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Water Supply from Shelbyville and Carlyle Lakes
and Their Optimal Joint Operation
by Krishan P. Singh

ABSTRACT
The U.S. Army Corps of Engineers, St. Louis District, has been regulating Lake
Shelbyville and Carlyle Lake on the Kaskaskia River in Illinois since completion of the
dams in 1969 and 1967, respectively. So far these lakes have been operated primarily
for recreation and flood control. The navigation channel below Fayetteville to the Mississippi River has now been completed. The demand for water supply by the industries and
towns in the Kaskaskia River basin below Shelbyville and Carlyle has been increasing
during the last 2 years. The lakes will have to be regulated within a few years for the
multiple purposes for which they were conceived and built, that is, recreation, flood control, water supply, and navigation.
In consideration of cost contributions by the state of Illinois to the Shelbyville and
Carlyle projects and to operation, maintenance, and repair (OM&R) costs, the state was
allocated a reserve storage capacity of 25,000 acre-feet (ac-ft) in Shelbyville and 33,000
ac-ft in Carlyle for meeting future water supply requirements. Analyses of the weekly
flows, precipitation on and evaporation from the lakes, and navigation flow requirements for the 24-year (1942-1965) historical period and a 499-year period of synthetic
data indicate that under the terms of the agreement between federal and state governments 100 cubic feet per second (cfs) or 65 million gallons per day (mgd) water supply
withdrawal can be made from the system with an average deficit frequency of 1 in 50
years. A relationship has been established between the amount of water supply withdrawal and expected deficit frequency. A 100-cfs water supply withdrawal increases the
recreation and agricultural damages (or benefits not realized) compared with no water
supply. This increase is 0.118¢ per 1000 gallons of water supplied.
Optimal operating policies for the joint regulation of Shelbyville and Carlyle lakes,
for various levels of navigation and water supply requirements, have been derived from
more than 10,000 system simulation runs made with the historical and synthetic data.
The generation of synthetic weekly flows at Shelbyville, Carlyle, and New Athens, precipitation on and evaporation from the two lakes, and navigation flow requirements for 499
years was a major task.
The optimal operation rules indicate a rise in rule levels with increase in navigation
and water supply requirements. The joint regulation can be updated with development
of navigation and water supply to obtain the maximum benefits from these lakes. The
sensitivity of damages to departures from optimal rule levels is presented, together with
major policy decisions affecting the desired operation of the lakes.
When state and federal storages are not considered separate and distinct, and the
total storage is regulated in the best interest of all purposes as done in deriving the optimal
operating rules, the minimum lake levels reached are higher than the dead storage pool
elevations even with 200 cfs water supply withdrawal and full navigation. Therefore, a
200-cfs (130 mgd) water supply can be obtained from the two-lake system by following
optimal operating policies.
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INTRODUCTION

Dams were built by the U.S. Army Corps of Engineers on the Kaskaskia River at Shelbyville
and Carlyle in Illinois in 1969 and 1967, respectively. The operation of Lake Shelbyville and
Carlyle Lake has changed over the years because experience has shown the bankfull channel
capacities downstream of the dams to be considerably lower than were adopted in the project
designs. A previous study was conducted (Singh et al., 1975) to make an overall investigation of
the regulation plans and to find if any improvement could be made to maximize the agricultural
and recreational benefits to the state under the condition of no water supply and no navigation
requirements. The intent was to derive an optimal policy for maximizing the overall benefits
and to compare these benefits with those under the existing Corps policy for operating the lakes.
The optimal policy was based on results from a dynamic programming model and optimization of operating rules through a system simulation model structured for the physical nature
of the system. The priorities for rule levels and releases as indicated by hydrology and economic
tradeoffs between conflicting requirements were also considered. The optimal operation developed
from 24 years of historical data cut down the expected annual damage, or benefit foregone because
of adverse lake levels and flow releases, to 24 percent of the damage expected under the Corps
operating policy. The optimal operation indicated significant changes in rule levels and flow
releases for minimizing damages or maximizing benefits.

Objectives of This Study

The present study was undertaken to evaluate the levels of water supply demands or
requirements that can be met from the state storage in the two lakes and the associated deficit
frequencies, and to develop a matrix of optimal rule levels and release rules for varying navigation flow and water supply requirements.
Water Supply. The state of Illinois has storage allocations of 33,000 ac-ft in Carlyle
Lake and 25,000 ac-ft in Lake Shelbyville. These storage allocations were made in return for
the project costs shared by the state, and were reserved for meeting future requirements of water
for municipal, industrial, and rural purposes. So far little use has been made of the water supply
available from the two lakes, but substantial use is visualized during the next few years. The
use of this supply is controlled by the Division of Water Resources, Illinois Department of
Transportation.
The existing and presently governing low flow operating rules for these lakes (U.S.
Army Corps of Engineers, 1964) were made on the basis of contracts between the federal government and the state of Illinois. Assuming a maximum duration of 2 years for a drought with
zero net inflow to the lakes, steady withdrawals of 17 cfs at Shelbyville and 23 cfs at Carlyle
would exhaust the state storages. Information was needed on various magnitudes of water
supply withdrawals that can be made from Shelbyville and Carlyle lakes and the associated
deficit frequencies. This information would aid not only in planning an efficient system of spaced
water withdrawals from and returns to the river, but also in optimizing sales to different users
depending on the variability of their requirements, consumptive use, and quality of return water.
An historical record of 24 years, 1942-1965, for 1) flows at Shelbyville, Carlyle, and
New Athens; 2) net precipitation over the lake surfaces;and 3) navigation flow requirements can
be used in low flow regulation. This record includes the drought of 1954, believed to have a
recurrence interval from 75 to more than 100 years. It was necessary to generate synthetic
hydrologic information of about 500 years with respect to flows, net precipitation, and navigation requirements in order to assess the deficit frequencies associated with different levels of
water supply withdrawals.
2

Optimal Operating Rules. The Shelbyville and Carlyle projects were authorized under
the Flood Control Acts of 1938 and 1958 for purposes of flood control, navigation releases,
water supply, and recreation. They are presently being operated for flood control and recreation
purposes. The navigation lock and dam at mile 0.8 of the Kaskaskia River and the navigation
channel from the mouth of the river to Fayetteville in St. Clair County have been completed.
The pool level in the navigation channel at the lock and dam is 368 feet above mean sea level.
The river traffic will grow over the years from zero at the present to the maximum envisaged in the navigation project. This growth period may be 10 to 20 years. Optimal operating
rules for 0, 50, and 100 percent of the maximum navigation flow requirement were needed for
flexibility in operation as navigation develops. The same holds true for water supply. Though
the maximum water supply requirement has not been worked out, six levels of water supply
(0, 40, 80, 120, 160, and 200 cfs) were used in deriving optimum operation rules. The combination of navigation and water supply requirements yields a total of 18 sets.
The available historical record is just a sample of hundreds of such samples that constitute the population. The optimal operating rules derived with the historical data for maximizing
the overall benefit from recreation, agriculture, water supply, and navigation for each of the
18 sets had to be checked, verified, and substantiated with 10 synthetic sequences of 49 years
each. The historical record does not contain flows high enough to raise the lakes to flood pools.
The synthetic data filled that gap and indicated also the best operation in the range of high levels.
The use of 10 synthetic sequences also underscored the variability of damages from one sequence
to the other, dispelling the notions based on the historical data alone.
The optimal operation rules under varying navigation and water supply requirements
provided the expected value of annual benefits from different uses. Sensitivity analyses were
done to indicate the reduction in benefits or increase in damages with departures from the
optimal rules.

Acknowledgments

This one-year study was jointly supported by the Division of Water Resources of the
Illinois Department of Transportation, and the Illinois State Water Survey. Roger H. Smith and
John K. Flowe of the Division of Water Resources served in a liaison capacity during the course
of the study.
Douglas Noel, part-time graduate Research Assistant, helped greatly in data handling
and processing, computer programs, and system simulations for the first nine months of the
study. Stephanie Dean, an undergraduate student at the University of Illinois, helped later in
making more simulation runs and tabulations. Many other Water Survey personnel contributed.
Robert A. Sinclair, Systems Analyst, and Carl G. Lonnquist, Numerical Analyst, provided computer
counseling when needed. Mrs. Patricia A. Motherway and Mrs. J. Loreena Ivens edited the
report, and Mrs. Suzi O'Connor prepared the camera-ready copy. John W. Brother, Jr., supervised the preparation of illustrations.
The study was made under the general supervision of Dr. William C. Ackermann, Chief
of the Water Survey, and John B. Stall, Head of the Hydrology Section.

3

WATER SUPPLY FROM LAKES SHELBYVILLE AND CARLYLE
The following are the main points of the contracts between the state and federal governments regarding storage in the Shelbyville and Carlyle lakes.
1) Water supply storage capacity of 25,000 ac-ft in Shelbyville and 33,000 ac-ft in Carlyle will be
provided for the state of Illinois. Corresponding federal storage would be 155,000 and 200,000
ac-ft, respectively, making the joint-use storage 180,000 and 233,000 ac-ft.

2) The inflows to the lakes will be apportioned between state and federal storage as shown in figure 1
(U.S. Army Corps of Engineers, 1964). These inflows will be adjusted for rainfall over and evaporation from the lakes. A minimum low flow release of 10 cfs below Shelbyville and 50 cfs below
Carlyle is guaranteed for downstream water quality control. Part of the navigation release required
may be met from the Shelbyville federal storage. Any water apportioned to federal storage in
excess of the allocated storage will be credited to the state's water supply account but not to exceed
the state's allocated water supply storage.
3) The state of Illinois will be responsible for issuing permits and administering the water supply withdrawals from its account.
4) The two accounts will be debited for their proportionate share of low flow releases of 10 and 50 cfs.

As a part of this study a computer program incorporating the terms of the contracts
has been developed to calculate the quantity of water supply that can be met from the state storage
in the two lakes for various deficit frequencies.

Historical Record
The available weekly flows at Shelbyville, Carlyle, and New Athens gaging stations observed
over a 24-year period from 1942 through 1965, and the concurrent weekly lockage requirements
for navigation were used in making computer runs for various levels of supply and in determining
any deficiencies associated with them. System water supply was divided in the ratio of the state
storage in the two lakes, but a provision was made for meeting the total demand from one lake
if the water supply storage in the other lake was exhausted. Navigation release in cfs from Shelbyville was taken as 155,000/(155,000 + 200,000) or 44 percent of the total release. Provision
was made for the interaction of the storages if the federal storage in one lake was exhausted.
The results of the computer analyses are given in table 1.
The deficit weeks, when water supply was unavailable, mostly occurred in the latter half
of the 1954 calendar year (or over the last part of water year 1954 and the early part of water
year 1955). The 1954-drought, though it occurred in the period 1942-1965, is believed to have
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Figure 1. Apportionment of inflows to state and federal storages in Shelbyville and Carlyle Lakes
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Table 1. Historical Water Supply Data
from Shelbyville and Carlyle Lakes

a recurrence interval of 75 to more than 100 years
(Hudson and Roberts, 1955). It is of interest to
note that the federal reserve of 355,000 ac-ft never
fell below 243,850 ac-ft. It is quite conceivable,
therefore, that a water supply of 100 cfs can be
easily obtained by using about 20 percent of the
unused federal storage.
Daily flows are available for the years 1915
*Another 3 deficit weeks in 1965
through 1975, i.e., 61 years, at the Vandalia gaging
station between Shelbyville and Carlyle on the Kaskaskia River. For a drainage area of 1980 square miles at this station, the six lowest mean annual
flows are 52.6, 123, 365, 400, 416, and 446 cfs for the water years 1954, 1931, 1941, 1934,
1955, and 1940, respectively. Further analysis has shown that the low flow periods starting and
ending with months having monthly mean flow less than 200 cfs, are:
1) August 1953 through December 1954: 17 months mean monthly flow for the period = 48.2 cfs
2) July 1930 through March 1931: 9 months mean monthly flow for the period = 50.6 cfs
3) July 1940 through March 1941: 9 months mean monthly flow for the period = 72.5 cfs

It is evident that the 1954 drought flow was not only the lowest in the 61 years of the flow
record but also the drought duration was double that of the second and third droughts. Thus
it stands to reason that this drought may have a frequency of 75 to more than 100 years.

Synthetic Record

In order to obtain information on the deficits and associated frequencies, the 499-year
synthetic weekly flows at Shelbyville, Carlyle, and New Athens and corresponding weekly
navigation releases at the lock and dam were used in making computer runs for different levels of
water supply. The results are given in table 2, in which n is the number of times the deficit occurs
in 499 years, w is the average number of weeks in each occurrence, and subscripts 0, 3, and 6
denote values of n and w neglecting occurrences with deficit durations of 0, 3, and 6 weeks.
Maximum durations of deficit for supplies of 75, 100, 125, and 150 cfs were 8, 20, 31, and 35
weeks, respectively. Minimum total federal storage was never less than 221,000 ac-ft during the
water supply deficit periods.
Table 2. Synthetic Water Supply Data
from Shelbyville and Carlyle Lakes

*See figure 2

6

Meeting Water Supply Demands

Water for Municipal and Industrial Demands.
The results from the analyses of historical (24 years)
and synthetic (499 years) weekly flow data are shown in
figure 2. Assigning a recurrence interval of 75 to 100
years for the 1954 drought, a water supply of 100 cfs
(shown by star in figure 2) with the expectation of a
deficit of once in 50 years can be sustained from the

Figure 2. Water supply from state storages in Shelbyville and Carlyle Lakes

state storage in the two lakes in accordance with conditions of the contract and the stipulated
dead storage and joint-use storage pool levels.
A water supply of W cfs can be used to meet a municipal demand of M cfs and an industrial demand of I cfs, taking into consideration the consumptive use of the two demands and
suitable return flows to the Kaskaskia River after proper treatment. In the expression
Cm denotes the average ratio of consumptive use to demand for municipalities, Ci represents the
average ratio of consumptive use to demand for industries, and individual municipal and industrial
demands are considered small and numerous. Thus, M and I are limit values. The actual
values will be somewhat smaller. As an example, with M = 100 cfs, Cm = 0.2, I = 200 cfs,
and Ci = 0.4, the required water supply from the state storage is 100 cfs. The lower the values
of Cm and Ci the higher will be the values of M and I for a given value of W; in other words, much
higher municipal and industrial demands can be met by suitable withdrawals and returns to the
river in order to make the best use of water supply W.
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Tributary Inflow below Carlyle to New Athens. A minimum of 30 cfs daily flow (Curtis,
1969) can be assumed to enter the Kaskaskia River between Carlyle and New Athens. Part of
this flow may be used for water supply and returned to the river after use.
Meeting Lockage Requirements from the Mississippi River. It is possible to use federal
storage, which sustains navigation flow releases, for water supply if needed for strategic industries
or other preferred users. Cost of pumping water from the Mississippi River into the lock will
include operation, maintenance, and repair costs and the amortized value of the pump and conveyance facility. If these costs are less than the revenue from the water supply under consideration, the pumping alternative to further increase water supply may become a viable solution.
The cost of pumping should not exceed the difference in overall damages with full
navigation and with no navigation. The damages are given in table 3 for optimal operation based
on the historical data of 24 years.
The capacity of the pumping facility is
Table 3. Damages, in Thousand Dollars, over 24 Years
determined by the maximum difference in level
between 368 ft and the Mississippi River stage.
It is 28 ft, and the lockage requirement, in cfs,
for continuous pumping throughout the day is
28 x 11.2 - (50 + 30), or 234; 50 cfs is the minimum low flow release below Carlyle, 30 cfs is
assumed to be the minimum contribution from
the drainage area between Carlyle and New
Athens, and 11.2 cfs is the navigation flow required for a 1-foot difference in water levels
between the navigation channel and the Mississippi River (Singh et al., 1975). Cost of the pumping
station (Singh, 1971) is estimated at $369,000 with the cost index in 1976 double that in 1966.
For a 25-year pump life and 8 percent discount rate, the annual cost of the pumping station alone
is calculated as $34,600. The capacity of the pumps will be approximately 3 times the demand
or more, to restrict the filling time to one-third of the day or less. Thus, the annual cost of a
pumping station will exceed $100,000. Pipeline cost, pumping cost, and operation, maintenance,
and repair costs would be additional. Therefore, the pumping alternative is not justifiable considering only the economics of pumping costs and reduction in damages.

HISTORICAL DATA
Data for the Years 1942-1965
In the previous study (Singh et al., 1975) joint operation rules, with no water supply and
with either no or full navigation flow requirement, were developed for the Shelbyville and Carlyle
lakes with the use of hydrologic and other data for the water years 1942-1965. The same base
period is utilized in this study for deriving a matrix of rule levels and operation rules for various
levels of navigation and water supply requirements. The data inputs used in this study are
described here, together with any variations from those used in the previous study.
Streamflows. The daily flows at four gaging stations — Shelbyville, Vandalia, Carlyle,
and New Athens (figure 3) — were used from the concurrent flow record of 24 years (1942-1965).
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Figure 3. Location map showing Lake Shelbyville and Carlyle Lake
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This 24-year period excludes years when streamflows were modified either by construction
activities or by regulation of the lakes (the first of the two dams was at Carlyle and it was
completed in 1967). A statistical analysis of daily flows indicated a suitable lag or travel time of
2 days from Shelbyville to Carlyle and 1 day from Carlyle to New Athens. The daily flows were
aggregated to weekly flows, considering 52 weeks in a year and allowing proper lags for travel
times. The weekly flows at Shelbyville and Carlyle have been used in defining the inflows to
the lakes, and the flows at Carlyle and New Athens have been used in calculating any flow releases
needed from the lakes for meeting navigation flow requirements.
Navigation Flows. In the previous study, the Mississippi River stage observed at Chester
was assumed to apply at the confluence with the Kaskaskia River 7.6 miles upstream. In this
study, the river stage at the confluence is interpolated between those at St. Louis and Chester
and is roughly 4 feet higher than that at Chester. This has reduced the navigation flow requirements.
The navigation lock at 0.8 mile of the Kaskaskia River is 600 x 84 feet with a normal
pool of 368 feet above mean sea level (msl) during low flow conditions (U.S. Corps of Engineers,
1964). Ten synchronous and six other lockages were assumed for an average day when the river
transportation is fully developed. The Mississippi River stage data are available at Chester (7.6
miles downstream of the Kaskaskia River) and at St. Louis (62.5 miles upstream).

The Mississippi River stage at the confluence with the Kaskaskia River (at mile 117.5) was
calculated from

in which WSLD, WSS, and WSC denote water surface level, in ft above msl, at the downstream of
Kaskaskia lock and dam, at St. Louis, and at Chester, respectively; and SS and SC are the Mississippi
stages observed at St. Louis and Chester. Concurrent stage records were available for the water
years 1943 through 1965. Stage data for 1942 were not available at Chester, but values of WSLD
were derived for that year by the use of stage data at St. Louis and information from 23 years of
concurrent data.
Daily navigation flow requirement, cfs

in which h = 368.0 -WSLD, in feet; and the multiplier 1.2 allows for a 20 percent increase to
account for leakage and evaporation loss. The daily flow requirements are aggregated to weekly
flow requirements, which are translated to the weekly flow release from Carlyle, Qcn.
In the above expression, Q na denotes the weekly flow recorded at the New Athens gage and Q ch
is the weekly flow at the Carlyle gage, the week starting 1 and 2 days earlier than that for calculating
11.2h. The analysis of available data shows that during low flow periods, the use of weeks instead
of days is satisfactory.
10

Precipitation on Lakes. Precipitation records at Shelbyville and Carlyle were used to
determine the contribution to lake inflows by direct precipitation over the lake surfaces. In
the previous study, the average monthly precipitation was used instead of the historically observed
values which vary from month to month and for the same month in different years.
For the 24-year period (1942-1965), precipitation data at Carlyle are available from
Climatological Data, published by the U.S. Department of Commerce. The raingage station at
Shelbyville was discontinued in the early 1940s, making it necessary to generate a simulated
24-year precipitation record at Shelbyville.
A simple linear model was used to compute monthly precipitation at Shelbyville, Ps ,
from monthly precipitation Pc and Pu at Carlyle and Urbana, respectively. Value of Ps was obtained from
and monthly precipitation at Vandalia, Pv , was checked by
considering the distances between the towns. An average annual precipitation of 38.33 inches
at Vandalia was obtained with the above expressions and it compared very favorably with the
historical value of 38.26 inches for the same period. Computed and observed monthly precipitation also showed similar fits. The linear model was therefore considered satisfactory for generating
monthly precipitation at Shelbyville from those at Carlyle and Urbana.
The monthly precipitation was converted to weekly values, assuming uniform distribution within each month and allowing a 2-day lag for the start of the week at Carlyle. Precipitation
over the lake significantly affects only the low inflows to the lakes; for example, 1 inch of
precipitation in a week on Lake Shelbyville, when it is at a level of 595 ft, contributes 56.7 cfs.
For extended low flow periods many weeks are involved in the lowering of lake levels, and minor
flow variations in contiguous weeks are not of much consequence when the monthly contribution
is matched by the sum of weekly contributions.
Evaporation from Lakes. Evaporation from the lake surface reduces the storage in the
reservoir. In the previous study, average values of monthly evaporation from Shelbyville and
Carlyle lakes were derived from the data at four stations in the general vicinity of the lakes. These
stations were located at Washington University (St. Louis, Missouri) and at Springfield, Carbondale, and Urbana, Illinois.
The available meteorological data contain the pan evaporation at Carlyle for the years
1963 through 1974, but the data for 1972 through 1974 are incomplete. Pan evaporation data
are not available at Shelbyville, but are available at Urbana. The relevant concurrent data at
Carlyle and Urbana are given in table 4 for the months April through October. No values are
available for the months November through March.
Pan-to-lake coefficients for converting pan evaporation to lake evaporation for all months
(Roberts and Stall, 1967) are available for 10 towns in Illinois. The coefficients for Carlyle were
computed from the Springfield and Carbondale coefficients, weighted 2 to 1. The Shelbyville
coefficients were obtained from the Urbana and Carlyle coefficients, with a slightly higher weight
given to Urbana. The coefficients for Shelbyville, Carlyle, and Urbana are given in table 5.
The monthly pan evaporation observed at Carlyle and Urbana for the concurrent record
of 1963 through 1974 were multiplied with the applicable pan-to-lake coefficients. Correlations
were developed between the computed monthly lake evaporation at Carlyle and Urbana to derive
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Table 4. Observed Monthly Pan Evaporation at Carlyle and Urbana*

*from Illinois Meteorological Data, Annual Summaries (1963-1974)

Table 5. Average Monthly Pan-to-Lake Coefficients
for Shelbyville, Carlyle, and Urbana

monthly evaporation at Carlyle for the period 1942-1965 with the use of monthly lake evaporation data available at Urbana (Roberts and Stall, 1967). The regression equation is of the form
in which Ec and Eu are monthly lake evaporations at Carlyle and Urbana, in inches, for the
month under consideration; and a and b are the intercept and the coefficient. Values of a are
plotted in figure 4 for the months April through October. The plot indicates that a is zero for
the months November through March.
Carlyle and St. Louis are at about the same latitude, implying a greater similarity in
evaporation characteristics at these two stations during the winter months. Therefore, b for
any month in the period November through March was taken as
is the longterm monthly lake evaporation at St. Louis, and
is the long-term monthly lake evaporation
at Urbana for the same month. November through March values of
are 1.32,0.72,0.70,
1.05, and 2.00 inches and
values are 0.82, 0.33, 0.31, 0.61, and 1.39 inches (Roberts and
Stall, 1967). The values of b for all months are shown in figure 4.
12

Figure 4. Intercept a and coefficient b in evaporation regression equation

For generating monthly lake evaporation at Shelbyville, a linear model similar to that
used for generating monthly precipitation at Shelbyville, was employed. In the expression
Es is the lake evaporation expected at Shelbyville for a given month in a year, when Ec and Eu
are the lake evaporation at Carlyle and Urbana for the same month and year. The weekly values
of evaporation were derived in a manner similar to that for the weekly precipitation values. Subtraction of evaporation from precipitation for a given week at Shelbyville or Carlyle yielded the
net gain or loss in inches of water from the lake surface.
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Physical, Agricultural, and Recreational Data

Pertinent physical, agricultural, and recreational data were discussed in detail in the previous study by Singh et al. (1975). To minimize reference to that study, a brief description of
these data is included in this report.
Physical Data. Carlyle Lake and Lake Shelbyville were completed by the Corps of
Engineers in 1967 and 1969 by building dams across the Kaskaskia River at river mile 106 and
222, respectively, upstream of its confluence with the Mississippi River. Physical data pertaining
to these lakes and their operation are given in table 6.
Agricultural Data. Areas under cultivation can be flooded both in the lake areas because
of high lake levels and along the river downstream because of high releases that cause overbank
flows. The severity and frequency of these damages depend on the efficiency of regulation,
though damages cannot be totally avoided because of the rather moderate flood storage capacity
of the lakes and the low nondamaging flow capacity of the river channel below the dams.
For agricultural damage assessment the requisite data inputs are: the value of crops, the
average crop yields for the respective damage areas, the percent area under different crops, time
distribution of various farming operations for each crop, unit monetary values of these operations,
direct production investment estimates, drying periods for possible restarting of farming operations
after flooding, loss of crops by flooding during growing and harvesting periods, etc.
Main crops in the damage area are corn, soybeans, and wheat. Net prices, per bushel,
for ready-to-harvest crops in the fields are taken as $1.50 for corn, $4.00 for soybeans, and $2.10
for wheat. These prices are derived from normalized prices, after subtracting harvesting, transportation to elevators, and drying charges. The crop yields in the areas subject to flooding in the four
damage reaches, their dollar yields, and percent areas for various crops are given in table 7. The
yield in dollars per typical acre in a damage reach is obtained by multiplying component fractions
of an acre under different crops with respective yields in bushel per acre and net price, and
summing the products.
Farming operations for a crop are plowing, disking and harrowing, seeding and planting,
fertilizing and spraying, cultivating, and harvesting. The normal schedules of these operations
were determined by field visits and talks with district officers of the U.S. Soil Conservation
Service. For the purpose of an efficient damage assessment program, the direct production
investment (DPI) is considered to include investment in farming operations which may have to
be repeated after flooding if replanting the same crop or planting a substitute crop is still possible.
The DPI costs vary with the week of plowing, usually weeks 31 through 39 for corn and substitution crops, weeks 34 through 39 for soybeans, and weeks 1 through 4 for wheat (week 1
starts October 1). These weeks are termed the state weeks, because not only the DPI but also
the final dollar yield depend on the state week. For example, a late planted crop yields less
because the full land area is not available for planting due to incomplete drainage after flooding,
reduction in yield due to insufficient time for optimum crop development, and lack of suitable
moisture and climatic conditions for maximum crop growth.
A methodology (Singh, 1976) was developed to compute agricultural damages (or
benefits not realized) that would accrue from individual and recurrent flooding, considering the
data on 1) land use and crop yields, 2) sequence of farming operations and their unit costs, 3) loss
of direct production investment because of flooding during farming operations, 4) the periods
suitable for planting or replanting of crops and substitute crops, 5) crop loss due to flooding
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Table 6. Pertinent Physical Data for Shelbyville and Carlyle Lakes
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Figure 5. Water surface area and storage capacity curves for Lake Shelbyville and Carlyle Lake

during the growing season, and 6) partial crop loss due to flooding during the harvesting season.
The data inputs were transformed into concise matrices. The methodology, written as an efficient
computer subroutine, formed an integral part of the operation system program for the lakes.
Recreational Data. The main recreational activities in the lake areas and immediate areas
downstream are: camping, picnicking, swimming, boating, water skiing, fishing, and hunting.
The number of annual visitors for those activities at each of the two lakes was estimated from
the 1971-1974 visitor data available at the U.S. Army Corps of Engineers' field offices at Shelbyville and Carlyle, and from consultation with the Corps and the Illinois Department of Conservation.
The number of visitors is shown in table 8, together with the dollar per recreation day values
(Water Resources Council, 1973).
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Table 7. Pertinent Agricultural Data for the Four Damage Reaches

In order to calculate visitors for
Table 8. Number of Visitors and Values
weeks 1 through 52, starting October 1,
for Seven Recreational Activities
weekly multipliers were developed with the
use of the Corps field data for the years
1972-1974. The multipliers are graphed
in figure 6 for camping, picnicking, swimming, skiing, boating, and fishing at Shelbyville and Carlyle. Weekly multipliers for
hunting are 0.036, 0.123, 0.170, 0.139,
0.119, 0.131, 0.135, 0.104, and 0.043 for
weeks 3 to 11 (mid-October to mid-December) at the two lakes. Number of visitors in a week equals the number for the whole year multiplied by the applicable weekly multiplier.
Information on water levels above and below which the usual number of visitors cannot
fully participate in a particular recreational activity and the percentage reduction in the activity
with rise and fall in lake levels are important for evolving a good regulation scheme. The levels
and percent damage figures finally determined as a result of talks with the Corps and the Illinois
Department of Conservation are given in table 9.
A computer subroutine, similar to the one used by the Corps, was developed to compute
recreational loss, or benefit foregone, because of high or low water levels in Shelbyville and
Carlyle lakes. The number of visitors lost in each activity was multiplied by the dollar value
assigned to that activity with the total loss being the recreation damage. The net recreation benefit
equals the potential (or with no damages) recreation benefit minus the damages accrued over the
year. The program allows for a dry-out period of duration specified by the user. The Corps
documentation of the procedure indicates a 5-day drying period. For the weekly flows
compiled for this study, the dry-out period was taken as one week.
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Figure 6. Distribution of visitors for various recreational activities
(Number of visitors per week equals the product of that week's multiplier
and total of visitors over the year for the recreation activity under consideration)
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Table 9. Percent Recreational Loss per Foot of Change in Lake Level

*Lowest lake levels below which recreational loss begins
tHighest lake levels above which recreational loss begins

SIMULATION MODEL STRUCTURE
There are two definite, if not distinct, phases to building a model to study a complex
situation (McLean and Shepherd, 1976). First, there is the stage of identifying the problem and
specifying it in terms of a structure, this structure usually being a set of mathematical equations
which describe the system under study. In the second stage this model structure is optimized
and used to derive the expected behavior of the system by using complex mathematical techniques.
The physical system consists of Lake Shelbyville, Carlyle Lake, and the Navigation Lock
and Dam at Kaskaskia River mile 222, 107, and 0.8, respectively. The physical data relating
to the lakes and project purposes have already been discussed briefly. There are four areas
or reaches which are affected by the regulation of the lakes: areas along the two lakes
affected by high water levels, and bottomlands (affected by high flows) along the river below
each of the lakes.
High lake levels and high flow releases damage crops; the intensity and magnitude of
agricultural damage varies throughout the year. There is a certain range of lake levels for
realizing maximum recreation potential; both higher and lower levels beyond this range
restrict recreational use. The problem is to derive a matrix of operating rules to maximize
recreational, agricultural, and water supply benefits under varying navigation flow requirements
and water supply withdrawals. For deriving such rules, a model must be structured from a
comprehensive, rational analysis of various uses affected by the regulation, as well as economic
tradeoffs involved because of their conflicting goals and requirements.
Agricultural Use
The main crops, corn and soybeans, cover a period of May through mid-November, and
the wheat crop grown in lake areas above 610 ft at Shelbyville and above 450 ft at Carlyle covers
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a period of October through mid-July. Crop yields in dollars per typical acre are:

It is evident that corn and soybean crops bring in the most money and need top priority
for safety against flooding. Wheat yields in the area above Carlyle are five times greater than
those above Shelbyville, a fact that calls for lower lake levels in Carlyle during October to mid-

July.
It is not always possible to restrict both lake levels and flow releases during the cornsoybean period, May through mid-November, and so priorities need to be spelled out to allow
more flexibility in the operation of the lakes. An analysis of weekly flows for the period
1942-1965 indicates that the average weekly flows exceeded the nondamaging flow below
Shelbyville and Carlyle for 20 and 24 percent of the time during the months January through
June and about 5 percent of the time during the months July through October. The high
flows in January-June are much higher than those in July-October. The most critical period
for corn and soybeans is May and June as far as high lake levels and high flow releases are
concerned.
Corn and soybeans can be planted or replanted if started by about the middle of June.
Any flooding of crops during July, August, and September causes a total crop loss. About
95 percent or more of the crop is harvested by the end of October. The chance of flooding
during July through October should be reduced to a minimum to insure no major crop loss.
The priorities and requirements in the interest of agriculture are shown in table 10.

Recreational Use

Lake Shelbyville provides 63.2 percent, or $3.0375 million of the annual potential
recreational benefit of $4.8075 million. Out of the seven recreational activities of camping,
picnicking, swimming, boating, skiing, fishing, and hunting, fishing accounts for 37.4 percent
of the benefits. The distribution of potential recreation benefits from month to month at
the two lakes (table 11) sets the priorities for maintaining the lake levels within the no-damage
range of levels.
Table 10. Agricultural Priorities and Requirements
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Considering the economics of recreation benefits only, the priorities for holding the
lake levels within the no-damage range of levels are given below.

Table 11. Distribution of Potential Recreation Benefits

Historical Flow and Economic Tradeoffs

Historical Flow Data. The percent chance that a weekly flow may exceed the nondamaging
flow at Shelbyville and Carlyle during the 24-year record is given in table 12.
The crucial period of high inflows spans weeks 14 through 39 (or 40), or January through
June, though the magnitude and frequency of high inflows in June are comparatively less
than for May or April. High flows in May and June can flood croplands in the lake areas if
flow releases are restricted, or they can flood bottomlands below Shelbyville and Carlyle if
nondamaging lake levels are maintained, or they can flood both lake areas and bottomlands.
Restricting flow releases raises lake levels, and later high inflows, though occurring less frequently,
can either raise lake levels or lead to increased flow releases causing loss of crops which cannot
then be replanted. High lake levels in May and June can adversely affect recreational benefits,
and any further increase in levels in July or August will make the situation worse. Therefore,
some lake storage cushion is needed for absorbing the high inflows, and some high flow releases
may have to be allowed (say once in 5 to 10 years) in May and early June. Such occasional high
flow releases would not only keep lake levels within the no-damage range, but also would insure
farmers a crop most of the years at the expense of some inconvenience of either delaying or
repeating operations such as disking and harrowing, and seeding and planting.
Table 12. Percent Chance of Exceeding Nondamaging Flows
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Table 13. Rule Levels for Various Periods

ESL
ESH
ECL
ECLL
ECH

=
=
=
=
=

low rule level (elevation) in Lake Shelbyville
high rule level in Lake Shelbyville
low rule level in Carlyle Lake
lower than ECL rule level in Carlyle Lake
high rule level in Carlyle Lake

The weekly flows during the months July through October exceed nondamaging flow
releases 3 percent of the time and these flows can be easily absorbed by the lakes with a moderate
rise in lake levels, causing very little damage to recreation and agriculture.
Economics. The economics of relative agricultural and recreational damages, various
economic tradeoffs, and complex interrelationships between the damages in lake areas and downstream reaches have been explained in the previous report (Singh et al., 1975). In formulating
the model structure, various combinations of lake levels, flow conditions, stages of crop development, time distribution of recreational activity and benefits, etc., were considered in assessing
the relative disutility of water from week to week.

Model Structure

The model structure is briefly explained here, stressing only the features of particular
interest to water resource planners and decision makers entrusted with the job of operating a
lake system as typified by Shelbyville and Carlyle lakes.
1) Rule Levels. On the basis of the previous study and priorities for agricultural and
recreational use, as well as information from historical flow data and economic tradeoffs, the
rule levels (or the most desirable lake levels) for various periods are as defined in table 13.
The period spanning weeks 31 through 36 is crucial for agriculture and is also a period of relatively
high inflows. In the previous study, ESL and ECLL were kept as rule levels in this period.
2) Release Rules. In 1969, the U.S. Army Corps of Engineers scaled down the nondamaging
flow releases below Shelbyville and Carlyle from 4500 and 7000 cfs (U.S. Army Corps of Engineers,
1964) to 1800 and 4000 cfs, respectively, based on their field experience. For all practical
purposes, the flow releases up to these new limits will not flood bottomlands along the river in
the two damage reaches below Shelbyville and Carlyle. Corn and soybean crops are grown in
the bottomlands and the overall activity period for the crops covers May through mid-November.
For the rest of the period, mid-November through April, the flooding of bottomlands causes no
damage to crops but there is minor damage to farmsteads, fences, etc. Since 1969, the Corps has
been following a policy of allowing flow releases up to 4500 and 10,000 cfs below Shelbyville
and Carlyle in this 'dump' period. During very high inflows when the lake levels exceed the flood
pool level of 626.5 ft at Shelbyville and 462.5 ft at Carlyle, the flow releases are drastically
increased to restrict further rise in lake levels. This is designated as flood regulation. Because
the lake levels with the 24-year historical data did not exceed the flood pool levels, the flood
regulation as defined by the Corps was not tested.
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Table 14. Release Rules for Various Periods

OSMN
OSMX
OCMN
OCMX
Es
Ec
ESF
ECF
SF
CF
WSs
WSc

=
=
=
=
=
=
=

Minimum allowable flow release below Shelbyville, in cfs
Maximum allowable flow release below Shelbyville, in cfs
Minimum allowable flow release below Carlyle, in cfs
Maximum allowable flow release below Carlyle, in cfs
Lake Shelbyville water level at the beginning of the week
Carlyle Lake water level at the beginning of the week
Lake Shelbyville level above which flow release increases linearly up to the flood
pool level during weeks 3 7 through 6
= Carlyle Lake level above which flow release increases linearly up to the flood pool
level during weeks 3 7 through 6
= Shelbyville flow release increase rate per foot of rise in lake level
= Carlyle flow release increase rate per foot of rise in lake level
= Water supply withdrawal in cfs from Lake Shelbyville
= Water supply withdrawal in cfs from Carlyle Lake

From consideration of avoiding major crop losses, holding lake levels within the no-damage
range to maximize recreation and providing flexibility in operation, some higher than nondamaging
flow releases may have to be allowed during the weeks 31 through 36. The release rules formulated
are given in table 14.
3) Structure of the Model. The rule levels and release rules together with the interlinking
system equations and constraints helped to build a rational structure for the model. The structure
was translated to a system simulation program with 10 parameters to be optimized with the
use of 24 years of weekly flows at Shelbyville, Carlyle, and New Athens, navigation flow requirements, and precipitation on and evaporation from the two lakes, for different levels of navigation
development and water supply withdrawals. The 10 parameters are: ESL, ESH, ECL, ECLL,
ECH, ESF, SF, ECF, CF, and A; A is the fraction of navigation flow demand met from Lake
Shelbyville. Other parameters involved in the system equations governing conditional flow
releases for effecting interaction of lake storages under low and high inflow conditions during
weeks 37 through 6, did not need any change in values from those given in the previous study.
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OPTIMAL OPERATING RULES WITH HISTORICAL DATA
The simulation model, written as an interactive program for use on the time-sharing
computer facilities of the University of Illinois, was used to derive optimal operation strategies
with varying navigation and water supply requirements. Some questions and alternatives regarding
the system operation were reviewed and investigated. More than 6000 simulation runs were made
to derive 'optimal' operation plans. The sensitivity of overall damages (or benefits foregone)
to change in rule levels was studied to highlight such effects. Finally, the expected values of
annual benefits were tabulated for various water supply withdrawal rates.
The simulation model is described in terms of data inputs, recreation and agricultural
damage assessment subroutines, and a simulation program which uses data inputs, rule levels and
release rules, and system equations.
Data Inputs. There are six hydrologic data inputs to the model. These are: weekly
flows at Shelbyville, Carlyle, and New Athens, properly lagged for travel time from one station
to the other; weekly values of h, or 368.0 minus the Mississippi River level below the lock and
dam, set to zero if negative; and weekly values of precipitation on and evaporation from the two
lake surfaces, in inches.
The recreation data comprise number of visitor days per week for each of the 52 weeks
and for the seven categories of recreation activities at each of the two lakes. The data on dollars
per recreation day for each activity, the no-damage range of lake levels, and the functions specifying
reduction in recreation activity per foot change in adverse lake levels, provide necessary information for recreation damage or benefit assessment.
The agricultural data cover land use and crop yields; direct production investment
matrices (Singh, 1976) based on sequence of farming operations and their unit costs, and the
beginning week of operations for the area under consideration; and the crop losses due to flooding
during farming operations, crop growth, and harvesting. The crop areas affected by flooding
are above 610 ft elevation in Lake Shelbyville and 450 ft elevation in Carlyle Lake. In the bottomlands downstream, the area flooded versus flow release information is stored in tabular form in
the computer. The lake areas and storages together with associated lake levels are also stored
in the computer.
Recreation Damage Subroutine. The purpose of this subroutine is to compute recreation
loss, if any, given the lake levels at the beginning of the week (or at the end of the previous week).
The number of visitors lost in each activity because of adverse high or low water level is multiplied by the dollar value assigned to that activity and the total loss for all the activities of the
two lakes gives the recreation damage during the week. The weekly damage values are summed
for the 52 weeks in the year. Net annual recreation benefit equals the potential (or with no
damages) recreation benefit minus the damages accrued over the year. During falling lake levels,
the program allows for a dry-out period of one week.
Agricultural Damage Subroutine. The methodology developed for evaluating flood
damages or benefits as an integral part of the overall system operation are described elsewhere
(Singh, 1976) and in the previous report. The developed methodology computes flood control
benefits accruing from reduction in individual and recurrent floodings considering the data on land
use and crop yields, sequences of farming operations and their unit costs, loss of direct production
investment because of flooding during the growing season, and partial crop loss during the harvesting
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season. The data inputs are transformed into concise matrices. The methodology is written as
an efficient computer subroutine.
Simulation Program. This program simulates the system operation given the lake levels at
the beginning of the week; the weekly inflows at Shelbyville, Carlyle, and New Athens; the value
of h at the lock and dam; and rainfall minus evaporation for the two lake surfaces. The weekly
operation conforms to the provision of rule levels, release rules, system equations, constraints,
and conditional flow releases.
The weekly flow at Shelbyville is adjusted for net precipitation over the lake. Flow
release is calculated knowing the lake level at the beginning of the week and the operation rules.
The storage equation yields the lake level at the end of the week and this is the beginning-of-the
week level for the next week. The inflow to Carlyle consists of historic flow at Carlyle minus
that at Shelbyville, plus flow release from Shelbyville. The inflow is adjusted for net precipitation
over the lake. Flow release is calculated in the same manner as for Shelbyville. The recreational
and agricultural damage assessment subroutines compute damages (or benefits foregone) because
of any adverse lake levels and flow releases from week to week.

Operational Considerations

Some pertinent considerations affect the operation of the lakes and the optimized rule
levels and release rules. These are discussed briefly before presenting the optimization results.
Navigation and Water Supply Withdrawals. The number of lockages, and hence the flow
at the navigation lock and dam needed to meet the lockage requirements, depends on the volume
of barge and other traffic using the lock. The navigation use will develop from zero at the present
time to the maximum envisaged in the project over a number of years. It will, therefore, be
desirable to derive the optimal operating rules for different levels of navigation demand, not only
to assess the relative impact on overall benefits or damages but also to provide suitable data for
decision makers to increase the flexibility of the operation.
Demand for water supply is expected to grow gradually. Water is needed by towns and
newly developing industries. Different levels of water supply demands and associated optimal
operating rules and benefits should provide sufficient data for establishing suitable withdrawals.
The following matrix of navigation and water supply withdrawals was used in deriving
optimal rules. This gives 18 sets of data.

Location of Water Supply Withdrawals. Water supply withdrawals from Lake Shelbyville
and Carlyle Lake are proportional to the respective state storages, or 17/40 and 23/40 times the
total water supply. These withdrawals can be considered either from the lakes directly, or from
the Kaskaskia River below the respective damage reaches, i.e., below the town of Cowden and
below the confluence with Crooked Creek. Optimizations were carried out for the 18 combinations
of navigation and water supply requirements with water supply withdrawals directly from the
lakes or from the river below the damage reaches. The overall damages (or benefits not realized)
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are higher when these withdrawals are made from the river. Over the historical period of 24
years, these damages exceed those with direct water supply from the lakes by an average of 16,
50, 85, 139, and 178 thousand dollars for water supply rates of 40, 80, 120, 160, and 200 cfs,
respectively. Because most of the water supply will be needed below the damage reaches and
because the cheapest means of transporting this water from the lakes to the users is by way of
the river, the final optimization results will be presented with the assumption that the water supply
withdrawals are from the river below the damage reaches.
Rule Level in Lake Shelbyville, Weeks 31-36. In the previous report, the rule level in
Lake Shelbyville during weeks 31 through 36 was kept at 590 ft, the same as for the period
covering weeks 12 through 30, for the condition of no water supply and navigation requirement.
To assess the effect of water supply withdrawals and navigation flow requirements on the desirability
of keeping the rule level at ESL (low rule level) or ESH (high rule level) optimizations were carried
out assuming water supply withdrawals from the river and the rule level in weeks 31-36 at ESL
or ESH. The results are generalized in figure 7. It is evident that keeping the rule level at ESH
leads to minor decreases in benefits for WS = 0 and N = 0 and 50 percent, and WS = 40 and
80 cfs and N = 0. For 50 or 100 percent navigation demand and WS ≥ 40 cfs, keeping the rule
level at ESH greatly increases benefits as the water supply withdrawals and navigation flow
requirements increase. Hence, the final optimization results will be presented with the 31-36
week rule level as ESH in Lake Shelbyville. This lake accounts for about two-thirds of the
recreation benefit, and allowing the higher level during May and June not only will assure better
recreational activity but also will quiet the fears of the recreation interests regarding the possibility
of unduly low lake levels in dry years.
Parameters SF, ESF, CF, and ECF. The Corps of Engineers' present operating rules for
the corn and soybean crop period provide a linear increase in flow release from 1800 to 4500
cfs when the lake level rises from 610.0 to 626.5 ft in Shelbyville, and from 4000 cfs to 10,000
cfs for rise in level from 450.0 to 462.5 ft in Carlyle. Values of ESF and SF are 610 ft and 163.6
cfs/ft and those for ECF and CF are 450 ft and 480 cfs/ft.
Optimizations with the 24 years of data indicate that ESF and ECF in the ranges of 615
to 618 ft and 452.5 to 453.5 ft do not cause any flow releases exceeding the nondamaging flows
of 1800 and 4000 cfs. The operation governed by those parameters applies to weeks 37 through
6, the growth and harvesting period of corn and soybeans. Any flow releases above the nondamaging
flows cause excessive damages to crops because the area flooded versus flow release curves are
steep in the beginning. Therefore, the optimal values of ESF ane ECF are set at the lowest levels
minimizing overall damages (or benefits not realized). Values of SF and CF cannot be obtained
from such optimizations; the damages are minimum with SF and CF equal to zero. The weekly
flows in the 24-year period were not large enough to raise lake levels above 618 to 620 ft in
Shelbyville and 452.5 to 454.5 ft in Carlyle for different combinations of navigation and water
supply requirements, with the derived optimum operation rules. An attempt is made later to
evaluate SF and CF using the 10 synthetic sequences of 49 years each.

Optimization Results

Numerous system simulations were made for each of the 18 sets of navigation and water
supply requirements to find the optimal values of the parameters ESL, ESH, ECL, ECLL, ECH,
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Figure 7. Increase in benefits (recreation and agriculture) over 24 years
with the rule level for weeks 31-36 in Lake Shelbyville at ESH instead of ESL

ESF, ECF, and A. Table 15 contains the optimal values of these parameters as well as information
on recreation, agricultural (and property), and total damages (or benefits not realized) when 24
years of historical data (1942-1965) are used. With the exception of ECLL and A, the remaining
6 parameters were optimized to 0.5 ft, but ECLL was optimized to 0.1 ft and A to 0.05. The
recreation and agricultural damages (or benefits not realized) are shown in figure 8 for water supply
withdrawals varying from 0 to 200 cfs and navigation flow requirements, N, varying from 0 to 100
percent.
For developing a 100 cfs water supply with the condition of full navigation flow requirement, the increase in damage to recreation and agriculture over that for no water supply is
$667,000 over 24 years, or 0.118¢ per 1000 gallons of water supplies. The optimal solutions
indicate that with the 24-year data, even with 200 cfs water supply and full navigation flow
requirement, the lowest levels reached in Shelbyville and Carlyle are 579.32 and 432.04 ft; the
tops of the respective dead storage pools are 573.0 and 429.5 ft, respectively.
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Table 15. Parameters for Optimal Operation and Minimum Damages (Benefits Foregone) over 24 Years

Rule Level in Carlyle, Weeks 31-36. The optimization studies indicate a lower rule level
in this period than in weeks 12 through 30. There are different reasons for this anomalous
behavior. Agricultural damage in the Lake Shelbyville area starts when the water level exceeds
610 ft and the damage per acre flooded is about one-half of that in the Carlyle Lake area. Values
of optimum ESL lie in the range of 590 to 594 ft, giving an average 18-ft rise to 610 ft. Agricultural damage in the Carlyle Lake area starts when the level exceeds 450 ft. Values of optimum
ECL lie in the range of 440.5 to 444.0 ft, giving an average 8-ft rise to 450 ft. Storage capacity
for the 18-ft rise in Shelbyville is 200,410 ac-ft and for the 8-ft rise in Carlyle is 209,720 ac-ft.
The drainage area at Carlyle is 2680 square miles compared with 1030 square miles at
Shelbyville. Even allowing for reduction in flows below Shelbyville because of the lake, the
storage capacity in Carlyle needs to be about two times that presently available if a higher rule
level is desired during the weeks 31-36.
System simulations were run keeping the rule level in weeks 31 through 36 the same as
ECL in table 15, for different combinations of navigation and water supply requirements. The
resulting recreational and agricultural damages are given in table 16. These damages could be
reduced by reoptimizing ESF and ECF for the new rule level in weeks 31-36. The optimal results
are also included in table 16. The total damages over the 24-year period for full navigation demand
and ECLL = EC L are graphed in figure 8, with ESF and ECF as in table 15 and with their
optimized values for the new conditions as in table 16.
Percentage increases in the total damages for the 18 combinations of navigation and water
supply requirements when ECLL equals ECL are:
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Figure 8. Recreation and agricultural benefits foregone as a function
of total water supply and navigation demands
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Table 16. Recreation and Agricultural Damages with ECLL = ECL

Not only are the agricultural damages increased tremendously, but also the reoptimized ESF
and ECF are 1 to 2 feet higher than in table 15. Therefore, a lower rule level as determined from
optimizations for minimizing damages is needed for the weeks 31 through 36 in Carlyle Lake.
Optimum Rule Levels. The rule levels for Lake Shelbyville and Carlyle Lake for the six
water supply withdrawals and zero and full navigation flow requirements are shown in figure 9.
The pattern of increase in rule levels with increase in water supply and/or navigation requirements
is reasonable and rational. There are no fluctuations and oscillations, and the continuity of the
curves suggests satisfactory optimizations.
Distribution of Annual Damages. The annual damages (or benefits not realized) with
the 24-year data, full navigation demand, and water supply withdrawals of 0, 40, 80, 120, 160,
and 200 cfs, ranked low to high, are given in table 17. Damages in the range of $1000 to $10,000
occur 15, 15, 13, 12, 11, and 12 years out of the 24 years for the six water supply withdrawals.
Damages in this range are mostly damages to property because of high releases during the dump
period, weeks 7 through 30. Annual damages are less than $100,000 for 21, 20, 19, 19, 18,
and 18 of the 24 years. At a water supply withdrawal of 100 cfs and with full navigation demand,
annual damage may exceed $100,000 on an average of once in 6 years. The historical data show
only 1 or 2 years of very high damage.
Components of High Damages. Table 18 shows the recreation and agricultural components
of the annual damages exceeding $100,000 for the condition of no and full navigation demand
and the six water supply withdrawal rates. With no navigation demand, average agricultural damage
exceeds recreation damage for the water supply withdrawals considered. With full navigation,
average agricultural damage exceeds recreation damages for water supply withdrawals of 0, 40,
and 80 cfs. For higher withdrawal rates, the average recreation damage exceeds agricultural
damage during the years when total annual damage exceeds $100,000.
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Figure 9. Optimal seasonal rule levels for Lake Shelbyville and Carlyle Lake
with the 24-year historical data

Annual Minimum and Maximum Levels. For the sake of clarity, the distribution of annual
minimum and maximum levels in Lake Shelbyville and Carlyle Lake with the optimal operation
rules is shown in figure 10 for the condition of full navigation demand and water supply withdrawal
rates of 0, 80, and 160 cfs. The two lowest levels occur during the drought of 1954-1955 and the
two highest levels occur during the wet years of 1950 and 1957. Other information of interest
follows.
Annual minima at Lake Shelbyville:
a) For practically 40 percent of the years, the annual minimum equals ESL, the rule level during
weeks 12 through 30
b) The median value of annual minimum is about 590 ft for the three water supply withdrawal rates
c) For about 40 percent of the years minimum weekly levels are below 590 ft and are affected by
water supply withdrawals
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Table 17. Distribution of Annual Damages (Benefits not Realized)
for 24 Years of Data, 1942-1965

Annual maxima at Lake Shelbyville:
a) For about 20 percent of the years, annual maximum equals ESH, the rule level during weeks 31
through 11
b) The median values are 596.8, 598.6, and 600.4 ft for water supply withdrawals of 0, 80, and
160 cfs, respectively
c) For about 15 percent of the years, annual maxima exceed the level of 610 ft
Annual minima at Carlyle Lake:
a) For about 70 percent of the years, annual minimum is at ECLL, the rule level during weeks 31
through 36
b) The median value of annual minimum equals ECLL
c) For about 16 percent of the years, annual minimum exceeds ECLL
Annual maxima at Carlyle Lake:
a) For about 35 percent of the years, annual maximum equals ECH or the rule level during weeks 37
through 11
b) The median value of annual maximum level is 447 ft
c) For about 17 percent of the years, annual maximum exceeds the level of 450 ft

The lowest annual levels (during the drought of 1954-1955, believed to have a drought
frequency of 75 to 100 years or more) in Lake Shelbyville are 588.9, 586.0, 583.7, 583.5, 582.1,
and 579.3 for water supply withdrawals of 0, 40, 80, 120, 160, and 200 cfs, respectively, when
full navigation flow requirements are met. The top of the dead storage pool is at 573.0 ft.
Similarly, the lowest annual levels in Carlyle Lake are 437.8, 437.2, 436.5, 434.8, 433.3, and
432.0 for the six withdrawal rates. The top of the dead storage pool is at 429.5 ft. Hence, with
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Table 18. Components of Annual Damages Exceeding $100,000
(Damages in thousand dollars)

*Damage to recreation only in water years 1954 and 1955 because of low lake levels in that
drought period.

the navigation and water supply requirements considered, the minimum lake levels remained
quite high above the dead storage pools.

Sensitivity Analysis

Sensitivity of the damages (or benefits not realized) with the optimal operation rules
(table 15) must be analyzed with respect to increase in ESL, ESH, and ECH because these rule
levels are lower than those laid down in the lake project reports. The effect of varying the recreation
and/or agricultural damage rate on the optimal rules also needs investigation. The results of
sensitivity analyses are given here.
Sensitivity of Damages to ESL. For the 18 combinations of navigation and water supply
requirements, the system simulations were made with ESL equal to 591, 592, 593, and 594 ft
when these levels exceeded ESL in table 15, keeping the other parameters unchanged. The ESF
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Figure 10. Annual minimum and maximum levels in Lake Shelbyville
and Carlyle Lake for varying water supply and full navigation demand
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Table 19. Increase in Damages with Increase in ESL
(Damage figures in thousand dollars over 24-year period)

and ECF from table 15 were found to be optimal with the new values of ESL also. The results of
these simulations are given in table 19. The percent increase in damages is about 2 for 0.5 ft increase, 5 for 1.0 ft increase, and 12 for 2.0 ft increase in optimum ESL values. Recreation and
agricultural damages contribute about 36 and 64 percent, respectively, of the increase in damages.
Sensitivity of Damages to ESH. The system simulations were made with ESH equal to
594, 595, 596, and 597 ft when these levels exceeded ESH in table 15, keeping the other parameters
unchanged. The ESF and ECF in table 15 were found to be optimal with the new values of
ESH also. The results of these simulations are given in table 20. The percent increase in damages
is about 2.5 for 0.5 ft increase, 5.2 for 1.0 ft increase, and 19.1 for 2.0 ft increase in optimum
ESH values. Recreation and agricultural damages contribute about 31 and 69 percent, respectively,
of the increase in damages.
Sensitivity of Damages to ECH. Simulation runs were made with ECH equal to 444 and
445 ft when these levels exceeded ECH in table 15, keeping the other parameters unchanged.
The ESF and ECF in table 15 were found to be optimal with the new values of ECH. The
simulation results are given in table 21, together with the component increases in recreation and
agricultural damages. With full navigation, ECH can be raised from 443 to 444 at a very minor
increase in damage when water supply is zero, and at 1.6 percent increase in damages with 40
cfs water supply. The damage increase is 2.0, 3.2, 3.0, and 6.7 percent for water supply withdrawals of 80, 120, 160, and 200 cfs, respectively, considering full navigation and a 1 foot increase
in ECH in table 15, i.e., from 444 to 445 ft. For a 1.0 ft increase in ECH (with the exception of
zero water supply) practically all of the damage increase is sustained by recreation.
Recreational and Agricultural Damage Rates. System optimizations were done for full
navigation and six water supply withdrawal rates and ECLL as shown in table 15 for two conditions:
one with a double recreation damage rate and normal agricultural damage rate, and the second
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Table 20. Increase in Damages with Increase in ESH
(Damage figures in thousand dollars over 24-year period)

Table 21. Increase in Damages with Increase in ECH
(Damage figures are in thousand dollars over 24-year period)

with a normal recreation damage rate and double agricultural and property damage rate. The
derived optimum values of ESL and ESH matched those in table 15; ECL was 0.5 ft lower with
double agricultural damage rate for WS = 80, 120, and 160 cfs; ECH was 0.5 ft lower in the
two cases; and ESF and ECF matched the values in table 15. When the recreation damage rate
was double the normal rate, the average of new recreation damage divided by optimal recreation
damage (table 15) ratios was 1.96, not much different from 2.0. Similarly, with double agricultural damage rate, the corresponding average of the damage ratios was 1.92. Because of practically
no change in rule levels and comparative damages (damage/damage rate), the system is insensitive
to the range of damage rates tested.
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Recommendations. The results of various sensitivity analyses show that the following
changes can be made in the rule levels, if deemed necessary to provide a little higher lake levels
(so often requested by the recreation interests) without significantly affecting the overall damages.
1) ESL can be raised from 590.0 to 590.5 for WS = 0 and navigation = 0 and 50%, and
WS = 40 and navigation = 0.
2) ECH can be raised from 443 to 444, causing some damage to recreation for WS = 40
and N = 100%, WS = 80 and N = 0%, and progressively higher damage for WS = 120, 160, and
200 cfs with N = 0.

Expected Value of Annual Benefits

The potential or maximum annual recreation benefit is $4.8075 million if the lake levels
in Shelbyville and Carlyle are within the no-damage range of levels for the various recreation
activities. The expected annual value of agricultural damage for the two river reaches below
Shelbyville and Carlyle for the 24-year data is $0.6596 million as given in the previous report.
Because the damages in the two lake areas for natural flow conditions cannot be assessed directly,
the damage in the two river reaches is considered the base. Thus, the expected value of the
potential, or maximum agricultural benefit is $0.6596 million if there were no damages to the
crops with the operation of the two lakes. The revenue from water supply sales may be taken
at 20¢ per 1000 gallons, or $1.8884 million per 40 cfs per year. The benefits for providing water
for navigation, enhancement of water quality at low flow in the Kaskaskia River below Shelbyville
to the confluence with the Mississippi River, and any reduction in flooding along the middle and
lower Mississippi River because of the flood control effect of the two lakes on the Kaskaskia
River have not been evaluated and may be taken as X million dollars per year.
The distribution of expected annual benefits and damages (benefits not realized) attributable
to reduction in recreation and flooding of croplands because of adverse lake level and flow
release conditions are given in table 22 for full navigation requirement and six levels of water supply
withdrawals. The benefits and damages are plotted with respect to water supply in figure 11. The
expected annual value of damages (or benefits not realized) varies from $0.0695 to $0.1492
million, compared with the annual potential benefit of $5.4671 for recreation and agriculture.
Benefits from navigation, water quality improvement, and damage reduction along the Mississippi
River are additional. Benefits from water supply sales are directly proportional to the withdrawals.
Table 22. Expected Value of Annual Benefits
(In millions of dollars)

Note: X million dollars per year may be added to the net expected value of annual benefit for the navigation and
water quality enhancement benefits.
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Figure 1 1 . Expected annual benefits and damages with full navigation demand
and 0 to 200 cfs of water supply

Water supply requirements equivalent to 2 to 3 or more times the net water supply withdrawal can be met by making withdrawals and returns at suitable locations along the river and by
efficient management of return flows. The reuse of water (when requirements exceed allowable
net withdrawal) can result in a reduction of water supply revenue rate to meet the annual fixed and
operation, maintenance, and repair (OM&R) costs incurred by the state for the operation of the
two lakes.

38

SYNTHETIC DATA
Synthetic Monthly Flows
The 24-year historical record does not contain river flows high enough to raise the lakes
to even 620 ft at Shelbyville and 455 ft at Carlyle, though the top of flood pools are 626.5
and 462.5 ft, respectively. The water supply withdrawals and associated deficit frequencies can
be inferred but they cannot be spelled out without a very long flow record.
An historical hydrologic sequence or data series is a sample that may never be repeated in
the same way. The system response obtained with this sequence is unlikely to be a satisfactory
representation of the various future responses of the system under consideration. A set of system
responses can be obtained with simulated hydrologic sequences, called synthetic traces (Fiering,
1966). A number of these sequences of any desired length can be sequentially generated to aid
in decision making with respect to system design, operation, and performance. These synthetic
sequences must resemble the historical sequence in terms of certain properties that characterize
the historical sequence (Matalas, 1967).
Stochastic models of streamflow generation are becoming more popular as a tool in
hydrologic planning and design. A stochastic model is predicated to preserve meaningful statistical
properties of an historical record in equally likely generated sequences that can be used to give
a broad spectrum of response of the system under consideration.
Selection of the Underlying Distribution. No prior knowledge exists to justify the assumption that a specified distribution (Matalas and Wallis, 1973) is indeed the underlying distribution
of streamflows. The most commonly used distributions for fitting monthly streamflows are
the normal and the Pearson type 3 applied to observed flows or their logarithms. It has been shown
(Singh and Sinclair, 1972; Singh, 1974; and Singh and Lonnquist, 1974) that for the monthly
flows and flood distributions, the two-distribution gives a much better fit than the Pearson type
3, though the latter gives a better fit than the normal distribution. Two-distribution and Pearson
type 3 distribution fitted to the November flows at Carlyle are shown in figure 12. The versatility
of the two-distribution in fitting observed distributions of various shapes is evident from this figure.
Monthly flows were generated with both Pearson type 3 and two-distribution models.
The generated sequences showed that the two-distribution sequences not only were more in
accord with the historical data but also generated fewer high flows exceeding that physically
possible.
Two-Distribution Model. A two-distribution model assumes that the observed hydrologic
distributions can be fitted and simulated as a mixture of two normal or lognormal distributions.
A brief mathematical background is included here.
A two-distribution can be written mathematically as
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Figure 12. Two-distribution and Pearson type 3 fitted to observed November flows at Carlyle
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are the means
in which p is the probability of being equal to or less than x;
and square roots of variances for the two component distributions; subscripts 1 and 2 refer to
the first and second component distribution; and a is the relative weight of the first component
distribution. The two-distribution parameters are linked to mean and standard deviation s of
the given distribution according to the following equations (Cohen, 1967).

and a for the logarithm of any month's
The optimization of the five parameters
observed flows, x, is achieved via a computer program developed for this purpose.
Persistence and Dependence. The four gaging stations, Shelbyville, Vandalia, Carlyle,
and New Athens, are at mile 222, 161, 106, and 41 of the Kaskaskia River. The monthly flow
records at the four stations indicate persistence — a tendency for high flows to follow high flows
and low flows to follow low flows at a station, and dependence — a tendency for flows at a downstream station to be directly correlated with the flow at the upstream station. The persistence
and dependence need to be maintained in the synthetically generated flow sequences. Persistence
is described by the correlations between normalized flows for various months of the year at a
station, and dependence is described by the correlations between normalized flows at downstream
and upstream stations. In order to calculate these correlation coefficients, the population of
variables must be bivariate or multivariate normal. The normalizing of flow logarithms is
achieved by
in the case of normal distribution, by the Wilson and Hilferty (1931)
transformation if it is Pearson type 3, and by the following procedure in the case of the twodistribution.
1) First compute y1 and y2
2) Convert y1 and y2 to p1 and p2 with the normal probability table
3) Compute p = ap1 + (1 - a)p2
4) Convert p to standard deviate Y using the normal probability table
The methodology was written as a subroutine in the two-distribution program.
Multiple regression analyses with the Y data (12 months x 24 years) at each of the four
stations yielded regression coefficients which showed either random positive or negative values
when Y at the upstream station was regressed with those at the downstream stations. The
monthly regression coefficients showed orderly variation when the Y at the downstream station
was regressed with those at the upstream station or stations. The results of these regressions
are shown in table 23 for the following two equations:

in which Y is the two-distribution normalized standard deviate; i is the month under consideration,
1 through 12; j is the number of the year; subscripts s, v, c, and na refer to Shelbyville, Vandalia,
Carlyle, and New Athens; a, b, c, and d are regression (beta) coefficients; and e is the random
error. When i = 1, i - 1 equals 12 and j equals j - 1 in equations 7 and 8. Not only are the values
of a and b orderly and stable as obtained from equation 8, but also the multiple correlation
coefficients (though a little less than from equation 7) are more significant because of a larger
number of degrees of freedom. In the case of monthly flows at Shelbyville equation 8 becomes
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Table 23. Beta Coefficients and R2 for New Athens Monthly Two-Distribution
Normalized Standard Deviates Regressed with Shelbyville, Vandalia, and Carlyle Deviates

The distribution of e as obtained from regression analyses was found to approximate the
normal distribution. Therefore, is assumed to be normally distributed with zero mean and unit
standard deviation, or as N(0,1), and simulated by SE ti,j in which SE is the standard error or
(1 - R2 )0.5 s, R being the multiple correlation coefficient, and t is the normal standard deviate.
Model Equations. The following model equations were derived for generating two-distribution normalized standard deviates at each of the four stations.

Values of a, b, and SE at the four stations for each of the 12 months are given in table 24. A
computer program was developed and used for generating 499 years of synthetic Y with the above
equations.
Conversion of Deviates to Flows. A short computer subroutine (Singh and Lonnquist,
1974) was used to convert 499 years of Yi,j to xi,j and thence to Qi,j, the mean monthly flows.
The distribution of monthly runoff with the Pearson type 3 model matched the historical distribution poorly or not as well as the synthetic runoff with the two-distribution model. The
distribution of 499 years of generated monthly flows for November and the historical flows are
shown in figure 13. When the observed flow distributions did not exhibit marked reverse curvature,
the fit of the Pearson model was not as poor as for months with marked reverse curvature.
The subroutine for transformation of generated Y to Q requires values of Y and the five
given in table 25 for all four stations. For
two-distribution parameters, a,
conversion of Y generated with the Pearson type 3 model, an inverse transform is applied:
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Table 24. Model Equation Parameters for Generating
Two-Distribution Normalized Standard Deviates

The distribution of synthetic flows was plotted and compared with the historical flow
distribution. These comparisons indicated that some 'uncharacteristic' values in the historical
record should be adjusted and that some limiting device needs to be added to the generation
program to filter out unrealistic high flows. Flow adjustments were made for 9 monthly flows
out of the 1248 historical flows at Shelbyville. In order to obtain better fitting of the historical
and generated flow sequences, minor adjustments were made in the two-distribution parameters
for two or three months. This made the annual distributions obtained from historical and generated
sequence fit better. Table 25 contains the final parameter values.
Outliers in Synthetic Data. Estimates of probable maximum precipitation, PMP, were
used to define outliers in the 499 years of synthetic monthly flows. The PMP values are available
for storms of 6, 12, 24, and 48 hours duration and areas from 10 to 1000 square miles (Riedel
et al., 1956) for the 12 months. The depth-area-duration relations were extrapolated to 2000
square miles. Values of 2-day PMP for the drainage area above Shelbyville and Vandalia for the
months October through September were obtained by multiplying the 24-hour 200 square
mile PMP value at the center of the drainage area with the factor from depth-area-duration curves
for 2-day duration and 1030 and 1980 square miles, respectively, for each of the 12 months.
In the case of the drainage area above Shelbyville, the monthly PMP was obtained by adding the
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Figure 13. Distribution of November flows at Carlyle generated with the two-distribution model
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Table 25. Two-Distribution Parameters for Monthly Flow Logarithms

2-day PMP, and the mean and one standard deviation of the observed monthly precipitation at
Urbana. For monthly PMP above Vandalia, the corresponding 2-day PMP and the mean and one
standard deviation of monthly precipitation at Vandalia were added together.
The monthly PMP was converted to maximum probable mean monthly flow, Qmp , by
in which PMP2 denotes the 2-day PMP estimate, and C is the factor for converting inch-squaremile to cfs — 910 cfs for Shelbyville and 1750 cfs for Vandalia. For a 499-year record, a storm
frequency of 1 in 500 years will be of the same order as the standard project storm which is
about 60 percent of the PMP. Historical monthly flows and precipitation were analyzed to
derive runoff factors that could be expected with very high monthly precipitation. The monthly
mean flows that may not be exceeded in the generated sequence, Q L , are obtained from
in which f is the fraction of PMP that may be expected to occur on the average once in 499
years, and g is the corresponding monthly runoff factor. The values of PMP 2 ; the mean and standard
deviation of monthly precipitation at Urbana; f; g; and QL or the limit discharge are given in table
26 for the drainage basin above Shelbyville. Maximum monthly flows observed over the 24-year
period are also included in the table. Similarly, values of QL were determined at the Vandalia gage.
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Table 26. Limiting Flows at Shelbyville

*Second highest for January is 3429 cfs

For drainage areas above Carlyle and New Athens, the extrapolation of depth-area-duration
curves from 1000 to 2680 and 5120 square miles was not considered satisfactory. The monthly
limit flows at Shelbyville and Vandalia were plotted against drainage area, and the straight line
curves were extended to yield limit flows at Carlyle and New Athens. The limit flows for each
of 12 months at Shelbyville, Vandalia, Carlyle, and New Athens are graphed in figure 14. Any
generated monthly flows higher than these values were considered as outliers.
Filtering Outliers. The limit flow for each month was used in the computer program to
curtail any higher flows generated to the limit value. The distribution of high flows modified to
QL at the four gaging stations is given in table 27.
Out of a total of 499 x 12 or 5988 monthly flows at a station, 38 are modified at Shelbyville, 24 at Vandalia, 14 at Carlyle, and 22 at New Athens. Overall it means modification of one
high flow out of 245 synthetic monthly flows. Such a low frequency of outliers in synthetic
data underscores the merit of the two-distribution model.
Low Flow Adjustment. Comparison of the distribution of synthetic annual flows, obtained by adding monthly flows weighted for the number of days in a month, with the historical
annual flows at the four gaging stations indicated that a minor modification of synthetic flows is
needed at the lower end of the flow spectrum to preserve the drought characteristics. The modifications in synthetic annual flows at Shelbyville, Vandalia, and Carlyle are given in table 28. The
synthetic monthly flows in the years with modified annual flow were made equal to the synthetic
monthly flow multiplied by the ratio of the modified annual flow to the unmodified annual flow.
Statistics of Synthetic Flows. The 499-year synthetic data were partitioned into 10 sets
of 49 years each by dropping the first 9 years. Means and standard deviations of the logarithms
of flows in these sets, in the 499-year sequence and in the 24-year historical data at Carlyle, are
given in table 29. The spread of these statistics about the historical values shows that the
generated 49-year sequences have means and standard deviations which vary within an expected
margin of the historical mean and standard deviation. The 499-year statistics are very close to
the historical. Statistics for Shelbyville, Vandalia, and New Athens flows exhibited characteristics
similar to those at Carlyle.
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Table 27. Distribution of High Flows Modified to Flow Limits

Figure 14. Limiting monthly flows for synthetic data
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Table 28. Modification of Synthetic Annual Flows at the Lower End of the Flow Spectrum

*Q is the adjusted value

Table 29. Synthetic and Historical Flow Logarithm Statistics
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Synthetic Weekly Flows

The synthetic monthly flows had to be converted to weekly flows because the system
program for deriving the optimum operation rules for three levels of navigation flow requirement
and six levels of water supply withdrawal used weekly flows at Shelbyville, Carlyle, and New
Athens. The presently available model (Valencia and Schaake, 1973) could not be used for
disaggregating the monthly flows to weekly flows because there is no integer number of weeks
in a month. A new methodology was devised, based on the analysis of observed weekly and monthly
flows, to disaggregate or convert monthly to weekly flows, retaining the monthly statistics and
conforming to the Markov chain of up to third order between ratios of weekly to monthly mean
flows.
Disaggregation Methodology. The observed weekly flows are first transformed to ratios
by dividing them by the monthly flows, allowing for a week covering days that overlap 2
months and time lags of 2 days between Carlyle and Shelbyville and 3 days between New Athens
and Shelbyville flows. The first week starts October 1 at Shelbyville, October 3 at Carlyle, and
October 4 at New Athens. The weekly ratios are obtained from

In equation 17, subscripts i and j refer to the number of the week and the number of
the year; QW and QM are the mean weekly and monthly flows; and the multiplier of 3 for QM1,j
at Shelbyville changes to 1 at Carlyle because of 2 days lag. December 31 and February 29 in
leap years were neglected; days in December and February were taken as 30 and 28, respectively.
The weekly ratios were calculated for all 52 weeks of the 24 years of historical flow record at
Shelbyville, Carlyle, and New Athens.
The weekly ratios, R, were used to determine a, b, c, and d in the following equation,
which represents a Markov chain of the third order.

In equation 18 a is an intercept; b, c, and d are coefficients of regression; and e is distributed with
zero mean and standard deviation equal to the standard error. For some weeks, inclusion of d,
or d and c, or d, c, and b did not improve the multiple correlation coefficient (or the improvement
was insignificant). When b, c, and d are zero, values of a and SE denote the mean and standard
deviation of the observed ratios in that week over the 24 years. As an example, values of a, b,
c, d, and SE for weekly ratios at Carlyle are given in table 30. Also included are the minimum
and maximum allowable values of R for modifying any excessively low or high values of generated
ratios. The minimum and maximum R are obtained from an analysis of the historical distribution
of R, allowing for the higher and lower values that can be expected in 499 years of synthetic ratios
compared with the 24 years of historical ratios.
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Table 30. Statistics for Generating Weekly Ratios at Carlyle
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A matrix of 499 x 52 ratios is generated at each of the stations with the information
exemplified in table 30. In equation 18, equals SE times ti,j; t is the random normal deviate;
i = 1, 2, . . . , 52, and j = 1, 2, . . . , 499.
The synthetic or generated ratios were transformed to weekly flows. The method is
illustrated for flows at Carlyle. Monthly factors, or the sum of ratios occurring in a month
divided by the norm for that month, are computed as

In equation 19, MFR denotes the monthly factor for the year j; subscripts 1, 2, . . . , 12 for MFR
represent the number of the month. The synthetic weekly ratios are adjusted to conform to
the monthly norm by

The synthetic weekly flows are obtained from adjusted ratios:

A computer program based on this methodology was developed. The computer cost was
about $20 for generating the 499 x 52 ratio matrix, ratio adjustments, and computation, punching,
and printing of the synthetic weekly flows from the 499 years of synthetic monthly flows.
Comparison of Historical and Synthetic Weekly Flow Statistics. The means, and the
standard deviations, s, of the logarithms of 24 historic flows in each of the 52 weeks were
computed at both Shelbyville and Carlyle. The correlation coefficients, r, between the logarithms
of flows at Carlyle and Shelbyville for each of the 52 weeks were also calculated. These are
plotted as dots in figure 15.
The logarithms of the synthetic 499-year weekly flows at Shelbyville and Carlyle were
analyzed to compute the means, standard deviations, and correlation coefficients. The resulting
values are plotted as solid curves in figure 15.
The historical and synthetic means, at Shelbyville and Carlyle are in excellent agreement. The standard deviations, s, are in good agreement. The scatter is rather small and is
expected when the two different record lengths of 24 and 499 years are considered. The values
of the correlation coefficient, r, fit very well for the months October to February, and are in
good agreement for the rest of the year. Therefore, the synthetic weekly flows are considered
a good representation of the historical weekly flows.

Synthetic Lake Precipitation and Evaporation

The observed or derived monthly precipitation and evaporation for Lake Shelbyville
and Carlyle Lake are available for the 24-year historical record, 1942 through 1965. These data
were used to adjust the weekly inflows to the lakes for precipitation on and evaporation from
the lake surfaces. Similar data were needed for adjusting the 499 years of synthetic inflows.
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Figure 15. Comparison of historical and synthetic weekly flow statistics

Monthly Precipitation. Two types of models were tested for simulating the relationship
between observed monthly precipitation and monthly flow, and their subsequent use for generating
monthly precipitations given the synthetic monthly flows for 499 years at Shelbyville and Carlyle.
The models are:
and
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Table 3 1 . Statistics for Generating Monthly Precipitation over Lakes

in which Q and P denote the monthly flow and precipitation; a is the intercept and b, c, and
d are regression coefficients; e is the random error term; and subscript i denotes the number of
month, 1 , 2 , . . . , 12. The model represented by equation 22 was not satisfactory because the
division by b. in equation 24, i.e.,
greatly affects the results for small values of b. and the dependence of P. on the previous monthly
values of P. Equation 23 was found to be quite satisfactory. It indicates that the effect of rainfall in a month affects the flow in that month and at the most the flow in the next month in
the Kaskaskia River basin. The error term e equals the standard error times the random normal
standard deviate. Values of a, b, c, and SE in equation 23 with respect to flows and precipitation at Shelbyville and Carlyle are given in table 31. One month's precipitation significantly
affects the flows in the next month only for the months December, June, July, and September,
at both stations. Values of minimum and maximum monthly precipitation expected to occur
in the 499-year period are given in table 31 and were used for modifying any very high or very
low precipitation generated. These were derived from an analysis of historical monthly precipitation, allowing for the probability of being higher or lower than the observed monthly highs and
lows because of the increased record length to 499 years of synthetic record.
Synthetic monthly precipitation was calculated from synthetic monthly flows with
equation 25 and parameters as in table 31:
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in which j is the year 1, 2, 3, . . . , 499; and ti,j is the random normal standard deviate. The
historical and synthetic annual means, obtained by finding the mean of annual precipitation,
were in excellent agreement as shown below.

The generated monthly precipitation at Shelbyville and Carlyle was adjusted by multiplying
with 38.55/38.32 and 39.15/39.31, respectively.
Monthly Evaporation. Three types of models were found satisfactory in correlating
evaporation with flow or precipitation:

in which E is the monthly evaporation from lake surface in inches; subscript i and j denote the
month and year; SE is the standard error of estimate obtained by regression of monthly evaporation
on monthly flow or precipitation from the 24-year historical record; and t is the random normal
standard deviate. Lake evaporation is nearly independent of rainfall and flow during the months
December, January, and March at both the lakes. An analysis of historical data shows that
evaporation in February decreases with increase in precipitation, P. For all other months, April
through November, lake evaporation decreases as the monthly flow, Q, increases. The minimum
and maximum E values were derived from an analysis of the historical data, keeping in mind the
probability of lower and higher values in the 499-year synthetic record than in the 24-year
historical record (table 32).
The mean annual evaporation with the 24-year and 499-year data are:

The generated monthly evaporation at Shelbyville and Carlyle was adjusted by multiplying with
34.52/34.50 and 38.35/38.40, respectively. Thus, the annual mean of the generated monthly
values matches that from the historical record. It may be of interest to know that only 33 and 41
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Table 32. Statistics for Generating Monthly Evaporation from Lakes

Table 33. Statistics of Historical and Synthetic Annual Net Precipitation

generated monthly evaporation values were lower than the allowable minimum evaporation, and
18 and 12 were higher than the allowable maximum evaporation at Shelbyville and Carlyle,
respectively. These were set equal to the minimum and maximum applicable values.
Net Precipitation over the Lakes. A computer program was developed to generate and
adjust monthly precipitation and evaporation, as well as net precipitation or precipitation minus
evaporation (positive if P exceeds E, zero if P equals E, and negative if P is less than E), for the
Shelbyville and Carlyle lakes for each of the 12 months in the 499 years. The statistics of historical
and synthetic annual net precipitation are shown in table 33.
The weekly values of synthetic precipitation and evaporation at Shelbyville and Carlyle
were derived in the same manner as the weekly values of historical precipitation and evaporation
from the respective monthly values.

Synthetic Navigation Flow Requirements

The navigation lock at mile 0.8 of the Kaskaskia River has a normal pool elevation of 368
ft above msl during low flow conditions. The weekly stages of the Mississippi River below the
. lock were determined for each of 52 weeks of the 24-year historical record as described under
the heading "Data for the Years 1942-1965." The difference in level, 368 minus the Mississippi
River stage, was designated as h. Flow is required to fill the lock if h is positive, i.e., when the
normal navigation pool of 368 ft is above the water level in Mississippi River. For 10 synchronous
and 6 other lockages, the flow requirement is 11.2 x h cfs, allowing a 20 percent increase to
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account for leakage and evaporation loss. The week at the lock starts 4 days later than at
Shelbyville, 2 days later than at Carlyle, and 1 day later than at New Athens, to allow for proper
travel times. In order to compute synthetic flow requirements, it is necessary to generate weekly
values of h for the 499 years of synthetic record.
New Athens Weekly Flows and h. The synthetic weekly flows have already been generated
for 499 years at Carlyle and New Athens. Weekly navigation flow requirements translated to
weekly flow release (without additional flow for water supply), Qcn , at Carlyle is:

in which Q n a denotes the weekly flow recorded at the New Athens gage, and Qch is the weekly
flow at the Carlyle gage.
The historical weekly values of h were correlated with the corresponding weekly flows at
New Athens for each of the 52 weeks. If Q na equals 1000 cfs, the expected value of Qch is
1000 x 1960/3654, or 536 cfs; 1960 and 3654 cfs are average discharges at Carlyle and New
Athens for the flow record up to 1965, taken from Water Resources Data for Illinois, 1965,
published by the U.S. Geological Survey. Then, Q n a - Q ch equals 464 cfs, which exceeds the
maximum navigation flow requirement of 314 cfs when h equals 28 ft. Thus, data pairs in
which Q n a exceeded 1000 cfs were removed from the weekly sets before attempting regressions.
Regression analyses were performed with various linear models. The final model, adopted
for its simplicity and ability to provide meaningful results, is expressed by
in which subscripts i and j refer to number of week and year; a is the intercept and b is the
coefficient; and the error term equals the standard error of estimate multiplied by the random
normal standard deviate because the error terms were found to be nearly normally distributed.
Data pairs for some weeks were grouped together when the relation did not vary appreciably
from week to week and the individual weekly sample size was rather small because of dropping
data pairs with Qna exceeding 1000 cfs. It was found that for the first three weeks the scatter
diagrams with h and log Q showed two best fitting lines, one fit best to the higher 75 percent
of the points, and the other fit best to the lower 25 percent of the points. Therefore, if t.. was
equal to or less than -0.674, i.e., 25 percent probability or less, h was calculated from

The values of a, b, SE, mean h, and maximum h that could be expected to occur in
499 years as indicated by the distribution of historical h, are given in table 34. When b is zero,
a and SE equal mean h and the standard deviation of h. The maximum value was used as a
filter for modifying any higher h generated. Any negative values of h generated were set equal
to zero and h equalled zero when Q n a exceeded 1000 cfs.
Comparison of Historical and Synthetic h. With the 23 years of Mississippi River gage data
covering years 1943-1965, there were 659 weeks out of 1196 when h exceeded zero, or h exceeded
zero on the average of 55.1 percent of the weeks in a year. The synthetic weekly data cover 499
years or 25,948 weeks. There were 29 weeks per year on the average, or 55.8 percent of the weeks
in a year, when synthetic h exceeded zero.
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Table 34. Relevant Data for Generating h

OPTIMAL OPERATING RULES WITH SYNTHETIC DATA
The optimal operation rules were derived with the historical data for 18 sets of varying
navigation flow and water supply requirements. The weekly flows in the 24-year record were not
high enough to raise lake levels beyond 618-620 ft in Shelbyville and 452.5-454.5 ft in Carlyle
with the optimal rules derived from the 18 sets. Desirable values of SF and CF (or increase in
release in cfs per foot of increase in lake level between the range ESF and 626.5 ft at Shelbyville
and ECF and 462.5 ft at Carlyle) could not, therefore, be determined. An attempt is made here
to find answers to the following questions by extending the simulation analysis to the ten
49-year synthetic sequences of weekly flows at Shelbyville, Carlyle, and New Athens; precipitation
on and evaporation from the two lakes surfaces; and lockage requirements:
l)How often are flood pool levels exceeded and what are the resulting damage distributions,
when optimal rules derived with the historical data are used for the synthetic sequences,
assuming SF and CF equal to zero?
2) What possible changes in the operational policy during the "dump" period, that is,
weeks 7 through 30, can increase the overall benefits, and what are the pros and cons
of such changes?
3) What are the optimal values of SF and CF with the synthetic sequences, their
variability within the sequences, and their effect on the distribution of damages?
More than 5000 simulation runs were made with the synthetic sequences. The results of
these system simulations are presented here.
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Table 35. Distribution of Damages with WS = 80 cfs and Full Navigation
(Optimal rules as derived with the historical data, and SF and CF equal to zero)
(Damages in thousands of dollars)

Note: n is the number of years when flood pool levels were exceeded

/

Comparison of Operating Rules with Historic and Synthetic Data

System simulations were carried out with the optimal operation rules derived from the
historical data for full navigation and three levels of water supply withdrawals: 0, 80, and 160
cfs. Values of SF and CF were taken as zero and no flood regulation plan was evoked even
when the lake levels exceeded the flood pools of 626.5 and 462.5 ft at Shelbyville and Carlyle,
respectively. The distribution of resulting annual damages to recreation and agriculture, when
the water supply withdrawal is 80 cfs, are given in table 35 for the historical record and 10
synthetic sequences. The number of years the lake levels exceeded the flood pool levels in one
or both lakes are included in the table. Some interesting points worth noting are:
1) Synthetic sequence 9 yields a total damage of $2,248 million over 49 years compared
with the $2,165 million with the historical record over 24 years. Maximum pool levels reached
are 620.03 and 453.01 at Shelbyville and Carlyle compared with 618.31 and 452.35 with the
historical data. This is the only sequence giving a smaller value of expected annual damage than
the historical.
2) The high flows in synthetic sequences 1, 2, 3, 4, 7, 8, and 10 are much higher than
in the historical sequence, and often these high flows occur in May, June, and July, causing
heavy damages to recreation and agriculture. The total number of years when lake levels exceeded
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Table 36. Distribution of Lake Levels with WS = 80 cfs and Full Navigation
(Optimal rules as derived with the historical data, and SF and CF equal to zero)

flood pools in one or both lakes is 34, giving a frequency of once in 15 years. If sequences 7
and 10 (unusually high flow sequences) are neglected, this frequency becomes 1 in 24 years.
Out of 34 years, the maximum level in Shelbyville exceeded the flood pool in 29 years and that
in Carlyle in 15 years (8 out of the 15 years are in sequence 7).
3) For about 50 percent of the years, the distributions of annual damage with the historical
and 10 synthetic sequences are quite similar, and the annual damage varies from zero to about
$10,000 or less.
4) Rather high flows in a few years in the 7 out of 10 synthetic sequences can actually
occur in a long record, though their exact frequency of occurrence cannot be spelled out because
of various assumptions in generating synthetic data.
The minimum and maximum lake levels in Shelbyville and Carlyle occurring at 20, 40,
60, and 80 percent of the years with the historical and the 10 synthetic sequences are given in
table 36, together with the optimum rule levels. A comparison of minimum and maximum
levels with the historical and synthetic sequences shows that:
•

At 20 percent probability, the historical minimum of 588.6 ft at Shelbyville lies in the range of
588.6 to 589.3 ft for the 10 synthetic data sets. The maximum is at ESH or 596.0 ft for both historical
and synthetic sequences. Minima at Carlyle are practically at ECLL or 439.4 ft, and maxima are at
ECH, or 444.0 ft, for both historical and synthetic flows.
• At 40 percent probability, synthetic minima at Shelbyville lie in the range 589.1 to 590.7 ft with
the historical at 589.7 ft. Synthetic maxima vary from 596.0 to 598.6 ft with the historical at
597.6 ft. Carlyle minima are practically at ECLL, or 439.4 ft. The synthetic maxima vary from 444.0
to 445.7 ft with the historical at 444.0 ft.
• At 60 percent probability, synthetic minima at Shelbyville lie in the range 589.7 to 592.5 ft with
the historical at 591.9 ft. Synthetic maxima range from 597.6 to 603.5 ft with the historical at
601.4 ft. Carlyle minima are all at 439.4 ft. Synthetic maxima range from 444.5 to 449.6 with
the historical at 447.4 ft.
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Table 37. Effect of Increase in Flow Releases, Weeks 7 through 30

• At 80 percent probability, synthetic minima at Shelbyville vary from 591.7 to 592.5 ft with the
historical at 592.5 ft. Synthetic maxima vary from 601.0 to 623.1 with the historical at 606.9 ft.
Carlyle minima are at 439.4 ft with the exception of synthetic sequences 2 , 5 , and 7. Synthetic
maxima range from 447.4 to 462.2 ft, with the historical at 449.5 ft.

The location of historical minimum and maximum levels in the range defined by the 10
synthetic sequences indicates that in the range of probabilities tested, the historical and synthetic
results are very much in agreement.

Possible Changes in Operation for the 'Dump' Period

Optimal Operation in the 'Dump' Period, Weeks 7 through 30. Damages to wheat in the
lake areas as well as to recreation in the weeks 7 through 30 (mid-November through April) can
be significantly reduced if the lake levels are kept below the damage levels as far as possible.
Damages in May and June can be reduced considerably in some years if the beginning levels at
week 31 in Shelbyville and Carlyle are not high. Low levels in the weeks 7 through 30 can be
achieved by allowing higher releases than the presently allowed maximum of 4500 and 10,000
cfs. System simulations made with the 10 sets of synthetic data for water supply withdrawals of
0, 80, and 160 cfs and full navigation flow requirement, indicated that the lake levels above which
higher release may be allowed to bring about maximum reduction in damages are 600, 601, 601, 600,
601, 603, 602, 607, 602, and 602 ft at Shelbyville and 443, 444, 446, 446, 447, 447, 443, 445,
450, and 443 ft at Carlyle. Neglecting one much higher level, the average levels are 601 and 445
ft; the adopted levels for optimizing the desirable flow increase per foot of increase in level
are 600 and 445 ft at Shelbyville and Carlyle, respectively.
DDRS and DDRC are the increases in flow release, in cfs, per foot of increase in level
beyond 600 ft in Shelbyville and 445 ft in Carlyle, respectively. System simulations were made
with the 10 synthetic sequences for three water supply withdrawals of 0, 80, and 160 cfs to find the
optimal values of DDRS and DDRC, using the optimal operation rules derived with the historical
data. The optimal values, percent reduction in damages over 49 years, and percent distribution of the
reduction in damages shared between above-flood pool and below flood-pool conditions, as well
as between recreation and agriculture under each of the two conditions, are given in table 37.
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Provision of releases higher than 4500 and 10,000 cfs below Shelbyville and Carlyle during
the 'dump' period, weeks 7 through 30, has the following ramifications:
1) In some years it can increase the releases up to 12,000 cfs at Shelbyville and 30,000 cfs
at Carlyle.
2) Expected annual damage (or benefit foregone) will decrease by an average of 11
percent. The increased releases cause an increase in property (fences, farmsteads, roads,
etc.) damages which are rather minor. The benefit to agriculture (allowing for increase
in property damages) is expected to be about 26 percent of the overall benefit or
reduction in damage. Thus, the expected decrease in agricultural damage with DDRS and
DDRC is about 2.9 percent of the total annual expected damage without them.
3) The expected decrease in recreation damage with DDRS and DDRC is about 11 minus
2.9, or 8.1 percent of the total annual expected damage without them.
4) Out of a total of 34 years in the 10 synthetic sequences of 49 years each, the lake
levels were brought down much lower than the flood pools in 9 years. In the remaining
25 years, the flood pools were exceeded mostly because of high flows in the corn and
soybean growth period when releases were held to a maximum of 1800 and 4000 cfs at
Shelbyville and Carlyle.
5) The increase in flow releases will flood the bottomlands some years. The sediment laid
over the land may be beneficial to crops or it may be detrimental to them. This needs
to be checked from field surveys.
System Results with Historical Record, DDRS, and DDRC. The system operation was
optimized to evaluate DDRS and DDRC with the use of historical data and the optimal operation
rules derived earlier. The optimal values of these two parameters and the resulting damages are
given below for water supply withdrawals of 0, 80, and 160 cfs and full navigation.

The damage decrease is 1.38, 2.07, and 2.31 percent for WS equal to 0, 80, and 160 cfs with
higher flow releases allowed below Shelbyville and Carlyle when the lake levels exceed 600 and
445 ft during the 'dump' period, weeks 7 through 30. The results are similar to those with synthetic
sequences 3, 5, 6, 8, and 9. The maximum flow release below Shelbyville is about 7000 and below
Carlyle about 18,000 cfs.
Optimizations with the historical and synthetic sequences indicate a suitable value of 250
cfs/ft for DDRS and 2500 cfs/ft for DDRC.

Possible Changes in Operations for Growth-Harvest Period

The optimal operating rules derived with the historical data indicated that during the period
of weeks 37 through 6 (the growth and harvesting season for corn and soybeans) the flow releases
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Table 38. Optimal Values of SF and CF, and Resulting Reduction in Damages
(Damages in thousands of dollars)

from Shelbyville and Carlyle are not to exceed the nondamaging flows of 1800 and 4000 cfs unless
the lake levels exceed ESF and ECF, 615-618 and 452.5-453.5 ft, for the 18 combinations of
water supply and navigation flow requirements. The optimal values of SF and CF could not be
derived from the historical data because the optimum ESF and ECF levels were not exceeded,
or in other words SF and CF were zero. There are quite a number of years with high flows in the
synthetic data. System simulations were carried out to determine optimal values of SF and CF
to minimize overall damages with the 10 synthetic sequences of 49 years each. Values of DDRS
and DDRC were used as given in table 37. The optimization results are shown in table 38.
For 6 of the 10 synthetic sequences, the optimal values of SF and CF are zero. Even a
CF value of 1000 to 3000 cfs/ft increased the overall damages by 10 to 25 percent with the exception
of sequence 9. The optimal value of SF is zero for the remaining 4 sequences, but CF varies
from 5000 to 14,000 cfs/ft. A significant reduction in damages occurred in sequences 3 and 7,
but the flow releases went up to 81,000 and 64,000 cfs below Carlyle. Heavy releases below
Carlyle in the corn and soybean crop growth and harvesting period may extend the damages beyond
Crooked Creek. In 8 of the 10 sequences, agricultural damage reduction in the Carlyle Lake
area is nullified by the much higher damage occurring in the damage reach below Carlyle. The
overall benefit to recreation is rather small. An analysis of the system simulation results with
synthetic sequences 1, 3,6, and 7 showed an increase in damages in some years and a decrease
in others.
It is concluded from the above analyses that SF is zero and CF should be taken as zero,
not only because significant benefits are indicated in only 3 of the 10 sequences and considerable
damages occur in 5 other sequences with CF at nonzero, but also because very high flow releases
occur increasing agricultural damages greatly downstream of Carlyle and even beyond the confluence
with Crooked Creek. Out of the 25 years, in 10 x 49 or 490 years of synthetic data, with the
maximum pool level exceeding the flood pool elevation in one or both lakes, 19 years still
remained with the maximum Shelbyville level exceeding 626.5 ft and the maximum Carlyle level
below 462.5 ft, with values of CF shown in table 38. Flood control regulation when lake levels
exceed flood pools may be needed once in 20 years on the average with CF equal to zero.
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Meeting Navigation Flow Requirements

The system optimization with the historical data and 18 combinations of water supply
and navigation flow requirements indicated that 25, 20, and 10 percent of the navigation requirement may be met from storage in Lake Shelbyvile for only three combinations of full navigation
and water supply of 40, 80, and 120 cfs, respectively. System simulations with the 10 synthetic
sequences for 80 cfs water supply and full navigation, with 20 percent navigation requirement met
from storage in Shelbyville, and with no navigation requirement met from storage in Shelbyville,
indicate that all navigation flow can be met from Carlyle Lake.
The joint lake operation has a built-in provision to release water from Shelbyville (if
lake level is above 590 ft) to Carlyle so that the lake level therein does not go too low. Therefore,
no navigation withdrawals are assigned to Lake Shelbyville in the final optimal rules.

Average value of A is -$18,950; thus, it is beneficial to apportion no navigation flow to
the storage in Lake Shelbyville.

Comparison of Lake Levels and Agricultural Damage

Minimum Lake Levels. The minimum lake levels reached in Shelbyville and Carlyle, considering full navigation and water supply withdrawals of 0, 80, and 160 cfs from the system, are
given below for the historical and synthetic sequences. It is evident that minimum levels are
higher than the dead storage pool elevations of 573.0 and 429.5 ft at Shelbyville and Carlyle,
respectively. Therefore, water supply withdrawals of up to 200 cfs or even more can be met
without the lake levels going below the dead storage pool elevations, with optimal rule levels and
full navigation demand. The optimal rule levels are lower than the project normal pool levels.
Navigation and up to 200 cfs firm water supply can be met from the lakes when the state and
federal storages are not considered separate and distinct entities.

Agricultural Damages with No Dams. The combined agricultural damage for the two river
reaches below Shelbyville and Carlyle under natural flow conditions, or with no dams, averages
$0.6596 million with the historical data. Under the same conditions, the average annual damage
varies from $0.4698 to $0.8667 million with the 10 synthetic sequences; the overall average is
$0.6316 million which agrees very well with $0.6596 million obtained with the historical record.
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CONCLUSIONS
The availability of water from Lake Shelbyville and Carlyle Lake for municipal, industrial,
and other purposes was analyzed under the conditions of the agreement between the state of
Illinois and the federal government. Extensive analysis with the historical data of 24 years and
synthetic data of 499 years indicates that 1) a total water supply withdrawal of 100 cfs can be
sustained from the state storage in the two lakes with the expectation of a deficit of once in
50 years on the average, 2) a total minimum unused federal storage of about 244,000 ac-ft
with the historical data and 221,000 ac-ft with the synthetic data are left in the lakes after meeting
full navigation flow requirements, 3) a water supply of 200 cfs or even more can be met from
the lakes without going below the dead storage pools when the two-lake system is operated
optimally, i.e., without a distinct division between the water supply and navigation storages,
and 4) the water supply can be used many times by an optimal system of water intake from and
return to the Kaskaskia River.
More than 10,000 system simulations were made with the historical and synthetic data
to analyze the system response from a broad spectrum of data samples and to arrive at the optimal
rules for the operation of Shelbyville and Carlyle lakes for maximizing the benefits to recreation
and agriculture under the various levels of navigation flow and water supply requirements. The
optimizations with the synthetic data indicate that the optimal rules derived with the historical
data are satisfactory, but that the following modifications might be beneficial and worth consideration:
1) All navigation flow requirements can be met from the storage in Carlyle Lake. The
optimizations with historical data indicate that 25, 20, and 10 percent of the navigation flow
requirement may be met from the storage in Lake Shelbyville when water supply withdrawals are
40, 80, and 120 cfs and navigation is fully developed. The system operation provides interaction
of Shelbyville storage with Carlyle storage when Carlyle Lake is low, thus making it unnecessary
to apportion navigation withdrawals to Lake Shelbyville.
2) In the 'dump' period, weeks 7 through 30, the flow releases below Shelbyville and
Carlyle may be allowed to increase above the presently allowed 4500 and 10,000 cfs by 250 and
2500 cfs per foot of increase in level above 600 and 445 ft, respectively, up to the flood pool
levels. This practically avoids flood regulation (when lake levels exceed flood pool elevations) in
this period, and reduces beginning lake levels for the critical period of weeks 31 through 36 for
corn and soybeans. This decreases the expected value of annual damage (or benefits foregone)
by 11 percent, with 8.1 attributed to recreation and 2.9 to agriculture after allowing for an
increase in property damage comprised mostly of flood damage to fences, farmsteads, roads, etc.
The historical data show a reduction in damage of about 2 percent. Two out of the 10 synthetic
sequences also show the reduction to be less than 2 percent (see table 37). The flow releases
can increase up to 14,000 cfs below Shelbyville and 30,000 below Carlyle, say, once in every
100 years.
3) Holding the flow releases to a maximum of 1800 cfs below Shelbyville and 4000 cfs
below Carlyle during the weeks 37 through 6 (the growth and harvesting period for corn and
soybeans) unless the lake levels exceed flood pool elevations, minimizes the overall damage, or
maximizes the overall benefit from the two-lake system. Any flow releases exceeding these
nondamaging flows increase the damages very significantly. It is better to let the lake level rise
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to flood pool, say once in 25 or 30 years, and then actuate the flood regulation plan than to
cause severe agricultural damages at an average of once in 10 years if higher releases are allowed
when the lake levels exceed ESF and/or ECF as defined by the optimal rules with the historical
data, or once in 5 years if higher releases are allowed above the lake levels of 610 ft and 450 ft
as envisaged under the Corps' present operations.
4) The synthetic data indicate the possibility of much higher flows than observed in the
24-year historical period at Shelbyville and Carlyle. The synthetic data thus provide a means of
optimizing flood regulation if so desired.
The optimal operation of the lakes, the optimal rule levels, and the relevant parameters
are described here, together with the system operation chart, to provide the final results in a
concise and compact format. Figure 16 highlights the main features.

Optimal Operating Rules

The intent of the joint lake operation is to keep the lake levels as close to the rule levels
as possible, without violating the seasonal flow release constraints. Various parameters used in
explaining the optimal operating rules are given at the top of page 67. Their values are listed in
table 39, along with any variations and their effects.
Table 39. Parameters for Optimal Operation of Shelbyville-Carlyle Lake System

Notes:

1) The above parameters for rule levels are shown in figure 16.
2) If higher flow releases are allowed during the 'dump' period; weeks 7 through
30, DDRS = 250 and DDRC = 2500 cfs/ft.
3) An increase of 0.5 ft in ESL will increase damages by about 2%, and a 1.0 ft
increase will increase damages by 5%.
4) An increase of 0.5 ft in ESH will increase damages by about 2.5%, and a 1.0
ft increase will increase damages by 5.2%.
5) An increase in ECH to 444 increases damage by about 0.3% for WS = 0, 1.2%
for WS = 40, 1.8% for WS = 80, 3.6% for WS = 120 cfs, 8.4% for WS = 160
cfs, and 12.2% for WS = 200 cfs.
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Figure 16. Schematic sketch of optimal joint lake operation
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Lake Shelbyville (week 1 starts October 1)
Es = lake level at the beginning of week, ft
ESH = rule level for weeks 31 through 11, ft
ESL = rule level for weeks 12 through 30, ft
FRS = flow release, in cfs
FRSRC = flow release as per rule level, in cfs
Is = net inflow, in cfs, during the week
OSMN = minimum allowable flow release, in cfs
OSMX = maximum allowable flow release, in cfs
Carlyle Lake (week 1 starts October 3)
Ec = lake level at the beginning of week, ft
ECH = rule level for weeks 37 through 11, ft
ECL = rule level for weeks 12 through 30, ft
ECLL = rule level for weeks 31 through 36, ft
FRC = flow release, in cfs
FRCRC = flow release as per rule level, in cfs
Ic = net inflow, in cfs, during the week
OCMN = minimum allowable flow release, in cfs
OCMX = maximum allowable flow release, in cfs
T = inflow contributed to Carlyle Lake by drainage area between Shelbyville
and Carlyle, in cfs

Lake Shelbyville

Rule Levels.
ESH for weeks 31 through 11 (April 29 through December 17)
ESL for weeks 12 through 30 (December 18 through April 28)
Values of ESH and ESL for 3 levels of navigation and 6 levels of water requirements
are given in table 39. (In the previous study, ESL was for weeks 12 through 36
with no water supply and navigation requirements.)
Release Rules. These rules vary over three periods.
1) Weeks 37 through 6 (June 10 through November 11)
OSMX = 1800 cfs if Es ≤ 626.5
The minimum flow, OSMN, is modified to maintain Carlyle Lake at 443 ft for
hunting activity during dry years if the Lake Shelbyville level is higher than
590 ft.
OSMN = Max (OSMN, Min (1500, Min (Deficit storage in Carlyle,
excess storage in Shelbyville above 590)))
Deficit storage in Carlyle
= storage in cfs-weeks (as per rule level + that for releasing minimum flow
below Carlyle - that at beginning of the week - that contributed by flow,
T, for the area between Shelbyville and Carlyle). [1 cfs-week = 13.88 ac-ft]
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Excess storage in Shelbyville
= storage in cfs-weeks (at the beginning of week - that at 590 ft elevation
+ that from net inflow, Is )
Provision of a maximum value of 1500 cfs for OSMN is more than ample for
meeting the deficits. Thus, modified OSMN is the maximum of 1) old OSMN
and 2) 1500 cfs or deficit or excess whichever is smaller.
FRS = Max (OSMN, Min (OSMX,FRSRC)) if Ec < 447; or Es ≤ 597 and Ig < OSMX
The above statement means that the flow release from Lake Shelbyville is the
maximum of OSMN and the smaller of OSMX and FRSRC. FRSRC equals the
flow release during the week which will raise or lower the lake level to the rule
level during the week, starting from a given lake level at the beginning of the week
and the value of inflow during the week.
FRS = Max (OSMN, Min (OSMX,OCMX-T)), but ≤ FRSRC if level and flow
conditions for the former FRS are not met.
This allows reduced flow releases from Lake Shelbyville to hold down the rise
in level in Carlyle Lake.
2) Weeks 7 through 30 (November 12 through April 28)
OSMX = 4500 cfs if Es ≤ 626.5; or 4500+250(E s - 600) if 600 ≤ Es ≤ 626.5
applies if higher flow releases are permitted in the 'dump' period.
The OSMN is modified to meet any deficits in Carlyle Lake during weeks 7 through
11, or up to the end of the hunting season, to maintain the Carlyle Lake at 443
ft, if the Lake Shelbyville level is above 590 ft elevation.
FRS = Max (OSMN, Min (OSMX.FRSRQ) if Ec < 445
= Max (OSMN, Min (OSMX,OCMX-T)) if Ec ≥ 445
3) Weeks 31 through 36 (April 29 to June 9)
OSMX= 1800 cfs
= 4500 cfs if Es > 600 and Is + 400(E s - 600) ≥ 4500
FRS = Max (OSMN, Min (OSMX,FRSRC))
Release rules applicable throughout the year
OSMN = 10 + WSs
WSs is the water supply withdrawal below Shelbyville
Flood regulation plan effective if Es > 626.5 ft

Lake Carlyle

Rule Levels.
ECH for weeks 37 through 11 (June 12 through December 19)
ECL for weeks 12 through 30 (December 20 through April 30)
ECLL for weeks 31 through 36 (May 1 through June 11)
Values of ECH, ECL, and ECLL for 3 levels of navigation and 6 levels of water supply
requirements are given in table 39.
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Release Rules. These rules are also different for the three periods.
1) Weeks 37 through 6 (June 12 through November 13)
OCMX = 4000 cfs if Ec ≤ 462.5
FRC = Max (OCMN, Min (OCMX.FRCRC)) if Ec < 447; or Es ≤ 597 and Is < OSMX
Otherwise,
FRC = Min (OCMX.FRCRC)
2) Weeks 7 through 30 (November 14 through April 30)
OCMX= 10,000 cfs if Ec ≤ 462.5;or 10,000 + 2500(E c - 450) if 450 ≤ Ec ≤ 462.5
applies if higher flow releases are permitted in the 'dump' period.
FRC = Max (OCMN, Min (OCMX,FRCRC)) if Ec < 445
FRC = Min (OCMX,FRCRC) if Ec ≥ 445
3) Weeks 31 through 36 (May 1 through June 11)
OCMX = 4000 cfs if Ec ≤ 462.5
It is modified for high level and high inflow conditions to allow lowering the
lake levels for absorbing any later high inflows.
OCMX = 10,000 cfs if Ic + Max(Zero, 1000(E c - 446)) > 10,000
For weeks 31 through 36:
OCMX = Max (OCMX for the current week, FRC for last week)
This allows for higher maximum flow to insure low lake level when necessary.
The DPI damages are not increased but some losses due to reduced yields because
of late replanting will occur. Such losses will be considerably less than the loss
of crops due to high lake level or high release in case high inflows persist beyond
the 39th week.
FRC = Max (OCMN, Min (OCMX,FRCRC))
In order to minimize the chance of flooding in later weeks, the flow release in
the 37th week is allowed to equal that in the 36th week, if the 36th week flow
release is higher than 4000 cfs and the inflow, I , into the lake exceeds 10,000 cfs.
No extra DPI losses are involved, though there may be some reduced income
because of late planting or replanting.
Release rules applicable throughout the year
OCMN = WSc + Max(50,QNAV)
WS is the water supply withdrawal below Carlyle
QNAV is the navigation flow requirement
Flood regulation plan effective if Ec > 462.5 ft

Shelbyville-Carlyle Operation System

The historical data file and synthetic sequence files were stored on disk. These files
contain weekly values of flows in cfs at Shelbyville, Carlyle, and New Athens; net precipitation
(precipitation on minus evaporation from the lake surface), in inches, at Shelbyville and Carlyle;
and difference in feet between the navigation pool and Mississippi River stage, zero when negative.
All these data are properly lagged for 2 days travel time from Shelbyville to Carlyle, 1 day from
Carlyle to New Athens, and 1 day from New Athens to the lock and dam.
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In addition, the stored information includes data on: lake surface area and storage
versus elevation for the two lakes, area flooded versus flow release below Shelbyville and Carlyle,
matrices of DPI and reduction in crop yields because of flooding and replanting, normal crop
yields in the four damage reaches and unit monetary values, crop losses because of flooding during
growth and harvesting, distribution of the seven recreation activities from week to week over the
year at each of the two lakes, potential annual number of visitors for each activity, dollar
value of each activity day, adverse high and low lake levels, and impairment of recreation per
foot of lake rise or fall above or below the high and low damage levels.
A simplified system flow diagram is shown in figure 17. Explanation of various steps
follows.
1) Specify data file. Historical sequence of 24 years or synthetic sequences 1 through
10 of 49 years each.
2) Accept system parameter values. Parameters are ESL, ESH, ECL, ECLL, ECH, ESF,
ECF, NSH, N%, WSs, WSc, SF, CF, DDRS, and DDRC. NSH is fraction of naviga
tion flow met from Shelbyville; and WSs and WSc are water supply withdrawals, in
cfs below Shelbyville and Carlyle.
3) Initialize lake levels. Beginning level for Lake Shelbyville is set at ESH and that
for Carlyle Lake at ECH.
4) Set up a counter for the total number of weeks in the record, i.e., 52 n where n is
the number of years.
5) Set up a counter for the number of weeks in a year.
6) Compute ARF1 and ARF2. ARF1 and ARF2 are the areas flooded by high lake
levels.

Lake Shelbyville surface area As , is 15,956 acres at elevation 610 ft, and Carlyle Lake
surface area, Ac , is 32,397 acres at elevation 450 ft.
7) Calculate Is and T. Is is the net inflow into Lake Shelbyville
in which Q is the weekly flow at Shelbyville; P - E is the net precipitation, in inches, per
week; 1030 is the drainage area in square miles abo've Shelbyville; and subscript s refers to
Shelbyville.

8)
9)

10)
11)
12)
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in which subscript c refers to Carlyle, and 1650 is the drainage area between Carlyle
and Shelbyville gages.
Find FRS. FRS is the flow release, in cfs, from Shelbyville obtained as per given
rules and navigation and water supply requirements.
Compute ARF3. ARF3 is the area flooded in the damage reach along the river
below Shelbyville. It is zero if FRS ≤ 1800 cfs. For higher FRS, it is obtained by
interpolation from the area flooded versus flow release information stored on disk.
Calculate Ic. Ic , or net inflow to Carlyle, equals FRS plus T.
Find FRC. FRC is the flow release, in cfs, from Carlyle obtained as per given rules
and navigation and water supply requirements.
Compute ARF4. ARF4 is the area flooded in the damage reach along the river below
Carlyle. It is zero if FRC ≤ 4000 cfs. For higher FRC, it is obtained by interpola
tion from the area flooded versus flow release information stored on disk.

Figure 17. Simplified system flow diagram
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13) Calculate Es and Ec . Es and Ec are lake levels at the end of week, or the lake levels
at the beginning of next week, obtained from the storage equation and storage versus
elevation information.
14) Compute agricultural and property damages. Agricultural damages, if any, are
calculated for ARF1, ARF2, ARF3, and ARF4, via an agricultural damage assessment subroutine. Property damages are calculated for maximum flooding during
the year.
15) Compute recreation damages. These are obtained for adverse lake level conditions
via a recreation damage assessment subroutine.
16) End of year? If week 52 has been processed, the within-the-year week counter is
set to 1.
17) End of record? The end is checked before starting printing.
18) Print damages, NS and NC. Total, recreation, and agricultural damages, or benefits
foregone, for the length of record, and number of times, NS and NC, that Shelbyville
and Carlyle go below dead storage, are printed.
19) Accept additional print orders, if any. The additional printouts can be of parameter
values; annual values of total, recreation, and agricultural damage, minimum and
maximum level at Shelbyville and Carlyle, and maximum flow release below the
dams; and ranked values of annual damage and minimum and maximum levels at
the two lakes, ranked low to high.
20) New parameters? A parameter value or values can be changed for a new system
simulation.
21) New data file? System simulation can be run with another data file.
A sample output is shown in figure 18 for WS = 80 cfs and full navigation requirements.
It delineates the optimal system response with the historical sequence.
The system program together with the subroutines was written for use on the DEC 10
time-sharing computer facilities of the University of Illinois. A simulation with the historical
record costs about 35¢ and one with the 49-year synthetic sequence about 70¢. The weekly
results of system operation can be printed on the main computer printer.

Major Policy Decisions

The optimization of joint lake operation in the overall best interests of agriculture, recreation, water supply, and navigation stresses the following departures in rule levels and release
rules from the present operation policy of the Corps of Engineers. The suggested departures
are items of major policy decisions.
Rule Levels: An optimal level ESH in Shelbyville for the period of weeks 31 through 11
(April 29 through December 17) is indicated instead of the Corps 599.7 ft for May 1 through
November 30. ESH varies from 593.5 to 597.0 ft with increase in navigation and water supply
requirements.
An optimal level of ESL in Shelbyville for the period of weeks 12 through 30 (December
18 through April 28) is indicated instead of the Corps 590.0 ft for December 1 through April
30. ESL varies from 590.0 to 594.0 ft with increase in navigation and water supply requirements.
An optimal level ECH in Carlyle for the period of weeks 37 through 11 (June 12 through
December 19) is indicated instead of the Corps 445.0 ft for May 1 through November 30. ECH
varies from 443.0 to 444.0 ft with increase in navigation and water supply requirements.
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Figure 18. A sample system output
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An optimal level of ECL in Carlyle for the period of weeks 12 through 30 (December 20
through April 30) is indicated instead of the Corps 440.0 ft for December 1 through April 30.
ECL varies from 440.5 to 443.0 ft with increase in navigation and water supply requirements.
An optimal level of ECLL is indicated in Carlyle for the period of weeks 31 through 36 (May
1 through June 11) instead of the Corps 445.0 ft. ECLL varies from 438.7 to 442.2 ft with
increase in navigation and water supply requirements. System simulations with even ECLL = ECL
indicate a tremendous increase in damages.
It is evident that optimal rule levels in the 'dump' period are somewhat higher than the
present levels of the Corps, but lower in the growth and harvesting period for corn and soybeans.
The greatest departure from the present operation occurs during the weeks 31 through 36 at
Carlyle.
Release Rules. The optimal operation indicates restricting flow release from Shelbyville
to 1800 cfs or less during the weeks 37 through 6 (June 10 through December 17) until the
level exceeds the flood pool elevation of 626.5 ft when flood regulation will apply. It allows flow
releases higher than 1800 cfs during the weeks 31 through 36 (April 29 through June 9) whenever
high inflow and high lake level conditions (usually occurring once in 5 years) exist. This is to
accept minor losses in the form of DPI loss and somewhat reduced yields rather than losing the
entire crop due to flooding in the growth and harvesting period. The Corps present policy
allows a flow release of up to 1800 cfs if the level is below 610.0 ft and increases the release
linearly to 4500 cfs at 626.5 ft.
Similarly, in the case of Carlyle Lake, the optimal operation indicates restricting flow
release to 4000 cfs or less during the weeks 37 through 6 (June 12 through December 19) until
the lake level exceeds the flood pool elevation of 462.5 ft when flood regulation applies. It
allows flow releases higher than 4000 cfs during the weeks 31 through 36 (May 1 through June
11) when high inflow and high lake level conditions exist. This is to accept minor losses in the
form of DPI loss and somewhat reduced yields rather than losing the crop due to flooding in
the growth and harvesting period. The Corps present policy allows a flow release of up to 4000
cfs if the level is below 450.0 ft and increases the release linearly to 10,000 cfs at 462.5 ft.
These linear increases in flow releases at Shelbyville and Carlyle cause tremendous damages to
agriculture as brought out in the previous report.
The added feature of manipulating releases from Shelbyville during low-inflow and
low-lake-level, and high-inflow and high-lake-level conditions, to provide more flexibility in the
operation of Carlyle Lake during the critical periods is missing in the Corps operation. This
interaction of lake storages maximizes the overall benefits.
Higher Flow Releases during 'Dump' Period. The optimizations with synthetic sequences
indicate that increases in allowable flow releases below Shelbyville and Carlyle above the presently
allowable maximum of 4500 and 10,000 cfs during the weeks 7 through 30 yields an overall
reduction of 11 percent in annual expected damage (8.1 for recreation and 2.9 for agriculture).
The damage reduction is brought about mainly by 1) maintaining lower lake levels during weeks
7 through 30, and thereby decreasing recreation damage, damage to wheat in lake areas and
practically obviating flood regulation plan, and 2) maintaining less high levels at the beginning of
the crucial period, weeks 31 through 36, thereby reducing recreation damage in the lakes, damage
to the wheat crop in lake areas, and DPI losses to corn and soybeans in the upstream and downstream damage reaches. The optimal values of DDRS and DDRC are 250 and 2500 cfs/ft; DDRS is
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the increase in cfs/ft of rise in level above 600 ft in Shelbyville, up to the flood pool of 626.5,
and DDRC is the increase in cfs/ft of rise in level above 445 ft in Carlyle, up to the flood pool
of 462.5 ft. The system simulation with the historical data and DDRS and DDRC gave a 2 percent reduction in damages.
Allowing high releases during the dump period will cause flooding of bottomlands with
no crops in the 'dump' period, but the effect of sediment left over the land, once in 4 or 5 years
on the average, on the land productivity needs to be investigated. The increased flow release may
affect navigation for a few weeks every 4th or 5th year.

Suggestions for Further Research and Improvement

The flood regulation plans as laid out in the Design Memorandum No. 1 for Shelbyville
and Carlyle Reservoirs (Corps of Engineers, 1958, 1962) when levels in these lakes exceed the
flood pool elevations of 626.5 and 462.5 ft, respectively, need to be optimized after the major
policy decisions have been made. These plans follow the conventional approach. Optimization
studies may indicate if any modifications are needed to maximize the benefits. The synthetic
data will have to be used for this purpose because the historical record does not contain flows
high enough to top the flood pool elevations.
The following statement from the previous report on better data (Singh et al., 1975)
still applies. "The need for better data may be exemplified by area flooded versus discharge
information at various points along the river downstream of the two dams, particularly near the
confluence with the tributaries. Such information coupled with flow information for the tributaries
would help in modifying the flow releases below the dams to keep the overall damages to a minimum.
The extent of a damage reach below a dam needs defining on the basis of specified criteria and
considerations, because the flood control protection decreases with distance downstream from
the dam. Information is needed on the advisability of changing the beginning week of the main
crop season from week 31 (years starts October 1) to a later week for areas in the zone of maximum
allowable flows, 4500 and 10,000 cfs from Shelbyville and Carlyle Lakes. Shifting the beginning
week to week 35 may cut down the agricultural loss to one-half of that with week 31. The
estimates of visitors in each recreation activity and the upper and lower lake levels at which the
activity is adversely affected, need to be carefully analyzed with respect to the capacity of the
recreation areas and the design of boating ramps and other recreation facilities."

REFERENCES

Cohen, A. C. 1967. Estimation in mixtures of two normal distributions. Technometrics v. 9(1):
15-28.
Curtis, G. W. 1969. Statistical summaries of Illinois streamflow data. U.S. Geological Survey,
Champaign, Illinois, pp. 278-283.
Fiering, M. B. 1966. Synthetic hydrology — an assessment. In Water Research, A. V. Kneese
and S. C. Smith (Eds.), John Hopkins Press, Baltimore, Maryland, pp. 340-341.

75

Hudson, H. E., and W. J. Roberts. 1955. 1952-1955 Illinois drought with special reference to
impounding reservoir design. Illinois State Water Survey Bulletin 43, 52 p.
Matalas, N. C. 1967. Mathematical assessment of synthetic hydrology. Water Resources Research
v. 3(4):937-945.
Matalas, N. C, and J. R. Wallis. 1973. Eureka! It fits a Pearson type 3 distribution. Water Resources
Research v. 9(2):281-289.
McLean, M., and P. Shepherd. 1976. The importance of model structure. Futures v. 8(1):40-41.
Riedel, J. T., J. F. Appleby, and R. W. Schloemer. 1956. Seasonal variation of the probable maximum
precipitation east of the 105th meridian for areas from 10 to 1,000 square miles and duration of
6, 12, 24, and 48 hours. U.S. Weather Bureau, Hydrometeorological Report No. 33, 58 p.
Roberts, W. J., and J. B. Stall. 1967. Lake evaporation in Illinois. Illinois State Water Survey
Report of Investigation 57, 44 p.
Singh, K. P. 1971. Economic design of central water supply systems for medium-sized towns.
Water Resources Bulletin v. 7(l):79-92.
Singh, K. P. 1974. A two-distribution method for fitting mixed distributions in hydrology. Proceedings Symposium on Statistical Hydrology, USDA Miscellaneous Publication No. 1275,
pp. 371-382.
Singh, K. P. 1976. Agricultural benefit assessment from flood control. Paper presented at
American Society of Civil Engineers Irrigation and Drainage Specialty Conference,
Ottawa, Canada, July 21-23, pp. 3-14.
Singh, K. P., and C. G. Lonnquist. 1974. Two-distribution method for modeling and sequential
generation of monthly streamflows. Water Resources Research v. 10(4): 763-773.
Singh, K. P., and R. A. Sinclair. 1972. Two-distribution method for flood-frequency analysis.
Hydraulics Division Journal, American Society of Civil Engineers, v. 98(HYl):29-44.
Singh, K. P., John B. Stall, Carl Lonnquist, and Roger H. Smith. 1975. Analysis of the operation
of Lake Shelbyville and Carlyle Lake to maximize agricultural and recreation benefits.
Illinois State Water Survey Contract Report 166, 60 p.
U.S. Army Corps of Engineers. 1958. Carlyle Reservoir, design memorandum no. 1 (revised):
Hydrology and hydraulic analyses. U.S. Army Engineer District, St. Louis.
U.S. Army Crops of Engineers. 1962. Shelbyville Reservoir, design memorandum no. 1:
Hydrology and hydraulic analyses. U.S. Army Engineer District, St. Louis.
U.S. Army Corps of Engineers. 1964. Shelbyville and Carlyle Reservoirs design memorandum:
Low flow regulation (joint operation). U.S. Army Engineer District, St. Louis.
Valencia, R. D., and J. C. Schaake, Jr. 1973. Disaggregation processes in stochastic hydrology.
Water Resources Research, v. 9(3):580-585.
Water Resources Council. 1973. Water and related land resources: Establishment of principles
and standards for planning. Federal Register v. 38(174, Part III):24804.
Wilson, E. B., and M. M. Hilferty. 1931. Distribution of chi-squares. Proceedings National
Academy of Science v. 17:684-688.

76

