Final Report
OWER A-039-0KLA

UORI 1820

A DIMENSIONLESS PARAMETER STUDY
OF GROUNDWATER RECHARGE

PHASE T1

Prepared by

Gerald A. Coleman, Research Assistant
Joseph K, Cheng, Research Assistant
Jimmy F. Harp, Associate Professor
Joakim G. Laguros, Professor
School of Civil Engineering and Environmental Science
The University of Oklahoma

Submitted to

OKLAHOMA WATER RESOURCES RESEARCH INSTITUTE

Submitted by

UNIVERSITY OF OKLAHOMA RESEARCH INSTITUTE
NORMAN, OKLAHOMA
JUNE, 1972



ABSTRACT

The method of coefficients has been used to predict groundwater re-
charge for several years. A new approach was attempted using a "dimension-
less parameter” concept to relate recharge to other known parameters, i.e.,
pumpage, permeability, rainfall, recharge area, etc, Data from a total of
fifteen observation wells from two locations in Oklahoma and two locations
in Kansas were used. The high-use municipal wells in southwestern Oklahoma

show periodic "mining" which can be avoided if pumpage rates are modified.
The wells in Kansas are located very far from other pumping locations thus
rendering the recharge area excessivly large. Regression analysis was per-
formed encompassing recharge periods of one month, six months, and twelve
months. The resulting linear equations are multiterm, wherein positive co-
efficients imply no overuse while negative coefficients substantiate 'water

mining", and these equations predict groundwater recharge rates more accurately

than heretofore.



ACKNOWLEDGMENTS

This report presents the results of a research study sponsored
by the Oklahoma Water Resources Research Institute and the Oklahoma
University Research Institute.

The data for this study were obtained from the Utility Superin-
tendent of the City of Frederick, Oklahoma, the Soil and Water Conservation
Division of the Agricultural Researeh Service, Chickasha, Oklahoma, and
the U. S, Geological Survey office in Lawrence, Kansas. These offices
were especially helpful and cooperative with respect to available data.

A special note of thanks goes to Mr, James Naney of Chickasha,
Oklahoma and Dr. Don W. Goss of Bushland, Texas for their guidance and

advice in obtaining these data and suggestions as to their applicability.

Norman, Oklahoma

June, 1972

ii



TABLE OF CONTENTS

Page

LIST OF TABLES AR RN R R RN AR N NI A N I B R R R R N A I I N A N ) iV

LIST OF ILLUSTRATIONS ..veevovesnsscavesnsssostssonsnnonsonnes
Chapter

I, INTRODUCTION ,...cveeeoosvanss

II. LITERATURE REVIEW +evvevasoveceacosaoerancnnnens cveiees &

III. COLLECTION OF DATA.u.vvvvecesnnsnncacens S

IV, METHOD OF ANALYSIS.icueveenuvonnonnnn crreenranan cesrseess 16

V., DISCUSSION OF RESULTS.ucecrvavusrarsnoosnssonnans veerees 22

VI. SUMMARY AND CONCLUSIONS ..vvuveevrooranses tessesenaaas . 26

REFERENCES .vvvuss.

@9 s 08t P e ETe RS ESEE S IR R B RY S S EFES AR OI.28

APPENDIX I

SAMPLE REGRESSION PROGRAM FOR IBM 360 ..ivuivvnn.
APPENDIX II1

cerneneress 30

DATA OUTPUT FOR ONE MONTH VALUES INCLUDING RESIDUALS....... 31
APPENDIX III

DATA OUTPUT FOR SIX MONTH VALUES INCLUDING RESIDUALS ...... 32
APPENDIX IV

DATA OUTPUT FOR ANNUAL VALUES INCLUDING RESIDUALS....0.e... 33

iii



TABLE

LIST OF TABLES

Water Withdrawal Rates for all Sample Wells ......vuvvena

Monthly and Annual Rainfall Totals in Inches ....

2 s a2 e

The Known Parameters of all Test Wells for One Month
Data Periods ..eeeeceecennnsnsasascnnces

e s P T IE N B SR ET SR

The Known Parameters of all Test Wells for Six Month
Data PeriOdS L I B B I I DN BN I R R BN BT RN BN B N RN AN

The Known Parameters of all Test Wells for Annual
Data Periods .eeeesscnceasanss

Values for R, F, Intercepts, and Coefficients ......coev4s

iv

PAGE

12

13

14

23



FIGURE

LIST OF ILLUSTRATIONS

General Location Map of Observation Wells.....cviveveuae

Example of Typical Static Water Levels for all Test
wells IIIIII P B B 4 s s L]

Definition of Variables for Unsteady Radial Flow in an

Unconfined Aquifer with a Recharge Rate "i" and a Discharge
R-ate "Q" ® kb eedh e d Y e

e sd e etH Bt e ¥ s e

A Graphical Solution of Equation 13 Using Constant Values
th/h IIIII LB L IR I B R R B B B B B B EE A NI L B LU B BRI
o' w

PAGE

10

11

17

25



A DIMENSTIONLESS PARAMETER STUDY OF GROUNDWATER RECHARGE
PHASE II

CHAPTER 1

INTRODUCTION

The water utilization today (1972) is being rapidly accelerated
by industry, agriculture and municipalities in every sector of the world.
Part of this demand is being met by the use of groundwater which may be
available locally in sufficient amounts to justify development of wells
and an attendant pipeline system to pump and distribute the water to the
users,

Sometimes the replenishment of local groundwater resources falls
below consumption rates, with the result that the water table is lowered.
Furthermore, legal consequences may follow in that the need is created to
establish use priorities of a continually diminishing supply. The losers
in this water rights struggle must develop or find higﬁ-cost substitute
sources of water if they are to remain in business.

In arid regions, such as the Great Plains area of the United States,
most municipalities must depend upon the available groundwater with their
true rate of comsumption being controlled by the recharge rate of the
supplying aquifer. Thus, groundwater recharge has become one of the most
important problems facing épecialists in the general area of water supply.

Groundwater supply is a function of reservoir size, recharge rate,
and consumption requirements. In order to plan the economic and social
development of an area dependent upon these resources, the reservoir size

and the rate of recharge must be estimated accurately. The projected and



actual growth and development of all municipal, commercial, industrial and
agricultural facets of an area would provide consumptive amounts. These
estimates, then, become an integral part of the design-analysis process and
must be accurate to get optimum resource management.

The consumption rate of an underground reservoir is affected by
pumping, percolation to another aquifer, effluent seepage, evaporation from
areas near an air-water interface, and transpiration by plants whose roots
are located in the aquifer. The latter two loss mechanisms may be the
most important of those listed here and are probably the most difficult to
estimate.

The coefficient method (1) is used by the Water Resources Board
of Oklahoma to account for losses due to evaporation and tramspiration. To
calculate exact quantities of water losses due to evapotranspiration over
a large area is difficult, if not virtually impossible, because the process
requires exacting, precise data., The most difficult part of the analysis
is probably obtaining data under controlled conditions over a large study
area. This in itself is a problem of great magnitude,

Recharge of the aquifer is effected from percolation of stream water,
soil water or water from other aquifers. Under some conditioms, the re-
plenishment of the groundwater supply may be accomplished by artificial re-
charge methods (2).

The coefficient method has been the most common procedure of computing
recharge in the 1960's and 1970's. The recharge rate per unit time, Qr,
is computed using the equation:

Qr = CiA (1)

(2)



where C is a coefficient directly related to the infiltration and percola-
tion of water through the soil layers, i is the intensity of rainfall in
inches per hour, A is the area in acres through which infiltration occurs,
and Qr has units of cubic-feet per second.

Therefore, in order to arrive at a more accurate estimate of the re-
charge rate, the present study has been undertaken., It attempts to supple-
ment the evaluation of Qr by considerations of the water table fluctuations
reflected in water levels in wells. Furthermore, it aims at deriving a re-

charge rate, Qr’ as a function of all the involved parameters in dimension-

less form.

(3)



CHAPTER II

LITERATURE REVIEW

The history of hydrologic problems shows that most applications of
rainfall-runoff relationships, recharge of groundwater aquifers, and
evaporation of water from ponds and lakes are based on a quasi-analytical
method because of the general world-wide acceptance of empirical equations
and coefficient methods of solutions. Groundwater analyses have not been
exempt from this approach, Thus, the expression Qr = CiA falls in the pat-
tern of this simplistic approach. But by and in itself, does not constitute
an accurate estimate of the groundwater available because it lacks the accoun-
tability function which relates water table fluctuations to area rainfall
volumes. In addition, the expression tacitly indicates that the mathematical
solution of a complex flow problem has been simplified by reducing its dimen-
sionality. However, this oversimplification often introduces a large error
which has to be adjusted subjectively by its user,

Since it is highly desirable to eliminate the problem of "water
mining", the general category of groundwater recharge is a very necessary
input to current water supply studies. Mining can cause irreversible physical
changes and attendant damage to aquifers, thereby diminishing their recharge
capabilities. This event has been legally paraphrased as "a depletion of an
aquifer so that unreliable pumping and unavailable water are cause for frus-
tration in subsequent usage" (3). Modern technology furnishes many of these
mining and recharge solutions on a macroscoplc scale which are based almost

entirely on the Darcy equation, the Rational formula, and a simplified form of

(4



the Laplace equation. However, since constants are involved, their evaluation
implies that a subjective decision has to be a priori. Consequently,

most of the problems are solved without the help of a deterministic mathe-
matical model.

Of all possible methods of solutions available, the concept of
dimensionless parameters appears to be the one of easiest application to
the problem., This method is listed as an explicit goal in a paper by
Esmaili, et al. (4) which also includes a summary of the literature avail-
able on groundwater recharge. Also, a significant conclusion is reached
and it is expressed in the statement "the dimensionless forms of the solu-
tions make possible the application to any problem with similar boundary
and initial conditions without any restriction on the value of the aquifer
parameters.," Finally, the paper states that the need for verification on
this experiment had not been done but would need to be accomplished in the
very near future. This line of thought seems to be in general agreement
with many of the authors at the International Hydrological Conference held
at Urbana, Illinois in August, 1969. This included George B. Maxey (5),

A. Klute (6), W.C. Ackerman (7), W.C. Walton (8), Jacob Bear (9), J. Amor-
ocho (10), H.N. Holtan and N.C. Lopez (11), R.K. Linsley (12), V. Yevjevich
{13), and D.R. Dawdy (14).

Using this approach, it appears that such a mathematical model is
applicable to the Southern Great Plains area including Oklahoma and contiguous
areas. However, due to the scarcity of accurate field data, most of the pre-
vious studies have been inadequate to enable the formulation of a model with
the desired degree of accuracy.

As a result of this study, the regression analysis method can be

(5)



used for predicting groundwater recharge in much the same way that the Froude
number, Grashef number, and Weber number have contributed to the understanding

of heat transfer and fluid mechanics problems.

(6)



CHAPTER III

COLLECTION OF DATA

The data for this study were acquired from several different sources.
Data for the five mumicipal wells belonging to the City of Frederick, Okla-
homa, were taken from a report omn this same subject matter by Bagdadipour,
Harp, and Laguros (13). Thié was the only city among several contacted that
had adequate information to permit the analyses set forth for the present
study. Data from wells located near Anadarko and Chickasha in Oklahoma were
furnished by the Department of Agriculture, Agricultural Research Service
(ARS) in Chickasha, Oklahoma. The data for the two wells located in Kansas
were obtained from the U.S, Geological Survey in Lawrence, Kansas.

All the data collected were considered accurate enough to be usable
except for two of the four wells in the Kansas area where an unreasonably
large recharge area and permeability were obtained. Due to the type of
measurement methods and instrumentation used at these two locations, the
values of these parameters were not dependable. Although the data were tried,
the results obtained indicated that they were not comparable to the data
obtained from the other wells. Therefore, they were not included in the
final analysis.

The wells analyzed represent different types of usage. Those from
the Frederick, Oklahoma area are city water supply wells characterized by
a continuous but fluctuating use dependent on season and soil moisture avail-

ability. The ARS wells are in farm areas and are not used at all except for

(7N



pumping tests and measurement of water-table fluctuations. Very little
is known about the usage from the Kansas wells but the rates of pumpage sug-
gest that they are probably used for municipal water supply.

The amount of pumpage for each of the wells is shown in Table 1 and
their general locations are shown on the map in Figure 1. The data for
the static head readings were obtained for each well. The plot for well
"B" in the Prederick area is shown in Figure 2 in order to illustrate the
seasonal and use-rate flugtuations typically encountered in this study.

The rainfall data obtained from the U.S; Weather Bureau, are given
in monthly amounts shown in Table 2, The rainfall given in each case is
for the year analyzed.

Other data required for the analysis including soil characteristics,
depths of water tables, permeabilities, etc., are shown in Tables 3, 4, and 5.

Data from the High Plains of Texas were considered for use in this
analysis. Upon the recommendation of Dr. Don W. Goss, Geologist for the
U.S. Department of Agriculture, Bushland, Texas,* these data were deleted
because of the lack on influence of precipitation upon the recharge charac-
teristicg. The tight soils and sparse rainfall in this region constitute

a completely different type of recharge problem.

* Personal interview, Dr. Don W. Goss, USDA, Southwestern Great Plains

Research Center, Bushland, Texas 79012,

(8)



TABLE 1.

WATER WITHDRAWAL RATES FOR ALL SAMPLE WELLS

Location

Well Tdentification

Data Period

Total Amount
Pumped-Gallons

Frederick,
Okla.

Frederick,
Okla.

Frederick,
Okla,

Frederick,
Okla.

Frederick,
Okla.

*Chickasha,
Okla.

Sharon Springs,
Kansas

Burdett, Kansas

205
213
311
312
314
507
508
509
Sharon Springs

Burdett

=W
1

bt s 0
t 30

il
o e e s

M
o

to 4-1
to 6~-30
to 12-31

to 4-1
to 6-30
to 12-31

to 4-1
to 6-30
to 12-31

to 4-1
to 6-30
to 12-31

to 4-1
to 6-30
to 12-31

——
e e
———

to 12-31

to 12-31

199,000
2,707,000
12,603,000

457,000
1,565,000
26,272,000

134,000
3,612,000
15,789,000

1,000
2,194,000
12,263,000

1,000
2,265,000
7,839,000

——

112,425,000

66,750,000

* Observation wells, not used for water supply purposes.
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Fig.l.~General location map of observation wells
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TABLE 2. MONTHLY AND ANNUAL RAINFALL, INCHES

Kansas

Location Well Jan. Feb. Mar. Apr. May June July Aug. Sept. Oect. Nov. Dec. Annual
Identification Total

Frederick, A 0.22  2.46 1.98  0.91 4,37 2,62 1.90 3.95 8.43 3.12 0.32 0.69  30.97
FS:;:;ick, B 0.22  2.46 1.98  0.91 4.37  2.62 1.0 3.95 8.43 3,12 0,32 0.69  30.97
FSZi:;ick, c 0.22  2.46 1.98  0.91 4.37 2.62 1.90  3.95 8.43  3.12 0,32 0.69  30.97
p?ﬁﬁiéick_ D 0.22 2,46 1.98 0.91 4.37 2.62 1.90 3.95 8.43 3.12 0.32 0.69  30.97
FSZéZ;ick, E 0.22  2.46 1.98  0.91 4.37 2.62 1.90 3.95 8.43 3.12 05.32 0.69  30.97
Cgﬁiiésha, 205 0.1z 1.83 1.99 3.16 5.70 2.84 0.86  2.45 4.28 1.5 0.27 0.87  25.93
| Cgiii;sha, 213 0.12 1.83 1.99  3.16 5.70 2.84 0.86 2.45 4.28 1.5 0.27 0.87  25.93
Cgii:;shA, 311 0.26  0.04  2.3%  5.86 3.07 1.66 2,46 2,12  5.50 1.96 0.55 0.94  26.76
Cgiii;sha, 312 0.26  0.04  2.34  5.86 3.07 1.66 2.46 2,12 5,50 1.96 0.55 0.9  26.76
Cgtiz;sha, 314 0.26  0.04  2.34  5.86 3.07 1.66 2.46 2,12  5.50 1,96  0.55 0.9  26.76
Cg:i:;sha, 507 0.16  0.07  2.38  5.30 4.67 1.47  3.28  0.66 6.85 2.53  0.44 0.95  28.76
cﬁ?ii;sha, 508 0.16  0.07 2.38 5,30 4.67 1.47 3.28  0.66 6.85 2.53  0.44 0.95  28.76
cgiizésha, 509 0.16  0.07 2.38  5.30 4.67 1.47 3.28  0.66 6.85 2.53  0.44 0.95  28.76
Shgtiﬁ‘Sp. Sharon Springs 1.42  2.06 0,70  3.41 1.15 3.31 1,78 0,13 0.50 1.50 0.33 1.06  17.35
Bﬁ:ﬁ:::, Burdett 1.67 0.72 1.84 1.68 3.44 6.09 1.80 2,10 0.57 5.06 trace 0.62  25.59
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TABLE 3. THE KNOWN PARAMETERS OF ALL TEST WELLS FOR ONE MONTH DATA PERIODS
Location Well Well Property K 2 Parameters
Identification Area (ftZ) Ro(ft) (gal/day/ft“) i hy, h 3 Q Qr
(ft) {ft) (fr) (fr?/time) (££3/time)

Frederick, A 635,000 450 1630 0.165 13.0 13.5 26,000 12,550
Okta. B 635,000 450 1530 1.165 14.0 14.4 611,000 12,550
c 635,000 450 1570 0.165 14.0 14.0 17,900 12,550
D 282,600 300 1375 0.158 17.5 16.0 700,000 5,380
E 282,600 300 1913 0.158 13.5 11.5 274,000 5,380
Chickasha, 205 125,000 200 1548 0.180 66.66 66.56 —_— 2,225
okte. 213 125,000 200 1548 0.180 26.07 26.22 -— 2,225
311 70,500 150 39N 0.1858 42.08 42.14 - 1,375
312 502,600 400 391 0.1858  60.75 60.70 —— 9,800
314 125,000 200 391 0.1858 5.81 5.74 —_ 2,435
507 282,600 300 2315 0.1997 36.13 36.06 - 5,925
508 282,600 300 2315 0.1997 33.33 33.28 ——— 5,925
509 282,600 300 2315 0.1997 32.65 32.861 - 5,925




(1)

TABLE 4, THE KNOWN PARAMETERS OF ALL TEST WELLS FOR SIX MONTH DATA PERIODS
Location Well Well Property K 2 Parameters
Identification Area (ft<) R, (ft) (gal/day/ft“) i ho hw Q Q,

(£t (ft) (ft)  (ft3/time) (£t3/time)
Frederick, A 635,000 450 1630 1.050 13.0 13.5 362,000 80,000
Okta. B 635,000 450 1530 1.050 14.0 12.0 1,548,000 80,000
C 635,000 450 1570 1.050 14.0 13.2 483,000 80,000
D 282,600 300 1375 1.050 20.0 17.5 293,000 47,000
E 282,600 300 1913 1.050 13.5 11.5 303,000 47,000
Chickasha, 205 125,000 200 1548 1.081 66,76 66.66 -_— 14,175
Okcta. 213 125,000 200 1548 1.081 26.04 30.60 — 14,175
311 70,500 150 391 1.1025 41,97 41.70 —— 8,160
312 502,600 400 391 1.1025 60,64 60.04 - 58,100
314 125,000 200 391 1.1025 6.09 6.41 -—— 14,450
507 282,600 300 2315 1.1708 36.27 35.91 —_— 34,750
508 282,600 300 2315 1.1708 33.39 33.11 -— 34,750
509 282,600 300 2315 1.1708 32.63 32.69 -— 34,750
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TABLE 5. THE KNOWN PARAMETERS OF ALL TEST WELLS FOR TWELVE MONTH DATA PERIODS

Location Id:ﬁiification ArZEI%f:;;Perti (ft) (gal?day/ftz) 1 R ﬁaramecers 2 9
’ (£e) () (F)  (Fe¥eime)  (£t3/time)
Frederick, A 635,000 450 1630 2.580  13.0 13.0 1,690,000 196,500
ot B 635,000 450 1530 2,580  14.0 11.0 3,520,000 196,500
c 635,000 450 1570 2,580  14.0 13.5 1,790,000 196,500
D 282,600 300 1375 2.580  20.0 20.0 1,649,000 84,500
E 282,600 300 1913 2.580  16.0 16.0 1,050,000 84,500
Chickasha, 205 125,000 200 1548 2.161 66.76 67.16 ———- 28,350
ot 213 125,000 200 1548 2.161  26.04 27.35 ———— 28,350
311 70,500 150 391 2.2300  41.97 41.80 — 16,500
312 502,600 400 391 2.2300  60.64 60.57 ——— 117,650
314 125,000 200 391 2.2300 6.09 5.10 —— 29,250
507 282,600 300 2315 2.3966  36.27 35.45 . —— 71,100
508 282,600 300 2315 2.3966  33.39 32,90 -—— 71,100
509 282,600 300 2315 2.3966  32.63 32.45 — 71,100
Sharon Spr. Sharon Springs 13,854,000 2,100 845 1.4458  236.0 201.1 112,425,000 220,331,000
Bufiiiif Burdett 2,010,000 800 2040 2.1325  61.0 46.5 66,750,000 47,150,000

Kansas




The

CHAPTER IV

METHOD OF ANALYSIS

previous analysis by Bagdadipour, Harp and Laguros (15),

began by determining the relevant parameters considered in computing the

recharge of producing équifers. These parameters were then grouped into

dimensionless terms such that all terms would be interrelated into a minimum

number of "dimensionless parameters."

In this study, these parameters were reinvestigated and found to

be sound. The final part of the study was to extend a multiple regression

analysis so as to include the additional data and to find a prediction equa-

tion for the

The

recharge capabilities of a well.

involved parameters, shown in Figure 3, were:
pumpage flow rate, cubic feet per unit of time.
effluent flow rate, cubic feet per unit of time.
influent flow rate, cubie feet per unit of time,
recharge flow rate, cubic feet per unit of time.
the surface area contributing to recharge, square feet,
rainfall intensity, feet per unit of time.
piezometric head at beginning time, feet.
piezometric head at time "t", feet.

permeability in gallons per day per square feet

radial distance corresponding to ho, feet

In the case of the wells under study, there is negligible seepage,

(16)
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Fig.3.-Definition of variables for unsteady radial flow in an unconfined aquifer with a
recharge rate "1" and a discharge rate "Q".
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influent or effluent, indicated by the static head levels of the well.
The piezometric head, hereafter referred to as head, remained relatively
constant for periods when there was no pumpage but very small amounts of
precipitation were observed; therefore, it was concluded that seepage, if
any, was so small that it was negligible. Deleting these factors, then, the
problem reduces to one of the functional form of:
Q.= f (Q,A,i,ho;hW,K,RO). (2)
Using the Pi Theorem (16) to reduce these terms to dimensionless

parameters, the following significant equations can be derived:

X = holhw (3)
Y = qr/m (4)
Z= Q/KROZ. ()

Thus, the problem becomes one of relating Y, which contains the re-
charge parameter, as a function of X and/or Z. Using the multiple regres-—
sion analysis technique the relationship assumes the form:

Y = Bo + lel + B X,+ ... + B.X,. (6)

The use of a least-squares regression analysis is recognized as a
statistical method that gives the best fit for a straight line equation while
minimizing the residual sum of squares and variance of the parameter.

At this point, some consideration must be given to a nonlinear rela-
tionship between these parameters. There are two possible choices of analysis.
First, an attempt can be made to make a direct nonlinear fit of the dataj
second, the data may be transformed in such a way that the relationships be-
come linear or approximately linear. If the latter method is used, the

regression analysis can still be applied. The transformation methods used

(18)



are eilther logarithmic or reciprocal or both (17).

The residuals of these equations are shown on the IBM 360 computer
printouts reproduced in Appendices II, TIII, and IV. These values list the
difference between the actual data and the predicted values of Qr/iA for
each of the periods investigated and for each data point used. A close
inspection of these values will show a small amount of error due to the
prediction of walues for the Qr/iA variable using the equations previously
indicated, A large deviation is shown in the Kansas data which is probably
due to geomorphological differences of soil layers and measured soil charac-
teristics., The measurements in the Chickasha and Frederick areas appear to
be well instrumented and documented, while those of the Kansas area were
not as extensive and complete as the other data.

While all the final equations take 1into consideration the amount
of pumpage, Q, it is sfated that not all holes had actual pumpage. If there
was no pumpage, those terms of the equation associated with pumpage, (Q/Ksz)
were equated to zero. By setting Q equal to zero in Equation 13, presented
later in this report, an estimate of the recharge can be computed. This
would indicate recharge or discharge only by the fluctuations of the water
table levels.,

In areas where there was pumpage, a negative value of Qr/iA would
show that "mining" was taking place. However, due to the limited length of
data that are available, i.e., one to four years, these estimates indicate
only the annual trends which may or may not concur with long-term (10 year or
more) trends.

In the previous study (15), the four forms of equations investigated

(19)



using regression analysis were:

Y=B +BX+B2 (7)
In (Y) = B + B;1n (X) + B,In (Z) (8)
ln (Y) =B_+BX+ Bzz (9

1/1n (Y) = B, + BIn (X) + B,In (2) (10)

A commercial regression analysis program for a digital computer gives
many statistical results including mean, variance, correlation, residuals,
etc. The method employed herein to determine the "best-fit'" was to select
the analysis that gave the highest coefficient of multiple correlation, R?.

If the ratic of the regression mean square to the residual mean
square, or F-value, is significant, it is indicative that the regression coef-
ficient take into account more of the variance in data than one would expect
to be taken into account by chance alone in ldentical conditions and times.

sing a five percent significance level, the F-test was employed to justify
the use of each parameter in the regression equation. Following the method
of the‘previous study, an equation was accepted as satisfactory when the
F-ratio for the observed data were not greater than four times the selected
percentage points of the F-distribution.

The residuals shown in Appendices II, III, and IV are the difference
between the observed and the predicted values using the regression coef-
ficients of the dependent variables. The foremost assumptions about the
residual in a least-squares analysis, are that the data points are independent
with constant variance and a mean equal to zero. Also, when an F-test is used,
these points will give a normal distribution. A prediction equation or "model"

is usually taken as being correct if all the above assumptions are satisfied (18).

(20)



While testing for correctness of the assumptions of constant variance and
normality, no evidence was found to indicate anything to the contrary. The
least-squares method is designed to give a sum of residuals equal to zero;
therefore, no check is necessary on this point.

The values of the independent variables collected are shown in Table
3. The value of Qr’ the dependent variable used in the prediction equation,
was calculated using the coefficient method of Equation 1. The C values used
were 11.5 percent for the Frederick well, 10.5 percent for the Chickasha wells,
and 11.0 percent for the Kansas wells. These values were characteristic of
the infiltration coefficient for each soil type. The area used for each equa-
tion was found by the Thiesen weighting method (19).

Finally, by using a scientific subroutine for the IBM 360/50 computer
the data were subjected to a regression analysis. Grouping the data in like
time groups, separate runs were_made of each group for each equation. Thus,
for the one month period equation 10, for the six month period equation 8, and
for the 12 month period equation 9 gave the best fit. The numerical forms

of these equations are respectively, equations 11, 12, and 13 as presented

below:

1 = -0.47862 + 0.00153 In (h_/h ) - 0.00093 1n (Q/KROZ) (1
In (Q_/i4)
In (Q_/iA) = -2.05622 + 0.58363 ln (h_/h ) -+ 0,00453 In (Q/KRoz) (12)
In (Q/1A) = -1.86867 - 0.56420 (h_/h ) + 107.44388 (/KR %) (13)

(21)



CHAPTER V

DISCUSSION OF RESULTS

The values obtained by using the least-squares approach are shown
in Table 6.

The "best-fit" for the data was selected on the basis of the highest
coefficient of multiple correlation. This value is the greatest, 0.96712,
for the one month period using Equation 11, The F-test value required at
a 95-percent confidence interval is 3.89. Since the data used give an
F-value of 72.31235, it is concluded that Equation 11 is significant in
predicting recharge rates applicable to the south-central Great Plains
area on a monthly basis. However, caution should be used since these data
are average monthly data. It was chosen because this is a period of near
mean soil moisture for the problem area described.

Using the rationale for choice of "best-fit", the six-month data,
i.e., the period from January 1 to June 30, yields Equation 12. The multiple
correlation of 0.88674 and an F-value of 18.39871 indicate the utility value
of this equation for predicting recharge rates for the first half of the
calendar year.

The "bést" equation to use would be one that would encompass all
months, all seasons and all moisture conditions pertinent within a given
length of time. For this type of application, the data listed in Table 5

as the 12 month or annual values use a one calendar year period of investi-

(22)



TABLE 6. VALUES FOR R, F, INTERCEPTS, AND COEFFICLENTS

Period
Equation No. (Months) R Value F Value BO B1 32

7 1 0.58301 2.57456 0.09511 0.01245 2.86722
6 0.81092 9,60235 0.00189 0.10854 1.69876

12 0.92210 34.07259 0.91024 -1,34104 259.17041

8 1 0.96196 61.98625 ~2,08660 -0.00897 0.00447
6 0.88674 18.39871 -2,05622 0.58363 0.00453

12 0.67877 5.12615 -1.59420 8.70076 0.02126

9 i 0.57853 2.51536 -2.34301 0.11105 25.71475
6 0.81592 9.95182 -3.02017 0.80919 17.84193

12 0.92323 34.63809 -1.86867 ~0.56420 107.44388

10 0.96712 72.31235 -0.47862 0.00153 -0,00093

1
6 0.86931  15.46605 -0.48689 -0.14953 -0.00098
2 0.64331 4.23636 -0.36790 1.66171 0.00283

(23)



gation and give a good estimate, as indicated by the R—yalue of 0.92323 and
an F-value of 34,63809, when transformed to Equation 13. Figure 4 shows

Equation 13 as a graphical solution for a constant (ho/hw) value.

(24)



(25)
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Q, /i x 102

1 1 1 s l
o 25 50 75 100 125
a/krE x 10*

Fig.4.-A graphical solution of Equation 13 using constant values of holhw.



CHAPTER VI

SUMMARY AND CONCLUSIONS

Review of previous work indicated that the best method to compute
groundwater recharge rates, as accurately as'possible, was to take a two-
fold approach. First, to consider recharge as a parameter in the total
underground water budget thus expressing the recharge in terms of water
table fluctuations which, when measured as water levels in wells, reflected
water losses and/or withdrawals. Second, to derive a dimensionless para-
meter method for the actual prediction made.

The most pertinent problem of this study has been that of finding
data that were both accurate and reliable enough to evaluate the models.

The parameters of each well were then grouped into dimensionless
terms derived by the Pi Theorem method and were subjected to a multiple
regression analysis using the variable Qr/iA as the dependent term and the
other terms, ho/hw and Q/Ksz as independent variables.

The analysis of the available data produced the following signifi-
cant results:

1. Of the equations studied, the ones with the highest correlation

values are:

1

—L - _0.47862 + 0.00153 In (h_/h) - 0.00093 1n (Q/KRoz)
In (Qr/iA)

using one month wvalues,

(26)



In (Q /iA) = -2.05622 + 0.58363 1n (h_/h ) + 0.00453 In (Q/KROZ)

using six months values, and

In (Qr/iA) = -1.86867 - 0.56420 (ho/hw) + 107.44388 (Q/KROZ)
using 12 month or annual values.

The mathematical equations given here help predict the net amount
of discharge or recharge of a groundwater agquifer. They also
indicate a truer quantity of groundwater available for use than
the old coefficient method currently used.

If there is no pumpage, the recharge can be computed directly
from Equation 13.

"Mining" can be confirmed when a negative value of Qr/iA results
from using the equations established herein.

Results from this study indicate that this method could easily
be adapted for use in any area where the same contributing fac-
tors are significant, especially in the south central Great

Plains areas.

Recommendations for further research include:

1.

Better defined 1imits, therefore establishing the extent of
applicability.

Adoption to local areas.

Investigation of errors in using this technique and how they can

be minimized.

(27}
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APPENDIX II: DATA OUTPUT FOR ONE MONTH VALUES

VAR AR ME AN STANDARD CURRELAT ION REGRESSTUN  STU. ERIOW L LLMPUTED
NO o LV EAT LN X vs ¥ COEFF [CTENT UF HEGLWCDLF T vALUKF
1 G.015CH 003259 —0.3%077 0.00153 L DalieTe Ve Y0Tia
2 ~2T.U5THN 16.94887 ~0.96711 «4a000937 7T T Gduuetn T T ci1.in205 .
DEPENDE NT
3 . muen5268  0ei0621 ~ } } . ) o _ . _
. Intewcery 0 =0e47862 e e
MULT IPLE CORHELATINN 0.96782
STD. FRAUN OF ESTIMATL 0.00a52 o - - -
ANALYGIS OF VARTANCE FOR THE REGRESSTUN
SOUHCE UF VARTATICN DEGRELS suM F T Thean T EovaLue o T
GF FRECOOM SQUUARFS SUUAIKL S
__ ATTUIBUTABLE TO RE GRESSLON 2 i 000795  0.OGl4s TR, 25 L o
DEVIATEOM FiUM REGHESSTON 19 0400020 TaGUULE ) a
TOTAL 12 0.00315
i - B - - JABLE OF RESIOUALS
CASE NG ¥ VALUE Y ESTIMATE RESIDUAL
1 | =Dea7123 —0.46994 ~0.00129
- " T2 T T wpea123 T <0e87289° Ge00166 T T T/
3 -0.47123 ~0eA6ISY ~0.09164
& ~0.87265  ~0.4T353  0.00L13 L L
s ~0.47255 087240 Fo.0001s T T
€ ~0. 44367 ~0.8407H -0,00788
7 Qe84 307 = +330H0 =0.00217 e . R L
" —0.4430 7 T =pesas080  Z.0nzar T T Tt T
9 0. 44364 —0.84080 ~0.,00284
i 10 ~04,44359  =0434030 ~0.00279 L
1t ~0e 44340 Teo.880r8 =0.00262
12 -0.43220 ~0.%4030 0.00360
o - . m0e43220  ~0.%4081  0.00861 U S
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APPENDIX ITX; DATA OUTPUT FOR SIX MONTH VALUES

 VARTABLE MEAN STENrACD CORRFLATICON REGPFSSICN $TD, FRRQR CEWNPUTED
N, DEVIATIOA X VS Y COFFFICIFAT  OF REG.CCEF., T VALUE

1 V.D3545 f.11%1e C.ic22¢ C.5n262 €.24602 2.37225%

? -27.,49130 17.57277 C 0481613 G,904%)  C.CC0l16&  2,7255&
DEPENMENT

3 -2.1800¢ T.15270
INTERCTOT -7.05622
WLITIELE CORPFLATICN DLJARET4 o T T T T
STC. FRRCA NF FSTIMATE  0,076€7 o e e

ARALYSIS NFE VARIANCE FOR THF REGRESSIGN T e Tt T
SCLRCE O VARTATION CEGRFES SL¥ OF NEAN F VALUE
CF FRFFDOM  SCLARFS  ~ T sguargs T T T T
ATIREPLTAZIE I REGRESSICA ? N.21800 ¢.1090¢ 18,25871
DEVIATICA FOCN REGAFSSINN 10 0.05924  0.00592 . s e
TCT AL 12 Qe2T1T25
TARLE CF RESICUALS
“cags wC. o Y vAaLur Y OESTIMATE 7 RESIfLAL T T T -
1 ~7.177%4 -r.19t2 -C.N1L26
? -2.1%214 ~1.5892¢ =(,12C12
K ~2.17033 -2.0%12° -C,0¢810 b SR -
4 ~1.84767 -2.7065¢680 C.1R301
5 -t 04287 ~1.A86221 (04654 . e
) s ~2.08154 T -2.23522 -c.C192 © 77 o TTTTTTtTT
? -2,?F%4 ~2.21F12 ~LL.01T4?
B _ R -2.2804 0 =2,242YC 0 =ClCll4y e .
9 —2.78754 -2.23777 -C,01%67 i ) T T
1n -2.75%37) =2.271524 -6.01566
. | S _o=?.78816 0 =2.2%7082_ Cl.CISMY . e
12 «2.,25412 -2.240117 ~L.01455
12 -2.7F472 ~7.331521 C.0R049
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VARIABLE

APPENDIX IV: BATA OUTPUT FOR ANNUAL VALUES

FEBN STANDARL CCRRELATICA RECRESS ICN STC. ERHCR CCMPLIED
NG . DEVIATICA YAty CCEFFICIENY CF FEGJ.CLEF, T vALLE
1 1.6¢561 C.l1218 . C.E424S ~C.5¢42¢ Z.25£81 ~(.245¢4
2 CL.LCELS CoClosh C.52282 10744388 18.CC118 €.G8ET1
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3 ~1.%901¢ 1.6217¢8 _ _ o B B _
_ INTERCEPT ~1.8E€ET B ) N ~
MLLTIFLE CCRRELATICH €.52223
ST0. ERRCR OF ESTIMZTE 0.67724 o
ANALYSIS OF VARIANCE FCR THE REGRESSICA
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ATTRIELYABLE TC REGCRESSICA _ 2 $1.77288 _ 15.E86S4 _ 24,.£78C5
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R 1ABLE OF RESIDUALS _ . .
CASE MC. Y VALLE ¥ ESTIMATE FESICLAL
1 -2.,12C75 -1.BEZTe _ ~0.,22715% _ e
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