









































































































































































































































































































































































































































































































































Chapter 4 North American Great Lakes Case Study 163

the approach used in this work. These findings and conclusions influenced not only the present
operation simulation, but also the aggregation and optimization parts, here included with the
performance evaluation simulation. Table 4 - 5 lists the levels and ranges used as the Basis-of-

Comparison for the five lakes. All values are presented in f7.

Level Lake Lakes Michigan- Lake St. Clair Lake Erie Lake
Superior Huron Ontario
Maximum 601.86 581.59 576.56 573.63 247.32
Minimum  598.68 575.13 570.84 568.02 241.66
Range 3.18 6.46 5.72 5.61 5.66

Table 4 - $ Maximum and Minimum Suggested Levels and Ranges

During all the simulations, whenever the tentative lake level at the end-of-period was
situated outside this desired range, which is specified in Table 4 -5, it was considered as an
occurrence of exceedance. Next, they were recorded to obtain the probabilities of exceedance.
These probabilities refer to the inability of the release policy to maintain the lakes levels within the
specified range, without further adjustments. However, because the real simulation conditions
were reproduced, the outflow was corrected in order to maintain the lake level within the desired
boundaries. These corrections did not violate the outflows constraints.

4.3.3 Regulation Plans

4.3.3.1 General Information

According to the Levels Reference Study, Annex 3, 1993, there were two approaches used to
determine the regulation plans for that analysis. The first one, as will be noted in the next two
sections, employed a traditional hydrologic approach, by setting up rule curves that aim at
satisfying an ensemble of hydrologic specifications. The process consists of simulating several
conditions of levels and outflows for the upstream and downstream lakes and, by routing the
monthly (or weekly) NBS through them, doing the necessary adjustments until a satisfactory
output is obtained. This process is basically trial-and-error. This is the methodology currently
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under use. The second approach, considers the Great Lakes System as a whole and proceeds the
optimization of the operation in such a way that the benefits from the entire set of interests, a
multiobjective function, are maximized. They employed value functions that assigned a value
within the range 0-1 to outflows or levels. Zero being the most preferred situation and one being
the least preferred situation. The major difficulty with this approach is the definition of the value
functions, that are fuzzy values and thus generating fuzzy benefits. As written in the above
mentioned report, they are a “wish list”, defined in “the context of not knowing the impacts or
consequences of such water level and flow regimes, and not knowing if it is possible to achieve

such regimes.” (See referred Study, page 6-5).

For the present work, the objective of the first type of operation plan was adopted. In it,
the most important issue is the maintenance of some desired levels of operation. This type of
objective was employed for the simulation of the present operation and for the optimization part.
The desired levels of operation are simply the average levels obtained by routing the historical
NBS through the system subject to the Basis-of-Comparison conditions. The present release
policies for Lake Superior consider the states of Lake Superior and Lakes Michigan-Huron, while
for Lake Ontario only its levels are taken imto account. In the current work, during the
optimization phase, however, a fundamental difference from that approach was introduced. The
operation policies are now computed considering the state of the system as a whole. As the system
presents controls only for the lakes situated at the extreme locations of the system, the policies are
defined solely for Lakes Superior and Ontario.

Now will follow the description of how the present policies were obtained for the
[nternational Joint Commission. Policies devised using historical NBS are satisfactory for the past
sequence of supplies. If critical periods of droughts or excess supply of water of greater amplitude
than those registered so far occur, it is probable that the policies would not be satisfactory.
Because of that, synthetic supplies with the same statistical properties as the historical ones were
generated, but with much longer duration. Once more, it is important to have specified stationary
conditions to generate the stochastic process. Using the simulation approach as described in the
first paragraph, it was necessary to test an empirical combination of policies for several hundred
trial plans. To reduce the computational effort, first just the historical sequences were used. After
selecting a set of the best policies, the synthetic series were used to obtain the final ones. By
adopting a stochastic strategy to solve the problem, it is expected that this calculation effort is
reduced and that the operation policies thus obtained, scientifically formulated.
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There are three major reasons for adopting the strategy of assuming the stationarity of
flows and trying to maintain the resultant historical mean levels as the most appropriate for

operation objectives.

. Even though it is possible to make some inferences about the future expected water
supplies, they still have embedded a great deal of uncertainty. The historical levels
were already tested and, as of the present moment, considered as acceptable (although
not preferable) by most of the interest groups.

2. Itis very difficult to put economical values to some desired features of operation such
as recreation and aesthetics.

3. It is practically impossible to promote equitable allocation of potential benefits
amongst the different, and sometimes conflicting, groups of interest.

The structure of the hydrologic response model along with the reguiation plan can be
summarized as is presented in Figure 4 - 5, according to Loucks et al. (1987).

4.3.3.2 Lake Superior Regulation

Lake Superior Regulation is called Regulation Plan 1977. In October 1979, it replaced the IGLLB
plan SO-901 and is just an update of this previous plan. Before SO-901, where SO stands for
Superior and Ontario regulation, there existed the Modified Rule of 1949, which was in operation
during the 1950s and 1960s. The latter considered only Lake Superior levels for the determination
of its outflows, while the other two take Lakes Michigan-Huron level into consideration. As a
result, it was expected that the benefits of this inclusion would extend to the lakes located
downstream of Lakes Michigan-Huron, Lakes St. Clair and Erie. However, as pointed by Loucks
et al. (1987), it never became clear whether this really happened, with two conflicting opinions
about it. Plan 1977 is established in such a way that the natural Lake Superior outflows are
emulated, already considering the Long Lac-Ogoki diversion. With the inclusion of Lakes
Michigan-Huron levels in the regulation plan, the excess water is stored in Lake Superior. The
consequence is an increase in its average level that would be beneficial for hydroclectric energy
generation and navigation in the St. Marys River. The lowering of average levels in the Middle
Lakes would improve the shoreline property values without compromising the energy generation
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at Niagara Falls. The critics to this Plan state that, in the long-term, this increase in shoreline
property values will not take place because the levels downstream Lake Superior will gradually
return to its previous situation. My opinion coincides with this point of view, because once the
new average level is attained for Lake Superior, the long-term average outflows would remain the
same, and consequently the increase in the expected benefits are transient and not stationary.
However, if only hydropower generation and navigation in Lake Superior are the objectives, the

benefits would increase.

The basic outflow for Lake Superior can be obtained from the equation below.

Qba.ﬁc=QAuS'up+A[(Sl"Sj)-(Hl—Hj)ROI] 4. 5

Where:

QObasic - basic rule flow.

A - statistically derived constant - adopted the “best” one, as defined in “Regulation of Great
Lakes Water Levels”, Appendix B, Lake Regulation, 7 December 1973, p.B-40, equal to 200
tcfs/fi. For more details, follow explanation below on how this value was set.

Quvsup - historical average outflow, computed from the data collection period as recommended in

the above mentioned report.
., VarlS,]
! Var[H,]

Var{S; Jand Var{H;] - estimated monthly historical variances for water levels at lakes Superior and
Michigan-Huron respectively.

Sy H, - target levels for lakes Supertor and Michigan-Huron, also defined as the estimated monthly
historical averages.

S, H, - Beginning-of-Period (BOP) water levels.

The adjustment to the historical average outflows comes from the simple linear
relationship, where the present hydraulic head is normalized by the monthly standard deviation of
the BOP water levels:
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S,-S, H,-H,

Os Oy

4.6

The objective of the relationship above is to try to approximate the relative water levels
from both lakes to the same situation as the one registered by the average historical ones and
within the natural ranges.

A is an empirically derived parameter expressing the rate of adjustment to the initially
calculated flow from lake Superior. [t adjusts the speed of bringing the relative levels between
lake Superior and lakes Michigan-Huron into balance. The value below was established based on

computer simulations.

Other tested values were 50,000; 100,000 and 300,000 ¢fs/fi. The chosen one presented
the best economical impact on lakes Superior, Michigan-Huron and Erie considering the
multiobjective function during the study period of 1900-1967.

RO is the relationship between the standard deviations of lakes Superior and Michigan-
Huron. As the parameter A4, it was employed in the computation of the rule flow.

Month RO
January 0.3706
February 0.4254

March 0.4546
April 0.4480
May 0.5166
June 0.4625
July 0.4878

August 0.4445
September  0.4196
October 0.4106
November 0.4059
December  0.4274

Table 4 - 6 Monthly values for the R0 parameter
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Once the rule outflow is computed, its value is compared with the maximum and
minimum allowable limitations and, if these constraints are not satisfied, these limiting values are
assumed. There is an exception, however. The minimum outflow is 55 ¢cfs-months but if the rule
outflow falls within the range 55 to 65 tcfs-months, it is automatically adjusted to 55 to allow
Lake Superior levels to increase. Another kind of criteria is also specified, such as the change in
flow rate from one month to another must not exceed 30 tcfs-months, in absolute value. This

limitations aims at maintaining a regular flow rate, reducing the deviation from the average values.

Plan 1977 also includes the computation of the gate settings based on the forecast of NBS
for the next few months in order to reduce the number of gate movements during the year. For
example, the gate setting defined at the beginning of December is valid until the month of April.
[n this work, the gate settings computations are not carried out, nor are the predicasts, the name
given to “predicate” forecasts, that are predictions effectuated using just mean values for the net

supplies.

4.3.3.3 Middle Lakes Routing

Lakes Michigan-Huron, St. Clair and Erie are directly connected and no regulation is exercised.
Thus, the flow between them depends on their relative levels, i.e., difference betweeri upstream
and downstream lake levels and the physical characteristics of their connection. The connecting
channels are St. Clair and Detroit rivers. The outflow in the St. Clair river is a function of both
lakes Michigan-Huron and St. Clair and, in Detroit river, of lakes St. Clair and Erie. The outflow
from this last one, through the Niagara river, affects its levels. This information must, therefore,
be taken into account, as well. Because of the abrupt hydraulic jump between lakes Erie and
Ontario, levels from the latter do not affect the upstream levels. If all this information is
assembled, the resulting system of equations has six unknowns and six equations to be solved. For
sake of simplicity, the approach already derived for the Middle Lakes Routing in the report by
Loucks et al. (1987) was used. The derivation of the system of equations has the following

reasoning.

For the relationship that described the steady nonuniform flow for St. Clair and Detroit
rivers the authors of that report employed the one from GLBC 1975-76, Appendix B, p. 56 and
they remark its similarity to the theoretical formula for flow over a submerged, broad-crested

werr.
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O=CAH" =C"ByH" 4.7

Where:

A - average area of the flow;

B - average width of the flow;

y - mean depth;

H - effective upstream head; ,

C’'and C' - constants that depend on the channel geometry and its roughness, values that vary
according to the system of units employed.

Let us assurne that

hth 4.8

hl and h2 being the elevations of the water surfaces for the upstream and downstream

lakes respectively.

Replacing the y in formula 4-7 we obtain

0-= C(f'-‘iz“—”Z—)Z(h, Y s

The formula above assumed that the width of the flow is a linear function of depth and it
is called a two-stage discharge relation. It is named two-stage because it considers the stages in
both upstream and downstream lakes.

For the Niagara river, the one-stage relationship gives

3
Q=C(h, ._h2)/2 4. 10
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where the C ‘s are determined empirically by a fitting technique. It is of import to note that in this
work the values for these constants are different from those employed in the just mentioned
report. Those that were set up specifically for the data in hand, that consider exactly the same
stations for the flow measurements, were the chosen ones. They were obtained from IGLLB,
1973, App. B, V.2, p.B-9.

The so-called constants kapa assumed the following values:

e For St. Clair river:
kapal = 73.5150

e For Detroit river:
kapa2 = 177.2860

e For Niagara river:
kapa3 = 3665.0000

For Lakes Michigan-Huron it is necessary to consider the regulated outflow from Lake
Superior, the NBS for that month, the diversion of flow into the Chicago Sanitary and Ship canal.
This value has been fixed, in an agreement between the two countries, remaining constant for the
figure presented before. For Lake St. Clair, the smallest one of all five, receives the nonregulated
outflow from Lakes Michigan-Huron, its NBS and produces nonregulated outflow. Lake Erie
reproduces the previous situation, with the inclusion of the Welland Canal diversion. This
diversion is assumed as a constant addition to the Lake Erie outflow. From the relationships
presented above, six nonlinear equations are derived. To solve this system of nonlinear equations,
linearization is adopted, and the standard time step considered for Lakes Superior and Ontario, a
month, is decomposed in 40 sub-steps. After testing, it was observed that an iteration cycle of 5
repetitions was enough to guarantee convergence in each sub-step.

Appendix A presents the algorithm for the Middle Lakes Routing problem. As they
remain unregulated for the proposed operation policies, the same algorithm can be employed in
the second part.
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4.3.3.4 Lake Ontario Regulation

As there is no lake downstream of Lake Ontario, the computation of the basic rule flow uses just
its own levels and Lake Erie’s. The relationship that appears below is shown in “Regulation of
Great Lakes Water Levels”, December 1973. Originally, this formula refers to a time step equal to
one week, but here it was employed to solve for a monthly time step. The adjustments performed
with the help of the supply indicators as it is prescribed in Plan 1958 D, which is currently in use,
were disregarded.

The following relationship was employed to compute the basic rule flow

(EOP,, = T8, )80 +(EOP,, — T8, )105
185

Opasc = 200( )+ AvOut,, 4.11

where

Opasic - basic rule flow,

EOP,,; - monthly end-of-period Ontario water level,

Tgon - target water level for lake Ontario, given by the estimate of historical mean level,
EOP,. - monthly end-of-period Erie water level,

Tg.n - target water level for lake Erie, given by the estimate of historical mean level, and
AvOut,, - long-term mean pre-project’ lake Ontario outflow.

Having the basic rule outflow, its value is compared with the maximum and minimum
allowable limitations and, if these constraints are not satisfied, the necessary adjustments are
made. Appendix C presents the information regarding these constraints. As was the case with
Lake Superior regulation, the changes in flow rate from one week to another must not exceed 20
tcfs-months, in absolute value. This figure was adopted for the maximum allowable monthly
variation. The intendments of this measure are similar to those in Lake Superior. The reader is
referred to Appendix A for more details on this regulation implementation.

! The outlet conditions are those existing before the regulation of lake Ontario, i.e., before the year of 1955.
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4.4 Definition of the Problem

In the introduction of this chapter it was mentioned that the intent of the Reference submitted to
the governments of both countries was to improve the range of water levels fluctuations in such a
manner that the interest groups would benefit from it. Or, at least, that the improvement of the

conditions for one group would not result in the worsening of the present situation for the others.

To be consistent with the approach already utilized in the LJC studies, given that the major
concern of this application is the validation of an experimental methodology, and facilitate the
comparison between an existing rule of operation and a new proposed one, the conditions
stipulated by the existing agreements, materialized as the Basis-of-Comparison, are those
considered as valid in this Case Study. In other words, they were the same for the simulation of
the routing of the synthetic NBS for the five lakes either in the case of the present regulation (as
just described in the previous section) and the new proposed one.

It was also pointed out that it is very difficult to measure the real benefits obtained from
improvements regarding recreation, aesthetic and environmental considerations, along with other
similar benefits that are important and generate returns to the society as whole but with fuzzy
benefits, hard to evaluate with precision. As dealing with this type of fuzzy values will add more
uncertainty to a stochastic problem and is not directly connected to the main purpose of this
research, it was decided to opt for more well-defined designs, the maintenance of the LJC’s
objectives as stated in the 1973 report, “Regulation of the Great Lakes Water Levels”. As a result,
they were defined as the attempt to reproduce the average estimated mean levels that would have
occurred in the 1900-1973 period, had the static configuration of the Great Lakes System been as

defined in the Basis-of-Comparison.

Some simplifying assumptions were introduced in setting the simulation of the operation.
For instance, the use of monthly time steps for Lake Ontario and Lake Erie instead of quarter
monthly time steps, and the Lake Ontario regulation as presented in “Regulation of Great Lakes
Water Levels”, App. B, 1973, p. B-40. To avoid the comparison of different types of operation,
first the system operation is simulated by routing the historical NBS through the five lakes and
connecting channels. These results are then compared with the same operation procedure for the
synthetic data generated as explained further ahead. With this procedure, two models that emulate
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more closely the stochastic process that generated the Net Basin Supplies were validated. A
practical implementation aspect that was taken into consideration was the need to use pre-existent
Matlab® routines, especially those from the System Identification Toolboxes, because of the
compatibility with the rest of the routines developed for this work and immediate availability.

In “Levels Reference Study”, Annex 3, 1993, there is the information that the
autoregressive moving average (ARMA) processes, ARMA (1,1) and ARMA (2,0) had good
performance in modeling the NBS. But once the processes were modeled as univariate, they had
to be linked together due to the spatial correlation existent between the lakes. Yevjevich (1975)
and Buchberger (1992) used a multivariate ARMA (2,0) to model the processes with respect to
time and spatial correlation.

In 1991 the U.S. Army Corps of Engineers modeled the NBS for each lake (univariate) as
an ARMA (1,1) process. Loucks (1989) used Contemporaneous ARMA (CARMA) processes for
this purpose and the above mentioned study also experimented with the ARMA (1,1) processes
for the upper lakes and ARMA (2,0) for the lower ones. Because it only accounts for lags equal to
zero, hence the contemporaneous in its name, it is much faster and easier to implement and
generate the synthetic NBS than most multivariate processes. This work is constrained by the fact
that the Matiab® Identification Toolbox has available only multivariate autoregressive models and
univariate ARMA ones. Therefore, the following ones were tested:

e  ARMA (1,1), five univariate models.
e ARMA (2,0), five univariate models.
e Multivariate AR models
¢ Contemporaneous AR models of orders 1 and 2.
¢ Contemporaneous Periodical AR model of order 1.
¢ AR model with lower triangular input matrix of order 1.

From the models above, the contemporaneous multivariate seasonal AR model of order 1
and the contemporaneous multivariate periodical AR model of order 1 were those that more
closely approximated to the historical NBS data. As additional testing, outputs like lakes levels
and outflows that were obtained after the simulation of the operation were considered as well, and
both models performed satisfactorily. Although some of the other models presented similar
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performance, the suggestion presented in Hipel and McLeod {(1994) was followed and Occam’s
razor was applied, i.e., those with less complexity involved were chosen. Appendix C presents a
summary of the inputs for the simulation and the main parameters involved in the system
operation. In the following pages, are added tables with the operation results for the simulation of
both the historical NBS and the synthetic ones.

The objective function evaluated during the simulations was defined according to the

following relationship:

T L

Cost = ¥ Y \JrS, ~S/)?, fore=1..,12; and/=1,...,L. 4.12

tal [ul

Where:

S/ - average level of lake / in month

S/’ - estimated average monthly level of lake / in month ¢, after routing the historical NBS through
the lakes employing the BOC.

This information can be obtained from “Regulation of Great Lakes Water Levels”, Lake
Regulation, App. B, V. 1, Coordinated Basic Data, 1973. Also, the average level is defined as:

_ BOP + EOP
- 2

S, 4.13

As one might expect, the objective of the optimization was the minimization of the
relationship defined by equation 4. 12, but rewritten as follows:

T L —
Expected Cost = ZZE[\/(S,' ~-5)?] 4.14

tul [=]

The use of the expectation operator above is due to the fact that for a specific release
policy, given a BOP level, and a stochastic NBS, the average level becomes a random variable.
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4.5 Aggregation Scheme

The Great Lakes system presents control structures in only two of its components, namely, Lake
Superior and Lake Ontario. Therefore, to avoid local policies for the latter, the aggregation was
performed considering in the first stage, Lake Superior versus an aggregated lake downstream that
comprised Lakes Michigan-Huron, St. Clair, Erie and Ontario. In the second stage, Lakes
Superior, Michigan-Huron, St. Clair and Erie were aggregated in one upstream lake and then a
two-level MAM-SDP optimization, with Lake Ontario located downstream of it, was performed.
For both controls the policies are global, but still approximate. This approach was called “Whole

System Optimization”'.

On the other hand, another approach where Lake Ontario is optmized as an independent
part of the system, was also set up. This is basically the approach utilized by the present
regulation, however in a heuristic fashion. As this lake is situated roughly 330 fi. below the
average level of the other upstream ones, its backwater does not affect the levels of none of them.
The first stage of aggregation, however, remains as described in the above paragraph. This one
was called “Lake Ontario Independent”. There is a schematic representation of stages 1 and 2 for
the “Whole System Optimization" shown below and for the second approach, stage 1 is repeated
and the average monthly outflow from Lake Erie obtained after simulation and fed it into the
single reservoir optimization model. The most notable consequence is the sensible reduction of the

computation time.

Another feature worth mentioning is the aggregation of the releases. As already said, only
Lakes Superior and Ontario are regulated. The standard fashion of aggregating does not consider
unregulated outflows. Therefore, the aggregated outflows were computed as a function of the
states of Lake Superior versus the rest of the system and Lake Ontario versus the rest of the
system after 1000 year simulation using the current operation. These preprocessed data were then
fed into the SDP optimization. As one might conclude, these relations are not the same as those
that will be computed using MAM-SDP, or state-derived policies. A natural continuation of the
present work would now obtain the relations for the optimization after the first optimization is
performed and the simulation executed, and fed them once more to the optimization, i.e., repeat at
least one more iteration. The present computations did not take this into consideration.
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Appendix A has a succinct description of the algorithms employed to perform the

optimization of the Case Study. The reader is referred to it for more details on the

implementation.
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Figure 4 - 6 Schematic Representation of the Great Lakes Aggregation Approach

4.6 Validation of the Simulation Model

The validation of the 1000 year synthetic data was performed not only by analyzing the time
series but comparing parameters like cost, storage levels, outflows and spills obtained either
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routing the historical NBS and the synthetic ones. The suggestion presented in one of the LJC's

reports and respective methodology were followed.

4.6.1 Results for the Simulation of the Great Lakes Operation as defined by the
KC

The following graphs present the:

e Resuits for the Simulation of the Operation Using the Historical NBS

e Results for the Simulation of the Operation Using 1000 Year Synmthetic Data
Generated by a Contemporaneous Multivariate Seasonal Autoregressive Model of
Order 1 (ARX 1 Model)

e Results for the Simulation of the Operation Using 1000 Year Synthetic Data
Generated by a Contemporaneous Multivariate Periodical Autoregressive Model of
Order | (PARX | Model)

Annual Average Cost (Objective Function):
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Figure 4 - 7 Comparison between Costs Using Historical and Costs Using Synthetic NBS
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Monthly Average Cost (Objective Function) with respective Standard Deviations:

Lale Superior - Monthly Cost and Respective Standard Deviation

January -
February
March
Apri
May
June
July
August

Figure 4 - 8 Comparison between Monthly Costs Using Historical and Synthetic NBS for Lake
Superior
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Figure 4 - 9 Comparison between Monthly Costs Using Historical and Synthetic NBS for Lakes
Michigan-Huron
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Lake Saint Clair - Monthly Cost and Respective Standard Deviation

Month

Figure 4 - 10 Comparison between Monthly Costs Using Historical and Synthetic NBS for Lake St.
Clair
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Figure 4 - 11 Comparison between Monthly Costs Using Historical and Synthetic NBS for Lake Erie
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Lake Ontario - Monthly Cost and Respective Standard Deviation
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Figure 4 - 12 Comparison between Monthly Costs Using Historical and Synthetic NBS for Lake
Ontario

The reader is reminded to note that with the exception of Lake Superior and, in a smaller
scale, Lakes Michigan-Huron, the operational costs are higher for the synthetic NBS than for the
historical ones. Although it is not expected that the costs be exactly the same, one would expect to
have them closer to the historical ones than what the graphs have suggested. The justification for
these results is that the present regulation attempts the lowering of the levels of the four most
downstream lakes by the increase of Lake Superior levels. The former ones, located in areas more
densely populated than Lake Superior and consequently with higher average cost of the shoreline
area, would benefit from this kind of policy. However, this is a transient solution. Once Lake
Superior establishes itself in a new and higher level, the levels of the other four lakes would tend
to return to their original situation, especially those of the unregulated ones. In the long run, the
total output from the system, represented by total outflows, must be more or less equivalent to the
total input to the system, represented by total NBS.

In the next pages the average levels obtained during the 1000 year simulation of the
operation are presented. The reader is referred to Appendix E, Great Lakes Outflows for
additional information regarding the referred parameter and further details on the historical and
long-term operation for the Great Lakes.
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Average Monthly Storage Levels:

182

Levels for Lake Superior

Figure 4 - 13 Lake Superior - Monthly Average Levels and Respective Standard Deviation
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Figure 4 - 14 Lakes Michigan-Huron - Monthly Average Levels and Respective Standard Deviation
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Figure 4 - 15 Lake St. Clair - Monthly Average Levels and Respective Standard Deviation

Lavels for Lale Erie

Figured4 - 16 Lake Erie - Monthly Average Levels and Respective Standard Deviation
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Figure 4 - 17 Lake Ontario - Monthly Average Levels and Respective Standard Deviation

From Figure 4 - 13, the registered average levels for Lake Superior obtained by routing
the historical and synthetic NBS are equivalent, with no significant discrepancies. The standard
deviations for them present the characteristic that those for the synthetic NBS are smaller than the
ones for the historical values. This is a consequence of the use of longer series for the synthetic
ones, the operation of the system for the long-term has steady-state behavior. This feature is
clearly visible in the other graphs as well.

As Lakes Michigan-Huron, St. Clair and Erie are not controlled and therefore have similar
behavior, the comments about all the three lakes will take place at the same time. It is possible to
observe that the trajectories for the average levels obtained with the synthetic NBS are
systematically above those obtained wid; the historical ones. The previous observation about the
transient nature of the present policy is now recalled. Figure 4 - 14, Figure 4 - 15 and Figure 4 -
16 illustrate well this fact, and the reader is reminded to note that the levels obtained with the
historical NBS have the same pattern of behavior (or trajectory) than the long term ones but are

located in a lower level.

Figure 4 - 17 presents the average levels for Lake Ontario and how the transient lowering
of the levels in the previous three upstream lakes affects its levels. As expected, the average levels
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for the historical inputs are above the long-term ones. The aimed reduction in levels for Lakes
Michigan-Huron, St. Clair and Erie generates a transient increase in the levels in Lake Ontario,
what will probably benefit the navigation conditions in the connecting channels. However, this
situation is not stationary and will not subsist in the long-term. It should be added that, because
this lake receives the contributions form all the others that are located upstream and, differently
from the three immediately above, is controlled, the existing gap between the registered standard
deviation for the levels obtained with historical and synthetic NBS is widened if compared with

the previous cases.

Finally, the major intent for simulating with three different types of NBS, one historical
and two synthetic, is the validation of the synthetic ones. With the acknowledgment of the features
specified above, the use of the synthetic series is validated for the goals of this research, i.e.,
firstly optimize the operation for the Great Lakes System and obtain state-derived operating
policies and secondly apply the Two-Pass Mean-Variance Approach evaluating both studies by

means of long-term simulation.

4.7 Comparative Results

4.7.1 1JC’'s Operation vs. Steady-State Optimization using Aggregation

Proposed Steady-State Optimizations using Aggregation Techniques in Two Stages

As an initial step for the application of the Two-Pass Mean-Variance Approach to the case study,
the general stochastic iong-term optimization of the operation for the Great Lakes using DP was
performed. This problem was approached in two different fashions as described in the following
paragraphs. The second approach is used not only to provide another perspective to a complex
problem, but to serve as validation of the first one, considered as theoretically better.

First Approach:
This first approach is the most appropriate for the aggregation methodology, i.e., the application

of the aggregation methodologies to the entire system and obtain, with that, policies that are as
global as possible. To overcome the inherent difficulty of having local policies for Lake Ontario,
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where one of the only two controls of the system is located, a combination of the aggregation
schemes that were used in statistical decomposition was employed. In the fashion that is presented
below the release policies are global for Lake Ontario and for Lake Superior, each being
optimized with respect to the rest of the system. We then have:

o Stage I: Lake Superior vs. Rest of the System
o Stage 2: Rest of the System vs. Lake Ontario

Second Approach:

The second approach tried to use as much as possible of the optimization scheme presently used
for the operation of the lakes. For Lake Ontario, the present operation uses the levels for Lake
Ontario and Lakes Michigan-Huron to obtain the long-term release policy. The present approach,
however, is equivalent to the one just described, aiming at obtaining release policies based on the
aggregate state of the four most downstream lakes. However, for Lake Ontario the release policies
are computed using only its state . These release policies are, therefore, independent from the rest
of the system. According to the [JC’s reports , the justification for this approach is the abrupt
level difference between the rest of the system and Lake Ontario. While for the present operation
either for Lake Superior and Lake Ontario the release policies are based on heuristics, in the
present approach they are optimized and the policies are state-derived by means of SDP. The
approach has also two stages, namely:

o Stage 1: Lake Superior vs. Rest of the System
e Stage 2: Lake Ontario Considered Independent

For the sake of simplicity and not divert the reader from the main topic of the thesis, that
is to say, the use of aggregation methods to solve steady-state optimization of large systems
employing variance control of objectives in multistage decision processes, the results presented
here below are only the ones obtained from the Multivariate Contemporaneous Autoregressive
Model of Order 1 (MCAR 1) time series (referred to in the previous section as the ARX 1 model)
for the Net Basin Supplies for the five considered lakes with length equal to 1000 years.
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During the experimental part, the same was done with the other model, i.e., Periodical
Multivariate Contemporaneous Autoregressive Model of Order 1. The results are equivalent to
those presented below, with the exception that during the simulation part the policies are not as
efficient as in the model referred to above, with performance slightly inferior to it. Nevertheless,
in both cases, the results are superior to those obtained from the simplified version of the LIC

model.

It is necessary to mention that the variables were converted to volumes in order to proceed
to the optimization part. Once this was done, the impact on lakes levels due to the same storage
volume was dependent on each lake volume/lake surface relationship as specified in the LJC

Reports.
System - Average Annual Cost vs. Standard Deviation
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Figure 4 - 18 Comparison Between Annual Costs of Operation for the Entire System

The reader already noticed the evident superiority of state-derived policies not only in
terms of operational cost reduction, but in better standard deviation for these costs too. While the
LJC’s policies are less efficient in terms of overall performance, the standard deviation for their
costs are slightly inferior than the ones having Lake Ontario considered as an independent part of
the system. Next figures will compare the cost function for each lake belonging to the system in a
separate fashion.
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Lake Superior - Average Annual Cost vs. Standard Deviation
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Figure 4 - 19 Comparison Between Annual Costs of Operation for Lake Superior

For Lake Superior, as the state-derived policies are identical, the operational costs are
equivalent and, as expected, fare well in comparison to those based on heuristics with a reduction

in the expected costs of around 23 %. The reduction in their standard deviations were significant

as well,
Lakes Michigan-Huron - Average Annual Cost vs. Standard Deviation
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Figure 4 - 20 Comparison Between Annual Costs of Operation for Lakes Michigan-Huron
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Lake St Clair - Average Annual Cost vs. Standard Deviation
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Figure 4 - 21 Comparison Between Annual Costs of Operation for Lake St. Clair

For Lakes Michigan-Huron, St. Clair and Erie, the JC’s policies perform better than the
other two. Although the differences are not very large for any of them, the state-derived policies
perform worst for Lake Erie. These results can be credited to one of the heuristics employed in the
operation according to the LJC, i.e., the limitation of monthly releases differences from Lake
Superior. When these monthly differences present values higher than a threshold, the rule outflow
is reduced the maximum allowed difference, thus keeping the outflows very steady from one
month to another. And as all three lakes have no control, reducing the monthly flow difference has
a direct impact on the levels variation for Lakes Michigan-Huron, St. Clair and Erie.

Lake Erie - Average Annual Cost vs. Standard Deviation
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Figure 4 - 22 Comparison Between Annual Costs of Operation for Lake Erie
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Lake Ontario - Average Annual Cost vs. Standard Deviation
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Figure 4 - 23 Comparison Between Annual Costs of Operation for Lake Ontario

Figure 4 - 23 shows the effect on the cost of state-derived policies for Lake Ontario and
the substantial improvement that can be obtained with them. However, it is necessary to remember
that while the IJC simulation model constructed for the present work has a time-step equal to one
month, the original model has a time-step of a week. This model is a simplified one, without all
the fine adjustments of the original one. In a more refined comparison, it would be necessary to
build a link between the state-derived long-term policies and medium-term policies by the use of a
hierarchical model and only then, have a better evaluation of the real improvement. Nevertheless,
the Lake Ontario Independent state-derived policies, employed as another comparison reference,
performed better than the 1JC rules, but much worse than the ones considering Lake Ontario
against the rest of the entire system.

The following graphs will present the average monthly levels obtained after the stochastic
simulation and their trajectories location with respect to the LJC targets. Concerning the levels
graphs, the reader’s attention should be called for the targets trajectories and their relative position
with respect to the average trajectories for the levels. For the four most upstream lakes they are
systematically located below them. For Lake Ontario, the opposite is true for the LJC’s policies
and those state-derived considering the entire system. This evidence seems to concur with the
aforementioned observations that mostly the targets for Lakes Michigan-Huron, St. Clair and Erie
are not placed in a realistic position for the present structure of controls.
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Average Monthly Levels:

Lake Superior - Target Levels vs Monthly Average Leveis and Standard Deviation
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Figure 4 - 24 Lake Superior - Monthly Average Levels for Different Types of Release Policies and
Respective Standard Deviation

Lakes Michigan-Huron - Target Leveis vs. Monthly Average Levels and Standard Deviation
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Figure 4 - 25 Lakes Michigan-Huron - Monthly Average Levels for Different Types of Release
Policies and Respective Standard Deviation
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Lake St Clair - Target Leveis vs. Monthiy Average Levels and Standard Deviations
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Figure 4 - 26 Lake St. Clair - Monthily Average Levels for Different Types of Release Policies and
Respective Standard Deviation
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Figure 4 - 27 Monthiy Average Levels for Different Types of Release Policies and Respective

Standard Deviation
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Lake Ortario - Target Levels va Morghly Average Levels and Standard Deviations
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Figure 4 - 28 Lake Ontario - Monthly Average Levels for Different Types of Pelease Policies and
Respective Standard Deviation

From Figure 4 - 28 it is interesting to note that the average levels resulting from the use
of the policies considering Lake Ontario Independent are always above the other two types of
policies, what may affect negatively the hydropower generation at the Niagara plants. These
values are relatively small but their influence is not positive. After these comparative results,
additional details referring to the operation of the system are shown below. As has been the case
so far, all results were obtained after 1000 year simulation of the long-term operation for the
lakes system.

Probabilities of Exceeding the Minimum and Maximum Specified Levels:

While the IJC’s operating rules are better for Lake Erie and far superior when compared
with “Ontario Independent” for Lake Ontario, in general, the “Whole System” optimization is
better than the other two types of policies when considering the Probability of Exceeding the
Minimum Specified Level. Now, considering exceeding the maximum level specified, IJC’s
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policies are far worse than the other two, with “Ontario Independent” presenting a better

performance. In this specific case, the tradeofY is clear.

Probability of Ocurrence of Levels Above the Maximum Specified
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Figure 4 - 29 Probabilities of Exceedance for Levels for the Five Lakes - Above the Maximum
Specified

Probability of Ocurrence of Levels Below the Minimum Specified
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Figure 4 - 30 Probabilities of Exceedance for Levels for the Five Lakes - Above the Maximum
Specified
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Appendix E presents the average monthly outflows for the cases presented so far. There is
a tradeoff between the maintenance of the levels as close as possible to the established levels
targets and the outflows. Namely, as the original objective function incorporates outflow targets
(what is not true in the present optimization, only storage levels were taken into account) there is
much more latitude in the current study than in those that had them included. It is possible to
mention the works of Seifi and Hipel (1998), Sadjad (1997) and Fletcher and Ponnambalam
(1998) as having this bi-objective optimization, i.e., a much more constrained problem.

Now, a sample of the Release Policies Graphs is presented. For the “Whole System
Optimization” are shown two characteristic months of the year, one representing the dry season
and the other the wet season. As it is possible to represent the entire year in a single graph, for
“Ontario Independent” all the surfaces are presented.

Lake Superior:

Releame Policies - May
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Figure 4 - 31 Release Policy for the Month of May for Lake Superior vs. Rest of the System
Aggregated
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Release Policies - December
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Figure 4 - 32 Release Policy for the Month of December for Lake Superior vs. Rest of the System
Aggregated

Lake Ontario:
1. Whole System Optimization
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Figure 4 - 33 Release Policy for the Month of May for Lake Ontario vs. Rest of the System
Aggregated
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Release Policies - December
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Figure 4 - 34 Release Policy for the Month of December for Lake Ontario vs. Rest of the System
Aggregated

2. Lake Ontario considered independent
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Figure 4 - 35 Release Policies for Lake Ontario Considered Independent from the Rest of the System
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4.8 Steady-State Optimization Using Aggregation and the Proposed
Methodology, Two-Pass Mean-Variance Approach

Because most of the discussion on the application of the proposed methodology was already
made, the only thing that should be remarked is the difference between the objective function
analyzed so far, maximization of benefits and the one for the Great Lakes Case, which has the
minimization of costs. The presentation of the formulation for the proposed methodology follows:

First, let us define

Dist/ = 8/ -8/)*, fort=1,...,Tand/=1,...,L. 4.15

Therefore, the objective function for the optimization becomes the minimization of the
absolute cost of operating the lakes beyond, above or below, the target levels as specified by the
[JC regulations. Thus,

min E[Dist,']
subject to the constraints as specified previously.

However, in the Two-Pass Mean-Variance Approach the objective function becomes

T L
Expected Cost = )" 3 '[(1-@)* E(Dist,') + o * a(Dist, ); 4.17

i=]l [=l

4.8.1 Results with the Proposed Methodology

Below the results obtained by applying the proposed Two-Pass Mean-Variance Approach are
presented. The original objective function for the Great Lakes Case is a bi-objective one. Not only
storages are included in it, but outflows as well. For the case presented further, which experiments
with storage control, only the storage variations were taken into account as objectives. The
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minimization of the distance from the specified storage targets is the principal and single
objective. [n setting up these storage targets (levels) the LIC recommendation was followed,
namely, attempt to maintain the levels at the average level that would have occurred historically if
the historical Net Basin Supplies were routed through the specified static configuration of the
lakes and their connecting channels. With this information, a Two-Level MAM-SDP Optimization
was conducted. From that, the proposed methodology was applied. However, bearing in mind that
the next step for the work would be the bi-objective optimization, the routines for this kind of
optimization are already available. After running this model and defining the relative importance
that should be given to each of the objectives, it will be possible to extend the suggested
methodology for this type of multiobjective optimization. As the objective function has now a
sum of random variables, the correlation between storages and outflows must be computed and
included in it. The values shown in the following tables and graphs were already converted to feet

(levels) and thousand of cubic feet per second, 1cfs (outflows).

4.8.2 Whole System Considered

Graphs presenting the relationship Average Costs vs. Standard Deviation for the Costs

Annual Cost for Operating the System vs. Respective Standard Deviation
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Figure 4 - 36 Annual Cost vs. Respective Standard Deviation for Operating the System Under
Different ' s
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Observation: The annual cost (deviation from the storage targets) is represented as the absolute
sum of the monthly distance from the desired level during the period of a year.

Annual Cost for the System and Each Lake
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Figure 4 - 37 Anaual Cost for Operating the System Under Different ’s for the System and Per
Lake

Standard Deviation of the Annual Cost for the System and Each Laks
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Figure 4 - 38 Standard Deviation for the Annual Cost for Operating the System Under Different o’s
for the System and Per Lake
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Probability of Occurrence of Levels Above the Maximum Specified
0.0250 -
0.0200 - ’ a8 1
5 : 3 &
# 3 i & ¥
i & g = 2
i - & ‘3 %| X
0.0150 5 b P S E
g 5 3 5 W Superior
F 7 & Mchigan-Huron
] ol . .
& 00100 O Sant Gar
O Erie
@ Ortario
0.0050
0.0000 L : X i
00 20 40 50 €0 80 100
omega

Figure 4 - 39 Probabilities of Exceedznce for Levels for the Five Lakes for Different o ‘s - Above the
Maximum Specified
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Figure 4 - 36 presents the main results for the application of the Two-Pass Mean-
Variance Approach to the Great Lakes Operation Problem as described so far. The main purpose
of the methodology is to reduce the risks involved in the systems operation. This is effectuated by
reducing the standard deviation of the costs involved, which usually has a tradeoff in increasing
the costs themselves. For this case study, the similarity between the upper part (region between the
North and East or [V Quadrant) of the theoretical curve as suggested by Markowitz (1952) is
remarkable. As their standard deviations increase, the costs themselves decrease. The lower
observed cost is 68.47 feet with respective standard deviation of 22.98 feet for © equal to zero. To
reduce the standard deviation to 13.12 feer it is necessary to accept an increase in the costs to
90.94 feet for w equal to 1.00. In other words a reduction of 42.91 % in the standard deviation
values will incur in an increase of 24.71 % in the costs. How acceptable this is in terms of
operation is a task that belongs to the decision maker. Nevertheless, there are several intermediate
situations that might be interesting as well. The main purpose is not to specify which relationship
performance/risk is the most acceptable for the decision maker, but to offer a range of
possibilities.

Figure 4 - 37 and Figure 4 - 38 show the same parameters, Annual Cost and Respective
Standard Deviation, but in separate bar graphs to facilitate the reader the visualization of the
individual contribution each lake makes to the costs and standard deviation, total contribution and
be able to compare them. It is interesting to note that in Figure 4 - 38, the individual standard
deviation for the operational costs for Lake Ontario, for ® equal to 1.00, has a greater figure than
the standard deviation for the costs for the system as a whole. Figure 4 - 39 and Figure 4 - 40
present the probabilities of occurrence of levels above and below the specified thresholds
respectively. For the first one, levels above the maximum specified, the general trend is to have a
reduction in these probabilities for Lakes Superior, Michigan-Huron, St. Clair and Erie while these
probabilities are not significant for Lake Ontario. On the other hand, there is an increase for the
probabilities of this lake having levels below the minimum specified, which can be qualified as
very high for ®’s equal to 0.80 and 1.00. The other four lakes do not present a significant value
for these probabilities.



Chapter 4 North American Great Lakes Case Study 203

4.8.3 Lake Ontario Considered Independent

Graphs presenting the relationship Average Costs vs. Standard Deviation for the Costs

Annual Cost for Operating the System vs. Respective Standard Deviation
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Figure 4 - 41 Annual Cost vs. Respective Standard Deviation for Operating the System Under
Different o' s
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Figure 4 - 42 Annual Cost for Operating the System Under Different o’s for the System and Per
Lake
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Standard Deviation of the Annual Cost for the System and Each Lake

i&?r?—‘t

@ Erie

O Sant Car

O Mchigan-Huron
1 Superior
|@8ystem

Figure 4 - 43 Standard Deviation for the Annual Cost for Operating the System Under Different a/’s
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Probability of Occurrence of Levels Below the Minimum Specified
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Figure 4 - 45 Probabilities of Exceedance for Levels for the Five Lakes for Different @ ‘s - Below the
Minimum Specified

The application of the proposed methodology to the second approach of solving the Great
Lakes Operation Problem did not present any significant improvement to the policies obtained
with the optimization. The relationship cost/standard deviation did not show a noticeable range of
possibilities of operation and the same can be said for the costs, their standard deviations and
probabilities of exceedance. As the Two-Pass Mean-Variance Approach is set up in an aggregated
fashion for the system as whole, its implementation has certainly suffered from the independence
assumption used for Lake Ontario.

The results have shown that the “Whole System Optimization”, used in conjunction with
the Two-Pass Mean-Variance Approach, performed quite well. The optimization considered on its
own already improving the present heuristic operation with regard to the same single objective and
the Two-Pass Mean-Variance Approach presenting an interesting range of possible annual costs
versus respective standard deviations that can be used in the definition of the most appropriate
release policies.
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4.9 Summary

This Chapter presented an application of the proposed Two-Pass Mean-Variance Methodology as
described in Chapter 3 to the Great Lakes System. The five lakes considered in this study were
Lake Ontario, Lakes Michigan-Huron (hydrologically considered as one single lake), Lake St.
Clair, small in size but important operation wise, Lake Erie and Lake Ontario. The major
characteristic of the system is having only two controls, located in the extreme components of it,
in Lake Superior, the most upstream and in Lake Ontario, the most downstream. First, the present
operation as defined in the LJC’s reports is used to validate two of the studied synthetic data. Once
this is done, the aggregation of the components and the optimization of the system is performed.
As the original methodology was developed for maximization of the expected retumns, some
alternatives were proposed. Also, because the system consists of lakes instead of artificial
reservoirs with full control, other techniques, different from those presented in the previous
chapters were introduced and can be seen in more detail in Appendix A, Great Lakes Case Study
Algorithms, mostly in the aggregation of the outflows for the connecting channels. Finally, after
defining the expected deviation from the storage targets, which are the same as those specified for
the LIC operation, the methodology was successfully employed for the optimization of the system

as a whole.
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5. CONCLUSIONS AND FURTHER RESEARCH

5.1 Objectives Statement

The main objectives of this work are:

e assess the performance of the Multi-Level Approximate Aggregation Decomposition -
Stochastic Dynamic Programming (MAM-SDP) formulation, and propose enhancements to it,

e search for new methodologies that could improve the performance of the MAM-SDP,

¢ based on the previous study, propose a framework of research that will aim at obtaining better
results for the Stochastic Optimization of Large Reservoir Systems that will include
information on the variance of the expected returns/costs. Also, these results must include
information not only on the maximization of return/minimization of costs but offer a range of

choice, as in portfolio selection procedures.

¢ provide the decision maker with a tool that would enable him to choose amongst different

combinations of expected return-variance of return or expected cost-variance of cost.

o provide the decision maker with information on the expected rate of failure of the operation of
the stochastic system and possible alternative options of operation.

The MAM-SDP Methodology is applicable to any sort of configuration, namely,
reservoirs in series, in parallel or any form of combination of both. It generates a closed-loop type
policy, a desired feature when optimizing the operation of reservoir systems. It performs explicit
optimization, and allows the computation of release policies for large reservoir systems.
Furthermore, there is no need for assumptions regarding the convexity or smoothness of the
objective functions. Very large systems can be optimized within the limits of computing
tractability.
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On the other hand, the results are hardly optimal, especially because the policies become
gradually local as the calculations move toward the most downstream reservoir. The independence
assumption of the conditional distribution of the releases with respect to the storages and the
inflows is another source of eror. This source of error was not analyzed in detail in this research

and should be subject to further studies.

Therefore, the author analyzed the next steps of the research, bearing in mind the main
objectives stated at the beginning.

5.2 Accomplished Research Work

1) Improved the performance for the MAM-SDP model

0 The use of the approximate conditional distribution of probabilities for the releases
has shown that it improves the performance of the MAM-SDP model by considering
states otherwise not included in the SDP search. The tradeoff is a much longer
computing time because the vectors of the probabilities, initially very sparse ones,
become dense.

2) Obtained the variances in the MAM-SDP model

¢ In the Steady-State Case, Stochastic Dynamic Programming yields the mean values
for the benefits. It was of interest to produce a measure of spread from these expected
benefits. The variances for three types of multiple reservoir systems were computed,
i.e., 3 and 4 reservoir systems, and evaluated the expected return and its variance. To
this purpose, several combinations of coefficients of variation for the inflows, with
varying levels of uncertainty, were utilized for the 4 reservoir system. For the 3
reservoir system two different combinations of storage capacities were employed
under the same inflow pattern.

¢ The computation of the variances was done for a single reservoir systemn as well.
Several coefficients of variation were employed to produced different levels of
uncertainty of the natural inflows. With the use of a single reservoirs has the
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advantage of obtaining this type of relationship isolated from other influences such as
configuration of the system, different capacities between reservoirs, relative

importance of returns within the system, and location of reservoirs.

3) Application of Principal Components Analysis

¢ PCA was applied to multiple reservoir systems in order to classify the reservoirs in a
system according to their relative contribution to the variance of the storage and
returns for the entire system. To check the consistency of the approach, several tests
were conducted and the resuits, analyzed using the test problems already mentioned.
PCA was here considered as a tool for statistical decomposition of the reservoir
system. With this supplemental information, the aggregation can be carried out under
a different scheme than the one offered by physically based schemes. From the tests
performed, it was shown that PCA can be employed as an additional tool in the
decomposition step of the MAM-SDP since it provides a means of obtaining reduced
variance for the costs or returns. The technique seems to be more effective for
systems with high levels of disturbance in the inputs while the physical diagnosis

seems to offer a better performance for low levels.

4) Proposition of Different Aggregation Schemes in MAM-SDP

¢ Using the results from item 3), new aggregation schemes were proposed and tested.
From the results obtained in the tests in Chapter 3, it is possible to evaluate the
reduction in the variance of the expected return and levels of reliability. One feature
to mention is the tradeoff between the reduction of variance and performance of the
operation of the system. The conventional aggregation scheme, or aggregating the
reservoirs from upstream to downstream usually yields the higher returns for the
objective function when the disturbance levels for the inputs are low. However, this
higher benefit is, for greater values of uncertainty for the inflows, associated with
higher variance of the returns. As it is not possible to quantify these levels a priori it
was necessary to define the operating policies for the system for different aggregation
schemes and then assess their performance. A good indicator for the performance of
the system is its performance after the first stage of MAM-SDP optimization.
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5)

6)

Application of the Expected Return-Variance of Return Rule

0

It has been of interest to those involved in the optimization of the operation of
reservoir systems to include the control of the variance of returns (or costs) in their
objective function. Up to the present time, the results were not very encouraging
because of the difficulty of dealing with two objectives, i.e., optimization of returns
and minimization of variance, simultaneously. In this work, the fundamental ideas
presented in Markowitz 1952 paper, were applied to the SDP problem, and
specifically to Multiple Reservoir Systems. The solution encountered was to split the
optimization into two steps, therefore proceeding a Two-Pass Optimization. The first
step is concerned solely with the optimization of returns (or costs) while the second
one consists of several optimizations obtaining combinations of control of variance
(or standard deviation) and maximization of returns. These different combinations
also provide different levels of reliability.

The suggested method can be used in real-time optimization as well, with the
substitution of the Expected Return by the forecasted one. Its accuracy, however, will
depend on the accuracy of the forecast.

Applied the above-mentioned to the North American Great Lakes Case Study.

0

The methodologies described in items 4 and 5, and reviewed in detail in Chapter 3,
were then applied to the Great Lakes System. This system is composed by six lakes,
Lake Superior, Lake Michigan, Lake Huron, Lake St. Clair, Lake Erie and Ontario.
Although the PCA was not employed, the use of different aggregation schemes than
the conventional one is a direct consequence of this study. This system has two

peculiarities:

#» only the most upstream and the most downstream lakes are controlled.

* Lake St. Clair dimensions are much smaller than the other five lakes,
reducing drastically its capacity of absorbing the levels variations and
affecting the optimization and simulation parts.
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First, the system was optimized using aggregation schemes and state-derived release
policies were obtained. The simulation of these policies, when compared to the
simulation of a simplified version of the LJC heuristic operation policies, has shown
better performance for the use of long-term (steady-state) state-derived policies. It
should be added that the objective function for this optimization is the minimization
of the accumulated annual distance from the target storage levels, differing from the
test cases, which were all referring to maximization of the expected return. Therefore,
the Two-Pass Mean-Variance Approach was then extended to minimization of costs
and corresponding variances. The methodology was successfully implemented for the
long-term optimization with monthly time-steps and the results were very
encouraging. Besides, two types of optimization approaches were suggested and two
kinds of synthetic data analyzed. Regarding the two types of optimization approaches,
the one that considers the system as whole performed better than the one that views

Lake Ontario as an independent part of the system.

5.3 Further Research

0 Improve the computing times

¢ The major hindrance with the present work was the long time the computations took
to process. One of the reasons for that was the use of the Matlab® environment. Two
extensions are proposed. The use of other environments like Fortran, C and C++ and

experiment with parallel computations.
¢ Improve the quality of the synthetic data for the Great Lakes System Study Case

¢ Due to software limitations only two multivariate models were used to generate the
synthetic Net Basin Supplies for the Great Lakes Case. These models were able to
yield only autoregressive models. A more detailed analysis using multivariate mixed
moving-average and autoregressive (ARMA) models would probably provide
synthetic data of better quality.
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0 Parallelization of the Second Pass of Two-Pass Mean-Variance Approach

0 It is possible and feasible to perform simultaneously the selection of the optimal
returns in the two-level SDP for all the weights used for the Two-Pass Mean Variance
Approach. This is the only optimization part where it is necessary to include this
information, and for the rest of the nested loops in SDP the computations are exactly
the same. Thus, parallelizing the selection of the optimal returns with the respective
policies would speed up considerably the computation time for the methodology here
suggested. The evaluation of the performance of the policies, done by means of
simulation can be paralielized.

¢ Further implementation for the North American Great Lakes Case Study

¢ As it is needed to validate the proposed methodology by comparing the operation
policies with those from an already tested one, the same configuration for the Great
Lakes as the one currently in use was adopted. However, it is possible to extend the
research applying either the methods described in this work, to the Great Lakes now
considering full control for the system, that is to say, having all the lakes controlied.

¢ For the present computations, the expected outflows for the aggregate upstream and
downstream lakes as obtained from the simulation as described by the heuristic
operation from [JC’s reports were employed. The continuation for the present work
would be to employ the aggregated outflows derived from the “Whole System
Optimization” Approach. Then, not only proceed to the optimization part once more,
but to use these results for the implementation of the Two-Pass Mean-Variance

Approach.

¢ It is important to add the minimization of the distance from the target discharges in a
multiobjective optimization framework. The weights, or relative importance given to
each of both objectives, must be defined carefully. This can be easily implemented by
assuming different linear combination for the weights and presenting the results.
Then, having the results of weighing levels against discharges, the choice of the most
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appropriate ones must be made by means of an agreement between all the parts with
interests involved. The code to perform these computations is already written and the
results should be published shortly.

¢ The multiobjective optimization that would add the discharge targets to the already
computed storage level targets must also include the correlation between the storages
and discharges. In a multiobjective optimization the impact of the variables in the
objective function that present covariance between themselves should be studied
carefully. For the lakes case, this is very intuitive because levels and discharges from
the lakes are intimately correlated. The reduction of levels variance in Lake Superior
is associated with an increase of the variance for the discharges from the same lake.
Moreover, as the three intermediate lakes are not controlled, this affects directly the
levels variance for the three downstream ones. It would be of interest to investigate
further the existing correlation patterns between the levels and discharges for the
entirety of the system, i.e., the five lakes. For a more thorough assessment on how the
policies would benefit the interest groups, it would be necessary to evaluate the
policies for a full controlled system, that is to say, by adding controls to lakes
Michigan-Huron, St. Clair and Erie.
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Observation: The computation of the Principal Components Analysis in the Study Case was
performed for checking purposes only. As there are only two regulated controis the use of it for

determining the most appropriate combination for the aggregation becomes unnecessary.

Great Lakes Algorithm:

Main Driver — consolidated
calls two subroutines — LakSim

— Aggr_Dec

Subroutine InpLak

=> Provides the input of the general data, according to what follows.

=> Monthly recorded and derived data
*  Beginning-of-Period (BOP) levels (ft.)
»  Mean monthly outflows (tcfs-month)
*  Mean monthly NBS (tcfs-month)

The data above refer to lakes Superior, Michigan-Huron, St. Clair, Erie and Ontario. The
collection period is from 1900 to 1973 (IGLD 1955). All information comes from the LJC report,
“Regulation of Great Lakes Water Levels”, December 1973, available at the UW Library, Davis
Centre. Most of the data is in Appendices to the main volume.

=> From this information, the 1000 year synthetic NBS is obtained for the deseasonalized data as
described in Hipel and McLeod (1994), p. 465. The time series are computed in two

formulations:
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1. Multivariate autoregressive model with lag 1| (AR1).
2. Periodical multivariate autoregressive model with period equal to one year (PAR1).

+ Matlab routines employed are from the System Identification Toolbox. Main functions are:
arx, randn, and idsim.

*+ Means and standard deviations for the NBS’s, including two aggregate lakes (preprocessing -
4 most downstream lakes and 4 most upstream lakes) are calculated as well.

*+ The subroutine that computes the synthetic data is called HistAR.

= Reading the relationship between an increase (or decrease) of one foot in lake elevation and
the corresponding average monthly discharge. The relationship is linear because of the large

area of lakes and relative small variations in lake levels.

= Constants derived from the Manning coefficients employed in the Middle Lakes Routing
Model.
O kapal - 73.515
¢ kapa2 - 177.286
¢ kapa3 - 3665
The values above were obtained from “Regulation of Great Lakes Water Levels”, Appendix B,
Vol. 2, 7 December 1973, p. B-9.

= Definition of maximum and minimum flow limitations.
¢ Obtained from “Regulation of Great Lakes Water Levels”, Appendix G, 7 December
1973, pp. G-42, G-114.

= Definition of maximum and minimum level limitations.
¢ Values obtained from “Levels Reference Study, Great Lakes - St. Lawrence River
Basin”, Levels Reference Study Board, March 31, 1993. These are values used as
Basis-of-Comparison, and were used to compute the probabilities of exceedance,
defined as the occurrence of levels below or above these references.

=> Definition of range of operation as the difference between the maximum and minimum levels.
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= Definition of connecting channel ice and weed retardation. Given in mean historical values, in
tefs-month. Assumed the deterministic values, given the approximation character of those
measurements.
¢ for lake St. Clair
¢ for Detroit River
¢ for Niagara River (only one that includes weed retardation)
0

for Ontario outlet

Subroutine LakSim

= Performs simulation of the monthly operation for the 5 Lakes as defined by the LJC in its
reports. The historical data for the Net Basin Supplies (NBS), registered levels, registered
outflows are also taken from theses reports.

= Data input for the 1000 year monthly simulation and the general input comes from the
following subroutine.

=> calls InpLak, which has the historical information.

=> Definition of starting levels for the simulation. Adopted those from *“Basis-of-Comparison,
Great Lakes - St. Lawrence River System, NOAA Technical Memorandum, ERL GLREL-
797, by D.H. Lee (ed.), April 93.

Lake Superior - 600.39 ft.

Lakes Michigan-Huron - 577.92 ft.

Lake St. Clair - 572.84 fi.

Lake Erie - 569.99 ft.

Lake Ontario - 244.07 ft.

These levels refer to the month of January.

[> K> 2 > > I e

*

=> Assumed diversions, to and from the lakes, used fixed monthly values, in tcfs-month.
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1. To lake Superior

® Long Lac and Ogoki diversions - 5.0 tcfs-month
2. From lake Michigan

® Chicago Sanitary and Ship Canal - 3.2 tcfs-month
3. From lake Erie

® Welland Canal diversion - 7.0 tcfs-month

= call three subroutines with the simulation of
* Lake Superior (controlled)
* Middle Lakes; Michigan-Huron, St. Clair, and Erie (uncontrolled)
+ Lake Ontario (controlled)

= Computation of the statistics like mean, maximum and minimum values for levels and

outflows, existence or not of spills, probabilities of exceedance

=> Computing Principal Component Analysis (PCA), based on the objective function, namely,
annual cumulative sum of monthly deviations from the storage targets, given in levels (ft.).

Subroutine LakSup

=> Simulates the present operation of Lake Superior.

=> Computation of Lake Superior rule flow for the compensating works according to Regulation
Plan 1977. Based on the algorithm presented by E. Loucks et al., in “Diversion of Great Lakes
Water, Part 1: Hydrologic Impacts”, February 1987. Appendix 4, p. 59.

= [nitialization
¢ Computation of the maximum possible outflow from the compensating works.
Outflow ,,, =(2601.0*(0.944x ~560.292)*1.5)* 0.001
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The result given in tcfs-month, where x is the average level (for sake of simplicity, it was
assumed the level at BOP). From “Great Lakes Diversions and Consumptive Uses”,

Appendix B - Computer Models. Report to the [JC, September 1981.

= First Step - Computing the basic rule flow with the balance equation:
Obasic = Qansup + AUS, = S,)—(H, - H))R|]
where:
Ohbasic - basic rule flow,
A - statistically derived constant - adopted the “best” one, as defined in “Regulation of Great
Lakes Water Levels”, Appendix B, Lake Regulation, 7 December 1973, p.B-40, equal to 200
tcfs/ft.
QO.us4p - hiistorical average outflow, computed from the data collection period,
2, VarlS,] . . .
,© = ————- §;and Hj are the estimated monthly historical variances for water levels at lakes
VarlH ]

Superior and Michigan-Huron respectively,
S, H; - target levels for lakes Superior and Michigan-Huron, also defined as the estimated monthly
historical averages.
S, H,- BOP water levels.

The adjustment to the historical average outflows comes from the simple linear relationship:
S-S, H,-H

Os Oy

The relationship above tries to bring the relative water levels from both lakes to the same situation
with regard to the average historical ones and within the natural ranges.

The constant A is obtained from computer simulation, aiming at obtaining the best performance
considering the total benefit from the multiple objectives that are power generation, navigation,
both lakes and Erie shores. The other tested values were 50, 100 and 300 tcfs/fi.

= Second Step - Checking the flow limitations

0 The difference from previous month outflow must not exceed 30 tcfs-month.
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¢ The absolute maximum and minimum summer outflow is computed adding 65 ucfs-
month to the computed maximum allowable outflow.
¢ The contingency plan states that if the outflow is less than 65 rcfs-month, only S5

must be released in order to speed up the reservoir replenishment process.

= Third Step - Use of the balance equation to compute the End-of-Period (EOP) level. For sake
of simplicity, no average water levels were employed. If the maximum or minimum level
constraints were violated, no restriction was imposed, but the occurrence was registered for

later computation of the probabilities of exceedance.

Subroutine MidLak

=> Performs the Middle Lakes, i.e., Michigan-Huron, St. Clair, and Erie, Routing Model. As all
three have uncontrolled outflows, these and the levels are obtained from a non-linear

relationship composed by a system of six equations and six unknowns.

L Inputs to the problem
A BOP lake elevations
1. L1, - Lake Michigan-Huron water level,
2. LI - Lake St. Clair water level,
3. L1, - Lake Erie water level.

B. Water supplies to the lakes
1. Tot - Lake Michigan-Huron total water supply,
2. NBS;. - Lake St. Clair NBS,
3. NBS,, - Lake Erie NBS.

C. Monthly ice and weed retardation

1. Ret,y, - St. Clair River ice retardation,
2. Ret,. - Detroit River ice retardation,
3. Ret,, - Niagara River ice and weed retardation.

IL Output
A. L2 L2, L2,,- EOP lake elevations,
B. Outpy, Outy, Out,, - monthly mean outflows
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C. Diffour Diffs Diff., -difference between BOP and EOP lake elevations for the

cwrrent month.
M. Constants used

A wASup - volume of water equivalent to one foot of water over the lake Superior
area (given in (cfs-month),

B. wAMH - volume of water equivalent to one foot of water over lake Michigan-
Huron area (t¢fs-month),

C. wASIC - volume of water equivalent to one foot of water over the lake St. Clair
area (tcfs-month),

D. wAErie - volume of water equivalent to one foot of water over the lake Erie area
(tcfs-month),

E. wAOnt - 'volume of water equivalent to one foot of water over the lake Ontario
area (1¢fs-month).

F. kapal - constants derived using connecting channel geometry, Manning
coefficients, roughness, and configuration for St. Clair River,

G. kapa2 - same as above for Detroit River,

H. kapa3 - same as above for Niagara River.

L N - number of time steps in a month, which is the simulation time step. Used 40.

J. It - fixed number of allowed iterations to converge. Used 5, although other

researchers used only 3. But differently from ours, their simulation time step for
lakes Erie and Ontario was equivalent to a week, or a quarter of a month.

Iv. Set of non-linear equations employed:

B.

Tot,,
N*wAMH
L2, =11, +-——N—B'—S’—‘-—

N *wASIC
+ NBS,,
T N*wAErie

Iterate forj = I:1t

L2, =L1,+

L2, =L1

er
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Out,,, = kapal *(%(Ll,,,,, +L12,, L1, -L2 )" *(%(le,, +12,,+L1_+ L2, )~542C
Out . = kapa? *(%(Ll,, +L12_-L1,~12,))" "'(%(le +L2,)-54849)" —Rer

Out_, = kapa3* (%(Lle, +12,)-55625)" + 7000 Ret,,

LZM,, = leh +—m——'—'—-

L2 =Ll + Out,, + NBS, - Out,,
N*wAStC

L2, =Ll + Out, + NBS,, - Out,,
N *wAErie

end of iteration
C. The EOP water levels are reached after N steps of the above iteration and the
mean outflows were computed from the average of the N values obtained in
iteration /1.
V. The outflows are checked against the maximum and minimum historically registered
extreme values, that are assumed to be the references for the 1000 year simulation.
VL The EOP water levels are checked against the maximum and minimum historically
registered extreme values, that are assumed to be the references for the 1000 thousand
year simulation and for the computation of probabilities of exceedance.

e The 7000 ¢fs-month figure that appears in one of the equations refers to the diversion from
Lake Erie.

e All the values are given in ¢fs-month, instead of tcfs-month, that were the rule for the rest of

the computations.

Subroutine LakOnt

Performs the computation of Lake Ontario rule flow according to Plan 1958A, i.e., it does not
take into consideration the normalization as prescribed by Plan 1958D, which is currently in

operation.
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=> First Step - Computing the basic rule flow using the relationship present in “Regulation of
Great Lakes Water Levels”, Appendix B, Lake Regulation, report to the IJC, Vol. | (of 3), p.
B-40, 7 December 1973.

The following relationship was employed to compute the basic rule flow

(EOP,, -T1g,.)80+(EOP,,, - Tg.,)105

AvOut
T )+ AvOut

Oy = 200(

where

Obasic - basic rule flow,

EOP,,, - monthly end-of-period Ontario water level,

Tg.n - target water level for lake Ontario, given by the estimate of historical mean level,
EOP.,,;. - monthly end-of-period Erie water level,

Tgon - target water level for lake Erie, given by the estimate of historical mean level,

AvOul,,, - long term mean pre-project' lake Ontario outflow.

=> Second Step - Check for flow limitations
1. The difference in discharge from previous month must not exceed 20 1cfs-month.
2. Check against allowed maximum and minimum outflows.

If necessary, proceed to the necessary adjustments

[ 93]

= Third Step - Use of balance equation to compute the EOP level. . For sake of simplicity, no
average water levels were employed. If the maximum or minimum level constraints were
violated, no restriction was imposed, but the occurrence wﬁs registered for later computation
of the probabilities of exceedance.

Subroutine Aggr_Dec

= This subroutine defines the main inputs to the optimization part of the Great Lakes Case Study
and then calls the subroutines with the Two-Stage SDP. Finally, the performance of the
derived release policies are assessed by long-term simulation, with 1000 year length on a
monthly time step.

! The outlet conditions are those existing before the regulation of lake Ontario, i.e., before the year of 1955.



Appendix A Great Lakes Case Study Algorithms 237

= Inputs

l.

(5 ]

Number of seconds in each month,

Number of discrete intervals for the NBS’s,

Number of discrete intervals for the state vector (storage),

Number of discrete intervals for the accessory outside state vector, defined for states located
beyond the normal range of operation, as recommended by the LJC,

Number of discrete intervals for the decision vector (release).

First Step - call the subroutine that performs the first stage two-level optimization, Stagel.
Second Step - call the subroutine that performs the second stage two-level optimization, Stage
2.

Third Step - call the subroutine that performs the 1000 year simulation of the system on a
monthly basis, using the derived operation policy.

Fourth Step - Computation of the performance statistics.

Subroutine Stage 1

= Performs the aggregation of lakes Michigan-Huron, St. Clair, Erie and Ontario. Transforms all

A .

units in volume, the discharges being volume-month. Lake Superior whose rule curve will be

based on its state and the state of the aggregate downstream reservoir.

Calls subroutines which provide the input to the optimization and are described in the
following pages. They are:

PDAgl
NetBasSupl
LRegrAnl
GetDisch1

Definition of the aggregation coefficients, that will be used in the objective function. This
function minimizes the square root of the squared distances from the target levels, measured
in feet. Because, as mentioned above, the working unit is volume, transformation is needed
and influences the choice the aggregation coefficients.
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=> The major assumption adopted in this case is that all the aggregated reservoirs are
proportionally equally filled (or emptied), in level terms. In other words, the rate of increase

or decrease in water levels is the same for all the aggregated reservoirs.

= In this case, we transformed the concept of potential energy to potential storage. While in
Turgeon, Arvanitidis and Rosing and Ponnambalam, the coefficients were function of the
hydroelectric plant or irrigation capability, directly related to the discharges from the
reservoirs, here they are function of their capacity of storing water. The coefficients, as was

the case with the previous authors, are functions of the physical features of the system.

= Following the idea above, the release from lake Superior, the most upstteam and non-
aggregated reservoir, has to be aggregated when entering the aggregated part of the system.
However, as the water will travel through the connecting channels, now aggregated in just a
large one, it is necessary to account for the physical characteristics of all four downstream
channels. Therefore, a linear relationship between the monthly maximum allowable outflows,

normalized by the same feature from lake Superior outlet is employed.

= Call the Two-Level SDP optimization.

Subroutine PDAg1

= Computes the joint conditional distribution of probabilities of the Great Lakes synthetic
NBS’s in a specific month. There are two types of routines, one the ARX1, i.e., multi-variate
autoregressive model with monthly time lag equal to !, and another for the PARXI1, with a
time lag equal to the year cycle.

=> First Step - Aggregate the NBS for the four most downstream lakes.

=> Second Step - Obtain the maximum and the minimum values from the synthetic NBS’s for
lake Superior and the aggregated one. Done on a monthly basis.

=> Third Step - Get the ranges of variation and subdivide them into classes.
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=> Fourth Step - Define the search bounds for the classes.

=> Fifth Step - Obtain the conditional frequencies and median values for the NBS’s for each of
the class as defined above and for each and every month.

= Sixth Step - With the information obtained in the previous step, compute the conditional
probabilities. These can be defined as follows. Given that in a given month the NBS for lake
Superior is in a specified class, get the probabilities of the occurrence of all classes in the next
epoch according to what was established in the time series model. For instance, in an
autoregressive model of lag 1, in the next month. In a periodical ARX1, for the same month in

the next year.

Subroutine NetBasSup1

= This subroutine simplifies the information on conditional distribution of probabilities
computed in the previous step of the calculations.

= It gets the probabilities of the expected NBS’s, reducing the size of the conditional
probabilities and expected means matrices to a more manageable size. Basically, it is another
pre-processing step focusing at diminishing the computing time for the two-level SDP routine.
From the just mentioned matrices it gets the expected values from the medians and their
conditional probabilities. Transforms matrices of conditional probabilities into vectors.

Subroutine LRegrAn1

= Performs the regression analysis for the NBS for the aggregated lake. Lake Superior is the
chosen independent variable because of its upstream situation and import in the optimization
part. The release policies computed in the first stage of the optimization will eventually be
used in its operation while the policies for the aggregated lake are not used. Only its
aggregated state has practical utility.
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= The linear regression coefficients are obtained for each and every month of the year after

deseasonalizing the synthetic time series data.

=> The assumption valid here is the same for the rest of the work. Because all five lakes are in the
same catchment area and therefore subject to similar climatic influences, we consider high
spatial correlation between them. This assumption reduces the complexity of the problem
affecting positively the computation time without jeopardizing the precision of the
optimization.

Subroutine GetDisch1

=> This subroutine computes the aggregated discharge from the aggregated downstream lake.
This approximation has to be done because of the four lakes that compose the aggregated one,
only one, lake Ontario is regulated. The three others are unregulated. Thus, they are directly
dependent on the discharges from Superior and their difference in water levels. An important
simplifying assumption here, already employed in this work, is the consideration of all
downstream lakes proportionally equally filled.

= For the given discrete set of levels and discharges from lake Superior and from each of the
lakes that compose the aggregated downstream one, the nonlinear system of equations for the
middle lakes is solved and the basic rule flow from lake Ontario is computed using the
algorithms explained in subroutines MidLak and LakOnt. These discharges and levels are then
aggregated and from this information we obtain the aggregate levels and discharges from the
aggregated lake conditional on the levels and discharges from lake Superior. Here is where the
importance of the assumption mentioned in the paragraph above appears. If that consideration
is not observed the aggregated states and discharges do not match with those used in the two-
level SDP optimization.

=> In the test program, only this type of rule flow was used. For a more sophisticated model,
once the release policies are obtained and lake Superior and Ontario have their operation
policies defined by the state of the entire system, it would be advisable to repeat the
optimization part, using the just obtained policy of operation. The optimization part becomes
an iterative process too.



Appendix A Great Lakes Case Study Algorithms 241

Subroutine StDynProg

= Computes the steady-state long-term operation policies for two reservoirs, i.e., the two-level
optimization. For the Great Lakes Case, one of the reservoirs, either the most downstream or
the most upstream is always aggregated. One of the reasons for that is the fact that only lake
Superior and lake Ontario are presently regulated and are placed in the extremities of the
system. Lakes Michigan-Huron, St. Clair and Erie are unregulated. Another reason is that with
this approach we avoid having local policies for lake Ontario, what would be the case in the
previous methodology. This is possible because of the specific configuration of the Great
Lakes System..

=> The convergence to the optimal values is facilitated in this algorithm with the use of White’s
Iteration Method. Another feature of the algorithm is having the reservoirs disposed in series.

= Two subroutines make use of this one. They are Stagel and Stage2. The SDP routine is
adapted to suit the specific computational demands of both of them and most of its
functionality shares common parts.

= [nitialization

Assignment of the states and decision vectors. One characteristic of this subroutine is that only
one reservoir has discharge policy to be analyzed. The other reservoir, always the aggregated one,
has its release dependent on the state and discharge of the other one and its own state. The
simplifying assumption here is having this conditional discharge deterministic instead of
stochastic. This reduces drastically the computation time and as this discharge comes from the
aggregated reservoir, it has already been approximated in other computational instances.

= For the optimization of lake Superior, when its range of the states goes beyond its full
capacity, the system is allowed to spill and this amount of water is conveyed by the
connecting channel to the downstream reservoir. However, we assumed that the aggregated
reservoir, composed by the non-regulated ones in its majority, this event is not possible.
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= The SDP optimization proceeds similarly for Stage2, the major difference being the
aggregated reservoir placed upstream and the non-aggregated one, lake Ontario being the most

downstream one.

Subroutine Stage 2

= Performs the aggregation of lakes Superior, Michigan-Huron, St. Clair, and Erie. Transforms
all units in volume, the discharges being volume-month. Lake Ontario rule curve will be based
on its state and the state of the aggregated upstream reservoir.

= Calls subroutines which provide the input to the optimization and are described in the
following pages. They are:

1. PDAg2

2. NetBasSup2
3. LRegrAn2
4. GetDisch2

Obs: Because the procedure for the subroutines above is quite equivalent to that described in the
set for Stage 1 we will omit their explanation. The difference is that here the four most upstream
lakes are aggregated and Lake Ontario is the one to have its release policy defined with respect to
the state of the system.

=> Definition of the aggregation coefficients, that will be used in the objective function. This
function minimizes the square root of the squared distances from the target levels, measured
in feet. Because, as mentioned above, the working unit is volume, transformation is needed
and influences the choice the aggregation coefficients.

=> The major assumption adopted in this case is that all the aggregated reservoirs are
proportionally equally filled (or emptied), in level terms. In other words, the rate of increase
or decrease in water levels is the same for all the aggregated reservoirs.
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=> Contrary to what happened in Stage 1, the release from the aggregated lake, the most
upstreamn reservoir, has to be disaggregated when entering the non-aggregated part of the
system. However, as the water has travelled through the aggregated connecting channels, now
in just a large one, it is necessary to account for the physical characteristics of the single
downstream channel. Therefore, a linear relationship between the monthly maximum
allowable outflows, normalized by the aggregated capacity of the connecting channels for the

four upstream ones, is employed.

=> Call the Two-Level SDP optimization.

Simulation:

Once the obtained the state-derived release policies the operation of the Great Lakes is simulated
for long-term operation, using time-step equal to one month during 1000 years. The results
presented in Chapter 4 are all computed from this simulation results.
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Appendix B - Justification for the methodology employed:

From *“Regulation of Great Lakes Water Levels”, main report, December 1973, in Section 14, we
adopted the findings and conclusions from that work group to fundament our approach to solving
the Great Lakes Case Study. The main items are reproduced below.

Findings

I. There are three categories of water level fluctuations on the Great Lakes: short period,
seasonal and long term.

2. The large storage capacities and restricted outflow characteristics of the Great Lakes are
highly effective in providing a naturally regulated system.

3. The mean levels and outflows of the lakes will change progressively with time as a result
of:

3.1.  The steadily increasing consumptive use of water in the basin, and
3.2.  The nearly imperceptible movement of the earth’s crust in the region of the Great
Lakes basin.

4, To the extent that the lakes already possess a high degree of natural regulation and
artificially regulated by means of the works at the outlets of Lake Superior and Lake
Ontario, only small improvements are practicable without costly regulatory works and
remedial measures.

5. A new regulation plan for Lake Superior, SO-901 (a plan that maintains regulation only
for the most upstream and downstream lakes, Superior and Ontario), can be expected to
yield small long-term average annual net benefits to the system at minimal cost.

6. Two preliminary plans for the combined regulation of Lakes Superior, Erie and Ontario
exhibit favorable benefit-cost ratios.

7. Regulation of Lakes Michigan-Huron by construction of control works and dredging of
channels at their outlet. Combined with the regulation of Lakes Superior and Ontario,
would not provide benefits commensurate with costs.

8. Regulation of all five lakes, employing existing control works for Lakes Superior and
Ontario and newly constructed works for Lakes Michigan-Huron and Lake Erie, would
not provide benefits commensurate with costs.
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10.

I

12,

The physical dimensions of the St. Lawrence River are not adequate to accommodate the
record supplies to Lake Ontario received in 1972-1973 and at the same time satisfy all the
criteria and other requirements of the lJC orders of approval for the regulation of Lake
Ontario.

Construction of works in the St. Clair and Detroit Rivers to compensate hydraulically for
the remaining effect of the 25 and 27 foot navigation project would result in increased
shoreline damage from higher lake levels.

Better and faster determination of basin hydrologic response will allow improvement in
regulation.

The most promising measures for minimizing future damages to shore property interests
are strict land use zoning and structural setback requirements.

Conclusions:

Small net benefits to the Great Lakes system would be achieved by a new regulation plan for
Lake Superior which takes into consideration the levels of both Lake Superior and Lakes
Michigan-Huron.

Regulation of Lakes Michigan-Huron by the construction of works in the St. Clair and Detroit
Rivers does not warrant any further consideration.

Further study is needed of the altematives for regulating Lake Erie and improving regulation
of Lake Ontario, taking into account the full range of supplies received to date.

The hydrologic monitoring network of the Great Lakes basin should be progressively
improved.

Appropriate authorities should act to institute land use zoning and structural setback
requirements to reduce future shoreline damage.
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Appendix C - Input Data to the Great Lakes Case Study:

For the Simulation as reported by the IJC and Optimization and Simulation as defined in
this work:

Total Number of Years for the historical time series: 74 (1900-1973 up to the month of June)
Total Number of Years for the synthetic time series: 1000

Number of Epochs (months) considered in a year cycle: 12

Average monthly flow assumed for the diversions (f¢fs):
e Diversion to Lake Superior: 5.000

e Diversion from Lake Michigan: 3.200

e Diversion from Lake Erie: 7.000

Historical Mean Values for the Net Basin Supplies to the lakes:

Month Lake Superior Lakes Michigan-Huron Lake Saint Lake Erie Lake Ontario
Clair

January -12.99 55.18 6.15 22.99 31.91
February 18.99 86.78 6.76 29.77 35.55
March 42.73 178.89 8.34 68.88 7341
April 148.59 283.74 7.81 65.42 92.31
May 191.50 255.61 6.46 44.19 60.00
June 158.72 208.31 4.50 26.81 41.26
July 131.32 132.15 3.75 2.16 24.73
August 100.22 4997 2.14 -15.92 7.34
September |75.32 29.19 1.68 -22.48 248
October  |36.97 -1.16 1.60 -24.95 5.19
November |14.92 30.26 1.73 -9.47 16.36
December {-24.40 25.62 4.33 11.58 22.55
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Historical Standard Deviation Values for the Net Basin Supplies to the lakes :

Month Lake Superior Lakes Michigan-Huron Lake Saint Lake Erie Lake Ontario
Clair
January 25.13 52.44 7.15 37.91 22.67
February |27.53 4484 6.79 28.18 18.61
March 41.88 74.10 7.16 30.76 27.23
April 51.06 84.79 7.60 31.32 28.74
May 59.12 82.09 6.36 2591 25.55
June 52.24 64.38 458 20.62 18.12
July 39.82 54.18 4.60 17.35 14.80
August 42.02 59.91 3.87 14.28 12.58
September |53.03 68.23 3.50 19.29 12.29
October  |44.93 71.21 3.29 19.68 16.85
November |39.49 63.29 3.41 21.22 18.38
December |29.22 63.65 5.79 27.67 20.73

The two types of Synthetic Time Series employed in this case:

I. Multivariate Contemporaneous Autoregressive (MCAR) Model of Order 1. The
corresponding matrix of the delay order follows. :

Lake Lakes Michigan- Lake St. Lake  Lake
Superior Huron Clair Erie Ontario
Lake Superior 1 0 0 0 0
Lake Michigan-Huron 0 1 0 0 0
Lake St. Clair 0 0 1 0 0
Lake Erie 0 0 0 1 0
Lake Ontario 0 0 0 0 1
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The corresponding coefficients for the polynomial in the delay operator of the order as defined by
the table above were computed considering the normalization by the standard deviation as
described in Hipel and McLeod (1994), pg. 465. These coefficients were calculated using least-
squares estimates and for the disturbance it was assumed Gaussian noise with 4 = 0.00. The AR

parameter matrix, @y, will be a diagonal one having the elements below as the non-zero elements:

Lake Superior Lakes Michigan-Huron Lakes St. Clair Lake Erie Lake Ontario
0.1477 0.2344 0.5382 0.1929  0.2808

From the coefficients above the Synthetic Mean Values for the Net Basin Supplies to the lakes

were:
Month Lake Superior  Lakes Michigan- Lake St. Clair  Lake Erie  Lake Ontario
Huron

January -13.17 56.79 6.21 25.20 32.81
February 9.34 87.51 6.83 29.74 35.57

March 40.32 177.43 8.26 68.54 73.12

April 147.89 287.12 8.01 66.03 93.36

May 190.33 253.88 6.70 43.79 59.93

June 161.09 208.54 4.42 25.82 40.64

July 129.90 133.15 3.83 229 24.78
August 100.08 48.19 2.32 -15.56 5.08
September | 74.64 28.76 1.59 -21.94 292
October 35.36 -2.47 1.62 -25.34 7.02
November | 14.45 30.63 1.77 -9.91 16.25
December | -23.47 2831 4.37 12.28 22.73
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Synthetic Standard Deviation Values for the Net Basin Supplies to the lakes :

Month Lake Superior  Lakes Michigan- Lake St. Clair  Lake Erie  Lake Ontario
Huron
January 25.06 51.19 7.12 37.31 22.66
February 27.84 44.74 6.61 28.11 19.00
March 40.41 73.54 6.79 30.26 27.30
April 50.54 84 .81 7.47 30.72 28.52
May 57.65 81.97 6.36 26.25 24.37
June 52.19 64.44 4.40 2041 17.86
July 40.55 55.49 4.72 1691 14.95
August 43.33 59.16 3.90 14.17 12.07
September | 51.23 66.08 3.38 18.30 12.29
October 45.26 72.53 3.32 19.75 17.23
November | 38.85 62.20 3.40 21.17 18.16
December | 29.58 63.46 5.81 28.35 20.97
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Mean Monthly NBS and respective Standard Deviations for the Aggregate Lakes used in the

Aggregation Method. Aggregated Lake 1 is composed by Lakes Michigan-Huron, St. Clair, Erie,

and Ontario. Aggregated Lake 2 by Lakes Superior, Michigan-Huron, St. Clair, and Erie:

Aggregated Lake | Aggregated Lake 2

Month Mean Standard Deviation  Mean Standard Deviation
January 121.00 94.23 75.02 90.67
February 159.64 79.61 133.42 80.49
March 327.35 113.47 294.56 115.42
April 454.53 125.42 509.06 134.99
May 364.30 115.99 494.70 133.03
June 279.41 89.46 399.86 110.20
July 164.05 77.77 269.17 92.74
August 41.97 76.00 135.03 96.02
September | 11.33 85.47 83.05 109.27
October -21.12 97.41 9.17 111.82
November | 38.73 88.76 36.94 99.71
December | 67.70 99.16 21.50 99.52

In the optimization part, first stage, the aggregated NBS for the downstream lake was given by

means of multivariate linear regression that associated them with lake Superior values. The values

employed are shown below.
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Stage | : Monthly regression coefficients

Month Al A0
January 0.9336 0.3861
February 0.8650 0.0373
March 0.8772 -0.0043
April 0.9769 0.3533
May 0.9124 0.0436
June 0.9440 -0.3631
July 1.0652 0.2249
August 0.9461 0.0531
September |0.9447 0.1092
October 0.9943 -0.0127
November [1.0806 0.0128
December [0.9571 0.1424

253

Stage 2 : Monthly regression coefficients

Month Al A0

January 1.5207 0.0790
February [1.5735 0.0919
March 1.6299 -0.2185
April 1.6744 0.0291
May 1.6756 -0.0380
June 1.6804 0.1034
July 1.7704 0.0003
August 1.7508 0.2240
September [1.5857 -0.1968
October 1.7895 -0.1535
November (1.7990 -0.0077
December |1.7344 0.2441

2. Periodical Multivariate Contemporaneous Autoregressive Model of Order 1. The difference
from the model above stems from the fact that instead of having just one MCAR model for
the entire cycle, 12 MCAR's , each one relating to one month of the year, are generated. The

corresponding input matrices follow, but as they are the same for all the months, we will show

just one, that is exactly the same as the previous one:

Lake Lakes Michigan- Lake St. Lake  Lake
Superior Huron Clair Erie  Ontario
Lake Superior 1 0 0 0
Lake Michigan-Huron 0 1 0 0 0
Lake St. Clair 0 0 1 0 0
Lake Erie 0 0 0 1 0
Lake Ontario 0 0 0 0 1
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For more information on these types of time series models the reader is referred to Hipel and

McLeod (1994).

The corresponding coefficients for the polynomial in the delay operator of the order as defined by
the table above were also computed considering the normalization by the standard deviation as
mentioned in the previous item, but the computations were repeated for each month of the year.
The criteria for the calculation of the coefficients and the disturbances is the same as in item 1.
The table of the coefficients follows.

Lake Superior Lakes Michigan-Huron Lake St. Clair Lake Erie Lake Ontario

January 0.0786 0.0072 0.1814 0.1536 0.0653
February  -0.0035 -0.1799 0.2047 0.2143 -0.0628
March 0.0216 0.1086 0.4163 -0.0262  -0.0408
April 0.0808 0.1011 0.2258 -0.1911  -0.1298
May 0.0989 0.0187 0.3009 0.0585 -0.0547
June 0.0989 0.1716 0.6235 0.0741 0.1779
July -0.1152 0.2498 0.4849 0.0346 0.1649
August 0.0138 -0.0319 0.5592 -0.0186 0.0791
September -0.0425 -0.1688 0.5242 0.1383 0.0028
October  0.0722 -0.0564 0.3614 0.0749 0.2130
November -0.0630 -0.0217 0.2645 0.0708 0.2314

December -0.1294 0.1170 0.1458 0.0245 0.0769
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The use of the coefficients above led to the following Synthetic Mean Values for the Net Basin

Supplies to the lakes:
Month Lake Superior  Lakes Michigan- Lake St. Clair  Lake Erie  Lake Oniario
Huron
January -13.45 54.1182 5.9859 22.10 30.92
February 7.66 86.30 7.24 28.67 34.67
March 42.94 177.84 8.37 68.64 72.78
April 149.51 287.04 7.87 66.50 92.58
May 191.80 257.53 6.61 44.90 61.15
June 157.36 208.12 4.08 27.22 41.78
July 131.11 132.26 3.67 247 25.14
August 101.06 49.92 1.91 -16.29 7.20
September | 77.97 29.81 1.79 -22.71 2.96
October 38.06 0.13 1.43 -25.07 4.99
November | 16.16 30.88 1.71 -9.20 16.11
December | -24.72 2430 4.50 11.11 22.59

Synthetic Standard Deviation Values for the Net Basin Supplies to the lakes :

Month Lake Superior  Lakes Michigan- Lake St. Clair  Lake Erie  Lake Ontario
Huron
January 25.77 52.78 7.19 36.5613 22.0903
February 27.86 46.04 6.70 28.40 19.29
March 42.64 76.76 7.66 31.47 27.90
April 50.76 82.98 7.65 31.32 28.59
May 58.47 85.18 6.43 24.88 25.21
June 51.87 66.28 4.57 20.57 18.93
July 39.82 53.03 427 17.41 14.6
August 40.90 60.71 3.68 14.34 12.66
September | 53.39 67.77 3.29 19.14 12.23
October 46.43 69.81 3.29 19.66 16.48
November | 38.22 63.68 3.40 20.31 18.23
December | 29.33 63.79 6.00 27.97 20.63
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Mean Monthly NBS and respective Standard Deviations for the Aggregate Lakes used in the

Aggregation Method. Aggregated Lake 1 is composed by Lakes Michigan-Huron, St. Clair, Erie,

and Ontario. Aggregated Lake 2 by Lakes Superior, Michigan-Huron, St. Clair, and Enie:

Aggregated Lake | Aggregated Lake 2

Month Mean Standard Deviation  Mean Standard Deviation
January 113.13 98.9059 68.7547 90.38
February 156.89 81.63 129.88 81.32
March 327.63 124.96 297.79 134.27
April 453.99 122.21 510.92 132.35
May 370.18 122,61 500.83 135.19
June 281.20 93.02 396.78 113.19
July 163.55 76.67 269.52 84.01
August 42.74 76.87 136.60 98.33
September | 11.86 85.28 86.87 116.10
October -18.52 92.55 14.54 111.15
November | 39.50 87.81 39.55 97.23
December | 62.51 100.58 15.20 103.06

In the optimization part, second stage, the aggregated NBS for the upstream lake was given by

means of multivariate linear regression that associated them with the lake Ontario values. Below

we show the values employed.

Other information:

To change the level of each of the following lakes by one foot in a one month period, the

necessary amount of water to be stored or withdrawn is:

Lake Superior 337,800 cfs-months
Lakes Michigan-Huron 480,800 cfs-months
Lake St. Clair 4,600 cfs-months
Lake Erie 105,200 cfs-months

Lake Ontario 80,000 cfs-months
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Flow retardation due to ice formation and aquatic growth:

Below are presented the assumed values of flow retardation due to ice formation, ice jamming and

aquatic growth (weed retardation). The last item applies only to Niagara river. Values in cf5-

months.
Month St.Clair River  Detroit Niagara River  St. Louis River  Lake  Ontario
River Qutlet
January 30.25 12.10 40.00 32.11 6.77
February 37.68 10.27 47.00 25.19 9.87
March 16.29 432 34.00 7.61 5.49
April 3.15 1.16 49.00 447 0.00
May 0.19 0.00 0.00 0.00 0.00
June 0.00 0.00 15.00 0.00 0.00
July 0.00 0.00 51.00 0.00 0.00
August 0.00 000 39.00 0.00 0.00
September | 0.00 0.00 26.00 0.00 0.00
October 0.00 0.00 16.00 0.00 0.00
November | 0.00 0.00 4.00 0.00 0.00
December | 3.75 533 0.00 10.35 0.42
Data for the lakes regulation:

Maximum and minimum flow limitations for the four most upstream lakes

Observation: Used maximum and minimum observed values as described in "Regulation of Great
Lakes Water Levels", report to the LIC, Appendix G, 1973.

Maximum flow limitations. Values in tcfs-months.

¢ From lake Superior. Those values were used only during the optimization part. As
demonstrated later on, during the simulation of the present operation, the maximum output is
given as a function of the level. To obtain the values that follow, we computed the maximum
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possible outflow from the given formula assuming the highest admissible level, i.e., before the
compensating works start to spill.

¢ From Michigan-Huron. See reference above, page G-42. Situation in Saint Clair River
according to 1970 hydraulic conditions.

¢ From lake Saint Clair. Situation in Detroit River according to 1970 hydraulic conditions.
From lake Erie. See referred appendix, page G-114. Situation in Niagara River. Assumed
maximum during period 1900-1967, as specified in the regulations.

Monih St. Marys River St.  Clair Detroit River  Niagara River Lake  Ontario
River Outlet
January 85.00 210.00 210.00 251.00 220.00
February 85.00 210.00 210.00 251.00 260.00
March 85.00 210.00 210.00 251.00 280.00
April 85.00 210.00 210.00 251.00 310.00
May 142.38 210.00 210.00 251.00 310.00
June 142.38 210.00 210.00 251.00 310.00
July 142.38 210.00 210.00 251.00 310.00
August 142.38 210.00 210.00 251.00 310.00
September | 142.38 210.00 210.00 251.00 310.00
October 142.38 210.00 210.00 251.00 310.00
November ;| 142.38 210.00 210.00 251.00 310.00
December | 85.00 210.00 210.00 251.00 310.00

Minimum flow limitations. Values in tcfs-months.

0 From lake Superior. Those values were used only during the optimization part.

0 From Michigan-Huron. See reference above, page G-42. Situation in Saint Clair River
according to 1970 hydraulic conditions.
From lake Saint Clair. Situation in Detroit River according to 1970 hydraulic conditions.
From lake Erie. See referred appendix, page G-114. Situation in Niagara River. Assumed
minimum during period 1900-1967, as specified in the regulations.
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Month St. Marys River St Clair Detroit River  Niagara River Lake  Ontario
River Quitlet
January 55.00 152.00 152.00 116.00 210.00
February 55.00 152.00 152.00 116.00 207.00
March 55.00 152.00 152.00 116.00 204.00
April 55.00 152.00 152.00 116.00 188.00
May 55.00 152.00 152.00 116.00 188.00
June 55.00 152.00 152.00 116.00 190.00
July 55.00 152.00 152.00 116.00 193.00
August 55.00 152.00 152.00 116.00 193.00
September | 55.00 152.00 152.00 116.00 193.00
October 55.00 152.00 152.00 116.00 193.00
November | 55.00 152.00 152.00 116.00 198.00
December | 55.00 152.00 152.00 116.00 210.00

Assumed target levels for the lakes:

Values computed according to what is presented in "Great Lakes Diversions and Consumptive
Uses", Appendix B, Computer Models, 1981. This document specifies that the “desired” targets
for the lakes levels are the estimates of the mean historical ones. Therefore, we computed the
average ones for the basic data, presented in “Regulation of Great Lakes Water Levels”, Appendix
B, Coordinated Basic Data, Vol. 2, 1973.

The period, already mentioned, is from 1900 to 1973. As the information for the year of
1973 was incomplete, going until the month of June, the averages are for 1900-73 from January to

June and 1900-72 to the remaining months.
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Month Lake Lakes  Michigan- Lake St. Clair  Lake Erie  Lake Ontario
Superior Huron
January 600.40 577.61 572.60 569.69 243.90
February 600.16 577.64 572.00 569.64 244,02
March 600.00 577.63 572.10 569.66 24412
April 599.94 577.75 572.83 570.11 244 .54
May 600.15 578.10 573.21 570.60 245.19
June 600.54 578.33 57345 570.85 245.46
July 600.79 578.57 573.55 570.87 245.51
August 600.95 578.61 573.55 570.76 245.29
September | 601.01 578.53 573.44 570.51 244 90
October 600.99 578.31 573.30 570.24 244 49
November | 600.86 578.09 572.81 569.91 24421
December | 600.69 577.92 572.56 569.74 244.07

Maximum and Minimum suggested levels

Either in the simulation of the Present Operation and in the Proposed one, it was expected that the
levels of the lakes remain within the reference values shown below. Whenever it was not possible
to maintain the desired range of operation, due to drought or high net basin supplies, that moment
was considered as an exceedance. Therefore, we have two types of exceedances: above the desired
level and below it. Because of the peculiar characteristics of the lakes operation, levels above the
desired ones do not necessarily imply in spill exception made to Lake Superior.

Level Lake Superior Lakes  Michigan- Lake St. Clair Lake Erie  Lake
Huron Ontario

Maximum 601.86 581.59 576.56 §73.63 247.32

Minimum  598.68 575.13 570.84 568.02 241.66

Range 3.18 6.46 572 5.61 5.66
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State Discretization:

For optimization purposes, a minimum level was tentatively found to serve as a reference. The
levels shown below represent the empty reservoir state for the five lakes. The justification for that
is the minimal quantity of volume that affects level and flow variations when relative to the
absolute total volume considered. The stochastic dynamic programming procedure requires that
all the variables assume the same unit. Therefore, it was established that volume, given in rcf]
became the working unit For the sake of consistency, the decision is the volume discharged in the
time-step, a month.

Lake Superior Lake Michigan Lake St. Clair Lake Erie Lake Ontario
596.136 569.962 566.264  563.532 237.132

Note: Values given in f1.

Also, it was admitted that the volumes assumed values beyond those corresponding to the
maximum allowable level. If only the desirable ranges were employed, the optimization would not
converge because of occurrence of infeasible states. This is necessary to consider when all the
optimal paths pass through a state that is techmically considered as infeasible. In the first
optimization stage, for lake Superior, the amount of volume that spilled was considered as
externalized from the system and, as a result, lost. For the other lakes, oscillation beyond the
maximum level, was not considered. In the second stage, the upstream aggregated lake, that
includes Lake Superior, did not externalize the spill, due to the relative contribution of Lake
Superior to the total aggregated volume. It can be inferred from the table below that when all the
levels are at the minimum desirable level, shown above, the lake already has accumulated some
minimum volume. There is some margin of operation beyond the maximum desirable, too. Had

not these measures taken, the iterations would not converge.
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First Stage:

0 Lake Superior

Month Volume at Minimum Volume at Maximum Total Capacity Considered

Desirable Level Desirable Level in the Optimization
January 2301.70 5178.90 6329.70
February  2097.50 4719.50 5768.20
March 2301.70 5178.90 6329.70
April 2227.50 5011.80 6125.50
May 2301.70 5178.90 6329.70
June 2227.50 5011.80 6125.50
July 2301.70 5178.90 6329.70
August 2301.70 5178.90 6329.70
September 2227.50 5011.80 6125.50
October  2301.70 5178.90 6329.70
November 2227.50 5011.80 6125.50
December 2301.70 5178.90 6329.70

¢ Aggregated Lake:
Month Volume at Minimum Volume at Maximum Total Capacity Considered

Desirable Level Desirable Level in the Optimization
January 8946.40 20129.00 24603.00
February 8152.80 18344.00 22420.00
March 8946.40 20129.00 24603.00
April 8657.80 19480.00 23809.00
May 8946.40 20129.00 24603.00
June 8657.80 19480.00 23809.00
July 8946.40 20129.00 24603.00
August 8946.40 20129.00 24603.00
September 8657.80 19480.00 23809.00
October  8946.40 20129.00 24603.00
November 8657.80 19480.00 23809.00

December 8946.40 20129.00 24603.00
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Second Stage:

O Aggregated Lake:

Month Volume at Minimum Volume at Maximum Total Capacity Considered

Desirable Level Desirable Level in the Optimization
January 10278.00 23125.00 28264.00
February 9366.00 21074.00 25757.00
March 10278.00 23125.00 28264.00
April 9946.00 22379.00 27352.00
May 10278.00 23125.00 28264.00
June 9946.00 22379.00 27352.00
July 10278.00 23125.00 28264.00
August 10278.00 23125.00 28264.00
September 9946.00 22379.00 27352.00
October  10278.00 23125.00 28264.00
November 9946.00 22379.00 27352.00
December 10278.00 23125.00 28264.00
¢ Lake Ontario:
Month Volume at Minimum Volume  at  Maximum Total Capacity Considered
Desirable Level Desirable Level in the Optimization
January 970.22 2183.00 2668.10
February 884.16 1989.30 2431.40
March 970.22 2183.00 2668.10
April 938.93. 2112.60 2582.00
May 970.22 2183.00 2668.10
June 938.93 2112.60 2582.00
July 970.22 2183.00 2668.10
August 970.22 2183.00 2668.10
September 938.93 2112.60 2582.00
October  970.22 2183.00 2668.10
November 938.93 2112.60 2582.00

December 970.22 2183.00 2668.10
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Appendix D - Transition Probabilities for the Net Basin Supplies:

These transition Probabilities were computed only for the 2-level optimization part, i.e., always
considering one lake aggregated and one not. Below are presented the two studied cases: the
MCAR 1 and the Periodical MCAR 1. They are subdivided into two other subparts, Stage 1 and
Stage 2. For instance, in Stage 1, the maximum and minimum values registered for the synthetic
NBS for Lake Superior are subdivided into 9 classes and their median values is then employed
with its respective probability of occurrence. The same is done for the aggregated NBS for the
downstream lake that includes Lakes Michigan-Huron, St. Clair, Erie and Ontario. In Stage 2, the
order is reversed, i.e., the aggregated lake now is composed by Lakes Superior, Michigan-Huron,
St. Clair and Erie and the downstream lake is Lake Ontario.

MCAR [:

Lake Superior

January

Probabilities 0.0000 0.0010 0.0040 0.0040 0.0020 0.0010 0.0000 0.0000 0.0000
0.0020 0.0050 0.0170 0.0180 0.0100 0.0040 0.0000 0.0000 0.0000
0.0000 0.0060 0.0370 0.0560 0.0500 0.0170 0.0000 0.0000 0.0000
0.0020 0.0090 0.0540 0.1030 0.0680 0.0330 0.0060 0.0000 0.0000
0.0020 0.0080 0.0440 0.0900 0.0930 0.0380 0.0100 0.0010 0.0000
0.0010 0.0050 0.0220 0.0480 0.0420 0.0210 0.0030 0.0000 0.0000
0.0000 0.0000 0.0070 0.0190 0.0160 0.0120 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0010 0.0050 0.0020 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000

Median Values 0.00 -48.60 -33.11 -4.12 26.06 51.85 0.00 0.00 0.00
-64.41 -50.38 -25.65 2.51 20.63 44.37 0.00 0.00 0.00
000 -47.08 -21.51 3.19 2641 45.86 0.00 0.00 0.00
-64.52 -43.93 -20.23 0.37 24.38 47.07 71.01 0.00 0.00
-73.39 -42.64 -20.67 0.84 2575 46.37 75.15 116.80 0.00
-88.55 -51.87 -21.27 4.63 25.61 48.00 73.79 0.00 0.00
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0.00
0.00
0.00

February

0.00
0.00
0.00

-26.75

0.00
0.00

Probabilities 0.0010 0.0010 0.0020

0.0020
0.0050
0.0050
0.0010
0.0000
0.0000
0.0000
0.0000

0.0040
0.0190
0.0280
0.0100
0.0090
0.0000
0.0000
0.0000

Median Values -60.2]1 -27.00
-76.68 -26.58
-48.98 -29.72
-55.09 -24.09
-61.19 -22.69

0.00
0.00
0.00
0.00

March

Probabilities  0.0000
0.0000
0.0030
0.0020
0.0020
0.0020
0.0000

-31.04
0.00
0.00
0.00

0.0020
0.0040
0.0050
0.0140
0.0040
0.0050
0.0020

0.0070
0.0250
0.0580
0.0520
0.0130
0.0030
0.0000
0.0000

8.32
2.02
4.15
6.49
0.54
222
9.71
0.00
0.00

0.0010
0.0140
0.0240
0.0380
0.0320
0.0120
0.0030

0.0010
0.0080
0.0670
0.1070
0.0890
0.0410
0.0060
0.0000
0.0000

37.76
31.13
27.06
30.34
28.52
3297
39.19
0.00

0.00

0.0020
0.0190
0.0430
0.0780
0.0610
0.0240
0.0070

56.20
62.91
59.11
61.13
58.99
60.78
69.02
0.00

0.00

0.0020
0.0060
0.0410
0.0830
0.0800
0.0310
0.0080
0.0000
0.0000

0.0060
0.0190
0.0510
0.0930
0.0720
0.0350
0.0240

0.00
87.26
87.50
88.02
89.67
88.75
86.56
0.00
0.00

0.0000
0.0070
0.0180
0.0430
0.0330
0.0240
0.0020
0.0000
0.0000

0.0020
0.0090
0.0220
0.0590
0.0520
0.0310
0.0120

0.00
0.00
120.24
118.46
117.99
121.01
0.00
113.12
0.00

-2.94 2393 54.49 0.00 0.00
9.62 25.59 50.02 0.00 0.00
3.78 0.00 0.00 0.00 0.00

0.0000
0.0000
0.0070
0.0150
0.0190
0.0100
0.0000
0.0010
0.0000

0.00
0.00

139.25

0.00
0.00
0.00

0.0000
0.0000
0.0020
0.0010
0.0020
0.0000
0.0000
0.0000
0.0000

0.00
0.00

145.27 0.00
154.92 0.00

0.00
0.00
0.00
0.00

0.0010
0.0050
0.0080
0.0310
0.0260
0.0130
0.0040

0.00
0.00
0.00
0.00

0.0000
0.0010
0.0040
0.0040
0.0020
0.0050
0.0000

266

0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

168.33

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Median Values

April

Probabilities

Median Values

0.0000
0.0000

0.00
0.00
14.03
0.86
0.34
5.10
0.00
0.00
0.00

0.0000
0.0000
0.0070
0.0070
0.0070
0.0040
0.0030
0.0000
0.0000

0.00
0.00
62.56
56.78
66.21
60.78
75.73
0.00
0.00

0.0010
0.0000

49.49
27.08
39.98
47.13
49.26
31.65
34.05
51.92
0.00

0.0040
0.0040
0.0180
0.0260
0.0200
0.0210
0.0060
0.0010
0.0000

107.21
102.07
105.67
104.92
102.59
108.69
119.26
10891
0.00

267

0.0000 0.0020 0.0010 0.0000 0.0010 0.0000 0.0000
0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000

83.80 121.81 157.40 187.12 21290 0.00 0.00
87.01 128.38 152.23 193.63 223.67 255.98 0.00
83.00 123.01 157.39 188.54 21549 273.47 0.00
85.01 123.66 154.29 190.81 228.85 263.74 0.00
89.14 120.38 159.19 192.58 23141 261.07 0.00
84.21 117.65 152.79 18831 223.30 260.16 0.00
97.06 114.89 156.93 196.12 22435 0.00 0.00
000 115.28 162.18 0.00 22277 0.00 0.00
000 0.00 0.00 187.04 0.00 0.00 0.00
0.0030 0.0020 0.0000 0.0000 0.0000 0.0000 0.0000
0.0120 0.0160 0.0040 0.0010 0.0000 0.0000 0.0000
0.0280 0.0440 0.0200 0.0070 0.0000 0.0000 0.0000
0.0610 0.0600 0.0570 0.0220 0.0030 0.0000 0.0000
0.0750 0.1030 0.0590 0.0310 0.0030 0.0020 0.0010
0.0410 0.0620 0.0440 0.0110 0.0050 0.0000 0.0000
0.0200 0.0250 0.0250 0.0080 0.0010 0.0010 0.0000
0.0020 0.0060 0.0030 0.0030 0.0010 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
13405 192.51 000 000 000 0.00 0.00
14426 186.43 226.61 28722 000 000 0.00
151.96 194.60 231.28 281.34 0.00 0.00 0.00
147.67 197.24 230.69 283.73 320.20 0.00 0.00
15048 196.69 237.70 279.82 322.23 370.60 405.33
15090 200.11 230.25 280.55 320.15 0.00 0.00
14581 197.77 241.88 288.79 316.17 386.79 0.00
14463 197.39 238.21 279.22 314.34 0.00 0.00
000 000 000 000 000 000 000
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May

Probabilities

Median Values

June

Probabilities

0.0010
0.0000
0.0010
0.0030
0.0000
0.0000
0.0000
0.0000
0.0000

25.60
0.00
-8.09
2524
0.00
0.00
0.00
0.00
0.00

0.0000
0.0020
0.0010
0.0050
0.0040
0.0000
0.0000
0.0000
0.0000

0.0000
0.0090
0.0130
0.0080
0.0100
0.0010
0.0000
0.0000
0.0000

0.00
60.06
60.45
4435
61.86
35.57
0.00
0.00
0.00

0.0000
0.0050
0.0160
0.0260
0.0180
0.0130
0.0030
0.0000
0.0000

0.0050
0.0160
0.0350
0.0500
0.0290
0.0040
0.0030
0.0000
0.0010

95.99
99.45
100.95
101.64
101.81
99.52
109.19
0.00
73.77

0.0030
0.0120
0.0360
0.0560
0.0570
0.0310
0.0150
0.0030
0.0000

0.0130
0.0230
0.0540
0.0830
0.0540
0.0180
0.0050
0.0010
0.0000

141.47
134.67
134.63
133.44
133.43
132.51
142.27
145.92
0.00

0.0010
0.0130
0.0420
0.0870
0.0910
0.0650
0.0250
0.0030
0.0000

0.0060
0.0310
0.0790
0.0940
0.0480
0.0210
0.0030
0.0000
0.0000

170.06
165.92
172.14
171.95
174.97
173.81
160.59
0.00

0.00

0.0010
0.0060
0.0340
0.0530
0.0810
0.0560
0.0220
0.0060
0.0010

0.0030
0.0170
0.0460
0.0450
0.0470
0.0300
0.0010
0.0010
0.0000

211.21
212.17
201.72
210.19
206.80
212.53
216.14
224.96
0.00

0.0000
0.0020
0.0090
0.0190
0.0230
0.0170
0.0070
0.0030
0.0000

0.0000
0.0020
0.0110
0.0310
0.0190
0.0080
0.0000
0.0010
0.0000

0.00
240.90
249.70
246.21
240.19
257.54
0.00
271.71
0.00

0.0000
0.0010
0.0050
0.0040
0.0060
0.0070
0.0000
0.0000
0.0000

0.0000
0.0020
0.0030
0.0040
0.0040
0.0010
0.0010
0.0000
0.0000

0.00
285.05
295.05
278.87
288.31
287.26
287.43
0.00
0.00

0.0000
0.0000
0.0000
0.0010
0.0010
0.0010
0.0000
0.0000
0.0000
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0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
313.99
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
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Median Values 0.00
31.77
29.96
25.95
16.25
0.00
0.00
0.00
0.00

July

0.00
69.20
67.12
62.59
63.26
64.75
65.75
0.00
0.00

Probabilities 0.0000 0.0020

0.0020
0.0020

0.0070
0.0050

0.0010 0.0190
0.0010 0.0110
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

Median Values 0.00
-14.96
-6.24
-27.41
-39.64
0.00
0.00
0.00
0.00

August

13.21
22.58
16.65
17.63
17.45
0.00
0.00
0.00
0.00

Probabilities 0.0000 0.0010

106.23
88.28
94.65
97.96
95.83
96.03
94.20
94.42
0.00

0.0040
0.0100
0.0380
0.0430
0.0390
0.0060
0.0000
0.0000
0.0000

49.69
49.24
50.64
47.89
49.14
53.34
0.00
0.00
0.00

131.88
126.87
129.04
127.62
126.30
127.04
125.12
124.09

0.00

0.0030
0.0260
0.0630
0.0770
0.0570
0.0210
0.0070
0.0010
0.0010

79.93
78.89
78.46
77.12
79.23
80.73
82.94
81.70
69.69

175.38 0.00

154.79 183.90
159.90 181.52

155.58 194.33
155.58 187.32
15827 190.24

160.91
155.51
168.91

105.76
110.24
111.46
110.61
108.11
111.40
108.66
111.86
0.00

196.41
199.78
0.00

0.0020 0.0010
0.0200 0.0150
0.0540 0.0420
0.0940 0.0650
0.0720 0.0590
0.0320 0.0150
0.0070 0.0080
0.0010 0.0000
0.0000 0.0000

131.60 0.00

0.00
232.34
219.28
219.13
225.13
220.88
0.00
0.00
0.00

0.0000
0.0000
0.0060
0.0240
0.0180
0.0050
0.0010
0.0010
0.0000

147.99 0.00

139.28
142.34
139.21
148.64
141.52
0.00

0.00 0.00

180.08 215.69
171.99 210.52
171.47 218.64
179.28 215.32
170.38 0.00
195.75 0.00
0.00

0.00

0.00
0.00
0.00
263.95
255.73
254.88
0.00
0.00
0.00

0.0000
0.0010
0.0020
0.0040
0.0030
0.0010
0.0000
0.0000
0.0000
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0.00
0.00
0.00
0.00
279.01
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00

198.84 0.00

22947
0.00
0.00
0.00
0.00
0.00
0.00

0.0000 0.0000 0.0040 0.0010 0.0000 0.0000 0.0000
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0.0010
0.0010
0.0020
0.0030
0.0010
0.0000
0.0000
0.0000

Median Values 0.00

0.0030
0.0050
0.0190
0.0050
0.0050
0.0010
0.0000
0.0000

-12.44

-69.19 -27.25
-53.27 -22.24
-86.17 -17.93
-56.48 -20.44
-72.78 -35.90

0.00
0.00
0.00

September

Probabilities 0.0000
0.0000
0.0020
0.0020
0.0030
0.0040
0.0000
0.0000
0.0000

Median Values 0.00
0.00

-7.90
0.00
0.00

0.0020
0.0050
0.0050
0.0230
0.0160
0.0060
0.0010
0.0000
0.0000

-38.97
-54.37

-7397 -50.73

0.0090
0.0230
0.0410
0.0530
0.0290
0.0060
0.0020
0.0000

0.00
17.51
16.45
16.55
18.29
17.88
12.85
9.98
0.00

0.0010
0.0110
0.0280
0.0500
0.0470
0.0300
0.0050
0.0020
0.0000

-7.00
-1.79

0.0120
0.0450
0.0630
0.0650
0.0560
0.0160
0.0030
0.0000

0.00

46.51
49.40
53.46
52.73
54.44
53.30
55.75
0.00

0.0030
0.0150
0.0570
0.0780
0.0830
0.0450
0.0130
0.0020
0.0010

18.82
20.12

-15.50 21.04

0.0130
0.0380
0.0780
0.0810
0.0610
0.0150
0.0030
0.0000

88.58
101.19
94.61
89.16
90.00
90.06
91.28
86.92
0.00

0.0020
0.0100
0.0410
0.0690
0.0760
0.0490
0.0100
0.0030
0.0000

0.0060
0.0180
0.0390
0.0530
0.0370
0.0120
0.0030
0.0000

113.60
134.73
130.58
125.64
129.75
129.15
125.30
130.75
0.00

0.0000
0.0000
-0.0240
0.0350
0.0490
0.0260
0.0130
0.0040
0.0000

0.0000 0.0000 0.0000
0.0050 0.0010 0.0000

0.0100 0.004
0.0130 0.004
0.0120 0.004
0.0050 0.000
0.0000 0.000
0.0010 0.000

0.00 0.00
0.00 0.00
171.04 218.03
168.21 207.92

0 0.0000
0 0.0010
0 0.0000
0 0.0000
0 0.0000
0 0.0000

0.00
0.00
0.00
0.00

172.37 214.59 233.57

164.91 207.18
159.07 0.00
0.00 0.00
158.59 0.00

0.0000 0.000

0.00
0.00
0.00
0.00

0 0.0000

0.0000 0.0000 0.0000

0.0050 0.001
0.0100 0.001
0.0160 0.003
0.0080 0.001
0.0010 0.002
0.0010 0.001

0 0.0000
0 0.0000
0 0.0000
0 0.0000
0 0.0010
0 0.0000

0.0000 0.0000 0.0000

58.08 0.00 0.00 0.00
54.19 0.00 0.00 0.00
58.35 88.14 133.83 146.70 0.00

0.00
0.00
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-92.83 -42.23
-92.35 -37.49
-80.42 -39.41
0.00 -4296
0.00 0.00
0.00 000
October
Probabilities 0.0000 0.0000
0.0030 0.0070
0.0020 0.0150
0.0050 0.0240
0.0030 0.0110
0.0010 0.0050
0.0000 0.0030
0.0000 0.0000
0.0000 0.0000
Median Values 0.00  0.00
-81.47 -52.76
-76.81 -54.99
-83.46 -50.39
-78.52 -50.06
-82.63 -59.62
0.00 -49.93
0.00 0.00
0.00 0.00

November

Probabilities 0.0000
0.0010
0.0040
0.0010

-11.37
-6.78
-10.22
-6.10
-14.02
0.00

0.0040
0.0110
0.0370
0.0520
0.0420
0.0220
0.0050
0.0000
0.0000

-29.23
-19.92
-26.54
-23.54
-21.53
-22.52
-20.96
0.00

0.00

21.02 56.91
22.57 53.16
23.76 55.72
23.00 5742
11.97 57.59
32.87 0.00

0.0060 0.0010
0.0200 0.0110
0.0510 0.0440
0.0750 0.0830
0.0760 0.0750
0.0470 0.0430
0.0090 0.0150
0.0040 0.0030
0.0010 0.0000

453 49.11
288 37.80
4.18 32.95
5.04 33.46
5.03 33.52
6.61 34.00
397 27.50
-0.90 33.61
4.16 0.00

88.87
87.81
86.29
86.77
81.56
0.00

0.00

64.03
62.15
61.47
63.36
62.43
60.41
61.55
0.00

0.0000
0.0060
0.0210
0.0430
0.0380
0.0270
0.0090
0.0020
0.0000

117.63
118.27
125.28
111.08
119.48
0.00

0.00
0.00
87.20
97.14
92.45
88.03
0.00
0.00
0.00

0.0000
0.0000
0.0030
0.0100
0.0130
0.0060
0.0000
0.0000
0.0000

145.48
167.11
163.86
171.41
149.29
0.00

0.00
0.00
116.20
127.69
118.43
0.00
0.00
0.00
0.00

271

0.00
0.00
0.00
180.54
0.00
0.00

0.0000
0.0000
0.0010
0.0030
0.0010
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000

142.86

0.00
0.00
0.00
0.00

0.0020 0.0030 0.0030 0.0030 0.0020 0.0010 0.0000 0.0000
0.0080 0.0190 0.0180 0.0080 0.0040 0.0000 0.0000
0.0110 0.0250 0.0410 0.0540 0.0320 0.0050 0.0010 0.0000
0.0410 0.0800 0.0890 0.0390 0.0180 0.0060 0.0000

0.0070

0.0150
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Median Values

December -

Probabilities

Median Values

0.0030 0.0100
0.0010 0.0050
0.0000 0.0020
0.0000 0.0000
0.0000 0.0000

0.00 -76.2

0.0370 0.0730
0.0150 0.0360
0.0050 0.0030
0.0000 0.0000
0.0000 0.0000

1 -61.69

-98.35 -75.12 -57.59
-102.19 -81.65 -58.01
-93.78 -79.49 -60.22
-96.00 -81.96 -56.44

-94.53  -79.1
0.00 -81.7
0.00 0.00
0.00 0.00

0.0000 0.0010
0.0000 0.0020
0.0000 0.0070
0.0070 0.0100
0.0020 0.0210
0.0020 0.0090
0.0010 0.0050
0.0000 o0.0010
0.0000 0.0000

000 -5898
0.00 -58.07
0.00 -54.09
-80.05 -59.13
-74.55 -55.51
-71.90 -56.90

1 -59.96
1 -52.96
0.00
0.00

-39.55
-36.06
-37.61
-35.82
-34.91
-36.23
-36.87
0.00

0.00

0.0010 0.0030
0.0040 0.0180
0.0310 0.0330
0.0460 0.0620
0.0470 0.0840
0.0270 0.0550
0.0080 0.0150
0.0020 0.0050
0.0000 0.0000

-36.14
-34.29
-38.49
-40.02
-38.83
-40.83

-21.71
-22.96
-20.82
-22.59
-21.27
-22.44

272

0.0810 0.0490 0.0180 0.0040 0.0000
0.0420 0.0360 0.0100 0.0000 0.0010
0.0110 0.0080 0.0020 0.0010 0.0000
0.0020 0.0030 0.0000 0.0000 0.0000
0.0000 0.0010 0.0000 0.0000 0.0000

-17.24 13.76 26.60 0.00 0.00

-12.93 3.79
-17.94 826
-17.16 3.55
-15.07 6.68
-17.06 3.44
-17.05 2.23
-18.13 5.36
0.00 2.08

25.11 0.00 0.00
26.65 44.23 0.00
23.21 52.21 0.00
31.13 5431 0.00
31.15 0.00 64.61
34.24 47.27 0.00
0.00 0.00 0.00
0.00 0.00 0.00

0.0030 0.0020 0.0000 0.0000 0.0000
0.0160 0.0100 0.0020 0.0000 0.0000
0.0360 0.0220 0.0040 0.0010 0.0000
0.0790 0.0370 0.0110 0.0030 0.0000
0.0840 0.0380 0.0210 0.0030 0.0000
0.0450 0.0280 0.0100 0.0010 0.0010
0.0200 0.0040 0.0050 0.0000 0.0000
0.0030 0.0010 0.0000 0.0000 0.0000
0.0000 0.0000 0.0010 0.0000 0.0000

-2.47 16.32
-4.79 16.99
-4.44 18.98
-3.05 14.58
-3.81 13.63
-4.05 14.30

0.00 0.00 0.00
39.99 0.00 0.00
31.33 56.20 0.00
31.31 45.14 0.00
34.84 53.07 0.00
30.72 46.92 63.64
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-75.35 -64.77 -38.31 -24.71
0.00 -52.76 -37.53 -25.28
000 0.00 0.00 0.00

Aggregated Lake

January

Probabilities 0.0000 0.0000 0.0000 0.0010
0.0010 0.0020 0.0080 0.0100
0.0000 0.0010 0.0180 0.0390
0.0000 0.0060 0.0430 0.1530
0.0000 0.0010 0.0280 0.1000
0.0000 0.0010 0.0040 0.0170
0.0000 0.0000 0.0000 0.0020
0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000

Median Values 0.00 0.00 0.00 7176
-119.55 -56.79 32.33 107.70
0.00 -18.21 26.70 111.34
0.00 -48.77 29.56 115.15
0.00 -58.63 39.54 112.38
0.00 -18.97 48.23 12142
0.00 0.00 0.00 11191
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

February

Probabilities 0.0000 0.0000 0.0000 0.0010
0.0000 0.0030 0.0030 0.0040
0.0000 0.0060 0.0250 0.0370
0.0010 0.0090 0.0770 0.1210
0.0000 0.0080 0.0590 0.1450

-2.07 22.52 37.51 0.00 0.00

-7.84 9.63

0.00 0.00 0.00

0.00 0.00 26.73 000 0.00

0.0010
0.0050
0.0400
0.1460
0.1200
0.0420
0.0060
0.0000
0.0000

178.23
173.45
187.84
179.64
182.77
192.86
204.80
0.00

0.00

0.0000
0.0000
0.0270
0.0850
0.1020

0.0000
0.0010
0.0160
0.0430
0.0750
0.0340
0.0030
0.0010
0.0000

0.00

227.99
261.40
254.40
256.33
264.12
250.71
291.14
0.00

0.0000
0.0010
0.0050
0.0230
0.0410

0.0000
0.0000
0.0020
0.0090
0.0160
0.0020
0.0020
0.0000
0.0000

0.00
0.00
339.89
332.80
317.64
367.77
327.01
0.00
0.00

0.0000
0.0000
0.0010
0.0060
0.0050

0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
395.89
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
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0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00
9.49
0.00
0.00
0.00
0.00
0.00

March

Probabilities 0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00
34.63
0.00
0.00
0.00

0.0050
0.0000
0.0000
0.0000

0.00
115.69
86.63
110.90
109.24
109.01
0.00
0.00
0.00

0.0000
0.0010
0.0080
0.0110
0.0020
0.0010
0.0000
0.0000
0.0000

0.00

186.30
149.41
164.62
161.73
205.43
0.00

0.0140
0.0030
0.0000
0.0000

0.00
142.14
185.32
205.01
192.06
183.48
164.62
0.00
0.00

0.0000
0.0050
0.0400
0.0470
0.0350
0.0090
0.0000
0.0000
0.0000

0.00

317.94
307.32
285.40
290.28
305.66
0.00

0.0410
0.0080
0.0000
0.0000

253.66
292.94
268.99
291.65
292.63
295.57
309.93
0.00

0.00

0.0000
0.0190
0.0670
0.1350
0.0920
0.0300
0.0030
0.0000
0.0000

0.00

404.10
387.99
402.62
402.83
407.12
420.86

0.0720
0.0100
0.0000
0.0000

0.00
0.00
387.74
384.43
404.57
395.76
394.18
0.00
0.00

0.0010
0.0030
0.0470
0.1200
0.1100
0.0430
0.0090
0.0000
0.0000

516.41
461.03
505.59
509.51
505.24
500.75
522.60

0.0350
0.0090
0.0010
0.0000

0.00

530.79
533.39
483.99
487.70
505.11
472.69
511.65
0.00

0.0000
0.0030
0.0180
0.0390
0.0440
0.0290
0.0060
0.0000
0.0000

0.00

618.22
629.59
629.70
628.82
636.01
626.26

0.0060
0.0010
0.0000
0.0000

0.00
0.00
613.06
590.88
621.09
619.50
590.87
0.00
0.00

0.0000
0.0000
0.0010
0.0030
0.0130
0.0030
0.0000
0.0000
0.0000

0.00
0.00
712.39
743.29
727.72
767.19
0.00
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0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0010
0.0000
0.0000

0.00
0.00
0.00
852.21
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00 -
0.00

865.03 0.00
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0.00 0.00
0.00 0.00

April

Probabilities 0.0000 0.0000
0.0010 0.0030
0.0000 0.0080
0.0010 0.0070
0.0000 0.0070
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

Median Values 0.00 0.00
-9.51 74.28
0.00 104.49
17.36 94.15
0.00 100.15
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

May

Probabilities 0.0000 0.0000
0.0000 0.0010
0.0000 0.0080
0.0000 0.0060
0.0000 0.0030
0.0000 0.0010
0.0000 0.0010
0.0000 0.0000

0.00 0.00
0.00 0.00

0.0010 0.0000
0.0060 0.0050
0.0340 0.0490
0.0610 0.1310
0.0330 0.1140
0.0110 0.0410
0.0000 0.0050
0.0000 0.0010
0.0000 0.0000

200.16 0.00

24775 339.40
222.81 309.75
209.31 311.50
226.23 321.91
234.03 334.71

0.00 359.53
0.00 267.44
0.00 0.00

0.0010 0.0010
0.0090 0.0090
0.0270 0.0470
0.0480 0.1310
00350 0.1050
0.0070 0.0380
0.0010 0.0040
0.0000 0.0000

0.00 0.00
0.00 0.00

0.0000 0.0000
0.0070 0.0010
0.0380 0.0060
0.1070 0.0320
0.1100 0.0590
0.0480 0.0350
0.0070 0.0040
0.0010 0.0000
0.0000 0.0000

0.00 0.00
393.67 551.02
411.28 523.82
412.92 506.11
418.96 523.86
418.51 51943
421.34 523.47
388.01 0.00
0.00 0.00

0.0000 0.0000
0.0060 0.0000
0.0460 0.0180
0.1010 0.0510
0.1180 0.0480
0.0540 0.0280
0.0070 0.0050
0.0020 0.0000

0.00
0.00

0.0000
0.0000
0.0010
0.0070
0.0080
0.0040
0.0040
0.0000
0.0000

0.00
0.00
646.45
633.94
621.91
633.81
608.45
0.00
0.00

0.0000
0.0000
0.0000
0.0080
0.0090
0.0080
0.0060
0.0000

0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0020
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
728.51
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0010
0.0000
0.0010
0.0000
0.0000
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0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Median Values 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

June

Probabilities 0.0000
0.0000
0.0010
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00

-101.34
-96.34

0.00
0.00
0.00
0.00
0.00

0.00
70.11
82.01
59.28
91.92
74.34
55.06
0.00
0.00

0.0000
0.0020
0.0060
0.0080
0.0050
0.0000
0.0000
0.0000
0.0000

172.49
144.32
164.74
152.01
154.43
160.29
113.62
0.00

0.00

0.0000
0.0030
0.0230
0.0420
0.0220
0.0090
0.0000
0.0000
0.0000

0.00 0.00
-14.33 45.0

-16.02
-10.28
-37.76
0.00

224.56 0.00

23793 318.14
227.44 31443
230.62 306.06
233.45 314.56
25437 311.12
25496 332.63
0.00 303.01
0.00 0.00

0.0000
0.0080
0.0400
0.1010
0.0920
0.0360
0.0060
0.0000
0.0000

0.00
1 111.08

53.84 118.79
48.12 118.84
48.40 116.77

55.05 118.55

0.00 0.00
000 0.00
0.00 0.00

129.27
0.00
0.00

0.0000
0.0060
0.0490
0.1320
0.1300
0.0540
0.0130
0.0000
0.0000

0.00
167.35
175.57
177.45
184.31
191.85
204.67
0.00
0.00

0.00
0.00
384,98
392.51
391.03
388.12
401.19
0.00
0.00

0.0000
0.0010
0.0050
0.0420
0.0710
0.0400
0.0080
0.0020
0.0000

0.00

248.58
245.16
252,94
25441
258.43
272.59
250.20
0.00

0.00
0.00
0.00
473.41
459.26
468.64
466.54
0.00
0.00

0.0000
0.0000
0.0000
0.0090
0.0140
0.0090
0.0040
0.0000
0.0000

0.00
0.00
0.00
316.27
329.35
323.65
316.47
0.00
0.00

0.00
0.00
0.00
582.00
0.00
545.35
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0020
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00

41098 0.00

0.00
0.00
0.00

0.00
0.00
0.00
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July

Probabilities

Median Values

August

Probabilities

0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00

-260.94

0.00
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0010
0.0000
0.0030
0.0000
0.0000
0.0000
0.0000

0.0000
0.0010
0.0010
0.0020
0.0000
0.0010
0.0000
0.0000
0.0000

0.00

0.0000 0.0020 0.0000
0.0010 0.0050 0.0110
0.0110 0.0330 0.0370
0.0200 0.0790 0.1200
0.0210 0.0980 0.1460
0.0080 0.0340 0.0600
0.0010 0.0050 0.0180
0.0000 0.0000 0.0010
0.0000 0.0000 0.0000

0.00

-170.57 -79.26
-192.12 -96.97

0.00

-161.60 -88.76

-85.74

-149.21 -90.63

0.00
0.00
0.00

0.0000
0.0000
0.0080
0.0120
0.0080
0.0030
0.0000
0.0000
0.0000

-74.93
0.00
0.00

-52.89 0.00
-3.63 38.87
-37.68 41.04
-21.61 44.56
-18.98 46.22
-22.04 46.59
-12.13 39.76
0.00 62.55
0.00 0.00

0.0010 0.0000 0.0000
0.0000 0.0050 0.0000
0.0110 0.0200 0.0170
0.0470 0.0800 0.0780
0.0520 0.1320 0.1220
0.0220 0.0610 0.0720
0.0030 0.0130 0.0160
0.0000 0.0010 0.0020
0.0000 0.0000 0.0000

0.0000
0.0030
0.0160
0.0530
0.0940
0.0510
0.0090
0.0010
0.0000

0.00

104.26
114.04
107.23
114.94
121.73
139.81
130.92
0.00

0.0000
0.0000
0.0050
0.0350
0.0640
0.0460
0.0130
0.0020
0.0000

0.0000
0.0000
0.0000
0.0070
0.0230
0.0180
0.0030
0.0000
0.0000

0.00
0.00
0.00
181.22
178.04
189.94
223.17
0.00
0.00

0.0000
0.0000
0.0000
0.0030
0.0120
0.0210
0.0060
0.0000
0.0000

0.0000
0.0000
0.0010
0.0010
0.0020
0.0010
0.0000
0.0000
0.0000

0.00
0.00
239.59
25791
265.55
261.75
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0010
0.0000
0.0020
0.0000
0.0000
0.0000
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Median Values 0.00
0.00
-238.95
0.00
-225.55
0.00
0.00
0.00
0.00

September

Probabilities 0.0000 0.0000
0.0000 0.0000
0.0000 0.0030
0.0030 0.0120
0.0010 0.0070
0.0000 0.0050
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

Median Values 0.00
0.00
0.00
-323.52
-302.24
0.00
0.00
0.00
0.00

October

0.00
0.00
-171.10
-178.43
-181.85
-148.86
0.00
0.00
0.00

0.00
0.00
-218.29
-230.19
-240.35
-231.20
0.00
0.00
0.00

0.0010
0.0100
0.0240
0.0500
0.0290
0.0150
0.0010
0.0000
0.0000

-74.73
0.00
-85.07
-102.09
-93.50
-90.98
-91.26
0.00
0.00

-203.75
-160.27
-142.77
-147.28
-145.71
-151.18
-158.38
0.00

0.00

0.00 0.00
-50.78 0.00

-36.35 46.16
-29.93 43.10
-27.54 37.76

0.00
0.00

-20.72 43.52 1093

-18.51 47.59
-34.43 70.78

0.00 0.00

0.0020 0.0010
0.0100 0.0090
0.0440 0.0510
0.1040 0.1010
0.1030 0.1030
0.0410 0.0680
0.0130 0.0150
0.0030 0.0000
0.0000 0.0000

0.00

0.0000
0.0020
0.0080
0.0340
0.0510
0.0280
0.0120
0.0000
0.0000

-78.82 -1.68 0.00
1 129.69 0.00

-76.47 47.2
-73.11 8.10

102.05

-62.63 17.65 94.50

-63.95 21.57
-54.98 15.14

-62.45 15.25 95.67

-37.00 0.00
0.00 0.00

0.00
0.00

113.36
112.53 0.00

108.00
102.38

0.00
0.00

109.49 0.00
110.68
115.92

0.00
0.00
0.00

193.21 238.76
180.52 0.00

1 180.25 248381

0.00

0.0000
0.0000
0.0060
0.0070
0.0130
0.0080
0.0000
0.0000
0.0000

0.00

166.68 0.00

0.00
0.00

278

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0010 0.0000
0.0000 0.0000
0.0000 0.0000
0.0010 0.0000
0.0000 0.0000
0.0000 0.0000

0.00
0.00

178.92 0.00

173.49 258.72

0.00
0.00
0.00

194.99 0.00
172.51 0.00

251.12
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Probabilities 0.0000 0.0010 0.0000 0.0010 0.0020 0.0000 0.0000 0.0000 0.0000
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0.0000
0.0000
0.0030
0.0010
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00

-250.89
-229.98

0.00
0.00
0.00
0.00

November

Probabilities 0.0000
0.0010
0.0000
0.0020
0.0000
0.0000
0.0000
0.0000
0.0000

Median Values 0.00

0.00

0.0010
0.0060
0.0090
0.0060
0.0010
0.0000
0.0000
0.0000

0.0050 0.0160
0.0180 0.0620
0.0520 0.1170
0.0370 0.1310
0.0090 0.0480
0.0020 0.0080
0.0000 0.0000
0.0000 0.0000

0.0040
0.0370
0.1060
0.1200
0.0510
0.0130
0.0020
0.0000

-183.07 0.00 3593 49.30
-160.07 -99.89 -2.58

-163.
-159.41 -75.83 4.58
-156.53 -70.66 8.56

76 -66.40 -6.97

-147.73 -82.41 0.77
-67.56 11.30 89.69
103.50 0.00

0.00
0.00
0.00

0.0000
0.0040
0.0040
0.0120
0.0100
0.0020
0.0000
0.0000
0.0000

0.00

0.00 0.00
0.00 0.00

0.0010 0.0020
0.0070 0.0080
0.0340 0.0490
0.0760 0.1380
0.0390 0.1310
0.0140 0.0340
0.0020 0.0100
0.0000 0.0020
0.0000 0.0000

68.17
83.91
78.82
79.67
79.81

0.00

0.0000
0.0020
0.0300
0.1210
0.1000
0.0330
0.0040
0.0000
0.0000

-96.40 34.72 0.00
-222.22 -125.25 -84.76 16.31 142.52 218.77 0.00
-125.16 -48.06 31.48 113.33 208.92 0.00

0.0010 0.0000
0.0050 0.0020
0.0270 0.0050
0.0460 0.0060
0.0190 0.0060
0.0100 0.0010
0.0000 0.0000
0.0000 0.0000

0.00

137.34
148.94
161.57
162.67
174.46
178.80

0.00

0.0010 0.0000
0.0020 0.0000
0.0060 0.0000
0.0290 0.0040
0.0480 0.0070
0.0210 0.0040
0.0040 0.0000
0.0010 0.0000
0.0000 0.0000

227.46

0.00
0.00
249.67
265.48
238.55
243.79
251.77
0.00
0.00

0.00

0.0000
0.0000
0.0010
0.0010
0.0010
0.0000
0.0000
0.0000

0.00
0.00
0.00

279

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00

345.14 0.00
338.37 0.00

364.71
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000 0.0000
0.0000 0.0000
0.0000

0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
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-221.13 -124.54 -48.07 39.57 120.68 214.21 32295 386.99 0
0.00 -142.19 -38.56 40.03 12541 214.80 326.54 0.00 0O
0.00 -124.69 -33.07 49.77 124.89 207.98 30490 0.00 ¢
0.00 0.00 -30.68 56.40 130.63 199.25 0.00 0.00 0
0.00 0.00 0.00 43.87 000 21885 0.00 000 O
0.00 0.00 000 000 000 000 000 000 O

December

Probabilities 0.0000 0.0000 0.0000 0.0020 0.0010 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0050 0.0120 0.0120 0.0020 0.0000 0.0010 0.0000
0.0000 0.0050 0.0220 0.0740 0.0580 0.0130 0.0010 0.0000 0.0000
0.0010 0.0100 0.0480 0.1380 0.1360 0.0360 0.0050 0.0000 0.0000
0.0010 0.0080 0.0290 0.1190 0.0980 0.0280 0.0070 0.0000 0.0000
0.0000 0.0020 0.0110 0.0460 0.0330 0.0200 0.0000 0.0000 0.0000
0.0000 0.0020 0.0010 0.0080 0.0030 0.0010 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Median Values 0.00 0.00 0.00 11992 14666 000 000 0.00 0.00
0.00 0.00 -13.53 72.08 166.86 239.39 0.00 451.11 0.00
0.00 9550 399 86.88 179.20 246.31 406.09 0.00 0.00
-199.38 -79.70 -4.56 83.55 17341 261.79 342.17 0.00 0.00
-19463 -90.39 5.16 8344 176.83 266.50 361.02 0.00 0.00
0.00 -129.89 982 77.52 17271 279.71 0.00 0.00 0.00
0.00 -134.80 13.69 77.84 155.04 29952 0.00 0.00 0.00
0.00 0.00 000 7875 000 000 000 000 0.00
0.00 0.00 000 000 000 000 000 000 0.0

To improve the speed of computations, each of the monthly probability matrix above was
consolidated in just one vector of conditional probabilities as presented below:

NBS1 -20.88 -18.55 19.37 20.05 3468 3228 3937 7184
27.74 7120 8437 96.58 106.75 120.62 127.12 0.00
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374.58 368.75 37692 397.08 409.85 408.97 421.36 357.53
350.22 44246 454.69 486.77 506.97 49548 520.25 558.76
382.50 402.60 421.58 429.20 441.25 490.25 417.06 573.71
324.50 293.78 328.04 324.51 339.67 354.35 347.51 378.08
180.36 241.23 258.62 269.68 271.19 298.69 307.87 347.58
203.32 163.66 184.68 187.30 207.39 214.20 223.53 222.93
28.41 2965 9044 80.01 10097 97.31 14437 152.27
990 1.14 2133 3907 5230 55.17 48.17 65.56
-84.01 -74.65 -72.31 -65.28 -55.24 -51.66 -48.02 -1047
-36.17 -25.40 -36.37 -37.97 -3426 -3546 -38.80 -59.84

PINBS1 0.0120 0.0560 0.1660 0.2750 0.2860 0.1420 0.0540 0.0090
0.0070 0.0340 0.1850 0.3400 0.2860 0.1280 0.0190 0.0000
0.0140 0.0710 0.1600 0.3190 0.2510 0.1270 0.0520 0.0050
0.0090 0.0370 0.1240 0.2360 0.3010 0.1880 0.0890 0.0160
0.0280 0.1000 0.2420 0.3180 0.2120 0.0830 0.0130 0.0030
0.0050 0.0410 0.1430 0.2510 0.2820 0.1900 0.0720 0.0150
0.0120 0.0810 0.2130 0.3270 0.2600 0.0800 0.0230 0.0030
0.0060 0.0440 0.1400 0.2560 0.2820 0.2050 0.0550 0.0120
0.0080 0.0390 0.1630 0.2680 0.2930 0.1690 0.0460 0.0130
0.0110 0.0580 0.1740 0.2950 0.2600 0.1510 0.0410 0.0090
0.0140 0.0650 0.1730 0.2890 0.2750 0.1460 0.0320 0.0050
0.0100 0.0520 0.1340 0.2550 0.3000 0.1780 0.0580 0.0120

Now, employing the information above, and consistent with the aggregation methodology as
described by Turgeon (19 ) and briefly reviewed in Chapter 4, the aggregated NBS is therefore
utilized in linear regression fashion with respect to Lake Superior. The monthly linear regression
coefficients are:

Al A0
January  0.9336 0.3861
February 0.8650 0.0373
March 0.8772 -0.0043
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April 0.9769 0.3533
May 0.9124 0.0436
June 0.9440 -0.3631
July 1.0652 0.2249

August 0.9461 0.0531
September 0.9447 0.1092
October  0.9943 -0.0127
November 1.0806 0.0128
December 0.9571 0.1424

The corresponding NBS for the aggregated lakes becomes:

472.10 48030 61340 61580 66720
409.10 516.60 54920 579.40 604.50
1532.20 1517.80 1537.90 1587.60 1619.00
1212.70 1436.30 1466.00 1543.80 1592.70
755.60 792.50 82740 84140 863.50
489.50 43980 49520 489.50 514.00
143.90 268.20 303.80 32640 329.40
1580 -50.00 -15.10 -10.80 22.50
-206.60 -204.70 -108.90 -125.30 -92.30
-283.80 -260.10 -216.90 -179.00 -150.70
-196.60 -173.50 -167.70 -150.30 -125.50
304.80 33930 304.10 299.00 310.90

Periodical MCAR 1:

Lake Superior

January

658.80
638.90
1616.90
1564.90
953.50
537.80
385.60
33.80
-98.00
-144.50
-116.70
307.00

683.60
654.90
1647.40
1624.90
819.10
526.70
404.40
49.30
-23.90
-159.50
-107.70
296.30

797.60
340.50
1490.10
1718.30
1106.70
576.20
485.50
48.30
-11.40
-122.30
-15.00
228.80

545.40
1023 .40
1843.50
363.70
416.20
672.80
156.70
-321.60
-117.10
-238.70
2420
650.50

282

Probabilities 0.0000 0.0000 0.0020 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0050 0.0080 0.0090 0.0010 0.0030 0.0000 0.0000
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0.0010 0.0030 0.0140 0.0220 0.0400 0.0310 0.0100 0.0020 0.0000
0.0000 0.0040 0.0270 0.0521 0.0741 0.0410 0.0240 0.0070 0.0000
0.0010 0.0060 0.0410 0.0681 0.0711 0.0551 0.0280 0.0060 0.0010
0.0010 0.0100 0.0220 0.0531 0.0490 0.0571 0.0210 0.0040 0.0000
0.0000 0.0030 0.0110 0.0240 0.0250 0.0200 0.0070 0.0040 0.0000
0.0000 0.0000 0.0020 0.0020 0.0120 0.0060 0.0010 0.0020 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000

Median Values 0.00 0.00 -266 000 -14.19 0.00 0.00 0.00 0.00
0.00 000 -14.19 -823 -1342 -5.18 -4546 000 0.00
-27.84 1325 -1486 -17.76 -6.29 -8.84 -16.25 -27.92 0.00
000 -234 -742 -18.08 -12.75 -748 -15.85 -19.72 0.00
-19.73 -10.05 -9.66 -13.81 -12.94 -1.56 -11.24 -17.31 -59.24
4595 -2390 -17.86 -12.53 -5.26 -16.21 -5.51 -17.60 0.00
0.00 6.07 -1590 -10.70 -5.28 -15.44 -15.53 -321 0.00
0.00 000 -2197 16.26 -16.11 -6.78 -27.84 -8.08 0.00
000 000 000 000 000 -0.13 000 0.00 0.00

February

Probabilities  0.0000 0.0000 0.0000 0.0010 0.0040 0.0010 0.0000 0.0000 0.0000
0.0000 0.0010 0.0040 0.0070 0.0070 0.0060 0.0020 0.0000 0.0010
0.0000 0.0040 0.0080 0.0260 0.0290 0.0250 0.0080 0.0030 0.0000
0.0000 0.0090 0.0260 0.0591 0.0591 0.0470 0.0210 0.0070 0.0040
0.0020 0.0050 0.0270 0.0621 0.0801 0.0601 0.0310 0.0090 0.0000
0.0030 0.0040 0.0250 0.0531 0.0611 0.0400 0.0250 0.0030 0.0030
0.0010 0.0040 0.0060 0.0190 0.0270 0.0270 0.0120 0.0030 0.0020
0.0000 0.0010 0.0060 0.0030 0.0080 0.0060 0.0020 0.0000 0.0000
0.0000 0.0000 0.0010 0.0020 0.0020 0.0040 0.0000 0.0010 0.0000

Median Values 0.00 000 000 760 -900 39.52 000 000 0.00
000 -3595 028 487 -367 553 -1347 000 39.52
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0.00
0.00
12.32
16.82
16.65
0.00
0.00

March

Probabilities 0.0000
0.0000
0.0000
0.0010
0.0010
0.0010
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00
30.30
3.70
58.48
0.00
0.00
0.00

April

24.25
16.65
8.96
31.62
0.90
-18.97
0.00

0.0000
0.0000
0.0000
0.0080
0.0100
0.0070
0.0020
0.0000
0.0000

0.00
0.00
0.00
29.24
49.30
70.79
36.89
0.00
0.00

Probabilitie9. 0.0000 0.0000
0.0010 0.0010

3.48
-0.14
5.90
1525
2.40
29.72
39.52

0.0000
0.0020
0.0080
0.0100
0.0210
0.0210
0.0050
0.0040
0.0000

795 -2.55
8.76 1453
13.08 9.42
15.47 2.54
17.02 8.76
-3.67 -11.36
30.91 -9.00

0.0020
0.0090
0.0150
0.0571
0.0671
0.0551
0.0240
0.0020
0.0000

0.0000
0.0080
0.0160
0.0811
0.1001
0.0811
0.0220
0.0070
0.0010

5.90
874 230
3.78

-3.67
17.16
-1.75 0.00

0.0010
0.0040
0.0200
0.0551
0.0831
0.0631
0.0200
0.0040
0.0000

14.29 15.59 19.02 0.00
-1.06 -0.78 18.43

16.65 0.00

-2.26 -3.17 16.13
16.04 57.79 5.33
29.59 0.00 0.00

52.76 0.00

0.0000 0.0000
0.0040 0.0000
0.0100 0.0020
0.0160 0.0020
0.0260 0.0070
0.0190 0.0040
0.0050 0.0020
0.0000 0.0010
0.0010 0.0000

000 1694 0.00 4584 000 0.00 0.00

41.76 55.56
61.65 28.56
20.94 37.77
28.11 30.36
51.98 47.28
28.43 46.21
50.70 50.83
0.00 0.00

36.60
38.65
41.49
44.39
31.55
39.72
12.22
36.13

44,13 33.18
48.01 11.59
49.34 71.99
43.04 62.76
44.55 37.61
4349 797
14.59 0.00
0.00

45.34

0.00 0.00
86.57 0.00
90.86 111.90
47.36 0.00
21.11 0.00
12.27 -26.96
28.43 0.00
0.00 0.00

0.0000 0.0010 0.0010 0.0000 0.0000 0.0000
0.00500.0060 0.0100 0.0030 0.0010 0.0010

284

0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0010
0.0000
0.0000

0.0000
0.0000
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0.0010 0.0060
0.0000 0.0080
0.0000 0.0070
0.0000 0.0060 0.0170
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

Median Values 0.00
166.43
3.43
0.00
0.00
0.00
0.00
0.00
0.00

May

Probabilities 0.0000
0.0000
0.0020
0.0020
0.0020
0.0010
0.0000
0.0000
0.0000

Median Values 0.00
0.00

0.00
169.12
113.24
170.33
171.25
185.25
0.00
0.00
0.00

0.0130
0.0280
0.0230

0.0070
0.0020
0.0000

0.00

131.21
145.81
137.89
133.47
137.11
182.57
167.25
0.00

0.0280
0.0661
0.0731
0.0571
0.0140
0.0050
0.0010

145.81
150.89
136.96
144.88
147.90
161.24
130.10
137.11
145.81

0.0000 0.0010 0.0030

0.0020 0.0060
0.0030 0.0200

0.0060
0.0260

0.0060 0.0300 0.0691

0.0130 0.0370

0.0040 0.0200
0.0010 0.0030

0.0010 0.0000
0.0000 0.0000

0.00

0.0841
0.0581
0.0220
0.0010
0.0000

0.0290
0.0841
0.0931
0.0631
0.0180
0.0100
0.0000

3.43

116.58
153.92
155.56
156.63
153.50
176.56
135.40
0.00

0.0010
0.0060
0.0420
0.0911
0.0821
0.0601
0.0240
0.0030
0.0000

0.0140
0.0460
0.0761
0.0480
0.0220
0.0060
0.0030

0.00

130.63
145.23
162.06
144.58
145.62
132.51
135.01
130.63

0.0010
0.0090
0.0150
0.0480

0.0651

0.0290
0.0160
0.0020
0.0010

0.0040 0.0000
0.0120 0.0060
0.0270 0.0080
0.0200 0.0050
0.0040 0.0040
0.0010 0.0000
0.0000 0.0000

0.00 0.00

285

0.0010
0.0010
0.0010
0.0010
0.0000
0.0000
0.0000

0.00

182.57 139.30 0.00

117.75 0.00

94.81

147.59 139.64 97.44
153.95 129.70 121.12
156.18 142.32 137.91
64.78 113.19 0.00

98.22 0.00
0.00 0.00

0.0010 0.0000
0.0010 0.0000
0.0090 0.0000
0.0210 0.0020
0.0220 0.0030
0.0140 0.0010
0.0030 0.0010

0.0000 0.0000

0.0010 0.0000

250.57 169.80 183.22 12834 113.55 0.00
207.17 198.60 19795 200.39 169.80 129.69 0.00
208.32 198.59 181.19 18839 198.25 195.79 208.69 0.00

0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0010
0.0000
0.0000

0.00
0.00
0.00
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228.63 240.12
175.95 181.01
258.97 207.23

0.00
0.00
0.00

June

Probabilities  0.0000
0.0000
0.0010
0.0010
0.0000
0.0000
0.0010
0.0000
0.0000

Median Values 0.00
0.00
141.71
184.05
0.00
0.00
97.13
0.00
0.00

July

143.15
165.42
0.00

0.0000
0.0000
0.0040
0.0010

0.0070 0.0320
0.0020 0.0160

0.0000 0.0030
0.0000 0.0000
0.0000 0.0000

0.00
0.00
133.09
61.75
186.29
187.48
0.00
0.00
0.00

181.92 184.81
188.98 191.15
198.54 183.33
240.61 187.51
0.00 113.55
0.00 0.00
0.0000 0.0010
0.0000 0.0040
0.0100 0.0170
0.0270 0.0711
0.0821
0.0541
0.0110
0.0040
0.0000
0.00 254.68
0.00 163.79
164.67 137.12
174.11 14252
172.22 152.35
141.35 146.50
140.26 152.50
0.00 148.35
0.00 0.00

183.45

192.89

186.43
193.25
188.98
0.00

0.0020
0.0060
0.0240
0.0771
0.1351
0.0841
0.0220
0.0040
0.0010

249.18
180.00
160.63
161.42
168.13
150.46
171.63
255.78
217.18

186.67 195.06
185.77 180.30
187.08 184.94

181.93

179.44

155.78 0.00
188.98 169.80

0.0000
0.0040
0.0290
0.0571
0.0761
0.0470
0.0120
0.0030
0.0000

0.00

215.28
154.58
163.60
156.13
168.87
190.02
186.23
0.00

0.0000°
0.0000
0.0030
0.0080
0.0190
0.0190
0.0040
0.0010
0.0000

0.00
0.00
178.07
154.21
161.83
175.68
165.49
217.18
0.00

286
170.13 0.00
206.63 262.24
213.74 0.00
136.04 188.98
0.00 0.00
0.00 0.00
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0010 0.0010
0.0040 0.0000
0.0060 0.0000
0.0010 0.0000
0.0000 0.0000
0.0000 0.0000
0.00 0.00
0.00 0.00
0.00 0.00
156.39 222.84
139.24 0.00
202.00 0.00
120.26 0.00
0.00 0.00
000 0.00

Probabilities 0.0000 0.0000 0.0000 0.0040 0.0040 0.0010 0.0000 0.0000 0.0000
0.0000 0.0000 0.0050 0.0130 0.0090 0.0100 0.0040 0.0010 0.0010
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0.0000 0.0040 0.0150 0.0410 0.0490 0.0270 0.0090 0.0010 0.0010
0.0040 0.0120 0.0380 0.0861 0.0791 0.0571 0.0150 0.0110 0.0000
0.0040 0.0150 0.0320 0.0861 0.0551 0.0370 0.0190 0.0020 0.0000
0.0010 0.0070 0.0410 0.0521 0.0330 0.0270 0.0080 0.0010 0.0000
0.0000 0.0040 0.0120 0.0140 0.0170 0.0080 0.0040 0.0000 0.0000
0.0000 0.0010 0.0040 0.0060 0.0030 0.0020 0.0000 0.0010 0.0000
0.0000 0.0000 0.0000 0.0010 0.0000 0.0010 0.0000 0.0000 0.0000

Median Values 0.00  0.00  0.00 115.88 114.61 112.51 0.00 000 0.00
0.00 0.00 153.30 123.06 126.12 107.14 117.29 136.85 82.90
0.00 145.23 150.46 129.78 130.85 116.35 133.76 78.40 173.87
13931 110.86 142.53 132.06 122.60 134.87 141.37 130.86 0.00
124.95 141.76 136.70 128.72 134.76 123.79 141.66 105.17 0.00
3052 136.93 130.85 132.16 129.78 130.86 130.53 89.10 0.00
0.00 89.72 15943 107.27 116.28 116.42 13482 0.00 0.00
0.00 147.11 111.72 150.05 126.12 145.61 0.00 118.30 0.00
0.00 000 0.00 112.51 0.00 11092 0.00 000 0.00

August

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0020 0.0010 0.0020 0.0000 0.0000
0.0000 0.0000 0.0020 0.0030 0.0100 0.0130 0.0050 0.0020 0.0000
0.0010 0.0020 0.0140 0.0350 0.0350 0.0250 0.0100 0.0010 0.0000
0.0000 0.0060 0.0250 0.0390 0.0761 0.0390 0.0160 0.0070 0.0000
0.0030 0.0150 0.0410 0.0521 0.0891 0.07i1 0.0270 0.0070 0.0010
0.0010 0.0070 0.0250 0.0581 0.0591 0.0450 0.0130 0.0040 0.0000
0.0000 0.0050 0.0120 0.0190 0.0260 0.0120 0.0080 0.0020 0.0010
0.0000 0.0000 0.0030 0.0020 0.0080 0.0050 0.0050 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000

Median Values 000 0.00 0.00 0.00 8001 14160 12767 0.00 0.00
000 0.00 5431 6726 9473 96.77 9431 53.08 0.00
112.73 13423 9880 10296 100.60 87.04 100.03 103.08 0.00
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0.00 125.82
37.84 7748
99.50 103.08
0.00 99.50
0.00 0.00
0.00 0.00

September

90.67
105.03
92.52
95.79
122.00
0.00

Probabilities 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0010
0.0000 0.0020 0.0060
0.0010 0.0020 0.0210
0.0010 0.0020 0.0190
0.0000 0.0010 0.0060
0.0000 0.0010 0.0020
0.0010 0.0000 0.0000

Median Values 0.00 0.00

0.00 0.00
0.00 0.00
0.00 61.64
76.73 7438
103.90 69.56
0.00 145.00
0.00  53.20
2807 0.00

Oclober

0.00
0.00
51.82
82.32
91.82
87.60
79.76
61.97
0.00

99.50
105.72
91.80
90.86
58.31
0.00

0.0000
0.0030
0.0100
0.0290
0.0460
0.0581
0.0250
0.0060
0.0000

0.00
123.20
43.10
75.61
93.84
73.56
89.49
58.93
0.00

Probabilities 0.0000 0.0000 0.00i0 0.0000
0.0000 0.0000 0.0000 0.0010

91.61
101.00
104.80
103.19
88.13
141.60

0.0010
0.0020
0.0200
0.0571
0.1171
0.0921
0.0390
0.0060
0.0020

13.43
20.75
77.19
77.64
75.61
77.19
84.04
97.00
103.71

0.0000
0.0010

102.96
100.60
104.18
101.06
99.50
94.31

0.0010
0.0020
0.0150
0.0571
0.1071
0.0651
0.0270
0.0030
0.0010

84.23
91.48
59.79
75.23
76.71
76.63
58.94
63.50
13.43

0.0000
0.0010

124.4
98.15
82.53
111.6

3 76.49
73.72
91.66

1 99.67

154.00 0.00

0.00

0.0010
0.0000
0.0060
0.0200
0.0370
0.0390
0.0120
0.0010
0.0000

75.74
0.00

55.76
81.60
71.62
76.44
92.04
77.64
0.00

0.00

0.0000
0.0010
0.0020
0.0050
0.0050
0.0010
0.0040
0.0020
0.0010

0.00
109.35
74.91
107.56
94.32
89.49
41.33
79.99
75.74

288

0.00
41.19
0.00
152.41
0.00
0.00

0.0000
0.0000
0.0010
0.0010
0.0010
0.0010
0.0010
0.0000
0.0000

0.00
0.00
113.33
109.82
59.12
86.99
4.73
0.00
0.00

0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
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0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00
0.00
90.77
0.00
0.00
0.00
0.00

November

Probabilities 0.0000
0.0000
0.0010
0.0000
0.0000
0.0010
0.0000
0.0010
0.0000

Median Values 0.00
0.00

0.0000
0.0000
0.0010
0.0020
0.0000
0.0000
0.0000

0.00
0.00
0.00
0.00
-21.82
64.85
0.00
0.00
0.00

0.0000
0.0000
0.0010
0.0020
0.0030
0.0040
0.0030
0.0000
0.0000

0.00
0.00

78.65 58.56

0.0000
0.0050
0.0060
0.0050
0.0080
0.0010
0.0000

103.14
0.00
0.00
48.89
68.26
33.07
5592
3.58
0.00

0.0000
0.0010
0.0020
0.0120
0.0100
0.0210
0.0050
0.0010
0.0000

0.00 61.79 -50.23 0.00
36.00 10.55 52.57 65.10 77.75 0.00
3167 4.25 558

0.0040
0.0210
0.0450
0.0490
0.0230
0.0020
0.0000

0.00
103.14
86.48
55.56
33.17
40.28
17.11
40.02
0.00

0.0020
0.0020
0.0100
0.0400
0.0631
0.0691
0.0240
0.0040
0.0010

0.0090
0.0450
0.0931
0.1051
0.0340
0.0090
0.0030

0.00
3.58
16.23
43.03
33.36
37.55
43.14
67.84
3.58

0.0010
0.0060
0.0120
0.0631
0.1061
0.0811
0.0410
0.0070
0.0020

4.93

0.0090
0.0521
0.0981
0.1021
0.0571
0.0150
0.0020

0.00 0.00
42.08 0.00
1422 2.07
33.64 41.34
35.79 40.12
3420 42.08
33.17 47.34
14.41 48.89

0.0030
0.0160
0.0480
0.0551
0.0190
0.0050
0.0010

289

0.0010 0.0000
0.0050 0.0010
0.0060 0.0020
0.0160 0.0010
0.0050 0.0010
0.0030 0.0010
0.0000 0.0000

0.00 0.00
0.00 0.00
79.65 0.00
-12.43 121.22
54.17 -9.78
1096 -63.63
-1.31 112.14
42.08 -89.88

70.94 126.12 0.00 0.00

0.0000
0.0020
0.0150
0.0651
0.0861
0.0571
0.0300
0.0030
0.0000

0.0000
0.0010
0.0100
0.0280
0.0450
0.0190
0.0140
0.0010
0.0000

0.00 0.00

0.0000 0.0000
0.0000 0.0010
0.0020 0.0000
0.0050 0.0000
0.0050 0.0000
0.0050 0.0010
0.0000 0.0010
0.0010 0.0000
0.0000 0.0000

0.00
5.92

2547 -22.73 0.00
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December

Probabilities

Median Values

0.00
0.00
-2.87
0.00
99.22
0.00

58.02
15.78
30.51
15.11
0.00
0.00

0.0000 0.0000
0.0010 0.0030
0.0000 0.0030
0.0020 0.0130
0.0070 0.0150
0.0010 0.0050
0.0000 0.0070
0.0000 0.0020
0.0000 0.0000

0.00
-76.64
0.00
25.82
-14.17
-26.95
0.00
0.00
0.00

Aggregated Lake

January

0.00

-13.94
-11.36
-17.79
-17.01
-14.00
-34.49
-23.55
0.00

5.25 1830
-0.85 8.57

-0.08 15.87
20.74 15.60
592 39.06
0.00 58.92

0.0020
0.0030
0.0110
0.0300
0.0440
0.0310
0.0070
0.0050
0.0000

30.53
0.37
-32.81
-26.17
-24.67
-21.32
-39.21
-34.49
0.00

0.0010
0.0070
0.0350
0.0631
0.0791
0.0501
0.0200
0.0060
0.0010

-49.59
-11.36
-18.56
-24.08
-33.42
-16.19
-13.97
-36.69
-53.53

12.22
19.92
9.37
5.38
40.47
7.22

0.0040
0.0150
0.0470
0.0801
0.0861
0.0561
0.0080
0.0030
0.0010

-14.66
-24.08
-15.14
-25.10
-19.52
-20.23
-32.20
3.38
47.63

10.79
9.71
16.25
28.78
-21.48
0.00

0.0040
0.0120
0.0260
0.0571
0.0480
0.0200
0.0050
0.0020
0.0000

-44.01
-17.62
-22.47
-19.31
-22.39
-29.10
-11.36
-4.70
0.00

21.82
16.83
20.24
11.65
94 .81
0.00

0.0000
0.0030
0.0070
0.0110
0.0170
0.0080
0.0030
0.0010
0.0000

0.00
-16.51
-40.24
-24.78
-71.99
-28.31
-4.69
-26.95
0.00

49.19 0.00
43.61 0.00
64.66 4.62
0.00

290

19.73

20.74 0.00
0.00

0.00

0.0000
0.0040
0.0040
0.0030
0.0050
0.0030
0.0000
0.0000
0.0000

0.00
-14.68
-18.56
-8.77
-76.64
-39.21
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0020
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
-23.51
0.00
0.00
0.00
0.00
0.00
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Probabilities  0.0000
0.0000
0.0010
0.0010
0.0000
0.0020
0.0000
0.0000
0.0000

Median Values 0.00
0.00
4851

0.0000 0.0000 0.0000
0.0010 0.0030 0.0100
0.0020 0.0130 0.0270
0.0100 0.0230 0.0611
0.0070 0.0200 0.0721
0.0050 0.0210 0.0440
0.0010 0.0070 0.0170
0.0010 0.0020 0.0090
0.0000 0.0010 0.0000

0.00 0.00
180.61 130.10
113.15 119.94

129.13 94.60 124.82

0.00

184.76 105.09

135.47 45.72 151.53

0.00
0.00
0.00

February

Probabilities 0.0000
0.0000
0.0010
0.0000
0.0010
0.0010
0.0000
0.0000
0.0000

Median Values 0.00
0.00

50.87 139.51
79.10 8781
0.00 48.69

0.0000 0.0000 0.0010
0.0010 0.0040 0.0110 0.0120
0.0020 0.008C 0.0380
0.0070 0.0270 0.0691
0.0090 0.0360 0.0821
0.0090 0.0300 0.0541
0.0030 0.0090 0.0220
0.0000 0.0020 0.0030
0.0000 0.0000 0.0000

0.00 0.00

0.00
111.28
130.10
90.66
148.51
131.31
122.91
129.13
0.00

0.0020
0.0090
0.0230
0.0761
0.0861
0.0711
0.0320
0.0090
0.0070

0.0010

0.0360
0.0891
0.0891
0.0601
0.0140
0.0050
0.0020

-14.00
129.13
120.77
126.50
98.39

98.47

139.19
171.11
117.92

0.0000
0.0030
0.0180
0.0460
0.0751
0.0551
0.0190
0.0040
0.0010

0.0000
0.0040
0.0260
0.0561
0.0641
0.0370
0.0110
0.0050
0.0000

0.00

116.76
128.17
128.08
107.99
107.99
117.92
143.56
0.48

148.60 211.88 0.00
14441 138.61 135.53 14897 209.10 232.78 0.00

0.0020
0.0040
0.0090
0.0190
0.0320
0.0200
0.0080
0.0050
0.0000

0.0010
0.0020
0.0070
0.0200
0.0200

0.0020
0.0000
0.0000

122.43
157.22
173.20
155.98
87.38
125.70
93.16
122.08
0.00

0.0000
0.0010
0.0010
0.0070
0.0080
0.0050
0.0040
0.0000
0.0000

0.00

291

0.0000
0.0000
0.0000
0.0010
0.0030
0.0020
0.0010
0.0000
0.0000

0.00

209.49 0.00
168.09 0.00
118.15 139.51
143.91 0.48

27.85

110.50

127.23 -70.84

0.00
0.00

0.0000
0.0000
0.0000
0.0080
0.0020
0.0130 0.0020
0.0010
0.0000
0.0000

147.78 0.00

0.00
0.00

0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
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190.27
0.00
228.25
81.16
0.00
0.00
0.00

March

Probabilities  0.0000
0.0000
0.0000
0.0000
0.0010
0.0020
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00
0.00
400.30
373.62
0.00
0.00
0.00

April

241.70
153.61
184.70
122.34
147.09
0.00

0.00

0.0000
0.0010
0.0020
0.0020
0.0040
0.0060
0.0000
0.0000
0.0000

0.00
350.49
380.30
490.93
324.14
400.56
0.00
0.00
0.00

128.16
171.59
148.38
156.04
168.73
142.36
0.00

0.0000
0.0000
0.0040
0.0130

144.95
155.54
160.70
150.20
147.78
178.54
0.00

0.0010
0.0080
0.0130
0.0290

0.0170 0.0541

0.0140
0.0150
0.0010
0.0000

0.00
0.00
327.64
279.94
329.05
339.81
336.27
413.78
0.00

0.0430
0.0290
0.0060
0.0000

50.52
217.52
255.25
358.23
321.32
3i1.52
340.69
287.22
0.00

148.97
143.51
168.65
14441
134.78
176.06
148.60

0.0010
0.0030
0.0160
0.0511
0.0891
0.0781
0.0400
0.0100
0.0020

435.51
330.04
354.83
32591
31299
346.42
320.81
323.54
153.21

292

149.61 16597 0.00  232.78
152.80 166.81 120.87 0.00
146.96 14228 129.77 0.00
158.56 162.44 152.12 0.00
142.04 140.23 210.10 0.00
147.78 0.00 000 0.00
000 000 000 0.00
0.0010 0.0000 0.0000 0.0000
0.0050 0.0010 0.0000 0.0000
0.0220 0.0080 0.0020 0.0000
0.0551 0.0220 0.0060 0.0010
0.0681 0.0370 0.0140 0.0000
0.0851 0.0410 0.0130 0.0000
0.0340 0.0230 0.0020 0.0000
0.0150 0.0080 0.0030 0.0000
0.0000 0.0000 0.0000 0.0000
153.21 0.00 0.00 0.00
260.59 265.26 0.00 0.00
327.40 34273 190.71 0.00
310.07 281.77 324.53 356.26
342.84 335.72 333.15 0.00
322.66 285.17 360.61 0.00
326.33 286.08 379.47 0.00
339.73 312.31 400.36 0.00
000 000 0.00 0.00

Probabilities  0.0000 0.0010 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0020 0.0070 0.0100 0.0050 0.0010 0.0010 0.0000
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0.0000
0.0000
0.0010
0.0010
0.0000
0.0000
0.0000

Median Values 0.00

May

Probabilities

Median Values

0.00
0.00
0.00

0.00
0.00

0.0040 0.0040
0.0070 0.0210
0.0110 0.0280
0.0030 0.0190
0.0040 0.0120
0.0000 0.0020
0.0000 0.0010
572,95 0.00
0.00 350.63
365.58 490.65
410.14 481.95
555.70 543.87 428.69
462,10 396.51 481.95
416.41 432.89
0.00 469.62
0.00 57295

0.00

0.0000
0.0000
0.0010
0.0010
0.0020
0.0030
0.0000
0.0000
0.0000

0.00
0.00

0.0000 0.0000
0.0010 0.0030
0.0040 0.0090
0.0060 0.0250
0.0060 0.0260
0.0050 0.0310
0.0040 0.0150

0.0130
0.0480
0.0641
0.0360
0.0350
0.0090
0.0000

242.86
516.09
434.55
449.64
442,98
454.54
429.05
442.99
0.00

0.0020
0.0060
0.0240
0.0470
0.0601
0.0541
0.0240

0.0020 0.0020 0.0120

0.0000 0.0010

0.00 0.00

0.0000

0.0350
0.0601
0.0771
0.0691
0.0290
0.0120
0.0030

0.00

416.50
448.24
447.84
458.90
432.93
42935
401.76
372.23

0.0050
0.0150
0.0430
0.0661
0.0651
0.0651

0.0300

0.0150

0.0000

0.0210 0.0120
0.0440 0.0200

0.0691
0.0521
0.0330
0.0040
0.0000

0.00

387.11
434.84
454.55
456.89
435.10
493.51
444.96
0.00

0.0000
0.0070
0.01%90
0.0420
0.0761
0.0511
0.0230
0.0080
0.0030

43891 436.87 0.00
545.44 352.04 368.05 420.78 436.87 430.88 349.79 0.00
45396 36591 312.18 418.49 372.16 442.59 382.84 330.20 405.36

0.0550
0.0430
0.0060
0.0020
0.0000

0.00

327.18
438.84
448.05
471.04
470.95
486.75
582.61
0.00

0.0000
0.0020
0.0120
0.0270
0.0300
0.0180
0.0070
0.0030
0.0000

0.00

0.0020
0.0060
0.0110
0.0070
0.0020
0.0020
0.0000

0.00
617.71
477.42

293

0.0000
0.0020
0.0010
0.0000
0.0000
0.0010
0.0000

0.00
0.00
0.00

470.07 601.05

423.25

368.97

357.47 0.00

565.18
602.85
0.00

0.0000
0.0010
0.0050
0.0080
0.0110
0.0070
0.0030
0.0010
0.0000

0.00

0.00
356.32
0.00

0.0000
0.0000
0.0020
0.0000
0.0000
0.0020
0.0000
0.0000
0.0000

0.00
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277.50 384.71 340.35 354.36
483.49 328.11 420.01 396.95
337.63 181.42 361.13 378.04
0.00 329.65 301.86 382.40
0.00 310.91 458.41 398.54
0.00 0.00 418.25 0.00
June
Probabilities 0.0000 0.0000 0.0000 0.0000
0.0010 0.0010 0.0020 0.0060
0.0000 0.0050 0.0220 0.0150
0.0000 0.0050 0.0190 0.0701
0.0020 0.0040 0.0280 0.0791
0.0000 0.0010 0.0130 0.0440
0.0000 0.0010 0.0050 0.0190
0.0000 0.0000 0.0010 0.0040
0.0000 0.0000 0.0000 0.0000
Median Values 0.00 0.00 000 0.00
173.52 326.16 360.54 319.05
0.00 253.58 297.52 29048
0.00 16990 266.35 293.09
177.69 317.91 268.95 280.91
0.00  200.28 295.60 261.80
0.00 266.83 193.23 308.23
000 000 173.52 305.36
000 000 000 0.00

July

362.58
330.85
381.59
374.08
436.89
0.00

0.0030
0.0050
0.0280
0.0791
0.0961
0.0841
0.0280
0.0090
0.0040

346.07
339.10
238.08
251.51
256.94
266.35
280.03
304.14
353.56

381.83
372.39
389.30
406.96
338.72
489.51

0.0000
0.0040
0.0170
0.0561
0.0721
0.0711
0.0130
0.0050
0.0000

0.00

315.84
306.24
285.36
292.73
256.66
294.56
353.56
0.00

407.10
345.49
415.10
44222
37221
0.00

0.0000
0.0000
0.0060
0.0080
0.0280
0.0220
0.0140
0.0030
0.0000

0.00
0.00
330.83
201.76
298.64
316.67
227.98
267.62
0.00

349.72
337.68
412.80
494.84
545.44
0.00

0.0000
0.0000
0.0000
0.0020
0.0070
0.0060
0.0040
0.0010
0.0000

0.00
0.00
0.00
266.38
335.71
285.81
342.09
370.99
0.00

294

0.00
0.00
504.05
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000

0.00
0.00
0.00
256.66
0.00
0.00
0.00
0.00
0.00

Probabilities 0.0000 0.0010 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000
0.0010 0.0020 0.0070 0.0050 0.0100 0.0040 0.0020 0.0000 0.0000
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0.0010
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
46.17

0.0050 0.0090
0.0080 0.0230
0.0070 0.0220
0.0060 0.0190
0.0050 0.0080
0.0000 0.0020
0.0000 0.0000

159.13 0.00
161.19 169.96

281.14 194.54 159.69

0.00
36.81
0.00
0.00
0.00
0.00

August

Probabilities 0.0000
0.0000
0.0000
0.0010
0.0000
0.0010
0.0000
0.0010
0.0000

Median Vaiues 0.00
0.00
0.00

160.03 198.79
160.70 162.51
201.62 177.76
183.03 203.88
0.00 192.57
0.00 0.00

0.0160
0.0330
0.0501
0.0400
0.0170
0.0060
0.0000

0.00

114.84
164.43
164.92
170.06
191.00
198.99
143.89
0.00

0.0000 0.0010 0.0000
0.0000 0.0020 0.0020
0.0000 0.0070 0.0170
0.0010 0.0290 0.0490
0.0030 0.0230 0.0691
0.0010 0.0220 0.0531
0.0010 0.0170 0.0260
0.0040 0.0020 0.0070
0.0000 0.0020 0.0010

0.00 102.56 0.00 0.00
0.00 184.43 76.76 0.00
0.00 -27.21 61.61 30.63 72.84 2542

0.0330
0.0541
0.1011
0.0771
0.0320
0.0080
0.0050

161.19
198.38
200.30
165.22
180.53
168.67
162.47
148.11
153.62

0.0000
0.0000
0.0310
0.0761
0.0901
0.0641
0.0360
0.0090
0.0010

0.0430
0.0230
0.0030
0.0000

-3.09
74.26

0.0170
0.0390
0.0831
0.0651
0.0370
0.0080
0.0000

187.36
198.70
165.71
176.74
164.35
168.17
160.28
198.38
0.00

0.0010
0.0050
0.0270
0.0360
0.0811

0.0090
0.0100
0.0400
0.0330
0.0170
0.0060
0.0000

0.00

225.11
165.22
167.86
178.03
168.11
184.95
237.24
0.00

0.0010
0.0020

0.0120
0.0270
0.0330
0.0280
0.0140
0.0040
0.0020

-2298 0.00
-22.98

0.0020
0.0020
0.0120
0.0090
0.0020
0.0010
0.0010

0.00

0.00

197.56
174.40
196.11
158.64
249.59
170.23
161.19

0.0000

295

0.0010
0.0010
0.0000
0.0020
0.0010
0.0000
0.0000

0.00
0.00
225.12
114.84
0.00
179.67
160.03
0.00
0.00

0.0000

0.0020 0.0000

0.0050
0.0080
0.0080

0.0030

0.0010
0.0000
0.0000

0.0010
0.0000
0.0030
0.0000
0.0000
0.0000
0.0000

0.00
-29.02 0.00
17.52 57.70
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-58.64 17.52
000 53.57
-77.20 17.63
000 -0.28
-0.21 4838
000 0.00
September
Probabilities 0.0000 0.0000
0.0010 0.0000
0.0000 0.0050
0.0010 0.0050
0.0010 0.0060
0.0020 0.0070
0.0020 0.0030
0.0000 0.0030
0.0000 0.0000
Median Values 0.00 0.00
29.62 0.00
0.00 -72.56
-46.94 10.37
68.97 -26.25
415 -18.86
-36.34 -16.33
0.00 2893
0.00 0.00

October

84.03
25.20
40.96
42.64
-77.20
-22.98

0.0010
0.0020
0.0080
0.0190
0.0250
0.0270
0.0170
0.0100
0.0020

32.50
14.38
29.93
56.78
16.27
0.70

-22.66
-12.02

46.53
55.36
36.89
13.47
0.63

-3.09

0.0010
0.0040
0.0220
0.0501
0.0581
0.0511
0.0300
0.0100
0.0000

~-15.87
6.06
-20.40
0.22
6.19
2.33
-18.63
-3.47

-42.84 0.00

Probabilities 0.0000 0.0000 0.0000 0.0010
0.0000 0.0010 0.0000 0.0090

55.17
40.18
42.37
61.17 42.68
-0.28  45.02
102.56 0.00

24.97
29.60
63.11

0.0030
0.0140
0.0260
0.0611
0.0841
0.0501
0.0290
0.0150
0.0040

-4.65
29.93
32.50
-3.03
-1.41
2.39
1.30
22.00
32,50

-4.06
5.70

15.24
-5.74
28.06
18.00
-4.65

0.0010
0.0110
0.0250
0.0490
0.0521
0.0440
0.0240
0.0090
0.0040

24.11
51.24
52.98
55.36
17.52

98.40
79.50
-3.09
-66.22
0.00

197.39 0.00

101.93 0.00
-27.04 3.06
-18.10
-1.46
8.97
29.62
8.11
-56.45
0.00

0.0000
0.0020
0.0120
0.0280
0.0280
0.0290
0.0160
0.0030
0.0000

-42.84
81.49
-15.44
49.86
9.50
5.86
45.46
0.00

0.0010
0.0020
0.0120
0.0120
0.0110
0.0080
0.0030
0.0000
0.0020

296

0.00
110.08
0.00
0.00
0.00
0.00

0.0000
0.0000
0.0000
0.0020
0.0030
0.0000
0.0010
0.0000
0.0000

0.00
0.00
0.00
-110.82
-14.07
0.00
-6.62
0.00

101.93 0.00

0.0000 0.0000 0.0020 0.0000 0.0000
0.0090 0.0030 0.0030 0.0010 0.0000
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0.0000
0.0010
0.0020
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00
0.00
74.99
98.80
0.00
0.00
0.00
0.00

November

Probabilities  0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Median Values 0.00
0.00
80.88

0.0030 0.0050
0.0050 0.0210
0.0060 0.0290
0.0050 0.0200
0.0030 0.0110
0.0000 0.0020
0.0000 0.0000

0.00 0.00
7499 0.00
-17.95 -51.78
-71.85 -4.54
-44.10 -11.19
-3.72  25.09
286 -46.27
0.00 -37.95
0.00 0.00

0.0000 0.0000
0.0010 0.0010
0.0040 0.0140
0.0040 0.0340
0.0050 0.0290
0.0060 0.0260
0.0020 0.0050
0.0000 0.0000
0.0000 0.0000

0.00 0.00
390 -31.06
68.88 0.13

0.0250
0.0440
0.0551
0.0480
0.0270
0.0120
0.0000

-68.05
-26.21
-62.42
<2261
-39.63
-24.32
-35.22
-48.84
0.00

0.0000
0.0070
0.0280
0.0751
0.0871
0.0440
0.0190
0.0020
0.0010

0.00
77.41
3.13

0.0340
0.0631
0.0891
0.0721
0.0300
0.0030
0.0010

0.00
-68.05
-24.55
-36.18
-17.95
-36.66
-63.49
26.88
-60.14

0.0010
0.0120
0.0320
0.0821
0.1181
0.0721
0.0230
0.0020
0.0000

61.26
61.26
57.43

0.0130
0.0571
0.0731
0.0591
0.0230
0.0040
0.0010

0.00
-71.72
-4.08
-12.73
-20.54
-21.38
-7.85
-82.77
-68.05

0.0000
0.0020
0.0250
0.0420
0.0661
0.0290
0.0230
0.0010
0.0000

0.00 0.00 0.00
79.62 0.00 0.00

0.0110
0.0220
0.0440
0.0250
0.0160
0.0040
0.0000

0.0010
0.0040
0.0060
0.0050
0.0050
0.0000
0.0000

-36.43 0.00

31.76
78.51

-53.69 -23.14

-34.45
-28.19
5.43
-18.42
0.00

0.0000
0.0000
0.0050
0.0260
0.0300
0.0100
0.0030
0.0010
0.0000

167.06
-44.13

-25.61
-20.54
12.01
0.00
0.00

0.0000
0.0000
0.0010
0.0010
0.0010
0.0010
0.0010
0.0000
0.0000

297

0.0000
0.0000
0.0000
0.0010
0.0010
0.0000
0.0000

0.00
0.00
0.00
0.00
0.00
-143.14
3.66
0.00
0.00

0.0000
0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000

0.00
0.00

1839 51.34 7222 0.00
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0.00
0.00
0.00
0.00
0.00
0.00

December

Probabilities 0.0000
0.0000
0.0000
0.002¢
0.0020
0.0000
0.0010
0.0000
0.0000

Median Values 0.00
0.00
0.00
98.30
126.31
0.00
92.36
0.00
0.00

52.12
16.76
27.46
-49.63
0.00
0.00

0.0000
0.0000
0.0000
0.0020
0.0030
0.0050
0.0010
0.0000
0.0000

0.00
0.00
0.00
-39.29
123.13
18.38
23.41
0.00
0.00

55.92
55.47
10.85
3.90
0.00
0.00

0.0000
0.0010
0.0080
0.0080
0.0170
0.0170
0.0060
0.0020
0.0000

0.00
168.31
97.40
65.31
49.22
60.39
52.27

-154.36

0.00

24.21
5891
36.88
3.10
117.38
61.26

0.0000
0.0010
0.0130
0.0330
0.0511
0.0410
0.0300
0.0030
0.0010

0.00

98.48
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Appendix E - Great Lakes Outflows

Average Outflows in the Lakes Connecting Channels

1. Results for the Simulation of the Great Lakes Operation as defined by the IJC,
Comparison Between Historical and Synthetic NBS:

Qutfiows for Lale Superior

Figure E - 1 Lake Superior, Simulation with Historical and Synthetic Net Basin Supplies

Quifiows for Lales Michigant+iron

Figure E - 2 Lakes Michigan -Huron, Simulation with Historical and Synthetic Net Basin
Supplies
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Figure E - 4 Lake Erie, Simulation with Historical and Synthetic Net Basin Supplies
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Figure E - 5 Lake Ontario, Simulation with Historical and Synthetic Net Basin Supplies

2. Comparison between [JC’s Operation and Steady-State Optimization using
aggregation:

Results obtained for Synthetic NBS

Lake Superior - Monthly Average Outflow and Standard Deviation
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Figure E - 6 Lake Superior, Comparison Between LIC and Optimization Policies
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Lakes Michigan-Huron - Monthly Average Outfiow and Standard Deviation
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Figure E - 7 Lakes Michigan-Huron, Comparison Between 1JC and Optimization Policies

Lake St Clair - Monthly Average Outfiow and Standard Deviation
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Figure E - 8 Lake St. Clair, Comparison Between IJC and Optimization Policies
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Lake Erie - Monthly Average Outflow and Standard Deviation
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Figure E - 9 Lake Erie, Comparison Between 1JC and Optimization Policies
Lake Ontario - Monthly Average Outflow and Standard Deviation
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Figure E - 10 Lake Ontario, Comparison Between 1JC and Optimization Policies






