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.RESUME

The objective of this study is to investigate the afplication
of simulation models and mathematical programming techniques to the
regulation of the levels and outflows of the Great Lakes. The simulation
model combines a method of generating synthetic supblies with a routing
model for the lakes and their connecting channels. The mathematical
programming méthod used 1s a single reservoir dynamic programming
algorithm ektended to the four-lake system by an iterative technique.

Based on experimentation with the methodology, it is
apparent that the complexity of the problem is such as to necessitate
the systems approach. It was found that the dynamic frogramming model
is suitable as a ﬁreliminary tool in designing oﬁerating rules for
the Great Lakes System, and that the simulation model used adequately

represents physical conditions.
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INTRODUCTION

In recent years, methods of managerial decision making have
undergone rapid changes. These.changes have largely been the résult of
an increasing acccbtance of systems analysis, and oﬁerations research.
While early apblications of these techniques were mainly in the defence
and aerospace industries, recently there has been an increased willingness
to accept them in the solution of civilian problems. Water resource
planning is one of the areas in which these new managerial methods are
having a substantial impact.

There are several reasons for the adoption of systems analysis
techniques in water resource planning. Firstly, the increasing compleﬁity
of recent studies has made it difficult, if not impossible to abply
traditional approaches. The increased comblekity is due in part to a
growinﬁ demand for basin wide and regional flanning, whereas breviously,
many fragmented political constituencies were the ultimate arbitrators of
water resource use. Also, traditional concerns such as hydro-electric
power, flood control, etc. are now having to compete with other asﬁeqts,
such as recreation and water quality management. Secondly, it is now
generally recognized that the overall system design is likely to Be
better by using the mathematical modelling and computing ap?roach of
operations research, than that achieved by conventional techniques.
Lastly, and perhaps most important is the rapid devcloﬁment of comﬁuting

machinery and its wides?réad availability.

This report describes applications of mathematical
programming and simulation methcds 1o a jeint Canada-United States study
of the water resources of the Great Lakes. Several asbects of the

Great Lakes studies are discussed including previous regulation studies,
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current operating policies, a description of the physical system, and
a brief discussion of the hydroiogy of the basin. Also described are
various computer programs used in current regulation studies inciuding
a flow-level model, a method of generating hydrologic inﬁuts, and a
forecasting modcl. The main em?hasis is flaccd on methodology being
used to oﬁtimize reservoir bperatiﬁg rules based on economic criteria.

The adequacy of the modelling techniques is discussed.




'REVIEW OF ILITERATURE

Optimization of Reservoir Opeérdating Rules

Although both design and oﬁerating asbects will be discussed in
this report, the main embhasis will be flaced on reservoir oberation.
Reservoir operation requires rules to indicate the amount of water which
should be released at any ﬁoint in time. While extensive research has
been reported on-designing water resource systems for increased economic
efficiency, only recently has the problem of.apﬁlying economic criteria
to the derivation of rules for reservoir oferation received much attention.
Economically derived operating rules can be used to maximize benefits
from an existing facility, or in planning new water resource develoﬁment
schemes. | '

:

In order to derive a set of operating rules based on economic
inputs, it is necessary to spccify the exact basis on which the best
solution is to be judged. This must be a single index that can be
expressed as a function of either reservoir levels or outflows. This
index is referred to as the "objective function". Important intangible
factors which cannot readily be expressed as ﬁart of the objective function
can be handled by constraining the solution to take them into account.
These limitations, as well as other physical limits are referred to as
constraints, or operational criteria in this report.

With the advent of the electronic computer, mathemati.cal oﬁtimizing
procedures are being used ever increasingly by water resource flanncrs.

These procedures fall into three basic groups: linear programming or

some nonlinecar adaptation thereof; dynamic programming; and gradient methods.

The objective of any optimizing procedure is to define a policy ie. to
assign particular values to those aspects of the system which are subject

to some degrce of control. The controllasble or partially controllable




inputs to the system are referred to as decision variables, while the
variables describing the system ﬁroper‘at any- time and flace are known
as state variables.

There is no general agreement amoagst water resource analysts as
to which obtimizing technique is most apﬁropriate for deriving oberating

rules. Gradient methods are undouvttably the most powerful, and the most

versatile. A good summary of the application of gradient methods in

water resource planning was presentcd by Beard (1967). Beard concluded that

"the complexity of water resource problems is growing faster than our

ability to devise models that will yield satisfactory solutions'. Because

of this complexity, he was somewhat pessimistic about the use of some
of the more sophisticated mathematical techniques, and stated that the
most promising approach appears to bes in raﬁidly converging gradient
procedures based on successive apbroximations.

While most water resource systems investigations include some

use of gradient methods, attempts to introduce other techniques are

increasing because a) there is no way of knowing if the solution reached

by gradient methods is the highest point on the overall response surface,

or only the top of a local optimum and b) other techniques are generally
more efficient computationally. Hall and Dracup (1970) presented a good
summary of linear programming and its adaptations for water resource

planners. The main postulate of linear programming is that all constraints

can be expressed as simple algebraic equations and inequalities. Because

of lincarity, the optimizing set of decisions must be a set which is also
a "corner" of the policy space defined by the constraints. The maximum
value of the objective function will be that point for which the "

surface

defined by the objective function is farthest from the origon and still




includes at least one feasible ﬁolicy. A linear ﬁrpgramming solution”toa
the reservoir oﬁerating froblem is available in the book by Maass etﬂél
. (1962).

More recently, Loucks (1968) developed a stochastic linear
programming model for a single reserveoir subject to serially correlated
net inflows. In addition to defining operating policies, Louck's solution
also provides information on the probability distributions of volumes
and discharges that may result from the policies.,

The main advantage of the linear programming apbroach is that
standard computer ﬁrograms are available and can be used with a minimum

of effort. On the other hand, water resource problems are typically non-

linear, and not directly solvable by linear methceds. Nonlinear deterministic

problems‘can conceptually be solved by nonlinear mathematical ﬁrogramming.
The solution is obtained by minimizing a se5arab1e loss function subject
to a set of equality and non-negativity consfraints. However, Young (1968)
exferimented extensively with nonlinear frogramming as applied to Teservoir
operétion, and concluded that the approach is not practical. He suggestéd
that dynamic progrgmming is generally most suitable for the opcrational
broblem.

In the dynamic programming aﬁproach for a single reservoir, the
decision variables are the releases to be made in each time period, and
the state variables are disciete storages at any ?oint in time. In the
deterministic case, it is assumed that a perfect forekuowledge of net
inflows is available, and a set of outflows is chosen in such a vay as
to maiimize the total return over a particular feriod of record. Several
investigators have bresented algorithms for the deterministic solution |

(Hall and Buras 1961, Hall and Roefs 1966) . Reservoir rcleases from the




deterministic solution can be used as a basis for generalizihg opergting'
Tules. |

One weakness in this apéroach is that the perfect forecast of
inflows will be inherent in the operating rules. The rules will therefore

be based to some extent on "hindsight", and may tend to overestimate

_ future benefits. To avoid this problem, stochastic dynamic programming

formulations are available (Butcher 1968). Unfortunately, this aﬁproach
is combutationally exﬁensive.

Young (1968) pfesented a useful and efficient combromise between
the deterministic and stochastic alternatives. He suggested dcveloping
operating rules using a deterministic solution over long sequences of
synthesized inflows. The resulting rules could then be tested over
differentlsequences than those used in their development, thus
arriving at a realistic estimate of probable future benefits. The
algorithm and general overall abproach suggeéted by Young are being used
extensively in the Great Lakes studies. Young's single reservoir solution
has been extended to the four lake system with an iterative technique, which

is described in detail later in this report.




History of Regulation Studies

Some of the earlier Great Lakes regulation studies were described
in a ﬁaber by Patterson and Lawhead (1968). It might be useful to
summarize their discussion at this time to enable the reader to
understand the evolution of :egﬁlation mcthodology which has taken ﬁlace.

The first feasibility tyﬁe of regulation study was carried out
on Lake Superior by a team of cunsulting engineers in 1911. They
devised a set of rules for regulating the flows of the St. Marys
River. However, the actual control structure which was built djffered
Somewhat from that envisioned by the consultaﬁts, so that their plan
was superceded upon completion of the works.

In 1920, a report was submitted to the U.S. Congress which
discussed regulation as a means of obtaining better mavigation depths
on the lakes. This rebort apbarently referred to a document dated
1900 which discussed the possible regulation of Lake Erie.

One of the more notable early studies in the field of Great
Lakes regulation was prepared by J.R. Freeman in 1926. His work was
carried out for the Chicago Sanitary District and therefore concentrated
on the effect of the Chicago Diversion. Nevertheless, he did discuss
regulation prospects at some length and concluded that it would be
beneficial to faise both maximum and minimum water levels. Although it
is unlikeiy that this conclusion would be acceétable under fresent
conditions, some of Mr. Freeman's interpretations of natural fhonomenum
in the region were remarkably accurate.

The first plan of regulation fhich.was actually put into
operation was designed by L.C. Sabin, U.S. member of the Lake Suberibr

Board of Control. Lake Superior was operated according to the Sabin




Rule from 1921 until 1941. In 1941, the control works were modified‘
somevhat and a ﬁlan designated Rule P-5 replaced‘the'éabim Rule{. This
ﬁlan, which was used until 1951 increased minimum flows for the benefit
of the power interests to the extent fossible without serious detriment
to other interests. In 1951, a flan designated the Rule of 1949 was
introduced to take into account increased'supﬁlies of water resulting
from the Ogoki and Long Lac Diversions from the north. The rule of
1949 has beeﬁ used since 1951, with minor modifications introduced in
1955. This blan will be discussed in more detail later in the section
on current regulation methodology.

During flanning for the St. Lawreﬁce Seaway in the early
1950's, the Canadian Department of Traﬁsbort studied regulation
possibilities for Lake Ontario, and fublished preliminary conclusions in
1952. 1In 1957, the Lake Ontario Board of Engineers submitted a rebort
outlining the development of governing criteria to be used as a guide
in further develoﬁmcnt of regulation plans for Lake Ontario. Regulation
of Lake Ontario actually began in 1960 under subervision of the St.
Lawrence River Board of Control. The first plan, designated 1958 - A
was used from 1960 to 1962 at which time it was reblaced by flan 1958-C.
The present operational plan 1958-D, which was introduced in 1963 will
be discussed in more detail later.

The first economically oriented studies of Great Lakes regulation
were published by the U.S. Corps of Engineers in 1965. For the first
time, an attembt was made to define feasibility in terms of benefits
and costs.

Studies currently being carried out by the International Jéint
Commission arec along similar lines to those Cor?s studies, but introdﬁce

international implicaticns, and more advanced cemputerized technology.
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Present Operational Regulation Plans

‘At the present state of develoﬁment of the system, Lake
Suberior is regulated by the Lake Suberior anrd of Control, and Lake
Ontario by the St. Law;epce River Board of Control. Presented below
are brief descriptions of the actual regulation methodology being
utilized on these lakes.

a) Lake Superior - The Rule of 1949 has been in operation on Luke
Superior'since 1951, and was moﬁified in 1955 in an attemﬁt 1o
obtain imﬁroved results. According to the modified rule of 1549,
an initial outflow is selected for any given month defending on
the mean lake elevation for the ﬁrevious month. The initial
outflow is used to determine the gate setting which provides a
flow closest to the desired outflow. Outflow limits are abplied
in order to protect the various interests. The limits are:

1. An absolute maximum outflow limited by the works. That is,
65,000 cfs through the power and navigation canals ﬁlus all
16 gates of the control structure at the head of the rabids
open. The flow through the 16 gates varies from 35,000 cfs
at a lake elevation of 599.5 to 59,000 cfs at an elevation of
602.0.

2. A winter maximum outflow of 85,000 cfs. During the winter of
1916-17 the St. Marys River carried a discharge of 108,000
cfs and severe ice jams formed, having an adverse effect on
the river levels at Sault Ste. Marie. Later in the same
winter, a flow of 86,000 cfs was maintained with no abfreciable
trouble due to ice jams. This led the International Lake

Superior Board of Control to impose a maximum flow limitation of
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85,000 cfs for the months December through March.

Minimum outflows of 55,000 c{fs in the winter months and 58,000
cfs in the summer months. These limitations have been set
mainly for the ﬁrotection of the power interests. A maximunm
of about 68,000 cfs could be used for ﬁower'broduction.

A fhysical limitation of no gate movement during the winter
months. This is not a limitation sﬁecified in the regulation
ﬁlan‘but is necessitated by the fact that the hand-operated

gates are frozen in place for the winter months.

Lake Ontario - The present operational regulation plan for Lake

Ontario, 1958-D, is a rule curve approach, with strict outflow

Iimitations. An initial outfiow estimate is based on water levels

in the antecedent time period, and a supply indicator (forecast

of future supplies). Outflow limits are applied to the initial

outflow estimate in order to protect the downstream interests.

Regulation is in accordance with the IJC Orders of Approval of

1952 and 1956 which are generally followed in Setting outflow limits.

1.

The outflow must be large enough so as not to increase the
frequeﬁcy of low levels in Montreal Harbour during the mavigation
season.

The maximum outflows during the winter ﬁeriod are severely
limited because of the difficulties of winter operation.

Present maximums are 220,000 cfs in January, 240,000 cfs in

the first quarter of February, 260,000 cfs in the second and
third quarters of February and 280,600 in the fourth quarter

of February and March.
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3. The regulated cutflow from Lake Ontario during the énnual‘-
'sﬁring,.break—up fcriod.must not be so large ;s'to worséﬁ’
flooding conditons in Montreal Harbour and downstrecam.

4. The Lake Cntario winter minimum outflow limits are such as to
frovide maximun deﬁendable ﬁower; Present winimum allowable
flows are 210,000, 210,000, 207,000 and 204,000 for December-
March respectively.

5. The levels of Lake Ontario are regulated for the benefit of
the proﬁerty owners on the lake shore by reducing the ektremes
of stage. Sﬁecific level limits have been given in the IJC
Orders of Abfroval.

6. Channel excavations in the International Rabids Section were

, designed to brovide stiﬁulated limiting defths and velocities
for navigation. he maximum outflow during the open water
season is therefore debendent on -the level in this section,

but has an absolute maximum of 310,000 cfs.

Purpose and Scope of Studies

A dcscription of the scofe of the studies was made public in
an interim rep&rt by the International Joint Commission in July of 1968.
The Terms of Reference for the study as quoted in the report request that
the Commissjon should "study the various factors which affect the
fluctuafions of these water levels and determine whether in its judgment
action would be pfacticable and in the public interest from the ﬁoints
of view of both governments for the purfoses of bringing about a more
beneficial range of stage for, and imbrovemént in: a) domestic watex

supply and sanitation, b) navigation, ¢) water for power and industry,
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d) flood control, e) agriculture, £f) fish and wildlife, g) recreation
and h) other beneficial fublic burposes;" As is obviéus from thé Terms
of Reference quoted above, there is a diversity of interests affectcd
by variations in the levels and flows of the Great Lakes. In oxder to
cobe with the comblexity of the ﬁroblem, a systems apﬁroach is being
used. There were several reasons why a systems apﬁrbach was not taken
earlier. One of these was related to the lack of adequate combuter
facilities to handle such a comﬁlex ﬁroblem. Another imﬁortant reason
was that the economic significance of the relationshiﬁs between different
interests was not defined.

The organization of the current stﬁdies was ﬁresented in a
ﬁaper by Pentland, Rosenberg and Cavadias (1968) and is reproduced as
Figure 1 in this report. Shere ﬁroPGrty interests are being studied
by the Shore Property Subcommittec. The main subporting agencies in
this grouﬁ are the U.S. Corﬁs of Engincers and the Canadian De?artment
of Transport. The power entities (Powcr Authority of the State of
New York, Ontario Hydro, and Quebec Hydro) along with the U.S. Federal
Power Commission and the Canadian Department of Energy, Mines and
Resources are involved in power eveluations. The Regulatory Works

Subcommittee comprised mainly of members from the U.S. Corps of Engineers,

and the Canadian Departments of Public Works and Energy, Mines and Resources

supplies cost data on proposed regulatory works, or extensions to exist-
ing works. Input from these four Subcommittees is used by the
Regulation Subcommittee (Canadian Department of Energy, Mines and

Resources and U.S. Lake Survey) to carry out detaiied regulation studies.

It is expected that the current studies will be completed in 1973, and

therefore all methodology is still in a state of development.
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'SYSTEM DESCRIPTION

Great Lakes'SyStém

Desériéfion

The Great Lakes form one of the largest systems of fresh water
in the world, having a total water area of about 95;000 square miles,
The drainage basin constitutes the major part of the St. Lawrence River
system and has an area of about 295,000 square miles above the outlet of
Lake Ontaric. Figure 2 below summarizes the land and water area of the
individual lake basins.

Figure 2 - Land and Water Areas (Square Miles)

LAKE

WATER SURFACE LAKE MICHIGAN- LAKE LAKE LAKE

AREA SUPERIOR HURON ST. CLAIR ERIE ONTARIO
a) U.S. 20600 31400 162 4980 3460
b) Canada 11100 13900 268 4930 3880
c) Total 31700 45300 430 8910 7340
LAND AREA
a) U.S. 16900 61600 1020 18000 12600
b) Canada 32460 34700 3780 4720 10900
¢} Total 49300 96300 4800 22700 23500
TOTAL AREA
a) U.S. . 37500 93000 1180 23000 16100
b) Canada 43500 48600 4050 9650 14800

c) Total 8100 142000 5230 32600 30900

| The volume of Lake Superior is 2858 cubic miles, nearly 60% of
the total of the system. The lake has an average deﬁth of 474 ft., and a
maximum depth of about 1330 ft. Maximum dimensions are about 350 miles
in length, and 160 miles in width. The mean water level is 600.4 fect
above mean sea level, and the range of stage over a hundred-ycar ?eriod
has been in the order of four feet. The outflow of Lake Suberior reaches

Lake Huron via the St. Marys River.

i e D T O
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Hydraulically, Lakes Huron and Michigan are considered as a single
lake since there is no.meaSUTable fall in the Straits of Mackinac which
connect. thenm, The volumes of the two lakes are 824 and 1180 cubic
miles resbectively. Lake Huron has maximum and average deﬁths of 750
and 189 feet while similax depths for Lake Michigan are 924 and 279 feet;
Maximum lengths and widths of the two lakes are 206 x 183 and 307 x 118
miles respectively. The iong—term mean elevation of Lake Michigan-Huron
has been about 578.5 feet above mean sea level, with a range of about 6
feet over the period of record (1900-1968). The Lake Huron outflow is
through the St. Clair River to Lake St. Clair (mean elevation 573.6)
after which it ﬁasses through the Detroit River to Lake Erie.

In terms of volume, Lake Erie is by far the srallest of the
Great.Lakes (116 cubic miles) having an average debth of only 62 feet.
Maximum dimensions of the lake are 241 x 57 miles, the mean levzl is
about 570.6 feet above sea level, and the maximum variation in levels
has been in the order of 6 fzet. The majority of the outflow of Lake
Erie reaches Lake Oﬂtario via the Niagara River, with the remainder -
passing through the Welland Ship Canal, and the New York State Barge
Canal System.

Lake Ontario, although the smallest of the lakes in area has about
three times the volume of Lake Erie (393 cubic miles). The average depth
of Lake Ontario is 283 feet, and its maximun dimensions are 193 and 53

miles. The maximum recorded monthly variation in the stages has been

about 6 feet, about a long-term mean elevation of 244.6 feet above sea level.

Geology
Geologists are in general agreement that the Great Lakes Region

at some time in the past consisted of river basins and valleys draining
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to the south and east. The present system is a heritage,of.the'ipé_age
which reformed the face of the northern fart of thé'ééntinent. 'Huéé
glaciers decpened the basins and left éreat piles of debris on the
southern rim, as well as deﬁressing the earth's crust in the region by
their enormous weight. As the ice masses retreated, the old drainage
channels were blocked by glacial debris; and melting'ice filled up the
deepéned basins before ‘finding new outlets. At that time, the lakes were
much larger than they are at bresent, and there is evidence that ancient
rivers flowed south from Lzke Suﬁerior to the Mississiﬁﬁi system, and
east to the Hudson River. The system gradually evolved to its present
state with the outflow travelling in a generally north-~easterly direction
by way of the relatively youthful St. Lawrence River.

The Precambrian shield dominate: the area north of Lake Suberior,
Huron and Ontario. Within.this area, glacial deposits ave slight and
the bedrock surface has vertical relief as high as 300 ft. The sparse
glacial deposits have, however, blocked much of the drainage resulting
in the creation of numerous izkes, swamps and muskegs. The area as a
whole is rough, strewn with erratic boulders and generally forested.

Further. south, glacial drift deposits dominate the landscape.

Undulating till plains produce vertical relief of 10 to 50 feet and belts

of end moraine result in local relief of 30 to 100 feet or more. Extensive

outwash plains exist, underlain by sand «nd gravel. Wet lands are common
in the till plains where Post—glacial erosion has generally been
insufficient to destroy the glacial microrelief and develoﬁ integrated
drainage.

Land Use and Natural Resources

The Canadian portion of the Great Lakes basin lics entirely within

the Province of Ontario. The United States basin includes all of the
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State of Michigan, and parts of Minnesota, Wisconsin, Illinois, Ohic?
Pennsylvania and New York. Large urﬁah areas have grown along the shore-
lines including Toronto, Hamilton, Windsor, Chicago, Milwaukee, Detroit,
Toledo,. Cleveland, Buffalo and Rochester; Pobulation within the basin

is presently greater than 30 million;

In the United States ﬁortion of the basin, about 48% of the land
is forested. OFf the remainder, 33% is croﬁland; 6% is pasture and 13%
is non-agricultural (including urbén, commnercial, industrial, transﬁortation
and small water areas). In the Canadian basin, 68% of the area is
forested and the remaining 32% is cleared, urbanized, or small water
areas. Oben water and marshes make uf about a third of the non-forested
area, leaving much less productive agricultural land in the Canadian
ﬁortipn of the basin than in the United States bortion.

As a gencral rule, the better agricultural arcas are in the more
southerly ﬁarts of the basin. The Indiana and Ohio fortions of the basin
and the lower part of the Michigan penninsula arc in the fertile corn
belt. Intensive dairy farming is ﬁrominent in most parts of the basin.
The lands in Ontario bordering on Lake Erie have become notable tobacco-
broducing areas, and important fruit-growing areas ekist because of the
moderating effects which the lakes have on the climate near the lakeshore.

The proximity of an abundance of natural minerals to the relatively
inexﬁensive lake transportation is an important factor of the North
American economy. There is an abundance of iron ore and limestone near
the shores of the upper iakes, and‘high—quality coal within 200 miles of
the southerly lake ports. In addition to ivron ore, the upper Great Lakes
region ?roduces large quantities of nickel as well as somc cobper, cobalt,

silver, gold, platinum, zinc and uranium. In the lower Great Lakes region,
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the more prominent resources are the non-metallics such as limestone, salt,
sand and gypsum, and fuels such as petroleum and natural gas.

Regulatory Works

In the early nineteenth Century; thé Great Lakes basin supforted fewer
than 300,000 fersons. The area now suﬁports a population more than 100
times that number, a pofulation which has had a significant influence on.
the environment. The most fublicized of these influences has been in the
water quality.area. This Subject will not be discussed in this rebort;
bccau;e it is essentially unrelated to the level-flow problem being consid-
ered. Man has also had an influence on thc_suﬁply of water reaching the
lakes by tributary regulation, deforestation, urbanization, and increasing
consumptive use of water. These influences still have a relatively small
effect on the levels and flows of the lakes, and will not be discussed
furthe£ at this time. Some of these factors along with the effect of diver-
sions will be considered later in the section on associated hydrologic studies.

Man's most important influence on the Great Lakes in terms of levels

and flows has been construction of works in the connccting channels. A

brief history of this work for each of the connecting channels is presented belowr:

a) St. Marys River - In 1914 the International Joint Commission issued
orders of approval for the use of the St. Marys River for power development
on both sides of the River. This included construction cf a gated structure

(compensating works) above the raplds, as well as power diversion facilities.

'NaV1gat1on Iocks have also been built, and the lower river enlarged for

navigation purposes. Since 1921, the outflows of Lake Superior have been

fully regulated.

b) St. Clair and Detroit Rivers - The outflew of Lake Michigan-Huron through
the St. Clair and Detroit Rivers is unregulated at present. The natural

outflows of Lake Michigan-Hurcn depend not only on the elevation of Lake
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Huron, but also to a minor extent on the levels of Lake Erie since thcre

is no natural control section in the St. Clair or Detroit Rivers. Therefore,

in the consideration of any wérks'or channel'im?rovements in this reach,
the effect of Lake Erie levels may be an important factoxr.

Considerable dredging in the St: Clair River has already been carried
out for navigation burposes. Dredging has been farticularly extensive at
the head of the St. Clair River where it leaves Lake Huron;. Much of it has
been through earth, clay and boulders; but in the lower Detroit River long
channel sections have been cut through rock. From 1933-37, the dredging
provided the 25-foot navigation channel, and in 1962 the 27-foot channel was
completed. Between 1904 and 1928 large amounts of sand and gravel were
dredged from the St. Clair River ncar Point Edward for use by private
contraFtors. Much of the material dredged from the Detroit River has been
re?laced in a different fart of the river to fartially offset the lowering

of water levels caused by its removal.

¢) Niagara River - Lake Erie discharges its water through the Niagara River,

which has a 325 foot drop to Lake Onﬁario. Niagara Falls ﬁrovides a huge
source‘of hydro-electric power. Canadian plants have a total capacity of
3,190,000 horsepower, while the U.S. plants have a caﬁacity of 2,930,000
horsepower. A submerged weir azbove the Horseshoe Falls was replaced by a
new control structure comﬁleted in 1963. This structure with 1€ sluicecway
gates extends from the Canadian shore to Tower Island, just across the
International boundary. Excavation in the Horseshoe Cascades has brovided
a more uniform distribution of flow over the Falls. To avoid ice problems,
the power comfanies have placed an ice buom.across the head of the Niagara
River each winter since 1964.

In addition to fower diversions, about 7000 cfs of the Niagara River

flow is diverted through the Welland Canal to Lake Ontario through the two
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De Cew Falls Plants which began operating in 1901 and 1943. The total
flow of the Niagara River is uncontrolled at frescnt. |
d) St. Lawrence River - The outflow from Lake Ontario has been fully
controlled since 1958 by the works constructed as ﬁart of the St. Lawrence
Seaway and Power Project. These works include a dam in the vicinity of
Iroquois Point, a dam in the Long Sault Raﬁids between Barnhart Island and
the United States shore and two ﬁowerhouses, one on either side of the
internationél‘boundary at the foot of Barnhart Island. The installed
capacity of the two powerhouses is about 2,400,000 horsepower. Navigation
facilities include a lock and canal on the Canadian shore to by-ﬁass the
Iroquois control dam, and a canal and two locks on the Unitad States shore
to by-pass the Long Sault Dam and Barrhart Island Powerhouses.

,The Lake St. Francis section eitends from ti.e head of Lake St.
Francis near Cornwall to Coteau Rapids, a distance of about 20 miles.
The total fall in this reach is about 83 feet. This section includes the
Beauharnois canal, a combined power and navigation channel.

Present Water Uses

Although consumptive use of water in the Great Lakes Basin is
small, the cumulative effect is becoming significant. Consumptive use is
defined for the purposes of this study as that portion of the water
withdrawn or withheld from the Great Lakes for internal purﬁoses and not
returning or transmitted to the lakes. Therefore, the water lost to
the lakes in consumptive uses is no longer availablice because it has been
incorporated into products and crobs, used in industrial processes,
consumed by man or livestock, or has been otherwise ekbended. The

effect of consumptive use on lake levels and outflows is a general
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lowering of levels, and an eventual decrease in outflow equal to the
amount of water consumed.

Consumﬁtive use is considered under four main categories and the
methodology is discussed in very gencral terms below:

1. "Thermal electric fower generation - Consumftive use by'§OWGr is that
quantity of water which is lost to the system as a result of evaforation of
a portion of the cooling water. A modern thermal-electric plant may have an
overall efficiency of 40%, and the remainder of the energy is dissipated as
heat. From a consideration of energy production, efficiency, etc. an estimate
can be made of how much cooling water is lost by evaboration.

2. Irrigation - Consumftive use by irrigation can be estimated from a -
consideration of climatic factors, and acreage under irrigation. The maximum
amount of water which can be used usefully can be calculated by subtracting

! . . .
actual regional evaporation from potential evaporation as estimated by
Penman's or some other method. This will set an ubﬁer limit on this use, and
a consideration of licenses, withdrawals,.etc. can be used to estimate the
proportion of this maximum which is actually used at the ﬁresent tine.

3. Industry - Water use based on industrial production depends entirely
on the level of industrial activity in the area. From a consideration of
actual production of steel, copper, magnesium, paper, petroleum, textiles,
rubber and chemicals, and thecoretical consideration of unit rate of consumbtion
for each of thesc products, a reasonably accurate estimate of industrial
consumptive use can be méde.

4. Municipal and Rural - This estimate is perhaps the least accurate

since the ratio of consumptive use as a proportion of withdrawals differs

markedly among cities with similar populations. Many factors must be considered

such as climate, economy, urbanization, water distribution facilities, etc.




Hydrology of the Systenm

Available Data

In general, the data used in the regulation studies are
provided by an international committee known as the Coordinating
Committee on Great Lakes Basic Hydraulic and Hydrologic Data. This
Committee is responsible for developing and coordinating data on water
levels, river flows, and physical characteristics of the Great Lakes
System. The recorded data required in the actual regulation studies
are begimning-of-period lake levels, outflows, and diversions into or
out of the Basin. The period of record being used is 1900-196G7.
Additional data required in hydrology studies of the basin (i.e. stream-
flow and climatological records) are available from the data collecting
.agenciqs in the region.

Runoff

This section is based on a papexr by Pentland (1968). Some of
the conclusions reached in the paper may be useful in understanding the
general hydrology of the region. In the investigation, runoff maps were
constructed for the basin for each month, using more than 250G hydrometric
stations. The average physical and climatic features of several of the
major tributaries were related to long-term average runoff to expliain
the rcasons for the areal distribution of runoff. The paper is summarized
below:

a) Preparation of runoff maps -

Runoff maps were based on the thirty-year period 1935-64.

Base stations having all thirty years of record were given most weight
in drawing lines of equal runoff. Subsidiary stations (15 years or more)
were given somewhat less weight, and refcrence stations (5 - 15 years)-

were considered only in areas where no base or subsidiary stations were
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available. Average unit runoff was plotted at the centroid of each

drainage basin. The annual map was prepared first with reference to
preéipitation records, and monthly maps prepared with reference to the
‘annualimaét " The annual map is presented in this report as figure 3.
b) Area-runoff distribution graphs -

Since only unregulated streams were used for the runoff maps
described above, the maps represent essentially natural runoff. An
analysis of these maps was carried out to produce graphs showing the
relationship between unit runoff, and percentage of area with more than
each level of runoff. It is expected that these graphs may be useful
in studying future cffects of changing land use, urbanization, and
increasing consumptive use. The grabhs have already been used to study
the effect of tributory regulation on the seasonal distribution of
supplies.

c) Total basin runoff -

Precipitation generally increases from west (30 inches in the
Lake Superior Basin) to east (35 inches in the Lake Ontario Basin) in
the Great Lakes Basin. The areal distribution of annual mean runoff is
affected by this factor, as well as several others such as the seasonal
distribution of the precipitation, and the north-south temperéture
gradient. For. example, Lake Erie runoff is substantially less than on
the Lake Superior basin, even though it receives 15% morc brecipitation.
This is because snow accumulation is a highly efficient source of runoff,
and the Lakc Erie Basin receives only about 60% as much snowfall as the
Superior basin. Evaporation losses are also higher from the Lake Erie

Basin.
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d) Seasonal runoff distribution -
Figure 4 below summarizes the mesun monthly runoff from each of
the lake basins:
Figure 4 -
Mean Basin Land Runoff (1935-64)

(cfs/square mile)

Ontario Erie Huron Michigan Suﬁerior
January ~1.14 1.23 .62 0.75 0.43
February 1.15 1.37 0.67 0.72 0.36
March 2.58 2.19 1.43 1.16 0.54
April - 3.07 1.89 2.64 1.72 1.95
May 1.48 0.97 1.70 C 1,17 2.75
June - 0.69 0.58 0.94 0.80 1.66
July 0.45 0.29 0.65 0.57 0.99
August 0.35 0.20 0.44 = 0.49 0.60
Septenber 0.36 0.16 0.46 0.54 0.67
October 0.54 0.26 0.61 0.60 0.77
November 0.84 0.46 0.86 0.69 0.85
December 1.03 0.75 0.83 0.60 0.64

Basin storage is the single-most im@ortant factor affecting
seasonal runoff distribution. Naturaliy, the most imﬁortant source of
storage is in the snowpaék, with less important factors being soil
moisture and natural reservoirs. An example of the importance of the
snowpack ;ould again be observed by comparing the Lakes Superior and
Erie basins. Average winter temberatures are zbout 15°F higher in the
Lake Erie Basin with a result that the Lake Erie basin has Virtuallf ne
snowpack by the end of March, whiie the Lake Superior basin stili has

an average snowpack of 16 inches. This coutributes te a much lower peak
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runoff on the Lake Erie basin, and a lag of about 2 months betwecn\the
peaks on the two basins. Evaportranspiration rates are high in the May-
August period throughout the basin which contributes to é rapid runoff
recession. A sharp drop in evapotranspiration rates in October and
November cause increasing runoff even though precipitation is generally
decreasing.

e} Areal yunoff distribution -

In‘ordcr to study the reasons for arsal variability of runoff,
climatic and physical characteristics of 50 major tributaries were studied
and related to runoff. These factors were preciﬁitation, evaboration,
temperature, snow as a percentage of total prccifitation, position with
respect to the lake, mean elevation, land slope, channel sloﬁe, free
water surface, and drainage density. As a result of these studies, it
was concluded that there are two main reasons for areal runoff
variability in the basin:

1. Lake effect-moisture is bicked up by the ﬁrevailing winds
moving in a generally easterly direction over the lakes. The saturated
air masses lose part of their moisture in'fassing over the land to
the lee of the lakes.

2. Llatitude - The north-south temperature and radiation gradients
greatly influence evapotranspiration losses, and the ﬁercentage of
precipitation in the form of snow is important beczuse additional energy
is required for losses from a frozen surface.

Net Basin Supply

‘Net basin supply can best be described with the classical
water balance equation:

AS =P +R +U-E+ I-0¢% D

e AT TR
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vhere:
AS = change in storage in the lake
P = precipitation on the lake surface
R = runoff from the drainage basin
U = groundwater coptribution
E = evaporation from the lake surface
I = inflow from an upstream source
0 = outflow from the lake through its natural outlet
D = artificial diversions into or out of the lake
With data and techniques presently available, exact values
of precipitation, land runoff, groundwater inflow, and lake evaporation
cannot be determined accurately. However, these terms can be combined
into a single term called nct basin supply (NBS) and estimated from
measured values of storage, inflow, outflow and diversions with the
relationship
AS = NBS + I -0 +*0D
Net basinlsupply represents the water which the lake receives
from precipitation on both its surface and its own drainage basin, minus
evaporation from the lake surface. It has the same value irrespective of
diversions into or out of the lake, being modified only by the factors
that pertain to and affect the natural local supplies of the individual

lake basins.

Winter and Weed Retardation

Since Lakes Superior and Ontario are regulated, and the regulated
condition is used for a basis of comparison, no estimation of ice or
weed retardation of the outflows of these two lakes is required for

routing purposes. However, retardation estimates are required for

SRS SRR,
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routing supplies through Lakes Michigan-Huron, St. Clair and Erie.

Ice retardation in the. St. Clair River can be estimated by
subtracting recorded flows from the corresponding discharge based on
an open water stage-discharge relationshib for the Harbour Beach-Grosse
Pte. recach. Separate relationships must be used for each period of
channel stability (i.e. between periods of dredging). Similarily,
winter retardation in the Detroit River can be calculated as the
difference between the flow calculatéd from the Grosse Pte. -.Cleveland
relationship and the recorded flow.

Small amounts of ice and weed retardation also ekist in the
Niagara River at the outlet of Lake Erie. Since these values are
reasonably small, long—terﬁ average values can be assumed for each month.

+ Flow Level Model

Obviously, 211 recorded data incorporate the effects of
changes in the regimen of the lakes and their connecting channels which
have occurred over the study period (1900-1967). The principal changes
have been man-made, and consisted of changes in the amount of diversion
into and out of the Basin, alterations in the configuration of the.
connecting channels, and the erection of control structures at the
outlets of Lakes Superior and Ontario. In oxder tc permit a consistent
evaluation of the effects of various regulation plans, it is necessary
to develop a set of lake levels and outflows which reflect a constant
or fixed regimen in the System over the study feriod. The constant
regimen selected is essentially the present ﬁhysical conditions and
regulation methods, with a few minor exceptions. The flow-level model
used to routec the supblies througi tiie system with the fixed regimen -
was described by Pentland, Roseunberg, and Cavadias (1968), and is

demonstrated in the flow chart on Figure 5.
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For Lake Superior, the basis of comparison levels and outflows

are obtained by routing through the lake the net basin supplies (adjusted

to a constant diversion into the lake by way of the Long Lake and Ogoki
diversions) in accordance with the present regulation plan, 1949-
Rule, which was described earlier.

Because of the nature of the control in the St. Clair and
Detroit Rivers, the problem of routing supplies through Lakes Michigan-
Huron, St. Clair and Erie is fairly complex. The St. Clair River and
Detroit River discharges are dcpendent not only on Lake Huron levels,
but also on the water levels in the lower lake. Therefore, a method
of successive approximations as shown on the flow chart is used to
route through Lakes Michigan-Huron, St. Clair, and Erie. The
procedure is as follows:

1. For any time period, the net total supply to Lake Michigan-

Huron is calculated as the routed Lake Superior outflow, plus the Lake

Michigan-Huron net basin suPply, minus a constant diversion at Chicago.

2. For a first approximation, thc beginning-of-period stages
(end-of-period stages resulting from the routing in the previous time
period) are considered equal to the average levels for the period.

3. A first estimate of the Lake Huron outflow is made with the
two-gauge relationship between Harbour Beach and Grosse Pte.

4. A first estimate of the Lake St. Clair total supply is made
by adding the Lake Huron calculated cutflow to the Lake St. Clair net
basin supply. |

5. A first estimate of the Lake St. Clair outflow is made from
the Grosse Pte.-Cleveland two-gauge relationshi?.

6. An initial estimate of the Lake Erie total supﬁly is made

by adding the Lake St. Clair calculated outflow to the Lake Erie nct



basin supply.

7. A fifst estimate of the Lake Erie outflow is made from the
Buffalo single gauge relationship.

8. Having a first estimate.of the total supply and outflow
from each lake, a first estimate can be made of the change of storage,
the end-of-period level, and the mean level for the period.

9. Steps 3-8 arc repeated using first estimate mean levels in
place of beginmning-of-period levels.

10. The process is repeated as often as is required to converge
on the solution. |

Having the Lake Erie outflows and Laké Ontario net basin
supplies, net total suppiies for Lake Ontario can be calculated. The
basis of comparison for Lake Ontario is then obtained by routing these
net total supplies with the current regulation ﬁlan 1958-D; which was

described carlier.

Supply Synthesis

The purpose of synthesizing hydrologic information for water
resource projects is to overcome one of the main disadvantages of
traditional engincering investigations. That is, if a project is
tested only over a single sequence of supplies obtained from recorded
data, only a single estimate of its performance is obtained, while no
information is gained about its performance over other equally likely
ﬁattcrns of supplies (Chow 1964). For the plamer of water resource
projects, the generated information provides a tool to determine
whethcr-economic benefits are real. The variation in the results thus
obtained provides an aid in identifying weaknesses and developing an -

optimum design.



The basic approach used to synthesize supplies in this study

is similar to that developed by the Harvard water resource groub, and
was described by Megerian and Pentland (1968). The following steps
are’ carried out in the model:

1. Recorded nct basin subplies to all four lakes are
standardized on a monthly basis:

X=X - i

S
where
X = standardized sufp]y
X = recorded supply
X = long-term mean suﬁply
S = standard deviation of subplies

2. The standardized subplies are subjected to a principal
component analysis, one analysis of each of the 12 arrays of ﬁonthly
data. The principal components have the proberty of linear independ-
ence. This means cach of the principal compenents can be extended
using serial correlation élone, and no account need be taken of cross-
correlations because, by definition, each principal component is
independent of all others.

3. All principal components are generated using a standard

first order Markov process

Zee1 = 2t"'l R ist_*_l (z - zt) vt St+1(1"R2)%
t
where:
Zt+1 = genérated data for a given month
2 = long-term mean

i
!
i
i
|
i
|
!
!
|
i



R = serial correlation coefficient

St+1 = standard deviation in month simulated

St = standard deviation in antecedent month

Zt = data in antecedent month

2t = long-term mean in antccedent month

t = a number selected at random from a mormal

distribution with a mean of zero and a variance of onec.

4. The simulated principal components are corverted Lo
standardized supplics with the inverse linear transform. The inverse
transform preserves all the moments of the original standardized data.

5. The standardized supplies are cenverted to simulated
supplies using the long-term mecan and standard deviations with the
relationship:

X = xS + i

In order to ensure that the synthesized supplies bear a
satisfactory rescmblance to the recérded supplies, a detailed set of
tests has been devised. These tests include:

1. comparisdn of basic parameters such as monthly means

and.standard deviations

2. frequency or duration analysis

3. autocorreclation

4. spectral analysis

5. cross-correlation

6. tests for long-term persistance.

Suppiy Forecasting

The ability to forccast is very important to successful
regulation. If perfect long-term forecasts were available, reservoirs

could be filled in anticipation of droughts, and emptied in anticipation




of floods. There are many approaches which could be taﬁen to forecasting
supplies. Some investigators pursue strictly statistical forecasts based
on regression theory, or methods bascd on time series analysis. Of the
studies which have been done to date, Perhaps the most promising are those
which delve into the physical frocesses themselves. Such an investigation
was described by Withersboon (1967) and will be summarized briefly at
this time.

In Witherspoon's hydrelogic model, he attemﬁts to keep track
of the moisture conditions on tlie Basin at al] times. An estimate of

actual regional evaporation is made with an equation developed by Morton

(1965) .
ER = (1-a) G - Ep
where ER = actual regional evaporation
= albedo
G = total insolaticn
EP = potential evaforation.

A regional water balance is then used to calculate the change
in storage, and available moisture on the basin.
P-E -R-=
R R = AS
where P = precipitation

ER = actual regional evaporation

R

1

runoff

AS = change in rcgional moisture storage.
Using :the available moisture as_ the main independent variable,

regression equations are developed to make the supply forecast.
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THEORETICAL DEVELOPMENTS

Maximization of Economic~Benefifs

Approach |

A uséful preliminary staée in develofing reservoir oﬁerating
rules is to define the maximum possible benefits which couid be
derived from a system, assuming a perfect foreknowledge of sufflies.
This serves two functions - a) to define an upper linit on benefits
which can be‘combared to order of magnitude costs to get a freliminary
estimate of cconomic feasibility and b) to provide a basis for further
development of operational regulation ﬁlans. In the Greaf Lakes
studies, a dynﬁmic programming algorithm similar to that described
by G.K. Young (1967) was selected for this stage of the work. The
single reservoir algorithm suggested by Young was extended to the
four lake system with an iterative approach, vhich was described
by Pentland and Eryuzlu (1969). This Section will provide a description

of this optimization methodology.

Dynamié Programming

Most dynamic programming problems are of the allocation
type, and the objective function usually appears’in the form
n
)

V = max Vi (Xi)

il

Subject to the constraint:

This means that we wish to allocate G units of a resource to Xl,

X2,’X, ...... d

R
TSN
g

3 --=-X_ in such a’ way as'td"maximize.the'fundtidﬁ'vi(xi). The solution

i
i
i
|
i
P
|
{
)
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could be found by examining every ﬁossible combinaﬁion of Xl’ Xé - Xh
but this would be imﬁracticable in most real éroblens.
The solution begins by fresuming that only one ﬁser remains to
receive an allocation and that any amount of thé resource between 0 and G
might be available. Define fl(q)'as the best ﬁossible use of the available
resource q by user 1.
fl(q) = max Vl(Xl)
05X <a
0<qgsG
This is done for all values of q. Now, consider stage 2 of the
process. The total return is simply the sum of returns et each suwage. Once
the return from stage 2 is fixed, the total return couléd not bossibly be
& maximum unless the return from stage 1 is as large ss ﬁoséible Trom the
rescurce available at the last stage. This is basically Bellman's principle
of optimality which states "An optimum ?oliéy has the ﬁroberty thaﬁ whatever
the initial stage and initial decision are, the remaining decisions must
constitute an optimal éolicy with regard to the stage resulting from the
first decision". Therefore, for a two-stage decision ﬁrocéss: |
£,(a) = max VX, + 15 (gX,)
0_§X25 q
0<qg<gG
The general recursive equation for the kth stage is therefore:
fk(q) = max Vk(Xk) + fk—l(q—xk)
0 =< Xk 2aq
Q=

0 < G




Dynanic Programming Applied to Reservoir Operation

The apﬁroach will be éi@lained graﬁhically first, followéd by
a mathematical descripticn. With a forward-looking algorithm; the first
stage (first month) is considered first. At this stage, cach ﬁossible
combination of beginning of ﬁeriod storages (BOP) and end of reriod storages
(EOP) are examined with the objective of determining the "best" route to
each EOP. The criteriecy for the selection is the relativé loss associated
with the monthly mean storage and mean outflow. The total number of
computations required to achieve these results can be demonstrated with the

following sketch:

NMODE : | 2 3 4 5 6
° ' (-] © -] o o

STAGE 4
(-] (] [+ © [+ [-]

STAGE 3
-] © [4] [<] -] [
STAGE 2 '

EOP

STAGE I ///>

BOP




In this example, to find the best BOP for the EQP storage

" represented by node 1, a comparison between six monthly relative loss

values is required. Let us assume that for hode 1 the best BOP storage
is that of node 2. Therefore, in the diagram this is indicated by the
heavy line dravm between the two nodes (1 and 2). The dotted lines indicate
the remaining five possible routes to node 1. For simﬁlicity, all six
possible routes to node 2 are not drawm. Only one heavy line at the EOP
level to node 2 is shoﬁn, assuming that as a result 5? the ccmfarison
between the six possible routes to node 2 we found the route from node U
(BOP) yields the minimum loss. Similarly, let us assume that the best
routes for the remaining nodes at the EOP level are as indicated on the
diagram. At stage one six best routes must be determinéd, one to each
node, after making six calcwlations and coméarisons at each node. Therefore,
at this stage, for & nodes, a total of 22 operations are required.

The procedure followed in the second stage togethér with the

results of the first stage is demonstrated in the follovwing &iagram:

NODE : | 2 3 4 5 6
° ] o -] Q o
STAGE 4
[ (<] ° (] -] [+
STAGE 3
EOP
STAGE 2
BOP

STAGE |




The six éossible rouses to node 1 at the EOP level are indicated
in the diagram. Of these the heavy line is assumed to be the best route to
node 1.‘ Slmllarly, the best route to the other nodes are aetermlned. In
determining each best route at this stage we have % calculations of the
monthly relative loss, 2 additions (the loss at stage 2 ﬁlus the loss

associated with the best route to each EOP node in stage 1) and & compari-

. ; ) 2 -
sons. Therefore, we have to calculate 2° outflows and mean storages,

determine 22 monthly relative losses associated with these flows and
storages, and perform 22 additions and comparisons. Now, we may proceed

to the third stage as in the following sketch:

NODE : 2 3 4 5 6
o © (-] -] (-] o
STAGE 4
E0P
STAGE 3
BoOP
STAGE 2

STAGE I
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The nunher of calculations and coméarisons required at this
stage, and at all subsequent stages, is idéntical to the .second stagé.

At the last stage, we may choosé to end at some bredetermined
storage level. This can be achieved by doing thé traceback from that
point instead of from the node giving the minimuﬁ loss. This would then
act as a constraint on the final stage. Another constraint on the solution
might be imposed in the first time period. For a neaningful comﬁarison
with historical data, it may be desirable to start at a storage level
corresponding to that in the historical data. To achieve this, in the
first month, only the BOP storage corresﬁonding to the desired level is
considered to be a feasible solution.

G.X. Young (1967) exbressed this tyfe of solution in mathematical
terms:

Let

X. = inflow in the ith time period

i
Si = storage at the start of the ith time period
- . .th . -
Di = outflow in the 1 period
Sm = meximum storage in the reservoir.

A simple water balance equation for any time period is:

. =8. - 8. + X.
D1 Sl Sl+l Xl

The problem is to find values of Si (i =2, 3 ——— n+1) which

are related to Xi and Di by the water balance equation such that:

)

L= g Q(Di) is minimized.
i=1
This equation expresses the objective function, and the water

balance equation forms the constraint on the solution. Therefore, we wish

to‘dbtain:
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7 = fln s s izl z(si -8t Xi)
P12 P2 n+l
The values of Xi(i =1, 2 —— n) are given (assumed to be known)

and Si - Si+l + Xi representing outflow must be positive at all times.
Applying the principle of optimality, we can write:
. k+1
= 3 - - + )
jAk(¢k) mén Z(Sk ¢k Xk) s mi?_s izl (s
k 2> P3 T g

. - 9. + X.
1 31 Xl)

where‘¢k is a dummy variable belonging to ithe same set a Si’
and Ak(¢k) is the optimal partial return at a given time for a particular

storage value. This may be rewritten as:

(s,)

No(f) = min a(s, -+ %) k

"

vhich is the standard dynamic Programming solution.

*

Extension to a Four Lske System

The éingle lake algorithmn describ;d by Young has been extended 1o
the four lake Great Lazkes System in the Great Lakes Levels.Board Studies
(Pentland and Eryuzlu (1969)). The folloving description is taken directly
from that paper. The method adopted is a combination of.oétiﬁization and
iterative techniques. The algorithm commences with a consideration of
Lake Ontario (the further downstream) alone, assuming that tﬁe uéstream
lakes reméin in their natural state. The utility functions are all exbressed
in terms of economic loss, and therefore the objectiﬁe is to minimize the
total loss. Since there are several reservoirs in series, the local suéply
is only part of the total supply , end the water balance equation becomes:

. = .+ .+ . -
Dl,l D2,1 Xi,l Sl,l S

1,i+1
Here, the first subscript represents the lske, and the second the

time period. Therefore D, : and D2 1 represent cutflows from the first and
i -9 2
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second lakes, i.e. Lakes Ontario and Erie. X. 5 is the local inflow to
]

lake J in time frame i and is made up of runoff from the basin, groundvater

inflow, and precipitation on the lake, less evaporation from the lake

surface.

Mean storage values gj 5 for time period i and lake j are assumed
: s .

to be equal to 3 (s. . + 8. . 2. If oniy Lake Cntario is considered
Jsl Js1tl

regulated, the utility functions which can affect the outcone on Lake

Ontario are:

u. (D, .) =relative loss of utility k in month i due to outflow D, .
1,k 1,1 : i 1,1

and fi,m'(sl,i’ sti, SB,i’ Sh,i) = relative loss of utility m in month i
due to mean storages on all four lakes.
The reason all four elevabions must be considered in this case

even though §_ ., 5_ . and 8, . are not being altered is thet the navigation
_ 2,i° 3,1 h.di

loss functions depend on controlling (or minimum) depth on all four lakes.

By varying Lake Ontario levels, any of the other three lzkes ¢ould be controll-

ing. The total loss which can be affected by Lake Ontario regulsation in

month i can be expressed as:
K i M _ _ _
.= . - . + . > . .
Ll kzl ui,k (Dl,l) mil f1,m (51,1’ S 8
Therefore, for the total period under consideration:

.n K
L= 3 {z
i=1 k=1

(D, ;) +

Uik VP 1,m P1,10 52,50 8350 5y 11

B

To simplify the notafion, this equation could be rewritten as:

L, = R, (Dl’i, 8 55 8 .5 5

With the solution constrained by the water balance equation, we

wish to determine a set of storages S S

£ —-—— n Lake
1,1° °1,2° 91’3 Sl, n+y O IQFC

Ontario such that the total loss is minimized:
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T = Min {

Sl,l’ S1,0 7" 8 0 1

e

. (D
Rl (Ll

. . . .. Sy .
5
,1% T1,1i? F2,12 Y3,1° Ph,i

1
Applying the principle of optimality:

T = u S 5
gln { Rn (Dl,n’ Sl,n’ SQ,n’ 8

) + & }
n n—
l,n+l

3,n°? Sh,n 1

This concludes the formulation of the initial minimization on
Lake Ontario. The solution then proceeds upstream to Lake Erie. The loss
function now includes Lake Erie outflov as an additional variable:
T ' L8 8. 8, ,8 )+d 1}
n gln ﬁﬁ1\Dl,n’ D2,n’vsl,n’ S2,n’ S3,n’ Sh,n) in—l
2,n+l :

The solution is constrained by:

= + + 8 . - .
D, . D_ . X 3 02,1 SQ, 141

g
jol}
)
]
(]
+
P
4+

1,i 2,1 1,i 21,1 - 21,i+1

ll’i.and zl;i+l are the beginning and end of period storages of
Lake Ontario resulting from the initial minimization. In other words,
any change vhich is made in the Leke Erie outflow Trom its natural state is
transferred in its entirety to the Lake Ontario outflow. Since Lake
Ontario outflows depend on the change in Lake Erie outflows from their
natural state, the economics associéted Qith Lake Ontario outflows act
as part of the objective in the Lazke Erie minimization.

After optimizing the operation of Lake Erie, a second iteration

vlis carried out oﬁ Lake Ontario. This is done because of the fact that the

Lake Ontario minimization was performed assuming natural inflows to Lake

e

i 5 of storag 2
Erie. In other words the set of storages 1,1° %12 21,n+l

may not
correspond to the optimal route after the inflows to Lake Ontario
are changed. Therefore, in the second iteration a new set of storages is

determined for which lower total loss will result. Any change from the
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initial route must necessarily improve thé overall. result. As was indicated
earlier, the minimization is accomﬁlished by a) minimizing thé economic'
loss by the consideration of a single reservoir at a time, and ) minimizing
the total economic loss by an iterativé aﬁproach.

The oberation then broceeds to the third reservoir (Lake Michigan-

Huron). The objective function is:

627}
"

T, = Min {R (Dl

g ,n’ 2,1’1, _),Il’ 1,1’1, 2,1’1’ 3,1’1’ 4‘ s
3,n+l
>

Constrained by:

D-= .+ .+L . - -
3,1 Dh,l X3,1 g3,1 S3,1+l
. = . .+ - .
D2,1_ D3,1 * X2,1 22,1 22,1%1
. = .o .+ - R
and Dl,l D2,1 N Xl,l 21,1 2l,1+1

" This is followed by a second iteration on Lake Erie and a third

iteration on Lake Ontario. Finally, Lake Superior is considered:

PN

' S S +
3,n? Dh,n’ Sl,n’ S 2,n° S3,n’ Sh,n) Tn—ﬂ

n’ D

T = Min {R (Dl, D

n 2,n’
Sh,n+1

Constrained by:

Dh,i = Xh,l * Sr,l Sh,i+l

D3,i - Dh,l * X3,1 K JZ'3,i - 23,1+1

Doi P35 "t B st i
and P1i "D v X s st

A second iteration on Lake Michigen-Huron, a third iteration on
Lake Erie, and a fourth iteration on‘Lake Ontario conclude the procedure.

At this stage, we have defined a set of flows and stages for the
entire system, along with an assoclated economic loss. This is not necessa-

rily the absolute optimal solution. TIn Tact, the overall result could
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probably still be iméroved by simply continuing the iterative érocess.
However, it is‘ﬁbssible to estimate the froximity of the solution to thé
absolute optimum. This can be done by evaluating the makimum benefit
obtainable for each of the three major interests séﬁaraiely, i.e.
navigation, shore-proberty, and power. The benefits to each of the three
major categories are not additive bécause théy aré conflicting (comﬁeting
for the same resource). From exﬁerience with the system, a rough estimate
of the proportién of the total vwhich might actually be achieved can be
made and compared with the results from the Dynamic Programming Algorithm.

‘Computational Efficiency

In a large pfoblem like the one being described, computational
problems are usually encountered. On each lake, several hundred (say 400)
incremenpal stages must be considered for each of the 816 time frames under
consideration. = Computer time is pro?ortional to t n2 where t répresents
the number of time frames and n represents the nutber of incremental
storages cpnsidered. Therefore, in the computer ﬁrogram, considerable
care was teken to reduce the number of computations to an absolute
minimum. Some of the short cuts used are discussed below:
a) Elaborate experimentation was carried out in the breliminary stﬁdies tc
demonstrate that the lake level from the beginning of the month to the end
of the month would not change by more than a given amount. Therefore,
from each EOP level, only a limited number of BOP levels had to be zonsidered.
This maximum possible change depends on the surface aica of the lake, and
the variability of the suﬁplies. . Schematically the reduction was made

as follows:

e e e o e i e et 1o £
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If m is the maximum nurber of increments reﬁresenting the maximum
change in storage in any time period, then only 2m+l BOP levels must be
exanined for each EOP, instead of all 2 oberations (total nwrber of increnments).
This results in very large savings since in a single stage we have 4o make

-
only %(2m+l) calculations instead of 2% calculations.

e
w

b) During stage i, the water belance equation (say for Lake Ontarioc)

"D =D, . +X - change in slorage.

1.1 2.1 1,1
At any particular stage, D. . and X, . are constant.
b 2,1 1,1
D. . = constant - AS
1.1 .

Therefore, within any one stage there can only be zs many

‘different outflows as there are different changes in storage. The

maximum number of outflows that have to be evaluated throughout stage i is

em*1. This can be illustrated schematically:
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If m=2, then there are only 2m+l = 5 ﬁossible changee iﬁ storage.
~For example, in the above diagram:

AS(K,1) = aS(J,k)

8s8(X,2) = 8(j,5)

A8(X,3) = 4S(j,6)

ete.

Regardless of the nwber of nodes , therefore, there can only be

2m+l possible outflows, and the loss Tfunctions associated with oubflow
. need only be examined 2m+l times Tor each stage.

c) Many of the objective functions depend on monthly mean storages.
During any stage, the mean elevations on all the lakes exceﬁt the one
which 1s being 6ptimized is fixed. Examining all possible combinatiorns of

beginning and ending storages at stage i, it can be seen that a great many




are equal to one another.

k-4 k-3 k=2 k| X k4i k+2 k+3
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Considering the mean storages between the two nodes (k) ana (j-1)
it can be seen that this mean is equal to that between the nodes (k+1)
and (j-2), (k+2) and (3-3), etc. By insﬁection, it can be seen that there
are only (2 2- 1) unique mean storages. Therefore, in terms of storage,
only 2% -1 loss determinations have to be re?eated at each stage instead
of 22.

Several_other time-saving devices have been included in the brogr

These include limiting the outflows to realistic values, and combining

loss curves where possible prior to the optimization process.

3
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Reservoir Operating Rules

Overall Approach

As mentioned @reviously, the second stage of the optimization
studies is the makimization of net benefits with realistic suﬁply forecasts,
and the cost of regulatory works taken into account. This imﬁlies a two-
level optimization procedure a) optimization of the physical design, and
b) optimization, of the operation of the system. In terms of project
configuration, there are four basic alternatives to be considered: (1) the
Present system with the possibility of improved regulation on Lakes
Snperior and Ontario (2) Lakes Superior, Michigan-Huron and Ontaric
regulated (3) Lakes Superior, Erie and Ontario regulated and (4) all four
lakes regulated. Within each of these alternatives, there are many design
variables which might vary, for examble the caﬁacity of the connecting
channels, and features of the control struc;ures.

This tyfe of two-level o?timization prcblem can be handled by
fixing a design, and oﬁtimizing the operation. The design can then be .
changed and the oferation reoptimized. If this brocedure is repeated
often enough, some indication of the shape of the response surface can be
determined by comparing costs and benefits for various designs! This
chapter is broken~up into two farts, the first dealing with the operational

problem, and the second dealing with the design problem.

. Operation
Oferation might be defined for the burposes of this rebort as
a time schedule of releases from reservoirs. The establishment of such
schedules, which indicate quantities of water to be affected through the
actioné of the manager at defined foints in time, forms the basis of

operating rules, or a regulation plan. Operating procedures usually consist
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of three kinds of decisions. Storage and release of water must be
apportioned 1) among reservoirs, 2) among ﬁurposes (interests), and 3)
among time periods. | |

One of the most important facfors to be recognized in reservoir
oﬁeration is that any given decision is likely to have conéequences over
a considerable period of time. This is férticﬁlarly trué of the Great
Lakes. Due to the very large storage volumes in the lakes, and the limited
discharge cafacities in the outflow rivers, eﬁtreme high or low levels
tend to persist long after the factors causing them have changed. For
éxample, under fresent conditions, it takes thres and one-half years for
one-half of the effect of a regulation decision on Lake Suéerior to be
realized in the outflows of Lake Ontario.

In the dynamic frogramming algorithm discussed earlier; this
time lag factor could be easily handled because perfect forecasts were
inherent in the methodology. The problem of develoﬁing operational
Tegulation plans is therefore a more difficult task because the ccnceft of
decision making under uncertainty must be introduced. Although tle
dynamic programming sclution described earlier relies on deterministic
hydrology, stochastic dynamic frogramming solutions to the reservoir
operating problem have been formulated (Butcher 1568). Unfortunétely,
this tyﬁe of solution has not yet reached the stage of develoﬁment whe;e
it would be useful in current Creat Lakes studies. Nevextheless; it
will be described briefly below.

In order to formulate a bure stochastic dynanmic jrogramming
soiution, it is necessary to analyse the inflows and ekfress the relation
between them in terms of transizion or conditional frobabilities; With
the conditional frobabilities of month to month suﬁplies; the froblem can

be formulated as follows:
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20 (P(qi/qi+1). fi_l(si+qi-d-ei,qi))}
qi= - e k

expected return from the optimal oferation of a
system which has i time feriods to the end of the
flanning feriod,

the volume in storage at the start of the i time
feriod

the flow into the reservoir in the ith time period
release of water during the time period being
considered

the return obtained consequent on releasing a quantity
of water d in the ith time period

the transition probabilities connecting the flow in the
ith time period a; with the flow in the (i+1)th time
period 9:49

the loss of water in the storage by evaporation during

the ith time period.

By starting this ﬁrocedure at an arbitrary future time ﬁériod; and
stepbing backwards cne ﬁeriod at a time, it is bossible; using any objective
function, to find obtimum releases to be made at any state in the systenm.
Ti:e Tesult of this calculation is a matrik of releases d to be made under
ali states of the system, i.e. for all values of Si and 941

This formulation frovides a policy which is cafable of being
used bofh for design studies and for actual operation. In it the state of
the system is described by two variables; the flow in the preceeding

month .1 and the quantity of water in storage Si'
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These values are available in advance of'a decision to release
'sp that foreknowledge of any kipd is not required as in fhe case of
deterministic dynamic brogramming. Naturally, the use of this policy,
which maiimiies the exﬁected value of the réturn will always be inferior
to that which debends on full knowledge of hydrologic events.

A practlcal alternative to stochastic dynamic programmlng is an
indirect approach sometimes referred to as Monte Carlo Dyﬁamwc Programming
(VMCDFR) . The‘solution strategy as descriobed by G.K. Young (1968) is as
follows: |

1. Estimate the coefficients of a fre—specified synthetic
hydrology model from the recorded data and exogenous data.

2.. Generate synthetic data.

3. Apply deterministic dynamic programming to the comﬁlete
synthetfc data set to determine optimal storage variables and reservoir
reicases. Decision variables are the storage volumes and outflow values.

4. Merge the storage and outflow data with the inflow and
eiogcnou; data so that each observation consists of values which corres?ond
to the same time frame.

5. Use least squares vegression or some other means of inference

to obtain decision rules which specify the cutflow as a function of inflow

-values, storage volumes, and other e:ncgenous data

fao

T

j-to

This is similar to one of the approaches being investigated
current Great Lakes studies. The reason why MCDP has been chosen in
prefercnce to stochastic dynamic programming (SDP) is that, even though

it is an indirect solution, it is much more efficient in terms of ccuputer
time and memory requirements thun the direct solution. For example, in a
recent study, the storage value was discretized in 150 slices and 150 time

frames were considered. A MCDP solution using an IBM 360/65 required 10
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minutes while the SDP time requirement was estimated at 280 minutes.
A second approach being investigated in current Great Lakes
studies is that of developing so-called probabalistic regulation plans

i.e. plans which are designed to fail some predetermined percentage of the

time. In earlier development of regulation plans, standard rule curve and

limitation methods were used. Regulation blans were thally develofed
painstakingly over a few critical low and high suﬁply sequences and then
tested over a longer period. The result was that the plans would work very
well over the extremes of the period of record since in fact ferfect
forecasts of drbughts and floods were inherent in the design of the plans.
However, oberational benefits ﬁroved to be smaller in practice than the
planned benefits because extremes could not be accurately forecasted.

During the drought of 1964, the oferational Boards resbonsible
for the control of Lakes Superior and Ontario were required to make
discretionary deviations from the plans. These deviations were made with a
consideration of future suﬁply frobabilities. From this exﬁerience, a
natural evaluation towards frobabalistic or stochastic regulation metheods
developed. In the Great Lakes Levels Board studies, the probabalistic
apﬁroach is being used extensively, in which recognition is given to the
fact that fixed criteria will be violated some small fercentage of the
time. OCne of the probabalistic flans studied earlier was described by
Clark and Cavadias at the Fort Collinms Symbosium in 1967; The basic
elements of the ﬁlan were as follows: |

(a) 1he main aim of the plan was to keep the storage in the

lake (Ontario) as high as possible while recognizing that the target elevation

would be exceeded a small percentage of the time. This was achieved by

selecting the discharge each month in such a way that the level 245.77
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(one foot below the maximum specified in the current regglation critéria)
for the following June would be-exceeded one year in each ten; In bthér
words the plan was in fact '"designed to fail' ten bercent of the time.

(b) Another feature of the plan was that, during drought years
the storage available was subdivided into "seasonal' and “carry-over"
storage and the oﬁeration was based on rulgs aimed at iﬁcreasing the fall
and winter outflows for the benefit of the downstream interests.

It would be expected that this tyﬁe of afproach when tested
over many sequences of generated sufblies would give a realistic estimate of
the benefits to be gained from future oferation. Tnis type of plan could
be extended to a multi-reservoir system in a number of ways. One way might
be the route water subplies with a given frobability of ekceedance through
the system for the time period in question. The levels resulting from this
routing could then be compared with objective conditions, and the outflow
adjusted to offset noted violations. Another method might be to treat the
water sufply to the lakes as a system rather than dealing with it on an
individual lake basis. Dealing with the water suﬁfly in this fashion has
the advantage that the total supﬁly to the system has less variability
than the individual lzke quantities and thereby fermits more accurate
forecasting. If this obtion were chosen, the objective might be to
regulate the outflow from the lower reservoir in such a way that a target
storage in the total system is violated some ﬁredetermined percentage of
the time, and then regulate the other reservoirs so as to balance the
storage between all lakes.

In a probabalistic tyfe of ﬁlan such as those discussed above,
there is no direct link with the economics such as is available in Ménte

Carlo Dynamic Programming. Therefore, the link must be introduced
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separately. This can be done by determining desirable objectives ffom ﬁhe‘
output of the deterministic dynamic frogramming as discussed in.Chaptef.4,
and using these desirable objectives to set target levels in the
probabalistic ﬁlan. The dynamic programming output is also useful in

stipulating realistic outflow limitations.

Design

There are several tyﬁes of system comﬁonents which can be chaﬁged
from one simuiation run fo the next. These include design variables such.
as channel caﬁacity, and features of the control structure, and oﬁerating
policy pérameters such as target levels, outflow limitations, and
oﬁerational objectives. These components can éll be classified in one of
the two following categories:

1) Physical dimensions of the Civil Engineering works (this
category includes ﬁresent structures, their ektensions, and future works)

2) The set of rules defining a regulation plan.

As mentioned previously, one abproach to obtimizing the total
design might be to fik the ﬁhysical dimensions; and optimize the reguiation
plan. This could be repeated for several physical designs to get some idea
about the shaﬁe.of the resbonse surface. Although current studies have not
yet reached this stage of development, one ﬁossible method of accomplishing
this was described by Pentland, Rosenberg and Czvadias (1968):

(2) The feasible ranges of all barameters which can be changed
would be chosen and a decision made regarding the number of intermediate
values of the parameters that will be considered.

(b) System designs corresﬁonding to all conbinations of farameter
values would de identified and numbered in a systematic way. Due to time

and cost limitations, it would be impossible to evaluate all the resulting
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designs even by digital computer, and therefore a sampling procedure would
be used (i.e. each design requires a specific detailed cost estimate of the

control works which depends on foundation conditions, hydraulic considera-

tions, etc. This work limits the number of designs which can be considered).

A certain number of designs could be chosen at random among all the possible

designs and the corresponding benefits and costs could be evaluated.
Although the mathematical equation of the ﬁet benefit surface in terms of
the system éérameters is not known, the selection of "n" designs at
random permits the following useful érobaBility statement to be made. The
ﬁrobability "P'", that at least one of the '"n" designs will be in the uéber
"f%" of the distribution of the benefit function is P = 1~(1—§)n. For
examble, if n = 50 and ﬁ = 0.10, then P = 0.995. This statement does not
depend on the number of system ﬁarameters considered, but on the other
hand it does not indicate how close to the optimum value the best of the
n designs investigated is;

(c) At the end of step (b), some indication of the shabe of the
resﬁonsc surface will be available. If all designs give similar results;
this would indicate a fairly flat surfacé; and no further refinement
might be necessary. However, if the results varied greatly, it wéuld be
advisable to use the best designs determined by the sampling ﬁrocedure as
starting points for a ”steeﬁest ascent aébroach". In view of the many
uses, and geographical differances, the desirability of this refinement

cannot be evaluated at the present time.




BTN
i

1
U
~l

1

DISCUSSION AND CONCLUSIONS

Previous sections have dealt with methodology being developed
in current Great Lakes regulation studies, With an emphasis on the systems
dpproach. Since the studies are still three years from completion, it
is not possible to present nmumerical results at this time.

Nevertheless, a general discussion on the adequacy and shortcomings of
the techniques based on preliminary results is presented.

a) Floﬁ—level Model -~ simulation is perhaps the most powerful of
all toels available to the water-rescurce systems analyst. The flow
level model being used in thc Great Lakes Levels Board studies would fall
inte this category. After having included economic evaluation subroutines
with the model describing the physical movement of water through the
system, it is a simple matter to evaluate the economic impact of any set
of decisions (both design and operating rulesj. It has been found that
the model satisfactorily reproduces historical events and would therefore
be expected to satisfactorily describe what these events would have been
under different design and operating conditions. Projecting the economic
functions into the future, and varying management policies in the model
therefore froviaes a convenient method of studying a large number of
alternative strategies.

Based on considerable use of the model, it can be concluded
that it adequately rcpresents the real-life situation. Future develop-
ments will therefore be concentrated on computationally efficiency,

since it is expected that the model will be used hundreds of times. The

program at present requires about two minutes of computer time (UNIVAC 1108)
for a 68-year test. It is expected that this will be reduced substantially

as the studies progress.
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b} Supply synthesis - Based on experience to date, it is concluded
that the synthesized supplies will play a key role in defining the
sensitivity of the economics to hydrologi; variability. However, there
is still a need to further refine the generating model. Although the
synthesized supplies themselves exhibit a close statistical resemblance
to recorded supplies, the levels resulting from routing these sﬁpﬁlies
point out a fairly important weakness in the technique. That is,
insufficient long term persistence ap?ears to have been introduced into
the synthesizéd data to produce droughts as serious as those which have
been recorded with a reasonable.frequency. It is exﬁected that this
problem can be overcome with a multiple lag model rather than the first
order Markov process used.

c) The obtimizing technique - While the technique used (the single

reservoir dynamic programming algorithm eitended to the four-lake system
by an iterative technique) is adequate in terms of accuracy, it is
extremely expensive to use. Therefore there will be a need later in
the studies to re-examine the optimizing problem from an efficiency point
of 'view. It is expected that changes will be made to the economic
inputs several times during the course of the studies, and re-optimization
may be required.' It would also be advantageous to have a more efficient
optimization tool for use in sensitivity studies. For these reasons it
is probable that alternative mathematical programming techniques will be
considered further as the study progresses.

d) Reservoir operating rules - The techniques being used for
developing reservoir operating rules from the outbut from the Dynamic
Programming Algorithm were discussed earlier. This work will not be

fully completed for some time, and therefore the conclusions reached to




date are only tentative. Nevertheless; it now appears that benefits

obtainable in the second stage optimization studies (realistic supply

forecasts) will be in the order of one-half to thres-quarters of those

; obtainable in the first stage (éerfect suﬁp]y forecasts); It also
appears that benefits in this order of magnitude will be obtained with
any of the techriques described i.e. none is obviously suﬁerior to any
other. Another technique is currently being investigated (that of
operating to maximize benefits in the current time period without
consideration of the long-term effect of the decisions). This afproach
shows promise but it is too early to réach any conclusions as to its

adequacy.
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