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ECONOMIC EVALUATION OF RESERVOIR SYSTEM ACCOMPLISHMENTS¥
Leo R. Beard
Director, The Hydrologic Engineering Center

Corps of Engineers
Sacramento, California

INTRODUCTICON

There has been considersble engineering and scientific literature
on simulating water resource systems and mathematically optimizing the
system design and operation. While a variety of simulation work has
been done in planning and design studies, very little actual design
has been based on theoretical optimization technigues. One of the
reasons 1s that satisfactory objective functions that express the
economic (or preferably the socio—eéonomic) effects of the system in
a single figure have not been developed. Work described herein is
intended to lay a foundation for obtaining such a function and to provide
intermediate hydrologic and economic dabta required for detailed study.
The increasing complexity of water resources developments and the
importance of accurately evaluating system accomplishments require that
a detailed sequential analysis of system operstion over a long period of
time be made. Differences in seasonal variations of runoff and evapora-
tion, and in requirements for storage levels, power generation, and water

supplies make the application of simplified storage-yield procedures

*Prepared for the National Symposium on the Analysis of Water Resources
Systems, Denver, Colorado, 1-3 July 1968.



impractical in the analysis of most reservoir systems, particularly
where long-term carry-over is concerned.

The procedures described herein are incorporated in a comprehen=-
sive computer program that performs an elsborsbte hydrologic analysis
of a system of reservoirs and assigns economic values to the outputs.
The procedures include monthly analysis of system operations for all
types of water supply and low-flow regulation, and for power generation.
Flood control constraints are adhered to, but detailed analysis of flood

regulation is not included.

HYDROLOGIC ANALYSIS

The hydrologic analysis for a water resource system such as that
illustrated in Figure 1 requires that all of the inflows, requirements,
and operating rules be specified, generally as described in the following
paragraphs.

The computer program first establishes "local inflows" for all sub~-
areas above points of interest and below upstream reservoirs. These are
computed as linear functions of specified inflows at relevant locations
where such flows are availsble. In this manner, minimum preparation of
data is required, and either highly detailed or very general runoff data
can be supplied.

Operation controls include the storage and release capacity of each

reservoir, power plant capacities, channel and diversion capacities, and



delineation of reservoir operating levels. The operating levels

can be specified differently for each month during the year, and
differently in different years, if desired. They consist of the
full reservoir level, bottom of the flood control space, the top

of the buffer space, top of the minimum pool, and intermediate levels
between the top of the buffer space and bottom of the flood control
space. These intermediate levels are used to control the priority of
release among the various reservoirs in the system.

To the extent possible, services that can be provided by more than
one reservolr will be provided by that reservoir having storage in the
highest range of these intermediate levels. Water is stored in the
flood control space only when there is insufficient outlet capacity
or channel capacity downstream to release that water. Whenever the
buffer pool is not full, only priority requirements are satisfied
from that reservolir. Typical specification of reservoir levels is
illustrated in Figure 2, which providés that flood-control space in
reservoirs 2, 3 and 5 be emptied first, then active storage in reservoir
1, theﬁ reservoir 2, then reservoir 3 and half of reservoir 6 simultaneously,
then reservoir 5, and then reservoirs 4 and 6 simultaneously. Lastly,
buffer storage in reservoirs 2 and 6 is released, but only for priority
purposes. The reservoirs can be out of desired balance, of course, if

large demands exist that can be satisfied by only certain reservoirs.



Two sets of flow requirements can be specified at each location,
total requirements and priority requirements. Each of these can be
either constant throughout the year, or different for each month during
the year. It is also possible to change requirements at specified
locatims from year to year.

Requirements for diversion out of the system can be specified as
s uniform rate or as a different rgte for each month of the year.

These can also be changed from &ear to year, if desired. Such diver=-
sions are automatically given priority over river requirements downstream,
Diversions into the system can be specified in the same manner. When
these constitute return flows, they can be specified as a ratio of some
simultaneous diversion upstream.

The net change in evaporation from the reservolr sres between
conditions with and without the reservoir is specified as a uniform
seasonal pattern for all reservoirs. A coefficient by which this pattern
is multiplied is specified for each reservoir. The evgporation is applied
by the computer to the aversge area of the reservoir for each period.
Since the average stage of the reservoir for any period is not known
until the entire system requirements are searched, accurate computation
of evaporstion requires two system searches for each period, the first
to establish average reservoir stages very closely, and the second to

compute evaporation accurately.



Hydroelectric power requirements at each power plant are specified
by months as total requirement in thousand kilowatt-hours or as a plant
factor. Water required to generate that power and the power generated
by the water sctually released are computed either from the reservolr
head and plant efficiency or from a table of power generation versus
head for each reservoir. It is also possible to specify an over-all
system requirement thabt exceeds the specified requirements at the
individual projects. The excess system requirement is allocated to
the various plants in such a way as to most nearly maintain the desired
balance of storage within the system. Power computations for each project
require two passes through the system during each period, the first to
esbablish average heads for the period, and the second to compute required
power relesses sccurately. System power computation requires three passes
through the system each period, the first to determine the amount of excess
requirement, if any, and the projects to which the surplus should be
allocated, the second to establish average heads at each plant, and the
third to compute required releases accurately.

There is also a provision in the program to provide contingency
allowances for the fact that the system cannot be operated perfectly.

This is done by multiplying the unregulsgted tributary inflow to any
control point by a contingency factor, and considering that such amount

does not contribute to the requirement at that location.



Computation of system operation for each period is accomplished
by searching the system from upstream to downstream, determining at
each control point the total requirements and the reservoirs from
which those requirements will be satisfied. Recognizing all of the
various controls at each upstream location and the commitments that
were set at upstream locations and which must be adhered to, it is
apparent that this computation is extremely elaborate. For a system
of any size, it is only practical on the fastest and largest computers.
A portion of the output for a small sub-system of Figure 1 is shown on

Table TI.

DETAILED ECONOMIC ANALYSIS

The detailed economic analysis incorporated in this program consists
simply of a bookkeeping routine. The output at each control point, which
might consist of a rate of river flow, reservoir storage, power generation,
or diversion quantity, is assigned an economic function, which can differ
from month to month., The function is expressed as a table of the hydrologic
quantity versus the economic value in dollars, which is interpolated
linearly by the program.

As in the case of hydrologic input, the economic input requirement is
designed for maximum convenience. As many as eight output functions can

be used. These might represent such items as power, recreation, fish



requirements, navigation, quality control, and diversion for irriga-
tion, municipal or industrial uses. An indicator is specified for

each economic function and each control point, which determines whether
or not that function is to be evaluated for that control point. An
example of economic functions is illustrated in Figure 3.

In the case of economic values associatéd with river flows, the
difference in economic value of such flows with and without upstream
projects is of interest. Consequently, at these locations the hydrologic
output on tape will include preproject (unregulsted) flows at each location
for each month, Both the project and preproject flows al these locations
are evaluated economically in order to assess the gain (or loss) due to
the projects.

At each location and for each month and economic function, the computer
will determine the economic value for each item by interpolation, the
corresponding economic value of preproject flows, if appropriate, the
maximum economic value attainable with any hydrologic gquantity, and the
difference between this maximum value and the actual value obtained
(remaining benefits). These quantities are summarized for the emtire
period of the operabtion study as illustrated in Taeble II.

The contribution of any particular project to over-all benefits of
the system can best be assessed by performing s separabte operation study

without that project. However, there is often a desire to allocate



benefits in some reasonable menner to the projects which created those
benefits. For this reason, there is an allocation routine included,
which assigns benefits (difference between project and preproject
economic values) computed for flows at each location to upstream
reservoirs. Theée benefits are simply allocated in direct proportion
to the change in storage at the various upstream reservoirs. When the
change in storage at a particular reservoir is opposite in sign to the
net change at all upstream reservoirs, an economic contribution of zero
is assigned to that particﬁlar reservoir. ﬁenefits allocated on this

bagis are illustrated on Table II.

SHORTAGE INDEX
The above procedure is based on the assumption that benefits or

losses occurring during one period are independent of events in preceding
periods. In many cases, this assumption is not valid, and the actual
interrelationship of benefits is extremely complicated. The recognition
of this éituation aﬁd of the fact that a planning study does not ordin-
arily reflect the exact quantities that would occur in actual operation,
a shortage index useful in planning studies has been suggested.(l) This
index consists of the sum of the squares of annual shortages, each ex=

pressed as a ratio to the annual requirement, for a 100-year base period.

(1)L. R. Beard, Estimating Long~Term Storage Requirements and Firm Yield
of Rivers, XIII General Assembly of IUGG, Berkeley, 1963.
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Such a function, when used as an index of economic value, simply
assumes that the economic loss associabed with a shortage is a function
of the square of the total shortage for a year and that the actual
operation will be such as to minimize the effects of that shortage
through forecasting and spreading the shortage over several months.
Although the actual economic function might be more closely related
to some other power of the shortage, aquadratic function can usuvally
represent the actual function very clésely, given the proper coefficient.,
Big advantages of adhering to the quadratic function are that the shortage
index can be multiplied by a constant to convert the value of shortages
to dollars in one simple operation and that the index can be computed
independently of the actual economic values. A typical shortage rela-
tionship is shown in figure 4. Losses shown are reasonable for agricule
tural areas. Those for municipal supplies would be far greater.

If a coefficient is assigned to the shortage index at each location
and for each function, the shortage indexes that are printed out at the
end of the hydrologic computation can be multiplied by these coefficients
to establish easily and fairly accurately the economic loss due to the
shortages. If this is done, then the basic detailed economic analysis
described in the preceding section could ignore shortsges by assigning
the same value to an inadequate flow as to an adequate flow, thus

excluding any penalty for shortages in that computation. The penslty



for shortages could then be assigned on the basis of the shortage

index, which appears to be a more reasonable function for this purpose.
Furthermore, if there is negligible economic value of surpluses, then
the detailed economic computation can be dispensed with, and the shortage
index used to subtract a loss quantity from the total value of the firm

yields required.

CONCLUSION

The computer program described performs an elaborsbe and detailed
sequential analysis of almost any configuration of water resource projects.
System characteristics and requirements can be specified in any desired
degree of detail with minimunm effort. Oubput includes detailed data on
the month-to-month opergtion, as well as hydrologic and economic sume-
maries useful for rapid evaluation of system performance.

The procedures for evalugting the economic accomplishments of a water
resource system provide a unique expression of benefits and yet provide
a detailed bresk-down of the benefits attributable to the various purposes
and to the various projects and to the locations where they occur. Their
computation requires a minimum of preparation and is very inexpensive,
once that all of the pertinent project features and economic functions
have been determined. Benefits can readily be recomputed for changes in
any of the project components or economic functions, and are therefore
highly useful for cost allocation purposes and for selection of optimum

system configuration,
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TABLE I - EXAMPLE OF HYDROLOGIC PRINT-OUT

ALL

1 RESERYNIR A

FLOWS

IN CFS,

STORAGFS AND

EvaAp IN AC-FT AND

POWER

TN THOUSAND KWH |

SERVED RY

SERVING

1

1
L

2 4

YR 1935

LNC FLy
HNREG

CEER SRR
=Op EL

FVAPD

_REQ PWR 5.
REQ PWR 150378

AVG

JAN  FEB MAR APR MAY JUN JuL
862 1330 1852 980 1776 1424 942 414
862 1330 1852 980 1776 1424 942 414
8672 1330 1852 980 1776 1424 9472 414

5148
52560

156000

1448.85

185973
1466,59

0
4464

0

4032

197741
1472.73

268709

1506.72

321202
1528, 83

350600
1541.15

338000

1535, 87 .

0
4464

600
4320

631
4464

990
4320

1275
4464

150378

4464
16066

4032
14775

4464
10431

4320

7936

XA
8845

4320
5989

AN

L PDWER
SHORTGE
[ASE

LEVEL

£SY REL
RIV.FLW ..

NES =L u

SHORTGE

2 RESERVOIR B

0

0

103

n

202

6.00

4,21

0

202

0
202

0
202

0
103

10130

0

103

3.98

4.00

5.52

6.00

6. 00

794 370 1312 789 573 560 267 598
923 1330 1312 789 573 S50 431 508
0 0 0 ’ 0 0 0 0 i
o ] o 0 0o 0 0 0 0

_ SERVED

SERVING

.. DES FLY

YRT1935

LLOC FLW

AVG
1353

JAN
2290

FER
2258

MAR
1620

APR
3054

MAY
22748

CJUN
1618

JUL

b66

UNREG
S AINELOY

2215
2276

3620
3620

4110
3570

2600
2409

4830
3627

3700
2835

2560
2049

1080 |
1264

EQP SIR

118800

- 194078

222331

333863

413551

443100

420000

CEOPTFL
FVAPO

o 9094

R25.00
0

867.07
0

864,15 |

0

BOT7, A7
1098

918.18
1140

976,71
1753

912.82

2230

REN PR
RED PR
POWER

£V REL
CRIV FLY

UFVEL

210240

261271
261271

17856
17856

16128

16128

17856
17856

17280
17280

17856
17856

17280
17280

17856
17856

26270

o

16128

17856

17280
0

© 17856
D

18437

0.

20128
Q i

1263

EIER
_. 5600

557
5.65

203
H.00

2073
A W00

SHORTGF

1807 2461 1734 1522 1428 1423
2280 3620 1734 1522 1523 1604

» 0 0 0 0 0 <0
0 0 0 0 0 )




TABLE I - EXAMPLE OF HYDROLOGIC PRINT-OUT
(Continued)

7 SERVED BY 3

SERVING 3 4

LOCAL NTVERSTIONS 3

2 RESERVOIR C

YR 1935 TTTRVE JAN FEB MAR APR WAY  JUN JUL
L0L FLW 418 935 1020 615 870 475 492 75
UNREG K 418 935 1020 615 870 475 492 75
INFLOW 418 935 1020 615 870 475 497 75
REQ D1V 127.9 0. 0. 0. 16.0  149.0 317.0  508.0
_ DIVERSN 127.9 0. Do 0. _16.0 149.0 317.0 . 508.0

BTRET o 5 5 5 . 5 o :“vg.

SHNRTGHE

o B 1

EOP STR 10000 58000 84000 109000 117500 117500 86271
_EOP EL . 728.00 789.47 809.37 824.80 830.00 830,00 810,88

>
%

CEVABR T assy 0 0 0 526 519 7561 8R3
JCASE. 393 303 303 303 303 . ‘303 301
LEVEL 1.00 6.00 T 6L.00 H.0N 6.00 QQ,QO 5.31

€SV RE1 61 61 BT 61 61 61 61 61
RIV FLW 285 2935 156 192 %25 179 162 6]

DES FLw 61 61 sl el sl 61 61 61

SHARTGE 0 0 0 0 ) 0 0 e

4  CONFLUENCE ‘ SERVED BY 1 2. 3

LOCAL DIVERSTIONS 3 4

YR 1935 AVG  JAN  FEB  MAR APR MAY JUN JUL
LOC FLY -403 562  -1450 419 -1252  -1235 = -482 -385

DUNREDG 22320 5117 3680 36324 4448 2940 2570 169
ITNFLOW 2034 5117 921 o 2560 892 317 886 770

REQ DIV ~ =32.0 0. 0. 0. -4,0 ~37e2 -79.2 -127.0
DIVERSN  =32,0 O Do 0. -4,0 * -37,2 -79.2 =127.0 |
SHORTGE 0. 0. 0. - 0. 0. 0. 0. D
_RIV FLYW 2066 5117 921 2560 896 354 966 897
NES FLW 142 100 100 100 150 200 200 200
SHORTGE 0 0 0 0 0 0 0 0.
CMIN FLW O TI00 100 100 100 100 100 100 100
SHNRTGF ) 0 o .. 0 0 0 0 n




TABLE IT. - EXAMPLE OF BENEFITS PRINT-OUT -

AVERAGE ANNUAL BENEFITS IN THOUSAND DOLLARS

NET RENEFITS GAINED {UNALLOCATED)

FUNCTION
LSTA o osum. 1 2 3 s 5 &
1 301 0 0 136 164 0 0
2. 15% O 0 tzy o oo=2 0 0
3 381 0 -15 52 0 344 0
4 68 68 ) 0 O n 0
osM_ %t 68 =15 360 152 344 .0
) NET BENEFITS GAINED (ALLOCATED)
' " FUNCT TON
STA SUM 1 2 3 4 5 6
1 354 52 1 136 164 0 0
2 237 76 2 171 . -12 0 .0
3 369 -15 -12 52 0 344 : 0
4 =51  ~46 -5 0. 0 ¢ 0 .0
SM 910 68 -15 . 360 152 344 0-
o . GRNSS BENEFITS
FUNCTION
_STA sum | S 2 - 3. 4 : 5 6
1 301 0 0 136 164 0 N
2 159 0 0 171 -12? 0 "
3 535 0 138 - 52 0 344 )
4 779 299 480 : 0 0 D 0
sSM 1773 299 618 360 152 344 0
. POTENTIAL GROSS BENEFITS |
’ FUNCTION |
STA  SuM 1 2 3 , 4 5 6 z
1 538 0 0 250 288 0 0
? 1502 » 0 0 350 1152 0 0
3 769 0 240 150 0 379 0
4 1080 600 480 0 0 0 0
SM 3889 600 7120 750 1440 379 0
REMAING BENFFITS :
FUNCTION ;
STA SUM 1 2 .3 4 5 6 ;
1 237 0 0 114 124 0 0
2 1343 0 0. 179 1164 0 0
3 234 0 102 98 0 35 0
4 301 301 0 0 .0 , n - 0

s 2116 301 102 390 1288 35 g
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TYPICAL SIMPLIFIED BENEFIT FUNCTIONS




Annual loss, ratio to annual benefits

8
ILLUSTRATIVE RELATION ONLY /
| A
L=9.552 4 /

\7/
/

| /

0 2 4 .6 .8

Annual shortage ratio

Figure 4

ILLUSTRATIVE SHORTAGE LOSS RELATION




TP-1
TP-2

TP-3
TP-4
TP-5
TP-6
TP-7
TP-8
TP-9
TP-10
TP-11
TP-12
TP-13
TP-14

TP-15
TP-16

TP-17
TP-18
TP-19
TP-20
TP-21
TP-22
TP-23
TP-24
TP-25
TP-26
TP-27
TP-28
TP-29
TP-30
TP-31
TP-32
TP-33
TP-34
TP-35

TP-36
TP-37

TP-38

Technical Paper Series

Use of Interrelated Records to Simulate Streamflow

Optimization Techniques for Hydrologic

Engineering

Methods of Determination of Safe Yield and

Compensation Water from Storage Reservoirs

Functional Evaluation of a Water Resources System

Streamflow Synthesis for Ungaged Rivers

Simulation of Daily Streamflow

Pilot Study for Storage Requirements for Low Flow

Augmentation

Worth of Streamflow Data for Project Design - A

Pilot Study

Economic Evaluation of Reservoir System

Accomplishments

Hydrologic Simulation in Water-Yield Analysis

Survey of Programs for Water Surface Profiles

Hypothetical Flood Computation for a Stream

System

Maximum Utilization of Scarce Data in Hydrologic

Design

Techniques for Evaluating Long-Tem Reservoir

Yields

Hydrostatistics - Principles of Application

A Hydrologic Water Resource System Modeling

Techniques

Hydrologic Engineering Techniques for Regional

Water Resources Planning

Estimating Monthly Streamflows Within a Region

Suspended Sediment Discharge in Streams

Computer Determination of Flow Through Bridges

An Approach to Reservoir Temperature Analysis

A Finite Difference Methods of Analyzing Liquid

Flow in Variably Saturated Porous Media

Uses of Simulation in River Basin Planning

Hydroelectric Power Analysis in Reservoir Systems

Status of Water Resource System Analysis

System Relationships for Panama Canal Water

Supply

System Analysis of the Panama Canal Water

Supply

Digital Simulation of an Existing Water Resources

System

Computer Application in Continuing Education

Drought Severity and Water Supply Dependability

Development of System Operation Rules for an

Existing System by Simulation

Alternative Approaches to Water Resources System

Simulation

System Simulation of Integrated Use of

Hydroelectric and Thermal Power Generation

Optimizing flood Control Allocation for a

Multipurpose Reservoir

Computer Models for Rainfall-Runoff and River

Hydraulic Analysis

Evaluation of Drought Effects at Lake Atitlan

Downstream Effects of the Levee Overtopping at
Wilkes-Barre, PA, During Tropical Storm Agnes

Water Quality Evaluation of Aquatic Systems

TP-39

TP-40

TP-41

TP-42
TP-43

TP-44

TP-45

TP-46
TP-47

TP-48

TP-49

TP-50

TP-51

TP-52

TP-53

TP-54

TP-55

TP-56

TP-57

TP-58

TP-59

TP-60

TP-61
TP-62

TP-63
TP-64

TP-65

TP-66

TP-67

TP-68
TP-69

A Method for Analyzing Effects of Dam Failures in
Design Studies

Storm Drainage and Urban Region Flood Control

Planning

HEC-5C, A Simulation Model for System

Formulation and Evaluation

Optimal Sizing of Urban Flood Control Systems

Hydrologic and Economic Simulation of Flood

Control Aspects of Water Resources Systems

Sizing Flood Control Reservoir Systems by System

Analysis

Techniques for Real-Time Operation of Flood

Control Reservoirs in the Merrimack River Basin

Spatial Data Analysis of Nonstructural Measures

Comprehensive Flood Plain Studies Using Spatial

Data Management Techniques

Direct Runoff Hydrograph Parameters Versus

Urbanization

Experience of HEC in Disseminating Information

on Hydrological Models

Effects of Dam Removal: An Approach to

Sedimentation

Design of Flood Control Improvements by Systems

Analysis: A Case Study

Potential Use of Digital Computer Ground Water

Models

Development of Generalized Free Surface Flow

Models Using Finite Element Techniques

Adjustment of Peak Discharge Rates for

Urbanization

The Development and Servicing of Spatial Data

Management Techniques in the Corps of Engineers

Experiences of the Hydrologic Engineering Center

in Maintaining Widely Used Hydrologic and Water

Resource Computer Models

Flood Damage Assessments Using Spatial Data

Management Techniques

A Model for Evaluating Runoff-Quality in

Metropolitan Master Planning

Testing of Several Runoff Models on an Urban

Watershed

Operational Simulation of a Reservoir System with

Pumped Storage

Technical Factors in Small Hydropower Planning

Flood Hydrograph and Peak Flow Frequency

Analysis

HEC Contribution to Reservoir System Operation

Determining Peak-Discharge Frequencies in an

Urbanizing Watershed: A Case Study

Feasibility Analysis in Small Hydropower Planning

Reservoir Storage Determination by Computer

Simulation of Flood Control and Conservation

Systems

Hydrologic Land Use Classification Using

LANDSAT

Interactive Nonstructural Flood-Control Planning

Critical Water Surface by Minimum Specific

Energy Using the Parabolic Method



TP-70
TP-71
TP-72
TP-73
TP-74
TP-75
TP-76
TP-77
TP-78

TP-79

TP-80

TP-81

TP-82
TP-83

TP-84

TP-85

TP-86

TP-87
TP-88

TP-89
TP-90
TP-91

TP-92
TP-93

TP-94

TP-95

TP-96

TP-97

TP-98

TP-99

TP-100

TP-101

TP-102
TP-103

TP-104

Corps of Engineers Experience with Automatic
Calibration of a Precipitation-Runoff Model
Determination of Land Use from Satellite Imagery
for Input to Hydrologic Models

Application of the Finite Element Method to
Vertically Stratified Hydrodynamic Flow and Water
Quality

Flood Mitigation Planning Using HEC-SAM
Hydrographs by Single Linear Reservoir Model
HEC Activities in Reservoir Analysis

Institutional Support of Water Resource Models
Investigation of Soil Conservation Service Urban
Hydrology Techniques

Potential for Increasing the Output of Existing
Hydroelectric Plants

Potential Energy and Capacity Gains from Flood
Control Storage Reallocation at Existing U.S.
Hydropower Reservoirs

Use of Non-Sequential Techniques in the Analysis
of Power Potential at Storage Projects

Data Management Systems of Water Resources
Planning

The New HEC-1 Flood Hydrograph Package
River and Reservoir Systems Water Quality
Modeling Capability

Generalized Real-Time Flood Control System
Model

Operation Policy Analysis: Sam Rayburn
Reservoir

Training the Practitioner: The Hydrologic
Engineering Center Program

Documentation Needs for Water Resources Models
Reservoir System Regulation for Water Quality
Control

A Software System to Aid in Making Real-Time
Water Control Decisions

Calibration, Verification and Application of a Two-
Dimensional Flow Model

HEC Software Development and Support
Hydrologic Engineering Center Planning Models
Flood Routing Through a Flat, Complex Flood
Plain Using a One-Dimensional Unsteady Flow
Computer Program

Dredged-Material Disposal Management Model
Infiltration and Soil Moisture Redistribution in
HEC-1

The Hydrologic Engineering Center Experience in
Nonstructural Planning

Prediction of the Effects of a Flood Control Project
on a Meandering Stream

Evolution in Computer Programs Causes Evolution
in Training Needs: The Hydrologic Engineering
Center Experience

Reservoir System Analysis for Water Quality
Probable Maximum Flood Estimation - Eastern
United States

Use of Computer Program HEC-5 for Water Supply
Analysis

Role of Calibration in the Application of HEC-6
Engineering and Economic Considerations in
Formulating

Modeling Water Resources Systems for Water

Quality

TP-105

TP-106
TP-107

TP-108
TP-109
TP-110
TP-111
TP-112
TP-113
TP-114
TP-115

TP-116
TP-117

TP-118

TP-119

TP-120

TP-121

TP-122

TP-123

TP-124

TP-125

TP-126

TP-127

TP-128

TP-129

TP-130

TP-131

TP-132

TP-133

TP-134

TP-135

TP-136

TP-137

TP-138

TP-139

TP-140
TP-141

Use of a Two-Dimensional Flow Model to Quantify
Aquatic Habitat

Flood-Runoff Forecasting with HEC-1F
Dredged-Material Disposal System Capacity

Expansion
Role of Small Computers in Two-Dimensional
Flow Modeling

One-Dimensional Model for Mud Flows
Subdivision Froude Number

HEC-5Q: System Water Quality Modeling

New Developments in HEC Programs for Flood
Control

Modeling and Managing Water Resource Systems
for Water Quality

Accuracy of Computer Water Surface Profiles -
Executive Summary

Application of Spatial-Data Management
Techniques in Corps Planning

The HEC's Activities in Watershed Modeling
HEC-1 and HEC-2 Applications on the
Microcomputer

Real-Time Snow Simulation Model for the
Monongahela River Basin

Multi-Purpose, Multi-Reservoir Simulation on a PC
Technology Transfer of Corps' Hydrologic Models
Development, Calibration and Application of
Runoff Forecasting Models for the Allegheny River
Basin

The Estimation of Rainfall for Flood Forecasting
Using Radar and Rain Gage Data

Developing and Managing a Comprehensive
Reservoir Analysis Model

Review of U.S. Army corps of Engineering
Involvement With Alluvial Fan Flooding Problems
An Integrated Software Package for Flood Damage
Analysis

The Value and Depreciation of Existing Facilities:
The Case of Reservoirs

Floodplain-Management Plan Enumeration
Two-Dimensional Floodplain Modeling

Status and New Capabilities of Computer Program
HEC-6: "Scour and Deposition in Rivers and
Reservoirs"

Estimating Sediment Delivery and Yield on
Alluvial Fans

Hydrologic Aspects of Flood Warning -
Preparedness Programs

Twenty-five Years of Developing, Distributing, and
Supporting Hydrologic Engineering Computer
Programs

Predicting Deposition Patterns in Small Basins
Annual Extreme Lake Elevations by Total
Probability Theorem

A Muskingum-Cunge Channel Flow Routing
Method for Drainage Networks

Prescriptive Reservoir System Analysis Model -
Missouri River System Application

A Generalized Simulation Model for Reservoir
System Analysis

The HEC NexGen Software Development Project
Issues for Applications Developers

HEC-2 Water Surface Profiles Program

HEC Models for Urban Hydrologic Analysis



TP-142
TP-143
TP-144
TP-145
TP-146
TP-147
TP-148
TP-149
TP-150

TP-151
TP-152

Systems Analysis Applications at the Hydrologic
Engineering Center

Runoff Prediction Uncertainty for Ungauged
Agricultural Watersheds

Review of GIS Applications in Hydrologic
Modeling

Application of Rainfall-Runoff Simulation for
Flood Forecasting

Application of the HEC Prescriptive Reservoir
Model in the Columbia River Systems

HEC River Analysis System (HEC-RAS)
HEC-6: Reservoir Sediment Control Applications
The Hydrologic Modeling System (HEC-HMS):
Design and Development Issues

The HEC Hydrologic Modeling System

Bridge Hydraulic Analysis with HEC-RAS

Use of Land Surface Erosion Techniques with
Stream Channel Sediment Models

TP-153

TP-154

TP-155
TP-156

TP-157
TP-158

TP-159
TP-160

TP-161

Risk-Based Analysis for Corps Flood Project
Studies - A Status Report

Modeling Water-Resource Systems for Water
Quality Management

Runoff simulation Using Radar Rainfall Data
Status of HEC Next Generation Software
Development

Unsteady Flow Model for Forecasting Missouri and
Muississippi Rivers

Corps Water Management System (CWMS)

Some History and Hydrology of the Panama Canal
Application of Risk-Based Analysis to Planning
Reservoir and Levee Flood Damage Reduction
Systems

Corps Water Management System - Capabilities
and Implementation Status






	Front Cover
	Introduction
	Hydrologic Analysis
	Detailed Economic Analysis
	Shortage Index
	Conclusion
	Acknowledgment
	Technical Paper Series

