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The Texas Water Plan 

CHAPTER I 

INT RODUCTION 

liThe Texas Water Plan is a flexible guide to the coordinated, 

long-range management, development , and redistribution of Texas' wa t er 

resources , and for the importati on of water from out-of-State for the 

benefi t of Texans throughout the State. II [26: 1-8] 

The Plan includes a proposed annual delivery of approximately 7. 6 

mi l lion acre-feet of supplemental irrigation water for North Centra l 

Texas, the High Plains, and the Trans-Pecos area. The High Plains 

area would receive about 6.48 million acre-feet of this annual delivery 

for the irrigation of approximately 3.8 mi l lion acres . The sources 

of water supply for these deliveries would include a system of 

reservoirs designed to make surplus surface wa ter in the northeastern 

portion of the State available for transfer to the water deficient 

areas. In addition, by the year 2020, an estimated twelve to thirteen 

million acre-feet per year would be imported from out-of-State sources 

(tentatively the lower Mississippi River Basin) in order to meet 

Texas' water needs and also to deliver 1.5 million acre-feet annually 

to New Mexico. 

Transfer of water into the deficient areas of West Texas and also 

into' New Mexico would be via the Trans-Texas Cana l . This canal, the 

most complex single element of the Texas Water System (Figure 1), 

would deliver water to the proposed Caprock Reservoir in Crosby County 

af,d Bull-Illusion-Yellow Lake Reservoir (hereafter termed Bull Lake 

1 
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Trans-Texas Division 

Eas tern Di vi s i on 

Coas ta 1 Di vi s ion 

o Surface Water Reservoir Projects 

Figure 1. Schematic Diagram of the Texas Water Plan [From 26: 1-10J 



Rese rvoir) in Lamb and Hockley Counties. From these regulation and 

terminal storage reservoirs water would be distributed for irrigation 

in the High Plains and Trans-Pecos areas; for municipal and industrial 

use in the Lubbock, Big Spring, Midland, Odessa, Pecos, and El Paso 

areas ; and for delivery to New Mexico. [26: l-l2J 

Objecti ve of Study 

One possible alternative that the Texas Water Plan appears to 

omit is that of utilizing the partially depleted Ogallala formation 

in the Hi gh Pl ai ns as a termi nal under-ground storage reservoi r for 

irrigation water in that area. The primary advantage of this alter

native would be to reduce the requirement for surface storage of 

water in West Texas. 

3 

With an average evaporation rate of approximately seventy inches 

per year, losses from large reservoirs in West Texas (such as the 

proposed Caprock and Bull Lake Reservoirs) could be quite substantial. 

In fact, the Texas Water Plan estimates annual operational losses from 

cana ls and reservoirs principally in North Central and West Texas as 

947,000 acre-feet. A substantial portion of this could conceivably be 

saved by minimizing surface storage of the water in West Texas and 

thus reducing evaporation losses. 

Water could be delivered to West Texas by the Trans-Texas Canal 

on an eleven-month basis in the manner currently planned. From a 

small regulating reservoir, the water could then be delivered to West 

Texas irrigators on a twelve-month uniform flow basis with only short 

interruptions for maintenance of the distribution system. When the 

farmers were not irrigatiRg, they could recharge this delivered water 
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into the underground formati on fo r storage th rough their irrigation 

wells. Duri ng irri gation seasons the fa rmers could combine pumpage 

from their wells wi t h t he imported water concurrently being delivered 

to them for appli cation to their crops. Utilization of the undergroun d 

formation as a storage reservoir in this manner would eliminate the 

necessity fo r holding delivered irri gation water in large surface 

reservoi rs until needed at the farms; conseq uently, evaporation losses 

woul d be greatly reduced. 

The underground storage proposal described above involves many 

questions to be answered and problems to be solved before implementation 

is possible. The outstanding of these appear to be as follows: the 

physical problems concerning artificial recharge of a groundwater 

aquifer through irrigation wells; possible pollution of the ground

water by recharge with imported water; the economic feasibility of 

groundwater recharge; and problems concerning the legal ownership of 

groundwater. Although all of t he problems listed above are critical 

to the implementation of a basin-wide recharge system, the scope of 

this study includes only the legal ownership problems. 

The State of Texas recognizes (with only minor qualifications that 

will be discussed later) the rule of absolute ownership of groundwater 

by the owner of the overlying land. This doctrine indroduces in a 

recharge program the complication that water purchased by one landowner 

and recharged by him may percolate underground to the property of an 

adjacent landowner. This problem may be compounded when a landowner 

who irrigates but does not recharge (hereafter termed the noncooperator) 

is located in an area where other landowners (hereafter termed the 
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cooperators) irrigate and recharge in compliance with the general scheme 

described earlier. The primary purpose of this study is to determine 

by: simulation with a numerical groundwater model the probable extent 

and significance of the benefits accruing to a noncooperator in a 

situation typical of the High Plains of Texas. 



CHAPTER I I 

GROUNDWATER LAW 

The term groundwater commonly refers to all water below the 

surface of the ground. However, in legal tennino1ogy, the term requi res 

a more rigorous definition. Groundwater, in this sense, is normall y 

taken to include all water in the ground (a) capable of movement by 

gravity, (b) vulnerable to removal through wells, and (c) to which 

legal controls can be feasibly applied. A further classification to 

be made before a discussion of the legal aspects of groundwater is 

possible is the distinction between that water in definite underground 

streams and percolating water. If a groundwater supply has the basic 

characteristics of a surface watercourse (definite channel cross 

section with a definite water source), it is classified as an under

ground stream. It can be an independent groundwater stream or the 

underflow of a surface stream. Percolating water is normally class

ified as all groundwater that cannot be classified as a definite under

ground stream. Several states (including Texas) recognize legal 

differences between percolating water and underground streams. [11: 

293-294] In this study, underground streams were not included in the 

analysis. Therefore, this legal discussion will be concerned only 

'wi th perco1 ating water and the tenn groundwater wi 11 henceforth be 

used in reference to percolating water. 

A water right can be defined as a legal right to capture water 

from a natural source and to put it to a beneficial use. Water rights 

in the United States, whether surface water or groundwater, are based 

on two general doctrines: the common law doctrine of riparian rights 

6 



7 
and the doctrine of prior appropriation. The cOl11l1on law doctrine for 

groundwater is based on ownership of land above an aquifer. The 

doctrine of prior appropriation claims the water as public property and 

makes provisions for allocation of this water for beneficial uses. 

[27: 297-298] 

The common law doctrine can be subdivided into a set of three 

distingu i shable rules: 

1. The English rule of absolute ownership, 

2. The American rule of reasonable use, and 

3. The rule of correlative rights. 

The English rule of absolute ownership originated in the first 

half of the nineteenth century. It recognizes unrestricted ownership 

of groundwater by the overlying landowner regardless of waste or 

damage to adjacent landowners. In fact, damage to adjacent landowners 

caused by heavy pumping was considered as damnum absque injuria 

(damage without wrongdoing). [12: 160-162] 

The American rule of reasonable use evolved from a suit in New 

Hampshire in 1862 (Basset versus Salisbury Manufacturing Company) and 

restricts the use of water to beneficial uses by the overlying landowner. 

In most cases the water must be used on the land from which it was pumped 

and the amount of water withdrawn is restricted to protect other land

ow:ners from injury. [27: 298J 

The rule of correlative rights is very similar to the American 

rule of reasonable use and the two are often incorrectly described as 

being synonymous. This rule provides that all landowners in a cOl11l1on 

groundwater basin have coequal rights to the overlying use of the water. 

Then, the surplus water can be appropriated for other beneficial 
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uses. [12: 163-165J 

What is believed to be the earliest water rights legislation in the 

western United States was enacted by the Territory of Dakota in 1866. 

This legislation declared absolute ownership of both surface water 

and groundwater by the landowner with the exception that the natura1 

flow of streams could not be prevented. Other states soon followed 

with similar riparian rights doctrines. Around the turn of the century, 

states such as Kansas, Idaho, Nevada, and Arizona began turning to 

water rights legislation based more on the doctrine of prior appro

priation. The current era of groundwater legislation is said to have 

had its beginning in New Mexico and Oregon in 1927 when these states 

passed legislations including rigorous control of groundwater with 

doctrines of prior appropriation. Since then a trend toward more 

appropriative legislation in the western states has been sustained by 

lncreased demands on diminishing groundwater supplies . .[12: l66-l68J 
I 

Most of the eastern states, because of the abundance of water, have 

held to their riparian rights doctrines. Practically all states, no 

matter what legal doctrine is followed, restrict the use of groundwater 

to the extent that water is controlled and public welfare is not 

enda ngered. 

The advent of artificial groundwater recharge has produced new 

legal problems in the area of water rights. California, in 1919, 

tecognized underground storage of water as a beneficial use for which 

appropriation of water could be made. The right to recover artificially 

recharged groundwater can normally be vested in individual landowners, 

organizations of landowners, non-landowning agencies, or states. When 
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no claim is made on the artificial groundwater, it usually becomes 

subject to the same rules of title as is the natural supply. [10: 493-

494J This concept of legal rights to artificially recharged groundwater 

appears practicable in an area where the appropriative doctrine for 

groundwater is followed. However, under riparian rights the obviou ~ 

problem is in restricting an overl ying landowner's withdrawals to only 

natural groundwater and leaving the artificially recharged water for 

appropriation. This problem remains unsolved. 

In contrast to most other western states and also to its own 

surface water doctrines, the State of Texas still follows the English 

rule of absolute ownership of groundwater. This doctrine has been 

upheld as a fundamental part of Texas water law since the earliest 

litigation which is believed to be Rhodes versus Whitehead in 1863. 

[25: 762-763] In 1904, the Texas Supreme Court (Houston versus Texas 

Central Railway) quoted with approval the following practical arguments 

for the acceptance of the English rule from a previous Ohio ruling: 

1. That the source and flow of these waters are so 
unknown that it is impossible to formulate any 
legal rules with respect to them. 

2. That the recognition of correlative rights would 
substantially interfere with drainage, agriculture, 
and the general progress of improvement works. [12: 161] 

The Texas Court of Civil Appeals (Cantwell versus Zinser, 1948) upheld 

the private ownership doctrine but added that this does not include the 

right to intercept and waste groundwater to the detriment of adjoining 

landowners. The basis for this addition was that waste of a natural 

resource is against public policy of the state. [25: 764-765J 

In 1949, the Texas Legislature authorized overlying landowners to 

voluntarily organize underground water conservation districts for the 
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purpose of well regulation. Au t horization i s through Article 7880-3c 

of the Civil Statutes. This article also stipulates that the formation 

of these districts will not interfere with the rights of Texas land

owners to the ownership of underground water. [26: 11-29] The 

districts do have the right to provide for the conservation and pre\ en

tion of waste of groundwater. The di stricts issue permits for the 

drilling of wells but cannot deny a drilling permit nor the right to 

pump for a well that cannot produce more than 100,000 gallons per day_ 

The district may, however, deny permits for larger wells not in 

compliance with other district rules (such as improper spacing). 

[12: 179] 

One can readily see from this discussion that the Texas groundwater 

doctrines would require considerable attention in any recharge proposal. 

It is possible that the State of Texas would be required to adopt an 

appropriative doctrine for groundwater before any recharge project 

could be practicable. However, the possibility exists that little or 

no significant movement of artificially recharged groundwater to 

adjacent properties will occur under anticipated recharge practices. 

If this condition can be reasonably expected, a regional recharge 

system may be compatible with present Texas groundwater laws. 



Introduction 

CHAPTER III 

REVIEW OF LITERATURE 

To evaluate effectively the underground storage proposal discus fp.d 

earlier, several concepts and procedures of analysis may be utilized. 

The proposal is basically a plan for the conjunctive use of groundwater 

and surface water. This is a concept that ha s recently grown in 

importance, especially in areas deficient in available water. In 

order to achieve conjunctive use of groundwater and surface water, a 

method for artificially recharging surface water into the underground 

aquifer for storage must be employed. The effective application of 

groundwater recharge methods for subsurface storage has naturally been 

a prerequisite for the recent growth in conjunctive use operations. 

Modeling has long been an expedient method for analyzing massive 

and complex physical systems such as groundwater aquifers. Recent 

progress in numerical methods and computer science has enhanced the 

feasibility of groundwater modeling by numerical analysis. After a 

numerical groundwater model has been developed and verified for a 

particular aquifer, the effects of external stimulants such as pumping 

and recharging can be determined. One important problem in effective 

groundwater modeling is calculating meaningful estimates of future 

irrigation requirements. In this study, monthly irrigation require

ments were calculated as functions of the consumptive use of the crops 

grown and monthly rainfall volumes. Simulated data for future rainfall 

were determined by a statistical process known as stochastic hydrology. 

11 
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Conjunctive Use of Groundwater and Surface Water 

Hall and Dracup asserted that "perhaps the greatest potential for 

groundwater development rests in conjunctive use with surface-supply 

systems to alleviate the problems associated with hydrological 

uncertainty". [9: 116J This is typical of the attitudes expressed Ly 

authors in the area of conjunctive us e of groundwater and surface 

water supplies. Fowler expands this by sta t ing that a region's water 

resoUrces cannot possibly be fully developed until its groundwater 

and surface water supplies are united in an optimal program of coordi :' 

ated operation. This, however, is difficu l t to achieve unless a state's 

water laws are made compatible with the reality that surface water and 

groundwater are usually interrelated in a physical unity. [8: 52J 

Conjunctive use essentially requires the optimal transfer of 

surface water into an underground reservoir for storage . Initiation 

of this process demands careful analysis of water supplies, water 

requirements, and geologic conditions . [27: 214-215] Optimization 

techniques have been developed to determine t he most efficient operation 

of a conjunctive use system. These techniques consider the complicated 

interrelationships among such factors as water demand, water supply, 

alternative plans, physical responses of both surface and underground 

facilities, and the costs involved. [4: 79] 

Since every water development project i s unique, it is impossible 

to formulate specific economic considerations that will be universally 

applicable to conjunctive use. There are, however, general economic 

factors that can be applied to a conjunctive use situation typical of 

that proposed in this study. Positive economic factors are as follows: 



1. Greater water conservation -- operation of an underground 

storage reservoir will greatly increase the total storage 

capacity while serving to decrease surface storage require

ments. 

2. Ready integration with existing development -- utilization 

of existing irrigation wel ls as multiple purpose recharge 

wells is planned. 

3. Less danger from dam failure -- should failure occur, a 

smaller dam with smaller storage will cause less damage. 

13 

4. Less danger of pollution -- an underground reservoir may be 

less susceptible than a surface reservoir to contamination 

from chemicals, radioactivity, and biological sources. Once 

contaminated, however, it is far less easily restored to an 

unpolluted condition. 

5. Better timing of water distribution -- an irrigator can have 

water available when he wants it rather than being subject to 

a schedule of delivery from surface conduits. 

Negative economic factors are as follows: 

1. Greater power consumption -- most irrigation water must be 

pumped rather than distributed from a surface delivery point. 

2. More complex project operation -- greater supervision of the 

project is required. Artificial recharge facilities need 

careful management, since, to date, such recharge facilities 

have been costly and sometimes difficult to operate. [27: 215-

217] 

The Texas Water Plan proposes to pump water from Texas groundwater 

sources until either the water table is too deep for economical pumping 
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or the aquifer is depleted. [23: 142J This water, while it lasts, 

will serve only to reduce the need for surface water in the area. This 

is recognized by the planners to be somewhat less than optimum utiliza-

tion of water resources. Legal barriers are the primary reason a better 

conjunctive use system has not been .planned. The Texas Water Plan, 

however, is still flexible enough to allow changes in groundwater 

utilization should conditions become favorable. [23: 152J 

Gr,OUndwatir. Recharge and Subsurface Storage 

Arti t icial recharge can be defined as the supplementing , of the 
\ 

natural infiltration of surface water into underground formations. 

Several methods have been developed for artificial recharge. These 

include water spreading, pumping to induce recharge from surface water 

bodies, and recharge through pits, excavations, shafts, and wells. The 

ch?ice of method is governed by several factors: topographic, geologic, 

and soil conditions; water quality and quantity; land value; and 

climatic conditions. [27: 251J Because of the nature of this study, 

only recharge through wells will be considered. 

A recharge well is a well which directly injects water into under

ground formations. The conditions imposed on the aquifer by a recharge 

well are the reverse of those imposed by a pumping well. This allows 

comparatively simple analysis of recharge wells using relationships 

developed for pumping wells. [27: 260-261J 

Recharge wells have met with varied success thus far. One task 

fot'ce reports tha t there are bas i cally two fac tors 1 imi t i ng the a pp 1 i c

abi.1ity of recharge wells: relatively small capacity and a normally 

high installation and operation cost. Recharge wells are normally used 
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only where other determining factors restrict the use of alternative 

recharge methods. This group also reported finding that the type 

(depth, size, gravel pack, etc.) of wells most suitable for recharge at 

a given location was normally similar to the most suitable pumping wells. 

[3: 629J 

Recharge wells can be grouped in to two categories: the dry type 

and the wet type. The dry type terminates above the water table and 

has seldom been successful because of clogging by silt, bacterial 

growth, or chemical incrustations. The wet type includes a screened 

area below the water table and (particularly when used alternatively for 

pumping and recharge) has been moderately successful. Four locations 

where wells used for both pumping and recharge have been successful are 

listed below. 

1. Long Island, New York -- A law required that water pumped for 

cooling be recharged back into the aquifer to prevent intrusion 

of sea water. 

2. Louisville, Kentucky -- A seasonal wartime overdraft of ground

water was compensated for by recharging treated river water into 

the supply wells during seasons of excess water. 

3. El Paso, Texas -- Excess Rio Grande River water (outside the 

irrigation season) is treated and recharged into the city's 

municipal supply wells. [28: 299] 

4. Lubbock, Texas In three years ~f operation (1968, 1969, and 

1970) the City of Lubbock has recharged 1,193 million gallons 

of excess Canadian River water into the Ogallala aquifer 

through municipal supply wells near Shallowater, Texas. [17J 
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Recent research into gravity flow recharge by multiple purpose 

wells on the High Plains of Texas (excludi ng the City of Lubbock 

project) has met with little success because of the sediment load in 

reGharge water. Most of this research has been concerned with recharg

ing playa lake water that can have a sediment load as high as 0.5 to 

2.5 tons of clay per acre-foot of wate r. [5: 3] Researchers from the 

Texas Agriculture Experiment Station have concluded that only approxi

mate ly ten percent of the clay induced into an aquifer by well recharge 

can be removed by pumping. They also found that large quantities of 

sand were removed from the aquifer during the first hour of pumping 

afte\/\ a twenty-four hour recharge period. This they attributed to the 

fact that the well was not gravel packed. After an extensive period 

of recharge, substantial reduction in the pumping capacity of the well 

was observed. Efforts to redevelop the well were unsuccessful. [5: 7] 

Investigators from Texas Tech University obtained similar results 

from gravity flow recharge attempts. Playa lake water with an average 

colloidal content of 6.97 pounds per l,OOO gallons was recharged into 

a well near Lubbock with the base of the aquifer 100 feet below the 

surface. The initial recharge rate was 525 gallons per minute but this 

was reduced to 37.5 gallons per minute after five acre-feet (approxi

mately 1,630,000 gallons) were recharged during intermittent periods. 

At this point, gravity recharge was discontinued and pressure recharge 

began in the same well at the rate of 1,920 gallons per minute. 

Initial surface pressure was eighty-five pounds per square inch 

(gauge). This pressure declined steadily for three and one-half hours 

of recharge and subsequently became relatively constant at fifty pounds 
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per square inch. The reduction in pressure is believed to have been 

a result of either the forced movement of sediment which had initially 

br'idged interstices near the well further into the aquifer or hydraulic 

fracturing of the aquifer near the well. [14: 200J It was noted that 

wells utilized for recharge with surface pressure require special 

construction and completion techni ques. [14: 204] 

These two recharge endeavors on the High Plains of Texas illustrate 

the critical need for relatively sediment-free water and properly 

c6nstructed well s for effecti ve groundwater recharge. Even in the 

successful research with pressure recharge, it was recognized that 

sediment continously deposited by recharge would eventually cause a 

critical reduction in the porosity of the aquifer. 

The obvious purpose for any recharge system is to transport water 

underground for storage. It is well known that the total subsurface 

storage capacity for water in the United States far exceeds the storage 

available in surface reservoirs. [15: 228] 

Three major advantages have been given for subsurface storage 

relative to surface storage. They are as follows: 

l. Evapotranspiration losses are negligible in subsurface storage 

reservoi rs . 

2. Land overlying subsurface reservoirs is still available for 

some other productive use. 

3. Although silt is more critical to groundwater than surface 

water, the withdrawal from groundwater reservoirs is normally 

less turbid than ordinary surface water. Also, measures to 

combat soil erosion and surface reservoir sedimentation will 

normally serve the additional purpose of increasing infiltration 



rates into groundwater reservoi rs . [28: 298J 

A groundwater basin must meet certain requirements before it can be 

used effectively as a storage reservoir . These requirements include 

th e f 011 ow i n 9 : 

1. The basin should be closed to prevent excess water losses. 

2. There must be an adequate wa ter supply (in both quantity and 

quality) available for storage. 

18 

3. Economically feasible means for recharge must be available for 

introduction of water into the underground reservoir. [28: 298J 

Numerical Analysis of Groundwater 

The application of numerical methods to porous flow problems is a 

relatively recent development. An early attempt, in 1951, involved a 

two-phase flow problem concerning gravity drainage of a petroleum 

reservoi r. Numeri ca 1 methods were fi rs t c~ pp 1 i ed to groundwater hydro

logy problems in 1956. This was a procedure for determining the 

per"meability of an aquifer by numerical analysis of the piezometric 

surface. Attempts to evaluate numerically groundwater reservoir 

response to pumping stresses were begun in 1964. In this procedure a 

set of finite difference equations were solved by the application of 

an iterative implicit technique. [24: 1079-1071] 

Since 1964 several numerical groundwater models have been 

developed. Although these models may differ in their simplifying 

assumptions and algebraic techniques, the basic physical laws applied 

ir'i order to develop a set of equations are common to all. 

The flow of water through porous media can be analyzed mathe

matically from the equations of motion and continuity. If the flow is 
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laminar and the inertial forces may be neglected, one may write 

v = -K(x,y,z) grad (h) (1 ) 

where V is the velocity of flow, K is the coefficient of permeability 

(as a function of the x,y, and z components) for a given medium and 

fluid, and grad(h) is the gradient of the hydraulic head. Assuming 

constant density of water, the continuity equation may be written as 

-Div(V) = S(x,y,z) ~ (2) 

where Div(V) is the divergence of V (the sum of the partial derivatives 

of V with respect to x,y, and z); S is the volume of water released 

by a unit decline in head; and t is time. With the introduction of a 

quantity Q(x,y,t) which represents factors such as infiltration, 

recharge, extraction, and leakage, Equations 1 an d 2 can be combined 

to form the following two dimensional nonlinear equation: 

ah = S(x,y,h) at 

+ Q(x,y,t) (3) 

where a positive Q represents a net upward flow. [9: 3l1-313J In two 

dimensional, unconfined flow systems, the quantity, h (hydraulic head), 

replaces the dimensional component, z. This is the basic partial 

differential equation to be solved in the analysis of a groundwater 

system. 
I 

Since Equation 3 cannot be solved directly except for very special 

cases, a numerical analysis method is required. The first step is to 

select a set of nodes within the basin under study. This can be 
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accomplished either by selecting a regularly spaced array of node 

points or by selecting an asymmetric grid for irregularly spaced existing 

node points (wells). Then Equation 3 is discretized with respect to 

the space domain given by the grid system and known time steps. [9: 314J 

The resulting set of nonlinear simultaneous equations can be solved by 

the procedure known as the iteration or relaxation method. [27: 3l8J 

The particular method of discretizing the partial differential 

equation and solving the resulting simultaneous equations for the 

model applied in this study will be discussed in the following chapter. 

Stochastic Hydrology 

"Stochastic hydrology is defined as the manipulation of statistical 

characteristics of hydrologic problems on the basis of the stochastic 

properties of the variables." [22: l20J The recent evolution of 

stochastic hydrology has been a result of growing dissatisfaction with 

the traditional methods of hydrologic frequency analysis for water 

resources planning. This evolution has been aided by developments in 

the past thirty to forty years in mathematical statistics, probability 

theory, and communications theory. [16: lJ Stochastic methods in 

hydrology have at least two important advantages with respect to the 

traditional methods of hydrologic analysis: (a) a sequence of simulated 

events may span a longer time period than the historical data available 

and (b) several equally probable sequences of events may be simulated 

in order to provide a varied pattern of situations. It must be empha

sized that the generation of stochastic hydrological data is never an 

end in water resource planning or design. This generated data only 

provides an input for analysis or simulation of physical systems. [7: 2J 
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It has been shown that precipitation processes fit the criteria 

for random phenomena which are described by the laws of probability 

and chance. Rainfall volume for a specified time increment can then 

be considered a random variable of the precipitation process. As a 

random variable the probabilistic behavior of rainfall volume can b~ 

completely described by a probabi li ty distribution function. This 

function will have associated with it a cumulative distribution function 

which gives the probability of the random variable having a value less 

than or equal to some specified value. [2: 10-11J 

If the probability distribution functions governing the random 

variables of a stochastic process are constant with time, that process 

is said to be stationary. The precipitation process is considered to 

be a stationary stochastic process; therefore, the distribution function 

for rainfall volume derived from historical data can be applied to 

estimate future data. [2: 12-13] 

In generating simulated data from a random variable, the first 

step is to select the distribution function which best defines the 

hi'storica1 data for the variable. Then, a set of data is obtained by 

s~mpling randomly from the associated cumulative distribution function. 

This method of random sampling is known as Monte Carlo simulation and 

the resulting set of data is an approximation of data with the same 

probabilistic behavior as the historical data. The accuracy of this 

Monte Carlo simUlation technique is dependent upon the sample size and 

the accuracy wi th whi ch the hi s tori ca 1 data were descri bed by the 

distribution function. [2: 17J 



Research Procedure 

CHAP TE R IV 

DESCRIPTION OF RESEARCH 

As previously s tated, the primary objective of this study is to 

determine analyti cally the benefits accruing to a noncooperator in a 

bas in-wi de .,'echarge program on the Hi gh Pl ai ns of Texas. These benefi ts 

are in the form of groundwater flowing to the noncooperator's property 

from adjacent properties whose owners are cooperators in the rechal" ge 

program. 

In order to approximate this underground f low, a numerical ground

water model was applied to two typical areas on the Texas Hi gh Plains 

(Fi gure 2). Two areas were chosen because of the wi de di vers i ty in 

groundwater conditions encountered in the Ogallala aquifer in this 

region. Area I is approximately five miles northeast of Muleshoe, 

Texas. Irrigation is extensive in this area with relatively high capa

city pumps and a saturated aquifer thickness ranging from 150 to 200 

feet. Area II is approximately four miles southeast of Wilson, Texas. 

The aquifer in this area is more nearly depleted (saturated thickness 

from 15 to 30 feet) and the pumping capacities are vary small in 

relation to those of Area I. Also, wells are more densely located in 

Area I I than in Area I (Fi gures 3 and 4). Bo th study a reas we re 

defined by circles whose radii were one mile. In Area I this included 

twenty-five wells while fifty-five wells were included in Area II. In 

Area I, the well located at the center of the area was designated the 

noncooperator. In Area II, because of the higher density of wells, 

the six wells nearest the center were considered as a set operated by 

22 
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Figure 2. Location Map of the Ogallala Aquifer in the Texas High 
Plains Region. [From £:206] 
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Well No. Well No. 

1 . 1826 7. 40024 
2. 2043 8. 40032 
3. 2153 9. 40505* 
4. 2226 10. 50003 
5. 2328 11 . 50004 
6. 40022 12. 1051301 

* Noncooperating well 

Figure 3. Grid System and Interior Wells for Area I. 
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We 11 No. Well No. Well No. 

1 . 224 14. 1698 27. 40140* 
2. 288 15. 1939 28. 40141* 
3. 329 16. 40002 29. 40143 
4. 529 17. 40003 30. 40144 
5. 530 18. 40004 31 . 40145 
b. 615 19. 40005* 32. 40146 
'1. 822 20. 40006 33. 40147 
8. 1488 21. 40132 34. 40148 
9. 1512* 22. 40133 35. 40149 

10. 1516 23. 40134 36. 40150 
11 . 1596 24. 40135 37. 40181 
12. 1678 25. 40138* 38. 2343504 
13. 1679 26. 40139* 
* Noncooperating wells 

Fi gure 4. Grid System and Interior Wells for Area II. 
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a noncooperator. 

Since the estimates of monthly i rri gat i on requirements were the 

results of a stochasti c generation process, the groundwater model 
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was applied to each area using five independent and equally probable 

twenty-year sets of input pumping data. Un i form delivery rates that 

would support relatively constant water table elevations for all five 

sets of pumping data if all wells recharged were chosen for both areas. 

All cooperating wells in each area received delivered water at this 

uni fO 'rm rate and recharged the excess on a monthly basis. Both 

cooperating and noncooperating wells pumped as needed according to the 

generated estimates of irrigation requirements. The groundwater model 

computed the net effects of the noncooperating wells in both areas for 

each twenty-year period in terms of the resulting water levels and the 

underground flow across well boundaries. 

The Groundwater Model 

The groundwater model used in thi s study was ori ginally developed 

by E. M. Weber of the California Department of Water Resources. It was 

later adapted and verified for application tb a portion of the High 

Plain s of Texas by researchers at Texas Tech University. The modeling 

procedure requires three phases: (a) polygon generation, (b) data pre

paration, and (c) groundwater modeling. 

The polygon generation phase defines Thiessen polygons about each 

node point (well). A Thiessen polygon is one whose interior points 

are closer to the node point associated with that polygon than to any 

other node point. A boundary ' for a Thiessen polygon is defined by the 

perpendicular bisector of the line joining two adjacent node points. 
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Node points whose associated polygons could not be completely deline-

ated wi thin the study areas were not incl uded in the analysi s. Flow 

between a boundary well and an adjacent interior well was always set 

at zero. The polygon grids for the two study areas are shown in Figures 

3 and 4. 

The data preparation phase organizes physical well data (surface 

elevation, depth to the base of the aquifer, and initial depth to water) 

for input into the groundwater model phase. It also calculates monthly 

pumping and recharge estimates from precipitation, consumptive use, 

and delivery rates; calculates areas of polygons; and calculates a 

numerical constant which governs flow for a given hydraulic gradient 

between adjacent wells across their common Thiessen polygon boundary 

(a function of the length of the boundary, depth to t he bottom of the 

aquifer, permeability, and distance between the wells ) . 

The groundwater modeling phase determines the aquifer response to 

conditions set forth in the data preparation phase. The exact deri

vatives in the basic equation for the analys i s of groundwater 

(Equation 3) are replaced by finite difference approximations. Assuming 

a homogeneous, isotropic aquifer and a linear water surface and aquifer 

base, the resulting finite difference equation for a polygon is as 

follows: 

n 

K L - Q 
i=l 



Where : 

K is the permeability, 

n is the number of nodes adjacent to the polygon, 

h is the saturated thickness, 

hi is the saturated thi ckness at the; th node, 

j denotes the time step, 

W. is the width of the ith boundary of the polygon, 
1 

L. is the di stan ce to the i th node, 
1 
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Q is the net withdrawal (irrigation requirement minus the amoun t 
of water del i vered in the time step), 

A is the area of the polygon, 

S is the storage coefficient, 

~t is the time increment. [19: 38] 

Equation 5 is written for all interior nodes in the study area. The 

result is a set of simultaneous nonlinear equations to be solved at 

each time step. The system of equations ;s solved by an iteration 

prl~cess. The solution will give the saturated thickness at each node 

fot the jth time step and subsequently the flow across all interior 

Thiessen polygon boundaries. 

Input Data for the Model 

The following information was required for the groundwater analyses 

in th iss tudy : 

1. Location (longitude and latitude) of each well in the study 

areas, 

2. Surface elevation and elevation of the base of the aquifer at 

each interi or well, 
/ 
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3. Initial water surface elevation at each interior well, 

4. Estimates of the permeability and storage coefficient for the 

aqui fer. 

5 .. Monthly pumping and recharge esti mates for each inte rior we 'l. 

The well locations and associated elevations were obtained from 

data furnished by the High Plains Underground Water Conservation 

Distr~; ct No.1, in Lubbock, Texas. A permeability of 400 gallons per 

day per square foot and a storage coefficient of 0.15 were used in the 

analysis. These values are assumed to be uniform for the Ogallala 

aquifer in the region of the two study areas. [19: 17-l8J 

The monthly estimates of irrigation requirements were calculated 

as the difference between the consumptive use and the effective 

prec"ipitation for each month. The crops grown and associated acreages 

used to determine consumptive use throughout this study were obtained 

from a 1969 irrigation survey published by the Texas Agricultural 

Extension Service. [20] The percentages of irrigated land devoted to 

various crops in the two study areas are shown in Table 1. Monthly 

es tima tes of consumpti ve use for these crops on the Texas Hi gh Pl ai ns 

were taken from tables published by the Texas Board of Water Engineers. 

[18] Table 2 gives the composite consumptive use estimates for the two 

areas. These consumptive use values were common to all polygons within 

an area and were assumed to remain constant throughout the study periods 

for that area. 



TABLE 1 

CROPS GROWN AND ASSOCIATED PERCENTAGES OF IRRIGATED LAND 
FOR THE TWO STUDY AREAS (1969) 

Crop Area I Area II 

Alfalfa 7.69 -
Com 16. 15 -

Cotton 34.61 94.23 

Grain 
Sorghum 31.53 4.72 

Pas ture 0.96 1 .05 

Small Grains 3. 14 -
Deep Root 
Vegetables 5.81 -
Shallow Root 
Vegetables : 0.07 -
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TABLE 2 

MONTHLY COMPOSITE CONSUMPTIVE USE (IN INCHES) 
FOR THE TWO STUDY AREAS 

Month Area I Area I I 

January O. 13 0.01 

February 0.27 0.02 

March 0.58 0.05 

Apri 1 0.79 0.05 

May 1 .65 0.75 

June 3.24 2.41 

July 6.83 6.22 

August 9.30 9.86 

September 3.97 4.36 

October 1 .30 1 . 13 

November 0.24 o. 11 

December 0.11 0.01 
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Historical precipitation totals for Muleshoe and Tahoka, Texas were 

used to find the twelve parent distributions for monthly precipitation 

·in Area I and Area II, respectively. Six continuous density functions 

were tested for applicability to the historical data: the normal dis-

tribution, log-normal distribution, exponential distribution, extreme 

value type I (Gumbel) distribution, and extreme value type I-A (smallest 

value) distribution. The Kolmogorov-Smirnov test was used as a measure 

of the goodness of fit. The procedures for calculating estimates of 

distribution parameters and testing density functions for goodness of 
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fit were the same as those used by Aus tin. [2J 

The normal distribution functi on with a logarithmic transformati on 

provided the best fit for all months of the historical data. An 

obstacle to the use of this distri buti on, however, was that several 

months in the historical data had no precipitation. To avoid the 

resultin'g "logarithm of zero, all di:l'Lributions we re shifted by a 

constan t, B. Th us the samples to which the normal distributions we re 

fitted were composed of observations of the form log (x+B), where x 

represents the monthly precipitation observations. The constant, B, 

was selected as that positive number less than one that would provide 

the best fit on a log-normal distribution for a given month. Tables 3 

and 4 show the means , standard deviations, shifting constants , and 

goodness of fit statistics associated with the twelve monthly distri

bution functions for Areas I and II, respectivel y. 

After the monthly distributions were defined, sets of stochastically 

generated precipitation were produced by randomly selecting percentage 

points on the cumulative distribution functions. The cumulative 

distribution function for the standardized normal distribution may 

be approximated by: 

Where: 

t = 1n 1 
~ 
P 

Co = 2.515517 

c
l 

= 0.802853 

(6) 

for 0<p~O.5 



TABLE 3 

DISTRIBUTION PARAMETERS FOR LOG-NORMAL DISTRIBUTIONS, SHIFTING CONSTANTS, 
AND GOODNESS OF FIT STATISTICS FOR AREA I 

Month Mean Standard 
Deviation 

(u) (a) 

January -0.9616 1 .0108 
February -0.4580 0.5517 

March -0.8200 1.0604 
Apri 1 -0.3364 1 .0455 
May 0.7917 0.7037 
June 1 .0711 0.5924 
July 0.7617 0.7352 
Augus t 0.6402 0.6929 
September 0.8861 0.6184 
October 0.1093 1 .0163 
November -0.3063 0.6917 

I December -0.6235 0.7549 
.. .. . 

* At the five percent level of significance 
Tabulated i n [21: 560] 

Shifting Goodness of Fi t 
Cons tant 

Computed Test Tabu1ated* 
(B) Statistic Stati sti c 

O. 1 0.0914 0.1943 
0.3 0.0751 0.1943 
O. 1 0.0822 0.1943 
0.1 0.0608 0.1943 
0.4 0.0130 0.1943 
0.7 0.0409 0.1943 
0.2 0.0300 0.1943 
0.2 0.0484 0.1943 
0.7 0.0320 0.1943 
0.2 0.0623 0.1943 
0.3 0.0972 0.1943 
0.2 0.0675 0.1943 

w 
w 



TABLE 4 

DISTRIBUTION PARA~lETERS FOR LOG-NORMAL DISTRIBUTIONS, SHI FTING CONSTANTS, 
AND GOODNESS OF FIT STATISTICS FOR AREA II 

Month Mean Standard Shifting Goodness of Fit 
Devi ati on 

(u) (a) 

January -0.5840 0.8483 

February -0.0944 0.5740 

March -0.4076 0.8304 

Apri 1 -0.1039 0.8218 

May 1 . 1193 0.6190 

June 
; 

1 .0985 0.4883 

July 0.6120 0.7745 

Augus t 0.5350 0.7195 

September 0.6658 0.8313 

October 0.5755 O. 7239 

November -0.2222 0.7246 

December -0.3032 0.6649 
---L-.-

* At the five percent level of significance 
Tabu1 a ted ; n [21: 560] 

Constant 

(B) 
Computed Test Tabu1ated* 

Statistic Stat; s ti c 

0.2 0.0866 0.2099 
0.4 0.0522 0.2099 
0.2 0.0483 0.2099 
0.2 0.0590 0.2099 

0.6 0.0477 0.2099 

0.9 0.0310 0.2099 

0.4 0.0688 0.2099 

0.4 0.0454 0.2099 

0.4 0.0285 0.2099 

0.4 0.0282 0.2099 

0.3 0.0710 0.2099 

0.3 0.0610 0.2099 

I 
i 

I 
I 

I 
I 

, J.J 
~ 



~ 
c2 = 0.010328 

d1 = 1.432788 

d2 = 0.189269 

d3 = 0.001308 

p is one minus t~e re l at ive cumu l ative frequency, 

x is the generated observation. [1: 993J 
p 
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It is apparent that this equation is valid only for relative cumulative 

frequencies between 0.5 and 1.0. However, because of symmetry, it 

may be altered to accept frequencies less than 0.5 . In such a case , 

P is equal to the relative cumulative frequency and the generated 

observation is -x. To transform this generated observation to a 
p 

distribution with a mean, u, and a standard deviation,a, the following 

equation was applied: 

x = (x ) • (a) .+ U m p 
(7) 

Then, to obtain a rainfall observation congruous with the historical 

data, the following transformation was made: 

(8) 

If the resulting value for x were negative, indicating negative rain

fall, it was set to zero. This procedure was followed to generate one 

hundred sequential years of monthly precipitat ion data for each of the 

two areas from the appropriate set of twelve distribution functions. 

These generated data were then utilized as five twenty-year sets of 

precipitation data for each area. 

To estimate irrigation requirements from precipitation and con-
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sumptive use data, an approximation of the portion of total precipita

tion that would be avilable for satisfying crap requirements must be 

made. This effective precipitation is a function of many complex and 

often unknown variables (including atmospherit conditions, topography, 

soil infiltration rate, form and intensity of precipitation, and vegeta

tive .conditions) and, as such, is extremely difficult to calculate. For 

use in irrigation planning, the Soil Conservation Service has developed 

a table relating monthly effective rainfall to monthly total rainfall ard 

monthly consumptive use. This table was designed to represent average 

conditions of climate, precipitation intensity, and infiltration. [13: 

25-27J For computer application in this study, the table was repre

sented by a set of second degree equations. The equations defined 

effective precipitation as a function of total monthly precipitati on 

for a given consumptive use. The set included ten equations; one for 

each consumptive use value rounded to the nearest integer between one 

and ten, inclusive. Limits on the effective rainfall were set at: 

(a) greater than or equal to zero, (b) less than or equal to the 

consumptive use, and (c) less than or equal to the total rainfall. 

With the effective rainfall estimated, it was then possible to 

calculate the monthly irrigation water requirements as the difference 

between the consumptive use and the effective rainfall. For nonco

operating wells, this difference also represented the monthly pumping 

requirements. For cooperating wells, the monthly pumping requirements 

were calculated by substracting the volume of water delivered per 

month from the monthly irrigation requirements. A negative result 

would indicate a net recharge for the given month. 
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It should be noted that these net pumping and recharge estimates 

are only rough approximations ignoring such factors as irrigation 

application efficiencies and deep percolation. It was felt, however, 

that the inclusion of arbitrary values for these and other complicating 

factors would not substantially enhance the reliability of the study. 



CHAPTER V 

FINDINGS AND INTERPRETATIONS 

Findings in Study Area I 

The uniform delivery rate selected to maintain a relatively con

stant water table in Area I for all five sets of data was 1.60 acre-

feet per acre per year. With this rate established, well 40505 was 

designated as the noncooperating well. The polygon of well 40505 

included 74.5 acres which represented 10.3 per cent of the area of 

t he interior polygons in this study area. The effects of this non

cooperating well on the study area as determined by the groundwater 

model were quite substantial. 
I 

The average total underground flow illto the polygon of the non-

cooperating well from adjacent cooperating wells for twenty years of 

operation was approximately 2130 acre-feet (Table 5). 

TABLE 5 

TOTAL VOLUME OF UNDERGROUND FLOW TO THE 
NON COOPERATING WELL IN AREA I 

Input Flow 
Data Set (acre-feet) 

1 2108.73 

2 2103.15 

3 214,].12 

4 2147.01 

5 2146.97 

This flow resu1 ted in an average water level decl ine over the enti re 

38 
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area of approximately twenty feet. Table 6 shows the base of aquifer 

elevation, initial water surface elevation, and final water surface 

elevations for each interior well in the study. It should be noted 

that no well in the study was in danger of depletion after twenty 

years as a result of the noncooperator. However, it is important 

that all wells suffered substantial water level declines (from 13.1 

to 29.7 feet) for all sets of input pumping data. These declines are 

particularly important to the cooperator because of the increased 

power requirements for pumping from the greater depths. Also, an 

eventual depletion of the aquifer can at least be considered to be 

a probable long-range resul t. 

Throughout all five study periods, the water level of the non

coope'rating well remained approximately 0.5 foot below those of the 

coopE'~rating wells. This small deficiency certa"inly should not be 

considered a sufficient condition for voluntary cooperation with a 

recharge pr~gram. 

~ypical twenty-year hydrographs for a cooperating and a nonco

operpting well in Area I are shown in Figures 5 and 6, respectively. 

These hydrographs show the effects of a noncooperator in terms of the 

water levels of a nearby cooperator's well and also of his own well. 

Figure 7 shows the yearly average underground flow into the polygon 

of the noncooperating well for the twenty-year study period. The 

large volume of flow in the first year is caused by the equalization 

of the initial water levels. 



Base of 
Well Aqui fer 

Number El evati ons 

1826 3510.0 

2043 3522.0 

2153 3522.0 

2226 3516.0 

2328 3519.0 

40022 3510.0 

40024 3526.0 

40032 3531.0 

40505* 3530.0 

50003 3527.0 

50004 3524.0 

1051301 3529.0 

* Noncooperating well 

TABLE 6 

WATER TABLE ELEVATIONS FOR 
INTERIOR WELLS IN AREA I 

Initial Final Water Surface Elevations 
Water Surface 

Elevations Set 1 Set 2 Set 3 Set 4 

3693.0 3674.3 3676.5 3676.5 3679.9 

3693.0 3674. 1 3676.4 3676.3 3679.7 

3697.0 3674.3 3676.6 3676.5 3679.9 

3694.0 3674. 1 3676.3 3676.3 3679.6 

3697.0 3674.0 3676.2 3676.2 3679.6 

3693.0 3674.2 3676.5 3676.4 3679.8 

3697.0 3674.2- 36-76.4 3676.4 36.79.7 

3699.0 3674 . 1 3676 . 3 3676.3 3679.7 

3696.0 3673 . 7 3675.9 3675.9 3679.2 

3704.0 3674.3 3676.5 3676.5 3679.9 

3700.0 3674.1 3676.3 3676.3 3679.7 

3701.0 3674.2 3676.4 3676.3 3679.7 

Set 5 

3677.0 

3676.8 

3677.0 

3676.7 

3676.7 

3676.9 

3676.8 

3676.7 

3676.3 

3677.0 

3676.8 

3676.8 

~ 
C> 
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Findings in Study Area II 

In this area, an annual unifonn delivery rate of 1.45 acre-feet 

per acre was selected to maintain the water table. Wells 1512, 40005, 

40138, 40140, and 40141 were designated to comprise the noncooperating 

set of wells. The total area of the polygons of these noncooperating 

wells was 69.7 acres which was 8.2 pe r cent of the area of all inter

ior polygons in this study area. 

Because of the relatively small initial saturated thickness in 

Area II, the water table decline caused by the noncooperator would be 

sufficient to draw the aquifer to total depletion in several nodes 

with relatively high base-of-aquifer elevations. Since pumping to 

tota.l depletion is a physical impractica1ity~ a condition was included 

to insure that pumpage to meet irrigation requirements for a given 

well would not reduce the saturated thickness at that well to less 

than fi ve feet. Therefore, when the i rri gati on requi retrents for a 

given month exceeded the amount of water delivered and also would 

cayse a lowering of the water surface to within five feet of the 

aquifer base, the requirements were adjusted by a multiplication 

factor in order to maintain at least five feet of saturated thickness. 

This factor is also an indication of the percentage of the irrigation 

requirement exceeding the volutre of water delivered that could be 

satisfied by pumping in a given month. These monthly factors for one 

of the five input data sets for a cooperating well (1516) and a non

cooperating well (1512) are given in Figures 8 and 9. With all wells 

cooperating, the pumping requirements for every well except 1516 were 

met at every month. The monthly factors for well 1516 under this 
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condition are shown in Figure 10 for comparison with Figure 8. 

There were twelve cooperating wells and four noncooperating wells 

in this study area for which the total monthly pumping requirements 

could not be met in every month of at least two of the five study 

periods. Table 7 shows the number of years during which pumping was 

restricted for each well along with the initial and final water sur

face elevations for each study period and the base of the aquifer 

elevations at each well. 

The total flow into the polygons of the noncooperating wells in 

this area was quite substantial although slightly less than in Area I. 

The average flow over twenty years was approximately 1740 acre-feet 

(Table 8). The yearly average flows into the noncooperating polygons 

are shown in Figure 11. The wide variation among different years of 

the study can probably be attributed to the effects of pumpage 

restrictions on some wells which would alter flow gradients. 

Although the necessary restrictions on pumpage retarded the rate 

of water table decline, the effects of the noncooperators are still 

quit@ evident in the hydrographs of Figures 12 and 13. 
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Base of 
Well Aquifer 

Number Elevations 

224 2996.0 

288 2980.0 

329 2987.0 

529 2983.0 

530 2978.0 

615 2993.0 

822 2987.0 

1488 2978.0 

1512* 2993.0 

1516 3Q04.0 

1596 2983.0 

1678 2974.0 

1679 2998.0 

TABLE 7 

WATER TABLE ELEVATIONS FOR 
INTERIOR WELLS IN AREA II 

Ini ti al Final Water Surface Elevations 
Water Surface 
Elevations Set 1 Set 2 Set 3 Set 4 

3015.0 3008. 1 3007.4 (2) 3005.7 (1) 3008.7 

3010.0 3004.0 3004.2 3001.6 3004.9 

3016.0 3007.7 3007.0 3005.1 3008.4 

3007.0 3000.9 3002.3 2998. 1 3002.2 

3006.0 3001 .3 3002.9 2998.3 3002.5 

3011 .0 3004.0 (2) 3004.0 (3) 3001.6 (1) 3004 .8 (3) 

3009.0 3000.6 3001.7 2998.0 3001.8 

3008.0 3002.0 3002.9 2999.3 3003. 1 

3010.0 3000.0(15) 3000.6 (7) 2998.0(11) 3001.1 (7) 

3014.0 3009.4(19) 3009.1(19) 3008.5(17) 3009.8(15) 

3008.0 3000.9 3002.3 2998. 1 3002.2 

3010.0 3003.4 3003.9 3000.8 3004.4 

3013.0 ' 3005.9 (12) 3005.6 (8) 3004.4(11) 3006. 7 (6) 

Set 5 

3005.5 

3001 .9 

3004. 8 

2999.0 

2999.5 

3001.7 

2998.6 

3000.0 

2998.3 (8) ! 

3008.5(16) 

2999.0 

3001.3 

3004.5 (8) 

~ 
~ 



----

Hell 
Number 

1698 

1939 

40002 

40003 

40004 

40005* 

40006 

40132 

40133 

40134 

40135 

40138* 

40139* 

TABLE 7 

WATER TABLE ELEVATIONS FOR iNTERIOR WELLS 
IN AREA II (continued) 

-------- - ------------- - --- ------ ------~. -.---- ------_ ... - ------

Base of Initial Final Water Surface Elevations 
Aqui fer Water Surface 

Elevations Elevations Set 1 Set 2 Set 3 Set 4 

2991.0 3010.0 3001.8 (3) 3002.5 (3) 2999.0 (1) 3002.8 (3) 

2976.0 3014.0 3005.9 3005.6 3003.9 3006.7 

2992.0 3011 .0 3002.3 (5) 3002.9 (4) 2999.4 (2) 3003.3 (4) 

2994.0 3012.0 3003.6 (7) 3003.6 (5) 3001.3(6) 3004.4 (4) 

2990.0 3010.0 3001.2 (2) 3002.0 (1) 2998.6 (1) 3002.3 

2990.0 3010.0 2999.4 (5) 3000.4 (6) 2997.0 (6) 3000.6 (5) 

2989.0 3011.0 3003.7 3003.9 3001.3 3004.6 

2992.0 3011.0 3002.0 (4) 3002.6 (4) 2999.6 (2) 3003.0 (4) 

2993.0 3011.0 3002.3 (6) 3002.7 (5) 3000.0 (7) 3003.2 (5) 

2994.0 3011.0 3002.7 (9) 3003.0 (6) 3000.5 (9) 3003.6 (5) 

2995.0 3012.0 3004.4 (8) 3004.3 (6) 3002.2 (8) 3005.2 (5) 

2991.0 3007.0 2999.3 (9) 3000.2 (6) 2997.2 (8) 3000.5 (5) 

2985.0 3009.0 3000.0 3001.0 2997.2 3001 .2 
, ~ 

Set 5 

2999.3 

3004.0 

2999.6 

3001.4 (4) 

2998.9 

2997.4 

3001.5 

2999.8 

3000.1 (4) 

3000.6 (5) 

3002.2 (4) 

2997.4 (4) 

2997.9 

U"J 
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-_.-

Base of 
Well Aqui fer 

Number Elevations 

40140* 2984.0 

40141* 2992.0 

40143 2981.0 

40144 2986.0 

40145 2979.0 

40146 2981.0 

40147 2978.0 

40148 2977.0 

40149 2979.0 

40150 2978.0 

40181 2978.0 

2343504 2976.0 

~~E7 

WATER TABLE ELEVATIONS FOR INTERIOR WELLS 
IN AREA II (continued) 

Initial Final Water Surface Elevations 
Water Surface 
Elevations Set 1 Set 2 Set 3 Set 4 

3009.0 3000.4 3001.3 2997.8 3001.5 

3010.0 2999.4(13) 3000.1 (7) 2997.5(10) 3000.5 (7) 

3010.0 3003.3 3003.7 3000.8 3004.2 

3011.0 3003.5 3003.8 3001.1 3004.4 

3009.0 3003.2 3003.7 3000.7 3004.2 

3006.0 3001.2 3002.7 2998.4 3002.5 

3010.0 3003.3 3003.8 3000.8 3004.3 

3006.0 3001.8 3003. 1 2998.9 3003.0 

3005.0 3001 .4 3003.0 2998.5 3002.7 

3005.0 3001.4 3003.0 2998.4 3002.7 

3009.0 3002.7 3003.5 3000.0 3003.8 

3004.0 3001.5 3003. 1 2998.5 3002.7 

Set 5 

2998.4 

2997.7 (7) 

3001.2 

3001 .4 

3001.1 

2999.4 

3001 .2 

2999.9 

2999.6 

2999.7 

3000.6 
i 

2999.7 I 
* Noncooperating well 
Note: The numbers in parentheses indicate the number of years of the s t t dy period during which pumping 

was restricted for the well due to insufficient water. 
(Jl 
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TABLE 8 

TOTAL VOLUME OF UNDERGROUND FLOW TO THE 
NONCOOPERATING WELLS IN AREA II 

Input Flow 
Data Set ( acre-feet) 

1 1697.04 

2 1740.20 

3 1726.74 

4 1746.30 

5 1796.76 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The undergroun d f l ow of water to the noncooperating wells from 

adjacent cooperati ng wells in both areas of this study should be con

sidered to be qui te substantial. The primary effects of this flow were 

an average water table decline of twenty feet in Area I and the effect

ive depletion of several wells in Area II. 

Since in Texas percolating groundwater is the property of the 

owner' of the overlying land, the results of this study are quite 

conclusive. Groundwater on the High Plains of Texas cannot currently 

be managed effectively for a successful conjunctive use program as 

described earlier without mandatory participation . The benefits that 

the noncooperators would derive at the expense of neighboring cooperators 

are prohibitive for such a program. 

From the preliminary review to this study, it can also be concluded 

that conjunctive use of groundwater and surface water is necessary for 

optimum development of the region1s water resources . 

The importance of the conjunctive use concept and the groundwater 

rights problems discussed and exemplified in this study lead to two 

basic recommendations : 

,1. That the State of Texas modify the English rule of absolute 

ownership of groundwater in favor of a more regulatory 

doctrine (such as the rule of correlative rights) which would 

provide for more effective legal control of groundwater by 

the state or local conservation districts; and 

56 
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2. That, wherever practicable, all future planning for water 

resources in the State of Texas include provisions for the 

optimum conjunctive use of groundwater and surface water. 

57 

Water , i n Texas as in many other areas, is too important and 

valuable a commodity to be governed i n part by nineteenth century 

doctrines based largely on ignorance of the physical behavior of 

groundwater. The development of optimum utilization techniques in 

groundwater management along with a critical need for such techniques 

should warrant serious consideration of legislation to make implemen

tation possible. 
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APPENDIX 

A. Computer Program for the Stochastic Generation of Rainfall Data 

B. Computer Program for Groundwater Modeling 



APPENDIX A: COMPUTER PROGRAM FOR THE STOCHASTIC GENERATION OF 
RAINFALL DATA 

The listing of the computer program, a variable index for the 

computer program, and a glossary of major program variables are 

included in this appendix. 
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1 
2 
1 
4 
5 
6 
7 
8 
9 

10 
C 
C 
C 

11 
12 
13 
14 
15 
16 
1"1 

C 
C 
C 

18 
lq 
20 
21 
22 
23 
24 
25 
26 
21 
28 

~E~l P't\ 
OIMENSIC~ ~~(12)t 50(12), B(12), V(12), XP8(12), X8(1"2), XC12' 
IX=45180C121 
[( 20 1=1,12 
REAO(S,10) ~N(I), SOIl), BCI) 

Ie FORMA1(3FB.4) 
20 (("TI~UE 

"R I T E ( 6 ,40) ( ('" N ( I » , 1=1 ,12 ) , ( sec I ) , 1=1, 12 ) , ( B ( I ) , 1= 1 , 12 ) ) 
[0 50 J=l,lCC 
[0 30 1=1,12 
***********~.** •• ** •• * •••• ***.* ••• ** ••• * •••••• * ••••• * •••••• ** ••••••••••• *. 
GENERATE RANDOM REAL NU~BERS BETwEEN 0.0 ANO 1.0 
******** ••••• *** ••• *.**.*** •••••• *** ••• ***.************* •••• *** ••••••••• *. 
IV=IX*65539 RAND 55e 
IF(IY)5,6,6 RAND 560 

5 IV=IY+2141483641+1 RANt 570 
6 YFl=IY RAND 580 

~fl=YFl*.4656613E-9 RAND 590 
IX= IY 
PX=YFl 
****.***.***.*** •••• * •• ** ••••••• **** •••••••••••••••••••••• **** ••••••• ***.* 
APPRO~I~ATE XP FRC~ PX FeR STANCAROIIEO NORMAL DISTRIBUTION 
.*.**t* •• *.*.*~***.** ••• *******.**** •• ***.**.** •• * •• **** •••• ** •••••••••••• 
(0=2.515517 
Cl=G. E0 2853 
C2=C.C1C32S 
Cl=1.4321ee 
[2=0.189269 
C3=C.C01308 
IF{PX.LT.C.5)P=PX 
IF(PX.GE.C.5)P=1.O-PX 
12=~l(GC1.G/P**2) 
T=SCRT(T2) 
XPU=C C.Cl*T+C2*(1**2) 0"1 

W 



2q 
30 
31 

C 
C 
C 
C 

~2 

33 
34 
35 
36 
31 
38 
39 

40 
41 
"2 
43 
"4 

)( P l= 1.0+01* T+ 0 2* (-1**2 )+C3*( 1**3 ) 
)(P=T- (XPUI )cPL) 
If(PX.lT.O.S)XP=-XP 
*****.**~~~~~ ••• 4* •• *~*******.* ••• **.*.* •• * •• **.*.*.** •••••• *****.*.****.* 
TRANSfORM XP TO VALUE feR DISTRIBUTION WI1H MEAN=MN(I) AN D STANDARD 
[EVIATICN=SOII) 
*************.*.* •• * •• ******.** •• ** •••• *** •••• ***.*.** •••• *.************** 
)(P=XP*SD(I).~N(I) 

'Y(I,= f'X 
XPB(I)=XP 
XB(I'.;EXP(XP) 
X{I'=)(B( I)-B(I) 
If(XIIJ.LT.C.C) X(I)=C.C 

30 C("TI~UE 
"RITE(6,40)((Y(I), I=1,12),(XP8(1', I=l,lZ),(XB(I), l=l,12',(XfI), 

11=1,12» 
40 fCR ~ AT(l~O, 12FIO."/1X,12FIC.4/1X,12FIC."JIX,12FIC.4) 

~RITE(7,45)({X(I),I=1,12),J) 

45 FORMAT(12F5.2,120' 
50 CCt\ TIt\UE 

E"C 

m 
~ 



B 2 5 e 36 

CO It 2E 

C1 19 28 

C2 2 C ze 

CI 21 29 

02 22 29 

C3 23 29 

E 15 

GE 25 

I 4 5 5 5 8 8 8 e 
e 8 10 32 32 33 34 35 

36 3t 36 37 31 39 39 39 
39 3q- 39 39 3<; 41 4J 

I )( "3 11 16 

IV 11 12 13 13 14 16 

J ~ 41 

PJt\ 1 2 5 8 32 

P 2it 25 26 

P.X 11 2it 24 25 25 31 33 m 
U1 



so . 2 5 

T 2 I 28 

T2 2t; 27 

X 2 36 

xe 2 35 

XP 30 31 

XPB 2 34 

XPL 2<1 3C 

XPU 2E 3C 

Y 2 33 

YFL 14 15 

8 32 

28 29 

37 31 

36 39 

31 32 

39 

39 

15 11 

29 29 

39 41 

32 .34 

30 

35 

0'\ 
0'\ 



GLOSSARY OF PROGR~1 VARIABLES 

B the numerical addition constant associated with each node 

I a DO loop index indicating the number of a month 

IX an integer from which random real numbers are generated. 

For the first entry, IX must be any odd integer with nine or 

less digits. 

J a DO loop index indicating the number of a year of generated 

data 

~1N the mean of the rainfall distribution for a given month 

SD the standard deviation of the rainfall distribution for a 

given month 

X the generated rainfall observation associated with a month 

and year 

Y the randomly generated real number between 0.0 and 1.0 
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APPENDIX B: COMPUTER PROGRAM FOR GROUNDWATER MODELING 

A listing of the computer program, a variable index for the 

computer program, and a glossary of major program variables are 

included in this appendix. 
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1 
2 
1 
4 
5 
6 
7 
R 
q 

1) 

11 
12 
11 
14 
15 
16 
11 
18 
19 10 
2"J 
21 
22 LJ 
23 

24 
2S 

c 
c 
c 

26 38 
21 
2<3 
29 
3 :"'1 

'~' 

c 

C 1M ENS-I (J N H ( 1 5 0 ) f H 0 ( 1 5 C), A Q ( 1 5 C), A Q. S ( 1 5 C), S ( 1 5 C ), C C E f F ( 150 , 
CI~ENSICN QS(lSO) 
CIMEN SION Y(150), Q(150) 
CIMEN S IUN FEEO(40,2C,12), AREA(~O) 
CI~E:N S ICN Bl(/iO), Sl(40), AS(40), RELAX( 150), RES(15C) 
CI~EN S ICh ~CD E 1(15 0 ), ~CCE2(150), 8(150), C(150), P(ISC) 
Dl~EN S ION QPATH(150), TOT~(150) 

CIMENJICN SlX(40) 
OI~EN S IO~ ~WEllC(40) , ~1(15C), N2{lSO) 
DIMEN SION FACIOR(40) 
MESS= ;: 
[ATA l~AX,MMAX/128,38/ 

READ (5,600) lIST,M~JOR,~lNCR 
NYR=lIST/12 
READ (5,610) ERROR,COEFfA,TIME 
CC 10 I=l,f4~AX 

READ (5,620) lOCATl,LOCATl,LOCAT3 
NWEll C(I'=LOCAT3+l0CAT2*lCCC+LOCATl*lCCOCC 
CCNTIt\UE 
DO 20 M=l,~~AX 
QS(M)=O.O 
CCNTlt\UE 
READ (5,630) Nl,~),(fEEC(M,L,J),J=l,12) 
***************.*********************** •• ***.****************.***. 
C~ECK C~TA FOR CORRECT OROER 
***********************~******~** ** *******.* •• ** •• **.* •••••• ** •• *. 
DO 40 ~=l,,.,.~J\X 

IF (Nl(M)-NWELLC(M) 3C,40,30 
P'ESS=l 
II=Nl(M) 
III=M 
JJ=NW ElLC(M) 
JJJ='" 
**************************************** •• ***.*****.** •• ******* ••• 

A 5 
A 10' 
A 15 
A 20 
A 25 
A 3C 
A 35 
A 40 
A 45 
A 50 
A 55 
A 60 
A 65 
A 10 
A 15 
A 80 
A 85 
A 9C 
A 95 
A 100 
A 105 
A 110 
A 115 
A 120 
A 125 
A 13C 
A 135 
A 140 
A 145 
A 150 
A 155 
A 160 
A It5 
A 170 

0'\ 
\.0 



1l 
-32 
33 

:34 

35 
36 
37 
38 
39 
4 ') 

41 

42 
43 

'14 
45 
46 
41 
4 B 
4'-1 
5 0 
51 

c 
c 

40 

c 
c 
c 

c 
c 
c 

50 

60 
C 
C 
C 

c 
c 
c 

10 

~ESSA~E=l FEEC CATA FOR A WELL NOT IN CLASS C OR OL T Of ORDER 
****~~*******.***************************.******** **** •••••• ** •••• 
GO TO S9C 
CCt\T I t\UE 
CElTA=l./FLCAT(~AJOR*MINCR) 

******************.******************************************** ••• 
CCNVERT fR(~ VOLUME IN ACRE-FEET TO AVERAGE RATE 
*************************** ••••• *.** •••••••• ** ••• ****** •••••••• *** 
READ (5,640) (NODEl(L) ,NODE2(L) ,Y(L) ,L=l ,l~AX) 
*****-**********************.*.*******.************************ ••• 
CCNVEKT Y(L) FROM YEARLY Ie MONTHLY VALUES 
*******************************.********************** •• * •••••• *** 
[0 50 L=l,lMAX 
)i(l)=YCl./12. 
CONTINUE 
READ (5,650) (Nl(M,,8L(M),SL(M),AS(M),H(M),AREA(~),~=I,~~AX' 

CO 60 ~:lt~MAX 
H(~)=Sl(pI.)-H(~) 

CUNTLiUE 
*****~**********.*********************.************************ ••• 
STORAGE CAPACITY SET ECUAL TO STORE 
************************************************.********** •• * •••• 
STORE=O.l5 
PRI NT 660, STGRE 
******************************************************.* ••• *** •• ** 
C~ECK FOR OUT OF URDER CARDS 
*************************** •• ************************************* 
O( EO ~= l ,~~AX 

~ S( M)=AS ( M)*STORE / .l5 

IF (N l f M)-NwELlC (M» 7C,8C, 7C 
JII ESS=i 
II= N l(~) 

III=M 
JJ=NW l LlC( ~ ) 

JJJ= ~ 

A 175 
A 180 
A 1 85 
A 1QO 
A 195 
A 200 
A 2C5 
A 2le 
A 215 
A 220 
A 225 
A 230 
A 235 -
A 24C 
A 245 
A 250 
A 255 
A 26C 
A 265 
A 21C 
A 215 
A 28C 
A 285 
A 29C 
A 295 
A 300 
A 3C5 
A 310 
A 315 
A 3 20 
A 3 2 5 
A 33 0 
A 335 
A 3ltC 
A 345 

-....J 
o 



52 
S3 
54 
55 
56 
57 

58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
6q 
70 

71 
12 
73 
74 

C 
C 
C 
C 

80 

qC 

100 
C 
C 
C 
C 
C 

11C 
12C 

130 

14C 

c 
c 
c 

15C 
160 

*******************.******* ••••• ******.*.**.********************.. A 
~ESSAGE=2. PHYSICAL WELL DATA FOR A WEll NOT IN CL ASS C OR OUT OF A 
ORDER WEll WAS READ A 
~.************ •• ***.************ •• *********.**.************.****.* 
GC TO 590 
CONTINUE 
CO 90 M= l,MMAX 
COEFf(M)=COEFFA 
00 IC C M=l,MMAX 
SLX(M}=SlCM) 
*********.******.*************.******.******** ••• *************** •• 
IDENTIfY THE POSITION IN THE NWELlC ARRAY OF THE WELL NUMBERS IN 

THE NODEl AND NODEZ ARRAYS. STORE THIS POSITION NUMBER IN Nl AND 
N2 

******************.****** •••• ***.*****.******* ••• ****** •• **** ••• ** 
00 19C M=l,lMAX 
IF (M-l) 130,130,110 
IF (NCOE1(M)-NOOEl(M-1») 130,120,130 
Nl(M)=Nl(M-1) 
GO TO 160 
CC 140 l=l,MMAX 
IF (NCOE1(~)-NWElLC(l» 

CONTINUE 
MESS=4 
II=NOCE1(~) 

I I I =M 
JJ=NW l LLC(L) 
JJJ=L 

140,150,140 

****.******.* ••• ***.**************.** •••••••••••••• * •••••••••••••• 
~ESSAGE=4. NaDEl WAS NeT FOUND IN THE CLASS C ~EllS 
************************************.***.****************.****** •• 
CC TO 590 
Nl(~)=l 

CO 11 ~ L=1,MMAX 
IF (NCCE2(M)-NWfLLC(L») 110,180,110 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

350 
355 
360 
365 
370 
315 
380 
385 
390 
395 
400 
4C5 
410 
415 
420 
425 
430 
435 
440 
445 
450 
455 
460 
465 
47C 
415 
480 
485 
490 
495 
500 
5C5 
510 
515 
520 ...... -



71-) 170 CONTI NUE A 525 
16 "2(~);O A 530 
17 GC TO IqO A 535 
18 IRe N2(M)-=L A 540 
79 19C CONT I , ~ UE A 545 
80 CC 21 0 L=l,LMAX A 550 
81 IF (N2(L).EQ.G) GO TO 200 A 555 
82 M=N I (L) A 560 
81 N-=N2(L) A 565 
84 8(l)=(Bl(M)+Bl(N»*.5 A '5le 
85 O(L)=(SlX(M)+SlX(N»/2.-B(l) A 575 
86 P(L)=Y(L)/OCL) A 580 
f.l GC TO 210 A 585 
88 2ee B(L)= C. A 5QO 
89 C(l'= C. A 595 
90 P(l)= O. A 600 
<11 210 CONTINUE A 6C5 
92 WRITE (6,670) A 610 
93 WRITE (6,680) (M,NWElLC(M) ,AS(M'tSL(M),Bl(M),~=l,~"'AX) A 615 
<)4 ~RITE (6,690) A 620 
9" ~R I TE (6, 7 GO) (l,NOOE1(L),NCOE2(l),P(l),Bll),O(l),l=1,lMAX) A 625 
96 WRITE (6,710) NYR,lIST,MAJOR,MINOR,COEFFA,ERROR A 630 
G7 TI~E2=TIME+flOAT(lIST' A 635 
<1B kRITE (6,720) TI~E,TIME2 A 640 
gq WRITE (0,730) T I ME , ( M, N wE II C ( M) ,H ( M) ,M= 1 ,M M A)( ) A 645 

I f)!) WRITE: (6,740) A 650 
lel DC 22 J L=l,lt-lAX A 655 
lC 2 QPATH{L)=O. A 660 
103 TOTQ(l)=O. A 665 
1 C4 e(l)= ? .*B(l) A 61C 
l e5 22C Ptl)=.S*P(L) A 675 
106 CO 58 ~ NYRS=l,NYR A 680 
10 7 CC 5B J lISTS=1,12 A 685 
1GR CC S6~ ~AJCRS=l,~AJOR A 69C 
109 ITEt{= : A 695 

....... 
N 



• 

11 ) CC 53 '/ t'lNCRS=l,rvINCR A 7CC 
III TI~E=rIME+DELTA A 1CS 
112 CU 23 ~~ tJ=l,tJ,"'~AX A 7lC 
113 F ACT C i~ ( ~ ) = 1 • A 115 
ll4 FEED(~tNYRS,LISTS1=-1.*FEEO(~,NYRS,LISTS) A 120 
115 230 ~O(M)=AMAXl(BL(M),H{M» A 125 
116 240 C( 27 ) ~:l,MMAX A 130 
I L 1 RELAX(~)=AS(~)/CELTA A 135 
11 8 S(M)=RELAXO·n*(AMAXl«jL(M) ,H(M) )-HO(M) A 740 
119 IF (F EEC(M,NYRS,LISTS» 25C,270,270 A 745 
120 isc IF (H(~)-(BL(~)+5.}) 260,260,270 A 7SC 
121 26C FACTOk (M)::;:C. A 755 
122 270 RES(M)=(fEEO(M,NYRS,LISTS)*FACTOR(M)'-S(M) A 160 
123 ITER=ITER+l A 1~5 
124 00 38 C l=l,lMAX A 71.0 
125 CO 28 1] M=l,MMAX A 115 
12(, IF (NCOE2(L)-NwELlC(M») 280,2QO,28C A 780 
127 28C CONTlt\UE A 185 
128 Y(L)= C. A 790 
129 ClL)= 8 . A 195 
130 GC Te 380 A 8ce 
131 29C t-1=Nl(l} A 805 
132 N=N 2 (L ) A 810 
13~ IF (~(~)-H(N)) 300,330,310 A 815 
1 34 3CC IF (H ;}(N)-8LIN») 320,320,330 A 820 
1.35 31C IF (H U (M)-BLO") ) 320,32C,33C A 825 
136 320 Y(L)=J. A 830 
137 ctl)= j . A 835 
138 GO TO 310 A 840 
1 ~9 330 CONT I '~U E A 845 
140 IF ( H ( ~ ) -H ( N ) ) 340,360,350 A 8'5C 
141 34C IF (H(N)-jjL(N» 370,370,360 A 855 
141 350 IF (H(M)-BL(Mt) 170,37C,36C A 860 
143 360 CCNTlf\UE A 865 
144 ~(l)=P(L)*AMAX1(O.,~(~)+H(N)-e(L») A 870 '" w 



145 
146 37C 
147 
148 
14q 
l'SJ 
151 380 
152 
153 
154 
155 
156 39C 
157 4CC 
158 410 
159 
16) 42C 
161 430 
162 
163 44C 
164 450 
165 
166 
167 
168 46C 
169 It 70 
1 10 
III 
172 
113 49C 
114 
1 75 
17fl sec 
117 'SlC 
1 7i.1 
1f ~ 

C(L)=Y(L)*(~(~)-~(N» 

CQ~TIl\UE 

RElAX(M)=RElAX(M)+Y(l) 
RELAX(N)=RElAX(N)+Y(l) 
RES(~)=RES(~)-C(l) 

RES{N)=RES(N)+Q(l) 
CON T I ;-~UE 

C C 4 7 :J M= 1 , M M A X 
~ELAX(~)=CCEFF(~)/RELAX(M) 

H(M)=H(M)+RElAX(~)*RES(M) 

IF (h(~'-(Bl'M).5.» 3SC,43C,43C 
IF (F l EO(~,NYRS,LISTS) 400,430,430 
IF (HO(M)-(BL(M)+5.» 410,410,420 
fACTOR(M )=0. 
fC TO 430 
FACTOR(M)=FACTOR(M}*(HO(~)-(Bl(~)+5.)/(HO(~)-H(M» 

CUNTINUE 
If (Q~(M» 470,440,440 
IF (H(M)-SL(~» 460,460,450 
QS(~)=RES(M) 

RES(f-4)=O. 
t-r(M)=Sl(~) 

GOIO 470 
QS(M)=O. 
CCf\Tlt\UE 
~RITE (6,750) ITER 
00 49 ·: ~ = 1 , ~ ftI; A X 
If (E k RLR-ABS(RES(M») 24C,4SC,4SG 
CONTlt\UE 
00 51 -:': ~=l,fJ.~AX 
If (FACTUR(M)-l.) 5CO,51C,5CC 
hRIfE (6,160) NWElLC(M),FACTCR(M) 
CON T I r~ UE 
CO 52 C L=l,LMAX 
TOTQ(L)=TOTQ(L)+Q(L) 

A 875 
A 88C 
A 885 
A 890 
A 8g5 
A 900 
A 905 
A glC 
A 915 
A 920 
A 925 
A 930 
A 935 
A 940 
A 945 
A 950 
A 955 
A 96C 
A g65 
A 910 
fA 915 
A 9ae 
A 985 
A 990 
A 995 
AICCC 
AlOIS 
AI02C 
AI025 
AI030 
AI035 
AI04C 
AI045 
AI050 
AI055 '-J 

~ 



180 
181 
18? 
Ie3 
184 
1 c5 
lR6 
1e7 
188 
169 
19:} 
lql 
192 
1<13 
194 
195 
196 
197 
198 
1<;9 
2C;) 
201 

2 C2 
203 
2 :)~ 

2C5 
2(;6 
207 
208 
2. 09 

21 0 

52C 
530 

54C 

550 

56C 

57C 
~8C 

590 
C 
6CC 
61C 
620 
63 C 
64C 
650 
66C 
67C 

680 

QPATH{L)=QPATH(lf+Q(L) 
C(NT I ;, U E 
~RITf (6,770) TIME,ITER 
Q S T= C. 
[0 5se M=l,MMAX 
If (QS(M}) 550,550,540 
~RITE (6,780) ~,QS(~) 

QS T=Q ST+QS( ~n 
CCt\T 1 r, UE 
~RITE (6,790) CST 
CONTI NUE 
IF (l [STS.NE.12) GO TO 580 
WRITE (6,800) 
kRITE (6,810) (L,NOOE1(LJ,NOOE2(L),QPATH(L',L=1,LMAX) 
WRITE (6,820) TIME,(M,NwELLC(M) ,HfM) ,M=l,MMAX) 
CO 570 L=l,LMAX 
CPATH(L)=O. 
CONTINUE 
WRITE (6,800) 
~RITE (6,810) (l,NCOEl(L)tNCOE2(L),TOTQ(L),L=1,lMA~) 

CALL r~XIT 

WRITE (6,830) MESS,II,III,JJ 9 JJJ 

fCRtJAf (3110) 
FORMAl (3F13.4) 
FOR~Ar (ax, 12, lX,I2, IX, 1'3,2F13.1) 
FCR~Ar (I7,12F6.2) 
fOR~AT (Z(I7,lX,17,lX,FIC.2,lX),17 9 1X,I1,lX,FIO.Z) 
FORMAT (17,6X,F6.0,lX,F6.0,7X,FIC.O,12X,FIC.G,FQ.C) 
FCR~AT (lH021~STORAGE C[EFFICIENT =F5.2) 
FORMAT (47H ~OOIFIEO D~R PRCGRA~ FOR HIGH PLAINS OF TEXAS 1126H J 

18 NOD ES AND 128 BRANCHSII15H NODE,5X,17HSTATE WELL NUMBER5X,7HSTOR 
2~GE,At.,7H UPPER,lOX,6HBOTTOM/32X7HFACTCRS,9X,lCHElEVATIONS,6X,lOHE 
3lEVATlCNS//) 
FOR~Ar (I4,llX,I7,lOX,4HAS= ,F8.1,4X,4HSl= ,F8. 1, 4X,4HBl =, F8. 1 ) 

A1060 
AI065 
AI01C 
AI015 
Aloao 
AI085 
AI090 
AI095 
AIICO 
All05 
Al110 
All15 
A1120 
All25 
Al130 
Al135 
Al14C 
Al145 
Al150 
All55 
All60 
Al165 
Al170 
Al175 
A1180 
Al185 
AllqC 
A1195 
Al200 
Al2es 
A1210 
A1215 
Al220 
A1221J 
A1230 " U1 



211 

212 
2 L~ 

214 
21 5 

216 
217 
2iti 
219 
220 
221 
222 

223 
224 
225 

226 

690 

700 
71 C 

72 0 
73 0 

74C 
750 
76 C 
77C 
780 
19C 
ECC 

8 10 . 
8 2C 
d30 

FOR~Ar (//////7H 8RANCht4X,20~8ETWEEN hEll NUM b ERS4X,19HPSEUDO-PER 
IMEAeIlITY,3X,17H 80TTC~ ELEVATICN,6X,lOH ThICHNESSII) 

FORMAT (I6,9X,I7,3X,I7,7X,3HK-= ,F8.4,lCX,3HB= ,F8.1, QX,3HO-= ,F8.1) 
FeR ~ A r (I / I I I 6... NY R = I 7 /7 H lIS T = 16 I 8 H M A JaR -= .1 5 J 8 H MIN 0 R -= I 'i I 9H C 

lCEFfA =F1.2/8H ERROR =F8.2) 
FORMAT (///1116H SIMULATION FRO~F8.2,3H TOf8.2) 
FOR~Al (7HITIME-= F8.211/(SH NOOEI4,3X,lBHSTATE W~lL NUMBE R I l,5X,3 

IHH= ,f8.l)) 
FORMAT (lHl) 
FORfJAl (iX,IS) 
FORMAl (lHO,I1,F6.4) 
FOR~AT (III/ISH TI~EF8 . 2,I1C,11H ITERATIONS) 
FORMAT (SH NODE,I4,3X,4HQS -=F8.1) 
fORMAT (/22H TOTAL SURfACE flOW = FIO.I) 
FORMAT (11111H BRANCH,2X,20HBETWEEN WEll NUMBERS,5X,llHFLOW(AC-FT) 

1 ) 
FOR~Ar (lH 13,5X,2110,7X,FIC.2) 
fORMAT (7HITI~E= tF8.2JII(5~ NOCEI4,3X,18HSTATE WELL NUM BER I7,5X, 
FORMAT (lH ,1gHTROUBLE AT MESSAGE 14,9HWELL NO. I7,11H SUB SCRIPT I 

14,11tH ANC WELL NO. 11,1111 SUBSCRIPT 14) 
END 

Al235 
Al240 
A1245 
Al2S0 
Al255 
Al260 
A1265 
A127C 
A1215 
AI280 
Al2E5 
A1290 
A1295 
A13CC 
A13 05 
A1310 
A1315 
A132C 
A1330 
A1335 
A134C-

........ 
m 



AC l 

AQS 

AREA ( t 38 

AS 5 38 45 45 93 111 

B I) 84 8 '5 88 95 104 104 144 

8L S 38 84 84 g3 115 118 12C 
134 135 141 142 155 151 160 

COEFf 1 55 153 

COEfFA 1 5 55 9f 

0 6 85 86 89 95 

DELlA 3 3 III 117 

ERROR I j 96 112 -

FACT CK 1 ~ 113 121 12 2 158 16 C 160 115 
17 b 

FE ED .'t 2 3 114 114 119 122 156 

H 1 38 4C 40 99 115 118 133 1 

13 3 14 0 14 0 141 142 144 144 145 
1 4 rj 154 154 155 160 16 :3 It6 1<;4 

-....J 
-....J 



HO 1 115 118 12C 134 135 157 160 
16 ~ 

I 16 18 

I I 2 1 48 67 20 1 

I I I 2 P, 49 68 2Cl 

ITE~ 10 J 123 123 l1C lE2 

J 2 -~ 23 

JJ 2 ' .... -J 50 69 201 

JJJ 3 ,~ u 51 70 2Cl 

l 21 34 34 34 34 35 36 3t: 
63 64 69 70 72 13 74 1 8 
8 '--' \,.; 81 82 83 84 85 85 86 
t:HJ 86 88 89 SO 95 95 95 
9 :) 95 95 95 101 102 103 104 

104 105 105 - 124 126 128 129 1-3-1 
13 < 136 137 144 144 144 145 145 
141 14e 149 15C 178 119 179 119 
I S } 18 0 180 193 193 193 1<;3 193 
19t:: 196 199 199 1<19 199 199 

LIST 1 ~3 14 96 91 

LIST S I e 7 114 114 11~ 122 15t: 191 

LMA~ 1 2 34 35 58 80 95 101 124 
1 72 1<33 195 199 

....... 
ex> 

LOC~ Tl 17 Ie 



LOCAT2 17 18 

lOCATl 1 -I 1 8 

tJ 2 C 21 23 23 24 25 25 2 7 
2 i" 29 30 38 38 38 38 3 f 
3 P, 3 8 39 4 0 40 40 44 45 
4 5 4 6 46 48 49 50 51 54 
5 5 56 51 5 7 58 59 60 6 0 
6 t 61 64 67 ~8 72 14 76 
7e 82 84 85 93 93 93 93 
9 3 '3 3 qq 99 S9 99 112 113 

114 114 115 115 115 116 117 111 
11 8 118 118 118 118 119 120 12C 
121 122 122 122 122 125 126 131 
13 3 135 135 140 142 142 144 145 

J 
147 147 149 149 152 153 153 153 
15 f t 154 154 154 155 155 156 151 
157 158 160 160 160 160 160 16 0 
16 2 163 163 16 4 164 165 166 166 
16 8 111 172 114 115 116 116 184 
18 ' j 186 186 181 194 194 IS4 194 

~AJ(R 1 1 .33 96 108 

MAJ ORS l a d 

~ ESS 1 .1 26 47 66 2el 

MINeR 1 -'S 33 96 110 

Ml i'~ O R S 11 ,~ 

....... 
'-0 



~" AX l L 16 2e.· 24 38 3fi 44 51t 
5h 63 73 93 99 112 116 125 

15 2 171 174 184 194 

N 8 3 84 85 132 133 134 134 14C 
14 i 141 144 145 148 148 150 I SC 

NODEl f: 34 60 60 64 61 95 193 
lq <j 

NOCE2 6 34 74 95 126 193 199 

NWELlC l 18 25 29 46 50 64 69 
74 93 99 126 176 194 

NVR 14 96 106 

NVRS 106 114 114 119 122 156 

Nl <; 21 25 27 38 46 48 61 
61 72 82 111 

N2 <.J 16 78 81 E3 132 

p (J 86 90 95 lC5 105 144 

Q 3 129 137 145 149 150 179 180 

'PAT~ 7 102 180 1EC IS] 196 

GS "- 21 162 164 168 185 If 6 181 

QST Ie ] 187 187 189 ~ 



RELA X S 117 118 147 147 148 148 153 
15 1 1 '1 4 

RES .- 122 14 <i 14q 150 150 154 164 
16 5 172 

5 1 118 122 

Sl , 38 40 5 1 93 163 166 

SlX 1j 57 85 85 

STGRE 4 2 43 45 

TI~ E l 5 97 98 qq 111 III 182 194 

TI~E2 97 98 

TOTC 7 103 179 179 lC;q 

Y -J 34 36 36 86 128 136 144 ~ 

14 -j 141 148 

co 
--' 



GLOSSARY OF PROGRAM VARIABLES 

AREA the area of each polygon, in acres 

AS the product of polygon area and storage coefficient, 

in acres 

B the el evation of the bottom of the aqui fer at the inter-

face of two polygons 

BL the elevation of the bottom of the aquifer at each node 

CbEFF the coefficient used in the iterative procedure of 
COEFFA 

solving the system of non linear ~quations 

D the thickness of the aquifer, including the dry portion, 

at the interface of two polygons 

DELTA 

ERROR 

the time step, in roonths 

the 1 arges t acceptable error at the node for each ti me 

step, in acre-feet 

FACTOR a constant by which pumping ;s reduced for a node 

nearing depletion 

F;;EED the net withdrawals from each polygon for each roonth, 

in acre-feet 

H the initial water surface elevations at each node 

LIST the number of months to be simulated 

LMAX the number of paths between polygons 

LOCATi i = 1 ,2,3. well numbers 

MAJOR the number of "major" time steps per month. The number 

of iterations in each major time step are printed. 

MESS an integer used to signify errors in input data order 

82 



MINOR 

MMAX 

NWELLC ' 

p 

Q 

QPATH 

the number of time steps per majq~ time step 

the number of nodes 

the array containi ,ng the well numbers of the Cl ass C 

wells. Class C wells are interior wells. 

a factor calculated for each flow patH so that flow 

may be calculated as the product of P and the saturated 

thickness of the path 

the flow from one polygon to another, in acre-feet 

an array used to sum the annual flow from one polygon 

'to another 

QS the volume of water above the ground surface at each 

node 

QST the total water stored above ground in a major time step 

RES the error at each node after an iteration, in acre-feet 

S the computed net withdrawal at a node for that time 

step 

SL the surface elevation at each node 

SLX same as SL 

TOTQ an array used to sum the total flow from one polygon 

t·o another for the period of simulation 
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