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RESERVOIR OPERATION FOR WATER CONSERVATION

EXECUTIVE SUMMARY

Background
The demand for a continual supply of fresh water, whether i t  be for

' agricultural, municipal or industrial use, is  presently only a small fraction of the
total supply of fresh water on the earth. However, economic and technological
factors limit the available supply of fresh water t o  such an extent that
competition for i ts use has been increasing rapidly over the years. The resulting
concern over possible future water shortages has created a need for studying
ways by  which more eff ic ient management of  water can be accomplished by the
prevention of avoidable water losses.

Surface water storage reservoirs have become an important element i n [
water supply systems. Their fundamental function is the retention of streamflow
during periods of high f low. An unfortunate consequence of the storage of
surface water is the increase in infi ltration losses and, more significantly,
evaporation losses. Often the Construction of a reservoir results in evaporation
losses many t imes in excess of the natural  evaporation and transpirat ion losses.

The quantity of water lost to the atmosphere by evaporation varies in
relation to  climatic conditions and geographic location; thus the magnitude and
significance of evaporation losses from reservoirs varies accordingly. In the
U.S., mean annual lake evaporation varies from about 70 inches in the Northeast
to about 86 inches in the Southwest. Evaporation studies a t  Lake Hefner,
Oklahoma indicate that the evaporation loss averaged about 9096 of the outflow
of the reservoir.  Investigations a t  Lake Mead, Nevada show that  over 800,000
acreofeet of water per year is lost to  the atmosphere by evaporation from the
lake surface. In Illinois, i t  has been reported that, during a severe drought,
communities attempted to alleviate possible future shortages by curtailing water
use only to find, that the subsequent loss to evaporation from their reservoirs was
two or three times the water normally used by the communities.

Objective
The objective of this study is to assess the potential for conservation of

water through modifications in the design or operation of  existing and proposed
reservoirs. Recognizing that the management of water and the manner in which
water is used vary with hydrologic, climatological and physical conditions, a
variety of these factors is studied.

General Approach
I t  is recognized that the design and operation, of reservoirs are constrained

in so many ways that there'is often l i t t le opportunity to  modify either the design
or operation without impinging on legal rights or vestgdipterests. Nevertheless,
the many wasteful conditions that result from these constraints must be
W i f  the water resources of a region are to be ut i l ized to their fullest, as
appears to be a necessity in some regions. Accordingly, this study examines the



capability of conserving water on the premise that these constraints can
eventually be removed in a manner satisfactory to all. The results of the study
can then be used to determine the gain that is possible under altenative plans of
management. Two approaches were used to study conservation potential through
reservoir design and operation. In the first approach, hypothetical reservoir
systems in arid, semi-arid and humid regions were used in conjunction with a
computer model developed specifically for this research, tailored to fit the needs
of an evaporation reduction study. The model so developed (RESEVAP) utilizes a
DP algorithm applied to a two-reservoir system incorporating a single state
variable. The model is capable of simulating the two-reservoir system in parallel
or in series, and can optimize over any of three possible objective functions:
minimize cumulative evaporation, minimize cumulative spill, or minimize the
cumulative sum of evaporation and spill. The various methods of evaporation
calculation were considered and the most practical method, utilizing pan
evaporation data, was employed 1n the computer model.

in the second approach, existing systems and actual data were used to test
and evaluate conservation measures. Results were essentially the same in each
approach, and the second approach will be described in the remainder of this
executive summary.

Project Examples

It is considered that practical results can best be obtained through the use
of actual project data. Accordingly, three projects were selected for the
purpose of obtaining reservoir physical data, streamflow data and a variety of
demand patterns in humid, semi—arid and arid regions. While three projects
cannot encompass all the conditions and combinations of conditions that exist, it
is considered that these projects and variations introduced reasonably represent
most of the situations encountered.

The optimal yield or maximum conservation under each alternative man-
agement plan is obtained through successive approximations in detailed simula-
tion of the reservoir operation for the period of recorded streamflows, using
computer program HEC-3, "Reservoir System Operation for Conservation."

Three project examples have been selectedto represent a broad spectrum
of conditions and problems in reservoir management.

A system of four reservoirs in the fairly” arid region of mstjexas was
selected for one example. Reservoir configuration, characteristics and inflows
were obtained for the four reservoirs of the upper Colorado River basin of Texas.
While these reservoirs represent only a small part of the water resource system
of that basin, they are used as though they constitute a complete system for
using water as necessary for local needs. Thus, i t  is not intended to conform to
the legal and institutional constraints that exist, but rather, for the pUrpose of
this study, to examine the operation from the standpoint of the most effective
conservation practice from a simplified hypothetical standpoint.

if 
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a
- I n  connection with these four reservoirs, a groundwater operation is

hypothesized in order to  assess the potential impacts of conjunct ive use o f
groundwater and surface water .  This system was studied to determine:

a. Conservation potential through different distributions of  stored water
mongmthe four reservoirs.

b. Conservation potent ial  through d1fferent plans o f  conjunct ive use o f
groundwater.

The second project selected is Pine Flat Reservoir in a semi-arid region of
California. This reservoir is located in a narrow canyon and is operated
pr imar i ly  for  f lood contro l  and i r r igat ion,  where water r ights great ly exceed
normal annual streamflows. Even in very wet years, most of the water is usable.
Of course, the entities holding junior rights cannot economically develop their
farming operations to a high degree, since years of  no water would be a heavy
financial drain under a high-capital—investment type of operation. Much of the
water in we t  years is  used in i r r igated pasture and s im i la r  low—income endeavors .
The Operation of Pine Flat was studied to determine:

a .  Conservation potent ia l  through d1fferent mixes o f  f i rm  supply for  high—
capital- investment uses and secondary supply for low-  investment Uses.
b. Conservation potent ia l  through increasing the size o f  the reservoir and
thus reducing the amount o f  wasted water in wet  years.
c .  Conservation e f fec ted because o f  the locat ion o f  the  reservoir in a
narrow va l ley  as  contrasted w i th  locat ion in a broad va l ley  exposing larger
areas to evaporation losses (3 design consideration).
d. Conservation through 1ncreas1ngthe yield by simply accept1ng_damagirlg
shortages during severe droughts.

The th i rd project is Sam Rayburn Reservoir in the humid east Texas, which
is an expansive lake with large storage capacity and large inflow. There is a
power plant at the dam. The operation of this reservoir was studied to
determine:

a .  Increased yield obtainable by a two-level water demand (wi th pr imary
supply highly dependable and secondary supply curta i led during droughts) as
contrasted to a one-level f i rm supply.
b .  The effects o f  this on evaporrat ion lossgwangpgwgrfigeneratigg.

Discuss ion o f  Resu l ts

Studies described herein were designed. to apply to complete reservoir
systems. Although case studies were derived f rom part ial  systems for the sake
of simplicity and manageability, they represent complete systems. Results of
studying incomplete systems as such would be inconclusive.

It is apparent that conservation o f  water (maximizing i ts  avai labi l i ty for
the most effective use) can best be accomplished in a closed system through
storage. During initial stages of development, great gains in conservation can be
accomplished ordinarily through provision of surface storage. Surface storage is
most effective where time variations in flow are large. This is characteristic of
semi-arid and arid regions, where evaporation rates are also high. Generally,



losses in evaporation are small compared to losses through spill due to in-
adequacy of s torage.

During the la ter  stages of river development where substantial storage
exists,  provision of additional storage is decreasingly effective, because the
critical drought period becomes longer, which subjects the stored water to longer
periods of evaporation before i t  is released or used. As this stage approaches,
integration of the operation of surface storage with aquifer storage can
substantially improve the effectiveness of the increased storage.  In essence,
Wterm storage should be in an aquifer where lOSSes are  small or negligibfi,
and short- t e rm storage should be in surface rese rvo i r s .  This is i l lus t ra ted  in the
f irst  project examples (Tables 14 and 15 of the main report). By adding three
upstream reservoirs in this hypothetical system, the yield is decreased from 100
to 85  cfs in addition to a zero or constant groundwater withdrawal. However, if
a well field capacity is expanded from 19 to  60 cfs  and used only when droughts
are well under  way, the yield of surface runoff r ises  f rom 84  to 97rc f s .  Thus,  the
yield is raised 13 cfs  simply by allowing water to  stay underground during periods
of adequate surface runoff.

Another way of conserving water during later stages of river development
is to distribute water,  insofar as  is feasible, among reservoirs so that storage is
concentrated in those reservoirs  that  have the least increase in area per  un i t  of
storage increase, giving consideration also to any differences in ne t  evaporation
rates  that might exist a t  the different reservoirs. From a practical or political
(social) standpoint, this may be  very difficult because of the multiple uses of
reservoir facilities. It is interesting to note in Tables ll} and 15 tha t ,  'using this
technique, the four--reservoir yield from surface runoff rises from 85 cfs  when
storage is proportionately distributed among the four reservoirs to 96 cfs when it
is  kept in the downstream reservoir t o  the  maximum extent possible. If the
upstream reservoirs did not exist,  the yield would increase to 100 cfs .

AnOther feature of the later stages of river development, illustrated in
Tables 111 and 15, is the high evaporation losses compared to yield. In this case,
evaporation ranges from 55 to  66 cfs for yields averaging about 90 cfs .  Thus,
about 110 percent of the available water is sacrificed in order to obtain a
maximum dependable water supply in this  case.

A very general appraisal of water conservation factors in relation to the
degree of water resource development can be made by reviewing Tables 1‘}, 21
and 25 of the main report .  The case of Pine Flat  reservoir is that  of least
storage development in relation t o  potential development. The average runoff
used is 2118 cfs, and the maximum dependable yield for the existing reservoir
(1 ,001,000 acre-feet )  i s  1132 c f s .  Evaporat ion losses a re  t r iv ia l  in relat ion to  the
spill of 957 cfs.  With a 6,000,000 acre-foot  reservoir, the yield could become
1934 c f s  while t he  losses r ema in  nomina l  a t  66  c f s .  Sam Rayburn Reservoi r ,  on
the other hand, represents a moderately high degree of development. A yield of
2111111 cfs  is obtainable, compared to  an average inflow of 3245; Because of the
humid climate,  evaporation losses are a low 78 cfs .  Spill is very substantial a t
669 cfs ,  indicating that further conservation can be obtained through provision of
more storage. The four—reservoir Colorado River system represents full develop—
ment .  A yield of 85  cfs  is obtained from an average runoff of 151 c f s .  The
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difference is lost through evaporat ion,  which is largely due to the a r id  c l imate
and the necessity to use broad valleys for relatively shallow reservoirs. Further
conservat ion po ten t ia l  through r e se rvo i r  cons t ruc t ion  and managemen t  is  r e l a -
tively small.

While variable demand patterns depending on water availability have been
studied, they are  generally of interest  only during intermediate s tages of
development. In municipal and industrial uses, as  well a s  in hydropower
generation, water i s  o f  high value and is effectively useful only  insofar a s  i t s
supply is dependable. Even in agriculture, the dependability factor is becoming
more important a s  large investments in farmland development and high-yield
crops can  be hu r t  ser ious ly  by water  Shortages.  More  and more  is  supplementary
water of  little value and shortage a great cos t .  The response function for water-
related investments then has a sharp break a t  the point of dependable yield. It  is
this condition that  must be  considered in assessing conservation accomplish—
ments .  If the f i rm  yield  of a system is increased, water is conserved. If i t  is
decreased,- water is wasted. Of course, this  applies to a complete system
including water needs in estuaries.

Conclusions

1 .  Conservation of  water must  be  associated wi th  greater  ut i l izat ion and
not  s imp ly  reduced losses o f  any  type o r  types.

2. In the early stages of regional water development, surface storage is a
highly effective means of conserving water for effective use.

3 .  As  regional wa te r  resources  become highly developed,  underground
storage in aquifers, using natural replenishment and controlled withdrawal, can
substantially reduce losses and increase the utility of water resources.

4 .  In d ry  regions ,  losses to  evaporation f rom long-term carry-over by
surface reservoirs  can be a high percentage of the  usable f i rm  y ie ld .

5.  In humid regions, evaporation losses a re  generally of minor or  even
trivial significance.

6 .  Where a low degree of reservoir regulation exists, a 2-stage demand can
be very useful, where only priority uses are  served during low reservoir s tages.
With a high degree of regulation and generally in humid regions, l i t t le,  if any,
gain is made by supplying supplementary water at  high reservoir stages a t  the
expense of reducing the firm yield a t  lower stages.

7 .  Substant ia l  wa te r  savings  can be  ef fec ted ,  especia l ly  in d ry  reg ions ,  by
distributing the water among reservoirs in a system so as  to reduce over-all
evaporation losses, where feasible.

8 .  In dry regions, losses can be greatly reduced by using deep reservoirs
instead of shallow reservoirs.

9 .  With a fixed amount of storage, water yield and utilization can be
greatly increased simply by delivering water  a t  a higher rate until the supply is
exhaused. For some uses, such as  irrigation, this can produce more benefits than
losses over the long t e rm.

10. For a given reservoir, as  the yield or usage of water increases, power
generation is first  increased because of reduction in spill, and then decreased
Ibecause of maintenance of lower reservoir contents and consequently lower

eads.



RESERVOIR OPERATION FOR WATER CONSERVATION

CHAPTER I

CHAPTER II

TABLE OF CONTENTS

PART 1 - DYNAMIC PROGRAMMING STUDY

INTRODUCTION

Background

Reservoir System Operation

Evaporation Process

Evaporation Measurement

Evaporation Reduction Studies

Purpose of Research

MODEL DEVELOPMENT

Model Selection

Dynamic Programming Description

Application of Dynamic Programming in
Reservoi r  Operation

Dynamic Programming Model Applicability _

Reservoir Mass Balance Equation

Evaporation Determination

Model Description

i i

page.

10

10



CHAPTER 111

CHAPTER IV

CHAPTER V

TAB LE OF CONTENTS (continued)

Data Input Description

Dynamic Programming Algorithm Description

Objective Function Considerations

State Space Discretization

Program Execution Time

THEORY OF EVAPORATION REDUCTION
VIA RELEASE REGULATION

Underlying Principles

Verification of Theory

Exceptions to "Principle of Continuous Release"

RESERVOIR SYSTEM DATA ACQUISITION

Geographic Regions

Reservoir Inflows

Evaporation Rates

Monthly Demands

Storage-Area Curves

Initial Storages

EVAPORATION MINIMIZATION

Study Features

Region I

Region II

iii

page

13

13

17

18

I9

21

21

23

25

2 7

27

27

3O

34

34

3’4

37

37

37

38



TABLE OF CONTENTS (continued)

page

Region III 38

Regional CompariSon's 38

CHAPTER VI WATER CONSERVATION 41

Study Features #1

Required Conservation Storage #1

Total Water Loss, Objectives 1 and 2 #2

Objective 1

Objective 2 " 45

Objective 3 45

Basic Operating Policy #7

Optimal Operating Policies 1&7

Limitations of Objective 2 5O

Reservoir System Firm Yield 50

CHAPTER VII RESERVOIR SYSTEM CHARACTERISTICS AND
THEIR IMPACT ON WATER CONSERVATION 5‘!

Study Features 5!!

Inflow Fluctuations 59

Storage-Area Curves 59

Evaporation Rates 61

Monthly Demand for Water 65

iv



CHAPTER VIII

CHAPTER I

TABLE OF CONTENTS (continUEd)

CONCLUSIONS

Study Purpose

Model Development

Evaporation Reduction Theory

Test Summaries '

Evaporation Reduction

Total Water Conservation

Optimal Operating Policies

Physical and Hydrologic Characteristics

Study Limitations

Concluding Remarks

PART 2 - SYSTEM SIMULATION STUDY

INTRODUCTION

Objective

General Approach

Project Examples

Project Data

Computation Procedure

. page

'67

67

67

67

67

68

69

69

69

70

7O

71

71

71

71

72
73



CHAPTER 11

CHAPTER 111

CHAPTER IV

TABLE OF CONTE NTS» (continued)

CASE STUDY - COLORADO RIVER SUBSYSTEM

Reservoir System

Inflow Data

Evaporation

Demand Pattern

CaSe Study Objectives

Case Study Results

CASE STUDY - PINE FLAT RESERVOIR

Reservoir Data

Inflow Data

Evaporation

Dem and Pattern

Case Study Objectives

Case Study Results

CASE STUDY - SAM RAYBURN RESERVOIR

Reservoir Data

Inflow Data

Evaporation Data

Demand Pattern

Case Study Objectives

Case Study Results

vi

page

74

7.4.
a 74
7.47-
74
75
75

77

77

77

77

77

77

78

80

.80

80

8O

80

.80

81



CHAPTER I

CHAPTER II

APPENDICES

APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E

APPENDIX F

APPENDIX G

APPENDIX H

APPENDIX I

APPENDIX J

APPENDIX K

TABLE OF CONTENTS (continued)

Page
PART 3 - DISCUSSION AND CONCLUSIONS

Discussion 119

Conclusions 113

COMPUTER PROGRAM RESEVAP VARIABLE LIST

COMPUTER PROGRAM RESEVAP FLOW CHART

COMPUTER PROGRAM RESEVAP PROGRAM LISTING

INTERMEDIATE INFLOWS

TEST D1

TEST A l

TEST C l

TEST B l

TEST G I

TEST F l

v i i



lV—l .

IV-_2,a

IV-Zb

IV-3

IV-‘I

IV —5
IV-é

V-Z

VI- 1

VI—Za

VITZb

VI-3

VI-‘l

VI—5

VI-6a

VI—6b

VI-6c

VII-l

VII-2a

VII-2b

LIST OF TABLES
PARTI

Stream gaging Stations, Regions II and III

Streamgaging Stations Used for HEC—l}
Reconstitution of Flow Data, Region I

Factors for Computing Inflows, Region I

Inflow Adjustment Coefficients

Regional Inflow Characteristics

Monthly Evaporation Rates

Monthly Demand Sequence

Test D l

Ratio of Average Evaporation Rate to Total
Evaporation Loss

Maximum Allowable Storages

Test A l ,  Objective 1

Test A I ,  Objective 2

Test A l ,  Objective 3

Test C l

Evaporation Reduction, Test A l  compared to
Test C l

Test H l ,  Objective 1

Test H I ,  Objective 2

I Test H I ,  Objective 3

Inflow Characteristics, Region 1; Test B l ,
B2 and A l

Tests B1, B2 and A1; Objective 1, Region I

Tests B l ,  BZ and A l ;  Objective 2, Region I

Viii

page
293
3 l

3 1
3.2

3.2

33

33

39

39
.42

#3

M

4,6

43

#8

51

52

53

55

56

57



7.
 

“H
D

 
1.

4

VII-2c

VII-3

VII-ll

VII-5

VII-6

VII-7

VII-8

l .
2.
3.
l}.

5'.
6.
7.
8.
9.

10.
l l .
12.
13.
ll}.

LIST OF TABLES (continued)

Tests B l ,  32 and Al;'0bjective 3, Region I

Ratio of Average Evaporation Rate to Total
Water Loss; Objective 3, Region I

Tests GI  and A1; Objective 3, Region I

Monthly Evaporation Rates, Test E l

Monthly Demand Sequence, Test F lA

Tests E l  and A l ;  Objective 3, Region I

Test F l ;  Objective 3, Region II

PART 2

Reservoir Data
Area and Capacity Data, Lake 3 .  B.  Thomas
Area and Capacity Data, Lake Colorado City
Area and Capacity Data, Champion Creek Reservoir
Area and Capacity Data, E. V. Spence Reservoir
Streamgaging Stations, Colorado River Basin
Factors for Computing Inflows, Colorado River Basin
Monthly Inflows, Lake J. B. Thomas
Monthly Inflows, Lake Colorado City
Monthly Inflows, Champion Creek Reservoir
Monthly Unregulated Inflows, E. V. Spence Reservoir
Net Evaporation Data, Colorado River System

_ Hypothetical Demand Pattern, Colorado River System
Effects of Storage Distribution Among Reservoirs

i x

page

58

58

61

63

63

64

.66

82
83
84
35
,86
87
88
89
9o
91

_ 92
93
94
9'5



15.
16.
1‘7.
18.
19.
20.

21.,
22.
23.

211-.

25.

LIST or TABLES (continued)

Effects of Conjunctive Use of Groundwater
Area and Capacity Data,  Pine Flat Reservoir
Operation Guide Data for Pine Flat Reservoir
Monthly Inflows, Pine Flat Reservoir
Net Evaporation Data, Pine F lat Reservoir
SeasonalVariation of Demands at Pine Flat Reservoir.

Results of Case Study, Pine Flat  Reservoir

Area and Capacity Data,  Sam Rayburn Reservoir
Monthly Inflows, Sam Rayburn Reservoir
Net Evaporation data, Sam Rayburn Reservoir
Results of Case Study, Sam Raburn Reservoir

page

96

97

98

99

101

102

103

104

105

106

107



1121

11-2

11-3

lI-llL

III-l

III-2a

III-2b

IV-1

IV-2

IV-3

VII-l

VII-2

l .

2.

LIST OF FIGURES

PART 1

System I

System 11

Discretized Storage Levels, Reservoir 1

Total Execution Time, Program RESEVAP

Hypothetical Reservoir Shape

Sketch of As vs. V

Sketch of dAs/dV Vs. V

Geographic Locations, Regions 1, II and III

Storage—Area Curves

AA/AS Curves

Storage-Area Curves, Test G1

Average Gross Lake Surface Evaporation in
Texas, 1940. - 1965

PART 2

Upper Colorado Reservoir SyStem

Com par-ison of Storage-Area Curves

x i

page _
12
12
15
20
21
22
22
28
35
36
so

62

76
103



CHAPTER I
INTRODUCTION

Background
The demand f o r  a continual supply of fresh water, whether i t  be for

agricultural, municipal or industrial use, is presently only a small fraction of the
total supply of fresh water on the earth. However, economic and technological
factors limit the available supply of fresh water to  such an extent that
competition for i ts use has been increasing rapidly over the years. The resulting
concern over possible future water shortages has created a need for  studying ways
by which more efficient management of water can be accomplished by the
prevention of avoidable water losses.

Surface water storage reservoirs have become an important element in
water supply systems. Their  fundamental  function i s  t he  retention of streamfiow
during periods of high f low. An unfortunate consequence of the storage of surface
water i s  the  increase i n  inf i l t rat ion losses and, more  signi f icant ly,  evaporation
losses. Often the construction of a reservoir results in evaporation losses many
times in excess of the natural evaporation and transpiration losses.

The quanti ty of water lost to the atmosphere by  evaporation varies in
relation to  climatic conditions and geographic location; thus the magnitude and
significance of evaporation losses from reservoirs varies accordingly. in the U.S.,
mean annual lake evaporation varies f r om about 20 inches in t he  Northeast to
about 86 inches i n  the Southwest. Evaporation studies at Lake Hefner ,  Oklahoma
indicate that the evaporation loss averaged about 90% of the outflow of the
reservoir (U.S.G.S., 1958). Investigations at Lake Mead, Nevada show that over
800,000 acre-feet of  water per year i s  los t  to  the atmosphere by  evaporation f rom
the lake surface (Anderson, 1950). in Illinois, i t  has been reported that, during a
severe drought, communities attempted to  alleviate possible future shortages by
curtailing water use only to  f ind that the subsequent loss to evaporation from
their reservoirs was two or three times the water normally used by the
communities (Roberts, 1969).

Reservgir System Operation
The term reservoir system refers to a set of two or more reservoirs lying

within the same river basin and operat ing to serve a common purpose or purposes.
The more important purposes include flood control, waterlconservation, hydro-
electric power generation and maintenance of adequate water levels fo r  recrea-
tion. Ideally, each reservoir in the system is operated with respect to conditions
at the other reservoirs, and the sytem as a whole is operated to  fu l f i l l  i ts  intended
purposes.

The operation of a reservoir system for the purpose of flood control
requires that adequate storage be reserved for  the impoundment of flood waters.
Operation f o r  the purpose of water conservation attempts to maximize the y ie ld
from the reservoir system. Both hydroelectric power generation and recreational
purposes are best served when the quantity of water stored i n  the reservoir
system is maximized. The operation of a reservoir sytem serving two or more of
these purposes must take into consideration the trade offs that exist due to the
conflicts in operating policies which maximize each purpose individually. The
ultimate decisions concerning the operation of such a reservoir system must be
made in the context of many economic and legal factors.



With the exception of flood control,  the operation of a reservoir system is
improved upon when avoidable water losses can be prevented. Evaporation is  a
significant water loss that has not been previously considered i n  the determination
of reservoir system operat ing policies. As  this study is  directly concerned with
evaporation losses in reservoir system operation, a brief overview of the evapora-
tion process will be presented in the next section. '

EvaEration Process
Evaporation is the process by which water is changed from the liquid to the

vapor state. Evaporation will occur when molecules in the water body have
sufficient energy to  eject themselves into the surrounding atmosphere. Molecules
may leave a solid surface in the same way; this process is called sublimation and
is to be distinguished from evaporation. Water vapor molecules i-n'the atmosphere
surrounding t he  liquid water may  also contain encugh kinet ic energy to penetrate
the liquid surface, i.e., condense to the liquid state. The vapor pressures of the
water body and surrounding atmosphere are a measurement of the kinetic energies
contained therein. When the vapor pressures of the liquid water and water vapor
are equal, the overlying atmosphere is said to be saturated, and no net evapora-
tion occurs. The rate of evaporation is  proportional to the difference in vapor
pressures of the air and water; this fact  was f irst recognized by Dalton and is  now
known as Dalton's Law.

The vapor pressures of both the water and air ,  and thus the rate of
evaporation, a re  functions of temperature,  wind, total dissolved solids content of
the water and the shape of the water surface. An increase i n  temperature will
increase the kinetic energy, and for  equal increases i n  temperature of both the
water and overlying a i r ,  a change i n  the evaporation rate may  not occur. For
large bodies of water, however, the corresponding changes in temperature of the
air and water are unequal, and thus the evaporation, rate will differ accordingly.
Wind movement over a body of water will replace air which has already absorbed
evaporated water with drier, less saturated air, resulting in an increase in
evaporation. Wind speeds above the rate at  which all of the moist air is replaced
by drier air do not further increase the evaporation rate. The presence of
dissolved solids in water decrease the vapor pressure of the water, therefore
reducing the difference in vapor pressures of the air and water. Investigators
have observed that evaporation proceeds at a faster rate from a convex surface
than from a concave surface of water, although no one has quantified this
phenomenon i n  equation form as yet. I t  is reasonable to expect that differences
in .the shape of reservoir water surfaces are negligible with respect to their
influence on the rate of evaporation.

Evaporation Measurement
The determination of evaporation has been the subject of much research.

All methods of evaporation determination are based on one of three fundamental
approaches. These three approaches are the mass-transfer method, the energy-
balance method and the water-balance method.

The mass-transfer method i s  based on the concepts of continuous and
discontinuous mixing in the boundary layer which forms above the water surface.
The method utilizes Dalton'sLaw which states that the rate of evaporation is
proportional to the vapor pressure gradient which exists in the vapor blanket
beneath the boundary layer. The energy—balance method makes use of the law of
conservation of energy which states that the energy leaving via the water surface



minus the energy entering the water is equal to the generation of internal energy
within the water body. The energy utilized fo r  evaporation i s  one of the
components of the total energy leaving the water surface. Both the massdransfer
method and energy-balance method require the determination of parameters
which are difficult to measure and necessitate the use of expensive equipment.
Thus these "methods have been appplied on ly  i n  specific study locations, two of the
more successful being at Lake Hefner, Oklahoma and Lake Mead, Nevada.

The water-balance method fo r  evaporation measurement i s  simply an
accomt of all inf lows to and outf lows from a reservoir,  minus evaporation.
Within a selected time period, the evaporation is  equal to  the  net difference
between the recorded inflows and outflows. Written in equation form, the change
in storage can be expressed as follows:

AS=Q-O-E  (H)
where AS = change in storage

Q = inf low
O = outf low

and E = evaporation.

Difficulties are encountered when attempting to  apply this equation to
actual reservoir sites. The change in storage within a selected time period can be
calculated provided that accurate water surface elevations are recorded periodi-
cally, and corresponding storage-elevation data is available for  the reservoir. The
accurate measurement of total inflow to a reservoir is dif f icult  since the
reservoir may have several inflow sources, including precipitation. The measure-
ment of outflow presents similar difficulties, i n  that outflow in the form of
subsurface seepage is hard to quantify. Any error in measurement of the change
in stOrage, inflow or outflow will result in an error i n  evaporation measurement.
I f  the quantity of evaporation is small with respect to the other parameters,
appreciable error can result in the determination of evaporation from only small
errors i n  measurement of the  other parameters.

The most pract ical,  and the most widely used, method of evaporation
measurement is the application of the water-balance method to specially designed
evaporation pans. These pans, which come in a variety of standard sizes, consist
basically of a shallow container of water made of galvanized iron which is placed
in an open area i n  order to receive full sunlight. The only inflow to the pan is
precipitation and, since there is no outflow, the change in storage is  equal t o  the
difference between precipitation and evaporation. Evaporation pans are located
and monitored throughout the U.S. and provide a readily available source for
obtaining evaporation data. Most of the available data is in the form of monthly
average values. There are some records for which daily values are tabulated,
although these are considered to  be less accurate than monthly records.

By applying the water-balance method to both evaporation pans and neigh-
bor ing reservoirs, i t  has been observed that the evaporation rate f rom the
reservoirs average about 7096 of the evaporation rate from the evaporation pans.
This adjustment factor of .7  as applied to pan evaporation data is called the pan
coefficient. A slight wind will have a much greater influence on the evaporation
from a pan since much more of the saturated air can be moved away from the
underlying water surface than for  the actual reservoir. Also, the rate and time
distribution of heat conduction to and from the pan is different from that of the
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reservoir, resulting i n  seasonal changes in the pan coefficient, the values ranging
from .6  to .8.

Evaporation Reduction Studies
' Earlier studies of evaporation reduction on a large scale focus attention on
the application of surface films to  storage reservoirs (Mansfield, 1953, Archer, et
al., 1954, Harbeck, et  al., 1959). The substances used have been certain types of
parafinic chains of acids and alcohols. Basically, these substances are compounds
of polar molecules and, when applied to a water surface, align themselves in such
a way as to expose a surface film only one molecule th ick .  This monomolecular
layer i s  thought to inhibit the transfer of water molecules f rom the water surface,
thereby reducing evaporation. '

Research in the f ie ld of surface fi lms has tapered off recently, due to
several major shortcomings in the method as a practical solutiOn to  the evapora-
tion reduction problem. The presence of a surface f i lm restricts the transfer of
solar energy to  and f rom the  water  and upsets t he  aquatic ecosystem exist ing in
the lake. Wind movement over the water surface breaks up the f i lm  and reduces
i ts effectiveness. Also, the cost of applying and maintaining surface films can
exceed the expected benefits from, the water thus saved.

Other possibilities for evaporation reduction from reserVoirs have been
mentioned (Freese, 1956; Frenkiel, 1965) in l iterature dealing with evaporation,
although very l i t t le  research has been devoted to  such study.

One such possibility is  the installation of covers over the surface of the
reservoir .  A f ixed roof ,  f loat ing ra f ts  or  windbreaks fa l l  under th is  category.
These types of covers are l im i ted,  o f  course, t o  small reservoirs. As with surface
f i lms, surface covers will have serious detrimental effects on aquatic l i fe forms in
the reservoir. Vegetative covers are another possibility, although their effective-
ness would be reduced due to  the transpiration of water from the vegetative cover
i tself .

Another possibility that has been considered lies in the recognition of the
storage volume versus exposed surface area relationship at the reservoir sites.
This can be _ a factor in both s i te  selection studies and i n  mult i -reservoir
operational studies. I t  is  'well known that evaporation can be reduced at a
reservoir site which exposes less Surface area for the same storage volume as
another reservoir site. Theoretically, i t  is possible in a reservoir system to
release water f rom each reservoir i n  such a way as to minimize the total exposed
surface area. The effectiveness of such a method of evaporation reduction will
depend on the nature of the storage-area relationships of each reservoir and the
flexibility of water transfers between the reservoirs in the system.

Evaporation reduction must be considered with respect to its effect on the
important functions of the reservoir system. I f ,  in order to  reduce evaporation,
the ability o f  the reservoir system to fu l f i l l  i ts purpose i s  impaired, then i t  can be
concluded that evaporation reduction is not a worthwhile consideration. I t 'may be
argued, however, that i n  t imes of severe drought or due to increased water needs,
evaporation reduct ion may  be economically just i f ied i n  some water supply
systems.

Fundamentally, evaporatiOn losses must be viewed as a part of the overall
objective of water conservation in general. In reservoir systems where other
forms of water losses, such as spill or seepage occur in large quantities, all of
these water loss components must be considered if the objective of water
conservation . i s  to be truly me t .  Evaporation losses, however,  may be viewed as



being a more severe type of water loss than the other kinds of major reservoir
losses, ie., spill and seepage. As water evaporates, i t  returns to the atmospheric
component of the hydrologic cycle, and may not appear in a usable form again for
some time. Spill and seepage losses, on the other hand, still remain at or near the
earth's surface where they may be used before they return to the ocean or
atmosphere. Furthermore, evaporated water is in its purest form, leaving behind
any impurities which may have been contained in i t .  This is not the case for
water which is spilled downstream or which infiltrates into groundwater aquifers.
Water loss due to seepage may, in  fact ,  be enhanced in  quality as i t  moves through
the groundwater aquifer.

I t  is well recognized that evaporation losses occur in any reservoir or water
supply system. Much research has been devoted to improving ways of measuring
evaporation and techniques by which evaporation can be reduced using mono-
molecular surface films. Evaporation reduction by other techniques, particularly
surface area minimization, have yet to be studied, even to the extent of showing
that they do or do not warrant further in-depth research. I t  is probable that
certain combinations of reservoir system hydrologic and geographic characteris-
tics will prove to have more potential for evaporation reduction than others.
Research directed towards categorizing these reservoir system characteristics
with respect to evaporation reduction may prove to be of some beneficial use for
future research into evaportion reduction at selected locations.

Purge  of Research
It is the purpose of this study to investigate evaporation reduction in a

multi-reservoir system by the method of surface area minimization. For the
purposes of this study, the means by which this will be accomplished is by
selection of different release policies from each reservoir, thereby varying the
total surface area so exposed. The optimal policies are those which minimize the
total surface area. First, a dynamic programing model, developed specifically for
this research, will be presented which minimizes evaporation by surface area
reduction for a two-reservoir system. The basic principles governing surface area
reduction will then be discussed in the context of how they determine a release
policy to minimize evaporation losses. The model will then be applied at selected
geographic locations, involving differing physical and hydrologic reservoir system
characteristics, in order to determine the potential for evaporation reduction at
these locations.

The underlying goal of evaporation reduction is, of course, water conserva—
tion. Thus, evaporation reduction will be evaluated in relation to its effect on
reservoir system spill. The importance of evaporation reduction in each geograp-
hic location will be determined by a)  quantifying evaporation and spill losses, and
b) evaluating reservoir system firm yield.

This study will conclude with an investigation of the effects of selected
reservoir system physical and hydrologic characteristics on evaporation reduction
and overall water conservation. These characteristics include reservoir inflows,
shapes, evaporation rates and yield quantities.
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CHAPTER 11
MODEL DEVELOPMENT

Model Selection
At present, there are numerous computer programs in existence which

s imula te  reservoir  opera t ion .  Many of the more  recent mode l s  employ some type
of optimization scheme to  determine operating policies which best satisfy a
desired objective. Although some of the optimization models for  reservoir
systems include the estimation of evaporation as a term in the mass balance
equation fo r  each reservoi r ,  t he  role  of evaporation losses  a s  an integral part  of
optimal reservoir  system operation has yet  to be fu l l y  invest igated.  ‘

Prior to the actual development of the computer program u5ed in this
research, i t  was necessary t o  determine the specific objectives to be met by the
model and the  available means by which these objectives can  be met .  - As
mentioned previously, the primary objective of evaporation reduction is  to be
achieved by altering the release schedules of each reservoir i n the  system such
that the total quantity of water entering and leaving the  system can be stored in
such a fashion as to minimize the exposed surface area .

Because of the large number of factors which foreseeably determine the
optimal reservoir system release schedule and the  ad '  hoc nature o f 'mu l t i -
reservoir  system research ,  no  usable guidelines o r  c r i t e r ia  could be formulated to
preselect a system release schedule which would guarantee that  optimal system
regulation has been met .  In consideration of this seeming limitation the
alternative approach would be to  develop a computer model to efficiently
evaluate a sufficient number of alternative release schedules and select the One
which i s  optimal in t e rms  of the primary objective, i .e . ,  evaporation minimization.
Of the available techniques to handle just such a task,  t he  method of dynamic
programming (DP) is the  most  suitable. This approach to optimization problems
has recently been widely used in reservoir system applications. Its theory and
principles of application have been discussed extensively in the literature (Bell-’
man, 1957; Nemhauser, 1966) and thus only a brief description of its logic
followed by some  relevant applicat ions in  reservoir system management  are
presented here.

Dynamic Programming  Description ‘
Basically, DP is a multi-stage decision-making process. Problems amen-

able to DP application can be separated into a f inite number of stages, each of
which requires a decision to be made over a number of possible choices or states.
The relative mer i t  of each decision a t  each stage will uniquely determine the
optimal decis ion to be made  at each s tage.  The method by  which the relative
mer i t  i s  evaluated i s ,  of course,  unique to each problem situation. The key
principle of DP, and the one which has proven its usefulness, is  that at each stage
in the decision making process, the optimal decision t o  arr ive at the next stage
depends only on the particular state at that stage, and not on the decisions made
at previous stages. In mathematical notation, the optimal decision to be made at
stage n from state 5 is expressed by the  following recursive equation:

(II-1)
f*n(sn) = optimal Osmxn +_ f*n_1(sn)

where xn



n = stage location

state location at stage n(I) IIn
xn = decision at stage n - l  to arrive at stage n
fit-l (Sn - l )  = cumultative sum of each decision value for the optimal

policy through stage n - l  at state sn- l

C = decision value associated with selection of xn at state sn_1
15* (5“) = cumulative sum of each decision value for the optimal policy

through stage n.

At stage n - l  given state Sn- l  and decision X“, s n is uniquely produced by a

transition function, denoted by T (Sn -1 ’  Xn ) '  Thus the following relationship holds

between the decision variable xn and the initial state, Sn- l

5n = T(sn - l - ’  xn). (II-2)

The decision value associated with the selection of xn at state Sn—l  is determined

using what is called the return function. Thus

C:s x = R(Sn- l  xn)  'n n
In order to see just how using DP would prove to be more efficient than

simply a trial and error approach, consider the following example: A four stage
p blem, with four possible states at each stage would entail the comparison of
it , or “possible ways of making a series of four decisions, one (or more) of
which being the optimal set of decisions. With DP, only the optimal decisions at
each of the four states between each stage need be recorded, thus only 12 sub-
optimal series of decisions are to be compared to find the optimal set.

The optimal selection over all x can either be a minimum or a maximum
sum, depending on the particular problem formulation. The notation as presented
in Equation lI—l examines each stage in succession, beginning from the first stage.
Contrary to the notation used herein, i t  has been customary to present the above
formulation in a form which begins from the last stage, as some DP problems are
tractable only when analyzed in this fashion.

Application of Dynamic Programming in  Reservoir Operation
The stage-by—stage analysis as expressed by Equation I I - l  forms the basis

of an algorithm suitable for computer programing and which is applicable to a
wide variety of problem types. Many water resources problems, which typically
involve the distribution of water over a series of t ime periods, have been analyzed
using DP techniques. Of particular interest in the context of this research are



reservoir management problems which utilize DP techniques and which take into
consideration evaporation losses as a factor in determining the optimal operating
policy. .

Collins, 1977, considered evaporation losses in a multi-reservoir system
operated by the city of Dallas, Texas. Evaporation from each reservoir was
estimated by assuming a constant evaporation loss for every time period. System
operations, such as water treatment, water purchase, etc. were all assigned
monetary costs and the system was modeled using a DP algorithm. A cost was
also assigned to evaporation losses and in this way evaporation was reduced within
the context of minimizing overall operating costs.

Tauxe, 1979, examined evaporation losses in a somewhat different context.
He used DP to study the tradeoff between minimizing cumulative evaporation and
maximizing cumulative dump energy for a single reservoir. Evaporation losses
were approximated by 31 discrete values, specified as a function of storage. As
might be expected, i t  was found in this study that the minimization of evaporation
required that the" reservoir surface area be kept as small as possible, which
resulted in a minim zation of reservoir storage. Thus the available water for dump
energy was likewise reduced. ‘

Other pertinent research examples are those of Harboe, Mobasheri and
Yeh, 1970, Trott and Yeh, 1972, and Fults, Hancock and Logan, 1975. Harboe, et
al., examined the optimal operational modes of a multi-purpose reservoir. They
used a DP model which calculated evaporation based on the average area of the
reservoir for each individual time period. Trott and Yeh used DP to determine
the optimal sizes of proposed reservoirs within a system. Evaporation losses were
estimated using a constant loss for each reservoir for each time period. Fults, et
al., studied a four-reservoir system which serves as an integral part of the Central
Valley Project in California. The DP model used determines an optimal water and
power schedule for the four reservoirs. Similar to Harboe, et '  al., monthly
evaporation is calculated for each reservoir using the average storage for each
month of the study period.

Dynamic Programming Model Applicability
In the case of reservoir operation studies employing DP techniques of

analysis, i t  is necessary that ,  in  order to solve the transition function between
successive stages, the inflow sequence to the reservoirs must be known before-
hand. As will be explained later in Chapter IV, one of the constraints on the
transition function is the mass balance equation for the storage contents of the
reservoir, one of the variables of which is inflow. This is unrealistic in the sense
that, in actual reservoir operation, future inflows are not known. Researchers
have attempted to alleviate this shortcoming by using sequences of historical
inflows which represent drought conditions or basing conclusions on a number of
different sets of historical inflows. Some research has beendevoted to the
application of stochastic DP, where the inflows are expressed in terms of the
probability of their occurence.

The use of DP with its inherent requirement of future inflow knowledge is
justified in this study for three reasons. First, the model was intended to be used
as a method of analysis with which the potential for evaporation reduction can be
determined, and not as a guide for actual reservoir operation. Second, the use of
an optimization model for the objective of evaporation minimization produces the
operating policies whereby the objective is realized. These operating policies,
along with the amount of water saved by their implementation, can be viewed in



regard to  their compatibi l i ty w i th  established reservoir  operation guidelines.  The
third,  and most  important reason i s  that an optimization approach provides a
means by which evaporation losses can be considered as a factor in the
formulat ion of operat ing policies for  t he  objective of water  conservation.

Reservoir Mass Balance Equation
Reservoir operation models require that the analysis of the system parame—

ters be done a t  discrete intervals in t ime.  Choosing the  time intervals as  months
has proven to be the most practical since monthly data are  readily available and a
monthly release schedule i s  reasonable fo r  actual reservoir system regulation.
Time intervals smaller than one month can provide additional information only to
the  extent that the hydrologic data used i s  accurate. The total quantities of
inflow and outflow which occur during one month are added to the beginning of
the month storage to determine the  end of t he  month storage, as expressed by the
following mass balance equation:

5"; = Smi + on - on (11-33

where Sn,f = final storage, month n

sn , i  = initial storage, month n

Qn = total inflow during the month n

n = total outflow during the  month n .

Both the inflow and outflow are expressed in volume units commensurate with the
storage quantities since they occur over a specific t ime interval.

For the purposes of this study the  total outflow from the reservoir is
separated in to  i t s  two ma jo r  components  - downstream release and evaporation
loss from the water surface.  The release may be either as required to meet
downstream demands or i t  may be spill in excess of reservoir maximum storage.
Other types of losses are not  considered fo r  they are assumed to be negligible
with respect to the  major outflow components as described. One  of the  losses not
considered i s  seepage from the reservoir into the surrounding subsurface soil
strata. Another loss not considered i s  evaporation and transpiration from the
banks of the reservoi r  when i t  i s  less than fu l l ,  a l though th is  loss may  be
approximately accounted for  depending on the method of lake surface evaporation
used. These minor losses would be most difficult to measure if i t  is  desired to
include them in the  mass balance equation. The resulting mass balance equation
is written as shown below:

5 =511.,“ n + on - En - Rn - spn (II-u)
where

En = evaporation loss during month n



Rn = release during month n to meet downstream demands

SPn = spill during month n .

Evaporation Dete rmina t ion
Monthly evaporation calculations in the model were based on lake surface

evaporation rates per unit surface area. These evaporation rates were determined
from pan evaporation data and pan coeff ic ients ,  and  were obtained f rom various
hydrologic publications.

For  reservoi r  sys tems analys is ,  evaporation rates represent the difference
between gross  evaporat ion and  effect ive rainfal l .  The  effect ive ra infal l  i s  the
amount of rainfall which fe l l  on the reservoir  s i te  that offsets  the evaporation
los s ,  l ess  t he  amount tha t  has  run  off and  thus  i s  included in  t he  reservoir  inf low
records. For the purposes of this study, al l  of the monthly rainfall is considered
to be effective in offsetting the monthly evaporation 1055, and therefore the
monthly inf lows used do not include runoff  from rainfall  which fel l  on the
reservoir  s i te .

The evaporation rate-t imes the average surface area for  the month yields
the evaporation quantity (expressed as a volume of water)  fo r  the month.

En em1 (11-5)

where
evaporation loss rate per unit area, month n

average surface area for  t he  month n .
n

' 3n

fin is determined by a linear average of the storage contents as follows:

3 _ ____%L1___Lb£ - (II-6)
n

The function f is expressed i n  tabular form as pairs of storage-area values.
Most reservoir sites exhibit a nonlinear relationship between the storage and
surface area ,  especially i n  the lower  portions of the reservoir .  Calculat ion of the
average area based on a linear average of the storage contents may appear to be
inaccurate; however, i t  is reasonable when the approximations concerning inflow
and .  release are considered. Because t he  mass  balance equation i s  solved at
monthly intervals, whatever variations in inflow and release that can occur during
the intervening t ime period cannot be accounted fo r .  For example, a reservoir
may  receive the majorpor t ion of its inflow during the  first  few days of the
month,  in which case the actual average monthly storage (and average area) would
be higher than the linear average of the initial and final values.

Model Description
- The computer program developed fo r  this research utilizes a dynamic

programing algorithm to determine the  optimal operating policy for  a specified

10



sequence of monthly t ime  periods. The objective of minimizing cumulative
evaporation is to be met  via reservoir system release regulation. The regulation
of reservoir  releases is done i n  such a way as to expose the minimum cumulative
surface area of all of t he  reservoirs in the  system over the  t ime period under
consideration.

More  generally,  t he  objective i s  to minimize the cumulative surface area
t imes the  evaporation rate (per unit area) of t he  reservoirs in systems where  the
evaporation rates are different for  each reservoir. In accordance with optimiza-
tion principles i t  is  the  cumulative sum of evaporation which i s  to be minimized
and hence, for  any given portion of the t ime period, t he  system may not be
operating to  minimize evaporation within that portion, but rather to  minimize
evaporation over the entire t ime  sequence.

The program is limited to  simulating the  operation of a two-reservoir
system, as i t  was decided that a two-reservoir system would be flexible enough in
reservoir release options to  show evaporation reduction potential and the types of
operating policies necessary to achieve i t .

I t  was anticipated that evaporation minimization should be considered in
relation to i t s  effect  on  the  o ther  ma jo r  source  of water  l o s s ,  i . e . ,  reservoi r  sp i l l .
Thus the model was given the capability of determining the operating policy for
one of two additional objective functions: minimizing cumulative spill and
minimizing cumulative total water loss, t he  total water loss being the sum of
evaporation and spill.

The computer model, hereinafter referred to as RESEVAP, i s  designed to
simulate the operation of the  two-reservoir sytem in  either of i t s  two possible
configurations - parallel or series. In the case  of the series configuration, the
upstream reservoir  i s  designated a s  Reservoir  l and the  downstream reservoir as
Reservoir 2. Both sytem configurations require that the total release from the
sytem for  a given mon th ,  excluding spil l ,  mus t  equal t he  specif ied demand fo r  that
mon th .  Figures [1-1 and  11-2 depict  System I and System II, respect ively.

For convenience, t he  three  objective functions and the two system
configurations will be denoted as follows:

Objective 1 - minimize cumulative evaporation
Objective 2 - minimize cumulative spill
Objective 3 — minimize  cumulative total water loss
System I — reservoirs in parallel
System II - reservoirs in series
Reservoir l - upstream reservoir (for System 11)
Reservoir 2 - downstream reservoir (for System II).

The specified monthly demand can be thought of as a firm water require-
ment ,  i n  that no system release less  than this quanti ty can be tolerated, nor can
any release in excess  of t h i s  quantity be  effect ively used. On ly  in  the  situation
where there is no available storage in the reservoir system can the total release
from the  system exceed the  demand. I t  is  assumed tha t  the  two—reservoir system
does not serve any further downstream demands other than the specified monthly
demand .  Thus  any sys tem spi l ls  are considered as a loss  f rom the  sys tem,  and no
benefits can be obtained therefrom, just as with evaporation losses.

The reservoirs in series system configuration essentially permits releases in
excess of the demand from the upstream reservoir and thus the transfer of water
in storage from the  upstream reservoir to the  downstream reservoir. The release
from the downstream reservoir must necesarily be equal to the demand. For t ime
intervals of one month, t he  lag t ime involved in the  transfer of water from

11



Reservoir l Reservoir 2

R1 + R2 = D

Figure 11-1

System I (reservoirs in parallel)
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Figure 11—2

System II (reservoirs in series)
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Reservoir l to  Reservoir 2 i s  small and can be ignored i n  this study. Also, any
. evaporation or seepage losses occurin g in the water course between the reservoirs

are not taken into consideration. In the cases of the parallel configurations, no
transfer of water is permi t ted between t he  two  reservoirs and the  sum of t he
releases f rom both reservoirs must equal the demand.

Data  Input Descr ip t ion
Hydrologic and physical data input describing the reservoir system consists

of initial storage f o r  Reservoirs i and 2 and, for  each monthly t ime period, inflow
to Reservoir  1, intermediate inf low to Reservoir 2 (excludes outf low f rom
Reservoir l fo r  t he  Sytem II conf igurat ion), downstream demand, evaporation
rates, and minimum and maximum storage levels for both reservoirs. Inflows are
specif ied in cfs-days, as they are available in th is  fo rm direct ly f rom the  U.S.G.S.
streamflow records. The monthly demand and reservoir storages are specif ied
acre-feet. Evaporation rates are specified in inches per unit surface area. The
specification of minimum and maximum storage levels for each month allows
flexibi l i ty in defining the amount of conservation storage available during each
month. The surface area as a function of storage relationship at each reservoir is
defined by  a selected number of pairs of storage and corresponding area values,
from zero storage to maximum pool storage. Surface area values are specified in
acres.

I n  the si tuat ion of the reservoirs in series configurat ion (System 11), i t  may
be unreasonable to  allow unlimited release from the upstream reservoir. There-

———————fore, the ratio of reiease to demand is not allowed to exceed a specified value,
RDl  (IT), for each month IT. For the reservoirs in parallel configuration (System
I), R‘Dl (IT) = l for all IT.  For System II, RD l  (IT)§l, for  all IT .  The array RD l  i s
a dimensionless quant i ty also entered as data input f o r  each month ly  time period.

a

’ ..

Dynamic Programming Algori thm Descript ion
The variables and notation defining the dynamic programing algorithm are

as fol lows:
Algorithm variables -

E1 = evap., Res. 1 RDl ( IT )  = rat io ,  release to demand

E2 = evap., Res. 2 R1 2 release, Res. 1

NS = total number of states Sl(l) = beginning—of-month storage,
Res. 1

NT = total number of stages 51(3) = end-of—month storage, Res.l

Ql(IT) - inflow, Res. 1 SP1 = spill, Res. 1

. SP2 = spill, Res. 2

l 3
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Stage - monthly t ime periods

IT; [T = l ,  2, ..., NT.

Objective function - one of three possible choices:

1) minimize cumulative evaporation
NT

Min Z, (1311+ E21)
i=1

2) minimize cumulative spill

NT
Min Z (SP1i+SP2i)

i=1

3) minimize cumulative sum of evaporation plus spill
NT

Min Z, (1511+ 1521) + (51911 + 5921) .
i =1

Discretized state variable - beginning-of-month storage in Reservoir 1
51(1); 1 :  l ,  2, ..., NS.

Discretized decision variable - end-of-month storage i n  Reservoir 1
51(3); J = l ,  2, ..., NS.

Return function - one of three possible forms, depending on the selected

objective function

1) R ( 51(1), 51(3)) = 131 + 52 (11-761)
where the function f is composed of the mass balance equations for
Reservoir l and Reservoir 2, solved for E1 and E2, respectively.

2) R ( 51(1), 51(3) = 5p1'+ SP2 (11— 7b)
Where f is solv d for the spill in Reservoirs l and 2

3) R (51(1), 51(3)) = (El + E2) + (SP1 l+ SP2), (II-7c)
where f is solved for both evaporation and spill for Reservoirs l and
2.

Transition function - The decision value at stage IT is the beginning—of-month
storage at stage IT + l

T (51(1), 51(3)) = 51(3). (11-8)
The constraints on the selection of the decision variable value, 51(3), are
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evaluated using the mass balance equation (eq. 11-4), and the ratio of release to
demand. They are

R120 (II-9a)
where R1 = 51(1) - 51(3) + Ql(IT) - E1
and Rl/D(IT) 5. RBI (1T). (II—9b)

The restriction that the system release should equal the demand for  any
given month uniquely defines the release for  Reservoir 2, R2, once the mass
balance equation for Reservoir l is solved for  R1 for  a selected end-of-month
storage, 51(3). With Q2 and now R2 known E2, and thus 52, can be solved for by
an iterative process using the mass balance equation for Reservoir 2. The
selection of t he  release f r om Reservoir l ,  in essence, requires only a single state
variable, i.e., the end—of-month storage i n  Reservoir  1. Furthermore, the  mass
balance equation is exact ly  sat isf ied fo r  each month at each reservoir by  using the
end-of—month storage as the decision variable.

The state variable is  discretized in to  a selected number of values, ranging
from maximum to minimum storage for Reservoir 1. These values are entered as
data input in to an array 51. Thus, t he  storage i n  Reservoir 1 may  take on only
these discrete values, while the storage i n  Reservoir 2 is  a floating variable,
depending on the selection of the end-of—month storage in Reservoir 1.

Appendix A contains a l ist  of variables for the computer program RESE-
VAP. Appendices B and C contain, respectively, a flow chart and program listing
of RESEVAP.

The basic program algorithm is as shown i n  Figure 11-3:

J coun te rI counter
f o r  s tage  ITfo r  s tage  IT - l
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NS- l  - -  NS- l

NS 4 -  NS

stage IT—l s tage  IT

Figure 11-3
Discretized Storage Levels.  Reservoir l
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Between two successive stages IT- l  and IT, al l  possible combinations of
storages at stages IT-l and IT are evaluated. The combination 51(2) t o  51(4) is
shown in Figure IV-3. Beginning with the  f i rs t  value for  the  final storage, 51(3)
where 3=l ,  each feasible value of the  initial storage, 51(1), I=l,  ..., N5, is used to
calculate the corresponding evaporation, E l .  Themass balance. equation is  then
solved for  the  release, R l .  If the  release is  less than zero,  then the  selection of
51(3) was too large,  and the next lower value is chosen.

For a non—negative R1, Rl/D(IT) is compared to  the value RDl(IT) and, if
less than RDl ( IT) ,  the  re lease  R1  i s  feas ib le ,  a s  far as Rese rvo i r  1 i s  concerned.
If Rl/D(IT) is greater than RDl(IT), then for  the  s ame  51(3) the  next  lower 51(1) is
selected, as  this  will result i n  a smaller  release, R l .  '

For a feasible R1, and according to  System I or  System 11 specifications,
spill from Reservoir l and inflow to Reservoir 2 arecalculated. The reSulting
end-of-month storage and evaporation for  Reservoir 2 are  then determined by
i terat ion,  u s ing  Equations 11-4, II-5 and  11—6. If the f ina l  s torage ,  52 ,  so  calculated
i s  less  than the  min imum storage al lowed, Reservoir  2 was incapable of supplying
the release R2 ,  and  thus the value of R1  mus t  be increased.  Therefore,  the  next
lower value of 51(3) is selected and the algorithm repeated.

For each feasible storage level 51(1) a t  s tage IT- l ,  t he  sub-optimal policy
up, to  stage IT is found fo r  Objective 1 by adding the  cumulative sum of
evaporation up to  stage IT-l to  the total evaporation for decision 51(3), stage IT,
which i s  El+E2. The decision yielding the  minimum sum of these two te rms fo r  a
given state I is then indexed, and its total cumulative evaporation i s  stored in the
array ESUM. Fo r  Object ive  2 ,  spill  replaces  evaporat ion a s  t he  ob jec t ive  function
parameter .  For Object ive  3, t he  objec t ive  funct ion parameter  i s  the sum of
evaporation plus spill. The array SPSUM and the  sum of ' t he  arrays ESUM and
SPSUM store the cumulative values fo r  Objec t ives  2 and 3, respectively.

For infeasible trial selections of decision 51(3) for a given state 51(1), the
cumulative eviporation for  stage IT, decision 51(3) is  assigned to a very large
number, 1x10 . Thus during the  evaluation process for  t he  next  month (between
stages IT and IT+l), infeasible values of 5%!) a re  those associated with cumulative
evaporation equal to  or greater  than 1x10 . '

This procedure is repeated fo r  each stage in succession through the last
stage where,  in accordance with dynamic programming principles, the  optimal
operating policy, defined by the  end-of-month storage in Reservoir l a t  each
stage,  can be identified by tracing backwards through each  stage.  Finally,
optimal stage variable values (storage, release, evaporation and spill) a r e  recover-
ed  by applying the  mass balance equation t o  Reservoir l and Reservoir 2 at each
stage in succession. .

If, a f te r  evaluation of any stage 11', there are no resulting values of
cumulat ive evapora t ion  fo r  any  state  3 ,  t hen  t he  situation is  that  no  operating
policy between stages IT- l  and IT was able to  release enough water to satisfy the
demand. Thus a shortage has occured and the program stops and prints a message
to  that effect .
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Objective Function Considerations
The objective of minimizing cumulative spill presents difficulties during

periods of no system spill. A t  a given stage n for which no spill has occurred at
all stages up t o  n, the value of the return function (system spill) will be zero for
any feasible policy select ion. Thus, the  DP algorithm cannot effect ively make a
decision based on the objective function. The choices made at these periods of no
cumulative spill can effect, to varying degrees, the final value of the cumulative
spill, assuming, of course, tha t  spill does occur during fu ture periods.

Consider the following example situation: Two reservoirs in parallel are
modeled using f ive years of selected inflows and demand requirements. Reservoir
2 is subjected to  a series of large inflows after two and one-half years which more
than exceeds its capacity, even when empty. At this same t ime, Reservoir 1
receives only small in f lows.  For  the f i rst  two and one-half years, if an operating
policy was selected which kept most of the stored water i n  Reservoir 2, certain
quanti ty of spill would necessarily occur at Reservoir 2. I f ,  however ,  a policy was
selected for  the f i rs t  two and one-half years which kept most of the stored water
i n  Reservoir i ,  then t he  spill a t  Reservoir 2 would be reduced. Also, a policy
which maximized the evaporation losses at Reservoir 2 would allow more storage
space for the large inflow into the reservoir. Without modification, neither of
these policies can be selected by applying the objective of minimizing the
cumulative sp i l l .  Cer ta in ly  the  pol icy which maximizes t he  evaporation loss
would be contrary t o  the overal l  objective of conserving wa te r .

In situations of no cumulative spill, the objective function of minimizing
spill cannot be relied upon to select a sub—optimal policy which will result in an
absolute minimum value of spill occurring at future stages. Once an arbitrary
sub—optimal policy is  selected, however, the algorithm can minimize the spill
occurring at  future stages in keeping with the sub-optimal policies chosen at
earlier stages for which no spill occurred. In accordance with the overall
objective of conserving water, an additional objective has been incorporated into
the DP algorithm for the cases when the feasible decision variable options result
in the same value of the objective function of minimizing cumulative spill. This
additional objective, upon which the selection of the decision variable is  based, is
to  select the policy which results in the smallest value of cumulative evaporation.
In essence, the inclusion of this additional objective therefore requires that the
objective of minimizing cumulative spill will be met  within the context of
minimizing the total water loss. During periods when several policies produce the
same optimal value of cumulative spill, a selection will then be based on
min imiz ing  the total water loss f rom the system, i.e., the sum of spill plus
evaporation. '

The additional objective of evaluating the total cumulative water loss in
situations of equal objective function values is also incorporated into the
objective of minimizing the cumulative evaporation. I t  i s  anticipated that the
occurence of several policies producing the  same quant i ty  of evaporation is
unlikely. However, should this occur, the policy which yields the smallest value of
cumulative spill will be selected.

As discussed earlier, the policy which results in the absolute minimum of
cumulative spill is the one in which, during extended periods of no spill, stores the
inf low in such a way as to maximize the available storage fo r  future inf low. In
this context i t  is recognized that the additional objective of minimizing evapora-
tion in such a situation may not maximize the available storage for  future inflow.
In actual reservoir operations, uncertain knowledge concerning the magnitude and
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distribution of future inflow suggests that a policy which attempts to  maximize
t he  available storage ra ther  than to  max imize  the  quant i ty  of wa te r  s tored i s
unsound. Therefore, the additional objective of minimizing the total water loss,
which in effect maximizes the  water stored, is thought to  be logical and
consistent with the underlying effort  to  conserve water .  ,

State Space Discretization
The discretization of the storage space for  Reservoir 1 must be given

careful consideration when preparing a set of input data. An increment between
states which is  approximately equal to or greater than the demand quantity will,
in all probability, result in no feasible policies during some months. Consider the
following example:

D = 1000 acre-feet

AS = 1500 acre-feet

Q1 = 320  acre-feet .

Initially, let  51(1) = 10,000 acre-feet.  A reasonable value for  E1 i s  about 20 acre-
f ee t .  Solving the  mass-balance equation fo r  R1 we have

51(3) = 10,000 + 320 - R1 - 20
so

R1  = 10,000 - 51(3) - 300

For a feasible policy (for System I) i t  is required that R/D é RDl, where RDl =
1.0.

Thus the conditions for feasibility are

R1 = 10,000 - 51(3) - 300

subject t o

O 4 R1 5 1,000.

Selecting the neighboring values of 51(3) of 11,500; 10,000 and 8,500 acre-
feet ,  none of the  ensuing values for  R1  are feasible, and i t  is obvious that no other
selection of 51(3) would be feasible e i ther .  In this situation feasible policies may
only be obtained if t he  s tate  i nc remen t ,AS ,  i s  less  than  the  demand .  I t  i s  t rue
that fo r  System 11 the second constraint  on R1  becomes  R12  0 ,  since RDl  may  be
much greater than 1.0. However, t he  large state increment relative t o  the
demand may still result in policies which are infeasible, based on conditions at
either Reservoir  l o r  Reservoir 2 .  .

The state  space should also be discretized with regard to  the degree of
accuracy desired and the  computer t ime  required t o  achieve i t .  It can be said
that any optimal operating policy i s  the absolute best with respect to  the

objective function, plus or minus the state increment.  That  is,  the final storages

18



in each reservoir are optimal within tags, as storages between discrete values at
Reservoir l were not evaluated.

Program Execution T ime
Figure 1“} shows the total execution t ime for the program on a CDC Dual

Cyber 170/750 computer as a function of the number of states. These runs were
made for 120 t ime periods. For a state space discritization of NS values, the
total number of policies to be checked for feasibility between successive stages is
NS .  For an increase in the state space to NS+l values, the additional number of
policies to. be checked fo r  feasib i l i ty  between successive stages is

2NS+1 .

For NT time periods, the total number of additional trial policies that must be
checked is thus

NT (2 NS + 1).

For an increase i n  the number of t ime  aeriods to NT+1, the total number of
additional trial policies to. be checked is  NS . ‘

In general, i f  the number of time periods is at least one-half the total
number of states, NS, then an enlargement of the size of the  state space will
increase the execution t ime faster than an equal enlargement of the number of
time periods.

For a test run with NT time periods and NS possible state values, the total
number of trial policies that must be checked for feasibility is NT (NS) . Just
how many of these tr ial policies are feasible and thus must be evaluated is
determined by a number of factors, the most important being the relative size of
the demand quantities, D(IT) and the state space increment. For a very small
state space increment, there would conceivably be many feasible operating
policies between successive stages. As discussed previously, a larger state space
increment will result in fewer feasible policies, with the extreme case of no
possible policies which can satisfy the mass balance equation at each reservoir.
Other factors determining the number of feasible policies are the size and
distribution of inflows and the maximum allowable storage i n  each reservoir.
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CHAPTER III
THEORY OF EVAPORATION REDUCTION

VIA RELEASE REGULATION

Underlying Principles
The two-reservoir system as modeled by RESEVAP simulates evaporation

losses as a function of surface area only. Thus, the primary concern in attempting
to  reduce evaporation in  such a mul t i - reservoir  system via  release regulat ion i s  to
make the required releases from the reservoirs in such a way as to minimize the
total exposed surface area. At first glance, i t  might seem reasonable to expect
that the means by which this can be accomplished is  to  simply release the  water
from the reservoirs with the largest  surface areas .  However, more careful
consideration suggests that  the reservoirs with the  largest rates of change of area
(with respect to storage), not the largest areas, should be released from first. A
given quantity of water released from the  reservoir system will result in the
greatest reduction in area when released in such a fashion, provided the
evaporation rates a re  the s ame  for  both reservoirs.

Investigating this idea fur ther ,  consider the mathematical representation
of a hypothetical reservoir shape, an inverted right circular cone, as shown in
Figure III- l .

Figure III-l

Hypothetical Reservoir Shape

The surface area,  AS, and  volume,  V are wri t ten respectively as

2
2 _x_A = 1“ !“  = "s T (tan6)2 (Ill-la)
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3. 2 l Xfi r  y = — qr (III-lb)
3 (tan9)2

IIwhere y depth ; Oéyé  D

r = radius at depth y ; 0$ r$R  .

Taking the ratio of the derivatives dAs/dy and dV/dy gives

dAs/dY__ _ 21r_1[(tan9 )2
or dV/dy 1r yz/(tanG )2

c153 = g . (III—1c)
dV Y

50, as the depth y (and thus the volume) increases, the value of dA /dV will
decrease in proportion. Sketches of A s and dAS/dV versus V are shown in Figures
III-2a and III-2b below.

dV

V V

Figure III-2a F igure  III-2b

As vs. V dAs/dV vs.  V

Actual reservoir shapes, of course, are not smooth shaped surfaces like
that of a right circular cone. However, a plot of reservoir surface area versus
storage shows the same general form as that of Figure III-2a. Of the many
reservoir storage—area curves encountered in the course of this research, all of
them emibited characteristics similar to that of Figure III-2a. From about half
full to  maximum storage, most of the reservoirs investigated showed a nearly
linear relationship between storage and area.
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Verification of Theory
Because of the similarity between actual reservoir storage-area curves and

that of Figure III-2a, i t  is also a fact a plot of  AA/AS for  an actual reservoir will
result in a curve resembling Figure III-2b. This implies that as the storage
contents decrease, the rate of change of area with respect to storage will
correspondingly increase. Consider the application of this principle to a two—
reservoir system, both reservoirs of the same identical shape and initial storage
contents. For a given amount of water to be released from storage, the selection
of either reservoir as the one from which all the water shall be released will
result in i ts value of AA/AS to be higher than that of the other reservoir, after the
release has been made. Thus i t  follows that any subsequent releases should also
be made from this same reservoir, as its value of AA/AS will keep on increasing to
a maximum value when i t  becomes empty. That this "principle of continuous
release," i.e., releasing from the reservoir with the highest value of AA/AS,
results in the minimum amount of evaportion loss is shown in the example to
follow:

dA dA
Let = -——L and = ——Z '31 d5 .32 as ’ 31>  82

l 2

where the subscripts 1 and 2 denote, respectively, reservoirs l and 2. Assume
that both. reservoirs possess a linear storage-area relationship. Thus,

g dA1 _ AAI  - A l f 'A l i

1 _ ——-— _ -—~— _
dS1 A 51 SH - 5H

for all storage intervals 51  and. 52,
where

A l i  = initial area, res.  l

A l f  = final area, res.  l

ARI = incremental change in area, res. l

A2i = initial area, res. 2

A2f = final area, res.  2 ,

4A2  = incremental change in area, res. 2

511 = initial storage, res. 1

SH = final storage, res. 1

A51  = incremental change i n  storage, res. l
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llS2i initial storage, res. 2

S H2f final storage, res. 2

A 52 = incremental change in storage, res. 2.

The evaporation f rom each reservoir  can be expressed as

E1 = e1 (g l  (Slf ' 511)”  + A11)

52  = e2 (32 (521 ' 521) /2 + A21)

where
e l  = evaporation rate per unit area, r es .  1

e2  = evaporation rate per mi t  area,  res .  2.

Now consider the mass balance equations of two release policies A and B:

Policy A (release R from Reservoir l ;  R' from Reservoir 2)

5H = 5M + 12 - R - e1 (g1(51f — 519 /2  + An)  (In—2a)
52f = 521+ 12 - R' _ e2  (gz i sz f  — $21)  / 2  + A21)  (III-2b)

where R + R' = D;  0<R<D;  osR ' éo .

Policy B (release D from Reservoir 1; nothing from Reservoir 2)

5'1f = 511 + II - D - e1 (31(5'1f — sn)/2 + Ali)(III—2c)
s'2f = s2i + 12 - e2 (g2 (s'2f - 521) /2 + AZi) (III-2d)

Now, substituting S values where appropriate into equations III-2 and solving for
t he  S t e rms  the re  resul ts

I - R — e A . (III-3a)l . l 11

A51  _ l + e /2131
. (III-3b)I — R' — e A .2 2 21

A52 — 1+  e /2232
I — D-e  A . (III-3c). _ __1___.___l__li.

A51  ‘ l + e /2131
I - e A .

[392 = —2————-2——2-‘— . (ill-3d)
l + e2g2/2
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Now, i t  remains to be shown that Policy B (release ‘entirely from the reservoir
with the highest AA/AS) results in less evaporation than Policy A (any other
Combination of releases). In the given notation,

e1 (31‘ 5'1) + A11) " e2(82( 5'2) + A21)

e1  [31‘ 51) + A11)  " ez ($2 (  52) " A21)

Rearrahging and canceling like terms,

01"

Now, Substituting equations 111-3 for the 5 terms results in

' -D R ‘ ' -‘R' ' .e lg l (  +““>< e2‘232( )l + elgl/Z l+ezgz l2

Assuming bo‘th reservoirs have equal evaporation loss rates, i . e . ,  e l = e2

. R’
g1 (1D + elg-llz a) > 82(1  + e2g2/2 )

and
31 __ > _ 32  (111-21)

1 + elg1/2 l + ez’gz-IZ
since .

D-R =

The inequality as expressed by Equation III—4 always holds for  g )  Therefore,
any other selection of releases R and R '  from Reservoirs l and Z lgreszpectiVely will
result in a higher evaporation loss.

Exceptions to "Principle of Continuous Release"
For long-term reservoir operation involving carry-over storage, i t  is  not

entirely obvious whether or not the "principle of continuous release" results in
the minimum cumulative evaporation. For one thing, operating in this  way during
the early periods of the t ime  span under study will no d0ubt minimize evaporation
and likewise maximize reservoir storage contents (assuming no spill occurs). The
greater amount of water in storage may result in higher evaporation losses during
later portions of t he  operating t ime span. Also,'markedly nOnlinear storage—area
curves invalidate the assumption of constant g1 and g2 values in the previous
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example, thus the inequality as expressed by equation III-4 may  nOt always apply.
Another factor which can conceivably influence the  operating policy i s  t ime
periods where the rainfall is in excess of the evaportion ra te .  During such periods
reservoir surface areas should be maximized so  as to  maximize the  net gain in
water f rom excess ra infa l l .

Whether or not the "principle or continuous release" actually dictates the
operating policy to min imize  evaporation can best be answered by using RESEVAP
to determine the optimal operating policies for selected two-reservoir systems.
In the  chapters which fo l low,  reservoir systems in  three  regions having distinct
physical and hydrologic characteristics have been modeled using RESEVAP, and
the  resulting operating policies were evaluated in  t e rms  of the  expected type  of
policies to achieve minimum evaporation.
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, CHAPTER Iv _ .
RESERVOIR SYSTEM DATA ACQUISITION

Geographic Regions
Reservoir system charcteristics, both physical and hydrologic, as Well as

c l imat ic  condit ions, vary great ly  nationwide. Evaporation losses frOm reservoirs
are directly affected by these varying system characteristics and climatic
conditions. For this  reason, the type of operating policies for evaporation
reduction and the magnitude of this reduction can be expected to be different for
the different geographic regions. '

For this research project, two-reservoir systems possessing characteristics
in each of three separate geographic locations were studied. These regions, and
their pertinent hydrologic and climatic characteristics, are:

Region I
Classi ication: Arid
Location: Northwest Texas - Mitchell and Coke Counties
Average annual rainfall: 19.1 inches
Average annual gross evaporation: 81.9 inches
Runoff characteristics: Highly variable, occasional dry seasons. Peak
runoff occurs sporadically from late spring and summer thundershdwe'rs.

Region II
Classification: Semi-arid
Location: Central California - Fresno COUnty
Average annual rainfall: 17.1 inches
Average annual gross evaporation: 68.9 inches
Runoff characteristics: Peak runoff occurs each year from Snowmelt
during the late winter and early spring.

Region III
Classification: Hum id
Location: Southeast Texas - Liberty and Montgomery counties
Average annual rainfall: 51.2 inches
Average annual gross evaporation: #8.0 inches
Runoff characteristics: Peak runoff may occur during winter 0r summer
months.

See Figure IV- l  for geographic locations of the three regions.

Reservoir Inflows
In Regions II and III, two U.S.G.S. streamgaging stations were selected

f rom which the  runof f  records were used to  represent in f low into the  two
reservoirs. In each region, 10 successive years of runoff data were selected which
contained representative minimum and maximum flows for  the available data at
each station. The average magnitude of runoff «values at each of the stream-
gaging stations was of approximately the same size. The selected streamgaging
‘stations and their corresponding periods of recorded runoff used are shown on

able IV- l .
I t  is likely that longer historical inflow sequences will show differences in

the magnitude and distribution of inflows. However, i t  is fe l t  that the selected
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Region I Region I I I

Figure  IV-l '

Geographic_Locat ions ,  Regions 1 ;  I I  and I I I
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10-year records were of sufficient length to show the relative importance of
evaporation reduction with respect to  other reservoir system operating cr i ter ia .

The streamgaging stations in Region I contained either an inadequate
number  of successive years  of recorded runoff  or periods of substantial  upstream
regulat ion.  For these  reasons ,  t he  U.S .  Army  Corps of Engineers  computer
program HEC-Al was used to reconstitute missing data f rom available records of
six streamgaging stations to represent inflow to Reservoirs l and 2. These two
sets of reconstituted runoff ,data represent inflows at two hypothetical reservoir
locations on the Upper  Colorado R ive r .  The ratios of t he  drainage areas of the
reservoirs to  the drainage areas of the  streamgaging stations were used as factors
in adjusting the reconstituted flow data to represent inflows at the reservoir sites.
Tables IV—Za and IV-2b show respectively, the  streamgaging stations used fo r
reconstitution and fo r  reservoir inflows.

For the sake of uniformity in  comparisions of the studies made in each of
the three regions, the  inflows fo r  Reservoir 1 and Reservoir 2 were each
multiplied by a coefficient such that the mean inflow over the 10 year period i s
the same fo r  each region. That  is,  fo r  all th ree  regions, t he  mean inflow to
Reservoir l i s  the same,  and the  mean inflow to -Rese rvo i r  2 i s  the same .
Consequently, the total quantity of inflow to each reservoir i s  also the  same.
Table IV-3 shows the inflow adjustments for each region, and Table IV-ll shows the
resulting inflows after adjustment by the coefficients.

I t  is recognized that the adjustment of the inflows by three  coefficients
changes the  statistical properties of the  inflow sequences; however, t he  adjust-
ments were deemed to be small enough so  that the inherent charcteristics of the
inflows in each region were preserved. Refer  to  Displays 1 through 3, Appendix D
for plots of the t ime sequence of inflows to each reservoir for each region.

Evaporation Rates '
Gross evaporation rates for  Regions 1 and 111, both of which are in Texas,

were taken from the  appropriate evaporation tables in Repor t  No. 64, Texas
Water Development Board. Monthly average values were used based on the years
1940-1965, inclusive. For  Region II, Class A pan evaporation data at  Pine Flat
Dam (nearest evaporation station to the streamgaging stations) was obtained from
Bulletin 73-79 ,  Cal i fornia  Department of Water  Resources .  Monthly  average
values were based on the period 1950-1976. Pan-to-lang evaporation coefficients
were taken from the Reservoir Regulation Manual fo r  Pine Fla t  Reservoir,  U.S.
Army Corps of Engineers. The pan evaporation data were then converted to  lake
surface values using these coefficients.

Average monthly rainfall values were subtracted from the gross evapora—
tion rates to  determine the  actual monthly evaporation rates .  The  monthly
rainfall values were obtained from "Climates of the States";  Vol. 2, National
Oceanic and Atmospheric Administration. These average rainfall values are based
on the period l931~1960. The locations from which the  monthly rainfall values
were taken are as follows:

Region I:  Average of values at Snyder and San Angelo, Tx.
Region H: Piedra,  Ca .
Region 111: Liberty, Tx.

The resulting net evaporation rates are shown on Table IV-5. Negative
evaporation rates represent months where t he  rainfall exceeded the  evaporation
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Table VI—Za

Stream gaging Stations Used for HEC-4 Reconstitution I
of F low Data,  Region 1

Drainage

U.S.§.$. Area Period of
Number Name (sq. mi.) Record

8119000 Bluff Creek n r .  Ira TX 42.6 1948 - 1965
8120500 Deep Creek nr. Dunn, Tx 188 1953 -'1977
8121500 Morgan Creek n r .  Westbrook, Tag. 288 1954 — 1963
8122000 Graze Creek n r .  Westbrook, Tx 21.2 1954 - 1959

8123500 Champlin Creek n r .  Colorado Ci ty ,  Tx 158 1948 - 1959
8123800 Beals Creek nr ,  Westbrook, Tx. 973 1959 - 1977

TABLE IV-2b

Factors fo r  Computing Inflows,

Reg,ion I

Selected Drainage Area, Total Drainage Area,
Stream gaging Reservoir Gaging Stations Adjustment
Stations Used (sq. miles) ' (sq. miles) Factor

8119000
Reservoir 1 8120500 940 460 2.04

8121500

' 8119000
Reservoir 2 8120500 4100 1200 3.42

" 8123800
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Table IV-3

Inflow Adjustment Coefficients

Mean Inf low,
lO-yr. period Adjustment
(cfs-days) Coefficient

Region I Reservoir 1 1735.2 1.356

Reservoir 2 3847.2 1.000.

Region II Reservoir 1 2353.4 ' ,1 1.000
Reservoir 2 3207.7 ’ 7 1.199

Region III Reservoir 1 1594.5 1.476
Reservoir 2 5209.2 .739  .

Table IV-4
Regional Inflow Characteristics (cf s—days)

Region I Region 11 Region III

avg.  in f low ’ 2,352.5 2 ,353 .2  ' 2 ,353 .0

min.  inflow 0 -» - 0 ~ 250.0
Reservoir 1

max .  inflow 48,514.0 , 20 ,023.0  ' - 18,563.0

std.  deviation 6,928.6  3 ,324 .0  3 ,236.3  -

avg.  inflow ‘ 3,847.2 3 ,845.6  3,849.1

min .  in f low 0 0 167.0
Reservoir 2

max. inflow 48,556.0 44,759.0 32,261.0

std.  deviation 8,131.1 6 ,964 .0  5 ,931.5

32



A
m

o
k.

«H
aid

a
m

vp
m

mco
fl

m
h

o
ag

m
w

E
E

o
E

n
..>

—
2a

80.2
28.2

085
08.2

80.2
892

80w
8%

 
S

o
w

o
8.“

08a
89m

$5
2?

.
.5.”
22..

>52 
«.2

m
<

2
m

u
m

25”
0
8

>
02 

.60

A
n

y-0m
g

w
u

cm
avo

mu
cm

E
vG

3
5

:2
2

8.2.03:

3; 38
R

.
N

o
.

8.- 
m

3- 
8.-

:.~
-

“3.
”W

m
-

2.-
8;

E
88%

S
K

3.8 
R

a
n3$3:3

2..-
8.~

- 
.

an
d

- 
2.?

E
. 

an 
=

co
w

w
w

m

.93
85

8.”
m

m
.“

8s 
m

:
8.:

. 
N

3 
N

E
«3

85SA
H

co
w

m
o

m

am
m

22
A

n
n

2
3

>
32

m
m

<
~

22
m

u
m

23” 
0m

m
>

02 
5

0

33



rate. In actuality annual climatic changes cause the evaporation rates to differ
each year. I t  is assumed that the differing evaporation rates from year to year
are of minor importance with respect to other reservoir system descriptive data.

Monthly Demands
A hypothetical monthly, demand sequence was selected to represent a

typical constant municipal or'industrial demand‘coupled with a seasonal agri-
cultural demand. Table IV-6 shows the monthly demand sequence.

As discussed i n  Chapter II, t he  total month ly  release f o r  the  System I
configuration is restricted to the monthly demand. For System 11, however, a
further restriction is placed on Reservoir 1, via the parameter RD l  (IT), such that
the release from this reservoir may never exceed 18,000 acre-feet per month.

With the smallest monthly demand being 5000 acre-feet, a selection of
2000 acre-feet as the state space discretization increment for Reservoir l was
used. From 0 to 2000 acre-feet, the discret izat ion values were 0 ,  500, 1000  and
2000 acre-feet, i n  order that better accuracy would be achieved for operating
policies in which Reservoir l was at low storage levels.

Storage-A rea Curves -
The storage-area curve for Reservoir l was chosen to be linear, while for

Reservoir 2 the actual storage-area curve at Pine F lat  Reservoir in California was
used. Pine Flat Reservoir is situated in a relatively deep canyon as compared to
the linear shape as defined for  Reservoir 1, which represents much flatter terrain.
Figures IV-Z and IV -3 show, respectively, the storage-area curves and the
correspondingAA/AS curves for each reservoir. These same curves were used in
each of the three regions.

Initial Storages
As explained in later Chapters, proper calibration of the model was best

achieved when the initial storages for  Reservoirs l and 2 were 28,000 acre-feet
and 55,000 acre-feet, reSpectively. These‘initial storages are in approximately
the same proportion as are the  mean inf lows fo r  Reservoirs 1 and 2-that i s ,  the
initial storage and mean inflow to Reservoir 1 are approximately 60 %of the
corresponding values for  Reservoir 2.
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CHAPTER V
EVAPORATION MINIMIZATION

Study Features
The purpose of 'these studies, which are categorized as Test D1, is to

quantify evaporation losses in each of the three regions under investigation. Also,
Test D1 will distinguish between the optimal operating policies, with respect to
minimizing evaporation, f o r  each of the  three regions.

As  outlined i n  Chapter IV ,  the reservoir system as modeled i n  each region
is identical, the only differences being those which are distinctive of each region,
i.e., the monthly evaporation loss, and the variance and seasonal distribution of
monthly inf lows.  Only  Object ive 1 (minimize cumulat ive evaporation) is utilized
for Test D1. For Objective 1, reservoir spill will occur so long as i t  serves the
objective of minimizing evaporation. The important feature of Test D1 is  that
the maximum storage i n  each reservoir is large enough so that no spill ever occurs
during the 10-year period. Thus, considering the  mass balance equation f o r  the
entire 10-year period, the only difference among the three regions is the
evaporation loss. For each region, both System I and System 11 test runs were
made. Table V - l  shows the results of these six test runs.

Region I
Region I is clearly the least favorable region as far as the quantity of

evaporation loss is concerned. Of the total volume of water required over the 10-
year period of 1,080,000 acre—feet, over 1096 is lost to evaporation. Displays 1 6t
2, Appendix E show the tabulation and plot of the month-by—month operation
pol icy f o r  System I .  The "pr inc ip le of continuous release," as explained i n  Chapter
III, seems to be followed i n  Region I. Refering to  Figure IV-3, i t  is seen that the
initial value of AA/AS for Reservoir l is higher- than that of Reservoir 2.
Therefore, Reservoir 1 should be released from f i rst ,  as is borne out by the
results. Large releases continue to be made from Reservoir 1 until i t  is empty.

The fact that the release from Reservoir l is  not the entire demand
quantity for these initial months is because of the approximations introduced by
the state space discretization increment. For each of these months, a decrease in
storage i n  Reservoir l b y  the  increment of 20.00 acre-feet will push the  quanti ty
released up to a value greater than the demand, in which case the policy is
infeasible. Once Reservoir 1 becomes empty, the evaporation loss in that
reservoir reduces to zero and the reservoir is kept empty by releasing the entire
monthly inflow. Occasional large inflows which exceed the monthly demand cause
Reservoir l to deviate from zero storage.

The System 11 run for  Region I shows somewhat better results. Since i t  is
optimal to keep Reservoir 1 empty as shown by the System i run, this is better
accomplished i n  System II, where Reservoir 1 can  make releases in excess of the
demand, thereby enabling Reservoir l to  remain at zero storage more frequently.
This is evident by comparing the average storages in each Reservoir for  Systems]
and H in Table V - l .  For System 11, Reservoir 1 has a lower average storage and
Reservoir 2 has a correspondingly higher average storage, as compared to System
I.
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Region II
Results of the test runs for Region 11 show evaporation losses at just over

796 of the total demand. Once again, the "principle of continuous release" governs
the operation policy, both for the System I and System 11 test runs. Refering to
Displays 3 and 4, Appendix B, i t  is noted that  deviation from the continuous
release policy occurs during months with negative evaporation rates. During
these months the net gain in water from excess rainfall is maximized by releasing
from Reservoir 2 and letting Reservoir I fill since, in  this way, the total reservoir
surface area is maximized. As with other test- runs, the approximations
introduced by the state space increment dictate that Reservoir 2 cannot release
all of the demand during these months, as this would render the policy infeasible.

Region III p
The test runs for Region III presented results distinctly different from

those of Regions I and II, and expectedly so since the majority of the monthly
evaporation rates are negative. The “principle of continuous release" dominates,
but in the reverse sense in that the reservoir with the lowest value of AA/AS is
released from first, which is Reservoir 2. See Displays 5 and 6, Appendix E, for
the results of the System I] test run. Note the monthly intervals March, 1970 to
July, 1970 and February, 1971 to  September, 1971. These months show deviation
from the continuous release policy, the reason for which may be the combined
effect of many factors difficult to identify. A plausible explanation could be the
following: During the first. eight years of the study, no deviation from the
continuous release policy is observed (within the limits of the state space
discretization), except for August, 1968 to November, 1968, where Reservior 2 is
nearly empty. Throughout the first eight years, Reservoir l gradually fills, since
i t  is releasing as little water as possible. I tmay  be that, by March, 1970 i t
becomes so full that its subsequent evaporation loss is exceedingly high, more
than offsetting the net gain in water during the negative evaporation rate months.
Thus, i t  becomes optimal to make large releases from Reservoir 1, thereby
reducing the evaporation losses. Table V—l shows that the overall effect of the '
objective of minimizing evaporation is to maximize the gain in water, since the
total evaporation is negative. This gain of water is about 1.796 of the total
demand for the 10-year period.

Re gional Com parisons
Of the three regions studied, Region III is undoubtedly the best location

with respect to evaporation losses, because of its negative monthly evaporation
rates. Region II is next, with Region I experiencing the greatest losses because of
its larger monthly evaporation rates. However, the inflow characteristics also
play a part in determining the effectiveness of the optimal operating policy. The
average of the monthly evaporation rates for regions I, II and III are 5.05, 3.08 and
-.26 inches per unit area respectively. The ratio of the average evaportion rate to
the total evaporation loss is shown in Table V-2 for each region. The significance
of this ratio is that i t  measures, to some degree, the relative efficiency of the
regions in achieving minimal evaporation losses, with respect to  the inflow
distribution. For example, Region II is not as efficient as Region I since, given
the decrease in the average evaporation rate of 39%, the decrease in evaporation
loss is only about 3296, thus Region II has a lower ratio than Region I. Also,
because of its greater flexibility, System II is slightly more efficient than System
I for each region. The values for Region III are infinity since Region III
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Table V-1
Test D1

(all values in ac—ft)

Region 1 Region 11 Region III

total evap. 118,009 80,747 47,784

System 1 avg. storage, Res. 1 13,017 11,467 300,750

avg. storage, Res. 2 151,580 161,646 126,239

total evap. as 96 10.996 7.596 1.696
total demand

total evap.  114,171 76,260 -18,110

System 11 avg. storage, Res. 1 5,346 3,700 295,667

avg. storage,  Res.  2 160,827 171,303 131,358

total evap.. as 96 10.696 7.196 1.796
total demand

Table V-2
Ratio of Avg.  Evap. Rate to Tom! Evap. Loss

Test D1

Region I Region 11 Region [II

System I 4.28 10'5 3.81 10'5 60

System 11 4.42 10‘5 4.04 10'5 oo
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experienced no total losses from evaporation, but rather, gains in water from
rainfall.

Table lV-4 shows the standard deviation from the mean inflow for each of
the regions. The standard deviations for Region I are higher than for Region II.
This might suggest that the greater inflow fluctuations as indicated by the larger
standard deviation result in greater evaporation reduction efficiency. Although
Region III has a standard deviation which is lower than Region II, its efficiency
ratio is larger because of the zero evaporation losses. The relationship of the
standard deviation of the inflows to the operating policy results will be further
discussed in Chapter VII.
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CHAPTER V I
WATER CONSERVATION

Study Features
The underlying objective of this research project is water conservation.

Hence, evaporation reduction policies must also be evaluated in relation to their
effects on other types of water conservation measures. In the context of this
research, the reduction of reservoir system spill is the other type of water
conservation measure which must be considered. The distinguishing feature of the
test runs described in this chapter is that the maximum allowable storage in
Reservoirs l and 2 i s  l im i ted such that a certain amount of system spill occurs
during the 10-year study period. Each of the three objectives (minimize
evaporation, minimize spill or minimize the Sum of evaporation plus spill) is
applied to all three regions.

Two sets of test runs were conducted in this chapter. The f i rst set, labeled
collectively as Test A l ,  employs the fixed demand sequence described in Chapter
IV. Test A l  used the comparisons of the quantities of total water loss for the 10—
year study period as an indication of the degree of water conservation achieved
for each of the Objectives 1, 2 or 3. The second set of test runs, labeled Test H1,
used a modified version of RESEVAP which determined, by iteration, the largest
percent increase i n  the f i xed  demand sequence used i n  Test A l  such that no
shortage occurred over the 10—year period. This increase i n  reservoir system yield
is the long-term objective of water conservation in reservoir systems, that is, to
conserve water for  reservoir system firm yield increases.

Required Conservation Storage
It is immediately apparent that the differing inflow characteristics of each

region will have an inf luence on the quantity and occurence of spill in each region.
Thus, fo r  f i xed  values of maximum reservoir storage f o r  all three regions, the
resulting system spill will not be comparable among the regions. The procedure by
which the test runs for each region are made comparable is to limit the storage i n
Reservoirs I and 2 to those values which result in both reservoirs becoming nearly
empty just once during the 10 years. This volume of storage is then the minimum
conservation storage required to  supply the monthly demand. Since i t  was
anticipated that Object ive‘ l  would result in the greatest water loss and thus
require the largest conservation storage, the Objective 1 test runs were used to
calibrate the model-for each region. Table V I - l  shows the required conservation
storage fo r  each region. Region II, because of i ts relatively smaller values of
inflow magnitude, requires the largest conservation storage. Region III requires
t he  least ,  pr imari ly because of i ts  negative month ly  evaporation rates.
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Table VI—l

Maximum Allowable Storages (ac-ft)

. Region I Region I I  Region III
Reservoir 1 80,000 124,000 60,000

Reservoir 2 125,000 195,000 90,000

These test runs, labeled as Test A l ,  do not consider any flood control space in any
.of the regions which, in actual practice, may be'provided for. Test A l  simply
shows the volume of spill that occurs as a result of limiting the reservoir sizes to
those required to supply the monthly demand for the 10-year study period.

Total Water Loss, Objectives 1 and 2
The results of the test runs for Objectives 1 and 2 are summarized in

Tables VI-2a and VI 2b, respectively. Consistent with the results obtained in Test
D I ,  the total water lossis the higher for Region I and lower for Region II.
However, the quantities of spill for Region III greatly exceed those of Regions I
and II. Because of its negative monthly evaporation rates, Region 111 requires less
conservation storage than do Regions I and II, and this in turn causes the reservoir
system spill to be relatively large.

In regard to total water conservation, Objective 2 (minimize cumulative
spill) results in the least amount of total water loss. Comparing Objective 2 to
Objective 1, total water loss in Region I is reduced by about 8% for System I and
1396 for System II. For Region II the reduction is 25% for System I and 3696 for
System 11. Comparing Objectives 1 and 2 for Region III i t  is seen that virtually no
reduction is achieved in total water loss by minimizing spill instead of evapora-
tion.

Objective 1
The Objective 1 test run for Region I follows the "principle of continuous

release," similar to the policy in Test D l .  For Region II, however, the first #2
months (through March, 1962) show that Reservoir 2 is releasing most of the
water while Reservoir l is allowed to gradually fill. Then the, trend reverses, and
Reservoir 1 begins to supply the monthly demand and becomes empty in January,
1963. From here on the policy is similar to that of Test D l .  See Appendix F,
Displays 1 and 2 for the tabular and graphical results of the Region 11 test run.
Apparently restraining the maximum storage in the reservoirs causes the-operaing
policy to deviate from the continuous release policy during the first 112 months.
Note the larger releases from Reservoir 1 during the interval February, 1959 to
April, 1959. These large releases enable Reservoir 2 to spill excess water during
this period which could have contributed towards the demand quantity. In effect
the operating policy has forced a spill from the system to reduce the reservoir
storage levels and thereby reduce eVaporation.

The Objective 1 test run for Region III is similar to that of Test D1 in that
the negative evaporation rates cause numerous reversals in the release policy.
Some months Reservoir l releases most of the water while in other months
Reservoir 2 makes the major releases.
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(al l  values i n  ac-ft)

Table VI-Za
Test A1, Objective 1 (minimize evaporation)

Region I Region 11 Region III
total evap.  92,702 73,846 -5,779

total spill 230,963 178,632 420,263

System I total loss 323,664 252,479 414,484

avg. storage, Res. 1 12,533 20,642 47,033

avg. storage, Res.  2 86,579 ' 118,994 55,901

total evap. 86,431 72,574 -6,035

total spill 253,233 266,776 419,888

System 11 total loss  339,664 1 299,350 413,853

avg.  s torage,  Res .  1 10,471 29,454 46,817

avg. storage,  Res.  2 79,788 107,342 54,321
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Table VI-2b

Test A1, Objective 2 (minimize spill)
(all values in ac-ft)

Region I Region II Region III

total. evap. 113,062 87,277 -5,385

total spill 183,570 103,051 419,277

System I total loss 296,632 190,329 413,892

avg. storage, Res. 1 35,958 33,983 44,433

avg. storage, Res.  2 82,611 132,108 58,615

total evap. 113,332 86,752 -5,117

total spill 183,287 103,569 418,971
System11 total loss 296,619 190,322 413,853

avg. storage,  Res.  1 36,708 32,879 45,183 »

avg. storage, Res. 2 81,914 133,509 56,893
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Objective 2
In general, the Objective 2 test  runs for  each region attempt to keep both

reservors as full as possible without spilling. During prolonged periods of no  spill,
however, t he  additional objective of minimizing evaporation determines the
policy. Thus, during these  periods, t he  operation policies resemble those of the
Objective 1 tes t  runs. See Displays 3 and 4, Appendix F for the tabular and
graphical results of t he  Objective 2 tes t  run fo r  Region 1, System 11. Note tha t  in
the months of April and May, 1967 Reservoir 2 i s  full and spilling, while Reservoir
l i s  not yet ful l .  A t  t he  end of June ,  1966  both reservoirs  a r e  fu l l  and Reservoir  2
is  spi l l ing.  Between June ,  1966 and  Apr i l ,  1967 the  operating policy tries to draw
down Reservoir 2 as fas t  as possible (again, within t he  l imits of t he  state space
discretization) by allowing Reservoir 2 to  supply most  of the required demand. In
April, 1967 Reservoir 2 is subjected to  an extremely high inflow and is forced to
spill even though Reservoir 1 has available storage space.

Referring again t o  Table VI-2b, i t  i s  noted that ,  f o r  Region II, System I
results in less spill than System 11 (103, 051 acre-feet vs. 103, 569 acre-feet). For
either Objectives 1 or 2, i t  is  normally expected that  System 11 will achieve the
objective with results at least  as good as System 1, since two reservoirs in series
can exactly duplicate any operating policy followed by reservoirs in parallel. Due
to the additional objective of minimizing evaporation in situations of equal
cumulative spill, however, transfers of water  f rom Reservoir l t o  Reservoir 2
take place in the System II test run which minimize evaporation during prolonged
periods of no  spi l l .  These t ransfers  of water ,  which cannot occur  in  System I,
force System II to spill  more  water than System I i n  the  long  run .

Objective 3 .
As discussed in  Chapter IV, RESEVAP has the capability of also minimizing

the  cumulative sum of evaporation plus spill, referred t o  as  Objective 3. This
objective i s  expected to produce the absolute minimum total water loss, within
the  limitations of the  model. Table VI-3 summarized the  results of t he  Objective
3 tes t  runs for  each of the regions.

The unexpected result of these test runs is that Objective 3 produces
exact ly  the  same total  water  loss  a s  does  Object ive 2 fo r  each region .  I t  i s
evident,  t hen ,  that min imiz ing  the  total sum is  no  better than min imiz ing  the  spill
alone. Upon further  consideration, this  is logical when the  results are analyzed in
the fo l lowing way:  Consider  the Objec t ive  2 t es t  run,  where  the cumulat ive spil l
has been minimized. Now, if the  total water  loss f rom Objective 2 is going to be
improved upon by Objective 3, there  are presumably months where the evapora—
tion can be reduced without causing an increase in the  system spill.  Ye t ,  th is
cannot happen because of the release being constrained to the monthly demand.
Any water  prevented f rom evaporat ing mus t  necessar i ly  sp i l l ,  s ince t he  storage
levels in the reservoirs must increase by that amount.  From another perspective,
consider t he  fac t  t ha t  if Ob jec t ive  2 were  to be any worse  than  Object ive  3 ,  i t
must  be that the decrease i n  cumulat ive spill  realized by Object ive  2 i s  less  than
t he  corresponding increase in cumulative evaporation, when compared with
Objective 3. This is an impossibility since no more than that additional quantity
of water prevented from spilling can possibly be lost to  evaporation. Thus i t  is
seen that when comparing Objectives 2 and 3, the difference in  cumulative spill is
exactly compensated fo r  by an  equal and opposi te  difference i n  cumulative
evaporation.
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Table VI—3

Test Al ,  Objective 3 (minimize evaporation + spill)
(all values in ac-ft)

Region I Region II Region III
total evap. , 108,245 ‘ ' 83,981 _ -5,466

totalspill 188,387 106,348 419,358

System I total loss . 296,632 190,329 g 413,892

avg. storage, Res. 1 26,558 ‘ 23,367 44,800

avg. storage, Res. 2 90,160. 142,830 , 58,503

total evap. ' 107,827 83,409 ‘ -5,591

total spill j 188,792 . ' 106,913. 419,444

System 11 total loss 296,619 190,322 ‘ 413,853 '
avg. storage, Res. 1 24,325 22,313 44,283

avg. storage, Res. 2 93,520 ' , 144,202 - 57 , l33  .
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Basic OErat ing Policy
In order to determine the amount of improvement that could be made in

reducing evaporation or total water loss in each region, some basic type of
operation policy must be. established in each region to which the optimal policies
as determined by RESEVAP can be compared. To determine a basic operating
policy, the U.S. Army Corps of Engineers computer program HEC-B, "Reservoir
System Analysis," is used to model each region with the identical reservoir system
data for each of the three regions. These test runs are hereinafter labeled as Test
C l .

HEC-3 is a detailed reservoir system simulation program designed for
accurate simulation of actual reservoir systems. The program is flexible enough
so that the two-reservoir system as modeled by RESEVAP can be exactly
duplicated by HEC-3.  The method of evaporation calculation used in  HEC—3 is
identical to that of RESEVAP.

The operating policy guidelines in HEC-3 are specified using the "level
balancing technique", whereby the total storage in each reservoir in the system is
divided into a maximum of eight separate levels. The releases from the reservoir
system are made in such a way as to attempt to keep all the reservoirs at the
same storage level. Commonly, a basic level arrangement against which others
can be compared is to set up the levels so that each one represents the same
fraction of total storage for each reservoir. This is the type of level arrangement
used for the two-reservoir system as modeled in this study. Any release to be
made from the reservoir system is regulated such that each reservoir will be at
the same level, i .e . ,  the storage level which represents the same fraction of the
total reservoir storage, after the release.

Displays l through 3, Appendix G show the plots of the System 1 operation
policies for each region, as determined by HEC-3. These plots show that the
storages in each reservoir flucuate such that each reservoir is kept at the same
percent of total storage, within the limits of the inflow variability.

Table V“! summarizes the results for Test C l .  Considering evaporation
alone, the amount of reduction achievable in each region can be evaluated by
comparing the results in Table VI—Za with Table VI-4. These reductions in
evaporation realized bytthe Objective 1 test runs are shown in Table VI—5. I t  can
be concluded from Table VI-5 that considerable reduction in evaporation can be
achieved in Regions I and II albeit at the expense of increasing reservoir system
spill.

The most significant result of the comparison of Test A1 with Test C l  is
that for each region and for each reservoir system configuation, the total water
loss for the 10-year period is virtually the same (Test C l  is never higher than .396
of Test Al). The exception is Test A l ,  Objective 1, where the minimization of
evaporation results in system spill quantities which greatly increase the total
water loss. Apparently the policy guidelines followed in  Test C l  were just as good
with respect to the total water loss as the Test Al, Objective 3 (or Objective 2)
test runs, where the total water loss is minimized.

Optimal_Operating Policies
The results of Objectives 2 and 3, Test A1 and Test C l  indicate that there

exists a certain range of operating policies which are optimal since they minimize
the total water loss. This range is coined the "compensation range," in that for
any two operating policies within this range, the difference in total evaporation is
exactly compensated for by the difference in total spill, rendering the two
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Table VI -#

TEST Cl

(all values in ac-ft)

_ Region 1 Region 11 Region III

total evap. 115,530 96,280 -5,200

total spill VI 181,188 94,212 , 1 419,208

Systeml total loss v ' 296,718 ‘ ' 190,492 . 414,008,

avg. storage, Res. 1 ' . 44,827 63,145 40,293

avg. storage, Res. 2 72,982 . ‘ 97,651 - 63,671

total evap. " 115,550 , ' 96,340 . ' .5 ,200

total spill ' ' 181,176 96,596 ». 419,208

System 11 total 1055 296,726 190,936 414,008

avg. storage, Res. 1 ' 44,781 61,820 40,277

avg. storage, Res. 2 73 ,085 99 ,729  63 ,687

Table VI-5

Evaporation Reduction, Test A1 compared to Test C1

(values in ac—ft)

Region I ‘ Region 11 Region III
System I evaporation reduction 22,828 22,434 579- '

System 11 evaporation reduction 29,119 23,766 835 '
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policies equivalent wi th  respect to  the total water loss. In more def ini t ive terms,
any two operating policies A and B within the "compensation range" will satisfy
equation V I - l  to  follow:

AE

where

Le t

e1

S lA i

SZAi

51
5231

f l (S )

f2<s>

Bi

AE

ASP

= evaporation rate for  both reservoirs during month 1, i=1,  N.

= avg. storage i n  Res. 1 for policy A, month i .

= avg. storage in Res. 2 for  policy A, month i .

= avg. storage i n  Res.  1 f o r  policy B, mon th  i .

= avg. storage i n  Res. 2 for policy B, month i .

surface area, Res. 1 expressed as a function of storage.

ll

surface area, Res. 2 expressed as a function of storage.

N N
Z ,eirl(51Ai)_ + Z, eif2(SZAi) (v1-1)
i=1 i=1

N N
Z e i f1 (S lB i )  + Z e i f 2  ($231) .—.-ASP
1:] i=1

total evap., policy A - total evap., policy B

= total spill, policy A — total spill, policy B.

For sim plicity‘s sake, consider an approximation of equation V I - l  as follows:

where

(D
I

m
l

AE. = NEf  G) = -ASP (v1-2)

= total number of months

= average of the monthly evaporation rates ei,  i=1, N

= average reservoir system storage over the total N months
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f = composite storage-area function, assuming both reservoirs at
the same si te.

I f ,  in Policy B, the spill (ASP) is increased, i t  can be expected that the average
reservoir system storage, 5, will correspondingly decrease due to  the absence of
the water thus spilled. Due to decreased storage levels, the exposed surface area,
and thus the evaporation, will likewise decrease. For a given quantity o fASP
increase, Policy B will remain in the "compensation range" provided that the
decrease in S is  sufficiently large or N is large enough such that equation VI-2
holds. However, if SP is too large, AE  -ASP and policy B is no longer in the
"compensation range," becoming sub—optimal. This is  the situation for the
Objective 1 test runs, Test A l .

Limi tat ions of Object ive 2
The test runs for Objective 2, Test A l  produce the operating policies for

minimum spill. The quantities of spill in these test runs are actually larger than
for those of Test C l ,  which are based on the operating policies as specified by the
storage level arrangement in HEC-3. The fundamental reason for  this is that the
DP algorithm written for RESEVAP cannot really optimize the value of the
objective function at stages where i t  takes on zero values for  every state. Hence
the inclusion of an additional objective, as discussed in. Chapter II, by which a sub-
optimal path selection can be made. This additional objective (minimize
cumulative evaporation for equal cumulative spill policies) actually works against
the1 objective of minimizing spill. This i s  most apparent in the test runs for
Regions I and II, where the "principle of continuous release" for minimum
evaporation dictates that Reservoir i should remain empty, while for minimum
spill both reservoirs should be kept as full as possible.

ReservoirESystem Firm Yie ld
Water conservation measures in reservoir systems are generally practiced

for the purpose of increasing the firm yield of the system, i.e., the maximum
quantity of water which can be guaranteed during acr i t i ca l  dry period. The test
runs of Test H l  begin with both reservoirs at fu l l  storage and show the percent
increase in the demand sequence used in  Test A'l such that both reservoirs become
nearly empty once during the 10-year period. Thus the f i rm yield obtainable for
each of the three objectives is determined, for the selected 10-year period of
inflows.

Tables Vl-6a, VI—6b and VI-6c summarize the results of Test H1  for
Objectives 1, 2 and 3 respectively.

It is noted that for Regions I and II, substantial increases in reservoir
system yield are realized with Objectives 2 and 3 as compared to  Objective 1. In
addition to the firm yield increases, Objectives 2 and 3 showed smaller total
losses and greater total ending storages.

The greater total ending storages for Objectives 2 and 3 show a conserwa-
tion of water in addition to  the increases in f i rm yield achieved for  these two
objectives. This additional water is available for temporary increases in yield at
some future time or may be considered as surplus storage to  offset any future,
more severe, cri t ical dry period.

50



Test H1, Objective 1 (minimize evaporation)

(all values in  ac-ft)

Table VI-6a

Region I Region 11 Region 111
total evap. 100,524 724127 -5,706
total spill 257,586 326,553 l £90 ,278

System I total loss 358,110 398,680 l 184 ,573

avg.  s torage,  Res .  1 15 ,938  22 ,913  l 0 ,400

avg. storage, Res.  2 99,1114 123,733 56,2841

96j ield increase 8.8 8.9 . 1

total ending  storage 1#7,000 219,775 611,614

total evap  91,268 73,256 -5 ,961

total spill 189,332 362,821 489,919

System 11 total loss 280,600 1136 ,077  483,958

avg. storageLRes. 1 20,304 (43 ,371  £17,167

avg.  storage, Res.  2 71,829 97,996 511,715

96 yield increase 18.1 10.2 . 1

total ending  storage 125,000 168,562 65 ,229
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Table Vl-6b

Test H1, Objective 2 (minimize: spill)

(all values in ac-ft)

Region I Region 11 Region 111

~ total evap. 1201181 7#,3#7 -5,262

total spill 89,334 18L642 487L914

System I total loss 209L515 261,989 ’482,653

avg.storage, Res.  1 37,583 ‘ 291142 l (94 ,517

avg .  s torage,  Res .  2 962081 . ‘ 112,1408 591125

96 yield  increase 20.1 16.9 .2

total ending storage, 175094 269,983 69,952
total evap.  ‘ 1221538 745065 -5,22#

total ' spill  86,062 1871272 l 187 ,391

System I! total loss 2081600 261,337 ‘ l 482 ,166

mg. storage, Res .  1 1431667 252229 l 16 ,000

avg. storagel Res.  2 89,623 l l # ,796  571112

96 yield increase 20.2 16.9 ' . 3

total ending storage 174,060 270,635 6# ,9 l l
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Test H1, Obiective 3 (minimize evaporation + spill)

(all values in ac-ft)

Table VI-6c

Region I Region 11 Region 111

total evap. 118,465 74,308 -5,374

total spill 90,793 187,681 488,026
System I total loss 209,258 261,989 482,653

avg. s torage,  Res .  1 3_3,367 29,308 45,233

avg. storage,  Res. 2 100,373 112,327 58,588

96 yield  increase 20.1 16.9 .2

total ending storage 174,352 269,983 64,952

total evap. 119,170 13,701 -5,683

total spill 89,173 187,585 487,850

System” 11 total loss 208,343 261,286 482,166

avg. s to rage ,  Res .  1 35,317 26,313 47,350

avg. storage,  Res .  2 98,226 ' 114,920 56,156

96 yield increase 20.2 16.9 .3

total ending storage 174,318 270,686 64,911
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CHAPTER VII
RESERVOIR SYSTEM CHARACTERISTICS AND THEIR IMPACT

ON WATER CONSERVATION

Study Features ,
In the studies described i n  this chapter, the influence of certain physical

and hydrologic reservoir system characteristics on the optimal operating policies
and on the magnitudes of the water loss components (spill and evaporation) were
investigated. These physical and hydrologic reservoir system characteristics are :
The magnitude of monthly inflow fluctuations, the relative storage-area relation-'
ships of the reservoirs, different evaporation rates at each reservoir site, and
change in the monthly demand for water.

Inflow Fluctuations _ ‘
‘ The investigation of the. influence of inflow fluctuations is performed using

the two-reservoir system as modeled for  Region 1, Test A l .  By the phrase "inflow
fluctuations" is meant the magnitude and frequency of deviation of monthly
inflows about their respective mean value. As suggested in Chapter V, the inflow
fluctuations can be expected to affect the optimal operating policies as determin-
ed by RESEVAP.

Two sets of test runs were made, denoted as Test B1  and Test B2 .  Test B l
used as inflow the mean value of the ten-year period for each reservoir (2353 cfs—
days for Reservoir 1; 38147 cfs-days for Reservoir 2). Thus, the inflows to
Reservoirs l and 2 are constant for each month of the 10—year period. Inflows for
Test BZ are the monthly averages based on the 10-year period - each year has the
same sequence of 12 monthly inf lows for  each reservoir .  Display 4, Appendix D
shows the yearly inf low sequence for  Test BZ.

Table VII- l  shows the in f low characterist ics for Tests B l ,  B2 and for
convenient reference, the original inflows (as used for  Test A l )  for  Region I from
Table lV-lt. As expected, the Test B l  inflows show no fluctuation while the
original inflows show the highest, with respect to the minimum and maximum
values and the standard deviation from the mean value.
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TABLE VII-l
Inflow Characteristics,  Region I (cfs-days)

Tests Bl ,  BZ and  A1

Test Bl  Test B2 Test A1

avg. inf low 2 ,353  2 ,353.1  2 ,352 .5

Reservoi r  1 min .  inf low 2 ,353  £18 0

max. inflow 2 ,353  8 ,695  l £8 ,514

std. deviation 0 . 2,818.3 ‘ 6,928.6

avg.  inf low 3 ,847 3 ,847.2  3,8Q7.2

Reservoir 2 min. inflow 3,8ll7 29‘: O

max.  inf low 3 ,847 9 ,399  £18,556

std. deviation 0 3,526.7 8,131.1

Summar ies  of the resul t s  fo r  Tests  B1,  B2 and ,  for  convenience ,  A1 are  shown for
Objectives 1 ,  2 and 3 on  Tables  VII-2a, VII-2b and  VII—2c, respectively. I t  is  noted
that  for  all three objectives, Test B l  produces the highest evaporation losses,
fol lowed in succession by  Tes t  B2  and Test  A1.  Evaporation losses  a re  highest  for
the test  runs with the  lowest standard deviation (Test B1), and lowest  for  the test
runs with the highest standard deviation (Test A1). The evaporation reduction
efficiency, a s  discussed in Chapter V for Test D1, is  shown for  the Objective 3
test  runson  Table  VII—3. Consis tent  with the  results  of Tes t  D1 ,  the  evaporation
reduction efficiency is  higher for those test runs with the higher values of
standard deviat ion.  Refer ing t o  Tables  VII-2a, VII-2b and  VII—2c, i t  i s  seen that
the ayerage storage for  both reservoirs decreases from Test B1 to  Test 52 ,  and
from Test  82  t o  Test A l ,  as does the total evaporation loss. This is  expected,
since lower evaporation losses are in direct correspondence with lower storage
levels. Apparently, the effect of t he  larger inflow fluctuations is to  enable the
optimal operating policy to  keep the  reservoirs at  lower storage levels, thus
reducing the evaporation.

Insofar as the results of the Region I test runs can be generalized, there
appears to be a limit above which greater inflow fluctuations, as indicated by
larger values of standard deviation, begin to increase the total spill loss. Test B2
consistently produces t he  lowest values of total spill, while Test  A1 results in
much higher values. The values of total water loss also follow the same pattern,
being dominated by the  changes in total spill rather than total evaporation. The
only exception to  these observations is the test  runs for Objective 1 (Table VII-
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Table VII-2a

Tests Bl ,  B2 and A1; Objective 1, Region I

(all Values in ac-ft)

Test B l  Test B2 Test A1

total evap. 97,009 ' 95 ,546  92,702

total spill 268,951 258,237 230,963

System 1 total loss 365,960 . 353,734 323,664

av.  storage, Res. 1 2,008 I 1,208 12 ,533

av.  storage, Res. 2 119,101 114,270 86 ,579

total evap. 96,491 ' . ' 95,147 86,431

total spill 269,469 258,637 253,233

System 11 total loss 365,960 353,784 399,664

avg. storage, Res. 1 400 350 ' 10,471

avg. storage, Res. 2 120,724 115,004 79,788
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Table VII-2b
Tests Bl ,  B2 and A1 ;  Objective 2 ,  Region 1

(all values in ac-ft)

Test Bl  Test B2 Test A1

total evap. 153,719 148,355 113,062

total spill 136,585 125,979 183,570

System 1 total loss 290,305 274,334 . 296,632

avg.  storage, Res. 1 62,783 55 ,758  35,958

avg.  storage, Res. 2 119,074 115,965 82 ,611

total evap. 153,664 148,320 113,332

total spill . 136,641 126,014 183,287

System 11 total loss 290,305 274,334 296,619

avg. storage, Res. 1 61,446 55,400 , 36,708

avg. storage, Res. 2 120,082 116,379 81 ,914
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Table V11 -2c

Tests Bl ,  B2 and A1 ;  Object ive 3, Region I

(all values  in  ac-ft)

Test B1 Test 52  Test A1

total evap. ' ' ' ‘ 151,105 145,662 108,245

total spill " ' 139,048 j ' 128,672 188,387“

System 1 total loss - 290,152 - 274,334 ’ 266,632

avg.  storageLRes. 1 58 ,783  50,992 V 26,558

avg.  storageLRes. 2 129,685 118,696 90,160

~ total evap. 152,609 146L230 107,827

total _sgill 137,544 128,104 188,792 ‘

System 11 total loss , ' 290,152 274,334 ' 296,619

avg. storage, Res .  1 59,929 51,150 24 ,325

avg.  storage, Res. 2 121,512 119,265 93 ,520

Table VII-3

Ratio of Avg.  Evam Rate to total Evap. Loss.

Objective 3 ,  Region I

Test B1  Test B2  Test A1

-5System I V 3.34 10 3.47 10-5 4.67 10

System 11 3.3110‘5 3.4510'5 4.6810"5
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Table VII-2b
Tests Bl ,  B2 and Al ;  Objective 2 ,  Region I

(all values in ac—ft)

Test B1 Test B2 Test A1

total evap.  153,719 148,355 113,062

total spill . 136,585 125,979 183,570

System I total loss 290,305 274,334 296,632

avg.  storage,  Res. 1 62,783 55,758 35,958

avg.  storage, Res. 2 119,074 115,965 82 ,611

total evap.  153,664 148,320 113,332

total spill ’ 136,641 ' 126,014 183,287

System 11 total 1055 290,305 274,334 296,619

avg. s torage,  Res. 1 61,446 55,400 36,708

avg. storage, Res. 2 120,082 116,379 81,914
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Table VII -2c

Tests 31 ,52  and A1 ;  Objective 3, Region I

(all values in ac-‘ft)

Test B l  Test BZ Test A1

total evap. ' * 151,105 145,662 108,245

total spill ' 5 ' ' , 139,048 _' 128,672 188,387

System I total loss ‘ 290,152 - 274,334 266,632

ag .  s torage,  Res .  1 58,783 50,292 - . 26,558

avg. storage,  Res.  2 120,685 118,696 90,160

1 total evap. 152,609 146,230 107,827 '

total sgill 137,544 128,104 188,792 '

System 11 total loss ’ - 290,152 274,334 ' 296,619

am. storage, Res. 1 ~ 59,929 51,150 24,325

avg. storage, Res. 2 121,512 119,265 93,520

Table VII-3

Ratio of Avg. Evap. Rate to total Evap.  Loss.

Objective 3, Region 1

Test B1 Test B2  Test A1

-5  -5Systeml . ' 3.3410'5- 3.4710 4.6710
-5System 11 3.31 10 3.45 10'5 4.68 10'5
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2a). Here both water loss components decrease i n  succession f rom Test B l  to  B2
to  A l .

Displays 1 and 2, Appendix H, show the tabular and graphical presentations
of the Test B l  operating policy for the System II, Objective 3 test run. Note how
the optimal policy reaches an "equilibrium" condition in January, 1963 and then
repeats the following 12 month pattern each year.

Storage-Area Curves
The next reservoir system character ist ic to be studied is  the ef fect  of

changing the storage-area relationship, which is representative of changing a
reservoir site location in an actual reservoir system. This study, labeled as Test
G1, employs the same model setup as for Test A1, Region I. The one alteration is
that the storage—area relationship for Reservoir l is exactly halved, i.e., for every
storage level the corresponding surface area is exactly .5 times the surface area
for Test A l .  The plot of the storage-area curves for Test G1 are shown on Figure
VII-l. -

The value of A /  S for Reservoir l in Test A l  was constant at 1.86 x 10-2,
because 0 the linear storage-area relationship. Now the value is .5 times this, or
9.30 x 10—2. The initial value of AA/AS for Reservoir 2 remains the same at
1.15 x 10' (see Figure IV-Z). For Test A1, Reservoir i has the largest initial
value of AA/AS and, according t o  the "pr inciple of continuous release," water is
drawn f rom Reservoir 1 f i rs t  and continuously, until i t  i s  empty.  Fo r  Test G1,
however, Reservoir 2 has the largest initial value of AA/AS and one should expect
that releases should be made continuously f r om Reservoir 2 .

Displays 1 through 4, Appendix I, show the optimal operating policies for
System 11, Objective 3 for Tests A l  and G1. Note that the policy for Test G1 is
just the reverse of that of Test A1 during the f i rst  59 months of no spill when
Objective 3 reduces to  minimizing cumulative evaporation. That is, Reservoir 2 is
being drawn down before Reservoir 1. This is as anticipated from the respective
initial values of AA/AS  for Reservoirs l and 2. Reservoir 2 is not able to reach
zero storage due to the periodic large monthly inflows and also because of the
approximations induced by  the discretization of the storage i n  Reservoir 1. Large
releases are made from Reservoir 1 only when i t  is full (to deter the occurence of
spill) or when Reservoir 2 is near empty. A summary of the results of Tests G1
and the corresponding Test A l  results are displayed on Table VII-ll.
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Table  VII-ll-

Tests G1  and A1; Objective 3, Region I

(all values in ac—ft)

Test G1 Test A1

total evap. 90,109 107,827
total spill ' 205,182 188,792

System 11 total loss 295,291 296,619
avg .  storage, Res. 1 56,121 24,325

avg .  storage, Res. 2 64 ,097  93,520

As evidenced by Display 1, Appendix I ,  the operating policy during the first
59 months is to keep Reservoir l as full as possible. Thus the operating policy
during these months, which is to reduce evaporation, is in accordance with the
objective of minimizing spill - keep the upstream reservoir as full as possible.
The higher average storage in Reservoir 1 for Test G l  as compared to Test Al
also indicates this. I t  can be generalized, then, that for certain combinations of
upstream and downstream reservoir shapes (storage-area relationships), the ob-
jective of minimizingevaporation need not be in opposition to the objective of
minimizing spill.

.Comparing total evaporation losses for Test A l  and Test G1, i t  is observed
that Test G l  achieved about 16% reduction in evaporation losses, due to the
reduction of surface area of Reservoir 1. The total surface areas of both
reservoirs for Test A1  are l ,#88 acres for Reservoir 1 and 1,962 acres for
Reservoir 2, at their respective maximum storage levels. For Test G1,  the total
surface areas are 7M acres for Reservoir l (.5 of Test A l  area) and 1,962 acres
for Reservoir 2. Comparing the total reservoir system surface area of Test G1
and A l ,  there is a 22 96 reduction in surface area for Test G1. This 22% reduction
in surface area produces only a 16% reduction in evaporation. The reason for this
is that as evaporation is reduced, the total storage in the system is likewise
increased. This additional water remaining in the sytem causes in turn greater
evaporation losses, which reduce the decrease in evaporation to something less
than the decrease in total surface area.

Evaporation Rates
Up to this point, all of the tests conducted in ths study have used the same

monthly evaporation rates for Reservoir 1 and Reservoir 2. Thus, the influence of
different evaporation rates at each reservoir has not been previously considered.
The test runs discussed herein, collectively called Test E l ,  examine the differ-
ences caused by increasing the monthly evaporation rates for Reservoir 2.

Test A1,  Region I is selected as the study to  which Test E1  will be
compared. The same data setup is used, except that Reservoir 2 is hypothetically
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moved to a location about 60 miles to the southwest, where the annual gross
evaporation is about 6 inches greater than for Region 1 (see Figure VII-2). The
new monthly evaporation rates for Reservoir 2 are shown in Table VII-5, along
with the original monthly evaporatiOn rates for Reservoir 1. The months October
through March have an evaporation rate increase of .4 inches, while the months
April through September have an increase of .6 inches, making the yearly increase
6 inches for Reservoir 2.

Two test runs are made for Test E l  - System I and System 11, both with
Objective 3. A summary of these test runs and the comparable. test run from Test
A1 are presented in Table VII-7.

TABLE VII-7

Tests E1  and A l ;  Objective 3 ,  Region I

(all values in ac-it)

Test E l  Test A l

total evap. 116,278 108,245
total spill 180,626 188,387

System I total loss » 296,904 296,632

avg. storage, Res. 1 28,250 26 ,558

avg. storage, Res. 2 . 87,324 - 90,160

total evap. , ’ 116,325 107,827
total spill ' ’ 180,579 188,792

System 11 _ total loss 296,094 ‘ 296,619
avg. storage, Res. 1 25,654 ' ”24 ,325

avg. storage, Res. 2 91,449 93 ,520

Tests E l  and A l  showed very similar operating policies, with the only deviation
being that slightly less water was kept in Reservoir 2 for Test E1 because of its
higher monthly evaporation rates. This is evidenced by the fact that for Test E1,
the fraction of the total average storage in Reservoir 1 (24.4% for System I;
21.9% for System 11) is higher than for Test A1 (22.7% for System I ;  20.6% for
System II). If the operating policy for Test E1 was identical to  Test A l ,  i.e., each
reservoir release the same fraction of the monthly demand for each test, then the
average storage in Reservoir 1 would be expected to be the same, since Reservoir
1 would thus make the same releases, as well as be subject to the same inflowand
evaporation losses. The fact that, the average storage in Reservoir l is greater
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for Test E l  indicates that a larger portion of the monthly demands are drawn
from Reservoir 2.

With respect to the total water loss, i t  is noted from Table VII-7 that Tests
E l  and A1 are virtually equivalent. Test A l  has a lower evaporation loss which is
of fset  by an increase i n  total system spill. This observation has implications in
actual reservoir system operation. For  a reservoir or system of reservoirs subject
to  occasional or periodic spill, attempts to  reduce evaporation by applying a
monomolecular f i lm,  eliminating shallow areas of the reservoir, etc. and thereby
decreaseing the evaporation rate at one or more of the reservoirs may not be
f ru i t fu l .  The savings in water from evaporation reduction can be part ial ly or
wholly nulified by increases in reservoir spill.

Month ly  Demand For  Water
The problem of diminishing water supplies during extended draughts is

often encountered by water use planners. Attempts to  alleviate this problem
often involve the implementation of water use curtailments. For the case of
surface water reservoirs serving as a source of water, the intent in water use
curtailment is to keep water in the reservoirs for future use if  water shortages

, continue.
In this study, two test  runs, Tests HA  and F lB  are made which examine

the effectiveness of water use curtailment in conserving water. Test HA  is
identical to Test A1, Objective 3 for Region II, with the exception that the
monthly demand has been increased, as shown on Table VII-6. Test F lB  is  the
same as Test F 1A,  except that in the f i r s t  year of the study, a reduction in the
monthly demand has been implemented and the demand sequence for  this year i s
the original demand sequence shown on Table IV-6. The total reduction in demand
over t he  f i rst  year is 1,800 acre- feet ,  thus th is  much water i s  intended to be
conserved for future use. Table VII-8 presents the results of .Tes ts  F lA  and F IB
for System II.
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TABLE VII~8

Test Fl ;  Objective 3, Region 11

(all values in ac-ft).

Test F lA ' TestFlB

total evap.  81L879 MLSO
total spill 91 ,039 89 ,938

System 11 total loss 172,918 174,718

avg. storage, Res. 1 ' 23,2011 31,121
avg. storage, Res. 2 1 136,036 129,357

Because of the reduction in monthly demand the f i rs t  year,  Test F IB  begins
the remaining nine years of operation with additional water in storage (approxi-
mately 1, 800 acre-feet ,  neglecting the increased evaporation losses during the
first year). Using Objective 3, RESEVAP determines the optimal operating policy
to minimize the total water loss, which in effect is the policy to  maximize
available water .  Therefore, the amount of the  1,800 acre-feet remaining for
future  use is  also maximized by the policy as determined by Objective 3. , Table
VII-8 shows tha t ,  after lO-years  operat ion,  the ne t  ef fec t  of the  demand reduction
during the first year is to actually increase the total water loss. The total
evaportion loss ”increased by 2,901 acre-feet due to  the  increased storage levels
whi le  the total spill decreased by only  1,101 acre-feet .

Displays 1 through 4, Appendix 3 show the  operating policies fo r  Tests F lA
and F IB .  Compar ing  displays 1 and 3, i t  i s  seen that  i n  October, 1966 the
reservoir system storage i s  nearly equal fo r  Tests HA and F IB .  After  this  month
the storage in Test F lA  gradually becomes larger.  After the first year, Test F lB
starts  out  with nearly 1,800 acre-feet of additional water  in storage which
gradually diminishes until  October ,  1966,  at  which t ime  no  addit ional  water
remains. The increase in reservoir storage levels caused by the addtional water in
storage create an increase in evaporation, the undesirable result being the
eventual depletion of the water so  saved. For this  additional water to  be
beneficially used, i t  must be drawn from storage before October,  1966.
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for Test E l  indicates that a larger portion of the monthly demands are drawn
from Reservoir 2.

With respect to the total water loss, i t  is noted from Table VII—7 that Tests
El  and A1 are virtually equivalent. Test A l  has a lower evaporation loss which is
offset by an increase in  total system spill. This observation has implications in
actual reservoir system operation. For a reservoir or system of reservoirs subject
to occasional or periodic spill, attempts to reduce evaporation by applying a
monomolecular f i lm,  eliminating shallow areas of the reservoir, etc.  and thereby
decreaseing the evaporation rate at one or more of the reservoirs may not be
fruitful. The savings in water from evaporation reduction can be partially or
wholly nulified by increases in reservoir spill.

Monthly Demand For Water
The problem of diminishing water supplies during extended draughts is

often encountered by water use planners. Attempts to alleviate this problem
often involve the implementation of water use curtailments. For the case of
surface water reservoirs serving as a source of water, the intent in water use
curtailment is to keep water in the reservoirs for future use if water shortages
continue.

I n  this study, two test runs, Tests HA and F IB  are made which examine
the effectiveness of water use curtailment in conserving water. Test F lA  is
identical to Test A l ,  Objective 3 for Region I I ,  with the exception that the
monthly demand has been increased, as shown on Table VII-6. Test F lB  is the
same as Test F lA ,  except that in the first year of the study, a reduction in the
monthly demand has been implemented and the demand sequence for this year is
the original demand sequence shown on Table IV-6. The total reduction in demand
over the first year is 1,800 acre-feet, thus this much water is intended to be
conserved for future use. Table VII-8 presents the results of .Tes ts  F lA  and F18
for System II.
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TABLE VII-8

Test Fl ;  Objective 3, Region i1
(all values in ac-it)_ '

Test  F lA  Test F lB

total evap. 81,879 84,780
total spill , ' 91,039 89,938

System II total loss 172,918 l7# ,7 l8
avLstorage, Res. 1 ' 23,20‘! 31,121

avg. storage, Res. 2 136,036 129,357

Because of the reduction in monthly demand the f i rs t  year,  Test F lB  begins
the remaining nine years of operation with additional water  in storage (approxi-
mately 1,800 acre-feet ,  neglecting the increased evaporation losses during the
first year). Using Objective 3, RESEVAP determines the optimal operating policy
to minimize the total water loss, which in effect is the policy to  maximize
available water .  Therefore ,  the  amount  of the 1 ,800  acre-feet  remaining for
fu ture  use is  also max imized  by the  policy as determined by Objective 3 . ,  Table
VII-8 shows that ,  after lO-years  operation, the  ne t  ef fec t  of the  demand reduction
during the first year is to actually increase the total water loss. The total
evaportion loss increased by 2,901 acre-feet due to the increased storage levels
while the total spill decreased by only  l , l 01  acre-feet.

Displays 1 through 4, Appendix 3 show the operating policies for  Tests F lA
and F15 .  Comparing displays ' 1  and 3, i t  is seen that  in October, 1966 the
reservoir system storage is nearly equal fo r  Tests  F lA  and F13.  ' After  this  month
the storage in Test F lA  gradually becomes larger.  After the first year,  Test F lB
starts out with nearly 1,800 acre-feet of additional water in storage which
gradually diminishes until October, 1966, at  which t ime  no additional water
remains. The increase in reservoir storage levels caused by the addtional water in
storage create an increase in evaporation, the undesirable result being the
eventual depletion of the  water  so  saved. For this  additional water to  be
beneficially used, i t  must be drawn from storage before October, 1966.
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CHAPTER VIII
SUMMARY AND CONCLUSIONS

Study Purpose
This research project has been an effort to fulfill the need for the

investigatIOn of evaporation losses as an integral part of reservoir system
operation. The relative importance of evaporation reduction was evaluated for a
two-reservoir system at three distinct geographic locations and in the context of
overall water conservation.

Model  Development
After a review of the existing simulation and optimization models for

reservoir system modeling, i t  was decided that a computer model should be
developed specifically for this research, tailored to f i t  the needs of an evapora-
tion reduction study. The model so developed (RESEVAP) utilizes a DP algorithm
applied to a two—reservoir system incorporating a single state variable. The
model is capable of simulating the two-reservoir system in parallel or in series,
and can optimize over any of three possible objective functions: minimize
cumulative evaporation, minimize cumulative spill, or minimize the cumulative
sum of evaporation and spill. The various methods of evaporation calculation
were considered and the  most practical method,  utilizing pan evaporation data,
was employed i n  the computer model.

Evaporation Reduct ion Theory
The principles governing evaporation minimization in a two-reservoir

system were then investigated. It has been concluded that evaporation losses are
minimized when the reservoir with the highest value of AA/AS is drawn from first
and continuously until i t  i s  empty .  Deviations from th is  ru le  occur when the
evaporation rates are negative, in which case the net gain of water is to be
maximized.  Also,  the  "pr inciple of continuous release" may  not  be fol lowed when
storage levels can be further reduced at certain periods by forcing a system spill.

It is expected that the "principle of continuous release" also applies to
reservoir systems involving more than two reservoirs, each reservoir being drawn
from in succession, according to their respective values of AA/AS. The practical
value of such an operating policy is questionable, however. In most reservoir
systems, especially those serving multiple purposes, i t  is infeasible to  allow a
reservoir to be drawn from until i t  is empty. It may be that some reservoir
systems have some degree of flexibil ity in regards to  the maintenance of target
storage levels. To the extent that releases can be made without causing extreme
deviation from required storage levels, the "principle of continuous release" may
be utilized to achieve minimum evaporation losses.
Test' Summaries

The following outline summarizes each of the tests conducted in this
research project:

Test A
Purpose - Evaluate evaporation reduction policies in the context of total

water  conservat ion.
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Results - Policies which minimize evaporation alone greatly increase
water  loss, except in humid regions.

Test  B _.
Purpose - Evaluate effects of inflow magnitude and fluctuations on evap-

oration reduction policies.
Results - Greaterf luctuat ions decrease evaporation losses and increase

system sp i l l .  ‘
Test C
Purpose - Determine basic operating policies using HEC-3.
Results - Total water loss for the basic operating policies the same as for

optimal operating policies.
Test  D
Purpose - Quantif y regional evaporation losses and verify "principle of

continuous release."
Results-’- "Principle of continuous-release" followed except in periods

when rainfall exceeds evaporation.
Test E
Purpose-r Investigate effects of differing evaporation rates at each

reservoir.
Results - Different evaporation rates of minor importance with respect

to operating policies for  evaporation reduction.
Test F '
Purpose - Investigate effects of water use curtai lment.
Results - For  the reservoir system as modeled,  a water use curtailment

increased total water  loss over the 10-year  per iod.  '
Test  G
Purpose - Investigate different storage-area curves.
Results - Different storage—area curves significantly change the optimal

operating policies.
Test H
Purpose - Determine reservoir system f i rm yie ld .
Results - Firm yield increased for  operating policies which consider

system spil l  a s  wel l  as  evaporat ion  losses .

Evaporation Reduction
The two-reservoir system was modeled to simulate hydrologic and climatic

conditions in each of three geographic regions. They are catagorized as  Region I,
arid;  Region II,  semi-ar id ;  and Region III, humid .  Evaporation losses were most
severe in Region I, followed by Region II and Region III in succession. As
modeled,  Region III ac tual ly  showed negative evaporation losses ,  due t o  the large
amounts of precipitation in that region. The operating policies for minimizing
evaporation in each region confirmed the proposed "principle of continuous
release."

With respect to the potential for evaporation reduction, operating policies
in both Regions 1 and II could be followed which resulted in considerable reduction
of evaporation losses, as  compared to the basic operating policy of maintaining a
constant percentage of total storage in each reservoir (as determined by using
HEC-B). Because of the offsetting factors of impractical operatingpolicies and
increased system spill, evaporation reduction via release regulation would seem
des i rab le -only  in situations of complete f lex ib i l i ty  i n  reservoir  system operation
and in systems with only minor spill losses.
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Total Water Conservation
Of major importance i n  the mutual  comparison of the three regions was the

adjustment of the 10—year inflow sequences such that each had the same mean
value, and thus the same total quant i ty  of in f low over the 10-year period. Due to
regional differences in inflow fluctuations, each region required a different
amount of conservation storage to meet the chosen monthly demand sequence.
The major distinguishing factors of each region, then, were the inflow fluctua-
tions, required conservation storage and monthly evaporation rates.

In all three regions the reservoir system spill loss was of greater magnitude
than the evaporation loss. In all test runs fo r  Regions I and II wi th system spill,
minimizing evaporation losses resulted in greater total water loss than the other
two objectives. Because of the negative evaporation losses in Region III,
minimizing evaporation losses proved to  be as beneficial as the other two
objectives of minimizing spill or total water loss.

Optimal Operating Policies
With respect to the underlying goal of water conservation, i t  has been

shOwn that, except in situations of no reservoir system spill, operating policies
which min imize evaporation alone are undesirable. This i s  evidenced by  increased
total water losses and smaller quantities of f i rm yield, as compared to operating
policies which consider system spill in the objective of water loss minimization.

By comparing the results of test runs utilizing Objectives 2 and 3, and the
test runs using HEC—B, i t  is evident that there is no unique optimal policy with respect
to the minimum total water loss. Rather, there exists a "compensation range," in
which there is a direct tradeoff between evaporation and spill losses. Any operating
policy within this range is optimal, and i t  may be that existing reservoir system
operating constraints dictate that certain of these optimal policies could be followed
more easily than others.

Physical and Hydrologic Character ist ics
According to  the inflow data utilized i n  this research the magnitude of inflow

f luctuations present in each of the regional inf low sequences appeared to effect the
ability of the reservoir system to minimize evaporation losses. A higher degree of
fluctuation resulted in the ability of the optimal operating policy t o  maintain lower
average storage levels and thus lower evaporation losses.

The relative positions of two reservoirs in series also have an influence on
operating policies which min imize  cumulat ive evaporation and/or spill. For the
situation of the upstream reservoir having higher values of A /AS ,  policies which
minimize evaporation are in opposition to  the objective of reducing system spill. This
is because water is transferred into the downstream reservoir t o  minimize evaporation
losses. For the reverse s i tuat ion,  however, water is kept upstream to  minimize
evaporation as well as spill. The latter situation is more common, since downstream
reservoirs are usually i n  f la t ter  te r ra in  and experience higher increases i n  surface area
for an increase in storage, result ing'1n higher values of A/AS.

The inclusion of different evaporation rates at each reservoir did not produce
major changes in the optimal operating policies. It can be concluded that the effort to
obtain exact evaporation loss rates at each reservoir s i te i s  only just i f ied fo r  the
purposes of determining accurate quantities of f i rm yield, cr i t ical period storage
levels,  e tc . ,  such as i n  a reservoir system simulation study.

The concluding studies in this research project examined the effect of
reducing the monthly demand for a period of t ime to conserve water. I t  was shown
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that for the conserved water to be effectively used, i t  must be released from storage
before i t  is lost to  future evaporation.

StUdy Limitations
The ma jo r  l imi ta t ion  in  th is  research project  has been reliance on the

selected 10-year historical inflow sequences as being representative of the character-
istics of each region. It is likely that the use of longer historical inflow records will
result in somewhat different operating policies. Also, runoff records from gaging
stations in  other geographic locations may  possess characterist ics not investigated i n
this  study.

Another limitation in this research project was the modeling of a multiple
reservoir system composed of only two reservoirs. As more research. is devoted to the
modeling of multi-reservoir systems using optimization routines, greater insight into
the role of evaporation losses in reservoir systems may be obtained. Still o ther ,  less
important, l imita t ions  have been the use of constant monthly evaporation rates each
year and the exclusion of estimates of evaporation losses from water in transi t  from
the upstream to the downstream reservoir.

Concluding Remarks
The fundamental purpose of any surface water reservoir or system of

reservoirs is to  store water for  future use. Except for  that portion of reservoir
storage devoted to  flood control, i t  is  desirable to  keep storage levels as high as
possible, whether the  reason is t o  maintain maximum head for power generation,
adequate surface area fo r  recreational use ,  o r  s imply  to maintain adequate conserva-
tion storage for maximum firm yield. This fundamental purpose i s  often in direct
contradiction to the goal of evaporation minimization, which is  achieved by main-
taining low storage levels. Therefore, in consideration of all the  information
ascertained from this research project,>it is fe l t  that the objective. of evaporation
minimization will usually be of secondary importance with respect t o  other reservoir
system operating criteria and constraints.
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PART 2 - SYSTEM SIMULATION STUDY

CHAPTER I

INTRODUCTION

Objective
The objective of this study is to assess the potential for conservation of water

through modifications in the design or operation of existing and proposed reservoirs.
Recognizing that the management of water and the manner in which water is used
vary with hydrologic,  climatological and physical conditions, a var ie ty  of these factors
is studied.

General Approach

It is recognized that the design and operation of reservoirs are constrained in
so many ways that there is  of ten l i t t le  opportunity to  modi fy  ei ther the design o r
operation without impinging on legal rights or vested interests. Nevertheless, the
many wasteful  conditions that result  f rom these constraints must be overcome if the
water resources of a region are to  be ut i l ized to  the i r  fu l les t ,  as appears to be a
necessity in some regions. Accordingly, this study examines the capability of
conserving water on the premise that these constraints can eventually be removed in a
manner sat isfactory to all. The results of the study can then be used to  determine the
gain that is possible under altenative plans of management.

I t  is considered that practical results can best be obtained through the use of
actual project data. Accordingly, three projects were selected for the purpose of
obtaining reservoir physical data, streamflow data and a variety of demand patterns in
humid, semi-arid and arid regions. While three projects cannot encompass all the
conditions and combinations of conditions that exist ,  i t  is considered that these
projects and variations introduced reasonably represent most of the situations en-
countered.

The optimal yield or maximum conservation under each alternative manage-
ment plan is obtained through successive approximations in detailed simulation of the
reservoir operation for the period of recorded streamflows, using computer program
HEC—3, "Reservoir System Operation fo r  Conservation."

Project Examples
Three project examples have been selected to represent a broad spectrum of

conditions and problems in reservoir management.
A system of four reservoirs in the fair ly arid region of west Texas was select—

ed for one example. Reservoir configuration, characteristics and inflows were
obtained fo r  the four  reservo i rsof  the upper Colorado River  basin of Texas, as l isted
in Table 1 .  While these reservoirs represent only a small  part of the  water resource
system of that basin, they  are used as though they const i tute a complete system for
using water as necessary for local needs. Thus, i t  is not intended to conform to the
legal and institutional constraints that exist, but rather, for the purpose of this study,
to examine the operation from the standpoint of the most effective conservation
practice from a simplified‘hypothetical standpoint.
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I n  connection wi th  these four reservoirs, a gr0undwater operation is hypothe-
sized in Order to assess the potential impacts of conjunctive use of groundwater and
surface water. This system was studied to determine:

a. Conservation potential through different distributions of stored water
among the four reservoirs.
b. Conservation potential through different plans of conjunctive use of
groundwater.
The second project selected is Pine Flat Reservoir in a semi-arid region of

California. This reservoir is located in a narrow canyon and is operated primarily for
flood control and irrigation, where water rights greatly exceed normal annual
Streamflows. Even in very wet years, most of the water is usable. Of course, the
entities holding junior rights cannot economically develop their farming operations to
a high degree, since years of no Water would be a heavy financial drain under a high-
capital-investment type of operation. Much of the water in wet years is used in
irrigated pasture and similar low-income endeavors. The operation of Pine Flat was
studied to determine:

a. Conservation potential through different mixes of firm supply for high-
capital-investment uses and secondary supply for low-investment uses.
b. Conservation potential through increasing the size of the reservoir and thus
reducing the amount of wasted water in wet years.
c.‘ Conservation effected because of the location of the reservoir in a narrow
valley as contrasted with location in a broad valley exposing larger areas to
evaporation losses (a design consideration).
d. Conservation through increasing the yield by simply accepting damaging
shortages during severe droughts. ‘
The third project is Sam Rayburn Reservoir in  the humid east Texas, which is

an expansive lake with large storage capacity and large inflow. There is a power plant
at the dam. The operation of this reservoir was studied to determine:

a. Increased yield obtainable by a two-level water demand (with primary
supply highly dependable and secondary supply curtailed during droughts) as
contrasted to a one-level firm supply.
b. The effects of this on evaporation losses and power generation.

Pro jec t  Data '

In order to base studies on realistic conditions, actual physical data on each of
the selected projects were used. This includes elevation—storage—area relationships,
power—plant characteristics, and storage allocations. Evaporation rates used are
those specified by the operating agency or by the state Department of Water
Resources. Streamflows are obtained from U.  S. Geological Survey streamflow station
data, adjusted if  and as necessary to the pertinent locations for each reservoir. Care
was exercised to assure that the periods for which flows were selected were the entire
periods for which such flows would represent inflows to the reservoir site under
unregulated conditions.

Demands placed on each system were tailored as much as possible to the
actual patterns of uses in each case. . These demands were then varied in order to
obtain optimum yield for each system and each system alternative considered.
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Computat ion Procedure

Computer program HEC-3, "Reservoir System Operation for Conservation,"
performs a highly accurate and detailed simulation of the operation of one or more
reservoirs, using a monthly computation interval .  Monthly inflows for each pert inent
location must be supplied along with monthly demands where pertinent. Demands can
be specified as flows to be supplied when adequate water is in storage above a reserve
or  buffer leve l ,  and, if desired, pr ior i ty  demands to be supplied even when storage is
below the buffer pool level. The operation is controlled by a system of target levels at
each reservoir for the end of each month. Releases, are made as required to meet
downstream f lows i n  such a way as to keep all reservoirs in the  system at the same
target level number to the extent possible without wasting water until flood releases
are required.

These levels are specified i n  terms of storage at each reservoir so as to define
the desired distribution of system storage among the individual reservoirs. The bottom
level (level 1) is minimum pool, below which no water is released from storage. The
second level is the top of the buffer zone, within which only priority releases are
made. The top two levels define flood control space, within which full flood releases
are made so as not to exceed flood flow targets downstream.

Since the computation is done on a monthly basis, travel t ime  within the
system is neglected. No channel routing or channel loss provisions are used, but there
are provisions for diversions and return flows. Computation proceeds from upstream
to downstream. A t  each control po int ,  f low requirements and channel capacit ies are
sat isf ied by drawing on upstream reservoirs so as to mainta in storages i n  balance as
specif ied by  the  levels. When needs can be sat isf ied by  only certain reservoirs or  when
large inf lows occur only at  cer ta in reservoirs, the  system can temporari ly be out of
balance, but subsequent relases usually return the system to  the  desired balance in a
short time.

Reservoir  evaporation is  computed by applying month ly  values of net evapora—
tion in inches (or millimeters, if desired) to the average lake area for each month.
Power generation is computed by multiplying the power release (up to  turbine capacity
for each head) by the average head for each month and an efficiency and conversion
factor. For this computation, tailwater elevation can be specified as a function of
outf low o r ,  if backwater f rom a downstream reservoir controls, as the elevation of the
downstream pool.

Once the system configuration and characterist ics are specified as input data,
along w i t h i n i t i a l  conditions, inf lows, evaporation rates and f low requirements, the
computation iterates each month until the specified period of operation is complete.
Pert inent storages, f lows,  evaporation, diversions and power quantit ies for each month
are printed out, along with summaries at the end. This makes i t  easy to  assess the
results and the internal relationships that affect the overall results.

An internal optimization routine determines the maximum yield at any point in
a system such that conservation storage is fu l ly  u t i l ized and no  shortages occur. This
is an interaction routine that keeps track of accumulated demands since the system
was last fu l l  and unused storage (in the case of demands too low) or total shortage
since the last t ime of ful l  storage (in the case of demands too high). The lowest rat io
of unused storage to accumulated demand or the highest ratio of accumulated shortage
to accumulated demand i s  used to adjust the demand for  the successive i terat ion.  The
routine is  very rapidly converging (two or three i terat ions, usually).
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CHAPTER 11

CASE STUDY — COLORADO RIVER SUBSYSTEM

Reservoir System

Figure 1 illustrates the configuration used in studying the four-reservoir
system on the Colorado River basin of Texas. As indicated earlier, this group of
reservoirs is upstream of several other reservoirs and is isolated in this study hypo-
thetically in order to study certain conservation aspects without the complicating
factors of downstream use and downstream water rights. Each reservoir has a mini-
mum pool below which withdrawals are not made, and none has dedicated flood-control
space. Area and capacity data are given in  Tables 2 to  '5.

Inflow Data

Inflow data for these reservoirs were obtained from U.S. Geological Survey
records at four streamgaging stations listed in Table 6, whose locations relative to the
reservoirs are shown in Figure 1. Since periods of record shown in Table 6 are not
simultaneous and complete, values needed to complete records for the period 1948 to
1977 were estimated by use of a Monthly Streamflow Simulation computer program
(MOSS) that performs multiple regression analysis and reconstitutes each missing value
using all directly related values in the curent and preceding months. Inflows for each
reservoir were then computed as linear combinations of streamflow station data as
indicated in Table 7. Monthly inflows used are given in Tables 8 to 11.

Evaporation

Reservoir evaporation computations require consideration of the differenCe
between lake evaporation at any time and the evapo-transpiration losses that would
have occurred in the same area without the lake at that same time. This is referred to
herein as net evaporation loss, and i t  is expressed as inches depth over the average
area of the lake during any specified period. Values of net evaporation for each month
were obtained from a generalized study of evaporation and ‘net evaporation by the
Texas Water Development Board (now Department of .Water Resources). These values
are averages for each calendar month and are given in Table 12. Their values were
applied to the current lake areas each month.

I t  should be noted that, once land has been inundated or cleared of vegetation,
runoff characteristics change, so, even though some of the lake area may not be
innundated at the time, the effects of the project in that bared area might be signifi-
cant. However, there is no good technique for accounting for such effects. They are
usually ignored in reservoir operaticm studies and are ignored in this particular study.

Demand Pattern

Since one of the variables stressed in the study of this particular system is the
integration of surface and ground water management, the demand pattern used is one
composed of a constant demand such as is approximated for municipal and industrial
uses and a seasonal demand such as for irrigation. The hypothetical demand pattern
used is given in Table 13. In two of the simulation studies, a constant demand pattern
was used for comparison.
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Case Study  Ob jec t ive s

The primary objectives of studying this system as stated earlier are:

a .  Conservation potential through different distributions of stored water
among the  four reservoirs, and
b .  Conservation potential through different plans of conjunctive use of ground
wate r .

In s tudying the  f i r s t  ob jec t ive ,  s imulat ion computat ions for  the 29  years of
record were done two ways. The first simulation kept as much of the  stored water as
possible in the downstream reservoir and the remainder, if any, distributed among the
three  ups t ream reservoirs  i n  proport ion to the  act ive storage capaci ty  in each.
Minimum pools were maintained in all four reservoirs. This is expected to minimize
evaporation lesses but to  risk spills due to  high intermediate runoff ocurring when
storage in the downstream reservoir is high. The second simulation kept the stored
water  about evenly distributed among the  four reservoirs in terms of ratios to  their
active storage capacities.  The expectation is that this would reduce risk of spills but
increase evaporat ion.  A th i rd  simulation was  subsequent ly  made  with only  the
downstream reservoir  (in order  to e l iminate  evaporation f rom upstream min imum
pools).Results of these simulations are shown in Table 1‘} and discussed below.

Since reservoirs in this study are  so large that  they did not fill during the
period of record ,  the  s tudy  was  repeated wi th  s imi lar  reservoirs  of reduced size.
Comparison of these  two se r i e s  of s imulat ions,  shown in  Table  l i t ,  sheds some  light on
the effects of over—sizing reservoirs in arid regions. This is discussed below.

In studying the  second objective, two alternative plans of groundwater use
were studied. The first  is  to  serve municipal and industrial uses at a constant rate
from groundwater pumping, which would require well fields with a total capacity
corresponding to that rate.  In this case ,  all of the remaining demand would be served
from the reservoir system. The second plan is to  serve a large portion of the total
demands from groundwater pumping (at a maximum rate of 60 cfs) but only during
drought periods. This would require extensive well fields but would decrease the
average surface storage and correspondingly the  evapora t ion .  In both of these cases ,
reservoirs  were opera ted  i n  a balanced fash ion ;  that  i s ,  s to red  water  was dis tr ibuted i n
proport ion t o  the  act ive storage capaci ty  in each ca se ,  except  that  75,000 acre—feet of
reserve storage was held in the most downstream reservoir in the second case for use
only during extreme droughts when well capacity is inadequate t o  serve the  high
irrigation demands. Results of the studies of these  two plans for two different
pumping amounts are  given in Table 15  and discussed below.

Case  S tudy  Resu l t s

The net yields shown in Tables 14 and 15 are  approximate, since the amount of
shortage and residual s torage experienced in the  studies d i f fers  in di f ferent  simula-
tions. If the shortages were eliminated entirely by closer approximation of the zero-
shortage y ie ld ,  resu l t s  shown would be  s l ight ly  dif ferent .  However ,  fo r  t he  f i r s t
objective studied, i t  can. be seen that the evaporation loss is reduced by about 16
percent or 11 cfs (8,000 acre—feet per year). This is a substantial saving for simply
redistributing the storage among the reservoirs. Of course, i t  should be kept in mind
that this  study ignores water r ights as they exist and assumes that  they are all
downstream of the lowest  r ese rvo i r .  In actual  p rac t ice ,  such an operation would be
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modified to assure availability of water where i t  is required. Nevertheless, substantial
savings of water are possible. It can be noted that  there is  very  large storage capacity
i n  this system, and elimination of the three upstream reservoirs would actually
increase the yield.

Results shown i n  Table 14 for  reservoirs as constructed were adjusted for
changes in storage fo r  the period of record, because the reservoirs never filled.
Consequently, the yield shown in the simulation depended to some extent on the use of
water initially stored. In order to  fur ther check the  effects of factors studied, sizes of
reservoirs were reduced as shown in Table 14, and simulations repeated. In these
cases, reservoirs f i l led and spilled, so the yield adjustment for storage change is not
appropriate.

The decreased yield for larger reservoirs in the f i rst  two cases is due to higher
initial storages used in the simulations and consequent higher evaporation losses. I t  is
reasonable to  conclude that, i t  operated similarly, the yields for the larger reservoirs
would be at least as large as for the smaller reservoirs. It is apparent that they would
not be appreciably larger ,  and that the smaller reservoirs are essentially as productive
as the larger in this hypothetical example. In the third case (one reservoir only), heavy
spills occurred at the smaller reservoir, resulting'i n  reduced yield.

For the second objective studied, the variable uSe of groundWater was man-
aged to approximate the same average over the 29 years of study as for the constant
groundwater use. Delaying the use of groundwater until the reservoirs were drawn
down reduced the average annual evaporation by 9 percent, or 6 cfs (4,300 acre-feet
per year) for  the low rate of groundwater use and 19 percent f o r  a higher rate of .
groundwater use. Again, this is a substantial saving, but requires a large investment in
well fields. Differences due to seasonal distribution patterns are shown in Table 15
where essentially the same average yield i s  shown fo r  constant or seasonally varying
demand patterns.
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CHAPTER III

CASE STUDY — PINE FLAT RESERVOIR

Reservo i r  Data

General data for Pine Flat Reservoir are given i n  Table 1. Area and capacity
data are given in Table 16. The reservoir is operated for flood control and water
supply i n  accordance with storage criteria given in Table 17. The reservoir does not
have a minimum pool below which withdrawals are not permitted, but i t  has never
been drawn down completely.

In f low Data

An excellent record of streamflows of Kings River at Piedra, a short distance
downstream from Pine Flat Reservoir, has existed since the turn of the century. By
use of a coeff icient of 0.916,  these records were used f o r  est imat ing monthly inf lows
for 52 years from 1899 to 1951, the time that Pine Flat  Reservoirs started storing
water. These inflows are given i n  Table 18.

Evaporation
Lake evaporation estimates used i n  the operation of Pine Flat  Dam and

Reservoir are based on extensive studies of the seasonal variation of the relation of
lake evaporation to  pan evaporation at lakes where lake evaporation could be
measured accurately (where inflows and outflows are small in relation to  evaporation
quantities). Monthly evaporation quantities used in this study were derived from
averages of. the pan evaporation recorded for each calendar month at  Pine Flat
Reservoir ,  multiplied by the  corresponding pan coeff ic ient,  less average rainfall
recorded at Pine Flat Dam for that month. This computation and resulting evapo-
ration rates are given in Table 19.

Dem and Pat tern

Base studies using Pine Flat Reservoir a seasonally varying demand pattern.
Hypothetical studies of an enlarged Pine Flat Reservoir and studies of operations with
substantial shortages use a constant demand for convenience. The seasonal variation
reflects the high use of irrigation water during the summer months and yet, because of
the climate and rainfall patterns, substantial amounts of water during the remainder
of the year. Seasonal variation factors are given in Table 20.

Case S tudy  Ob jec t i ves

As indicated ear l ie r ,  objectives i n  studying the design and operation of Pine
Flat  Reservoir are to relate conservation potential to  each of the following factors:

a .  Different mixes of f i rm supply and secondary supply
b .  Variations in reservoir size
c .  Variations in area-capacity relationships
d. Acceptability of shortages during extreme droughts.
In studying the f i rst  factor, all available reservoir space below the flood-

control pool up to 600,000 acre-feet were reserved for primary uses and the remainder
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was used for storage of water for all uses. When the reservoir recedes below 600,000
acre-feet in this hypothetical operation, only pr imary uses are accommodated. Data
on this simulation are compared i n  Table 21, rows 1 and 6, w i th  results of using all
storage below the flood-control level for development of a single maximum f irm yield.
Findings are discussed below.

In studying the second objective, four sizes of reservoirs were used to deter-.
mine firm yield. These ranged from the existing capacity of 1,001,000 acre-feet" to
6,000,000 acre-feet. Data are shown in Table 21 (rows 2 and 7 t o  9) and results are
discussed below.

In studying the third objective, the area—capacity relationship of Sam Rayburn
Reservoir described below (and shown in Table 22) was used in a simulation of the
operation of Pine Flat Reservoir, using existing capacity and other existing conditions
at Pine Flat .  Data on this simulation are compared in Table 21 with those of the
simulation for maximum yield under present operation criteria (rows 1 and 13).
Results are discussed below.

In studying the last objective, the existing and largest hypothetical sizes of
reservoir (1 ,001,000 and 6,000,000 acre—feet) were used fo r  simulations with success-
ively larger water demands. Data on these runs are compared in rows 2 to  5 and in
rows 9 to 12 of Table 21. Results are discussed below.

Case Study Results

Not all of the firm-yield runs identified in Table 21 converged to exactly zero
shortage with fu l l  use of reservoir space. Determinations of f i rm yield obtainable
under any set of conditions are made iteratively, and i t  was decided to accept slight
shortages 1n the interest of saving computation times. Nevertheless, results are very
close to those obtainable With complete convergence.

With respect ot the  f i rs t  object ive i t  was found that during the 52-year
operation, an annual average flow of 1783 cfs could be supplied, 1022 cfs of which is
f irm yield and the remainder supplied under a total demand schedule of 2433 cfs with
some shortages in every year. This compares wi th a f i rm  yie ld of 1132 cfs average
annual f low attainable every year if the  ent i re reservoir ,  except fo r  f lood space, is
used for f i rm supply only. Thus, by sacr i f ic ing 110 c f s  of f i rm yield, 761 c fs  of
undependable y ie ld is obtained. Some of th is  undependable yield can be used fo r  crop
irrigation in fields used intermittently, because heavy runoff during the spring during
wet years can be forecasted as early as February and can be stored through the
summer. Of course, such intermittent use would prohibit as great a degree of land
development for  farming as would be justified if the yield 15 f i rm.

As a matter of interest, none of the supplementary water was supplied in two
of the 52 years. A t  least 1200 cfs of supplementary water was supplied in 11  years, at
least 1000 cfs in 19 years, at  least 800 cfs in 28 years and at least 400 cfs in 41 of the
52 years. I t  is obvious that this could provide a great conservation benefit under
proper management as contrasted with an additional 110 cfs of f i rm yield only. The
reservoir does operate with a high variable yield in practice.

In the case of the second objective, the results in Table 21 show that the f i rm
yield increases 396 cfs from 1136 to 1499 cfs (32 percent) while the. evaporation loss
increases by only 12 c f s  when storage capacity i s  changed f rom 1,001,000 acre-feet to
2,000,000 acre-feet. Increasing storage capacity f rom 2,000,000 to  111,000,000 acre-
feet increases the f i rm yield by 250 cfs (22 percent of present-capacity'yield) and
evaporation by 20 cfs. Increasing storage capacity from 4,000,000 to 6,000,000 acre-
feet increases f i rm yield by 185 cfs (16 percent of present-capacity yield) while
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increasing evaporation by 10 cfs. These increases in yield and evaporation are
obtained through a reduction in spill. I t  should be kept in mind that a large part, if not
most, of this spill is usable for low-income applications and is therefore not entirely
lost .

Results of studying the  th i rd  object ive show that  by increasing the  area for
each level of capacity to that which exists at  Sam Rayburn Reservoir (see Figure 2),
the yield was reduced from 1132 cfs to  993 cfs or about. 12 percent, while the
evaporation increased from 23 to 219 cfs,  an increase by  a factor of 9.5. Thus, while
evaporation is only 2 percent of the yield as the reservoir exists, i t  would be 22
percent of the yield if the reservoir area were as flat as that at Sam Rayburn
Reservoir. This emphasizes the importance from a water conservation standpoint of
locating reservoirs in narrow canyons as contrasted to broad valleys or,  at least, using
deep versus shallow reservoirs.

The fourth objective demonstrates that some gain in yield can be obtained
with the same storage faci l i ty i f  large shortages are occasionally acceptable. The gain
i n  y ie ld comes f rom reductions in spill and evaporation, and, i n  the case of the larger
reservoir, reduction in evaporation is a substantial part. When the existing 1,001,000
acre-foot reservoir is used, as contrasted with the 6,000,000 acre-foot hypothetical
reservoir,the gain is greater and almost entirely through reduction in spill. This
method of obtaining increased yield has been used for irrigation water—supply projects,
where frequent shortages of 10 percent of the annual yield are not  serious and
occasional shortages of 30 t o  50 percent can be tolerated with substantial financial
loss  es .
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CHAPTER IV

CASE STUDY - SAM R'AYBURN RESERVOIR

Reservoir  Data

General data for Sam Rayburn Reservoir are given in Table l .  ' Area and
capacity data are given in Table 22. The reservoir capacity is #,##2,000 acre-feet,
which contains 4112, 000 acre-feet of flood control space throughout the entire year.
Of the remaining 4, 000, 000 acre-feet of storage space, 1, MS, 000 acre-feet is reserved
as a minimum pool for power production and other purposes.

Inflow Data

Inflow data for Sam Rayburn Reservoir were obtained from U.S. Geological
Survey data for the station, Angelina River at Horger, Texas, which is now down-
stream of the reservoir. Data are available for the years of 1928 to 1950 prior to
construction of the reservoir, and these flows were adjusted to represent reservoir
inflows by multiplying by the drainage-area ratio of 0.99. Inflows used for the analysis
are given in Table 23.

Evamration Data

Net reservoir evaporation data for Sam Rayburn Reservoir were obtained, as
in the case of the Colorado River reservoirs, from generalized studies made by the
Texas Department of Water Resources. Average values for each calendar month for
this location as used in the study are given in Table 2‘1. I t  can be noted that these
rates for a humid region are far lower than rates for the other regions and, in fact,
negative in some months. Whenever natural vegetation and rainfall amounts are
sufficient, i t  is possible and often likely that pre-project evapo-transpiration rates are
higher than lake evaporation rates.

Demand Pattern

Demands for water uses in this humid region do not vary greatly seasonally.
For this reason, a constant demand throughout each of the 22 years of study was used.

(

Case Study Objectives

, Two objectives for this case study were, as indicated earlier:
a. To determine the increased yield obtainable through using a two-level

demand, the first-priority level being satisfied in all years and the second-priority
level being subject to shortages during drought years. In order to assure a firm yield
of the high-priority demand in all years, the 1,273,000 acre-feet of space above
minimum-pool level was reserved for this purpose. Whenever the pool dropped to
within this range, second-priority demands were not served.

b. To assess the impacts of one-level versus two-level demand patterns on
reservoir evaporation and power generation. The power plant has a capacity of 52,000
kilowatts and was operated for the purposes of this study with a plant factor of 1.0 and
an overload factor of 1.15. '
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Case Study Resul ts

Pert inent results of this study are tabulated i n  Table 25. As contrasted to  the
results for Fine Flat  Reservoir, the gain in yield by going to  a two-level demand
pattern is not great in relation to  the yield for a one—level demand pattern, considering
the substantial loss i n  f i rm  yield.  While t he  total y ie ld a t  Pine F la t  went  from 1132  to
1783, an increase of 58 percent ,  the f i rm  yield decreased f rom 1132 t o  1022, o r  only 10
percent. In the case of Sam Rayburn, the  increase of total y ie ld from 2445 to 2724 is
only 11 percent ,  whi le  the decrease i n  f i rm yield f rom 2444 t o  2270 is 7 percent.
There is almost no change in evaporation, and the gain in yield is due to a reduction in
spill. This demonstrates that a two-level demand pattern is  not advantageous in humid
regions, especially where large reservoir capacities exist.

Power generation was not substantially impacted by the change in operation
from a l-level to a 2-level demand pattern. Average annual generation declined from
107 t o  106 million k i lowatt-hours,  and there i s ,  of  course, greater variat ion i n
generation from year to year and season to  season because of the demand fluctuations.
In general, i t  can be stated that power generation decreases when the reservoir is
drawn down faster and increases when spill at rates beyond power plant capacity
decreases. Since more rapid draw—down (such as by use of a 2-level demand pattern)
usually results in less spill, these factors compensate t o  some degree. If conservation
of power generation (energy) were of primary concern rather than the conservation of
water, i t  might well be wise to  reserve some space below the flood-control pool and
above the water-supply pool for releasing flows at full power plant capacity. This
could maximize both the average power head and the total flow through the power
plant.
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TABLE 2

AREA AND CAPACITY DATA, LAKE J .  B .  THOMAS

Elevat ion  Area ,  Capac i ty ,

(ft; msl) ( ac re s )  (acre—feet)

2175 0 0

2200 250 1 ,300

2210 1,270 8,000

2220 2,260 26,700

2230 3,220 55,000

2240 4,450 93,300

2250 6,240 147,000

2258 . 7,820 203,600

2264 9,100 255,000
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TABLE 3

AREA AND CAPACITY DATA, LAKE COLORADO CITY

Elevat ibn  . Area

(ft. msl) (acres )

2002 0

2024 20

2070 1,610

2073 1,830

84

CéEac i tZ

(acre-feet)

0

320

31,800

37 ,300



TABLE 4

AREA AND CAPACITY DATA CHAMPION CREEK RESERVOIR

Elevation Area Cagacitz

( f t  msl) (acres) (acre-feet)

2005 0 0

2020 100 880

2030 220 1 ,200

2040 370 ‘ 4 ,000

2050 580 8 ,700

2060 800 15,600

2070 1 ,070  25,200

2083 1 ,560 42,500

2091 2,040 56,800
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TABLE 5

AREA AND CAPACITY DATA, E. v .  SPENCE RESERVOIR

Elevation . Area  CaEacitX

( f t  msl) ( ac re s )  (acré—feet)

1788  0 0

1810  250  500

1820 750 6 ,000

1830  1 ,500  19 ,000

1840  2 ,600  40 ,000

1860  5 ,400  120 ,000

1880 ' 9 , 500  267,000

1898  15 ,000  489 ,000

1908  18 ,000  664 ,000
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TABLE 6

STREAMGAGING STATIONS
COLORADO RIVER, TX

Dra inage
U.S .G.S .  Area Per iod  o f

Number Name (59 ,  mi.) Record

8119000  Bluff Creek n r .  IRA TX. 42 .6  1948  — 1965

8120500  Deep Creek  n r .  Dunn,  Tx .  188  1953  — 1977

8121500  Morgan Creek  n r .  Wes tb rook ,  Tx .  228  1954 - 1963

8122000  Graze  Creek  n r .  Wes tb rook ,  TX.  21 .2  1954  — 1959

8123500  Champion Creek  n r .  Co lo rado  C i ty ,  Tx 158  1948  — 1959

8123800  Bea l s  Creek  n r .  Wes tb rook ,  TX. 973  973  1959  - 1977
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FACTORS FOR COMPUTING INFLOWS

RESERVOIR

LAKE J .  B .  THOMAS

LAKE COLORADO CITY

CHAMPION CREEK RES.

E.V.  SPENCE RES.

(LOCAL RUNOFF)

TABLE 7

COLORADO RIVER SYSTEM‘

STATION

8119000

8120500

8121500

8121500

8122000

8123500

8119000

8120500

8123800

88

FLOW MULTIPLIER

2 .04

2.04
2 .04

1 .16

1 .16

1 .28

2 .25

2 .25

2 .25
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TABLE 12

EVAPORATION DATA

COLORADO RIVER SYSTEM

Net  Lake Surface
Evaporation

Month Inches

Octobe r  4 .92

November 4 .08

December 2 .40

January 2 .40

February 2 .76

March 4 .32

April 4 .68

May 4 .32

June 7 .20

July 8 .52

August 9 .72

September _l;9§_

TOTAL 62 .40
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TABLE 13

HYPOTHETICAL DEMAND PATTERN

COLORADO RIVER, TEXAS

Demand*
Month ( c f s )

7 OCTOBER . 30

NOVEMBER 30

DECEMBER , - 30

JANUARY 30

FEBRUARY 30

MARCH 30

APRIL 50

MAY 240

JUNE 420

JULY 500

AUGUST 500

SEPTEMBER " 50

*Basic-Demand Pattern - Values shown were adjusted in selected
simulation studies. ‘
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TABLE 16

AREA AND CAPACITY DATA, PINE FLAT RESERVOIR

Elevation Area ‘ Capac i ty
( f t  msl) ( ac re s )  (acre- fee t )

572 0 0

602 108 1 ,052

632 508 9 ,478

662 981 31,957

702 1 ,562  82,646

742 2,234 158,484

782 2 ,903  261,223

822 3 ,574 390,664

872 4 ,436  590,686

970 6 ,350  1 ,115 ,200
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TABLE 17

OPERATION GUIDE FOR PINE FLAT RESERVOIR

September 30

98

Conservation Flood Control

Month Capggity Capacity,

(ac—ft) (ac—ft)

October 31  880 ,000  121 ,000

November 30  650 ,000  351 ,000

Decembef 31 525,000 476,000
January 31 525 ,000  476 ,000

February 28 650,000 351,000

March 31  805 ,000  196 ,000

April 30 910,000 91,000
May 31 975,000 26,000

June 30  975 ,000  26 ,000

July 31  990 ,000  11 ,000

August 31 1 ,001 ,000  0

1 ,001 ,000  0



w
om

m
m

bm
m

m
o

o
o

p
m

hm
m

m
m

m
m

w=~
em

pr—
F

o
m

m
m

m
m

m
p

cwpom
owe»:
nsw

m
m

m
m

zcm
o

m
m

zm
m

m
am

r
m

m
m

m
a

a
o

m
m

r
ow

m
m

:
m

zw
m

m
omooo

o
ccm

m
r

m
u

m
s?

ow
pw

m
c
m
m
o
v

com
m

,om
m

ph
o

m
o

w
p

02¢

m
om

oc
m

m
m

o
cm

m
b

w
sm

ear"
w

m
m

m
o

m
m

oum
cra

p
m

m
m

m
c:

ow
m

w
o

o
m

p
b

cp
ocsbre
sw

am
p»

o
u

m
m

m
o

m
m

o
z

cm
p

cn
m

te
m

p
:

o
o

m
o

w
—

D
e

m
o

:
om

Nm
NN

o
zb

m
o

m
o

a
cw

m
owopo
om

m
om

O
m

m
w

m
orcm

m
p

om
oo:

43w

o
o

a
b

:e
w

o
o

m
—o
p

p
m

m
r

ozm
m

m
m

ocm
m

m
m

om
m

poe
O

prah
cabrm

m
arm

am
w

oooocm
ozzm

w
m

cw
m

oom
om

w
m

or
om

m
w

hr
cw

ow
m

m
am

aze?
ooom

m
n

om
whh

o
m

m
zrm

o
m

m
b

o
m

com
zop

O
N

N
N

PN
om

wrm
m

o
w

a
m

m
m

om
zzm

m
om

wwm
r

2
3

w

o
a

w
m

m
p

o
p

m
a

b
o

cw
m

m
m

ow
m

m
m

m
o

m
w

o
m

p
ooszzm
o

w
m

p
m

m
o

cvm
w

p
a

b
w

w
o

mom
w

m
m

m
cpm

m
wp

om
pm

m
m

o
p

m
w

zrcm
cm

m
p

o
o

F
O

o
m

o
a

o
m

m
m

czm
m

o
m

orm
m

or
o

m
w

m
csm

m
a

mo
p

h
c

om
m

pm
m

om
m

m
bm

o
m

ro
m

eo
p

m
m

w
mo
m

w
u

w
p

w¢z

co
sm

mcm
o

m
a

p
ra

m
:

"w
a

o
p

oromopm
m

m
o

a
o

m
m

m
w

am
m

o
:

C
arm

a
o

m
o

rw
om

vm
w

N
p

m
m

m
com

m
or 

m
o

o
m

m
o

w
m

p
o

o
n

m
w

m
ebbmrwC

a
m

e
:

o
w

p
o

m
wo

o
m

m
m

p
osm

nep
o

p
p

o
m

cuNF 
ocw

om
O

h
m

m
m

m
o

o
m

w
m

ochmo
m

m
o

m
c—

zh
m

r
o

m
m

m
m

p
o

o
w

w
p

p
o

w
u

a
w

ommaapo
zw

m
c

o
p

w
rome

sa
:

o
w
o
m
o
mow

o
m

m
r

O
h

m
:=

w
o

m
zw

o
p

O
b

m
m

m
o

rcw
m

ca
m

e
o

?
cp

rh
c

oom
w

mom
pm

n
O

re
o

?
” co

m
a:

o
m

cn
m

—
o

m
m

m
m

o
m

m
m

c
o
o
s
x
m

m
m

<
m

<z

hm
m

pm
oom

m
o

u
b

h
m

acm
m

:
P

m
m

p
m

m
om

m
p

w
m

m
m

w
m

oor—
m

popc
o

o
a

m
m

woam
a

O
m

—
m

m
cm

w
or

zFFFF
oppm

b
am

m
um

cm
m

pm
o
z
w
m
m

om
wom

om
m

zm
m

u
m

m
mm
om

m
—

o
zm

m
m

O
NLFP

co
m

m
a

cwm
om

m
“ :

m
pm

m
p

m
w

o
e

om
m

w
m

ow
cam

m
m

am
w

w
e

re
?

wwzm
w

m
em

e
N

w
w

p
m

m
a

m
m

w
p

FG
PN

P
hocrm

w
m

FNb
Noon?
m

zzo
b

ow
w

ow
o

co
p

m
o

m
m

y
m

o
zzz
o

m
zm

p
m

rwaF
m

e
m

o
.oomwm
o

a
e

sca
m

—
p

o
aam

m

zxw

MHO>MmmmmH
<

A
m

m
s

m
w

<
m

lm
h

o
 

ZH
 m

BO
Am

zH
 M

AEH
ZO

S

w
H

m
q

m
<

e

oo::e
pm

m
m

ao
m

smppm
w

w
m

pm
m

r
o

m
p

m
p

m
N

FN
F

m
oon

w
oc_m

zm
spr

pawn
m

m
w

pp
~

m
rm

p
o

r
o

m
w

m
r

o
w

o
zm

m
arc—

m
m

=m
+

m
N

o
F

Nom
m

m
m

wm
rp

om
m

o
ooum

fi
ow

m
m

p
m

pm
m

m
om

ow
m

Q
ua m

m
ao

pwasp
xwprp

o
F

—
o

w
m

oor
om

m
m

w
n

m
o

p
am

m
o

pm
m

m
r

co
m

m
m

m
m

or
pm

m
op

2:0»
m

wm
wp

cm
o

m
cm

m
om

m
m

m
m

m
m

m
or

own—
—

m
ore

om
oor

om
op

m
am

,"
cm

w
m

r
cra

p
:

m
w

a
m

p

>
0

2

opwm
m

u
m

rp
m

o
m

»
am

os
w

a
m

m
.

m
m

.»
w

w
m

m
a

m
m

ao
m

o
b

a
m

o
rm

o
m

a
m

a
,

m
m

m
p

n
h

m
e

m
om

zp
am

m
o_

m
m

am
e

co
m

m
?

o
o

am
fi

m
m

pm
w

m
m

om
whoow

a
m

m
o

com
m

cm
Fm

F
m

m
zm

m
vw

o.

Boo

m
m

m
r

swap
m

m
m

—
N

m
m

w
«N

m
p

om
m

v
m

pm
r

wpm
r

wrap
o

p
m

w
wrap
arm

?
m

pm
pp—

wrap
opm

p
m

oor
m

om
s

b
o

o
"

m
om

p
m

om
p

rom
p

m
om

s
m

oor
roar
com

p

m
y

m
M

H
¢3

99



m
m

m
pm

w
one:
p50:

w
o

m
m

o
w

e
»

m
oon,

m
ore

«
m

a
p

m
am

a
w

abm
e

_m
m

m
am

m
o

Pm
m

em
m

any
=

o
m

p
M

PO
F

zm
h

m
m

ow
m

ouom
a

p
o

m
o

m
w

m
zo

o
m

em
om

cw
zm

m
o

a
m

m
u

m

~
n

«
. 

J

m
Pr

m
m

m
m

m
wom

w
m

nw
oopw
am

w
m

p
om

m
m

m
wawm

p
m

oam
w

Nc~om
m

m
m

m
:

am
hm

p
m

m
m

zr
oom

om
m

m
m

om
m

m
m

am
m

a
ca

w
m

zw
m

m
wczw

N
oohm

oppm
rp

m
m

m
am

a
vam

p
sm

N
a

cn
e

U
D

<

cm
w

a
z

core:
occm

w
bosom
w

om
om

acco
m

ow
N

w
FF

m
a

cro
om

aow
o

e
m

zw
p

com
m

»?
ra

ce
:

cm
w

o
o

m
m

o
m

ca
ro

m
om

rm
p

zcwmm
: h

cm
r

m
m

rm
o

oohm
m

—
m

om
»

m
m

sm
m

:m
w

p
m

m
a

m
m

—ow
m

w
mcw

»

A
n

n

o
a

o
w

m
r

copes?
opw

w
or

saw
m

ae
o

m
a

m
p

o
cczm

r
o

p
m

p
o

m
o

w
m

a
a

v
cam

opr
om

m
rrm

o
m

m
ra

moazw
w

r
o

rb
m

o
o

m
o

m
m

a
o

m
cp

o
m

o
o

o
m

w
.

oom
m

m
m

m
oupm

ow
¢om

m
om

pm
m

m
am

m
m

m
conrm

.
cam

eo.
opwop
ow

ppm
m

cu
m

m
o

2
5

w

o
m

a
o

w
r

o
w

m
o

m
rom

ocww
e

co
n

»
?

o
m

w
o

w
p

o
cem

m
m

om
pm

m
m

o
o

ap
o

m
om

m
m

w
m

oom
om

m
cw

a
p

zm
om

ow
w

m
oonrm

r
o

o
w

m
m

m
owpwwm

o
w

crw
m

cm
a

w
w

m
guppy

arm
ppp

ow
hm

m
m

coom
m

D
ra

w
e

r
a

p
p

e
a

r
om

m
m

or
cm

m
w

m
m

capcm
r

>
¢

2

o
m

a
o

o
osm

oar
ocowm
cram

o
cab

m
m

oom
w

np
om

w
bm

p
om

om
m

coam
m

p
o

m
m

o
m

r
om

om
op

cazam
p

o¢uFm
P

c—
o

w
p

r
o

o
m

w
m

r
o

m
m

zp
r

o
o

ro
m

rom
ow

mo—
m

m
»

awash,
rpm

m
z

co
m

m
a

com
m

a
.o

m
p

o
m

O
N

PPN
F

om
wom

p

m
m

<

F
o

a
m

:
m

oow
m

m
m

m
om

cbzm
w

whom
:

abhm
m

cpm
m

e
ow

pw
a

ow
m

rm
p

m
w

zm
m

D
em

ow
cw

am
w

om
en:

om
aw

w
r

am
m

om
o

n
—

w
o

m
m

bpz
w

m
m

m
z

am
w

m
m

G
uano

hum
m

w
Frm

om
m

m
m

w
m

m
w

w
omom

m
m

m
b

m
w

m
m

m
¢2

m
w

m
cm

P
o

m
p

m
sobm
pm

m
h

F
o

m
o

m
Popm

m
orm

ooF
om

rm
m

Chow:
m

pw
m

m
O

FM
PQ

m
m

ooc
m

m
aw

m
ormmw
m

m
hm

m
r

m
acro

m
pm

rm
m

m
m

m
.

ooom
p

o»m
_w

m
rw

m
m

zom
r

m
o

e
m

w
m

cr
ooocw
bm

oom

m
u

m

w
e

e
r:

m
m

m
cv

core
w

o
m

m
,

w
m

m
m

m
m

om
m

m
m

m
m

cp
m

zw
p

r
m

acaw
N=Cm

=
w

N
m

F
:

cm
a

m
z

.Nm
m

op

m
m

chm
pm

m
m

r
m

m
w

m
p

m
w

o
zm

m
m

w
om

cm
sm

r
ppm

am
m

am
a

m
hm

u
w

o
o

»
m

m
oa.

m
o
o
o
w

o
m

o
m

z<w

Aum
naflunoov 

w
fi m

qm
<a

ca
m

p
p

p
m

hcp
m

m
m

m
firm

o
so

m
e

:
om

pm
z

ow
m

m
.

5
m

m
»

Forb—
w

m
w

rm
m

m
m

m
m

cobm
m

acaw
m

m
apw

am
=om

am
m

o
crzm

w
paom

r
m

a
e

m
Pm

m
rm

oF
m

a
O

FF:
m

aph
m

m
pm

r
w

anm
m

30cm

o
w

n

a
m

m
m

rr
w

m
o

»
N

m
ow

:sm
m

m
m

m
m

zo
w

rm
m

w
pm

m
Ppcom

a
p

zo
p

m
m

zp
com

m
,

m
m

cp
o

w
m

o
m

e
n

»
,

som
e

>335
m

m
op

a
s

m
m

a
m

:m
cm

m
o

m
:

m
m

m
m

m
bm

m
wzpm

o
ao

m
m

m
m

aom
ca

rp

>02

~
=

_
=

zpm
m

chow
m

m
m

am
ppm

o
m

o
m

w
w

w
o

¢N
ce

m
pm

o
m

o
o

»
m

w
pm

r
w

w
w

pm
m

a
re

m
m

,»
Faro
bm

m
m

hym
n

Pom
p

m
w

m
m2m

m
:

m
m

om
com

m
.

u
p

m
mam

m
m

m
m

m
w

Eco

Pm
m

p
cm

m
r

m
zm

r
m

am
?

p
zm

rcrap
m

am
"

aam
p

M
am

e
m

zm
v

va
m

p
ca

m
?

am
m

—
wm

m
r

pm
m

p
o

m
m

r
m

m
m

p
3m

m
»

m
m

m
p

N
m

m
rm
—

O
m

ar
a

m
m

—
wm

op
pm

m
v

om
m

r

m
»

m
m

b
¢

3

100



TABLE 19

EVAPORATION DATA
PINE FLAT RESERVOIR

Lake Surfaces

Month Net Evaporation
' ( inches)

October 3 .99

November .70

December —2,16

January -2 .39

February —2.01

March -—.46

April‘ 1.87

May 4 .84

June 7.15

July 9 .30

August 9 .05

September 7 .07

TOTAL 37.95
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MONTH

OCT

NOV

DEC

JAN

FEB

APR

MAY

JUN

JUL

AUG

SEP

TABLE 20

SEASONAL VARIATION OF DEMANDS
.AT PINE FLAT RESERVOIR

102

- DEMAND
IN PERCENT ‘

6.9
1.9
0.9
1.1
3.2
6.4
10.1
13.3
15.7
17.2
16.3
.7-0



TABLE 21

'ReSults of  Case  Study
Pine Flat Reservoir

Stor. Cap.  Demand Evap. Shor tage  Spill Net  Yield
(ac—ft) ( c f s )  ( c f s )  ( c f s )  ( c f s )  ( c f s )

1 ,001 ,000  1 ,132  (Var . )  23  0 957 1 ,132

1 ,001 ,000  1 ,136  (Cons t . 7  24 0 949  1 ,136

1 ,001 ,000  1 ,300  " 23  16  803  1 ,284

1,001,000 1,500 " 22 43 633 1,457

1 ,001 ,000  1 ,800  " 20  124 424 1 ,676

1,001,000 2,433/1,022 20 ' 650/0 318 1,783/1,022

2 ,000 ,000  1 ,500  (Cons t . )  36 1 551  1 ,499

‘ 4 ,000 ,000  1 ,750  " 56  1 255  1 ,749

6,000,000 1,935 " 66 1 59 1,934

6 ,000 ,000  2 ,025  " 59  30  31  1 ,995

6 ,000 ,000  2 ,100  " 54  55  8 2 ,045

6 ,000 ,000  2 ,200  " 44  113  0 2 ,087

1 ,001 ,000  993  (Var . )  219*  0 902 -  993

*
Using Sam Rayburn Area — Capaci ty  Relation
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TABLE 22

AREA AND CAPACITY DATA,SAM RAYBURN RESERVOIR

Elevation Area Cagacity ~

( f t  msl) ( ac re s )  (ac—ft)

0 0 0

96 1,000 10,000

.102 2,100 17,000

112 10,000 30,000

120 18,300 180,000

130 34,000 450,000

140 54,000 900,000

150 78,000 1,448,000

165 116,000 2,900,000

183 180,000 5,610,000
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TABLE 24

'EVAPORATION DATA

SAM RAYBURN RESERVOIR

Net Lake Surface
Month I ’ E v a p o r a t i o n

(inches)

October 2 '04

November - . 54

December -1 .36

January 41 .44

February -1.32

March -.12

April -.72

May - . 24

June 1.20-

July 2 .40

August 3 .36

September ;3;9£_

TOTAL 5.30
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TABLE 25

Results of Case Study
Sam Rayburn Reservoir

i

Net
Demand Evap. Power Spill Shortage Yield
(cfs) (cfs) (mw—hr/yr) (cfs) (cfs) (cfs)

2,445 ' 78 107,100 ‘ 669 1 2;444
3,000/ 75 105,800 ' 402 276/0 ‘1 2,724/

2,270 -, - ' 2,270
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PART 3 - DISCUSSION AND CONCLUSIONS

CHAPTER I
DISCUSSION

Studies described herein were designed to apply t o  complete reservoir systems.
Although case studies were derived from partial systems for  the sake of simplicity and
manageability, they represent complete systems. Results of studying incomplete
systems as such would be inconclusive.

i t  is apparent that conservation of water (maximizing its availability for the
most effective use) can best be accomplished in a closed system through storage.
During initial stages of development, great gains in conservation can be accomplished
ordinarily through provision of surface storage. Surface storage is most effective
where time variations in f low are large- This is characteristic of semi-arid and arid
regions, where evaporation rates are also high. Generally, losses in evaporation are
small compared to losses through spill due to  inadequacy of storage.
. ' During the later stages of river development where substantial storage exists,
provision of additional storage is decreasingly effective, because the crit ical drought
period becomes longer, which subjects the stored water t o  longer periods of evapora-
tion before i t  is released or used. As this. stage approaches, integration of the opera-
tion of surface storage with aquifer storage can substantially improve the effective-
ness of the increased storage. In essence, long-term storage should be in an aquifer
where losses are small or negligible, and short-term storage should be in surface
reservoirs. This is illustrated in Tables 1‘1 and 15. By adding three upstream reser-
voirs in this hypothetical system,'the yield is decreased from 100 to 85 cfs in addition
to a zero or constant groundwater withdrawal. However, i f  a well f ield capacity is
expanded from 19 to  60 cfs and used only when droughts are well under way, the yield
of surface runoff rises from 84 to  97 cfs. Thus, the yield is raised 13 cfs simply by
allowing water to stay underground during periods of adequate surface runoff.

Another way of conserving water during later stagesof river development is to
distribute water, insofar as i s  feasible, among reservoirs so that storage is  concentrat-
ed. in those reservoirs that have the least increase-in area per unit of storage increase,
giving consideration also to  any differences in net evaporation rates that might exist
at the different reservoirs. From a practical or political. (social) standpoint, this may
be very difficult because of the multiple uses of reservoir facilities. I t  is interesting
to note in Tables 14 and 15 that,  using this technique, the four-reservoir yield from
surface runoff rises from 85 cfs when storage is proportionately distributed among the
four reservoirs to 96 cfs when it” is kept in the downstream reservoir to  the maximum
extent possible. If the upstream reservoirs did not exist, the yield would increase to
100 cfs.

Another feature of the later stages of river development, illustrated in Tables
14 and 15, is the high evaporation losses compared to yield. In this case, evaporation
ranges from 55 to  66 cfs for yields averaging about 90 cfs. Thus, about 110 percent of
the available water is sacrificed in order t o  obtain a maximum dependable water
supply in this case.

A very general appraisal of water conservation factors in relation to the
degree of water resource development can be made by reviewing Tables 14, 21  and 25 .
The case of Pine Flat reservoir is that of least storage development in relation to
potential development. The average runoff used is 2118 cfs, and the maximum
dependable yield for the existing reservoir (1,001,000 acre— fee t ) ‘is  1132 cfs. Evapora-
tion losses are trivial in relation to  the spill of 957 cfs. With a 6,000,000 acre-foot
reservoir, the yield Could mcome 1934 cfs while thelosses remain nominal at 66 cfs.

110



Sam Rayburn Reservoir ,  on the other hand, represents a moderately high degree of
development. A yield of 2mm cfs  is obtainable, compared to  an average inflow of
32”.  Because of the humid climate, evaporation-losses are a low 78 cfs. Spill is very
substantial at 669 cfs, indicating that further conservation can be obtained through
provision of more storage. The four—reservoir Colorado River system represents full
development. A yield of 85 cfs is obtained from an average runoff of 151 cfs. The
difference is lost through evaporation, which is  largely due to  the arid climate and the
necessity touse broad valleys for  relatively shallow reservoirs. Further conservation
potential through reservoir construction and management is relatively small. ‘

While variable demand patterns depending on water availability have been
studied, they are generally of interest only during intermediate stages of development.
.In municipal and industrial uses, as well as in hydropower generation, water is of high
value and is effect ively useful only insofar as its supply i s  dependable. Even in
agriculture, the dependability factor  is becoming more  impor tant  as large investments
in farmland development and high-yield crops can be hurt seriously by water shortages.
More and more is supplementary water of l i t t le value and shortage a great cost. The
response function for water-related investments then has a sharp break at the point of
dependable yield. i t  is this condition that must be considered in assessing conservation
accomplishments. If the f i rm yield of a system is increased, water is conserved. I f  it
is decreased, water is wasted. Of course, this applies to a complete system including
water needs in estuaries.
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CHAPTER
CONCLUSIONS

Studies described herein demonstrate the following:
1.- Conservation of water‘must be associated with greater utilization and not

simply reduced losses of any type or types.
2. In the early stages of regional water development, surface storage is a

highly effective means of conserving water for effective use.
' 3. As regional water resources become highly developed, underground storage

in aquifers, using natural replenishment and controlled withdrawal, can substantially
reduce losses and increase the utility of water resources.

4. In dry regions, losses to evaporation from long-term carry—over by surface
reservoirs can be a high percentage of the usable firm yield.

5. In humid regions, evaporation losses are generally of minor or even trivial
significance.

6.- Where a low degree of reservoir regulation exists, a 2-stage demand can-be
very useful, where only priority uses are served during low reservoir stages. With a
high degree of regulation and, generally in humid regions, little, if any, gain is made by
supplying supplementary water at high reservoir stages at the expense of reducing the
firm yield at lower stages. '

7. Substantial water savings-can be effected,_especially in dry regions, by
distributing the water among reservoirs in a system so ‘ as to reduce over-all
evaporation losses, where feasible.

8. In dry regions, losses can be greatly reduced by using deep reservoirs
instead of shallow reservoirs.

9. With a fixed amount of storage, water yield and utilization can be greatly
increased simply by delivering water at a higher rate until the supply is exhaused. For
some uses, such as irrigation, this can produce more benefits than losses over the long
term. '

10. For a given reservoir, as the yield or usage of water increases, power
generation is first increased because of reduction in spill, and then decreased because
of maintenance of lower reservoir contents and consequently lower heads.
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