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ABSTRACT

Methods o f  determining the effects of upstream flood prevention

measures on watershed yield are required for optimum water resources develop-

ment. This report presents the results and analyses of studies conducted

since 1952  to define these effects. The studies were conducted in seven

study areas i n  Texas having diverse physical and climatic characteristics.

Reductions i n  annual yield ranged from 100 percent in dry years t o  h percent

in a very wet year. Average reductions in yield for an 8—year period common

to all seven study areas ranged from Sh percent in an area having an average

annual runoff.of 1.37 inches to 11 percent i n  an area having average annual

runoff of 6.6h inches.

A mathematical model for monthly consumption by reservoirs was

developed. The model consists of a linear multiple regression equation re-

lating monthly consumption to combinations of variables considered to be

representative of the physical processes involved i n  evaporation from the

free water surface and wetted peripheral soil, transpiration, and seepage

away from the pools. These prediction equations have standard errors of

estimate ranging from 11 percent to 16 percent.

A computer program which models the hydrologic response of a

system of upstream floodwater-retarding reservoirs was developed also uti-

lizing the mathematical model for monthly consumption. Necessary parameters

may be determined from soil maps, and reservoir design. Climatic variables

are computed from existing first order climatological data stations. The

program is suggested for use in water yield studies t o  adjust historical

streamflow records for the effects of upstream flood control programs.
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An annual inflow-outflow relationship was developed based on data

collected in all areas. This relation may be used as a reasonable first

approximation of the depletion of annual runoff from the controlled area of

a watershed.
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Chapter 1

INTRODUCTION

General Considerations

Congress, in the Flood Control Acts of 1936  and l9hh and by the

Watershed Protection and Flood Prevention Act of 195%, all as amended and

supplemented, authorized the construction of flood control and water-

conservation structures on small watersheds. These projects, which are the

responsibility of the U. S. Soil Conservation Service, entail the initiation

o f  appropriate land management practices t o  reduce erosion and sedimentation

damage and the installation o f  structural measures t o  temporarily store

flood runoff.

Local Soil Conservation Districts request the Soil Conservation

Service to make a survey of flood damages on a problem watershed and recom—

mend remedial measures. If benefit-cost analysis indicates economic feasi—

bility, standard practice is to construct a series of floodwater—retarding

structures in headwater areas to reduce damage in downstream reaches.

Structures generally control runoff from 005 t o  10 .0  square miles and pro—

vide sediment storage for 50 to 100 years° water is stored in the sediment

pools until storage is eliminated by sediment. Flood runoff temporarily

stored in the floodwater—retarding pool is automatically released through

fixed openings and the emergency spillway. A section of a typical structure

is shown in Figure 1.1.

Although the projects are initiated at the local level, the

Federal Government, through the Soil Conservation Service, pays almost the

entire cost. Local Districts are required only t o  provide right—of—way and

agree t o  maintain the structures. The floodwater—retarding structures are

not to be confused with the familiar farm pond, for which financial and

l
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technical assistance is also provided by the U. S. Department of Agriculture.

These two types of structures differ in size by approximately two orders of

magnitude. According to figures compiled by the Soil Conservation Service

(1957) ,  the 3h2,000 farm ponds in place in Texas had an average contributing

drainage area of 37 acres. The floodwater—retarding structures in place as

of 1969  have an average contributing drainage area of approximately h square

miles or 2,560  acres.

The magnitude of the Soil Conservation Service program is large.

In Texas alone, over 1 ,300  structures controlling runoff from approximately

5 ,200  square miles have been constructed since 1950 .  The Soil Conservation

Service estimates that approximately 3 ,500  structures are economically

feasible in Texas (U. S. Study Commission—Texas, 1962 and U. S. Soil Conser-

vation Service, 1963) .  Obviously a program of this magnitude will affect

the hydrologic characteristics of the watersheds involved.

The Texas District of the U. S. Geological Survey initiated hydro-

logic data—collection programs in Texas as early as 1951 to define the

effects of the floodwater-retarding structures on downstream yield and to

acquire hydrologic knowledge under the new condition. The firs floodwater—

retarding structures were instrumented in 1952 .  Eleven watersheds were

selected for study by the U. S. Geological Survey and its cooperating

agencies (Texas water Development Board, U. S. Soil Conservation Service,

the City of Dallas, and others), t o  obtain samples from a broad spectrum of

hydrologic environments, including different soils, geology, vegetation,

and climate. The data-collection program provides basic hydrologic infor—

mation sufficient to determine the water budget of the floodwater—retarding

pools.
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Purpose and Scepe

The purpose of this study was to develop relationships for deter—

mining the consumptive use attributable to the structural measures used in

implementing the upstream flood-damage prevention program. In this study,

consumptive use is defined as the reduction in watershed yield due t o  evapo—

ration, transpiration, and seepage losses due t o  impoundment. These

relationships may be used in adjusting historical streamflow for the effects

of present and future development of structural flood—damage prevention

measures. These adjustments are necessary for the proper evaluation and

planning for utilization of the water resources of Texas.

Monthly and annual relationships are developed based on data

collected in Texas but may be applicable to other areas. In the first

approach, monthly consumptive losses are related t o  climatic parameters and

physical characteristics of the structures, including the underlying soils.

These relationships were derived based on multiple linear regression analysis.

Based on these relationships, a mathematical model for the hydrologic response

of a system of reservoirs was developed which is useful in evaluating monthly

losses due t o  watershed development and for adjusting historical records. In

a second approach, using only annual values, a direct inflow—outflow relation-

ship was developed. Ihis relationship may be used for preliminary or recon-

naissance type studies where annual values are sufficient. However, the

annual relationships will not be  valid after appreciable quantities of sedi—

ment have been deposited in the pools.

Justification for Study

The upstream floodwater—retarding structures in place at present

affect the runoff from most major streams in the State t o  varying degrees.
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Upon completion of the program, the Trin i ty ,  Brazos, Colorado, Guadalupe,

and San Antonio River basins will be heavily developed. The planned

expansion of the program will result in some 15 ,000  square miles of Texas

watersheds being partially controlled. Based on data collected by the

U.S. Geological Survey in watersheds throughout the State, this ultimate

development would result in a net annual at site water loss in excess of

600 ,000  acre-feet. It is therefore necessary to accurately define the

effects of the flood-damage prevention program in all areas of the State

by appropriate adJustments to historical streamflow.
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“ Chapter 2

EXPLANATION OF DATA

In any analysis of hydrologic data where accurate areal extrap-

olation is the goal, data collected over a long and common period are

desirable. For this study, data from 7 of the ll study areas previously

mentioned were used° This chapter contains descriptions of data used as

well as related hydrologic parameters. Locations of the seven study areas,

six climatological data stations, and areas in Texas developed or currently

being developed by the Soil Conservation Service are shown in Figure 2,1,

For the purpose of analysis, data for each study area were "lumped", and all

structures were assumed to act as a unit.

Most data are given on a water year basis, A water year is defined

as the 12-month period ending on September 30 and designated by the calendar

year in which it ends. Thus the period October 1, 1959 through September 30,

1960 is designated as the 1960 water year.

Reservoir Surface-Water Budget Data

Data on the surface—water budget for each floodwater-retarding site

were collected by the U. S, Geological Survey. The number of reservoirs in-

strumented and drainage area controlled at the beginning of the water year

in each of the seven study areas is shown in Table 291.

Data were collected to define the following parameters for each

reservoir site on a monthly basis:

Inflow from land drainage, I ,  designated also as net inflow,

. Outflow from reservoir, 0 .

, Rainfall on pool,_R.-

Pool consumption, C.

a Pool change-in-volume, AS

. Mean pool surface area, A°

O
\ \
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All terms except consumption are self—explanatory. Consumption at the

reservoirs is defined as the residual o f  inflow, rainfall on pool, outflow,

and change in volume. In equation form (units generally in acre—feet):

C=I+R—OiAS (2-1)
Consumption is composed of evaporation from the free pool surface, evapo—

ration from the soil surface peripheral to the pool, transpiration by plants

surrounding the pool, and seepage away from the pool. Water that percolates

from the pools t o  the ground—water table is not consumed i n  the strict

sense of the word. However, unless the water table intersects the surface

stream at some downstream point, this water is "lost" insofar as surface—

water yield t o  a downstream water supply is concerned.

These data are compiled annually by study area. Most of these

data have been distributed by the Texas District of the Geological Survey

in booklet form in their "Compilation of Hydrologic Data" series. Data

are available for inspection i n  the files o f  the Geological Survey at

Austin, Texas. In addition, data for some of the study areas for various

time periods have been included in reports by Gilbert et al. (1962, 196M),

Kennon et al. (1967), Mills et al. (1965), and Mills (1969).

A summary of the annual water budget for the system of reservoirs

in each study area, computed in "lumped" fashion as a sum of the water budget

for the individual sites, is given in  Table 2.2. For each study area monthly

values of equivalent consumption, defined as the quotient o f  consumption in

acre-feet divided by the average surface area in acres, were also computed.

From the outset of the data collection program, it became apparent that

losses were generally in excess of those attributable to evaporation from the

free water surface alone. A comparison of equivalent annual consumption and
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gross lake evaporation for 1959 through 1965 water years  is shown in Figure

2 .2 .  Gross lake evaporation is taken from Kane (1967).

Climatological Data

For this study monthly values of the following climatological data

were used: wind speed, relative humidity, and temperature. Since the pro-

posed methodology was t o  be used t o  adjust historical streamflow, one criteria

for selecting a first order U° S .  Weather Bureau Station was a long and

continuous record. Another criteria was proximity t o  the seven study areas.

The six stations selected were Dallas, San Angelo, San Antonio, Victoria,

Waco, and Wichita Falls. Data for these stations are published by the

Department of Commerce, Weather Bureau, in the annual series "Climatological

Data - Texas Section". Subjective weight factors for each study area were

assigned t o  weather stations primarily based on distance, with consideration

also being given t o  elevation. These weight factors are shown i n  Table 2.3.

Related Physical and Climatic Data

Climate. and Physiography.——A summary of the more important climatic

and physiographic parameters o f  the seven developed study areas is given in

Table 2.h. Average annual precipitation and temperature for the period 1931-

60 were taken from Carr (1967). Values of average annual gross lake evapo—

ration, l9hO—65, were taken from Kane (1967).

Surface Area, Storage, and Discharge.——The surface area—storage

relationships for the system of reservoirs in each study area also vary

depending upon topography. Discharge characteristics and amounts o f  water

stored at various designated elevations depend upon design. Table 2.5 and

2.6 summarize the surface area, storage, and discharge characteristics found

i n  the seven developed study areas. A comparison of surface area—storage
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Table 2.3 Weather station and weight factor used

for each study area.

Station
Study area San Wichita

Dallas San Angelo Antonio Victoria Waco Falls

Calaveras Creek 0 O 90% 10% 0 0

Cow Bayou 0 O 0 O 100% 0

Deep Creek '0 60% 0 O h0% 0

Elm Fork Trinity River h0% O 0 0 O 60%

Escondido Creek 0 0 50% 50% 0 0

Green Creek 0 25% 0 0 50% 25%

Honey Creek 100% 0 O O 0 0



1h

Table 2.h.-—Climate and physiography of seven  developed study areas.

[W

L
. .

.
L

__
;E

__
;E

_
_

;

Average Average Average Average annual
eleva— annual annual gross lake
tion, _ . . precipi— tempera— evaporation,

Study area feet natltude Longltude tation, ture, inches

above inches o F  l9hO—65
(msl) 1931-60 1931-60

Calaveras Creek 505 29°19 '  98°18' 29 69 61+

Cow Bayou 600 31°21' 97°15' 33 67 61+

Deep Creek 1 ,490  31°20' 99°09' 27 65 76

Elm Fork Trinity River 985 33°38' 97°25' 33 65 68

Escondido Creek 360 28°u9' 97°51“ 30 7o 62

Green Creek 1 ,370  32°07' 98°17'  31 65 71+

Honey Creek 660 33°20' 96°h2‘ 38 65 6h
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characteristics may be Seen in Figure 2.3.

§pil§.-—The hydrologic properties of soils in a study area are

important parameters. The amount of water lost from floodwater—retarding

pools other than by evaporation from the free water surface is t o  some degree

dependent upon the soil adjacent t o  and underlying the pools. Soil maps were

prepared for each of the seven watersheds. Soil series were determined from

county soil maps compiled by the Soil Conservation Service (USDA) and the

Texas Agricultural Experiment Station. The maps are published by the Texas

Agricultural Extension Service. The county soil maps show delineations for

the dominant soil series and.the approximate percentages of each soil. These

maps are useful for reconnaissance purposes and are available for most

counties in the State.

Soils have been classified as to hydrologic properties (primarily

as to runoff potential) by the Soil Conservation Service (National Engineer—

ing Handbook, Hydrology, SCS, 1957) ,  and are classified into four major

groups. Soils are classified as A ,  B ,  C ,  and D ,  with definitions as follows:

Group A :  (Low runoff potential). Soils having high infiltration

rates even when thoroughly wetted, consisting chiefly of sands and gravel

that are deep and well t o  excessively drained.

Group B: Soils having moderate infiltration rates when thoroughly

wetted, chiefly moderately deep to deep, moderately well to well drained,

with moderately fine to moderately coarse textures.

Group C: Soils having s l  w infiltration rates when thoroughly

wetted, chiefly with a layer that impedes the downward movement of water, or

of moderately fine to fine texture and a slow infiltration rate.
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Group D :  (High runoff potential). Soils having very slow infil—

tration rates when thoroughly wetted, chiefly clay soils with a high swelling

potential; soils with a high permanent water table; soils with a clay pan

or clay layer at or near the surface; and shallow soils over nearly impervious

materials.

Although soils were classified for runoff potential, this classifi-

cation will also serve as an index of seepage potential. Musgrave and Holtan

(l96h) give the following minimum infiltration rates by soil groups; 808 soil

classification:

Soil Group Minimum infiltration rate, inchesgper hour

A 0 .30  to O.h5

B .15 to .30

C .05 to .15

D O to .05

An abbreviated description of soils, along with their hydrologic classifi-

cation and approximate percentage found in each study area, are shown in

Table 2.7. Only those soils underlying floodwater-retarding structures are

listed. The computed percentage o f  each soil is based partly on total area

and partly on surface area of individual pools at sediment-pool elevation.



Table  2 .7 . - -Desc r ip t i on  of  so i l s  i n  seven study a reas .

Hydrologic  Approximate
Description so i l  group e rcen tageStudy a r ea  ISo i l  series

_. R
n

Calaveras Creek  Miguel

do

do

do

Cow Bayou

Deep Creek

do

Elm Fork Trinity
River

San  Antonio

Sti dham

Webb

Austin

Eddy

Houston

Houston—
Bla ck

Kirkland

Owens

Danton

Tarrant

Fr i ab l e  sandy loam to  loamy sand  su r f ace ,  8-18 i nches

t h i ck ,  grading t o  firm sandy clay o r  sandy clay

loam 2540  inches below the surface.

Weakly granular t o  mass ive  f ine  sandy loam to  clay

loam surface,  6-12 inches  t h i ck ,  grading to  very

firm blocky clay 21+ inches below the sur face .

Weakly granular ve ry  friable f ine  sandy loam to

loamy f ine  sand surface, 6—18 inches th ick,

grading into a fr iable blocky sandy c l ay .

Frieble sandy loam to  loam surface ,  8-12 inches

th ick ,  wi th  very firm plas t ic  c l ay  subsoi l  over

calcareous sandy clay with thin s t ra ta  o f  sand-

stone a t  depths of 30-15 inches .

Friable calcareous s i l ty  clay to  clay surface,

10-11% inches  thick,  over fr iable strongly

granular highly ca lcareous  s i l ty  clay t o  c l ay .

chalky marl or chalk at depths o f  15-30 i nches .

Very friable ca lca reous  s i l ty  clay o r  clay 3-15

inches th ick ,  over so f t  chalky" marl .

Crumbly calcareous clay surface ,  6—15 inches thick,

over bloclqr highly calcareous c l ay  at 20-36

i nches  dep th .

Crumbly and friable calcareous clay sur face ,  10—25

inches  t h i ck ,  over firm bloclw calcareous c lay

with strongly calcareous clay at 30-60 inches

dep th .

Friable s i l t  loan to  clay loam su r f ace ,  7-10 inches

thick,  over very firm and compact blocky clay

that g rades  in to  weakly calcareous clay o r

shaly clay be low about 36  inches  depth .

Calcareous clay surface ,  5-10 inches  t h i ck ,  over very

firm blocky to  mass ive  ca l ca reous  clay that  g rades

in to  ca lcareous  shaly clay 15-30 inches beneath

the su r face .

Cmbly granular ca lcareous  c l ay  sur face ,  8-12 i nches

th i ck ,  over crumbly p las t ic  s t rongly  ca lcareous  c lay

over  substrate. o f  l imestone in terbedded wi th  soft

mar l ,  o r  broken fragments o f  l imes tone  mixed with

marl a t  dep ths  o f  abou t  12 -36  i nches .

Friable  highly ca lca reous  c lay  surface ,  L8  inches  t h i ck ,

over b roken  o r  partly wea thered  l imes tone  o r  l ime-

s tone  bedrock a t  l e s s  than 12  inches  benea th  t he

D

surface .

16

143

31+

30

21}

20

26

to

60

65

35
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Table 2.7.--Description of soils in seven study areas-Continued

Study area Soil Serigi Description
Hydrologi c
soil yelp

Approximate
percentage

Escondido Creek

do

do

Green Creek

do

do

Honey Creek

Monteola

Range

Unnamed

Zapata

Benton
(shallow phase)

Stephenville

Tarrant

Windthorst

Austin

Houston-
Black

Calcsreous clay surface, 12 to 30 inches th ick ,

over angular blocky calcareous clay.

Fine sandy loan, 8 to 16 inches thick, over cal-

careous sandy clay loam that grades to a cal-

careous sandstone 1+ to 7 feet below the surface.

(Similar to Engle soil series). Calcareous loam,

10 to 18 inches thick over calcareous fine

subsngulsr blocky loan to sandy clay loam that

grades to sandy clay loam and interbedded

partially weathered calcareous sandstone.

Calcareous sandy loam to loam h to 114 inches thick,

over strongly cemented to influx-sized caliche,

several feet thick.

Crumbly granular and subangular bloclq calcareous

silty clay loam to clay surface, ll-S inches

thick, over cmbly plastic strongly cal-

careous clay over substrate of limestone,

largely strongly cemented celiche, grading into

unaltered marine limestone at depths of 10-20

inches.

Friable sandy loam to loamy sand surface, 8-15 inches

thick, over friable sandy clay loam.

Friable highly calcareous clay surface, b-8

inches thick, over broken or partly weathered

limestone or limestone bedrock at less than 12

inches beneath the surface.

Friable fine sandy loan to loan surface, 8-12 inches

thick, over very firm sandy clay.

Friable calcareous silty clay to clay surface, 10-11;

inches thick, over friable strongly granular

highly calcareous silty clay to claw. Challw

marl or chalk at depths of 15-30 inches.

Crumbly and friable calcareous clay surface, 10-25

inches thick, over blocky strongly calcareous

clay at 30-60  inches depth.

D 26

21+

2 5

13

51

35

65

21
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Chapter 3

REVIEW OF COMPONENTS OF WATER
LOSS IN IMPOUNDMENTS

Results previously cited amply illustrate that losses from

floodwater—retarding pools are considerably in excess of losses commonly

associated with the surface storage of water in large reservoirs. It seems

appropriate t o  consider the reasons for the losses° Once the underlying

physical reasons are established, design procedures can be developed in

order to minimize undesirable losses, Additionally, design agencies can make

appropriate allowances for any existing or proposed upstream flood prevention

programs.

For an analysis of the response of a floodwater-retarding pool to

various inputs, it is necessary t o  know the water budget. By the nature of

its design, the change in storage of the reservoir is zero over a long period

of time. For this study, inflow, rainfall on pools, outflow, and total con-

sumption are known. A conceptual model of the floodwater—retarding reservoir

is shown in Figure 3.1.

Obviously evaporation from free water surface, evaporation from

soil adjacent to the pool, and transpiration are depletions insofar as down-

stream water use is concerned. In none of the study areas has there been

evidence of significant quantities of seepage under and through the damo

Therefore, this quantity is assumed t o  be zero. In addition, unless the

ground—water table intersects the stream channel below the system of reser—

voirs, percolation to ground water is a loss for a downstream surface water

user. In none of the study areas has there been an increase in base flow,

therefore percolation t o  the ground water table is considered as a 1085:

Hence the problem is to separate the four components of consumption,

22
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Precipitation

Reservoir

Evaporation

Runoff

OutflowtAS

Seepaae past dam

Evaporation from soil Transpiration

Percolation
to ground water

FIGURE 3.l  -COnceptual model of water budget for a floodwoter-retardinq reservoir
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evaporation from free water su r f ace ,  evaporation from adjacent soil, trans-

piration, and seepage, based on sound physical principles. In addition, t o

make the methodology of general use, it should incorporate parameters which

are reasonably easy t o  obtain. A discussion of the four components of

consumption is given in the following sections.

Evaporation from Free Water Surface

Generally the major cause of depletion of impounded water is

evaporation from the free water surface. Evaporation i s  the process whereby

water is changed from the liquid state to the vapor state. The evaporation

process has been researched quite extensively, yet some of the processes

involved are not fully understood. An excellent summary and development of

evaporation processes is given by Anderson, Anderson, and Marciano (1950).

Evaporation occurs when water molecules in the liquid state attain

sufficient.energy t o  eject themselves from the water surface. Water vapor

exerts a partial pressure termed vapor pressure. When a parcel of air

contains the maximum amount of water vapor it can hold without condensation

occurring, the partial pressure exerted by the water vapor is termed

saturation vapor pressure.

Evaporation from a free water surface is highly dependent upon

the difference between the saturation vapor pressure and the actual vapor

pressure of the thin layer of air adjacent to the water surface. This is

the basis for the many empirical evaporation equations based on Dalton's

Law:

E = K (eS — ea)
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where E = rate of evaporation

K = a constant of proportionality

eS = saturation vapor pressure of air at water surface temperature

ea = actual vapor pressure of air.

A large number of studies have been concerned with defining the

constant of proportionality, K, which is generally partly dependent on air

movement. A summary of selected evaporation equations based on Dalton's

Law is given by Veihmeyer (196M).

Basically there are four methods of estimating evaporation from

lake surfaces. These four methods are discussed separately in the following

sections.

Pan—to—Lake Coefficients.——Pan-to-lake coefficients are by far the

most widely used method of estimating lake evaporation. They are simple to

use, necessary data are generally available, and results are reasonably

accurate on an annual basis. An annual pan—to—lake coefficient of 0.7 is

commonly used. Monthly values of pan—to—lake coefficients vary considerably

depending on local climate and on lake characteristics. The development of

improved methods for estimating annual lake evaporation from pan observations

and related meteorological data has been a primary objective of U. S. Weather

Bureau evaporation studies. Values of average annual Class A pan and lake

evaporation and Class A pan-to—lake coefficients for the conterminous United

States are given by Kohler, Nordenson, and Baker (1959). The use of the

customary 0.7 coefficient can lead t o  appreciable error unless the effects

of advected energy into the lake and heat transfer through the pan are taken

into account. In U. 8. Weather Bureau Research Paper No. 38 (Kohler,

Nordenson, and Fox, 1955 )  techniques are presented t o  adjust for advected
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energy and heat transfer. This paper gives the following equation as being

best suited for the computation o f  annual lake evaporation from pan data:

D
2
1

l
l 0 .70  [EP + .00051 Pa ap(0.37 + .oohl UP) ( T o  _ T a ) ° ' 8 8 ] -

where EL = lake evaporation, inches/day

EP = pan evaporation, inches/day

P a  = atmospheric pressure i n  inches of mercury

up = proportion of advected energy

(Class A pan) used for evaporation

= wind movement 6 inches above Class A pan in miles/day

Ta = air temperature, °F

T0 = water surface temperature, °F.

Total annual evaporation is then obtained by accumulating daily values and

solving the equation graphically. Lamoreaux ( 1962 )  has developed a formula

suitable for computer operations which replaces the graphical solution o f

the above equation. This method has been successfully applied by Roberts

and Stall (1966) in Illinois.

Empirical Eguatidns.—-Most empirical equations are based on Dalton's

Law and an empirical definition of the constant of preportionality, Generally,

the most important factor other than vapor pressure differential is wind

movement. Many of the formulas agree well with data from which they are

derived, but frequently are not readily applicable t o  other areas.

Energy-Budget Method.—-In the energy—budget method, incoming, out—

going, and stored energy are measured during some finite period and related

t o  the amount o f  energy required for the evaporation process. Utilizing the

energy budget, evaporation from a lake surface can b e  expressed as follows
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(Anderson, l95h):

Q s - Q r — Q b + Q v — Q Z

pL (1+R)

where E evaporation

Qs = incident solar radiation

Qr = reflected solar radiation

Qb = net energy lost by the body of water through the

exchange of long-wave radiation between the atmosphere

and the body of water.

Qv = net advected energy into the body of water

Q = increase i n stored energy in the body of water

p = mass density of water

L = latent heat of vaporization

R = ratio of energy conducted to or from the air as

sensible heat to the energy lost through evaporation,

generally referred t o  as Bowen's ratio.

From a physical point of view, it appears the energy budget method

is the most accurate method of computing evaporation i f  the terms i n  the

equation can be measured with sufficient accuracy. Accurate measurements

require costly and elaborate instrumentation, therefore, the method is gener—

ally used only for calibration purposes.

Mass-Transfer Method.-—Mass transfer theory has been developed to

derive evaporation equations, based on the concepts of discontinuous and

continuous mixing applied to the transfer of mass in the boundary layers. A

physical and mathematical review of mass-transfer equations is given by

Anderson, Anderson, and Marciano ( 1950 ) .  Two approaches are taken in mass
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t ransfer  theory .  One group of equations is based  on the concept of diseon—

tinuous mixing as developed in Prandtl's mixing length theory. The other

group of equations is based on the continuous mixing concept.

In the Lake Hefner studies, Marciano and Harbeck (l95h), reported

the following:

From the practical point of view of obtaining an evaporation
equation suitable for field use —

1. Two theoretical equations, Sverdrup (1937) form and
Sutton's form gives good results.

2. The Thornwaite-Holzman equation would probably give
satisfactory results with proper instrumentation but
instrument requirements are exacting,

3, All other theoretical evaporation equations based on
existing models and methods were found to be  unsatisfactory.

As an outgrowth of the Lake Hefner and other studies, Harbeck (1962)

has presented a quasi-empirical mass transfer equation of the form:

E = Nu (eS - ea) (3»1)

where E evaporation in inches/day

N = a mass—transfer coefficient, coefficient of proportionality

u wind speed in miles per hour at some height above the water

surface

es = saturation vapor pressure in millibars corresponding to the

water surface temperature

ea = vapor pressure of air in millibars.

The mass transfer coefficient N represents a combination of many

variables in the published mass transfer equations, including manner of

variation of wind with height, size of lake, roughness of the water surface,

atmospheric stability, barometric pressure, and density and kinematic
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v i scos i t y  o f  a i r .  Harbeck found

0.00338N =

A0“  05

with A i n  acres  and u = wind speed in  miles  per hour at 2 meters

above water surface a s  u sed  in  equation (3 ,1 ) .

The r e su l t s  o f  Ha rbeck ' s  mass—trans fe r  equation a r e  generally

reasonably accu ra t e .  The method requi res  only water—surface  tempera ture ,

ai r  temperature,  re la t ive  humidity,  and wind movement observat ions for

app l i ca t i on .  Observat ions o f  c l imat ic  f ac to r s  at nearby weather  s t a t i ons

may be  u sed  for es t imat ing  pu rposes .  The method has  ga ined  wide  accep tance

in  the  U .  S .  Geo log ica l  Survey.

Evaporation from Per ipheral  So i l  Surface

Evaporation from the so i l  su r f ace  peripheral  t o  t he  poo l  i s

generally not  cons ide red  t o  be  a s i gn i f i can t  sou rce  o f  water l o s s  i n  r e se r -

vo i r s .  I n  gene ra l ,  t h i s  i s  a val id  assumpt ion  for large r e se rvo i r s  because

the  so i l  area sub j ec t  t o  evaporat ion l o s s  i s  small  compared to  the  a r ea  o f

the  f ree  water su r f ace .

For small r e se rvo i r s ,  t h i s  may be  a s igni f icant  factor  s i nce

per imete r  i s  exponential ly r e l a t ed  t o  a r ea .  Per imeters  and su r face  a reas

at t he  sed iment  poo l  and emergency spil lway e levat ions  were  measured  and

these  values were  averaged for each  of  t he  7 study a r ea s .  The  r e su l t s  are

shown in  Figure 3.2.

A l inear  least—square r eg re s s ion  ind ica tes  the per imeter—surface

area re la t ion  t o  be

P = 1,660 A0 ”” (3.2)

where P - per imeter  i n  f ee t

A sur face  area  i n  ac re s -
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This relationship will vary depending upon topography and the number of

tributaries flowing directly into the pool, however, the trend is apparent.

If geometric scale is maintained, the exponent would be 0,5 rather than

O.hh. For this report, the exponent is assumed to be a constant (O.hh) and

the coefficient is varied. This yields the following relationships for the

seven study areas:

Calaveras Creek Escondido Creek

P = 1800 AO-LHF P = 16h0 A0.“”

Cow Bayou Green Creek

P = 1900 A°-”* P = 1&50 A0 “”

Deep Creek Honey Creek

P = 1&00 A0-4” P = 1800 A0.““

Elm Fork Trinity River

P = 2000 AO'””

To illustrate the effect of size on relative peripheral area, a

hypothetical example is taken:

Assume P = 1660 Ao ‘ ” ”  and effective evaporating band of soils is

20 feet wide

For A = 10 acres,

Evaporating soil area = 20 x l660(lO)°'”” = 2.1 acres or 21 percent
3,560

of surface area

For A = 1,000 acres,

Evaporating soil area = 20 x l660(1000)0‘Lm = 16.0 acres or 1.6
h3,5 0

percent of surface area.

This hypothetical example illustrates that for small pools evapo-

ration from the contiguous soil surface can be a significant factor.
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Obviously a pool of water creates a very shallow water table

adjacent  t o  the poolo Evaporation from a shallow water table has been well

documented in research reported in various scientific media. For example,

Van Hylckama (1966), reporting on field investigations in southern Arizona,

found significant amounts of evaporation from bare soils with water table

at a depth of 1.2 meters (3.9 feet). Information given by van Hylckama,

based on the assumption that soil porosity was hO percent, showed that

during two periods in  June evaporation from the soil surface was 0,25 inch

per day. McDonald and Hughes (1968) in field experiments conducted in

Arizona, found that for depth t o  water table of 2 feet, evaporation in the

l96h calendar year was equal to about 23 inches of water applied to the

surface. Assuming soil porosity of ho percent, this would require the

equivalent of 58 inches evaporation, slightly over 50 percent of U. S.

Weather Bureau Class A pan evaporation of 115 inches, In a 125 centimeter

(M9 inches) soil column initially saturated and allowed to evaporate under

constant potential evaporation rates, Gardner and Hillel (1962) found

evaporation was at an approximately constant rate t o  a water table depth of

10 inches, then continued at a decreasing rate to a depth of 25 inches,

The soil was loam with a porosity of ho percentc Nixon and Lawless ( 1960 ) ,

in tests on a bare soil, found that evaporation noticeably reduced soil

moisture in the upper two feet, but found no evaporation loss below four

feet. Fritchen and van Bavel (1962) found the rate of evaporation from a

wet soil surface to be  higher than from a free water surface, which they

attributed t o  more energy being used in heating the air over shallow open

water than over a wet soil surface.
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Physical phenomena governing the rate of evaporation from the

soil surface are complex. Research by Schleusner and Corey (1959) and King

and Schleusner (1961) demonstrated conclusively that evaporation from the

soil surface proceeds at a rate very nearly equal t o  the rate of evaporation

from a free water surface until a critical point is reached, after which

evaporation from the soil becomes very small. This critical point occurs

when the evaporation rate exceeds the upward transport rate and the upper

soil dries out, The critical point i s  determined by soil characteristics,

rate of evaporation, and depth to water table,

Based on a purely theoretical concept, Liakopoulas (1966) developed

a partial differential equation for representing evaporation loss from ground

water. Assuming an initially saturated column and considering the equations

of motion, continuity, and state, Liakopoulas solved the equation by finite

difference approximations. He found that the evaporation rate reduces rather

quickly, then levels off. The lower level of evaporation was found t o  be

determined by the unsaturated moisture conductivity of the soil.

Transpiration by Riparian Vegetation

Transpiration by vegetation can also be a significant quantity i n

areas with shallow water table° Unless preventive steps are taken, phreata—

phytes will flourish around the pools, Robinson ( 1952 )  found that generally

the greater the depth to the water table, the lower the rate of water used

by phreatophytesa

Transpiration depends primarily on temperature if the water table

is shallow and it virtually ceases during the dormant seasone Various

methods have been presented t o  estimate consumptive use by crops (McDaniels,

1960 ) .  Perhaps the most widely known and used methods are the Blaney-Criddle
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formula (Blaney and Griddle, l9h5), and the Penman type equations (Penman,

l9h8). Most methods relate consumptive use t o  pan evaporation.

Percolation to the Ground Water Reservoir

The rate of seepage from a reservoir to the underlying soil

depends primarily on the hydraulic conductivity of the underlying soil and

geologic formation. Hydraulic conductivity is the proportionality constant

K in  the well known Darcy's equation flow i n  porous media

Q=KAd_h

dl

where Q — rate of flow

A = gross cross-sectional area

Eh = hydraulic gradient-
dl

The term K is also frequently defined as the coefficient of permeability.

The value of K depends upon both the permeability o f  the porous media

and the viscosity of the fluid.

The U. S. Geological Survey has adopted two definitions of the

coefficient of permeability“

1. Laboratory or standard coefficient of permeability

K5 is defined as the flow of water at 60°F in gallons per

day through a medium having a cross-sectional area of 1

square foot under a hydraulic gradient of unity.

2. Field coefficient of permeability Kf is defined as the flow

of water in gallons per day through a cross section of

aquifer 1 foot thick and 1 mile wide under a hydraulic

gradient of 1 foot per mile at field temperatures

It is noted that Ks and Kf differ only in consideration of

temperature. If the difference i n  density due to temperature is neglected,
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the only difference necessary to consider is the viscosity. Hence,

KS pf

“@763
Where Hf and U60 are viscosity of water at field temperature and at 60°F ,

respectively. Laboratory coefficient of permeability Ks for various soils

on an order of magnitude basis are given by Todd (1959) as follows:

Range of KS,
Soil Class gal/day/ft

Clean gravel lO6 -— 104

Clean sands; mixture of clear snad and gravels 10" -- 10

Very fine sands; silts, mixtures of sand, silt,

and clay, glacial till, stratified clays, etc. 1 0  -— 10-3

Unweathered clays 10"3 — lO‘L+

Percolation to the ground—water table for an individual pool

depends upon the wetted soil area, permeability of the soil and underlying

formations, viscosity of the water, and relative position and slope of

the ground—water table.
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Chapter A

MATHEMATICAL MODEL FOR MONTHLY CONSUMPTION

Multiple Linear Regres s ion  Analysis

A multiple linear regression study was undertaken t o  define

relationships for consumption attributable t o  floodwater-retarding structures.

Measurements of all physical parameters necessary to define all segments of

the four components of consumption are not available, nor would it b e  eco-

nomically feasible to make the necessary measurements. It appears then,

that the best method of analyzing consumptive losses is by  multiple linear

regression. Multiple linear regression is useful i n  developing prediction

equations although the prediction equations may or may not have physical

significance. This method has been found t o  be quite useful in many areas

of research where it is not feasible t o  define and measure all the processes

involved.

The multiple linear regression equation i s  of the general form

where Y is the dependent variable

a0 and ai are regression constants

X i  are independent variables

n is the number of independent variables

E is the error due to regression

The dependent variable, consumption, is dependent upon evaporation

from the free water surface, evaporation from peripheral soil surface, trans-

piration by vegetation, and seepage. The four factors comprising consumption

are partially interrelated, being to some degree dependent upon the same

36
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physical parameters. This is often the case in hydrology; however, statis—

tical techniques can still be very useful.

Two basic approaches may b e  taken in multiple linear regression.

In one approach, all variables which are thought to be important are used

and tested for statistical significance. This frequently leads t o  regres-

sion equations which bear no resemblance t o  the physical processes involved.

The second approach is t o  formulate the individual variables into new vari—

ables or expressions which are considered to be representative of the

physical processes involved. The second approach was taken for this study.

Variables Used in Analysis.—-For use in the multiple linear re-

gression study, data on the following were available for use either as

measured or observed values:

1. C = monthly consumption, acre-feet.

2. A = monthly average surface area, acres.

3. BI= monthly mean depth, feet.

h. u = monthly average wind speed, miles per hour.

5. eS = saturation vapor pressure at surface temperature of water.

6. ea = actual vapor pressure at average monthly air temperature

and relative humidity, millibars.

7. Ae = eS - ea, vapor pressure deficit, millibars.

8. P = perimeter of pools at average surface area, i n  feet.

9. S = average side slope, feet per foot.

10. v = kinematic viscosity o f  water at average monthly water

surface temperature, feet2 per second x 105.

11. Ta = average monthly air temperature, °F.

12. Tw = average monthly water surface temperature, °F.
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DA = dra inage  a rea  controlled by floodwater—retarding

s t ruc tu re s ,  square  mi l e s .

The f i r s t  var iable ,  consumption C ,  i s  cons idered  t o  be  dependent upon the

remaining 12  va r i ab l e s .

Us ing  the se  13 va r i ab l e s ,  equat ions  wh ich  were  thought t o  be

representa t ive  o f  t he  physica l  p roces se s  were  formulated and analyzed by

multiple l inear  r eg re s s ion .  The equations have th ree  par ts  which  were

cons ide red  t o  be  rep resen ta t ive  of  consumpt ion by evapora t ion ,  t r ansp i ra t ion ,

and seepage .

l .

The  baé i s  for  fo rmula t ion  i s  a s  fo l l ows :

a .

Evaporation was cons ide red  t o  have two componen t s .

F ree  water -sur face  evaporation was  assumed to  be  a

func t ion  o f  su r f ace  a r ea ,  vapor p re s su re  de f i c i t ,  and

wind speed .  Th i s  i s  pat terned after the  mass- t ransfer

method (Harbeck ,  1962) .

Per iphera l  so i l - su r f ace  evaporat ion was assumed to  be  a

func t ion  o f  vapor p re s su re  de f i c i t ,  wind  speed ,  depth  t o

water  t ab l e ,  capillary r i s e ,  hydraulic conductivi ty o f

' s o i l ,  e f f ec t i ve  evaporating a r ea ,  and poros i ty  o f  so i l .

For  a g iven  s tudy a r ea ,  permeabi l i ty  and so i l  po ros i t y  i s

cons tant  and height  o f  capi l lary r i s e  va r i e s  only s l i gh t ly .

The e f f ec t i ve  evaporating area i s  d i r ec t l y  propor t iona l  t o

per imeter  o f  t he  poo l  and inverse ly  proport ional  t o  the

s ide  s lope .  Hydraulic conduct ivi ty  var ies  inversely  wi th

v i scos i t y .

For each  study a r ea ,  the  following express ions  for the  independent

va r i ab l e s  r ep re sen t a t i ve  o f  evapora t i on  were  computed fo r  each  mon th :



: 2
2

:
: 2

2
:

.
.
_
J

-—
—

-n
_
_
J

l1

l 4

39

x1 = Ae u (A + Kl P/Sv)

or X1 = Ae u (A + Kl P/S)

or X1 = Ae (A + Kl P/Sv)

or X1 = Ae (A + Kl P/S)

where Kl = a cons t an t  t o  convert the term to acres.

For this study, it was assumed the maximum effective

depth for evaporation from the soil was one foot.

Under this assumption, when only P and S are used,

Kl = 1/43,560.

In the initial processing of the data, combinations of Ae, u ,  v

and A ,  and Ae, u ,  P ,  S, and v were considered as separate variables.

The greatest variation of the evaporation expressions was attribu-

table to Ae, therefore the two expressions were highly correlated.

High simple correlation between variables often leads to somewhat

unreasonable and erratic results. This happened in this study,

therefore, A ,  P ,  S, Ae, and v were combined as shown in the above

expressions for X1.

2. Transpiration depends upon the amount of vegetation around

pools and the length of the growing season. For a given amount of

growth, transpiration is primarily a function of temperature. It

was assumed that the transpiration process is linearly related to

temperature and that transpiration ceases when mean monthly tempera-

ture falls below a given level. For comparability between study

areas of various sizes, a scale factor equal to the drainage area

upstream from the structures was added. The two expressions used

for the second independent variable were
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K2 (T3 — ho) DA

or x2 (Ta - 32) DA

with the qualification that X2 could not be less than zero.

3. Seepage away from reservoir was assumed to be directly pro-

portional to pool surface area and the product of mean depth and

perimeter, and inversely proportional to the kinematic viscosity

of water. Therefore, the expression used for the third independent

variable was

x3 = (K3 5? + A) /v

where K3 = l/h3,560 to convert 5? to acres.

The basic regression equation then is of the form:

C = a0 + a1 X1 + a2 X2 + a3 X3 (h-l)

For each study area, monthly values of consumption C, average

surface area A, and mean reservoir depth 5, were available from U.S. Geo—

logical Survey data. The mean depth, 5, was computed as the quotient of

average monthly content and surface area. Mean monthly air temperature,

wind movement, and relative humidity were computed using appropriate first

order weather station data as shown in Table 2.3.

A general relationship of difference in water surface temperature

and air temperature was developed based on average values of observations

taken in the study areas. This relationship is shown in Figure h.l and was

used to correct from air temperature to water temperature. The relation

indicates that water temperatures do not deviate greatly from air tempera-

ture on an average basis. This is characteristic of shallow lakes which

are well mixed and because of their small size cannot store large amounts

of heat energy.
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Saturation vapor p re s su re  eS was computed using water surface

temperature. For all practical purposes, saturation vapor pressure is a

function of temperature only. Since it is desirable to have an equation

for saturation vapor pressure rather than using a table look—up procedure,

an interpolating polynomial was developed using finite differences and the

Gregory-Newton formula for forward interpolation as outlined in Kunz (1957) .

The Gregory-Newton formula for forward interpolation is:

x = i n n ]
J=o 3‘

AJ x0 + R

where x = dependent variable

x0 = x at initial value of independent variable

y = independent variable

u = XZXQ
h

u[J] = T%-(u-j)
3:0

AJ = 3th difference in finite difference table

h = increment of independent variable in

difference table ( y j + l ' y j )

n = degree of interpolating polynomial

R = remainder (difference between tabulated

value and polynomial).

For the polynomial, temperature in degrees centigrade and corresponding

saturation vapor pressure in millibars were tabulated from 0°C to 30°C (32°F

to 86°F). Neglecting the remainder in R, the fourth degree polynomial of eS
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i n  terms of T is:

eS = 6.1 + 0.u180555 T + 0.0190971 T2

—0.0000386 T3 + 0.0000096 T”

where e saturation vapor pressure in millibars
S

T temperature in °C.

This gives eS between 0°C and 30°C with a maximum error of 0.5 percent.

The temperature used t o  compute es is water surface temperature. To

compute air vapor pressure ea, saturation vapor pressure is computed at

air temperature and multiplied by relative humidity, since relative humidity

= ea/es.

To compute kinematic viscosity, 0 ,  the relationship of v t o  water

temperature is used, since ponds are shallow and little stratification

would be expected. Soundings taken in Honey Creek site 12 in September

and November 1957 and February, March, and August 1958 (Gilbert et al.

196%) illustrate the uniformity of water temperature profiles in the pools.

An interpolating polynomial was developed for viscosity in terms of water

temperature, using the Gregory-Newton difference formula. Results are:

v = [1.93 - 0.0630556T + 0.0009955T2 + O.OOOOl5hT3

— 0.0000006T”] x 10'5

where v = kinematic viscosity in ft2 / sec

T = water temperature in °C.

This equation gives values of v within 1 1  percent accuracy in the range of

temperature 0 — 30°C (32—869w.

Average side slopes at the sediment pool elevation were computed

for each study area, based on rate of increase of surface area-— capacity

relation and pool perimeter. Values of side slope computed and used were
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as follows:

Calaveras Creek 0.03M

Cow Bayou . 061

Deep Creek .021

Elm Fork Trinity River .098

Escondido Creek .033

Green Creek .052

Honey Creek .065

For the regression study, the water years 1959 -66  were used as the

base period. Numerical values of the independent variables were computed

for each watershed and analyzed. Various combinations of different X1 and

X2 were used, making a total of 12 regression equations for each watershed.

As is often the case in research, the path from initial conception t o  final

formulation was at times a tortuous road. A number of'other'formulations were

attempted and discarded. Only the 12 which presently seem most reasonable

are included in this text. If the reasoning used i s  correct, the regression

coefficients should have the following characteristics:

so should b e  zero as C should be zero when X1, X 2 ,  and X3 are zero.

a1 should be reasonably similar in the seven study areas.

a2 should be a measure o f  growth around pools.

a3 should vary amoung the watersheds depending upon soil type

and geology and should reflect the hydraulic properties of

the underlying soils and geologic formations.

The independent variables for each watershed were processed by

digital computer using the observations of hydrologic and climatic data and

the physical properties of the structures.
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Description of Computer Program.—-Data for each study area  were

analyzed using a standardized program developed by the Biomedical Sciences

Department at the University of California at Los Angeles and modified to

some extent by personnel of the Civil Engineering Department of the

University of Texas at Austin. The program is quite flexible and can

accommodate up to 99 ,999  samples. For this study, 7 sub-samples (study

areas) with 96 observations (months) were used. Output of the program

included the following:

10.

ll.

12.

13.

Sums and sums of squares.

Cross products of deviations.

Correlation matrix.

Inverse of correlation matrix.

Means and standard deviations.

Regression coefficients, their standard errors and t-values

and deviation about regression, with degrees of freedom and

F-values.

Sums of squares due to regression for each variable.

Standard error of estimate.

Intercept.

Partial correlation coefficients.

Multiple correlation coefficients and coefficient of deter—

mination.

Table of residuals.

Analyses of extreme residuals.

For a complete description of the program and computation procedure,

see Dixon (196M). For a thorough treatment of theory and methodology of
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multiple regression analys is ,  see Ezekiel and Fox (1959) ,  or Fisher (1950).

Results of Regression Analysis.-—As stated previously, 12 regression

equations for different combinations of variables thought to b e  significant

were used for each study area. These 12 regression equations are as folloWs:

l. C = a0 + a1 u (es-ea)(A+KlP/Sv)+a2(Ta—h0)(DA)+a3(K35P+A)/v
‘2. C = a0 + a1 u (es-ea)(A+KlP/S)+a2(Ta—h0)(DA)+a3(K35f+A)/v

3. c = a + a1 (es—ea)(A+KlP/Sv)+a2(Ta—ho)(DA)+a3(K3BP+A)/v
h. C = a0 + a1 (es—ea)(A+KlP/s)+a2(Ta—uo)(DA)+a3(K35P+A)/v

5. 0-: a + a1 u (es—ea)(A+KlP/Sv)+a2(Ta-32)(DA)+a3(K35r+A)/v

6. C = a + al u (es-ea)(A+KlP/S)+a2(Ta—32)(DA)+a3(K35P+A)/v

7. C = a0 + a1 (es—ea)(A+KlP/S)+a2(Ta-32)(DA)+a3(K3Br+A)/v

8. c = a + a1 (es-ea)(A+KlP/SV)+a2(Ta—32)(DA)+a3(K3BP+A)/v

9. C = a0 + a1 u (eshea)(A+KlP/S)+a3(K3BT+A)/v

10. C = a0 + a1 u (es—ea)(A+KlP/Sv)+a3(K35T+A)/v

11. C = a0 + a1 (es-ea)(A+KlP/Sv)+a3(K3BP+A)/v

12. C II {Do + a1 (es—ea)(A+KlP/s)+a3(K3BP+A)/v

A summary of the results of the regression analysis is given in

Tflflehd.

These results indicate that several different equations yield

similar multiple regression coefficients and standard errors of estimate.

All twelve equations yielded reasonably good results. On an average basis,

the inclusion of wind speed as a factor did not improve the estimate. This

may be due to the fact that although wind is a significant factor in the

evaporation process i n  a short time interval, other factors dominate for a

period as long as a month. Only in the Cow Bayou and Elm Fork Trinity

River study areas were results improved by the inclusion of wind movement.

The inclusion of viscosity in the evaporation term did not improve results.
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From the above study, the equation selected as the best estimator of monthly

consumption for the seven study areas was:

C = a0 + a1 (es—ea)(A+KlP/s)+a2(Ta—ho)(DA)+a3(K3'13P+A)/v (h.2)

A summary of statistical parameters for each of the seven study

areas using equation (h.2) is given in Table L.2. From this table, the

following is noted:

1. al is significantly different from zero for all study areas

except Escondido Creek for a 9 9  percent confidence interval.

For Escondido Creek a1 is significantly different from zero

for a 9 0  percent confidence interval.

2. a2 is significantly different from zero at 99 percent confi-

dence level in all study areas except Calaveras Creek, Deep

Creek, and Escondido Creek.

3. a3 is significantly different from zero at 9 9  percent confi-

dence level in all study areas.

The results did not show a clear trend for any of the regression

coefficients, and several of the study areas had intercept (a0) values

significantly different from zero. As the purpose of this study was t o

develop methodology which could be extrapolated t o  ungaged areas, the least

square—multiple linear regression equations were not deemed t o  be satisfac-

tory because of the variation in regression coefficients.

Development of General Equations for Monthly Consumption

The multiple linear regression studywfim used to identify the

combination of variables which provide the best estimate of consumption.

Using these variables (equation h.2) another program was developed in which

the intercept (a0) was fixed at O and the other three regression coefficients
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were varied in a stepwise manner to determine the least square estimator

when a0 = 0. This program,designated as Program MINMIZ, along with an exam-

ple of output is included in the appendix. The object was t o  optimize the

results with a given set of constraints. The regression coefficient a1

should be relatively constant for all seven study areas. Initial testing

indicated the value of al which best fit all seven study areas was 0.026.

This value of al was then fixed for each study area and a2 and a3 Were

varied in a stepwise manner. The values of a2 and a3 should vary depending

upon the amount of vegetal growth and the type of soil in each study area.

A summary of the resulting equations which best fit the data is tabulated

below:

Calaveras Creek:

+C = .026 (es-ea)(A+KlP/S) .59 (K35? + A)/v (h.3)
Cow Bayou:

C = .026 (es—ea)(A+KlP/S) + .ooh (Ta—ho)(DA) + .hT (K3BP+A)/v (h.h)
Deep Creek:

C = .026 (es—ea)(A+KlP/S) + .ooh (Ta—ho)(DA) + “3h (K3BP+A)/v (h.5)
Elm Fork Trinity River:

C = .026 (es-ea)(A+KlP/S) + .020 (Ta—ho)(DA) + .50 (K3BP+A)/v (h.6)

Escondido Creek:

C = .026 (es—ea)(A+KlP/S) + .h9 (K35P+A)/v (h.7)
Green Creek:

0 = .026 (es~ea)(A+KlP/S) + .ooh (Ta-h0)(DA) + ,ho (K3EP+A)/v (h.8)
Honey Creek:

C = .026 (es-ea)(A+KlP/S) + 9012 (Ta-ho)(DA) + ”32 (K3BP+A)/v (h.9)
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In those equations having no (Ta—hO)(DA) term, the best fit regres—

sion coefficient was 0. A comparison of the standard error of estimate using

the derived equations and the least square regression study equations is

shown in Figure h.2. In two cases, the standard error of estimate was

apparently slightly improved, no doubt a result of machine rounding. The

largest difference was found in the Elm Fork Trinity River and Escondido

Creek study areas, the two areas having the largest values of intercept, a0.

Relation of Seepage Regression Coefficient t o  Soil.--The regression

coefficient postulated to be functionally related to the rate of movement of

water away from the reservoir through the underlying soil is termed a3. The

range of values of the coefficient a3 found in this investigation was approx—

mately two—fold. This range must be related t o  the relative permeability of

the underlying soil and rock units. A description of soils found in the study

areas was given in Table 2.7.

Experience would indicate that a fixed value of permeability cannot

be related to any particular soil series; however, a range of values can be

assigned. In order that results of this investigation may be extrapolated

t o  other areas, a range of values for the regression coefficient a3 for each

of the three hydrologic soil groups was developed. The range of values were

developed as follows:

Let B, C, and D each represent a range of values of the regression

coefficient a3 for the respective hydrologic soil group in each study area.

Then the weighted average of a3 for each study area must equal the regression

coefficient a3 found in the analysis for each study area. Based on this

assumption, the following equations can be written:
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Study Area Equation

Calaveras Creek .h3  B + .3h C + .23  D = .59

Cow Bayou . 30  B + . 2h  C + . h6  D = . h?

Deep Creek D = . 3h

Elm Fork  Trinity Rive r  . 65  C + . 35  D = . 50

Escondido Creek . 68  B + . 32  D = . h9

Green Creek .13  B + .76  C + .11 D = .ho

Honey Creek . 35  B + . 65  D = . 32

A range o f  values o f  B ,  C ,  and D which can  simultaneously satisfy all  seven

equations o f  t he  above equat ions  i s :

B = . h9  t o  . 72

C = . 36  t o  . 56

D = . 23  t o  . ho

An average o f  t he se  values i s  sugges ted  for u se  i n  other a r ea s ,  with ad jus t -

ments  wi th in  the  ind ica t ed  range based  on  the  re la t ive  permeabi l i ty  of  t he

underlying geo log ic  fo rma t ions .  The  range i n  values wi th  so i l  group i s

shown graphically i n  Figure h .3 .  I n  the  seven  study a r ea s ,  t he  maximum

proport ion of  consumption accounted for by t he  term a3  (DP+A)/v was approx—

imately 65  pe rcen t ,  i n  an  a r ea  w i th  a h igh  pe rcen t age  o f  B type so i l s .  The

maximum er ror  t o  be  expec t ed  by us ing  the  mean  value o f  a3  would be  i 12

pe rcen t ,  s i nce  t he  range o f  values o f  a3  fo r the  B type so i l  i s  119  percent

from the  mean .

Sens i t i v i t y  Ana lys i s . -—The  sens i t i v i t y  o f  de r ived  parameters  and

accuracy o f  r e su l t s  i s  always an important cons idera t ion  i n  hydrologic s tud i e s .
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For agencies engaged in hydrologic data collection, it is necessary t o  deter—

mine the incremental "information" gained by additional periods of data

collection. Obviously when the value of the incremental knowledge gained is

less than the cost, data collection should be discontinued or shifted t o  areas

in which hydrologic knowledge is deficient.

The values given previously are certainly not absolute values.

In fact, the three regression coefficients can vary over considerable limits

and still provide reasonably accurate predictions. As an example of this

phenomena, see the output of the minimization program for Calaveras Creek in

the appendix. The "best estimator" yielded a standard error of estimate of

15.2 percent. However, it may be noted from.the results that a considerable

variation of the regression coefficients could be effected within the limits

of an additional one (1) percent standard error of estimate.

A second item studied was the sensitivity of regression coeffi-

cients and standard errors of estimate to length of period studied. For this

study, the data was divided into h-two year periods, 2—four year periods, and

of course the original eight year period. The results indicated generally

the same values for the regression coefficients. Standard errors of estimate

for each study area for each of the time periods is shown in Figure h.h.

Each of the individual periods studied indicated a value for al

of 0.026 to best fit all the data. In order to test the sensitivity of

the regression coefficients t o  lengths of time of data collection, a compar-

ison was made of the seepage regression coefficient, holding al and a2

constant and equal to values obtained for the 8—year period. The seepage

regression coefficient is the largest contributor to estimated c0nsumption.

The results are shown in Figure h.5. These results indicate in general the
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seepage  r eg re s s ion  coe f f i c i en t s  would have been  no more than 10 pe rcen t  d i f—

feren t  fo r  a two yea r  pe r iod  t han  fo r  t he  e igh t  yea r  pe r iod .  Th i s  would

resu l t  i n  a maximum d i f f e r ence  o f  6 percent  i n  consumpt ion computed by 2—years

and 8-years r eco rd .

Compar ison o f  Obse rved  and Es t ima ted  Monthly Consumpt ion . - -The

ut i l i ty  o f  any method o f  p red ic t ion  i s  determined by the  accuracy with which

r e su l t s  can  be  p red i c t ed  ou t s ide  t he  pe r iod  u sed  for  ca l i b r a t i on .  Th i s

study used  the  period 1959—66 for cal ibrat ion.  The r eg ress ion  equation was

op t imized  on  volume o f  consumpt ion  ( ac re - f ee t )  r a the r  than  equivalent

consumption ( ac re—fee t / ac re  o f  su r f ace  a r ea ) .  To t e s t  t he  val idi ty  o f  t he

pred i c t i on  equa t ions ,  they were  u sed  to  p red i c t  monthly va lues  o f  consumpt ion

and equivalent consumption for t he  en t i re  pe r iod  o f  r eco rd  available for each

study a r ea .  Th i s  cove r s  t he  pe r iod  o f  cons t ruc t ion  on  seve ra l  o f  t he  study

a reas .  A summary o f  the  r e su l t s  i s  shown in  Table h .3  and in  Figure h .6 .

To i l lustrate more clearly the  magnitude o f  the individual  monthly va r i a t ions ,

t he  r e su l t s  fo r  t he  Cow Bayou s tudy a rea  a re  shown in  Figure  h .7 .

The r e su l t s  we re  be t t e r  than frequently at tainable i n  hydrology,

i nd i ca t i ng  t he  equa t ions  deve loped  could be  u sed  to  p red i c t  monthly values

of  consumption us ing  phys ica l  cha rac t e r i s t i c s  o f  a study area  and c l ima t i c

parameters  from nearby f i r s t  o rder  weather  s t a t i ons .  The  r eg re s s ion

equations shown are by no means unique so lu t i ons .  Other combinat ions  o f

parameters  could y i e ld  equally accura te  e s t ima te s .  The  value o f  al was f ixed

as  a cons t an t  be s t  f i t t i ng  a l l  t he  s tudy a reas  par t ly  fo r  conven ience  and

partly by in tu i t i ve  r ea son ing .  Values u sed  for a2  can  vary appreciably per—

cen tage  w i se  wi thout  s e r ious ly  r educ ing  the  accu racy  o f  e s t ima to r .  The  so—

cal led transpirat ion term a2(Ta—h0)(DA) accounted for approximately 11 pe rcen tof
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the  to ta l  l o s s  i n  the  Elm Fork study a r ea ,  the  maximum percentage  o f  all

s tudy a r ea s .  Monthly consumption i n  t he  7 s tudy  a r ea s  was a l so  computed

using a value of  0 .010  for a2 rather than the  opt imized value found for

each  a r ea ;  t h i s  r e su l t ed  i n  very l i t t l e  change in  t he  s t anda rd  e r ro r s  o f

es t ima te  g iven  in  Table h .3 .  The re fo re ,  a reasonable  value o f  a2  fo r  u se  i n

ungaged study a reas  would be  0 .010 .

Genera l  Monthly Consumption Mode l

Based  on  the  p reced ing  analyses and r e su l t s ,  i t  i s  sugges ted  the

fol lowing p rocedure  be  u sed  in  ad jus t i ng  h i s to r i ca l  s t reamflows fo r  t he

e f fec t s  o f  consumption a t  ups t ream floodwater—retarding s t ruc tu re s :

1 .  Compute monthly va lues  o f  consumpt ion  us ing  t he  formula:

Consumption = .026(eS—ea)(A+KlP/S)+.010(Ta—1l0)(DA)+a3(A+K3BP)/v

(h . 10)

2 .  Wi th  al l  parameters  computed a s  previously ou t l ined ,  values o f

a3  should be  chosen  based  on  county so i l s  maps and Figure  h.3.

3 .  The value o f  a2  may be  ad jus t ed  upward or  downward from 0.010

depending upon the  degree o f  vege ta l  cove r  l ike ly  t o  be  found

in  t he  s tudy a r ea s .  Gene ra l l y ,  a r eas  w i th  h ighes t  mean  annual

rainfall  would tend to  have the largest  values o f  a2 .  The

value o f  a2  would be  expec ted  t o  i nc rea se  wi th  t ime  due t o  t he

inc rease  i n  vege ta t ion  around the  poo l s .

To ver i fy  the  appl icabi l i ty  o f  t he  sugges t ed  equat ion  u s ing  average

values  o f  a1 and a2  and a value o f  a3  from so i l s  maps and  F igure  h .3 ,  con—

sumpt ion  at three  individual f loodwater-retarding s i t e s  was e s t ima ted .  In-

dividual  r e se rvo i r s  u sed  were  i n  the  Elm Fork  T r in i t y  R ive r ,  Honey  Creek ,

and Mukewater Creek study a r ea s .  Drainage areas for t he se  s i t e s  a re  0 .77 ,
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2 .1h ,  and h.02 square miles ,  respectively. The Mnkewater Creek study area

is located in West Central Texas, and is described in Sauer ( 1963 ) .  A

summary of the results of this verification study is shown in Table h.h.

The results for Mukewater Creek site 9 are also illustrated in Figure h.8.
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Chapter 5

MATHEMATICAL MODEL OF
HYDROLOGIC RESPONSE OF
A SYSTEM OF UPSTREAM

RESERVOIRS

If the results of previous sections are to be utilized in adjusting

historical streamflow for the effects of upstream development, it is neces—

sary to develop a mathematical model which simulates the response of a system

of reservoirs to historical hydrologic sequences. In this way, the effects

on streamflow of various degrees of development can be tested. With computer

simulation, a vast array of possible sequences can be tested at a relatively

reasonable cost.

A computer program was written t o  simulate the response of the

system of floodwater-retarding structures for time periods of one month.

Input for the program consists of the following:

1. Monthly values of:

a. Rainfall.

b. Runoff.

c. Temperature.

d. Relative humidity.

2. Watershed parameters:

a. Number of floodwater-retarding structures.

b. Drainage area.

0. Surface area—storage relation.

d. Surface area—perimeter relation.

e. Design outflow rate from principal spillway.

f. Regression coefficients for consumption equation.

g. Total storage at lowest uncontrolled outlet.

66
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h .  Total s to rage  at beg inn ing  o f  period of  i n t e r e s t ,  may

be  a s sumed  any value from zero  t o  full pool.

A s imp l i f i ed  flow diagram o f  the  program i s  shown i n  F igu re  5.1.

Essen t i a l ly ,  the  program i s  an i tera t ive  procedure to  determine the  mean

monthly sur face  a r ea ,  a s  al l  computations o f  deple t ion  are  based  on  th i s

pa rame te r .  The  p rocedure  i s  t o  a s sume  a value for  average monthly sur face

a rea  and compute ne t  dep l e t i on  from the  r eg re s s ion  equa t ions .  Average

monthly con ten t  i s  then  computed based  on  s to rage  at the  beg inn ing  o f  the

month ,  inflow during the  month ,  t ime  requi red  for t he  poo l  t o  d ra in  t o  the

lOWest  uncon t ro l l ed  sp i l lway,  and ne t  dep l e t i on .  A value o f  average su r face

a rea  i s  t hen  computed based  on  the  average con ten t .  Th i s  value o f  su r f ace

area  i s  compared wi th  the  assumed  value and i f  t he  d i f f e r ence  i s  grea ter

than one-tenth o f  one pe rcen t ,  t he  assumed value o f  surface  area i s  incre—

mented by one—half the d i f f e r ence .  This  procedure i s  continued un t i l  t he

sur face  areas  agree  w i th in  one- tenth  o f  one  pe rcen t  t o l e r ance  l im i t s :  The

procedure converges qui te  rap id ly ,  generally wi th in  7 or 8 i t e r a t i ons .  For

the  program, the following simplifying assumpt ions  are made :

1 .  Total  monthly inflow occurs  on  f i r s t  day o f  month .

2 .  Outf low r a t e  i s  80  pe rcen t  o f  maximum des ign  d i s cha rge .

3 .  Rainfal l  i s  app l ied  t o  95  pe rcen t  o f  t he  average su r f ace

area  for  t he  month i n  computing ra in fa l l  on  poo l .

h .  Rese rvo i r  sur face  a rea  i s  exponential ly r e l a t ed  t o

capac i ty ,  wi th  capac i ty  ad jus ted  for  s ed imen ta t ion .

5. S ide  s lope  = . 055 ,  the  median  value found in  t he  s even

study a r ea s .
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Star t

Read in a l l  data:  rain-
f a l  l I  r uno f f , t empe ra~

tu re ,  re la t i ve  humid i t y ,
watershed pa rame te rs

Correct water
surface temperature

Take  f i r s t  month  data

Assume average
surface area 'Ao

Compute ra infa l l  on
poo l ,  consump t i on ,

net de letion

Compute outflow,
average reservoir
content, end of
month content

Compute  average
surface area A,

from average content

Last month ?

Ta ke next
month data

0
z

Print out results

Stop

FIGURE 5.|.-Simplified f low chart o f  the computer program for a mathematical model
of  the hydrologic response o f  a system of floodwater-retarding reservoirs
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The first assumption was made for ease of computation since the

time distribution of inflow is not critical for a monthly water budget for

long term studies. The remaining three assumptions were based on consid—

eration of existing study area data. The program allows for a variable

surface—area and storage relation. Surface area-storage relation and ca—

pacity at lowest uncontrolled outlet are read in  for each year. As the

program is set up, no variationi11degree of development is permitted.

However, with minor variation, the degree of development could be varied

from year to year. This could be accomplished very simply by using drainage

area, number of structures, and rate of outflow as dimensioned variables

to be read in for each year rather than being read in once as a watershed

parameter. A complete program documentation is given in the appendix.

The response model was applied t o  the Cow Bayou and Deep Creek

study areas. The various physical features of the watersheds have been

previously cited. For this run, surface area—storage and surface area-

perimeter relations, design outflow rate, and total storage at uncontrolled

outlet were taken from study area data. Regression coefficients al and a2

were taken as those average values shown i n equation (h.lO). Seepage

regression coefficients a3 were computed from soils maps. The storage at

the beginning of the period was taken from study area data. A summary of

the results is given i n  Tables 5.1 and 5.2 and illustrated i n  Figure 5.2.

The entire output for the program is included in the program documentation

in the appendix.

These results illustrate the reliability of the model as a tool

for adjusting historic streamflow records for the effects of systems of

floodwater-retarding structures. The model is simple t o  apply and any
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number of sequences can be "run through" the model at one time by the use of

one DO loop. Requirements are to obtain the physical parameters of the

systems of reservoirs and monthly values of unit runoff (acre-feet/square

mile), rainfall, relative humidity, and temperature. The last three terms

may be interpolated from long term Weather Bureau stations.
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Chapter 6

INFLOWLOUTFLOW RELATION

The hydrologic response model as outlined in Chapter 5 is suggested

as the best means for adjusting historical runoff records for the effects of

systems of floodwater-retarding structures. In some cases, such as reconnais-

sance type studies, it is probable that hydrologists may not wish to expend

the funds necessary t o  develop all the data required for the model. The

procedure set forth in this Chapter was developed with preliminary studies

in mind.

In determining the effect of a system of floodwater—retarding

structures on the yield of a watershed for downstream uses, the simplest

approach is t o  compare outflow with inflow and analyze downstream channel

losses under varying conditions. In this report, only "on site" losses are

analyzed. No analysis of differences in channel losses attributable to

flow regulation is undertaken.

A simple relationship of outflow to inflow is not feasible on a

monthly basis for two primary reasons. First, rate of loss varies by month,

with the greatest losses expected during the summer. Second, the amount of

water stored at the end of the month frequently varies from month to month.

For these reasons, a comparison of outflow and inflow was developed on an

annual basis since, i n  general, storage and the rate of loss do not vary

greatly from year to year.

The base period used for the annual inflow-outflow relation was

the period 1959 through 1966 water years, inclusive. This period was common

to all seven study areas. A linear least—square regression equation was

developed for data from all seven watersheds. The equation resulting from

7h
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this analysis was:

Q _= 0.98I — 0.68 (6.1)

where 9 _ =  annual outflow i n  inches

I = annual net inflow i n  inches.

Equation (6.1) applies only when annual net inflow is equal or greater than

0.7 inch. For annual net inflow less than 0.7 inch, annual net outflow is

zero. Figure 6.1 is a plot of points used for this regression equation.

Dataareshown in  Table 2.2.

The relation between inflow and outflow is surprisingly consistent

i n  view o f  the variations i n  physical and climatic characteristics found in

the seven study areas. An indication of the overall accuracy of this

equation is shown i n  Table 6.1. This equation is suggested for use in  adjust-

ing annual values of historical streamflow records for effects of upstream

development i n  watersheds where conditions are similar t o  those found in the

seven study areas.

Another manner of presenting the inflow-outflow relation is on a

depletion basis, that is, the proportion of a specified annual runoff that

will be lost due to upstream development. From equation(6.l), it follows

t h a t :

For I > O 7

D = 2 + é §
I

where D - percent of annual runoff depleted due t o  floodwater—

retarding structures.

The proportionate effects of upstream development on yield diminish with
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increasing runoff. A comparison o f  average  reduction in runoff and annual

runoff is shown below:

Annual runoff, inches Reduction ingyield, %

O T 100
1.0 70
2.0 36
5 0 l6
0 O 9

This illustrates how the depletion due t o  upstream development increases

drastically with decreasing average annual runoff.

It must be borne i n  mind the above relations represent the max—

imum effects on yield to be expected. The relations are derived from data

collected under the initial condition where the total sediment pool is

available for storage of water. As the sediment pool fills with sediment,

effects will be diminished.

To provide a comparison o f  the monthly hydrologic response model

and the annual inflow—outflow relation, Table 6.2 and 6.3 are presented.

For the Cow Bayou and Deep Creek study areas, the hydrologic response model

generally gives better results because variations i n storage, soil types,

and climatic conditions are accounted for but the inflow—outflow relation

also gives satisfactory results over a longer period of time.
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Table 6.2 Comparison of annual depletion of runoff as estimated by

hydrologic response model and annual inflow—outflow

relation with actual study findings, Cow Bayou study

are a.

Net Outflow, inches Reduction in Yield, %
Wat er Inflow , Q: . 981 Q= . 98I
Year inches Model —.68 Actual Model —.68 Actual

1959 2.h8 1.53 1.75 1.65 38.3 29.h 33.5

1960 9.25 8.56 8.38 8.83 7.5 9.h h.5

1961 15.19 1h.h2 1h.20 1h.28 5.1 6.5 6.0

1962 2.28 1.60 1.55 1.59 29.8 32.0 30.3

1963 .26 0 0 .oh 100.0 100.0 8h.6

196h 1.78 .68 1.06 1.0h 61.8 h0.h hl.6

1965 10.69 9.87 9.78 9.73 7.7 8.5 9.0

1966 11.23 10.27 10.33 10.33 8.5 8.0 8.0

Total 53.16 h6.93 h7.05 h7.h9 11.7 11.5 10.7
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Table 6.3 Comparison of annual depletion of runoff as estimated by

hydrologic response model and annual inflow—outflow

relation with actual study findings, Deep Creek

study area.

Net Outflow, inches Reduction in Yield, %
Water Inflow, Q=.98I 9;.98I
Year inches ’ Model —.68 Actual Model -.68 Actual

1955 7.50 6.ho 6.67 6.38 18.7 11.1 1h.9

1956 .73 0 .0h .23 100.0 9h.5 68.5

1957 6.17 5.65 5.37 5.62 8.h 13.0 8.9

1958 2.88 2.h7 2.18 2.88 1h.2 25.7 13.9

1959 1.31 .79 .60 .77 39.7 5h.2 81.2

1960 1.60 1.08 .89 1.15 32.5 nu.u 28.1

1961 1.35 .75 .68 .93 hh.h 52.6 31.1

1962 .37 o 0 .01 100.0 100.0 97.3

1963 1.17 .36 .h7 .38 69.2 59.8 67.5

l96h 3.08 2.20 2.3h 2.08 28.6 2h.o 32.5

1965 1.21 .90 .51 .98 25.6 57.9 19.0

1966 .88 .11 .18 .12 87.5 79.5 86.h

Total 28.25 20.71 19.85 21.13 26.7 29.7 25.2



Chapter 7

SUMMARY AND CONCLUSIONS

Results of studies conducted by the U. S. Geological Survey since

1952  to define the effects of systems of upstream flood control measures on

watershed yield are summarized and presented. The studies were conducted

in seven areas in Texas having diverse physiographic and climatic character—

istics. These studies adequately define the"on site" losses to be expected.

For the 8—year period common t o  all seven study areas considered, average

reductions in yield ranged from 5h percent in an area where average annual

runoff was 1.37 inches to 11 percent in an area where average annual runoff

was 6.6M inches. Total losses recorded were as much as twice that attributed

to evaporation from the free water surface alone. I n  none of the areas was

there evidence of an increase of base flow following reservoir construction,

therefore all water lost at the site was assumed t o  be a depletion of down—

stream surface water yield.

Multiple linear regression analysis was used in an attempt to

develop regression equations relating monthly consumptive losses to physical

characteristics of the study areas and variation of climatic parameters

including relative humidity, temperature, and wind speed. A combination of

variables approach was used wherein variables considered to be representative

of the physical processes involved were formulated from individual variables.

The most important physical processes involved were assumed t o  be evaporation

from the free water surface and from the peripheral soil area, transpiration,

and seepage away from the pool. This analysis indicated the combination of

variables yielding the smallest average standard error of estimate for all

seven study areas included difference in vapor pressure of water surface and

81
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a i r ,  surface a rea ,  a i r  t empera tu re ,  v i s cos i t y  o f  wa te r ,  d ra inage  a r ea ,

pe r ime te r ,  s i de  s lope ,  and mean  depth  o f  pool. The  inclusion of  w ind  speed

d id  not  i nc rea se  t he  accu racy  o f  t he  p red i c t i on  equa t ions .

The  r e su l t s  o f  t he  mul t ip le  l i nea r  r eg re s s ion  ana lys i s  we re  deemed

to  be  unsa t i s f ac to ry  fo r  ex t r apo la t ion  pu rposes  pr imar i ly  because  i n t e r cep t

values  i n  some case s  were  s ign i f i can t ly  d i f f e r en t  from ze ro  and the re  was

no c l ea r  t r end  o f  r eg re s s ion  coe f f i c i en t s .  S ince  t he  pu rpose  o f  t he  s tudy

was  t o  deve lop  genera l  r e l a t i onsh ips  app l i cab l e  t o  ungaged a r ea s ,  another

study was  under taken  to  develop a gene ra l  ma themat i ca l  mode l  o f  monthly

consumpt ion .  The  combina t ion  o f  va r i ab l e s  i den t i f i ed  by the  mul t ip le  l i nea r

r eg re s s ion  ana lys i s  a s  ' p rov id ing  the  bes t  e s t ima to r  was  u sed .  A computer

program was  deve loped  where in  t he  i n t e r cep t  o f  t he  mu l t i p l e  l inea r  r eg re s s ion

was  f i xed  at z e ro  and the  o the r  r eg re s s ion  coe f f i c i en t s  we re  va r i ed  i n  a

s t epwise  manner t o  de t e rmine  t he  l ea s t  square  o f  e r ro r s  e s t ima to r .  US ing

th i s  t e chn ique ,  gene ra l  equa t ions  were  deve loped  wi th  a cons t an t  evapora t ion

reg re s s ion  coe f f i c i en t  and a s eepage  r eg re s s ion  coe f f i c i en t  r e l a t ed  t o

underlying so i l s .  Us ing  the se  equa t ions ,  s t andard  e r ro r s  o f  e s t ima te  o f

monthly consumpt ion  r anged  from l l  pe rcen t  t o  16  pe rcen t .  Sens i t i v i t y

ana lys i s  i nd i ca t ed  r eg re s s ion  coe f f i c i en t s  ba sed  on  2—year s  o f  da ta  would

no t  have d i f f e r ed  more  than  10  pe rcen t  from those  based  on  8—year  r eco rd .

A computer  program wh ich  i s  a mathemat ica l  mode l  of  t he  hyd ro log i c

r e sponse  o f  a sy s t em o f  ups t r eam re se rvo i r s  was  deve loped  in  o rde r  t o  u t i -

l i z e  t he  genera l  r e l a t i onsh ips  for  wa te r shed  y i e ld  ana lys i s .  Wa te r shed

paramete rs  and monthly va lues  o f  runoff  and c l ima t i c  parameters  a r e  input

da ta .  The  program output i nc ludes  t o t a l  i n f low ,  r a in fa l l  on  poo l ,  con -

sumpt ion ,  ne t  dep l e t i on  o f  f l ow ,  and outf low from the  sys t em o f  r e se rvo i r s .
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The program was tested on two watersheds with satisfactory results and is

suggested for use in water yield studies requiring monthly values of runoff.

A simple relationship of annual outflow from a system of reser-

voirs to annual net inflow was developed for use in  reconnaissance type

studies requiring only adjustments to annual values of runoff. This study

resulted in a simple linear relation between outflow and inflow. This

relation applies to systems of reservoirs having hydrologic characteristics

similar to those studied and will change as the permanent pools become

filled with sediment. Despite its shortcomings, this relation provides an

accurate first approximation of runoff reductions attributable t o  upstream

flood prevention programs. Reductions in yield from controlled areas

studied were approximately as follows:

Annual runoff, inches Reduction in yield, percent

< 0.7 100
1.0 70
2.0 36
5.0 16

10.0 9

As would be expected, effects during low runoff years and in

areas with lower average annual runoff are much more drastic than in areas

of high runoff.
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APPENDIX

Description of Program MINMIZ

Computer programs were written i n  Fortran IV program language

and run on the Control Data 6600 computer at the University of Texas at

Austin Computation Center. Program MINMIZ was used t o  develop the general

mathematical model of monthly consumption as a function of climatic varia—

bles and watershed parameters. Descriptions of the program along with

Sample output are given i n  Tables A.l and A.2 and i n  Figures A.l, A.2 ,

and A.3.

8 5
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Table A.l - Notation and Conversion for Program MINMIZ.

1Eggs; $2223;
Al 3 a1 Regression coefficient i n  equations h.3 - h.9

5 times 10

A2 a2 Regression coefficient in equations h.3 - h.9
times 5

A3 a3 Regression coefficient in equations h.3 — h.9

Bl bl Same as al

B2 b2 Same as a2

CONS Consumption Monthly reservoir consumption in acre—feet

I i An index variable

J 3 An index variable

K k An index variable

LK lk An index variable

NAME Name Name of study area

RES Residual Standard error of estimate

S Sum A variable for summing residual errors

X 1: X1 = (es—ea)(A+P/s)/1o

X2 = (Ta—ho)(DA)/5

X3 = (5P+A)/v

X h  = Y = Consumption in acre—feet

XlBAR ii Average value of X1

X2BAR ié Average value of Xé

X3BAR 33 Average value of X3

YEAR Y. Average value of consumption
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Sta rt

Read in all data:
Name, i l '  Y2 . i3 ’7‘.
96 values of X I ,X2 ,X3 ,X4

Print table
headings

Take initial
values of a‘ a a2

Compute Va3

Compute standard
error of estimate

Increment
at and/or a2

Last
month ?

Yes

Pr in t  out
results

FIGURE A.2.-Program MlNMlZ flow diagram
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00000?

000002
000002
00000?
000002

000002

000002
000002
00000?
000010
000030
000047
000061
000065
000071
000073
000074
000075
000100
000101
000103
000110
00011?
000127
000134
000140
000147
000153
000156
000203

89

DPOGRAM MINMIZ( [MPUT.OUTPUT)
n lMFNSInN  x190 .¢ ) .NAME(1 .9 ) .CON31961 .A3116011 )vDF$116o1110A141619

102110.111
1 F09»AT10F0.1)

10 ropnnr1qnv1
11 FoRMA711H1 . / / / / / - ¢3Xo9A7- / / 1
12 FORMAT(1Hno*A(21= 0 .00  0 .0?  0 .00  0 .00  0 .00

1 0 .10  0 .12  0 .14  0 .10  n .1n  o .20°1
13 FORMAT(1H09*A(1) éE 013) SE A13) 5 :  013)  SF 0131 SF 013

1 :  SF 013) : 5  A13) s r  013) SF 0111 SF 013) SF 0131- )
14 FORMA111H0.?3F5.31

230 FORMATIaFRoI)
READ 10.1NAM511o1).1=1.91
REAn 1ox10A90x2RAP.XanAnoYBAR
RFAD ?30 .1 (x11 .J \ . J=1 .a> .1=1 .96 )
PRINT 11o (NAMF(1 - I )o I=119 )
PRINT 12
PRINT 13
81 : .10
on 005 131 .10

n2=0 .o
no 404 J= ] .11

A111) :91
A?(1 .J )=a?
AatIoJ)=1vHAp-Al(xyaxaaAn-Aat1.010xzanna/vsnnn
520 .0

00  003 «=1 .9s
CONS(K)=AI(11*X(K9110A2(1oJ) 'X(K071oAatIoJ)*X(Ko3)

403  S :S+ ( r0N< lK) -X (Koh) ) * ‘ 2
RFS(1.J1:((5/96.01¢*0.S)/Y0AR

40¢  B?=R20 .02
605  H1=a lo .02

PRINT 1A .1A1(11 .1nes t t . J ) .A3 (1 .J1 .Ja1 .111 .1=1 .10 )
rnn

PROGRAV LENGTH INCIUDING I /O  RHFFFRS
006020

FUNCTION ASSIGMMFNTS

STATEMFNT ASSIGNMENTS .
1 - 000214 10 - 000216 11 - 000220 12 - 000220
13  - 00024?  14  - 000?60  230  - 000263

BLOCK NAMES AND LEmGTHg

VADIABtE ASSIGNMFNTS
A1

02
k
x
YBAR

002040  A2 - 002066  03  - 001300  N1  - 009394
002359  CONS - no l1#6  I - 002346  J - 002353
002307  NAME - 001135  HE< - 001556  S - 00P356
000335  XIRAQ - 002347  XZRAR - 0023G0 X3PAR - 002391
00235?

FIGURE A.3 Printout of  Program MINMIZ source  deck .
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Description of Program DEPLETE

Program DEPLETE is a mathematical model which simulates the response

of a system of floodwater-retarding structures t o  sequences of hydrologic

events. The program is written in Fortran IV program language. Descriptions

of the program along with sample output are given in Tables A.3 and A.h and

Figures A.h and A.5 .  The flow diagram for this program was previously shown

(Figure 5 .1 ) .
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Table A.3 — Notation and Conversion for Program DEPLETE.

Fortran General D cri tion
Notation Notation es p

A Area Average monthly surface area computed from
average contents, acres

AAA - Total quantity of water available for
consumption, acre-feet

ACONS - Accumulated total consumption, acre—feet

ANET - Accumulated total net depletion, acre—feet

AQ — Accumulated total net inflow from surface
runoff, acre-feet

AQOUT - Accumulated total outflow, acre—feet

ARAIN - Accumulated total rainfall on pool, acre—feet

ASA — Average monthly surface area per structure,
acres

Al al Regression coefficient

A2 a2 Regression coefficient

A3 a3 Regression coefficient

C - End-of—month contents, acre-feet

CA - Average monthly contents, acre—feet

CAP Capacity Capacity of system of structures at lowest
uncontrolled outlet, acre—feet

CK — Coefficient in surface area—perimeter
relation

CONS Consumption Monthly consumption, acre—feet

C 1  C1 Coefficient i n  surface area-capacity relation

C2 c2 Coefficient in surface area—capacity relation

C3 c3 Coefficient in surface area—capacity relation

D 3 Monthly mean depth, feet
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Table A.3 — Notation and Conversion for Prbgram DEPLETE — (con't).

Fortran General Description
Notation Notation

DA - Drainage area controlled by structures,
square miles

EA ea Average monthly vapor pressure of air above
water surface, millibars

ES e Saturated vapor pressure at average monthly
5 water surface temperature, millibars

I - An index variable

J - An index variable

KOUNT - An index variable

MOD — An index variable

NAME Name Name of watershed being used

NO Number Number o f  years t o  be processed

NYEAR Water year water year designation

P P Perimeter, feet

PCT - Percent of month water is above lowest
uncontrolled outlet

PCTl — Percent of month water is below lowest
uncontrolled outlet

Q q Monthly surface runoff, acre-feet/square
mile or acre-feet

QOUT Outflow Monthly outflow, acre—feet

R - Monthly average rainfall i n  watershed, inches

RAIN — Monthly rainfall on pool, acre-feet

RATE Rate Design principle spillway outflow rate, acre-
feet/day

RH - Monthly average relative humidity, percent
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Table A.3 — Notation and Conversion for Program DEPLETE — (con't).

Fortran General Description
Notation Notation

SA — Assumed monthly average  surface a rea ,  a c r e s

SET — Monthly net depletion, acre—feet

SN — Number o f  structures i n  watershed

81 thru 81 thru 810 Used to compute various totals and accumu—
SlO lated totals

T T Monthly average temperature, °F

TAC Ta Monthly average air temperature, °C

TCONS - Annual total consumption, acre-feet

TIME Time Time required t o  drain pool t o  lowest uncon—
trolled outlet, days

TNET — Annual net depletion, acre—feet

TQ — Annual net inflow from surface runoff, acre—
feet

TQOUT — Annual outflow, acre—feet

TRAIN - Annual rainfall on pool, acre-feet

TRANS — Monthly loss due to transpiration, acre—feet

TWC TW Monthly average water surface temperature, °C

TWF TW Monthly average water surface temperature, °F

Tl - ~ First estimate of time pool is above lowest
uncontrolled outlet, days

V v Kinematic viscosity of water at monthly
average water surface temperature, ftz/sec

x10"5
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PROGRAM DEPLETE(1NPUT90UTPUT)
PROGRAM IS  MATHEMATICAL MODEL WHICH SIMULATES THE RESPONSE OF A
SYSTEM OF FLUODWATER RETARDING STRUCTURES TO MONTHLY HYDROLOGIC
SEQUENCES. INPUT 15  RAINFALLoRUNOFF9TEMPERATURE9RELATIVE HUMID ITY ,
ANU PHYS1CAL CHARACTERISTICS OF THE SYSTEM.
DIMENSION T (50912 )9NYEAR(50 )  9RH(509121 !H (50912 )90 (50912 )vC1(50 )

19C2(50 )qC3(50 )9CAP(50 )  oSA(509121pASA(50912 ) rP (50912 )9TWC(50012 )9
2TwF(50912 )1TAC(50 !12 )9ES(50 ;12 ) ’EA(50912 )9V(50912 )9RAIN(50¢12 )9
3SETC50912 )9C0N5(50912 )900UT(50 I12 ) ITQOUT(50 )¢TCONS(50 )oTNET(5019
QTRAIN(50 )9Tu (50 )oAOOUT(50 )9ACONS(50 )9ARAIN(50 )OANET(501sAQ‘SD) !
5D(50912 )9NAME(1961

FORMAT( I« ;4X :12F6 .2 )
FORWAT( I434F6 .1 )
FORHAT( IEga .O)
F0RMAT(1H0¢37X*  RUNOFF ABOVE STRUCTURES IN  ACRE-FEET*)
FORMAT(1HO¢38X*  INFLOW FROM RAINFALL  ON POOL IN  ACRE FEET” )
FORMAT(1N0v46X*  CONSUMPTION 1N  ACRE-FEET ‘ )
FORMAT(1HU. 9 YEAR OCT NOV DEC JAN FEB MAR

1 APRIL  MAY JUNE JULY  AUGUST SEPT w .v .  TOTAL  ACC
ZUMULATED TOTAL ‘ )

FORMAT1 I§J12F8019F1101 ’F20 -1 )
F0RMAT¢1H0145X*  NET DEPLETION IN  ACRE-FEET” )
FORMAT<1H0048X§  OUTFLOW IN  ACRE-FEET“ )
FORMAT(6A9)

FORMAT‘1H1946X96A9)
READ IN  ALL  DATA
READ 229 (NAME(1 ! I ) ! I =1 ’61
READ 4 'NOQSNQDA9CK ’C 'RATE9A19A20A3
READ 1 ’ (NYEAR( I1 I (R ( IOJ19J=1912191=19N01
READ 1 ! (NYEAR‘ I ) ’ (T ( I ! J1 ’ J=1912191 :19NO)
READ 1 ! (NYEAR( I )9 (RH(19J )vJ=1 !12 )91=11N0)
READ 3 , (NYEAR( I )9C1 ( I ) IC2 ( I ) 9C3 ( I J !CAP( I )O I=19NO)
READ 11 (NYEAR( I )9 (Q(19J )nJ=1912 )91=1 iN0 )
DO 75  1 :1 ’N0
DO 75  d=1 !12
Q(19J )=Q(19J ) “DA
CORRECT FOR WATER TEMPERATURE DIFFERENCE
DO 103  I=19N0
TWFt Ip i r=T i l u1 ) -2¢O
TWF( I¢2 )=T ( I v2 ) -290
FwF f i yaéET11131 -210
TWF( IQ4 )=T ( I94 )w2 .0
FWF(1v5¥5T( I r 5 ) - l o7
TWF( I96 )=T ( I ’ 6 )
$0F4117 }BT(1171+018
TwFt Io8 )3T ( IoB )+0 -B
TwF+fv9ruT+iT9+¢016
THF(1910 )=T (1910 ) *0 .5
TWFf I v11+E$ f f v11+*013
TWF(1112 )=T ( I ’ 12 ) -1 .2
30 106  trivwe
DO 104  J=1912
TWG'1-11-55711'FHF-f‘1‘rd'1'w3250'1 “1’5 5 0/9 0 ’03
TAC( I vJ )= (T ( I ! J ) - 32 .0 ) * (5 .0 /9o°1
ES+f rd+=611++0141505550$WC1iwd+++40v019097101WC1l id ) “ “2 )

1 - (0 .0000386*TWC( IoJ ) *§3 )6 (0 .0000096 ”TWC(19J1* *4 )
EA fd1=+6w i+40?0 ifi0555*TA61 {9011*40a0190970TAC1 I ! J ) ° *2 )

FIGURE A.5 .  Pr in tou t  o f  Program DEPLETE source  deck .
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000350

000361
000365
000366
000367
000373
000400
000407
000411
000413
000413
000424
000424
000425
000426
000426
000437
000441
000447

000464
000407
000470
000414
000476
000504
000506
000506
000507
000510
000510
000510
000524
000530
000531
000532
000541
000544
000553
000554
000556
000563
000567
000576
000600

000612
0006§5
000623
000686
000635000643
oooesz
000657
000667
000640

104

201

290

650

651

700

444

202

203

250

207

97

1 - (0600003BD*TAC( IOJ ) * *3 )+ (0 .0000096*TAC( IQJ ) * *4 ) ) “RH( I !J ) / 100 .0
V ( IvJ )= (1 .93 - (0 .0630556*TNC(11J )1 * (0 .00099550TWC(19J ) * *2 )

1 * (0 .0000154*TWC( I 'd ) * *3 ) - ( 0 .0000006*TWC(19J ) * *4 ) )
CONTINUE
DO 200  I=11N0
DO 200  J=1912
SA( IQJ )=1090*DA
KOUNT=0
CA=( (SA( I9J )9C3( I ) ) /C1 ( I ) ) * * (100 /CZ( I ) )
KOUNT=KOUNT+1
I FKKUUNT '20 )29092076207
CONTINUE
1F(SA( I . J ) )650 .650 !651
SA1 I !J )=0 .0
Ut IvJ )=0 -0
GO TO 700
QONTINUE
0(19J)=CA/SA(19J)
ASA( I , J )=SA(1 !J ) /SN
P(19J )= (SN*CK* (ASA( I !J ) * *Oo44 )1 /4356060
C0NS(1QJ)=A I * (ES( ICJ ) 'EA(19J ) ) “$A(19J ) *  P ( IoJ ) / - 055 )+A2° ( (T ( IQJ ) '

140 -0 ) *DA)0A3* (SA(19J1+0 (11J¥°P (10J13 /V110J3
HAIN( IvJ )=R( Iod ) *SA( I I J ) *695 /1260
SET( I ’ J )=CONS( IvJ1 -RAIN(19J )
TRANS=52* (T (19J ) ' 40 .0 ) *DA
AAA:C+Q(19J )
1F(TRAN$.LT.AAA)GO To 444
CONS(19J )=Q( IvJ )¢C
SETCI ,J )=CONS( I , J )
RAIN( I¢JJ=0 :0
00UT( I¢J )=0 .0
GO TO 207
CONTINUE
I F (C+Q( I rJ ) -SET( I I J ) ‘ -C4P11 ) ’2029202 !203
CA=(2 .§C*Q( IQJ ) -SET(19J )1 /260
QOUT€1 IJ1=060
GO TO 250
Tf= (6 *QT I rd r -SET( IVJ ) ) IRATE
IF (T IQGE030 IO)T1=30 .O
IMF! T I ‘Q 'LEC 0 '00  1 .11 :0  0' 0
PCT=T1 /30 .0
' PGTf=160 -PCT
T IME=(C+0 ( IQJ ) '  CAP( I ) 'SET( I I J ) *PCT) /RATE
IP fT IflEieE iSOb0171ME=3060
IF (T IME.LE60 .0 )T IME=060
@6UT11VUTBTIME*RATE
CA=(C+G(I ;J )¢  CAP(11 -SET( IOJ ) *PCT-00UT(1901 ) ‘PCT /2600 (260*  CAPl I )

1-554451d+*9€719/210
1F(CA.LEoO-0 )CA=000
A'€++%}*4Gfl *“eaf1 )1~63419
IFtA.LE.o.0)A=o.o
£F+fi85+54+£r&+-Airb¥12r0+66 $0 29?
IF (SA( I¢J ) -LTo l .0 )GO T0  207
iF+ABS++5§+ivd+~fi+f5A+Evd++rh$r0y001+69 $9 207
SA‘ I ’ J1= (SA(19J )OA) /260
iFiSA+i16+vr0r0¥Sk+£rd+l070
so To 201
e=ew069¥+ivfi+-56*ffrfi++fl+fvd¢

FIGURE A.5 .  Pr in tou t  of  Program DEPLETE source  deck  - ( con ' t ) .
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000700  IF (C )6010h019200
000701  601  C=0o0
000702  200  CONTINUE
000707  SS=0o0
000707  56 :0 .0
000710  S7=0o0
000711  53 :0 .0
000711  S IU=0o0
000712  DO 21“  I= loN0
000714  31 :0 .0
000710  52=0 .0
000715  S3=0 .0
000715  $4=0 -0
000716  S9=U.0
000717  00  213  J=1 l
000727  S l=S l+QOU71 I9J1
000731  52=52+RAIN(19J )
000733  S3=$30C0NS( IOJ )
000734  $4=SQ*SET(10J )
000736  213  $9=SQ+0(19J )
000742  TQOUT(1 )=S I
000743  TRAIN( I )=SZ
000744  TCONS(1 )=53
000746  TNET( I )=54
000747  T0 ( I )=59
000751  AQOUTI I )=SS¢TGOUT( I )
000753  SS=AQOUT( I7
000754  ARAIN(1 )=56+TRAIN( I )
000756  $6=KRAIN( I )
000756  ACONST1)=S7OTCONS(1 )
000761  S7=ACUNS( I )
000761  ANETI I I =SH*TNET( I )
000764  SB=ANET( I )
000764  AQ( I )=510*TQ(1 )
000767  214  $10=AQ( I )
000772  PRINT  ZS! (NAME(191 )9131 !6 )
001004  PRINT  5
001010  PRINT  8
001014  PR1NT 9v (NYEAR( I )0 (Q(1 !J ) !J=191219TQ(1 )9AQ( I ) ! 1319N0)

001043  PRINT  6
001047  PRINT  3
001053  PRINT  9 ITN¥EAR( I ) ITRAIN( IVJ110 '1112 )9TRAIN( I )VARAIN(1 )O I=19NOJ
001102  PRINT  7
001100  PRINT  8
001112  PRINT  gv ‘NYEAR111 I (CONS( IOJ ) IJ=1 I121OTCONS1179ACONS11191319NO)

001101  PRINT  10
001105  PRINT  8 ‘
001151  PRINT 9vTN7Ek I I9 (SET l l )bd=11121vTNETI I I .ANET( I )O I=10N01

001200  PRINT  13
001204  PRINT 8
001210  PRINT  99 (NYEAR( I )o (QOUT( I !J )0J81912 )0TGOUT( I )uAOOUT( I )9181¢NO)

001237  END

PR06RAM~££NGTH INGLUDLNG LIB BUFFERS
034253

FIGURE A.5 .  Pr in tou t  of  Program DEPLETE source  deck  a ( can ’ t ) .
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FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS
1 ‘ ~001250 3
6 001270 7
10 001330 13

1
i i

1 :
200 000703 201
207 000671 250
601 000702 650

BLOCK NAMES AND LENGTHS

VARIABLE ASSIGNMENTS
A - 030174  AAA
A0 - 026730  AQOUT
A1 ' 030157  A2
C ' 030155  CA
CONS - 023546  C1
0 ' 027012  DA
1 ' 030150  J
NO ' 030151  NYEAR
PCT]  " 030172  0
RAIN  ' 021266  RATE
SET - 022416  SN
52  ' 030203  53
56  - 030176  $7
T ' 001504  TAC
TNET ' 026172  Tu
TRANS ' 030165  TWC
V ' 020136

START OF CONSTANTS
001242

START OF TEMPORARIES
001413

START OF INDIRECTS
001470

UNUSED COMPILER SPACE
033500

I I
I I

I I
I I

I I
I I

I I
I I

001253
001277
001335
000375
000613
000421

030167
026420
030160
030164
006326
030153
030162
002634
005176
030156
030152
030204
030177
014526
026336
012246

22
202
290
651

ACGNS
ARAINascapcaEAxouut
OOUT
RH
51
$4
$8
TCONS
TQOUT
THF

t l
l l

l l

001256
001304
001342
000521
000414
000427

026502
026564
030161
006554
006410
017006
030163
011116
024676
002716
030202
030205
030200
026110
026026
013376

25
203
444
700

ANET
ASA
82
CK
C3

NAME
PCT

SA
$10
55
S9
TIME
TRAIN
T1

I I
I I

I I
I

I I
‘ I

II
II I

II I
II I

I

99

001261
001324
001344
000533
000511
000434

026646
007766
030166
030154
006472
015656
030142
030171
004046
006636
030201
030175
030206
030173
026254
030170

FIGURE A .5 .  Pr in tou t  of  Program DEPLETE source  deck  - ( con ’ t ) .
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