effect as a
function of human exposure to the agent;

0 exposure assessnment - the process of measuring or
estimating duration of human exposure to and
intensity and frequency of the agent currently
present in the environnent, then estimating the
hypot heti cal exposures that mght arise from the
rel ease of new agents into the environnment; and

0 ri sk characterization - the process of estimting
the incidence of the health effect under various
condi tions of exposure described in the exposure
assessnent .

Wiile this is a somewhat narrow view of health risk assess-
ment, it enconpasses those aspects that are anenable to sone
form of quantitative analysis.

Traditional toxicological procedures define a safe
| evel of exposure for humans as sone arbitrary fraction of
that dose level at which no effects are observed in a group
of test animals (Munro and Krewski 1981). The use of safety
factors appears to rest, at least tacitly, on the assunption
of a threshold dose below which no adverse effects wll
occur. There is evidence for many carcinogens, however,
thatthe assunption of a threshold nay not apply. Because of
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this evidence, nore robust nodel s have been developed. The
mat hematical nodels for dose-response assune an increasing
probability of response associated wth increasing dose

Common functional forms adopted for dose-response relation-
ships include linear and |ogistic shapes. The acceptance of
a particular functional form for a dose-response node

forces exanmination of the assunptions underlying the nodel
chosen. Mbdst dose-response nodels are tested for statistica

fit to epidemological and ani mal - bi oassay data. Wi |l e
there is considerable controversy about the appropriateness
of extrapolation from each of these types of data, it is
possi bl e to devel op confidence intervals for |ow dose extra-
pol ati on (Crump and Howe 1985).

Model s have a vital role to play in determning the
degree of exposure that the human popul ation has to radia-
tion or a toxic chemcal. Exposure inplies that the hazard
is transported in some medium (air, water, soil). As there
Is a large nunber of nodels for transport of pollutants in
the air and water, and many nore nodels of the biochem ca
processes that occur within the media, one mght expect to
find exanples of exposure assessment. Wiile these may be
available, this analysis <could not find exanples where

rigorous exposure assessments were done in the context of
health risk assessment.

Perhaps the greatest potential role for nodels in
health risk assessnent is integrating dose-response rela-
tions with nodels that sinulate various exposure conditions.
If such a nodel was devel oped early in the assessnent, it
woul d guide research and data «collection for the dose-
response mathematical nodel and determ ne the output of the
exposure nodel .

Health risk assessnment is usually applied to evaluate
the effects of a specific chemcal in the environment. It is
not often applied to an investigation of synergistic effects
or an overview of the effects of a new system The prinary
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purpose of risk assessnent is to estimate the risk of using
a particular elenent, and in nost cases, establish regul a-
tions for maxi mum exposure |evels.

In the past, health risk assessnent has not been part
of environmental assessnent for several reasons:

0 health risks usually lag behind developnment and
are difficult to quantify in view of all the
interactions that take place (Wrld Health organi-
zation 1979);

0 heal th departnments and regulations are often

separate from planning/environnmental departnents
and procedures (Wrld Health O gani zation 1979);

0 the nmnodels wused in health risk assessnent s
describe steady-state, static relationships which
appear to have little relevance to environnental
assessnments (Selikoff 1983); and

0 data for these anal yses cannot be directly col-
| ect ed, and confidence limts on the results are
extrenely variable. As aresult, it is difficult

to establish absolute operational safety linmts
for a project (MIller 1983).

5.8 Integration of Fate Mbdels with Effects Mdel s

The preceding overview shows that while there are pmany
nodel s in use that predict the physical and chem cal fate of
contamnants, there are few nodels in use that predict eco-
logical and health effects of those contam nants. |n gen-
eral, a realistic assessnent of effects requires predictions
of contamnant levels in the environnent. A major diffi-
culty isto link fate nodels with nodels of effects. However
straightforward it seems in principle to link these nodels,
in practice, nodels for determining fate and effects are
difficult to find. In fact, well established procedures for
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linking fate nodels and effects nodels are equally difficult

to find. Wile there are many areas of application that
need inprovenent, applications concerned wth health and
ecol ogical risk assessnment best illustrate the probl enms and

difficulties in this type of nodel use. Cassic exanples are
cases where nodels that cal cul ate exposure to contam nants
or radiation and are not coupled to the appropriate dose-
response curves.

Difficulties in adequately predicting effects has led
to the developnent of air and water quality standards with
supposed wi de margins of safety. Mat hematical nodels are
usual ly devel oped to determne the exposure or dose. If the
predi cted dose neets the set standard, then there is no need
to assess the effects. This practice serves to inhibit the
devel opnent of nodels that consider the effects (as opposed
to the fate) of contam nants.

There are also a nunber of scientific and technica
probl ens. The field of ecological risk assessnment provides
a good illustration of the problems. The four major steps
inrisk assessment (i.e., risk identification, dose-response
assessment, exposure assessment, and risk characterization)
provide a strong conceptual framework for assessnent. In
most cases, the critical step of risk characterization is
poorly done because of problems in linking the exposure
assessment with the dose-response assessnent. For non-hunan
biota there is often toxicity data (e.g., LC 50, LD 50) for
only certain species. In some cases mathematical nodels have
been developed for the dose-response relationships. How
ever, in practice it is difficult to find toxicity data that
IS relevant to the systembeing nodelled in the exposure
assessment. As a result, in ecological risk assessment data
are seldom available for all species in an ecosystem and
ri sk assessnents are often based on toxicity data for surro-
gate species. To extrapolate fromone species to another is
difficult. To extrapolate from |aboratory data to field
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situations is even nore difficult, yet, given the paucity of
data, it is often necessary to perform assessnents in the
absence of nore detailed data. In spite of the problens,
nodel s can help by providing default values based on gen-
eralized ecosystens allowing for prelimnary assessments to
be made. Mathematical nodels appear to the only way of pro-
viding accountable extrapolations fromlaboratory toxicity
dat a.
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In any environnental assessnment, analysis is only a
part of the overall assessment. The use of mathematica
model s in various analyses is highly variable and wusually
not well docunented. The best way to gather information
about the application of nmodels is to review case studies
Case studies reveal not what shoul d have happened but what
actual 'y happened. A nunber of nodel applications were
screened for detailed case analysis. Those not selected for
detailed review are presented in Appendix 3. The case stu-
dies detailed in this chapter were devel oped through inter-
views and reviews of supporting docunentation. In an
attenpt to achieve sone consistency, the analysis of each
case study was quided by the follow ng groups of questions:

| ntegration into the Environnmental Assessment Process

0 What i npacts or issues did the nodel address?
0 For what anal ytical purpose was the nodel used?
0 How was the nodel used in the EI A process?

Mbdel Structure and Validation

0 Wiat was the nodel structure and its maj or
hypot heses?

0 Was the nodel calibrated to the specific site
tested?
0 Vre the nodel's predictive capabilities tested

previ ously?

0 Has data been collected since devel opnent to test
the nodel's predictions?

Model Limtations and Uncertainties

0 What are the chief limtations of the nodel ?
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0 Could these limtations have been overcone wth
nmore data?
0 How much data collection is required to apply the

nodel to a simlar problen?

0 Did the practitioners recognize uncertainties?

| npl enent ati on

0 Was the nodel successful in achieving each of its
i ntended objectives?

0 How much difference did the nodel nake to either

the eventual formof the project or to decisions
taken regarding approval ?

In the follow ng discussion of case studies, the infor-
mation obtained in attenpting to answer these questions is
presented under four major headings corresponding to the
four sets of questions. For each case study, an attenpt was
made to draw | essons fromthe application. Al though these
assessments are subjective, they are useful for the ques-

tions they raise or answer about the wuse of mathematical
model s in ElA

6.1 Soci 0-econom ¢ Impact Assessnent

Nort h Dakota Econoni c- Denbgraphi c Assessnent Mbdel (NEDAM)

In 1980, planning intensified for a | ease sale on | ands
in the Fort Union Coal Region in the eastern quarter of Mon-
tana and the western part of North Dakota. As part of the
EIA for the coal |ease lands, the Bureau of Land Managenent
(BLM) used NEDAM, a soci o-econonm ¢ nodel devel oped at North
Dakota State University (Leistritz et al. 1982a; Coon et
al.  1984). Over a period of three years 1980 - 1983, the
nodel was used in conjunction with a public information pro-
gram and scoping process to identify concerns and predict
| mpact s. In the latter stages of the analysis, a team of
social scientists reviewed and fine-tuned the results of the
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nodel to nore accurately reflect |ocal conditions.

The nodel was used primarily to provide predictions of
impacts in the following four areas: regional econony,

regi onal denographics, |ocal government revenues, and public
servi ces.

6.1.1 Integration into the Environnental Assessnent Process

The BLM uses a two phase planning programfor eval uat-
ing potential resource devel opnent areas. Phase | involves
| and use planning over a wide area to determ ne whether or
not to actively exploit resources. |If there are sufficient
reasons to anticipate resource extraction, then Phase |1
pl anning begi ns. Phase Il is the activity planning for a
specific resource (e.g., coal) and includes the EA For
the Fort Union Coal Region, a research teamwas organized to
performthe EIA of the proposed project. The econoni st on
this team decided to use NEDAM as a tool to aid the socio-
econom c part of the assessnent.

6.1.2 Mdel Structure and Validation

This nodel has six subconponents: economc (input-
output), denographic (cohort-survival), econom c-denographic
interface, residential allocation, public service require-

ments, and fiscal inpact. The inputs are data from census
records and | ocal governnent statistics of service usage and
revenues. The base level of analysis is a planning region

(conmprised of as many as fifteen counties). The output is
either at the regional, county, or nunicipal |evel, reported
on an annual basis over a 25 year period. Basel i ne and sin-
gle and multiple project inpact projections are provided by
the nodel. The baseline is a projection of the denmographic
and economc trends fromthe 1960s and 1970s. For the Fort
Union Coal Region environmental assessment, the spatia
extent of the nodel was expanded fromincluding only the
state of North Dakota to include the state of Montana.
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The nodel has undergone extensive validation by criti-
cal ly exam ni ng the conponents, evaluating the nodel
response to perturbations, and conparing the nodel results
with historical data. By wusing local denographic and
econom ¢ val ues as input data, the nodel was calibrated to
the project area. Wien the spatial extent of the nodel was
expanded to include Mntana, the new input data had to
account for the distinct differences in the regional
econom es between the two states. For exanple, Mntana has a
substantial |unber/wood product conponent to their econony
not present in the agricultural econonmy of North Dakot a.

6.1.3 Mbdel Limtations and Uncertainties

Because of uncertainties inherent in the nodel, the
practitioners chose only to use the nodel to generate prel-
imnary results. Later, the results of the nodel were
analyzed and fine-tuned by work groups consisting of social
scientists famliar with the local conditions. The chief
[imtation of the nodel is that the input-output sub-node
used in the econom ¢ nodul e assunes there will be no struc-
tural changes (e.g., a sharp increase in the price of
energy) in the econony over tine and that past trends wll
conti nue. This limtation could be overcone by eval uating
scenarios with significantly different economc conditions.
This has not been done, however, because the nodel is expen-
sive to prepare and run, which initself is amjor limta-
tion.

Another limtation inherent in this type of nodel is
that the predictions are tied directly to the devel opnent
scenario. In the Fort Union case, it would be difficult to
test predictions as the actual |evel of devel opnent has not
coincided with the scenarios assessed in the nodel. Testing
of predictions inplies nonitoring. Because BLM has not
al located the resources to carry out nonitoring studies on
the Fort Union Coal project, there has been no eval uation of
the predictive capability of NEDAM.
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6.1.4 |nplenentation

The nost significant aspect of this application is the
model's role in the EIA process. Wth the Fort Union Coa
project, BLM conbined their public information program wth
t he nodel ling and inpact analysis to generate discussion and
bring out new information. In this process, the nodel was
designed to provide information on econom c issues identi-
fied during initial discussions wth the public, wvarious
interest groups, and governnment agencies. Then, the social
assessnent group (conposed of |ocal social scientists)
anal yzed the output fromthe nodel and nmade social predic-
tions. Both the economic predictions from the nodel and
social predictions from the analysts were the subject of
peer group and public review. In this sense, the nodel was
used nore as a neans of bringing diverse interests together
for discussions rather than solely as a predictive tool

Overall, BLMstaff have found that when people contri-
bute to the problemfornulation step, there is | ess resis-
tance to the final results (Loren Cabe, BLM pers. comm). In
addition, by using a nodel in the initial stages of assess-
nment, the definitions, data, and assunptions are explicitly
stated. Consequently, discussions can focus on major issues
rather than semantics or hearsay.

6.2 Bi ophysi cal |npact Assessnent: Air - Dispersion

BLP Mbdel (Buoyant Line and Point-source)

The BLP nodel was devel oped by the Al umnum Institute
of America, based upon the Environmental Protection Agency's
(EPA) CRSTER nodel, and is of the UNI MAP type. It was
designed for air dispersion analysis of fluoride and other
atmospheric emssions from new and exi sting al um num
smelters. The primary purpose of this nodel is to determine
the extent and orientation of the zone around the pr oposed
snelter where ground level fluoride concentrations would
exceed sone specified level. Mbdel results are then used to
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delimt the buffer zone around the snelter where danage to
terrestrial and other ecosystens may occur.

Subsequent to its developnment in the United States, a
nodi fied version of the BLP nodel has been used for projects
W th aAlcan, ALCOA, ALl MAX, and | NTALCO in Quebec, Nort h
Carolina, Washington, and Australia respectively. Follow up
st udi es have been conducted to conpare predicted results
wth field data at several of the sites (coupal et al.. 1986;
Friar and Coupal 1985).

The follow ng case study deals wth the use of the BLP
nmodel in British Colunmbia to evaluate the Alcan al um num
reduction project proposed for Vanderhoof.

6.2.1 Integration Wth the Environnental Assessnment Process

The BLP nodel was used to predict the environnenta
effects of fluoride em ssions on vegetation surrounding the
proposed Vanderhoof site. The primary use of the nodel was
to identify the inpact scale; viz., the extent and |ocation
of the area likely to be subjected to fum gation. According
to Rchard Bennett (B.C. Mnistry of Environnent, pers.
comm.) Up to 80% of the environnental assessnent was based
upon results from the nodelling output. Another inportant
feature was that nodelling allowed for exploration of (jf-
ferent em ssion scenarios, thereby facilitating the interac-
tion between the proponent and regulator. In this applica-
tion, the nodel was used in infornal negotiations to arrive
at an acceptabl e scenario.

6.2.2 Mdel Structure and Validation

The nodel used in this application was calibrated to
the site by incorporating site-specific information on
net eorol ogi cal data, terrain, and the configuration of the
proposed alumnum plant into the nodel. Because the nodel
was developed and used el sewhere, information was also
available on its past performance. The version of the node
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used in this project had acircular spatial grid of roughly
10 =~ 12 kmin diameter. The tenporal resolution used ranged
fromone hour to one year, for which average values of
expected ground concentration were predicted.

6.2.3 Mdel Limtations and Uncertainties

Recognizing the uncertainties of the nodel output, a
procedure was devel oped whereby the proponent did the ini-
tial nodelling which was then checked by the B.C. Mnistry
of Environment through followup runs. The chief linmta-
tions to this nodel are those comon to Gaussian nodels,
namely inability to satisfy all necessary assunptions: con-

tinuous release, steady meteorological conditions, uniform
at nospheric stability, non-reactive gas, etc.

In the opinion of Richard Bennett, the limtations out-
lined above could not be overcone by nore data because they

are due to design features of the nodel. In order to apply
the BLP npbdel to another site, at l|least 12 nonths of con-
tinuous, hourly meteorol ogical data would be required. It

woul d al so be necessary to refer to a | onger neteorol ogical
record at sone well-studied, nearby site to determ ne how
representative the one-year data are.

6.2.4 |nplenentation

Al though the nodel was judged to be successful in
acconpl i shing the intended objectives, it is not possible to
verify this because falling world al um num prices caused the
project to be cancelled. If the project had gone ahead,
however, results fromthe nodelling would have affected not
only the amount of |and Alcan woul d have been required to
buy for the buffer zone, but also the facility design.

The major |lesson here is that a nodel can serve as a
tool to aid 1in negotiation of the environmental design of
the project. This nay be a particular attribute, however, of
air quality nodels. Negotiations were possible because the
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results of the nodels were believed by both parties (viz.,
taken to be reasonable); the air quality regulatory agencies
have adopted design standards which, if nmet, wll normally
guarantee regul atory approval; and there was no need to con-
sider the actual health and environnental effects because
the projected em ssions were bel ow the standards.

6.3 Bi ophysi cal | npact Assessnent: Air - Deposition
M X Model (M xed Layer Statistics Dispersion)

The M X nodel was devel oped by the Canadi an At nospheric
Environnent  Service (AES) to sinulate atnospheric em ssions
di spersion from poi nt sources. It has been used to evalu-

ate, for exanple, the Atikokan project (a coal fired thernal
generating station in northwestern Ontario) where it was

subjected to review by the International Joint Conm ssion
(13c) and EPA, both of whom found the nodel to be acceptable
(Ron Portelli, Concord Scientific Corporation, pers. comm.).
The follow ng case study deals with the recent use of this
model for evaluating enissions from Syncrude's M| dred Lake

Plant (an oil sands upgrading plant |ocated near Fort McMur-
ray, Alberta).

6.3.1 Integration with the Environnental Assessnent Process

The M X nodel was used to determ ne environnmental |oad-
ing of 26 netallic elenents, including |ead and mercury,
rel eased from Syncrude's main stacks at MIldred Lake. The
model output was then used to help address social concerns
regarding effects of netallic deposition on native health,
especially for <children in Ft. Mackay. The final report
(Concord Scientific Corporation 1984) contai ned | oadi ngs
maps which were used in public hearings. These maps, com
bined with sulphur deposition information from another
study, were the basis for a public education program during
the hearings. On the basis of the hearings, a recomenda-
tion was made to permt emssions at current |evels.
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6.3.2 Mbdel Structure and Validation

The M X nodel is statistically based. For use in this
project, predictions were nmade for el enental deposition over
a 20 year period, with emssions calculated on an annua
basi s. Deposition patterns were predicted for an area cir-
cunscribed by a circle 1900 kmin dianeter. Al though the
model was not specifically calibrated to the MIldred Lake
| ocation, site-specific paraneters relating to the enissions
point (i.e., the stack) were used, as were neteorol ogical
data from Ft. Sinpson and Ednonton AES stations. As

described above, the nodel had previously been rigorously
evaluated in the Atikokan project.

6.3.3 Mbdel Characteristics

Al t hough practitioners using this nodel clearly recog-
nized uncertainties inherent in the nodel output, very lit-
tle enphasis was given to this, either in the final report
or in the hearings. The practitioners assuned that using a
| onger time-frame (e.g., 20 years) would decrease the likel-
i hood of violated assunptions in influencing the accuracy of
such long term predictions. The chief limtations of the
model are those related to Gaussi an assunptions; previously
described in the section Biophysical |npact Assessnment: Air
- Dispersion.

According to Ron Portelli (pers. comm.), [imtations of
the M X nodel could be overcone wth appropriate input
i nformat i on, such as standard neteorol ogical data of

extended duration. This would include mxed air heights and
upper air speeds which could be provided in part by relating
site-specific data to nearby AES stations. The anount of
data required to apply the nodel to another |ocation would
depend on both the type of terrain in which the project was
| ocated, as well as the proximty to a neteorological st a-
tion for which necessary data were avail abl e.
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6.3.4 | nplenentation

Even though infornation on downstream deposition rates
was essential for em ssions approval, the nodel predictions
of loading for 26 netallic elenents had no effect on either
the design or operation of the MIldred Lake facility.
Because at nospheric em ssions are continually nonitored dur-
ing operation of the plant, data are available to verify the
predicted emssions rates. To date, though, these data have
not been analyzed from the perspective of prediction test-
ing. A survey- currently being conducted on elenment |levels

in vegetation may be useful in determning the accuracy of
predi cted deposition rates.

The major lesson in this application is that the nodel
output was able to allay concerns over health risks in the
public hearings and with health assessnment professionals.
This shows an inplicit acceptance of the nodel and indicates
that its output can contribute to issue resolution. Expo-
sure |levels estimated by the nodel, however, were not expli-
citly linked to a health risk assessment. The assessnent,
t herefore, had to rely on established standards. Because
deposition levels predicted by the nodel were within accept-

able standards, it was concluded that there was little
health ri sk.

6.4 Bi ophysical |npact Assessnent: Water Quality

Weck Cove Hydroel ectric Project

One of the best docunented Canadi an applications of a
water quality nodel to an EIAis the Weck Cove hydroel ec-
tric project. The Weck Cove project was constructed
between 1975 and 1978 on the northeast side of Nova Scotia's
Cape Breton Island. The project involved the creation of
four major interconnected reservoirs, as well as seven river
diversions. Prior to project construction, one of the nmajor
Issues was future water quality within and downstream from
the nmajor reservoirs. The consultants who prepared the
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project's ElIA used a mathematical nodel to help assess this
i ssue (Beak Consultants Ltd. 1977b; Snodgrass and Holloran
1977); this nodelling application is analyzed herein.

6.4.1 Integration with the El A

Unli ke many other EIas, the Weck Cove study was not
directed towards providing input to project approval deci-
sions. The project was already approved prior to comence-
ment of the EIA and the study was specifically focused on

tWo "post-approval" objectives (Beak Consultants Ltd. 1977a:
1):

1) make an initial assessnent of environnentally sen-
sitive areas and recomrend interim neasures for
mtigation; and

2) define the final project design and operation
options nost consistent with environnental ly sound
managenent of the area.

Model | ing was applied to address the second objective. The
intent was to consider the relative inpact of various
operating strategies on the tenperature and oxygen condi-
tions for fish. The consultants recognized at the outset of
the study that precise quantitative predictions were not
feasible due to lack of data, but that a ranking of dif-
ferent designs and suggestions for mtigation, mght emerge
(WJ. Snodgrass, Beak Consultants Ltd., pers. comm.).

The nodel ling was integrated with the EIA process pri-
marily through two nechanisms: direction froman oversight
body and coordination wth the engineering consultants
After revi ewi ng previous work, an advisory body and
i nteragency task force made specific recommendati ons on the
I ssues that needed to be addressed. Consequently, questions
to be answered by nodelling flowed easily fromthese recom
mendations, according to a nodeller involved in the project;
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a single neeting of the nodellers and the the task force was
sufficient to confirmthat the nodellers were proceeding in
the right direction. The nodellers met several times wth
the engineering consultants to develop a set of feasible
operating options to test wwth the nodel. As it turned out,
the base case option originally proposed by the engineering
consultants was preferable to other options. The exploration
of other options, though it did not lead to any major
changes in project design, revealed indirect and subtle
interactions between reservoirs. This know edge hel ped to
confirmthe wi sdomof the operating policies proposed for
t he base case (Snodgrass and Hol | oran 1977).

6.4.2 Mdel Structure and Method of Application

The nodel used in this case study was a one di nensional
(i.e., vertical) tenperature-oxygen nodel, first devel oped
by Markof sky and Harleman (1971, 1973). This nodel assunes
that the reservoir is horizontally well-m xed, and describes
vertical transport by nmeans of both advective currents and
mol ecul ar  diffusion. Wien applied in the Weck Cove case,
the nodel predicted daily tenperatures and di ssolved oxygen

concentrations at various water depths within each of four
reservoirs.

Perhaps of nore general interest to this study was the
process by which the nodel was selected, nodified, and
applied. The nodelling followed nine steps, which are
listed below because they illustrate how successful node

application requires nunmerous adaptations of exi sting
model s. The steps were:

0 review of the structure and past record of avail -
abl e nodel s;

0 sel ection of the best candidate nodel (the nodel
of Markofsky and Harleman cited above);
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0 testing of the nodel on an existing reservoir with
a good dataset to evaluate its predictive accuracy
(Fontana Reservoir, North Carolina);

0 reconstruction of the nodel to renedy deficiencies
(addition of deoxygenation sinks in both the water
col um and sedi nent);

0 sensitivity analysis of the reconstructed nodel to
determne priorities in refining the precision of
I nput data and nodel paraneter estimates;

0 assenbly of input data for the Weck Cove system
and sinplifications of the nodel where detailed
i nput data was not necessary for the questions
bei ng addressed;

0 initial application to Weck Cove wusing existing
dat a;
0 further nodel nodifications (density-tenperature

and vertical mxing relationships) together with
| aboratory and field studies (sedinent oxygen
demand) to inprove predictive capabilities; and

0 eval uation of possible operating policies.

6.4.3 Mdel Successes and Limtations

The nmodel was successful in achieving the intended
objectives. As a result of the nodelling, different operat-
ing policies were evaluated, and changes made in the pro-
posed development (WJ. Snodgrass, pers. comm.; Ruggles
1985). In general, predictions on oxygen |levels have been
confirnmed (Ruggles 1985).

The chief limtation of this nodel application was the
lack of field data for calibration. Though sone tenperature
and oxygen data were available for the reservoirs, they were
not collected frequently enough to accurately calibrate the
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nmodel for the zone and tine period of greatest potential
impact (i.e., deep water during periods of vertical stratif-
ication). In this instance, the limtation of the nodel was
not telling, since the uncertainties were not considered
| arge enough to affect the rank ordering of the alternative
project configurations. Also, fisheries in the area gen-
erally are of low productivity due to oligotrophic, acidic
conditions and therefore oxygen was not considered to be the
most  limting factor to fisheries producti on (WJ.
Snodgrass, pers. comm.).

The inadequate calibration of the nodel could have been
overconme With nore intensive sanpling after the construction

of the project, with the potential benefits of inmproving the
effectiveness of mtigation strategies at Weck Cove and

perhaps in simlar projects elsewhere. Post - oper at i onal
data collection, however, involved only nonthly sanples

whi ch would have been insufficient for calibration. The
nodel ler on the project felt that a good opportunity was
being lost, and attenpted (w thout success) to get funding
from other sources to properly calibrate the nodel (WJ.
Snodgrass, pers. comm.). It is not clear, however, Wwhether
the inadequacy of post-operational data collection was due
to unwillingness on behalf of provincial and federal govern-
ment agencies to fund detailed data collection, or due to a
lack of clarity in the consultant's final report. Though the
need for better nodel calibration was stressed in the nodel -
ling section of the report, the summary conclusions (Beak
Consultants Ltd. 1977a) recommended that only nonthly sam
ples be collected for the first two years, wth less fre-
quent sanpling thereafter.

A followup study on the Weck Cove project (Ruggles
1985) pointed out substantial errors in the ElA predictions
relating to color, p, nutrients, and primary production
due to an underestimate of the increases in primary
nutrients and organic acids fromflooded soils. It is impos-
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sible to say whether these predictions would have been any
better had these water quality conponents al so been
nodelled. It is conceivable that errors in fundamental
assunptions would merely have been incorporated into the
model

6.4.4 |nplenentation

The major |lesson fromthe Weck Cove study is that suc-
cessful application of nodels requires a careful exam nation
of nodel behavior by experienced scientists who understand
how the real system  behaves. Thi s al | ows the
model | er/scientist to distinguish potentially significant
inpacts fromquirks created by the nodel structure and
parameter values. In this case, application of existing
models wthout careful analysis of their uncertainties and
sinmplifying assunptions could have |l ed to erroneous concl u-
sions concerning both the preferred project configuration
and the level of confidence in nodel predictions.

The second |l esson fromthis study is that nodels can be
useful for qualitative conparisons even in the absence of
sufficient data for ~conplete <calibration. Basic data on
field conditions, though inconplete for proper calibration,
provi ded gui delines for evaluating whether the nodel predic-
tions were realistic. Sensitivity analyses indicated which
processes nost strongly influenced nodel predictions, which
led to laboratory and i.n situ neasurenents of sedinent oxy-
gen demand. These intensive studies of inportant processes
hel ped to give confidence to the nodel predictions, even in
the absence of data for proper calibration

Finally, the Weck Cove case illustrates the need for
post - operational nmonitoring studies to consider the tenporal
and spatial resolution of data required to calibrate and
validate nodels. Wthout such data, inprovenents in nodel-
ling are likely to proceed very slowy.
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6.5 Bi ophysi cal |npact Assessnent: Ecol ogi cal

The Hudson R ver Controversy

This case study concerns a controversy over the inpact
of electric power generation on fish populations near the
mout h of the Hudson River. Sinulation nodels played a cen-
tral role in this controversy, and their utility and Iimta-
tions are very well-docunented. Three papers are particu-
larly valuable for examning the role of nodelling, includ-
ing the interaction of nodels with ecological theory (Hall
1977); field sanmpling personal biases (Christensen et al.
1981); and courtroons (Barnthouse et al. 1984). Details on

the nodels thenselves can be found in references cited in
these publications. The discussion belowis drawn largely

from the papers by Christensen et al.. (1981) and Barnthouse
et al. (1984), and froma conversation with S.W Christensen
(Cak Ridge National Laboratories).

The controversy lasted 17 years, and involved five
electrical utilities, four federal agencies, the states of
New York and Massachusetts, and a nunber of local and
national organi zations and citizens' groups. At the core of
the controversy were two projects proposed by Consolidated
Edi son Conmpany of New York, Inc. (Con Ed):

1) the Cornwall Project, a large, punped-storage
facility falling under the regulatory jurisdiction
of Federal Power Conm ssion (FpC); and

2) the Indian Point Unit 2, a nuclear power plant 25
km downriver fromthe Cornwall Project, and fal -
ling under the regulatory jurisdiction of the
Atomc Energy Commssion (AEC) and the Atomc
Saf ety and Licensing Board (ASLB).

6.5.1 Integration with the Environnental Assessment Process

The evolution of the conflict and the nodels used to
address it are best described in the formof a chronol ogy.
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By 1965, the Cornwall facility had been proposed and strong
opposition arose around the concern that entrai nment (reno-
val of eggs, larvae and vyoung juveniles wth the punped
water) would significantly reduce the abundance of striped
bass, a popular sports fish. The Hudson River Policy Com
mttee (HRPC) was established to assess this problem

In 1968, the HRPC issued a report which conputed
inpacts on striped bass popul ati ons based on the proportion
of average daily tidal flow of the Hudson River that would
be withdrawn by the Cornwall facility. No significant
adverse effects were anticipated. A nethod used to estimate

i npact, however, was shown to systenatically underestinate
nmortality.

I n 1971, AEC began hearings on environmental inpacts of
the Indian Point Unit 2 facility. The issue of inpingenent

(trapping of older, larger fish on the screens used to
renove debris fromthe punped water) was raised, in addition
to entrainnent.

The Atonic Safety and Licensing Board held hearings on
Indian Point Unit 2 during 1972 through 1973. At these
hearings, Con Ed presented their consultant's nodel (the
"QM nodel ") which assumed that entrainable striped bass
life stages were uniformy distributed in the water col um,
and conputed entrainment nortality based on the proportion
of estuary volume withdrawn. Effects on adult fish popul a-
tion size were projected fromnortality estimtes of one
year's plant operation. Only negligible effects on fish
popul ations were anticipated. AEC (supported by experts
from Cak Ridge National Laboratories) disputed the Con Ed
QM nodel and produced their own nodel, which cycled young
striped bass downstream in an upper, freshwater |ayer and
then back wupstreamin a |ower saltwater |ayer. Mich higher
mortalities were anticipated (i.e., 30 - 50% of each vyear
cl ass). The AEC nodel assunptions were attacked by Con Ed

and vice versa. A new nodel (Q.M 1-p), devel oped by Con Ed,
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used one-di nensi onal hydrodynam c equations, "mgration fac-
tors" to nodel novenent of juveniles, "wfactors" to account
for nonuniform spatial distributions of organisns in the
vicinity of intake, and "f-factors" to account for |ess than
100% nortality of entrained organisms. A biological conpen-
sation conponent was included (i.e., entrainment nortality
offset by a decrease in the natural nortality rate of nonen-
trained fish).

In 1973, ASLB, after applying conservative assunptions
to wuncertain paraneter values in the nodels, ordered Con Ed
to use a closed-cycle cooling system(i.e., cooling towers
instead of water withdrawals). Con Ed appeal ed the decision

and won. The Licensing Board granted a delay in their order
whi |l e the nodel s were reexam ned.

Bet ween 1973 and 1977, the FPC held hearings on the
Cornwal | Project, and the U 'S. Nuclear Regulatory Conm ssion
(NRC, the successor to the AEC) held additional hearings on
Indian Point Unit 2. During this time, a whole series of
new hydrodynam ¢ nodel s was devel oped by the wutilities and
Cak R dge National Laboratories. At the sanme tinme, a large
amount of field work was conpleted, neasuring the distribu-
tion and abundance of young striped bass for nodel calibra-
tion. The positions of each group remained the same, how
ever, and neither conmm ssion could draw concl usi ons.

Bet ween 1977 and 1980, hearings were conducted under
the aegis of EPA. During this time both parties abandoned
hydrodynam c sinul ation nodels for enpirical "bookkeeping"
systens (e.g., the Enpirical Transport Mddel (ETM), Boreman
et al. 1981) which used neasurenents of fish distribution
directly, rather than trying to predict themfrom hydro-
dynam ¢ equations. Progress was nade in reduci ng the nunber

of arbitrary assunptions, in explaining nodels to | awers
and judges, and in shrinking the gap between opposing par-
ties. In 1980, negotiations were held to devel op nethods of

reducing water wthdrawals and entrainnent nortality (e.g.,
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seasonal flow reductions, schedul ed shutdowns, "cross-plant
outage credits"), using enpirical nodels to evaluate alter-
native actions. A settlenent agreenent was ultimately
reached.

6.5.2 Inplenentation

This epic saga of environnental conflict is filled with

many |essons for decision nmkers, EIA practitioners, and
nodel | ers:

0 The hearing process, though very expensive and
time-consumng, did eventually lead to changes in
met hods, and substantial convergence of opinions

on at |east sone issues (Christensen et al.
1981).

0 The laws of hydrodynanics, while perhaps valid for
eggs, do not explain the nmovenents of yol k-sac
| arvae, post yol k-sac larvae, or juvenile fish.
Ext ensi ve data col l ection to calibrate
hydr odynam c- based predictions of these distribu-
tions led to the abandonnent of hydrodynam c
nmodel s and use of the data directly in enpirica
bookkeeping systenms (Christensen et al. 1981).
Interestingly, "these enpirical nodels are so sim
ple they don't really need to be tested; if you
acquired nore data you woul d be best off just to
add it to the nodel and reduce-sanpling uncer-
tainty" (Christensen, pers. comm.).

0 "oj ective" science, in this case, appeared to be
very nmuch a function of scientists' personal con-
victions pertaining to their attitudes towards
devel opment and acceptabl e | evel s of environnental
I mpact (Hall 1977).

0 It proved inpossible to obtain reliable estimtes
of the magnitude of biological conpensation, so
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that | ong-term popul ation projections were highly
dependent on arbitrary assunptions. Mdels cannot
provide short-cuts where there is insufficient
under st andi ng of fundanental processes (Barnthouse
et al., 1984).

Probl ems invol ving conparisons of relative inpacts
or nmethods of mtigation are nore easily solved
t han questions of |ong-term popul ati on change, and
are best approached using sinple enpirical nodels
designed to fit available data (Barnthouse _et al.
1984).

Deci sions regarding long-termeffects will have to
be made under uncertainty, rather than being
deferred indefinitely in the hope that scientists
can produce definitive and defensible answers. The
l ength of EIas can be substantially reduced by
aski ng answerabl e questions relating to methods of
mtigation, rather than focusing on unanswerable

| ong-term questions (Barnthouse et al. 1984).
Nevert hel ess, nodels are necessary to define the
potential inportance of inpacts, and provide the

motivation to pursue nethods of nmitigation. The
key issue seenms to be getting the parties to agree
to exam ne nmethods of mitigation once the possi-
bility of significant inpacts has been generally
recognized, rather than waiting until the [Ilikeli-
hood and nagni tude of such inpacts is proven quan-
titatively.

These conclusions are particularly relevant to the acid
problem where a nunber of conplex nodels have been
devel oped to address questions concerning the long-term

response

of watersheds (e.g., the Integrated Lake-Watershed

Acidification Study (ILWAS) nodel, Chen et al. 1983).
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6.6 Toxic Chem cal s

Field Testing of EXAMS on a Detergent Chenica

The EXAMS nodel (Exposure Analysis Mdelling Systen
devel oped by Epa (Burns 1985) is typical of current nodels
used for toxic chenmical evaluation, and has been selected
for this case study because of its w despread use. As of
1980, over 500 copies of the nodel had been distributed
(LLA- Burns, EPA  pers. comm.). EXAMS is used by at |east
three different offices within EPA: the Ofice of Pesticides
to assess suggested pesticide application rates, the Ofice
of Toxi c Substances to conpute the chem cal exposures asso-
ciated with effluent and unintended spills from manufact ur-
ing processes, and the Ofice of Water Regul ations and Stan-
dards for waste-load allocation analyses (Slimk and Del os
1982; L.A. Burns, pers. comm.). EXAMS is also used by vari -
ous industries to evaluate the fate of chemcals either
currently or potentially discharged into aquatic systens.

The EXAMS nodel, like other nodels of its type, is
attractive to use because:

0 it is a generalized aquatic system nodel, and as
such, can be relatively weasily set up for a
stream |ake, or ocean environment;

0 it assenbles equations based on the input parame-
ters for the chemcal of interest, and produces
both steady-state and time varying output;

0 it conducts sensitivity analyses of results bpased
on an input range of paranmeter uncertainty; and

0 its generality allows it to be used on a wde
variety of chemcals, facilitating comnparisons.

Notwi thstanding these advantages, one wuser (in the case
study described bel ow) found EXAMS "sonewhat cunbersone" for

his particular application (W Bishop, Procter and Ganble
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pers. comm.). This appears to be virtually inevitable for
generalized nodels, since large parts of themw || not apply
in specific instances.

6.6.1 Relationship to the Environnental Assessnent Process

It was surprising to find that neither the creator of
EXAMS (L. Burns, pers. comm.), nor several other experts in
the field (D.M DiToro, Hydroqual Inc.: T. Fontaine, NOAA;
and D. Mackay, University of Toronto; all pers. comm.), Were
aware of any applications of toxic chenical nodels to
environmental assessments. This appears to be due prinarily
(at least in the United States) to the existence of regul a-
tions which require assessnent of potentially toxic chem -
cals at a fairly early stage in project fornulation, |ong
before a proponent publically presents a specific proposal
to build a plant that will discharge potentially toxic chem
icals. This type of assessment is simlar to those perforned
for air pollutants (see Biophysical |npact Assessment: Ar -
Di spersion).

The case study discussed here was recommended by the
aut hor of EXAMS as an interesting application. It concerns a
private conpany's field test of the ability of EXAMS to
sinulate observed concentrations of a detergent chemcal.
The field test is described in detail in Games (1982), and
i's summarized bel ow. Though this use of a nodel did not take
place in the context of a fornmal EIA there were some |es-
sons learned in terms of the potential success of EXAMVS (or
simlar nodels) in EIA applications.

The chem cal tested is known as LAS, an anionic surfac-
tant widely wused comercially in detergents. Procter and
Ganbl e decided to test EXAMS on Rapid Creek, South Dakota,
where a sewage treatnent plant rel eases substantial quanti-
ties of LAS. Several factors made this test application
easier: relatively few processes need to be considered in
nmodel ling LAS; the effluent consisted alnost entirely of
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donmestic sewage; so that interactions with other industrial
chemicals were not a concern; and the sewage treatnent plant
represented the only significant source of LAS to the creek

6.6.2 Mdel Structure and Validation

Details of the manner in which EXAMS was set up to
model LAS are found in Ganes (1982). A few points are nen-
tioned here as necessary background. The creek was divided
into five reaches spanning a distance of 87 km downstream
fromthe outfall. The inportant physical characteristics for
LAS (solubility, adsorption to sedinment and bacteria) were
measured in the |aboratory, while field measurenents pro-
duced estimates of the biodegradation rate. O her processes,
such as volatilization or photochenical transformations,
were judged to be unnecessary for LAS. Wthin EXAMS, all
m Xi ng processes at the sedinent/water interface are summed
and expressed within a single dispersion coefficient. Unfor-
tunately, there was no nethod or rationale for assigning a
value to this coefficient, and the single value chosen for
all reaches was sinply the one giving the best fit to obser-
vati ons.

The nodel produced agreenent with neasured concentra-
tions in water and sedinment, in that existing concentrations
fell wthin the confidence bounds on nodel predictions. This
agreenent, however, was only possible by the arbitrary
choice of a dispersion coefficient. Sensitivity analyses
confirnmed that nodel predictions were nost sensitive to the
di spersion coefficient and even nore sensitive to the biode-
gradation rate. These two paraneters are unfortunately the
| east understood and nost difficult to neasure.

6.6.3 Inplenentation

EXAMS was useful in quantifying the |level of wuncer-
tainty in exposure predictions, but one can ask the ques-
tion, "useful to whonP". Quantification of uncertainties is
of value to researchers, since it indicates the need for
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nore field experiments to better wunderstand biodegradation
and mixing in the sediments. This is a common area of uncer-

tainty for many organic chemcals (Everitt et al. 1985) .
Nevert hel ess, from the point of view of the industry which
applied the nodel, "given the wde confidence intervals

associated with predictions, it seems we were doing just as
good a job with sinpler dilution type nodels" (w. Bishop,
pers. comm.). It seens |likely that if this nodel application
had taken place in the context of an EA the I|evel of
uncertainty would have been too great to aid in decision
maki ng. Though very wi de confidence intervals are not found
in all applications of nodels to toxic chemcals, they are a
common probl em

A second | esson energing partially fromthis case study
and partially from the literature is that credible nodel
predictions of toxic chem cal exposures require a sustained
investnent in nodel devel opnent, calibration, and valida-
tion. This may be difficult within the private sector. In
the case of Procter and Ganble, work on EXAMS, and toxic
chem cal nodelling in general, declined after 1980, |argely
because the person nost i nvolved in nodelling was
transferred el sewhere (w. Bishop, pers. comm). Now that a
new staff person with interest and experience in nodelling
Is available, further nodelling applications are being con-
sidered. Though such discontinuities are conmon within both
the public and private sectors, nodelling of new organic
chemcals probably progresses somewhat nore slowy because
of confidentiality concerns of the nanufacturers, whi ch
l[imt sharing of information on chem cal characteristics and
behavi or.

Athird issue raised by this study concerns the Kkinds
of nodels required for Eias related to toxic chemcals. Gen-
eric nodels |ike EXAM5S were designed to provide exposure
assessments for a large nunber of chemcals, not precise
fits between predicted and observed concentrations at a par-



- 63 -

ticular site. Although wth further field work on Rapids
Creek, the width of confidence intervals could be narrowed,
the more calibration that is required for successful field
validation, the |less applicable the nodel will be in a gen-
eral, evaluative sense for other sites.

What does all of the above inply for toxic chenica
models and EIA? If this application had taken place inthe
context of an EIA, say with a valuable fish species down-
stream of the point source with known sensitivities to LAS,
the nodelling would probably not have helped resolve the
| ssue of potential inpacts due to the |arge uncertainty in
predictions. To make matters worse, the wuncertainty is
likely to be considerably greater for conplex mxtures of
effluents, or for chemicals toxic at | ow concentrations that
are difficult to measure accurately. In EIAs with a highly
contentious environmental issue, it seens that direct enpir-
i cal evidence of potential inpacts (e.g., field experinenta-
tionin test streans) is the only route |ikely to provide
the basis for a consensus. Such experinentation is consider-
ably nore expensive than nodelling, but may at some point
become nore cost-effective.

6.7 Technical Risk Analysis

Beaufort Sea O Spill Risk Analysis

The Beaufort Hydrocarbon Devel opment involves the pro-
duction and transportation of Beaufort Sea oil and gas to
southern markets. The oil spill risk issue associated wth
the devel opment can be succinctly stated:

"The risk of a large oil spill was the mgjor
environnmental  concern expressed by many northern
residents and intervenors. At the public sessions
of the Panel, each comunity had its particular
concern. Communities in the Mackenzie Val | ey
expressed concern about a rupture in a pipeline
crossing the Mackenzie River, the Geat Bear
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River, and snaller rivers. Resi dents of the
Beaufort Sea spoke of spills into the Beaufort
Sea. Communi ties al ong the proposed tanker route

expressed fears about a potential tanker spill.
Communi ties al ong the Labrador coast expressed the
fear that an oil spill north of 60 degrees north
latitude, the area covered by the present review,
m ght be carried south onto the Labrador Coast."

(Beaufort Sea Environnental Assessnent Panel 1984:
31).

Because risk analysis demands quantification, sone

would argue that it can objectify sone aspects of environ-
mental assessnent. Sonewhat paradoxically, the increased

quantification demanded by technical risk analysis often
| ays bare the judgenent and val ue side of assessnment. It is
as if the need to be explicit about assunptions nakes it
i npossible for assessors to gloss over the wuncertainty
i nherent in all environnental assessnent. The case of the
Beaufort Sea was no exception. The Panel saw fit to
enphasize in its report that

". ..the Panel is well aware that judgenent nust be
used in the interpretation and anal yses of oi
spill risks." (Beaufort Sea Environmental Assess-
ment Panel 1984: 31).

6.7.1 Integration into the Environnental Assessnment Process

An Environnental Assessnent Panel was created under the
auspices of the Federal Environnmental Assessnent Review
O fice (FEarRO) to nake recommendations to federal Cabi net

m ni sters. For the nost part, the risk analysis with
respect to oil spills was done to help the Beaufort Panel
make its recomendations.

A technical risk analysis was perforned to identify and
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priorize the risks. This analysis used fault trees to pro-
videa nunerical estimate of the risk of an oil spill asso-
ciated with each conponent of any proposed production and
transportati on system (Beaufort Sea Environnental Assessnent
Panel  1984). As such, it appears the risk analysis did not
directly assess the effects of oil spills but focused on the
i kel i hood of occurrence of accidental spills; the fault

tree nodels focused on the quantification of risk, not the
prediction of effects.

6.7.2 Mbdel Structure and Validation

The risk analysis was based on a nunber of logic net-
work or fault tree nodels constructed to assess the risk for
the different conponents of the production and transporta-

tion system Existing statistical and nathematical tech-
ni ques were used for quantification of the trees. Extensive
anal yses of historical databases from anal ogous situations
in other parts of the world yielded base estinmates of proba-
bilities. These probabilities had to be nodified to take
account of the technol ogi es being proposed and the unique
aspects of the Arctic environnent. Because of the nature of
the technol ogy and the lack of experience with the region,
it was not possible to make a systematic calibration of the
model s for the Beaufort. In addition, many circunstances in
other areas were different fromthe Beaufort, both in scale
and type of development as well as the unique problens of
the Arctic environnent; therefore, the data had to be nodi-
fied to fit the Beaufort situation (Beaufort Sea Environnen-
tal Assessnment Panel 1984).

6.7.3 Model Limtations and Uncertainties

The analysis was criticized by experts in governnent
departnents and by the Panel's technical experts. The
model s' credibility was called into question because of the
new technol ogy involved. This is the essence of the case
study. Because the practitioners were keenly aware of the

uncertainties, the nodels were continually and critically
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exam ned. It was soon recognized that the uncertainty would
be the focus of the public hearings. A commttee of the pro-
ponent, the proponent's consultant, governnent intervenors

and menbe'rs from the Panel Secretariat was formed to sort
out the conflicting views on the risks.

The major limtation of the analysis was the |ack of an
enmpirical database to base probabilistic estinates needed
for the nodels. In their report, the Beaufort Panel care-
fully noted there was consi derabl e di scussi on (di sagreenent)
about nethodol ogi cal issues, such as the nerit of various
statistical techniques and *databases. The risk anal ysis
could not provide definitive answers because of the inherent
uncertainty. Wile the methodol ogy was ultinately shown to
be sound, and extensive anal yses were done of worldw de his-
torical data, the uncertainty persisted. 1In spite of their
limtations, however, the nobdels contributed to a greater
under standi ng of the issue.

6.7.4 |nplenentation

The events surrounding the use of a technical risk
analysis of the oil spills associated with Beaufort Sea
hydrocarbon can be viewed fromtwo different perspectives:

0 the technical disagreenments anong experts illus-
trate the fallibility of using nodels and other
quantitative techniques in environmental assess-
ment; or

0 t he t echni cal di sagreenents among experts
increased understanding and lead to the focusing
of an issue fraught wth scientific uncertainty
and conpl ex val ue judgenents.

The risk analysis was successful in achieving each of
its intended objectives of identifying and priorizing the
risks. It also served as a vehicle for presenting and com

nunicating the analysis of a conplex issue. The technica
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ri sk anal ysis hel ped resolve the issue of oil spill risk.
The issue began as a disaster scenario and gradually a nore
realistic view emerged. The fault tree nodels presented the

issue in a logical and systematic fashion

In spite of, or perhaps because of, the conflicting
views presented in a nunber of official docunments and sub-
m ssions to the Panel, the Panel requested the preparation
of a short summary of the issues that had been resol ved and
remai ning disagreenents. This sumary was prepared at a
meeting wWth the Panel's technical specialist, the pro-
ponent, the proponent's consultant, and Environment Canada
that occurred during the time of the public hearings. After
referring to the usefulness of previous reports and docu-
ments, the summary concluded (Lenberg 1983):

". . . However, the participants [in the special
meet i ng] feel that this report represents a rough
approxi mation of the nost inportant data and that
further precision may not be useful.”

There are two interlinked |essons:

0 Di scussing technical disagreements within the
anal ytical structure of risk assessnent nodels
al lowed for an exam nation of basic assunptions
and quality of data, thus inproving the under-
standing of a conpl ex issue.

0 To be relevant to the decision nmaking process (in
this case, the deliberations of the Assessnment
Panel ), the technical disagreenents and agreenents
needed to be presented in a sinplified and summary
form
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6.8 Hecalth R sk Assessnent

Assessnment of the Radiological Inpact of Uranium M ning

Envi ronment Canada and the Atomic Energy Control Board
comm ssioned an assessment of the radiol ogical inpact of
urani um mning in Saskatchewan (I EC Beak Consultants Ltd.
1986). An environnental pathways nodel, conprising a set of
mat hemati cal nodels, was used as the basis for a method for
determning the cumulative radiological inpact of uranium
mning and mlling. This study is of interest for three
reasons: it is an exanple of the use of nodelling as a
method for performing cunulative inpact assessnent; it

illustrates the value of environnental pathways nodels in
estimating doses to human individuals; and it denonstrates

how a nunber of nodels can be linked together to take
account of the transfer of radionuclides through atnos-

pheric, aquatic, and, terrestrial pathways to estinate doses
to hunmans.

Model s were used for calculating source terns for the
operation phase, nodelling dispersion and deposition of
radi onucl i des, exam ning the environnental pathways by which
radi onuclides nove from sources through to hunmans, and
estimating the doses received by individuals. Doses to ter-

restrial and aquatic biota were estimted separately from
those to humans.

6.8.1 Integration into the Environnental Assessment Process

Each conmpany w shing to begin urani um m ning operations
in Northern Saskatchewan is required to submt an Environ-
mental |npact Assessment to the Saskatchewan Departnent of

Environment. 1In the environnental assessnent, the effects of
rel eased radionuclides and other toxic chemcals are to be
predi ct ed. I'n addition, uranium mning conpani es nust neet

standards for em ssions and effluents. These standards are
set out in the Metal Mning Liquid Effluent Regulations and
wel | as AECB licenses. The environnmental inpact assessnent
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and conpliance wth the regulations relates solely to an
individual mine and nmill conplex. Because of an anticipated
increase in the anmount of uranium mning activity in North-
ern Saskatchewan, however, there was a concern for the
regional (cunulative ) radiological inpact of a nunber of
mne and mll conplex all being in conpliance with the stan-
dards. Mathenatical nodels were used as a nmajor part of the
study to assess the cumulative radiol ogical inpact.

6.8.2 Mdel Structure and Validation

The overall nodel was basically an environnmental path-
ways nodel. Environnental pathways are the physical, chem -
cal, and biological nechanisns by which rel eases of radionu-
clides reach humans. Environnental pathways nodels are
mat hemati cal nodel s devel oped to predict doses to humans.
The structure of the major conponents of the environnental
pat hways nodel used in the study were:

0 At nospheri c dispersion- relied on Gaussian plume nodel
in MLDCS.
0 Transfer of radionuclides in terrestrial pathways -

published transfer factors were used.

0 Aquatic dispersion - chain lake river nodel was
devel oped based on hydrol ogi cal data supplied by Inland
Waters Directorate and planinetry from topographic
maps

0 Transfer of radionuclides to aquatic biota- published
bi oaccunul ati on factors.

0 Dosi netry cal cul ation were based on nodels and par ame-
ters recomended by the International Committee and
Radi ati on Protection (ICRP 1977)

The M LDCS nodel was based on the UDAD (Urani um D sper -
sion and Dosinetry) nodel developed by Argonne Nationa
Laboratory (Moneni et al. 1979). It is assunmed that UDAD
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was previously tested. MLDOS was not designed to consider
food webs in Northern Canada and contamnation levels in
terrestrial biota were calculated outside of the nodel. A
separate nodel had to be developed for the air-lichen-
cari bou-man food chain.

Site specific data were used where possible; however it
is unclear that a rigorous attenpt was nade to calibrate the
nodel to the site. In addition, t he nodel nodel was not
validated, nor were sensitivity anal yses performed.

6.8.3 Mbdel Limtations and Uncertainties

The nodel only considered operational facilities and
neglected abandoned tailings and waste rock areas. These
areas may significantly add to the regional inpact and will
likely have to be included for a nore credible cunulative
I npact assessment. The nodel only makes regional estinates
and does not make clains to estinate inpacts at or near the

existing facilities. This means that the local inpacts are
not consi dered.

The nodel requires a considerable amount of site
specific data. At present much of this data is not avail able
and would likely be difficult and costly to obtain. The fol-
| owi ng i nprovenments to the nodels are required: refine esti-
mat es of atnospheric and aquatic source ternms through site-
specific measurenents; inprove aquatic dispersion nodelling
by including nore detailed physical data (dinensions of
| akes and rivers, flowrates); and estimte site-specific
environmental transfer coefficients for radionuclides to
bi ota and hunans.

As no sensitivity or uncertainty analyses were carried
out it is difficult to suggest which of the needed inprove-
ments to the nmodel would lead to the greatest reduction in
uncertainty.
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6.8.4 |Inplenentation

The environnental pathways nodel used here was success-
fully integrated into a nethod for assessment of regiona
radiol ogical inpact. Wile the study results showed that
doses were far below the acceptable limts, it does not
appear that the assessnent resolved the issue at hand.
Since the assessnment only included operational releases of
radi onuclides, the results do not inply that uranium m ning
will or wll not have significant long term radiol ogica

i mpact on Northern Saskatchewan (IEC Beak Consultants Ltd.
1986) .

The nodel was not used as part of a formal approva
process. The study nmay be useful, however, should uranium
mning activity increase in the future. The nodel can then
be wused again to assess regional (cunulative) radiological
impacts. The study denonstrated that nodels can be used to
assess the cumulative inpacts at a regional scale of a
nunber of uraniummnes and mlls. 1t also showed that in
this application the nodel contained a great deal of uncer-
tainty. Hence, there is a great deal of uncertainty about
the cunulative inpact. This leads to the conjecture that
cumul ative inpact assessments may have greater anmount of
uncertainty associated with themthan project assessnents.

The nodel was concerned wth assessing regi ona
impacts; therefore, the results are not applicable to |ocal
conditions at or near any specific mne and nill conplex.
The spatial representation of inpacts only at a regiona
scal e indicates that inpacts of each uraniummning and ml -
ling conplex were not sinply conbined, although an environ-
mental pat hways nodel could have been wused to nmake such
estimates at or near the uraniumoperations. The fact that
this was not done seens to be a failing of the analysis.

In terns of the general health risk assessment node
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outlined in the previous section, this case study only con-
ducted hazard identification (step 1) and exposure assess-
ment (step 3). Then an extensive dose assessnent was under-
taken. The results of the dose assessnent were then conpared
agai nst m ni num accept abl e doses and found to well below the

standards. No attenpt was nmde to integrate exposure
assessnment with dose response curves.
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7.0 RECOMVENDATI ONS

| mproving the state-of-the-art in ElIA demands the for-
mul ati on of questions that wll direct researchers. The
task is 'akin to developing a scientifically testabl e
hypot hesi s. Specifically, wth the wuse of mathematica
nodel s, this nmeans going beyond questions that apply gen-
erally to the use of information in EIA For inprovenents to
occur, we have to begin to exam ne what is special or unique

about quantitative nodels conpared to other techniques and
tools.

The recommendati ons proposed herein are organized into
three major groups: those concerned wth consolidation
exi sting best practice; those of a scientific and technica
nature; and those of an institutional nature. The recomen-
dation with respect to consolidating existing best practice
are directed towards devel oping a know edge base that all ows
ElI A practitioners to nake inforned decisions on nodel use
Ideally, EIA practitioners should have the necessary infor-
mation to decide which nodels (if any) to use, and when and
how they should be applied. The scientific and technical
recommendations are directed towards difficult problens
regarding the inputs, outputs, structure, and integration of
model s.  The institutional recomrendati ons deal with the use
of nodels as tools for comuni cation, negotiation, and coor-
dination and al so address probl ens of nodel m suse and bar-
riers to their successful application

7.1 Consolidating Existing Best Practice

Workshop participants (cf. Appendix 1) had a strong
feeling that much comon know edge and experience exi sted
but was not docunmented. Therefore, they had a strong desire
to have this knowedge <codified in such a manner as to
increase the awareness and use of quantitative nodels in
ElA. This section nakes three interlinked reconmendati ons
directed towards these ends. The first recommrendation is to
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devel op a conprehensive framework for classifying applica-
tions. The second proposes that a study be done to reveal
the know edge about how nodelling strategies are used to
coordinate an EIA The third recomendation urges the
devel opment of an expert systemas a vehicle by which infor-
mation in the framework, and know edge about nodelling stra-
tegies, can be transferred to the practitioners of ElA

7.1.1 The Need for a Conprehensive Franmework

RECOMVENDATI ON 1: A conprehensive framework should be
devel oped for classifying past and poten-
tial applications of nodels and nodel |ing
as to nodel type, the area of applica-
tion, and phase of ElA process to which
t he nodel applies.

Many types of quantitative nodels have and are being
applied in various ways to a range of problems. dearly, a
conprehensive franework is needed to integrate existing
information about the use of models in EIA  After devel op-
ing an initial typology of nodels, the categories should be
classified according to the application area (e.g., socio-
econom c, biophysical, risk assessment, etc.) and t he
phase(s) of the EIA process in which the nodel could be
applied, the inplication being that an agreed upon franework
for characterizing the EIA process exists. An exanple of
one element in such a classification scheme would be an
econom c-denographic  nodel used at the scoping phase in the
soci 0-econom ¢ i npact assessnent of a nuclear plant.

This work could build upon the typology al r eady
devel oped by de Broissia (1984), and extended in the sup-
porting research for these recommendations. As well as pro-
viding guidance for researchers in EIA the framework woul d
hel p potential nodel users and practitioners understand the
pl ace of nodels and nodelling in ElA
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7.1.2 Modelling Strateqy

RECOMVENDATI ON 2: A study of nodelling strategies, incor-
porating the follow ng tasks, should be
undert aken:

1) revi ew case histories where a nodel -
ling strategy has been used to coor-
dinate a large environmental assess-
ment or research project;

2) identify where such strategies fail
to nmeet expectations;

3) develop a preferred nodelling stra-
tegy, outlining all steps involved;

4) outline the necessary condi tions
that Wl ensure the success of the
strategy; and

5) conduct an analysis of the costs
and, if possible, the cost savings
of such a strategy.

Al though nost formal environnental assessnents and
| arge environnental research projects use a suite of nodels,
only sone use nodels as part of an overall strategy to coor-
dinate research and analysis. Such strategies determ ne how
different kinds of nodels can be linked or how the results
of one nodel can be used by another. For exanple, the stra-
tegy may define a hierarchy of nodels. Mre comonly, how
ever, the assessment or planning process utilizes a nore
adaptive strategy; that is, learning fromearlier nodelling
efforts and taking advantage of opportunities.

In developing the preferred strategy (task 3 above), it
will be necessary to consider the appropriate bal ance of
theoretical versus enpirical nodels as well as wvalidation
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and sensitivity analysis procedures.

Theoretical Mdels Versus Enpirical Mdels

Any good nodel should have both theoretical (nathemati-
cal descriptions of basic processes) and enpirical (based on
the fitting of data) features. In general, the nore conpl ex
t heoretical nodels are designed to represent causal explana-
tions for the behaviour of systenms. Enpirical nodels, while
they should be firmy grounded in theory, sinply represent
an associ ation between environnental conponents. The basic
paraneters of theoretical process nodels should be verifi-
able by data collection or experinmentation. Simlarly, nore
enpirically based statistical nodels usually gain credibil-
ity if they are built on theoretical understanding. Parane-
ters of theoretical nodels have bi ophysical neaning (e.g.
rates of nutrient uptake): while in enpirical nodels (e.g.

regression nodels) the paraneters usually have no biophysi-
cal meani ng.

Empirical nodels are relatively easy to apply, and
often are nore readily accepted in environnmental assessnent
than theoretical nodels because of their relative sinpli-
city. The statistical basis of the nodels ensures that
estimates of the error associated wth predictions are
readily available. Theoretical nodels are best used when it
Is inportant to evaluate alternate hypotheses or causality.
In general, it is accepted that while theoretical nodels are

often poor predictors, they are a necessary step in any
anal ysi s.

A nodel ling strategy should include a plan to wuse the
strengths of both theoretical and enpirical nodels. In the

devel opnent of this plan, the follow ng questions should be
consi der ed:

0 In which types of nodel applications to EIA are
enpi ri cal models nore effective than process
nodel s and vice versa?
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Wth respect to nodels of toxic contam nants, for
exampl e, generalized process nodels may be better
suited to conparative anal yses of several sites or
several contamnants, while nore enpirical nodels
may be better suited to precise assessnments of
specific contamnants at particular sites.

0 Can individuals or groups applying nodels recog-
nize, at an early stage, the appropriate bal ance
of theory and enpiricism for the issue of concern
or is convergence by trial and error the only
route?

Mbdel Qutputs, Validation, and Sensitivity Anal ysis

Model outputs, validation, and sensitivity analysis
raise a nunber of scientific and technical questions. There

are also a nunber of questions, however, about their role in
a modelling strategy. A nodelling strategy should clearly
specify how outputs will be decided, whether validation is
to be done, and how sensitivity analyses will be conducted
The follow ng points should also be incorporated:

0 The design of a set of nodelling procedures shoul d
ensure the nodel output neets the needs of the
institutional actors in the ElIA process, recogniz-
ing that the output is dependent upon the defini-
tion of the problem and the needs of the assess-
ment .

0 Because validation and sensitivity analysis are
extremely inportant parts of nodelling, recognized
formal procedures for these activities should be
incorporated in the overall design of a nodelling
strategy.
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7.1.3 Strateqy Devel opnent using Expert Systens

RECOWENDATI ON 3:  An expert system shoul d be devel oped for
prescribing the details of a nodelling
strategy for environnmental inpact assess-
nent .

An expert systemis conputer software that enul ates the
probl emsolving process of humans because the know edge of
experts is built into the decision-making system of the
software. The tine is right to devel op an expert system for
this application because there is both sufficient know edge
and appropriate (mcroconputer) technology available to
create a powerful nanagenent tool. Gven information about
the problem and the stage of the ElA process, the expert
system would nake recommendations about which types of
model s night be used. The systemwould be built around the
expert know edge that goes into the inplenmentation of a
model ling strategy (Recommendation 2, task 3), and would
require the framework for classifying applications (Recom
mendation 1).

Devel opi ng an expert system requires specifying the
rules used by experts in deciding which aspects of an
envi ronmental assessnent are anenable to nodelling and which
types of nodels are nost applicable. For exanple, one rule
mght be if there is anple data, then use an enpirical node
as a tool for making predictions; if there is little data,
then use a theoretical nodel to guide data collection pro-
grans. W recommended devel opi ng an expert system based on
such rules to provide a conplete strategy for how nodel s can
be used, w th suggestions on the type of nodels to be used.

The devel opnent of an expert system should be guided by
the follow ng questions:

0 Wthin each application area of EA for what
kinds of questions are existing nodels nost
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appropriate? What is the role of each type of
model' at the various stages of the ElA process?

0 What set of criteria (e.g., nodel features, per-
f ormance statistics) should be considered in
selecting a nodel for a given application?

0 For the nodels evaluated in each application area,
what field data is needed to adequately calibrate
the nodel to represent current conditions in the
area under study, and give satisfactory answers to
the questions the nodel was designed to address?

0 Based on the «criteria developed in the second
question, what are the best nodels in each appli-
cation area for each stage of the environnmenta
assessnent process?

Answers to these questions would be valuable in their
own right but when conbined together in the |ogical framne-
wor k demanded by the expert systemthey would be part of a
power ful managenent tool.

RECOMVENDATI ON 4:  CEARC shoul d sponsor prograns to devel op
other expert systens, which incorporate
mat henati cal nodels, for use in ElA

In general, expert systems could be used for many
aspects of environmental assessnent. For exanple, expert
systens coul d be applied in the design of research and noni -
toring systems, the devel opnent of inpact hypotheses, and
the coordination of emergency responses.

7.2 Scientific and Techni cal Questions

As a general rule, scientific questions must be fornu-
lated in the context of a given subject area. Exceptions to
this rule are questions concerned with the integration of
model s, whi ch span all subject areas. This section
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di scusses questions of nmodel integration, but first deals
with questions relating to the inputs, outputs, and struc-
ture of nodels.

7.2.1 Model |nputs

RECOMMVENDATION 5: A study should be conducted to denon-
strate how the input data needs of a
nmodel could be used to direct the data
needs for the environmental assessnent.

Model inputs are of three kinds:

0 data characterizing the set of activities being

assessed (e.g., em Ssi ons, ef fl uents, | and
requi renents, etc.);

0 data characterizing the biophysical and socio-
econom ¢ environnent (e.g., wnds, currents, rain-
fall, baseline population |evels); and

0 parameters for the nodel's relationships (e.g.,
di spersion coefficients, | et hal toxicities,

accident probabilities, growh rates, and enploy-
ment nultipliers).

Each kind of input introduces uncertainty into nodel predic-
tions; a poorly specified developnent scenario may vary
greatly from what devel opment actually occurs; variation due
to sanpling error and deviations inherent in historical data
often nmake it inpossible to detect inpacts; and errors in
the estimation of nodel parameters may also |ead to errone-
ous predictions.

Model | ers deal with uncertainty by presenting a range
of devel opment scenari os and bi ophysical conditions in their
anal yses. This, conbined with sensitivity anal yses of nodel
predictions, has given a fairer picture of the range of pos-
sible futures. This is only a nore sophisticated form of
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nodel 1ing, however, and is not an inprovenment in the nodel's
i nput .

| rprovenents in nodel inputs will conme through greater
conmtment to data quality. Data quality, however, is not
an unique issue to nodels; data quality. affects all forns of
analyses in an EIA  Inprovenents in nodel inputs will also
come through greater coordination of data collection and
model ling activities. Thi s coordi nation could be achieved
by first developing the nodel early in the environnenta
assessment  process. Then the field collection programs
coul d be designed for collecting input data for the nodel.
In practice, the results of field prograns would likely |ead
to increased scientific understanding and this in turn would
lead to a better nodel.

Note this recomrendation is conplenentary to Recommen-
dation 13 which deals with the use of nodels in integrating
El A

7.2.2 Mdel Qutputs

RECOMMENDATI ON 6: A study should be conducted to establish
a set of wvalidation standards for com
monly used nodels in ElA

The validation process is not without pitfalls. Com
pari sons of nodel results wth historical data are often
based on the inplicit assunption that future events wll
mmc past events. |f mmjor structural changes occur in the
system under study, then the historical data pattern may be
an inappropriate vyardstick against which to conpare node
results. Thus, the degree of credibility that is attached
to a validated nodel, and the anmobunt of effort that should
be expended in nodel wvalidation, is highly context- or
pr obl em dependent . Presently, in the air pollution nodel-
ling field, considerable effort is being expended with for-
mal validation processes to determne the best predictive
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models. In other fields, l|ike econom c-denographic nodel-
ling, while wvalidation on historical data sets is often
done, it is of limted value. Although it offers a test of
the ability to reproduce past changes, shifts in the struc-
ture of the reference systemor major changes in the values
of key systens variables can adversely affect the nodel's
future performance (Leistritz and Murdock 1981).

More specific questions relating to the technical and
scientific side of the validation of nodel predictions are:

0 What are the technical criteria for accepting the
results of a nodel as valid?

0 Does the absence of a formal validation of a node
reduce its utility in ElA?

0 What steps can be taken during the application of
a nodel to ensure that nodel outputs are valid in
the context of ElIA?

0 In sone fields, nmpbst notably air quality, conpeti-
tions are held to determ ne which nodels possess
the best predictive abilities. These conpetitions
have at |east two mpjor effects: inprovenents in
the state-of-the-art and increased awareness of
models and nodelling. Are there other fields in

whi ch conpetition of this sort mght lead to
I mprovenent s?

7.2.3 Mdel Structure

RECOMMENDATI ON 7: CEARC shoul d encourage research prograns
directly related to inproving the scien-
tific understanding wunderlying each of
the scientific disciplines that support
El A Special encouragenment shoul d be
given to researchers who are applying
nodel s as part of their research
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Model structure refersto the rel ati onshi ps and parane-
ters that make wup a nodel. The structure of any nodel is
rel ated to the degree of scientific understanding about the
system avai l able at the tinme the nodel is constructed; thus,
i nprovenents in nodel structure come wth inprovenents in
our understanding of the systens being nodell ed. It is gen-
erally believed that the degree of understanding contained

in nodel s decreases as we nove fromthe physical to the bio-
| ogical to the social sciences.

Because scientific understanding varies greatly across
the many scientific disciplines that contribute to EIA it
I's not possible to generalize about all application areas
Bef ore nmeani ngful research questions can be devel oped, there
is a need to characterize the dom nant nodelling paradigns
in each application area. Cearly, some areas, like air
qual ity nodelling, have generally accepted paradignms for
model  structure, whereas other application areas (e.g.
soci o-cultural inpact assessnent) have none.

Next, an analysis of the required theoretical devel op-
ment should be undertaken. In many areas there is consider-
able need for inproving our conceptual understanding, par-
ticularly for nmodels designed to address biological and
social inpacts. For other areas, no new research on the
theoretical aspects of nodels may be required and work can
concentrate on anassing enpirical evidence for the relation-
shi ps. This appears to be the case for many of the atnos-
pheric dispersion nodels. |f both the theory and enpirica
evidence are at an advanced state, there seems little prac-
tical value in further inprovenents for the purposes of EIa.
O course, this depends on the degree of certainty expected
from the predictions of nodels.
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7.2.4 Integration of Mbdels

RECOMMVENDATI ON 8: A study should be done to investigate the

Such
st eps:

The above
speci fic.
sible to

t echni cal feasibility of constructing
integrated interdisciplinary nodels for
El A.

a study would likely go through the follow ng

devel op a conceptual nodel of the system under
st udy. A central question here is how nmany com
ponents to include in the nodel;

in the conceptual nodel, identify the major com

ponents and their linkages for which there is
insufficient know edge to construct a quantitative
nodel ; and

descri be why these |inkages or subnodel s cannot be

constructed and suggest how these problens m ght
be overcone.

approach is, of necessity, application and area-
| f such an approach was adopted it should be pos-
identify priority areas where inprovenents in

i ntegrated nodels are nost needed.

Perhaps the greatest unrealized potential for wusing

nmodels in EIA is that of integrating the various parts of
the assessnent. EIA is a truly interdisciplinary endeavor.
To address nost environnental problenms we nust consider phy-
sical, biological, and social processes. In many environ-

mental  assessments, the inpacts or effects are not ade-
quately addressed because of either a failure to link nodels
across disciplines or a failure to link analysis and infor-
mation. Qur conceptual nodels have begun to nmke these

| i nkages

but there are few good exanples of truly integra-

tive quantitative nodels. For exanple, we need nodels that
can reliably predict:
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0 the fate and biological effects of oil spills

0 the fate, biological effects, and health effects
of releases of toxic chemcals; and

0 t he exposure to and health effects associated with
air pollution and/or radiation.

These are only a few exanples of where our conceptua
understanding is sufficiently well-advanced, and where the
use of quantitative nodels could make a significant contri-
buti on. Wiile this is the one research area where there is
the greatest need for technical inprovenent, there is very
little directed or even opportunistic research being done.

RECOMENDATI ON 9:  Anal ysis of a case where integrated set
model s have Dbeen wused in environnental
assessnent shoul d be conduct ed. Two
potential case studies are: oil spill
fishery interactions on Georges Bank, and
the Gand R ver Basin Water Mnagenent
St udy.

Spaudling et al. (1983) described an oil-spill fishery
i npact assessnent nodel which was applied to the Georges
Bank - Qulf of Miine region to address probable inpacts of

oil-spills on several key fisheries. The main nodel
conprises sub-nodels dealing with the follow ng processes:
oil-spill fate; shelf hydrodynam cs; ichthyoplankton tran-

sport and fate; and fishery popul ations.

The G and River Basin Water Managenent Study (Fortin
and McBean 1985; Gand River Inplenentation Committee 1982)
was a multiple-objective planning study of water resource
use in the Gand River Basin of Ontario, Canada. Wthin the
basin there were short and long termproblens with flooding,
water quality inpairment, and water supply shortfalls.
Through a series of engineering and scientific studies, a
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nunber of potential water nanagenent actvities were identi-
fied and described. A number of nodels, including simla-
tion and linear progranmng nodels, played a prom nent role
in these studies.

7.3 Institutional Questions

Institutions can be rules or entities for guiding human
behavi our . Under this general definition, the basic com
ponents of an institutional framework for environnental

i mpact assessnent and nanagenent are:

0 the entities that establish rules or laws about
how resources may be devel oped and managed - usu-
ally legislative bodies and regul atory agenci es;

0 the rules or |laws governing the development and
managenent of resources;

0 the entities that participate in deciding which
resources will be devel oped and managed; and

0 the entities that inplenent the devel opnent and
managenent of approved prograns.

In an institutional context it is useful to think about
model s as an information source and nodelling as a tool to
facilitate decision making. In this framework, nodels,
model I ing, and nodel |l ers have influenced and have the poten-
tial to influence institutional actors, who include decision
makers, the public, judges, environnental hearing boards,
and regul atory agencies.

RECOMVENDATI ON 10: An institutional analysis should be car-
ried to ascertain:

0 how current fornal envi ronment a
assessment institutions (e.g.,
FEARO, NEPA) affect the quality and
potential application of nodels; and
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0 how i nstitutions are affected by the
use of nodels.

More specific institutional questions can be grouped
under five headings: communication between nodellers and the
institutional actors; msuse of quantitative results; the
role of nodels in negotiations; modelling to coordinate and
integrate assessments; and barriers to application

7.3.1 Conmuni cation

There are two main challenges wunder this topic
devel opi ng more effective tools for conmunication and
devel opi ng nodel s and nodel | ing strategies that respond to
an ever changing institutional environment. Perhaps there
are special problens inherent in comunicating nodel results
as opposed to communicating other kinds of information.
Attenpts to have institutional actors understand the details
of models wusually fail. Thus, to be relevant to the deci-
sion making and approval processes, the results of nodels
nmust be presented in a sinplified and sunmary fashion.

RECOVMENDATI ON 11: Institutional analyses should be under-
taken to better understand how nodel s can
be merged into the institutional environ-
ment. 1t is expected that these anal yses
woul d i ncl ude:

0 A review of the effect of nodelling
on decisions in past applications.
This would be a continuation of the
case study analysis done in this
report.

0 An interviewbased study on the
awar eness of deci sion makers and
proponent s/ opponents with regard to
the capability and utility of nodels
and nodel |'i ng.
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0 An interview based study on nodell-
ers' awareness of the information
needs of decision makers and pro-
ponents. Thi s would involve a
review of the use of nodels at vari-
ous stages of an ElIA process.

0 Recommendations on ways in which
nodel s can have greater influence on
the institutional entities responsi-
ble for ElA

0 An assessnment of existing or poten-

tial methods and techniques (e.g.,
Interactive gam ng via conput er

graphi cs, audi o-visual presentations
to explain nodel assunptions and
results) that have proven successf ul
in comunicating nodel results to
different audiences (e.g., decision
makers, the public, j udges, or
environnental hearing boards).

7.3.2 Msuse of Quantitative Results

RECOMVENDATI ON 12: A study should be conducted to deternine
the extent and seriousness of m suse and
msinterpretation of nodel results in the
context of environmental assessment. The
study should answer the following ques-

tions:

0 How can msuse of the quantitative
results of nodels be avoi ded?

0 Is the problem of msuse serious

enough to avoid using nodels where
the potential for msuse is great?
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o Does an overenphasis on quantitative
nodel ling denean qualitative ana-
| yses?

Results can be misused in one of two ways: out oOf
i gnorance and out of self-interest. Msuse out of ignorance
assumes that decision nakers are desperately looking for
sonething to base their decision or position on, and seize
upon a nunber. The nystique of the conmputer may contribute
to an unjustified belief in the certainty of the predictions
(i.e., the quality of the information). M suse out of

self-interest inplies overstatement or msrepresentation of
the nodel's results.

7.3.3 The Role of Mbdels in Negotiation

RECOMVENDATI ON 13: A study should be conducted to investi-
gate how nodel s and nodel | i ng can produc-
tively bring substantive information to
bear in resolving environmental conflict.
The study shoul d be guided by the foll ow
i ng questions:

0 Is the "hired gun" phenonena that
often arises in environnental con-
flicts exacerbated or dimnished by
the use of nodel s?

0 Gven two or nore contending posi-
tions, how can the nodel |l ing process
foster cooperation, negotiation, and

agr eenment ?

0 For which types of environnenta
medi ation problems are nodels nost
useful ?

0 Under what conditions will the par-

ticipants in environmental nediation
accept nodelling and nodel results?
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If one views EIA as essentially a bargaining or nego-
tiating process, then nodels have a potential role to play
in the negotiations. The best known exanple of such an
application is the use of the MT Cost Mdel of Ocean M ning
and Associated Regul atory Issues in the Law of the Sea Nego-
tiations (Sebenius 1981). This exanple denonstrates the use
of the nodel in helping the participating institutions
determne the rules and regul ati ons governi ng seabed m ni ng.
Four of the case histories in this report (i.e., Beaufort
Ri sk Analysis, NEDAM in Fort Union Coal, and the air quality
case studies) are exanples of a slightly different applica-

tion. The nodels were used for conflict resolution rather
t han negoti ati on.

Much of the negotiation process is concerned with form
it appears that nodels could provide some of the substance

for negotiations. It should be noted, however, that nodels
have traditionally been wused to deal with scientific and
technical issues. In some instances conpeting nodels or
competing experts have focused an issue through rigorous
critique of assunptions and methods. This focusing, how

ever, costs considerable tinme and noney, and the role of the
nodel s seens primarily to define where the experts agree to
di sagr ee.

7.3.4 Modelling to Coordinate and Integrate Assessnents

RECOMMVENDATI ON 14: A study should be conducted to evaluate
the wutility of existing procedures for
coordinating and integrating environmen-
t al | npact assessments. This study
shoul d address the follow ng questions:

0 In the context of EIA is the pro-
cess of building nodels nore inpor-
tant than the predictive capability
of nodel s?
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0 Does interaction between the various
actors lead to nore appropriate
nmodel definition and forns of pred-
ictions?

0 How do current fornal envi ronment al

assessment procedures (e.g., NEPA,
EARP) facilitate or frustrate this
kind of interaction with nodelling?
(This question is a subset of the
first question in Recommendation 10
above.)

0 Wi ch exi sting approaches and tech-
niques to nodelling have a proven
track record in coordinating and
integrating large environmental pro-
granms?

In Chapter 2 of this report, several benefits of nodel -
ling were presented. Anong them the process of building
nodel s has great potential for increasing understanding and
cooperation amongst the institutional actors. Mny of the
successful applications of nodels have involved interaction
anong nodel l ers, proponents, regulators, and in sonme cases,
the public.

Conparing the benefits wth the institutional and
technical questions outlined above, it appears that if
model ling were widely accepted and done well, nmany of the
current problems and research questions mght be resolved.
The argument here is that nodelling forces interdisciplinary
and cross-interest cooperation and provides rigor to the
assessnent. Mdels and nodel ling, however, are not widely

accepted as tools in integrating assessments, nor in
envi ronmental medi ati on.
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7.3.5 Barriers to Application

RECOMMVENDATI ON 15: An assessnent should be conducted of
Canadian capability to undertake nodel -
ling in EIA as well the costs and bene-
fits of increasing the use of nmodels in
EIA. This study should consider the fol-
| owi ng questions:

0 What  skills and experience are
required for an individual or group
to apply nodels in ElA?

0 Can private conpani es or government
agencies who act as proponents in
EIAs develop the skills and experi -
ence for applying nodels in-house,
or should they rely primarily on
out si de experts?

0 How many centres of excellence in
nodel | i ng can Canada maintain within
each region and application area?

0 What are the costs and benefits of
formal regulations that require the
use of quantitative tools in ElIA?

There are a nunber of potential problens that may serve
as limtations to nore w despread applications of nodels in
ElA

0 Cccasionally an inappropriate use of a quantita-
tive mpdel occurs because of inexperience either
with the nodel or with ElA

0 It may be inadvisable to institute formal require-
ments to use nodels in EA  because this may
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penal i ze existing EIA practitioners who do not
have nodelling capabilities.

Many client agencies do not have sufficient exper-
tise in-house to build or nmodify nodels. This nay
restrict clients to only use nodels for eval uating
alternatives.
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APPENDI X 1

List of Participants Attending a Wrkshop in Toronto,

NAMVE

Beanl ands, Gordon E.

Burnett, R A

Conover, Shirl ey

Everitt,

Fortin, M ke

Rober t

R

Giffin, Brian J.

Leistritz, Larry F.

Maher, John

Mar norek, David R

Neil, Elizabeth

Portelli, R V.

Rapaport,

VWl f, Charles P.

Rober t

March 12 - 13, 1986.

AFFI LI ATI ON
CEARC
Hal i fax, N S

Health & Wl fare Canada
Gtawa, Ont.

Maritime Testing Ltd.
Dartmouth, N. S

ESSA Ltd.
Vancouver, B.C.

Ecol ogi stics Ltd.
Vaterl oo, Ont.

F. Bercha & Associ at es
Cal gary, Ata.

Univ. of North Dakota
Fargo, ND

Ontario dro
Tor ont o, %t.
ESSA Ltd.
Vancouver, B.C.

Reid Crowther & Partners
North Vancouver, B.C.

Concord Scientific
Downsvi ew, Ont.

Procter and Ganble
G ncinnati, OH

Soci al
Cent er
New York, NY

| npact Assessnent

TELEPHONE

902- 424- 7044

613- 990- 8896

902-463-2486

604- 689- 2912

519- 886- 0520

403- 270- 2221

701-237- 7441

416-592-5163

604- 689- 2912

604- 986- 6181

416- 630- 6331

513-423-1539

212-966- 2708
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APPENDI X 2

List of Interviews

NAVE
Angl e, Randy
Bennett, R chard
Bi shop, Bill
Burnett, Rick
Burns, Larry
Cabe, Loren
Chal ners, Jim
Chandl er, John
Chri stensen, sigurd
Churcher, Archie
Cohen, Phil
Conover, Shirl ey
Coupal, Bernard

Davi s, Rod

DiToro, Domnic
Eri ckson, D ane
Flynn, Jim
Font ai ne, Tom

Fortin, M ke

AFFI LI ATI ON

Mnistry of Environnent
Ednmonton, Al berta

Mnistry of Environnent
Victoria, B.C

Procter and Ganble
Gncinnati, GChio

Heal th and Welfare
Gtawa, Ontario

EPA _
At hens, Georgia

BLM
Billings, Montana

Mount ai n st
Arizona

Concord Scientific
Toronto, Ontario

Cak Ridge Nat. Lab.
Cak Ridge, Tennessee

Done Petrol eum
Cal gary, Al berta

DOE _
Otawa, Ontario

Maritime Testing
Hal i fax, Nova Scotia

Andre Marsan and Assoc.
Montreal, Quebec

Mnistry of Environnent
Victoria, B.C

Hydroqual Inc.
Mahwah, New Jersey

Consul t ant
Victoria, B.C

Mount ai n Vst ,
Seattle, Washington

NOAA
Ann Arbor, M chigan

Ecol ogi stics
Waterl oo, Ontario
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Giffin, Brian Frank Bercha and Assoc.
Cal gary, Alberta

H ckman, Fred Tetratech, _ _
San Bernadino, California

Leistritz, Larry University of North Dakota
Fargo, North Dakota

MacKkay, Don Uni versity of Toronto
Toronto, Ontario

Maher, John Ontario Hydro
Toronto, Ontario

Marshal |, Dave FEARQ
Vancouver, B.C

Millan, John EPS, DCE
West Vancouver, B.C

Neil, Elizabeth Reid Crowt her
North Vancouver, B.C

Portelli, Ron Concord Scientific
Toronto, Ontario

Reuber, Barbara Uni versity of Toronto
Toronto, Ontario

Rapaport, Rob Procter and Ganble
G ncinatti, Chio

Sector, John Mnistry of Environment
Victoria, B.C

Sherwood, Bob EPS, DCE
West Vancouver, B.C

Snodgrass, Bill Beak Consul ants Ltd.
Toronto, Ontario

Valters, Carl Uni versity of British Col unbia
Vancouver, B.C

Wi be, John DOE
Vancouver, B.C

Wlson, Rick M nistry of Environnment
Victoria, B.C

Wnter, Richard Argonne Labs
Argonne, Illinois

Wlf, Charlie Soci al | npact Assessnment Center
New York, New York

Wl fe, Larry Consul t ant

North Vancouver, B.C.
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APPENDI X 3
Case Hi stories

1.0 SOCI O ECONOM C
1.1 RED-I and REAP Econom c Denographi c Mdel 1
Project Were Used

North Dakota Regional Environnental Assessnent Program
(REAP), a state-funded planning and information program
directed at both the local and state levels. During 1977-
1979, the nodel was applied by over 50 governnment agencies

and private firms. Evaluated fiscal inmpacts fromlarge scale
coal and oil shale devel opments in rural areas.

Aut hor s

A social science teamfrom both the University of North
Dakota and North Dakota State University, in conbination
with consultant Arthur D. Little, Inc.

Qut put from Model

Basel ine and single or multiple project inpact projections
at regional, county, and |ocal |evels. Qutput: enploynent by
type, population by cohort; school enrollnents (by age) ;
housing type requirenents; public sector costs and revenues;

and fiscal inpact projection of public service costs and
revenues.

Rol e of Mbde

To assist in the devel opnent of state taxation pol i ci es,
through evaluation of various scenarios, guide admnistra-
tion of a rural-based inmpact assistance program and aid
| ocal governnent in planning local facilities to acconmodate
sudden increases in populations. Use of the nodel had a sub-
stantial influence on the devel opnent and inplenentation of
the taxation/finance program
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Was the Model Validated? How?

Not st ated.
O her Comment s

Results fromthe nodel were used to justify opposing points
of view by legislators. Consequently, the tasks of the
nodel lers was made nore difficult by the divergence in
users' goals. Successful use of the nbdels was due to: early
and continued-invol verent of users in design and devel opnent
of nodels, timely provision of nodel results to the decision
process, effective organization and managenent of the inter-
di sciplinary nodel team and continuity of technical sup-
port; i.e., updated databases and professional support,

appropriate application of the nodel and interpretation of
resul ts.

Ref er ence

Leistritz, F.L., S H Murdock, N E. Toman, and D M
Senechal . 1982. Local fiscal inpacts of energy
resource development: applications of an assessment
model in policy making. North Central Journal of Agri-
cul tural Econom cs 4(1): 47-57.

1.2 SEAM and ElI AM (Soci al and Econom ¢ Assessnent Model)
Proj ect Were Used

El AM was applied in the southern U S (Al abama, Kent ucky,
Georgia, Florida, Tennessee) to assess inpacts of construc-
tion and operation of waterway (early 1980s) at a county
level. SEAM was applied in the midwest U.S. to evaluate the
national energy plan to devel op coal resources (md 1970s).

Aut hor s

SEAM Argonne National Laboratory

EIAM: Argonne & U S. Corps of Engineers (USsCE)
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Qut put from Model

SEAM Popul ation projections, economc (export base) data,
public service and fiscal inpacts.

EIAM In addition to the above, a revenue expenditure nodel
(linear regression driven by population growth rates)
was used.

Rol e of WNbdel

SEAM Used for prediction of inpacts of new policy direction
- Carter's Energy Plan. This plan had to eval uated
quickly so there was little interaction between the
nmodel | ers and deci sion makers.

El AM Used nore as a planning tool (econom c redevel opnent)
than as a tool for inpact assessnent. This interactive
nodel was used by county governnments to create various
devel opment  scenari os. By conparing the benefits of
these scenarios, the county can select the optinmm

strategy for taking advantage of the newly constructed
wat er ways.

Was the Mddel Validated? How?

SEAM Not scientifically validated but the users and deci-
sion nmakers felt the results were useful.

O her Comment s

The EI AM nodel is introduced to county governments through
an innovative concept in nobile training facilities. A
truck-trailer unit, conplete with conputers linked to a cen-
tral facility and database, is mved from county to county.
In this training unit, county planning staff can access both
the EIAM nodel and a computerized nmapping program |f the
model is seen as being useful to the planning process, a

county can nake a contract with the USCE for conputer ser-
Vi ces.
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Ref erence
Richard Wnter; Argonne Labs, Argonne, [llinois, pers.
comm.
1.3 AFSEM (A r Force System Eval uati on Mbdel)
Project \Were Used

To eval uate the inpact of constructing MK missile sSites in
the midwest (early 1980s).

Aut hor s

URS-Berger, consultants to Air Force; Tetratech Consultants
| ater anended the nodel.

Qut put from Mdel

| ncl udes 6 conponents: econom ¢ (input-output), denographic,
econom c-denographic interface, residential allocation, pub-
lic service, and fiscal inpacts.

Rol e of Mbdel

1) Topredict inmpacts on the regional econony, and 2) to
determine if public service resources are adequate to neet
denmand.

Was the Model Validated? How?

Results from each conmponent of the nodel were conpared to

historical data and to changes that were nonitored; 10%
variance within an 8 year period.

O her Conment s

Wien this type of nodel is used, the researcher is still
faced with naking many assunptions about the data (i.e.,
expected famly size of workers). Therefore, the person
runni ng the nodel has to be experienced, nmaking it nore dif-
ficult to transfer the nodel to various projects.
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Ref er ence

Fred H ckman: Tetratech, San Bernadino, California, pers.
comm .

1.4 SEARS (Socio-economc Analysis of Repository Siting)

Proj ect Wiere Used

Evaluating sites for a high level nuclear waste repository
in the southern U S. (1983-present).

Aut hor s

SEARS is based on RED 1, RED 2 (see above) and TAMS (Texas
Assessnent Mddel ling System.

Qut put from Mdel

Busi ness activity; personal incone; enployment by type;
popul ati on changes; population cohorts; housing demand;
school enrollments; requirements for public, nmedical and
justice services; public sector costs and revenues; and net
fiscal balances. The nodel can al so assess the inpacts from

mul tiple projects. SEARS conprises 6 subnodels; the econonic
model is an input-output nodel.

Rol e of WMbdel

For prediction of econom c, denographic, public service and
fiscal inmpacts at |ocal and regional [evels.

Was the Mbdel Validated? How?

Val idation is underway.

O her Comment s

The user can specify the reporting format or nodify the
assunpti ons. The nodel was al so designed to be transferr-
able to different geographic areas. In addition, the nodel
is well-docunented so sonmeone not famliar with the devel op-
ment of the nodel can still use it.
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Ref er ence

Hamm R, S.H Murdock, F.L. Leistritz, and R A  Chase,
1984, A soci o-econom ¢ inpact nodel for assessing the
effects of a high level nuclear waste repository sjte.
| npact Assessnment Bulletin 3: 6-19.
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2.0 BIOPHYSICAL - Al R QUALI TY
2.1 PTDIS, PTMAX, PTPLU (Point of Maxi num Concentration)

Project Were Used

Various industrial sites in B.C
Aut hor s

From EPA UNAMAP series; Gaussian dispersion nodels.

outout from Model

Tenporal and spatial concentrations of specified pollutants.
Rol e of Model

The provincial government wuses the nodel for pre-permt
evaluation of projects. [If, through nodelling, it appears
that concentrations will be above the regulatory limt, the
environnental controls for the industrial facility are
r edesi gned.

Was the Mdel Validated? How?

Yes, always validated with on-site measurenents.
Q her  Comment s

Does not account for terrain variation; it is a sinplistic
model .

Ref erence

Rod Davis; Environmental Services, B.C Mnistry of
Environment, pers. comm.

2.2 MPTER Multiple Sources Wth Terrain Adjustnent.

Proj ect Wiere Used

Prince George (1985-ongoing) - sinmulation of airshed qual-
ity.
Aut hor s
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EPA UNAMAP seri es.
Qut put from Model

Maxi mum peak concentrations of sul phides either hourly,
daily or annually. Valid for area up to 50kmradi us from
sour ces.

Rol e of Mbdel

To evaluate alternate control scenarios for reducing the
overal | concentrations of sulphides in the regional airshed.

Was the Mbdel Validated? How?

Val i dated with actual neasurenents.
O her Coment s

A commttee with representatives fromindustry @pulp mlls
and a refinery) and the provincial governnent are revi ew ng
the results of the analysis: the commttee's purpose is to
define a regional air quality managenment program

Ref erence
Rod Davis; Environnental Services, B.C Mnistry of
Envi ronnent, pers. comm.
23CGaussi an Di spersi on Mdel

Proj ect Were Used

Proposed Dow Chem cal plant, San Francisco Bay, California
(1974).

Aut hor s

Bay Area Air Pollution Control District.
Qut put from Model

Provided an estinmate of the inpact fromthe proposed plant
on the anbient air quality for primary pollutants. This
anal ysis was based on 11 point sources and one area source.
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Rol e of WNbdel

Used for pre-project evaluation. The results indicated there
woul d be a significant inmpact so the project was disall owed.

Was the Mbdel Validated? How?

Not di scussed.
O her Comment s

Dow Cheni cal s chal | enged the assunptions of the analysis,
the confidence limts of the nodel, and the sensitivity of
the nodel to background concentrations. "These and ot her
questions indicate that nathematical nodels should be used
only as an aid to decision making and should never be
allowed to make the actual decision.” (Neely 1980).

Ref er ence

Neely, WB. 1980. Chenicals iLn the Environnent: Distribu-
tion, Transportation, Fate, Analysis. New York: Marcel
Dekker .

2.4
Uility Sinulati on Model of Sul phur D oxi de Concentrati ons

Proj ect Were Used

In the Chio River Basin Energy Study (ORBES), conpleted in
the late 1970s, the nodel was used to evaluate the inpacts
of additional electrical utility operations in the years
1976- 2000.

Aut hor s

Devel oped by Teknekron Research Incorporated, waltham, Mas-
sachusetts.

Qut put from Model

Model takes account of projected power denmands, pol | ution

control  costs, electricity prices, and regulatory con-
straints (increasingly restrictive). sul phur di oxi de
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em ssion projections were translated into regional air qual-
ity impacts for short and long concentration averaging
tines.

Rol e of WMbdel

To evaluate changes in air quality wth variations in
electrical demand, regulatory constraints and power plant
retirement schedul es, and start-up of new coal-fired power
plants. The results showed that there would be a reduction
in sul phur dioxide enmissions if regulations were conplied
with. The short term concentrations woul d, however, exceed
standards at times. For these areas and tinmes, other nodels
(i.e., puff trajectory) could be used to gain a better
under st andi ng of the influence of background concentrations.

Was the Model Vali dated? How?

Conpared results of nodel with neasured air quality values
in 1974 - "relatively good agreenent"”

O her Comment s

Noted inability of Gaussian dispersion nodels to sinulate
pol lution transport in high emssion density areas. O her
model s are nore reliable.

Ref er ence

MIls, MT., E Y. Young, A Hrata, and AL Van Horn, with
L. Smth. 1981. Air quality projections for the Chio
River Basin. In Air Pollution Mddelling_.and its Appli-

cation. (C.D. Wspelaene, ed.). New York: Plenum
Press.




- A7 -

3.0 BI OPHYSI CAL - WATER RESOURCES

3.1 Linear Programm ng Screening Mbdel

Proj ect Were Used

G and R ver Basin Water Managenent Study (19784982).

Aut hor s

Fortin and McBean. Ecol ogistics and University of Waterloo,
respectively.

Qut put from Mode

A conceptual nodel was used to select, from a range of
management actions, the optinmum strategy to reach stated
obj ecti ves.

Rol e of Mbdel

To identify a range of feasible and effective plans that
woul d satisfy objectives of controlling flooding and main-
taining the water quality and supply.

Was the Mdel Validated? How?

This was the first time the nodel was applied so it is now
undergoing validation through post-project analysis.

O her Comment s

In the process of developing and running this nodel, the
data deficiencies in the project were highlighted. Later
further analyses were guided by the initial results fromthe
model . The process of nodelling also forced analysts to
adopt a systemw de approach to planning.

Ref er ence

Fortin, M and E'A  McBean. 1985. A linear progranm ng
screening model for the Gand River Basin. Canadi an
Journal of Gvil Engineering 12: 301-306.
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3.2 Linear Programm ng Model
Proj ect Were Used

At Carnegie Lake in Mercer County, New Jersey the nodel was
used to to assess the cost-effectiveness of appropriate
poi nt and non-poi nt source phosphorus control neasures. The
eutrophic state of the |ake was seriously affected by non-
poi nt source nutrient |oading (started in 1977).

Aut hor s

R B. Paterson, M.sc. Thesis, Rutgers University, pl us
authors of reference given below, who work for the New Jer-
sey Departnent of Environnental Protection.

Qut put from Model

The design of the nodel is based on in-stream loading from
various sources of phosphorous. The transport of phosphorous
Is nodelled, giving total phosphorous concentration wthin
the ith reach of the watershed, which can be related to the
concentrations at the beginning of the reach. Conbining
these results wth four Lake Eutrophication Mdels, the
Linear Progranmng Mdel can be used to identify where

inputs from various sources can be reduced in order to
achi eve target phosphorous | oadings at m ni num cost.

Rol e of WNbdel

D scovered that it was difficult to find a solution wthout

reducing standards (increasing acceptable |evels of phos-
phorous) or that K levels could only be reduced at a sjgni-
ficant cost for point source treatnent.

Was the Mdel Validated? How?

Yes, results of the nodel were conpared with data collected
at a gauging station.

Ref er ence
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Jeng, TR, CG Uhrin, ML Ganstrom S F. Hsueh. 1983.
A  phosphorous managenent nodel for Lake Carnegie
(NJ.). In Analysis of Ecological Systems: State-of-
the-Art in Ecological Modelling. (W.K. Lauenroth, G V.
Skogerboe, and M Flug, eds.). New York: El sevier
Scientific Publishing Co.

3.3 Water Quality (SQUAL)
Project Were Used

0'shaughnessy Dam on Scioto River, Colunbus, Chio to conply
with regulations (19784979) of the Federal Energy Regul a-

tory Conm ssion (FERC) during construction of power generat-
ing facility on an existing reservoir.

Aut hor s

Burgess and Niple Limted, Engineers and Architects.

output from Mode

This water quality nodel, characterized as a one dinen-
sional, non-dispersive nodel for BOD, DO N, NH3-N, NO2, and
NO3, quantified the differences in the dissolved oxygen con-
tent downstream of the dam with and without hydro generat -
ing facilities. The results indicated the |ocation of the

recovery zone and identified tinmes at which problens would
occur.

Rol e of Mbde

To identify the magnitude of the dissolved oxygen problem
based on nodelling under various scenarios. The proponents
suggested mitigation measures based on these results. The
authors noted that the nethodol ogy was acceptable to both
federal and state agencies. In the final stages, the
governnent agencies required that there be DO nonitoring of
the hydroelectric intake and discharge.
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Was the Mbdel Vali dated? How?

Calibrated based on research and field observations from
sane area.

O her Comment's

Initially, the effects of the damon fisheries resources and
water quality was of concern. The options were either to do
direct experinentation, which was too expensive and time-
consum ng, or nodelling. A though a dynam ¢ nodel woul d have
been nore applicable, the proponents chose a steady-state
model  because of its sinplicity, the need for a smaller

dat abase, and because the assunptions were explicitly
st at ed.

Ref er ence

Wal kenshaw, B.G, G B. Jones, and J.R Kerr. 1983. A prac-
tical water quality nodel for assessing |ow head
hydroel ectric projects. In Analysis of Ecological sys-
tems: State-of-the-Art in Ecological Mddelling. (WK
Lauenroth, GV. Skogerboe, and M Flug, eds.). New
York: Elsevier Scientific Publishing Co.
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4.0 Bl OPHYSI CAL - ECOLOGE CAL

4.1 Ecol ogi cal - Econom ¢ Anal ysis (i nput-output analysis)
Proj ect Wiere Used

Mssissippi Deltaic Plain Region, Northern US  @lf Coast
(circa 1980-1982); underway when reported.

Aut hor s

Coastal Ecol ogy Laboratory, Center for Wetland Resources,
Louisiana State University. Funding by U S. Department of
Interior, Bureau of Land Managenent, Fish and Wldlife Ser-
vice, National Coastal Ecosystens Team

Qut put from Mdel

ldentifies commodity flow, by process, through an input-
output table. The nodel is basically an accounting system
for keeping track of production and consunption of various
commodities, such as ecological goods and services. After
the table is constructed, it undergoes mathematical manipu-
lations to determne shadow prices (in terns of taxes and
subsi di es) for ecological coomodities. Then the table can be
converted to wunits of dollar value or enbodied energy in
order to calculate equivalence between commodities. This
model can also: calculate direct and indirect impact-
multipliers; quantify inpacts, and therefore estinate direct
and indirect inpacts of small perturbations about the aver-

age conditions; and create a prelimnary database for nore
sophi sticated sinulation nodelling.

Rol e of Mbde

The information produced is useful to environnental managers
as a description of the functional interdependence of sys-
tens. Calcul ations can be seen as the "value" of ecosystens

and their conponents. The nodel is a useful conceptual and
anal ytical tool
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Was the Mbdel Vali dated? How?

No, because it is conceptual and output cannot be neasured

in the field. Validated in terns of personal know edge and
experience.

O her Comment s

The structure of this nodel attenpts to deal with the issue
of establishing social <costs for environnental changes
versus the usual route of government regulation of antici-
pated inpacts (problem of joint product calculation - these
are ecological costs). Long term or dynamc effects are
better described by sinulation nodelling. Al t hough the
nodel is not very precise in terms of economics, it does
attenpt to integrate economcs with ecology. Al so, through
the process of collecting and inputting data into the nodel,

the researchers were able to catalogue a |arge volune of
data from diverse sources.

Ref er ence

Costanza, R, L.M Bahr, c. Neill, S.G Leibowitz, and J.
Fruci.  1983. The M ssi ssi ppi Deltaic Plain Region
(MDPR) study: An application of ecological nodels to
the analysis and managenent of a conplex coastal
region. In Analysis of Ecological Systens: State-of-
the-Art in Ecological Mdelling. (w.Kk. Lauenroth, G V.

Skogerboe, and M  Flug, eds.). New York: Elsevier
Scientific Publishing Co.

4,2 Western Spruce Budworm/Forestry | nteractions
Project Were Used

Devel oped for Canada/United States Spruce Budworm Program

(1977-1983) by authors, one of several study teans assigned
to project.

Aut hor s

Col bert: USDA Forest Service, Portland; Sheehan: University
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of Idaho, working at Pacific Northwest Forest and Range
Experiment Station, Portland; and Crookston: University of
| daho, Forestry Sciences Lab, Mscow, |daho.

Qut put from Model

For this project several interrelated nodels were used:
popul ati on dynamics, stand growh, and vyield. West ern
Spruce Budworm (popul ation dynam cs) - 2 conponents: BWFLY
is adult dispersal and egg laying; BWMXD is life cycle of
egg hatch to adult emergence. STAND- PROGNCSI S nodel  sinu-
lates the growmh of trees in a distance independence nmanner
(used by USDA Forest Service, BLM state forestry depart-
ments in Wshington and I|daho, B.C Forest Service, and
private forest conpanies in both countries). The comnbi ned
results are vyield tables, indicating the inpact of budworm
defoliation on forest productivity. Tables can be used wth

other nodels for forest resources planning and harvest
schedul es.

Rol e of WNbdel

Previous versions helped to identify areas for further
research. Sensitivity analysis was also wused to direct
further research. The nobdels were wused to explain the
integration of various studies to resource managers who can
then see how specific research results can answer their
questions. The nodels are based on data that is currently
being collected or already exists: in other words, the wuse
of these nodels does not require new field observations.
The nodels can also be used in a gaming sense to see the
effects of decisions on both forest productivity and the
effectiveness in controlling spruce budworm. |In addition,
this nodel can be integrated with econom c assessnents of
suppressive actions: i.e., conpare the cost of spraying to
the costs from potential |osses of productivity.

Was the Mdel Validated? How?

The validation process of this nodel is ongoing. It is part
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of a series of nodels being developed and coordinated
overal | by a specially chosen research group. Annual neet-
ings are held between resource managers and researchers to
pronote exchange of information and review of proposed
research and nodel devel oprent.

Ref er ence

Col bert, J.J., K. Sheehan, and N. L. Crookston. 1983.  sup-
porting decisions on Western Spruce Budworm in forest
managenent using sinulation nodels. In Analysis of Eco-
| ogi cal Systens: State-of-the-Art in Ecol ogi cal Mdel -

ling. (w.k. Lauenroth, G V. Skogerboe, and M Fl ug,
eds.). New York: Elsevier Scientific Publishing Co.

4.3
Ol Spill Trajectory Analysis Mddel and Popul ati on Recovery Mde

Proj ect Were Used

Northern Qulf of Al aska, Proposed Quter Continental Shelf
Lease #55.

Aut hor s

U S. Ceol ogical Survey.
Qut put from Model

Probability estimates of oil spills, simulation of probable

movenent of oil spill, and assessment of damage and recovery
to those seabird popul ations affected by a spill.
Rol e of Mode

To determine the probability of significant reductions in
specific bird populations due to oil spills. The Monte Carlo
sinmul ations provided estimates of likely risks to seabird

popul ations over time. These risk calculations are then
eval uated by decision makers.

Was the Moddel Vali dated? How?
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Field data and historical data were used as inputs to both
nmodel s, but they have not been vali dated.

Ref er ence

Sanuels, WB. and K J. Lanfear. 1.982.  Sinul ations of
seabird damage and recovery from oil spills in the
Northern @ilf of Alaska. Journal of Environnental
Managenent 15: 169-182.
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5.0 TECHNI CAL RI SK ASSESSVENT
5.1 Ranking Environnmental Risk fromQ|l Spills
Proj ect Were Used

West Coast Offshore Exploration Environmental Assessnent
Review - presented to panel conducting hearings (Cctober
1985).

Aut hor s

Dr. Phil Cohen and J. Slater, Environnent Canada, prepared
for Environnent Canada.

Qut put from Mbdel

Using a 18 kmx 18 kmgrid over the Queen Charlotte |slands
and west coast of B.C. the authors identified and eval uated
the sensitivity of the environnent to oil spills. The nodel
di stinguishes between 7 resources and activities occurring
in the area and eval uates the inpact on each of them The
final product is an aggregate inpact index for each grid
whi ch can be categorized from extreme through 3 categories
to | ow. Thi s output allows the reader to gain a
conceptual /intuitive feel for the magnitude of inpacts. Can

alter assunptions for resource wei ghtings to change inpact
scenari os.

Rol e of WNbdel

The results of the nodel were used to support Environnent
Canada's policy stance at the hearings. The use of the nodel
also sinplified the data, thereby reducing the gap between
statisticians and |aynen.

Was the Mddel Validated? How?

No, the docunentation does not give the research context for

the development of this nethodol ogy so conparisons wth
ot her studies is |acking.
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O her Comment s

Cohen said the nodel was not well received at hearings - it
was too technical for the audience and they did not see the
inplications of applying it to this problem The nodel woul d
work better as an interactive nodel that decision nakers
could use to develop scenarios. (Note that the format of
this nodel follows fromone of the recomrendati ons of the
Beaufort Sea Environnental Board; that is, proponents shoul d
identify areas where and when renewabl e resources coul d be
adversely affected, p. 36.)

Ref er ences

Cohen, P. and Slater, J. 1985. Environmental Sensitivity to
Gl Spills of the Queen Charlotte Islands Area. Report
Number 6. Pacific and Yukon Regi on, Environnment Canada,
Vancouver, B.C

Phil Cohen; Environment Canada, Otawa, pers. comm.

Beaufort Sea Envi ronment al Assessnent Panel . 1984,
Beaufort Sea Hydrocarbon Production and Transportation
Pr oposal . Federal Environmental  Assessnent, Revi ew

Ofice, Hull, Quebec.
5.2 Public Risk - LNG Plant Siting
Proj ect \Were Used

La Salle Term nal, Texas.

Aut hor s

Wodwar d- Cl yde Consultants for El paso LNG conpany. Submit-
ted report to Federal Power Comm ssion.

Qut put from Mdel

The nodel has three conponents: devel opment of accident
scenarios and associated probabilities; quantification of
public risks; and evaluation of public risk. The actual
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out put includes the probability, extent, |ocation of spills,
the probability of the vapor cloud igniting, [|ocation and
size of vapor cloud at ignition, and probabilities of fatal-
ities wunder wvarious conditions and accidents (conputes
annual estimates of fatalities per year and risk levels).

Rol e of Mbde

To integrate scientific know edge and assunptions from
several disciplines into a framework; to use sensitivity
analysis to test the significance of assunptions in the
overall operation of the facility; to systematically go
through the estimates of public risk, identify what they

are, and when and where they occur; and devel op strategies
to reduce risks.

Was the Mddel Validated? How?

Val i dati on was not di scussed.

Ref er ence

Keeney, R 1980. Siting Energy Facilities. New York:
Academ ¢ Press.

53Slick Trajectory WMbdel
Proj ect Wiere Used

Beaufort Sea Environnental |npact Statenent (1982).

Aut hor s

Arctic Sciences Ltd. for Done Petroleum Ltd.,- ESSO Resources
Canada Ltd., and Qulf Canada.

Qut put from Mde

The output of the nodel graphically describes the novenent
of a slick wthin a gridded area. Mvenent of the oil is
traced by lines through the grid. At discrete points in
tine, the output gives the oil conposition, the degree to
which the slick dispersed, and the |ocation of the slick
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Rol e of Mbdel

To predict the noverment of oil spills so that counterneas-
ures to clean up oil spills and mtigate inpacts can be
devel oped. Because the results are inprecise, they are not
seen as predictive but rather as a basis for discussions of
possi bl e inpacts. Archie Churcher of Donme Petroleum said
that the process of risk assessnent helps identify those
parts of an industrial process which are poorly designed, or
in other words, are the weakest link in a chain.

Was the Model Validated? How?

The docunentation did not discuss validation of the nodel
but it is based on results fromother research done in the
area. The Beaufort Sea Environnmental Assessnent Board recom
mended that the proponents and federal governnent depart-
ments cooperate to inprove and validate this nodel.

G her Comment s

The interaction of oil and ice was not taken into account in
this nodel because it was not conpletely understood.

Ref er ences

Beaufort Sea Envi ronment al Assessnent Panel . 1984.
Beaufort Sea Hydrocarbon Production and Transportation
Pr oposal . Feder al Envi ronnental Assessnent Revi ew

Ofice, Hull, Quebec.

Done Petroleum Limted, Esso Resources Canada Limted, and
@l f Canada Limted. 1982. Beaufort Sea - Mackenzie
Delta Region Environnental |npact Statement. Volune 6:
Accidental Spills. Done Petrol eum Calgary, Al berta.

Archie Churcher; Done Petroleum  Calgary, A berta, pers.

comm.
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6.0 HEALTH Rl SK ASSESSMENT

6.1 Dose Response of Laboratory Aninals

Proj ect Wiere Used

Laboratory tests to determ ne exposure Ilevels of vinyl
chl oride nmononmer (VCM that lead to the growthoftumors.

Aut hor s
Various; authors bring together nmany pieces of research.

Sever al researchers wused the sane statistical nodel in
anal yzing results.

Qut put from Mdel

This study conpared three types of dose-response cal cul a-
tions: probit, logit and weibull. The purpose of the studies
that were summarized is to take nmaxi num exposure |evels,
determned through [|ab experinents (where nunber of tunors
found is below predeterm ned acceptable levels), and extra-
polate those figures to human exposure levels. (CQutput
expressed as concentrations to give a lifetine risk factor
of 10€6.)

Rol e of WNbdel

This type of nodel is not used directly in EIA The role of
this nodel in health risk assessnent is to help establish
maxi mum human exposure |levels. If these levels are accept-

able to decision makers, they become governnent regulatory
st andar ds.

Was the Mbdel Validated? How?

Mbdel validation was not discussed because this type of

analysis comes froma long, rigorously devel oped history of
statistical nethodol ogies.

O her Conmment s

Val ues derived in this study were dependent on the nodel
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used, assunptions made, and experinmental data extrapol ated
from

Ref er ence

Purchase, |I.F.H, J. Stafford, and GM Paddle. 1985. Vinyl

chloride - a cancer case study. In Toxicological Risk
Assessnent. Vol. 1. Biological and statistical cri-
teria. (D.B. Clayson, D. Krewski, and |I.C. Minro,

eds.). Boca Raton: CRC Press.



