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ABS'I'RAC'l' 

The reliability of predictive and management models for ground water 

wou1d be improved by better aquifer-parameter estimation. 

continues in the use of computers to simulate ground-watcir systems, parallel 

pror1ress must occur i.n data collection and analysis. Among the various 

methods available for the determination of aquifer parameters, pumping tests 

occupy a prominent position. '.rhe maximum advantage is gained from an in-situ 

pumping test when geological knowledge of the aquifer and the analysis of 

aquifer test data complement each other. Relying on one piece of evidence, 

such as a single pumpi.n9 test, might lead to unwarranted conclusions but when 

used with a combination of other pumping tests, borehole data, geological 

information, and experience, reasonably accurate conclusions about the aquifer 

parameters can be obtained. The purpose of this paper is t.o present a 

technique involving the use of convolution and sensitivity analysis to obtain 

the "best" fit of aquifer parameters in a least squares sense from a pumping 

test with variable pumping rate. 'l'he method also can be used to analyze the 

residual drawdown data obtained during the recovery period. In addition, this 

method can also analyze drawdown and recovery data conjunctively. Corrntant 

drawdown and variable discharsJe data of artesian flowing wells can also be 

analyzed by this method. 

and is always objective. 

'!'he method i,3 strc1ight forward, quick, :l.nexpens.ive, 

No graphical plots or graphical interpretations are 

needed, As a measure of error, the rm.s ( root-mean-squar(~) error in drawdown 

is calculated a.loner with the correlation coefficient between pumping-test data 

and the theoretically generated data, us.ing the converged values of 

transmissivity and storage coefficient. 



IN'fRODUC'fION 

Accurate determination of aquifer parameters, notably the coeff.1cients of 

transmissivity ('11) and storage (S}, is necessary for a quantitative under-

standing of most problems in hydrogeology. For over four decades considerable 

rest~arch has been done to improve the reliability of yround-water predictive 

and management models through better aquifer-·parameter estimation, and the 

efforts continue. Amonq the methods available for the determination of 

aquifer parameters, pumping tests have the advantage of analyzing a 

significant part of the aquifer as a whole, in an in-situ condition, In 

addition, the test data may at times 9ive a clue as to the existence of 

certain geohydrologic conditions which may otherwise be unknown. 

gquations describing the drawdown distribution around pumped wells 

operating at conntant discharge from an elastic artesian c1quifer of uniform 

thickn0~ss have bE)en known sine(~ 'l'heis ( 1935) and have been used for a variety 

of aquifers. 'I'he 'fh(~is equation for non leaky aquifer pumping-test data has 

proved quite useful in practical applications. However, once the conch tion cf 

constant pumping rate imposed by the theory is not met in the field, thee! 'l'heis 

equation is no longer applicable to describe the drawdown distribution. 

In various instances, the limitation of constant pumpa.ge rate is not 

obtainable in the field. In some field installations pumping at a constant 

rat(:~ may not be possible due to the self adjustment of a constant-speed pum1) 

to the declining head in the well, in accordance with the head-discharge 

characteristics of tlrn pump and the hydraulic properties of the aquifer. In 

determining the specific capacity of a production well, the pump rate often is 

varied in step fashion. S.i.t:uations auch as a sudden break-down of pumping 

equipment during the courrrn of a pwnping test and the resumption of pumpincJ at 

the same or a different rate would result in a var:Lable-r<1te pumping test. 



•:rhe drawdowns observed under these conditions cannot be analyzed reliably by 

the common conventional methods of pumping-test analysis, because these 

methods presuppose a constant discharge rate during the course of the test. 

Various investigators ( Stallman, 1962; Abu-Zeid and Scott, 1963; Hantush, 

1964; Abu-Zeid, Scott and Aron, 1964; Aron and Scott, 1965; and Sternberg, 

1967, 1968) realizf~d the limitation of conventional methods and out:Lined 

analytical and graphical methods for analysif; of variable-rate pwnping-test. 

data. Stallman ( 1962) devised a graphical method, which is es,,ential.ly based 

on the Theis equation. In this method, a continuously varying discharge rate 

is divided into a number of small segments, from which a family of type curves 

is constructed. A fit of logarithmic drawdown and log 1/t to the 

family of type curves determines the aquifer parameters. Abu-Zeid and Scott 

(1963) studied nonsteady flow for wells with decreasing discharge in nonleaky 

confined fers; Hantush (1964) rigorously analyzed an exponentially varying 

discharge rate in leaky and nonleaky Both the studies of Abu-Zeid 

and Hantush are based on the assumption that the discharge variation w.i.th ti.me 

follows a certain mathematical relationship (exponential type). 1:rhe results 

of these investigations led to the evaluation of variable-rate well func•• 

tions. 'l'he qraphical solution of aquifer parameters, proposed by Abu-Zeid and 

Scott ( 1963) and l!antush ( 1964), is based on emp.irically determined discharge 

parameters for an exponential discharge-time relationship, Abu··Zeid, Scott, 

and Aron ( 1964) presented modified solutions for decreasing-discharye wells 

and proposed adjustment of the observed drawdown by an adjustment factor that 

depends on the time of observation and. on empirically determined discharge-

variation parameters. •rhe discharge-time relationship, as proposed by the 

authors, did not prove satisfactory and they suggested "approximate r:iolutions" 

be sought for various time-discharge relationships. Aron and Scott (1965) 
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proposed a graphical method, based on Jacob's approximation of the well 

function, W(u), that required the steepest decrease in discharge to occur at 

early time after pumping began. For accurate predict.ion of drawdowns in 

observation wells, where radial distances may be large, the method requires t, 

the time of observation, to be very large, so Jacob's approximation is 

valid. Sternberg ( 196 7) gave a graphical technique for the determinatj.on of 

aquifer transmissivity, based on the record of recovery data generated from 

variable pump rates at an observation well after the pump shut down. 

Sternberg later (1968), using Jacob's approximation of the well function, 

presented a 9raphical method based on the principle of superposition, 

All thEi above mentioned methods involve the visual comparison of pump-

test data to theoretical type curves and involve laborious evaluations of 

certain i~xpressions even where simplified graphical solutions are proposed, 

'.rhe purpose of this paper is to present a technique and an algorithm to 

automatically fit field-observed, variable-rate, pumping-test data to the 

uniform, horizontal, homo9eneous, infinite confined aquifer equation, The 

method of convolution is used in handling the variable pumping rates, and 

sensitivity analysis is used in obtainin9 the "best" fit of aquifer 

parameters, in the least-squares sense. Aftec the 'I'heis equation has been 

evaluated for all the variable rates of pumpin9 and the resulting drawdown 

obtained by convolution, the sensitivity coefficients can be obtained with 

little additional effort. The well function and sensitivity coefficients are 

calculated numerically for arbitrary space and tbne variables; thus, the Jacob 

approximation is not necessary in this work, 

'I'he automated analysis of pwnping tests for nonleaky and leaky confined 

aquifers with constant pumpage has been published previous.Ly (McElwee, 1980a; 

Cobb, McElwee and Butt, 1982). For a more detailed discussion of sensitivity 
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coefficients and their uses, see Yukler (1976) and McElwee and Yukler 

(197B), Sensitivity coefficients are used to predict the change in drawdown 

due to changes in aquifer parameters. 'I'he aquifer parameters are adjusted in 

a systematic way until convergence occurs. '.l.1he root-mean-square error for the 

drawdown indicates the qoodness of fit between pumping-test data and 

theoretical drawdown. Computation of the correl;1tion coefficient, based on 

the "best" values of transmissivity and storage coefficient, also aids in 

evaluating the goodness of fit. A high correlation coefficient (low rms 

error) would indicate a good fit, whereas a low correlation coefficient (high 

nns t~rror) would indicate a poor fit. Automated fitting procedures have been 

suggested before (Saleem, 1970; Labadie and Helwig, 1975; Holzchuh, 1976) but 

they have not used variable pumpages and sensitivity analysis. 

'.l.1 HE 'l'IIEIS EQUA'.rION AND I'rs NUMERICAL EVJU,UA'rION 

•rheis ( 1935), working on the concept of two-d:imensiondl flow of Wdter, 

described an analytical solution for horizontal, radial confined ground-water 

flow as 

s( r ,t) 
4·rr'r J 

r 2s 
4'rt 

00 

du 
u 

( 1 ) 

'l'heoretically the above nonequilibrium equation applies rigorously only to 

aquifers which are of uniform saturated thickness, homogeneous and infinite in 

areal extent. Preswnably, transmissivity .is constant at all times and places, 

the well penetrates the entire aquifer, and the pumped well has an 

infinitesimal diameter. 'rhe derivation and solution is documented in many 

places and will not be discussed further here (Theis, 1935; Jacob, 1940). In 
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Eq. (1) sis drawdown [L] as a result of constant pwnpage Q [L 3/•r], '.r is the 

transmissivity (hydraulic conductivity x saturated thickness) [L 2/'I'), t is the 

ti1ue of observation [T], S is the dimensionless storage coefficient (volume 

release of water from storage per unit area per unit decline in head), and r 

is the radial distance from the pumped well [L] . 

'rhe Theis equation in exponential integral form can be written as 

( 2) 

00 -x 
where W(u) f e d x, 

X 
u 

u = r 2 S/4'1't, 

and xis a dummy variable of integration 

Values of W( u) ( sometimes referred to as the well flmction) in terms of the 

practical range of u are tabulated in many places (Abramowitz and Stegun, 

1968). 'I'he numerical solution of the 'rheis equation in the range of O < u < 1 

and 1 < u < 00 is descr:LbE~d by McElwee ( 19B0b). 'l~he absolute error in the 

numerical approximation for the well function is small for all values of u and 

.is not a real limitation. 

CONVOLU'.['ION USING 'l'HE THEIS E~JUA'l'ION 

For a linear time-invariant system, such as described by the 'l'heis 

equation, the principle of superposition holds. 'l'his means that the system 

output response (drawdown) can be calculated for an arbitrary input (pumpage 

change) by convolution of the input with the impulse response function 

(Kanasewich, 1981), 

'l'he convolution integral has been actively used for ground-w,'lter flow 

_problems in the past 15 year El, Moench and Kisiel ( 197 O) used the convolution 
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equation in estimating recharge from an ephemeral stream using water-level 

fluctuations in an observation well. F'or nonleaky and leaky aquifers a 

solution for the drawdown using the convolution integral has been presented by 

Moench ( 1971) for an arbitrary discharge function. Hall and Moench ( 1972) 

applied the convolution equation to study the stream-aquifer relationship. 

Morel-Seytoux and Daly ( 197 5) used the convolution equation in developing a 

discrete kernel generator for stream-aquifer studies whereas various other 

investigators (Maddock, 1972; Bhatalla and others, 1977) have used the 

convolution integral in its discrete form in the application of linear systems 

analysis of multi.well systems. 

Mathematically, convolution can be expressed as 

t 
s ( t) = J b.Q ( T) U ( t- T) d T ( 3) 

0 

where s(t) is the response or drawdown at time t, Tis a dummy variable 

of integration, U is the system impulse response function, and 6.Q .is the 

system input or change in pumpage. Many authors show the convolution integral 

with integration Limits of negative and positive infinity. 'I'hose limits are 

not necessary here since llQ( T) and U(t-T) will be defined as zero for ne9ative 

arguments. In tht, proper use of convolution, the system must be linear so 

that the principle of superposition and proportionality are appli.cable. Also, 

stationarity .is assumed to exist, which means that the aquifer model .is time 

invariant. 

'I'he 1ehe.is equation predicts the drawdown in response to a step change in 

purnpin9 rate (impulse) from zero to Q at t"' O (6.Q(T) = QO(T), where o(T) is 

the Dirac-delta function; Kzmasewich, 1981), discharge remainin9 constant 

thereafter. From this argument, the system impulse response 

function ( 6.Q=Q=c1) is clearly given by 
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U(t) 
r 2s 

-· 41T'l1 W 4Tt ) 

•rhEi integration in Eq. ( 3) is assumed to contribute nothing to the units, 

i.e., the product of /':,.Q and u has units of drawdown. 'rherefore, the system 

response or drawdown at any timH due to a series of pumpage changes or 

impulses ( L\Q) should be given by the convolution 

t 
s(r,t) •-· J 

0 

[ 
r2 C .] 

/':,.Q(t) W u dt 
4TI'r 4T( t-T) 

Suppose the pumpage changes only at a finite number of discrete time points as 

shown in Fi9trre 1, In this case, liQ can be represented by a series of delta 

functions 

6Q(t) 

n+1 
,; 

i=1 
6Q. 0( 

l 
/':,.Q, -· Q, 

l J. 

and the i in the convolution equation can be replaced by a sur,m1ation 

s(r,t) 
i 

k 
1: [ r 2 s ·] 

tiQ. w ( 
i 41TT 4T t-t. ) 

l.-1 

If Wis defined as zero for negative arguments, this equation simplifies 

somewhat 

s(r,t) 
n+1 2 

E t:,. [ r s ] 
Qi 41TT W 4T(t-t. ) 

i=1 i-1 

( 4) 

( 5) 

Pwnpage is asswned to stop at time tn; however the drawdown may be calculated. 

at any time by the above equation. Therefore, drawdown during the recovery 

period also may be calculated by equation (5). 

As an example, consider a well pumping at a rate Q 1 from t =- 0 to t = t 1 

and then the rate Q1 is changed to Q2 • The drawdown at every instant is given 

by 
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Figure 1. Varying pumpin~f rates (impulse input). 
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and 

where Q1 

u, 

Q2 -
and U2 

= 

-· 

Q1 

l'IQ1 

r 2s 
.4Tt' 

s(r,t) 

s(r,t) 

4'1'( t-t 
1

) • 

( 6) 

t > t ·1 ( 7) 

The above computation is equivalent to calculating the drawdown due to pumping 

at rate Q1 beginning at t = t
0 

from one well and addiny to it the drawdown due 

to pumping at rate (Q2-Q 1 ), beginning at t = t 1 from a second well at the same 

location (Figure 2a). '11he case of well shutdown and recovery is handled by 

considering Q2 = O ( Figure 2b). 'rhe drawdown measurements during the pwuping 

period and residual drawdO\vn (or recovery) measurements during the recovery 

period (after pump shut.down) provide two distinct sets of information from a 

single aquifer test. 'l'he theory of superposition treats the water-level 

changes during the recovery period as being the result of an imaginary 

recharge well in addition to the pumping well. 'I'he theoretical residual 

drawdown is computed by assuming the imaginary recharge well(s) inJects water 

into the aquifer at the same rate and location as the discharging well(s). 

This gives a net zero withdrawal after pwnp Bhutdown. 

When a wel 1 pumps Q 1 from t 

in general Qi from 1 to ti (i = 1,2,3,.,.n) (Figure 1), then li.Q 
l 

1 • From Eq. 4, the drawdown at any time t is given by 

s(r,t) 
k 
z: 

4'ITT 
i=1 

l--r_2_s __ ] 
(Qi-Qi-1) w 4'r( 

1
) 

9 
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Figure 2. 
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An identical equation is derived by Bear (1979) by a sliqhtly different 

approach, 

Application of Eq, 5 to calculate the drawdown may seem complicatE~d at 

first glance. However, it is very easy to do on a computer. 'l'he .impulse 

response function, W(U)/41T'l', can be calculated nwnerically by approximations 

mentioned earlier (McElwee, 1980b). •rhe resulting drawdown is simply a swn of 

these impulse response functions multiplied by the appropriate l:iQ. and time 
1. 

shifted to a new origin at ti_ 1• 

SENSI'l'IVI'l'Y ANALYSIS 

When treating ground-water flow mathematically, specifying physical 

parameters with high precision is possible. However, in real world 

situations, one has some uncertainty in these parameters. We must have some 

way to quantify the change in calculated head caused by a small change in the 

aquifer '.Che theoretical basis of this technique is called 

sensitivity s and is outlined by 'l"omovic ( 1962), while the application 

to hydrologic problems has been examined by Vemuri and others ( 1969), Mccuen 

( 1973), Yukler ( 1976), McElwee and Yukler ( 1978), McElwee ( 1980a, 1980b), and 

Cobb, McElwee, and Butt ( '19B2). 

In formulating the sensitivity is of a confined aquifer, :it 

assumed that the solution o:f: the flow equat1on may be wcitt.en as 

h h(x,y,t; S,'r,Q). (9) 

Perturbing the parameters S and 'I' by small .increments !:is and l:iT produces a 

corresponding perturbed head, h*. Assuming Nr and !:is ar.e small enou9h such 

that higher powers can be ignored, a Taylor's series expansion ~Jives 
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h* - h + u /:J.'1' + u
0

ti.s 
'l' u 

( 1 ()) 

and u dh u clh -- a'T = 
'.1' s as 

( 1 1 ) 

UT and Us are called sensitivity coefficients with respect to transmissivity 

and storage co(~fficient respectively. Applying Leibintz' s rule for 

differentiating an integral (Hildebrand, 1962), McElwee (1980b) showed tl1at 

the sensitivity coefficients U,r and US for constant pumpa<Je rate Qare 

U (r,t) 
'l' '.r 

By analogy U,r and u 8 for variable pumpage rate are obtained by 

differentiating Eq. 4. 

-s(r ,t) 

( 12) 

( 13) 

3s(r,t) 
a·r 'l' 

+ t < t < t 
k-1 k 

cls(r,t) 
as 

k tJ.n. ~ r 2s 
): 

1 
EXl)[•- ----]· 

4TI"l'S 4'l'(t-t. ) 
i=1 i-1 

( 14) 

t < t < t 
k-1 k 

( 15) 

Coefficients u1, and u8 for variable rate Qi may be easily evaluated by using 

standard exponential functions available on any computer. Values of U,r and u 8 

so obtained may be used in Eq, (10) to calculate the new head values caused by 

changes 6.T and ti.s. McElwee and Yukler ( 1978) indicate Eq. ( 10) is valid 

for ti.sand 6.T less than or roughly equal to 20% of Sand T respectively. 
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LEASrr-SQlJARES I•'I'r'I'ING PROCEDURE 

'rhe objective of any curve-fitting technique, whether visual or 

automated, is to obtain as close a fit as possible between the theoretical 

type curve and the experimental data set, thereby obtaining good values for 

the aquifer parameters. Manual curve fitting relies mainly on the best "eye 

ball" fit and the quality of the data plot, which is likely to vary from 

person to person. In the automated fitting technique no human Jud9ement or 

bias of the data points is involved (unless variable weighting of data points 

is used), Sensitivity equations developed earlier are used to obtain a least 

squares fit of experimental test data to the appropriate equation. 'l'o apply 

this procedure, a squared error function shall be defined as: 

ERROR ) - s* ( t..) ]2 
]. 

( 16) 

ERROR is the sum over all measurements of the squared difterence between 

experimental drawdown and the upda.ted or new drawdown s*. is the 

discrete time at which an experimental measurement of the drawdown is made, 

•rhe drawdown is defined as s(ti) = h(ti) ·- h
0

; h
0 

represents the undisturbed 

or prepumping water level and h( t
1
.) is the water level at time t "" t .. 

. 1. 

'l'he updated drawdown computed from a truncated Taylor's series after 

changing 'J: and S by /';'l' and /';S is 

s* s + ( ·17) 

McElwee ( 1980b) has explicitly solved for NI' and /';S, which when US(~d in eq. 

( 16) minimizes ERROR, '11he updated values of 'l' and S are given by 

+ 8r. 
J. 

and 
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The updated values of T and S produce a new set of calculated drawdown 

values. 'rhese values are then employed in the least-squares procedure to 

obtain new values of /','11 and /',S. This process continues until the M~ and !J.S 

values simultaneously become so small as to be insignificant and satisfy a 

specified convergence criteria. 

The goodnerw of fit obtained at the termination of the last iteration is 

indicated by the value of the root-mean-·squared error, given by 

ERROR 
rms error - ---

N 

where N is the total nwnber of observations. nns error is a measure of the 

accuracy of fitting the mea.sured drawdowns to the theoretically generated 

drawdowns s*. l\. low nus error indicates a good fit for the converged 

parameters '.r and S. Frequently, expressing the of statistical 

relationship by a descriptive measure, such as the correlation coefficient, is 

us<"~.ful. 'l'he degree of relationship between the pumping-test data and the 

theoretically generated data would lie in the range Oto 1. For a close 

relationship, the correlation coefficient would be near to 1; for poor or no 

correlation, it would be close to O. 

In order to realize good convergence properties, maintaining physical 

reality in the system, by pt~eventing S and '11 from becoming negative at any 

iteration, .is helpful, Due to the first-order sensitivity formalism, initial 

guess values considerably larger than the correct value may result in over-

reaction and negative Tor S values during that iteration. For this reason, T 

and S are not allowed to change by more than a certain amount in one 

iteration. l\.lso, an additional requireme11t is that S cannot be greater than 
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APPLICATION 'l'O TYPICAL DA'l'A 

'ro check the accuracy of the proposed method, the well drawdown and 

discharge history synthes :Lzed by Aron and Scott ( 1965) was used and is 

presented in Table 1. '11heir model used a continuously varying Q, starting at 

113. 83 ft 3 /min, Column 2 represents the average discharge durin(:J that period 

of pumping since the last time entry, Columns 3 and 4 show synt.h~,s1.zed 

drawdowns at two piezometers 25 feet and 50 feet from the pumping well, at. 

various times between 2 minutes and 4096 minutes. 'l'he synthesized. data used a 

transmissiv.i.ty ('1') of 1 ft. 2/min and a storage coef:ficient (:.;) of 0,001, 

'rable 

Col 1 Col 2 Col 3 Col 4 
t Q DRAWDOWN 

(minutes) ( ft 3 /min) r - 25 ft (ft) r ·- 50 ft 
, 

2 106.47 17. 12 7,49 

4 94, 73 20.78 11. 29 

n 8:i,97 23.46 14,60 

16 77,B2 25,41 17 ,27 

32 71. 11 27,04 19,51 

64 65,88 28.62 21 .SB 

128 61,94 30.06 23,46 

256 5B,60 31. 58 25.30 

512 ss. 8~3 33. 10 27.09 

'1024 53 .47 34,54 28 ,78 

204B 51. 06 36. 16 30.59 

4096 48,55 37,45 32,08 

( '1' ·- ft 2/min; s 0. 00 1) 
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Initial estimates of 'I' and S for the automated analysis were choS(:!n 2 to 

3 orders of magnitude above and below the true value. Convergence occurred in 

10-18 iterations. 'I'he convergence criterion required the change in transmis-

sivity and storage since the previous iteration to be less than or equal to 

Q.01% of the previous values. 

'l1he best fit of aquifer parameters is shown :Ln 'l1able 2. Each data set 

for piezometer 1 and 2 was independently analyzed by the automa.ted 

procedure. 'I'he automated rms error only a few tenths of a foot and the 

correlation coefficient is close to 1, which indicates a good fit. 'I'he values 

for aquifer parameters det<:!rmined by the automated procedure are compared with 

the true synthetic values for the evaluation of percent error. 'l'he percent 

error for parameters obtained 9raphically by Aron and Scott (1965) are much 

higher (from 5 to 13%) than those obtained by the automated fit (1-3,5%), 

Also, the data sets of piezometers 1 and 2 were analyzed simultaneously by the 

automated routine. '.l'he numerical agreement of the true synthetic values and 

automated fit values of Sand Tis very close, with the percent error being 

between 1. 26 and 1. 77. 'rhe "best fit" drawdowns for this case ( 1 and 2 

analyzed together) are shown in Table 3. The root-mean-square error deviation 

in drawdown and correlation coefficiEmt (between field-observed and 

theoretically generated drawdowns) varies from 0,1B8 to 0,231 ft and from 

,99968 to Q.99926 for the three cases respectively. 'rhe nns error is a 

measure of the magnitude of error at an "average" data point. Several other 

variable-rate pumpin,J tests that were available also have been analyzed. 

Numerical convergence was rapid and aquifer parameter values as measured by 

rms and correlation coefficient indicated accurate deti~rminations. However, 
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Well 
No, 

2 

1&2 

the analysis can only be as good as the data. One cannot obtain satisfactory 

results from poor data or data that violate the assumptions inherent i.n the 

variable-rate Theis model. 

Radial 
Distance 

r (ft) 

25 

50 

25,50 

'I'able 2 

Parameters Obtained by Percent. Error 
Graphical Automated Graphical Automated 

·r* 

1.05 

1.07 

Fit Fit Fit Pit 
s '.r s ·r s T s 

.00087 1.0100 ,001036 5 -13 1. 0 5 3.5 

,00088 1,0128 .001006 7 -12 1.26 6
,. 

• J 

1,0125 ,001017 1 ,26 1, Tl 

Best Fit 'rime Drawdown Pairs 
(Wells 1 and 2 analyzed simultaneously) 

'I':i.me Drawdown (ft) 
(minutes) Well No, 1 Wel.l. No. 2 

2 17. 11 7,29 
4 20,69 11 . 1 2 
8 23,51 14,48 

16 25,56 17 ,23 
32 27,21 19,53 
64 28, 77 2 ·t ,62 

12B 30. 31 23,'57 
256 31. 8 ·1 25,43 
512 33,32 27,23 

1024 34,76 28,94 
2048 35,97 30. 41 
4096 36,BS 3 'I ,56 

17 

Automated 
rms 

Error Correlation 
(ft) Coefficient -· 
0,231 ,99926 

0, 188 ,9996B 

0 ,217 ,99960 



PROGRAM THEIS.VARQ 

Program THEIS.VARQ is written in user-friendly (time sharing) mode; 

a Listing appears in Appendix I. All the variables and variable types 

(e.g., Integer, Real, Character, and Logical) are listed at the begin­

ning of the program along with the units of measurement. Frequent 

comments are provided to help understand the program flow and its logic. 

The program THEIS.VARQ :ts written in FORTRAN 77 and was used on a 

Data General MV8000 series computer. In general, the algorithm is not 

in machine-dependent code. (In order to make program THEIS.VARQ compat­

ible and adaptable to FORTRAN IV compilers or to other foreign machlnes, 

the only statements that may need to be readjusted are PARAMETER, OPEN, 

and free format (read and write) statements). There are some preas­

signed parameter statements (Le., array dimensions) in the algorithm 

that the user may need to redefine from time to time. Following is a 

list of the array sizes that may need to be re-dimensioned, provided the 

preset dimension size is insufficient. 

NDM (number of drawdown, recovery, or drawdown and recovery 
measurements) set presently to 200; 

NOB (number of observation wells) set currently equal to 8· , and 

NVQ (number of variable pumpages) set currently to 30 in the 
program. 

Should any of the above listed array sizes be lower than needed by 

the user, the appropriate array would need to be redimensioned accord­

ingly. The program is designed to check internally for each of these 

array sj_zes and if insufficient array size is found, an appropriate 

message is written onto the user's terminal and program execution stops. 

There are some preassigned parameter values (NITER, TOL) in the 

algorj_thm whlch the user may not have any need to change in normal 
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usage. The maximum number of iterations (NITER) has been set to 25, 

since our experience from the experiments that we performed shows that 

all the data sets tested converge in fewer than 25 iterations. However, 

if convergence does not occur in 25 iterations, this statement may be 

changed and the number increased. The value TOL (abbreviation for 

tolerance) is used to check for convergence. Making it larger reduces 

the number of iterations while decreasing the accuracy of the fit. 

Reducing its value has the opposite effect. In the program it has been 

assigned to at 0.001 (i.e., 0.1 percent). 

In the proper usage and execution of the THEIS.VARQ program, the 

user should be aware of the preassigned value of parameter NCONV. NCONV 

.is an on-off switch which allows the user to make use of the program for 

two distinctly different purposes. Setting NCONV=l (i.e., switch is on) 

lets the user obtain the best fit of aquifer parameters for field ob­

served drawdown, recovery, or drawdown and recovery data. However, in 

instances where the aquifer parameters (i.e., transmissivity and storage 

coefficient) are known, setting NCONV=O (i.e., switch is off) would 

allow the user to compute the drawdown, recovery, or drawdown and re­

covery at selected time intervals for known variable (or constant) 

pumpages. 

The THEIS.VARQ algorithm is flexible and is designed to analyse 

drawdown and recovery data either separately or conjunctively, depending 

upon the choice of the user. Both constant or variable pumpage can be 

handled by the program. Thus a set of drawdown and/or recovery data 

from an observation well(s), as a result of variable (or constant) 

pumpage, could be analysed in the following three different ways: 
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1. DRAWDOWN data analysis alone; or 

2. RECOVERY data analysis alone; or 

3. DRAWDOWN AND RECOVERY data analysis conjunctively. 

Data input to the program is straight forward and flexible. All 

the data entries are in FREE format. Most of the user-oriented respon­

ses are provided with some hints. These hints are helpful, particularly 

for the first-time user, since these reduce the user response time. 

Listings 1, 2, and 3 are printouts of typical runs. Listing 1 

refers to conjunctive data analysis of DRAWDOWN AND RECOVERY (i.e., 

DRAW-REC), listing 2 refers to RECOVERY data analysis, whereas listing 3 

refers to analysis of DRAWDOWN data. The user's response is underlined 

on each printout. 

The program execution on the MV8OOO Data General computer initiates 

a series of questions after the XEQ THEIS.VARQ command is typed and a 

carriage return given. Each response is required to end with a carriage 

return which is done by pressing the RETURN key. 

The first inquiry asks about the input-output printing option. 

This option is especially useful to CRT (screen) terminal users who may 

like to retain a hard copy of the entire session of user input and 

program output. An affirmative response (i.e., 'yes') activates the 

next inquiry about the filename (i.e., the filename where the entire 

session is going to be recorded). The user enters filename, a maximum 

of eight characters. Users of this option should make sure that file 

'filename' has been created prior to the start of the program. (Some 

computer installations may not require pre-existing 'filename' files.) 

The next question the program asks is - if the user wants to pro­

vide a TITLE for the job. This is helpful in job identification, parti-
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cularly if a series of computer runs are done consecutively. An appro­

priate response to this inquiry is either 'YES' or 'NO' which is typed 

in capital letters (i.e., upper case) only. Any response other than 

'YES' or 'NO' would not be accepted by the program. An affirmative 

response from the user would be followed by the job title, whatever the 

user may wish to assign. The user may enter a maximum of 100 characters 

(inclusive blanks). 

The next inquiry is about the system of units. The user may use 

the gallon-day-foot system or any consistent set of units. A 'YES' 

response means the gallon-day-foot system, whereas a 'NO' response means 

any other consistent system of units. 

The program lists the acceptable units for each parameter as the 

user is asked to enter the value. Lis any arbitrary length unit and T 

is any arbitrary time unit. The consistent units of some important 

variables used in the program are: 

Transmissivity (L3/T/L) or ( 2/T) 

Pumpage (L3/T) 

Drawdown (or Recovery), Distance, rms Error (L) 

Time (T) 

(Storage coefficient :ls a positive dimensionless fract.ion.) 

Next, the program asks the user about the type of data to be anal­

ysed. Typing 'DRAWDOWN' or 'RECOVERY' indicates that the data are to be 

analysed for either drawdown or recovery only, whereas typ.ing 'DRAW-REC' 

indicates conjunctive data analysis of drawdown and recovery data. Any 

other response (such as misspellings, etc.) w.ill not be accepted by the 

program and an appropriate message will be written on the user's termi­

nal until a correct response is given. 
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The remaining prompting statements query the user for values of the 

storage coefficient, transmissivity, number of pumping wells, number of 

variable pumping rates of each well, time for which each pumping rate is 

operative, total number of observation wells, radial distance of each 

observation well with respect to pumping well(s), and number of time­

drawdown (or recovery or drawdown and recovery) pairs. 

Initial guess estimates of the storage coefficient and transmis­

sivity within two to three orders of magnitude above or below the true 

value usually converge. (If no prior geohydrologic information about 

the aquifer is available, a guess value of 0.01 to 0.001 for the storage 

coefficient and a transmissivity of 1 ft 2/min to 10 ft 2/min are good 

starting median values. However, these values are based purely on 

experience and should be taken as rule-of-thumb only.) For a constant 

pumpage rate, the number of variable pumpages is entered as 1. 

After entering all the above mentioned responses, the program 

checks to see if the preassigned dimensions of NDM, NOB, and NVQ are 

sufficient. If array sizes are found to be sufficient, all the previous 

user responses are echo printed and the user is given an opportunity to 

examine all the responses for correct entry. If any error is found, the 

user may restart the program by answering in the affirmative ('YES'). 

At this stage all the steps, as explained up to now, are repeated once 

again. 

If the user's response is 'NO' (if no error is found) then the 

algorithm asks for time-drawdown (or recovery or drawdown and recovery) 

pairs. Only NDM pairs may be entered. After NDM time-data pairs are 

entered, all pairs are echo printed. The program lets the user examine 

for possible errors. The correction may be accomplished by entering the 
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sequential number (I) and observation well number (.J) of the erroneous 

time-drawdown (or recovery or drawdown and recovery) pair and the cor­

rect values. After entering a correction, the program continues to ask 

for more corrections. As long as affirmative responses are given by the 

user, the program will continue to ask for data corrections. As soon as 

a negative response 1.s given, the program proceeds to executi.011. 

At this point, starting with the 1.nitial extimates of the aquifer 

parameters, the program begins an iteration loop to find the 'best f:i.t' 

aquifer parameters. For each iteration, the 'best fit' aquifer para­

meters are printed at the user's terminal. The value of TOL checks for 

convergence of the parameters. If convergence has not occurred, T and S 

are updated by the quantities WT and WS. At some iteration of the 

fitting algorithm if the convergence criteria set by TOL is met, the 

final convergence status is announced. The successful 'best flt' tlme­

drawdown (or recovery or drawdown-recovery) pairs are printed at the 

user's terminal along with the converged values of transmissivity and 

storage coefficient. The algorithm then prints therms (root mean 

square) error and finally, as a statistical measure of the fit, prints 

the correlation coefficient between the field (input) data and theore­

tical (computer generated) data. 

Instances where the initial guess values of the storage coefficient 

and transmissivity are too far off, may result in non-convergence with 

very small or zero sensitivity coefficients. Should such a situation 

occur, the program prints the sensitivity coefficient values, indicating 

thereby that convergence has not occurred because the initial estimates 

of the aquifer parameters are too far off or. the data is too poor. At 

th.is point, the program lets the user decide if other guess values are 
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to be tried. An affirmative response requfres new values for the aqui­

fer parameters, and the program proceeds fmmediately to execution. 

Should the user decide not to try new guess values, the negative re­

sponse stops the program execution. 

In situations where 'DRAWDOWN' data are analysed, the algorithm 

asks the user if specific capacity of the production well needs to be 

computed. The answer to this query should be affirmative only when: 

(a) the observed drawdown is from the pumped well itself, and 

(b) the number of observation wells is one and it is located at 

a radial distance equal to the radius of the pumping well. 

If all the above mentioned conditions are met, answering in the affirm­

ative would cause computation of the specific capacity of the production 

well. (No corrections for well losses due to screens, friction, velo­

city, etc. have been applied in the specifk capacity computations.) If 

the answer to the specific capacity query is negative, the next question 

that the program asks is regarding constant drawdown conditions. If the 

user's data is from a flowing well (where discharge may be variable and 

drawdown constant), then an affirmative response will allow the user to 

analyse this type of data. 

When recovery data are being analysed, there may be situations 

where a storage coefficient value can not he computed. (This sttuation 

generally occurs when the radial distance of observation is too small 

and/or the time of observation is too large. As a result, the argument 

of the exponential function approaches zero.) When this occurs, an 

appropriate message is printed at the user's terminal, and only the 

value of transmissivity is printed. 
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SUBROUTINE THEISVQ 

Appendix I contains a listing of SUBROUTINE THEISVQ. It is a 

FORTRAN 77 subroutine and is called by the mainline program. To employ 

subroutine THEISVQ the arguments (SC, KB, Q, TT, R, SE, DSDTE, DSDSCE, 

UNIT, WOUT) must be assigned a value and/or character designation prior 

to calling THEISVQ. UNIT must be declared a character type variable in 

the mainline program. If the user wishes to use the gallon-day·-foot 

system, UNIT must be 'YES I in the call:lng mainline. SC is the storage 

coefficient (dimensionless); KB is the transmissivity (gal/day/ft or 

L2/T); Q is the variable (or constant) pumpage (gallon/day or L3/T); TT 

is the elapsed time of pumpage (day or T); R :ls the radial distance of 

observation (ft or L); SE is the theoretical drawdown computed in the 

subroutine THEISVQ. (ft or L) for the current aquifer parameters; DSDTE 

and DSDSCE are the sensitivity coefficients with respect to transmis­

sivity and storage coefficient, respectively. These sensitivity coef­

ficients are assigned values in the subroutine before returning to the 

mainline; WOUT is the unit number for writing the results to the output 

file. 
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DISCUSSION AND SUMMARY 

'.l'he automated fit for variable rate pumping-test data using the method of 

convolution and sensitivity analysis should prove quite useful. The 

alternative is a laborious and time-consuming visual curve-fitting 

technique. The algorithm presented in this paper is quite simple, No 

empirical relations for an asswnc:Jd exponentially decreasing or increasing 

discharge rate are needed. •rhe variable discharge rate can be of any form: 

continuously increasing or decreasing, combination of increasing and 

decreasing, or intermittent. One simply needs to select a set of discrete 

pumpages to adequately describe the given pwnpcvJe. 'l'he automated fit 

technique is quick and inexpensive, and does not involve any graphical plot or 

graphical interpretation for obtaining '.11 and s. The algorithm can handle both 

tirne-drawdown and d.istance-drawdown data. Generally, very little computer 

time is used. The same "best" fit values for good data usually are achieved 

when initial estimates of T and S range :from 2 to 3 orders of magnitude above 

or below the converged values. As a measure of error, the rms c~rror in 

'• 

drawdown .is calculated for the 'best' transmissivity and storage. The rms 

error in drawdown should be only a few tenths of a foot for good data that 

satisfies the model assumptions. Subsequently, the correlation coefficient 

for the 'best' fit in this case should be close to 1. 

Realizing that convergence may occur in certain situations with high rrns 

error and a low correlation coefficients is important. Thit'l indicates the 

importance of the hydrologist in identifying the aquifer type or hydrologic 

situation which may or may not be represented by the variable-pumpage Theis 

model. The user cannot blindly select a data set, apply a fitting technique, 

and obtain the aquifer parameters. 
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'l'he procedure stot forth in this paper has been tested on hypothetically 

generated data and real field data with excellent results, 'l'he program 

listing and user manual may be obtained by writing to the authors (Butt and 

McElwee, 1984). A similar automa.ted fitting routine could be easily developed 

for variable-rate pumping-test analysis for leaky artesian aquifers. 'fhe 

methods of convolution and sensitivity analysis outlined here are rather 

general and could be applied to many more situations in geohyclrology. 
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LISTING 1. DRAWDOWN-RECOVERY RUN 

DO YOlJ WANT TO HAVE A HARD COPY OF rnPtH-0IJTPIJ'f? 
( An:;~rn r YES or NO ) :: YES 

INPUT FH.[ N{)ME (IJp TO 8 CHfllRACTF.:RS) JN WHICH THE 
OUTP!Jr XS TO Bl:: l·W1Jn:1:i • 1MKF. S!IRE THE FILI:. EXISTS 
Inr,ut. fi1€' niHll€' ~ BB.13,0IJT 

[10 Yl)lJ MMIT TO PfH)l) J.DE A TJ. n.f. For~ TH [S ,JOB? 
( Ar,,;we r YES a r NO ) ,: YES 

INPUT ,JOB TX l'L.E -UP TO 100 CHflRACTERS-
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:;;;J.lRAW-RE C RUN (SOURCE: COOF'F.R AND ,Jr,.COB, TR fl NS• ()MF..R • GEOPHYS lJIHDI~ V, '2'? PP 5?6-~134, J 94ft, 

DO YOlJ 1,JANT TO lJHf: GM., M'f, FT SYSTEM ? 
( Ani,~1£1r YES or NO ) = NO 

!If') YOU 1,JMIT TO M!ALYn: ))RA~mmrn OR RECOVERY Of1 
DRAWDOWN AND RECOVERY DATA? 
< Ent.,~ r • IlRAMilOWN • a r •RECOVERY• or •DRAW-REC• 

ESfHlAH: FOR STORMJE COEFFICXENT ? 
( F.:nt.rr i'l rNJ!:'.onc1blt:! Pr,r,i t.ive frrJction 

ESTIMATE FOR TRANSNIS!HIJXTY T G/\l./f.lAY /FT OR L.U2/T 
<Ent.f:r t rflafionr3C\le F·ositive valur~· ) ... 3.00 

NUMBER OF PUMPHIG bJf:U.S ? -· 3 

STARTING TIME OF PUMP WELL I 1 T DAY ORT~ 0,0 

SHRl'H!G TIMf. OF PUMP IJf.U. $ 2 ? !MY' OR T "" 30 

Slf.lRTJNG TIME OF PllMP WELL t ;; ? MY OR T :: 60 

NO, OF VflRXAF.11..f. PUMPING R/.iTES OF PUMP ~JELL. t 1 
( Enh:r 1 :lf Conshnt PtlIDP:i.nH RHi.r~) .. 

NO, OF VARXAIH.F. PUMPING RATES OF PUMP ~Jf:U. t ?. 
<Ent,€'r l if Conr.t.int. PUIIIP j nf.! Ret,r.) = 

NO, OF VMHAIH.f. PUMPING RATES OF PUMP WELL 1 3 
( Enter j jf Constant. Pumr• i n!:i Ri3t,H) = 

? 
1 

? 
1 

T 
1 

THE CONSTMIT PUMPHIO RATE OF PUMP ~JEl.L ;$ 1 IS = 136,2 

TIME FOR blHICH PUMPING R(}TE IH 1, 1) IS OPERATIVE' ())AY OR T) •• 525 

THf. CONSTANT PUMPING R(.)Tf. OF PUMP ~JH.l. ~ 2 XS •· 167 • 4 

TIME FOR ~JIHCf-1 PIJMPJNG Rf!TE' A( 2, 1) IS OPf.'RATXVF. ())AY OR T) ... 6()5 

THf. CONST MIT PUMP ING Rfi Tf:. OF PIJMP ~JELi .. ~ 3 XS = 213. 6 

TIMF.: FOR WHICH PUMPING RATF. tH 3, 1) rs OPF.RtHIVE' OMY OR T> .. 69~i 
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TOT(.)I .. rlllrlBl::R OF OIH->U~IJ()TXON MF.:1..Ul ? 

RADIAL DISTANCE f.lEHJF.:F.N PUMP WELL t· 

R()JHAI.. JHSTANCE BfnJEHI PUMP I,JH.l. i 

RAJJH\l. JHSTl'lNCF. BETliffEN PUMP WELL t 

1 

'I <, 

3 

NlJMBf.R OF Tnlf.-))Rf.ll,J-REC PArns ro Bf. R[f.ll) ';' 

. 
ECHO THF. INITIAi. DATA 
SC= .lOOOOOOE-01 KB~ ,1000000E+OJ 

.. 

AND 

M!f.i 

MIJ.I 

1 

OBSERVATION WEI.I. ~- 1 rn 
n f.{SERIJf.l r I ON ~Jf:LL t 1 IS 

0};181:RVATION WHL ~ 1 IS 

13 

THESE ARf THE INITIAL GUESSES FOR STORAGE COEFFJCJENT AND TRANSMJSSIVITY 

CON!HMIT PllMPAGI~ l~ATI:. OF P,U. i 1 rs = 1 ~16 + ?()1)()1)()0 
PllMf'rNG TIME = 525.0000000 

CONS TANT PUMPAGE RATE OF PtW• i 'I .. rn = 167.4000000 
F'UMPXNG TIME = 60~-i.000()()00 

CONST()Hf PllMPAGE RATE OF P .!J • ~ 3 J:S = 213.6000000 
PUMf·' I NG TI Mf = 695.00000()() 

U RflDIAL IHSTANCf.(S) OF OBSERVATION ~JEU.(S) IS/ARE 

RADIAL DISTANCE FROM P.W, t 1 TO O.W. I 1 IS -

RADIAi.. DISTANCE FROM P,W. • ? TO O,W+ t 1 IS = 

RADIAL DISTANC[ FROM P.W. i 3 TO O.W. I 1 IS -

NUMBER OF TIMF.:-DRA~J-REC PAlRS ARE -· 13 
TSTOP( 1) ~ 525.0000 
TRTOPC 2) = 605~0000 
TSTOP( 3) = 695,0000 

Tliff f.lT ~HUCH l.ABT RF.:COIJ~:R'f XS MEASlJRfl) '? DAY OR T 
(Enter the LMlT TIME of RECOVERY mr:aM1rrH11r~nt.> ·- 695 

ARE THERE ANY ERRORS IN THE ABOVE ENTRIES? 
( A11!;we r YES Cl r NO ) -· NO 

850 • 0()00000 

780,0000000 

1060 I ()()0()000 

TYPE IH TIME-DRAW-REC PAIRS IN ORDER OF INCREASING TIME 
CF.:riter TIME and flR?'lW-RF.C in fr-cm fornHJt.) 
= :30 0, 96 
.. 60 3,20 

::: 12<) 6,21 

:::: 180 7,77 

::: ';!4() 8,76 

- 30~i 9,50 

::: :V>'.-:i 10.00 

- 1125 l0,37 

::: 488 10,67 

- 525 10,84 
:::: 60;) 9,45 

... 660 7.16 

.. 69S li, 51 

.. 

-:: 

=-

780 

1()60 



*** PUMP TEST DATA IN TIME DRAW-REC PAIRS *** 
TIME 

30,()00000() 
60. ()()()()()00 

120.0000000 
180.6000000 
240.0000000 
30;). ()()()()()00 
36;:i • 0000000 
4;2:). 0000000 
488,()000000 
5~:f) I 0()()()()00 
6()fj I ()000000 
660. ()()00000 
69~i, 0000000 

ARE THERE ANY ERRORS IN 
(AnH~lH YES or NO ) "" 

BEST FIT KB AND SC THIS 
BEST FIT KB AND SC THIS 
BEST FJT KB AND SC THJS 
BEST FIT KB AND SC THIS 
BEST FIT KB ANP SC THIS 
BEST FIT KB AND SC THIS 
BEST FIT KB ANP SC THIS 

l)RA~J-RtC 

.9600 
:~. 2000 
6 • 2100 
7, 7700 
8,7600 
9,5()00 

10,0000 
10.:J700 
10,6700 
l0,8400 
9.4500 
7.1600 
6 • !5100 

TIME - DRAW-REC PAIRS? 
NO 

ITF.RATJON ARE 
nrnAnON ARE 
HF.RATION ARE 
xn:RAT ION ARE 
XTE'RATJON ARE 
:cTERAT J.ON ARE 
1TERAT10N ARE 

5, 00()()()119 
8.72974982 

13.15962nr:1 
H,, 06266945 
16,74136867 
16. 7670in6o 
16.766991~1 

.ooosooooo 
• OOO~i37777 
.0003901.91 
.()00'288783 
.000277557 
.000277270 
,000277274 
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flR/.\M-REC RIJN ( SOlJRCI:-: t coon:R Mm .JACOB, TRMl!L Mif:R • fiF.OPH'{S lJN rnN V • 27 PF' 326-531, 19 

*** THF. ~EST FIT 
3() • 0000000 
60,0000000 

TIME-DRAW-REC PAIRS ARE *'* 
1.1809 

120, 0()()()()00 
18().0000000 
21 C) • ()()()()()00 
305,0000000 
36:) I (){)()0()00 
42~j I 0000·000 
4BB. <)()00000 
525,0000000 
60:"i. ()(}()0000 
660.0000000 
69~j, ()()()()()00 

3,1740 
6.~i~!15 
7,8399 
8.6849 
9 • 3fi58 
9,8447 

10.2519 
10.6171 
10.8()86 

9,4017 
7.2697 
6,8793 

"BEST" FIT TRANSMISSIVITY CL882/T) XS = 
'BEST' FIT STORAGE COEFFICIENT IS 

THF. r10H rnROR FOR l)RA!,J-RH: < l.) IS 
THE CORREL.ATICIN COEFFICIENT IS 

= 

16.76699151 
,000277274 

.16881 
,99887 



DO YOU WANT TO TRY OTHER GUESS VAI..UF.S FOR SC Mm KB, ? 
< An:;~w r YES or NO > .. YES 

NEW ESTIMATE FDR SC T = .035 

NEW ESTIMATE FOR KB? = .1 

SENSITIVITY COEFFICIENTS TOO SMALL <or zero) 
THE SENSITIVITY COEFFICIENTS ARE 

SSIJS •• 
S'.;U l' :::: 
SUTIJS ., 

.424B1l1812F.:-62 
• ~'i07 6~~979 71 F.-63 
-.146B49179OF.-62 

DO '{()lJ lUlN r TO Tin OTHER GUESS VALUES FOR SC MID I(}). ? 
( Ar1r;1~e r YFS n r NO ) :: NCI 
STDF' 
) 
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LISTING 2. RECOVERY RUN 

DO Yflll WANT TO HAVf A HARI'I COPY OF XNf'IJl-OlJTPIJH 
( An:Hit: r YES or NO ) "' 'fF.S 

INPtJl FIL.f. NflMF.: ( !JP TO 8 CHARACTERS) HI WHICH THE 
OUTPUT IS rn BE fWlJffl). M!'IKE SURE THE nu: F.XHHS 
Irtr•ut file namf' "' THF.JSOI.IT 

DO YOU lllf)NT TO PROVIDE A nn.€ FOR THIS ,JOB? 
( A1H,wer YES or NO ) "" YES 

INPUT ,JOB THI .. F. -IJP TO 100 CHARACTF.:RS-
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::::f-:F..COVERY r,UN <SOURCE: 8 GROIJNDMATER HYnRrilH.Ir.s•, HCHORTER f. SIJNf.lN))A r FORT COLI. IN8) 

DO '(OlJ WANT ro tH;E G(H., Dl"\Y, FT SYSTt:::M ? 
( Anr,wer YES or NO ) •. NfJ 

DO YOU vJANT ro Mli-ll..YZE DRMJDOMN OR RECOVERY OR 
DRAWDOWN AND RECOVFRY DATA~ 
( Entf'r "DRM!DO~!N" or •RECOVERY 0 or •J)Rf.ll,!-REC" ) RECfJVF.'RY 

ESTIMATE FOR STORAGE COEFFICIENT? 
( Enter i:l retsonibl €' rrrni t.i\lf: frar.t.ion 

ESTIMATE FOR TRANSMISSIVITY? GAL/DAY/FT OR Laa2/T 
(Er1t.er1 ct recisonctb1e r,o~.iti.ve value) ~ 1.0 

NllMBf.H OF PlH-lP l MG ~IEI .. I..S '? ::: 1 

NO, OF VARIABLE PUMPING RATES OF PUMP WELL • 
(f.nt,t~r j_ if Co1rnt,,mt, P1.11flr•.tn~! R,it,1:) 

1 ? 
1 

THE CONSTANT PUMPING RATE OF PUMP WELL t 1 19 = 1,79 

TIMF FOR 1AHT.CH PUMPING RATE U( 1, j_ > XS OPERATil)E (l)AY or~ T> ... 443 

TOrnL NUMBER OF OBSF..RVATHIN WFL.L.S ? = 1 

Rr~f.l U\I.. DUH Ml CE BtTt,JF.:f:rl PlH!P ~JEI..I .. i 1 AND 01:lSF.J~l}{\'f HlN WEL.l. t 1 Hl ... 4. 6 

NUMBER OF TIME-RECOVERY PAIRS TO BE READ? Ht 

ECHO THE rnnu1L. DATA 
SC'" +1000000E··02 KB= d.OOOOOOF.:+01 
HffSf: ARF THI:: rnrrrnt.. GUESSES FOR STORMff COEFFXCXENT Mil) TRMISMISSXVtTY 

COMSH:NT PIJMPAGE RliTE OF P,~J, t 1 Hi "' 
F'lJMPHIG f T.ME -

1,7900000 
443. 0000()()0 

** R~llJf\l .. f.lISTflNCF:(S) OF OBSERVf\TXON MEI.L.(S) JS/ARE t 

4.6000000 



NUMBER OF TIME-RECOVERY PAIRS ARE= 18 
TSTOP ( U = -443, <)C)OO 

T Hff AT WHICH I. AST Rf:CCIVERY IS MF.:MlJRrn r( MY OR_ T 
(En+,fl1' UHi l.AST THff oP RF.:COl)f:RY mt1,rnur~1mtrnt,) •· 443 

ARE THERE ANY ERRORS IN THE ABOVf ENTRIES? 
( An!Hh1 r YES or NO ) :: NO 

TYPf JN TIME-RECOVfRY PAIRS IN ORPER OF INCREASING TIME 
( F.nf,t))' TJ.iff and f{ECOl)f'.RY ln fl'N1 for111ut, ) 

;: .5,1.64 

-· 1,1,:i95 

-- 1.5,1,535 

== ?.11 ,49 

-· ?.,5,1.4-15 

::. :1, 1 • 4 

.. -1 d. 305 

::: 4,:'i,1..235 

::: !'"i,5,1,2 

::: 8, d .06 

·- 1:?,,93 

·- 1.6, ,845 

... n,. 755 

::: ?.6,,7 

.. :{6, • 59 

::: -16, ,321 

·- ~.t,,, 451 

= 71., .. ,84 

*tt PUMP TEST DATA IN TIME RECOVERY PAIRS 88* 

TXME 

,5000000 
1 , ()()00000 
1, ~iOOOOOO 
2, ()()00000 
2,5000000 
3,0000000 
4,()()00000 
4,3000000 
5, ~iOOOOOO 
8,0()()()()00 

:l2,0000000 
16, ()()()()()00 
21,0()00000 
26.0()()()()00 
36,0000000 
46,()()()()()00 
56,0000000 
71,0000000 

Rl:.COl)l:.RY 

1,6400 
~- • :::;950 
1,5350 
1,4900 
1.4450 
1.4()00 
1.3050 
1.nso 
1,2000 
1.0600 

,9300 
,8450 
.7550 
,71)00 
,5900 
.sno 
,4510 
,]840 
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ARE THERE ANY F.RRORS IN TJMF. - RECOVERY PAIRS? 
<Ari:; 1,rnr YES or NO ) "' NO 

BEST FJT KB AND SC THIS ITERATION ARF. 
BEST FIT KB AND SC THIS ITERATION ARE 
BESl FIT KB AND SC THIS JTERATJON ARE 
BEST FIT K» Ml!) SC mm Hf.RATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BF.ST FIT KB Mil) SC THXS HERATXON ARE 
BlST FIT KB AND SC THIS JTF.RATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THJS ITF.RATJON ARF. 

,003000000 
.ooss2n40 
,009217?.88 
, 012710490 
,013960627 
, OL~961732 
,01397:16~'.? 
,013970105 
,013970406 
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Rf:COIJERY RIJN <HOURCE: • GROtJNJ)~JA n:R HY))l~AtH. ICS • 1 MCHORTER & SUNANDA 1 FORT COLLINS) 

*** THE BEST FIT TJME-RF.COVERY PAIRS ARE Sf* 
+ ~j ()()()I) 00 

1,0000000 
1. ~i()0()000 
2, ()()0000() 
2, 5()()0()00 
3,0()00000 
4.000()1)()0 
4,5000000 
5. 5()()()()00 
8,0000000 

1:.:: ,()()()()()00 
16,0000000 
2l,OOOOO◊O 
26,0000000 
36, ()00()()()0 
46.()000000 
56, 00()()()00 
7J., 0000000 

1.n94 
1.5791 
:t.4835 
1.4134 
:t..3~)81 
1.3:125 
1 .~!;i99 
1+2100 
1,l589 
1,0632 

, 9;)97 
,B866 
dH80 
,7646 
,6844 
,6252 
,5786 
.5237 

"BEST' FIT TRANSMISSIVITY (1..U'.?/T) Hi ·• 
"BEST" FIT STORAGE COEFFICIENT IS = 

Tiff rm~ ERFWR FOR RECOVERY ( U IS 
Tiff CORRfl.ATHlH COffFJ.CIHIT IS :: 

,53793585 
, 01397()406 

.071>32 

.99154 

*********************************************************** 
DO YOlJ ~JANT TO TRY OTHfR GUESS l}Al..lJES FOR SC Mm KB• ? 
(flnEwP.r YES nr NO ) = YES 
NEW ESTIMAfE FOR SC? = ,1 

NEW ESTIMATE FOR KB? = lOO 

BEST FJT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND BC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEGT FIT KR AND SC THIS ITERATION ARE 
B~ST FIT KB AND SC l'HIS ITERATION ARE 
BfST FIT KB AND SC THIS ITERATION ARE 

,300000000 
.015000()04 
,017828576 
.015816719 
• OD768584 
,01~~99l.317 
,013966130 
• 01:.~9'71188 
, O:t. ;197019? 
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Rf.f;f)l}H:Y RlJN ( SOUR Cr:-::. OfWlJNDWATFR wrn,~AtH. ICS., MCHORTER & SUNANM, FORT COLL INS) 

*** THE BEST FIT TIME-RECOVERY PAIRS ARE 181 
,5000000 1,7294 

1,0000000 1,5791 
1,5000000 1,4835 
2,0000000 1,4l34 
2,5000000 1,3581 
3,0000000 1,3125 
4,0000000 1,2399 
4,5000000 1.2100 
5,5000000 1,1599 
e.0000000 1,0632 

12.0000000 ,9597 
16,0000000 ,8866 
21.0000000 ,8180 
26,0000000 ,7646 
36,0000000 ,6844 
4~.0000000 ,6252 
56,0000000 .5786 
71.0000000 ,5237 

*********************************************************** 
"BEST 1 FIT TRANSMISSIVITY Cl.**2/T) IS -
"BEST" FIT STORAGE COEFFICIENT IS = 

THE rms ERROR FOR RECOVERY CL> IS 
THf. CORREI..Af HlN COEFFICHNT IS 

, 5~~793~;95 
.013970192 

.07632 

.99154 

***********'*********************************************** 
DO YOU ~JMIT TO TRY OTlffl~ GIJF.:SS l)AUffS FOi, SC MID KB• ? 
(Ar1r,~11::'r YES or NO ) = Yf.S 

NEW ESTIMATE FOR SC? ~ .5 

NEW ESTIMATE FOR KB? = 100 

BEST FIT KB AND SC THIS ITERATION ARE 
Bf.ST FIT KB MID SC THXS ITERATION ARE 
BEST FIT KP AND SC THIS ITfRATION ARE 
BESf FIT KB AND SC THIS ITERATION ARE 
BEST FIT KP AND SC THIS ITERATION ARE 
BfST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST Fif KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC fHIS ITERATION ARE 

uuu:uu 
.050000012 
• 040811973 
• ()19499068 
.01:nMi14ri 
• 014070657 
• 0139:>◊5:?0 
,Ot:3974258 
.013969588 
• 0 t 3970:i07 
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RECOVERY RUN <fJOURCF.:. rrnouNJHJATF.:R HYDRAIJU cs. p MCHORTER a SUIUiNDA p FORT COI.LJ NS) 

*** THE BEST FIT TIME"RECOVERY PAIRS ARE *** 
,5000000 1.7294 

1.0000000 1.~791 
1,5000000 1,4835 
2,0000000 1,4134 
2,;,000000 1,3581 
3,0000000 1,3125 
4,0000000 1,2399 
4,5000000 1,2100 
5,5000000 1,1589 
8,0000000 1,0632 

12.0000000 .9597 
16,0000000 .8866 
21,0000000 ,8180 
26,0000000 ,7646 
36,0000000 ,6844 
46,0000000 ,6252 
56,0000000 .5786 
71.0000000 ,5237 

*********************************************************** 
'BEST" FIT TRANSMISSIUITY (L8a2/T) IS ::: 
'BEST' FJT STORAGE COEFFICIENT IS 

THE rmi; ERROR FOR RECOIJ~:RY (U XS 
THE CORREL.ATION COEFFICIENT JS 

::: 
::: 

,:15379:3580 
,013970507 

.()76:~2 
,99154 

*********************************************************** 
DO YOU WANT TO TRY OTHER GUESS VALUES FOR SC AND KB, ? 
( (in~;i~t~ r Yf.S 1) ,, NO ) -· YF.S 

NEW ESTIMATE FOR SC? ~ ,000001 

NEW ESTIMATE FOR KB? : ,00001 

BFST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND 8C THIS ITERATION ARE 
B[ST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BESl FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
B~ST FIT KB AND SC THIS IFERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC fHIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEs·r FIT KB AND SC fHIS ITERATION ARE 
BEST FIT KB AND SC THJS ITERATION ARE 
BEST F H KB MID BC THIS I Tf.RATIOM ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BfSl FIT KB AND SC THIS ITERATION ARE 
BE:~r FIT KB AND SC mm rn:RATJ:ON ARE 

• 0()()0()?00() 
.000004000 
.00000799Y 
.000015995 
.000():H 9fH 
• 00006:I922 
.00()127686 
.000254743 
.000~06975 
.001003987 
.001968763 
• oo:3783658 
.007001704 
.011998653 
.017771052 
.020342()13 
,016744245 
.ounoBB4 
.01399fi696 
+ 01 :5965054 
,013971399 
,0.13970151 
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RECOVERY FWN <BflllRCE: •rmoUND~JATE'R HYDRAIJL.IC!P, MCHORTrn f. SIJNANJ)flr Fllf<T COLUNS) 

ui THF.: BEST FIT TIMl:. .. RF.:COl)l:.RY PAIRS ARE 8U 

, 5()()0000 
1 , ()()()()000 
1.~000000 
2,()()()()()00 
2,5000000 
3, ()()()()<)00 
4,()()00000 
4, ~i()l)OOO◊ 
5, ~i()0000() 
8, 0()00000 

12,0000000 
1 Ii, ()()()0000 
21,0000000 
26,0000000 
36,0000000 
46,0000000 
56,()000000 
71,0000()()0 

1. 7294 
1. ~i791 
1.4835 
1,4134 
1.3581 
1 • ~H 25 
1.2399 
1.2100 
1.1589 
1 • 0632 

.9597 

.8866 

.8180 

.7646 

.6844 

.b252 

.5786 
• ~)2:37 

'BF.ST' Fn TRANSMISBIVITY (L.U'UT) rn :: 
'BEST' FIT STORAGE COEFFICIENT JS 

THE r1111, 1::RROR FOR t~CCOIJl:-:RY (I..) Hi 
HI[ cor.:RF.LATI DN CllffFICJENT rs :: 

, ::;3793597 
.(H397015l 

, 011i:n 
,99154 

*********************************************************** 
DO YOU Wf1NT TO TRY OTHER GIJESS VAL.LIES FOR SC (IND KB 1 ? 
(Anr,•.~f)r YF.\1 or NO) .. NO 

STDP 
\ 



LISTING 3. DRAWDOWN RUN 

DO YOU WANT TO HAVE A Hf.lRil COPY OF INP!JT-fJIJTPIJT'l' 
( An:;~H11• YES o ,, HO ) "' YES 

INPUT FILI:.' NAMF. (l)p TO cl CHf'IRAr.TF..RS) XN WHICH HIF. 
OUTPUT rn TO BF. fHllJTED. MAKI?: SURF. THF. FH.F. r::xrnrs 
Inr,ut file name =- THF.XSOUT 

DO '(l)l) WANT rn PRl1l)IJ)f. fl TI n.E FOR THIS ,Hl'EI? 
( Ar,swe r YES or NO ) "" YES 

INPUT ,JOB TITLE -UP TO 100 CHARACTF.RS-
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:::[1f~iiWflCllJN RUN (SfJlrnCF.:t "GROUNDWATFR RF.SOURCE F.VP.UJATHJN BY !~ALTON. PP 348 TABLF. ~" 1~?) 

DO Yflll WMlT TO IJSE GAL, DAY, FT SYSTEM 1 
< Ani;t~E' r YES or NO ) "' NO 

DO YOlJ 1.Jf:IMT TO Mlf.il.. Y1.l?. DRA\JJ)OWN OR RECOl)ERY OR 
DRAWDOWN AND RECOVERY DATA T 
( Ent.~ r • DRAWBOWN a or O RF.COVF..RY • or • DRAW-·RF.:C • DRAbJDO~/N 

DO YOIJ WANT SPECIFIC-CAPACITY OF THF. PRODUCTION 
WELL TD BE COHPUTEn? 
(Angwer YES or NO) ~ YES 

IS lHE DATA OF CONSTANT PRAWDOWN TYPE 1 
< An r, ~it, r YES or NO ) "' N 0 

ESTXMATE FOR STORAGF. COr.FFJCJf.NT 1 
( E '°' t,0 r ,1 ri!i! ~Hmab hi r•oi, :l t, .i. •J~) f rac:t, i 110 ) = • ()01 

ESTIMATE FOR TRANSMJSSIVITY 1 GAL/DAY/FT OR L*82/T 
(Eril;Hr ;1 l't,ai;onal.df) f'Oi,iU.•h) val1.1t} ) •·· 100. 

NUMBF.R OF PUMPING WELLS 1 = 1 

NO, OF \JARIML.F.: PIJNPHIG Rf'ITES OF PUMP t,JF.l.L. :t: 1 ? 
(Er,hr l jf Conf,tant F'umr-•jni1 Rntf:) = 4 

THf. \JMIABI .. E PlJMPHIG RATES OF PUMP ~IF.LL ~ t ARE:t 

VMnABLE PUMPING RflTE" (l( 1 s :I ) IS .. I 735294 

THIE FOR IAHJCH PUMPING RATf. Q( 1' 1) rn nn:RA n 'Jf. <DAY OF< 

i,'ARTABLE PUMPING RATE (H 1 r 2) rn ... ,721ns1 

TIMI:. FOR ~JH I CH PlJMPf.NG RATF.: [.l ( 11 2) IS OPERf.lUl)f. (f.lA y DR 

lJARJ ABLE PUMPING RliTE fH 1 , 3) IS .. l ,.2.1\33155 

TI/11:. FDR ~JHJCH PIJ/'IF' Hll, RA l"E Q( 1 1 ~o XS OPER!'iTitJF.: <DAY OR 

Vf:RH:FILE PUMPING RATF Q( 1 s 4) .rn ::- 1,6978609 

TJMf. FOH t,JH J CH F'lJNPH!n RATE (!( l 1 4) X ,, . ,l DPH1A TI l)E ())AY OR 

T) ::: 9 

T) :::: 1.00 

T) ... mo 

T) ... '250 



ffHCTJVF. RAilIUS <Rw) OF THF. PUMPHW ~ffLl. 'l' FT OR I. •· ,5 

NlJMBFR OF THif.-DRA~Jf.iOliJH PfilRS TO BE REM) ? 35 

~gij2 THF. !1iiia~o~~~~ KB a ,1000000E♦03 
THFSE AR£ THE INJTJAI. GUESSfB FOR STORAGE COEFFICJfNT AND TRANSMISSIVITY 

THE 4 1)ARYING PIJ~IP RATES OF P. W. _. j_ ARE : 

lH 1 , 1 ) 
Q( ,., ?) 
(H lr 3) 
Q( 1, 4) 

::: 

:::: 

• 7353 
.n19 

1.2433 
1,6979 

THE 4 PUMP RATFS OF P+ W. t l CHANGF AFTfR 
FIJI.I..ObJJ.NG PlH1P7.NG TIMf:S : 

TP( 1 , 
TF' ( j_ ' 

•J ,. 
TF'( 1 , 3 
TP( j_ ' 4 

.. 
·-
:::: 
:::: 

9.0000000 
100.0000000 
180 • 0000000 
~~;50, 0()00000 

NUMBER OF TJMf-DRAWDOWN PAIRS ARE - 35 

ARE THERE ANY ERRORS IH THE ABOVE ENTRIES? 
<Answer YES nr NO) :::: NO 

TYPE IN TIHE-DRAWDOWN PAIRS IN ORDER OF INCREASING TIME 
<Fr,ler TIME and DRAWDOWN in frr1e forMt- > 
= t,:!+1 

... 2,4.42 

:::: :1, !L 84 

- .1\,7.63 

-· 9,1().0 

- 10,l0,?3 

:::: Ud0,84 

- 15,11.09 

:::: 1.7,U,37 

.. :?0, l1 ,82 

::: 2JdL88 

- 26,32,09 

::: :rn, 12,33 

:;; ~0,12,68 

·- 45d2,79 

... ~.() i1?, 89 

.. !55,1:~.04 

60,13.15 
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- 70,L~.34 
.. 80,13,54 

:::: 90, LL 79 
.. l00,13.93 

·- 121d6,27 

-· 130, 25, 84 

:::: 140,?8,99 
:::: 150,:rn.n 

:::: 160,:~o.as 
- 170,31,48 

::: rno,:u.s4 
... j 93, 36 .f32 

-· 203145,89 
... ?.?.0,49.82 

-· 230,51,00 
:::: 240, 51. 92 

:::: 250,5~~.28 

*** PUMP TFST DATA IN TIME DRAWDOWN PAIRS Ill 

TtME 

1,0000000 
2.0000000 
3,000000() 
4,0000000 
9,0000000 

10,0000000 
13,0000000 
1 ~j • 0000000 
17,0000000 
20.0000000 
23,0000000 
26,0000000 
30,0000000 
40,0000000 
45.0000000 
50.0000000 
5:i, 0000000 
60,0000000 
70,0000000 
80, 00()()000 
90,0000000 

100, 0()0()000 
12~.0000000 
1;30, 0000000 
140,0000000 
1::;0.0000000 
1. 60, 0000000 
170,0000000 
180,0000000 
193,0000000 
20;~.0000000 
220,()0()0000 
230,0000000 
2-10.0000000 
25(),0000000 

J:i f< A ~HI O IJ N 

2.1000 
4,4200 
5,8400 
7,6300 

10.0000 
10.2300 
10.8400 
11. 0900 
11.3700 
,. 1. 8200 
11.8800 
12.0900 
12.3300 
12. 6800 
12,7900 
12.8900 
13,0400 
l3.:t.!300 
13.3400 
B,:.Hoo 
13,7900 
13.noo 
16,2700 
25, l~400 
28.9900 
:rn. 1300 
30.8500 
31,4800 
31.8400 
36,8200 
45.8900 
49.8200 
51,0000 
5L 9200 
52,2800 

43 



ARE THERE ANY ERRORS IN TIME - DRAWDOWN PAIRS? 
( An!, h' er Y f. S o r N Cl ) = N 0 

BESl FJT KB AND SC THJS ITERATION ARE 
BEST F[T KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AHO SC THIS ITERATION ARE 
DEST FIT KB AND SC THIS ITfRATION ARE 
BESf FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THJS ITfRATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BESl FIT KB AND SC lHIS ITfR~TION ARE 
BEST FIT KB AND SC THIS IfERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 
BEST FIT KB AND SC THIS ITERATION ARE 

5, 0000(>1 l 9 
,23000012 
,012500()1 
.OU-41776 
.Ol:?.98768 
,01249559 
, Oj 2n91 ;!. 
.0121:5092 
, 01212821 
,01~~12'292 
, 01212171 
, 01.212144 

• 00~{0()0000 
• {)090()0()00 
,027000000 
,072452819 
,:143l46071 
• t998t:rn57 
,222467516 
,228106966 
,2:?.93b8503 
• 22%52766 
,2297l71()fl 
, 229'131689 
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Dl~AWDOWN RUN <SOI.IRCF: u GROlJND~IATrn RESOURCE' F.VALUATifJN 'BY ~/f-11..TON, PP 318 HlBLE' 5, L:' 

*** THE Bl?:ST FIT THll:. .. flR1\~JJ)O!,JN PI\IRS ARE *** 
1,0000000 ,7836 
2.0000000 2,2279 
3,0000000 3.4326 
4,0000000 4,4184 
9,0000000 7,6177 

1(),0000000 8,0523 
13,0000000 9.1274 
15,0000000 9,7341 
17,0000000 10,2739 
20,0000000 10,9848 
23,0000000 11,6040 
26,0000000 12,1520 
30,0000000 12.7967 
40,0000000 .14,1059 
45,0000000 14.6462 
50,0000000 15,1Jt1 
55,0000000 15,5711 
60,0000000 13,9737 
70,0000000 16,6890 
80,0000000 17.3103 
90.0000000 17.8:l96 

100.0000000 18.3318 
121,0000000 27.3003 
130.0000000 28.8010 
140,0000000 30,1002 
150.()000000 31.1679 
160,0000000 32.0818 
170,0000000 32,8849 
180,0000000 33,6036 
193,0000000 40.1J21 
203,0000000 42,3037 
220.0000000 44.7871 
230,0000000 45,9164 
240,0000000 46,9008 
250.0000000 47,7791 

*********************************************************** 
"BEST• FIT TRANSMISSIVJTY <Lll2/T) IS -
• BEBT' FXT SHJR(l(lf. COEFF:r.Cif.NT IS 

THF r111s ERROR FOR JH~fiWDOWN ( U JS 
THE CORREL.l'ITHlN COEFFICinlT ts 

,01212144 
, ?.?.9731689 

3 ,32206 
,97434 
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SPECIFIC Cf.'lPf.\CHY COMPIJHiTXONS FOR PllMPlNG IJEl.l No: 1 

****************************************************************************** TIME f.lRMJJ)OIJN PlJMPAGE SPECIFIC 
CAF'f.lf:XTY 

( T) < U ( LU.VT> ( L:i0'.<2/T> 

1,00000000 
2.00000000 
3,00000000 
4.,0()()0()()00 
9,0()000000 

10, ()0()()()()00 
13,00000000 
15, 000()()000 
1.7,00000000 
20, ()()()00000 
n.00000000 
26, 00000000 
30,0000000() 
40, ()()()()()()()() 
4~i, 00000000 
50, 00()00000 
55,()0000000 
60,00000000 
70,00000000 
80.()()()()0000 
90,()0000000 

100,()()000000 
12J ,00000000 
1 :·rn. 00000000 
11\0,00000000 
1 ~i(), ()()()()()()00 
1M,0()000000 
170,00000000 
180 • ()()()()()()()() 
1 n. 00000000 
20:.;, 00000000 
220,000()()000 
230,00000000 
240,00000000 
250,000000()0 

,78364322 
'l, ',:?.789~i:~3 
3. 4:~263470 
4, 4HU8911 
7, 6176fHl96 
8, o:5~!] ,. 7 44 
9, 1~1744:.M 
9. n4,>9462 

10.~~n7nn 
10,98482405 
11. tio::s9no7 
I~:, ~- !i~!()?. l. 7 4 
12.79667588 
14, 10:192~!56 
14. !!14615786 
1:'i,BH3983 
15,5711l617 
1:.:;,9nnn2 
16,68897280 
l'7. :H034~!72 
17, B5%3:'i61 
HJ. ];-iU14355 
27,30()29150 
28. 80096~)01 
30.l00l76◊4 
:u, 1679()982 
32 • ()8l 8j 929 
J~! • 88487049 
33. l-035602:1 
40, 13~!10:508 
42,3037l.93l 
4 4, 787U078 
45,91637769 
46,90078494 
47. 7790876:5 

*********************************************************'******'************* DO YOU WANT TO TRY OTHER GUESS VAL.LIES FOR SC AND KB, ? 
( An~rn;:, r YE~"l ill' ND ) ,.:: NO 

SHJF' 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

APPENDIX I. PROGRAM LISTING 

LAST VEi,[FIED BY: 

PR GGRAM 

INTl:CRACHVL THH.:-SHARING 
FORTRAN-77 VfRSION 

M!Jf'Jlf{ ,,. auTT 
& 

CARL D • Mc Et l,JEt 

C PURPOSE~ 
C 
C CALCULATE THE REST FIT STORAGE AND TRANSMlSSIVITY 
C HY FITTING THE THEIS EJUATION TO FIELO OBSERVED 
C PUMPTEST CATA, t.e.(drawdo~n or recouery or both 
C ,frawdown ano recovery data to,;ether> USING TH£ 
C M€THOO OF CDNVOLUTIQ~ FOR V-RYIN& PUMPING aATES 
r AND S~NSlTIVITY ANALYSIS IN A LEAST-SQUARE SENS~. 
C CONSTANT DRAWOO~N AND UAR[AHLE JISCHA~GE DATA OF 
C ARTESIAN FLO~IN& WELL~ CAN ALSO J~ ANALYZFD. 
C 

r: 
C 
C 
r: 
C 
r: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
r 
C 
C 

" ,.,. 
C 

C 
C 
C 
r 

DESCRIPTION OF MAIN VARIABLES ANO PARAMETERS 

V /\RI MRE 

KB 

NTDP 

l\l I TF:R 

DESCRIPTI{lN 

CHAR-> SYSTEM OF UNITS; YES FOR GAL, DAY, FT;* 
OTHERWISE ANY CONSISTENT SYSfEM OF• 

CHAH -) 

REAi- -) 

CHAR -) 

CH /Ht -> 

UNITS ARE ASSUMED. 
SWITCH FOR ANALIZING THE CONST.ANT * 
DRt\i-101)~/i\l DATA; •1 YES 1 OR q\10''" * 
FIELD OBSERVED CONSTANT ORAWDOWN DATA; * 
{FT» OH t U,. * 
DATA TYP£ TO BE ANALYZE □; WORAW□ OWN 1 , * 
1 RECOVERY 1 , OR •DRAW-REC•. • 
CHARACTER VARIABLE CONTAINING THE NAME• 
OF A SEQUENTIAL FILE TO ij[ USED TO • 
ROUT IN?UT-OUTPUT WHEN THE CHARACTER • 
VARIAIILE PTR = 'YESg~ • 

REAL-> AQUIFER TRANSM(SSIVIJY (GALIDAY/FTJ OR• 

INf -> PARAMETERS TO SET DIMENSIONS: • 
* NOM - NO. OF □RAWOGWN COR RECOVERY> • 

MEASUREMEl\!lS. * 
• NOB - NO., OF OBSLRVATION WELLS ■ • 

w N\/0 •• NO., OF VAFCU\BLE f,UMPA(;[S,. * 
IN'f -> NO .. OF l"IME:-DRfd.JOOwN DArn PAIRS TO KE* 

READ. * 
INT -> LIMITING VALUE FOR TOTAL NUMBER OF* 

I r E Ht\ n Oh! s,. 
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C 

C 
r: 
C 
C 
C 
C 
r 
C 

C 
C 
C 
(' 

C 
C 

C 
C 

C 
C 
C 
C 
,., 
i~ 

C 
C 
C 

C 
C 
C 
C 
C 

C 

C 

C 

C 
C 
C 

C 

N I T S RVATI NW LLS. k 

NPH INT -) ND VARI PUMPIN RATL • 
PPFL l L r ,:J VA IBLE TUE WHEN * 

HA RDC OP OF INPUT-OUTPUT IS TO * 
tJ ED 0 FIL£ "FIL[NM,. 

PTR I NT OUT T DEVICE NUMBER * 
fH ID t\L ) PU~PIN R EC l/OAYJ OR C • 

R {JJ RE t,L "-

H N INT 
en RC t\l -> 

SCAYC R l 

I G!lll .8. f~EAl 

PU ) t\t -) 

SPCA CH AR "-

T CD R AL ._.,,._, 

lITL CH /~H ) 

r /~ST REAL -) 

fOL RE 
rp I) RE 

WOUT INT 

PARAMETER C NDM 200 MOR B, N 
IMENSJON S(NDM, 08>,T(NDM>,R( 

DSDT(N 
TT{NDM 

p { }\l 

REAL*R KB, INIT 

8) ,DSDSC< 
{ P\iltN\IQ+ 

Bi~NPRH 

IMPLICIT DOUBLE PRECISION (A-H,O-lJ 

OF O!JVS[RVATION 
<FT) (L> * 

I ME I (Fr) * 

OF PUMP tJE L ft' 

<L:1i* lT) * ( GA /FT) 0 
N-SOU/.\Rf) 

fl IT 
HHOR IN tr 

HI\$ BEf:N k 

C r OR ET I i~L > * 
UMP (PRODUCT-• 

N 0"., * 
FIEL MEASURE * 

Mt\fJ (OAYS) Jlt 

NTAINING THE • 
T 10 CHAR LONG)* 
0 RY OR RVED • 

l\l!lPW 
ND M ,N H), 
,<HNO 1N\Hi,..lh 
f{NDMJ,TSTOPCNOPW>, 

·k 

,Ir 

,ST W(N-OPW) T<NOPWI 

CHA ACTER•3 IT, KDATA,TRIAL,SPCAP,CONSTORA,PT 
CHARACT R• DATYP LENM 

Rt<UHl TITLE 
DATATYP, PR CHCKFL 

IN,WOUT IPTR TllM(NV I 

DATA BLANK/4H / 
DATA RIN,WOU 1 1PTRIS, I 

PRE-SET THE VARIIBL S OR ERROR TOLERANCE ( OL> ANO FOR 
MAXIMUM NUMBER OF I RATION (NITER). 

i{FL 

TOl 
I TEH 

FA 
0 O!Hll 

4 I (WOUT, ) 
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C 

g, ;f ( An tH·H:' r YC S or NO J ::: ") 
:l ::: Al) ( ;~ I !\It 14 > PT'~ 
IF {PT/~ .[Q .•• •'l'ES' .OR .. PTR .ca. 1 1\lO'll) GO TO f, 
GO TD 'i 

6 IF ( Pm .,f::Q,. 1 !\10 1 > ':;o ro 10 
PRFL = ,,TfWC. 
;J ;t I T E < 1,1 ,J U r , 1 > 

7 FORMAT(// 1 INPUT FILE NAME (UP TO 8 CHARACTERS) IN WHICH JHE 1 / 

& • OUTPUT IS TO 8E ~OUTED. MAKE SURE THE F[L[ EXISTS•/ 
& • Input file 03me = 1 > 

REAOCRIN,8) FILENM 
H FLliV1Af(A8> 

C:-:::::::: :·~ :::-::= - ::::.=::::: = ::.::: ·= ·=.:::::: :::::::::.: ::: :::: ·::::::::.: ::. -. =::: ::-;==·.::: ~-:: .::::::.::: == :: :: :::::: .. :.::·:::;~_ :: =:: ~=: :: ... ::::::: ____ :,:.::.: :::: .::: ::.:::: = == ·::: 

C THF FOLLOWING STATEMENT OPFNS A FILE IN TH~ ECLIPSE MV800 COMPUTER -
C CHANGE THIS STATEMENT ACCORDINGLY. 
r: 
C 
C 

C 

IPTR = DEVICE NUMBER FtLENM = NAME OF FILE 

0PEN (IPTR,FILE~FILENM,[OINIENT=•ourPur•,CARRIAGECONfROL= 
~ 11 FDRrnAN 1 ) 

C===-:-========-=======~=========::==========-- ~===-==~=============== 
C 
r 

10 C{)i\ilHHJE 
1? WRITE (WOUT,t31 
1~ FORMAT (// 1 DO YOU WANT TO PROVIDE A TITLE FOH lH[S Jna? •• ,. 

'.!, ' ( An!i.w,,:!'r YCS or NO l :: 11 ) 

RE4 □ (RIN,14> TITL 
1q. Fo:u-1Ar cA:1;, 

GD TO '.L~ 
lt'i ri=c rrrL .[Q. llNO') G() rn 2U 

!!ilRf TE( "'OUT,Hd 
1~ FJiMAT< 1 INPUT JOB T[TLE -UP TO 100 CHARACTERS- 1 / 1 =1 > 
17 R~AJ<:trN,18> TITLE 
lH FoqMArUUiJO) 

READ IN THE INITIAL DATA 

20 WRITE <WOUT,30) 
30 FORMAT (// 1 00 YOU WANT TO USE GALt DAY, FT SYSTEM? 1,/, 

& 1 ( Ans~ 1:.• r Y f S or NO > ·- " > 
RE,~ D ( RI N, r~ 0) UN IT 

l/·O FORMAHA:H 
IF ( UNU .• [Q. 'YES'' .. oR .. UNIT ,.[Q .• •No~, GD Tn ~'d) 
WRITE (WOUT,590) 
rm ro 20 

SO W~ITE (~OUT16DJ 
60 FORMAT(// 1 DO JOU YANT TO ANALYZE ORAWDOWN OR RECOVERY OR 1 ,/, 

g • □ RAWDOYN AND RECOVErY □ ArA? •• ,, 
& 1 C Enter •ORAWDOWN• or •RECOVERY• or "DRAW-RFC• ) 

READCR[N ,701 OATYP 
10 c;rHt,1AT CA8) 

DATATVP = C OATYP .EQ. 1 0RAWDOWN•> 
s°CAP ·:: 1 N0' 
IF<DATYP.EQ.•RECOVfRY•~uR.DATYP.EQ. 1 0RAWDOWN'•OR. 

~ OATYP.EQ. 1 0RAW-REC 1 tJO ro 100 
80 YRITE (WOUT,901 

ll ) 

C.tr'l ;-: l'H> il/lJ\ T LI I 11 ;, ·,!d>· 'If fHJ Pi<i \Jl..· 11.t\:l /: fHHli--l I l\i nli ·r t1 F i\11-,(;! V _ ""' fl: t< i,. J,. 
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/?, f ENTCR FifHf.'g 1*Rf:C()!JCin' 1* OR 11 !JRt\i.,J[HHJN 11 OH 11 DRJ'.\!,l-f{(C 11 ii/) 

99 F0RMAf(2H ) 
c;o ro 50 

100 CO!'HINUE 

IF( ~Nor. DATATJPl Go TO 150 
110 Y~ITECWDUT,l2UJ 

49 

120 FORMAT (// 1 DO YOU WANT SPECIFIC-CAPACITY OF THE PRODUCTION 1 1l1 

~ 1 WELL TO RE COMPUTED?'•'• 
& • <Answer YES or NO> - 1 ) 

REAO{RIN,4D)SPCAP 
IF( SPCAP ,.Eth *YE':.• ~rm .. '.H>CAP ,.,[!;. "N(! 11 ) GOH} lHl 
IF( SPCAP .NE. 1 YCS 1 .OR. iPCi\P .NL. tNO' > WR:tTEOffJUf,590> 
GO TO llrl 

130 W~ITE<WOUT,140) 
140 FORMAT(// 1 rs THE OATA OF CONSTANT DRAWDOWN TYPE?.,,, 

:t f (A11/H41'~f' YES or NIH ... ii) 

RfAO<RIN,40)CONSTORA 
[F(CONSTJRA .EQ. 1 YES 1 .OR. CUNSTDRA .EG. 'N0 1 } GO ro 150 
IF(COf\JSTJRA .NE,. '1 Yr:sll .nR., CONSTORA ,,.NL. 'J\10 41 ,) WlHTE:CWOUT,'590) 
r;;o ro 150 

l!HJ r>JNT r i\lUE 
t~!R I TE C \.10 lH , 16 0) 

160 F1RMAT(/I• ESTIMATE FOR STORAGE COfFFICIENT? •,!, 
& 1 ( Enter a reasonable positive fractton J - 1 > 

RCAD<'nN,1t) SC 
\H[ff.:CWOUT,1'70) 

170 fryRMATt//' ESTIMAfE FO~ TRANSMISSIVITT l GAL/DAY/Fr• 
~ 'JR L•t..2/T 1 / '1 (Cnter· a ,reasonable posHive value > 

R(:/\nU.:IN,*> KB 
~HI TE: C 'ti OUT w l 11 ., 
'.'iCPHT :::: SC 
KlHNif ::: f<R 

171 F1~~AT(// 4 NUMHER OF PUMPING YELLS 1 
RF:I\OC·Hi>J,•t NPW 
IF <NP~J ,.[ a. 1 H~O TO l 1 11; 

DI} 1 7 ,. I ::: l , NP w 
wR I rrc: C ~DU r, 1 7'7) I 

177 FO~MAT(/5X, 1 STARTING TIME OF PUMP WELL ff 1 ,I2, 

116 
1111 

& ' 1 lAY ORT: 1 ) 

REA □ lRIN,•JSTPW([J 

CTNTPJ 1Jf:. 
C!HHI'IIUE 
DO 115 I ;::: 1,NPi,J 
WRITECWOUT,172J I 

17:C? FORMAf(/JX,• NO,. OF VARIABLE PUMPING RATES OF PUMP ~ELL N Y 1 

17::'i 
HHl 

181 

182 

185 
UL) 

1:\1 

8, 
!'~,• Pd°-»<, 

• <Cnter 1 if Constant PumpinJ Ratel 
RE40CRIN,*1 NPRTCl) 
CONTINUE 
CONTINUE: 
DO l'JO I ::::1,NPl,i 
IF<NPRT(IJ .GT. l)WRITECWOUl,181)1 

ll ) 

FO~MAT( /ISX, 1 THE VARIABLE ~UMPING RATES OF PUMP W[LL ff 1 ~12,• 
IFCNPRT<I> .EO. l)WRIT~CWGUT,182)1 
F01MAT(~X, 1 THf CONSTANT PUMPING RATE OF PUMP WELL tt 1 tl21• IS 
JO 184 ,$ ::: l1Ni1 RT( n 
IFlNPRf(IJ.EJ$1JGO TO 1R3 
WRITE(WOUT,185)1,J 
FORMAf(JX, 1 VARIABLE PUMPING RATE Q( 1 ,I2, 1 ,',I2, 1 ) IS 
READ<RIN,*>QC[.JI 
WR[TE<WOUT,186>1,J 
F ORM J\T ( :i X , q· 1 M [ F O R trn I C H PU MP l NG RA T C: Q ( 1 , I 2 t • , 1 , I 2 t ,q I S ' , 



C 
C 
C 

r 
C 

C 

C 

READ<RIN,•) JPCI,J) 
184 C(HHINU[ 
tt?O CON fINUE 

IF MORE THAN ONE PUMPING WELL AND STARTING TIME OF EACH 
PUMPING WELL IS DIFFERENT, THEN Rf-ADJUST THE PUMPING 
TIME OF EACH WELL ~ITH TI~E OF OBSERVATION WELL AS BASE 
TIME< BASE fIME OF 00SERVATI1N WtLL ASSUMED - O.O ). 

Sf:) f::: 0 ,,. 0 
on 1'3:'i r.~=l,NPW 
O[L r { I l ::.: 0 • 0 
DO 114 J=l,NPRT([j 
IF<STPWIIJ .GT. STO~IOELT(Il=STPWll)-STOW 

194 C1N ril\!UE 
19~'5 C,')\ITINUE 
240 C(l'\J H ~4UE. 

IF( SPCAP .ro. 'YES• ,.A.NO., MPl,il .EC~ .. 1 ,.QR. COJ\!Sl'ORA .,f.t~. 
•YESt .• AMO"" NP\·i ... t::(},. l ) GO 1·0 210 

'.rn l ff( \,j()UT ,2~:iO) 
FORMAT(//1 1 TOlAL NUMBER OF OBSERVATION WELLS? 
fEiHH,til\l,,fd NO\/ 
01 260 I :::I.!!NP1✓ 

OfJ ;?.:59 J ::: 1, NO!tl 
W~ITE(WOUT,2~1>I,J 

50 

251 F~qMAT<5X,•RAOIAl DISTANCE BETWEEN PUMP WELL I 1 112,' AN □ OASERVATIO~ YEI 
It 1 

0!, ,1,,w rs.:;:: q 
R€AJ(RIN,*I RPWOW(I,JJ 

259 C>J~HPJdE: 
2,;n CONTINU~ 

GJ ro 291) 
270 C,]N TI~UE 

IHI rec >lOOT 1280 > 
280 FJqMAf(//~ EFFECTIVE RADIUS <RwJ OF THE PUMPING WELL? FT OR l 

P~AQC~I~,•JR(NO~, 
?,90 C1)~ TI NUE 

WRITE<~OUT,300JDATYP 
300 F~~~ATC//~ NUMBER OF TIME-ttABt• PAIRS TO BE READ? 

R;::ADOUN,•> NTDP 

CHECK IF PRE-ASSIGNED DIMENSIONS (NDM,NOB,NVQ> ARE SUFFICIENT. 
IF NOT, PRINT A MESSAGE AND STOP PROGRAM EKfCUfION. 

0 I) Hl l I ;:: 1 , N P !IJ 
IF(NTOP.GT.NDM.OR.NOJ.GT.NOB~OR.NPRT(I).GT~NVQ)GO ro 1160 

:HH COi'H PJU E: 

C ECHO PRINT THE INITIAL DATA 
C 
C 

r 
C 

INJUIRECUN[f:IPT~,OPENEO=CHCKFLJ 
IFCCHCKFLJ GOTO 304 
W~[TEC~OUT,303) IPTR,FILENM,PRFL 

303 FORMAT(//• IPTR =1 ,[5,5X, 1 FILENM =1 ,A8,SX, 1 PRFL =•,Ll,/J 
OPENlIPTR,FILE=FILENM,IO[NT£NT= 1 0UTPUTY,CARRIAGECONTROL= 

& "'FURTRJ~N'> 

:304 CONTHWE 
IF(PRFL) WRITECIPT~,50iJ TITLE 

305 FJ~MAT(//JX.AlOO.//J 



2 

W I 
!tHUT 
I ( 
F 

JCO 

OUT,9'Jl 
L,I UT, 

) 1HU 
i, CH 

/U{, 1 TH 
lCI NT 

20 ) Ct K 
( rH ::52 ) ,K 
THE INITIAL DATA 15H C 
SE ARE E NITIAL GUES 
AND AN MIS V 'I) 

l, NP't,J 
) lUTE(IPfH, 21) I 
//1 

EL tf 11 , 

) ro 
' u 

TE~{IPT ,3~~ > 

, ,:rn c lJ+.., 1 , :''I 
S OR TORA 

i\:il:f/10)(, 

*****•********'/) 

51 

'lHE i1,r ,, RATS OF P W ff 1 112, 1 ARE . 

32 
Z52lt 

... 1,NPRT( > 
WOUT,523) I,J,Q I,JJ 
L) T <I T 132 ) I,J, 

) NP HI J, l 

CI,,H 
!11,Fll 

lIPTR,32 > NPRT(IJ,1 
• TH • PUMP RATES OF P W. ff ,I , CHANG AFT R 

:,;,. 
327 

4Hl 

UM TIME: dl l 
RTtIJ 
) I 
(IP ,TP(l,JJ 

1 14"'7) 

(I, ,.n , TP< I, ,H 
,3 9 1 <J,Jt,TP I,J) 
PUM GE RA OF P.W. ft 

(l,,JOUT,: 1~20.) 
I RIT <IPTR,420J 

,I2,,i I 
I 1Fll .. 1) 

420 FORMAT( / 1 •• RADIAL OISTAN CS) OF OBS RVATION 
rm 1+'•1 I hN 
DO 1¼40 ..J l, NfHJ 
W1ITE(~OUT,430> I1J1R ~OWCI1JJ 
I (PRFL> WRIT <IPJR,43 I 1,J,RPWOWlI,JJ 
FORMAfC I I RADIAL DI TANCE FR MP W tt 1 ,12•• TO 

,r::14 Tl) 

C 

4 1+0 r::01\JTINU 
441 CO\\l'fINU 

LJ!UTCUHJUT,9 l 
450 WRITE( OUT,46 JOATYP,NTDP 

IF(PRFL) WRIT CIPTR 1 460)0 TYP,NTOP 
460 ORMAT(/ 1 NUMBER OF TIM -•1A81 PAIRS ARE 

DO 462 I 
TSTOPCI) 
CONTINUE 
IF CDATATY > Go ro C 

(SJ IS/ARE ! 1 //) 



C 
C 

C 

C 

IF RECOVER OR DRAW R TH PRES 

n 14 I 
DO 1•fjj .J 
T OP(I> 
C:ONfINU 

lIME: ,1\S IMC [NC PUMPIN 

, NPlrJ 
hNPR CU 
TP(I,J 

ITE( OUT,4 > I,TST P(I) 
I <PRF I WRIT (lPTR,464) I,TSTOPCI) 

464 FO~MAT( T TOPC 1 , •1 ,F14 4) 
465 C I 

uisr PUMPif\lG 
PE 

WHICH LAST COVERY I MEASURED 
LAS r M R COVERY me sur tl 

* }TU\ST 

DAY RT 
) 

CHECI< IN TH INPUT DATA IF THERE IS AN RRO~ 
RE- N R TH DATA 

491 

492 
49j, 

WR.I ( LJOUT ;;3 ) 
WfH lt:( l~OUl ,11 1,t.':HJ) 

F!J MAT( 1 Af{f.: ERE ,i'!Nlf 
S or NO ) 
CHEl<DATA 

•1 <Ang r V 
fl l\(H ;q: 
I tCH[K NE 

OHS IN 

' 
0 TO 10 

TYP IN TH TIM -DRAWDDWN PAIRS IN ORDER F INCRE 

0 
£NUE 

ERY•-oR DAT • Q 1 DRAW-REc•.oR 
D TO 4 13:'i 

FT OR 

<WOUT, DO)DATYP, ATYP 

NG 

<• TYPE IN TIME-•,AB,• PA RS IN ORDER OF INCREASING TIME 
tr ME and 1 ,AH,• tn fee rmat > 1 ) 

I 1,NTDP 
WRITE(hlOUT 502.) 

~rn;: FORMAT< 11 @ J 
R AO(RIN,•)T(l>,<SCI,JJ,J=l NOWJ 

~'i l O C rHH HJU E 

HO Pi? INT HE 

520 WRIT lWOUJ, 30)DATVP 
I (P:tFL> R.ITECIPT, 0) !Jt\T P 

{'i30 FDHMlU'(l ' *** PUM TEST DIHA IN TIM ,AH f Pt\IRS 1,;u w dn 
OUT ,:340 HLIHYP 
) WRIT <IPTR,540JDAfYP 

'540 ( , TIME ,IH3 I> 
5:30 I 1, NTOP 

WR[T (WOUf1560JT(IJ,lS<l,JJ,J:I,NOW) 
IF(P FLJ WRITE IPT , OJTCII,« I,J>,J=l,NO~t 
CONTI NU 
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C 
(; 

C 
r. 

C 
C 
C 

C 
C 
C 
C 

~m IT E c,,.rn u T ,, '.);) ti } 

5:3 t• FD fU~ AH '':i ( J > > 
IF<PR~L) WRITE<IPTR,555J 

(5:i;:i FDFH"IJH{ '1 1 ) 

560 FORMATlF14.7,8X,B(F9.4JJ 

CHECK THE llM€-DRAWOOWN PAIRS. IF ANY ERROR, RE-ENT~R THAT 
Lif\l£., 

N[ !rJn A TA : 0 
WRITE{iJOUT, '.1'3 ► 

570 CONT Il\lUI-: 
WRITE IWOUT,580)0ATYP 

580 Fl~~Af ( 1 ARE THERE ANY ERRORS IN TIME - 1 1AR1' PAIRS?•,!, 
& • (A(\swer YES nr NO ) ... 1q 

READC~tN,4D>CHEKDAlA 
IF(CHCKOATA .EQ. 1 N0 1 .AND. NEWOATA .EQ.OJGD TO 640 
IF<CHEKOATA .EG. •No• .ANO. NEWDATA .GE.1JGO TO 620 
IF(CHE<DATA .~:u. 'Y[S 1 )GO TO 600 
IF(CYEKOATA.N€. 1 YES 1 .0R.CHEKOATA.NE. 1 N0 1 ) WRITEIWOUTtS90) 

590 FORMAT( I ~ YOU HAVE AN ER10R [N DATA ENTRY 1 //) 

GO TO '57 0 
600 ~RITEl10UT,610) 
610 FOi~4fC 1 ENfE~ THE LOCATION te. LINE NUMBEM •1• AND 

620 

6?i0 

631 

F,32 
E,t.~O 

~ OH3ERVAfION Will NO. •J• AND CORRECT fIME AND DRAWDOWN. 't/1 
~ .. { ~= n t e f' L ll J ' r { I ) ll s ( I t J ) ) ·- ·~ ) 

R~Al C RIN,•JI1J, TCI>, S<I.JJ 
NEU)ATA=NE~DATA+l 
G') H> 'ilJ 

ECHO PRINT THE CORRECT TIME-DRAWOOWN PAIRS. 

CO'\ITINU£ 
01 610 I= 1,NTDP 
WRIT~<~OUT,560tTCIJ,(S([,J),J=l,NOWJ 
IFC~~FLJ ~~ITECIPTR,56DITCIJ,CS(l•Jl,J=1,NOW) 
t.JH:lff( w0UT.,6~H) 
F;JRMAH3(/)) 
IFCa~FL) ~RITE([PTR,~J21 
FJRz4Af("l 1 J 
c,)NTir-JUE 

JF RECOVERY OH DRAW-REC DATA~ RE-ADJUST THE TIME 
SCALE ANO ACCOUNT FD~ 1 ZfR0 1 PUMPA6E. 

IFCDATATYPIGO TO 6~0 
D') 6 1+ '5 I ::: h NPW 
NPRT(IJ = NPRT(l)+l 
01 644 J =1,NPRT(I) 

ti44 CONTI I\IUE 
().(£;id)::: D .. O 

TP(I,J> = TLAST-TSTOP< [) 
IF{ NPW ,.fQ,. l HPChJ> - n .... AST + TSTOP(U 

f;lt'i C!JJ\lf!NUt: 
DO 651 IP= 1,NPW 
DO ~SQ I : l,NTOP 
IF C DlifYP .. ro,,. 1 0!~/H~-REC' .. AND., NPtJ .,f.:G!., 1 .Mm. 

};, HI) .Gr .. f(I+U) f(I+l) ::: rSTOP<IP) • TO+l) 
I F < 0 /HY P • C 1,1 • 1 ;~ECO \IC R Y' . ., AND,. NP :.l " C Cl., U H I > -· 

& rSTOP(IP) + TO> 
f.50 COl'H ! NU£ 
r:: .. !:il CON rI i\JUE 
660 CONfii\lUf. 
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C 
C 
C 

C 
C 
C 
C 
f' ,., 

C 

C 
C 
C 
C 

C 
C 
C 

eiro :rcirnNr ,.. 0 
·- D 
'" 0 

NCON\I 

680 T E:MPl( iJ -- t< B 

700 

710 

120 

·- SC 

INifIAt.llE THE ARRAY 1 S. 

DO 71J I= 1 t NJOP 
D 'I 7 0 0 J ::: l , NO 1_,.J 

SPCI,J) = O,"'O 
0";:JT<I,.J) ·::: O .. IJ 
DSJSC<I,,H -· O.,O 
C'JNTI NUE 
ff(I):::{l,.0 

C:JNTBWE 

USE THE METHOD OF CONVOLUTION FDR CALCULATING DltAWDOWN•S FOR 
fH~ VARAIBLE PUMPAGES ~~D FOR THE ASSUMED (GUESS> VALUES 
OF SC AND KB. ALSO USE SENSITIVITY ANALYSIS ANO LEAST SQUARES 
ro FIND A HETTER SC AND KH4 

CONHNUE 
Di.! 7Hl IP=ltNP',J 
NPR = NPR'f<IPJ 
00 780 l[ = 1,NPR 
Ory 770 I : 1,NTDP 
IF<II mGT. 1160 TO 150 
l'TU) :: f(I> 
Q(~:: Q(IP.,!U 
IFC ~ELTCIP> .GE. STOWJTT<I>=TT(l)-OELT(IP> 
C;J T') 7~0 

730 CON H \IU':: 
TTCIJ = T(I> - TPCIP,II-1> 
QJ = Q(IP,II> - Q(!P,Il-1) 

7 1HJ C<'JNTINUF.: 
[YJ 760 d:::. 1,I\IOW 
IFC~PCAP .NE. 1 YES 1 J R(J) - RPWOW<IP,J) 
SLJ := o.,o 
DSCTIJ :::: O.,O 
l)S)SCIJ --= O.O 
IFCTTCI) @LE. O.OJGO TO 750 

CALL SUA-ROUTI~E THEISVQ AND COMPUTE ORA~OOYNCSJ AND 
SENSITIVITY COEFFIClENTS DUE 10 PUHPAGE<SJ. 

SUM THE DRAWDOWN 1 S ANO THf SENSITIVITY COEFFIC[ENTS ■ 

750 C01\ITINUE 
SPCI,JJ = SPCI,JJ•SIJ 
DSJTCI,JI - DSDT(l,JJ•OSDTIJ 
□ S □ SCCI,JJ - OSDSC<I,JJ•DSDSCIJ 

1f:,O CON UN UE 
770 CONrIN!JE 
780 CO!\JTlNUf:: 
nn CONTii\lUF.: 
7i30 CONTI 1\lUE 

IFlNCO!\JU .GE. lJGO TO 850 
ssus _, o.o 
ssur :: o .. o 
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C 
C 
C 
C 

C 
r 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 

surus ~ o.o 
SUSOIF - O.O 
SUfOIF = o.o 

CALCULATE THE OELTA WALLIES FOR SC AND KB <USING SENSITIVITY 
COEFFICIENfSI AND U~DATE THE INITIAL GUESS VALUES. 

no 810 I ~1,NTOP 
OJ 800 J=l,NO• 
~3~S = 
SSUT = 
surus ~ 

SUSDIF = 
SUfJIF = 

800 CONTINUE 
RlO CONTINUE 
820 CONTINUE 

DSOSCCI,J)••2 + S5US 
OSJT<I,J>••~ • SSUT 
OSDSC<I,Jl•JSDT<[~Jj + SDTUS 
OSOSC(l,Jt•<S<l,Jt-SPll,J)) + SUSDIF 
OSDTCI,Jl•(SC I,JJ-SPll,J)I + SUTOIF 

PRINT THE MESSAGE IF SENSITIVITY COEFFICIENTS ARE TOO SMALL 
(OR ZERO). 

55 

!FlSSUS .LE. D.O .OR. SSUT .LE. a.a .OR. SUTUS ~LE. 0.0)60 TO 1040 
DELTSC = (SSUT•SUSOIF-SUTUS•SUTOIF)/(SSUS•SSUT-SUTUS••2) 
IF <8ELTSC .LT. -.95*SC > OELTSC = -.~5•SC 
IF (OELrsc .GT. 2.o•SC J UELTSC = 2.D•SC 
SC: ~C + OELTSC 
IF CSC .~T. 1.0 ) SC= 1.0 
DELTKB = (SUTOif- OELTSC•SUTUSJ/SSUT 
IF (O~LTKA .LT. -.~5•K8 > DELTKB = -.95•KB 
IF ( □ iLJKB .GT. 2 ■ 0•KR ) OELTKA = 2.0•KB 
Ka= Ka. OELTKB 
~R[Tf < WOUT,830) KY, SC 
!F{DR~L> JRITE(IPT1~3301 Kn,sc 

830 FORMAf( 1 REST FIT KB AND SC THIS ITERATION ARE '• F15~8,5X,F10~9 I 
ICOJ~T = ICOUNT + 1 

IF IT DIJ NOT CONVERGE FOR THE GIVEN DATA SET, 
PRINT THE MESSAGE 

[F C ICOUNT .GJ. NITER> 60 TO 1020 

IF THERE IS NO CONVERGENCE ANO ITERATION LIMIT 
NOT EKCEEDEO THEN DO OTHER ITERATION. 

IFCAUSCCTEMPKB-KBJ/KB) .Lr. TOL .ANO. SC .EQ. 1.0 .OR. 
& AB3(CTEMPKB-KBJIKR) all ■ TOL .ANO ■ SC all. l ■ DE-15) 
{ NKB=NKB+l 

IFCNKB @GE. lJ GO TO 1060 
IF<ABS((TEMPKB-KBI/KB>.GT.TOL.OR.ABSC(fEMPSC-SCl/SC>.GT.TOL> 

& GO TO 680 

IF CONVERGENCE SUCCESSFUL THEN PRINT THE •HEST FIT• 
TIME-ORAWUOWN DATA PAIRS* 

IF (TITL .NE~ 1 YES 1 t GOTO 837 
w,1TE(WOUT1305J TITLE 
IF(PRFL> WRITECIPTR,J05J TITLE 

837 CONTINUE 
WRITECWOUT,99, 
WRITE ( WOUT1840)0ATYP 
IF(PRFL) WRIT[(lPTR,840) DATJP 

840 FORMAT &II• ••• THE BEST FIT TIME_•,A8, 1 PAIRS ARE ••• •,/) 



C 

C 

C 
C 
r 

C 
C 

C 

I 

RE-INif A IZ rm: AHR vs AND COMPUT Sf IT 
[ME rrnAMOO\tlN PAIHS OR COl\l [D I/ u OF C 

l\.lCO NV;::: NC ON \I l 
IF(NCONV ■ GE.11 T 9 

0 COl\lTtN 

860 
87 

81 

890 
"~00 
t:J l lJ 

00 860 I= 1,NTOP 
DO 8:'i":f IP 1,NPW 
TC=Tn) 

N ,. f.. l > Git:! T H::5 
TSTOPIIPl)TC=TC- STO <IP) 

,:5 inn::,(SP(l,;J) 
RI rl:.( IP H,'56 ) T 

UT 872> 
60{1H•>l) 
UT ,i,880 l 

RI TE( fH\ > KBt C 
.• THt\NS !SSIVITY (Lu 

S O ICI NJ IS 
n I "11 15 H,1, 

1 11 l fJ., 9 > 

CALCutn rm: rm R O IN fHE • ST FIT• ORAWDOWN. 

I 
J 

SPCI,JJ-S<I,J>J••2 
Pt:l ,H 
I ,J 
·•SP I ,~n 

I J) *:t 2 
cI'11J>*S<Ihn 

= DSQRT<SUM/ORLE<FL AT<NTDP*NOWJ>) 
C CONSTDRA .. ,.. $ "'( SJJ ) GO TO 0 

56 

COMPUTE CORRELATION MEft,JEEN IEUJ OH RVfO DATA J\NO ii B ST FI l'' 
DATA.-
{l THE DATA I OF CONST llNl" D RA WO OWN TY fHE'N 

COR=<SUMSPS-((SUMSP*SUNS>IDHLEI 

& OBLE(FLOAT(NTDP•NOWJJ)J•DSQRT,su SQ (SUM ••2/DB 
W1IT (WOUT ,320) OATYP,SIGMA,COR 
I CPRFL) RIJ (IPTR,920J DATYP,SIGMA,COR 

920 F(lHMAT(/ 1 TH rms R CtR FOR ,MJ," ( J IS 
g, 11 THE: CORRELATION CO FFICI N IS 

iJ,:tIIE< OUT 7 ) 
IF(PRFLJ WRIT (IPTR,872) 
so ro ➔ ~rn 

930 C l\l NU£ 
WRITECWOUT,940t0ATYP,SIGMA 

SKIP THIS 

10" 
I) 

ST P> 



C 
C 
C 
C 
C 
C 

C 

',FHJ .• 5//) 

IF<SPCAP .NE. 1 YES 1 1GO ro 1100 

SPECIFIC CAPACITY CALCULATIONS ONLY P£RFDRMfO WHEN: 
a) the obs~rved drawdown is from the ~umping 

%H~U H:seU; and 
bl the number of oDservat1on ~ells is one and 

is located at a radial distance equal to 
the radius of the pumping well. 

K•;p ::: l 
CALL SPECAP(WOUT,PRFL1IPTR1KSP,NPR,NJOP1T,TP,Q,SP,NOW1 

& NOPW,NVQ,NOM,TLIM,SCAPCT,NOHJ 

1020 WRITE ( WOUT,tD30JNITER 
IFCP~FL> WRITE(IPTR,1 □ 30)NlTER 

1030 FORMAf( 1 DID NOT CONV~RGE IN• 112, •[TERAfIONS 1 ) 

IF[ICOUNT .Gr. NlJ(RJGO ro 1100 
l01Hl CONTINUE 

WHIT£ ( Ji,JOU r, l iJ50 > 
IF(Pqfl) WRITECIPTR,10501 

1050 FORMAT(• SfNSITIVITY COFFFICifNTS TOO SMALL (or zero> •> 
WRIT£(WOUT,1055)Ssus.ssur,sUTUS 
IF(P~~L) WRITE<IPTR,lO~iJSSUS,SSUT,SUTUS 

1055 FOR~AT( 1 THE SENSITIVITY COEFFICIENTS ARE : 1 1//, 

57 

3, 1 3SUS - •,E20~10,/~ SSUT - 1 ,£20.10,/ 1 SUTUS - 1 ,£20.10,//J 
c;:, rn 1100 

10fi!l W~ITECWOUTtlOIO>OATYP 
I~C?aFL> ~RITE<IPTR,L070) 

ltHC! FJRMATC / 1 STORAGE COEFFICIENT (SCt CANNOT 8£ COMPUTED FOR GIVEN 1 ,A8,' 
DAIA'l 

C 
C 

urno 
f! 
& 
$? • . .JI 

1090 

109'\ 
UOfl 
1110 

~ 

w~rr~,waur,l)HCIDATYP 
IF(DRFLJ WRITLCIPTR,1080)0AfV? 
FJ~~ATC I ' ***~DIAGNOSTIC~*** •II, 
'Rddial distance Crl too small and/or ttme of observation Ct) •,I 
• to~ ldrge. The ar~ument of exponential approaches zero. Hence •,/ 
' the value ,,t transm,ssivity is only computed for the ',AR,' data•> 

WRITECWOUT,1090JKB 
IF(PRFLt WRITECIPTR,1090JKB 
FORMAT(//' 6 REST 6 FIT TRANSMISSIVITY (L*•2fTJ IS 
~ii~ I TE ( lil OUT , l O :1•t » 
IF<PRFLJ WRITECIPTR,10941 
FORMA H '56( HI* >l J 
!.lRITECMOUT',lllO) 
FORMAT(' ao YOU WANT ro TRY OTHER GUESS VALUES FOR SC ANO KB.? 19/1 

' C 1\ns'We r YES <H' NO l - ,.. ) 
REAOCRIN,IDJTRIAL 
IF<TRIAL.EQ. 1 YES•J~O TO 1120 
Go ro 11:so 

112D CONTINUE 
~RITECWOUT,1130) 

1130 F01MAT( 1 NEW ESTIMATE FDR SC? 
HEAD<RIN,* >SC 
WR I TE ( '!lli OUT, 114 0 > 

1140 FORMAT(' NEW ESTIMATE FOR KB? 
fF:::l\CHR IN, ,q KB 
NEJTRIAL=NEWTRIAL+I 
G,O TO 6'10 

lHiO STOP 
1160 WRITE(WOUT,1152) 



C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
r 
C 

C 

C 

C 
<:: 
C 
C 
C 
C 
C 
C 

1 0 MAf( c:iH 
sro 

k ·k ft** ·kti:'./1•1< 

I< 

UB lHINE 

PURPOS :: 

CALCULAI H¾E 
AT CONSIANf 
Al\l UlFI NH 

JIO 

/\RGUMf 

SC 
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* * ·?,e ii" * ,,,. ii: • * * .lie 

ORAJiJDOtJN 
OR \I ••• 
{H,WI 

·k 

OR A WELL PUMPING 
DIS At,:E FROM 

ING THE TH IS 
ON TO HYDROLOGY" 

ANO HARBJHH:,H, 

NG R I 0 
F UNCTl ONS 

:11 ,., 

H l I ARBITRARY IMEJ 

/T) 
l,,1£:LL (GA D,I\Y) 0~ (L* 

FT> OR ( U 

ITY {FT>< 2¼0t\ GAU OR CTIL) 
C <L> 
C OTHERWISE 
C 
C ••••••*""********* ****••••••***********•********** 

CALCULA THEIS SOLUTION 

REt\L*8 KB 
I'.'•lPLICIT DOU 
IN H WOUT 

RECISION(A-H,O-ZI 

U=<R**2•SCJl<4.•TT•KB> 
IF(UNI T .,EQ., wu:sa HJ ,.AB1<U 
IF(U .LE.O.,OOJG TO 3 
IF<U GT~ 1 OJGO O 1 
l,!.::-(HJlG(U)•~,.,51121 6G+,, ']9 -n~J 1ru- .. 1t9'HO *ll•HJ+ 

05519i6q•U•U•U-. 0976D04*U**4+.001078 •U•• 
(iO TO 

1 W=<EXPC UJ/U) (U•U+ 33473J•U+ 506 11/ 
CU•U•J~J 065 *U + 1 ■ 6815341 

CONTI!\J!J 
(Q/(4.0• 14159•KH)J•W 

DSDTE = < /(4 0•3 14159*KB• J>•« + XPI-U>J 
osos <fll< ~o :1.~1.tt t<Bk1:>c>->"EXP<.-u> 

n 



C 

C 
C 
C 
C 
C 
C 
C 

C 

3 WR[TE(WOUT14tRtSC1Tf1KH 
4 FORMAT<• URAWDOWN UNDEFINED U TOO SMALL• TERMINATE EXECUTION•, 

t I• SOMf VARIABLES Of POSSIBLE INTEREST ARE:•/ 
& • R = r.w. RADIUS =•,Et~.6/ 
& 1 SC= STORAGE FACTOR =~,E12.6/ 
& 1 TT= TIME =1 ,E12.6/ 
t I KB~ TRANSMISSIV1TV =•1£12 ■ 6J 

SfU/71 
END 

S UBR tHJT I Nf SPE:CAP 

SUAROUTI~E SPECAP (WOUT1PRFL,IPTR,NP~,NPR,NTDP1T,TP,Q,SP1 
& NOW1NOPW,NVQ,NDM,TLIM,SCAPCT,NOBl 

C NOT£: IN TH[S SUBROUTINE NPW IS THE CURRENT PUMPING JELL 
C 
C 
C F>URPO':;[:: 
C 
r PERFORM SPECIFIC CAPACITY COMPUTATIONS FOR PUMPING WELLS 
C 
C 

C 
C 

C 
r, 

C 
C 
f'. 

C 
C 
C 

IM~LICIT DOUBLE PRECISION(A-H.O-Z> 
r~r~GEq WOUT,TL[M(NV1) 
OIM~NSION Q(NOP~tNVQ+lJ ,f(NOM),SCAPCT<NDM>,SP<NDM,NOB>, 

& r~c~1~w,,vQ+l> 
tOG [ CAL PRF1_ 

p:,_ INT HEADING'S 

WRITE<WOUT~lOI NPw 
10 FORMAT(//llX,'SPfCIFIC CAPACITY COMPUTATIONS FOR 1 

l?, ,'PUMPING J.1Clt No: #dJ,fl 
& 79< 1 ••J/9X,~TIME 1 ,14X,•DRAWOOWN',11X, 1 PUMPAGE 1 ,11X, 
& 'SPECIFIC•/64X, 1 CAPAC[TY 1 /10X, 1 [T) 1 ,17X, 1 (LJ•,1JX, 
& '(L••1/TJ 1 ,1DX, 1 (L••2/TJ•I) 

IFCPRFLI WRITE<IPT~,lOJ NPW 

DETERMINE NUMBER OF TIME-ORAWDOWN DATA PAIRS 
BETWEEN PUMPAGE T[ME INTERVALS fOH EACH 

P•UMPING tffLL 

KK ;:: 0 
TLHHl> .. l 
DO 40 I - l ,NPR 
D!J :rn d - 1,NTDP 
IF <Hd> @fH .. TPll\lPW,IH GiOTO :'50 
KK :::: K!< + .l 

5fl CONTINUE 
TLIMCI·H) - Kl< 
K:K .:: 0 

1♦ 0 CONTINUE 

SPECIFIC CAPACITY COMPUTATIONS: 
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C 

DO 10 I = TLIM<IIJ , TLIMCII+l) 
SCAPCT(I) = Q(NPW,IItfSP(l,NO~) 
WRITE(WOUT,601 T<I>,SP<I,NO~),Q(NPW,Ill,SCAPCTtll 
IF<PRFLJ WRITE(IPT~t601 TCIJ,SPfl,NOUJ,QCNPW,II),SCAPCf<I> 

60 FDRMATC4F18.8J 
70 CONTINUE 

TLI~<Il+ll = TLIMCII+lJ + 1 
80 CONTINUE 
90 CONfINUE 

WRITE(WOUT,100) 
100 FDRMAT(/19( 1 • 1 JJ 

RETURN 
END 

60 




