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INTRCDUCTION

"Perivation of Reservoir Operating Rules by Fconomic

Analysis" is based on research performed as part of a project

sititled "The Econcmic Impact of Flood Control Reservoirs"

.OWRR Project No. A-006-KY) sponsored by the University of Kentucky

ater Resources Institute and supported in part by funds provided by

the United States Department of Interior as authorized under the
ter Resources Research Act of 1964, Public Law 88-379. The

Division and District offices of the U.S. Army Corps of Engineers

havé assisted by providing much of the necessary data.

The overall project 1s examining the economic consequences
whléh resulted from the construction of four existing reservoirs in
théihope of being able to suggest improved economic evaluation tech-
niques, This is the fifth in a series of reports on the project and
leals with the development of a methodology for determining an optimum
seﬁ'of reservoir operating rules specifying the monthly allocation of
?t#fage space which will maximize the sum of resulting flood control,

rééreation, ard water supply benefits. Based on the physical-and

hydrologic characteristics of Rough River Reservolr, Kentucky, the

derived operating rules are presented in curves showing how optimum
pération varies with the marginal value of water for water supply and
th recreation visitaticn.

Reader comments on the research problem, the approach described

1 this report, or the findings presented are encouraged and should be

directed to L. Douglas James, Project Director.







ABSTRACT

The purpose of this study was to develop a methodology for

termining an optimum set of reservoir operating rules specifying the
nthly allocation of storage space based on the example of Rough River
sérvoir, a Corps of Engineers project in Breckinridge and Grayson
coﬁhties, Kentucky, and assuming this multipurpose reseyxvoir provides
cod control, water supply, and recreation. The operating rules

ré derived by the methed of marginal analysis which uses as its
Steria achievement of maximum net benefits from the ‘available

érage capacity.

| Benefit relationships were derived for each use. The variation
flood control benefits with available flood storage was determined
rém Corps of Engineers stage-damage curves and statistical analysis
-%he historical storms in the area. The variation of water supply
yield with the allowable water surface fluctuation within the reser-
voir was determined by using statistical properties of past stream-
flow to synthesize a month-by-month operation of the reservoir. Recre-
at bn benefits as they varied with available storage were determined
for five levels of annual visitation (up to twice the present value)
subdividing use amcng three activity types and estimating how each
type of use would be affected by a fluctuation of water level.

The three benefit curves were combined by the method of margin-
a;”énalysis, and the derived operating rules were expressed as curves

c¢h vary with the marginal value of an acre-foot of water for water
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Chapter I

OPERATING PROCEDURE CPTIMIZATICN

The economic analysis of the alternatives in water resources

néhagement should not end with reservolr construction. The manner
;ﬁ'which a reservoir is operated can substantially alter the benefits
yeceived. Just as marginal economic analysis should be used during
nitial planning to help determine whether, to what size, at what
jocation, and when a reservoir should be built; it should also be used
as a guide to those in charge of reserﬁoir operaticn to help them
decide how much water should be stored in the reservoir under vary-

1ng conditions. However, while abundant literature (1, 2, 4, and

6) can be found on the application of benefit-cost analysis to reser-
Noir planning for the guidance of water resources development agencies,
the techniques of applying benefit-cost analysis to reservoir oper-
étion are scarcely mentioned in the literature and thus can be only
applied in the most general way by the agencies.

The purpose of this study is to demonstrate by example how
H@fginal economic analysis can be applied to determine the best

Ay to operate an existing reservoiru The question of what way

should an existing reservoir be cperated to maximize the resulting
beriefits immediately introduces the issue of what types of oper-

ating questions must be resolved. The six basic operating




questions are:

1. Whether storage space should be filled to provide water
for future beneficial use and to provide space for recpe.
ation or reserved to provide space for potential Floods,
Whether storing the current inflow to reduce the immedias
flood peak would minimize flood damages more effectively
than increasing releases to provide additional storage
sﬁace for possible larger future inflows;

Whether water held for beneficial use should be released
for present use or held longer for futufe beneficial use
in the event of a possible future drought;

How much water should be released fram each individual
reservoir when a group of reservoirs is used to provide
the yield;

How the water which is released should be divided among
possible beneficial uses;

Whether warm water shouldrbe released from the surface cf
the reservoir or cclder water should be released from
some depth within the reservoir.

The application of economic criteria to answering each of the

six operating questions requires a rather complex analysis, and s¢

only the first will be attempted in this study. Rough River Reservolr

Nels

the reservoir to be studied in detail in the subsequent analysis, &

=1 o

as its primary purposes flood control and recreation, but it is aisc

used to a lesser degree for water supply for low flow augmentation:




‘question to be analyzed is how much water should be kept in
o reservoir each month of the year in order to maximize the net

tberefit realized from these three purposes.

NECESSTTY FOR MONTHLY RULES

Operating rules depend on the purposes for which the reservoir
S éonstructed and the current demand each purpose places on reser-
1f storage. Recreation benefits increase with a fuller reservoir.
160d control requives freedom to store additional water during
'fiods of high runoff and freedom to draw the reservoir down during
ow flow periods. The conflict among the dgmands placed on stcrage

space by the varicus purposes must be resclved in operating rule

The magnitude of the storage needs by purpose vary with the
seasons of the year. In Kentucky, flood threats are greater in the
pring than any other season, and recreation demand is greater in

He summer. Although water supply demands are greatest in the summer,

‘storage required to produce a given yield must be filled the
‘preceding spring.

Operating rules, or the amount of water to De kept in the
-Ie$ervoir, specified by month seem to fit the needs ﬁf Treservolr ﬁ
:Qperation moré adequately than those specified by seascn or by week

f; several reasons. Most climatological and demand data are found




from the reservoir; a dally or weekly schedule would be too tedicus
tolcontrol and does not appear to increase benefits enough to warrant
the additional computational complexity. A seasonal procedure could
not adequately cover changes which come within the season.

The ideal operating procedure must compromise the conflict
between an emptier reservolr which would increase certain benefits
and a fuller reservoir which increase others. Drawdown, or available
storage, when increased reduces current recreation benefits, reduces
vield (releases water which could be used later), and reduces the
chance of later filling for the recreztion season. However, further
drawdown reduces the expected value of flood damages. Recreation may
also conflict with reservoir yield becsuse storage carmot be retained

for recreation while water is being released for beneficial use.

MARGINAL ANALYSIS

The recommended procedure in determining the optimum multi-
purpose reservoir gize is to determine the marginal benefits and
costs for varying degrees of development of each project purpose and
to include those elements whose marginal benefits exceed their mar-
ginal cost. In this study, the capacity is fixed by the size of
the existing reservolr and the problem remaining to be solved is what
allccation of the fixed storage space among the various project pur-
poses will maximize the net benefit. The optimum allocation varies
by time of year according to the seasonal distribution of flood
control, recreaticon, and water supply demerid.

Marginal analysis uses as its basis the value of a marginal

-4 -




ahge, If, in the case of reservolr cperation, the best use of an
idditiconal acre-fool of storage space 1s unknown, marginal analysis
w;li consider all alternatives; and the alternative creating the
grgétest net benefit will be used. If an acre-foot of storage
kept empty for flocd control has a greater value than if kept full
firecreation, each additional acre-foot of storage should be used
'fbr'flood control until the marginal value of additional storage
ecreases to the value of that used for recreation. This is the
+ype of analysis to be used to derive operating rules for Reugh River
eservoir; and for the analysis, marginal benefits by month with
sspect to storage are needed for each purpose.
The allocation of space within a multipurpose réservoir re-
uires a marginal tredeoff among uses. In a wet season, flood con-
trol may require a considerable drawdown for storage purposes; but
ater supply may require filling with water significantly above the
minimum drewdewn requirements for flocd control. Cbviously, maximum
bépefits éannot be received from both purposes because of the conflict
pf space between the two. Resolution of the conflict requires a
Trgéationship between the porticn of the total needed space which is
vailable and the portion of the potential benefits which can still
b, Trealizeda Pour.sets of such curves will be developed feor this
:anélysisr
| 1. Recreation benefits as a function of water currently
stored in the reservolr;

2. Flood control benefits as a function of available empty




storage space in the reservoir;

Water supply benefits as a function of how much drawdown

is allowed during extended dry pericds:

Water supply benefits as a function of how full the

reservoir is allowed to get during peak inflow periods.

After the sets of curves are develcoped (one curve of each type

by month), the space whose use is in conflict between two or more pur-
poses in each month can be allocated tc realize the greatest net
benefits. As each additional increment of space is ailotted to a
particular use, it can be determined fram the curves whether the
allocation has resulted in increasing the benefits from that use more

than the reduction in benefits for another use. If they do not, the

space should be allotted to the other use. In this way, month-by-

month rules can be derdved.

METHODOLCGY OF THE ANALYSIS

The basic approach applied in this study is that of a case
study based on determining the cptimum operating policy for Rough
River Reservoir, 50 miles southwest of louisville, Kentucky. While
the end product will be the optimum operating policy for this reser-
voir, the techniques used in its derivation have much more widespread
applicability. The relationchip established between recreation bene-
fit and reservoir storage and the monthly marginal tradecffs are
unique. Thus, while the particular cperating rules produced apply
specifically only to the reservoir described in detail in Chapter 1T,

the methodology used in their derivation may be used for other

-6 -




reservoirs to devise other operating rules which will increase the
nefits derived.

| The value of a water supply increases with the certainty that
“will be available when needed. A consistent yield of ¥ acre-feet
pepfyear ig worth much more than a yield of Y acre-feet (Y greater
an X) if no water were available during the summer months. Due
.”Aifferences in reservoir size and lecal climate, every regervoir
has'a unique consistent, or firm, yield if it is used for only the

sne' purpose. L in order to change to a multipurpose use, restric-

1d would be lessened. Methods, procedures, and results for

Flood damages prevented by flood storage are kriown as flood

anrol benefits. A reservoir reducing flood peaks will reduce flood




benefits and explains one method of determining visitor Capacity,

After the benefit curves are derived for each Purpose, they

can be combined by marginal analysis to determine suitable Operating

rules for each month. A resulting month rule might be:

reserve

‘tuate
between these two levels as needed for yield, Chapter VI of thig
repcrt discusses the combining of results frem Chapters IIT, IV, ang
V to derive operating rules to produce maximum benefits from Rough

River Reservoir.




Chapter I1

DESCRIPTION OF RCUG RIVER RESERVCIR

Rough River Reservoir is 1ocated mainly in Breckinridge and
Grayson Counties, Kentucky, on Rough River, a tributaiy of Green
River. The dam, located on the county line 89.3 miles upstream’

£ .m the mouth of Rough River, controls a drainage area of 454
sqﬁare miles. The surrounding country is primarily second rate
codland, rolling hills, and farmiand.

The Rough River project was authorized for flood contreol as

art of a multi-reservoir plan for the Chio River Basin by the Act
5'.Congress (Public Law Mo. 761, 75th Congress, 3rd Session) approved
ghe 28, 1938 (Flood Control Act of 1938). Construction of the project
_éan in November, 1355, and was completed in June, 1861l. The reser-
Vo;r began affecting downstream flows in Octcber, 1959. It provides
16od control along the Rough and Green Rivers and also forms an

cegral part of the flood control system for the Ohio and Mississippi
Rivers,

Access to the reservoir is provided by Kemtucky state routes
eading from U.S. Route 60 running east-west ten miles north of the
damsite and the Western Kentucky Parkway and U.S. Route 62 running

east-west about the same distance to the south. TFigure 1 shows the




location relative to nearby towns and rivers, and Figure 2 shows

the location relative to Important cities and reservoirs within

the state. The site is 40 air miles north of Bowling Green, Kentucky,
30 air miles northwest of Mammouth Cave, 650 miles southeast of
Evansville, Indiana (1260 population, 142000), and about 50 mileg
southwest of Louisville, Kentucky. Metropolitan Louisville, with

a population of 770000 contributes about 40 percent of the present

recregtional use of the reservoir.

PRESENT OPERATICN

Rough River Reservoir is operated for flood control, recreation,
and low flow augmentation. Table 1 shows the operating pocls. The
reservoir is only drawn down to the minimum pool level during the
flood season. The minimum pocl is the minimum water level to which
the reserveir will be lowered unless additional water is required for

flow sugmentation or other project purpcses, and its level is estab-

lished to provide a basic recreation facility and silt storage. The

TABLE 1

OPERATING POCLS OF RCUGH RIVER RESERVOIR®

Pool Elevation Capacity Area Backwater
of Pool (Acre-Ft.) (Acres) (Miles)

Mindimeam 465 20170 1700 27
Seasonal 4e5-445 99840 5100 27-39
Flood Control 465-524 314210 10260 2745
Total Storage 524 334380 102606 45

“Source (18, D




iINDIANA

CANNELTON L. &0
{UNDER CONST.}

P

4 . Reservowr |
LT {

-,

Figure 1. Rough River Reservoir lLocation Map
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easonal pool 1s the target pool for the sumer months when more water
gfdesirable for recreation and less storage is required for flecod

ontrol. The flood control pocl is storage filled only by flood

events and makes up the greater part of the total capacity. After a

160d, the pool is emptied as rapidly as 1s consistent with down-
stfeam channel capacity. The seasonal pool level in the summer and
the minimam pool level in the winter are maintained whenever flood
orage is not being used for the passage of flceds or droughts do

not cause additional drawdowr.

The timing of the present cperating policy at Rough River
Reservoir is relatively simply stated. Beginning about April 1, the

. ervoir pool ig raised from the minimum level by limiting outflow
.til the seasonal pool is reached. The seasonal pool will be main-
télned until Labor Day except for variation caused by flooding and

ow flow augmentatioﬁ. The pocl is lowered during the fall to minimum
ool by December 1 to be ready for winter flocoding (18). Table 2
provides a comparison between the target cperating rules and the
dggree to which the minimum and seasonal pocls are actually maintained.
The beginning-of-menth storages for Rough River Reservoir

glven on Table 2 indicate that the December 1 target is relatively
eij e reach. Because October and November are among the drier months M 'J
of the year, flooding does not usually interfere with the drawdown rate

_ééessary to reach the target. The late winter and early spring rains

an subsequent drawdowns to restore minimum pool between storms cause

the water level to fluctuate widely during the flooding season. The

- 13 =




TABLE 2

ACTUAL BEGINNING OF MONTH STORAGES (ACRE-FEET
AT ROUGH RIVER RESERVOIR*

Water Year 1362 1964

Oct. 87880 86730
Nov. 53510 52330
Dec, 20440 20480
Jan. 20146 19780
Feb. 71750 20190
Mar, 111250 202320
Apr. 126510 205000
May 111750 125000
Jun. 118060 121500
Jul. 120010 118400
Aug. 118620 119000
Sep. 1123¢c0 115500

*Source-(ZD)

prescribed seasonal pocl is not consistently kept full during the
sumper months. In drier years enough water is not available during
April and May to reach the seascnal pool level., In two of the four
years shown on Table 2, the 120010 acre-feet in the full seascnal

pool was not approached during the summer.

PRESENT RESERVOIR USES

The present uses of Rough River Reservoir are flood contreol,
recreation, and low flow augmentation. Even though flood control
received priority in the initial planning stages, the Corps of
Engineers did consider recreation in plamning Rough River Reservoir.

Eleven recreaticn sites were planned, and those developed have

~ 1y -




ﬁe;.facilities shown on Table 3.

Tlood control will probably remain the major purpose at Rough
sver, but recreation is growing in importance. The Department of
arks of Kentucky holds 50-year leases on land and facilities at
tes 1 and 8 with the exception of lands retained by the Corps for

operation. All other sites remain in the cperation of the Corps

As a result of the leases Rough River became a part of the

growing Kentucky State Park system. The development was done at a cost

& the state of 81,465,000, and the Corps through the same period has

invested $816,200. Still more state funds have been allocated for a
TABLE 3

ROUGH RIVER RESERVOIR RECREATION SITE
TACILITY INVENTORY#

Recreation
Sites

> |Ledging Facilities

= IShelter
> |Swimming Area

“'Main Fntrance
Laurel Branch

> < Water Supply

AN X IPicnic Tacilities

sel ol o] ¢ < [ResT Rooms

sa| <t e[ sef ol o [Parking Area
»| ] o< | o< > [Boating Ramp

Puture Develcpment
P X [ ]
Future bevelCpment
Future Development
X X X

>

Source (17)




TABLE L

BENEFTTS ATTRIBUTED TC ROUGH RIVER RESERVOIR
IN DOLLARS PER YEAR

Fleed Controleenefits; - . .. Recreational Benefitg?

195900 11264
255000 uQ259
1760200 106934
1070500 336550
548000 70398Y
307000 883031
360000 - 987425
_ 885000 - 1046734

1
' For fiscal year from source (15)
2For calendar year from source (16; 10, p. 148)

golf course and improvements to the air strip. Recreational benefits,
ag well as flocd control benefits, attributable to Rough River Reservoir
year by year since completion are shown on Table 4.

Low flow augmentation at present is only necessary in the summer
and early fall months. Streamflow records since 1959 indicate a mini-
mum allowed streamflow averaging about 70 cubic feet per second (20).
This minimum flow requires a relatively small aﬁount of low flow
augmentation water because all months have an average streamfiow at
the damsite grezter thean 70 cubic feet per second. The required yield
is too small in the light of normal inflows to cause prolonged draw-
down.

Use of the reservoir for water supply, other than for incidental




park uses and for low flow augmentation, has not been planned. Quan-
_;_L_fies large encugh to support a municipality could be developed but
WO_L.I;ld require some revision in operating procedure. The detailed
.déj}ivation of marginal water supply benefits in Chapter IIT serves

rimarily to present a method of analysis and is not meant to imply

ﬁét water supply is expected to beccme a major project purpose.

- 17 -




Chapter IIT

WATER SUPPLY

INTRODUCTION

At the present time, water supply has a very small effect on
the overall operaticn of Rough River Reservoir. A small system pro-
vides water for facilities in the immediate vicinity, and low flow
augmentation in the summer months requires an annual yield of per-
haps 4000 acre-feet, but both quantities are completely overshadowed

by the potential yield found in this analysis.

While water volumes currently‘supp;ied by the reservoir are

quite small, they may substantially increase in the future. It is
not inconceivable that a larger water supply may be needed by a
nearby municipality. Although Evansville, Indiana, is located on
the Ohio River, various factors might require the city to look for a
new supply. Other cities might be forced into a similar situation
by future growth. With increasing population and industrial develop-
ment, water quality control may require additional water for low flow
augmentation. Although Kentucky farmers have not irrigated much in
the past, supplemental irrigation may become profitable.

However, the primary purpose for including water supply in the
analysis is methodologicai. Even if water supply never becomes &

significant factor in the operation of Rough River Reservoir, it is

- 18 -




nény other reservoirs; and a method of analysis is needed.

OPERATION STUDY DATA

The analysis of water supply demand was predicated on the
 “é1 demand pattern for municipal water supply. In order to deter-
e;the volume of firm yield which could be developed at the site

as éffunction of operating procedure a month-by-month tabular oper-
loﬁ study (3, pp. 292-7) was run on the digital computer. The
”'rétion study amcunts to a month-by-month tabulation of inflow from
e ﬁpstream watershed, precipitatiocn, evaporation, current release
low flow augmentation, water supplied to satisfy the municipal
emand, and any spills that would occur. Alternate demands are
aluated to find the maximum which can be satisfied without the
éfvoir running dry. The menthly data for the operaticn study were

btained in the manner described below.

tream Inflow: The Geological Survey maintains a streamgage 5.5

es downstream from the Rough River Reservoir dam. Published records
_);were used to obtain the 26 years of historical monthly stream-
lows from water year 1940 through water year 1985. Before October,
521 the streamgage was in the vicinity of the present location of

the dam. Because this pfevious location was more indicative of the

flows into Rough River Reserveoir and because the watershed tributary
115 gage was 449 square miles (nearly the same as the 454 square
miles tributary to the dam) rather than the 504 square miles above

the present gage, all fiows since 1952 were corrvected to a value

- 19 -




appropriate to the demsite area.

The correction was based on a comparison of the monthly flowg
at the two gage sites with flows at a gage upstream at Madrid, Kentucky
having a tributary area of 225 square miles (Figure 1). Streamfloy
for & seven-year period before 1952 was found to average 2.008 times
that at the Madrid site. Streamflow for the seven years after 1952
was found to average 2.057 times that at the Madrid site. The ratio
of the two numbers is 0.977, cr the monthly flows at the damsite are
approximately 97.7 percent of those at the downstream gage.

The 26 years of adjusted historical flows were used tc synthe-
size a 500-year record for determining yield. The advantage of the
long synthesized record based on the statistical parameters of the
historical record is that it allows examination of many more possible
combinations of low flows so that yield may more realistically be
determined on a probability basis. The streamflows were synthesized
using the formula: |

b

~ = 2
Qis1 = Qe * by(Qf - Qy) + t19441 (1 - rj) (1

where 3 refers to the month of the year, i refers to the month in

the synthesized flow sequence, bj is the regression coefficient of
Qj+l on Qj’ o is the standard deviation, r is the coefficient of

determination of Qj+l on Qj’ Q is the mean historical flow, and Q is
the synthesized flow (9, pp. %59-477). Q;,; is the synthesized flow

for the current month in the sequence, and Q; is the generated flow

for the previous month. The generated flow is made up from three




1, The average streamflow in that month,
2. The expected effect of departures from average flow in
the past month on current flows,
3. A random term based on the degree of variance of the stream-

flows within that calendar month.

third term is made random by selecting the value t; at random from
tafistical distribution. For this analysis, the distribution used
défined by the distribution of historical flows (normalized by

ion by their mean) in that month around their mean. For the

op ~ation study, 500 years of monthly streamflow were synthesized from

25 years cof corrected historical flcws.

ecipitation: The raingage nearest the damsite is at Dundee, Kenmtucky,
zpfoﬁimately 15 air miles to the west (Figure 1). It was assumed that
;s,fainfall data (18) applied to the damsite area. In order to cb-
alnrﬁoo years of rainfall data commensurate with the synthesized
’aﬁflows, a least squares analysis was run between the 26 years

: nthly streamflows and 26 years of monthly rainfall.

aporation: DBecause evaporation data is not as abundant as other
a':it was necessary to use data from Lexington, about 110 miles
tht'east. Tt was thought that the two areas did not sufficiently
_iin climatological characteristics to make the.use of these data
'iﬁt@riate{ Average values by month of the year were calculated

' pan evaporation data (21) and representative pan coefficients
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(3, p. 107) and were used in the operation situdy as shown on Table 5.

Release: The maximum yield for water supply requires the storing of
all streamflow not required by downstream users. Most water-right
laws require the release of all streamflow which was put tc a bene—
ficial use by those downstream priocr to the construction of the reger.
volr as long as that much streamflow occurs. If the naturel stream
flow is less than that required, only that streamflow that actually
comes inte the reservoir has to be veleased.

However, in the case of Rough River Reservoir, water is
currently released for low fiow augmentation. The practice, which

would doubtless continue were water for a hypothetical municipal water

supply required from the reservoir, requires maintenance of & minimum

flow downstream regardless of the flow upstream. After studying
streamflow records downstream from the dam since the reservoir went
into operation, it was found that approximately 4000 acre feet of
water per month is the minimum maintained streamflow (20). It was

decided to use this amount in this analysis.

Area~Capacity Curves: The Corps of Engineers provided tables of sur-

face areaz of the reservoir in acres and storage in acre-feet as these
vary with the elevation of the water surface. These data were needed
in calculating the evaporation from and the net additional precipita-
tion into the reservoir, both of which depend on the surface area of
the body of water. The curve of storage versus surface area shown

in Figure 3 was derived from these other two curves and broken into
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parts (a Straight line for larger values of storage and a para-

ola;fof the smaller values) so that the data could be converted to

uarion form to be used in the computer program.

:d: Some data was needed on the relative demand for water by

ﬁ so that an assumed yearly demand cculd be subdivided by month.
ecgﬁse the analysis was done with a municipal water supply in mind,
_gsﬁfigures of water use by month in Lexington, Kentucky, were ob-

éd from the Lexington Water Company and from these figures the

cfional use by month was calculated to produce the figures shown on

off Coefficients: Streamflow comes from the porticon of precipita-

" '£hat runs off the land, and the portion of rmunoff varies with the

ondition of the watershed surface, primafily dryness and use. Only
.of the rainfall falling on the land surface runs off, while all

ié ﬁrecipitation falling on the reservoir would contribute to its
ing. Thus, an amount of precipitation equal to the product of

0 — runcff ccefficient), (surface area of the lake), and (inches

of precipitation) must be added to the water entering the reservoir

?hroﬁgh streamflow. It is for this reason that the runoff coefficients
by‘ménth are needed.
The precipitation gage at Dundee, XKentucky and the recorded
émflows adjusted to the damsite were used for this purpose. Monthly
Cipitation at Dundee (1Y) was converted to acre-feet of water over
e Rough River Reservoir watershed. Monthly streamflow for the water-

ied for the same period of time (1941 through 1959) was also converted
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TABLE 5

MONTHLY VALUES USED IN OPERATION STUDY

Runoff Lexington Lake

Coefficients Demand - Evaporation

in. /mo.

S nUALY 0.63 0.071 0.63
‘abruary (.84 0.07% 0.66
rel 0.70 0.079 0.73
0.56 0.077 2,17
0.36 £.080 W21
0.23 0,101 5.34%
0.16 0.099 5.75
igust 0.14 0.095 6.25
eptember 0.11 0.095 5.02
aber G.0b 0.081 3.15
er 0.26 0.073 1.65
ember 0.48 0.076 0.79
Anmaal O.41 1.000 36.35

re-feet. The latter value for any given month divided by the
cipitation for the same month gives the monthly runoff coefficient.
this way, average values of coefficients by month és shown on

5 were found for the watershed. An average annual runoff cceffi-
jent for the wooded and cropland area around the watershed was found

be 0.410 by this method. This value is in good agreement with

_éb annual ccefficients for the Kentucky area.

ERATION STUDY PROCEDURE

Using the data described, a menthly accounting of the fluctua-
ion of the reservoir level was developed for the 500 years of simu-

dted streamflcw. Precipitation directly on the lake surface and
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streamflow contributed to the filling of the lake. Evaporation frop
the surface of the lake, downstream release requirements (4000 gere
feet per month), demand (or water use), and any spills contributed to

the lowering cf the level. As the storage in the lake was caloulated,

the surface area could then be calculated from the area-capacity

equations. The full 334380 acre-foot capacity to the spillway crest
of the present reservolr was utilized.

From the 500 years of simulated operation, the fifth worst
drought was chosen to be the 100-year drought, as this is the drought
severity often implicitly used in water supply designf Only the years
defining the drawdown and recovery period of this fifth worst drought
were used in the further anslysis to save computer time.

Using the same procedure with the nine-year drought a firm yield
was evaluated by a trial and error process incorporated into the com-
puter program. A falrly low yield was assumed for the first run
through the pericd. As long as the reservoir did not completely empty,
the yield estimate was increased by a constant percentage until the
reservolr ran dry. The firm yield for the present capacity of the
reservoir was found to be 269100 acre-feet per year. In other words,
with no restrictions set on how the level fluctuated and utilizing the
full capacity, the reservoir could supply 269100 acre-feet of water
per year right through the 100-year drought.

The operator of .a multipurpose reservoir should not allow the
level of the reservoir to fluctuate as determined by the singie pur-

pose. of water supply when the other purposes would achieve a greater




pall benefit by maintaining a different level. Certain restric-
é”on the maximen and minimum allowable levels by month must be
upplied by the operator. The next logical step in the analysis is

LS to find how such restrictions would affect the yield from the

The maximun storage required to get the firm yield was found
for each month of the year in the critical nine-year dry period. As

ig-as this maximum storage is allowed, the full yield could be

alized, but reducing the maximum allowable storege in a given month Fe

the year for a purpose such as to provide room for flood control I

would reduce the available water and thus reduce the firm yield. To

t an idea of how much the yield would be reduced, the operation

dy was repeated with a limit of 0.8 of the maximum storage in the
ntﬁn This same procedure was foilowed using 0.6, 0.4%, and 0.2 of |
the maximum storage. TFrom the firm yield for each procedure, a curve |
’fdeveloped of the variation of the yield with allowable maximum

,Iége by month.

Using the same argument, if a maximum limit was put on the

ount of drawdown (i.e., a minimum amount of water to be kept in the

_séfVOir) the restricticn would alsc reduce the cbtainable firm

1eld. For each month of the critical drawdown period, the maximum
@fﬁwéown required for the firm yield was noted in acre-feet of draw—
ﬁbw## Then restricticns were put on these drawdowns, reducing the
.Oﬁable drawdowns in 0.2 increments, to obtain monthly curves

of yield verses drewdovn allowed.




Teble 6 lists the maximum drawdown required in each calendan
month of the critical drawdown pericd and the.maximum storage re-
quired in each menth if the full potential firm yield is to be devel-
oped. Figure 4 contains the curves of yield as a fraction of 26910g
versus the required maximum storage as a fraction of the appropriate
monthly value from Table 6. TFigure 5 contains curves of yield as a
fraction of 263100 versus the required maximum drawdown as found on

Table 6.

ANALYSIS OF THE DERIVED CURVES

The information contained on Table 6 and Figures 4 and 5 summar-
izes the findings of the determination of water supply yield as a
function of monthly operating restrictions.  If the entire 334380
acre-feet capacity is used for water supply, an annual yield of 268100

acre-feet can be obtained. As long as flood control does not restrict

TABIE 6

STORAGES REQUIRED FCR MAXIMUM FIRM YIELD

Maximum Drawdown Required Maximum Storage Required

Jan. 266100 188580
Feb. 245600 267587
Mar. 258200 334380
Apr. 232610 316160
May 241000 317180
Jun. 238900 - 298920
Jul. 256650 273480
Aug. 275000 289715
Sep. 296000 233050
Oct. 315600 211530
Nov. 334380 192580

Dec. 258200 174115
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meximum storages cr recreation does not restrict the maximum draw-

shown on Téble 5, the maximum ennual yield of 269100 acre-feet

‘5till be obtained. The reduction in yield which would result
m various degrees of the two types of restrictiocns Is shown on
s 4 and 5 respectively.

Table 6 shows the greatest storage for meximum yield to be re-

ived in March. Figure Y4c shows March to be one of the months where
s'.ictions on maximum storage causes yield to drop fairly sharply.

”cé.March is one of the months of major flood threat, the potential

ignificant competition between the two uses for the same storage
pace is indicated.
A review of Figure 4 reveals that the curves for the spring

hs exhibit a greater responsiveness to changes in the maximum

Iowable storage than do the curves for the fall months (i.e., they

lot below and to the right). Summer and winter months tend to fall

'Eétween. Because most runcff occurs in the spring months, these

a&@ the months in which the reservoir must save most of the water for

stubsequent summer and fall use. Thus, any restrictions on the maximum

:obage within these months will cause the greatest veduction in firm

Table 6 also shows the greatest required drawdown for maximum

yileld to be in November at the end of a series of increasing values

rough the late sumer and fall. However, the required recreation
Peol is dropping during this same period as visitation decreases. The
CUTVes in Figure 5 exhibit a trend toward greater responsiveness to

>Strictions in allowasble drawdown as one progresses from summer into



fall and winter by plotting further below and to the right. The map.

ginal loss in yield which would be caused by restricting the maximyy
drawdown below the values on Table 6 is greatest in winter when watep
must still be withdrawn for municipal purposes but just before the

bulk of the spring runoff. Fortunately, recreational use is minimg]

during this period.




Chapter v

FLOOD CONTROL

ODUCTION

. In contrast to water supply, Rough River Reservoir at the
fsént time achieves major flood control benefits. The reservoir
opérated during flood pericds to store as much of the runcfi as
néeded to prevent downstream flooding or, for larger storms, to
”ﬁucé downstream flood peaks as much as possible. As part of the
Hndmic evaluation of a reservoir for flocd control, a thorough: an-
ysis is made of past floocds and resulting damages; and predic%ions
made as to future flocd plain development. The flood control

analysis for this report was alsc begun by gathering data for the Rough

?r;area to determine the relative magnitudes of expected floods.
Rough River Reservoir has some influence on flooding all the

o the Gulf of Mexico (13). TFor this analysis, it only seemed
éélble to consider effects on flood damage from altermative oper-

. schemes on Rough River Reservoir downstream to the mouth of the
River at Cairo, Illincis. The Corps of Engineers divides all
l_éms into reaches for the purpose of collecting and presenting
Qodidamage data. There are six of these reaches between the dam-
and the Mississippl River. Proceding upstream from the mouth

the Chio River (Tigure 6), they are in order:




The Ohio River from the Mississippl River to the mouth
of the Cunberland River,

The Chic River frcom the mouth of the Cumberland River

to the mouth of the Wabash River,
The Ohic River from the mouth of the Wabash River to
below Owensboro, Kentucky,
The Green River from 26.0 miles upstream from its mouth
to the mouth of the Rough River at mile 72.0 {(mile C.0
to mile 26.0 on Green River is included in the adlacent
Ohio River reach because of backwater effects),
The Rough River from mile 0.0 to mile 14.0,

The Rough River from mile 14.0 to mile 89.3 (the damsite).

EXPECTED FLOOD PLAKS

In order to develop monthly operating rules for Rough River
Reservoir, it was necessary to determine the flood frequency relation-
ship for each calendar month. The data required for the analysis of

flooding in each of these reaches were taken at a representative

The Gumbel method of flood frequency analysis .

streamgage in each reach.

(3, pp. 250-252) was thought to be suitable for the needs of this

study. The Geclogical Survey (20) publishes mean daily flows, monthly

streamflows, and all instantaneous peak flows above a certain base{zisﬂ
The data needed for the Gumbel analysis was the instantaneous peak:flﬂﬁi
for every month of every year during the period of analysis. Peak'ﬁééﬁf
daily flows were taken when available, and the instantaneous peak fiéﬁf:

was determined as a multiple of the mean flow for that day for eacﬁﬁt
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reach. These relationships were assumed good for all storms, were
applied to those date where mean daily but not instantaneous peak Flows
were given, and are shown in Table 7 along with the city for which the
data was taken in each reach. Tor example, for a given monthly floeg
at Caihoun, Kentucky, the peak flow during the flood will be 1.014
times greater than the mean daily flow on the day in which the peak
flow occurred. Using these relationships the peak mean daily flow for
each month could be converted to the instantanecus peak flow for the
month, the data required for the Gumbel analysis. Peak flows for every
month for water years 1939 through 1958 for all six reaches were thus
derived.

The Gumbel method of analysis predicts flood peaks by return
period by making use of the theoretical distribution of extreme values

(3, p. 327). A computer program was written to apply this method; and
TABLE 7

RELATTONSHIP BETWEEN THE PEAK INSTANTANEOUS FLOW IN
A FLOOD AND THE MEAN DATLY FLOW

Stream Gage Qpeak/Qday

Metropolis, Ill. .005
Golconda, Ill. .005
Evansville, Ind. . 004
Calhoun, Ky. 014
Dundee, Ky. .023
Dundee, Ky. .023

Falls of Rough (Ad3) . 059




soted floods were calculated by the program for every month of

e zr, for each reach, and for the following return periods: 200-

af; 100-year, 25-year, 6.7-year, and 2.33-year. Table 8 shows the
Igspits of the analysis.

It can be seen that the September flocds for Dundee, Kentucky

a lesser extent, alsc those for the adjacent gages) seem too large

compariscn to the other months. An extremely unusual, or at least
easonal, storm occurred near Dundee in September, 1950, in which
+he streamflow was well over ten times the average peak for the cther
:yéars studied. The short period of record underestimated the return
ﬁd for this rare storm and caused the Gumbel analysis to dveru
'imate the magnitude of rare flocods for September. For comparison
urpbses, a flood of about average msgnitude was substituted for the
inal data, and the analysis was repeated. The expected 200-year
flood fell from 11651 cofs to 2917. The historical data was used in the
remainder of the analysis, however, and did increase the flood control
iefits for September significantly. Nevertheless, flood storage
I%Quirements were not a significant factor in determining September

perating policy even with these larger flocods.

OUTING OF FLOODS THROUGH THE RESERVOIR

The next steﬁ in the analysis was to determine what effects the

tence of varying amounts of storage space in Rough River Reservoir
:l:haVe on downstream flcod peaks of varying sizes. The effect at

Treservolr site was determined by routing flood hydrographs through

the reservoir to determine the resulting reduction in the peak. The




TABLE 8

EXPECIED MAGNITUDE OF FLCODS
OF SPECIFIED FREEQUENCY

DAMSITE

FREQ 0.5%

1.0%

b.0%

15%

435

Jar, 20978 18598 13810 9056 48us
Feb, 23315 20688 15405 10158 551y
Mar. 17023 15162 11417 7699 Lya7
Apr. 17631 15611 11748 7915 4513
May 14683, 12985 89568 - 6178 3174
Jun. 10060 8876 64395 4130 2036
Jul. 5199 L4632 3451 2358 13585
Aug. 5447 4801 3502 2212 1070
Sep. 5649 4930 3482 2045 773
Qct. 1226 1084 797 512 259
Nov. 13297 11673 8255 4811 1849
Dec. 18018 15868 11543 T2U8 3445

DUNDEE (Reach 6

and 5)

FREQ. 0.5%

1.0%

4.0%

15%

3%

Jan. 27512 24397 18132 11911 6402
Feb. 25425 22688 17182 11716 6875
Mar, 23243 20853 16045 11272 7045
Apr., 21641 19429 14878 10362 6361
May 1946 17168 12587 8039 011
Jun. 10578 9364 6919 4492 2342
Jul. 7039 6597 4904 3223 1734
Aug. 7088 6236 4o2h 2823 1317
Sep. 11651 10058 6975 3874 1128
Oct. 2011 1770 1285 803 376
Nov. 15818 13837 9851 5894 2389
Dec. 22318 19634 14235 8875 4128

CALHOUN (Reach 4)

FREQ 0, 5% 1.0% 4.0% 15% 435
Jan. 1152uY 107333 83375 59587 38520
Feb. 132404 119289 92908 66716 43520
Mar. 130373 117650 92080 66553 44152
Apr, 97276 88747 71591 50558 39473
May 80585 72207 55335 38583 23748
Jun, 65042 58674 43853 29138 16108
Jul. L1484 36829 27466 18169 9935
Aug., 55368 48580 3492y 21367 9360
Sep. 59929 52287 36915 21654 8138
Oct. 19550 17212 12507 7837 3701
Nov., 76570 57116 48100 29219 12498
Dec. 101584 89968 66596 43394 22845




TABLE 8--Continued

1.0

4.0

15%

43%

1151646
1171413
1259416
1001006
663280
511286
279616
329144
315804
337877
457301
868012

1032113

1066891

1138578
914744
606453
465650
257328
295228
280702
300008
409395
773543

721670
838576
895214
741228
492146
373853
212498
227006
210095
224078
313032
583521

552845
617848
653686
568952
378656
282713
167988
159271
139993
148610
217357
394855

341528
422369
439787
416382
278147
201997
128559

99284

77910

81775
132626
227711

0.5%

1.0%

4.0%

15%

43%

1474965
1381369
1495812
1323886
1093430
732110
553476
515962
364030
380847
598140
10177393

1316576
1250176
1352390
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flood routing procedure was quickly and easily handled by Drogramming
the flood routing for the digital computer. The program used the
relationship that the difference between the streamflow into the
reserveir and the streamflow out must equal the change in storage over
the elapsed time interval (3, p. 224). Known inflows and storage-

outflow relationships were then used for the routing.

The data required for the routing program included: an array
of elevations of water surface with corresponding arrays of water sur-
face area and reservoir storages (the program interpolates to find
intermediate values); data on the spillway, such as width, discharge
coefficient, and elevation of the crest; data on the cutflow ducts

within the dam (it was assumed that these ducts are closed throughout

the flooding pericd in order to achieve the maximum possible reduction
in flood peak); the storage within the reserveir at the beginning of the
floody and a flood hydrograph typical of the damsite.

The hydrograph must. be carefully selected by peak and volume. 4

unit hydrograph for a six hour rainfall duration was. obtained from the

Corps of Engineers, but it was found that floods of sufficient volume

to require use of significant storage capacity would be caused by much
longer rainfall than. six hours. The  longer hydrographs would have the
same peak but greater volumes. However, if the hydrograph duration is
extended too long the flows at its extremities become too small to have
a significant effect on flood hydrology. By routing hydrographs of vary-
ing duration through the reservoir, a 12-day hydrograph was found to be

about the most critical.




The volume of the 12-day hydrograph was based on cumulative
ff data. Runoff over peak flow periods lasting from cne to twelve
yo was tabulated for e number of years and averaged to get average
al arounts. The hydrograph was developed so the flow volumes re-
. =d these average values while the shape of the peak cresting at

mﬁgnitude of the mean anmual flood was based on the six-hour unit

drograph. The peak was placed toward the end of the hydrograph be-

use this condition would be more critical than an earlier peak. The
lting 12-day hydrograph with each ordinate expanded by a constant
iple to reflect the 200-year values is shown in Figure 7.
A total of 4l storms were routed through the reservoir with the
ing conditions being the size of the storm and the available storage
the storm beginning. A 200-year storm for the damsite (peak found
he Gurbel analysis to be 23315 cfs.) was the largest storm routed
gh the reservoir. Then storms whose each ordinate was 0.75, 0.50,
.25 of those for the 200-year storm were used. The initial amount
fer stored in the reservoir was varied from zerc to the full capa-
ty 5f 334380 acre-feet.
. The major purpose of the routing was to determine the reduction
u$§d by the reservoir in the flood peak as a function of flood size
';vailable storage. TFigure 8 summarizes the results and shows the
gé in flood peak for available storages. It is seen that an
:iéble storage of 265680 acre-feet is large enough to completely

absorb anything as large as a 200-year storm.
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EEECT oF THE RESERVOIR DOWNSTREAM

As the flow proceeds downstream and joins with flows from other
“scmetimes largep streams, the reduction achieved by the reservoir

1 be steadily dampened. Just how this dampening effect varies as

- watershed areé increases is a sizeable analysis in itself.

Rosenbaum (8) did extensive wbrk on the benefits attributable
Ehwey Regservoir and determined the flocd control benefits it achieved
varicus reaches downstream. Because Rough River Reservoir and Dewey
servolr are separated by only 250 miles, both drain to the Ohio

er, both are in the same climate, and benefit data of this type was
;directly available for Rough River, it was decided to use a relation-
.developed from the Dewey study in the manner described below.

s procedure was followed as a method to determine the reduction in
peak achieved (expressed as & fraction of the reduction achieved

the damsite) as a function of the fraction of the watershed con-

The following example will illustrate how this relationship was

_ 5 -
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used. The storm of February 27, 1962, produced a peak streamflow of

U420 ofs at Meta and 3610 cfs at Van Lear. [ad the reservoir not been

built the expected peak at Van Lear would have been 1.93 x L4U20 op
8530 ofs. Therefore, the dam reduced the flood by 8530 - 3610 or ygng
cfs. The remainder of this part of the analysis will determine how
the flood peak reduction varied in the downstream reaches.,
Rosenbaum listed benefits by years attributed to Dewey Reservoir
for 17 reaches from the damsite to the Mississippi River (8, p. 6u).
By assuming that one storm each year was the major contributor to
damage, the reduction in the annual flood peak at-the reservoir site
could be found by the procedure given above. The procedure to find the
dampening of this reduction downstream was:
1. Find the maximum yearly flood for a year since the reservoir

was constructed (5),

Find the stage reached by this flood in every reach down-

stream (5),

Find the damage caused by this stage from stage-damage

curves supplied by the Corps of Engineers for each of the

reaches,

Add the benefits for the year for that reach to the actual

damage to obtain the damage that would have occurved had

the reservoir not existed,

From this new damage obtain the correspending stage from

the appropriate stage-damage curve,

From the stage-discharge curve (5 and 20) find the discharge

that would have cccurred for this higher stage.
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known benefits
Damage Discharge

AQ

stage-damage curve stage-discharge curve
gure 10. Illustrated De?ermination of Reduction in Peak Flow (AQ)
& ne to Reservoir.

7. The achieved reach flood peak reduction equals the differ-
ence between the discharge of step 6 and the recorded peak
discharge.

ngPe 10 illustrates the above six—step procedure as used for each
ﬁaéh for each year. The end product is the resulting discharge reduc-
ﬁ at each point, achieved by the reservoir.
| The stage-damage curves for some reaches are based on the stage
& location that does not alsc have a streamgage. At any time when
his was the case, the nearest streamgage location in the reach was
séd:to estimate the streamflow at the base location.
The procedure illustrated above was followed using the same

arly storm for each reach to find how the reduction in flow brought

about by the reservoir diminished as the distance downstream increased.

‘analyzing several years of storms, the relationship was derived as
shown in Figure 11 and expressed as the ratic of the reducticn in

lood peak for the reach to the reduction in flood peak at the damsite




&

0.001 0.002 0.004 0.01 0.42 0.0u 0.1 0.2

o~

3
£,
-
R
T3
0
N
%
o
44
o
0
o
1
5
D
L.
o
hv;}
0
9
[
]
+J
-
-
ol
H
G
ks
-
B
g
B

Traction of Area Tributary tc Reach Also Tributary to Dam




4 function of the fraction of the area tributary to the reach also
utary to the reservoir. Assuming this curve derived from an analy«;

v_f Dewey Reservoir to be applicable to Rough River Reservoir, one

h £ind for a given reducticn in flood peak adjacent to the damsite,
ﬁis reduction is dampened further downstream with the area frac-

ohs applying to the six Rough River reaches shown on Figure 11.

HCULATION OF MONTHLY TLOOD CONTROL BENEFITS

In order to determine average annual flood control benefits
nth as a function of available reservoir storage, flood control
its were calculated for each reach for the five different magni-
'd;é of storms found by the Gumbel analysis with the reservoir in
arying degrees of fullness. 'The available storage was varied from
zsfq to the volume of the 200-year flood for the month, shown on Table

found by taking the avea under the hydrograph (Figure 7) whose

_éﬁ;ordinate was adjusted proportional to the monthly flocd peak.

Sfcfage increments used were 0.2 times the maximum value.
The tabulation shown on Table 10 is an example of the calculation
benefits for reach six near Dundee for the month of January and for
& case where the available storage is large enough to absorb the
Eﬂiire inflow to the reservoir. The precedure was as follows:
l. Row 1 is the storage in the reservoir available for flocod
storage at the beginning of the storm (Table 92),
2. Row 2 is the frequency of the storm being studied,

3. Row 3 is the reduction in streamflow immediately downstream




TABLE 9

VOLUME IN ACFE-TEET OF THE EXPECIED 200-YEAR
FLOOD BY MONTH AT THE ROUGH RIVER RESERVOIR DAMSITE

January . 231500 July 59600
February 257600 August 60100
March 188000 September 62400
April. 183500 October 13500
May 162000 November 147000
June 110700 December: 198800

from the damsite and can be found from Figure 8. In
this ex=imple, the values are identical to those tabulated
for the damsite on Table § because the storage is large
enough to completely abscrb the flow into the reserwvoir.
For a smaller storage, one would enter Figure 8 with the
inflow of Table 8 and read a reduction which would be less
than the total value.

. Row 4 is found from entering Figure 11 with the fracticn
of the area tributary to the reach being contrelled by the
reservoir and is the fraction of the flood reduction at

the damsite that is realized in the reach being studied,

. Row 5 is Row 4 multiplied by Row 3 and is the reduction in

the flood peak in the reach brought about by the reser-
voir,

. Row 6 is the flood peak that would occur at the frequency
in Row 2 if the reservoir did not exist and is found on

Table 8,




TABLE 10

SAMPLE CALCULATION OF EXPECTED FLCOD CONTROL
RENEFTTS FROM ROUGH RTVER RESERVOIRL

Available
231500 231500 231500 231500 231500

0.5 1.0 4.0 15. 43,

;Q;(cfs) at
Reservolr 20978 18558
1§ peservoir 0.785  0.785
ﬁkireach (cfs) 16458 14599
‘Q-before (cfs) 27512 24400

o 110uu 9801

29,4 29.2 .8 27.9

S-after (ft.)Z 27.9 27.3 2L.8 20.6

135500 148000 220000  18100G

xample is the calculation of benefits for reach number six
near Dundee in the month of January

Fow 7 is Row 5 subtracted from Row 6 and is the expected

peek flow with the reservoir storage in effect,

Row 8 is the maximum stage that would cccur with the peak

flow in Row 6 and 1s found from Figure 12 which is the

stege-discharge curve for Dundee,
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9. Row 9 is the actual peak stage that will occur from the
actual streamflow in Row 7 and 1s also found from Figure
12,
10. Row 10 is the damages saved in the reach for the frequency
of storm in Row 2 beczuse the maximun stage that will be

reached has been reduced by the reservoir and is found as

the difference in damages between the two stages on the

stage-damage curve for the reach (Figure 13).

The stage-discharge curves mentioned above were derived from listings

of recent flood peeck streamflows and the corresponding peak stages

(5 and 20). One of these curves was derived for a location in each

of the six reaches. Figure 12 is the stage-discharge curve for Dundé

The stage-damage curves were supplied by the Corps of Engineers, one

for each reach, and the curve for the reach immediately downstream frdm

Rough River Reservoir is reproduced in Figure 13.

As was expected for the reaches further downstream, flood-pedk

reductions became so small that differences in stages and damages were

impossible to read directly from the stage-damage and stage-discharg

curves. It then became necessary to use calculated marginal damages

and marginal flows (slope of the curve at a given point) in terms o

dellars or cofs, respectively, per foot of stage reduction.

The procedure summarized on Table 10 followed for five storms

and six degrees of available storages for each reach for each month

of the year. When all these calculations were made, the damageé'

summed for a given menth at one available storage and flood freQU'
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the six reaches. Thus, the first benefit on Table 11, $881500,

the sum of six nunbers, one for each reach, and represents the

pected benefits if the 200-year storm for January occurs with an
14ble storage in the reservoir of 231500 acre feet. If the
iable storage in the reservoir is reduced to 185000 acre feet,
expected benefits will decrease to $858000. Table 11 is a summary
w the benefits will vary with changing available storages and mag-
de of storms. A,;able similar to Table 11 was obtained for each
v of the year.
If; for each month and for each available storage, the five
Jues of benefits (one row in Table 11, for example) were plotted ver-
..e frequency of occurrence, the area under the resulting curve
would equal the average annual benefits expected in that month if the
servoir were held at that storage. Figure 14 is the benefit-frequency
for January with an available storage equal to the volume of the

year flood or 231500 acre feet and the area under this curve,

TABLE. 11

JANUARY EXPECTED BENETTITS IN DOLLARS
TROM ROUGH RIVER RESERVOIR FCR SELECTED STORMS

Storm Return Period, Years
100 25 6.7

881500 867500 435500 329500
856000 862000 435000 329500
736600 746000 457500 328500
6509500 653400 423500 329500
502500 544500 257000 316300
470500 384200 210000 277700
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8120000, is the average annual benefit to be expected in January if
that available storage is maintained. There were six of these Curves

. Y
cne for each available storage, for each month.

The figures on Table 1l reveal that for several storage values

there is an increase in benefits in geing to the second largest storm,

This trend alsc occurred in other months and may be explained by look-
ing at Table 10 and Figure 12. 1In Table 10, column 1, a change in
streamflow of 16468 cfs changed the stage by 1.5 feet while in column
2 a change in flow of only 14599 cfs changed the stage by 1.9 feet.
Thus in going tc higher streamflows in Figure 12, the curve flattens

and a fixed increase in streamflow produces a smaller increase in stage.

If the stage-damage curve is also sufficiently flat in the same region,
the increase in damage will aiso be smaller.

The family of six curves each like Figure 14 were drawn for
each month of the year, and Tsble 12 summarizes the resulting benefits
if the reservoir had the available storage specified on Table 9 before

each storm. The curves in Figure 15 show bénefits decline as the

TABLE 12

EXPECTED ANNUAL FLOOD BENEFITS BY MONTH BASED
ON THE AVATLABIE STORAGE VALUES CF TABIE 9

$120000 July $12500
5156250 August $10000
$145000 September $42500
$137500 QOctober s 200
3110000 November $45000
$ 47500 December $35000




1able storage is peduced and are plotted from points calculated

he same manner used for Table 12 but with smaller amounts of
rage available for flood control. QOctober is not shown because

he very small expected benefit.

Area Under Curve Equals the
Average Annual Flood Control
Benefits for the Available
Storage of 231500 Acre-Feet
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Figure 1t4. Flocd Control Benefit-Frequency Curve for
January for 231500 Acre-Feet of Avallable Storage




ANALYSTS OF THE DERIVED CURVES

The expected flocd benefits as shown on Table 12 are, as ope

weuld expect, largest in late winter and early spring when the floog

danger is most severe. Crop damage is larger in the summer but cop
prises a relatively small fraction of the damage total. The September
value is unusually large because of the cne historical flood near
Dundee that was so extreme.

The curves in Figure 15 show the reduction in the frection of
benefits still achieved if the available flood storage is reduced to
be smzllest in winter. In other words, if the flood storage available
is less than that required to achieve maximum benefits, the relative,
as well as the absolute benefit reduction is greatest in winter. The
concentration of their benefits in opposite seasons means little con-
flict for storage space between recreation and flood control and a

greater potential for conflict between water supply and flood control.




0.2 0.4 6.6 0.8

Fraction of the 200-year Flcod Storage Available

== 1 |

0.2 0.4 0.8 C.8
Fraction of the 200-year Flocd Storage Available

gure 15, Variation of Flood Control Benefits with Maximum Allowable
Drawdcwn

- 61 -




0.2 G.u 0.6 0.8

Fraction of the Maximum Obtainable Benefits

Fraction of the 200-year Flood Storage Available

Fig. 15d

0.2 0.4 0.6 0.8

Fraction of the 200-year Flood Storage Avdilable

4]
:
e
0]
e
0
—
rg
b
8
@
3
4y
o
g
:

Figure 15.--Continued




Chapter V

RECREATTON

Reservolirs prévide & body of water which has a natural attraction
visitors and, when developed for recreation, a combination of shore-
"e_facilities wherein outdoor recreation activities can be enjoyed.
ne;activities (fishing, swimming, beating, and water skiing) cannot

enjoyed without the water. Other activities (sightseeing, picnick-

g, and camping) could be enjoyed without the water, but the water

creases the attraction by adding to the amenities of the site and by

ing it possible for picnickers and campers to also enjoy the water-

éd activities. In either case, it would be logical to expect the

€ gize of the body of water. More water provides more space to fish,

The problem at hand is to determine how the recreation visitation
vary with the size of the body of water as determined by the policy
eservoir operation. The approach used to sclve this problem is

Scﬁibed on the following pages.

SITATION BY RECREATION ACTIVITY

The major activities provided at Rough River Reservoir are
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picnicking, sightseeing, camping, water skiing, boating, Fishing, ang
swimming. Some visitors may participate in only one of these activities
during their entire visit while others may participate in several, The
kinds and number of activities engaged in depends on individual pre-
ference and the time of year.

Because the effect of the amcunt of water stored in the resar.
volr on participation in a given activity depends on the activity water
requirements, the activities were grouped as fcllows:

1. Camping, sightseeing, and pichicking as not involving direct

use of the water;

2. Tighing and swimming as teking place alcng the available

shoreline;

3. Boating and skiing as taking place over most of the water

surface area.
Corps of Engineers visitaticn records (14) for Rough River Reservoir for
June, 1963, through June, 1866, were evaluated to determine the frac-
ticn of the total visitors participating in the activities of each
group and the fracticn of the total activity-days associated with each
group found ocn Table 13.

A visitor-day is cne day of recreational experience at the site
by cne person. An activity-day is one day in which cne individual en-
gages in one activity. This does not mean the whole day must be spent
in the one activity, but cnly a significant part of the day. Table 1H
shows the month-by-month ratics of visitor-days to activity-days cal-

culated for Rough River Reservoir from Corps of Engineers data (14).
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TABLE 13

DTSTRIBUTION OF VISITATION AMONG ACTIVITIES™
AT ROUGH RIVER RESERVOIR

Type 1 Type IT Type I1T
Sightsee Fish Boat
Picnic Swim Ski

Participating Fraction
Activity-day Fraction

Participating Fraction
Activity-day Fraction

Participating Fracticn
Activity-day Fraction

Participating Traction
Activity-day Fraction

Participating Fraction
Activity-day Fracticn

Participating Fraction
Activity~day Fraction

Participating Fraction
Activity-day Fraction

Participating Fraction
Activity-day Fraction

Participating TFraction
Activity-day Fraction

Participating Fraction
Activity-day Fraction

Participating Fraction
Actilvity-day Fraction

Participating Fraction
Activity-day Fraction




Sumer visitors are seen to engage in more activities in a day at

the reservolr than do winter visitors.

DEGREE OF CROWDING

One would expect the reduction in recreation visitation causeq

by having less water in the lake to be a function of how crowded tre

recreational space is. The more crowded the lake, the greater the
number of visitors which can be expected to either go to another lake
or seek another type of recreation. However, a given lake will e
crowded some times and almost unused other times. The greater the
amount of time the lake is crowded, the more decreasing storage would
be expected to reduce visitation. The variation of use with time

was analyzed by studying the distribution of use by.month of the year,
day of the wesk, and hour of the day. Tre monthly and weekly data were
calculated from Corps of Engineers visitation counts, ard the daily
figures were calculated from counts made for the purpose of this study
during holidays and Sundays in the sumer of 19687. Table 15 shows these

vigitation trends at Rough River Reservoir.

TABLE 14

RATTOS OF VISITOR-DAYS TO ACITVITY-DAYS
AT ROUGH RIVER RESERVOIR

Jan. o 0.806 Jul., 0.428

Feb. o 0.890 Aug. 0.430

Mar. 0.785 Sep. 0.617

Apr. 0.715 Oct. 0.757

~May 0.442 Nov. 0.920

“Jun. 0.413 Dec. 0.965
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The data cn Table 15 can be used to estimate the distributicn
e degree of crowding of recreation facilities over the course of
year. The goal is to estimate the duration of specific degrees of

wding as a first step in relating lake size to visitation. The

sproach 1s to estimate visitation hour by hour through the year and

éﬁge the hours in order according to the number of visitors pre-

A computer program was written to compute the expected number

he March fraction of the peak month visitation (0.130) by the Tuesday
xﬁétion of the peak day visitation (0.131) Ly the third highest frac-
ibﬁ of the daily visitation (0.898) to get 0.0153. This is the frac-
ion of the peak hour visitation of the year estimated to occur that
Extra visitors were assumed for holidays by regardless of the

day of the week on which the holiday fell using the same visitation

the previous Sunday.

The 8760 expected hourly visitaticn were used to compute the
'Pﬁfbentage of annual visitation which could still be accommodated if
le maximum amounts of visitors which could be simultanecusly accommo- -

ted were restricted by varlous degrees of crowding. This _was done by

_aly21ng the B760C hourly visitation estlmates to determine the fraction

the-total annual visitation associated with visitors cau51ng crowding
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TABLE 15

TTME DISTRIBUTION OF RECREATIONAL USE
AT ROUGH RIVER RESERVOIR

MONTHLY VISITATION:L

Fracticn Fraction Fraction Traction
of Pezk of Annual of Peak of Annual
Month Visitation Month Visitation

Jar. 0.101 021 . .000 .207
Feb, 0,130 .027 _ . .937 .194
Mar, 0.130 .027 . U4 S .088
Apr, 0.357 - 074 . 275 057
May 0.652 .135 . .082 017
Jun, 0.686 0.142 . .053 011

WEEKLY VISITATTON:+

Fraction of Fracticn of
Peak Day Weekly .

Visitation :
Sunday 1.000 0.495
Monday 0.131 065
Tuesday .131 .065
Wednesday .133 . 066
Thursday . 156 077
Friday 166 . 082
Saturday 301 149

DATLY VISITATION:Z

Fraction of Peak Hour (From peak to lowest hour)

1.600 0.946 0.898 0.809 C.698 0.600 0.497
0.33¢ 0.221 0.221 0,221 0.221 0.221 G.221
0.221 0.221 0,221 0,221 0.221 0.221 0.221

Peak hour fraction of total daily visitation: 0.270

lsource: Calculated from data furnished by U. S. Army Corps of
Engineers, Ohio River Division.
?Source: Field data collected for this study.
Spssumes the net number of visitors who arrive or leave between 6 P.M-
and § A.M. is not appreciable.
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ss specified levels. Tor example, it was found that approxi-
téiy 46 percent of the potential annual visitation would have to be
iéd away were the visitation rate limited to 0.1 of the peak poten-
ai-houfly visitation which would occur were there no crowding restric-
Qﬁ, If the peak hourly visitation were potentially 5000 visitors, 46
:ent of the yearly total visitcrs would still visit if the actual
ak were limited to 500 persons. The concept is illustrated graphi-
1ly by Figure 16. The fraction of the total people who wish to
isit the site who cannot be accommedated as a function of the ratio
f reservoir visitation capacity to peak potential hourly visitation
5 then developed from this conceﬁf and plotted on Figure 17.
The operation of Rough River Reservoir could limit peak hourly
tation by drawing the water level down until the recreationzl area
ecomes so crowded that pecple who otherwise would have visited the
ake do not. The reservoir capacity would in fact be set by crowd-
ing rather than decree as may have been implied above.
If the size cf the reservoir pool were reduced, it would be-
”ﬁE more crowded 1f the number of visitors remained the same. If
became intolerably crowded, fewer people would desire to go there.
Assuming that crowding sets an upper limit on visitors who will simal-
iéhéously visit the reservoir but does not affect visitation when the
umber of people wishing to visit is less than the visitation capacity
%ﬂdts use of Figure 16 for estimating how many visitors will no
onger visit the site. The curve (Figure 17) actually used was cai-

ulated on a monthly basis and represents the average of the twelve

monthly curves.




Peak potential hourly visitation
~-Potential visitors which cannot be accommodated

Jf—Reservoir visitaticn capacity

1\\\

—

Fracticn of Time That at Least the Indicated
Visitation is at the Site

Fraction of Annual
Reservolr Visitation

Figure 16. Time Distribution of Reservoir Utilization

RESERVOIR CAPACTTY

In order to determine the variaticn of reservolir visitation
capacity with storage changes, certain assumptions were necessary.
Highway designers dc not provide a capacity equal to the peak hourly
traffic count in the year (7, p. 188). It can be shown by economic
analysis that it is wasteful to provide facilities that will com-
fortably move the heaviest flow of traffic when for the greatest part
of the year a much smaller facility will suffice. Thus, they have
found it successful to design for the 30th heaviest hour of the year.
The 29 heavier hours will cause some congestion but the savings in
building costs by bullding for smaller capacity far outweigh the
inconvenience of a few persons a few hours of the year.

Using the same logic, a reservoir should not be built to
accommodate the maximum number of persons who might ever went tc g9
there simultaneously. BRecause the true capacity of Rough River

Reservoir for recreation was not known, it was assumed that the




.

S~

Fraction of the Potential Visitors Which Cannot Be Accommodated

Relationship Between Reservoir Recreation Capacity and the
Fraction of the Potential Visitors Which Cannot be
Accommodated
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regervoir was overcrowded on the peak day of record and that the
true comfortable capacity would be scmething less than this. The

computer program used to derive Figure 17 also listed the hourly

visitation potential in ordefvof:magnitude. Of the 8760 hourly vai-

ues given, fhe 15th highest wéé'0,907 and this 15th hour visitatio,
was used as the comfortable capacity of the reservoir. The 30th
highest hour was not used because the relatively large capacity pro-
vided by the Rough River facilities would become crowded less often
than would those many cther places.

The peak daily visitation recorded at Rough River through
December, 1965, was 20700 visitors on a day in July, 1965 (18). Using
a peak hourly fraction of the daily total of 0.27 (Table 15), the
peak hour beccmes 5600. The 15th highest hourly visitation would then
theoretically be 5600 multiplied by 0.907 and 5080 and will be assumed
to be the ccomfortable capacity for the reservoir.

From Table 13, it can be seen that in July 97 percent of the
visitors camp, pienie, and sightsee (activity type I.), 81 percent
of the visitors fish and swim (activity type II), and 54 percent of
the visitors boat and water ski (activity type IIIL). By assuming that
the same percentages would apply to determining/the activity capacity,
the capacity to provide for activities of type I would be 97 percent
of 5080 (4925). 'The same reasoning would apply to the two other
activity types to make the capacity for activity type IT 81 percent of
5080 (4l110) and for activity type III 54 percent of 5080 (2740).

Because the level of the reservoir is a major factor




contributing to capacity, i1t was necessary to determine the level on
hé 15th highest hour, which was also assumed to occcur in July, 1965.
'ﬁough a goal of the present operating procedure is to maintain a
asonal pool of 120010 acre-feet during the summer months for recre-
;lOﬂ; it was estimated from the data on Table 2 that the pool level
the peak day was 97780 acre-feet. This’pool of 97780 acre-feet
resents a water level at an elevation of 480 feet above mean sea
el, a surface area of 4b50 acres, and a shoreline of 200 miles.
Assumpticns were also made as to the variation of visitation
pacity by activity type with the volume of water stored in the reser-
vqir. For activity type I, nc water is actually needed; but many
people prefer to visit a park with a body of water rather than one

without because they planned other activities requiring water or be-

indicated they plamned water-related activities (12). This figure was

dssumed to be suitable for Rough River also. Since, from Table 13,

or' 56 percent of the visitors engaging in activity type I will also
”'quire water. Thus, the capacity of the reservoir for those engaging
in activities of type I desiring water would be 56 percent of 4925,

he total capacity for the activity type, or 2760.




TFor these who participate in activity type I and are attracteg
by the water, it would seem that the number of visitors would increase
with the length of the reservoir shoreline. A reservoir such as Rough
River with its numerous coves and branches would have greater capa-
city for picnicking or camping near the water than would a perfectly
round pocl. The capacity for activities of type IT, fishing and
swimming, would also most 1ikely be related to the available shoreline
because they tco are concentmated arcund the periphery. The capacity
for activities of type III, skiing and boating, would more likely
vary with the total reservoir surface area because they may occur over
most of the surface. TFigure 18 shows the variation of shoreline miies
at Rough River Reservolr as a functicn of reservoir storage as derived

from a topographic map.

ANNUAL VISITATTION EXPECTED

Since empoundment began in October, 1859, visitation has in-

creased year by year at Rough River. The annual attendance shown on

Teble 16 is indicative of the growth of interest and popularity of

the park. This growth of annual visitation makes it reascnable to
expect that future visitation may reach twice the present value. Thus,
annual visitation of 0.8 (the approximate average annual value over
the last two years), 1.0, 1.2, 1.4, and 1.6 million visitors were

used in order to analyze the effects increased visitation would have

on the optimum cperating policy.




TABLE 16

ROUGH RIVER RESERVCIR ANNUAL ATTENDANCE#

Attendance Attendance

31700 695300
gu200 777500
285000 824200
554318

DUCTION IN BENETTTS DUL TO CROWDEDNESS

Table 17 shows the procedure for menth by month analysis of
reation visitation as a function of water stored in the reservoir
ing that month. Only those months are shown in which the highest

evel of potential visitation ccnsidered required a significant

Given the visitation per menth, the potential peak hour visi-
 ion expected dﬁring the month would equal (monthly vieitation)
ﬁpeak day fraction of the week) x (number of months in a week) x

ak hour fraction of the day) or (monthly visitation x (0.435)
(12/52) % (0.27) or monthly visitation x (0.0307). Thus 0.0307
the fraction of the potential monthly visitation expected in the

éék hour of the month for any month of the year. The value as

erived is a potential value which would apply were crowding never

The balance of the computatiocnal process is best explained by
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Hundred Miles of Shoreline

100 200 300
Stecrage Capacity in Thousand Acre-Feet

Figure 18. Variation of Miles of Shoreline with Storage
Within Rough River Reservoir

proceeding through Table 17, row by row:
1. The potential monthly visitaticn is found by multiplying
the monthly fraction of annuel visitation (Table 13) by
the annual visitation (800000).
The potential peak hour visitation during the month is
found by multiplying the monthly visitation by the peak
hour fraction (0.0307).

The shcreline miles required by those interested in

activities of fype I is found by:

vy = (DD D AD

Cr

3
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CALCULATTON CF RECREATION BENEFITS

Row Apr. May Jun. Jul. Aug. Sep. Oct.
1 Potential Visitation 59700 108000 113600 165600 155200 70400 45600
2 Potential Peak Hour 1820 3310 3490 5080 4775 2160 1400
Activity ' Requirement:
3 1 Shoreline Mlles 57 13y% 138 200 187 77% 49
4 II Shoreline Miles 36 1in 149% 200% 193% 50 22
5 IIT Surface Area (Acres) 635% 2960 3300 4560 4200 1000 302%
6 Required Storage (Ac-Ft) 5550 57000 68700 105200 100560 14000 2640
7 0.8 of Required Storage 4430 45600 55000 8uz00 80440 131200 2116
8 New Capacity 1460 2970 3110 4370 4320 2010 1235
9 New Capacity = Peak Hour .800 - 900 . 8490 . 860 .910 .930 .803
10 Fraction Not Accommodated .025 010 .013 017 .010 .008 .025
11 Fraction Accommodated .975 .990 .987 .983 .950 .992 .975

xActivity requirement implying the most storage




where My = the shoreline miles required,
V= potential hourly visitation engaged in all
activities which can be accemmedated and

equals the value in Row 2 when the storage

is large enough for there to be no capacity

restriction,

= fracticn of visitors participating in activity
type I for the month (Table 13),

= fraction of visitors wishing to engage in
activities of type I that need watep (0.56),

M = number of shoreline miles available during
the peak day (200),

Cr = capacity of the reservoir when M shoreline
miles are available for those wishing to
engage in activity type I and needing
water (2760).

Substituting the above values gives:

Mpo= 0.0406(V)(AD),
where values of V and A7 for the appropriate months
should be used in specific calculations.
The shoreline miles required by those interested in

activities of type II is found by:

- (AT QD
Mrp = 110

Crr




where Ary = fraction of visiters participating in
activity type II for the month (Table 13),
CII = capacity cf the reservoir when M gshoreline
miles are available for those wishing to
engage in activities of type IT(4110).

Substituting the appropriate values gives:

The surface area required by those interested in

activities of type III (Syyq) is found by:

- (MATTTS®
St17 F Tl ; (6)

Crrz

where S = number of surface-area acres available during

the peak day (4550),

AIII = fraction of visitors participating in activity
type IIT for the month (Table 13),

CIII = capacity of the reserveir when S acres of
surface area are available for those wishing

to engage in activities of type IIT (2740).

Substituting the appropriate values gives:

Sty = 1.66 (V) (Arpy) (7

The storage required to accommodate the total peak
hour visitation is taken as the maximum of the three
storage values required tc provide the shoreline or sur-

face area of the three activity types as calculated in
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the previous three rows. Table 17 shows how fishing and
swimming tend to be the relatively most crowded activities
in mid-summer while boating is the controlling factor on
the fringes of the recreation season. Type II activitieg
controlled in between.

The minimum amount of storage theoretiaally required to

accommodate the expected visitors by month has now been found. If,
for any given meonth, the storage dropped below the values found, the
recreaticn capacity would decrease sc as o restrict visitation. The
second portion of Table 17 shows how benefits decrease as the storage
decreases.
7. A fraction of the needed storage was taken.
8. The recreation capacity provided by the storage of Row 7
was calculated for each of the activity types by using
the appropriate capacity equation (3, 5, or 7) to calculate

values of V and the smallest of the three values was taken

(in most design procedures it is usual to use the worst

possible cendition, which in this case would be the greatest
of the three demands for recreation water).

The fraction, visitors which can now be accommodated (Row 8)
divided by the potential peak hour visitation (Row 2) was
calculated to be used in Figure 17.

The fraction of potential visitors not accommodated was
found by entering Figure 17 with the fraction in Row 10.

The fraction of visitors accommodated is the difference
between the value in Row 11 and 1.0.
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The calculations of Rows 7 through 12 were repeated three more

imes DY reducing the fraction of the needed storage each time by

increment of 0.2. The whole series of calculations was then re-
ed by increasing the visitation from 0.8 million to 1.6 million
increments of 0.2 million., Although separate calculations were
made for each of the five levels of visitation, the fraction of the
vigitors accommodated as a function of the fraction of the total
ceded storage available was very similar for all five levels. Tigure
shows the curves for April through October. Each curve is a monthly

verage of the five separate analyses.

DISCUSSION OF RESULTS

Table 18 (values from Row & on Table 17) indicates the storage
required by calendar month to accommodate the indicated visitation.
lgure 19 shows the fraction of the potential recreation visitors
wﬁiﬁh can still be accommodated were the available storage to drop

bEIbw the level of Table 18. Table 19 applies the monthly visitation

actions of Table 18 tc the indicated annual visitation.

Recreation increases by month beginning in April and reaches

eak in July and August. Because visitaticn becomes more water

iénted in the warm summer months, a reducticn in the available
orage is relatively most effective in reducing visitation during
ﬁhese months. Figure 19 shows the greatest sensitivity of visitation

storage in June, July, and August.




TABLE 18

REQUIRED STORAGE IN ACRE-FEET BY MONTH TO ACCOMMODATE
THE SPECIFIED ANNUAL VISITATION

Anruel Visiltation (Million Visitors)

1.6

1.4

1.2

1.0

0.8

4530
5450
hee0
41100
185000
188000
334000
379000
70000
28500
1700
850

4000
4800
4100
330000
130500
156000
272500
251000
51000
20000
1480
770

3430
3675
3160
20000
105200
122500
200250
184000
45000
13000
1280
650

2930
3420
2930
10400
73000
93600
148000
136000
27700
6000
1075
546

2270
2740
2350
5500
57600
68700
105200
100500
14000
2640
860
436

TABLE 19

POTENTTAI, FECREATTICN VISITATICN RBY MONTH

FOR THE SPECIFIED ANNUAL, VISITATION

Annual Visitation (Million Visitors)

1.6

1.4

1.2

1.0

0.8

33600
43200
43200
1183C0
215000
227000
331000
310000
140500
91200
27200
17600

29400
37800

. 37800

1038060
1890006
188500
280600
271600
123000
79800
23800
15400

25200
32400
32400
88800
162600
170000
248500
233000
105500
68400
20400
13200

21600
27000
27000
74000
135000
142000
207000
184000
88000
57000
17000
11000

16800
21600
21600
59200
108066
113600
165600
155200
70400
45600
13600
8800
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Chapter VI
DERIVATION OF OPERATING RULES

. Once the cperating procedures had been individually derived
ich for each purpose would maximize the resulting benefit and the

55 in benefit which would result were there an infringement on the

required operation had been determined, the next step was to derive

Qﬁﬁimum.OPerating policy.

_;::f_INING THE ZONE OF CONFLICT

Figures 20, 21, and 22 indicate the operating requirements to
H&ximize the benefits by project purpose. Figure 20 is plotted from

ihﬁle 5 to show the zone of allowable fluctuation so water can be

Sféfed during periods of high flow and so drawdown can be continued
ring extended droughts to Obtain maximum water supply yield.

Figure 21 is plotted from Table 9 to show the amount of empty storage
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Figure 20. Water Supply Operating Policy For Maximum Benefits




Tull Capacity = 334380 Acre-Feet

Maximum Flood Control Benefit
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Tigure 21. Flood Control Operating Policy for Maximum Benefits



.

300

%% o
- 250
:ﬁgf
.
200

150

100

Level of Storage, Thousand Acre-Feet

50

—_——— Anmual visitation of 1.6 million visitor-days

------- Annual visitation of 0.8 million visitor-days

Provision of
Recreation for

)
1
]
! Visitation
’

Figure 22.

Indicated Annual

——— o -—

-

--- -t Requires This Volume ofing r

J F M A M J J A

Month of the Year

- 88 -

S 0

N

ull Capacity = 334380 Acre-Feet
e
Recreation Benefits
Not Increased By This ,
Additional Storage
|,.,--I_,:Lnes of
Minimum Storage
Allowed During
Menth to
- Maximize
: TT77| Benefits
1
|
]

D

Recreation Stcrage Requirements for Maximum Benefits




ace required in the reservoir to maximize flood control benefits

ased on the 200-year flood. TFigure 22 is plotted from Table 18

o show the minimum amount of water required in the reservoir to
Ecammodate the maximuﬁ and minimmm annual rates of recreational
sitation considered.

Inspection of Figures 20, 21, and 22 in combination reveals the
éés of conflict between the storage requirements for the various
urﬁosas shown in Figure 23. In the months from December thfough June,
the:drawdown required to preserve storage for flood control conflicts
{ﬁ the amount of water which must be accumilated in the reservoir
6“ﬁaximize yield. In the months from May through November, the amount
f water which would be required to provide sufficient recreation space
or 1.6 million visitors annually conflicts with the drawdown required
uring low flow periods to maximize yield. During July and August
ufient recreation water requirements conflict with water supply and
he larger visitation would come in cenflict with flood control. The
anhﬁal recreation visitation at which the storage space requirements

oY recreation will first come in conflict with those for flood con-
trol is slightly more than 1.4 million. Within each zone of conflict,
marginal benefit énalysis is required to defenmine the operating level

nch will maximize tctal Ienefit,

UNIT VALUES USED

In order to combine the marginal curves, each has to be

expressed in dollar units. For recreation, the value of a visitor-day
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1l--Areas of conflict between water supply and flocd control

2-~preas of conflict between water supply, recreaticn, and
flood control
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L——Areas of conflict between current recreation and water supply

—~=Minimum storage requirements for full water supply yield

-~ —=Maximum storage requirements for full water supply yield
Minimum drawdown level for full fléod control benefits

——Minimum storage required for 1.6 million visitor-days
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Figure 23. Zones of Conflict Among Competing Purposes
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nt at Rough River Reservoir had previously been determined by
\asey to be $1.27 (19, p. 148); and this value was multiplied by

’Cﬁ visitation figure to estimate benefits. For flood control, a

urve of dollars damage per foot of stage was supplied by the Corps

Engineers. The analysis in Chapter IV related acre-feet of storage

, change in stage downstream, so a curve of dollars pér acre-foot

_;storage was made available for flood control.

Although curves of yield versus allowable drawdown and yield

sus conservation storage were derived, it was thought to be urwise
5. try to pinpoint the value of an acre-foot of yield. Because of the

wide variation of value depending on quantities available, other

sources, and changes in need, it seemed rmore realistic tc determine

tow the economic operating procedure would vary with the value of an

acre-foot of yield.

EXAMPLE CALCULATTONS
| As an example of selecting the operating procedure for benefit
meximization, the rorth of December was chosen for illustrative pur-

poses. Tigure 23 shows the zone of conflict in December between flood

trol and water supply. Table 20 lists calculations as they were

made and shows the variation of the optimum operating level with the

it value of yield. Obtaining maximum henefits from flood control

for the month requires a drawdown to 135500 acre-feet but water

supply requires an allowakle conservation storage up to 174100.

fQP the range of conflict, or between 135500 and 174100 acre-feet.



TABLE 20
SAMPLE OPTIMUM STORAGE CALCULATIONS

Part A: Water Supply Yield and Flood Control Benefits
Versus Storage

Level of Storage Water Supply Flcod Control
Considered Yield Realized Benefits
(Acre-Feet) (Acre-feet/year) (Dollars)

174100 268100 94000
17C004 . 268180 94120
165000 267380 94250
166000 265820 94375
155000 264590 9500
150000 263500 94620
145000 262000 94750
110000 260000 au875
135500 258000 95000

Part B: Net Benefits From Both Uses If Value of Water
Supply Is As Shown
e i ey - o et e e e
Cents Per Acre-Fogt _
Storage 10 12 14 15

174100 (l10i46 115528  12G91G 126292 131674 134365
170000 {110212 115576 120938 125302 131665 134348
155000 (11028% 115642 120990 126336 131683 314360
160000 {110323 115639 120956 125272 131590 134248
155000 {110400 115700 121000 1286300 131543 134250
150000 (110430 115695 120985 126235 131520 134140
145000 (110470 115710 120950 128190 131430 134050
140000 |li047s TI5675 120875 126075 131275 133875
135500 110480 115640 120800 125960 131120 133700

Table 20 can best be explained by considering each column.

1. The range of levels of storages considered covered the
range of conflict between uses.

2. The weter supply yield was restricted Ly the maximum
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allowable conservation storage and the amount of restric-
tion was determined from Figure 4. As the allowable con-
servation storage is reduced, the possible firm yield is
reduced. It should be emphasized that tre curves used
are the yield versus conservation storage allowed. The
curves of yield versus drawdown allowed would rot be
needed for this month because no conflict exists to
restrict drawdown.

3. The flood control benefits for each level of storage con=
sidered can be found by multiplying factors read from
Figure 14 by the potertial benefits from Table 12. The
expected flood comntrol benefits would of course increase
as greater drawdown is allowed.

Y. Tre figures in the columns in Part B are calculated Ty
adding the product of tTe selected unit value of water and
the yield to the flood comtrol berefit for each irdicated
storage. The greatest net benefit indicates the level of

storage which should e maintained.

The underlined benefits on Table 20 are the maximum obtairable
et berefite with a unit value of water supply equal to that listed at
Te top of the column. Thus, if the presert margiral value of water

or water supply is $0.08 the maximum net benefit from water supply and
i_:l_dod control in December would be realized I1f the maximum allowable
.'t_brage level for the reéervoir were 145000 acre-feet. If the mar-

inal value of water were to decrease to $0.06, the optimum level
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would drop to 135500 acre-feet. Because there is no conflict among
purposes cutside the range from 135500 to 174100 acre-feet, a mar-
ginal unit value of water over $0.15 would indicate a level of L7400
acre~-feet while a value under $0.06 would indicate 135500 acre-fest,
Analagous computations were made for each of the twelve months
and the results are presented as curves in Figure 24%. A month-by-

month discussion should clarify the results.

MARGINAL VALUE OF WATER

Because the curves in Figure 24 express the optimum operating
policy as a function of the marginal value of water, the marginal
value concept needs te be defined before the curves can be properly
interpreted. The marginal value is the value the 1ést acre-foot of
water is worth after all the preceding yield has been put tc bene-

ficial use. In the case of Rough River Reservoir, 269100 acre-feet

annually of firm yield can be produced. Since this value is so large

compared with current demand, it abundantly satisfies all ordinary
water requirements long before the available yield is exhausted; and
the marginal value is reduced to zero. In the case where operation
restrictions reduce the yield below 269100 acre-feet, the marginal
value for the last acre-foot of remaining yield should be used.
However, the reductions found were not for Rough River Reservoir
large enough to raise the marginal value above zero. As a result,
water supply is not a factor in current veservoir operation.

The function of the curves on Figure 24 is primarily to pro-

mote better understanding of the factors determining optimum
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peratlﬁg policy and to provide an idea as to the form of the govern-

g functional relations. When viewed in this light, the results are

f-ﬁmch more general significance than when applied to Rough River

cervoir alone.

ONTH- BY-MONTH RESULTS

anuary: 1n January recreation demands are not great enough to
B -

onflict with drawdown for water supply. However, flood control for

his month requires dprawdown toilOSOOOabre—feet while water supply
q;ires conservation storage up to 188000 acre-feet. Using the type
énalysis shown on Table 20 on the range of conflict between 103000
;q_lSSOOU acre-feet produced the fesults shown on Figure 2Ua to define
i.mr:tximl,lrn level of water for water supply which shouid be allowed
8 ; function of marginal value. A marginal value of water any
:eéter than $0.50 would cause the benefits of water supply to over-
ome the benefits of flood contrel in the range of conflict so that
e reservolr should be operated solely for water supply. A valuer
é0.0M or less would make flood control dominant. Although Jamuary
a wet month with large expected floods, a conservatibn storage
”3::88000 acre-feet will still leave considerable room for flood
tﬁfage. For this reason, a small value for water supply is enough
G ‘overcome the small marginal flood berefit in the conflict range.
ébfuary: The conditions in February are very similar to those in

uary except that there is a wider range of conflict between re-

quired flood control drawdown and the required allowable conservation

torage for water supply. The maximum storage required by water
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supply is greater and would leave only 66000 acre-feet for floog
control storage if water sﬁpply is utilized fully. At $0.05 per
acre-foot all room should be allotted to flood control but as the
value increases to £0.35 flood control benefits are overshadowed

for the conflict range (Figure‘24b), |

March: In March flood threat has-lessened somewhat, but the reser-
volr must be allowed to be completely filled to produce maximum watep
supply yield because of the chance 1afer inflows may not be large
enough to fill the reservoir. Although Rough River Reservoir reduces
the flood threat downstream just by surcharge storage over its large
surface area, some controlled storage is necessary. bBecause the zone
of conflict extends to the top of the controlled storage, the value
of water required to reach the upper end of the zone is quite high.
The analysis shows that water supply must be worth at least $10 an
acre~foot to allow the level to remain at 290000 acre-feet or above
(Figure 24c). Although not shown in the March curve, even a value of
water of $20 per acre-foot would not pay for allowing the reservoir
to completely fill with conservation storage.

April: Tlood control and water supply still conflict in April, but
flood threat has lessened, which reduces the amount of required draw-
down whiéh in turn reduces {he size of the range of conflict. The
April curve (Figure 24d) shows thet the optimum storage remains close
to 225000 acre-feet from a value of $0.25 to $0.80 per acre-foot. The
flat part of the curve was caused in part by the sharp break in the

flood control benefit curve (Figure 15d). Recreation still does not
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'5f1ict with needed water supply drawdown in this month.
ﬂéﬂf Figure 23 shows May to be the first month of the year with con-
icts with respect to both maximum and minimum water supply storage
to. be allowed. Ir the range frcom 172000 to 317000 acre-feelt, maximum
itorege conflicts with flood control while in the range from 91000 to
iS_DOO acre-feet minimum storage conflicts with recreation. Tor stor-
ages between 57000 and 91000 acre-feet the minimum level depends en~ -
fely on vigitation. TFigure 24%e shows the economic maximum level as

-jfunction of the marginal value of water for water supply iﬁ the
same format used for the preceding four menths., Figure 24f shows the
economic minimum level as a function of both the marginal vaiue of

water and the annual rate of recreation visitation. As the three curves

show, the range of conflict and the value of water yield required to

Jjustify a specified level of drawdown within that range both increase
as the recreaticn visitation increases.

June: June alsc has conflicts at the upper (Figure 24g) and lower

(Pigux»e 2uh) levels of cperation, but the flood threat is so small as
fo mzke any value of water supply cover $0.11 dominate the range. A
f@creation visitation of at least 1.2 miliion brings about enough
benefits to require a water supply value of $0.52 in order to allow
arawdown into the conflict range. The June curve shows that if recre-
ion visitation increases to 1.6 million annually water supply yield

mist increase to $1.48 to use the entire conflict range for yield.

July: As shown in Figure 23, July is the first month in which the

conflicts with respect to maximum and minimum water supply storage
Overlap. For storages over 274800 acre-feet and a visitation over
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1.4 millicn, recreation is in conflict with flood control. The
maximum storage requirement for water supply is not in confliet
because it is more than satisfied by 274800 acre-feet. The optimyn
operating rule for maximum storage is to not exceed 273000 acre-feat
(the maximum water supply requirement) unless visitation exceeds 1.u
million ammually. For greater visitations the maximum level is a
function of visitaticn with the optimum storage for 1.6 million
visitors being 322000 acre-feet. The curves indicating the minimum
level (Figure 24i) are influenced by flood control as well as water
supply drawdown and recreation reguirements. This is the reason why
the minimum level curves do not veach the top of the zone of con-
flict even for a zero marginal value of water. Recreation use peaks
in July, but a merginal value of $3.41 for water will force storage
for this use from the zone of conflict. July is alsc the first month
to have a conflict between the minimum water supply storage to be
allowed and the storage requirements of current recreation use.
August: The format of the optimum policy is the same for August as
for July. For storages over 274300 acre-feet and a visitation over
1.4 million, recreation conflicts with flood contrel. The economic
cperating rule for maximum storage is not to exceed 249700 acre-
feet unless visitation exceeds 1.4 million annually. If the visita-

tion rate reaches 1.6 million, the optimum level is 329000 acre-feet.

The minimum level of storage curves are similar to those for July and

are provided in Figure 243j. A slightly smaller recreation demand

reduces its conflict with floocd control, but a greater drawdown




equircuent for water supply increases the recreation-water supply

In September, the only remaining conflict is between
ater supply and recreation cver the minimum water supply storage to

e aliowed (Figure 24k). The conflict begins with an annual visita-

fon of 1,2 million over a range of 7000 acre-feet. The critical

alues of water supply for this month range between $0.24 and $0.4%,

éfober; The only conflict in October is also between water supply

aﬁd recreation over the minimum allowable storage. The range of con-

fjict, however, only extends over 10000 acre-feet and only exists at

all for the anmual visitation rate of 1.6 million. TFigure 24% shows

fvalue of water over $1.15 would favor drawdown to the bottom of the

ange as needed for water supply while a value under $0.50 would

ver maintenance of the recreation pool at the top of the range.

ovember: 'The flood threat nearly increases encugh in November to

ome in conflict with water supply storage requirvements but not quite.

However, because the end of the critical drawdown pericd comes in

November, a conflict is created between achieving full drawdown for
water supply and the small remaining vecreation demand. Actually,

he controlling factor would be the maintenance of a minimum pool to

Preserve the fish population as this would most certainly require a

arger pool than the 1700 acre-foot size base on November visitation.

Because of this intangible factor and the small range of conflict, a

-8et of operating curves was not drawn.

‘Decenber: A low recreation visitation and a less severe water supply
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drawdown requirement erases the conflict for minimum allowable stop.
age in December. However, the much'larger flood threat creates o

conflict between maximum conservation storage requirements and floog
control storage needs. The resulting curve (Figure 24m) follows the

same basic pattern found from January through April.

CPERATING POLICY FOR ROUGH RIVER RESERVOIR

While the results of Figure 24 portray the type of analysis
which can be used to ascertain the optimum operating policy in a wide
range of conditions, this study should not conclude without consider-
ing how the current operating policy followed by the Corps of Engineers
compares with the derived optimum policy. Under current conditions
of zerc marginal value of water for water supply and annual recreation
vigitation of 0.8 millicn, all zones of conflict (Figure 23) are
erased. Any operating policy is optimum as long as it does nct vio-
late the flood storage requirements of Figure 21 or the recreation pool
requirements of Figure 22. The current operating policy as presented
in Chapter IT does neither.

Nevertheless, the curves contain two important implications
for future reservoir operation. First, as annual recreation visita-

tion increases past 1.0 million, the benefits achieved by the reser-

voir would be increased by further enlarging the seascnal pool during

July and August and initiating the spring rise in March instead of
April. The midsummer pool, however, should not be enlarged so much as
to cause problems by inundation of existing shoreline recreation

facilities. Second, if a water supply is needed locally in future
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érs, large quantities of water could be developed from Rough River

Reservoir without substantially reducing the benefits from the other
Urposes. In fact, many communities requiring water supply should
onsider the economics of obtaining it from existing rather than

building new reservoirs.
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Chapter VII
SUMMARY AND CCNCLUSIONS

SUMMARY OF METHODS

The purpose of this study was to develop a methodology for
determining an optimum set of reservoir cperating rules based on
the example of Rough River Reservoir and assuming this multipurpose
reservoir had as its uses flood control, water supply, and recreation.
The operating rules were to be derived by the method of marginal
analysis which uses as its criteria achievement of maximum net bene-
fits from the available storage capacity. To derive the optimum
operating rules, individual mawrginal benefit curves were needed for
each use; and Chapters III, IV, and V dealt with the derivation of
these benefit curves.

The variation of potential yield for water supply with con-
servation stofage was calculated using historical streamfiow data
to synthesize a 500-year record for use in the yield studies. After
the firm yield for the present reservoir was found assuming opera-
tion was in no way restricted by requirements for other purposes, cer-

tain restrictions were placed on the amount of allowable fluctuation

of the water level to determine how the firm yield would be reduced.
The results of this part of the analysis was shown in two sets of
curves, One set shows the yield would vary as restrictions were

placed on the maximum allowable conservation storage for each month
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;thé year (Figure 4). The other set shows the variation of yield

e mimimum allowable water level was changed (Figure 5).

Benefits from flood control were derived by using Corps of
ngineers data from stage-damage curves for the reaches downstream
_dnby using historical data and statistical analysis to estimate the
'eéted streamflow magnitude for several different storm fregquencies.
étorage space avajlable at the beginning of each storm was varied
détermine the variation of streamflow peak downstream, and thus, the
change in the peak stage and resulting damages. By studying a range
initial storages, curves were derived showing the average annual

teniefits expected as the available storage in the reservoir was varied

Ixpected recreation benefite were found by applying historical
sitation data and the unit value of a visitor-day derived by Tussey
1ﬁ; p. 148) and assuming use would vary with the reservoir surface
aréa or the shoreline length according to the activity type. As the
water level drops, fewer people wish to visit the park, so that bene~
its are reduced. The analysis covered annual visitation of up to

louble the present annual visitation of approximately 0.8 million

The combination of benefit curves to obtain optimum operation
tules consisted of a marginal benefit analysis that considered the

e of increments of reservoir space and determined the way to use
ihis space which would pfoduge the maximum net benefit. The entire
anélysis wWas baséd on the prcbability of the occurrence of natural
events based upon historical data.
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THE DERIVED OPERATING RULES

The following monthly operating rules were derived by the

methods described in Chapter VI using results from the three Previoys

chapters.

1.

January--Keep at least 2270 to 4530 acre-feet of water in
the reservoir to accommedate an annual visitation of 0.8
to 1.6 million persons, allow a maximum conservation
storage level at or below a value between ldSOOD and
188600 acre-feet depending on the current value of an
acre-foot of water fof water supply (see Figure 24a), and
fluctuate betwéen thege two levels as needed for water

supply yield.

February—--Keep at least 2740 to 5450 acre-feet of water
in the reservoir to accommodate an annual visitation of
0.8 to 1.6 million persons, allow a maximum conservation
storage level at or below a vélue between 77000 and
287000 acre-feet depending on the current value of an
acre-foot of water for water supply (see Figure 24b),
and fluctuate between these two levels as needed for

water supply vield.

March--Keep alt least 2350 to 4660 acre-feet of water in
the reservoir to accommodate an ammual visitation of 0.8
to 1.6 million persons; allow a maximum conservation

storage level at or below a value between 145000 and
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334380 acre-feet depending on the current value of an
acre-foot of water for water supply (see Figure 24hc),
and fluctuate between these two levels as needed for

water supply yield.

April--Keep at least 5800 to 41100 acre-feet of water

in the reservoir to accomrodste an annual visitation of

0.8 to 1.5 million perscns, allow a maximum conservation
storage level at or below a value between 141000 and
316000 acre-feet depending on the current value of an
acre-foot of water for water supply (see Figure 24d),
and fluctuate between these two levels as needed for

water supply yield.

May--Keep at least an amount betweén 57000 and 165000
acre-feet of water in the reservolyr depending on the
current value of an acre-foot of water for water supply
and the current annual visitation (see Figure 24f),
allow a maximum cconservation storage level at or below
a value between 172000 and 317000 acre-feet depending
on the current value of an acre-foct of water for water

supply (see Figure 2ue), and fluctuate between these two

levels as needed for water supply yield.

June—-Keep at least an amount between 68700 and 198000
acre-feet of water in the reservoir depending on the

curent value of an acre-foct of water for water supply
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and the current annual visitation (see Figure 25n),
allow a maximum conservation sterage level at op beloyw
& value between 223000 and 293000 acre-feet depending
on the current value of an acre-foct of water for water
supply (see Figure 24g), and fluctuate between thege

two levels as needed for water supply yield.

July—-Keep at least an amount between 77700 and 322000
acre-feet of water in the reservoir depending on the
current value of an acre-foot of water for watep Supply
and the current annual visitation (see Figure 24i), 4q
not let the level get higher than 322000 acre-feet to
allow room for flood storage, and fluctuate between

these two levels as needed for watepr supply yield.

August--Keep at least an amount between 59300 and 329000
acre-feet of water in +he reservoir depending on the
current value of an acre~-foot of water for water supply
and the current annual visitation (see Figure 24i), do
not let the level get higher than 329000 acre—feet to
allow room for flood storage, and fluctuate between

these two levels as needed for water supply yield.

September—-Kéep at least an amount between 14000 and

70000 acre-feet of water in the reservoir depending
on the current value of an acre-foot of water for water

Supply and the current annual visitation (see Figure 2uk),
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do not let the level get higher than 271000 acre-feet to
aliow room for flood storage, and fluctuate between these

two levels as needed for water supply yield.

October—-Xeep at least an amount between 2680 and 28500

acre-fest of water in the reservoir depending on the
current value of an acre-foot of water for water supply
and the current annual visitation (see Figure 21y ), do
not let the level get higher than 320800 acre-feet to
allow room for flood storage, and Tluctuate between these

two levels as needed for water supply yield.

November--Keep at least 880 to 1700 acre—feet of water in
the reservoir to accommodate an annual visitation of 0.8
to 1.6 million persons, do not let the level get higher
than 191000 acre-feet to allcw room for filood storage,

and fluctuate between these tﬁo levels as needed for water

supply yield.

December——Keep at least u40 to 850 acpe-feet of water in
the reservoir to accommodate an annual visitation of 0.8
+to 1.6 million persons, allow a maximum conservation
storage level at or below a value between 135500 and
174100 acre-feet depending on the current value of an
acre-foot of water for water supply (see Figure 24m),
and -fiuctuate between these two levels as needed for

water supply yield.
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APPLICATICN OF RESULTS

The rules outlined above differ from the present operating
rules for Rough River Reservoir for two major reasons. First, they
were devived and presented on & monthly basis, and second, water
supply has been used as an integral part of the plan for the reservoir,

The major problem in following the derived vules would be
changing the storage levels as required from one month to the other,
In some cases, the rules might vary radically from one month to the
other because the months were treated as separate units independent

of ‘the past or next month. The principal difficulty would be in

raising the storage as prescribed for recreation if periods of high

runcff do not occur at the required time. As historical streamflow
records show, the fall would be the easier part of the year to keep
on schedule because drawdown can always be accomplished.

It should be once again emphasized that these rules were
derived using historical records and statistical analysis. The rules
were designed to give maximum net benefits over a long period of time;
and barring radical changes in local climatic cdonditions, the rules
should accomplish this geal. If an extremely rare flood or a large
flood out of season were to occur, considerable damage is sure to
result downstream, but this cannot econcmically be prevented.
Nevertheless, an experienced operator presented with a good set of
operating rules can do much toward obtaining the maximum benefits

from any reservoir.




LIST OF REFERENCES

Ecksteln, Otto. Water Resources Development - The Economics
ivef Progect Evaluation. Cambridge, Massachusetts: Harvard
Tniversity Press, 186l.

”Krutllla, John V. and Eckstein, Cttc. Multiple Purpose River
- Development. Baltimore, Maryland: John Hopkins Press, 1961.

linsley, R. X., Kohler, M. A., and Paulhus,. J. L H. Hydrology for
Engineers. New York: McGraw Hill Book Co., Inc., 1358.

Mzass, Arthur, et. al. Design of Water Resource Systems.
‘- Cambridge: Hervard University Press, 1962.

~Cabe, John A, TFloods in Kentucky-Magnitude and Freguency.
lexington, Kentucky: University of Kentucky, Kentucky
Geological Survey, 1962.

fcKean, Roland N. Efficiency in Government Through Systems
© Analysis. New York: John Wiley and Sons, Inc., 1963.

_.glesby, Clarkson H. and Hewes, Laurence I. Highway Engineering.
" New York: John Wiley and Sons, Inc., 1964,

Rosenbaum, David H. Review of the Economic Benefits and Costs

- Resulting from Dewey Reservoir. Lexington, Kertucky :
University of Kentucky, Water Resources Institute, Research
Report No. 5, 18967.

Thomas, H. A. and Tiering, M. B. "Mathematical Synthesis of
. Streamflow Sequences for the Analysis of River Basing by
Simulation,” Maass, et. al., Design of Water Resources
Systems. Cambridge: Harvard University Press, 1962.

Tussey, Robert C., Jr. Analysis of Reserveir Recreation Benefits.
- Lexington, Kentucky: University of Kentucky, Water Resources
Ingtitute, Research Report No. 2, 1967.

U. S. Army Corps of Engineers. Design Memorandum No. 8B, Master
Plan Rough River Reservoir. ILoulsville, Kentucky: Loulsville
District, U. S. Army Ccrps of Englneers, 19¢1.

U. s. Army Corps of Engineers. Dewey Dam Recreation Use Survey,
- Unpublished. Huntington, West Virginia: Huntington District,
U. 5. Army Corps of Engineers, June, 1964,

- 115 -



LIST OF REFERENCES
(Continued)

13. U. 8. Army Corps of Engineers, Mississippi River Commissiorn.
Mississippli River Reservoir Benefit Study. Vicksburg,
Mississippl: Vicksburg District, U. S. Amy Corps of
Engineers, 1961,

14. U. 8. Army Corps of Ingineers. '"Reservoir Procject Menthly
Visitation Data, Rough River Reserveoir," OVL Form 443,
Louisville, Kentucky: Loulsville District, U. 8. Army Corps
of Engineers, 1963-1966.

15. U. S. Army Corps of Engineers. Report of the Chief of Engineers
Washington, D. C.: U. S. Army Corps of Engineers, 1959-7G8G.

16. U. S. Army Corps of Engineers, Recreation Fagilities and
Related Data, Civil Works Projects, Annual Reports, Rough River
Reservoivr, Engineering Form 2527, [ouisville, Kentucky:
Louisville District, U, S. Army Corps of Engineers, 1959-
1965,

17. U. S. Army Corps.of Engineers.. Rough River Reservoir, F/C
118-6. Iouisville, -Kentucky: Leuisville District, U.”S. Corps
of Engineers, June 30, 1965.

18. U. S. Army Corps of Engineers. Water Resources Development
by the U. 3. Armmy Corps of Ingineers in KentucKky. Cincinnati,
Ohio: Ohlo River Division, U. 5. Army Corps of Engineers,
January, 1967.

19. U. 8. Department of Commerce, Weather Bureau. Kentucky
Climgtalogical Data, Annual Summary, 1540-1960.

20. U. S. Department of the Interior, Geological Survey. Surface
Water Records of Kentucky. ILouisville, Kentucky, 1939-1965.

21. U. S. Weather Bureau. Agricultural Service Office, Unpublished
Evaporation Data, Lexington, Kentucky, 1959-1964.



	University of Kentucky
	UKnowledge
	1967

	Derivation of Reservoir Operating Rules by Economic Analysis
	Charles O. Dowell
	Repository Citation


	tmp.1548168051.pdf.LTwT1

