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ABSTRACT

Methods of 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 in Texas having diverse physical and climatic characteristics.
Reductions in annual yield ranged from 100 percent in dry years to 4 percent
in a very wet year. Average reductions in yield for an 8-year period common
to all seven study areas ranged from 54 percent in an area having an average
annual runoff of 1.37 inches to 11 percent in an area having average annual
runoff of 6.6k4 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 in 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 to 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.



TABLE OF CONTENTS

Page
Acknowledgments..voveeieeiciaonsn femeacnnnes e . Ty sooe 111
Abstract......cconuee s el s b e s EIe s G356 iR s §9950555 0ol spEkle - A 4
List of Tables...coou.s T T e temase smie sbe a0 B B i
List of Illustrations..c........ TP Ceeasesetarassaba ehanee o N &
CHAPTER 1. INTRODUCTION...0senssecsnosanns T an el R o ouiie 0 e 1
General Considefations ............ FEETITY te s s ma e sas e e e all
PUrpose a8nd SCODPE. . et e eunosontosonsontoncossosnnssacs e s 9. in
Justification for Study......... e e £ %= & mEmEn ke s s SR8 e e e . L

CHAPTER 2. EXPLANATION OF DATA....c.0.. S I I Y T T
Reservoir Surface-Water Budget Data.......cieviveeenn. oo s o . 6
Climatological Data.ceeeescecosssarosssassssosssasscsassncasnocs 11
Related Physical and Cllmatlc Data ..... MansessRn ... dd Qenpp e 11
Climate and Physiography.. S3ussRnke. ANz T3k .en wddA556Ee L1
Surface Area, Storage, and Discharge...... ........ ceasenan 11
F] o - R PP L PN Ceses e ceescaaan oo tote tane nte SR N
CHAPTER 3. REVIEW OF COMPONENTS OF WATER LOSS IN IMPOUNDMENTS........ 22
Evaporation from Free Water Surface....oeeoee.. o] 0 5 5 5 6 B oo o 2L
Pan-to-Lake Coefficients...... G, G D5 s REAN B . 25
Empirical Equations......... ceeene e eSBee mepeme snvenennm 20
Energy-Budget Method.....ceevueeonucannnnn e b .. 26
Mass~Transfer Method....cceovuse enz el s o1l e s RSB G EEAA ST . enoes 27
Evaporation from Peripheral Soil Surface.......... ceseos cereee 29
Transpiration by Riparian Vegetation......ceevcvceenns I
Percolation to Ground Water Reservoir.......... G 1.1
CHAPTER 4, MATHEMATICAL MODEL FOR MONTHLY CONSUMPTION.....ceececas ce. 36
Multiple Linear Regression Analysis...... s saslie s BEanes ceees 36
Variables Used in Analysis...ceveeoresvescenns ceeconn eowes 37
Description of Computer Program....scooeoecsss s10 sias e o «.. b5
Results of Regression AnalysSiS..oeececosasocronossns R L6

Development of General Equations for Monthly Consumption...... U48
Relation of Seepage Regression Coefficient to Soil....es.. 51
Sensitivity Analysis..eeeeoerieecionoscooonnscsons temsss et 53

vi



Comparison of Observed and Estimated Monthly Comsumption....... 58
General Monthly Consumption Model........ e S el e st .. 62

CHAPTER 5. MATHEMATICAL MODEL OF HYDROLOGIC RESPONSE OF A
SYSTEM OF UPSTREAM RESERVOIRS..... b s BSEEEEE e Citeieeeen... 66
CHAPTER 6. INFLOW-OUTFLOW RELATION. .. ..veenueenraaancsansns R g1
CHAPTER 7. SUMMARY AND CONCLUSIONS. ¢t covscecnosnoonsaccnnonsans ceees. 81
APPENDIX. . vvieeennnnnns Ceecaenee “ e e u e e, ssshtl AAK 55 T C veoea. 8l
Description of Program MINMIZ.......oveueeene e Ceeeaon 85
Description of Program DEPLETE.....vetveeceens walvan e e & aleie el 6B 91
BIBLIOGRAPHY.....c0... s e S e e e e aean oo s s sty “ G E s o » oWl loWE iEesegenesssss 101

vii



Table 2.1

2.2

2.3

2.h

2.5

2.7
b1

L.2

L.3

LIST OF TABLES

Page

Number of reservoirs instrumented and drainage

area controlled at beginning of water year in

seven study areas...ose.... B A CEEe e Ew A 8
Annual water budget for reservoirs in seven

study areasS..ccioecveeisonsncons beescernaens v s e s et on ek . 10
Weather station and weight factor used for

each study area.....ccocuivenvcoonss cEEE 9325 ERRE N 13
Climate and physiography of seven developed

STUQY 8YeasS..cvscoecocescosossosscossconnocses e i 1k
Surface-area characteristics of floodwater-retarding

reservoirs in seven study areas........... . coesen 15
Storage and discharge data for floodwater-retarding

reservoirs in seven study areas..... - 5% Baftnend]s & ss o 85 s 16
Description of soils in seven study areas.....coecososs RIS 20
Statistical results of regression analysis of

reservoir consumption. .. ceovsoacccesoocesconcoss e se o . L7
Summary of statistical parameters for regression

study using best-fit equation in each of seven

study areas...c.cccoeecsos Ao e e e L9
Comparison of estimated and observed consumption,

estimated using optimum equation for each study

BYCB .o sissaneasimiaio G55 i oo Siele E N dl s se e e o e s s s s mOm cesen 59

viii



Page
Table L.} Comparison of estimated and observed consumption

in seven study areas and at individual reservoirs,

estimated using single generalized form of equation

(L.10) with a; and a, constant and a3 from Figure L.3... 6L
5.1 Summary of results of mathematical model of

hydrologic response of a system of upstream

reservoirs applied to Cow Bayou study area...... walom o E K . 70
5.2 Summary of results of mathematical model of

hydrologic response of a system of upstream

reservoirs applied to Deep Creek study area....... . 915 s 5 T1
6.1 Comparison of estimated and observed total

outflow and standard error of estimate, in

inches, for period 1959-66 using 0 = .98I - .68......... 77
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 8ref....coocceceosoooess 79
6.3 Comparison of annual depletion of runoff as

estimated by hydrolcgic response model and

inflow-outflow relation with actual study

findings, Deep Creek study area....c....o.o.. et e e e aon veon 80
A.1 Notation and conversion for Program MINMIZ......c.oceesoco 86
A.2 Sample output for Program MINMIZ.....coceeeencooccoass cees 90

ix



-

Table A.3 DNotation and conversion for Program DEPLETE........ooeeucas

A.4 Sample output for Program DEPLETE. ....oeeuoeen. SRR ...l R5ee e



Figure 1.1

2.1

2.2

2.3

L1

LIST OF ILLUSTRATIONS
Page

Section of typical floodwater-retarding

structure with outlet works........... et e e 2
Location of areas being developed by SCS, and

climatological data stations and study areas

used for this report.......ocoveecveneenes saaesesesarmunna T
Comparison of equivalent annual consumption in

study areas and gross lake evaporation, 1959-65......... 12
Relationship of surface area to storage for

systems of reservoirs in seven study areas...... ceeceea. 18
Conceptual model of water budget for a

floodwater-retarding reservoir........c.oeo. et ecsenaes vee 23
Relationship of perimeter to surface area

for floodwater-retarding reservoirs in seven

study areas....ciceoveecocens eaeen eeae ceneons veesesess 30
Relation of water-surface temperature to air

temperature for floodwater-retarding reservoirs

in TeXas..veoeoen.. Ceeeeaea ce e T e ce.. W2
Comparison of standard error of estimate of

monthly consumption, best-fit multiple linear-

regression equations, and derived general

equations, 1959-66.......000.u.. o G b G e ek ale i veescens D2

xi



Figure 4.

Page

Range of values of seepage-regression

coefficient (ag) with hydrologic soil group......... ve.. 5k
Comparison of standard errors of estimate

for different time PeriodsS.......ceoveorcncesseosoasanna 56
Comparison of seepage regression coefficients

for various time periodS...cieeess s esesseccsssacssosas OF
Comparison of observed and estimated monthly

equivalent CoOnSUMPEIioN.coceeecseeenssoacaoacas colised@o aid 60
Comparison of observed and estimated monthly

equivalent consumption for Cow Bayou study area......... 61
Comparison of observed and estimated monthly

equivalent consumption for Mukewater Creek Site 9....... 65
Simplified flow chart of the computer program for

a mathematical model of the hydrologic response

of a system of floodwater-retarding reservoirs.......... 68
Comparison of observed consumption and consumption

estimated using hydrologic response model, Cow

Bayou and Deep Creek study areas.....oeeoeeaeess “aana.avs 12

Annual outflow versus net inflow for seven study

areas, 1950-66. .. ctit it inocensncenonnnns Cieroerennesess T6
Guide for data input, Program MINMIZ.....oeeseeeoeecascecs 87
Program MINMIZ f1low Qilagrlali..cceceooecacesnnnscoconncssas . 88
Print-out of Program MINMIZ source decK...... 5% 0 v e om0 tneis oo 89
Guide for data input, Program DEPLETE....consenesenccsso .. 95
Print-out of Program DEPLETE source deck.....veveeeseonoes 96

xii



Chapter 1

INTRODUCTION

General Considerations

Congress, in the Flood Control Acts of 1936 and 1944 and by the
Watershed Protection and Flood Prevention Act of 1954, 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
of appropriate land management practices to reduce erosion and sedimentation
damage and the installation of structural measures to 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 0.5 to 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 relieased 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 Govermment, through the Soil Conservation Service, pays almost the
entire cost. Local Districts are required only to provide right-of-way and
agree to maintain the structures. The floodwater-retarding structures are

not to be confused with the familiar farm pond, for which financial and
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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 342,000 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 U4 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 hydrclogic knowledge under the new condition. The first 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), to obtain samples from a broad spectrum of
hydrologic enviromments, 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.



Purpose and Scope

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 to evapo-
ration, transpiration, and seepage losses due to 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 to 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 to watershed development and for adjusting historical records. In
a second approach, using only annual values, a direct inflow-outflow relation-
ship was developed. This 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 gquantities of sedi-
ment have been deposited in the pools.

Justification for Study

The upstream flocodwater-retarding structures in place at present

affect the runoff from most major streams in the State to varying degrees.



Upon completion of the program, the Trinity, 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 woul@ 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.



Chapter 2
EXPLANATION OF DATA

In any analysis of hydrologic data where accurate areal extrap-
clation is the goal, data collected over a long and common period are
desirable, For this study, data from 7 of the 11 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 1l2-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 2.1,

Data were collected to define the following parameters for each

reservoir site on a monthly basis:

Infiow from land drainage, I, designated also as net inflow.

o

. Outflow from reservoir, O.
Rainfall on pool, K.

Pool consumption, C.

. Pool change-in-volume, AS

O\l Ewnn

Mean pool surface area, A,
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All terms except consumption are self-explanatory. Consumption at the
reservoirs is defined as the residual of inflow, rainfall on pool, outflow,
and change in volume. In equation form (units generally in acre-feet):
C=I+R-0%AS (2.1)
Consumption is composed of evaporation from the free pool surface, evapc-
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 to the ground-water table is not consumed in 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 to 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 in the files of 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, 196k),
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 of 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 to be used to 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 to 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 to weather stations primarily based on distance, with consideration
also being given to elevation. These weight factors are shown in Table 2.3.

Related Physical and Climatic Data

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

and physiographic parameters of the seven developed study areas is given in
Table 2.4. Average annual precipitation and temperature for the period 1931-
60 were taken from Carr (1967). Values of average annual gross lake evapo-
ration, 1940-65, 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 of water
stored at various designated elevations depend upon design. Table 2.5 and
2.6 summarize the surface area, storage, and discharge characteristics found

in 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.
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Station
Study area San Wichita

Dallas | San Angelo | Antonio | Victoria | Waco Falls
Calaveras Creek 0 0 90% 10% 0 0
Cow Bayou 0 0 0 0 100% 0
Deep Creek 0 60% 0 0 L0% 0
Elm Fork Trinity River L40o% 0 0 0 0 60%
Escondido Creek 0 0 50% 50% 0 0
Green Creek 0 25% 0 0 50% 25%
Honey Creek 100% 0 0 0 0 0
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Table 2.4, --Climate and physiography of seven developed study areas.

Average Average Average Average annual
eleva- annual annual gross lake
Stud tion, ratitud I tud precipi- | tempera- evaporation,
udy area feet Latituce |Longitudelation, | ture, inches
above inches °F 1940-65
(msl) 1931-60 | 1931-60
Calaveras Creek 505 29°19' | 98°18' 29 69 6l
Cow Bayou 600 31°21" | 97°15" 33 67 Bl
Deep Creek 1,490 31°20' | 99°09' 27 65 76
Elm Fork Trinity River 985 33°38' a7°2s5! 33 €5 68
Escondido Creek 360 28°Lg' | 97°sk! 30 70 62
Green Creek 1,370 32°07' | 98°17! 31 65 74
Honey Creek 660 33°20! 96°Lot 38 65 6l
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characteristics may be seen in Figure 2.3.

Soils.--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 to some degree
dependent upon the soil adjacent to and underlying the pools. Soil maps were
prepared foor each of the seven watersheds. 8Soil 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 runofé‘ potential). Soils having high infiltration
rates even when thoroughly wetted, consisting chiefly of sands and gravel
that are deep and well to excessively drained.

Group B: Soils having moderate infiltration rates when thorcughly
wetted, chiefly moderately deep to deep, moderately well to well drained,
with moderately fine to moderately coarse textures.

Group C: ©Soils having slow 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

(196L4) give the following minimum infiltration rates by socil groups; SCS soil

classification:
Soil Group Minimum infiltration rate, inches per hour
A 0.30 to 0.L45
B .15 te .30
C .05 to .15
D 0 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 of each soil is based partly on total area

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



Table 2.7,--Description of soils in seven study areas.

Study area

Soil series

Description

Hydrologic
soil group

[Approximate
ercentage

Calaveras Creek

do

do

Cow Bayou

do

do

do

Deep Creek

do

Elm Fork Trinity
River

do

Miguel

San Antonio

Stidham

Webb

Austin

Eddy

Houston

Houston-

Black

Kirkland

Owens

Denton

Tarrant

Friable sandy loam to loamy sand surface, 8-18 inches
thick, grading to firm sandy clay or sandy clay
loam 25-40 inches below the surface.

Weakly granular to massive fine sandy loam to clay
loam surface, 6-12 inches thick, grading to very
firm blocky clay 24 inches below the surface.

Weakly granular very friable fine sandy loam to
loamy fine sand surface, 6-18 inches thick,
grading into a friable blocky sandy clay.

Friable sandy loam to loam surface, 8-12 inches
thick, with very firm plastic clay subsoil over
calcareous sandy clay with thin strata of sand-
stone at depths of 30-45 inches.

Frieble calcareous silty clay to clay surface,

10-14 inches thick, over friable strongly
granular highly calcareous silty clay to clay.
Chalky marl or chalk at depths of 15-30 inches.

Very friable calcareous silty clay or clay 3-15
inches thick, over soft chalky marl.

Crumbly calcareous clay surface, 6-15 inches thick,
over blocky highly calcareous clay at 20-36
inches depth.

Crumbly and friable calcareous clay surface, 10-25
inches thick, over firm blocky calcareous clay
with strongly calcareous clay at 30-60 inches
depth.

Friable silt loam to clay loam surface, 7-10 inches
thick, over very firm and compact blocky clay
that grades into weakly calcareous clay or
shaly clay below about 36 inches depth.

Calcareous clay surface, 5-10 inches thick, over very
firm blocky to massive calcareous clay that grades
into calcareous shaly clay 15-30 inches beneath
the surface.

Crumbly granular calcareous clay surface, 8-12 inches
thick, over crumbly plastic strongly calcareous clay
over substrata of limestone interbedded with soft
marl, or broken fragments of limestone mixed with
marl at depths of about 12-36 inches.

Friable highly calcareous clay surface, 4-8 inches thick,
over broken or pertly weathered limestone or lime=-
stone bedrock at less than 12 inches beneath the

surface.

D

=]

16

43

3k

30

24

20

26

4o

60

65

35

20



Table 2.7.--Description of soils in seven study arcas-Continued
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Study area

Soil Series

Description

Hydrologic
soil group

Approximate
percentage

Escondido Creek

do

do

Green Creek

do

do

do

Honey Creek

do

Monteola

Runge

Unnamed

Zapata

Denton
(shallow phase)

Stephenville

Calcarcous clay surface, 12 to 30 inches thick,
over angular blocky calcareous clay.

Fine sandy loam, 8 to 16 inches thick, over cal-
careous sandy clay loam that grades to a cal=
careous sandstone 4 to 7 feet below the surface.

(Similar to Engle soil series). Calcareous loam,
10 to 18 inches thick over calcareous fine
subangular blocky loam to sandy clay loam that
grades to sandy clay loam and interbedded
partially weathered calcareous sandstone.

Calcareous sandy loam to loam 4 to 1k inches thick,
over strongly cemented to indurated caliche,
several feet thick.

Crumbly granular and subangular blocky calcareous
silty clay loam to clay surface, 4-8 inches
thick, over crumbly plastic strongly cal=
careous clay over substrata of limestone,
largely strongly cemented caliche, 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.

Tarrant Friable highly calcareous clay surface, 4-8

Windthorst

inches thick, over broken or partly weathered
limestone or limestore bedrock at less than 12
inches beneath the surface.

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

thick, over very firm sandy clay.

Austin Friable calcareous silty clay to clay surface, 10-1k

inches thick, over friable strongly granular
highly calcareous silty clay to clay. Chalky

marl or chalk at depths of 15-30 inches.

Houston- Crumbly and friable calcareous clay surface, 10-25

Black

inches thick, over blocky strongly calcareous

clay at 30-60 inches depth.

D

26

2

L

25

13

11

51

35

65
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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
agssociated with the surface storage of water in large reservoirs. It seems
appropriate to consider the reasons for the losses. Once the underiying
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 respcnse of a floodwater-retarding pool tc
various inputs, it is necessary to know the water budget. By the nature cof
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 gquantities of seepage under and through the dam,
Therefore, this quantity is assumed to be zerc. 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 teo the ground water table is considered as a loss.

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

22
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Precipitation Runoff

Reservoir
+AS

> Outflow

Evaporation

Seepage past dam

Evaporation from soil Transpiration

Y

Percolation
to ground water

FIGURE 3.1 - Conceptual model of water budget for a floodwater-retarding reservoir
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evaporation from free water surface, evaporation from adjacent soil, trans-
piration, and seepage, based on sound physical principles. In addition, to
make the methocdology of  general use, it should incorporate parameters which
are reasonably easy to 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. ZEvaporation is 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 develcpment cf
evaporation processes is given by Anderson, Anderson, and Marciano (1950).

Evaporation occurs when water molecules in the liquid state attain
sufficient energy to 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 tc 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 pfoportionality

eg = saturation vapor pressure of air at water surface temperature

actual vapor pressure of air.

Ca

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 (196L).

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 lcocal 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. 5. 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 tc appreciable error unless the effects

of advected energy into the lake and heat transfer through the pan are taken
into account. In U. S. Weather Bureau Research Paper No. 38 (Kohler,

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

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

=)
[]

0.70 [E, + .00051 Py ap(0.37 + 0041 Uy) (T, - Ty)0 58]

where Ep = lake evaporation, inches/day

Ep = pan evaporation, inches/day
P, = atmospheric pressure in inches of mercury
oy = proportion of advected energy

(Class A pan) used for evaporation
U, = wind movement 6 inches above Class A pan in miles/day

T, = air temperature, °F

=
I

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

and Stall (1966) in Illinois.

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

Law and an empirical definition of the constant of proportionality. 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 to other areas.

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

going, and stored energy are measured during some finite period and related
to the amount of energy required for the evaporation process. Utilizing the

energy budget, evaporation from a lake surface can be expressed as follows
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(Anderson, 195L4):

Qs = Qr - Qb + Qy - Qg

oL (1 + R)
where E = evaporation
Qg = incident solar radiation
Qr = reflected solar radiation
Qp = net energy lost by the body of water through the
exchange of long-wave radiation between the atmosphere

and the body of water.

1}

Qv net advected energy into the body of water
Q_ = increase 1in stored energy in the body of water
o = 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 to as Bowen's ratio.

From a physical point of view, it appears the energy budget method
is the most accurate method of computing evaporation if the terms in 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 Methcd.--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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transfer theory. One group of equaticns is based on the concept of discon-
mn 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 (195k4), 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 - eg) (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
e, = saturation vapor pressure in millibars corresponding to the
water surface temperature
e, = vapor pressure of air in millibars,
The mass transfer coefficient N represents a combination of many
varisbles 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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viscosity of air. Harbeck found

0.00338

N =
10.05

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

above water surface as used in equation (3.1).

The results of Harbeck's mass-transfer equation are generally
reasonably accurate. The method requires only water-surface temperature,
air temperature, relative humidity, and wind movement observations for
application. Observations of climatic factors at nearby weather stations
may be used for estimating purposes. The method has gained wide acceptance
in the U. S. Geological Survey.

Evapcoration from Peripheral Soil Surface

Evaporation from the soil surface peripheral to the pool is
generally not considered to be a significant source of water loss in reser-
voirs. In general, this is a valid assumption for large reservoirs because
the soil area subject to evaporation loss is small compared to the area of
the free water surface.

For small reservoirs, this may be a significant factor since
perimeter is exponentially related to area. Perimeters and surface areas
at the sediment pool and emergency spillway elevations were measured and
these values were averaged for each of the T study areas. The results are
shown in Figure 3.2,

A linear least-square regression indicates the perimeter-surfac

area relation to be

P = 1,660 A0 4% (3.2)

where P perimeter in feet

A surface area 1n acres.
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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
0. Lk,

For this report, the exponent is assumed to be a constant (0.44) and

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

seven study areas:

Calaveras Creek

P = 1800 AQ- 4"

Escondido Creek

P = 1640 AQ0 %%

Cow Bayou Green Creek

P = 1900 A0-%% P = 1450 A0 4%
Deep Creek Honey Creek

P = 1400 A0- 4% P = 1800 A0 “4*

Elm Fork Trinity River
P = 2000 A0 4+
To illustrate the effect of size on relative peripheral area, a
hypothetical example is taken:
Assume P = 1660 A0 %% and effective evaporating band of soils is

20 feet wide

For A = 10 acres,

20 x 1660(10)9-%* = 2,1 acres or 21 percent
43,560

Evaporating soil area

of surface aresa
For A = 1,000 acres,

20 x 1660(1000)0 4% = 16,0 acres or 1.6
43,560

Evaporating soil area

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 to the pool. 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 evapocration 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 40 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 to water table of 2 feet, evaporation in the
1964 calendar year was equal to about 23 inches of water applied to the
surface. Assuming soil porosity of 40 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
(Lo 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 to a water table depth of
10 inches, then continued at a decreasing rate tc a depth of 25 inches.

The soil was loam with a porosity of 40 percent. Nixon and Lawless (1960),
in tests on a bare soil, found that evaporation noticeably reduced scil
moisture in the upper two feet, but found nc 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 to 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 to 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 is determined by soil characteristics,
rate of evaporation, and depth to water table.

Based on a purely theoretical concept, Liakopculas (1966) developed
a partial differential equation for representing evaporation loss from ground
water. Assuming an initially saturated column and considering the eguations
cf motion, continuity, and state, Liakopoulas solved the eguation by Tinite
difference approximations. He found that the evaporation rate reduces rather
gquickly, then levels off. The lower level of evaporation was found to be

determined by the unsaturated moisture conductivity of the soil.

Transpiration by Riparian Vegetation

Transpiration by vegetation can also be a significant gquantity in
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 usad
by phreatophytes.

Transpiration depends primarily on temperature if the water table
is shallow and it virtually ceases during the dormant season. Varicus
methods have been presented to 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 Criddle, 1945), and the Penman type equations (Penman,
1948). Most methods relate consumptive use to 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 in porous media

Q=K Adh
dl
where Q = rate of flow
A = gross cross-sectional area
dh = hydraulic gradient-
di

The term K is also frequently defined as the coefficient of permeability.
The value of K depends upon both the permeability of the porous media
and the viscosity of the fluid.

The U. 8. Geological Survey has adopted two definitions of the

coefficient of permeability.

1. Laboratory or standard coefficient of permeability
Kg 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 K 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 temperature.

It is noted that Kg and Ky differ only in consideration cf

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

K HED
where Hf and Mg are viscosity of water at field temperature and at 60°F,
respectively. Laboratory coefficient of permeability Kg for various soils

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

Range of Kg,

Soil Class gal/day/ft
Clean gravel 106 —- 10%
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. 10 -- 1073

Unweathered clays 1073 - 10~*

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.



Chapter 4

MATHEMATICAL MODEL FOR MONTHLY CONSUMPTION

Multiple Linear Regression Analysis

A multiple line;r regression study was undertaken to define
relationships for consumption attributable to 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 be 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 in developing prediction
equations although the prediction equations may or may not have physical
significance. This method has been found to be gquite useful in many areas
of research where it is not feasible to define and measure all the processes
involved.

The multiple linear regression equation is of the general form

where Y is the dependent variable
ap and aj are regression constants
X; 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



37

physical parameters. This is often the case in hydrology; however, statis-
tical techniques can still be very useful.

Two basic approaches may be 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 to regres-
sion equations which bear no resemblance to the physical processes involved.
The second approach is to 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. D= monthly mean depth, feet.

L4 u = monthly average wind speed, miles per hour.

5 eqg = saturation vapor pressure at surface temperature of water.
6. e, = actual vapor pressure at average monthly air temperature

and relative humidity, millibars.

T. Ae = eg - ey, vapor pressure deficit, millibars.

8. P = perimeter of pools at average surface area, in feet.
9. S = average side slope, feet per foot.
10. v = kinematic viscosity of water at average monthly water
surface temperature, feet? per second X 10°.
11. Ta = average monthly air temperature, °F.
12. T, = average monthly water surface temperature, °F.
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13. DA = drainage area controlled by floodwater-retarding
structures, square miles.
The first variable, consumption C, is considered to be dependent upon the
remaining 12 variables.

Using these 13 variables, equations which were thought to be
representative of the physical processes were formulated and analyzed by
multiple linear regression. The equations have three parts which were
considered to be representative of consumption by evaporation, transpiration,
and seepage. The basis for formulation is as follows:

1. Evaporation was considered to have two components.

a. Free water-surface evaporation was assumed to be a
function of surface area, vapor pressure deficit, and
wind speed. This is patterned after the mass-transfer
method (Harbeck, 1962).

b. Peripheral soil-surface evaporation was assumed to be a
function of vapor pressure deficit, wind speed, depth to
water table, capillary rise, hydraulic conductivity of
'soil, effective evaporating area, and porosity of soil.
For a given study area, permeability and soil porosity is
constant and height of capillary rise varies only slightly.
The effective evaporating area is directly proportional to
perimeter of the pool and inversely proportional to the
side slope. Hydraulic conductivity varies inversely with
viscosity.

For each study area, the following expressions for the independent

variables representative of evaporation were computed for each month:
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X1 = Aeu (A + Ky P/Sv)

or X7 = Ade u (A + Ky P/S)

or X; = Ae (A + Ky P/Sv)

or X1 = Ae (A + Ky P/8)

where K, = a constant to 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,

Ky = 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 Xj.
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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X, = (T, - 40) DA
or X, = (T, - 32) DA

with the qualification that X, 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 DP + A) /v

where K3 = 1/43,560 to convert DP to acres.

The basic regression equation then is of the form:

C=ay+a) X3 +apXo+azis (4.1)

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 guotient 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 4.1 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 pressure eg 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:

3]
i

[ .
71 A x5 + R

n
x=3 4
3=0

where x dependent variable

X x at initial value of independent variable

(¢}

y = independent variable

;

Cl—‘l
Lo}
1}
I

(u-3)
o]

[N
]

A = j%h gifference in finite difference table
h = increment of independent variable in
difference table (yj+1_yj)
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 remeinder in R, the fourth degree polynomial of eg
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in terms of T is:
e. = 6.1 + 0.4180555 T + 0.0190971 T2
-0.0000386 T3 + 0.0000096 T*

saturation vapor pressure in millibars

where ey

T = temperature in °C.

This gives ey between 0°C and 30°C with a maximum error of 0.5 percent.
The temperature used to compute ey is water surface temperature. To

compute air vapor pressure €55 saturation vapor pressure is computed at

alr temperature and multiplied by relative humidity, since relative humidity
= ey/eg.

To compute kinematic viscosity, v, the relationship of v to 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.

1964) 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 + 0,0009955T? + 0,0000154T3

- 0.0000006T*] x 1073
where v = kinematic viscosity in £t2 / sec
T = water temperature in °C.
This equation gives values of v within *1 percent accuracy in the range of
temperature 0 - 30°C (32-86°F).
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



Lh

as follows:

Calaveras Creek 0.034
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 X7 and
X, were used, making a total of 12 regression equations for each watershed.
As is often the case in research, the path from initial conception to 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 is correct, the regression
coefficients should have the following characteristics:
ag should be zero as C should be zero when X7, X2, and X3 are zero.
a] should be reasonably similar in the seven study areas.
ao should be a measure of 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, T sub-samples (study
areas) with 96 observations (months) were used. Output of the program
included the following:
1. Sums and sums of squares.
2. Cross products of deviations.
3. Correlation matrix.
L. 1Inverse of correlation matrix.
5. Means and standard deviations.
6. Regression coefficients, their standard errors and t-values
and deviation about regression, with degrees of freedom and
F-values.
T. Sums of squares due to regression for each variable.
8. Standard error of estimate.
9. Intercept.
10. Partial correlation coefficients.
11. Multiple correlation coefficients and coefficient of deter-
mination.
12. Table of residuals.
13. Analyses of extreme residuals.
For a complete description of the program and computation procedure,

see Dixon (1964). TFor a thorough treatment of theory and methodology of
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multiple regression analysis, 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 be significant
were used for each study area. These 12 regression equations are as follows:

1. C =&, + aj u (eg-ey)(A+K;P/Sv)+an(T,-L40) (DA)+a3(K3DP+A) /v

2. C=ag+a;u (es—ea)(A+K1P/S)+a2(Ta—hO)(DA)+a3(K3B?+A)/v

3. C=a, +ap (e ~e,)(A+KyP/Sv)+ap(T,-140) (DA)+az(KsDP+A)/v

L. C=a. +a (es-ea)(A+K1P/s)+a2(Ta-ho)(DA)+a3(K35?+A)/v

5. C=a_ +aju (eS—ea)(A+K1P/Sv)+a2(Ta—32)(DA)+a3(K35?+A)/v

6. C=a_ +aju (es-ea)(A+K1P/s)+a2(Ta—32)(DA)+a3(K3BP+A)/v

T. C =28+ 8] (eS-ea)(A+K1P/s)+a2(Ta-32)(DA)+a3(K35P+A)/v

8. C=a. + a] (es—ea)(A+K1P/Sv)+a2(Ta—32)(DA)+a3(K35?+A)/v

9. C=ay,+au (eskea)(A+K1P/S)+a3(K35P+A)/v

10. C=ag+aju (es—ea)(A+K1P/Sv)+a3(K35?+A)/v
11. C = ag + 8y (e -e,) (A+K1P/Sv)+a3(K3DP+A)/v
12. C = a, + aj (e_-e.)(A+K1P/S)+a3(K3DP+A)/v

A summary of the results of the regression analysis is given in
Teble L.1.

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 in 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 wviscosity 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=ay + ay (ese,)(A+K P/S)+as(Ty~40) (DA)+a3(K3DP+4) /v (4.2)

o}

A summary of statistical parameters for each of the seven study
areas using equation (4.2) is given in Table 4.2. From this table, the
following is noted:

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

except Escondido Creek for a 99 percent confidence interval.
For Escondido Creek aj is significantly different from zero
for a 90 percent confidence interval.

2. ap 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 99 percent confi-

dence level in all study aresas.

The results did not show a clear trend for any of the regression
coefficients, and several of the study areas had intercept (ao) values
significantly different from zero. As the purpose of this study was to
develop methodology which could be extrapolated to ungaged areas, the least
square-multiple linear regression equations were not deemed to be satisfac-

tory because of the variation in regression coefficients.

Development of General Equations for Monthly Consumption

The multiple linear regression study was used to identify the
combination of variables which provide the best estimate of consumption.
Using these variables (equation 4.2) another program was developed in which

the intercept (ap) 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 ay = O. This program,designated as Program MINMIZ, along with an exam-
ple of output is included in the appendix. The object was to optimize the
results with a given set of constraints. The regression coefficient aj
should be relatively constant for all seven study areas. Initial testing
indicated the value of ay which best fit all seven study areas was 0.026.
This value of aj was then fixed for each study area and a, and a3z were
varied in a stepwise manner. The values of as 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 (epey)(A+K P/S) + .59 (K3DP + A)/v (4.3)

Cow Bayou:

C = .026 (eg-ey)(A+K1P/S) + .00k (T ~h0)(DA) + L7 (KgDP+a)/v  (4.L)
Deep Creek:
C = .026 (ege,)(A+K P/S) + .00k (T, -h0)(DA) + .3 (K3DP+A)/v  (4.5)

Elm Fork Trinity River:

C = .026 (e ~e,)(A+K;P/S) + .020 (Ty-40)(DA) + .50 (K3DP+A)/v (L.6)
Escondido Creek:
C = .026 (eg-ey)(A+K P/S) + .49 (K;DP+A)/v (4.7)

Green Creek:

C = .026 (e ~e,)(A+K P/S) + .00k (Ta-40)(DA) + .40 (K3DP+A)/v  (L.8)
Honey Creek:
C = .026 (eg-e,)(A+K1P/S) + .012 (To-40)(DA) + .32 (K3DP+A)/v  (L.9)
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In those equations having no (T,-40)(DA) term, the best fit regres-
sion coefficient was O, A comparison of the standard error of estimate using
the derived equations and the least square regression study equations is
shown in Figure 4.2. 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, a.

Relation of Seepage Regression Coefficient to 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 &g found in this investigation was approx-
mately two-fold. This range must be related to 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
to other areas, a range of values for the regression coefficient az 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 ag 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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Derived general equations

Multiple linear-regression study
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Study Area Equation
Calaveras Creek A3 B+ .34 C+ .23D = .59
Cow Bayou .30 B + .24 ¢ + .46 D = .u47
Deep Creek D= .3k
Elm Fork Trinity River .65 C + .35 D = .50
Escondido Creek .68 B + .32 D = .h9
CGreen Creek 13 B + .76 C + .11 D= .ho
Honey Creek .35 B + .65D = .32

A range of values of B, C, and D which can simultanecusly satisfy all seven

equations of the above equations is:

B = .49 to .72
C = .36 to .56
D= .23 to .40

An average of these values is suggested for use in other areas, with adjust-
ments within the indicated range based on the relative permeability of the
underlying geologic formations. The range in values with soil group is
shown graphically in Figure 4.3. In the seven study areas, the maximum
proportion of consumption accounted for by the term a3 (DP+A)/v was approx-
imately 65 percent, in an area with a high percentage of B type soils. The
maximum error to be expected by using the mean value of a3 would be *12
percent, since the range of values of a3 for the B type soil is *19 percent

from the mean.

Sensitivity Analysis.--The sensitivity of derived parameters and

accuracy of results is always an important consideration in hydrologic studies.
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For agencies engaged in hydrologic data collection, it is necessary to 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 to 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 UY-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 4.k,

Each of the individual periods studied indicated a value for aq
of 0.026 to best fit all the data. In order to test the sensitivity of
the regression coefficients to lengths of time of data collection, a compar-
ison was made of the seepage regression coefficient, holding aq and ao
constant and equal to values obtained for the 8-year period. The seepage
regression coefficient is the largest contributor to estimated consumption.

The results are shown in Figure 4.5. These results indicate in general the
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FIGURE 4.4.- Comparison

of standard errors of estimate for different time periods
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seepage regression coefficients would have been no more than 10 percent dif-
ferent for a two year period than for the eight year period. This would
result in a maximum difference of 6 percent in consumption computed by 2-years

and 8-years record.

Comparison of Observed and Estimated Monthly Consumption.--The

utility of any method of prediction is determined by the accuracy with which
results can be predicted outside the period used for calibration. This
study used the period 1959-66 for calibration. The regression equation was
optimized on volume of consumption (acre-feet) rather than equivalent
consumption (acre-feet/acre of surface area). To test the validity of the
prediction equations, they were used to predict monthly values of consumption
and equivalent consumption for the entire period of record available for each
study area. This covers the period of construction on several of the study
areas. A summary of the results is shown in Table 4.3 and in Figure L4.6.
To illustrate more clearly the magnitude of the individual monthly variations,
the results for the Cow Bayou study area are shown in Figure L.T.

The results were better than frequently attainable in hydrology,
indicating the equations developed could be used to predict monthly values
of consumption using physical characteristics of a study area and climatic
parameters from nearby first order weather stations. The regression
equations shown are by no means unique solutions. Other combinations of
parameters could yield equally accurate estimates. The value of a; was fixed
as a constant best fitting all the study areas partly for convenience and
partly by intuitive reasoning. Values used for ap can vary appreciably per-
centage wise without seriously reducing the accuracy of estimator. The so-

called transpiration term ao(Tg,-40)(DA) accounted for approximately 11 percent of



59

6°¢T 2g0° € HT| G 9T G166 9086 oTH 6T 08261 HT 99-€G6T i98a) Lsuoy
A 100" Q21| L°TT 6L" L. 9" 9/, 000°TT 0L8f0T oT 99-LG6T ¥92d) USsI)
QST OTT"* L°9T| 2°2x 08"l 64"l 0z€°lLe 0T0‘LZ 6 99-Q%6T 99D OPTPUOISH
T°HT It T HT | 2702 90°%6 GG 96 0£8°9T o489t ot 99-LS6T I9ATY A4TUTIL IO WTH
1 CT 00T* 9° KTl T'2T 9z €6 0L 16 006°TT oho‘et 2T 99-GG6T sesa) deaq
0°TT 60" T°TT| €°4T $6°Q9 Q0°69 o2t othet 3 99-656T nofeq mop
31T 6TT” 9T | n'H2 88°98 e lg 020°gT 0L6°LT 6 99-Q56T {O9I) SBIDARTRD
ﬁ 1997 & *I'®e PIAISSQQ| POYBUITISH | PRAIDSQQ| POIBWTASH
1997 199J =200y 199J quUSTeATNDT 199 =210V
sagoh
senTeA ATyauow Jo UOTIAUNSUOD TBAOT, JOo Ioqumyj POTIS] gage Apnag

91BWIISD JO JOJIIS PJIEPUBILS

uotyenbs umwrydo

*BoJB ApPN3sS Yoes J0J
Susn pelewryss ‘UoT1dUNSUOD POAISSGO PUR Po3BUWTIISD JO QOmﬁhngoo||M.: STa®B



60

20 —
Calaveras Creek

20

o]
20 |
Deep Creek ]
_ .
-~ . ) A
1.0 A, -1 ~ Fia d T
I =,
5 Y \ 7 7R
w L o N\ 7 "\ ) Y ) g
u vy ¢ X 7 / AN " ~'
z
. 0
z
=]
F20 T —— —
H Elm Fork Trinity River
3 F R ]
z \ a 1
8 1.0 H j)\ ,lf Al vi i A l’
[ - ’ g 4 A\ 4 4
zZ w ’ ‘ . 3
: L % \_ . o y h b 1/ = 5 T
2
2 0
(=]
i
»20 T
= Escondido Creek
z r~ -
2
10 < - - = /,k‘ Vs A R
) 4 . R
i \\‘“\—?,/’W o , N 3 y / ‘\,/ \“' ) \‘./ \\/\_
[¢]
20 T
Green Creek
~ ~
1.0 = S
L ?
M R v - k D \o& .' - ", \_/ 7
o
20 :
! Honey Creek
A = ly . . 4 A
0 A 7 \/ 7 N \ !
7 a A -
H 3 bk 4 N 24 \ / R (2 \ 2 I
y N2 } \ y \ - ‘\\//\
o]
1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966
WATER YEAR
Observed ———
Estimagted -------—-

FIGURE 4.6 - Comparison of observed and estimated monthly equivalent consumption



paip Apnys nokpg Mo7 404 uoldwnsuod U3|DAINDS A)yjuow paiDWI4Sd pUD PBAAISSGO Jo UOSIIDAWOD - b JHN9| 4

61

HVIA HILVM
9961 S96! 96! €96l 296l 1961 096l 656! o
i 1 =
o
— ~ =2
. T
i >/ \ ’ f . A\ - ﬂ
) M f \ ,, \ / m
1 O
, , i ; . , ¢ €
‘ , \ <
L ] | \ \ \ >
/ \ 1 , I | m
L \ \ _ w a pd
! | ! \ 1 5
A / I o
B .ﬁ / N { N m
| : |/ I ] =
| I \y i o/ - =
_ | , __ r Y z\ ol w
\ T ] [ ’ g

\ <_ | i\ | V 0 =
i\l b | | I i z
Ly L W ! | PanIasqQ -
\ Y ¥ f m

N Y _ |J ___ |

N pajDwis 3
— |

Sl

e




62

the total loss in the Elm Fork study area, the maximum percentage of all
study areas. Monthly consumption in the 7 study areas was also computed
using a value of 0.010 for a, rather than the optimized value found for

each area; this resulted in very little change in the standard errors of
estimate given in Table 4.3. Therefore, a reasonable value of ap for use in
ungaged study areas would be 0.010.

General Monthly Consumption Model

Based on the preceding analyses and results, it is suggested the
following procedure be used in adjusting historical streamflows for the
effects of consumption at upstream floodwater-retarding structures:

1. Compute monthly values of consumption using the formula:

Consumption = .026(eg-e_)(A+K{P/8)+. 010(Ta-l+o) (DA)+a3(A+K3DP) /v
(4.10)

2. With all parameters computed as previously outlined, values of

a3 should be chosen based on county soils maps and Figure L4.3.

3. The value of a, may be adjusted upward or downward from 0.010

depending upon the degree of vegetal cover likely to be found
in the study areas. Generally, areas with highest mean annual
rainfall would tend to have the largest values of an. The
value of a, would be expected to increase with time due to the
increase in vegetation around the pools.

To verify the applicability of the suggested eguation using average
values of ay and a, and a value of a3 from soils maps and Figure 4.3, con-
sumption at three individual floodwater-retarding sites was estimated. In-
dividual reservoirs used were in the Elm Fork Trinity River, Honey Creek,

and Mukewater Creek study areas. Drainage areas for these sites are 0.77.
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2.14, and 4,02 square miles, respectively. The Mukewater 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 L.b4.

The results for Mukewater Creek site 9 are also illustrated in Figure 4.8,
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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 to 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 wvalues of:

a. Rainfall.

b. Runoff.

c. Temperature.

d. Relative humidity.

2. Watershed parameters:

a. Number of floodwater-retarding structures.

b. Drainage area.

¢c. Surface area-storage relation.

d. BSurface 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 storage at beginning of period of interest, may
be assumed any value from zero to full pool.

A simplified flow diagram of the program is shown in Figure 5.1.
Essentially, the program is an iterative procedure to determine the mean
monthly surface area, as all computations of depletion are based on this
parameter. The procedure is to assume & value for average monthly surface
area and compute net depletion from the regression equations. Average
monthly content is then computed based on storage at the beginning of the
month, inflow during the month, time required for the pool to drain to the
lowest uncontrolled spillway, and net depletion. A value of average surface
area is then computed based on the average content. This value of surface
area is compared with the assumed value and if the difference is greater
than one-tenth of one percent, the assumed value of surface area is incre-
mented by one-half the difference. This procedure is continued until the
surface areas agree within one-tenth of one percent tolerance limitss The
procedure converges quite rapidly, generally within 7 or 8 iterations. For
the program, the following simplifying assumptions are made:

1. Total monthly inflow occurs on first day of month.

2. Outflow rate is 80 percent of maximum design discharge.

3. Rainfall is applied to 95 percent of the average surface

area for the month in computing rainfall on pool.

4. Reservoir surface area is exponentially related to

capacity, with capacity adjusted for sedimentation.
5. BSide slope = .055, the median value found in the seven

study areas.
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Read in all data: rain-
fall, runoff, tempera-
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Print out results
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FIGURE 5.1.-Simplified flow chart of the computer program for a mathematical model
of the hydrologic response of 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 variation in degree 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 to 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 aq and ao
were taken as those average values shown in equation (4.10). 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 in Tables 5.1 and 5.2 and illustrated in 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 to 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.



Chapter 6
INFLOW-OUTFLOW 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 to 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 to compare outflow with inflow and analyze downstream channel
losses under varying conditions. In this report, only "on sife" 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, in 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

Th
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this analysis was:

0 = 0.98I - 0.68 (6.1)

where 0 = annual outflow in inches

I annual net inflow in 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.
Data are shown in Table 2.2.

The relation between inflow and outflow is surprisingly consistent
in view of the variations in physical and climatic characteristics found in
the seven study areas. An indication of the overall accuracy of this
equation is shown in Table 6.1. This equation is suggested for use in adjust-
ing annual values of historical streamflow records for effects of upstream
development in watersheds where conditions are similar to 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 (6.1), it follows
that:

For I > 0.7

and for I < 0.7

where D percent of annual runoff depleted due to floodwater-
retarding structures.

The proportionate effects of upstream development on yield diminish with
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FIGURE 6.1-Annual outflow versus net inflow for seven study areas, |1959-66.
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increasing runoff. A comparison of average reduction in runoff and annual

runoff is shown below:

Annual runoff, inches Reduction in yield, %
< 0.7 100
1.0 70
2.0 36
5.0 16
10.0 9

This illustrates how the depletion due to upstream development increases
drastically with decreasing average annual runoff.

It must be borne in 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 of 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 in storage, soil types,
and climatic conditions are accounted for but the inflow-outflow relation

also gives satisfactory results over a longer period of time.



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

area.
Net Outflow, inches Reduction in Yield, %

Water Inflow, 0=.98T 0=.98I

Year inches Model -.68 Actual Model ~-.68 Actual

1959 2.48 1.53 1.75 1.65 38.3 29.4 33.5

1960 9.25 8.56 8.38 8.83 7.5 9.4 L5

1961 15.19 k.42 | 14.20 14.28 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 .ob 100.0 100.0 84.6

1964 1.78 .68 1.06 1.04 61.8 Lo.u 41.6

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 46.93 | L7.05 L7.k9 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, 4%

Water Inflow, 0=.98T 0=.98I

Year inches Model -.68 Actual | Model -.68 Actual
1955 7.50 6.540 6.67 6.38 1.7 11.1 14,9
1956 .73 0 .0k .23 100.0 9k.5 68.5
1957 6.17 5.65 5.37 5.62 8.4 13.0 8.9
1958 2.88 2.47 2.1k 2.48 k.2 25.7 13.9
1959 1.31 .79 .60 LTT 39.7 54,2 k1.2
1960 1.60 1.08 .89 1.15 32.5 L.k 28.1
1961 1.35 .75 .6l .93 Lk 52.6 31.1
1962 .37 0 0 .01 100.0 100.0 97.3
1963 1.17 .36 iy .38 69.2 59.8 67.5
1964 3.08 2.20 2.34 2.08 28.6 2k.0 32.5
1965 1.21 .90 .51 .98 25.6 57.9 19.0
1966 .88 11 .18 .12 87.5 79.5 86.4
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 to all seven study areas considered, average
reductions in yield ranged from 54 percent in an area where average annual
runoff was 1.37 inches to 11 percent in an area where average annual runoff
was 6.64 inches. Total losses recorded were as much as twice that attributed
to evaporation from the free water surface alone. In 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 to 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 to 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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air, surface area, air temperature, viscosity of water, drainage area,
perimeter, side slope, and mean depth of pool. The inclusion of wind speed
did not increase the accuracy of the prediction equations.

The results of the multiple linear regression analysis were deemed
to be unsatisfactory for extrapolation purposes primarily because intercept
values in some cases were significantly different from zero and there was
no clear trend of regression coefficients. Since the purpose of the study
was to develop general relationships applicable to ungaged areas, another
study was undertaken to develop a general mathematical model of monthly

consumption. The combination of variables identified by the multiple linear

regression analysis as ‘providing the best estimator was used. A computer

program was developed wherein the intercept of the multiple linear regression
was fixed at zero and the other regression coefficients were varied in a
stepwise manner to determine the least square of errors estimator. Using
this technique, general equations were developed with a constant evaporation
regression coefficient and a seepage regression coefficient related to
underlying soils. Using these equations, standard errors of estimate of
monthly consumption ranged from 11 percent to 16 percent. Sensitivity
analysis indicated regression coefficients based on 2-years of data would

not have differed more than 10 percent from those based on 8-year record.

A computer program which is a mathematical model of the hydrologic
response of a system of upstream reservoirs was developed in order to uti-
lize the general relationships for watershed yield analysis. Watershed
parameters and monthly values of runoff and climatic parameters are input
data. The program output includes total inflow, rainfall on pool, con-

sumption, net depletion of flow, and outflow from the system of reservoirs.
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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 to 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 in 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 to 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 in Tables A.1 and A.2 and in Figures A.1l, A.2,

and A.3.

85



86

Table A.1 - Notation and Conversion for Program MINMIZ.

Notstion | lotabion Description
Al ? ag Regression coefficient in equations 4.3 - 4.9
€ times 10
A2 an Regression coefficient in equations 4.3 - 4.9
: times 5
A3 ? a3 Regression coefficient in equations 4.3 - 4.9
Bl ; b1 Same as aj
B2 % b2 Same as aop
CONS g Consumption Monthly reservoir consumption in acre-feet
I i An index variable
J J An index variable
X k An index variable
LK 1k An index variable
NAME Name Name of study area
RES Residual Standard error of estimate
S Sum A variable for summing residual errors
X x X; = (e -ey)(4+P/8)/10
X, = (T,-40)(DA)/5
X5 = (DP+A)/v
Xh = Y = Consumption in acre-feet
X1BAR ii Average value of Xl
X2BAR ié Average value of Xé
X3BAR ié Average value of X3
YBAR Y Average value of consumption
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Start

Read in all data:
Name, il. iz ’ )?3 1 Y5

96 values of XI,Xz,X3,X4

Print table
headings

Take initial
values of 9, a8 ap

Compute az

Compute standard
error of estimate

Increment
a, and/or ap

No

Print out
results

FIGURE A.2.-Program MINMIZ flow diagram
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PROGRAM MINMIZ (TNPUT,,0UTPUT)
NDIMENSINN X{9Ae4) sNAME (149) yCONS(96) ¢ AI(16311)90FS(1hel11)eA1L]16)
182(1As11)
1 FORMAT (4F&,1)
10 FORMAT(QAY)
11 FORMAT(IHY9////7/7943%X0QA74//)
12 FORMAT(1HNe®A(2) = Na00 0.02 0,04 Ne0A Ne0R
1 N.1n 0,12 0.14 0,164 Nelr 0.720%)
13 FORMAT(1HNo#A (1) <E a(3) SE ARy SF A(3) SF A(3) SF A(3
1) SF a({3l) SF A(3) SF A(3) SF A(3) SF A(3) SF A(3)a)
14 FORMAT(1HN423F5,3)
230 FORMAT (4FR41)
RFAD 10+ (NAME (1eT)0eI=1,9)
REAN 14X1RAR,x2BAR¢X3RARYRAR
RFAD 2309 ((X(TeJVoJd=146)yT=1996)
PRINT 110 (NAMF(1eI)elz=199)
PRINT 12
PRINT 13
Bi=,1ln
DO 405 I=1416
r2=0,0
NO 404 J=)e11
AY (1) =R}
A2 (TeJ)=R?
A3(Te )= (YBAR=AL(T)H#XIRBAR=A2(T+.))#X2BAR) /Y3IRAR
S=0,0
DO 403 K=),96
CONS () =AL (1) teX (Kel)eA2 (T o)) RN (Ke2)+AA(Te ))#X(KeI)

403 S=S¢ (FONS(K) =X (Kok) ) a2
RES(Te )= ((5/96,0)#40,5) /yRAR
404 B2=R2+,0?
405 H1=A1+602
PRINT 1649 (A1 (T) 9 (RES(Te ) sA3(Te ) e zlell)el=1416)
FND

PROGRAM LENGTH INCLUDING I/0 RUFFFRS

NorR424

FUNCTION ASSTGNMENTS

STATEMFNT ASSIGNMENTS .
1 - n00214 10 - nAN0216 11 - Nnnn220 12 - nON224
13 - r00242 14 - n007t0 23n = 0002A3

RLOCK nNAMES ANND |LENGTHg

VARTABIE ASSIGNMFNTS

Al
Re

K

X
YBAR

nN2046 A2 - AnN2nbHb6 A3 - 0nl3nk Ay - nnP354
nNN235% cOMS - nN1146 1 ~ An2346 J - ANP3S3
nn2387 NAME - ANL13% RES - 0N15AAK S = 0N235A
0nn3is X1RAR = anp2367 X2RAR = ANP3SN X3rAR = nn23%9)
nng3s2

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 to 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.k4 and
Figures A.4 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 i ption

Notation Notation escrip

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
runcff, acre-feet

AQOUT - Accumulated total outflow, acre-feet

ARATN - Accumulated total rainfall on pool, acre-feet

ASA - Average monthly surface area per structure,
acres

Al aq Regression coefficient

A2 as Regression coefficient

A3 ag 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

C1 cq Coefficient in surface area-capacity relation

c2 co Coefficient in surface area-capacity relation

C3 c3 Coefficient in surface area-capacity relation

D D Monthly mean depth, feet




Table A.3 - Notation and Conversion for Program DEPLETE - (con't).
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Fortran General Description

Notation Notation

DA - Drainage area controlled by structures,
square miles

EA &g Average monthly vapor pressure of air above
water surface, millibars

ES e Saturated vapor pressure at average monthly

& water surface temperature, millibars

I - An index variable

J - An index variable

KOUNT - An index variable

MOD - An index variable

NAME Name Neme of watershed being used

NO Number Number of years to be processed

NYEAR Water year Water year designation

P P Perimeter, feet

PCT - Percent of month water is above lowest
uncontrolled outlet

PCT1 - 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 in watershed, inches

RATN - Monthly rainfall on pcol, acre~feet

RATE Rate Design principle spillway outflow rate, acre-
feet/day

RH - Monthly average relative humidity, percent




ok

Table A.3 - Notation and Conversion for Program DEPLETE - (con't).

Fortran General Descriotion

Notation Notation P

SA - Assumed monthly average surface area, acres

SET - Monthly net depletion, acre-feet

SN - Number of structures in watershed

S1 thru Sl thru SlO Used to compute various totals and accumu-

S10 lated totals

T T Monthly average temperature, °F

TAC T, Monthly average air temperature, °C

TCONS - Annual total consumption, acre-feet

TIME Time Time required to drain pool to 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

T1 - First estimate of time pool is above lowest
uncontrolled outlet, days

Vv v Kinematic viscosity of water at monthly
average water surface temperature, ftz/sec
x10~?




95

CHIATdEG weadoag 1ndut Byep JOJ apIny

HUV HENOTA

- *33T3N0
. pSTToI3uoouUN 3semOT ' LqTomdEO PUB ‘UOTLBTSJ
" - £31oBdBO-BOIR 50BIINS JO SAUSTOTIISCD ©aesk Is9BM - JYY £ o 0 IYVAIN
194 L T4 - T'9£ | To9d | 4T M
I STTw sgenbs/4883-9108 °JJCUnJd 20BJINS jTun ATULUOW ‘® aoJ saunpssoad oureg
!M % ‘A£3ToTUMY SATABTSJ uwsw ATYRUOW ‘HY JOI oanpasoad sweg
H :
- do ‘ouangzeasdusg uesm ATyjuow °J I0J oanpsooud SWES
- e B i e — (T°ON)d  (ON) HWVAAN
vyRp | L : :
70 JB5L _ (eT rvm |:|1|=|s||mmsucﬁ ur n;ﬂmpgﬁmm 98BI0A® ATUIUON-——=- —=(T'T)Y (1) 9VEAN
yoes 103 < od ¢ 9d m 94 w od 2794 | hm Qd wm.mm wm.@m ! Xh :MH
PaBO sUQ 1dag  Bny hﬂsn mnﬁh xmz, Mgd ,‘p@z a9 uep iwmm AON 120 IBeag
JIS1BM
E .mh@pm&ﬁhd@
peysxanem ‘possovoad
y - 3q 01 samsk JO JsquUMy-~ eV A v HLVY D pIo] va NS ON
W 094 ! orod | o'9d | 0°9d | 0°9d | 0794 | 0°9d L0794 et
(U A o ! . ; |
398 B18p gaJs Apngs Jo swey - 9T =1 ‘(I ‘1) EWYN
UoBS JICJ - [ e e e ~ .|...-lh . m S T . [ e :Jw
PJIBO U L. L ‘04 R 6v S .!.N,gsa;:kifm<. B v L 6v
U A t \ S JE e e B
: 08 iy 09 Los i 0% 10 boz Lot T



000002

0oooo2
0ouo00e
ooooue
oaoooe
0ououe
uoboooe
006002

oooove
0oooue
0o0pove
000002
000002

000002
000014
000042
000065
000110
000133
00015€
000201
000203
000212

000217
000232
000235
000240
000244
600247
000252
000254
000256
0002606
000262
00vz264
000266
000305
000307
000321
000324
000325

000336

caooo

I ~NOU & W

9
10
13
22
25

103

96

PROGRAM DEPLETE (INPUTsOUTPUT)

PROGRAM IS MATHEMATICAL MODEL WHICH SIMULATES THE RESPONSE OF A

SYSTEM OF FLOODWATER RETARDING STRUCTURES TO MONTHLY HYDROLOGIC

SEQUENCES. INPUT 1S RAINFALLYRUNOFF s TEMPERATURESRELATIVE HUMIDITY

AN} PHYSICAL CHARACTERISTICS OF THE SYSTEM,.

DIMENSLION T(50912) 9oNYEAR(B0) sRH(50912) 9R(50912)5Q2(50912)9CL(50)
19C2(50) 4C3(50) s CAP (B0} ¢SA(50912) sASA(50912)sP(S50e12) s TWC(50012)
2TWF (90912)9TAC(50912)9ES(50412)9EA(S50912) 9V (50912)9sRAIN(50912)
ISET(50912) 9CONS(50912)9Q0UT(50912) 9 TQOUT (50) 9 TCONS(S0) s TNET(50) 9
GTRAIN(S0) ¢ T (50) sAQOUT(50) s ACONS(50) yARAIN(S0) sANET(50) 9AQ(50) 9
SU(50912) s NAKE (196)

FORMAT(1494X912F642)
FORMAT([444F6el)

FORMAT([248F660)

FORMAT (1HO 9 37X% RUNOFF ABOVE STRUCTURES IN ACRE=FEET#)
FORMAT (1HD 9 38X# INFLLOW FROM RAINFALL ON POOL IN ACRE FEET#)
FORMAT (110 946X% CONSUMPTION IN ACRE=FEET#®)

FORMAT (1HO e # YEAR ocT NOV DEC JAN FER MAR
1 APRIL MAY JUNE JULY AUGUST SEPT WeYe TOTAL ACC

2UMULATED TUTAL#®)

FORMAT(15412F8eleFllaleF20e1)

FORMAT(1HU 45X NET DEPLETION IN ACRE=FEET#®#)
FORMAT (1HU248X#%# QUTFLOW IN ACRE=FEET#)

FORMAT (6AY)

FORMAT(1H1946X96AY)

READ IN ALL DATA

READ 225 (NAME (191)91I=196)

READ 49NO9SNeDAJCKyCyRATE sAL19A2¢A3

READ 19 (NYEAR(I) o (R(IsJ)sJ=1912)91=1,5N0O)

READ 1o (NYEAR(I) 9 (T(IvJ)sJ=1912)91=14NO)

READ 19 (NYEAR(I)o(RH(IoJ)oJd=1lelc}sI=19N0O)

REAL 39 (NYEAR(I)sCI(I)9sC2(I)9C3(1)eCAP(I)sI=19eNO)
READ 19 (NYEAR(I) 9 (Q(I9J)ed=1912)9]1=14N0O)

DO 75 I=1snNO

DO 75 Jd=ls12

Q(Ied)=Q(I9y)#DA

CORRECT FOR wATER TEMPERATURE DIFFERENCE

DO 103 I=19NO

TWF (Iol)y=T(1y1) =260

TWF(I1e2)=T(192)=2e0

TwF (T93)a8T{I+y3) =240

TWF (I194)=T(I94)=2e0

TWF(195)8T(1¢5)=1e7

TWF(1+6)=T(1y6)

THFtFeT)aT(I97)+0+8B

TWF (I198)=T(I198)+0e8

TWFLEs ) eTtIv9) 4066

TWF (I+10)=T(Is10)+0,5

FWF(Ivil3eT el )+063

TWF(I512)=T(I912)=1,2

6O 164 I=lvNe

DO 104 J=lsl2

TWCt Iy =t TWF{Tyd)=3250) #(5,0/9409
TAC(Isd)=(T(IsJ)=32,0)%(540/940)
EStIryIr=b641+(0vs1805554TWC (T od} 1+ (0e01909TLHTWC(IoJ) #82)
1=(060000386#TWC(IoJ)##3)+(0,0000096%TWC(IsJ)##4)
BAtEFY =t 691+ (059180555 TAC{ Iod) 1440, 01909T#TAC(Ivd) ##2)

FIGURE A.5. Printout of Program DEPLETE source deck.
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1=(0.0000380#TAC(IoJ)##*3)+(0,0000096#TAC(IeJ)##4))*RH(T9J)/100.0

0006350 VIIsJ)=(1e93=(0,0630556%#TWC(LoJ)}+(0,0009955#TWC(IyJ)#i2)
1+(0.0000154%TWC (19 J)##3)=(0,0000006%TWC(JsJ)H##4))

00n3e61l 104 CONTINUE

000365 DO 200 I=s19NO

0003066 DO 200 J=lelé

000367 SA(IeJ)=10a0#DA

000373 KOUNT=0

000400 201 CA=S((SA(Le)+C3(IN)/CI{I)I##¥(1e0/C2(1))

000407 KOUNT=RKOUNT + 1

000411 IF(KOUNT=20)29042074207

000413 290 CONTINUE

000413 IF(SA(LeJ)) 6500650651

000424 650 SA(IsJ) =040

000424 D(TeJd)=0a0

000425 60 TO 700

006426 651 CONTINUE

000426 D(Isd)=CA/SA(IoY)

000437 700 ASA(IsJ)=SA(IsJ)/SN

000441 P(IsJd)=(SNHCKH# (ASA(TeJ)##0444)) /4356060

000447 CONS (9 J)=AL*(ES(ToJ)=EA(LsJ))#(SA(IyJ)+ P(IyJ)/e055)+A2#{((T(IsJ)=
140, 0)#DA) +A3# (SA(Ls ) +D (Lo JY#F (Ted))/V(IeJ)

000464 RAIN(TIoJ)=R(IeJ)#SA(19J)#695/12,0

000467 SET(IsJ)=CONS({IsJ)=RAIN(IsJ)

000470 TRANS=H2#(T(19J)=40,0)%*DA

000474 ARARC+Q(TgJ)

000476 IF (TRANSLTLAAA)GO TO 444

000504 CONS (Lo ) =0 (1sJ)+C

000506 SET(IyJ)=CONS(IydJ)

000506 RAIN(IsJ)=040

000507 GOUT(Is ) =040

000510 GO TO 207

000510 444 CONTINUE

000510 IF(C+Q(LIoJ)=SET(Fsd)= CAP(I))2029202+203

000524 202 CA=(2.#C+Q(I9J)=SET(I9J))/2,0

000530 ROUT (L) =040

000531 GO TO 250

000532 203 Ti=(€C+Q{IoJ)=SET(LvJ))/RATE

000544 IF(TLebLEaOw0)TI=060

000553 PCT=T1/30.0

000554 PCTI=lo0=PCT

000556 TIME=(C+W(IsJ)= CAP(I)=SET(IsJ)*#PCT)/RATE

000563 IF{tTIME ¢ GE e300 0) TIME=30.0

000567 IF(TIME,LEe(0,0)TIME=040

000576 GOUTtIvy)=TIMERRATE

000600 CAS(C+Q(IlsJd)+ CAP(I)=SET(IeJ)#PCT=Q0UT(IoJ))#PCT/2+0+(2,0% CAPI(])
1=SET{ToeJ)#RCTL) /260

000612 250 IF(CAeLE«0e0)CA=000

000615 ASCHEL ) #{CARRC2 ()} ) =C3{ )

000623 IF(AcLE,040)A=0,0

000626 IFABSHSA Ty =A) vk T3 240060 TO 287

000635 IF(SA{IsJ)elTols0)60 TO 207

000643 IFAABSAHSA v =AM /SAt o Fek T+ 0001160 FO 207

000652 SA(IsJ)=(SA(TeJ)+A) /240 _

6006857 IHFASAtIvd) e LEs 050 SA{E v J) =050

000667 GO TO 201

900676 207 €=C=ROUTtIvd=SETtFyr+@tEvd

FIGURE A.5. Printout of Program DEPLETE source deck - (con’t).



000700
non701
(VI V4
o077
000707
000710
gou7ll
uuoT7ll
0oeTlz
000714
000714
0ouT71s
oouvls
000716
0006717
onurer
000731
000733
0Qu734
000736
00u742
000743
000744
000746
000747
000751
000753
000754
000756
000756
000761
000761
000764
000764
000767
000772
001004
0010106
001014
001043
001047
001053
001102
ootrive
001112
001141
001145
001151
001200
001204
001210
001237

601
200

213

214

IF{C)601e0014200
C=040

CONT [NUE

855040

S56=060

S7=0e0

SE=0 40

SlU=0,0

DO 214 I=1sNO
Si=0.0

52=0,0

S3=0.0

S4=040

59=640

0 213 JUslel?2
SI=51+QOUT(TeJ)
S2=82+RAIN(T4J)
$S3=S534CONS([ed)
S4=S54+SET (1yJ)

S9=89+
TQOUT (
TRAIN(
TCOMS(
TNET (I

W(led)
1)=s1
1)=52
1)y=53
) =S4

TQ(I)=S9

AQOUT (

[)=$5+TQOUT ()

SHS=AQOUT (1)

ARA IN(
Sa=ARA
ACONS (

1)=S6+TRAIN(T)
In(I)
I)=S7+TCONS(I)

ST7T=ACUNS(])

ANET (1
S8=ANE

)=SE+TNET (D)
T

AQ(I)=S10+TQ(I)
$10=AQ(T1)

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
END

259 (NAME (191} 9 I=196)

5

38

Qe (INYEAR(I) 9 {Q(Iod)od=1912)eTQ(I)sAQ(I)sI=1oNO)
6

8

Py (NYEAR(T) s (RAIN(TIvJ)oU=1912) s TRAIN(I) yARAIN(I) 9 I=192NO)
7

8

9s (NYEAR(I) 9 (CONS(J9J)oJ=1912) s TCONS(I)9»ACONS(]I)9I=19ND)
10

8

Dy INYEAR(I) s (SET(Iod) 9 d=1yI2) 9 TNET(I) yANET (1) 9 I=19NO)

13

8

9y (NYEAR(I) 9 (QOUT (I o) oU=1912)9TQAOUT(I)»AQOUT(I)eI=19NO)

PROGRAM LENGTH INCLUDING I/0 BUFFERS

034253

FIGURE A.5.

Printout of Program DEPLETE source deck - (con’t).
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FUNCTION ASSIGNMENTS
STATEMENT ASSIGNMENTS

1 - 90125¢ 3 - 001283 & = 001256 5 - 001261
6 - 001270 7 - 001277 8 -~ 001304 9 - 001324
10 - 001330 13 - 001335 22 - 001342 25 - 001344
200 = 000703 201 - 000375 202 - 00052} 203 = 000533
207 - 000671 250 - 000613 290 - 0004l4 444 - 000511
601 - 000702 650 - 000421 651 - 000427 700 - 000434
BLOCK NAMES AND LENGTHS

VARIABLE ASSIGNMENTS

A - 030174 AAA - 030167 ACONS = 026502 ANET - 026646
AQ - 026730 AQOUT = 026420 ARAIN = 026564 ASA - 007766
Al - 030157 A2 - 030160 A3 = 030161 B2 - 030166
c = 030155 CA - 030164 CAP - 006554 CK = 030154
CONS = 023546 cl - 006326 ce = 006410 €3 - 006472
D - 027012 DA = 030153 EA = Q17006 ES - 015656
I - 030150 J - 030162 KOUNT = 030163 NAME = 030142
NO - 030151 NYEAR = (02634 P = Q1i1)l6 PCT - 030171
PCT] = 030172 " - 005176 QOUT = 024676 R - 004046
RAIN = 021266 RATE - 030156 RH - 002716 SA ~ 006636
SET - (22416 SN - 030152 51 - 030202 Slo - 030201
s2 - 030203 S3 - 030204 S4 - 030205 S5 - 030175
56 - (30176 s7 - 030177 S8 - 030200 S9 - 030206
T - 001504 TAC - 014526 TCONS = 026110 TIME - 030173
TNET = 026172 TQ - 026336 TQOUT = 026026 TRAIN = 026254
TRANS = 030165 TWC - 0l2246 TWF - 013376 Tl = 030170
v - 020136

START OF CONSTANTS
001242

START OF TEMPORARIES
001413

START OF InDIRECTS
001470

UNUSED COmMPILER SPACE
033500

FIGURE A.5. Printout of Program DEPLETE source deck - (con’t).
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