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ABSTRACT

The development of a comprehensive management framework of the Great Salt Lake isa
complex process involving the cooperation and close coordination of many groups, disciplines,
and activities. In the approach to this problem which is being followed by researchers at Utah
State University, the study was divided into three separate phases. Phase [ provides the overall
structural framework for management of the Great Salt Lake, identifies the data needs, and
establishes priorities for the development of submodels (both structural and non-structural) for
incorporation into the overall framework. The submodels can be developed both from basic
considerations and through the modification of existing models. This report summarizes the
results of Phase I.

. Phase I1 involves the process of developing submodels, and Phase III is concerned with the
application of the framework of models to specific management problems. The future manage-
ment of the resources of the Great Salt Lake is the concern of both public and private entities in
Utah. In this respect, the Economic Committee of the Utah Legislature has recognized the need

for a study which synthesizes all available knowledge and identifies any additional information
which must be gathered in order to establish a management strategy for the Great Salt Lake. The
study reported herein is in accordance with and in response to this concern as to how the re-
sources of the lake might be utilized to best suit the needs of the citizens of Utah.

Managing a complex water resource and the related land system requires an understanding of

. the fundamental processes which occur in the system and the interactions or coupling relationships
between these processes. The management framework developed here is aimed at providing decision~
makers at various levels in government with the capability to predict the impacts {environmental,
economic, and societal) which might result from various policies and decisions. The management
framework developed here takes into account the major societal and economic uses of the Great Salt |
Lake. These uses are (1) recreation and tourism, (2) mineral extraction, (3) transportation, 4)
brine shrimp harvesting, (5) oil drifling, and (6) fresh water supply. On the basis of these six major
uses, a chart was prepared which lists the potential impacts on cultural and social factors, biological
conditions, and physical and chemical characteristics resulting from alterations to the existing lake
system.

Modeling the Great Salt Lake system represents a formidable task. For this reason, the prob-
lem is approached by decomposing the total system into a number of subsystems and considering
the total system as being organized in terms of hierarchies. The hierarchical-multilevel approach
being adopted in this study enables the full utilization of existing hydrological and other available
water resource planning and management models.

KEYWORDS: Great Salt Lake/water resources planning and management/systems anglysis/
simulation/water resource modeling/environmental impact analysis/social uses/
multi-objective planning /Utah
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PART I: PROBLEM DEFINITION

CHAPTER 1

INTRODUCTION

The proper management of the resources of
Great Salt Lake and its surrounding drainage area so as
to achieve maximum public benefit is a matter of in-
creasing public concern as the value of these resources
becomes more fully appreciated and their future uses
are contemplated. There are, for example, numerous
possibilities for utilizing the fresh waters of the tribu-
taries. Chemical industries, recreation, wildlife refuges,
and many other uses compete for water in and near the
lake itself. A myriad of potential uses at water defic-
ient locations elsewhere within the basin alsoneed to be
considered. The manner in which the available water
supplies eventually are allocated and used will have a
Jong-term impact on the ecenomic and social develop-
ment of the entire State of Utah. Thus, the question
of how the resources of Great Salt Lake can be utilized
to best suit the needs of the citizens of Utah is a real
one, and the answer will require a well-integrated and
cooperative approach by all groups and agencies con-
cerned with the water resources of the entire lake sys-

fem.

Governmental concern for the future manage-
ment of the resources of Great Salt Lake was expres-
sed by Governor Calvin Rampton in a presentation to
the First Annual Meeting of the Utah Section of the
American Water Resources Association in Salt Lake
City on November 30, 1972. This same concern is re-
flected by a joint resolution which was passed recently
by the 40th State Legislature regarding the authoriza-
tion of a long-range and comprehensive plan for the
management and development of Great Salt Lake.
Some of the specific problems concerning the man-
agement of Great Salt Lake as viewed by State Legis-
lators are contained in the Preamble to the Resolution
cited above. In order to emphasize the justification
for the study reported herein, this Preamble is quot-

ed as follows: N

WHEREAS, the Great Salt Lake is a unique
physical feature and is one of Utah’s greatest
potential industrial and recreational assets; and,

WHEREAS, this ‘natural wonder” attracts
visitors from throughout the world, many of

whom leave in disappointment over the lack of
facilities and accommodations at the lake; and,

WHEREAS, several hundred studies, gener-
ally single-purpose reports, have been prepared
over the years relating to Great Salt Lake; and,

WHEREAS, no comprehensive, long-range
plan of the lake, using these many studies, has
ever been made to determine goals and policies
for Great Salt Lake development; and,

WHEREAS, a comprehensive, long-range
plan should be formulated to insure that all
developmental potentials, including but not
limited to facilities which provide for trans-
portation, recreation, and industry, are placed
in their proper perspective as being harmoni-
ous with each other; and,

WHEREAS, a comprehensive plan would
insure that environmental and ecological
controls be considered and that the develop-
ment process would be done on an orderly
basis; and, '

WHEREAS, long-range development of
the lake should be a joint venture between
federal, state, county, and private sectors
supplementing the present work of Wasatch
Front Regional Council and Box Elder Coun-
ty in preparing a preliminary general plan of
the multi-county area adjacent to the lake.

Recognizing the need for establishing an inte-
grated approach to the development of a management
strategy for Great Salt Lake, the Economics Commit-
tee of the State Legislature, under the chairmanship
of Mr. E. LaMar Buckner, in 1973 established an in-
teragency technical team of 38 state, federal, and lo-
cal agencies. The mandate of this team is to identify
all relevant past and ongoing research activities, and
to summarize all existing data and findings into a
single document. In addition, a Great Salt Lake po-
licy advisory committee was appointed by the Legis-
lative Committee. These two bodies ultimately will
be responsible for recommending to the Legislature
broad and specific goals, objectives, and policies to
be followed in the management and development of
Great Salt Lake in both short and long-term planning
concepts (see Appendix A).



Through its actions, the Economics Committee
of the Legislature has recognized the need for a study
which synthesizes all available knowledge and which
identifies information gaps in establishing a manage-
ment strategy for Great Salt Lake. As indicated by
the recent LAKE COM Report (1973), a large num-
ber of specific and unrelated studies of various aspects
of the lake system have been conducted. Like many
other agencies and groups, Utah State University
{USU) has completed several specific investigations.
However, in early 1973 a study was initiated at USU
with the objective of defining an integrated approach
to the management of the entire lake system, includ-
ing the tributary drainages. The basic characteristic
of this study is the development of a framework of
realistic computer models which are capable of being
used to analyze and predict the consequences of var-
ious management alternatives. Over the years research
workers at USU have gained considerable experience
in the development of computer models of a wide
spectrum of natural resource and social systems. This
approach is particularly suited to management stud-
ies which involve complex systems, and which require
the synthesis of much information and many profes-
sional disciplines. In addition to providing predictions
of the results of management alternatives, computer
models are capable of increasing insight conceming
the relative importance of system components and
processes. In this way, models suggest priorities in
the search to gain further information and understand-
ing about various aspects of the system as a whole.

The USU study was divided into three basic
phases, with the first phase being to define the prob-
lem and scope of activities for the subsequent model
development and operation phases. The results and
recommendations of the first phase of the study com-
prise this report. Although the study was initiated
several months before the formation of the technical
team and the policy advisory committee to the Eco-
nomics Committee of the Legislature, it is submitted
that the subsequent phases as proposed for the USU
study are capable of providing a much needed basic
framework for the broad scope of activities and de-
liberations which will be undertaken by these two

bodies in their efforts to formulate an integrated and

meaningful plan for the effective management of the
water and related land resources of Great Salt Lake.

Scope and Objectives of the Study

As previously indicated, at the time of itsincep-
tion the entire project was divided into three separate
phases of specific activity, with Phase I being concern-
ed with the definition of the problem and the develop-
ment of specific recommendations for work in subse-
quent phases. It was envisioned that Phase II would
involve the actual model development process and
that Phase III would be concerned with the applica-

tion and operation of the models to obtain answers
to specific management problems. Thus, depending
upon the ultimate stage of model development, var-
ious aspects of Phases II and III could be continued
for an extended period of time, and could be consid-
erably overlapping.

The overall, long-range objective of the entire
study is to develop a management strategy for alloca-
ting the resources of the region (natural, manpower,
and economic) so as to provide for the optimal en-
hancement of environmental quality, economic devel-
opment, and social well-being within the region. This
comprehensive objective is broken into sub-objectives
as follows: \

1. To examine the societal, environmental, eco-
nomic, and other activities relating to the Great Salt
Lake system, such as oil-well drilling, extraction of
minerals from the lake, and the construction of phys-

ical structures in the lake.

2. To examine the positive and negative im-
pacts (societal, environmental, and economic) of var-
ious commercial and economic activities, such as land
use (including urbanization) and structural develop-
ments within the tributary basins to the lake.

3. To examine the positive and negative im-
pacts (societal, environmental, economic, and others)
of various exogenous (from outside the region) inputs
and constraints, such as:

a. Federal decisions which affect environ-
mental quality, appropriation of funds, and
changing use priorities.

b. Economic development outside the region.

¢. Advances and changes in science and tech-
nology, such as improvements in mineral extrac-
tion processes and shifts in demands upon par-
ticular resources.

4. To develop a comprehensive planning frame-
work for the development of the Great Salt Lake and
its immediate environment. This framework will pro-
vide productive assessments of alternatives helpful in
the decision-making process.

This report is concerned with those activities
which are associated with Phase I of the study, and
the specific objectives of this phase are as follows:

1. To identify and evaluate all previous studies,
data, and other information pertaining to the lake sys-
tem.

2. To identify the following:



a. All potential major societal uses associated
with the lake system.

b. Means by which the physical system might
be modified to implement these societal uses
within the environmental constraints,

c. Potential problems or impacts which
might occur as a result of the modifications sug-
gested under Objective 2(b).

3. To estimate the relative magnitudes of the
impacts which are identified under Objective 2(c).

4. Toidentify general information needs, mo-
del structures, and steps for the model development
processes of Phase II. This objective includes the iden-
tification of agencies and groups which might contri-
bute to subsequent phases of the project.






CHAPTER I

HISTORICAL DEVELOPMENT AND USE
OF GREAT SALT LAKE

Background Information

In general, the historical development of Great

Salt Lake (Figure 1) has proceeded as a sequence of un-
coordinated activities without an established overall
management plan or strategy to maximize the total
public benefit from the resources of the lake. Even so,
the use of the resources of Great Salt Lake has played,
and continues to play, an important role in the econo-
mic and social development of Utah.

Extraction of salt from Great Salt Lake was es-
tablished by the Mormon settlers soon after their ar-
rval in Utah in 1847. They are responsible for pio-
neering the use of evaporation ponds for the removal
of salt from the Great Salt Lake brine. The procedure
whith they used for recovering table salt (sodium
chioride), which is essentially the same process used
today, consists of filling a pond with brine, allowing
the brine to concentrate to a particular density where
sodium chloride precipitates out, and then draining
the rest of the brine from the pond. This process
leaves a layer of almost pure sodium chloride in the
bottom of the pond.

The brine of Great Salt Lake contains a variety
of other salts more valuable than sodium chloride. At
present there are two companies, National Lead Indus-
tries, and Great Salt Lake Minerals and Chemicals Cor-
poration, extracting minerals other than common salt
from the lake. National Lead Industries plans to pro-
duce magnesium metal (45,000 tons/year), liquified
chlorine (81,000 tons/year), and gypsum (48,000 tons/
year). Great Salt Lake Minerals and Chemical Corpor-
ation plans to produce magnesium chloride (300,000
tons/year), potash (potassium sulfate) (200,000 tons/
year), sodium sulfate (100,000 tons/year), lithium
chloride (5,000 tons/year), and bromine (2,500 tons/
year). The lake contains additional salts of magnes-
ium, sulfur, and potassium which may become econo-
mic to produce in the future,

The completion of the Southern Pacific Trans-
portation Company s causeway across Great Salt Lake
in 1957 has resulted in a drastic change in the brine
concentration characteristics of the lake. Since con-
struction of the causeway, the brine in the northern

arm of the lake has remained near saturation, while

the brine south of the causeway is found to be less con-
centrated than before constructions, The main cause of
this difference is that the southem end of the lake is
fed by over 95 percent of the surface water inflow to
the lake. The northemn arm receives most of its inflow
as brine from the southem end through the causeway.
The major effect of this brine difference has been on
the mineral extraction industries. The plants which
intake brine from the northem arm of the lake receive
brine which is already near saturation, while the plants
receiving brine from the southern arm are fearful that
the concentration of the brine will be diluted to a
point where economic operations are not feasible. Whe-
lan and Stauffer (1972) investigated the cost of equal-
izing brine concentration in the lake by: (1) removing
1,500 feet of fill and replacing it with a bridge or
trestle; (2) pumping brine from the south arm to the
north arm; or (3) removal of 65 feet of fill and divert-
ing the Bear River to the north end. Alternately,
freshening of the south arm could continue and a pipe-
line constructed to furnish brine from the northem
arm to National Lead and the south arm salt compan-
ies. The importance of proper management of this re-
source is perhaps more fully appreciated when it is
realized that the minerals contained in Great Salt Lake
have an estimated value of over 90 billion dollars
(Searle, 1973).

The exploration for oil in and around the north
arm of Great Salt Lake has received attention at various
times since the turn of the century. The presence of
oil was established with the discovery of natural oil
seeps at Rozel Point. Attempts to produce oil with-
in the lake have resulted in only marginal success to
the present time. Recent leases have been granted
to Amoco and Wolfe for oil and gas exploration and
drilling within the boundaries of Great Salt Lake. The
effects this undertaking will have on other lake uses
has not been established.

The Dow Chemical Company (1973) prepared
a report for the Division of Water Resources, Utah
Department of Natural Resources, on the feasibility
of locating an industrial complex in the Wasatch
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Front region. The study was based on the assump-
tion of manufacturing 14 chemical products mainly
from Utah crude oil and minerals extracted from the
Great Salt Lake brine. The report gives favorable re-
sults on the possibility of locating such a complex
near Great Salt Lake. The discovery of a large quan-
tity of oil in the north arm of Great Salt Lake could
give new impetus to such a project.

Great Salt Lake for many years provided ma-
jor resort facilities for the tourists and local residents
that visited the lake. The late 1880's and early 1900's
saw the establishment and eventual failure of many
resorts around the lake. Black Rock, Garfield Beach,
Lake Point, Lake Park, Syracuse, and Saltair all
flourished as major resort areas at one time during
this period, but all eventually failed. Saltair was per-
haps the most popular resort on the lake with swim-
ming facilities, a dance pavilion, and an amusement
park. Saltair survived with varying degrees of popu-
larity from 1893 until 1968 when it was once again
closed and later destroyed by fire.

The continuous fluctuation of the volume of
the lake was a common enemy of the resorts. The
bottom of the lake has a very gentle slope which re-
suits in a large change in surface area for a small

change in lake volume. The location of the shore line
varies drastically between dry and wetyears. During
periods of decreasing lake stage the shore line would
recede leaving the resorts high and dry. Saltair lost
most of its popularity during the low lake periods of
the 1930's and the 1960's when the shore line of the
lake receded several hundred yards from the pavilion.

The present private recreational facilities on the
lake are found at Silver Sands Beach. These facilities
provide the opportunity to swim, boat, or tour the
lake. The use of the lake for boating has grown re-

cently, mainly due to the use of fiberglass craft which,
are impervious to the effects of the salt brine. An ac-

tive group of sail boaters has reestablished the old
Salt Lake Yacht Club Charter.

The State of Utah has obtained the north end
of Antelope Island and established it as the Great
Salt Lake State Park. A highway which opened be-
tween Syracuse and the Park in 1969 was severely
damaged during higher water levels in the lake and
reconstruction is nearing completion.

Many people in the state feel that the facilities
now available on Great Salt Lake are not sufficient
to produce the maximum income possible from the
tourist industry. Reed T. Searle's (1973) view of the
problem is, “Tourists by the thousands visit the Great
Salt Lake each year although the majority of them
leave in disappointment over the lack of facilities and

accommodations at the lake. Nevertheless, the poten-
tial for attracting and holding tourists in Utah by rec-
reational development at the lake is limited only by
the imagination and the development pockethook.”

At the 1970 meeting of the Utah Section of the
American Water Resources Association, WM. Katz-
enberge expressed this view on the present tourist
facilities:

The state’s interest in development of the
southern half of the Great Salt Lake should
swing into action rather than remain dormant.
Lack of control of the brine flies and lack of
development of a clean beach area costs us,
the taxpayer, untold dollars per year. We
could and would hold tourists in our area for
longer periods if we were to develop the Great
Salt Lake as a tourist attraction and have mo-
tels/hotels there to give the tourists something
to stay for. Cruising upon the lake itself has
potential as evidenced by the number utilizing
the only operating cruise boat at this time.

The islands of Great Salt Lake and the marsh-
lands which are found around the shore of the lake
provide nesting and rest areas for a variety of migra-
tory birds. The California gull, white pelican, Cas-
pian tern, great blue heron, and double-crested cor-
morant migrate inland from the Pacific Coast to nest
on the islands of Great Salt Lake. During the spring
and summer these birds mainly use the smallerislands
for nesting, having abandoned the use of the larger
islands.

An extensive network of marshlands is found
around the shores of Great Salt Lake. These marsh-
lands provide a vital link in the waterfowl flyway ex-
tending from Canada to Mexico. Much of the marsh-
land is controlled by federal and state agencies and
private organizations. The Utah Division of Wildlife
Resources operates five waterfowl management areas
at the mouths of streams entering Great Salt Lake,
and the U.S. Bureau of Sport Fisheries and Wildlife
operates the Bear River Migratory Bird Refuge at the
mouth of the Bear River. The rest of the marshlands
are managed mainly by private organizations, such as
hunting clubs.

The continued demand on water upstream from
the marshland has the potential of depleting both
the quantity and quality of water entering the marsh.
If productive marshlands are to be maintained, a sup-
ply of water that will fill the evapotranspiration needs
of the marsh plants and provide sufficient outflow to
maintain a satisfactory salinity level will have to be
dedicated to this purpose. Proper control of water
fluctuation within the marshes may provide needed
control of the mosquito population, but may also af-
fect the water demand of the marshlands.



Great Salt Lake is fed by three main surface in-
flows, namely, the Bear, Weber, and Jordan Rivers. Wa-
ter development within the Great Salt Lake drainage
has centered around projects within these river basins.
The Bear River has been partially developed for pow-
er and irrigation purposes with several storage reser-
voirs within the basin. The Weber River basin has un-
dergone extensive development under the Weber River
Project of the U.S. Bureau of Reclamation. Inflow to
Great Salt Lake from the Jordan River has been affec-
ted by the development of water supply for the Salt .
Lake City area and through the development of the
streams which feed Utah Lake. Under the proposed
Central Utah Project the flow of the Jordan River
would undergo further alteration.

The development of reservoirs in the vicinity of
Great Salt Lake appears to be essential for developing
large quantities of fresh water now “wasting” into
Great Salt Lake. Two alternatives are most apparent:
creation of off stream reservoirs such as (1) Willard
Bay reservoir, and (2) connecting the east lake islands
and the mainland with a system of dikes to create a
fresh water body within the present Great Salt Lake
boundaries. Further development of the present in-
flow to Great Salt Lake, whether upstream or within
the vicinity of Great Salt Lake, will have to be a com-
promise between developing new fresh water supplies
and maintaining the level of Great Salt Lake to serve
other interests, such as recreation, tourism, wildlife,
and mineral extraction.

Before the railroad developed as an efficient
means of transportation, shipping on Great Salt Lake
was an important means of transportation. Ore, salt,
livestock, and passengers were the major cargoes. The
largest vessel to use the lake was the steam powered
“City of Corinne” constructed in Corinne, Utah. It was
launched in 1871 to carry ore mined in the Oquirth
Mountains to the smelter at Corinne.

The Southern Pacific Railroad Company elimi-
nated Great Salt Lake as a barrier to rail transporta-
tion with the completion of the Lucin Cutoff across
the waters of the lake in 1904. The cutoff was com-
pleted with the construction of a wooden trestle with
short sections of fill at each end across the main body
of the lake from the east shore to Promontory Point.
During the 1950's, the main section of trestle was re-
placed with a rock and gravel causeway. As a result,
the lake essentially has been divided into two separate
portions or arms. The major effect of the causeway
has been the disruption of the brine concentrations
in the north and south arms of the lake and the result-
ing effect on the mineral extraction industry. Addit-
ionally, travel on the lake by watercraft has been re-
stricted. The effects the railroad causeway has had
on alternative uses of the resources of Great Salt Lake
further illustrate the need for comprehensive coordi-

nated management of the total resources of the Great
Salt Lake system.

Past Development and Use Strategies

The main effort at a coordinated development
of Great Salt Lake has centered around the develop-
ment of fresh water storage reservoirs within the pre-
sent boundary of Great Salt Lake. During the 1930's,
two different schemes for diking the lake were pro-
posed. The “large project” consisted of a diking system
‘extending westerly from the mainland to the southern
.end of Antelope Island, from the north end of Ante-
lope [sland to the southern end of Fremont Island,
iand from the north end of Fremont Island to Promon-
‘tory Point. The reservoir created by this inter-island
diking system would capture the flow of the Bear, We-
ber, and Jordan Rivers. Under the “small project,”
dikes would be constructed to connect the north and
south ends of Antelope Island to the mainland. Water
for this reservoir would be supplied by the Jordan Ri-
ver and a diversion canal from the Weber River. Even
though feasibility studies were undertaken, interest
in these projects was lost.

In 1955, the Utah Legislature authorized the
Utah State Road Commission to initiate a study on
the advisability and feasibility of creating a fresh wa-
ter reservoir through the construction of an inter-is-
land diking network. The findings were summarized
in a 1958 report by the Advisory Committee to Utah
State Road Committee entitled “Great Salt Lake Dik-
ing Study.” The report recommended:

1. The State of Utah acquire all or part
of Antelope Island for development as a state
park.

2. The construction of dikes to form the
large project be undertaken as early as possible.

3. Roads be constructed on the dikes in
conjunction with connecting roads to form a
scenic ‘loop’ which would include Salt Lake
City, Antelope Island, Fremont Island, and
Promontory Point.

4. A comprehensive survey be made to
determine the demand for water of the qual-
ity that would be produced in the fresh water
lake.

The major effort to coordinate the development
of Great Salt Lake was undertaken when the Utah
State Legislature created the Great Salt Lake Author-
ity in 1963. The Great Salt Lake Authority was giv-
en the responsibility to plan, formulate, and execute
a program for the development of the mainland, is-
lands, minerals, and water within the Great Salt Lake
meander line for industrial, recreational, agricultural,
and chemical purposes. The authority was directed



to obtain part of Antelope Island and develop it for
recreational use.

Under the direction of the Great Salt Lake Auth-
ority a preliminary master plan for the development
of Great Salt Lake, over a period of the next 75 years,
was prepared by Caldwell, Richards, and Sorenson,
Inc., Consulting Engineers. This 1965 study again put
emphasis on the construction of inter-island dikes to
form a fresh water reservoir in the eastem section of
Great Salt Lake so that the fresh water running into
Great Salt Lake could be saved and stored. Tests were
begun to investigate the feasibility of using tailings
from the Kennecott Copper Corporation operations
as material for dike construction and as fill material
for an area of approximately 60 square miles in the
southern end of the inter-island embayment. The re-
claimed land was to be used for agricultural and indus-
trial development or other suitable purposes. The mas-
ter plan also called for recreational development to be
encouraged between Black Rock and old Saltair resort
by designating this area a major resort area and stabil-
- izing the lake at about elevation 4,200. A zoning plan
for the lake bed land was proposed with agricul tural-
industrial development on the land reclaimed with
tailings, recreational-wildlife development covering
most of the area between Black Rock and Promentory

Point, and the balance of the lake designated for chem-

ical extraction purposes.

Tests on the feasibility of using the Kennecott
tailings for dike construction were carried out for the
Authority. In December, 1968, Caldwell, Richards,
and Sorenson, Inc., presented the Great Salt Lake Auth-
ority the result of the tailing feasibility test. The re.
port pointed out the practicability and limitations of
using tailings for dike construction. H. 8. Suekawa
(1970) reported the findings of a three-year test con-
ducted in the lake on the stability of Kennecott tail-
ings. General conclusions were that placing the tail-
ings by transporting them in a slurry through a pipe-
line appeared to be economically feasible but the de-

structive force of wave action would require the dike
to have a protective cover.

During its existence the only task the Great Salt
Lake Authority was able to complete was the estab-
lishment of the Great Satt Lake State Park on Antelope
Istand. The dissolving of the Great Salt Lake Author-
ity in 1969 has left the state without an agency with
responsibility for coordinating the development of the
resources of Great Salt Lake.

Uncoordinated development of the lake can
create situations where resource use alternatives are
undertaken without previously investigating the poten-
tial impacts which the developments might have on
possible or existing projects which involve alternative
uses of the resources. The limitations on the creation
of an inter-sland diking system for fresh water storage
created by other development and resource use alter-
natives is an excellent exarnple of how the lack of a
comprehensive development strategy has limited
development alternatives involving Great Salt Lake.
Under the Weber River Project of the USBR, Willard
Bay Reservoir was constructed as an off-stream reser-
voir for storage of Weber River water which would be
lost to Great Salt Lake. The possible contribution of
the Weber River to an inter-island reservoir is therefore
greatly reduced over natural conditions. Although off-
stream reservoirs might be the best solution for storing
fresh water now entering Great Salt Lake, Willard Bay
Reservoir was constructed and now has a major in-
fluence on the remaining alternatives for saving water
now flowing into Great Salt Lake. In the case of the
inter-island diking schemes, it appears that construc-
tion of the “small project,” discussed earlier, might not
be feasible due to the reduced flow of the Weber River.

The locating of a major chemical extraction oper-
ation in the lower reaches of Willard Bay further re-
stricts the possible alternatives available for fresh water
storage. Willard Bay was once considered a prime site
for fresh water storage. But due to possible damage to
the chemical extraction operation, the use of Willard
Bay for fresh water storage might be limited.

Proper management of the resources of Great
Salt Lake requires that possible use alternatives be co-
ordinated in a manner which will bring maximum ben-
efit to the entire state. The responsibility given the
Great Salt Lake Authority was an attempt to proper-
Iy manage the lake. In creating the Great Salt Lake
Authority, the state viewed the problem as develop-
ing the mainiand, islands, minerals, and water within
the Great Salt Lake meander line. Proper manage-
ment of Great Salt Lake for maximum benefit to the
state requires that the entire lake system, including
the lake, marshland, and tributaries, be managed as
a single entity. Otherwise it is possible to have man-
agement decisions made for one area of the lake sys-
tem (tributary streams) which conflict with the man-
agement goals in another area of the lake system
(Great Salt Lake) without the consequences of such
conflicts being minimized.






CHAPTER III

THE BASIC STRUCTURE OF A
MANAGEMENT STRATEGY
FOR GREAT SALT LAKE

A system might be broadly defined as a group
of interconnected and interdependent components,
each of which contributes to the overall functioning
of the whole. Systerns management implies a planned
manipulation of a particular system and/or its assoc-
iated input functions so as to achieve specific objec-
tives and goals. Management, then, is a dynamic pro-
cess which must be continually responsive both to
changing societal goals and objectives and to fluxes
within the components of the managed system itself.
Optimal management involves manipulation of the
system so as to achieve optimal resource use in terms
of the needs, objectives, and goals of the system us-
ers as a whole. '

The general management concept for a natural
resource system, such as Great Salt Lake, is illustrated
by Figure 2. Asindicated by this diagram, there is
first the need to understand and describe the physical
components of the system through basic information
and data. Next to be considered are the societal de-
mands or use options which might be implemented
in varying degrees through management measures
(both technical and non-technical) which alter certain
characteristics of the physical system. Any manage-
ment policy is imposed upon the physical system in
order to produce a particular set of conditions. In
turn these conditions are interpreted in terms of the
needs of a particular social objective or set of objec-
tives. Thus, while an achieved set of conditions
might be desirable in terms of a given societal objec-
tive, these same conditions might represent disadvant-
ages to other social uses or objectives. For this reas-
on, 2 particular management plan is necessarily selec-
ted by means of some form of optimizing process
which usually is based on cost and value factors. The
selection, or optimizing, procedure often involves
"trade-offs’ between value functions, but hopefully
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the management plan which ultimately is selected is
able to provide the optimal resource use in terms of
the needs, objectives, and goals of the society as a
whole. Frequently, the plan which is adopted does
not provide the optimal resource use in terms of ec-
onomics alone. Finally, through the input of labor
and capital, the physical system is modified to ac-
commodate to some degree the requirements of the
various resource use options which are emphasized
by the management plan being implemented.

As suggested by the preceding discussion, the
selection of a particular management plan from a
group of possible alternatives requires methodolo-
gies for assessing the degree to which each potential
plan meets specific and defined management objec-
tives. Obviously, it is usually not practical to imple-
ment and test a number of possible plans by manip-
ulation of the real-world system on a “trial and error”
basis. Many courses of action tend to be irreversible.
For example, once a structure such as a dike or bridge
is constructed, subsequent extensive modifications
to the plan usually are not feasible. Frequently a
system manager reaches a decision on the basis of
his judgment from past experience and knowledge.
However, in the case of highly complex systems,
such as that of Great Salt Lake, the many interact-
ing processes and interdependencies cannot easily
be perceived and expressed. In this situation com-
puter modeling has great practical utility. To the
degree that the model represents the system being
managed, the technique enables various possible man-
agement alternatives to be tested quickly and effec-
tively under a wide range of known and assumed
physical and social conditions. For this reason, com-
puter modeling is proposed by this report as the basic
framework of a management strategy for the water re-
source system of Great Salt Lake.
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Figure 2. A conceptual diagram of the processes involved in the optimal management of a physical system.
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PARTII: LAKE MODEL DEVELOPMENT

CHAPTER IV

MODELING THE WATER RESOURCES
SYSTEM OF GREAT SALT LAKE

The problems of managing a complex water re-
sources system require an understanding of the fund-
amental processes and coupling relationships involved
in the system. With this understanding a manager is
then able to predict realistically the consequences of
possible changes which might be imposed upon the
system. Forexample, in the case of Great Salt Lake
it might be desirable to be able to predict changes in
lake levels which might result from the adoption of
particular water use patterns on some of the major
tributary streams. In recent years, the advent of elec-
tronic computers has stimulated the use of simulation
analysis for planning and management of large and
complex systems. In essence, the computer model is
intended to reproduce the behavior of the important
system variables of the prototype under study.

Mathematical simulation is achieved by using
arithmetic relationships and mathernatical equations
to represent the various processes and functions of
the prototype system, and by linking these equations
into a systems model. Thus, computer simulation is
basically a technique of analysis whereby a model is
developed for investigating the behavior or perform-
ance of a dynamic prototype system subject to partic-
ular constraints and input functions. The model be-
haves like the prototype system with regard to certain
selected variables, and can be used to predict probable
responses when some of the system parameters or in-
put functions are altered. Computer simulation, there-
fore, has the following important advantages:

1. A model provides a basis for coordinating in-
formation and the efforts of personnel across a broad
spectrum of scientific disciplines.

2. A model approach requires a clearidentifica-
tion of problems and objectives associated with the
system being examined.

3. Insight into the system being studied is in-
creased. In particular, the relative importance of var-
ious system processes and input functions is suggested.
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4. Priorities and adequacies are indicated in
terms of planning objectives and data acquisition.

5. A model is capable of indicating in quantita-
tive terms progress toward system definition and con-
ceptual understanding ‘

6. Proposed modifications of existing systems
can be non-destructively tested.

7. Many planning and management alternatives
and proposals can be studied within a short time per-
iod.

8. Hypothetical system designs can be tested
for feasibility or comparison with aliernate systems.

As already suggested, a computer model (like
any model) is an abstraction from reality, and in this
sense is a simplification of the real world which forms
the basis of the model. The degree of simplification
is a function of both intent or planning and know-
ledge about the real world. Verbal information and
conceptualization may be translated into mathemati-
cal form for eventual use in a computer. Therefore,
the model development process should proceed essen-
tially from the verbal symbols which exist in both
theoretical and empirical studies to the mathematical
symbols which will compose the model.

The development of a working mathematical
model requires two major steps. The first step is the
creation of a conceptual model which represents to
some degree the various elements of the system and
their interrelationships. In general, the conceptuali-
zations and hypotheses of the real world of a partic-
ular study area are formulated in terms of the avail-
able data. Efforts are made to use the most pertinent
and accurate data available in creating the conceptual
model. As additional information is obtained, the
conceptual model is improved and revised to more
closely approximate reality.



The second major step in the development of
a working mathematical computer model is between
the conceptual model and the computer or working
model itself. During this step an attempt is made to
express in both mathematical and verbal forms the
various processes and relationships identified by the
conceptual model. Thus, the strategy involves a con-
version of concepts concerning the real worid into
terms which can be programmed on a computer. This
step usually requires further simplification, and the
resulting working model may be a rather gross repre-
sentation of real life.

The loss of information, first between the real
world and the conceptual model, and second, between
the conceptual model and computer implementation,
might be compared to a filtering process, as depicted
by Figure 3 (Riley, 1970). The real world is 'viewed'
through various kinds of data about the system which
are gathered. Additional data usually produce an im-
proved conceptual model in terms of time and space
resolutions. The improved conceptual model then
provides a basis for improvements in the working mo-
del. Output from the working modei can, of course,
be compared with corresponding output functions
from the real world, and if discrepancies exist between
the two, adjustments are indicated in both the con-
ceptual model and the working model.

The important steps involved in the process of
model development are depicted by the diagram of
Figure 4 (Riley, 1970), and these steps will be follow-
ed in the following development of a management
strategy for the water resource system of Great Salt
Lake.

Identification of Objectives

Clearly, the starting point in the formulation of
a management model is a precise definition of the
function or purpose of the model. As already indica-
ted, an important objective of the investigation de-
scribed by this report is to define the management
problems and objectives involving the Great Salt Lake
system. Without this essential first step, a meaningful
and effective management strategy obviously could
not be formulated and implemented.

By definition, a problem is associated with a
characteristic of a physical or social system which is
in some way detrimental to, or perhaps not amenable
to, a particular social use. The problem for the par-
ticular social use is solved by modification of the sys-
tem so as to better accommodate the use. For example,
a dam might be constructed to provide flood control
and so reduce the risks associated with flood plain de-
velopment. However, the construction of the dam
niight well have adverse effects on other social uses,
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such as transportation and farming within the reser-
voir area. A modification at any point in a system
initiates a whole series of adjustments throughout

the entire system until a new equilibrium condition
is reached. These adjustments produce both physical
and social impacts, some of which are positive and
others of which are negative, but all of which need to
be anticipated and assessed by a program of efficient
system management,

The kind of “chain reaction” which is triggered
by a change or modification at some point in a sys-
tem is illustrated by the diagram of Figure 5. This
figure illustrates some of the possible impacts of con-
structing a causeway in Great Salt Lake to facilitate
transportation. In this example, the physical system
is altered in order to better accommodate a transpor-
tation use. However, it is speculated that the cause-
way also produces effects which might adversely in-
fluence other social uses. Figure 5 suggests, for ex-
ample, that the causeway alters prevailing lake circu-
lation patterns and obstructs open water surface ar-
eas. Thus, some of the other social uses of the lake
which might be adversely affected are water transpor-
tation, water recreation (such as boating), brine shrimp
harvesting, and mineral extraction industries.

A system is managed in order to accommodate
particular social uses which are identified with specif-
ic goals and objectives. For this reason, the first step
in identifying possible problems associated with the
management of a particular system is to delineate
the various potential social uses for the system. In the
case of the Great Salt Lake system the major social
uses are identified as follows:

. Recreation and tourism.
. Mineral extraction.

. Transportation.

. Brine shrimp harvesting,
. Oil drilling.

. Fresh water supply.
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On the basis of the 6 major uses listed above,
a chart was prepared (Table 1) which lists desirable
system characteristics for each use and some of the
methods or systemn modifications by which these de-
sirable characteristics might be achieved. For example,
more stable water levels in Great Salt Lake to benefit
recreation and tourism might be achieved by the con-
struction of additional storage reservoirs on the ma-
jor tributaries. Also suggested by Table 1 are some
possible problem areas which might be influenced by
the various system changes. These are possible areas
of adverse impact on other social uses, and these also
are indicated by the table. Continuing with the stor-
age reservoir example, developed lands might be
flooded which, of course, would have adverse effects
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Table 1. Identification of problems associated with possible uses of Great Salt Lake.

Possible Uses
Related to Uses

Desirable System Characteristic

Some Methods of Achieving
Desirable System
Characteristics

Some Possible Problem Areas
Influenced by hmplementation
of Methods (Impact Areas)

Some Social Use Areas
Affected by Problems

Recreation and Tourism Stable Water Level

Dike Construction in the Great
Salt Lake

Alterafion of Circulation Patterns

Mineral Extraction Industry Rec-
reation

Physical Barrier to Free Access to
Entire Lake

Recreation
Water Transportation

Maintenunce of Dikes

Recreation and Tourism

Alteration of the Biologicul Habitat

Wildlife

Bring Shrimyp Harvesting

Recreation
Construction of Tribuary Flooding of Developed Lands Recreaction
Storage Reservoirs Agriculture

Industry

Alieration of Biological Habitat

Transportation

Wildlife

v e e g e et i P P e 4 i £ o £ Rec’callon e
Transbasin Diversions o Interrupted Deliveries During Recreation
_Low Flow Periods .
Weather Modification Alteration of Biological Habitat Wildlife
e e Recreation -
Control Procedures not Sufficiently Agriculture

Well Established

Fresh Water Bodies for Water
Based Activities (Skiing, Boating,
Swimming, Fishing}

Fasy Access

Dike Construction in

the Great Salt Lake
Construction of Tributary
Storage Reservoirs

Road Construction

Regreation

(S;ﬁné as those Listed Under Stable Water Level)

" (Same as those Listed Under Stable Water Level)

Mainten :1nuc_fy’vny)1~7.¥¢rn§m
Obtaining Right-of-Ways

!3_0_3{039301]
Agriculture
Wildlife

Dike Construction in GSL for

. Road Bed

Development of Parks, Resorts,
Beaches, and Associated Fea-
tures

" (Same as Those Listed Under Stable Water Level)

Adverss Leological Effects wildlife
Recreation
Aesthetics (Visual) Recreation B
Use Regulation Recreation
Interference with Other Possible Recreation
Uses industry

Agriculture
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Table 1. Continued.

Possible Uses

Desirable System Characteristic
Related to Uses

Some Methods of Achieving

Desirable System
Chargcteristics

Some Possible Problem Areas
Influenced by Implementation
of Methods (Impact Areas)

"Some Social Use Areas
Affected by Problems

Recreation and Tourism (cont.)

Boat Launching, Mooring, and

{Same as Those Listed Under Road Construction)

: service Features Aesthetics Recreation
Optimum Use Intensity Developing Facilities in Accor- Adverse Ecological Effects Wildlife
dance to Demand Recreation
Interference with Other Possible Recreaction
Uses Industry
R B Agriculture
Reservation Pdicies Reduced Per Capita Recreational Recreation
Opportunity
Charges for Use Some Limitations of Use to Lower Recreation
. Income Groups
Low Health Hazard Adequate Sewage Treatment Installation and Operation of Plants Recreation
i Tourism
Solid Waste Disposal Implementation and Operation of Recreation
Collection and Disposal Fucilities Tourism
Mosquito Control Measures Marsh Stabilization Water Supply
e Wildlife
Operation and Maintenance of Spray Recreation
- ____Equipment o . 3
Low Insect Population (Brine Chemical Spraying Adverse Ecological Effects Wildlife
Fly, Deer Fly, Horse Fly) (Mainly Through Food Chain) )
Problems Associated With Decaying Recreation
— -  OrgamicMatter
Biological Control . {sameus Those Listed Under Chemical Spraying)
Mineral Extraction Aesthetic Appeal Structural Design Economic Feasibility M.E. Industry
Low Plant Density Number of Plants is Restricted ~MLE. Industry

Construction of Plants in
Remote Areas

Maintenance of Natural Brince
Concentration

Provide for Adequate Flow
Through Causeways (Alter
Existing Structure and In-
clude in Design of Planned
Structures})

Access

Liconomic Feasibility

M.E. Industry

" M.E. Industry

Transportation

Change in Brine Concentration on
Both Sides of Existing Dikes

M.E. Industry

Objectives Associated With Deve-
lopment of Fresh Water Areas Could
Not Be Achieved

Recreation
Wildlife
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Table 1. Continued.

Possible Uses

Desirable System Characteristic

Some Methods of Achieving

Some Possible Problem Areas

&

Some Social Use Arcas

Related to Uses Desirable System Influenced by Implementation Affected by Problems
Characteristics of Methods (Impact Areas)
Mineral Extraction {cont.) Maintenance of Adequate Brine Dikes to Produce Evaporation Maintenance of Dikes Recreation
Concentration for Efficient Areas Tourism
Pl : _—
ant Operation Interference with Other Possible Recreation
Uses of Area Water Supply

M.E. Industry

Convey Brine From Areas of
High Brine Concentration

Construct Plants at Locations
of High Brine Concentration

Economic Feasibility

M.E. Industry

Maintenance of Equipment and
Facilities

M.E. Industry

Economic Feasibility

Limit Number of Plants on Lake

M.E. Industry

chuiati(;;l_

M.E. Industry

Limit the Extraction Rate
of Each Plant

Adequate Transportation
Facilities

Roads

Minimize Ecological Effects

Appropriate Location of
Plants and Evaporation Ponds

Economic Feasibility

M.E. Industry

___Regulation

M.E, Industry

Maintenance Problems

Acquisition of Right-of-Ways

_ M.E. Industry

Agriculture
Wildlife

Interference with Lake Circulation
Patterns

Physical Barriers to Free Access to
Entire Lake

M.E, Industry

Transportation
Recreation

Access

M.E. Industry
Wildlife
Recreation

Economic Feasibility

M.E. industry

Adequate Brine Concentration
at Point of Diversion

Limit Extraction Rates so as

to Maintain Brine Concen-
trations and Constituents in
the Lake

Regulations
Economic Feasibility

M.E. Industry

M.E. Industry

M.E. lndustry



| 14

Table 1. Continued.

Possible Uses Desirable System Characteristic Some Methods of Achieving Some Possible Problem Areas Some Social Use Areas
Related to Uses Desirable System Influenced by Implementation Affected by Problems
Characteristics of Methods (Impact Areas)
Transportation Stable Road Causeway and Roadbed Con- Economic Feasibility Transportation Industry
struction Aesthetics Recreation
Disturbance of Lake Circulation M.E. Industry
Disturbance of Brine Concen- M.E. Industry

tration

Brine Shrimp Harvesting

Interference with Ecological

Brine Shrimp Harvesting

Habitat Wildlife
Interference with Other Possible Recreation
_ Uses Water Transportation
Minimum of Obstacles Open Channels for Water Interference with Other Possible M.E. Industry

Transport

Uses

Land Based Transportation

Flat Road Grades (Such as
Railroad Causeway)

(Same as Those Listed Above Under Causeway and Roadbed Construction)

Smooth Road Surfaces

Economic Feasigirlit){w_w

Maintenance (Such as Erosion by

Wave Action)

Transportation Industry

Transgportation Industry

Minimum Distance

Construction Method

(Same as Those Listc;j Above Under Causeway and Roadbed Construction)

Pleasing Surroundings

Appropriate Selection of
Road Location

{Same as Those Listed Above Under Causeway and Roudbed Construction}

Construction Method

(Same as Those Listed Above Under Causeway and Roadbed Construction)

Brine Shrimp Harvesting

Adequate Nutrients Maintain Conditions Required Enhancement of Brine Fly Popu- Recreation
for Algae Growth lation
Interference with Qther Possible Recreation
Uses M.E. Industry
Require Brine Concentration Limit Rate of Mineral Economic Feasibility ___M.E. Industry
Level Extraction M.E. Industry

Maintain Natura! Circu-
lation Patterns

_Regulation

Interference with om??ﬁé&iﬂﬂ[
Uses

Transportation
Recreation
M.E. Industry
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Table 1. Continued.

Possible Uses Desirable System Characteristic Some Methods of Achieving Some Possible Problem Areas Some Secial Use Areas
Related to Uses Desirable System Influenced by Implementation Affected by Problems
Characteristics of Methods (Impact Areas)
Brine Shrimp Harvesting Create Artificial Cultivation Disturbance of Lake Circulation M.E. Industry
(cont.) Areas Disturbance of Brine Concen- M.E. Industry
tration
Interference with Ecological Wildlife
Habitat
Interference with Other Possible Recreation
Uses Water Transportation
o o M.E. Industry
Required Oxygen Level in Natural Processes None
Lake Adequate Sewage Treatment Installation and Operation of
Plants
Maintenance of Conditions Free Utilize Adequate Control Interference with Other Possible Gil Drilling
From Harmful Pollutants Measures Uses Recreation
Industry

Oil Drilling

Regulation Qil Drilling Industry
Aesthetic Appeal Structural Design Economic Feasibility Oil Industry
Construction of Facilities in Economic Feasibility Oil Industry
Remote Areas Access wildlife
- Ol Industry
Adequate Transport Facilities Road, ‘ (Same as Those Listed Under Mincar] Extraction)
Pipeline Line Oil Spiil Recreation
M.E. Industry
) Wildlife
Physical Barrier to Free Access Wildlife
to Lake Recreation
o M.E. Industry
Maximum Production of Oil Appropriate Location of interference with Other Possible Wwildtife
Drilling Facilities Uses Recreation
M.E. Industry
Minimize Ecological Effect Appropriate Location of Lack of Adequate Oii at Location of 0il Industry

Drilling Facilities

Drilling Facilities
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Table 1. Continued.

Possible Uses Desirable System Characteristic Some Methods of Achieving Some Possible Problem Areas Some Social Use Areas
Related to Uses Desirable System Influenced by Implementation Affected by Problems
Characteristics of Methods {Impact Areas)
Oil Drilling (cont.) Minimize Qil Spill Problem Regulation
Appropriate Transportation of Oil Oil Industry
Water Supply Fresh Water Storage ‘Dike Construction in GSL (Same as Those Listed Under Recreation and Stable Water Level)

Construction of Tributary Storage
Reservoirs

(Same as Those Listed Under Recreation and Stable Water Level)

Supplement Natural Supply Transbasin Diversions Interrupted Deliveries During Water Supply
Low Flow Periods
Weather Modification Alteration of Biological Habitat Wildlife
o Recreation
Control Processes Not sufficiently Agriculture
well established Recreation
Recycle Wastewater Reduced Inflow to GSL Recreation
M.E. Industry
e Wildlife
Desalt Flow Reduced Inflow to GSL Recreation
M.E. Industry

Wildlife




on land use within the impoundment area prior to
the dam construction.

Table 1identifies and categorizes some possible
problens associated with the major societal uses of
the water resource system of Great Salt Lake. For
example, the existing railroad causeway across the
lake was constructed to accommodate transportation,
but the structure is causing some concern to g portion
of the mineral extraction industry. Table | does not
assign priorities to either social uses or to the prob-
lems which result from system modification and use.
One management objective is to manipulate the sys-
tem $0 as to obtain an optimal “mix” of a broad range
of uses in terms of the objectives and goals of the us-
ing society as a whole, For this reason, a system plan-
ner is primarily interested in identifying, and obviat-
ing if possible, areas of major negative impact. The
problems associated with these major impact areas
are those which are most pressing in terms of system
management.

In Table 2 an atterapt is made to assign relative
magnitudes to those areas of impact which are ident-
ified by the fourth column of Table 1. Across the
top of Table 2 are listed possible changes in the water
resource system of Great Salt Lake which might cause
some degree of environmental impact. On the left
side of the table existing characteristics and conditions
of the entire system are listed. Beneath each proposed
action a diagonal slash is made opposite each existing
condition for which a significant impact by the par-
ticular proposed action might be possible. The rela-
tive magnitude of the impact is indicated by a number
between 1 and 10, and which is situated above the
diagonal slash, with 1 indicating minimal impact and
10 an impact of considerable magnitude. The rela-
tive social importance of the impact is indicated by
‘a number (also between 1 and 10) which is situated
beneath the slash. Thus, for example, a designation
of 10/2 suggests an impact of considerable magnitude
but of rather low social importance. An example of
such an impact is presented under Item I1.A.c. and
opposite Item 1.B.2.d. Although the magnitude of
the impact of transbasin diversions on benthic (chan-
nel bottom) organisms is apt to be considerable, the
social importance of this impact is likely to be mini-
mal. No attempt is made in Table 2 to distinguish
between positive and negative impacts. Frequently,
a particular action might produce both positive and
negative impacts on the same general condition. For
example, a transbasin diversion might have negative
impacts on fishing in the source channel, whereas in
the receiving channel the impacts might well be posi-
five,

Table 2 is helpfulin the development of a man-
agement model for the lake system because it assists
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in defining critical areas of potential environmental
impact (and therefore of potential problems) from
the standpoint of both magnitude and importance.
In this way, insight is increased concerning the kinds

- of problems which the model should be designed to

solve. For example, the table indicates that the con-
struction of dikes and causeways is capable of pro-
ducing major impacts in ferms of both magnifude
and importance on the use areas of recreation and
tourism, mineral extraction, water transportation,
brine shrimp harvesting, and fresh water supplies. On
the basis of this analysis a model which is capable of
quantitatively evaluating the specific effects of pro-
posed dykes and causeways at particular locations
within the lake clearly is needed.

On the basis of an impact analysis provided by
Tables 1 and 2, the model developnent process under
the USU project will emphasize initially an ability to
examine management problems associated with pos-
sible actions in the following areas of activity:

Lake watershed subsystem
1. Weather modification.
2. Transbasin diversions.

3. Construction and operation of dams and
IESeIVOIrs.

4. Land use practices, including:

a. Farming, ranching, and feed lot opera-
tions.

b. Urbanization, including municipal and
industrial sewage outflows.

Near-shore and lake subsystems

1. Changes associated with recreation and tour-

1ism, including buildings and offshore structures.

2. The construction of dikes and causeways
within the lake.

3. The development of impoundments within
the lake, such as reservoirs for mineral extraction ac-
tivities and those for fresh water storage.

4. Well drilling activities, particularly oil well
development.

5. Changes resulting from industrial operations
adjacent to and in the lake, such as mineral extrac-
tion and other mining operations.



Table 2. Information matrix for assessment of environmental impacts on the water resource system of the Great
Salt Lake (modified from Leopold, et al., 1971).

1. CHANGES TO THE PHYSICAL SYSTEM WHICH MIGHT CAUSE ENVIRONMENTAL IMPACT

Instructions

A. Mod. of B. Land Transformation  |C.Resour. i E. Waste- [T 'qa]lem. G. Others
Regime and Construction Extraction D. Processing Treat. 'L%. - Others

. Identify alt actions top of the matrix that might
be part of proposed development plans.

t

Beneath each proposed action a slash is placed at
the intersection with each condition (side of
matrix }if 3 significant impact is considered to
be possible.

. The aumber above each slash indicates the
relative magnitude of the possible impact, with
10 representing the greatest magnitude and | the
least.

The number beneath each slash indicates the
refative importance of each possible impact

(c.g. regional versus focal).

w

b

diversions
ling and pumping

Dredging

Biological controls {Brine fly)

Madification of habitat

Tl
Industrial sites and puildings

Higliways and bridges
Railroads

Ranching and grazing
Energy generation
Mineral processing
Municipal discharges

Recreation structures
Feed lots

Irrigation, drainage
Weather modification
Urkanization
Alrports

Dams and reservoirs
Dikes and causeways
Roads and trails
Mineral extraction
Well d

Farming

Food processing

Oil refining

Other

Landfill

Oit well flooding
tnsect control
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k
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System Definition

The basis of system identification is the con-
ceptual model of the real world developed through
various kinds of data which are gathered about the
system. System identification involves two impor-
tant steps, both of which are dependent upon the
objectives of the study, or the kinds of questions
which might be asked of the model:

1. A demarkation of the boundaries or limits
of the system to be modeled.

2. The establishment of model resolution in
terms of the time and space dimensions and func-
tional considerations (both physical and social).

In the case of the Great Salt Lake study, the
long-range goal is to develop a comprehensive plan-
ning and management model with predictive and de-
cision-making capabilities of the entire water resource
system of the lake. This objective requires a model
which is sufficiently broad in scope to consider the
entire lake system, including its environs, and also
which has adequate resolution in terms of both the
time and space dimensions and functional considera-
tions to realistically represent the system. A gross
conceptual model of the Great Salt Lake system s
shown by Figure 6, which is intended to represent
the basic physical and sociological components, With

"reference to the hydrologic component, the lake itself
is a residual quantity whose level, volume, and qual-
ity are influenced and determined by characteristics
of its tributaries and surrounding areas. Thus, any
alteration in the regimen or character of tributary in-
flows (both surface and subsurface) will affect the
lake. Further, this complex hydrologic system, of
which the lake is an integral part, has an inextricable
influence on the biological and quality components
of the total system. Consequently, in order to assess
the impacts of any management scheme, a clear iden-
tification of the entire system is needed, including
the physiographic, hydrologic, salinity, biologic, lim-
nologic, and societal aspects, and the complex and
dynamic couplings which are inherent in a system of
this nature.

The development of a comprehensive model of
a system such as that identified by Figure 6 is a diffi-
cult and lengthy process. For this reason, the prob-
lem is approached by decomposing the total system
into a number of subsystems. For example, each of
the boxes shown by Figure 6 might be considered to
represent a subsystem. A close examination of any
one of the subsystems depicted by this figure would
reveal some of its intemal processes, and thus lead to
an improved conceptual understanding of the system
as a whole. The usual approach is to consider the to-
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tal system as being organized in terms of hierarchies
or levels as shown by Figure 7. This procedure per-
mits the separate identification and subsequent de-
velopment of models for the various parts of the total
system. In this process model resolutions might be
varied from one component subsystem to another,
dependingupon the requirements of the overall model
and the available knowledge of each particular subsys-
tem. Eventually, submodels are linked to comprise
an overall model of the entire system.

Evaluation and Analysis of Available
Studies and Data

The review and evaluation of previous studies
and available data for a water resource system is an
important step in the simulation of the system. Pre-
vious studies involving the system provide insight in-
to system components and allows, when appropriate,
established procedures for describing certain compo-
nents of the system to be included in the simulation
model. Data from a particular system or subsystem
provide an understanding of the real world, and there-
by provide a basis for evaluating model performance.
The accuracy of predictions from a particular model
is governed to a large degree by the reliability of the
information on which the model is based and the ac-
curacy of the data which are input to the model to
provide the predicted output functions.

Past investigations of the Great Salt Lake sys-
tem, which includes the watershed, nearshore, and lake,
have been structured toward the investigation of indi-
vidual components of the system. The result of this
kind of uncoordinated research has been that not all
components of the system have received attention and
in many areas an adequate understanding of specific
components of the system has not been attained. Ad-
ditionally, little work has been done on investigating
the interactions between components of the system and
on how such interactions affect the entire lake system.

The Great Salt Lake drainage area or watershed
is composed of the Bear, Weber, and Jordan River ba-
sins, which, when combined, form the major inflow to
Great Salt Lake, and a number ofminor drainage ba-
sins. Components of the Great Salt Lake watershed
have been the subject of various studies due to the im-
portance of this watershed in Utah's water develop-
ment. The Utah Water Research Laboratory and the
Utah Division of Water Resources have performed a series
of water budget studies of the Bear, Weber, and Upper
Jordan drainage areas (Hyatt et al., 1969; Haws et
al., 1970; and Haws and Hughes, 1973). Simulation
model studies of the hydrology and salinity within the
Bear River basin were performed by Hill et al. (1970
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and 1973). A model study of the Upper Jordan River
drainage was carried out by Wanget al. (1973).

Under current studies at the Utah Water Research
Laboratory, the high resolution QUAL model (Texas
Water Development Board, 1970) and the intermedi-
ate resolution (Utah State University River Model -
USU RM - Grenney et al., 1974) model are being used
to provide simulation models of waste load allocation
on each of these rivers. These models cover the We-
ber-Ogden system from Park City to Kamas to Great
Salt Lake, the Jordan River from the Jordan Narrows
to Great Salt Lake, and the Bear River from the Utah-
Idaho border to Great Salt Lake.

Several studies of the smaller drainage areas of
Great Salt Lake also have been performed. A water
budget study of the Great Salt Lake Desert area, sim-
ilar to the water budget analysis of the major rivers,
was prepared by Foote et al. (1971). The water re-
sources of Salt Lake County were discussed in Hely
et al. (1971) and later simulated in a computer model
(Israelsen et al., 1973). Future water use in Utah Val-
ley was modeled by Huntzinger (1971). A water re-
source allocation model of the entire State of Utah,
including Great Salt Lake, has been developed at the
Utah Water Research Laboratory (Keith et al., 1973).

The contribution which groundwater makes to
the inflow to Great Salt Lake has not been well estab-
lished. Lofgren (1954) estimates the groundwater in-
flow to be 30 percent of the total inflow. Current
investigators have placed the groundwater contribu-
tion at 6-10 percent of the total annual inflow. Many
of the estimates of total groundwater inflow to Great
Salt Lake have come from water budget studies which
estimate the groundwater inflow by balancing inflow,
outflow, and storage change in the lake. Major com-
ponents in a water budget study of Great Salt Lake
are evaporation and precipitation on the lake. The
accuracy of estimating groundwater inflow using wate
budget studies should be accepted with the realization
that neither evaporation nor precipitation on the lake
is well defined.

Groundwater conditions in Utah are investigated
by the Utah Department of Natural Resources and the
U. S. Geological Survey (USGS). Foote et al. (1971)
used the data available on groundwater conditions in
the Great Salt Lake Desert to estimate the average
annual groundwater inflow to the lake from this area.
Studies of this nature should provide better estimates
of the total groundwater inflow to Great Salt Lake
than estimates made by water budget analysis. Addi-
tionally, this type of study provides information on
the spatial variation of groundwater inflow,
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The near shore area can be considered as a strip of
land around the perimeter of Great Salt Lake which con-
tains the marshlands, chemical extraction industries,
and sites for recreational facilities. The water require-
ments for waterfowl marshlands in the vicinity of
Great Salt Lake were studied under an extensive pro-
ject which began in 1959 as a cooperative effort of
the Utah State Division of Fish and Game, the Utah
Water Research Laboratory, and the USU Cooperative
Wildlife Unit. The investigation took place on the How-
ard Slough management area and the data gathered
were used to develop a procedure for determining the
monthly and seasonal water requirements for marsh-
lands. The results of the study are summarized in
Christiansen and Low (1970). This report presents
amethod for calculating marshland water requirements
based on the salinity of flow, the evapotranspiration
{consumptive use) from the marshland, and the pre-
cipitation on the marshland. The study not only pro-
vided a means for estimating water requirements of
marshlands, but also through the development of the
necessary background information and data, provided
insight into the tolerance of marsh plants to salinity
and the evaporation losses to be expected within
marshlands.

Marshlands often provide the necessary environ-
ment for producing mosquitos. Methods of mosquito
control on marshlands through the proper regulation
of water levels were described by Rees et al. (1966).
In this series of studies it was shown that water man-
agement techniques and practices effectively used in
mosquito abatement often improved the marshes for
waterfow! and other wildlife.

Great Salt Lake is an important component of
the entire Great Salt Lake systemn. Physical processes
within its boundary have been studied in a series of
single purpose studies with the goal of describing spe-
-cific aspects of the lake system.

Evaporation, perhaps because it is the only out-
flow from Great Salt Lake, has been the subject of a
number of studies. In 1932, T. C. Adams established
‘amethod of estimating the evaporation from the Great
Salt Lake by correlating pan evaporation of salt and
fresh water. The work done by Adams has been refer-
red to in most of the subsequent studies of evapora-
tion from Great Salt Lake.

Harbeck (1955) investigated the effects of salin-
ity on evaporation from a theoretical basis and used
the results obtained by Adams to verify his findings.
Dickson, Yepsen, and Hales (1961) performed labora-
tory measurements of the vapor pressure of Great Salt
Lake brine at various concentrations and temperatures.
Dickson (1962) and Dickson and McCullom (1965)
used vapor pressure, wind speed, temperature, and



humidity data collected in the vicinity of Great Salt
Lake to estimate evaporation using the eddy flux
technique. Their results indicated evaporation from
Great Salt Lake was greater than predicted in earlier
studies. Precipitation on the surface of Great Salt Lake
constitutes a major inflow to the lake. Research on the
distribution of precipitation over the lake at this time
has not progressed much beyond the preparation of
isohyetal maps, by E. L. Peck, which include the Great
Salt Lake regions.

Several water budget analyses have been perform-
ed on Great Salt Lake with the goal of better defining
the magnitude of the components which contribute to
lake inflow and outflow. Peck and Dickson (1965)
uged a water budget analysis in which monthly precipi-
tation, surface inflow, and change in storage of the
lake were assumed to be known from basic data. Un-
known quantities were evaporation and groundwater
inflow. Although no specific estimates of groundwater
inflow or evaporation were made, the study concluded
that groundwater contributes significantly to the lake
with the exact amount being related to the amount of
evaporation.

Palmer (1966) proposed a yearly water budget
for the years 1930-1963. The average annual inflow
to the lake was estimated at 1,690,000 acre-feet (ex-
cluding precipitation) with 6 percent of the inflow
contributed by groundwater.

Steed (1972) prepared a water budget analysis
for 1944-1970 in which monthly terms were used. Av-
erage annual inflows were found to be 1,756,000 acre-
feet of surface flow, 206,000 acre-feet of groundwater,
and 685,000 acre-feet of precipitation. Outflows in-
cluded 2,493,000 acre-feet of evaporation and 151,000 .
acre-feet of evapotranspiration.

North Arm

Depth, in feet
below lake surface

The chemical makeup of the dissclved mineral
inflow to Great Salt Lake and the makeup of Great
Salt Lake brine has been investigated mainly by the
USGS and Utah Geological and Mineralogical Survey
(UGMS). Hahl and Mitchell (1963) present a compila-
tion of data collected from July 1959 through June
1962 to aid in the definition of the chemical composi-
tion of streams, drains, and springs discharging into
Great Salt Lake and, additionally, to define the chemi-
cal composition of the lake brine. Hahl and Langford
(1964} is a continuation of the above study and re-
ports on conclusions drawn from the above data.

During the 1964 water year more detailed data
were obtained on surface inflow at sites closer to the
lakeshore. Hahl (1968) used these data to estimate
the salt inflow at the lakeshore for water years 1960,
1961, and 1964. The data for 1960 and 1961 were
collected during low inflow and low lake stage years.
The fact that data for high flow years were not inclu-
ded may affect the estimate of salt inflow to the lake
‘which Hahi obtained.

Using data on the brine concentration within the
lake from 1963-1966, Hahl and Handy (1969) conclu-
ded that four types of brine coexist in the lake. The
northern arm (north of the railroad causeway) was
found to contain a typical concentrated brine, while
the brine in the southern arm was divided into three
distinct concentration categories or zones, namely:

/(1) from the surface to a depth of about 16 feet; (2)
‘below 16 feet and assumed to originate from flow
from the northern arm through the causeway ;and 3)
below 16 feet and assumed to originate from ground-
water inflow. The four brine types (that of the north-
ern arm and the three zones in the southern arm)are
illustrated by Figure 8.

South Arm

fs

Ko d
Algal Ree

Verticle Exaggeration X 2300

Figure 8. The four brine zones within Great Salt Lake (after Hahl and Handy, 1969).
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The UGMS and the USGS have conducted pre-
liminary investigations of the circulation patterns
within Great Salt Lake. Figure 9 illustrates the gen-
eral circulation patterns within the lake since the con-
struction of the railroad causeway. The UGMS and
the USGS are continuing to gather data which will
provide further information on circulation pattems
and the distribution of dissolved solids within the
lake.

Lin et al. (1972) report on data collected dur-
ing the surnmer of 1972. Detailed vertical profiles
of temperature, dissolved oxygen, conductivity and
pH values were measured among 17 buoy stations in-
stalled at the south end of the lake. Lin also found a
deep and more dense brine underlying portions of the
south end brine. It was pointed out that the collec-
tion of such detailed data for the first time allowed
the observation of the very subtle characteristics of
the lake water, and that more extensive study of the
same type will lead to answers to questions such as
the occurrence of deep brine (Figure 8).

The salt distribution problem which resulted
from the construction of the Southemn Pacific Trans-
portation Company's causeway-across Great Salt Lake
prompted studies of the effects which the causeway is
having on the lake and possible solutions to the problem.
The net movement of salt to the northern arm was re-
ported in a brief article by Adams (1964). Because of the
decreasing density of the brine in the southem amm,
the salt extraction companies located there became
deeply concerned with finding the cause and a solution
to the problem. Clyde, Criddle, and Woodward, Inc.,
Consulting Engineering Firm, was retained by several
salt companies to establish the fundamental reasons
for the changes in salt content. The firm's 1970 re-
port links the density change to the railroad causeway
and concluded that an opening in the causeway 1500
feet long would be required to restore pre-causeway
conditions. This conclusion was based on an assump-
tion of a small flow through the causeway fill.

A reconnaissance study by Madison (1970) indi-
cated that a net load of about 0.30 billion tons of dis-:
solved solids had moved from the south to the north ‘
part of the lake from 1963 to 1969 due to effects of ;
the causeway. Madison recommended that a detailed .
study be made to enable predictions of long-term ef-
fects of the causeway.

During 1970-72, the USGS and the Utah Geolo-
gical and Mineralogical Survey carried out an investiga-
tion based principally on Madison's recommendations.
The purpose of the study was to determine the net
movement of dissolved-solids through the causeway
during 1971-1972 water year, to predict salt load
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movements during rising and falling lake stages for

the existing causeway through the use of a simulation
model, and to predict the possible effects of various
culvert widths on load movement. The study gives cul-
vert widths required toestablish various conditionsin
the relation between the north and south arm brines

and recommends that the results be verified with addi-
tional data. The study also recognizes that the economic
and social impacts must be considered in any decision
to alter the widths of the present causeway culverts,

Two additional models of flow through the cause-
way have been developed. Lin and Lee (1972) devel-
oped a Hele-Shaw model of seepage flow through the
causeway and suggest that the model study, when coupled
with field investigations, should provide all the informa-
tion needed to assess the impacts of the causeway. Cheng
and Hu have submitted a report for publication in the
Journal of the Hydraulics Division of the American Society
of Civil Engineers in which they present a mathematical
model of a two-fluid flow system through a homogeneous
porous media. Results of the numerical solution are cor-
telated with that of a Hele-Shaw experiment.

The USGS in Salt Lake City will incorporate the
causeway model they developed into a simulation mo-
idel of Great Salt Lake which is currently under devel-
opment. The model which the USGS is developing will
divide the lake into three or four units and assume com-
plete horizontal mixing within each unit, but will
ot deal with vertical stratification. The model will
be used to study the effects produced by changes in
‘the inflow and will also analyze the various diking
schemes proposed for the lake.

Life species which inhabit the waters of Great Salt
‘Lake are few due to the harsh eavironment created by
the high brine concentration. Organisms include bac-
terza, several species of green and blue-green algae, sev-
.eral species of protozoans, one species of crustacean

(brine-shrimp), and two species of brine fly. In addi-

tion, forms typical of fresh water are found in the lake
‘on occasion, but it is felt that these are extraneous

forms which have been washed in from freshwater
bays and probably survive for only short periods of
time.

Most of the biological work on the lake was done
in the 1930s. Flowers (1934) found four species of
blue green algae and two species of green algae. Kirk-
patrick (1934) cultured lake waters in the laboratory
in an attempt to separate native from extraneous al-
gal forms. She reported 13 species of algae as well as
some protozoans. Patrick (1936) identified 24 genera
and 62 species of diatoms from lake bottom samples.
Eardley (1938) reviewed the literature on life in the
lake and listed the brine shrimp, three flies, five pro-
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Figure 9. General circulation patterns and UGMS brine and sediment sampling sites within Great Salt Lake.
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tozoans, and 13 species of algae. ZoBell et al. (1937)
worked on the bacterial flora of the lake.

Recently, work has progressed toward under-
standing the interactions between organisms in the
lake and the fate of pollution which enters the estuar-
ies (bays) of Great Salt Lake. Porcella and Holman
(1972} reported on the relationship between nutrients,
algal growth, and brine shrimp in the southern arm of
Great Salt Lake. Coburn and Eckhoff (1972) and
Meide and Nicholes (1972) report on the fate of pol-
lution input to the Great Salt Lake estuaries. Still
needed, however, is a complete ecological study of
Great Salt Lake on a seasonal basis.

Over the vears, various government agencies (fed-
eral, state, and local) and other groups have collected
considerable quantities of data relating to the water
resource system of Great Salt Lake. For example, re-
cords of lake levels have been maintained on a month-
ly basis by the U.S. Geological Survey since 1875. Ev-
en so, data deficiencies exist for many aspects of the
system, and these inadequacies will become more ap-
parent as the modeling process is continued. The
LAXE COM Report (1973, p. 14) lists five specific
areas of data deficiency pertaining to the lake system
as follows: :

1. Evaporation and rainfall.

2. Lake currents and general water movement
patterns within the lake.

3. Geologic or subsurface conditions a8 indica-
ted by seismic and gravity soundings.

4. The effects of high sulfur concentration le-
vels in the lake brines on the extraction of othersalts.

5. Groundwater conditions beneath the lake,
including subsurface inflow rates.

The preceding list is not intended to be exhaus-
tive, but was alist of the major areas of data deficiency
discovered by LAKE COM during their investigation.
As part of this study a preliminary investigation was
conducted to evaluate the adequacy of available data,
defined in terms of spatial and temporal resolution
requirements, as currently invisioned for the develop-
ment of a management model of the lake system. The
results of this survey are summarized by Table 3. The
data for the various categories in the table have been
rated as adequate, reasonably adequate, or not ade-
quate for the three general areas of the Great Salt Lake
basin (watershed, nearshore, and lake).
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Model Formulation

Model formulation is the step between the con-
ceptual model and the working model indicated by
Figure 3. The form of the model which is used is de-
pendent entirely upon the requirements of the prob-
lem (the objectives) and the data which are available
for the study. Some insight into this process might be
obtained by comparing a model to predict the effects
of increased fresh water inflows on average lake salin-
ity concentrations with a model developed to predict
the fate of oil spills in the lake. In the case of the
first model, brine concentrations at specific locations
in the lake are not needed and so the spatial resolution
can be gross. However, the second model requires a
high degree of resolution in the space dimension. Thus,
the requirements of the problem always are a prime
consideration in model formulation and design, inclu-
ding the selection of appropriate time and space incre-
ments.

The hierarchical-multilevel structure shown by
Figure 7 is achieved through the combination of sev-
eral models which become submodels in the hierarch-
ical structure (Haimes, 1973). Two layers are recognized
in the hierarchical structure, namely, an information
laver (first layer) and a prediction and optimizing layer
{second layer). The second layer is composed of two
fevels: (1) societal and economic goals and considera-
tions (first level}; and (2) political and decision-making
considerations (second level). The first layer represents
the various physical aspects of the system, while the first
dels for each of the six major uses of the lake system
as listed earlier in this report. Clearly, any decision
in the second level of the second layer which requires
a change in some aspect of the physical system (first
layer) in order to accommodate a particular use in the
firstlevel of the second layer will create an adjustment
throughout the entire system which will have a trade-
off affect on other societal activities. For example,a
societal activity such as ofl drilling might cause oil
‘'spils which will have an impact on the ecology of the
lake, and in turn influence tourism and recreation.
“Thus, it is possible to view the second layer shown by
Figure 7 as the cause and the first layer as the effect
on the physical system, which in turn has a further
effect on the second layer. The second level of the
second layer represents the decision-making processes
which coordinate and evaluate these cause and effect
interactions and the trade-offs among the various so-
cietal uses and activities. :

{ At the lowest layer of the hierarchy (first layer),
the impacts of decisions and policies made by man and
society on the Great Salt Lake system from a hydro-

logical, limnological, and ecological point of view over
a short, intermediate, and long time horizon are analyzed.
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Table 3. Summary of the adequacy of data within the Great Salt Lake systeyn.

Adeguacy .
Primary Data Near Shore
Category Classification Collection Agency Watershed Lake

Meteorological Precipitation NOAA, USGS=# Ab Nb
Wind NOAA, USGS A N
Radiation NOAA, USGS A N
Evaporation NOAA, USGS A N
Cloud Cover NOCAA, USGS A N
Air Temperature NOAA, USGS A N
Hydrological Streamflow UsSGs A p’
Subsurface Flow USGS A P
Soil Characteristics SCS P -
Snow Data sSCS A -
Limnological Lake Lievels , USGS, UGMS - P
Lake Circulation Patterns USGS, UGMS - N
Lake Water Temperature 3GS, UGMS - N
Density Stratification USGS, UGMS - N
Water Quality Lake Brine Concentrations UsGs, UGMS - N
Stream Quality UsGS, UGMS, UDH,
Characteristics USWPCB A P
Lake Quality
Characteristics UsSGS, UGMS, UDH - N
Ecological Brine Shrimp - P
Algae etc. {micro-organisms) - P
Insect Control USPHS, UDH P P
Land Use UGMS, BLM - P
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Table 3. Continued.

Primary Data

Adequacy

Near Shore

Category Classification Collection Agency Watershed Lake
Geological Lake Bottom Topology UsGSs, UGMS - N
GSL Predecessors
{Lake Bonneville) USGS, UGMS A A
Bottom Sediments UsGSs, UGMS - N
Wildlife Marshland Users
& Inhabitants UDWR, USBSFW A A
Island Users
& Inhabitants UDWR, USBSFW - A
Societal Recreational Uses NPS, UDWR, USPRD, .
BLM A P
Industrial Uses UGMS, USBM A P
Population Information USDES
Land Use A A
NOAA - National Oceanic and Atmospheric Administration Pp = Adequate
USGS - U.8. Geological Burvey P o= Partly Adequate
8¢S ~ Soil Conservation Service N = Not Adequate
UGMS - Utah Geological and Mineratogical Survey
uDpH - Utah Division of Health
USWPCB - Utah State Water Pollution Control Board
USPHS - 11.8. Public Health Service
UDWR - Utah Division of Wildlife Resources
USBSFW - ULS. Bureau of Sport Fisheries and Wildlife
NPS « National Park Service
USPRD - Utah 8tate Parks and Recreation Division
BLM ~ Bureau of Land Management
USBM - U.5. Bureau of Mines
USDES - Utah State Department of Employment Security



Thus, it is clear that the problems considered at this
first layer are of three dimensions as follows:

1. Geographic-Hydrological Considerations

a. The lake itself
b. Near shore
¢. The watershed

2. Temporal Considerations

a. Short term time horizon (1-5 years)

b. Intermediate term time horizon (5-15
years)

c. Long term time horizon (15-50 years
or over)

3. Functional Considerations

a. Hydrological
b. Limnological
¢. Ecological

A variety of considerations may be adopted for
decomposition of the system, depending on the solu-
tion desired. For example, if the desired solution de-
pends on examining the system from a functional
point of view, a functional decomposition of the sys-
tem logically is suggested. In this situation, all time
horizons and all parts of the Great Salt Lake system
(hydrological, limnological, and ecological) will be
includedin each functional submodel. In other words,

for the functional decomposition the temporal and
geographical-hydrological dimensions may be viewed
as parameters for the first layer decomposition, and
an overlapping coordination is then applied (Haimes
and Macko, 1973). In other words, a functional de-
composition at the first layer in one hierarchical
structure and a geographical-hydrological decompo-
sition at the first layer in another hierarchical struc-
ture might be integrated through an overlapping co-
ordination between the two structures. This pro-
cedure frequently provides considerable insight into
the system. Hydrological considerations are apparent
from the need to concentrate on specific considera-
tions within these groups. The temporal considera-
tions are included because decisions may have entir-
ely different and possibly converse impacts on the
short term versus the long term planning horizons.

The firstlevel of the second layer in the hierar-
chy takes into consideration the societal and econo-
mic goals. These societal and economic goals have
been identified and decomposed into several major
components. Each of the six earlier named activities
and goals must be quantitatively analyzed with respect

to its benefits and utilities, cost to the public and en-
vironment, its impact on the hydrological, limnolog-
ical, and ecological aspects of the lake and its basin
over the short, intermediate, and long-term planning
time horizons. In particular, all the information needed
for analyzing and evaluating the trade-offs amongall
these activities will be provided at this level of the
hierarchy. The trade-off analysis is conducted at the
second level of the second layer by means of the multi-
objective function analysis.

The major efforts associated with the first level
relate to the identification of measures (decisions)
that are aimed at enhancing the achievement of the
economic and societal goals; the constructions of the
corresponding objective functions which represent
the earlier six stated activities and goals; the identi-
fication and construction of all the constraints - tech-
nical, physical, ecological, hydrological, economical,
isocietal, political, legal, and others as related to the
time domain; identification of all the needed data to
‘be designed, collected, transferred, processed, and
ianalyzed along with their associated cost and worth;
and finally, provision of a basis for coupling all these
economic and societal activities at the second level of
the second layer in the hierarchy.

‘hierarchy.

% The development of utility functions, objective
‘functions, and the systems input-output relationships,
ias well as the construction of the system constraints
constitute the heart of the modeling efforts. This
task is particularly difficult for large-scale and com-
plex problems, such as a comprehensive planning ef-
fort involving Great Salt Lake and its basin. Here
ithere are many competing, conflicting, and non-com-
Imensurable objectives and goals which may be diffi-
ccult to quantify. These objectives and goals are func-
tions of many variables including a dependency on the
time and space dimensions.

The classical methodologies in cost-benefit
analysis or, as often referred to, cost-effectiveness
analyses, identify different classes of costs and ben-
efits (primary, secondary, and tertiary). Tangible
and intangible costs and benefits are generally quan-
tified in terms of the same units so they can be anal-
yzed and compared with each other. Weighting co-
efficients which transfer one unit of activity one to
a commensurable unit of activity two have tradition-
ally been introduced to facilitate the comparative anal-
ysis. This is the case, for example, in multiobjectives
analyses when the parametric approach is being util-
ized.

In this study, amore realistic approach is advo-
cated for the construction and evaluation of the var-
ious competing objectives and goals associated with the



planning for the development and management of
Great Salt Lake and its basin. This approach recog
nizes the difficulties in commensurating environmen-
tal quality, for example, with economic terms (costs
or benefits). Accordingly, the various societal and
economic objectives and goals discussed in the pre-
vious sections are each mod:led in its own unit and
terms. Consequently, several non-commensurable ob-
jective functions are produced. These objectives are
then evaluated at the highest level in the hierarchy
iby means of the surrogate worth trade-off method
(SWT) (Haimes and Hall, 1974). A major feature of
‘the SWT method isits capability to quantitatively and
systematically evaluate non-commensurable multiob-
jective functions in terms understood and acceptable
‘to the decision-maker. The application of the SWT
method is discussed in Chapter V of this report.

The models associated with each of the subsys-
tems at each layer in the hierarchy are likely to be dif-
ferent from each other - both in structure, scope, and
complexity. The models associated with the first lay-
er in the hierarchy, for all three different decomposi-
tion schemes discussed (hydrological-geographical,
temporal, and functional decomposition), are informa-
tion oriented models - to distinguish from optimiza-
tion oriented models. They are aimed at providing in-
formation and future prediction related to the specific
aspect of the system that they (model) represent.

The models associated with the first level-second
layer, in the hierarchy may be classified as both infor-
mation oriented-predictive models and optimization
oriented ones. The optimization procedure itself, by
manipulating the control measures (both the technical
and nontechnical ones), is carried on at the second le-
vel-second layer of the hierarchy.

The utility and objective functions and the sys-
tem's constraints are all constructed at the first level-
second layer of the hierarchy. For example, consider
the recreation-tourism subsystem. A utility function
or functions should be constructed which relates the
desirable goals associated with this subsystem such as
stable lake water level, low health hazard, and easy ac-
cess to the control measures such as construction of
dikes and tributary storage reservoirs, adequate sewage
treatment, mosquito control, and the development of

parks, beaches, and associated features.

Under the SWT approach utility functions are
not necessarily expressed in monetary terms. They
may be in units of level of the water in the lake, num-
ber of users of the recreation facilities, level of health
hazard, sensitivity of water level in the lake to other
control measures, such as flow of tributaries to the
lake and reservoir operations. The construction of the
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utility functions in non-commensurable terms to each
other is made viable by the SWT method (Haimesand
Hall, 1974 ; Haimes, Hall and Freedman, 1975). Thus,
while these optimization oriented objective functions
are constructed at the first level-second layer of the

hierarchy, they will be all together (all from first level
subsystems) analyzed and their trade-offs evaluated at
the second level in the hierarchy in order to achieve a
solution which is acceptable to the decision-makers.

As suggested by Figure 7, a comprehensive man-
agement of the water resources system of Great Salt
Lake is necessarily based on a realistic and adequate
representation of the physical aspects of the system
(first layer). For this reason, the component subsys-
tems at this level will be emphasized during the early
stages of the study to develop a comprehensive model
of the entire system depicted by Figure 7. As was in-
dicated earlier, a close examination of any of the com-
ponent subsysterns shown by this figure would reveal
the major internal processes, For example, with refer-
ence to the box of Figure 7 which indicates the “lake
watershed,” the hydrologic processes within this box
logically could be represented by the typical block
flow diagram of Figure 10. In this diagram the blocks
represent storage locations within the subsystem and
the lines represent various processes by means of which
water is transferred from one storage location to another.
Thus, the subsystem which represents the lake water-
shed is identified and the modeling process is able to
continue. This same procedure will be followed in iden-
tifying the subsystems of the near shore and the lake
itself and eventually for the entire system as shown by

Figure 7. As the real world system is better understood,
the conceptual model is adjusted to coincide more
closely with the system of the real world. In this case,
the filtering loss is lessened between the real world and
the conceptual model, as indicated by Figure 3.

Watershed submodels

Asindicated earlier, initial emphasis in model de-
velopment under this project will be placed on the phys-
ical aspects of the lake system. The three majorspace
units which are delineated for this portion of the total
system are indicated by the three boxes at the bottom
of the diagram of Figure 7. The lake watershed is com-
posed primarily of the drainage basins of the Jordan,
Weber, and Bear Rivers. Under previous projects at the
Utah Water Research Laboratory (UWRL), hydrologic
models of these three basins already have been developed
(Israelsen et al., 1968; Hill et al., 1970; Wanget al.,
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Figure 10. A flow diagram of the hydrologic system within a typical watershed area.



1973). These models are structured generally in ac-
cordance with the hydrologic flow diagram of Figure
10. In a subsequent study, the salinity dimension was
added to the hydrologic mode! of the Bear River sys-
tem (Hill et al., 1973). Under two current projects at
the UWRL, multi-dimensional hy drologic-quality sim-
ulation models are being developed for parts of the
three river drainage basins. These models cover the We-
ber-Ogden system from Park City and Kamas to the
Great Salt Lake, the Jordan River from the Jordan Nar-
rows to Great Salt Lake, and the Bear River from the
Utah-Idaho border to Great Salt Lake.

Lake and near shore submodels

The immediate objective of this study, then, is to
complete the submodel components of the first layer
shown by Figure 7 by developing hydrologic and water
quality models of the near shore and lake areas. The
near shore area is envisioned as being the transition zone
between the watershed and lake areas. Dependingup-
on circumstances, this transition zone might be included
in either one of the other two components. For ex-
ample, the benchlands situated west of the mouth of
the Weber River Canyon might be included in the wa-
tershed submodel, while the Willard Bay reservoir
might be contained in the lake submodel. The near
shore area also contains the mineral extraction indus-
tries. Effects which are introduced by this kind of ac-
tivity can be considered as point inputs to the lake sub-
model.

The computer model of the hydrologic and water
quality components of the lake subsystem will be de-
veloped by applying a finite difference technique, and
employing a steady-state solution which will allow long-
term (seasonal) gradients to be simulated. A model
structure based on a linked node system developed by
Chen and Orlob (1972) is shown by Figure 11. This
structure has been used for modeling numerous lakes
and estuaries. Dailey and Harleman (1972) and Hann
and Young (1972) also have reported on similar models.
The advantages of using the finite difference technique
for the lake submodel in this case are as follows:

1. The method is now developed to the point
where it is applicable as a practical tool for simulation.

2. The model will allow vertical and horizontal
stratification to be investigated which is not possible if
complete mixing is assumed. This will allow the refine-
ment necessary for a management model.

3. The steady-state model is relatively inexpen-
sive in computer time as compared with dynamic or
time varying models, but is still of sufficient resolution
{accuracy) to be a useful management tool.
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4. The finite difference grid is sufficiently flexi-
ble to incorporate proposed as well as existing man-
made barriers.

5. A two-dimensional grid of this type is super-
imposed upon the lake.

The grid has the flexibility to be able to incor
porate islands and natural and man-made barriers.Con-
centrations of various water guality constituents are
predicted at the nodes and transport among adjacent
nodes is accomplished by the “linking-equations”
which connect the nodes. Because of the importance
of modeling the vertical stratifications of the lake,
three horizontal grids will be applied:

1. A top grid to represent the less dense layer
of water.

2. Alower grid to represent the dense layer of
water,

3. A grid to represent the bottom characterist-
ics.

Linking-equations will be provided for the vertical di-
mension as well as the horizontal dimension so thata
three-dimensional model will result, as shown in Fig

ure 12. Linking-equations in the horizontal grid will

simulate advection, dispersion, and biochemical reac-
tions occurring among constituents as follows:

2AG 230G, & 4p?C
0t 0x 0 x 0x
in which

[ AD J+Rj+8;. . (1)

= concentration of the ith water quality
constituent

= time

= horizontal distance between nodes

= cross-sectional area of a hypothetical
channel between nodes

= flow between nodes

= longitudinal dispersion coefficient

= g function representing the rate of loss
or gain of constituent i due to bio-
chemical reactions

= the rate of loss or gain of constituent
i due to external sources and sinks
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The linking-equations in the vertical dimension will
simulate dispersion as follows:
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in which

z = distance in the vertical dimension



Figure 11. Diagram of the horizontal grid in a node-link model (after Chen and Orlob, 1972).
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Figure 12. Diagram of one column of nodes in a three-dimensional node-link model.
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The model will be developed to predict season-
al trends, rather than short term changes, within the
lake system. Under this time resolution it is anticipa-
ted that distributions in the lake will approach steady-
state conditions and that the rate change in concentra-
tions with respect to time goes to zero.

if input flow and current patterns are those av-
eraged over the season of interest, Equations 1 and 2
are further simplified to a system having constant co-
efficients. An efficient solution algorithm will be
based on a stepwise procedure (Grenney and Bella,
1971} which incorporates both numerical and closed-
solution techniques.

Besides being able to predict the effects of up-
stream (watershed) changes on the hydrologic and
salinity aspects of the lake, the model will be capable
of monitoring important water quality constituents,
including:

Ammonia - nitrogen may be a limiting factor
in micro-organism growth

Phosphorous - important in ecological systems
and many leach out of bottom sediments

Biological oxygen demand (BOD) - an impor-
tant parameter in state water quality monitor-
ing and an indicator of pollution levels

Coliforn bacteria - an important parameter in
state water quality monitoring and an indi-
cator of the presence of disease causing bac-
teria

Temperature - an important parameter in de-
termining the potential biological activity

Dissolved oxygen (DO) - an important param-
eter in state water quality monitoring and
important to the healthy state of important
living organisms, such as brine shrimp

Model Verification
Computer synthesis

The basic premise of the approach discussed by
this report is the representation of the Great Salt Lake
and its surrounding basin by a hierarchy of mathe-
matical models. The physical component of the over-
all system will be represented by describing and sim-
ulating the real physical system of the lake as accur-
ately as is both possible and feasible. In particular, the
coupling relationships among the various systems in-
puts, outputs, exogenous variables, and other decision
variables are related and accounted for in the model.

A computer model of a water resource systemis
produced by programming on a computer the mathe-
matical relationships and logic functions of the system
model. The model does not directly simulate the real
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physical system, but is analogous to the prototype be-
cause both systems are described by the same mathe-
matical relationships. A mathematical function which
describes a basic process, such as evapotranspiration,
is applicable to many different hydrologic systems.
The simulation program developed for the computer
incorporates general equations of the various basic pro-
cesses which occur within the system. The computer
model, therefore, is free of the geometric restrictions
which are encountered in simulation by means of net-
work analyzers and physical models. The model is ap-
plied to a particular prototype system by establishing,
through a verification procedure (sometimes called val-
idation or parameteridentification), appropriate values
for the “constants” of the equations required by the
system.

Model calibration and testing

A general model is applied to a particular system
(often referred to as the prototype) through a verifica-
tion procedure whereby the values of certain model
parameters are established for that particular system.
Verification of a simulation model is performed in two
steps, namely, calibration (parameter iden tification),
and testing of the model. Data from the prototype
system are required in both phases of the verification
process. Model calibration involves adjustment of the
model parameters until a close fit is achieved between
the model output and the corresponding observed out-
put of the prototype system. It therefore follows that
the accuracy of the model cannotexceed that provided
by the historical data from the prototype system. Ev-
aluation of the model parameters can follow any de-
sired pattern, whether it be random or specified.

Model Operation

The modelis, of course, operated during the ver-
ification procedure, and at this time comparisons are
made to test the ability of the model to represent the
system or subsystem of the real world. It is very pos-
sible that these tests will indicate that some adjust-
ments are necessary, either in the need of more data
onwhich the model is based, or in the structure of the
model itself. The various options associated with this
looping, or “feedback” procedure are indicated by the
flow path labeled “compromises” on the diagram of

‘Figure 4. When suitable model verification has been

achieved, the model is ready for use as a technique for
investigating the response of the system to various in-
put conditions and management alternatives which

‘might be imposed. In the case of this study, each com-

ponent or subsystem model will be capable of opera-
ting either independently or in conjunction with the
models of other components of the total system de-

picted by Figure 7.
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Management Studies

This is the ultimate step in the modeling process
where the modelis used to study and evaluate avariety
of management alternatives. Hopefully, the model is
capable of answering many of the questions which
were posed in the early stages of the study. If the mo-

del contains an optimizing procedure, it is then capable

of producing system optimization estimates in terms

of specific objective functions. When possible, the
“loop” should be closed by the feedback of results from
the implementation phase (solution alternative which
eventually was developed) to the initial problem sit-
uation. This suggested feedback loop is illustrated by
the diagram of Figure 4.
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PART III: MANAGEMENT MODEL DEVELOPMENT

CHAPTER V

MULTIOBJECTIVE ANALYSES

Introduction

The Great Salt Lake will be modeled in the hier-
archical structure in Figure 7, where six major societal
and economic goals and considerations have been iden-
tified at the second layer. These six goals and consider-
ations, (i) recreation and tourism, (ii) mineral extrac-
tion, (iil) oil drilling, (iv) brine shrimp harvesting, (v)
transportation, and (vi) water supply, represent con-
flicting and noncommensurable objectives and goals.
In particular, present strong societal and environmen-
tal preferences make any costeffectiveness analysis
which is solely based on economic considerations ob-
solete and unacceptable.

The hierarchical-multilevel approach (Haimes,
1973a, b) recognizes the inherent nature of conflicting
and often competing objectives that characterizes most
physical systems. In the hierarchy of models used to
analyze the Great Salt Lake {Figure 7), the higher level
coordination provides the means and ways for analy-
zing the interactions among all lower level subsystems.

There are several methods for developing the higher le-

vel coordination and control (Haimes and Macko, 1973).
Particularly worth noting with regard to this study are
the multiobjective function analyses and the Surrogate

Worth Trade-off (SWT) Method (Haimes and Hall, 1974).

As noted previously, the economic and societal goals
modeled at the first level-second layer of the hierarch-
ical structure are very likely to be both non-commen-
surable and in competition and conflict. The decision-
maker (who may be at the level of the Utah State gov-
ernment, the state legislature, a regional commission, a
local government, or a federal agency) will need to de-
termine the kind and level of control measures that
should be enacted toachieve specific societal objectives.
For this purpose, he will need a means of evaluating
quantitatively the trade-offs possible among all the
goals and objectives as represented by the varous ob-
jective functions. The SWT method recognizes and
answers this need.
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Construction of Objective Functions

A major task under Phase II of this study will be
to quantify all objective functions, constraints, andsys-
tern's input-output relationships. The task is both es-
sential and critical, since the ultimate goal of this study
is to analyze the Great Salt Lake system as 2 whole and
to recommend a planning policy which takes into con-
sideration quantitatively all the trade-offs among the
various objectives. Before detailing how the Surrogate
Worth Trade-off Method works, a brief discussion on
constructing of the objective functions is in order.

A gigantic modeling effort which is responsive to
all societal goals was initiated in a study known as the
"Straw Man'' (Peterson et al., 1971). They proposed a
"structured hierarchical array of elements, beginning at
the top with nine general goals successively described
by expanding strata of subgoals which are eventually
linked to potential water policy action variables through
social indicators.” We have adopted here methodologies
and approaches from the ""Straw Man'"' project which
are applicable to the development of a management
model of the Great Salt Lake. In particular, the concept
of subgoals within a major goal is adopted in thisstudy's
hierarchical structure (Figure 7) where the SWT method
plays the coordinating role between a major goal and
its various subgoals. The subgoal formulation will be
discussed later in this chapter.

A fundamental step in constructing the various
objective functions is to identify the decision variables
{control measures), state variables, exogeneous variables
(also known as parameters), outputs, and input-output
relationships. Let:

x = n- dimensional state vector. The state vec-
tor describes the state of the system at

any time.

u = N- dimensional decision (control mea-
sures) vector

a = k- dimensional vector of exogeneous vari-

ables (parameters)



y = P- dimensional vector of outputs

g {x,u,a) = the jth constraint function;
T =120,
f{x,u,@) = ith objective function;

i=1,2,..,1

Although, both the objective functions and the con-
straints depend on the output vector, y, the latter
does not appear explicitly as an argument in f;(*) or
gj(-). .This is due to the fact that the output vector,
¥, is generally represented by a functional relation-
ship of the form:

y=Hxu 9

(where H(+)is a P- dimensional vector of differenti-
able functions). Consequently, y can be substituted
in terms of X, u, and g in the functions f;(+) or gC)

The simplest functional relationship for H{.) is
a linear one:

y =Cx + Du
where C and D are matrices of coefficients.

The constraints 8 {-) can be generalized to in-
clude all equality and mequahty constraints. There-
fore, the general form

g & 1, 0)<

will be used in this study. In this formulation, the
exogeneous variables, a, will be assumed known. In
general, they are determined either by other models,
or by a parameter estimation and system identifica-
tion process. To clarify the above mathematical no-
tation a simple example follows:

0,j=1,2,..,1

Consider the third objective in the hierarchical
structure in Figure 7 to maximize oil production from
the Great Salt Lake subject to all other environmental,
societal, and other constraints and objectives. The fol-
lowing identification of variables in the oil drilling sub-
model should not be considered all-inclusive but rather
a selected sample for pedagogical purposes only:

x = (@ capacity of the crude oil natural
Teservoir
(ii) pressure in the oil reservoir
(i) depth of oil formation
(iv) water level in the Great Salt Lake
v) efc.
u = (i) production rate of crude oil
T () location and number of drilling

facilities

(i)

piping, or § investment

(iv) methods of exploration and pro-
duction
) etc.
a = (i) reservoir characteristics (e.g.

transmissivity, storativity, etc.)
(i) price of crude oil

(ii1) other values for operation main-
tenance and replacement {(OMR)
cost or benefits

(iv) demand for oil

v) etc.

= () oil production

(ii) oil spiil

(iit) employment opportunities
(iv) additional regional development
due to this industry
) etc.
f3(x,u,a) = Net benefits from oil produc-
tion
g (x,u,a) = Oilspill< b
g (x,u,a) = Other ecological effects < b,

Note that the relationship between the output
vector, y, and all other variables (x, u, a) through the
functional relation, H, permits a state e variable to be
also a decision variable as well as an output. Consider
for example the linear relation (for the scalar case)
y=c¢x+duforc=0,d#0theny=du,u=the
production rate (bbl/day), d = number of production
days (days), y = total production in {(bbl).

Often, the state of the system changes with
time. For example, the pressure in the reservoir will
drop with continuing production (which in turn will
result in a higher production cost), the water level in
the Great Salt Lake will change, etc. These dynamic
changes can be expressed in a system of differential
equations. A first order linear system of differential
equations can be witten as follows:

4 = Ax + Bu
dt - -
With the initial conditions x (0) = x . Note that the
vector X, is a time variable vector, x(t) ngher order
differential equations also can be assumed. It is com-
mon in that case to introduce the so-called state space
notation for compact model formulation. Given for
example a second order differential equation:



-

d2x

dx

= a
di? P
with the initial conditions

d}dito =7

x(0y="70

Define the following notation:

Let xA g
X14 x
x A

Thenil—dgx{’
s ik
27 42

and the one second order differential equation can
now be written as two first order differential equa-
tions:

X1 = X2

X9 = aiXp tagxytbu
with the initial conditions

x1(0)= ro

x2(0)= 71

The latter two differential equations can be written in
a compact matrix form as follows:

X = Ax + Bu
x(0) = Z
0
+ u
1
x1(0) Yo
x2(0) m

1
where, A ‘[22 a; ,and B:E)}

In, summary, the overall nathematical model for the
kth subsystem k= 1,2,..., 6 (in the first level-second

+ oagx tbu.. ... .. 0

47

layer) of the hierarchical structure can be written as
follows:

minimize fi (U, x, a)

u
Subject to
X = Ax+Bu
x(© =17
v = Cx + Du (assuming linear input-

output relationships)

ory = H(x u,a)(ina general case)

and gj(x,u, )< 0,j=1,2,....Jx

The above functions will be constructed by
integrating all the study's efforts. The proper con-
struction of the functional relationships fj(*), g(*),
Hi(+) and x ¢ (+) will determine the worth of the over-
all management model developed in the study. The
following section addresses the problem of decision-
making when multiple objectives are in competition
or conflict with one another. It is clear, however, that
0 matter how good the procedures are for analyzing
trade-offs among all the objectives, the quality of the
overall model will depend on the realism and proper
representation in the construction of these functions.

The Surrogate Worth
Trade-off Method

The purpose of this section is to present a rather
general and qualitative discussion on the SWT Method
as it relates to the hierarchical structure of Figure 7.
In addition, basic definitions related to the concept
of Pareto optimum will be introduced. For a detailed
discussion on the SWT method, the reader is referred
to Haimes and Hall (1974), or to Haimes, Hall, and
Freedman (1975).

Assuming that there is one objective function
associated with each of the six major goals and con-
siderations (first level-second layer of the hierarchical
structure). The overall multiobjective higher level
optimization problem can be formulated as follows:

maximize {f} x,u,a) (0, %),
u
- fo (v, 2))

subject to the previously discussed system of con-
straints and input-output relationships.



Definition: Norn-inferior solution

A non-inferior solution (also known as Pareto
optimal solution) to the vector optimization problem
is one in which no increase can be obtained in any of
the objectives without causing a simultaneous decrease
in at least one of the other objectives.

The vector u* is called non-inferior solution to
the problem:

ax [f12 0, @) f (6,2, @)] 1 € U

where U is the set of all feasible solutions, if and only
if there does not exist any U € Usuch that f (x, 1, a)
=f (’i ufa)and f{x. 0 a, a) > (x, 6] a)for
'somei= 1,2, ..., 6. This solution is ob\f}ously not
unique. Consequently, any point at which no one ob-
jective function fj (x, u, a) can be improved without
causing a degradation in some other objective func-
tion fJ (x.u,a);if¥ jis a nondnferior solution to the
vector optimization problem.

Consider for example the following problem
with two objective functions:

f(x, u. a)
maximize

u f20x,u, )
in which

fi(+) = objective function for recreation and
tourism (e.g. visitors/day)

f2(+) = objective function for brine shrimp
harvesting (e.g. tons/year)

u = scalar control measure - being the
funds ($) available for investment to
promote both recreational tourism
and brine shrimp harvesting. For
example the funds which will stimu-
late economic activities that in turn
affect algal growth in the lake

X1 = state variable representing the level of
nutrients feeding the algae (which in
turn enhance the brine shrimp colony
and detract from recreational use)

X9 = water salinity
thus
x = (xpx)
a = exogeneous variables representing

parameters such as population,
weather conditions, etc.

Clearly, the two objective functions, enhancement of
recreation and tourism, f1(+), and enhancement of
brine shrimp harvesting, f5(*), are non-commensur-
able and.in fact in conflict (see Figure 13).

; From Figure 13, {1 (x, u, a) achieves its maxi-
mum at u1 . where {5 (x u, a) achieves its maximum
at u2 Due to the concayity of these two functions

* * *
any point u, between uj and uy (u] <u< u2)
will improve one objective function at the expense or
the degradation of the other. Thus, all these values of
u are non-inferior points.

- The SWT method selects only those solutions
which belong to the non-inferior set, thus eliminating
all inferior solutions from further consideration. Fur-
thermore, the SWT method provides the decision-
maker with the marginal trade-offs between any two
objective functions. These trade-offs between the ith
and jth objectives which are denoted by A;; j satisfy
the following mathematical relationship

10 =
7‘13 afl() JiFLI= 1L, 2,6

The trade-offs are determined on the basis of the
duality theory in nonlinear programming.

Since all A can be determined computation-
ally, the trade-oftls between any two objective functions
can be found as follows:

a6 _ 5.

ST i PEhis L2, .6
J

1t can be shown that all A; = O correspond to
the inferior solution. Thus, since’ Aj; 2 0 (in order to
satisfy the Kuhn-Tucker conditions), interest will be
only in A;; > 0. These )\1 are the Lagrange multipliers
associated with the it g)Jectxve function in the La-
grangian equation with the function f; (<) acting as an
active (binding) constraint. Once all the needed trade-
off functions A;; (¢) are determined, the surrogate
worth functions Wy; (+) can be constructed in cooper-
ation with the decision-maker. The surrogate worth
function Wj; can be defined as a function of Aj; that
provides the desirability of the decision-makerin
making a trade between two levels of f;(+) and fj(-).

Specifically:
Wij > 0, when Ajj marginal units of f; (+) are pre-
ferred over one marginal unit of fj(*)

given the satisfaction of the other objec-
tives at some given level.
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fl (x,u,%)

fz (_x.tu !2(.)

f, ()

= U

Figure 13. Two objective function representations - enhancement of recreation and tourism and enhancement
of brine shrimp harvesting in the Great Salt Lake.
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W; < 0, when >\ij marginal units of f () are not
preferred over one marginal unit fj (*)

given the satisfaction of the other

objectives at a given level, and

W;;=0, when Ajj marginal units of fi (- are
equwaient to one marginal unit of fj(*),
given the satisfaction of the other ob-
jectives at a given level {for Wi; = 0
the decision-maker is said to be indif-
ferent with respect to the trade-offs
between the two objective functions).

The decision-maker is asked for his position on such
trade-offs. His preference whether Wy; is negative, posi-
tive, or zero can be made on an ordinal scale of +10 to
-10. Note that the decision-maker is responding to the
various trade-offs with regard to a marginal improve-
ment of one objective at the expense of a marginal
degradation of the other. This fact, which is fundamen-
tal to the SWT method, gives him invaluable informa-
tion, since his preferences are not made on the basis

of the absolute value of the various objectives alone,
but rather on the basis of the additional information
from the marginal increments.

Once such an interaction with the decision-maker
takes place, the A?} corresponding to Wij = 0 can be
interpolated. Subsequently, a nonlinear programming
problem can be solv ed in order to determine the opti-
mal decision vector u™ (based on Everett [1963].)
The ultimate optimal decision vector, u *, is associated
with the policies to which the decision-maker is indif-
ferent (Wj; = 0) with regard to trade-offs among all
resultant values of the objectives being considered.

Sub-objective Decomposition

Each of the major six identified objectives can
be further decomposed into sub-objectives (or into
social indicators, Peterson et al., 1971). The impor-
tance of this decomposition is twofold:

(i) Itenables the planner to study and ana-
lize each social indicator in more specific
detail.

(i) It avoids the need for comparing the
trade-offs between major objectives and
sub-objectives. This distinction is especi-
ally important during comprehensive
planning where a major objective may
be to enhance the regional economic de-
velopment (in units of million dollars)
and a sub-objective may be to reduce
the dlssoived oxygen deficiency in a spe-
cific stream's reach (in units of ppm).
The inherent order of magnitude thatis
associated with a sub-objective and a
major objective makes the distinction
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between them essential. Note that al-
though the decision-maker will ultimately
choose between trade-offs among a num-
ber of marginal units of one objective vs.
one marginal unit of another objective {as
is the case in the SWT method), the order
of magnitude and the characteristics of
these non-commensurable units should
not be overlooked (e.g. the regional eco-
nomic development vs. the number of
visitors/day in a local recreation area).

In developing u management model for the
Great Salt Lake, six major objectives were selected.
It would have been possible, of course. to choose the
four major ones advocated by the water resources
council, namely the enhancement of: (1) national
economic development, (2) regional economic de-
velopment, (3) environmental quality, and (4) social
well-being, and then ussociate the six presently iden-
tified major objectives as sub-objectives.

Alternatively, one might have chosen the nine
major goals identified by Peterson et al. (1971), and
associated the six objectives of the Great Salt Lake
study with them. These ninc general goals are divided
into two major groups:

{a) Maintenance (i} environmental
of security
Security (if) collective security

(i) individual security
{b) Enhancement {iv) economic opportun-
of ity

Opportunity (v) recreational oppor-

tunity

(vi) aesthetic opportunity
{(vii) cultural and commun-
ity opportunity
(viii) educational oppor-

tunity
(ix) individual freedom
and variety

Since a decision as to whether an objective is a
major objective or a sub-objective may be somewhat
arbitrary, it is important that a quantitative coordina-
tion procedure be developed that relates trade-offs
between the major objectives and the sub-objectives.
This section addresses itself to the higher level coor
dination procedures between a major objective and its
associated sub-objectives in a sub-hierarchy on the one
hand, and the coordination among all the major ob-
jectives in the overall hierarchy on the other. The sub-
objectives can be viewed as a lower hierarchical eche-
lon. Furthermore, it is conceivable that additional
decompuosition of the sub-objectives may be needed
and thus the identification of sub-sub-objectives may
be required.



Sub-objective Coordination

In the following discussion, it is assumed that
functional relationships (technical connections) can be
derived for the major objectives and sub-objectives in
terms of the control measures, state variables, and the
exogenous variables. Should these functional deriva-
tions prove to be infeasible for some of the objectives,
a more qualitative approach should be sought.

Recreation and tourism, one of the major objec-
tives identified in this study (see Figure 7) will be used
as a vehicle for demonstrating the proposed coordina-
tion mechanism between a major objective and its as-
sociated sub-objectives. The following are sub-objec-
tives for recreation and tourism (see Figure 14).

(i) stable water level

(if)  fresh water bodies for water based activi-
ties (skiing, boating, swimming, fishing)

(i)
()
(v) low health hazard

i)

easy access

optimum use intensity

Tow insect population (brine fly, deer fly,
horse fly).

The coordination between higher and lower levels of a
sub-hierarchy of a major objective and its associated
sub-objectives is analogous to the same coordination
in the overall hierarchy of multiple major objectives.
Therefore, the surrogate worth trade-off method can
be applied for the analysis and optimization of the
trade-offs among the sub-objectives. An optimal pol-
icy in this sub-hierarchy means that at the correspond-
ing levels of the sub-objectives the decision-maker is
indifferent to any further marginal trade-offs among
the sub-objectives. For convenience in notation let:

ﬁ 1 = the vector of optimal control measures
that corresponds to the six sub-objec-
tives associated with recreation and

tourism.

~ lal A ~

f} 1(‘), fl 2('), fl 3(,'), . f16(') = the values
of the sub-objectives evaluated at the
optimal control measures (corresponding
to Wjj = 0).

Similar analysis can be made of all other sub-
hierarchies associated with the remaining major ob-
jectives. The final product will be one or more opti-
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mal control measures for each major objective as well
as the corresponding indifference achievement level of
the sub-objectives. Assuming there are six major ob-
jectives and five sub-objectives for each major objec-
tive, the total output from the sub-hierarchies is as
follows (see Figure 15).

41, 8,, 83,04, 85, 8¢

fu()flz() . f156)
'f61( "), féz(), f65(')

Highest Level Coordination

The task here is to utilize all the information
generated by the lower levels and to generate an over-
'ali optimal policy for the whole system. The informa-
non from the lower levels includes u ,i=1,2,..,6
‘and fl (),i= L6:=1,2,..5. The highest
‘level in the hlerarchy generates a new optimal control
vector, u ™, for the entire system where the decision-
maker is mdz fferent to any further trade offs among
the major objectives evaluated at u . This is an iter-
ative procedure where the problem of convergence
needs a further study.

Computational Procedure

The problem of the highest level in the hier-
archy can be mathematically written as follows:

Max 1109
u £5()
()

Subject to the constraints

g (<0, k=1,2,...K
fij ()>egpi=1,2,..,6
j=132?‘ 35

where the SWT method can be applied to solve ﬂns
problem. If no feasible solution can be generated,
then some of the limits (f ;) of the binding con-
straints should be relaxed with some tolerance ejj.
The corresponding Lagrange multipliers associated
with the new bounds ejj should provide sufficient
information on the trade offs among the lower
echelon sub-objectives and the higher echelon major
jobjectives, and the procedure can be repeated.
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Figure 14. A sub-hierarchy for recreation and tourism sub-objectives.
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CHAPTER VI

CONTINUING MODEL DEVELOPMENT - - A SUMMARY

The development of a comprehensive manage-
ment model, such as that proposed for the water re-
sources system of Great Salt Lake, is a complex pro-
cess involving the cooperation and close coordination
of many groups, disciplines, and activities. Thus, mo-
deling is a synthesis operation which involves the sys-
tematic "'piecing together' of all relevant information
aboutasystem (Figure 16). The information is brought
together in terms of appropriate time and space dimen-

sions and in accordance with its relative iimportance to
the functioning of the system as a whole. Because
they possess both great problem solving potential and
specific limitations, the capabilities of all models need
to be clearly understood by those who use them.

In the Great Salt Lake system much information
already has been developed (LAKE COM Report, 1973),
yet additional information is still needed (Table 3). As
was indicated earlier, the Economics Committee of the
Utah State Legislature recently established a policy ad-
visory committee and an interagency technical team to
consider the overall problem of developing management
objectives and procedures for Great Salt Lake. A de-
scription of the organizational structures and current
membership of these two committees is given in Ap-
pendix A. The interagency technical team has been
divided into a number of task groups, each of which
has been assigned the responsibility of identifying both
available and needed information in its particular area
of activity. It is envisioned that the interagency tech-
nical team in particular will be highly involved in the
model development project suggested by this report,
and that the continuing and integrated efforts of this
team will contribute directly to the comprehensive
management model proposed for the water resource
system of Great Salt Lake.

As previously indicated, the next major step
which will be undertaken by the current USU Salt Lake
project is to complete the physical component of the
total system (first layer of the diagram of Figure 7).
Information which is available from many earlier stud-
ies will considerably facilitate this activity. Examples
are the recent model studies of the causeway by both
the University of Utah and the U.S. Geological Survey.
In addition, the work conducted by the U.S. Geologi-
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cal Survey in completing a gross hydrologic model of
the lake will provide considerable insight into the de-
velopment of the high-resolution hydrologic-quality
model of the lake which will be undertaken as the next
step in the USU study.

Modeling is a continuous process for which itis
difficult to establish a specific end-point. Modifications,
extensions, and improvements are always possible, and
modeling the water resource system of Great Salt Lake
will be of no exception. However, in this process it us-
ually is possible to identify specific stages which are as-
sociated with particular activities and certain levels of
accomplishment. In the USU Salt Lake project, three
basic phases were identified (Figure 17). Phase I has
been concerned primarily with problem identification
and definition of the direction and scope of activities
in the remaining two phases. Phase I will involve mo-
del development. Itis contemplated that a period of
one year will be required to complete the subsystem
models for the physical components of the total sys-
tem. It is further estimated that an additional two
years will be needed to add meaningful representations
of some of the societal elements which are identified
within the first level of the second layer of Figure 7.
However, management studies using specific subsys-
tem models will be possible as soon as these compo-
nent models are developed. Thus, by June 30, 1975,
it is expected that realistic predictions of the effects of
particular management alternatives on the physical sys-
tem of the lake will be available. For example, by means
of the lake subsystem model, it should be possible to
predict the effects of brine concentration levels at par-
ticular locations in the lake of the construction of dikes
at given sites. The societal dimensions then will be ad-
ded to the physical components of the model using
the multi-objective optimization approach proposed
by Haimes and Hall {1974), and discussed briefly in
Chapter V of this report. The final activity phase shown
by Figure 17 (Phase III) involves use of the overall mo-
del for specific management studies. As already indica-
ted, however, management studies for particular subsys-
tems will be initiated as soon as the subsystem models
are completed, and in this sense there will be some ov-
erlapping between Phases I and 111 of the project. The
overlapping and integrated kinds of activities which are
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Figure 16. A representation of the process of developing a comprehensive management model
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opment, Testing and
USGS Causeway Model Improvement
USU High Resolution
(Space) Modei of the ———
University of Utah Causeway Lake Subsystem
Studies
S
Available Information
Meteorologic
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Figure 17. Schedule of phases in the project to develop a management model of the Great Salt Lake water resource system.



envisioned for the remaining Phases Il and III are indi-
cated by the project flow diagram of Figure 18.

Systems management is a dynamic process in-
volving a continuous adjustment to changing physical
characteristics and societal demands. The implemen-
tation of management decisions usually (but not al-
ways) produces changes and within the scope of these
changes the various components of the system must
be considered and accommodated. In some cases, this
accommodation might involve a basic change in a par-
ticular use pattern, such as the relocation of mineral
extraction plants bordering the Great Salt Lake. In
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other cases, some adjustments in the proposed change
itself might be possible so that negative impacts on spe-
cific use areas are reduced. Often a combination of
these two approaches is indicated. Invariably, however,
successful management involves the ability to select a
particular plan from a set of feasible alternatives on the
basis of the degree to which each potential plan meets
specific and defined management objectives. In this
situation computer modeling has great practical utility,
particularly where large and complex systems are in-
volved. For this reason, the modeling technique is pro-
posed by this report as the basic framework of a man-
agement strategy for the water resource system of the
Great Salt Lake.
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Water Related Physical
Environment of the Great Salt Lake Basin

Develop data base in following areas:

1. Limnology and meteorology
{currents, temperature,
turbidity).

2. Hydrology {surface and ground-~
water flows to and from the lake.

3. Chemical water quality.

===

_+ Develop component models {
of existing physical systems,

Cultural
Related Environment

Develop data base in following areas:

1. Unit impact of various resource
uses on water quality parameters.

2, Institutional and legal constraints,

3. Economic value of recreation and
other sectors.

Develop preliminary resource-
use allocation models,

e co—— o poon e
e — — — o—

Model
Development
Activities

Generalize methodology {or use
on other lakes.

— . — e ot ot o

ﬁx'e}op various regsource-use
alternatives for later eval.
uation by the final model.
This task will depend sub- F'-
stantially upon input from
the regional officials and

—

integrate the component models

and run with various arrays of
resource-use alternatives to evaluate
interaction between management
decisions and the important physi-
cal characteristics of the lake,

planners to insure address-

ing the real world alternatives.

Informational Activity

Develop procedures and contacts for
information {low to local, state, and
federal decision makers.

Conduct seminars, work-
shops, and discussion
lp| groups to insure close

1. Operate the model in a joint
effort with local planners to
assist in the development of
a vomprehensive plan.

2. Use the predictive capability
of the maode] to evaluate future
resource-use {and value) trends
due to probable changes in
water guality.

3, Continually rerun rmodel in
the future to evaluate the
impact of proposed changes
in the plan as pressure for
changes develop.

communication between
decision makers and

midel builders,

Figure 18. Great 8alt Lake basin management study for Phases I and HI - Project Flow Diagram.

Provide a continuing pro~
gram to maintain close
communication between
technical personnel and lo-
val planners.

2. Publish summaries of tech-

nical reports in language
which will be of use to local
decision makers,
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Figure A-1. Organizational structure for the Great Salt Lake study by the Economic Resources Committee
of the State Legislature (adapted from information presented at a meeting of the Legislative
Committee on Economic Resources at Ogden, Utah, August 17, 1973).
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