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PREFACE

The series of manuals on techniques describes procedures for plan-
ning and executing specialized work in water-resources investigations. The
material is grouped under major headings called books and further sub-
divided into sections and chapters; section C of Book 7 is on computer
programs.

“Finite-difference model for aquifer simulation in two dimensions
with results of numerical experiments” supersedes the report published in
1970 entitled, “A digital model for aquifer evaluation” by G. F. Pinder as
Chapter C1 of Book 7. The new Chapter C1 represents a significant im-
provement in the computational capability to solve the flow equations and
has greater flexibility in the hydrologic situations that can be simulated.
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FINITE-DIFFERENCE MODEL FOR AQUIFER SIMULATION IN
TWO DIMENSIONS WITH RESULTS OF
NUMERICAL EXPERIMENTS

By P. C. Trescott, G. F. Pinder, and S. P. Larson

Abstract

The model will simulate ground-water flow in an
artesian aquifer, a water-table aquifer, or a com-
bined artesian and water-table aquifer. The aquifer
may be heterogeneous and anisotropic and have ir-
regular boundaries. The source term in the flow equa-
tion may include well discharge, constant recharge,
leakage from confining beds in which the effects of
storage are considered, and evapotranspiration as
a linear function of depth to water.

The theoretical development includes presentation
of the appropriate flow equations and derivation of
the finite-difference approximations (written for a
variable grid). The documentation emphasizes the
numerical techniques that can be used for solving the
simultaneous equations and describes the results of
numerical experiments using these techniques. Of
the three numeriecal techniques available in the model,
the strongly implicit procedure, in general, requires
less computer time and has fewer numerical diffi-
culties than do the iterative alternating direction im-
plicit procedure and line successive overrelaxation
(which includes a two-dimensional correction pro-
cedure to accelerate convergence).

The documentation includes a flow chart, program
listing, an example simulation, and sections on de-
signing an aquifer model and requirements for data
input. It illustrates how model results can be pre-
sented on the line printer and pen plotters with a
program that utilizes the graphical display software
available from the Geological Survey Computer
Center Division. In addition the model includes op-
tions for reading input data from a disk and writing
intermediate results on a disk.

Introduction

The finite-difference aquifer model docu-
mented in this report is designed to simulate
in two dimensions the response of an aquifer
to an imposed stress. The aquifer may be

artesian, water table, or a combination of
artesian and water table; it may be hetero-
geneous and anisotropic and have irregular
boundaries. The model permits leakage from
confining beds in which the effects of storage
are considered, constant recharge, evapo-
transpiration as a linear function of depth
to water, and well discharge. Although it was
not designed for cross-sectional problems, the
model has been used with some success for
this type of simulation.

The aquifer simulator has evolved from
Pinder’s (1970) original model and modifica-
ticns by Pinder (1969) and Trescott (1973).
The model documented by Trescott (1973)
incorporates several features described by
Prickett and Lonnquist (1971) and has been
applied to a variety of aquifer simulation
problems by various users. The model de-
scribed in this report is basically the same as
the 1973 version but includes minor modifi-
cations to the logic and data input. In addi-
tion, the user may choose an equation solving
scheme from among the alternating direction
implicit procedure, line successive overrelax-
ation, and the strongly implicit procedure.
The program is arranged so that other tech-
niques for solving simultaneous equations can
be coded and substituted for the iterative
techniques included with the model.

The documentation is intended to be rea-
sonably self contained, but it assumes that
the user has an elementary knowledge of the
physics of ground-water flow, finite-differ-
ence methods of solving partial differential

1



2 TI‘:]CHNIQUES OF WATER-RESOURCES INVESTIGATIONS

equations, matrix ?lgebra, and the FOR-
TRAN IV language.‘

Theoretical Development

Ground-water flow equation

The partial differential equation of ground-
water flow in a confined aquifer in two di-
mensions may be written as

2 ok, .9 10k D oh
. T.m +_(Tm’r—‘— +— Tw__
2w o) o ‘ay) YT
[} oh oh
+—(T,~—) =S—+W(x,y,t 1
ay( Way:) 5t (z,,0) (1)

in which |
Tios Toyy Tyoy T4y are the components of
the transmissivity tensor

Lty 5
h is hydraulic head (L) ;
S is Ethe storage coefficient

(dimensionless) ;

W(x,y,t) is t$e volumetric flux of re-
charge or withdrawal per
unit surface area of the
aquifer (Lt—1).

The reader is referred to Pinder and Brede-
hoeft (1968) for development and discussion
of equation 1. In the simulation model, equa-
tion 1 is simpliﬁed: by assuming that the
Cartesian coordinate axes « and y are alined
with the principal components of the trans-
missivity tensor, T,.land T,,, giving
0 oh. 0 | oh oh ,
— (T pp—)+— =S——+ W (2,y,t).
ax(T ax) o~ (TW_ET) Sat (%,9,%)
(2)

In water-table aquifers, transmissivity is a
function of head. Assuming that the coordi-
nate axes are co-linear with the principal
components of the hydraulic conductivity
tensor, the flow equation may be expressed as
(Bredehoeft and Pinder, 1970)

[} ok, 0 oh oh
a_x(szb"a—x‘)'Fa(Kvyb—a?):Své?'l'W(x:y’t)

(3)

in which

K.,, K,, are the principal components of

the hydraulic conductivity
tensor (Lt—');

Sy is the specific yield of the aqui-
fer (dimensionless) ;

b is the saturated thickness of the

aquifer (L).

Finite-difference approximations

In order to solve equation 2 or 3 for a
heterogeneous aquifer with irregular boun-
daries, one approach is to subdivide the re-
gion into rectangular blocks in which the
aquifer properties are assumed to be uni-
form. The continuous derivatives in equa-
tions 2 and 3 are replaced by finite-difference
approximations for the derivatives at a point
(the node at the center of the block). The
result is N equations in N unknowns (head
values at the nodes) where N is the number
of blocks representing the aquifer.

Utilizing a block-centered, finite-difference
grid in which variable grid spacing is per-
mitted (fig. 1), equation 2 may be approxi-
mated as

B
i- ° ° ®
D E F
I ° ) ° Ay,
H
i+ ° ° °
-l j jtl

FIGURE 1.-~Index scheme for finite-difference grid and
coefficients of finite-difference equation written for
node (i, j).

|



FINITE-DIFFERENCE MODEL

1 <Tm_a_h) _ (Twa_h>
Ax; 0%/ it 0% /iy,

1 oh ok
+—1 | Tyy— -\ T,—

A?/,I:( v ay>,-+1/2,,- ( * a?/)1—1/é,a':l
S

n (Bijr—hije—1)+Wiin

= (4)

in which

Az; is the space increment in the x direc-

FOR AQUIFER SIMULATION 3

tion for column j as shown in fig-
ure 1 (L) ;

Ay; is in the space increment in the ¥
direction for row 7 as shown in fig-
ure 1 (L) ;

At is the time increment (£) ;

¢ is the index in the ¥ dimension;
7 1is the index in the # dimension;
k is the time index.

Equation 4 may be approximated again as

_}_ T s (Rijyie—hije) T .. (hije—HRij_1x)
AT; o (1,5 Y2) Ax:i+‘é - zz (4,i—Y%) '_A_x]T‘
1 (hi+1jk— iik) (h’ij,k_hi—l,j.k) Sij
b RPN L PR Al | S —h iy
Ay4~[|:T”” (+%.9) Y Ty - N l N (Biie— Pige—a) + Wi
(5)
in which [ 2T orii) Toorii—11 ]
T.zij+w) is the transmissivity between T oo 1231 581+ Taniij—118%; |
node (4,7) and node (¢,7+1); D, ;= - : (7h)
Az, ,  is the distance between node ~ A
(4,4) and node (i,j+1). 2Tsotiit Tas tig+1y ]
Equation 5 is written implicitly, that is, the L Tootii1A% 11+ Too i+ 11425
head values on the left-hand side are at the F,;= ; (Te)
new (k) time level. Following a convention _ AZj _
similar to that introduced by Stone (1968), 2T yyti+1.41 Ty ti
the notation in equation 5 may be simplified Tootii1 AYiir + Typlit 1185
by writing Hy=— —. (7d)

Fi.i (hi,i+ 1,k ht,j,k) _Di,j (h-uk - hi,j—l,k)
+Hvi,j (h'H- 1,5,k hi,j,k) - Bi,j (hi,j,k - hi—-l,j,k)

v (Baje— i g 1) + Wi (6)

in which

2T,,,, [4,41] Tw [i—1,71

[Tyu (43181 + Ty 1i-1.4) Ayi] (7a)

Ay,
The term in brackets is the harmonic mean of

B ;=

TW [47] Tw [¢—1,71

AY; AY; 4

It represents the ratio T,,,,('._,,2 )/Ayi_l/2 in
equation 5. '

Similarly,

Ay,
Use of the harmonic mean (1) insures con-
tinuity across cell boundaries at steady state
if a variable grid is used, and (2) makes the
appropriate coefficients zero at no-flow
boundaries.

Equation 6 is also used to approximate
equation 3 by replacing S with Sy and defin-
ing the transmissivities in equations Ta
through 7d as a function of the head from the
preceding iteration. As an example,

T Koounbisy

2w(4,4)
in which 7 is the iteration index.

The notation may be simplified further by
omitting subscripts not including a “+1” or
“—~1” (except where necessary for clarity)
and by following the convention that un-
known terms are placed on the left-hand side
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of the equations. Equation 6 may be rear-
ranged and expressqd as

Bhi_y+Dh;_,+Eh+Fhy .+ Hh . =Q (8)

in which ’

i
E=—(B+D+F+H+_§t_);
! A

S

_hk—l +FW-
At

Q=_

Source term

The source term W (z,y,t) can include well
discharge, transient/leakage from a confining
bed, recharge from precipitation and evapo-
transpiration. In thie model the source term

is computed as !

= Qre Liide] — @ ig 0t Qet [3,5,01

in which
Quw (i1 1s the well discharge (L*t—*);
Trorisk 1S the recharge flux per unit area
(Lt—*);
is the flux per unit area from a
confining layer (Lt—*);
Jetrize) 1S the evapotranspiration flux
per unit area (Lt—1).

’
qi,5.%

Leakage

Leakage from a confining layer or stream-
bed in which storage is considered may be
approximated by

| —n ,
%= (h l K’ & /[ Kt K, .
Cige=(Rojo—hijn) m—pa—~z— {1+2 > exp|(—2 [t + (P j0= Pii0) (9)
i o n=1 3m2 S M,
ImE S 1,5 4i 8lid]
i alidl
in which l Equation 9 is modified from Bredehoeft and
B jo is the hydraulic head Pinder (1970, p. 887) ; note that it is the sum
l in the aquifer at the | Of two terms; the first term on the right-
start of the pumping hand side of equation 9 considers transient
| period (L) : effects ; the second term is steady leakage due
Riio ' is the hydraulic head | to the initial gradient across the confining

on the other side of
| the confining bed
(L);
is the hydraulic con-
ductivity of the con-
fining bed (L/%);
my; is the thickness of the
confining bed (L) ;
is the specific storage
in the confining lay-
er (L—%);
(K’i,jt/m@?JS EW]) is dimensionless time;
see Bredehoeft and
Pinder (1970) for a
discussion of leak-
age versus dimen-
sionless time;
t is the elapsed time of
the pumping period

(D).

’ l
1,2 |
|
I

Ssrii »

bed. (See fig. 2.) Figure 2 illustrates the
head distribution in the confining layer at
any given point in the aquifer system at two
different times in each of two successive
pumping periods. (The succession of head
values in the aquifer is shown by ki, . . .
;) The solid line represents the head dis-
tribution at the beginniAng of the pumping
period; the gradient ((hijo—Pijo0)/mi;) ap-
pears in the second term of equation 9. The
hatchured line represents the head distribu-
tion in the confining bed after stressing the
pumped aquifer and is a summation of the
initial head distribution and the change in
head distribution due to the stresses on the
aquifer. The factor T in figure 2 represents
the part of the first term in equation 9 inde-
pendent of head (that is, the transient leak-
age coefficient).

In figure 2a the confining bed is assumed to
have significant storage, pumping has low-
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ered the head to k;;, and the net (or total) tablished. (See fig. 2b.) Then if the stress on
gradient is for some dimensionless time <0.5. | the aquifer is changed by turning off pump-
After transient effects have dissipated, a uni- | ing wells and starting recharge wells, the
form gradient across the confining bed is es- | initial head distribution in the confining bed

+e——— h — —

A A
hi 0 hy,1,0
’ Ve VNN NN //////f//TT K:
T>M Confining R
L7m ; Bed mij Lom
Y e | | J/
s o hign e o cho o g2
~ Aquifer-
a b.
A A
hi,0 hij0
7777 77777777 TR 777777777 A7
K| Confining /T K
TL>m—|,j Bed mi’j L:a';j‘
(L L dtdet L[ DKL E/ /L L1 L1 //*/
oohgse T hijo hga e 0 hijo
-Aquifeif.
c. d.
. K'ij
Qjk = Tethjo—h Kt m(hi,j,o_hi,j,o)

EXPLANATION

Initial head in confining bed
wunwnwns: Head in confining bed after stressing
the aquifer

FIGURE 2.—In the first pumping period, (a) illustrates the head distribution in the confining bed at one time
when transient leakage effects are significant; (b) illustrates a time after transient effects have dissipated; in
the second pumping period, (c) is analogous to (a) and (d) is analogous to (b).
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I

for the new conditiohs is shown in figure 2c
and is equal to the final distribution for the
first pumping period[. The net head distribu-
tion in figure 2c¢ is affected by storage in the
confining bed and is for some dimensionless
time <0.5 (in the second pumping period).
After storage effects have dissipated, the net
gradient is shown in figure 2d.

For a simulation of several pumping peri-
ods, the program assumes that transient leak-
age effects from previous pumping periods
have dissipated. This:r, is accomplished at the
start of each pumping period by initializing
h; ;o to the head at the end of the previous
pumping period and setting ¢ (and thereby
dimensionless time) 'to zero (note that the
parameter storing tH[e cumulative simulation
time is not affected); The assumption is rea-
sonable if dimensio?less time for previous
pumping periods is at least 0.5 (Bredehoeft
and Pinder, 1970, fig. 4) and can be checked
by noting the value of dimensionless time
printed in the output for the end of the previ-
ous pumping period. LIf the assumption is not
valid, the code will need to be modified to in-
clude transient effects for one or more previ-
ous pumping periods.

hi,j,OT

|
]
|
|
|
|
|
' Oh
)

HEAD IN AQUIFER

hij | ————————— == L

In the model, equation 9 is used until di-
mensionless time reaches 3 X10-—32; otherwise,
the equation

Q@ ijxzz (Rijo—hijz)

K’y &
1+2 Z exp| - n*»*

L% n=

E:'i’jt K'i,' ~
<3—m:S——>]}+ P~ (hijo—hijo) (10)
g 8lid] s

is used. Equation 10 is computationally more
efficient for dimensionless times greater than
about 3103,

The transient parts of equations 9 and 10
are based on the analytic solutions for the
flux from a confining layer resulting from an
instantaneous stepwise change in head in the
aquifer. The factor of 1/8 appearing in di-
mensionless time is included in order to
approximate the transient flux resulting from
the actual drawdown in the aquifer. In effect
the transient flux is approximated by apply-
ing a step change in head equal to the draw-
down from the start of the pumping period
at 1/3 of the elapsed time in the pumping
period. (See fig. 3.)

The results of several numerical experi-
ments indicate that it would be better to use

b.
[ad
Ll
>
<T
-
&)
Z
Z
w . .
= «— Analytic solution
O w*
© dijk————
=
o
o
[F — t/3 -
>
oD
—
[V

TIME SINCE PUMPING STARTED,
IN THE CURRENT PUMPING PERIOD

FIGURE 3.-—The total dr%awdown at the elapsed time, t, in the pumping period (a) is applied at t/3 in equations
, 9 and 10 to approximate ¢':.;,», the transient part of g’«,;,x (b).
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10 I T
8 =0.021
o
~
% 10'— —
<
Factor = '2\ /‘_____4,._—5—-—"5
\Facfor =3
\Hantush's solution
0 | |
10 1074 1073 1072 107

K't/m2$5

FIGURE 4.—Comparison of analytic solution and numerical results using factors of 2 and 3 in the transient
leakage approximation.

a factor of 1/3 rather than the factor of 1/2
used in the approximation by Bredehoeft and
Pinder (1970). In figure 4 are plotted nu-
merical results and Hantush’s (1960) ana-
lytic solution for g=0.021 (8=0.25 » [K'S,/
TS]*% and r is the radial distance from the
center of the pumping well). The drawdown
values using a factor of 1/3 are below but
very close to the analytic curve after the first
few time steps. The results using a factor of
1/2 are close to the analytic solution but are
about twice as far above the analytic curve
as the factor of 1/3 results are below the
curve. In figure 5 are plotted the percent
difference between the volume of leakage

Qet
. Qet
R (2 ET,
0

computed numerically and the volume deter-
mined analytically. Two sets of data are
shown: a 14-step simulation between dimen-
sionless times of 10—° and 5.8 X102 and an
11-step simulation between dimensionless
times of 5.8xX10—2 and 4.4X10-*. Based on
those experiments, if 4 or 5 time steps are
simulated before the period of interest, the
volume of leakage and the drawdown com-
puted numerically using a factor 1/3 in equa-
tions 9 and 10 are close to the analytic solution.

Evapotranspiration

Evapotranspiration as a linear function of
depth below the land surface is computed as

[P e =G s)

(Gij—hie) [ET.> (Giy—hije) 3 hiju<Gijl

[ET.=(Gij=hijze) ] (11)
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50 I I l
X
40 —
g =0.0
30— —
w
o
& \
& 20 X -
-
=
a
=
w 10— X —
O Factor = 3\
g \X/ \u
_ g ‘A\%\x__x
0 \ i SR NSV Ve X
{ ]
\ I
° Factor = 2 ‘\._’.’.’0
\./ ./.
-10 — N~ /./ —
*— . _’./.
o—O0— @
20 ! ! |
10-4 1073 1072 107 10°
K't /Sgm?

FIGURE 5.—Percent difference between the volume of leakage computed with the model approximation and
Hantush's analytical results.

in which

Q.: is the maximum evapotranspiration
rate (Lt—1);

ET, is the depth below land surface at
which evapotranspiration ceases
(L);

Gi; is the elevation of the land surface
(L).

This relationship (illustrated in fig. 6) is
treated implicitly by separating the equation
into two terms ': one term is included with
the E coefficient on the left-hand side of
equation 8; the other is a known term in-
cluded in @ on the right-hand side of equa-
tion 8.

Other functions for evapotranspiration
can be defined (for example, decreasing ex-

1 Some of the methods for implicit treatment of evapotranspira-

tion, storage, and leakage have been adapted from Prickett and
Lonnaquist (1971).

ponentially with depth), but it may be more
difficult to treat these relationships numeri-
cally. The easiest approach is to make evapo-
transpiration an explicit function of the head
at the previous iteration, but this may cause
oscillations and difficulties with convergence.
Normally, the oscillations may be dampened
by making evapotranspiration a function of
the head for the two previous iterations. A
more sophisticated approach is to use the
Newton-Raphson method, which is a rapidly
converging iterative technique for treating
systems of non-linear equations. (See, for
example, Carnahan, Luther, and Wilkes,
1969, p. 319-329.)

Computation of head at the radius
of a pumping well

The hydraulic head computed for a well
node represents an average hydraulic head
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‘ Qet computed for the block and is not the head in
a well. An option to compute the head and
drawdown at a well is included in the model.
This computation uses the radius, r,, of a
hypothetical well for which the average value
of head for the cell applies. An approximat-
ing equation is then used to make the extra-
polation from 7, to the radius of a real well.
The radius 7, can be computed as (Prickett,
1967)
re=r./4.81 (12)
in which r,=Ax;=Ay; (fig. 7). Equation 12
assumes steady flow, no source term other
than well discharge in the well block, and that
0 N the area around the well is isotropic and
G: G: . -ET homogeneous. The derivation of equation 12
bl bl =72 can be seen with reference to figure 7 in
DEPTH BELOW LAND SURFACE which the four nodes adjacent to node i,j are
FIGURE 6.—Evapotrahspiration decreases linearly from assumed to h_ave }Tead values equal to the
Q.: where the water table is at land surface to zero value at _nOde =19 In figure 7a or'le.-(.luarter
where the water table is less than or equal to | Of the discharge to the well node 7,7 is com-
Gi,;—ET.. . puted by the model as

EVAPOTRANSPIRATION RATE

hi—1,j,k
®

]
il

«—————— AX ——————>

a b

) FIGURE 7.—Flow from cell (i—1,j) to cell (i,){(a) and equivalent radial flow to well (i) with radius r.(b).
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Qo il Ah
= ATy, —
Ay

(13)
in which

AR =hi_q 56— Rije;

Ti5=Trati) = Tyutiin-
The equivalent discharge for radial flow to
the well is given by the Thiem (1906) equa-
tion expressed as (see fig. 7Tb)

Cetin Ty _ah__ (g
4 2 In(ry/re)

Equating the discharges in equations 13 and

14 gives equation 12.

The Thiem equation is commonly used to
extrapolate from the average hydraulic head
for the cell at radius 7, to the head, &, at the
desired well radius, r, (Prickett and Lonn-
quist, 1971; Akbar, Arnold, and Harvey,
1974) and is written in the form

Qw{i,j,k]
Equation 15 assumes that: (1) flow is within
a square well block and can be described by a
steady-state equation with no source term
except for the well discharge, (2) the aquifer
is isotropic and homogeneous in the well
block, (3) only one well is in the block and it
fully penetrates the aquifer, (4) flow is lami-
nar, and (5) well loss is negligible.

In an unconfined aquifer, the analogous
equation is

hw=hi,j.k— In (re/1w). (15)

Hw=l/ngk _ etk e (16)
o ﬂ'Ki’j
in which
Hi;v=h;,—BOTTOM (1,J) is the satu-
rated thickness of the
aquifer at radius 7,
(L);
H, is the saturated thick-

ness of the aquifer at
the well (L) ;

Kij=Keoisy =Kyy1iir s

BOTTOM (I,J) =elevation of the bot-
tom of the aquifer
(The uppercase let-

ters indicate that this
parameter is identical
to that used in the
model.)

When the saturated thickness computed with
equation 16 is negative, the message, ‘X,Y
WELL IS DRY’ is generated. This situation
has no effect on the computations, but should
stimulate, careful consideration of the value
of results for subsequent time steps in the
simulation.

The conditions when the Thiem equation
or equation 16 will be accurate can be com-
puted. Table 1 was prepared to give a few
examples of the head values computed by the
model with the Thiem equation for a well
with a radius of 1.25 feet in an infinite leaky
artesian aquifer and in an infinite nonleaky
artesian aquifer. The analytic solutions for
these conditions are included for comparison.
A variable grid was used in the model but
the dimensions of the well block were Ax=Ay
=1,000 feet. For conditions which depart sig-
nificantly from the assumptions given above
(for example, a well in a rectangular block
with anisotropic transmissivity or a well in
a large block that has a significant amount of
leakage) the results using equations 15 and
16 should be checked with a more rigorous
analysis. Additional drawdown due to the
effects of partial penetration and well loss can
be computed separately or added to the code
as needed.

Table 1.—Comparison of drawdowns computed with
equation 15 and the analytic values

Dimen- Drawdown
sion-
Time less Approxi-
Aquifer step time mation  Analytic
Nonleaky Tt/r2S
artesian ... 3 3.0 X 10° 41.1 427
14 8.7 X107 58.3 58.1
Leaky K't/m?2S,
artesian _____ 3 0.028 51.8 52.1
9 44 57.1 67.3

Combined artesian—water-table
simulation

Simulation of an aquifer that is partly con-
fined and elsewhere has a free surface re-
quires special computations for the trans-
missivity, storage coefficient, and leakage
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term. The following paragraphs describe the
computations required. Some of the methods
of coding these procedures have been adapted
from Prickett and Lonnquist (1971).

Transmissivity

The transmissivity is computed as the satu-
rated thickness of the aquifer times the hy-
draulic conductivity. This computation re-
quires that the elevations of the top and bot-
tom of the aquifer be specified. Where the
aquifer crops out, the top of the aquifer is
assigned a fictitious value greater than or
equal to the elevation of the land surface.

Storage

The storage term requires special treat-
ment at nodes where a conversion from ar-
tesian to water-table conditions, or vice versa,
occurs during a time step. The program first
checks for a change at a node during the last
iteration. If there has been a change from
artesian to water-table conditions, the stor-
age term is

Syt
At

(h?

» —h,. )—SUBS

jk—1
in which

SUBS = (hi;,x—1 —TOP(1,d))
(Si,—Syrii1) /At;

TOP (1,J) =elevation of the top of the
aquifer.

The purpose of SUBS is to correctly appor-
tion the storage coefficient and specific yield
according to the relationship in figure 8a.

For a change from water-table to artesian
conditions, the storage term is

Sij -
_At_( .

1,0k

— hw, e SUBS
in which

SUBS= (hys—1—TOP(LJ)) (Syrii
—S;;) /AL

SUBS subtracts the storage coefficient and
adds the specific yield for the distance B illus-
trated in figure 8b.

Leakage

To treat leakage more realistically if parts
of an artesian aquifer change to water-table
conditions, the maximum head difference
across the confining bed is limited to k.0
—-TOP (1,J).

Two examples illustrate the calculation of
leakage in conversion simulations. In figure
9a the head at the start of the pumping Qeri-
od, h;;, is below the water-table head, ki,
but above the top of the aquifer; the current
pumping level is below the top of the aquifer.
The applicable equation is

- “hi k-1 " “Confining bed o
R PIEN. I (L L LS LL L TOP NSO NNENENNINN,
— hi?k B
| -2 BT
Aquifer = o
a. b.

FIGURE 8.—Storage adjustment is applied to distance A in conversion from artesian to water-table conditions
(a) and to distance B in conversion from water-table to artesian conditions (b).
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A A
< hijio = hij0
'/'/'/7-/‘/’/////f//./////////f///////.;/'/.////
' Z hi;.0 Confining bed
//[///////////// TOP //////////////////
~ hif —Z— hijo
__Y_ h."
Pumped - Lk
aquifer
a. b.

FIGURE 9.—Two of the possible situations in which leakage is restricted in artesian-water-table simulations.

4 ~
Qije= %—”—( hi o= Rijo0)

¥ + Ty (hijo—TOP(LJ)).
For this situation ¢’; ;5 appears on the right-
hand side of the difference equation and is
treated explicitly. Only if both k. ;, and h"
are above the top of the aquifer is the leakage
term treated implicitly by including 7', in the
E coefficient. This is accomplished in the code
by setting U=1.

In the second example (fig. 9b), both A ;.

and h"] are below the top of the aquifer and
the equation for leakage reduces to

1‘)1 ”~
Qi je=—"_hi;,—TOP(I1,J)).
m.

If leakage acrosléja subjacent confining bed
is significant, it will be necessary to add a
second leakage term. The flux described by
this term will not be restricted where water-
table conditions occur.

Test Problems

In a subsequent section the computational
work required for solution of four test prob-
lems by the numerical techniques available in
the model is analyzed. It is appropriate, how-
ever, to introduce the test problems here be-
cause they are used in the discussion of itera-
tion parameters in the section on numerical

techniques. The problems are for steady-state
conditions since the resulting set of simul-
taneous equations are more difficult to solve
than are the set of equations for transient
problems which generally involve smaller
head changes.

For each of these problems a closure cri-
terion was chosen to decide when a solution
is obtained to the set of finite-difference equa-
tions. (See Remson, Hornberger, and Molz,
1971, p. 185-186.) Normally, in this mode],
a solution is assumed if:

Max | h*— hn—1 \ =

where ¢ is an arbitrary closure criterion (L).
For the purpose of the numerical compari-
sons given later in this documentation, the
absolute value of the maximum residual (de-
fined by equation 28) is used to compare
methods.

The first problem is a square aquifer with
uniform properties and grid spacing (fig.
10). The finite-different grid is 2020, but
only 18 rows and columns are inside the aqui-
fer because the model requires that the first
and last rows and columns be outside the
aquifer boundaries. Two discharging wells
and one recharge well are the stress on the
system; boundaries are no flux except for
part of one side which is a constant-head
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PROBLEM CHARACTERISTICS
Transmissivity: Txx = Tyy = 0.1 ft ¥s (0.009m %/s)

Grid spacing:ax =ay = 5000 ft (1500m)
Dimensions of grid. 18x18

~
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15—
10—
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W///////////ﬁ///////////////////////////

13

EXPLANATION OF SYMBOLS

Constant head boundary, elevation O ft (0 m)
No-flow boundary

Discharging well at 2 ft 3/s (0.06 m¥/s)
Recharging well at 2 ft 3/s (0.06 m¥/s)

~—5—"Line of equal drawdown
Interval 5 ft. (15 m)

FIGURE 10.—Characteristics of test problem 1.

boundary. A closure criterion of 0.001 foot
(0.0003 metre) was used.

Konikow (1974) designed the second prob-
lem in his analysis of ground-water pollution
at the Rocky Mountain Arsenal northeast of
Denver, Colo. It is included as one of the
test problems because it is typical of many
field problems and because there is some diffi-
culty in obtaining a steady-state solution with
the alternating-direction implicit procedure.
The transmissivity distribution is shown in
figure 11; note the extensive areas where the
transmissivity is zero because the surficial
deposits are unsaturated. The finite-differ-
ence grid representing this aquifer is 25x 38
with square blocks 1,000 feet (300 metres)
on a side. The model has constant-head
boundaries at the South Platte River and
where the aquifer extends beyond the limits
of the model; elsewhere no-flux boundaries
are employed. Although this is a water-table
aquifer, it is assumed for problem 2 that

transmissivity is independent of head. The
model includes 49 irrigation wells and re-
charge from canals and irrigation. In figure
11 the observed water-table configuration is
shown, and it is used as the initial surface for
the simulation; the computed water table is
generally within a few feet of the observed.
For this problem the closure criterion is 0.001
foot (0.0003 metre).

The third problem is a cross-section with
three horizontal layers and other character-
istics shown in figure 12. Transmissivity
equals hydraulic conductivity for this prob-
lem because it is conceived as a slice one unit
wide. The values for transmissivity are arbi-
trary. Note in particular that the horizontal
conductivity is 100 times the vertical conduc-
tivity in all layers and that the middle layer
acts as a confining layer between the upper
and lower layers. The coefficients B;; and
H,,, however, are 100 times greater than the
horizontal coefficients D, ; and F;; because of
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39°55 104°50'

104°47'30"

1000 — 10,000

10,000 — 20,000
®
N More than 20,000

39°50

39°50’

EXPLANATION
0 5000 10,000 Feet
0 1000 2000 3000 Metres

—31509.___ Water-table contour shows
altitude of water table.
Contour interval 10 ft (3m)

Datum is mean sea level.

FIGURE 11.—Transmissivity and observed water-table configuration for test problem 2 (fieldwork and model design
by Konikow, 1975).

the grid spacing used. For this problem, the
closure criterion is 0.0001 feet (0.00003
metre).

In the third problem the upper boundary
(the water table) is fixed as a constant-head
boundary. It could also be treated as a no-flow
boundary which would effectively confine the
system. This model was not designed specifi-
cally for simulation of cross sections, and
consequently it does not have provision for
a moving boundary. Rather than modifying
this one-phase model for a moving-boundary
problem, it would be better to design a model
specifically for this purpose. The two-phase
model described by Freeze (1971) is a good
example.

The fourth problem is to consider the
water-table case of the second problem. The
only difference from problem 2 is that trans-
missivity is dependent upon (1) head in the
aquifer, (2) aquifer base elevation, and (3)
hydraulic conductivity of the aquifer.

Numerical Solution

In Pinder (1969) and Trescott (1973) the
iterative, alternating-direction implicit pro-
cedure (ADI) was the only option available
for numerical solution. For many field prob-
lems ADI is convergent and competitive, in
terms of the computational work required,
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PROBLEM CHARACTERISTICS

Transmissivity Txx = 100 Tyy

Grid spacing ax = 1000ft (300m)

ay =10 ft {3m)

METRES
0 1500 30!00

180J l

—
N
(=]

FEET

130

\

[=2]
[

i
135
Tyy =0.01 ft %/5 {0.0009m?%/s)

140
X

o

o \‘L//////////////////// d[////////////////

6000

FEET

12000 18000

EXPLANATION

— Constant head boundary

}gg-_—_ Equipotential hines

77777777 No-flow boundary
Vertical exaggeration 83 1

FIGURE 12.—Characteristics of test problem 3.

with other iterative techniques available. It
may be difficult, however, to obtain a solution
for some problems with ADI (for example,
steady-state simulations involving extremely
variable coefficients). Consequently, it is con-
venient to have available other numerical
techniques that may be more suited than ADI
to particular problems. The three numerical
methods available with this model are ADI,
the strongly implicit procedure (SIP), and
line successive overrelaxation (LSOR).

The following sections outline the compu-
tational algorithms for the three numerical
methods. More details are given in the discus-
sion on SIP, because that method is more
complex.

For additional details on the theory behind
the methods and rigorous analysis of conver-
gence rates, see for example, Varga (1962)
and Remson, Hornberger, and Molz (1971).
The methods are presented in order of
increasing complexity. In general, the more
complex methods converge more rapidly and
are applicable to more types of problems than
the simpler methods such as LSOR. For clari-

ty, the numerical treatment of the source
term is left to other sections.

Line successive overrelaxation

Line successive overrelaxation (LSOR)
improves head values one row (or column)
at a time. Whether the solution is oriented
along rows or columns is generally immateri-
al for isotropic problems but has a signifi-
cant affect on the convergence rate in aniso-
tropic problems. The solution should be
oriented in the direction of the larger coeffi-
cients, either B;; and H,; or D;; and F;;
(Breitenbach, Thurnau, and van Poollen,
1969, p. 159). Differences in the magnitude of
the coefficients may result from anisotropic
transmissivity or from a large difference in
grid spacing between the z and ¥ directions.
In problem 3 the largest transmissivity is in
the horizontal direction in each layer, but the
small grid spacing in the vertical direction
makes the coefficients B;; and H,;» D,; and
F.;

With the solution oriented along rows, an
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intermediate value is computed by the line
Gauss-Seidel iteration formula,

Dht_ +Eht+Fht =@, j=12,...,N, (17a)

71—1
in which
S
Q)\= W—Bh';_l_th—l -

1 Af k-1 )
hi is the intermediate head value at node
(%,9);
N, 1s the number of nodes in a row.

Equation 17a can be expressed in matrix
form as

ARt =0Q,. (17b)

In order to reduce rounding errors, equa-
tion 17b is put in residual form. (See Wein-

E, F,
row 1 D, E, F,
D, FE, 0
0 E’4 F4
D, E, F,
D, E,
oh _
3y =9

[
hy h; hs
¢ ® @

hs h

h=Ho ¢ . o |ah_,
N 0X
e
h7 hg h9
*— \ 4 -@
h = Ho J
FIGURE 13.—Hypothetical problem with 9 interior
nodes.

Boundary conditions are not included in this
equation because they are treated in the

mogel without adding or subtracting terms
to Br—1,
A

stein, Stone, and Kwan, 1969, p. 283, and
Breitenbach, Thurnau, and van Poollen, 1969,
p. 159.) This is accomplished by adding and
subtracting A,A"~! to the right-hand side of
equation 17b giving

ARt =Qy+ A= A (17c)
Rearrange equation 17¢ to read
Adt =Ry (174)
in which
E=Rht—hr—1;

R)\n—l = Q-)\__‘4=)\En—l.

Equation 17d is the LSOR residual formula-
tion and expanded has the following form for
a 3X3 problem (fig. 13):

£ Ry

¢ Ry

3 Ry

£} Ry

¢t || Byt

0 ¢ Ert
E, F, 3 Ry
D, E, .Fy 5: R;g_l
D, E, || B

The first row is solved by the Thomas al-
gorithm for simultaneous equations with a
tridiagonal coefficient matrix. The Thomas
algorithm is given in many references. (For
example, see Pinder and Bredehoeft, 1968;
von Rosenberg, 1969; Remson, Hornberger,
and Molz, 1971.) It is outlined below for
equation 17 using notation from the program
code (The coefficients D, E,F', and the known
term R»—! have been subscripted with {i,7]

for clarity). BE, is an intermediate
coefficient.
Recognizing that

Di,=F;5,=0,
an intermediate vector G is computed by for-
ward substitution as
W =E;,—Di;(BE,_,),
BE,=F,;/W
Gy = (B 'ty —Di, (Gi=1) ) /W.

|
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The values of ¢ for row ¢ are then computed
by backward substitution as

= G —BFE
J 1 S LE
where
I ={(;x
§1,Nz,k Gra
since
BENZ = 0.

The head values for row 1 are then com-
puted by the equation

W =l totl, §=1,.. N,

If w is 1, the solution is by the line Gauss-
Seidel formula, but convergence is slow in
general. The convergence rate is improved
significantly by “overrelaxation” with 1<o
< 2. Discussion of the acceleration parameter
is deferred until after the following section
on two-dimensional correction.

Two-dimensional correction to LSOR

In certain problems, the rate of conver-
gence of LSOR can be improved by applying
a one-dimensional correction (1DC) proce-
dure introduced by Watts (1971) or the ex-
tended two-dimensional correction (2DC)
method described by Aziz and Settari (1972).
These methods remove the components of
certain eigenvectors in the LSOR iteration
matrix from the solution vector. If the eigen-
values associated with these eigenvectors
dominate the problem, particularly those in-
cluding anisotropy, the convergence rate is
greatly improved.

The 2DC method is applied after one or
more LSOR iterations. The corrected head
values are used as an improved starting point
for the next iteration and the process is re-
peated until convergence is achieved.

The two-dimensional correction for the
head at (4,7) is defined as

R e
in which
h;';,k is the corrected head at iteration n;
a; is the correction for row 7;
B, isthe correction for column j.
N, is the number of nodes in a column.

An approximate equation for « is
B',La@_l +E'iaq; +H’@-ai+1

=R’,i=12,..,N, (18)
in which
B’i = _E:Bm,j;
J
_2(B¢]+Hw+§’]—) N
) At
H'\ = —E_Hw‘;
7
R/,1;=2.R?] ;
] 5
R" =B1 ]h:b 1,5,k +D1 )h:L] 1k +E1 ]h:L] 1
+F1 ]h/:bH-l I Hi)]hi+1,j,k +S_1’;__h%],’k_l_ Wi,],k;
A

An approximate equation for E is
D’jﬁj_1+E/]§]+F,jﬁj+1=:R’j,j =1,2,. . .,Nm

(19)
in which
D,j= —ED@;;
%
’ Si,]
F ,~=2(Dm+F“+___.) ;
) At
F')=—3F;;
)
R’,~=2_R;‘)j
1

Equations 18 and 19 are derived with the
following equations

N,
Z R;";=O, 1=1,2,...,N,
f=17”
and
N,
Z R';'j=0, i=12,...,N,
i=1

which force the sum of residuals for each row
and each column to zero when the vector A**
is substituted into equation 8. Aziz and Set;
tari (1972) give the exact equations for «
and E but point out that equations 18 and 19
are good. approximations and, in practice, are
easier to solve. For example, equation 19,
which used alone is Watts’ 1DC method, is
written in matrix form as
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E, F, B R
Dlz E,z F,z ,§‘2 = R,z
D, By Bs R,

for the problem in figure 13. Equationi 18 has
an analogous form and both are easily solved
by the Thomas algorithm.

Note that = and 8 in the model are zero for
those rows and columns in which one or more
constant-head nodes are located. If & and S
were not zero it would not be possible to
maintain a constant value at the appropriate
nodes. As Watts (1973) points out, therefore,
the procedure is most useful in simulations
dominated by no-flow boundaries. For those
simulations in which 2DC is useful, it is gen-
erally better to apply the corrections after
several rather than after each LSOR itera-
tion. After experimmenting with a few prob-
lems, we have found it practical to apply 2DC
after every 5 LSOR iterations.

LSOR acceleration parameter

The optimum value of » for maximum rate
of convergence lies between 1 and 2 and is
commonly between 1.6 and 1.9. If only one
or two runs will be made on a problem, it is
probably best to choose an » based on experi-
ence. If. many runs will be made, it will be
worthwhile to use an « close to the optimum
value. For simple problems o, can be com-
puted as explained, for example, by Remson,
Hornberger, and Molz (1971, p. 188-199) us-
ing the equation

= _2 (20)
1+v/1-p(G)
in which
)
/D(G)=—————I Fo

max

p(G) is the spectral radius (dominant eigen-
value) of the Gauss-Seidel iteration matrix.
For typical field problems it is possible to use
equation 20 to estimate o, in an iterative
process if 2DC is not used. In the first simu-
lation of the problem, set »=1.0 and allow at
least 100 iterations. In applying this method

to problems 1, 2, and 3 it took 25 iterations
to arrive at wop for problem 2, but about 100
iterations to obtain w.,, for problem 1 and 3.
Obviously this method may involve a lot of
computational effort to obtain wey. More effi-
cient methods using equation 20 have been
devised to update » during the iteration proc-
ess. For example, Breitenbach, Thurnau, and
van Poollen (1969) use a modified form of
Varga’s (1962) “power method,” Carré’s
(1961) method is described by Remson,
Hornberger, and Molz (1971, p. 199-203),
and Cooley (1974) has a simple method for
improving » for transient problems.

Figure 14 illustrates the rate of conver-
gence of LSOR and LSOR+2DC for test
problems 1, 2, and 3 using different accelera-
tion parameters chosen by trial and error.
The values exceeding 100 iterations for prob-
lem 1 were estimated by using a plot, which
is nearly a straight line, of the absolute value
of the log of the maximum residual (defined
by equation 28) versus the number of itera-
tions. This plot was extrapolated to the value
of maximum residual that corresponded
roughly to the closure criterion chosen for
the problem. The same procedure was used
on problem 3 for values exceeding 200
iterations.

For problem 1 the oplimum acceleration
parameter is 1.87 for LSOR. Two-dimension-
al correction significantly improves the con-
vergence rate of LSOR for this problem with
an optimum acceleration parameter of 1.7. In
problem 2, 2DC hLad no effect on the rate of
convergence of LSOR because of the numer-
ous constant-head nodes in the problem. Con-
sequently, the optimum acceleration parame-
ter is 1.6 with or without the application of
2DC. In problem 8, with LSOR oriented
across the bedding, v, is 1.88 for LSOR and
about 1.70 for LSOR +2DC. Note in problems
1 and 8 that finding o, for LSOR is more
critical than with LSOR+2DC. LSOR is
poorly suited for problem 4 because too many
nodes drop out in the iteration process if
1<w<2. Satisfactory results for problem 4
at the expense of slow convergence are ob-
tained if v« =0.5 (See fig. 23.)
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PROBLEM 1 PROBLEM 2 PROBLEM 3
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ACCELERATION PARAMETER

FIGURE 14—Number of iterations required for solution by LSOR and LSOR + 2DC using different acceleration
parameters.

Alternating-direction implicit
procedure

Peaceman and Rachford (1955) described
the iterative, alternating-direction implicit
procedure for solution of a steady-state (La-
place) equation in two space dimensions. This
procedure, however, is equally applicable to
transient problems where it has the advant-
age of allowing larger time steps than can be
used with non-iterative ADI. (Non-iterative
ADI was used by Pinder and Bredehoeft,
1968.) In the ADI technique, two sets of
matrix equations are solved each iteration.
The equations for rows in which head values
along rows are computed implicitly and those
along columns are obtained from the previ-
ous column computations are defined as
Dhr—%+ E .Y + Fhr—%

J—1 i+1

=Qr, i=12,.. Ny (21a)

in which

S

Q.=—Bh~! + (B+H-M)h»—?

11

_th—1__§_hk_1+ w;
At

M, is the iteration parameter;
! is the iteration parameter index.

In matrix form egua,tion 21a is
A% =Q,. (21b)

To put equation 21b in residual form, add and
subtract A,h*—* to the right-hand side giving

AGr-%=0Q,~ A1+ A -1 (2lc)
Rearrange equation 21c to read:
A p-%=Rpr— (21d)

in which

én—l/a =}_Ln—1/2 — }—Ln-—l ;

Rr—1=Q,- AT,
Equation 21d is the ADI row formula in re-
sidual form. Its matrix form is the same as
that for equation 17d and is solved for each
row by the Thomas algorithm. To co_mplete
the first half of the ADI iteration, h*—*% is
computed by
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hr—%=hr—1+ gr—%,
The equations in which head values along

columns are considered implicitly and those
along rows explicitly are written as:

Bh» +Ech”+Hh'i‘+l=Qc,i=1,2,...,N,, (22a)

i—1
in which

E,=- (B+H+—S—+M,) ;
Al
Q.= —Dh;‘::/z +(D+F -M)h—%
—Fpr—% —-§—h,,_1+ w.
1At
Equation 22a in matrix form is
AJn=Q,. (22b)

By adding and subtracting A,h"—% to the
right-hand side of equation 22b, it can be put
in the residual form

A =Rpr%; (22¢)

in which

R

Rr—%=Q,— A%,
Equation 22¢ is solved for each column by
the Thomas algorithm, and the vector A" for
each row is obtained by the equation

R =Ffr—% + &,
A set of iteration parameters is computed
by the equation
M,=w,(B+D+F+H)

in which o ranges between a minimum de-
fined by

Min LS 1
omin= (Over grid) ZN—; Tyyiui) (BT,)* ’
]
<Tml-,“ @y
- 1
(23a)
2N121 1+< Ta:aum'] (Ay@)2>
Twu.a‘] (Ax7)z

and a maximum given by
ome= {1 [Tyl
BETN2 ([ Tee>>Tyy or Tyy>>T,].
The set of parameters are spaced in a geo-
metric sequence given by

(23b)

W +1= Yo

in which
1n (“’max/wmin)
Iny =~ "7 " 23c
Y 71 (23¢)
L =the number of iteration parame-
ters used.

The iteration parameters starting with om,
are cycled until convergence is achieved.

Equation 23a is based on a von Neuman
error analysis of the normalized flow equa-
tions. (See, for example, Weinstein, Stone,
and Kwan, 1969.) It will compute the opti-
mum oy, only for simple problems. For gen-
eral problems on;, computed by equation 23a
may or may not be close to the optimum o,
for the problem. This is illustrated in figure
15 in which the rate of reduction in the maxi-
mum residual for arbitrarily chosen mini-
mum parameters is compared with that for
omin computed with equation 23a. Ten param-
eters were used in problems 1 and 2, and four
parameters were used in problem 3. The lines
on figure 15 are meant to show the general
trend only. The convergence rate using the
best wn, in figure 15 is nearly the same as
that computed with equation 23a for prob-
lem 1, but there is a significant difference in
rates for problems 2 and 3. (See figs. 21 and
22))

The other factor that may be critical in de-
termining the rate of convergence using ADI
is the number of parameters. In general, the
number of parameters is chosen as 5 if wmax
— omn 18 about two orders of magnitude; if
omax— omin 18 three or more orders of magni-
tude, 7 or more parameters are chosen.

For the test problems, the number of itera-
tion parameters were varied from 4 to 10
(fig. 16). The minimum parameter was cal-
culated by equation 23a; the maximum pa-
rameter was 1 for problems 1 and 2 and was
2 for problem 3. The number of parameters
had a relatively small effect in determining
the rate of convergence for problems 1 and 3.
For problem 2, however, the computations do
not converge using 4 or 5 parameters. Prob-
lem 2 can be solved with ADI using 6 to 10
parameters with 10 parameters giving the
most rapid convergence. ADI did not give
satisfactory solutions for problem 4 (an ex-
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cessive number of nodes always drop out of
the solution) and, consequently, no results
for problem 4 are shown in figure 16,

When difficulties occur with ADI in steady-
state simulations, rather than experimenting
with the critical minimum parameter or the
number of parameters, it may be worthwhile
to make the simulation a transient problem.
In effect, S/At is used as an additional itera-
tion parameter. If the storage coefficient is
not made too large or the time step too small,

N_.+1 elements

*3 T ' )
S\\E, F, 0 H,
;E) Dg Eg Fz 0 HZ
)]0 D, E, 0 0
~{|B, 0 0 E. F,
A B, 0 D, E,
=z B, 0 D,
B, 0
B;

Direct solution of equation 24 by Gaussian
elimination usually requires more work and
computer storage than iterative methods for
problems of practical size because A decom-
poses into a lower triangular matrix with
non-zero elements from B to K in each row
and an upper triangular matrix with non-
zero elements from E to H in each row. All
of these intermediate coefficients must be
computed during Gaussian elimination, and
the coefficients in the upper triangular ma-
trix must be saved for backward substitution.

To reduce the computation time and stor-
age requirements of direct Gaussian elimina-
tion, Stone (1968) developed an iterative
method using approximate factorization. In
this approach a modifying matrix B is added
to A forming (A+B) so that equation 24
becomes

(A+B)h=Q+Bh. (25)

(A+B) can be made close to A but can be
factored into the product of a lower triangu-
lar matrix L and an upper triangular matrix
U, each of which has no more than three non-
zero elements in each row, regardless of the
size of N, and N,. Therefore, if the right-
hand side of equation 25 is known, simple

21

steady state should be achieved within a
reasonable number of time steps with rapid

convergence at each time step.

Strongly implicit procedure

The set of equations (corresponding to
equation 8) for the 3 X3 problem in figure 13
may be expressed in matrix form as

A h=Q (24)

n [a

ml|o

H, hy Q.
o' H nl | e

F; 0 H, hy =1 Q-
B, 0 0 H, h, Q.
0 E, F, 0 h, Q

0 D, F, Fy he Q.

B, 0 D, E, th LQq

recursion formulas can be derived, resulting
in a considerable savings in computer time
and storage. This leads to the iteration
scheme _ _

(A+B)h"=Q + Bhr—. (26)
In order to transform equation 26 into a
residual form, Ak»—* is subtracted from both
sides giving

(A+B)&=Rr— 27)
in which
g-n =}_Ln_En—1;
Fr-1=Q- An, (28)

The iterative scheme defined by equation 26
or 27 is closer to direct methods of solution
(more implicit) than ADI (hence the term
strongly implicit procedure or SIP). The SIP
algorithm requires (1) relationships among
the elements of L, U and (A+B) defined by
rules of matrix multiplication for the
equation

L U= (A+B), (29)
and (2) relationships among the elements of
Aand (A+B).

L and U have the following form for a
general 3 X3 problem (much of the notation
is adapted from Remson, Hornberger, and
Molz, 1971) ;



[\
3]

MAXIMUM RESIDUAL AFTER 40 ITERATIONS

MAXIMUM RESIDUAL AFTER 40 ITERATIONS

FIGURE 15.—Reduction in the maximum residual for problems 1 to 3 for selected v used to compute the

TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS
1079 I ‘ 10-6 I I l
PROBLEM 1 PROBLEM 3 !
[ ] P
10'10 PY — 10—7 —
[72]
-4
<}
=
<C
[+ 4
=
1071 — / 4 2 10-® |
o
wl
—
[V,
<T
|
E
10-12 | = 10-9 _
10-4 1073 10-2 10 &
10_9 wmm §
I I =
PROBLEM 2 s
¢ 10710 —
10710 -
| | |
~11
Y 107507 1076 107° 1074 1073
1070 — \ ]
X
EXPLANATION
® (W,n chosen arbstrarily
10-12 ] ] X (Wi computed by equation 23a
1074 10-3 102 107!
wmln

N,
Elements

™
[

<
I

Y1

D2 Y2
0 Bs
ay 0

ADI parameters.

Y3
,84 Y4
0 ,85 Y5
Qg 0 ,86 Ye
az 0 ,87 Y7
asg 0 Bg
(44 0
0 m
82 0 N2
1 83 0 n3
1 84 O N4
1 85 0 1]5
1 3s 0
1 87

¥s
B

N6
0
ds




FINITE-DIFFERENCE MODEL FOR AQUIFER SIMULATION 23

PROBLEM 2
B0 —T—T T T T

70
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*AD| DID NOT CONVERGE

FIGURE 16.—Number of iterations required for solution of the test problems with ADI using different numbers
of parameters.

== ==

The product LU= (A+B) is

B2 F, 0 H
. E F, G H,
o D, & G. H,
B, €, E, F, H,
(Z+B) = B, ¢ D, E, F, G, H,
B, [C| D. E, G, H,
B. ¢, B, F |G,
B, ¢ D, E, F,
B, b, &,

Because of the boundary conditions, the ele- The relationships among the elements of E__,
ments of (A+ B) inside squares will be zero U, and (A+B) are
for the 3 X3 problem illustrated in figure 13.
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a -B (30a)
di_s =C (30b)
B =D (30c)
ytan_1+p8,_, =F (30d)
8 —F (30e)
Brj— =G (30£)
v -H (30g)

where the 7 and j subseripts refer to the loca-
tion on the model grid, not in matrix (m ).

In order to use equations 30a—-30g as the
basis of a numerical technique for solving
equation 24 efficiently by elimination, rela-
tionships between the elements of A and
(A+B) must be defined. One possibility is to
let the elements correspond exactly and ig-
nore the € and G diagonal in (A+B). Stone
(1968), however, found that this could not
be used as the basis of a rapidly convergent
iterative procedure. Instead, he defined a
family of modified matrices starting with 30b
and 30f. -

Then the other elements of (A+B) can be
defined as_equal to the corresponding ele-
ments in A plus a linear combination of ¢
and G. For example

B=B+¢:,C+¢.,G

in which ¢, and ¢, are constants depending
on the problem being solved.

What are appropriate linear combinations
of C and G with the elements of A? If equa-
tion 27 is written for node (4,7), non-zero co-
efficients appear not only for the unknowns
in the original difference equation but also
for g . and & . . This is illustrated in
figure 17 To minimize the effects of the terms
introduced in forming the modified matrix
equation, B& for the node (i,7) is defined as

@[5’;1,+1 w(@_ & —&)]
+Gle, —e(e_ +& —¢)] (8D

where the terms in parentheses are second-
order correct approximations for &_,;,1, and
£&.1—1, respectively. (See Remson, Horn-
berger, and Molz, 1971, p. 226, for derivation
of these approximations.) To consider these
terms good approximations to &_.;4+: and

B ¢

i-| X ) °

. D £ £

i ° ® °
_ G A

i+ ® ® X

ol ] J

FIGURE 17.—Coefficients of unknowns in equation 27.

&41;_1 an iteration parameter, o, is added.
The value of o ranges between 0 and 1, and
its computation is discussed at the end of this
section. _

With the definition of B (31), the iteration
scheme (equation 27) becomes

Bg_+Dg_+Be+Fg +HE
+C[& w(&" LT, —‘”‘)J+G[§"

i— 17+1 41,5—1

e, - - iy (32)

Collecting coefficients in equation 32 as-
sociated with the nodal positions in the origi-
nal difference equation glves the desired
linear combinations of € and G with the
elements of A that define the remaining ele-
ments of (A+B):

_w(‘fl:

B=B-uoC (33a)
D=D-uG (33b)
E=E+oC+4G (33¢)
F=F-uC (33d)
H=H-.G (33e)

The coefficient C is obtained explicitly by
combining equations 33a, 30a, and 30b as
S’i—lB

C=t2" 34
1+w8i_1 ( a)
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Finally combining equation 38b and equa-
tions 30c and 30f gives
711—1D
1+ on]j_l.
Equations 34, 33 and 30 (in that order)
are the first part of the SIP algorithm.
Equation 28 written for node (3,7) is
R*=1=Q— (Bl;=}+ Dl
+Eh 1+ Fhr=2+Hh*—1),
j+1 i1
Ag in the Thomas algorithm, the vector & is
obtained by a process of forward and back-

ward substitution. Combining equations 27
and 29 gives

G= (34b)

LU&=Rr- (35)
Define an intermediate vector V» by
Tér=7Vn. (36)
Then equation 35 becomes
LV»=Rr—1, (87)

V» is first computed by forward substitution.
This can be seen by writing equation 37 for
node (2,7) :

Vi +BV" +yVr=Rr—
or
Vo= (Rr=1—aV_ —8V"_ ) /y.

The vector & may then be computed by back-
ward substitution. Equation 36 for node (4,7)
is

§"+a$7+1+,7§;'+1 =Vn
or
=Vr—38¢ —né"

i+ i41°

Stone (1968) recommends an alternating
computational procedure. On odd iterations,
the equations are ordered in a “normal” man-
ner as shown in figure 13. On even iterations,
the numbering scheme is changed to that il-
lustrated in figure 18. This has the effect of
making non-zero coefficients appear for the
heads %;_.;_, and h; ;.. (the X’s in fig. 17)
instead of h; ,;., and h;,.;_, and signifi-
cantly improves the convergence rate. Note
that some of the recursion equations are
modified by reordering the grid points in the
‘“reverse” manner. The modifications re-
quired for the reverse algorithm are

FOR AQUIFER SIMULATION 25
oh _
5y =0
|
h7 hg h9
T ® [
h h h
h=Ho & o ¢ |2,
\T 0X
{ - A/
h ha h3
o —— g —o—
h = Ho
FIGURE 18.—Reverse numbering scheme for 3X 3
problem.
é - 81',+1H .
~ 1 +w89\+1 ’
B = H—wC;
H =B—-.G;

y =E—omii.— B3
Ve = (B =aVe =BV ) /i
g =Vr—sg i .
The iteration parameters are qomputed‘by
equations given in Stone (1968). For vari-

able transmissivity and grid spacing, Stone’s
equation is

N, N. 2(8x;)2
(1—omas) = Z .ZMin 1+<Tw[i-” (8x;)? \
i=1j=1 Tearai (S'yi)2>
2(3y:)*

T z (i, (3?/:')2
1+ <-—‘”—> + (N.XN,) (88)
Tyyid) (82,)2
in which
8z = Az;/width of model
8y =Aay,;/length of model
Equation 38 computes an arithmetic average
of wmax for the algorithm.
The remaining iteration parameters are
computed by

1 A (1 _‘Dmax) Y(L—1) ;l=0’19- . -’L_ 1
in which L is the number of parameters in a
cycle,

Stone (1968) recommends using a mini-
mum of four parameters, each used twice in
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succession, starting with the largest first.
Weinstein, Stone, and Kwan (1969), how-
ever, indicate that it is not necessary to start
with the largest parameter first or to repeat
them.

The results using different numbers and
sequences of parameters for the three test
problems are shown in figure 19. Except for
the sequence 4, 3, 2, 1 in problem 1 the num-
ber of iterations required for solution varies
up to a maximum of 50 percent for the pa-
rameter sequences tested. Several parameter
sequences (for example, 1, 2, 3, 4, ) give
convergence near the maximum observed rate
for all problems. This result suggests that
conducting numerical experiments to deter-
mine the best sequence of parameters for a
particular problem is generally not justified.

Weinstein, Stone, and Kwan (1969) have
a slightly different definition of the maximum
parameter (1—omx=ADI minimum parame-

ter). Their definition of the maximum pa-
rameter (which is the maximum over the
model, not the arithmetic average of values
computed for each node) was used in solving
several test problems. In every case converg-
ence was faster using equation 38 to com-
pute the maximum parameter.

Stone (1968) states that a more general
form of equation 27 includes another itera-
tion parameter, 8, to multiply the term Er—1.
His experience indicated, however, that
values of B’ other than unity did not general-
ly improve the method. In contrast, the use of
B’ other than unity has proven to be effective
for some of the test problems. In fact, for
the fourth problem, a value of 8’ less than
unity is required to obtain a reasonable solu-
tion using SIP. Results for problem 4 are not
shown in figure 19 because the best sequence
of parameters (No. 3) for problem 2 was
used in experimenting with the parameter g’.

PROBLEM 1 PROBLEM 2 PROBLEM 3
R LCE e o e e S N N AN
831 [ T T T T Y
| T
;40‘- 1 2077 T T 17 1 1 100~ o 7
©
= ] — 18 . -
[0
u m m
Z30F ! b _H 1k — S - To) S— -
& — - B
&
W — 14} et ]
s
o]
Zz 20 - 12 p~ — 80 o
10 -
10 70

1234567 8910

123456 78 9101112

L23456 782910

EXPERIMENT

Experiment Sequence

of parameters

1 1234

2 4321

3 12345
4 54321
5 123456
6 654321

Experiment Sequence

of parameters

7 113355224466

8 664422553311

9 1234567

10 7654321

11 114477225588336699
12 996633885522774411

FIGURE 19.—lterations required for solution of the test problems by SIP using different numbers and sequences
of parameters.
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Comparison of Numerical
Results

The rate of convergence using different
numerical techniques for solving the test
problems is compared in figures 20 to 23. The
best results from the experiments with each
iterative technique are used in the compari-
sons. Two curves (except for fig. 23) are
shown for SIP: one with the parameter g’=1
and the other with the best rate of converg-
ence for g’s41. The sequence of » parameters
is the same for both curves. Two curves are
also shown for ADI: one in which the mini-
mum parameter was calculated with equation
23a (indicated by an asterisk in the figures) ;
the other with the best minimum parameter
shown on figure 15.

In figures 20 to 23 the absolute value of the
maximum residual for each iteration is plot-
ted versus computation time where one unit
of work is equal to the time required to com-
plete one SIP iteration. Relative work per
iteration is about 1 for ADI, 0.6 for LSOR,
and 0.8 for LSOR+2DC. The maximum re-
sidual for SIP and ADI fluctuates from a
maximum to a minimum over each cycle of
parameters. For clarity, the curves connect
the local minima for these two methods. Com-
parisons in figures 20-23 should be made on
the basis of the horizontal displacement of
the curves, not on the basis of the termina-
tion of the curves. This is similar to the type
of comparisons made by Stone (1968).

Figure 20 shows the results for problem 1
(10 parameters for ADI, »=1.87 for LSOR,
o=1.7 for LSOR+2DC, parameter sequence,
1,1,3,3,5,5,2,2,4,4,6,6, for SIP). Of the se-
quence of 8’ parameters tried, the minimum
work required to reduce the residual is ob-
tained with g’=1.4, but this is only moder-
ately better than using g’=1.0. ADI con-
verges as rapidly as SIP for the first eycles of
iteration, but from that point on converges
slower than the other iterative techmiques.
The two ADI curves show about the same
rate of convergence for this problem. Next
to SIP, LSOR+2DC is most attractive for
this problem.

FOR AQUIFER SIMULATION 27

107 T T |

10-8

,_
2
©

MAXIMUM RESIDUAL
2
3

107"

10-12
0

COMPUTATIONAL WORK
(Number of SIP Iterations)

FIGURE 20.—Computational work required by different
iterative techniques for problem 1.

The results for problem 2 are shown in
figure 21 (10 parameters for ADI, «=1.6 for
LSOR and LSOR +2DC, parameter sequence
1,2,3,4,56 for SIP). SIP requires the least
amount of work for this problem (using
B8’5~1.0 does not significantly reduce the work
required). LSOR and ADI using the best
omin Trom figure 15 are competitive with SIP.
ADI using o, computed with equation 23a
requires about twice as much computational
work. LSOR and LSOR+2DC take the same
number of LSOR iterations so that the extra
work required for 2DC is wasted for this
problem.

In figure 22, the results using 4 parameters
for ADI, the parameter sequence 1,2,3,4 for
SIP, 0=1.88 for LSOR and «=1.70 for
LSOR+2DC are plotted for problem 3. In
this problem LSOR (with solution lines ori-
ented along columns), ADI with on;, com-
puted with equation 23a, and SIP with g’=1
are competitive. Convergence is significantly
improved by adding 2DC to LSOR, choosing
the best wmin from figure 15 for ADI and let-
ting g’ =1.5 with SIP.
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FIGURE 21.—Computational work required by different
iterative techniques for problem 2.
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FIGURE 22.—Computational work required by different
iterative techniques for problem 3.

The results for problem 4 are shown in
figures 23 and 24. The o iteration parameter
sequence for SIP is 1,2,3,4,56, and the two-
dimensional correction is applied every fifth
iteration for LSOR+2DC. Konikow (oral
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FIGURE 23.—Computational work required by dlfferent
iterative techniques for problem 4.
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FIGURE 24.—Number of iterations required for solu-
tion of problem 4 by SIP using different values of £’.
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commun., 1975) was unable to obtain a solu-
tion to problem 4 using ADI due to oscilla-
tions that eliminated nodes that should have
been in the solution. This problem occurred
not only with ADI but also with LSOR and
LSOR+2DC with ©>0.6 and with SIP with
B’>0.6. The oscillations are apparently
caused in part by the nonlinearities of the
water-table problem and the necessity to cal-
culate transmissivity at the known iteration
level. In a water-table simulation the trans-
missivity is set to zero and nodes are dropped
from the aquifer if the computed head is be-
low the base of the aquifer. For problem 4, at
least 3 nodes should be dropped with the
initial conditions used.

A solution to problem 4 in which 3 to 4
nodes are dropped is obtained with LSOR
and LSOR +2DC when »=0.5 at the expense
of slow convergence. Clearly the most suit-
able method for this problem is SIP with
B’=0.6 (fig. 23). In effect the use of g’ <1 for
SIP and o<1 for LSOR represents ‘“under-
relaxation” and has the effect of dampening
oscillations of head from one iteration to the
next. This reduces the tendency for incorrect
deletion of nodes from the solution.

Solution of problem 4 emphasizes the ad-
vantage of the extra SIP iteration parameter.
The optimum value of 8’ inferred from figure
24 is about 0.5. Note in figure 24 that an
additional node is dropped for g’=0.5 and
0.6. However, the effect of this node on the
remainder of the solution is negligible. For
B’>0.6, either convergence was not obtained
or excessive numbers of nodes were dropped
for those cases that did converge.

The numerical experiments included in this
report support the general conclusions of
Stone (1968) and Weinstein, Stone, and
Kwan (1969) that SIP is a more powerful
iterative technique than ADI for most prob-
lems. SIP is attractive, not only because of its
relatively high convergence rates but be-
cause it is generally not necessary to conduct
numerical experiments to select a suitable
sequence of parameters. SIP has the disad-
vantage of requiring 3 additional N,XN,
arrays.

For the first three problems examined here,
ADI is a slightly better technique than LSOR
when oy, near the optimum is used. Al-
though this result agrees with Bjordammen
and Coats (1969) who concluded that ADI
is superior to LSOR for the oil reservoir
problems they investigated, it is deceptive
because less work is required to obtain wep
for LSOR than is required to find the best
omin for ADI by trial and error. Furthermore,
LSOR is clearly superior to ADI in applica-
tion to problem 4 where a solution was not
possible with ADI as used in this simulator.

LSOR+2DC seems to be particularly use-
ful with problems dominated by no-flux boun-
daries. The correction procedure can signifi-
cantly improve the rate of convergence of
LSOR even in problems such as problem 3
where all 8; are zero and non-zero «; occur for
the lower half of the model only.

Considerations in Designing
an Aquifer Model

Boundary conditions

An aquifer system is usually larger than
the project area. Nevertheless the physical
boundaries of the aquifer should be included
in the model if it is feasible. Where it is im-
practical to include one or more physical
boundaries (for example, in an alluvial valley
that may be several hundred miles long) the
finite-difference grid can be expanded and
the boundaries located far enough from the
project area so that they will have negligible
effect in the area of interest during the simu-
lation period. The influence of an artificial
boundary can be checked by comparing the
results of two simulation runs using differ-
ent artificial boundary conditions.

Boundaries that can be treated by the
model are of two types: constant head and
constant flux. Constant-head boundaries are
specified by assigning a negative storage co-
efficient to the nodes that define the constant-
head boundary. This indicates to the program
that these nodes are to be skipped in the
computations.
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A constant flux may be zero (impermeable
boundaries) or have a finite value. A zero-
flux boundary is treated by assigning a value
of zero transmissivity to nodes outside the
boundary. The harmonic mean of the trans-
missivity at the cell boundary is zero, and
consequently, the flux across the boundary is
zero. A no-flow boundary is inserted around
the border of the model as a computational
expediency, and constant-head or finite-flux
boundaries are placed inside this border. A
finite-flux boundary is treated by assigning
recharge (or discharge) wells to the appro-
priate nodes. Figure 25 illustrates various
types of boundary conditions.

The type of boundaries appropriate to the
field problem may require careful considera-
tion. In particular, should streams be treated
as constant-head boundaries or are they more
realistically treated as partially penetrating
with a leaky streambed? If a leaky stream-
bed is used, note that the leakage occurs over
the area of the blocks assigned to the stream.
If the area of the streambed is less than the
area of the blocks, the ratio of streambed hy-
draulic conductivity to thickness can be pro-
portionately reduced to make the amount of
leakage realistic.

Initial conditions

In many simulations, the important results
are not the computed head but the changes in
head caused by a stress such as pumping
wells. For this objective in a confined aquifer
for which the equations are linear, there is
no need to impose the natural flow system as
the initial condition since the computed draw-
down can be superimposed on the natural
flow system, if desired.

If initial conditions are specified so that
transient flow is occurring in the system at
the start of the simulation, it should be recog-
nized that water levels will change during the
simulation, not only in response to the new
pumping stress, but also due to the initial
conditions. This may or may not be the intent
of the user.

To start from steady-state conditions in
which flow is occurring, the model can be used

to compute the initial head by leaving out the
new stress (for example, wells) and setting
all storage terms to zero. This is also a useful
calibration procedure to compute unknown
terms such as the ratio of hydraulic conduc-
tivity to thickness for leakage.

Designing the finite-difference grid

In designing a finite-difference grid, the °
following considerations should be kept in
mind:

1. Nodes representing pumping and obser-
vation wells should be close to their
respective positions to facilitate cali-
bration. If several pumping wells are
close together, their discharge may be
lumped and assigned to one node since
discharge is distributed over the area
of the cell.

2. Boundaries within the project area should
be located accurately. Distant bound-
aries can be located approximately and
with fewer nodes by expanding the
grid. In expanding a finite-difference
grid in the positive X direction, experi-
ence has shown that restricting the
ratio AX,/AX;_,=1.5 will avoid large
truncation errors and possible converg-
ence problems.

3. Nodes should be placed close together in
areas where there are spatial changes
in transmissivity. For example, in
cross-sectional problems with aquifers
separated by confining beds, many lay-
ers of nodes are required in the confin-
ing bed to obtain a good approximation
of the head distribution (and conse-
quently the flux) during transient
conditions.

4. The grid should be oriented so that a
minimum of nodes are outside the aqui-
fer. The orientation of the grid with
respect to latitude and longitude or
some other geographic grid system
would be a secondary consideration.
However, if the aquifer is anisotropic,
the grid should be oriented with its
axes parallel to the principal directions
of the transmissivity tensor. Otherwise,
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EXPLANATION

Node symbols
Inside aquifer (transmissivity >0)
w Discharge well
R Recharge well
v Constant head
® Node without wells or

specified head

Qutside aquifer
O Transmissivity = 0

~~

~ Aquifer boundary

- Mathematical boundary

DIML Number of rows
DIMW Number of columns

Boundary conditions

i

oh _
ax_o
?h

‘ax_c

Constant head

Constant flux

FIGURE 25.—Variable, block-centered grid with mixed boundary conditions.
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the flow equation would include cross-
product terms and the solution would
be restricted to ADI and LSOR because
additional diagonals appear in the co-
efficient matrix - and SIP, in its usual
form, cannot be used.

5. The rows should be numbered in the short
dimension for the alphameric plot on
the line printer or for plotting data
with an X-Y plotter. On these plots,
the X-direction is vertical and, for prac-
tical purposes, this dimension is un-
limited. The Y direction is across the
page which limits this dimension to the
maximum width of the page. (See fig.
26.)

6. The core requirements and computation
time are proportional to the number of
nodes representing the aquifer.
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Attachment |

Notation

coefficient matrix;

coefficient matrices for ADI col-
umn and row equations;

LSOR coefficient matrix;

saturated thickness of the
aquifer (L);

modifying matrix for SIP;

coefficients in difference equa-
tion;

coeflicients of (A+B);

coefficients of equations defining
2DC;

notation used in Thomas
algorithm;

coefficients in equations defining
ADI;

depth below land surface at
which evapotranspiration
ceases (L);

elevation of the land surface
(L);

hydraulic head (L);

intermediate head value (L) ;

corrected head at iteration n
(L);

initial head in the aquifer (L) ;

hydraulic head on the other side
of the confining bed (L) ;

hydraulic head in a well (L) ;

saturated thickness of the
aquifer at radius r.(L) ;

saturated thickness of the
aquifer at radius r» (L) ;

index in the y dimension;

index in the x direction;

time index;

principal components of the
hydraulic conductivity tensor
(Lt);

hydraulic conductivity of the
confining bed (L/t);

iteration parameter index;

number of iteration parameters
in a cycle;

lower triangular factor of
(A+B);

thickness of the confining bed
(L);

vector of ADI parameters;

jteration index;

number of arrays required for
the options;

number of nodes in a row;

number of nodes in a column;

flux from a confining bed (L£7?);
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transient part of ¢’ (Lt™);

evapotranspiration flux (Lt?);

recharge flux (Lt™");

known term in difference equa-
tion;

maximum evapotranspiration
rate (Lt');

known terms in equations defin-
ing ADI;

well discharge (L*t™);

known term in equation defining
LSOR;

radial distance from center of
pumping well (L) ;

effective radius for a well block
(L);

well radius (L) ;

radius equivalent to the average
grid spacing for the well block
L);

residual ;

residual computed for 2DC;

sum of residuals for 2DC;

residuals for ADI column and
row computations;

LSOR residual;

storage coefficient (dimension-
less) ;

specific storage of the con-
fining bed (L?);

specific yield (dimensionless) ;

elapsed time of the pumping
period (t);

transmissivity (L*t™);

transient leakage coefficient
";

components of the transmissivity
tensor (L*™);

upper triangular factor of
(A+B);

intermediate vector in SIP al-
gorithm;

volume flux per unit area (L17);

row correction for LSOR;

elements of factors of (A4 B);

parameter in Hantush (1960)
solution;

column correction for LSOR;

iteration parameter for SIP;

constant used in calculating ADI
parameters;

normalized grid spacing;

head change between adjacent
nodes (L);

time increment (%) ;

space increment in the x direc-
tion (L);

space increment in the y direc-
tion (L) ;

closure criterion (L) ;
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T vector of change in head over
an iteration;

2(GQ) spectral radius of Gauss-Seidel
iteration matrix;

$1, b2 constants in definition of co-
efficients of (A+B);

@ acceleration parameter;

oy iteration parameter;

Omax maximum iteration parameter;

@min minimum iteration parameter;

Wopt optimum acceleration parameter,

Attachment |l, Computer
Program

Main program

The first function of the main program is
to dimension the arrays for the field problem
being simulated. The algorithm allocates
storage space reserved in a vector, Y. Some
arrays are required for every simulation;
others are needed only if certain options are
specified. The information needed to allocate
space to the arrays is contained in the Group
I data cards which are read by the main
program (see Attachment III).

Once the model is compiled, it does not
need to be recompiled for a new field prob-
lem unless (1) the logic is changed or (2)
the vector Y is not dimensioned large enough
for the new problem. The minimum dimen-
sion of the vector Y (YDIM) can be com-
nuted by

YDIM=(15+N,)N,N, (39)
in which N, is the total number of arrays
required for the options (from table 2).

Equation 39 is approximate, but normally
will give a value that is sufficient for the sim-
ulation. The exact dimension required -is

Table 2.—Number of arrays required for the options

Number of
Option arrays
Water Table oo 3
Conversion* _______________________ 1
Leakage _ .o __. 3
Evapotranspiration . _____________ 1
SIP e 4

3 Conversion also requires the arrays for the water table
option.

printed on the first page of the output as
‘WORDS OF VECTOR Y USED=XXXX’.

In the second part of the main program,
the location of the initial addresses of the
arrays are passed to the subroutines. (See
table 3 for details.) The variables in table 3
defining the dimensions of the arrays are
defined in Attachment VI; the first four
arrays and XII are double precision.

The last part of the main program controls
the sequence of computations illustrated by
the generalized flow chart (Appendix V). In
the flow chart, the routines are lettered in se-
quence starting with the main program.
Entry points for the routines are numbered
in sequence along the left side of the chart.
Exits from a routine are indicated by circles
containing the entry point of the routine to
which control passes. A break occurs in the
flow chart following an unconditional exit.
Variables used in the flow chart are defined
in Attachment VI.

Subroutine DATAI

Instructions for the preparation of the data
deck are given in Attachment III. Data may
be input to the model in any consistent set of
units in which second is the time unit. It is
organized into four groups: Data in groups
I and II are the simulation options and scalar
parameters: group III cards are used to ini-
tialize the arrays. These three groups are re-
quired for each new simulation. Group IV
contains data that varies with each new
pumping period. The program permits chang-
ing well discharge and the time parameters
each pumping period, but the program can
be modified to read other data (for example,
recharge rate) with this set of cards.

Time parameters

The time parameters include the initial
time step, DELT; a multiplication factor for
increasing the size of the time step, CDLT;
the number of time steps, NUMT; and the
simulation period, TMAX. Since the rate of
water-level decline decreases during a pump-
ing period, the time step is increased by the
factor CDLT each step (commonly 1.5). For

|
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‘ Table 3.—Arrays passed to the subroutines and their relative location in the vector Y
Sequence Subroutine
Array number in Dimensions
vector Y DATAI STEP SOLVEI COEF CHECKI PRNTAI

1 X X X X X X 1z, JZ) '8
2 _— - X — . - IMAX '8
3 - - X . — _— IMAX 8
4 i - X — - - IMAX "8
5 _— X X X X - 17, JZ
6 - _— X X X - 1Z, JZ
7 X X X X X - 1Z, JZ
8 X X - X - X 12, JZ
9 X X X X - 1Z, JZ
10 X _— - X X _— 1Z, JZ
11 X - _— X X - 1Z,JZ
12 X - X X X X 1Z, JZ
13 X - X - X — 1Z, JZ
14 X X X X X X 1Z, JZ
15 X - X X X - 17, JZ
16 X — X X — - 12, JZ
17 X X - X X — 1P, JP
18 X X - X X — IP, JP
19 X _— —— X X - IP, JP
20 X —— _— X X . IR, JR
21 X - -— X X - IR, JR
22 X - - X X _— IR, JR
23 X X - X X _— IC, JC
24 X - _— X X - 1L, JL.
25 _— - X _— - - IS, JS
26 - - X — _— — IS8, JS
27 - _— X _— _— - IS,JS
28 - — X - - - IS, JS
29 X X X X X X JZ
30 _— X - - — - JZ
31 _— - X _— _— - JZ
32 X X X X X X 1Z
33 - - X . - - 1Z
34 X X _— _— _— _— TH
35 X X -— - - - IH, 2
36 _— _— X - - - IMAX '8
37 - X X - _ - IMX1
any time step (k) the time increment is given DELT, coded on card 1 of group 1V)
by and NUMT to arrive exactly at TMAX
DELT,=CDLT * DELT,_,. on the final time step. In a simulation

of one pumping period in which results
are required at several specific times,
the simulation can be broken into sever-
al “pumping periods.” Each period will
have the same pumpage, and TMAX is

DELT, is the time step recorded on the data
card.

The program has two options for selecting
the time parameters:

1. To simulate a given period of time, select used to specify the appropriate times
CDLT and an appropriate DELT,, and for display of results,
set NUMT greater than the expected 2. To simulate a given number of the time
number of time steps. The program steps, set TMAX greater than the ex-
computes the required initial DELT, pected simulation period and the pro-

:' (which will not exceed the value of gram will use DELT,, CDLT, and
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NUMT as specified on the time param-
eter card.

To minimize the error due to approxima-
tion of the time derivative, several time steps
should be simulated before the first step at
which results are displayed. This suggestion
should be followed unless the system is nearly
steady-state before the results are needed. In
this case a one-step simulation may be satis-
factory, but this approach should be checked
by making one run as a multistep simulation
so that the results can be compared.

For steady-state simulations, set the stor-
age coefficient and (or) specific yield of the
aquifer and the specific storage of the con-
fining bed to zero. Compute for one time step
of any length (for example, set TMAX =1,
NUMT=1, CDLT=1, DELT=24) and the
program should iterate to a solution. The
maximum permitted number of iterations
(ITMAX) should be larger for steady-state
than for transient simulations. If the calcu-
lations do not converge to a solution within
a reasonable number of iterations, it may be
necessary to use a transient simulation for
enough steps to attain steady state (see also
the discussion of ADI iteration parameters)
or use another numerical technique.

initialization

In addition to reading data and computing
the time parameter, this routine initializes
other arrays and scalar parameters. In par-
ticular, note that the leakage coefficient, TL,
will equal K’; ;/m;; and can be computed once
for the entire simulation if the specific stor-
age of the confining bed is zero. The compu-
tation of the steady leakage term, SL, and
the division of well discharge by the area of
the cell need to be done only once for each
pumping period. At the beginning of each
pumping period the starting head (STRT)
and the simulation time (SUMP) used in
computing transient leakage are initialized.

Subroutine STEP

Subroutine STEP initializes variables for
a new time step, checks for steady-state con-
ditions after a solution is obtained for the

time step, and controls the printing and
punching of results and the writing of results
on disk. If head values are punched at the
end of the simulation or are written on disk,
they can be used to extend the simulation or
as input to plotting routines. (See the pro-
gram by Cosner and Horwich, 1974.) Cur-
rently, a general program is being written
to display results in various forms on the line
printer and plotters; it is described in detail
in another section of this report.

In the check for steady state during tran-
sient simulations, the head change over a
time step is computed. If the absolute value
of change at all nodes is less than EROR, the
message ‘STEADY STATE AT TIME STEP
X’ is printed. The program then prints all
desired output for the final time step (X)
and proceeds to read data for the next pump-
ing period, if any.

Maximum head change for each iteration

The printed results are explained in the
section on theory and in the discussions of
subroutines COEF, CHECKI, and PRNTAI
or are self explanatory, except for the listing
of the absolute value of the maximum head
change for each iteration. This information
is useful if convergence is slow with ADI or
SIP because it may indicate that a slightly
larger error criterion will give a satisfactory
solution with considerably fewer iterations.

Subroutine SOLVE

The three SOLVE routines, SOLVEL,
SOLVE2, and SOLVE3 are, respectively,
SIP, LSOR and ADI. They have been de-
scribed in previous sections, but a few addi-
tional comments are necessary.

In these routines and in subroutine COEF,
the usual (I,J) notation has been replaced in
favor of single-subscript notation. Less time
is involved in finding the value of a variable
with a single subscript than in finding the
value of one with a double subscript and, as a
consequence, computational efficiency is im-
proved. The five variables used as subscripts
in this notation are defined in Attachment VI.

¢
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SIP iteration parameters

The algorithm in ITER1 permits computa-
tion of the iteration parameters in increasing
or decreasing order and repeat of parameters
depending on the initialization of the vector
IORDER. Note that LENGTH is twice the
number of different parameters and that the
DATA statement that initializes IORDER
assumes LENGTH=10. Replace the DATA
statement with a READ statement if addi-
tional flexibility is desired in choosing the
order of parameters without recompiling the
subroutine.

Exceeding permitted iterations

If the permitted number of iterations for

a time step is exceeded, the message ‘EX-
CEEDED PERMITTED NUMBER OF
ITERATIONS’ is printed. Following the
message the mass balance, head matrix, ete.,
as specified in the options are printed for the
final iteration. This information is useful in
determining the cause of the nonconvergence.
Before terminating the run, the mass balance
and head values will be punched if PUNC
was specified in the options or written on
disk if IDK2 was specified. With punched
output or results on disk, the user has the
option to extend the number of iterations if
it appears that a solution can be obtained. If
iterations are exceeded on the first time step,
the head values saved (punched or written on
disk) were computed in the last iteration. If
iterations are exceeded on a subsequent time
step, KT, the head values and mass-balance
parameters saved are the results for time
step KT-1.

Subroutine COEF

Most of the calculations for coefficients
used in the solution of the numerical schemes
are done in this routine. The more extensive
computations except those described in the
section on theory are discussed in the fol-
lowing paragraphs.

Transient leakage coefficients

The algorithm for the transient parts of
equations 9 and 10 is the same except for two

conditional statements that recompute PPT
and DENOM if dimensionless time is in the
range for applying equation 9. In performing
the infinite summation, the code checks for
the significance of additional terms, but in
any case limits the summation to a maximum
of 200 terms. The minimum and maximum
values of dimensionless time, TMIN and TT,
are retained and printed with the results for
the time step so that the user will know
whether or not transient leakage effects are
significant.

Transmissivity as a function of head

The transmissivity for water-table or com-
bined water-table-artesian aquifers is com-
puted as a function of the saturated thick-
ness of the aquifer. If a cell (except a cell
with well discharge) goes dry, a message
‘NODE I, J GOES DRY’ is printed, the trans-
missivity for the cell is set to zero, and the
head is set to the initial surface (so that the
location of the cell will show up in the out-
put). No provision is made to permit the
cell to resaturate in subsequent pumping
periods because the additional code necessary
to accommodate this special situation is not
warranted in a general program.

When a cell with well discharge goes dry
(that is, a hypothetical well with radius r,
goes dry), the program terminates the com-
putation with printed output, and, if speci-
fied in the options, saves the results. Printed
output is headed by ‘WELL I, J GOES DRY’
followed by drawdown when the well went
dry. If results for the previous time step were
not printed, drawdown and a mass balance
(if specified in the program options) for the
previous time step are printed. Finally, if
specified in the options, mass-balance pa-
rameters and head values for the previous
time step are punched or written on disk so
that the user has the option of continu-
ing the simulation after modifying the
well discharge.

TR and TC coefficients

The TR and TC arrays save values that are
used repeatedly in the algorithm. They are
computed once for arfesian problems and
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each iteration for water-table and combined
artesian-water-table simulations. TR (I,J)
is the harmonic mean of T..(1,J) /DELX (J),
T..(1J+1)/DELX(J+1); TC (1,J) is the
harmonic mean of T, (1,J)/DELY(I), T..
(I+1,J)/DELY (I+1).

Subroutine CHECKI

A mass balance is computed in this routine.
The results are expressed in two ways: (1)
as a cumulative volume of water from each
source and each type of discharge and (2) as
rates for the current time step.

In the cumulative mass balance, storage is
treated as a source of water. Flow to and
from constant-head boundaries is computed
with Darcy’s law using the gradients fromt
constant-head nodes to adjacent nodes inside
the aquifer. Other computations in the al-
gorithm are self explanatory.

The difference between the sum of sources
and sum of discharges from the system is
usually less than 1 percent. A larger error,
however, does not necessarily mean that the
results are poor; it may be due to lack of
precision in calculating the mass balance.
This has been observed, for example, if a
leaky streambed is given a large K’/m ratio
so that it is effectively a constant-head bound-
ary. The leakage computation is inaccurate
if the head values at a stream node are identi-
cal to 6 or 7 significant figures and they are
stored as single precision variables.

To the right of the cumulative mass bal-
ance are printed the flow rates for the cur-
rent time step. They are self explanatory
except for leakage. “Leakage from previous
pumping period” is the leakage resulting
from gradients across the confining bed at
the start of the current pumping period. The
“total” leakage is the sum of leakage due to
the initial gradients plus leakage induced by
head changes during the current pumping
period.

Subroutine PRNTAI

This routine prints a map of drawdown
and hydraulic head. Up to three characters

are plotted for each cell with the rightmost
character as close to the location of the node
as the printer will allow. An option to per-
mit the printing of results at different scales
in the 2 and v dimensions is useful for cross
sections. This routine is useful for displaying
results during calibration runs. More elegant
graphical displays for final results are de-
seribed in another section.

The user specifies XSCALE and YSCALE,
the multiplication factors required to change
from units used in the model to units used on
the map; DINCH, the number of map units
per inch; FACT1 and FACTZ, the multiplica-
tion factors for adjusting the values of draw-
down and head to be plotted, respectively;
and MESUR, the name of the unit used on
the map. As an example, assume that the
length unit used in the model is feet, the map
is to be scaled at 3 miles per inch and draw-
down values at 1 foot increments and
head values at 10 foot increments are to
be plotted. Then XSCALE =YSCALE = 5280,
DINCH=3, FACT1=1, FACT2=0.1; and
MESUR=MILES.

To print a map of maximum possible size,
number the ‘rows in the short dimension to
take advantage of the orientation of the map
on the computer page where the X direction
is vertical and the Y direction horizontal.
(See fig. 26.) The origin is the upper left-
hand corner of the block for row 2, column 2.
Orienting the map with the origin in the
upper left-hand corner, the right and bottom
sides of the map include the node locations
for the second to last column and row, respec-
tively. The border is located to the nearest
inch outside these node locations and may or
may not fall on the cell boundaries depending
on the scaling. The map is automatically cen-
tered on the page and is limited to a maxi-
mum of 12 inches (300 mm) in the Y direc-
tion. If the parameters for a map are speci-
fied such that the Y dimension is more than
12 inches (300 mm) adjustments are auto-
matically made to fit the map within this
limit. A common mistake is to specify a value
for Y scale that is less than 1.0. This gen-
erates the message ‘NOTE: GENERALLY
SCALE SHOULD BE>O0OR=1.0,” and a suit-
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FIGURE 26.—Orientation of map on computer page.

able adjustment is made to DINCH. In the X
direction, the map is limited only by the di-
mension of the NX vector. (For example,
when the dimension of NX is 100, the map is
limited in the X direction to 100—1=99
inches (2500 mm).) Several parameters
(PRNT, BLANK, N1, N2, N3, and XN1) are
initialized in the BLOCK DATA routine to
values that assume the line printer prints 6
lines per inch, 10 characters per inch, and 132
characters per line. These parameter values
may need to be changed for a line printer
with other specifications.

The PRNTAI subroutine can be modified
to cycle a set of alphameric symbols for
drawdown. If this type of map is desired, re-
move the C from column 1 of statements
PRN1060 and PRN1230. This will cycle the
symbols 1,2,3,4,5,6,7,8,9,0 for drawdown. To
plot a different set of symbols will require
modification of the initialization of SYM in
BLOCK DATA. To cycle more than 10 sym-

bols will require more extensive changes to
the initialization of SYM and modifications
to the code in ENTRY PRNTA.

BLOCK DATA routine

The BLOCK DATA routine initializes scal-
ar parameters and arrays used in PRNTAI
and other subroutines. The unit numbers for
card reader, line printer, and card punch are
commonly 5, 6 and 7, respectively. At com-
puter installations where other numbers are
used, change the initialization of P, R, and
PU.

Technical information

Storage requirements

Using the FORTRAN G, Level 21 com-
piler, the source code and fixed-dimension
arrays require 100K bytes of memory (88K
bytes if only one SOLVE routine is com-
plied). The storage requirements including
all options but not including storage require-
ments for reading and writing on disk are
(100+X/256) K bytes where X is the di-
mension of the vector Y in the main program.
Subtract 14K bytes from the values if the
FORTRAN H, OPT =2 compiler is used. The
FORTRAN G compile step requires 120K
bytes of memory and the FORTRAN H,
OPT=2 compiler requires 218K bytes of
memory.

Computation time

Computation time is a function of so many
variables that no general rule can be stated.
For example, the simulation of a nonlinear
water-table problem requires many more
computations per time step than does the
simulation of a linear artesian-aquifer
problem.

As an example, the simulation of a linear
aquifer system (problem 2) with a grid of
25 38 required 45 seconds for 40 iterations
with the program compiled under FORTRAN
G. This is about 0.002 seconds for each node
inside the aquifer each iteration on the IBM
370/155. A significant reduction (about 1/3)
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in execution time can be achieved by using
the FORTRAN H compiler which generates
a more efficient code than the FORTRAN G
compiler.

Further significant reductions in execu-
tion time can be achieved if the model is de-
signed for a specific problem. Problem 8, for
example, does not require computation of
leakage, storage, or evapotranspiration
terms.

Use of disk facilities for storage of array data

and interim results

In an effort to expedite use of the program
on remote terminals connected to the IBM
370/155, options are included to utilize disk
storage facilities. These options enable stor-
age and retrieval of array data (STRT,
PERM, and so forth) and the saving of in-
terim head values without punching them on
cards.

Use of these options can be particularly
beneficial at remote terminals with low speed
data transmission or without punch output
capability. Also, the type of read statements
used afford more efficient data transmission
from disk than from cards.

Storage of array date is accomplished via
a direct access data set that is defined by a
DEFINE FILE statement in the main pro-
gram (card MANO0480) and by a DD state-
ment in the JCL string used to execute the
program. To establish the data set, the DE-
FINE FILE statement and the DD statement
must indicate the amount of space that is
required. The DEFINE FILE statement
takes the following form:

DEFINE FILE 2(14,7??,U,KKK)
MANO0480

where ?7? is the number of nodes for the
problem being solved (DIMLxDIMW). Pa-
rameters U and KKK are indicators and do
not vary.

The DD statement contains information,
such as account number, that will be differ-
ent for each user. Also, the first reference to
the data set is somewhat different from sub-
sequent references. To utilize one of the disk
packs provided by the system (IBM 370/

155) for semipermanent storage of user data,
the first reference to the data set will take
the following general form if the FORTGCG
procedure is used to compile and execute the
program.

//G@. FT02F001 DD DSN = Azzzzzz.AZbbb.
CXXWWWWW.2a2a22a4,

// UNIT=@NLINE,DISP=(NEW,

KEEP),
// SPACE=(7777,(14)),DCB=
(RECFM=F)
where
222777 are the first six digits of a
nine digit account number;
bbb are the last three digits of a
nine digit account number;
¢ is the center code (same as
column 3 on job card) ;
XX is the two digit organization

code (same as columns 4
and 5 on job card) ;

wwwww is the four or five digit pro-
gram number (same as the
program number beginning
in column 24 of the job
card) ;

aaaaaaaa is any 1 to 8 character name
used to designate the name
of the data set;

2?27? is the number of bytes per
record that are to be re-
served and should be set
equal to DIMLXxDIMWx4.

The instructions for the DSN parameter
are also given in the CCD users manual,
chapter 5, pages 3 and 4. When this initial
allocation is processed the system will indi-
cate in the HASP system log, JCL string out-
put, the volume on which the data set
was established (for example, SYS011 or
SYS015). Subsequent use of the data set
must indicate this information by modifying
the underlined parameters in the initial ref-
erence to the data set. Thus the DD state-
ment will read:

//G@. FT02F001 DD DSN = Azzzzzz.Azbbb.
CXXWWWWW.22222224,

|
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// UNIT=@NLINE, DISP=SHR,VQL
=SER=yyyyyy

where the DSN parameter is the same as the
initial run and yyyyyy indicates the volume
(for example, SYS015) on which the data
set was established by the initial run. The
individual data arrays that are to be stored
and later retrieved from this data set are
specified on the parameter card for each ar-
ray. These specifications will be discussed
completely in the section on Data Deck In-
structions (Attachment III).

If use of this option is selected, space for
buffers must be reserved via the REGION
parameter on the EXEC card. The amount
of space needed is approximately equal to
two times the number of bytes per record
(indicated in the SPACE parameter on the
DD card defined above).

Interim results (head values, cumulative
simulation time, and mass-balance parame-
ters) can be punched on cards or can be
stored and retrieved from data sets on disk
in much the same manner as array data. Use
of storage on disk is initiated by parameters
on the simulation options card. (See attach-
ment III, card 3.)

Definition of the sequential data set on disk
where the information will be stored is ac-
complished by a DD statement in the JCL
string used to execute the program. If one of
the system disk packs is used to store the
data set, the first reference to the data will
be different from subsequent references as in
the case of array data sets. The first refer-
ence will take the following form if the
FORTGCG procedure is used.

//G@. FT04F001 DD DSN = Azzzzzz.AZbbb.
CXXWWWWW.a22aaaa4,

// UNIT=@NLINE, DISP= (NEW,
KEEP),SPACE= (TRK,(1,1),
RLSE),

// DCB= (RECFM=VBS,LRECL
=dddd, BLKSIZE =eeee)

The DSN parameter is defined in the same

manner as previously discussed for the direct

access (array) data sets and:

dddd—equals DIMLxDIMWx8+ 48 (=6440)

eeee—equals DIMLxDIMWx8 + 52 (=6440)

If BLKSIZE (eeee) exceeds 6444, code 6444
for (eeee) and 6440 for (dddd). Also, addi-
tional core equal to about two times the value
of BLKSIZE must be reserved for buffers via
the REGION parameter on the EXEC card.

Once the initial reference to the data set
has been successfully processed, the system
will indicate (via the JCL printout) on what
volume the data set has been established (for
example, SYS011 or SYS015) and, subse-
quent references to the data set will appear
as follows:

//G@. FT4F001 DD DSN = Azzzzzz.AZbbb.
CXXWWWWW.2a22a22a4,
// UNIT=@NLINE, VOL=SER=
yyyyyy,DISP=SHR
where yyyyyy is the name of the disk pack
(for example, SYS011) that contains the
data set and DSN is as previously described.
To destroy (erase) an array data set or an
interim results data set, simply execute the
following job.
// EXEC PGM=IEFBR14
//X DD DSN = Azzzzzz. AZbbb.cXXWWWWW.
aaaaaaaa,

// UNIT=@QNLINE, VOL=SER=yyyyyy,
DISP= (QLD,DELETE)

Use of the disk facilities is illustrated in
Appendix IV,

Graphical display package

A series of computer programs are cur-
rently being written and assembled that will
enable graphical display of results of com-
puter models. Components of this graphical
display package will include :

1. time-series plots of model results on the
printer,

2. time-series plots on pen plotters (CAL-
COMP),

3. contour maps of model results at selected
time steps on the printer,

4. contour maps utilizing pen plotters, and

5. other graphical displays, such as perspec-
tive (three-dimensional) drawings.
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The FORTRAN code shown in figure 27
can be inserted into the program to produce
output that can be used in the graphical
display package. The changes to MAIN
and STEP are required after statements
MAN2600 and STP1000, respectively. State-
ment MAN2600 is deleted. In subroutine
PRNTAI, the REAL*8 specification and the
DIMENSION statement must be added and
the remaining code inserted after statement
PRN1650. Also, unit numbers 10 and 11
must be specified on DD statements when
the program is executed. Unit 10 is used only
for temporary storage and the following DD
statement will generally suffice.

//G9.FT10F001 DD DSN =&&DATA,DISP
= (NEW,DELETE),UNIT
=@NLINE,

// SPACE = (TRK,(10,5)),DCB=
(RECFM =VBS,LRECL= 6440,
BLKSIZE =6444)

Unit 11 points to the data set that is used to
store the data required by the graphical dis-
play package and must be semipermanent in
nature. That is, it must not be deleted upon
completion of your job. The DD statement
will generally take the following form.

//G@. FT11F001 DD DSN = Azzzzzz.AZbbb.
CXWWWWW.aa22a24a4,

// DISP= (NEW,KEEP),UNIT=
ONLINE,SPACE= (TRK, (10,5),
RLSE),

// DCB=(RECFM=VBS,LRECL=6440,
BLKSIZE =6444)

The data set name parameter (DSN) was
discussed in the previous section. The SPACE
and DCB parameters shown above should
generally be adequate. Recall that once the
data set is established, it will be assigned to
a certain volume (disk pack) by the IBM
operating system. Subsequent references to
the data set must include this volume number
in the DD statement, that is, VOL=SER=1??2.

Results of using a preliminary version of
the graphical display package are shown in
figures 28 and 29. The time-series plot
shown in figure 28 was made on the line
printer and the contour map shown in figure

29 was made on a CALCOMP plotter. Docu-
mentation on the use of the graphical display
package is currently being written.

Madification of program logic

Some users may wish to compile only one
or two numerical options with the program.
This is done by removing the SOLVE rou-
tine(s) not needed from the card deck and
modifying the main program in either of the
following ways, assuming for this example
that SIP is being removed: (1) remove the
three IF statements that call SOLVEL,
ITER1, and NEWITA, or (2) punch a C
in column 1 of these statements and leave
them in the main program.

Other modifications to the program logic
will be required for certain applications.
Modifications will range from changing a few
statements to adding a subroutine or deleting
options not used. In any case the changes
should be made by a programmer familiar
with the computational scheme because al-
most any change has an unanticipated effect
on another part of the program requiring
several debugging runs.

Reasonably simple modifications to the pro-
gram include changing format statements
and shifting data sets (for example, recharge
rate) from GROUP III to GROUP IV so they
can be modified for each pumping period.

Adding a second confining bed would be a
more complex modification because it may
require additional arrays, and ENTRY
CLAY in subroutine COEF would have to be
made general to accept confining-bed parame-
ters for either bed.

FORTRAN IV

The program includes several FORTRAN
IV features that are not in ANS FORTRAN
(for example, ENTRY, END parameter in
read statement, mixed-mode expressions, G
format code, literal enclosed in apostrophes).
If the program is used at a computer center
where the FORTRAN compiler does not in-
clude these extensions, programmers at the
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MAIN
300 CALL GRAPH  (Y(L(3))oY(L(4))oY(L(S))sY(L(6))sY(L(T))y
1 YY(1)sY(L(8)))
READ (Ry 3200END=310) NEXT
STEP
WRITE(10) PHIsSUM
PRINTAI

REAL®8 HD
DIMENSION NN(1)oSUMX (1) sSUMY (1) eX(1)eY(1)eZZ(1)oHD(])

Chusasastantaotas

ENTRY GRAPH  (SUMXySUMYsXsY92Z9HDsNN)
CRRENBOBERBOHRBSG
C COMPUTE X AND Y COORCINATES OF ROWS AND COLUMNS
SUMX (1) =DELX(1)/2,
SUMY (1)=DELY (1) /2.
DO 325 I=2+DIML
325 SUMY(I)=SUMY(I=1)+(DELY(I)*DELY(I=1))/2,
D0 330 I=2.DIMW
330 SUMX(I)=SUMX(I=1)*(DELX(I)*DELX(I=1))/2,
C DETERMINE NUMBER OF ACTIVE NODESe THEIR STORAGE LOCATION,
C AND THEIR X AND Y COORDINATES
N=0
DO 340 I=2+INO1
DO 340 J=2y»JNOI
IF(T(1eJ)eEQeOs) GO TO 340
Nz=Nel]
NN (N)=T+DIML# (J=1)
X(N)sSUMX (J)
Y(N)=SUMY (I)
340 CONTINUE
WRITE X AND Y COORDINATES ON UNIT 11
WRITE(1l) (X(I)sIs1leN)
WRITE(1l) (Y(I)sI=1sN)
C FREWIND UNIT 10 AND REPROCESS PHI MATRIX AT EACK TIME STEP
C PLACING PHI VALUES AT ACTIVE NODES IN THE 2Z ARRAY (REAL®4)
REWIND 10
DO 380 I=lKT
READ(10) PHIsSUM
DO 350 J=1eN
NIJ=aNN (J)
350 ZZ2(J)=HD(NIJ)
WRITE PHI VALUES AT ACTIVE NODES AND ELAPSED SIMULATION TIME
ON UNIT 11
WRITE(L11) (ZZ(J)eJ=1aN)sSUM
360 CONTINUE
WRITE(69390) NoKToSUMX(DIMW) s SUMY(DIML)
390 FORMAT (//¢' GRAPHICS OUTPUT FOR t916y" ACTIVE NODES AND 414,
1 Y TIME STEPS HAS BEEN WRITTEN ON UNIT 11'4/,
2 ' MAXIMUM XoY COORDINATE PAIR IS '9F1042¢'s'9Fl0.2)
RETURN

(e}

(2 Nel

FIGURE 27 —Additional FORTRAN code required to produce output for graphical display.
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FIGURE 28.—Water level versus time at various nodes of the sample aquifer problem produced by the graphi-
cal display package.

selected installation may be available to
modify the computer code as necessary.

Limitations of program

The model documented in this report is
reasonably free of errors and has been used
successfully to simulate a variety of aquifer
systems in two dimensions. Undiscovered er-

rors in the logic, however, may appear as the
model is applied to a variety of new problems.

The user is cautioned against using this
model to make more than a crude simulation
of three-dimensional problems. A rigorous
analysis of three-dimensional aquifer systems
can be made only with the appropriate analog
or digital simulators.
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+X

FIGURE 29.—Contour map of water level (in feet) for sample aquifer problem produced by graphical display

package. Contour interval is 0.5 ft.

Attachment III

Data Deck Instructions

Group I: Title, simulation options, and problem dimensions

This group of cards, which are read by the main program, contains data required to di-
mension the model. To specify an option on card 3, punch the characters underlined in the
definition, starting in the first column of the field. For any option not used, leave the appropri-

ate columns blank.

CARD COLUMNS FORMAT

1 1-80 20A4
2 1-48 12A4
3 1-5 A4,1X
6-10 A4,1X
11-15 A4,1X
16-20 A4,1X
21-25 A41X

VARIABLE

HEADNG

WATER
LEAK
CONVRT
EVAP

RECH

DEFINITION

Any title the user wishes to print on one
line at the start of output.

WATE for water table or combined
water-table-artesian aquifer.

LEAK for an aquifer system including
leakage from a. stream or confining bed.

CONV for combined artesian-water-
table aquifer.

EVAP to permit discharge by evapo-
transpiration.

RECH to include a constant recharge
rate.
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CARD COLUMNS
26-30

31-35
36-40

41-45

46-50

51-55

56-60

4 1-10
11-20
21-30

31-40

TECHNIQUES OF WATER-RESQOURCES INVESTIGATIONS

DEFINITION
SIP or LSOR or ADI to designate the
equation-solving scheme.
CHEC to compute a mass balance.
PUNC for punched output at the end of
the simulation.

DK1 to read initial head and mass bal-
ance parameters from disk (unit 4).
DK2 to save (write) computed head,

elapsed time, and mass balance parame-
ters on disk (unit 4).
NUME to print drawdown in numeric
~ form.
HEAD to print the head matrix.

(All variables on card 4 are integers)

FORMAT VARIABLE
A4,1X NUMS
A4,1X CHCK
A4,1X PNCH
A4,1X IDK1
A4,1X IDK2
A4,1X NUM
A4,1X HEAD
110 DIML
110 DIMW
110 NW

110 ITMAX

Number of rows.

Number of columns.

Number of pumping wells for which
drawdown is to be computed at a
“real” well radius.

Maximum number of iterations per time
step.

NoTE.—Steady-state simulations often require more than 50 itera-
tions. Transient time steps usually require less than 30 iterations.

Group Il: Scalar parameters

The parameters required in every problem are underlined. The other parameters are
required as noted; when not required, their location on the card can be left blank. The G
format is used to read E, F and I data. Minimize mistakes by always right-justifying data in
the field. If F format data do not contain significant figures to the right of the decimal point,
the decimal point can be omitted. Default typing of variables applies.

CARD COLUMNS FORMAT VARIABLE DEFINITION
1 1-4 A4 CONTR CONT to generate a map of drawdown
and (or) hydraulic head; for no maps
insert a blank card.

11-20 G10.0 XSCALE Factor to convert model length unit to
unit used in X direction on maps (that
is, to convert from feet to miles,
XSCALE=5280).

21-30 G10.0 YSCALE Factor to convert model length unit to
unit used in Y direction on maps.

31-40 G10.0 DINCH Number of map units per inch.

41-50 G10.0 FACT1 Factor to adjust value of drawdown
printed*.

51-60 G10.0 FACT2 Factor to adjust value of head printed*.

c‘l:;i;lvl:i?)v:: FACT 1or Printed
or head FACT 2 value
.01 0
1 5
52.87 1 52

10
100

626

(1 2]
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‘ CARD COLUMNS FORMAT VARIABLE DEFINITION
61-68 A8 MESUR Name of map length unit.
2 1-10 G10.0 NPER Number of pumping periods for this
simulation.
11-20 G10.0 KTH Number of time steps between printouts.

3

NoTE.—To print only the results for the final time step in a pump-
ing period, make KTH greater than the expected number of time
steps. The program always prints the results for the final time step.

21-30 G10.0 ERR Error criterion for closure (L).
NOTE.—When the head change at all nodes on subsequent itera-

tions is less than this value (for example, 0.01 foot), the program
has reached a solution for the time step.

31-40 G10.0 EROR Steady-state error criterion (L).

NoOTE.—If the head change between time steps in transient simula-
tions is less than this amount, the pumping period is terminated.

41-50 G10.0 SS Specific storage of confining bed (1/L).

NoOTE.—SS has a finite value only in transient simulations where
leakage is a function of storage in the confining bed.

51-60 G10.0 QET Maximum evapotranspiration rate
(L/T).
61-70 G10.0 ETDIST Depth at which ET ceases below land

surface (L).

NoTE.—QET and ETDIST required only for simulations including
evapotranspiration.

71-80 G10.0 LENGTH Definition depends on the numerical solu-
tion used:

LSOR: number of LSOR iterations
between 2-D corrections.

ADI and SIP: Number of iteration
parameters; unless the program is
modified, code 10 for SIP,

1-10 G10.0 HMAX Definition depends on numerical solution
used:

LSOR: acceleration parameter.
ADI: maximum iteration parameter.
SIP: value of g’.

NOTE.—See the discussion of the numerical methods in the text for
information on iteration parameters.

11-20 G10.0 FACTX Multiplication factor for transmissivity
in X direction.
21-30 G10.0 FACTY Multiplication factor for transmissivity

in Y direction.

NOTE.—FACTX=FACTY =1 for isotropic aquifers.
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CARD COLUMNS

4

1-20
21-40
41-60
61-80

1-20
21-40
41-60
61-80

1-20
21-40
41-60
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FORMAT

G20.10
G20.10
G20.10
G20.10
G20.10
G20.10
G20.10
G20.10
G20.10
G20.10
G20.10

VARIABLE

SUM
SUMP
PUMPT
CFLUXT
QRET
CHST
CHDT
FLUXT
STORT
ETFLXT
FLXNT

~

DEFINITION

) Parameters in which elapsed time and

cumulative volumes for mass balance
are stored. For the start of a simula-
tion insert three blank cards. For con-
tinuation of a previous run from
punched output, remove the three
blank cards and insert the first three
cards of the punched output from the
previous run. If continuation is from
interim storage on disk, the three
blank cards should remain.

Group llI: Array data

Each of the following data sets, except the first one (PHI), consists of a parameter card
and, if the data set contains variable data, may include a set of data cards. Default typing ap-
plies except for M(1,J) which is a real array. Each parameter card contains five variables
defined as follows:

CARD COLUMNS

Every
parame-
ter card.

1-10

11-20

21-30

31-40

41-50

FORMAT
G10.0

G10.0

G10.0

G10.0

G10.0

VARIABLE

FACT

IVAR

IPRN

IRECS

IRECD

DEFINITION

If IVAR=0, FACT is the value assigned
to every element of the matrix;

If IVAR=1, FACT is the multiplication
factor for the following set of data
cards.

=0 if no data cards are to be read for this
matrix; ‘

=1 if data eards for this matrix follow.

=0 if input data for this matrix are to be
printed;

=1 if input data for the matrix are not
to be printed.

=( if the matrix is being read from cards
or if each element is being set equal to
FACT.

=1 if the matrix is to be read from disk
(unit 2).

=( if the matrix is not to be stored on
disk.

=1 if the matrix being read from cards or
set equal to FACT 4s to be stored on
disk (unit 2) for later retrieval.

Refer to the examples in figures 31-33, Attachment IV. Figure 33 illustrates data for the
sample problem without using disk files.

For the uniform starting head=100, FACT =100, IVAR=IPRN=IRECS =IRECD=0
and no data cards are required. The storage coefficient matrix is used to locate a constant-
head boundary; therefore, FACT=—1, IVAR=1, IPRN=IRECS=IRECD=0 and a set of
data cards with the location of the boundary nodes follows.
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To save the storage coefficient matrix on disk (provided unit 2 has been defined on a DD
statement ; see technical information), set FACT=1, IVAR=1,IPRN=IRECS=0, IRECD=1,
and include the set of data cards (figure 81). After this has been processed successfully, sub-
sequent runs need only include a parameter card with the following: FACT=IVAR=IPRN
=0, IRECS=1, IRECD=0. The set of data cards are not included and the storage coefficient
matrix is input via unit 2 from disk storage. (See figure 32.)

When data cards are included, start each row on a new card. To prepare a set of data
cards for an array that is a function of space, the general procedure is to overlay the finite-
difference grid on a contoured map of the parameter and record the average value of the pa-
rameter for each finite-difference block on coding forms according to the appropriate format.
In general, record only significant digits and no decimal points (except for data set 2); use
the multiplication factor to convert the data to their appropriate values. For example, if verti-
cal conductivity of the confining bed (RATE) ranges from 2X10—° to 9x10-* ft/sec, coded
values should range from 2 to 90; the multiplication factor (FACT) would be 1.0 E—9.

Arrays needed in every simulation are underlined. Omit parameter cards and data cards
not used in the simulation (however, see the footnote for the S matrix).

CARD COLUMNS FORMAT VARIABLE DEFINITION

1 1-80 8F10.4 PHI(LJ) Head values for continuation of a previ-
ous run (L).

NoTE.—For a new simulation this data set is omitted. Do not in-
clude a parameter card with this data set.

2 1-80 8F10.4 STRT (L) Starting head matrix (L).
3 1-80 20F4.0 Sy Storage coefficient (dimensionless).
NoTE.—Always required. In addition to specifying storage coeffi-
cient values for artesian aquifers, this matrix is used to locate con-
stant-head boundaries by coding a negative number at constant-head
nodes. At these nodes T or PERM must be greater than zero. For a
problem with no constant-head nodes and that does not require S
values, insert a blank parameter card.
4 1-80 20F4.0 T(LJ) Transmissivity (L2/T).
NoOTE.— (1) Required for artesian aquifer simulation only.
(2) Zero values must be placed around the perimeter of
the T or PERM matrix for reasons inherent in the
computational scheme. If IVAR =0, zero values are
automatically inserted around the border of the
model.
5 1-80 20F4.0 PERM(1,J) Hydraulic conductivity (L/T) (see note
2 for data set 4).
6 1-80 20F4.0 BOTTOM(1,J) Elevation of bottom of aquifer (L).
7 1-80 20F4.0 SY (L,J) Specific yield (dimensionless).
NOTE.—Data sets 5, 6, and 7 are required for water table or com-
bined artesian-water table simulations.
8 1-80 20F4.0 TOP (1,J) Elevation of top of aquifer (L).

NoTE.—Required only in combined artesian—water-table simulations.
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DATA
SET COLUMNS FORMAT VARIABLE DEFINITION
9 1-80 20F4.0 RATE (LJ) Hydraulic conductivity of confining bed
(L/T).
10 1-80 20F4.0 RIVER (1,J) Head on the other side of confining bed
(L).
11 1-80 20F4.0 M (LJ) Thickness of confining bed (L).
NoTE.—Data sets 9, 10, and 11 are required in simulations with
leakage. If the confining bed or streambed does not extend over the
entire aquifer use the M matrix to locate the confining bed. If RATE
and RIVER do not vary over the extent of the confining bed they can
be initialized to a uniform value.
12 1-80 20F4.0 GRND (1,J) Land elevation (L).
NoTE.—Required for simulations with evapotranspiration
13 1-80 20F4.0 QRE (1,J) Recharge rate (L/T).
NOTE.—Omit if not used.
14 1-80 8G10.0 DELX (J) Grid spacing in X direction (L).
15 1-80 8G10.0 DELY (I) Grid spacing in Y direction (L).

Group IV: Parameters that change with the pumping period

The program has two options for the simulation period:

1. To simulate a given number of time steps, set TMAX to a value larger than the ex-
pected simulation period. The program will use NUMT, CDLT, and DELT as coded.
2. To simulate a given pumping period, set NUMT larger than the number required for
the simulation period (for example, 100). The program will compute the exact
DELT (which will be =DELT coded) and NUMT to arrive exactly at TMAX on

the last time step.
Default typing applies.
CARD COLUMNS FORMAT VARIABLE DEFINITION
1 1-10 G10.0 KP Number of the pumping period.
11-20 G10.0 KPM1 Number of the previous pumping period.

NoTE.—In general KPM1=0 if KP=1
KPM1=1 if KP=2, etc.
This causes the time parameter used in ENTRY CLAY to be set to
zero and STRT to be initialized to PHI. However, for continuation of
a previous pumping period KPM1=KP, and STRT and the time pa-
rameter are not affected.

21-30 G10.0 NWEL Number of wells for this pumping period.

31-40 G10.0 TMAX Number of days in this pumping period.

41-50 G10.0 NUMT Number of time steps.

51-60 G10.0 CDLT Multiplying factor for DELT.
NoOTE.—1.5 is commonly used.

61-70 G10.0 DELT Initial time step in hours.
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If NWEL=0 the following set of cards is omitted.

DATA SET 1
COLUMNS  FORMAT VARIABLE
1-10 G10.0 1
11-20 G10.0 J
21-30 G10.0 WELL (LJ)
31-40 G10.0 RADIUS

(NWEL cards)

DEFINITION

Row location of well.

Column location of well.

Pumping rate (L3/T), negative for a
pumping well.

Real well radius (L).

NoTe.—Radius is required only for those wells, if any, where com-
putation of drawdown at a real well radius is to be made.

For each additional pumping period, another set of group IV cards is required (that is,

NPER sets of group IV cards are required).

If another simulation is included in the same job, insert a blank card before the next

group I cards.

Attachment IV
Sample Aquifer Simulation And Job Control Language

This appendix includes examples of job
control language (JCL) for several different
runs and an example problem designed to
illustrate many of the options in the program.
The grid and boundary conditions for the
problem are given in figure 25. Figure 30 il-
lustrates in cross section the type of problem
being simulated, but note that it is not to
scale.

The listing of data with the JCL examples
is not on a coding form, but it should not be

N

GRNO
RIVER (& STRT|-~

Flux {r
constant head

Constant fiux
recharge welis)

Water table

Leakage

BOTTOM

T e T T e — - — - o T T T T T

Artesian aquifer

FIGURE 30.—Cross section illustrates several options
included in the sample problem and identifies the
meaning of several program parameters.

difficult to determine the proper location of
the numbers since the fields are either 4 or 10
spaces. Zero values have not been coded
on the data cards to avoid unnecessary
punching.

Figures 31 and 32 illustrate the JCL and
data decks for two successive simulations of
the sample problem. They are designed to
show the use of disk facilities to store array
data and interim results. The first run (fig.
31) is terminated after 5 iterations and inter-
im results are stored on the data set specified
by the FT04F001 DD statement. Note that
arrays S, PERM, DELX, and DELY have
been stored in the array data set specified by
the FT02F001 DD statement (a 1 appears in
column 40 of the parameter card for these
arrays). The second run (fig. 32) continues
computations from the previous stopping
point and calculates a solution. Note that
PHI, S, PERM, DELX, and DELY are read
from disk storage. The final example (fig.
33) illustrates the JCL and data deck for a
run without using the disk files. Following
figure 33 is the output for the sample prob-
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/7  EXEC FORTGCG
//FORT,SYSIN DD #
Model
source
cards
/76
7/G0.FTO2F001 DD DSN=A442702.A2Z100.,AG4W0000.MATRIX
17/ UNIT=ONLINEsDISP= (NEWIKEEP) »
7 SPACE= (560¢ (14)) +DCB= (RECFM=F)
/7G0.FTO04F001 DD DSNE=A442702.AZ100.AG4W0000.HEAD
/7 UNTT=ONL INE»DISP= (NEWsKEEP) s SPACE= (TRKs (101} sRLSE} s
77 DCB= (RECFMaVBS s LRECL=1168+BLKSIZE=1172)
//60,SYSIN DD #
~e=e SAMPLE AQUIFER PROBLEM ===
Group | |y, v Leax EVAP RECK SIP CHEC DK2 NUME HEAD
10 14 1 5
CONT 1 1 1500 1 .1 FEET
1 1 2003 .01 0 W4E=06 10 10
Group Il 1 1 1
STRT 100
-1 1 1
s
1
1 1 1 1 1 1
2002 1 1
1 1 2 2 2 2
- 1 1 1 1 2 2 2 2 2 2
= 1 1 1 2 2 2 2 @2 2 e
(=% PERM 2 2 2 2 2 2 2 2 2 2
3 2 2 2 3 3 3 3 3 3 3
o 3 3 3 3 4 4 & 4 &
(O] 4 4 4 4 4 & 4 3 3 3 3 23
3 3 3 3 3 3
BOTTOM 0
SY
RATE «3E=-07
RIVER 100
M 10
GRND 105
QRE <2E-07
50 1 1
DELX 20 14 9 S 14 21 3 41
37 25 17 11 9 13
50 1 1
DELY 10 s 7 10 14 18 27 30
3l 12
1 0 6 1 1 1.0 24
4 4 .05
5 4 05
Group IV 6 4 .05
7 4 05
4 11 -10 2
6 ¢ -10
/%

FIGURE 31.—JCL and data deck to copy some of the data sets on disk, compute for 5 iterations, and store

the results on disk.
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44 EXEC FORTGCG
//FORTLSYSIN DD #

Model
source
cards

/70

//7G0.FT02F001 OD DSNwA&42702,A2100,AG4W0000.MATRIX,
144 UNIT=ONLINE+DISPaSHRVOL3SER2SYSOLS
//760,FT04F001 DD DSN=A442702,AZ100,AG4W0000,HEAD
144 UNITsONLINE+DISPaSHR,VOL=SER3SYSO011
//80,SYSIN OD

==~= SAMPLE AQUIFER PROBLEM ===
Group | |, re Leax EVAP REOH SIP CHEC DK1 NUME HEAD
10 14 1 50
CONT 1 1 1500 1 .1 FEET
1 1 «003 .01 0 C4E=06 10 10
Group |l i 1 1
STRT 100
s 1 1
PERM 1 1
— BotTom a
= SY
o “RATE W3E=n?
3 _RIVER 100
- M 10
O “GRND 105
QRE 2 2E=07
DELX 1 1
DELY 1
1 0 6 1 1 1.0 24
" 4 +05
5 4 «05
Group IV 6 4 .05
7 4 +05
s 1 -10 2
6 6 -10
7%
/7

FIGURE 32.—JCL and data deck to continue the previous run (fig. 31) to a solution.

lem generated using the JCL and problem deck once and store it as a load module on

deck shown in figure 33. disk. Subsequent runs can use the load
Figures 31 to 33 show that the source cards module with considerable reduction in cards

are being compiled for each run. It is more | read, CPU time, and lines printed.

efficient, of course, to compile the source
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/7 EXEC FORTGCG
//FORT,SYSIN DD *
Model
source
cards
/7%
//GO.SYSIN DD »
——== SAMPLE AQUIFER PROBLEM ===
Group | | uave Leax EVAP RECH SIP CHEC NUME HEAD
10 14 1 50
CONT 1 1 1500 1 .1 FEET
1 1 +003 .01 0 «4E~06 10 10
Group Il ! ! 1
STRT 100
-1 1
s
1
11 1 1 1
2002 1
_ 11 2 2 2 2
= 1 1 1 1 2 2 2 2 2 2
a 1 1 1 2 2 2 2 2 2 e
=  PERM 2 2 2 2 2 2 @2 2 2 @
° 2 2 2 3 3 3 3 3 3 3
S 303 3 3 4 4 & & &
4 4 4 4 4 & L3 3 3 3 K 3
3 3 3 3 3 3
BOTTOM 9
SY
RATE 23E=07
RIVER 100
M 10
GRND 105
QRE «2E~07
50 1
DELX 20 14 S 9 14 21 3 41
a7 2s 17 1 s 13
50 1
DELY 10 5 7 10 14 18 27 30
3 12
1 0 é 1 1 1.0 24
“ " .05
5 4 .05
Group 1V 6 “ 05
7 4 .05
4 11 -10 2
6 é =10
/7%

FIGURE 33.—JCL and data deck to simulate the sample problem without using disk files.
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Attachment V
Generalized Flow Chart For Aquifer Simulation Model

A, MAIN PROGRAM

New problem: Read

ond write title,
progrom options
and dimensions

!

Compute dimensions New
of arrays =1 pumping
period
Pass addresses New time
of arrays T step
to subroutines

Transient
Read and Leakage
N write daota
for Groups
I ond D ————

Numerical
solution

Check for steady
state; print results

Compute

iteration

parameters
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‘ Flow chart—Continued

B, DATAI

£ /_\ /n i 1 .y
Read and write
Bl scalar parameters
and arrays
All /‘\

Initialialize variables

for the simulation
Read approximate
time parameters
Compute and print
actual time
parameters

'

Initialize SUMP,
STRT, SL, WELL
and WR for the
pumping period

Y

Read and write well

pumping rates and
well radii
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Flow chart—Continued

C, STEP

Initialize variables
for the time step
Check for steady
2
state

Write results
on disk

| Punch resulis

Compute and
print drawdown
of wells

Punch results
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Flow chart—Continued

D, SOLVE|

Compute and
print iteration
parameters

Initialize data for
o new iteration Yes

Compute SL and U

Y

Solution algorithm

WATER=CHK(2)

Compute

v
B, D, F H &

EVAP=CHK(6)

Compute
ETQB, ETQD

Compute RHO

Compute RHO
and SUBS
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Flow chart—Continued

E, COEF
Compute transient
leakage coefficients
No
No

Yes

Compute
transmissivity

MOD(KT,KTH)=0

Print drawdown
for step KT

drowdown

Y Y
No No
v ‘_V Compute

T coefficients

D3
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F, CHECKI

Initialize variables

Y

Compute rates,
storage and
pumping for
this step

Compute cumulative
volumes, totals
and differences

Print Mass
Balance

Flow chart—Continued

E6

G, PRNTAI

Initialize variables
for map

Compute location
of axes, labels

and symbols

Print
map
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A
ALFA

B

BE
BOTTOM
cOLT
CHCK
CHK
CONTR

CONVRT
D

OON
DEL
DELY
DELX
DELY
DIML
DIMW
EROR
ERR
ETA
ETDISTY

ETQB
ETQD
EVAP
F

FaCT
FACTX
FACTY
6

H

GRND
HEAD
HEADNG
HMAX

IC
1ERR

IFINAL

TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

Attachment VI
Definition Of Program Variables

IN CATAlI. DUMMY ARRAY (DOES NOT USE CORE SPACE) USED YO
OBTAIN ADDRESSES OF ARRAY DATA SETS3H

CORRECTION VECTOR FOR ROWS (LSOR)S$

PARAMETER IN SIP ALGORITHMS

TC(I=1sJ)/DELY(I) (1/T)}

PARAMETER IN THOMAS ALGORITHMS

ELEVATION OF THE BOTTOM OF THE AQUIFER (L)3

MULTIPLYING FACTOR FOR THE TIME STEP}

CONTAINS CHARACTER STRING FOR MASS BALANCE OPTION}
VECTOR CONTAINING PROBLEM OPTIONSS

CONTAINS CHARACTER STRING FOR OPTION TO PRINT

MARS OF DRAWDOWN AND/OR HEAD?3

CONTAINS CHARACTER STRING FOR WATER TABLE~ARTESIAN OPTIONS
TR(IeJ=1)/DELX(J) (1/T)3

VECTOR THAT CONTAINS DRAWDOWN VALUES (L)}

ARRAY USED IN SIP ALGORITHMS

TIME INCREMENT (T)3$

GRID SPACING IN THE X DIRECTION (L)%

GRID SPACING IN THE Y DIRECTION (L)3

NUMBER OF ROWS3$

NUMBER OF COLUMNS}

STEADY STATE EROR CRITERION (L)%

CLOSURE CRITERION (L)

ARRAY USED IN SIP ALGORITHM}

DEPTH AT WHICH EVAPOTRANSPIRATICN CEASES BELOW LAND
SURFACE (L)}

THAT PART OF ET SOURCE TERM TREATED IMPLICITLYS

THAT PART OF ET SOURCE TERM TREATED EXPLICITLYS

CONTAINS CHARACTER STRING FOR EVAPOTRANSPIRATION OPTIONW
TR(TeJ)/DELX(J) (1/T)8

SEE EXPLANATION IN GROUP I1I: ARRAY DATAS

MULTIPLICATION FACTOR FOR TRANSMISSIVITY IN X DIRECTIONS
MULTIPLICATION FACTOR FOR TRANSMISSIVITY IN Y DIRECTICNG
PARAMETER IN THOMAS ALGORITHM}

TC(I+J)/DELY(T) (1/T)3

ELEVATION OF LAND SURFACE (L)}

CONTAINS CHARACTER STRING FOROPTION TO PRINT HEAD VALUESS
TITLE FOR SIMULATIONS

MAXIMUM ITERATICON PARAMETER (ADI)¢

ACCELERATION PARAMETER (LSOR)3

BETA PARAMETER (SIP)3$

INDICATOR USED TO DETERMINE THE TYPE OF ARRAY DATAS

2 0 PUMPING WELLS ARE IN SATURATED PART

OF WATER TABLE AQUIFER}

= 1 PUMPING WELL HAS GONE DRY}

= 0 ALL TIME STEPS EXCEPT THE LASTS

= ] LAST TIME STEP IN PUMPING PERIODS

IFMT19IFMT29IFMT3 VARIABLE “ORMAT ARRAYS PASSED TO DATAI VIA ARRAY

IN
INO1
IPRN

ENTRY POINT?

IN DATAIs DUMMY ARRAY TO WHICH NAME IS PASSED!?
DIML-13%

SEE EXPLANATION IN GROUP I11: ARRAY DATAS

TRECSsIRECD SEE EXPLANATION IN GROUP IIIsARRAY DATAS

IRN

RECORD NUMBER USED FOR DISK STORAGE AND RETRIEVAL OF
ARRAY DATAS
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FINITE-DIFFERENCE MODEL FOR AQUIFER SIMULATION
Definition of program variables——Continued
MAXIMUM NUMBER OF ITERATIONS PER TIME STEPJ

SEE EXPLANATION IN GROUP IIIt ARRAY DATAS
THE CUMULATIVE WORDS OF STORAGE USED IN THE Y VECTORS

12+JZyETC.DIMENSIONS OF ARRAYS IN MODEL+COMPUTED IN MAIN PROGRAM}

JNO1
KEEP
KKK

KOQUNT
KP
KPM]
KT

KTH

L

LEaK
LENGTH

M
NPER
NUM
NUMT
NW

NWEL
NWR
PNCH

P
PARAM
PERM
PHE
PHT

Py

QET
GRE

R
RADIUS
RATE

RECH
RHO
RHQP
RIVER

RW

S

SIP
SL
SLEAK
SS
STORE

STRT

SUBS
SUM
SUMP
SURI
sY

T

TC

DIMW=13%

HYDRAULIC HEAD AT THE PREVIOQUS TIME STEP (L)
ASSOCIATED VARIABLE IN DEFINE FILE. INDICATES NUMBER OF
NEXT RECORD}

ITERATION COUNTERS

NUMBER OF THE PUMPING PERIODS

NUMBER OF PREVIOUS PUMPING PERIOD?

TIME STEP COUNTERS

NUMRER OF TIME STEPS BETWEEN PRINTOUTSS

VECTOR CONTAINING INITIAL ADDRESS OF ARRAYS}
CONTAINS CHARACTER STRING FOR LEAKAGE OPTION}
NUMBER OF ITERATION PARAMETERS (SIPsADI)S

NUMBER OF ITERATIONS BETWEEN 2-D CORRECTION (LSOR)$
THICKNESS OF CONFINING CR STREAM BED (L)%

NUMBER OF PUMPING PERIODSH

CONTAINS CHARACTER STRING FCR OPTION TO PRINT DRAWDOWNS
NUMBER OF TIME STEPSS

NUMBER OF PUMPING WELLS FOR WHICH DRAWDOWN IS TO BE
COMPUTED AT A *REAL' WELL RADIUSH

NUMBER OF WELLS FOR A PUMPING PERIOD}

LOCATION OF WELLSS

CONTAINS CHARACTER STRING FOR OPTION TO PUNCH HYDRAULIC
HEAD VALUESS

PRINTER UNIT NUMBERS

ITERATION PARAMETER?

HYDRAULIC CONDUCTIVITY QF THE AQUIFER (L/T)3
HYDRAULIC HEAD AT THE START OF THE ITERATION (L)}
HYDRAULIC HEAD (L)$

PUNCH UNIT NUMBERS$

MAXIMUM EVAPOTRANSPIRATION RATE (L/T)$

RECHARGE RATE (L/T)3

READER UNIT NUMBERS$

REAL WELL RADIUS (L)%

VERTICAL HYDRAULIC CONDUCTIVITY OF THE CONFINING BED
OR STREAM BED (L/T)3

CONTAINS CHARACTER STRING FOR RECHARGE OPTIONS
S/DELTY (1/7)3

VECTOR CONTAINING ITERATION PARAMETERSSH

HYDRAULIC HEAD OF THE STREAM OR IN THE AQUIFER
ABOVE QR BELOW THE PUMPED AGQUIFER (L)%

WELL AND RECHARGE SOURCE TERM (L/T)}

STORAGE COEFFICIENTS

CONTAINS CHARACTER STRING FOR SIP OPTION}

STEADY PART OF LEAKAGE COEFFICIENT (L/T)3

INITIAL & TRANSIENT LEAKAGE (L/T)3

SPECIFIC STORAGE OF CONFINING BED (1/L}%

CONTAINS EITHER THE STORAGE COEFFICIENT OR SPECIFIC
YIELD DEPENDING ON THE TYPE OF AQUIFERS

HYDRAULIC HEAD AT THE BEGINNING OF THE CURRENT
PUNPING PERIOD (L)3

MODIFIES STORAGE TERM IN WATER TABLE~ARTESIAN CONVERSIONS

TOTAL ELAPSED TIME IN THE SIMULATION (T)3$

TOTAL ELAPSED TIME IN THE PUMPING PERIOD (T)}
HYDRAULIC HEAD AT THE STARY OF THE SIMULATION (L)
SPECIFIC YIELDs

TRANSMISSIVITY (L*#2/T)3

HARMONIC AVERAGE OF T/DELY € [e1/24J (L/T)

75
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TEMP
TEST

TEST2
TEST3

L
THAX
TMIN

TOP
TR
17

v

v

v

VF4
WATER
WELL
WR’

X1
Y
YDIM

TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

Definition of program variables—Continued

VECTOR FOR TEMPORARY STORAGE OF HYDRAULIC HEAD (L)%
= 0 CLOSURE CRITERION SATISFIEDS

= | CLOSURE CRITERION NOT SATISFIEDS

MAXIMUM CHANGE IN HEAD FOR THE TIME STEP (L)%
VECTOR CONTAINING THE SUM OF THE ABSOLUTE VALUES

OF HEAD CHANGES FOR EACH ITERATION (L)

TRANSIENT PART OF LEAKAGE COEFFICIENT (1/T)%

NUMBER OF DAYS IN THE PUMPING PERIOD (T)3$

MINIMUM VALUE OF DIMENSIONLESS TIME FOR THE CURRENT
PUMPING PERIOD?

ELEVATION OF THE TOP OF THE AQUIFER (L)

HARMONIC AVERAGE OF T/DELX @ IjyJel/2 (L/T)3

MAXIMUM VALUE OF DIMENSIONLESS TIME FOR THE CURRENT
PUMPING PERIOCDS

2 0 EXPLICIT TREATMENT OF TRANSIENT LEAKAGES

= 1 IMPLICIT TREATMENY OF TRANSIENT LEAKAGES$
INDICATES DEFINE FILE RECORD LENGTH SPECIFICATICN IN WORDS!
ARRAY USED IN SIP ALGORITHMS

VARIABLE FORMAT FOR PRINTING HEAD AND DRAWDOWNS
CONTAINS CHARACTER STRING FOR WATER TABLE OPTION3
WELL DISCHARGE (L®#®3/T7T)}

WELL RADIUS (L)}

ARRAY CONTAINING INCREMENTAL HEAD VALUES IN SIP SOLUTION (L)
VECTOR CONTAINING ARRAY STORAGES$

LENGTH OF AGQUIFER IN Y DIRECTION (L),

DEFINITION OF VARIABLES IN CHECKI SUBROUTINE

- D e D T L P S P YD D R A n R TP R D R D W VP TR WD

CFLUX
CFLUXT
CcHD1
cHD2
CHDT
CHST

DIFF
ETFLUX
ETFLXT
FLUX

FLUXS
FLXN
FLXNT
FLXPT
PERCNT
PUMP
PUMPT
QREFLX
QRET
STOR
STORT
SUMR
TOTL1
TOTL2
XNET

INFLOW FROM RECHARGE WELLS (L##3/7)%

CUMULATIVE VOLUME OF WATER FROM RECHARGE WELLS (L#®##3)3
RATE OF OUTFLOW TO CONSTANT HEAD BOUNDARY (L@##3/T)%
RATE OF INFLOW FROM CONSTANT HEAD BOUNDARY (L®*#3/T7)3%
CUMULATIVE DISCHARGE TO CONSTANT HEAD BOUNDARY (L##3)3
CUMULATIVE VOLUME OF WATER INFLOW FROM CONSTANT

HEAD BOUNDARY (L##3)3}

ERROR IN MASS BALANCE (L##3)}

EVAPOTRANSPIRATION RATE (L®%3/7)}%

CUMULATIVE DISCHARGE BY ET (L%u3)3

RATE OF LEAKAGE DUE TO GRADIENTS AT THE STARTY

OF THE PUMPING PERIOD (L#*#3/7)3%

NET LEAKAGE RATE (L®#®3/T7)3$

RATE OF DISCHARGE BY LEAKAGE (L##3/7)%

CUMULATIVE VOLUME OF WATER DISCHARGED BY LEAKAGE (L##3)1
CUMULATIVE VOLUME OF WATER INFLOW FROM LEAKAGE (L®#%#3)3%

PERCENT ERROR IN CUMULATIVE MASS BALANCES

DISCHARGE FROM WELLS (L®#3/T7)3

CUMULATIVE VOLUME OF WATER DISCHARGED BY PUMPING WELLS (L#%3)3
RECHARGE RATE (L#e3/T7T)¢

CUMULATIVE VOLUME OF WATER DERIVED FROM RECHARGE (L#%3)%

RATE OF CHANGE IN STORAGE FOR THE TIME STEP (L##3/T)1
CUMULATIVE VOLUME OF WATER DERIVED FROM STORAGE (L%##3)3

SUM OF RECHARGE AND DISCHARGE RATES FOR THE TIME STEP (L##3/T)%
CUMULATIVE VOLUME OF WATER FROM ALL SOURCES (L®##3)%

CUMULATIVE VOLUME OF WATER DISCHARGED FROM THE SYSTEM (L %%3)%
NET LEAKAGE RATE FOR A CELL (L##3/T),

DEFINITION OF VARIABLES IN THE PRINTAI SUBROUTINE

8L ANK
DINCH
DIsT

CONTAINS BLANK SYMBOLSS
NUMBER OF MAP UNITS PER INCH$
LOCATION OF NEXT COLUMN OF NODAL VALUES TO BE PRINTEDS



NYD
PRNT
SPACNG
SYM
TITLE

FINITE-DIFFERENCE MODEL FOR AQUIFER SIMULATION

Definition of variables in the PRNTAI subroutine—Continued

FACTOR FOR ADJUSTING VALUE OF DRAWDOWN PRINTEDS
FACTOR FOR ADJUSTING VALUE OF HWEAD PRINTEDS
ADJUSTED VALUE OF DRAWDOWN OR KEADS

NAME OF MAP LENGTH UNITS

INDEX FOR SYMBOLS}

INDICES FOR LOCATING X LABELS

NUMBER OF BLANKS BEFORE GRAPH}

NUMBER OF LINES PER INCH}

NUMBER OF CHARACTERS PER INCH#

NUMBER OF CHARACTERS PER LINE}

NUMBER OF LINES IN THE PLOTS

MAXIMUM NUMBER OF CHARACTERS IN Y DIRECTIONS
NUMBER OF INCHES IN THE X DIMENSION OF PLOTS
NUMBER OF INCHES IN THE Y DIMENSION OF PLOTS
CONTAINS THE ARRANGEMENT OF SYMBOLS FOR EACH LINES
CONTOUR INTERVAL (L)%

VECTOR CONTAINING SYMBOLS USED IN THE PLOTS
TITLE FOR PLOT}

VF19VF29VF3 VARIABLE FORMATS FOR CENTERING PLOTS

XLABEL
XN

XN1
XSCALE

XSF
YLABEL
YLEN
YN
YSCALE

YSF
¥ 4

LABEL FOR X AXISH

NUMBERS FOR X aAXISS$

1 INCH/ (N1®2)3

MULTIPLICATION FACTOR TO CONVERT MODEL LENGTH UNIY
7O UNIT USED IN X DIRECTION ON MAPS}

X SCALE FACTOR}

LABEL FOR Y AXISSH

LOCATION OF NEXT VALUE IN THE COLUMN 7O BE PRINTED!
NUMBERS FOR Y AXIS}

MULTIPLICATION FACTOR TO CONVERT MODEL LENGTH UNILTY
TO UNIT USED IN Y DIRECTION ON MAPSH

Y SCALE FACTOR?

LOCATION OF NEXT LINE TO BE PRINTED.

7



78

OO OOHOHOD

O 00 (9]

10
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Attachment VIl
Program Listing

REDBVBPERRRADBRBRBBRBDRORRBREDRRBDNGRBDRBBDBRBBERTRDBERDRBRRRBOB000MAN

FINITE-DIFFERENCE MODEL MAN

FOR MAN

SIMULATION OF GROUND=WATER FLOW MAN

IN TWO DIMENSIONS MAN

MAN

BY Po, Co TRESCOTTs G, Fo PINDER AND S, P, LARSON MAN

Ue Se GEOLOGICAL SURVEY MAN

SEPTEMBER: 1975 MAN

BB RSB RN BB ARG DR RN D BRSO ORBDERNONRDNNRRN BT RRDRBRERIDBOINBNOOONDORARMAN
MAIN PROGRAM TO DIMENSION DIGITAL MODEL AND CONTROL SEQUENCE MAN
OF COMPUTATIONS MAN
SPECIFICATIONS! MAN
REAL %4KEEPIMyHEADNG (32) MAN
REAL “BPHI¢GsBEYTEMPZyYY MAN
INTEGER RePyPUSDIMLIDIMWsCHK sWATERsCONVRTyEVAP 9 CHCK9PNCHyNUMsHEADsMAN
1CONTRyLEAKIRECHSIPsADI MAN
MAN

DIMENSION Y(T0000)s L(37)9 IFMT1(9)s IFMT2(9)s IFMTI(9) s NAME (99) ¢MAN
1 YY(l) MAN
EQUIVALENCE (YY(1)sY (1)) MAN
MAN

COMMON /SARRAY/ VF4(11)sCHK(15) MAN

COMMON /ARSIZE/ 12+JZsIPeJPoIRWJRIICIJCITIL oJLISsJSeTHsIMAX,IMX]1 MaN
COMMON /SPARAM/ WATER.CONVRT4EVAP¢CHCK yPNCHsNUMsHEAD yCONTRIERORILEMAN
1AKsRECHsSIPoUsSSeTToTMINSIETDISTIQETIERRy TMAXsCDLTsHMAX 9 YDIM WIDTHsMAN
2NUMS s LSORADI 9y DELT s SUMySUMP s SURSsSTORE+TESTHIETQOBIETODFACTXFACTYsMAN
3IERRoKOUNT o IFINAL oNUMT o KT o KPsNPERoKTHo ITMAX s LENGTHoNWEL s NWsDIMLyDIMAN

4MWeUNOL s INOL9RyPIPUsI9JsIDK]l s IDK2 MAN
MAN

DATA IFMT1/4H(1HOs4HeISss4HIOEL96H)a3/94H(1H 96HeSX994HI0ELe4H1,3)MAN
194H) / MAN
DATA IFMT2/4H('0%94HsI2990H2X9294H0F6,94H1/(S596HX92006HF6,144H)) MAN
le6H / MAN
DATA IFMT3/74H(1HOs4HeISes4HLGFGs4H S/ (s4H1H 994HEX 01 94HGF9444HS)) MAN
lo4H / MAN
DATA NAME/284H 24H STO94HRAGEs4H COEs4HFFICoOHIENT4%4H v4H MAN
1 Tes4HRANS4HMISSe4HIVIToGHY s 2%4H Yy As4HQUIF 94HER He4HYCMAN
2RA+4HULICs4H CONs4HDUCTs4HIVIT4HY 24H s4H As4HQUIF9s4HER RByMAN
34HASE +GHELEV.4HATIO04HN 2 JN4H 14K Ss4HPECI94HFIC »4HYIEL 44MAN
4HD v4®4H s4HAQUI »4HFER +4MHTOP J4HELEVs4HATIOW4KN v4H v4HMAN
SCONF s 4HININs4HG BEs4HD HY94HDRAUGKHLIC 94HCOND9GHUCTIZ4HVITY¢34%4H MAN
6 s4H RIVIGHER He4MHEAD 44%4H v4H Co4HONFI o4 HNINGy4H BEDy4H TMAN
THI s4HCKNE s 4HSS ¢2%4H YY,] LeGHAND o+4HSURF 94HACE 24HELEVeSGHATIMAN
809 4HN 1304 H 94H ARE94HAL RISGHECHAI4HRGE ¢s4HRATE »2%4H / MAN
MAN

DEFINE FILE 2(14+26243UsKKK) MAN
.....................l..........'..........‘..'.'...........'..‘..M‘N
MAN

ee=READ TITLEJPROGRAM OPTIONS AND PROGRAM SIZE===- MAN
READ (Ry370) HEADNG MAN
WRITE (P+360) HEAONG MAN
READ (R93B0) WATERILEAKICONVRTSEVAPIRECHeNUMSyCHCK9PNCHo IDK19IDK29MAN
INUMSHEAD MAN

WRITE (P9390) WATERILEAKsCONVRTIEVAP+RECHINUMSyCHCKsPNCHy IDK1y IDKZMAN
1oNUMoHEAD MAN
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550
560
570
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Program listing—Continued

79

IF (NUMSEQeCHK(11) ¢ORNUMS,EQ.CHK (12) 4ORJNUMS,EQ,CHK(13)) GO TO 2MAN 580

10

WRITE (P+350)

SToOP

READ (R+320) DIML+DIMWoNWITMAX

WRITE (P+340) DIMLyDIMWINW,ITMAX

»==COMPUTE OIMENSIONS FOR ARRAYS=e=

I1Z=DIML

JZ=D 1MW
IH=MAXO0 (1 9NW)
IMAXSMAXO (DIML+DIMW)
1SI2aDIML*DIMW
ISUM=2#]S1I2+1
IMX1=ITMAXs1
L(l)=}

DO 30 I=2¢4
ISUMISUMe2#IMAX
DO 40 I=Se16
L(I)=ISUM
ISUM=ISUMeISIZ
IF (WATER(NE.CHK(2)) GO TO 60
DO S0 1I=17419
L{1)=1ISuM
ISUMzISUMeISIZ
IP=DIML

JPaDIMW

60 70 80

DC 70 I=17,19
L(I)=sISUM
ISUME]SUMe}

IP=]

JP=]

IF (LEAKSNE,CHK(9)) GO TO 100
D0 90 I=20.22
L(I)=ISUM
ISUM=]ISUM+ISI?
IR=DIML

JREDIMW

G0 TO 120

DO 110 I=20422
L(I)=ISUM

ISUM=ISUMe]

IR=}l

JR=1

IF (CONVRT(NE,CHK(T)) GO TO 130
L(23)=ISUM

ISUMEISUMeISI2

ICaDIML

JCz=D IMwW

GO TO 140

L(23)=aISUM

ISUMISUMe]

IC=]

JC=]

IF (EVAPNE.CHK(6)) GO TO 150
L(264)=ISUM

ISUM=ISUM+[S1Z

IL=DIML

JL=DIMw

GO TO 160

MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
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620
630
640
650
6€0
670
680
690
700
710
720
730
740
750
760
770
780
750
800
810
820
830
840
8s0
860
870
880
8S0
S00
910
920
930
940
950
9€¢0
970
980
950

MAN1000
MAN1OlO
MAN1020
MAN1030
MAN1040
MAN10S0
MAN1060
MAN1070
MAN1080
MAN10G0
MAN1100O
MAN1110
MAN1120
MAN1130
MAN1140
MAN1150
MAN1160
MAN1170
MaN1180
MAN11S0
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Program listing—Continued

L(24)=ISUM MAN1200
ISUMSISUMe) MaNl21l0
IL=]) MAN1220
Jis] MAN1230
IF (NUMS.NE,CHK(11)) GO TO 180 MAN1240
D0 170 I=25,28 MAN1250
L(I)=ISUM MAN1260
ISUMaISUM+ISTZ MAN1270
IS=DIML MAN1280
JS=DIMK MAN12S0
GO TO 200 MAN1300
DO 190 [=25.28 MAN1310
L(I)=ISUM MAN1320
ISUM=ISUMe] MAN1330
1s=1 MAN1340
JS=1 MAN1350
D0 210 1=229,3) MAN1360
L(I)=ISUM MAN1370
ISUMEISUMeDIMW MAN1380
DO 220 1=32,+33 MAN13G0
L(I)=sISUM MAN1400
ISUMaISUM«DIML MAN1410
L(36)=ISUM MAN1420
ISUM=ISUMIH MAN1430
L(35)=ISUM MAN1640
ISUMSISUMe 201N MAN14S0
IF (MOD(ISUMs2) o EQ.0) ISUMEISUMe] MAN1460
CONTINUE MAN1470
L(36)=TSUM MAN1480
ISUM=ISUMe28 IMAX MAN14S0
L(3T)=ISUM MAN1S00
ISUMSISUMeIMX] MAaN1S10
WRITE (Ps330) ISUM MAN1520

MAN1530
===PASS INTIIAL ADDRESSES OF ARRAYS TO SUBROUTINESwe= MAN1S40

CALL DATAL(Y (LA oY (LA(TI)oY(L(B)IoY(L(I) )oY (LILO)) oY (L(11)) oY (L (., MAN1550
12029 YALA13) ) o YUL(14) )oY (LC1S) )oY (L1 oY (L(IT)) oY (L(18))yY(L(19))IMAN]ISED
2oY(L(20) )oY (L(21)) oY (L(22)) oY (L(23)) oY (L(24))9Y(L(29))sY(L(32))9Y(MANLISTO
3L(34) )oY (L(3S))) MAN1580

CALL STEP(Y (LAY ) oY (LU(S))oY(LU(T)) oY L(B)) oY (LIS oY (L(14)) oY (L(17IMANLISSO
D)o Y(L(18)) oY (L(23)) oY (L(29)) oY (L(I0)) oY (L(32))sY(L(36)),Y(L(35)),YMAN16OO
2L (371 MAN1610

IF (NUMSSEQ.CHK(11)) CALL SOLVEL(Y(L (1)) oY (LE2))oY(L(3))oY(L(4))YMANLG2D
LOLASH) oY (L (6o YL (T) I oY LL (I )oY IL(12)) oY (L(Y3)) oY (L(14))Y(L(15))MANL1630
2oY(LC16) )oY (L (25)) 0¥ (LI26)) oY (L(2T)) oY (L(28)) oY (L(29))sY(L(31))sY(MANL64D
3L(32)) oYL (3 ) o Y(L(ITI) o Y(LCLO) )oY (L (11D Yo Y(L(24)) oY (L(19))9Y(L(2ZMAN16SO
43))9Y(L(20)) oY (L(22)) Y (L(21))) MAN1660

IF (NUMSGEG,CHK(12)) CALL SOLVE2(Y(L(1))aY(L(2))sY(LU3))oY(L(4))9sYMANLIETO
LAL(S) oY (LI oY (LAT) )oY (L(9) )oY (L(12)) oY (L(13)) oY (L(14)) Y (L(15))MAN16EO
2oY(L(16)) oY (L(25)) oY (L(26))9Y(L(27)) oY (L(28))9Y(L(29))9Y(L(31))sY(MAN16SO
3L(32) )oY (LI s Y(LIIT)IIoY(LCLOI) o YAL(IL) D oY (L(24))0Y(L(1S9))sY (L (2MAN1TO0
43))9Y(L(20))eY(L(22))aY(L(21))) MAN1710

IF (NUMSJEGQ4CHK(13)) CALL SOLVEI(Y(L(1))sY(L(2)) oY (L(3))oY(L(4))+YMANLTZO
LCLES) ) oY (LCE) ) o YIL(TI) oY (L)) oY (L (12D oY (LCL13))aY(L(14)) oY (L(15))MANLTIO
2oY(LU16) )oY (L(25))aY(L(26)) oY (L(2T)) oY (L(28))9sY(L(29))9Y(L(31))sY(MANLT4O
AL(32))9Y(L(33)) oY (LU(36)) s Y(L(3T)) oY (L(I0I)oY(L(I1)) oY (L(24))9Y(L(IMANLITSO
49) )oY (L (23) )oY (L(20)) oY (L(22))9Y(L(21))) MAN1T760

CALL COEF(Y(LU(L))oY(L(S))oY(L(O6)) oY (LTI oY(L(B))oY(L(D))yY(L(10)IMANLTTO
ToY(L (LX) )oY (L(12)) o YAL (L&) )oY (LCIS) )oY (LC16))sY(L(1T))oY(L(18)) Y (MANLITEO
SLUIS)) oYL (20)) oY (L(21)) oY (L(22)) oY (L(23)) oY (L(24)) Y (L(29)) Y (L (3MANL1TSO
32 MAN1800
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Program listing—Continued

CALL CHECKI(Y(LC(L1))oY(L(S)) oY (LB eY(L(T))aY(L(9))aY(L(10)) Y (L(IMAN]1BLO
LD oYL (12)) oYL (13D ) oY (L(14) )oY (LI1S)) o Y(L(IT))aY(L(18)) oY (L(19))IMAN1IB2O
2eY(LE20) )oY (L(21)) oY (L(22)) oY (L(23) )oY (L(24)) oY (L(29))eY(L(32))) MAN1BIO

CALL PRNTAT(Y(L(L)) oY (L(B))oY(L(S))oY(L(12))oY(L(14))sY(L(28))sY(LMAN]B4O

1(32))) MAN1850
.'.I..I..‘...'..0'............0.'.......-.Q.............l...OOQOOOMANIBGO
MAN1870

===START COMPUTATIONS»e= MAN1880
BHRBORBRAORBBDDBDOIBORNBND MAN]1890
===READ AND WRITE DATA FOR GROUPS I] AND lll~me- MAN1900
CALL DATAIN MAN1910
CALL ARRAY(Y(L(12))sIFMT3sNAME(1)s2) MAN1920
IF (WATERLEQ.CHK(2)) GO TO 240 MAN1S30
CALL ARRAY(Y(L(S)) ¢ IFMT3oNAME(10)+3) MAN1940
GO TO 250 MAN]19S0
CALL ARRAY(Y(L(17))9sIFMTIoNAME(19) +4) MAN1960
CALL ARRAY(Y(L(18))sIFMT29NAME (28),+5) MAN1970
CALL ARRAY(Y(L(19))9IFMT3IyNAME (3T)+6) MAN1980
IF (CONVRTGEQ,CHK (7)) CALL ARRAY(Y(L(23))sIFMT2sNAME (46),T) MAN19S0
IF (LEAKNE.CHK(9)) GO TO 260 MAN2000
CALL ARRAY(Y(L(20))+IFMT1sNAME (55),8) MANZ2010
CALL ARRAY(Y(L(21))+IFMT2,NAME (64),9) MANZ2020
CALL ARRAY(Y(L(22))9IFMT24NAME(T73)+10) MAN2030
IF (EVAP.EQ.CHK(6)) CALL ARRAY(Y(L{24))sIFMT2sNAME (82)+11]) MANZ2040
IF (RECHeEQ.CHK(10)) CALL ARRAY(Y(L(13))IFMT1sNAME(S1)+12) MAN2050
CALL MDAT MAN2060
. MAN2070

wewINITIALIZE TRANSMISSIVITY VALUES IN WATER TABLE PROBLEM=e=- MAN2080
KT=0 MAN20SO
IF (WATERGEQ.CHK(2)) CALL TRANS MAN2100
MAN2110

ew=COMPUTE ITERATION PARAMETERS=~- MAN2120
IF (NUMS.EGQ.CHK(11)) CALL ITER] MAN2130
IF (NUMS,EQ.CHK(12)) CALL ITERZ2 MAN2140
IF (NUMS.EG.CHK(13)) CALL ITER3 MAN2150
MAN2160

«e=INITIALIZE PARAMETERS FOR ALPHAMERIC MAP=== MANZ2170
IF (CONTRLEQ.CHK(3)) CALL MAP MAN2180
MAN2190

«=wCOMPUTE T COEFFICIENTS FOR ARTESIAN PROBLEMw== MANZ2200
IF (WATERJNE.CHK(2)) CALL TCOF MAN2210
MAN2220

-==READ TIME PARAMETERS AND PUMPING DATA FOR A NEW PUMPING PERIOD=MAN2230
CALL NEWPER MAN2240
MAN2250

KT=0 MAN2260
IFINAL®O MAN2270
1ERR=0 MAN2280
MANZ2S0

«=«START NEW TIME STEP COMPUTATIONSe=- MAN2300
CALL NEWSTP MAN2310
MAN2320

ee=COMPUTE TRANSIENT PART OF LEAKAGE TERM=== MAN2330
IF (LEAK.EQ.CHK(9) ANDsSS«NE,0.) CALL CLAY MANZ2340
MAN2350

-==ENTER APPROPIATE SOLUTION ROUTINE AND COMPUTE SOLUTION==e MAN2360
IF (NUMS.EG.CHK(11)) CALL NEWITA MAN2370
IF (NUMS.EQ.CHK(12)) CALL NEWITB MANZ2380
IF (NUMS.EQ.CHK(13)) CALL NEWITC MAN2360
MANZ2400

we=CHECK FOR STEADY STATE AND PRINT OUTPUT AT DESIGNATED MAN2410
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Program listing—Continued

TIME STEPS=w= MAN2420
CALL STEADY MAN2430

) MANZ440

e=eLAST TIME STEP IN PUMPING PERIOD 7ee= MAN24S0

IF (IFINALJNE,1) GO TO 280 MaN2460
MAN26470

eseCHECK FOR NEW PUMPING PERIODw=w~- MAN2480

IF (KP.LT,NPER) 6O TO 270 MAN2450

, MAN2500

~==DISK OUTPUT IF DESIRED=== MAN2510

IF (IDK2.NE.CHK(15)) GO TO 290 MAN2520
CALL DISK MAN2530
MAN2540

~==PUNCHED QUTPUT IF DESIRED=== MAN2550

290 IF (PNCHoNE.CHK(1)) GO TO 300 MAN2560
CALL PUNCH MAN2570
MAN2580

~=4CHECK FOR NEW PROBLEM=== MAN25S0

300 READ (Ry320+END=310) NEXT MAN2600
IF (NEXT.EQ,0) GO TO 10 MAN2610

310 STOP MAN2620
....O.Q.....l.l.......l.!.'.............c..Ol'l..!l..oOQ.O'O.‘O..OMAN263°
MAN2640

ceaFORMATS~e= MAN2650
cmcsenerrtes e rreatrecs e e eeecreeraeenseseresanrenrenacnnaceesMAN2660
MAN2670

MAN2680

320 FORMAT (4I10) MAN2690
330 FORMAT ('0'+54Xs*WORDS OF Y VECTOR USED =%417) MAN2700

340 FORMAT ('0'962Xs *NUMBER OF ROWS =',15/60Xs*NUMBER OF COLUMNS =?,I5MAN2710
1/9%+ *NUMBER OF WELLS FOR WHICH DRAWDOWN IS COMPUTED AT A SPECIFIECMAN2720
2 RADIUS =7,154/939Xs "MAXIMUM PERMITTED NUMBER OF ITERATIONS =',IS)MAN2730
350 FORMAT ('=1t436X9'NO EQUATION SOLVING SCHEME SPECIFIEDs EXECUTION TMANZ2740
1ERMINATED /37X 58 (01)) MAN27S0
360 FORMAT ('1%960X9*'Ue Se Go So?//5S5Xs'FINITE=DIFFERENCE MODEL */65X+*MAN2T60
1FORY/S1Xe tSIMULATION OF GROUND=WATER FLOW'//60Xs"JANUARY,y 1975¢//1MAN2TTO

233('%1)/001,32A4//7133(%81)) MAN2780
370 FORMAT (20A4) MANZ27S0
380 FORMAT (16(A4y1X)) MAN2800
390 FORMAT ('=SIMULATION OPTIONS: *4]13(A4s4X)) MaN2810
END MANZ2820=~
SUBROUTINE CATAI(PHI¢STRTySURT+TsTRsTCsS+QREsWELLsTL+SL+PERM9BOTTCOAT 10
IMsSYoRATEyRIVER s Mo TOP s GRND + DELX 3 DELY o WR s NWR) DAT 20
READ AND WRITE INPUT DATA DAT 40
R PRSP IPR S g T 1 S0

DAT &0

SPECIFICATIONS! DAT 70
REAL *8PHI+DBLE+XLABELsYLABELsTITLEsXN]1sMESUR DAT &0
REAL *4M DAT SO
INTEGER RoPoPUIDIMLsDIMWICHKsWATERyCONVRTyEVAPyCHCK9PNCHyNUMIHEADSDAT 100
1CONTR9LEAKIRECHSIPsADI DA; }10

DA 20

DIMENSION PHI(IZ+J2)e STRT(IZ9JZ)s SURI(IZeJZ)s T(IZeJZ)s TR(I1ZyJ20AT 130
19 TC(IZ9dZ)s S(I20JZ)s QRE(I129JZ)s WELL{IZsJ2)s TL(1Z9JZ)s SL(IZ+DAT 140
2JZ)s PERM(IPsJP)s BOTTOM(IPsJP) s SY(IPsJP)s RATE(IRsJR)s RIVER(IRsDAT 150
3JR)» M(IRsJR)s TOP(ICsJC)s GRND(ILsJL)s DELX(JZ)» DELY(IZ)» WR(IH)DAT 160

4o NWR({IHs2)e A(IZoJZ)s IN(9)s IFMT(9) DAT 170
DAT 180
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Program listing—Continued

COMMON /SARRAY/ VF4(11)9sCHK(1S) DaT
COMMON /SPARAM/ WATERyCONVRTGEVAPsCHCK ¢PNCHINUMsHEADsCONTReFRORWLEDAT
1AKoRECHSSIPoUsSSeTTyTMINIETOISTIQETIERRyTMAXsCOLTosHMAX 9 YDIMyWIDTHyDAT
2NUMS sLSORJACT 9DELT s SUMySUMP 9y SUBSsSTORE s TESTHETQBsETADWFACTXWFACTYDAT
JIERRyKOUNT o IFINAL sNUMT o KT o KP ¢ NPERIKTH o ITMAX s LENGTHoNWEL s NWoDIMLoDIDAT
GMW o UNOL s INOLYR9PIPUS I 9 Je IDK19IDK?2 DAT
COMMON /CK/ ETFLXTsSTORTIQRET¢CHSToCHDTsFLUXTsPUMPT CFLUXToFLXNT DAT
COMMON /PR/ XLABEL(3)+YLABEL (6) o TITLE(S) ¢XN19MESURsPRNT (122) ¢+BLANKDAT
1(60)+DIGIT(122) 4 VFY1(6)9VF2(6) oVFI(T) s XSCALEWDINCHoSYM(1T7)9XN(100)+DAT

2YN{I) oNA(G) oNLoNZ2oNI 9 YSCALEWFACT1FACT2 DAT
COMMON /ARSIZE/ 1Z9JZoIPoJPIIReJRIICHIUCITIL oJL o ISeJUSeIHsIMAX IMX] DAT
RETURN DAT
.....‘.'.........'....QI........’.......Q....‘.....'..............DAT
BRIV RBIROBEBDORDDEN DAT
ENTRY DATAIN DAT
BERBINRENBRRRDORNNDS DaAT
DAT
e==READ AND WRITE SCALAR PARAMETERS=== DAY
READ (R¢S00) CONTRyXSCALEsYSCALE'DINCHoFACT]1FACT29MESUR DAT
IF (CONTRL,EQ.CHK(3)) WRITE (Py610) XSCALE+YSCALEYMESURIMESURDINCHDAT
19FACT1FACT2 DAT
READ (R9490) NPERoKTH’ERRvEROR,SStGEToETDISToLENGTHoHNAXoFACTXoFACDA;
17Y DA
IF (ETDIST.LE.O,) ETDIST=], DAT
WRITE (P9520) NPERKTHIERRIERORISSIGETHETDIST+FACTXFACTY DAT
DaAT
-=«READ CUMULATIVE MASS BALANCE PARAMETERS=~=~ DAT
READ (Re600) SUMsSUMPPUMPT s CFLUXTsGRET+CHSTsCHDTsFLUXT9STORTHIETFLDAT
IXToFLXNT DAT
IF (IDK1.EQ.CHK{14)) GO TO 20 DAT
IF (SUM.EQ,0,0) GO TO 40 DAT
WRITE (P+480) SUM DAT
.'.......'....'.............‘.I............'.............‘........DAT
DAT
~==HEAD DATA TO CONTINUE PREVIOUS COMPUTATIONS READ HERE==~ DAT
mwwmwafFROM CARDS: DAT
DO 10 I=1sDIML DAY
READ (R9540) (PHI(IsJ)seJ=1leDIMW) DAT
WRITE (P9530) Io(PHI(Iod)oJd=1leDIMW) DaT
GC TO 40 DAT

=em===READ AND WRITE DATA FROM UNIT 4 ON DISK RATHER THAN CARDS: DAT

READ (4) PHI«SUMsSUMPIPUMPT 4CFLUXTQRET oCHSToCHOToFLUXTSTORTWETFILDAT
I1XToFLXNT DAT
WRITE (P+480) SuM DAT
DO 30 I=1.DIML DAT
WRITE (Pe530) Ie(PHI(IsdJ)eJd=1eDIMNW) DAT
REWIND 4 DAT
SO0 9P 000N CECONCROOENLIROOLOSIOENINSEOEOIPRNIPCSEDS STRT (STARTING HEAD) .........OOIDAT
READ (R+4S0) FACT+IVARCIPRNSIRECSyIRECD DAT
IF (JIRECS.EQ.1) READ (2'1) STRT DAT
IF ((IVAREQ.1eORIRECSEQal) s ANDeIPRNJNE.1) WRITE (Pe470) DAY
DO 80 I=1l+DIML DAT
IF (IVAR.EG,1) READ (Rs¢S40Q) (STRT(Isd)ed=1eDIMW) DaT
DO 70 J=1sDIMW DAT
IF (IRECS.EQ.1) GC TO 60 DAT
IF (IVAR.NE.1l) GO TO 50 DAT
STRT(I+J)=STRT(1sJ)#FACT DaT
GO TO 60 DAT
STRT(I+J)=FACT DAY
SURI(IeJI=STRT(IsJ) oar

T(I+J)=0, DAY
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Program listing—Continued

TL(IeJ)=0e DAT 760
SL(Is+J)=0e DAT 800
TR(IeJ)=0, DAT 810
TC(Ied)=0, DAT 820
WELL(Isd)=0.0 DAT 830
QRE(1eJ)=0. DAT 840
IF (SUMeEGeO0¢O0eANDeIDK]1oNESCHK(14)) PHI(I9J)=STRT(IsJ) DAY 850
IF (IVAREQ.0AND+IRECS.EQe0.OR,IPRN,EQ,])) GO TO 80 DAT 8€0
WRITE (P9530) I14(STRT(Ied)ed=19DIMW) DAT 870
CCNTINUE DAT 880
IF (IVARGNE,1ANDIRECSNE«1) WRITE (Ps420) FACT DAT 860
IF (IRECD.EQ.1) WRITE (2'1) STRT DAT 900
RETURN DAT Q10
DAT 920

-=~READ REMAINING ARRAYS FROM CARDS OR DISK (AS SPECIFIED IN THE DAT 930
_OPTIONS) AND WRITE THEM ON DISK IF SPECIFIED IN THE OPTJONS~~= DAT 940
LT TR DAT 950
ENTRY ARRAY (A9 IFMToINeIRN) OAT 9640
SRBBROEBBORDBON DAT 970
READ (Ry490) FACTsIVAR+IPRNyJRECSsIRECD DAT 980
IK=4# [RECS+2#IVAR+IPRN+] OAT 960
GO TO (90+90¢1109110+140+140)y IK DAT1000
DO 100 I=1+DIML DAT1010
DO 100 J=1sDIMW DaTl020
A(lsJ)mFACT DAT1030
WRITE (P»430) INSFACT DAT1040
GO TO 160 DAT10S0
IF (IKsEQe3) WRITE (Py440) IN DAT1060
DO 130 I=1.DIML DAT1070
READ (Re510) (A(IsJ)oJ=1sDIMW) DAT1080
DO 120 J=1+DIMW DAT1090
A(TIed=A(Isy)eFACT DAT1100
IF (IKoEQe3) WRITE (PyIFMT) Ie(A(IoeJ)sJsleDIMW) DAT11l0
GO TO 160 DAT1120
READ (2t'IRN) A DAT1130
IF (IKeEQ,6) GO TO 160 DATI140
WRITE (Pvs640) IN 0aTl1l150
DO 150 I=1sDIML DAT1160
WRITE (PsIFMT) Ie(A(IsJ)oJ=1eDIMW) DAT1170
IF (IRECDL,EQ.1) WRITE (2¢'IRN) A paTileo
RETURN DAT1190
DAT1200

~==INSERT ZERG VALUES IN THE T OR PERM MATRIX AROUND THE DAT1210
BORDER OF THE MODEL==- DAT1220
XYY Y Y Y CAT1230
ENTRY MDAT DAT1240
RBRTBBADINDLOD DAT1250
DO 180 I=1+DIML DAT1260
DO 180 JUs1l+0IMW DAT1270
IF (WATERLEQ.CHK(2)) GO TO 170 DAT1280
IF (1eEQeleOR I EQ.DIML,ORULEQe1sCRJLEQ,DIMN) T(I»J)=0, DAT1290
60 TO 180 DAT1300
IF (1eEQelaORLIEG.DIMLI,OR,ULEQs1+0RJ,EQ.DIMW) PERM(I,J)=0, DAT1310
CONTINUE DAT1320
00000000900 0008080000000 00O0CCCRRTOTDP DELX'DELY OOOOIQ.I..Q.Q!C..'.....DAT1330
READ (Rs490) FACTsIVAR«IPRNyIRECSsIRECD DAT1340
IF (IRECS.EGC.1) 6O TO 210 DAT13%50
IF (IVAR+EQ,1) READ (R+490) DELX DAT1360
DO 200 J=1+D1IMW DAT1370
IF (IVAR.NE,1) GO T0 190 DAT]1380
DELX (J)=DELX (J)®FACT DAT13S0
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Program listing—Continued

GO T0 200 DAT1400
DELX(J)=FACT DAT1410
CONTINUE DAT1420
GO TQ 220 DAT1430
READ (2°'13) DELX DAT1440
IF (IRECD.EQ.1) WRITE (2'13) DELX DAT1450
IF (IVARCEQolsOR(IRECS+EQe1+ANDIPRN,NEL]1) WRITE (P¢550) DELX DAT1460
IF (IVARNE<)AND IRECS,NE,1) WRITE (Py450) FACT DAT1470
READ (R+490) FACTsIVARIIPRN9IRECSsIRECD DAT1480
IF (IRECS.EQ,1) GO TO 250 DAT1490
IF (IVARGEG.1) READ (R»490) DELY DAT1500
DO 240 I=]1,0IML DATI1S10
IF (IVAR.NE.1) GO TO 230 DAT1520
DELY (I)=DELY(I1)®FACT DAT1530
GO TO 240 ’ DAT1540
DELY (I)=FACT DAT15S0
CONTINUE DAT1560
60 TO 260 DAT1S70
READ (2'14) DELY DAT1S80
IF (IRECD.EQel) WRITE (2'14) DELY DAT1590
IF (IVARJEQelsORIRECS.EQel+sANDIPRN4NE.]1) WRITE (Ps560) DELY DAT1600
IF (IVAReNE«1¢ANDeIRECS.NE,]1) WRITE (Py460) FACT DAT1610

DAT1620
=== INITIALIZE VARIABLES==~==- DAT1630
JNO13DIMW=] DAT1640
INO1=DIML=~1 DAT1650
IF (LEAKJNE.CHK(9) ,OR,SS.NE.Os) GO TO 280 DAT1660
DO 270 I=24+INO1 DAT1670
DO 270 J=2+JNO1 DAT1680
IF (M(IsJ)sEQ.04) GO TO 270 DAT1690
TLIs I =2RATE(T o)) /MITd) DAT1700
CONT INUE DAT1710
ETQB=0,0 DaT1720
ETQD=0.0 DAT1730
SUBS=0.0 DAT1740
U=l.0 DAT1750
TT=20,0 DAT1760
TMxMINO (6#DIMWe4 4 ]124) DAT1770
IM= (132=1IM)/2 DAT1780
VF4(3)=DIGIT(IM) DAT17S0
VF4(8)=DIGIT(IMeS) DAT1800
WIDTH=0, DAT1810
DO 290 J=2,JNO1 DAT1820
WIDTH2WIDTHSDELX (J) NAT]1830
YDIM=0, DAT1840
00 300 I=2.INQ1 DAT18S0
YDIM=YDIMeDELY (1) DAT18€0
RETURN DAT1870
.0.....0..0.'......'.0.....C.O...l.'..‘l..Qll..l...Q..ODOOOCOQQQOODATIBGO

DAT1880
~==READ TIME PARAMETERS AND PUMPING DATA FOR A NEw PUMPING PERIOD-DAT1S00
BRBUBERAVOBRBDBORS DD NN DAT[QIO
ENTRY NEWPER DAT1920
BRVBBVIBBRVRBVBLRRERBRBDY DAT1930

DAT1940
READ (R9490) KPyKPML oNWEL + TMAXeNUMTCDLTH DELT DAT1950

DAT]1960
=»=COMPUTE ACTUAL DELT AND NUMTwee DAT1970
DT=DELT/24, DAT1980
TM=0,0 DAT19S0

DO 310 I=1sNUMT DAT2000
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Program listing—Continued

DT=aCOLT*DT

TMaTMeDT

IF (TM.GE,TMAX) GO TO 320

CONTINUE

GO TO 330

DELT=TMAX/TM®DELT

NUMT=]

WRITE (Ps570) KP+sTMAXsNUMTDELTCOLT
DELT=DELT#3600,

TMAX=TMAX®B86400,

weaINITIALIZE SUMPs STRTe SLs WELL AND WRe==
WRITE (P»580) NWEL

IF (KP,GT,XKFM]) SUMP=0,

DO 350 I=1+01IML

00 350 J=1,DIMW

IF (KP,EQ,KPM]1) GO TO 340

STRT(IsJ)sPHI(IsJ)

IF (LEAK.NEL.CKK(9)) GO TO 350

IF (M(I+J).EQ,0,) GO TO 350
SLIIsJ)=RATE(T 9 J)/M(TsU)#(RIVER(IsJ)=STRT (1))
WELL(IsJ)=0,

IF (NW,EQ,0) GO TO 370

DO 360 I=1.Nw

WR(I)=0,.

IF (NWEL.EQs0) GO TO 410

~==READ AND WRITE WELL PUMPING RATES AND WELL '‘RADI]=e=
KW=(

DO 400 IIslsNWEL

READ (R9490) IsJeWELL(IeJ)oRADIUS

IF (RADIUS.EQ,0.) GO TO 380

KiWzsKiwe]

IF (KW,GT,NW) GO YO 380

NWR (KWyl) =]

NWR (KWe2) =y

WR(KwW)=RADIUS

WRITE (P9590) IsJeWELL(IeJ) s WR(KW)

GO TO0 3990

WRITE (P¢5S0) TsJeWELL(IWU)

WELL (Tog)3WELL(TeJ)/(DELX(J)®DELY (]))
CONTINUE

RETURN

DAT2010
DAT2020
DAT2030
DAT2040
DAT2050
DAT2060
DAT2070
DaT20890
DAT2090
DAT2100
DAT2110
pat2lao
DAT2130
DAT2140
DAT2150
DAT2160
DAT2170
DAT2180
DAT2190
DAT2200
DAT2210
DAT2220
DAT2230
DAT2240
DAT2250
DAT2260
DAT2270
DaT2280
DAT2290
DAT2300
DAT2310
DAT2320
0aT2330
DAT2340
DAT2350
DAT2360
DAT2370
DAT2380
DAT23S0
DAT2400
DAT2410
DAT2420
DAT2430

€090 0 008060000000 000000000000astssosssnsssnssssscentsssesscsscsceeDAT2440

FORMATS!

DAT2450
DAT2460
DaT2470

-.-o----'--------------------—-—--—-----—----—--------------------DATz‘ao

FORMAT ('0'963Xe*"STARTING HEAD =14G15.7)

FORMAT ('0'¢41Xe9A849'=19G15,7)

FORMAT (*1'969X99A49/ 965X e "MATRIX?9/9S50X936(%="))
FORMAT ('0'972X9s'DELX 3'4615,7)

FORMAT ('0'9T2Xs'DELY =¢,4615.7)

FORMAT (*1'960Xs*STARTING HEAD MATRIX'/61X420(%*=*))

DAT2490
DAT2500
DAT2510
DAT2520
DAT2530
DAT2540
DAT2550
DAT2560

FORMAT ('1%940Xs' CONTINUATION = HEAD AFTER '9G20.79' SEC PUMPING DAT2570

11/42X+58(t=?}))

FORMAT (8G10,0)

FORMAT (A4+6X95G10.,09A8)
FORMAT (20F4,0)

DaT2580
DaT2590
DAT2600
DAaTZ2610
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Program listing—Continued

520 FORMAT ('0'+s51Xe*NUMBER OF PUMPING PERIODS =1'915/49Xs'TIME STEPS BDAT2620
1ETWEEN PRINTQUTS =2'4]5//51Xs'ERROR CRITERIA FOR CLOSURE ='9G15,7/4DAT2630
21X STEADY STATE ERROR CRITERIA ='9G15.,7//44Xe'SPECIFIC SDAT2640
3TORAGE OF CONFINING BED ='9G15.7/54X9'EVAPOTRANSPIRATION RATE =0 ,GDAT265¢
415,7/56Xs 'EFFECTIVE DEPTH OF ET ®14G15,7//22Xs "MULTIPLICATION FACTDAT2660
SOR FOR TRANSMISSIVITY IN X DIRECTION =?4G15.,7/63X+'IN Y DIRECTION DAT2670

6=14G15.7) DAT2680
530 FORMAT ('0'e12¢2X920F6,1/(5Xe20F6411)) DAT2690
540 FORMAT (8F10.4) DAT2700
S50 FORMAT (lH1446X940HGRID SPACING IN PROTOTYPE IN X DIRECTION/4TXe400AT2710
1¢'«9)//7(%0%912F10,0)) DAT2720
560 FORMAT (1H=346Xs40HGRID SPACING IN PROTQTYPE IN Y DIRECTION/4TX+400AT2730
1('=*)//7('0%412F10,0)) DAT2740

570 FORMAT ('=9450Xs 'PUMPING PERIOD NOo'sI69?1'9F10.20* DAYS*/51X+38('DAT2750
1=%)//53X ¢ *NUMBER OF TIME STEPS=',16//59Xs'DELT IN HOURS =tyF10.3//DAT2760

2S3X e *MULTIPLIER FOR DELY 3%,F10,3) DAT2770
580 FORMAT ('=t363Xel4e! WELLS'/65X99(?=1)//50Xe 199Xyt PUMPING RDAT2780
1ATE WELL RADIUS?/) DAT2790
590 FORMAT (41X42110+2F13,2) DaT2800
600 FORMAT (4620.10) DAT2810

610 FORMAT ('0'930Xs*'ON ALPHAMERIC MAP: /40X *MULTIPLICATION FACTOR FODAT2820
1R X DIMENSION 394G15.7/40X+s *MULTIPLICATION FACTOR FOR Y DIMENSION DAT2830
221 9G15,7/55X+ *MAP SCALE IN UNITS OF '4A11/50Xs*NUMBER OF ',A8,' PDAT2840
3ER INCH =%4G15,7/743X9 'MULTIPLICATION FACTOR FOR DRAWDOWN =',G15,7/DAT2850
44TXe "MULTIPLICATICON FACTOR FOR HEAD ='4G15,7) DaT2860

END DAT2870~

SUBROUTINE STEP(PHI+KEEP+STRTosSURIoToWELL +PERMyBOTTOMTOP+DELXsDDNSTP 10

1eDELYsWRINWRHITESTI) STP 20
INITIALIZE CATA FOR TIME STEPy CHECK FOR STEADY STATE, STP 40
PRINT AND PUNCH RESULTS STP S0

STP 70

SPECIFICATIONS: STP 80

REAL #8PHI+DBLEyDABSsTEST2¢DMAX]1 o XLABEL + YLABEL + XNl oMESURSTITLE STP 90

REAL #4MINSyMyKEEP STP 100

INTEGER RoPoPUyDIMLIDIMWICHK ¢y WATERsCONVRT 9EVAP 9 CHCK9PNCHoNUMIHEADSTP 110

1CONTRoLEAKIRECHsSIPyADI STP 120
STP 130

DIMENSION PHI(129J2Z)s KEEP(1Z9JZ)s STRT(IZ9eJZ)y SURI(IZeJZ) e T(1ZySTP 140
1JZ) s BOTTOM(IPsJP) s WELL(IZsJZ}s PERM(IPeJUP) s TOP(ICsJC)e DELX(JZ)STP 150

2y DDN(J2)s CELY(12)s WR(IH)s NWR(IHs2)s ITTO(200)s TESTI(IMX]) STP 160
STP 170
COMMON /SARRAY/ VF4(11)+CHK(1S) STP 180

COMMON /SPARAM/ WATERyCONVRTHEVAPyCHCK¢PNCHsNUMyHEADsCONTRsERORJLESTP 190
1AKsRECH»SIPsUsSSsTToTMINSIETDISTIQETIERRy TMAXsCOLT s HMAX 9 YDIM¢WIDTHsSTP 200
2NUMS s LSORACTI ¢ DELT+SUMsSUMP ¢ SUBS+STOREsTESTIETQBIETQDFACTXFACTY,STP 210
3TERReKOUNT ¢ IFINAL «NUMT o KT o KP yNPER oK THo ITMAXsLENGTHoNWEL ¢+NwoeRIMLoDISTP 220
4MW o JUNOL19INOLYRIPoPUSIeJs IDK1s1DK2 STP 230

COMMON /CK/ ETFLXTeSTORTHQRET9CHSTyCHOT9FLUXTsPUMPToCFLUXTsFLXNT STP 240

COMMON /ARSIZE/ IZ9JZeIPsJPsIRsJRIICOJCHILoJLsISrJUSeIHsIMAXIMX] STP 250

COMMON /PR/ XLABEL (3)+YLABEL(6) ¢ TITLE(S) s XNLsMESURWPRNT (122) +BLANKSTP 260
1€(60)9DIGIT(122)9VFYI(6) 9 VF2(6)9VF3I(7) e XSCALEsDINCHsSYM(17)9XN(100)+STP 270

2YN(13)9NA(4)9sNLsN2sNIoYSCALEJFACT1oFACT2 STP 280

STP 290
DATA PIE/3,161593/,YYY/Z00000000/ STP 300
RETURN STP 310

......'...................'..Q..............0.0..'.......'........STP 320

STP 330
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Program listing—Continued

w=eaSTART A NEW TIME STEPw=w= STP
IYTYXIYTIXIRZIR T2 Y ) STP
ENTRY NEWSTP STP
Y I LI Yy Y YYY Y Y X STP
KTaKTe1 sSTP
KOUNT=0 STP
DO 10 I=19DIML STP
DO 10 J=1lsDIMW STP
KEEP (IoJ)SPHI (19 J) STP
OELT=aCOLT*0ELT STP
SUM=SUM+DELT STP
SUMP=SUMPDELT STP
DAYSPsSUMP/B6400. STP
YRSP=DAYSP/365, STP
HRS=SUM/3600, STP
MINSsHRS*60, STP
DAYS=HRS/24., STP
YRS=DAYS/ 365, STP
RETURN STP
OQ.'O'...O..O...'O.Q.......0.0..0.0..0........0000OOCDOOQOOOOQQOQOSTP

sTP
weaCHECK FOR STEADY STATE==~ STP
BRBROBBNRRDBOBANBRNO® SIP
ENTRY STEADY STP
BRBBRRDDRNBRARBDORBBOON STP
TEST2=0, STP
DO 20 I=2+INO} STP
DO 20 J=2yJNO} STP
TEST23DMAX]1 (TEST29DABS (DBLE (KEEP (I9J) ) =PHI(IsJ))) STP
IF (TEST2.,GE.ERCR) GO TO 30 STP
WRITE (Pe330) KT STP
IFINAL=] STP
G0 TO 40 STP
IF (KT.EQ.NUMT) IFINAL=] STP

STP
«==ENTRY FOR TERMINATING COMPUTATIONS IF MAXIMUM ITERATIONS STP
EXCEEDED === STP
[TTYYTTIEZTYT YR Y Y STP
ENTRY TERM] STP
Y Y I I Y Y YY YT YY) STP
IF (KT.G7.,200) WRITE (P+400) STP
ITTO(KT)=KOUNT STP
IF (KOUNTL.LE.ITMAX) GO TO 80 STP
IERR=2 STP
KOUNTEKOUNT=] STP
ITTO(KT)=KOUNT STP
IF (KT.EQ.1) GO TO 60 STP

STP
~=«WRITE ON DISK OR PUNCH CARDS AS SPECIFIED IN THE OPTIONSw== STP
XXX=SUM=DELT STP

IF (IDK2+EQ.CHK(15)) WRITE (4) ((KEEP(TIsJ)eYYYsIEleDIML) su=19DIMW)ISTP

1o XXX 9oSUMP o PUMPT s CFLUXT9GRET o CHSToCHDToFLUXT s STORTHETFLXTHFLXNT STP
IF (PNCH.NE,CKK(]l)) GO TO 80 STP
WRITE (PUs360) XXX9sSUMPsPUMPT s CFLUXTyGRETsCHSToCHDTsFLUXT+STORTHETSTP

1FLXToFLXNT STP
00 SO I=1+0IML STP
WRITE (PU»350) (KEEP(IeJ)eJ=lyDIMW) STP
GO 70 80 STP
IF (IDKZ24EQ.CHK(15)) WRITE (&) PHIsSUMySUMPIPUMPToCFLUXToQRET»CHSTSTP

19CHOToFLUXTsSTORTSETFLXTsFLXNT STP

IF (PNCH.NE,CHK (1)) GO TO 80 STP

340
350
360
370
380
390
400
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420
430
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480
490
500

510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
650
700
710
720
730
740
750
760
770
780
780
800
8l0
820
830
840
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860
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890
900
910
920
930
940



O 0O OO0

e NeNal

FINITE-DIFFERENCE MODEL FOR AQUIFER SIMULATION 89

Program listing—Continued

WRITE (PUy360) SUMsSUMPPUMPTyCFLUXT9QRET9CHST9CHOTFLUXTsSTORTHETSTP 950

IFLXToFLXNT STP 960

DO 70 I=1,DIML STP 870

70 WRITE (PU9350) (PHI(IsJ)oeJ=leDIMW) STP 980
STP 990

80 IF (CHCK.EG.CHK(5)) CALL CHECK STP1000
IF (IERR.EQ.2) GO TO 90 STP1010
STP1020

~==PRINT OUTPUT AT DESIGNATED TIME STEPS=w= STP1030

IF (MOD (KToKTH) ¢NEosO«AND IFINALWNEL]1) RETURN STP1040

90 WRITE (Pe340) KTeDELTsSUMIMINSs+HRSsDAYSsYRSsDAYSPyYRSP STP10S50
IF (CHCKLEQ.CHK(S)) CALL CWRITE STP1060

IF (TTeNEoOos) WRITE (P3320) TMIN,TTY STP1070
KOUNTBKOUNT+1 STP1080
WRITE (Pe300) (TEST3(J)sJ=1sKOUNT) STP10S0
WRITE (P9290) TEST2 STP1l100
13s] STP1110
1530 STP1120

100 I53]5+40 STP1130
14=MINO (KT 15) STP1140
WRITE (Pe390) (IeI=13,14) STP11%50
WRITE (P+380) STP1160
WRITE (Pe370) (ITTO(I)sIa13,14) STPI;?O
WRITE (P+380) STP1180

IF (KT.LE.I%) GO TO 110 STP1190
13=13+40 STPl200

GO 7O 100 STP1210
STP1220

===PRINT ALFHAMERIC MAPS=e= STP1230

110 IF (CONTR,NE.CHK{3)) GO TO 120 STP1240
IF (FACT1NE«O.) CALL PRNTA(Y) STP1250

IF (FACT2.NE.0s) CALL PRNTA(2) STRP1260

120 IF (HEADJ.NE.CHK(8)) GO TO 140 STP1270
STP1280

e==PRINT HEAD MATRIXw== STP1290
WRITE (Ps310) STP1300

DO 130 I=1.CIML STP1310

130 WRITE (PoVF4) Te(PHI(IsdJ)eJd=19sDIMW) STPI320
140 IF (NUMJNE,CHK(4)) GO TO 170 STP1330
STP1340

wwaPRINT DRAWDOWN=w= STP1350
WRITE (FP+280) STPI360
BRBBRVBBSRABOBBRRRNY STP1370
ENTRY DRON STP1380
LYY RIYII Y22 Y Y ) STP1390

DO 160 I=1,0IML STP1400

DO 150 Js14+CIMW STP1410

150 DON(J)3SURI(IsJ)=PHI(IsJ) STP1420
160 WRITE (PsVF4) 14 (DDN(J)eJu=1l9sDIMNW) 5191430
170 IF (NW.EQe0+.OR,IERR.EQ.]) GC TO 230 STP1440
‘0...!..........0...‘C...........'.Q...l.........'.O...tl....i.l'.sTPl‘so
STP1460

===COMPUTE APPROXIMATE HEAD FOR PUMPING WELLS==~- STP1470
WRITE (Pe260) STP1480

DO 220 Kw=]lyNW STP14950

IF (WR(KW),EQ,0,) GO TO 220 STP1S00
I=NWR (KWyl) STP1510
JENBR (KWs 2) STP1S520
STP1530

CCMPUTE EFFECTIVE RADIUS OF WELL IN MODEL ==~ STP1540

RE=(DELX(J)+DELY(])) /9,62 STP158%0
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Program listing—Continued

IF (WATERWNE.CHK(Z2)) GO TO 180 STP1S¢€0
IF (CONVRTJNELCHK(T)) GO TO 19¢ STP1570
IF (PHI(I+J)alT4TOP(TIsJ)) GO TO 190 STP)1580
STP15S0
~==COMPUTATION FOR WELL IN ARTESIAN AQUIFER~==- STP1600
180 HW=PHI(IsJ)*WELL (I s J)RALOG(RE/WR(KW))/(2,%PIE#T(1+J))#DELX(J)#*DELYSTPL610
1¢(1) STP1620
GO TO 210 STP1630
STP1640
-==COMPUTATION FOR WELL IN WATER TABLE AQUIFER STP1650
190 HED=PHI(I+J)=BOTTOM(IsJ) STP1660
ARG=HEDH#HED+WELL (19 J)#ALOG(RE/WR(KW))/ (PIE#PERM (I oJ))®DELX(J)HDELYSTP1E70
1¢h STP1680
IF (ARG.GT.0.,) GO TO 200 STP1690
WRITE (Pe270) 14 STP1700
GO TO 220 STP1710
200 HW=SORT(ARG)+BOTTOM(]sJ) STP1720
STP1730
===COMPUTE DRAWDOWN AT THE WELL AND PRINT RESULTS=~- STP1740
210 DRAWSSURI(1eJ) ~HK STP1750
WRITE (Pe250) IToJosWR(KW)sHWDRAW STP1760
220 CONTINUE STP1770
230 IF (IERR,NE.2) RETURN STP1780
STOP STR17S0
STP1800
=e=DISK OUTPUT=== STP1810
BRBeRRBONEERDRGY STP1820
ENTRY DISK STP1B30D
Y222 XX R2-X 22X X% 3 STP1840
WRITE (4) PHI«SUMsSUMPsPUMPTsCFLUXT9QRET+CHSTHCHNDTsFLUXT9STORTSETFSTP1BSO
ILXToFLXNT STP1860
RETURN STP1870
I.......0..'....'.l....l.‘....'.......‘..'............O....."I...sTpleeo
STP1890
===PUNCHED OUTPUT=== STP1500
cHEARRERBGOBRORERNSD STP1910
ENTRY PUNCH STP1920
pepRBOGRaREREARROREY STP19230
WRITE (PUs360) SUMsSUMP «PUMPT sCFLUXTsGRET«CHSToCHDT9FLUXToSTORTHETSTP]940
IFLXToFLXNT STP1950
DC 240 I=1+DIML STP1560
240 WRITE (PU«350) (PHI(IeJ)eu=19DIMW) STP1970
RE TURN STP1980
STP1990
"........"....................I...'.l..‘.............."........STPzOOO
STP2010
FORMATS: STP2020
STP2030
STP2040
B L T L T T L L L L L LD PSP P PSR A 1 41 L1
STP2060
STP2070
250 FORMAT (' *443X921593F1142) STP2080
260 FORMAT ('=?450Xe'HEAD AND DRAWDOWN IN PUMPING WELLS'/S51Xe34('=2)//5TP2090
148Xet 1] J WELL RADIUS HEAD DRAWDOWN?//) STP2100
270 FORMAT (' *4643Xe2]I5s* WELL IS DRY?Y) sTP2110
280 FORMAT (1H1460Xs *DRAWDOWN?!/61XsB('=?)) STP2120
290 FORMAT ('OMAXIMUM CHANGE IN HEAD FOR THIS TIME STEP w1 4F1043/" *,55TP2130
13(v=1)) STP2140
300 FORMAT (*OMAXIMUM HEAD CHANGE FOR EACH ITERATIONI®/? ¢4,3G8('a?)/(*'0STP2150

1'910F12.4)) STP2160
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Program listing—Continued
FORMAT (*1v960Xs*HEAD MATRIX*/61Xs11(*=0)) SYP2170
FORMAT ('ODIMENSIONLESS TIME FOR THIS STEP RANGES FROM?,G15,7+* TSTP2180
10'4G15,7) STP2190
FORMAT ('=enaanSTEADY STATE AT TIME STEPtyl4,tunanar) STP2200

340 FORMAT (1H1944XsST (=) /65Xs?| 1 914Xs"TIME STEP NUMBER =9,19,14Xs¢|STP2210
11/45X957(0=1)//50X429HS12ZE OF TIME STEP IN SECONDS=yF14,2//55X,1TOSTP2220
2TAL SIMULATION TIME IN SECONDS=?4F14.2/80XsBHMINUTES= F14,2/82Xs6HSTP2230
IHOURS®+F16.2/83X s SHDAYS=2F14.2/82Xs 'YEARS®Y 4 F14.2///45Xs *DURATION STP2240

350
360
370
380
390
400

40F CURRENT PUMPING PERIOD IN DAYS=?Fl4,2/82X9'YEARSE ' 4F14,2//) STP22%0

FORMAT (8F1044) STP2260
FORMAT (4G20.10) sSTP2270
FORMAT ('OITERATIONS1'94013) STP2280
FORMAT (' ty10('=")) STP2290
FORMAT ('OTIME STEP 1'94013) STP2300

FORMAT (10'910(*®1),*THE NUMBER OF TIME STEPS EXCEEDS THE DIMENSIOSTP2310
IN OF THE VECTOR ITTO AND MAY CAUSE UNEXPECTED RESULTS IN ADDITIONASTP2320
2L'/'0COMPUTATION. AVOID PROBLEMS BY INCREASING THE DIMENSION OF TSTP2330

JHE VECTOR [TTO IN STEPt1,]0(t#0)) STP2340
END STP2350~
SUBROUTINE SOLVE] (PHI+BEsGsTEMPYKEEPsPHEsSTRTsTeSsQREGWELLsTLeSLSDSIP 10

1ELIETAI VXTI 9DELXsBETIDELYsALF 9y TESTI¢TReTCoGRND9SY s TOPIRATEWMyRIVERSIP 20

2) SIP 30

SOLUTION BY THE STRONGLY IMPLICIT PROCEDURE SiP S0

SIP 70

SPECIFICATIONS!? SIP &0
REAL *#8PHI+DBLEyRHOP (20) 9GsBEsTEMPyDABSyWeTEST29DMAX]1 sRHO9ByDoFyHsSIP SO

1Bl4EsCHoGHyBHoDHIEHsFHoHHyALFAWBETA9yGAMAZRES SIP 100
REAL ®4KEEPWM SIP 110
INTEGER RyPosPUGDIMLIDIMWICHKsWATERyCONVRTyEVAPyCHCKsPNCHoNUMIHEADSIP 120

1CONTROLEAKYRECHsSIPsIORDER(21) +ADI SIP 130

SIP 140
DIMENSION PHI(1)s BE(1)s G(1)s TEMP(l)s KEEP(1)s PHE(1)y STRT(1), SIP 1S5S0

1T(1)9 S(1)s GRE(1)s WELL(1)e TL(1)s SL(1)s DEL(1)s ETA(1)s VI(1)s XSIP 160

21(1)e DELX(1)e BET(1)s DELY(1)9s ALF(1)y TEST3(1)s TR(1)s TC(l)s GRSIP 170

3ND(1)s SY(1)s TOP(1)s RATE(1)e M(1)s RIVER(]) SIP 180

SIP 190
COMMON /SARRAY/ VF4(11)4sCHK(1S) SIP 200
COMMON /SPARAM/ WATERICONVRTHEVAPyCHCKoPNCHINUMIHEADSsCONTRSERORLESIP 210

1AKoRECHsSIPsUsSSoyTToTMINIETOISTIQETIERRe TMAX9COLToHMAX s YDIMWIDTHSIP 220

ENUMS o LSORIADI sDELTeSUMsSUMP s SUBSySTORE Y TESTIETQABETADsFACTX,FACTY,»SIP 230

3IERRsKOUNT o IFINAL oNUMT o KT o KP g NPERsKTHs ITMAX o LENGTHoNWEL s NWsDIMLIDISIP 240

4MW e UNOL o INOL1sRePePUs I Je IDK]1 9 IDK2 S1P 250
RETURN SIP 260
...........‘.....'..'.........'.............‘...............'...‘.SIP 270

SIP 280
=«=COMPUTE AND PRINT ITERATION PARAMETERS==~ SIP 290
BRRDBRNBANBBRABBRBRBY SIP 300
ENTRY ITER1 SIP 310
RRRRDOBENROARBNTI RO NG SIP 320
=== INITIALIZE ORDER OF ITERATION PARAMETERS (OR REPLACE WITH A SIP 330
READ STATEMENT)o=a SIP 340
DATA IORDER/19293969591929394495911%1/ SIP 350
12=zINO1=1 SIP 360
J2sJNOl=1 SIP 370

L2=aLENGTH/2 SIP 380
PL2=L2~1. SIP 350
W=z0, SIP 400
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Program listing—Continued

PI=0. SIP
SIP
we=COMPUTE AVERAGE MAXIMUM PARAMETER FOR PROBLEM==<- SI1P
DO 10 I=2+INOC] SIP
DO 10 J=2sJNO] sIP
NaTeDIML®*(Je1) S1IP
IF (T{N).EQ.0,) GO TO 10 SIP
PI=sPlel. SIP
DX=DELX(J)/WIDTH SIP
DY=DELY(I)/YDIM SIP
WaWel,=AMINL (2,9DX#DX/ (1, 4FACTY#*DX#DX/ (FACTX®DY#DY)) +2,#DYSDY/(1,+SIP
1IFACTX#DY®DY/ (FACTY®DX®DX))) SIP
10 CONTINUE SIP
W=w/P1 S1IP
SIP
««=COMPUTE PARAMETERS IN GEOMETRIC SEGUENCE=~- SIP
PJs=l, SIP
D0 20 I=lsL2 SIP
PJ=PJsl, SIP
20 TEMP(I)=le=(lo=W)®e(PU/PL2) SIP
SIP
=e=0RDER SEQUENCE OF PARAMETERS==-- S1P
00 30 J=1sLENGTH SIP
30 RHOP(J)=TEMP (1O0RDER(J)) SIP
WRITE (P+370) HMAX SIP
WRITE (Ps380) LENGTH»y (RHOP(J) 9 JE]1+LENGTH) SIP
RETURN SIP
.l........'...I..................'........'...........QC..........sl$

SI
===INITIALIZE DATA FOR A NEW ITERATION=== SIP
40 KOUNT=KOUNT+1 SIP
IF (KOUNT.LE.ITMAX) GO TO 50 SIP
WRITE (P+360) SIP
CALL TERM] SIP
50 IF (MOD(KOUNT.LENGTH)) 60960470 SIP
GHRRBDBARBRBRDTRRBROOHOY SIP
ENTRY NEWITA SIP
BHNCRRRRBLIRRRTRRNIBIROD SIP
60 NTH=0 sIP
70 NTH=NTHe1 SIP
WaRHOP (NTH) SIP
TEST3(KOUNT+1)a0, SIP
TEST=0. SIP
N=DIMLODIMW SIP
DO 80 I=1sN SIP
PHE(I1)=PHI(]) SIP
DEL(I)=0. S1P
ETA(I)=0. S1P
V(I)=20, S1P
80 XI(I)=0, SIP
BI1GI=0,0 SIP
SIP
«==COMPUTE TRANSMISSIVITY aAND T COEFFICIENTS IN WATER TABLE SIP
OR WATER TABLE<ARTESIAN SIMUATION==< S1P
IF (WATER.NE.CHK{(2)) GO TO 90 S1P
CALL TRANS SIP
SIP
~==CHOOSE SIP NORMAL OR REVERSE ALGORITHM==- S1IP
90 IF (MOD(KOUNT,2)) 10052304100 S1P

410
420
430
440
450
460
470
480
490
500

510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
960

....'.0......"....’..l..........'0............l'i................Slplooo

~==0RDER EQUATIONS WITH ROW 1 FIRST = 3X3 EXAMPLE! S1P1010
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Program listing—Continued

123 SIP1020

456 SIP1030

789 SIP1040
...'....'.......l.......l..l.‘.....‘.‘.C..I.....‘..'..Q..."...'..SIPIOSO
DO 210 I=24INO) SIP1060
00 210 J=29JNO1 SIP1070
NZ1+DIML® (Jel) SIP1080
NL=N=DIML SIP1050
NRaN+DINML SIP1100
NA=Ne] SIP1110
NB=N+1 SIP1120
SIP1130

«==SKIP COMPUTATIONS IF NODE IS OUTSIDE AQUIFER BOUNDARY--= SIP1140
IF (T(N)oEG40,40R¢S(N)4LT.04) GO TO 210 SIP1150
SIP1160

e=~COMPUTE COEFFICIENTS=== SIP1170
D=TR (NL) /DELX (J) SIP1180
F2TR(N) /DELX (J) SIP1190
B=TC(NA)/DELY (1) SIP1200
H=TC (N) /DELY (1) SIP1210
IF (EVAP.NE.CHK(6)) GO TO 120 SIP1220
SIP1230

~==COMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE=== SIP1240
ETGB=0. SIP1250
ETQD=0,0 SIP1260
IF (PHE(N) ,LE,GRND (N)=ETDIST) GO TO 120 S1P1270
IF (PHE(N) 4GT,GRND(N)) GO TO 110 SIP1280
ETQB=GET/ETDIST SIP1290
ETQD=ETGB® (ETDIST=GRND (N)) SIP1300
60 TO 120 SIP1310
ETQD=GET S1P1320
SIP1330

=~~COMPUTE STORAGE TERM=== SIP1340
IF (CONVRT.EQ,CHK(7)) GO TO 130 S1P1350
RHO3S (N) /DELT SIP1360
IF (WATERLEQ,CHK(2)) RHO=SY(N)/DELT SIP1370
60 70 200 SIP1380
SIP1390

~==COMPUTE STORAGE COEFFICIENT FOR CONVERSION PROBLEM=--- SIP1400
SUBS=0,0 SIP1410
IF (KEEP (N) 4GE,TOP (N) 4ANDPHE (N} 4GELTOP (N)) GO TO 170 S1P1420
IF (KEEP(N) 4LToTOP (N) sAND,PHE (N) 4LT.TOP(N)) GO TO 160 SIP1430
IF (KEEP(N)=PHE(N)) 14051504150 SIP1440
SUBS=(SY (N)=S(N) ) /DELT* (KEEP (N) =TOP (N)) SIP1450
GO TO 170 S1P1460
SUBS= (S (N)=SY (N)) /DELT# (KEEP (N) =TOP (N)) SIP1470
RHO=SY (N) /DELT SIP1480
GO TO 180 SIP1450
RHO=S (N) /DELT SIP1500
IF (LEAK.NE.CHK(9)) GO TO 200 SIP1510
SIP1520

-==COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATION--- SIP1530
IF (RATE(N) sEQe044OR.M(N) ,EQ.0.) GO TO 200 SIP1540
HED1=AMAX1 (STRT(N) s TOP (N)) SIP1550
u=1, SIP1560
HED2=0, SIP1570
IF (PHE(N) 4GE.TOP(N)) GO TO 190 SIP1580
HED2=TOP (N) SIP1590
u=0, SIP1600
SL(N)=RATE (N) /M (N)® (RIVER(N) =HED1) ¢ TL (N) # (HED1=HED2=STRT (N) ) SIP1610
CONTINUE SIP1620
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Program listing—Continued

SIP1630

«==SIP 'NORMAL' ALGORITHMe== SIP1640
~==FORWARD SUBSTITUTEs COMPUTING INTERMEDIATE VECTOR Vee= SIP1650
Ex=B=D=F=H=RHO=TL (N) *U=-ETQB SIP1660
CH=DEL (NA) *B/ (1.+WweDEL (NA)) SIP1670
GH=ETA(NL) SO/ (1eewW*ETA(NL)) SIP1680
BH=B=WoCH SIP1690
OH=D=W#GH SIP1700
EHeEsWRCHeWOGH SIP1710
FHzF=WoCH SIP1720
HHBHeWOGH SIP1730
ALFA=BH SIP1740
BETA=DH SIP1750
GAMAZEH=ALFA®ETA (NA) =BETA®DEL (NL) SIP1760
DEL (N)=FH/GAMA SIP1770
ETA(N)=HH/GAMA SIPl780
RES==D®PH] (NL) =F#PH] (NR) =H®PH]I (NB) =B#PH]I (NA) ~E®PH] (N) =-RHO®KEEP (N)-SIP1790
1SL(N) =QRE (N) «WELL (N) ¢ETQD~SUBS«=TL (N) #STRT (N) SIP1800
VIN) = (HMAX#RES=ALFA®V (NA)=BETA®V (NL))/GAMA SIP1810
CONTINUE SIP1820
SIP1830

~e=BACK SUBSTITUTE FOR VECTOR X]w=e SIP1840
DO 220 I=1,12 SIP1850
13=DIML~I SIP1860
DO 220 J=1sv2 SIP1870
J3=20IMwW=J SIP1880
N=T3+DIML® (J3=~]) SIP18%90
IF (T(N)eEQe0seORsS(N)eLTo04) GO TO 220 | SIP1900
XI(N)=V(N)SDEL (N)#XIT(N+DIML)=ETA(N)SXI (Ne]) SIP19lo0
S1P1920

w==COMPARE MAGNITUDE OF CHANGE WITH CLOSURE CRITERION==- SIP1930
TCHK=ABS (XTI (N)) SIP1940
IF (TCHK.GT,BIGI) BIGI=TCHK SIP1950
PHI(N)SPHI(N)eXI(N) SIP1960
CONTINUE SIP1970
IF (BIGI.GT.ERR) TEST=l, S1P1%80
TEST3(KOUNT+1)2BIGI SIP19%0
IF (TEST.EQels) GO TO 40 SI1P2000
RETURN SIP2010
S1P2020
ooooooaaoocoonaoooo.oo00oooooc.ooooo.ooooooooooooooooo-oooo.00.0.051P2030
=«=0RDER EQUATIONS WITH THE LAST ROW FIRST = 3X3 EXAMPLE!? SIP2040
7809 S1P2050

4 5 6 S1P2060

123 SIP2070
..'.....l.......'..‘l.....'......ﬂ....l'-.........'........l.l....slpzoeo
DO 340 IlI=1,1I2 SIP20S0
1=DIML=-I1 siP2a100
00 340 J22.JNO1 SIP2110
N=I+DIML®* (J=1) SIP2120
NL=N=DIML SIP2130
NRz=N+DIML SIP2140
NAzaN=]1 SIP2150
NB=N+1l S1P2160
SIP2170

=~»=SKIP COMPUTATIONS IF NODE IS OUTSIDE AQUIFER BOUNDARY=e=- SIP2180
IF (T(N)eEQe0seORS(N)4LTe0s) GO TO 340 SIP2190
SIP2200

=*=COMPUTE COEFFICIENTS~== S1P2210
DsTR(NL) Z7DELX (J) S1P2220

F=TR(N)/DELX (J) S1P2230
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Program ligting—Continued

B=TC(NA)/DELY (D)
HeTC(N)/7DELY ()
IF (EVAP.NE.CHK{6)) GO TO 250

===COMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE~e~
ETQB=0,

ETQD=0,0

IF (PHE (N} LE.GRNDC (N)=ETDIST) GO TO 250

IF (PHE(N).GT,.GRND(N)) GO TO 240

ETQB=QET/ETDIST

ETQD=ETQB® (ETOIST=GRND (N})

GO YO0 250

ETQD=QET

~«=COMPUTE STORAGE TERM===

IF (CONVRT.EQ.CHK(7)) GO TO 260
RHO=S (N) /DELTY

IF (WATERGEQ.CHK(2)) RHO=SY(N)/DELT
GO TO 3230

===COMPUTE STORAGE COEFFICIENT FOR CONVERSION PROBLEM===
SUBS=30,.0

IF (KEEP(N) ¢GE+TOP (N) ¢ ANDoPHE (N) 4GE+TOP(N))} GO TO 300
IF (KEEP(N) oLT,TOP(N) sAND+PHE (N)4LT.TOP(N)) GO TO 290
IF (KEEP{(N)~PHE(N)) 27042804280
SUBS=(SY(N)=S(N))/DELT*(KEEP(N)=TOP(N))

GO T0 300

SUBS= (S(N)=SY(N))/DELT®(KEEP(N)=TOP(N))
RHO=SY (N) /DELT

GO 70 310

RHO=S (N) /DELY

IF (LEAK.NE.CHK({9)) GO TO 330

~e=COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATION=ew

IF (RATE(N) +EQe0esORsM(N),EQ.0,) GO TO 330

HED1=AMAX]1 (STRT(N)+TOP(N))

u=l,

HED2=0,.

IF (PHE(N) ,GE,TOP(N)) GO TO 320

HED2=TOP (N)

U=Q,

SLIN)SRATE(N) /M(N)® (RIVER(N) ~HED1) ¢TL (N) ® (HED] ~HED2=STRT(N))
CONTINUE

===SIP 'REVERSE? ALGORITHM===
===FORWARD SUBSTITUTEs COMPUTING INTERMEDIATE VECTOR Ve==
Ez=BeD=F=H=RHO«TL (N) *U=ETQB
CHaDEL (NB) ®H/ {1, +W#DEL (NB))
GHZETA(NL)®D/ (1,+W®ETA(NL))
BH=HewWaCH

DH=D=WoGH

EHIE+W#CH+eWOGH

FH=F=WeCH

HHaBeW#GH

ALFA=BH

BETA=DH

GAMA=EH=ALFA®ETA (NB)~BETA®DEL (NL)
DEL(N)sFH/GAMA

ETA(N)aHH/GAMA

95

SIP2240
SIP2250
S1P2260
SIP2270
S1P2280
SIP2290
SIP2300
SIP2310
SIP2320
SIP2330
SIP2340
SIP2350
SIP2360
SIP2370
SIP2380
SIP2390
SIP2400
SIP2410
SIP2420
SI1P2430
SIP2440
S1P2450
S1P2460
SIP2470
SIP2480
S1P2490
SIP2S00

sIP2s51o0
SIP2520
SIP2530
SIP2540
S1P25S50
S1P2560
SIP2570
SIP2580
SIP2590
SIP2600
SIP26l0
S1P2620
SI1P2630
SIP2640
S1P2650
SIP2660
SIP2670
S1P2680
S1P2690
SIP2700
SIP2710
SiP2720
SIP2730
SIP2740
SIP2750
SIP27¢€0
SIP2770
S1P2780
S1P27%0
S1P2800
S1P2810
SIP282o

RES==D#*PHI(NL)=F#PH] (NR) =HO®PHI (NB) =B#PHI (NA) =E#PHI (N) =RHO®KEEP (N)=SIP2830

1SL(N)=QRE(N)=WELL (N) ¢ETQD=SUBS~=TL (N)#*STRT (N)

SI1P2840
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Program listing—Continued

VIN) = (HMAX®RES=ALFA®V (NB) =BETA®V (NL) ) /GAMA S1P2850
CONTINUE SIP2860

S1P2870
~«=BACK SUBSTITUTE FOR VECTOR XI=ww= SIP2880
DO 350 I3=2,INOL SIP2890
DO 350 J=ley2 SIP2900
J33DIMwW=J S1P2910
N=13+DIML® (J3el) S1P2920
IF (T(N)WEGe04eOR.S(N)4LT.0.) GO TO 350 S1P2930
XT(N) =V (N)=0EL (N) #XT (NeDIML) =ETA (N) #XT (N=1) S1P2940

S1P2950
~==COMPARE MAGNITUDE OF CHANGE WITH CLOSURE CRITERION=-= S1P2960
TCHK=ABS (XI (N)) S1P2970
IF (TCHK.GT.BIGI) BIGI=TCHK SIP2980
PHI (N) =PRI (N) ¢XI(N) SIP2990
CONTINUE S1P3000
IF (BIGI.GT.ERR) TEST=l. SIP3010
TEST3 (KOUNT+1)=BIGI SIP3020
IF (TEST.EQ.l.) GO TO 40 S1P3030
RETURN SIP3040

S1P3050
...'..........I.........Q.l...........Q.............lI............Slpaoeo

SIP3070
-=-FORMATS=== SIP3080

SIP3090

SIP3110

SIP3120

FORMAT (?QEXCEEDED PERMITTED NUMBER OF ITERATIONS?'/' ¢,39(*»1)) SIP3130
FORMAT ('=9,44Xs?*SOLUTION BY THE STRONGLY IMPLICIT PROCEDURE'/45XsSIP3140
143('_")9//961X9*'BETAR4F5,2) SIP3150

380 FORMAT (1HO0,15,22H ITERATION PARAMETERS:,6D15,7/(/28Xy6D15.7/)) SIP3160
END S1P3170~

SUBROUTINE SOLVEZ2(PHIsBEsGeTEMPYKEEP ¢PHEsSTRToTeS+QREIWELLTLWSLsCSOR 10
1ELoETAsVoXIoDELXsBETAGDELY sALFASTESTIsTReTCoyGRNDsSYsTOPYRATEsIMyRIVSOR 20

2ER) SOR 30
cecemmmeremcmememeeeeseseses;ecs-cececsesssec--ccescsccscscammem==S0R 40
SOLUTION BY LINE SUCCESSIVE OVERRELAXATION SOR 50
e L L T LT P P e P P e e e L e e D L L DL L LT b ol S T

SOR 70
SPECIFICATICNS? SOR 80
REAL ®BPHI+DBLE+RHOP(20) sGeBESTEMP s IMKsDABSsWsPARAMyTEST2,DMAX]14R2SOR S0

19A9CeB19E9QsRHOIBIDFoH SOR 100
REAL ®4KEEPsM SOR 110
INTEGER RoPoPUDIMLIDIMWICHKsWATERsCONVRTHEVAPsCHCKyPNCHsNUMIHEAD9SCR 120

1CONTRyLEAKSRECHISIPyADI SOR 130

SOR 140

DIMENSION PHI{1)y BE(1)s G(1)e TEMP(1)y KEEP(1)s PHE(1)s STRT(1)s SOR 150
1T(1)s S(1)y GRE())s WELL(1)s TL(1)e SL(1)y DEL(1)y ETA(Y1)s V(1)s XSOR 160
21(1)9 DELX(1)y BETA(1)s DELY(1)s ALFA(1)s TEST3(1)s TR(1)e TC{l}s SCR 170

3GRND (1) SY(1)s TOP(1)s RATE(1)s M(1l)s RIVER(]) SOR 180
SOR 190
COMMON /SARRAY/ VF4(11)sCHK(1S) SOR 200

COMMON /SPARAM/ WATER.CONVRTsEVARPyCHCK¢PNCHeNUMyHEAD+CONTReERORyLESOR 210
1AK9RECHISIPsU9SSeTToTMINYETDISTQETIERRe TMAX+COLToHMAX s YOIM¢WIDTHsSOR 220
2NUMS o LSOR9ADT yDELToSUMySUMPsSUBS s STORE 9y TEST9ETQBIETQDsFACTX4FACTYsSOR 230
3IERRoKOUNT o IFINAL sNUMT o KT o KP oy NPERyKTHy ITMAX s LENGTHINWEL oNWoDIML+DISQR 240
4MW o UNOL1 o INGL1oRsPsPUsIoJsIDK1,»1DK2 SOR 250

RETURN SOR 260
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Program listing—Continued

97

.................0.'.............'l..........................COOCCSOR 270

«==KRITE ACCELERATION PARAMETER===

(22X 222222222222 X2 X 12
ENTRY ITER2
BRBRORVBAIBBOIRDIRRNBIRDN
WRITE (Pe490)

WRITE (P9500) HMAX,LENGTH

RETLIAN
B TURN

00 00000002 0000006000000 00000000 00000000000 000000000000000060000000000

«m=INITIALIZE DATA FOR A NEW JTERATIONwe=
KOUNTaKOUNT+1

IF (KOUNTJLE.ITMAX) GO TO 20

WRITE (Pe510)

CALL TERM1

428 2 am ac S0 26 88 AL S0 54 20 S8 s 34 24 S0 28 AL 4% S0 8t 50 00
LA A2 A 4 &4 A A A A4 A0 4 22 & & 4 2 &

ENTRY NEWITB
HEBRAVBUNCABBROROUODOORNS
TEST3(KOUNT+1)=0,
TEST=0Q. .

N3DIML®D IMw

DO 30 I=1sN
PHE(I)aPHI(ID)

BIGI=0,0

===COMPUTE TRANSMISSIVITY AND T COEFFICIENTS IN WATER TABLE
OR WATER TABLE=ARTESIAN SIMUATION=e

IF (WATERGNE.CHK(2)) GO TO 40

CALL TRANS

0088 000000000000 0CRR0RCRCORCECENCRNIRRERIRROCERNINOERIORRONIOIPROSIPONPOIDROTOPOIPOOIPOPOITOGTDS

»==SOLUTION BY LSCRe==
NO3sDIMW=2

TEMP (DIMW) =040
DO 170 1=2,INO1
DO 150 J=24+JNOI
Nz]+DIML* (J=1)
NAzN=1

NB=N+1
NL=N=DIML
NR=N+DIML
BE(J)=0,0
B(J)=0,0

«==SKIP COMPUTATICNS IF NODE IS OUTSIDE AQUIFER BOUNDARYe==
IF (T(N)«EQe0csOReS(N)oLT40s) GO TO 1S5S0

«==COMPUTE COEFFICIENTS===
D=TR(N=DIML)/DELX(J)
F=TR(N)/DELX (J)
B=TC(N=1)/DELY!(])
H=TC(N)/DELY (I)

IF (EVAP.NE.CHK(6)) GO TO 60

w=aaCOMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE===
ETQB=0,

ETQD=0,0

IF (PHE(N) .LE.GRND(N)=ETDIST) GO TO 60

IF (PHE(N)+GT.GRND(N)) GO TO S0

SOR 280
SOR 2S0
SOR 300
SOR 310

SOR S00

SOR S10
SOR S20
SOR 530
SOR 540
SOR S50
SOR S60
SOR 570
SOR 580
SOR 580
SOR 600
SOR 610
SOR 620
SOR 630
SOR 640
SQR 650
SOR 660
SOR 670
SOR 680
SOR 690
SOR 700
SOR 710
SQR 720
SOR 730
SOR 740
SOR 750
SOR 760
SOR 770
SOR 780
SOR 790
SQR 800
SOR 810
SOR 820
SGR 830
SOR 840
SOR 850
SOR 860
SOR 870
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ETQB=QET/ETDIST SOR 880
ETQD=ETQB* (ETDIST=GRND (N)) SOR 890
GO TO 60 SOR 900
ETQD=GET SOR 910
SOR 920

«==COMPUTE STORAGE TERM=== SCR 930
IF (CONVRTLEQ,CHK(T)) 60 TO 70 SOR 940
RHO=S (N) /DELTY SOR 950
IF (WATER,EQ.CHK(2)) RHOaSY(N)/DELY SOR 960
GO TO 140 SOR 970
SOR 980

~==«COMPUTE STORAGE COEFFICIENT FOR CONVERSION PROBLEM=== SOR 990
SUBS=0,0 SOR1000
IF (KEEP(N) sGE+TOP(N) AND.PHE (N) +GE.TOP(N)) GO TO 110 SOR1010
IF (KEEP(N)LToTOP(N) dAND+PHE(N),LT.TOP(N)) GO TO 100 SOR1020
IF (KEEP(N)=PHE(N)) 80990590 SOR1030
SUBS= (SY(N)=S(N))/DELT®* (KEEP (N)=TOP(N)) SOR1040
60 TO 110 SCR1050
SUBS=(S(N)=SY(N))/DELT#(KEEP(N)=TOP (N)) SOR1060
RHO=SY (N) /DELT SOR1070
GO T0 120 SOR1080
RHO=S (N) /DELT SOR1090
IF (LEAK.NE.CHK({9)) GO TO 140 SOR1100
SOR1110

«==COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATION===~ SOR1120
IF (RATE(N) 4EQe04oeORM(N),EQ.0,) GO TO 140 SOR1130
HED1=AMAX]1 (STRT(N) +» TOP(N)) SOR1140
U=sl, SOR1150
HED2=0, SOR1160
IF (PHE(N).GE,TOQP(N)) GO TO 130 SOR1170
HED2=TOP (N) SOR1180
U=0. SOR1190
SL(N)=RATE(N) /M(N)®(RIVER(N)~HED1) ¢TL (N) #(HED]1<-HED2=STRT (N)) SOR1200
CONTINUE SOR1210
SOR1220

wesFORWARD SUBSTITUTEs COMPUTING INTERMEDIATE VECTOR Ge=- SOR1230
Ez«D=F=B=H=RHO=TL (N) *U~ETGB SOR1240
W=E«D®BE (J=1) SOR1250
BE(J)=F/W SOR1260
Q==BOPHI (NA) =H®PHI (NB) =RHO®KEEP (N) =SL (N) =QRE (N) =WELL (N) +ETQD=SUBS~=SOR1270
1TL(N)®STRT(N) =D#PHI (NL) =F#PHI (NR) =E#PHI (N} SOR1280
G(J)s(Q=D*G(JU=1))/W SCR1290
CONTINUE SOR1300
SOR1310

~==BACK SUBSTITUTE FOR TEMP=== SQOR1320
DO 160 KNQ4=1,NOJ SOR1330
NO4=DIMW=KNO4 SOR1340
TEMP (NO4) =G (NO4)=BE (NO4) 2TEMP (NCG4+1]) SOR1350
CONTINUE SOR1360
SOR1370

«==EXTRAPOLATED VALUE OF PHl=-=- SOR1380
DO 170 J=2yJNQ1 SOR1390
N=T+DIML® (J=1) SOR1400
PHI(N) =PHI (N) ¢HMAX®TEMP (J) SOR1410
SQR1420

»==COMPARE DIFFERENCE WITH CLOSURE CRITERION=-= SOR1430
TCHK=DABS (TEMP (J)) SOR1440
IF (TCHK«GT.BIGI) BIGI=TCHK SOR1450
CONTINUE SOR1460
IF (B1G1.GT.ERR) TEST=], SOR1470
TESTI(KOUNT+1)=BIGI SOR1480
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Program listing—Continued

IF (KOUNT.EQ.0) GO TO 10
IF (TEST.EQ,0,) RETURN

weaTEST FOR TWO DIMENSIONAL CORRECTION===
IF (MOD(KOUNT,LENGYH) 4NE.0) GQ TO 10

GO YO 200

DO 190 I=2,INO1L

DO 190 J=2,JNO1

N=T+DIML® (J=1)

IF (T(N)«.EQG.0,) GO TO 190

PHI(N)=PHTI (N)+ALFA(I)+BETA(J)

CONTINUE

GO0 70 10

99

SOR1450
SOR1500

SOR1510
SOR1520
SOR1530
SOR1540
SOR1550
SOR15¢€0
SOR1570
SOR1580
SOR1590
SOR1600
SOR1610

..00'.....0...l........'....'.........l.l........l................Soalbzo

«==TWO DIMENSIONAL CORRECTION TO LSOR=-=

==aCOMPUTE ALFA CORRECTION FOR ROWS=~=~
DO 210 I=1.DIML

ALFA(I)=0,

BE(I)=0,0

6(I)=0,0

DO 330 I=2,INO1

A=0,

R2=0,

C=0.

Qx0.

~e=SUMMATION OF COEFFICIENTS FOR EACH ROW==-
00 320 J=2+JNOI

NuleDIML®*(J=1)

NAzN=]

NB=uNe1

NL=NeDIML

NRaNe+DIML

IF (S(N)+LT40,) GO TO 330

IF (T(N)+EQ.0.,) GO TO 320

===COMPUTE COEFFICIENTS===
O=TR(N=DIML)/DELX (J)

FETR(N) /DELX (J)
B=TC(N=1)/DELY(I)
H=TC(N)/DELY (D)

IF (EVAP.NE,CHK(6)) GO TO 230

wweCOMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE=«~

ETQB8=O0,

ETQD=0.0

IF (PHE(N)LE.GRND(N)=ETDIST) GO TO 230
IF (PHE(N).GT,GRND(N)) GO TO 220
ETQB=QET/ETOIST

ETQD=ETQB#* (ETDIST=GRND (N))

GO TO 230

ETOD=QET

===COMPUTE STORAGE TERMwe=e

IF (CONVRTL.EQ,CHK(7)) GO TO 240
RHO=S (N) /DELT

IF (WATERLEG.CHK (2)) RHO=SY(N)/DELT
GO YO 310

SOR1630
SOR1640
SCR1650
SOR1660
SOR1670
SOR1680
SOR1650
SOR1700
SCR1710
SOR1720
SOR1730
SOR1740
SOR1750
SOR176€0
SCR1770
SOR1780
SOR1760
SOR1800
SOR1810
SCR1820
SOR1830
SOR1840
SOR1850
SOR1860
SQR1870
SOR1880
SOR18S0
SCR1900
SOR1910
SOR1920
SOR1930
SOR1940
SOR1950
SOR1960
SOR1970
SCR1980
SQR1990
SOR2000
SOR2010
SOR2020
SO0R2030
SQR2040
SOR2050
SCR20€0
SOR2070
SOR2080
SO0R2090
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Program listing—Continued

240 SUBS=0,0 SOR2100
IF (KEEP (N) 4GE.TOP(N) (AND,PHE (N) .,GE,TOP(N)) GO YO 280 SOR2110

IF (KEEP(N) LT TOP(N) cAND,PHE (N),LT.TOP(N)) GO TO 270 SOR2120

IF (KEEP (N)=PME(N)) 250¢260+260 SOR2130

250 SUBS=(SY(N)=S{N))/DELT®(KEEP(N)=TOP(N)) SQR2140
G0 TO 280 SQR2150

260 SUBS®(S(N)=SY(N))/DELT®(KEEP(N)=TOP(N)) SOR2160
270 RHO=SY (N)/DELT SOR2170
60 7O 290 SOR2180

280 RHO=S(N)/DELT SOR2190
290 IF (LEAK<NELCHK(9)) GO TO 310 SOR2200

c SOR2210
c ~=«COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATIONese SO0R2220
IF (RATE(N) sEQ.0+sORJM(N)EQ.0,) GO TO 310 SOR2230
HED1=AMAX] (STRT(N) s TOP(N)) SO0R2240

Uxl, SOR2250
HED2=0. SOR2260

IF (PHE(N) GE,TOP(N)) GO TO 300 SOR2270
HED2=TOP (N) SQR2280

U=s0. SOR2290

300 SL(N)SRATE(N)/M(N)®(RIVER(N)=HED1)oTL(N)*®(HED]1~HED2=STRT (N)) SOQR2300
310 CONTINUE SOR2310

(o SOR2320
A=A=B SOR2330
Bl=BeHeRMHO+TL (N) #U+ETQB SOR2340
B2=B2+81 SOR2350

CeCeH SOR2360

QxQe¢ (DAPHI (NL) ¢F2PHI (NR) ¢B#PHI (NA) ¢H®PHI (NB) sRHO®KEEP (N) #SL (N) +QRESOR2370
1(N)*WELL (N)=ETQD+SUBS*TL(N)*STRT(N)=(DeFeB1)*PHI(N)) SOR2380

320 CONTINUE SOR23%0

c SOR2400
[ ===COMPUTATION OF INTERMEDIATE VECTOR Geow= SOR2410
WEB2eA*BE (I=1) SOR2420
BE(])=C/Ww SOR2430
G(l)=(QeA®G(I=]))/W SOR2440

330 CONTINUE SOR2450

C SOR2460
C we=BACK SUBSTITUTE FOR ALFA==~- SOR2470
NO3=DIML=2 SOR2480

DO 340 KNO4s3]1,NO3 SO0R2450
NO4=DIML ~KNO4 SQR2500

340 ALFA(NO4)=G(NO4)=BE(NO4)®ALFA(NCG+]) SOR2510

(o BRRERREBEBBDRBRRBRABRBD B RO BB RO RBIBONBRRDRERDRORBDOR BB RBROOERRRNBNSOR2520
c S$OR2530
c ~==«COMPUTE BETA CORRECTION FOR COLUMNS=== SOR2540
DO 350 J=1+DIMW SOR2550
BETA(J)=0, SOR2560
BE(J1=0,0 SOR2S70

350 G(J)=0,0 SOR2580
DO 470 J=2+JNO1 SOR2590

A=0, SOR2600

B2=0, SOR2610

[of 1 0% SOR2620

Q=0. SOR2630

c SOR2640
c «==SUMMATIQN OF COEFFICIENTS FOR EACH COLUMNe== SOR2650
DO 460 I=2,4]INC] SOR2660
N=I+DIML* (J=1) SOR2670
NA=N«] SQR2680
NBaN+] SOR2690

NL=N=D ML SOR2700
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Program listing—Continued

NR=N+DIML

IF (S(N)«LT40,) GO TO 470

IF (T(N)+EQe0o) GO TO 460
D=TR (N«DIML) Z7DELX(J)
F=TR(N)/DELX (J)
BsTC(N=1)/0ELY(])
HaTC (N) /DELY(I)

IF (EVAP.NE.CHK(6)) GO TO 370

«==COMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE===-
ETQB=0,

ETQ0=0,0

IF (PHE(N) JLE.GRND(N)}=ETDIST) GO TO 370

IF (PHE(N)GT.GRND(N)) GO TO 360

ETQB=QET/ETDIST

ETQD=ETGQB#* (ETDIST=GRND(N))

G0 10 370

ETQD=QET

~=«COMPUTE STORAGE TERM==-=

IF (CONVRTL.EQ.CHK(T)) GO TO 380
RHO=S (N) /DELT

IF (WATER,EQ.CMK(2)) RHO=SY(N)/DELT
GO TO 450

«==COMPUTE STORAGE COEFFICIENTY FOR CONVERSION PROBLEM===
SUBS=0.0

IF (KEEP(N) ¢GE+TOP (N) ANDJPHE (N) +GE+TOP(N)) GO TO 420

IF (KEEP(N) LT oTOP (N} ANDoPHE (N) 4LT,TOP(N)) GQ TO 410

IF (KEEP{N)=PHE(N)) 390+400+400

SUBS= (SY(N)=S(N))/DELT# (KEEP (N)=TOP (N))
GO TO 420

SUBS=(S(N)=SY(N))/DELT#(KEEP (N)=TOP(N))
RHO=SY (N) /DELTY

60 TO 430

RHO=S (N) /DELT

IF (LEAK.NE.CHK(9)) GO TO 450

«=«COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATION~=-

IF (RATE(N) 4EQe0eeOReM(N) ,EQ.,04) GO TO 450

HED1=AMAX]1 (STRT(N) ¢ TOP(N))

Us],

HED2=0,

IF (PHE(N)+GEL,TOP(N)) GO TO 440

HED2=TOP (N)

Us0,

SLIN)=RATE(N) /M(N)® (RIVER(N) =HED1)oTL (N) # (HED1=HED2=STRT (N))
CONTINUE

Ax=A=D

BlmsDeFoRHOCTL (N)®U+ETQB
B23B2+8]

CeCwF

101

SOR2710
SOR2720
SOR2730
SOR2740
SOR2750
SOR2760
SOR2770
SOR2780
SOR2790
SOR2800
SOR2810
SOR2820
SOR2830
SOR2840
SOR2850
SOR2860
SOR2870
SOR2880
SOR2890
SOR2900
SOR2910
SOR2920
SOR2930
SOR2940
SOR2950
SOR2960
SOR2970
SOR2980
SOR2990
SOR3000

SOR3010
SOR3020
SOR3030
SCR3040
SCR30S0
SOR3060
SOR3070
SOR3080
SOR30S0
SOR3100
SOR3110
SOR3120
SOR3130
SOR3140
SCR31%0
SCR3160
SOR3170
SOR3180
SOR3190
SOR3200
SOR3210
SOR3220
SOR3230

Q=Qe (D*PHI (NL) +F®PHI (NR) ¢B#PHI (NA) +H#PHI (NB) «RHO*KEEP (N) «SL (N) +QRESOR3240

1(N)*WELL (N)=ETQDeSUBS+TL (N)*STRT(N)=(BeHeB1)®PHI(N))

CONTINUE

««=COMPUTATION OF INTERMEOIATE VECTOR Geee
W=B2<-A®BE (J=1)

BE (J)=C/W

G(J)=(Q=A®G(JU=1)) /W

SOR3250
SCR3260
SOR3270
SCR3280
SQR32S0
SOR3300
SOR3310
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Program listing—Continued

470 CONTINUE SOR3320

SOR3330

~==B8ACK SUBSTITUTE FOR BETA==~ SOR3340

NO3=DIMW=2 SOR33%50

DO 480 KNO4=]1,NOJ SCR3360

NO4=DIMW=KNC4 SOR3370

480 BETA(NOG4)=G(NO4)=BE (NC4)®BETA(NO4+]) SOR3380

GO TO 180 SO0R3350

.....'.'....'.........'...................Q....'.......l.l........SOR3‘00

SOR3410

=o=FORMATS=e= SOR3420

SOR3430

T L LY LT L PR S P e S L L L L L S it LI DL T L DY

SOR3450

SOR3460

450 FORMAT ('=1445Xs *SOLUTION BY LINE SUCCESSIVE OVERRELAXATION'/46X¢4SOR3470

12¢_')) SOR3480

500 FORMAT ('=1,26Xs*ACCELERATION PARAMETER ='yF6¢3¢* TWO DIMENSIONALSOR34S0

1 CORRECTION EVERY'9ISet ITERATIONS?) SOR3500

510 FORMAT ('OEXCEEDED PERMITTED NUMBER OF ITERATIONS®*/?t 1,39(%a?)) SOR3S510
END SOR3520~

SUBROUTINE SOLVE3(PHIsBEsGsTEMPIKEEPsPHE sSTRTeToS+QREIWELLsTLsSL«DADI 10
1ELoETA9VeXI¢DELXsBETAJDELYsALFAIXIT+TESTIsTReTCoGRND»SY s TOPoRATE,MADI 20

2+RIVER) ADI 30
PRSPPI A T 1°D ] 40
SOLUTION BY THE ALTERNATING DIRECTION IMPLICIT PROCEDURE ADI S0
[P R s ppEpEppsppEpRT T PR SR LT 1B ¢ 60

ADI 70
SPECIFICATIONS? ADI 80
REAL *B8PHI+DBLEWRHOP(20) yGsBEsyTEMPy IMKsDABSsWsPARAMyTEST2yDMAX]9DTADI 90

1ERMS+819E+QeBsDeFoHIRHOIXIIL ADI 100
REAL #4KEEPM aADI 110
INTEGER RyPyPUSDIMLsDIMWICHKyWATERsCONVRTyEVAPsCHCKoPNCHoNUMIHEADYADT 120

1CONTRILEAKIRECHsSIP+ADI ADI 130

ADI 140

DIMENSION PHI(1)s BE(1)s G(1)y TEMP(l)s KEEP(1)s PHE(1)e STRT(1)» ADI 150
IT(1)y S(1)s QREC(1)s WELL(1)s TL(1)s SL(1)s DEL(1)y ETA(L)y V(1) XADI 160
21(1)y DELX(1)y BETA(1)e DELY(1)» ALFA(1)s XII(1)s TESTI(1)» TR(1)sADI 170

3 TC(1)y GRND(1)s SY{(1)s TOP(1)y RATE(1)s M(1)s RIVER(]) ADI 180
ADOI 190
COMMON /SARRAY/ VF4(11)sCHK(15) apl 200

COMMON /SPARAM/ WATER.CONVRTEVAPsCHCKsPNCHyNUMsHEADsCONTRIERORsLEADI 210
1AKsRECH s SIPosUsSSeTToTMINJETDIST2QEToERReTMAX9COLToHMAX s YOIMWIDTHoADI 220
2NUMS ¢+ LSORsAD I 9DELToSUMeSUMP sSUBS+STOREWTESTHETQBIETQDyFACTX,FACTYADI 230
3TERR s KOUNT o IFINAL yNUMT g KT o KP ¢ NPERoKTHo ITMAXsLENGTHoNWEL ¢sNWsDIMLSDIADI 240

4MW9JNOL1 9 INOL9R9PsPUe I 9Js IDK] o IDK2 ADI 250
RETURN ADI 260
$900000000000000000000000000800000 0000000 c000scssossssstrsecnreesecADI 270

ADI 280
«==COMPUTE AND PRINT ITERATION PARAMETERS=== ADI 290
(222222 X122 22222 2 2 )] ADI 300
ENTRY ITER3 ADI 310
22222221 2222 2 20 2 ) ADI 320
HMIN=2, ADI 330
IN4SDIMW=2 ADI 340
INS2DIML =2 ADI 35S0
XVALZ3,1415842/(2,%IN4®ING) ADI 360
YVAL=3,1415#22/(2,%INS*]INS) ADI 370

DO 10 I=24+INO1 ADI 380
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Program listing—Continued

D0 10 J=2,JN01

NuI+DIML*(U=1)

IF (T(N).EQ.,0,) GO TO 10

XPART=XVAL® (1/ (1¢DELX (J)##2%FACTY/DELY (1) @#2#FACTX))
YPARTRYVAL® (1/(1+DELY (1) #®2%FACTX/DELX (J) ##2#FACTY))
HMINSAMIN]L (HMIN9 XPART YPART)

CONTINUE

ALPHASEXP (ALOG (HMAX/HMIN) / (LENGTH=1))

RHOP (1) =HMIN

DO 20 NTIME=2,4LENGTH

RHOP (NTIME) sRHOP (NTIME=1) #ALPHA

WRITE (P+400)

WRITE (P9410) LENGTH» (RHOP(J) s J=1+LENGTH)
RETURN

we=aINITIALIZE DATA FOR A NEW ITERATIONe==-
KOUNT=KOUNT+ 1

IF (KOUNT.LE.ITMAX) GO TO 40
WRITE (Ps390)

CALL TERM]

IF (MOD(KOUNT,LENGTH)) S0+50+60
Y2233 33 YT 22222 2 2 2

ENTRY NEWITC
RRBRRBRRBGRRBRRERBRDONNY

NTH=0

NTH=NTHe 1

PARAMERHOP (NTH)
TESTI(KOUNT+1)=0,

TEST'O .

NeDIML#*DIMW

DO 70 I=1uN

PHE(I)=PHI(I)

BIGI=0,0

===COMPUTE TRANSMISSIVITY AND T COEFFICIENTS IN WATER TABLE
OR WATER TABLE=ARTESIAN SIMUATION===

IF (WATER,NE.CHK(2)) GO TO 80

CALL TRANS

.........'...lo....'..‘................."....................Q...

w2=SOLUTION BY ADlw==
wweCOMPUTE IMPLICITLY ALONG ROWS~e~-
NO3=DIMW=2

DO S0 J=leDIMW
N31eDIML® (Jeol)

TEMP (J)=PH] (N)

DO 230 I=2.0IML

DO 200 J=2+JNO1
N=I+DIML® (J=])

NAmNe=]

NBaNs}

NLsNeDIML

NRaN+DIML

BE(J)=0.0

G(J)=0.0

~=«SKIP COMPUTATIONS IF NODE IS OUTSIDE AQUIFER BOUNDARY===
IF (T(N)eEQe04oORS(N)oLT40s) GO TO 200

ADI
ADI
ADI
A0l
ADI
ADI
ADI
ADI
ADI
ADI
ADl
ADI

ADI
AD1
ADI
aADI
aAD1
ADI
ADI
ADI
ADI
AD1
ADI
ADI
ADI
ADI
AD1
ADI
ADI
ADI
ADI
apl
ADI
ADI
ADI1
AD1
ADI
ADI
ADl
aDI
ADI
ADI
ADI
ADI
ADI
aDI
ADI
ADI
ADI
ADI
ADI
aADI
ADI
ADI
ADI
ADI
apl
ADI
AD1
ADI
ADI

103

390
400
410
420
430
440
450
460
470
480
490
500

510
s20
830
540
550
560
570
580
550
600
610
620
630
640
650
660
670
680
6S0
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940

960
970
980
990
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Program listing—Continued

~==COMPUTE COEFFICIENTSme=
D=TR(N=DIML)/DELX ()
FETR(N)/7DELX (W)
B=TC(N=1)/DELY(])
H=TC(N)/DELY(I)

IF (EVAPJNE.CHK(6)) GO TO 110

~==«COMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE===
ETQB=0.

ETQD=0.0

IF (PHE(N) ,LE,GRND(N)=-ETDIST) GO TO 110

IF (PHE(N),GT.GRND(N)) GO TO 100

ETQB=QET/ETDISTY

ETQO=ETQB# (ETDIST~GRND (N))

60 T0 110

ETQD=QET

«==COMPUTE STORAGE TERM===

IF (CONVRT.EQ.CHK(T)) GO TO 120
RHO=S (N) /DELTY

IF (WATERGEQ.CHK(2)) RHO=SY(N)/DELT
GO TO 190

~=«COMPUTE STORAGE COEFFICIENT FOR CONVERSION PROBLEM===

SUBS=0.0

IF (KEEP(N) «GE+TOP (N) sAND,PHE (N) ,GE.TOP(N)) GO TO 160
IF (KEEP(N)oLToTOP(N) ¢ ANDSPHE (N)LT,TOP(N)) GO TO 150
IF (KEEP(N)=PHE(N}) 13041405140
SUBS=(SY(N)«S(N))/DELT# (KEEP (N)=TOP(N))

GO TO 160

SUBS=(S(N)=SY(N))/DELT®#(KEEP(N)=TOP(N))
RHO=SY (N) /DELT

GO T0 170

RHO=S (N) /DELY

IF (LEAKoNE.CHK(9)) GO TO 190

~==COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATION===

IF (RATE(N) sEQ.04+sO0ReM(N) 4EQe0,) GO TO 190
HED1=AMAX1 (STRT(N)sTOP(N))

U=],

HED2=20,

IF (PHE(N).GE,TOP(N)) GO TO 180
HED2=TOP (N)

Um0,

SLIN)=RATE (N) /M(N) ® (RIVER(N)=HED1) ¢TL(N) # (HED1=HED2=STRT/(N))

CONTINUE

===CALCULATE VALUES FOR PARAMETERS USED IN THOMAS ALGORITHM
AND FORWARD SUBSTITUTE TO COMPUTE INTERMEDIATE VECTOR Ge=-=-

IMK= (BoD*¢FeH) ®PARAM
Es=D=F=RHO=IMK=TL (N) *U=ETQB
WzE-D#BE (J=1)

BE(J)=F/W

ADIlo000

ADIlOl0
ADIlo020
ADI1030
ADIL1040
ADI10S0
ADI1060
ADIlO70
ADIl080
ADI1090
ADI1100
ADIl110
ADIl120
ADI1130
ADIll40
ADI1150
ADIll60
ADII170
ADI1180
ADI1190
ADI1200
ADI1210
ADIl220
ADI1230
ADIl240
ADI1250
ADIl260
aDI1270
ADI1280
ADI1290
ADI1300
ADI1310
ADI1320
ADI1330
ADI1340
ADI1350
ADI1360
ADI1370
ADI1380
ADI1390
ADI1400
ADIl410
ADI1420
ADIl430
ADI1440
ADI1450
ADI1460
ADIla470
ADIl480
ADI1490
aADI1500
ADI1S10
ADI1S520

Q=«BoPHI(NA) ¢ (B+H=TIMK=E) #PHI (N} =H#PH] (NB) ~RHO#KEEP (N) =SL (N) «QRE (N)ADI1530

1=WELL (N) ¢ETQD=SUBS=TL(N)#STRT (N) =D4PHI (NL) =F#PHI (NR)
G(J)=(Q=D*G(J=1)) /W
CONTINUE

~==BACK SUBSTITUTE FOR HEAD VALUES AND PLACE THEM IN TEMPewa

XI1(DIMW)=0,D0
DO 220 KNQ4=31,NO3

ADI1540
ADI15S0
ADI1560
ADI1570
ADI1580
ADI1590
ACI1600
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Program listing—Continued

NO4=DIMW=KNO4
N=I+DIML®* (NO4=1)

~==FIRST PLACE TEMP VALUES IN PHI(N=])==a
PHI(N=]1)=TEMP (NO4)

IF (T(N)oNEoeOososANDeS(N)4GE,0s) GO TO 210
XIT(NO4)=0,00

GO TO 220
XII(NO4)=BG(NO4)=BE (NO4) XTI (NOGe])

TEMP (NO4)=PHI(N)+XII(NO&)

CONTINUE

105

ADIl610
aDll620
ADI1630
ADIl640
ADRI1650
ADI1660
ADI1670
ADI1680
ADI1700
ADI1710

..........'..'.l.".'l..'..'...‘........‘.........................ADII720

~==COMPUTE IMPLICITLY ALONG COLUMNS===
NO3aDIML =2

DO 240 I=1,DIML
TEMP(I)=PHI(])
DO 380 y=2+CIMW
DO 350 Is32,INO1
N=Ie¢DIML®(J=1)
NA=Ne]

NB=Ne1
NL=2N=DIML
NR=N+DIML
BE(I)=0,0
G(I)=0,0

===SKIP COMPUTATIONS IF NODE IS OUTSIDE AQUIFER BOUNDARYma=
IF (T(N)«EQeOeeORS(N)LT40s) GO TO 350

===COMPUTE COEFFICIENTS~=~
D=TR(N=DIML) /DELX(J)
FaTR(N)/0ELX (W)
B=TC(N=1)/DELY(])

H=TC(N) /DELY (D)

IF (EVAPJNE.CHK(6)) GO TO 260

«w=COMPUTE EXPLICIT AND IMPLICIT PARTS OF ET RATE===
ETQB=0,
ETQD=0,0

IF (PHE(N) (LE.GRND(N)=-ETDIST) GO TO 260
IF (PHE(N)+GT,GRND(N)) GO YO 250
ETQB=QET/ETDIST

ETQD=ETGB® (ETDIST=GRND (N))

GO TO 260

ETQD=QET

===COMPUTE STORAGE TERM==-

IF (CONVRTLEQ.CHK(T)) GO TO 270
RHO=S (N) /DELT

IF (WATERLEQeCHK (2)) RHO=SY(N)/DELT
GO TO 340

-==COMPUTE STQRAGE COEFFICIENT FOR CONVERSION PROBLEMe=-=
sUBsS=0,0

IF (KEEP(N) ¢GETOP (N) cANDJPHE (N) ,GE.TOP(N)) GO TO 310

IF (KEEP (N) oLT.TOP(N) JAND.PHE (N) ,LT<TCP(N)) GO TO 300

IF (KEEP(N)=PHE(N)) 28042909290

SUBS=(SY(N)=S(N)) /DELTH#(KEEP (N)~TQP (N))

GO Y0 310

SUBS=(S(N)=SY(N))/DELT*(KEEP(N)=TOP(N))

ADI1T730
ADI1740
ADI1750
ADI1760
ADI1770
ADIl780
ADI1790
ADI1800
ADIl810
ADI1820
AD0I11830
ADIl840
ADI1850
AD11860
ADI1870
ADI1880
ADI1890
ADI1900
ADIl910
apllgzo
ADI1930
ADI1940
ADI19S0
ADI1S60
ADI1S970
ADI1980
ADI19%0
ADI2000

ADI2010
ADI2020
ADI2030
ADI2040
ADI2050
ADI2060
ADI2070
Aplaoeo
ADI2090
ADIZ2100
ADIZ2110
ADIZ2120
ADI2130
ADIZ2140
AD12150
AD12160
ADI2170
Apl2léo
ADIZ1S0
ADI2200
aplzz210
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Program listing—Continued

RHO=SY (N) /DELY ADl2220
GO TO 320 ADI2230
RHO=S (N) /DELT ADI2240
IF (LEAK«NE.CHK(S)) GO TO 340 ADI2250
ADI2260

»w=COMPUTE NET LEAKAGE TERM FOR CONVERSION SIMULATION=== AD12270
IF (RATE(N)+EQs04sOReM(N)EQ,0,) GO TO 340 aADl2280
HED1=AMAX] (STRT(N) s TOP(N)) ADI2290
U=}, AD12300
HED2=0, aADI2310
IF (PHE(N).GE,TOP(N)) GO TO 330 ADl2320
HED2=TOP (N) ADI2330
Us0, ADI2340
SL(N)=RATE(N)/M(N)* (RIVER(N)=HED]1) ¢TL(N)®(HED1=HED2=~STRT (N)) ADI2350
CONTINUE ADI2360
ADI2370

===CALCULATE VALUES FOR PARAMETERS USED IN THOMAS ALGORITHM A0I2380
AND FORWARD SUBSTITUTE YO COMPUTE INTERMEDIATE VECTOR Ge==- ADI2390
IMKs (BeD+FoH) ¢PARAM ADI2400
Ex=B8«H=RMO=IMK=~TL (N) *U~ETOB ADl2410
WsE«B#BE (1=]) aADl2420
BE(I)=sH/W ADI2430
Qz=D#PHI(NL) ¢ (D¢F=IMKeE) ®PHI (N)=F#PH]I (NR) =RHO®KEEP (N) =SL (N) =QRE (N) AD]2440
1=WELL (N) ¢ETQD=SUBS=TL (N)®*STRT (N) =B#PHI (NA) =H®PHI (NB) ADI2450
G(1)=(Q=B®G(I=~1))/W ADI2460
CONTINUE ADI2470
ADl2480

«=«BACK SUBSTITUTE FOR HEAD VALUES AND PLACE THEM IN TEMPew=e ADI24S0
XII(DIML)=0,D0 ADI2500
DO 370 KNQO4=]1,NO3 ADIZ2510
NO4=DIML~KNOC4 AD1I2520
N=NQ4+DIMLY (J=1) ADI2530
ADI2S40

«==FIRST PLACE TEMP VALUES IN PHI(N=DIML)==== ADI25%0
PHI(N=DIML)=TEMP (NO4) ADI2560
IF (T(N)eNE.O,+sAND.S(N).GE.0.) GO TO 360 ADI2570
XII(NO4)=0,D0 ADI25€0
TEMP (NO4) =PHI (N) ADI25%90
GO TO 370 ADI2600
XITI(NO4) =G (NO4)=BE (NO4)®*XII(NO4e]) ADI2610
TEMP (NG4) =PHI (N) *+XII(NO4) ADl2620
ACI2630

~==COMPARE CHANGE IN HEAD WITH CLOSURE CRITERION== ADI2640
TCHK=ABS (SNGL (TEMP (NO4) ) =PHE (N)) ADI2650
IF (TCHK«GT.BIGI) BIGIaTCHK ADI2660
CONTINUE ADI2670
CONTINUE ADI2680
IF (BIGI+GT.ERR) TEST=1, ADI26S0
TEST3(KOUNT+1)=BIGI ADI2700
IF (TEST.EQ.l,) GO TO 30 aplI2710
RETURN apl2720
..........................."......'.....'..l........'............A012730
ADI2740

w==FORMATSme= ADI2750
ADI2760

ADI2780

ADI27S0

FORMAT ('0EXCEEDED PERMITTED NUMBER OF ITERATIONS'/' t939(te?)) ADIZ2800
FORMAT ('=?,38Xs*SOLUTION BY THE ALTERNATING DIRECTION IMPLICIT PRADIZ28B10

10CEDURE /739X ¢56(*_1)) ADl2820
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Program ligting—Continued

410 FORMAT (///1H0915922H ITERATION PARAMETERS!98D12.3//28X,10D12,3) ADI2830
END ADlZ2840~-

SUBROUTINE COEF (PHIJKEEPsPHE9STRT9SURIsT9TReTCoSoWELLTLsSLIPERMYBCOF 10

10TTOMsSYsRATEZRIVER I M TOPyGRND+DELXDELY) COF 20
e L T D ittt E L L EL L PR LR L P P L L LT L T of oL X
CCMPUTE COEFFICIENTS COF 40
cecemmemeeeseecmceecme-eee-msmaseesseeece-ceceesemeeasseecceceea=aCOF 50

COF €0
SPECIFICATIONS: COF 70
REAL ®8PHI+DBLEWRHOsBeDsF oM COF 80
REAL ®4KEEPIM COF 90
INTEGER RoPoPUSDIMLIDIMWeCHKIWATERWCONVRTWEVAP¢CHCKsPNCHoNUMyHEADCOF 100
1CCNTRyLEAKIRECHYSIPsADI COF 110

COF 120

DIMENSION PHI(l)s KEEP(1)s PHE(1)s STRT{(1)s SURI(1)s T{l)s TR(1)9s COF 130
1TC(1)y S(1)e WELL(1)y TL(1)y SL(1)s PERM(1}s BOTTOM(1)s SY(1)s RATCOF 140

2E(1)s RIVER(1)9s M(1)y TOP(1l)s GRND(1)s DELX(1)e DELY(1) COF 150
COF )60
COMMON /SARRAY/ VF4(11)eCHK(15) COF 170

COMMON /SPARAM/ WATERyCCNVRT4EVAPCHCKsPNCHINUMIHEAD9sCONTRWERORYLECOF 180
1AKyRECHSIPoUsSSyTT s TMINSETDISTIQETIERReTMAX9sCDLTsHMAX s YDIMeWIDTH,COF 160
2NUMS o LSORADI sDELT 9 SUMeSUMP 4 SUBSsSTORE s TESTIETGBIETQDsFACTXsFACTY,COF 200
ATERFRsKOUNT o IFINAL yNUMT s KT o KP s NPERSKTHs ITMAX o LENGTHoNWEL yNWsDIML,DICOF 210

4MWyUNO1 9 INOLeRIPsPUsTsJe 1DK] s IDK2 COF 220
COF 230

DATA PIE/3.141593/ COF 235
RE TURN COF 240
....l.l............Q....l..'........."..........l...'...........'COF 250
COF 260

«»=COMPUTE COEFFICIENTS FOR TRANSIENT PART OF LEAKAGE TERM=w= COF 270
TR 22X 22 R 2 2 X R ¥ 3 COF 280
ENTRY CLAY COF 290
2T 2Ry yyXyyy) COF 300
TMIN=]1,E30 COF 310
TT=0.0 COF 320
PRATE=0. COF 330
DC S0 I=1sDIML COF 340
DC S50 J=1sDIMW COF 350
N=TeDIML® (J=1) COF 360
COF 370

-==SKIP COMPUTATICNS IF Ty RATE OR M = 0, OR IF CONSTANT COF 380
HEAD BOUNDARY=== COF 390

IF (RATE(N) oLEeOeoORGTIN) EQaO0soORMIN) EQeO4oORSIN) oL To0.) GO TNCOF 400
1 50 COF 410
COF 420

-=-IF VALUE FOR TLI(N ) WILL EQUAL VALUE FOR PREVIOUS NODE. COF 430
SKIP PART OF COMPUTATIONS=== COF 440
IF (RATE(N)®M(N) EQ.PRATE) GO TO 40 COF 450
DIMT=RATE (N)BSUMP/ (M (N) #M(N) #SS#3) COF 460
IF (DIMT.GT.TT) TT=DIMT COF 470
IF (DIMT LT.TMIN) TMIN=DIMT COF 480
PPT=PIE®PIE®DIMT COF 490
COF 500

~==RECOMPUTE PPT IF DIMT WITHIN RANGE FOR SHORT TIME COMPUTATION==COF 510
IF (DIMT.LT.1,0E=03) PPT=1,0/DIMT COF 520
CC=(2,3=PPT)/(2,%PPT) COF 530
COF 540

«==COMPUTE SUM OF EXPONENTIALS~== CQF 550

SUMN=0,0 COF 560
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Program listing—Continued

DO 20 K=1,200

POWER=K#K#PP T

IF (POWER,LE,150+) GO TO 10
POWER=150

PEXZEXP (+POWER)
SUMN=aSUMN ¢PE X

IF (PEX,GT.0,00009) 60 TO 20
IF (KeGT4CC) GO TO 30
CONTINUE

=+=COMPUTE DENOMINATER DEPENDING ON VALUE OF DIMTe=e
DENQOM=]1,0
IE (DIMToLT,1,0E=03) DENOM=SQRT(PIE“DIMT)

~==HEAD VALUES ARE NOT INCLUDED IN COMPUTATION OF Q FACTOR SINCE
LEAKAGE IS CONSIDERED IMPLICITLYw==-

Ql=zRATE (N)/ (M(N) *DENOM)

TL(N)=Q1+2,%#Q1 *SUMN

PRATE=RATE (N) #M(N)

CONTINUE

TMINZTMIN®3,0

TT=TT#3,0

RETURN

CoF

....6..‘..........'......'.........0.'....'....O..Q..........'....coF

CoF

~==COMPUTE TRANSMISSIVITY IN WT OR WT=-ARTESIAN CONVERSION PROBLEM=COF

lQQG.QQ’?.OOQ#‘GQ.QQ

ENTRY TRANS
GQQGDQQQ'9QC'Q§.§'QO

DO 60 I=1sDIML

DO 60 JslsDIMW

NaTeDIML® (J=1)

IF (PERM(N) ,EG.0,) GO TO 60
HED=PHI (N)

IF (CONVRTLEGLCHK (7)) HED=AMINI1 (SNGL (PHI(N)),TOP(N))
T (N)BPERM (N) # (HED=BOTTOM (N) )
IF (T(N)46T.0,) GO TO 60

IF (WELL(N)+LT404) GO TO 70

e==THE FOLLOWING STATEMENTS APPLY WHEN NODES (EXCEPT WELL NODES)
GO DRYma=

PERM(N) =0,

T(N)=0,0

TR(N=DIML)=0,

TR(N) =0,

TC(N=1)=0,

TC(N)=D,

PHI(N)=SURI (N)

WRITE (P+150) 1.4
CONTINUE

IF (KTL,EQe0) RETURN
G0 TO 9¢

~=»=START PROGRAM TERMINATION WHEN A WELL GOES DRYwma=
WRITE (P9120) Isd

WRITE (Ps130)

IERR=]

CALL ORON

DO 80 Ix24INO1

DO 80 J=2sJNO1

NET+DIML® (J=1)

COF
caoF
COF
COF
COF
COF
COF
CoF
COF
COF
CoF
COF
CoF
CoF
COF
COF
COF

570
580
590
600
610
620
630
640
650
660
670
680
650
700
710
720
730
740
750
760
770
780
790
860
alo
820
830
840
850
860
870
880
8S0
900
910
920
930
940
950
960
970
980
950

COF1000

COF1010
COFlo020
COF1030
COF 1040
CCF1050
CoFl060
COF1070
COoF1080
COF1090
COFl100
CCFl11lo0
COF1ll120
COF1130
COoFl140
CofFliso
COF1160
COoFl1l70
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Program listing—Continued

80 PHI (N)=KEEP(N) COFl1180
SUM=SUM=DELT CoF1190
SUMP=SUMP=DELT COF1200
KTaKTe=] COoFl1210
IF (KT.EQ.0) STOP COF1220
IF (IDK2.EQ,CHK(15)) CALL DISK COF1230
IF (PNCHeEQ.CHK (1)) CALL PUNCH COF 1240
IF (MOD(KTsKTH) EG.0) STOP COF1250
WRITE (Psl40) KToSUM COF1260
CALL DRDN COF1270
IF (CHCK.EQ.CHK(S)) CALL CWRITE CoFl1280
SToP COF1290
COF1300
e==COMPUTE T COEFFICIENTSe== COF1310
GRBBDRORBBBUERBRERIBRY COF1320
ENTRY TCOF COF1330
I Y Y YT 2 Y Y YT Y Y Y Y COF1340
90 DO 110 I=1+INO1 COF1350
DO 110 J=lsJNOl COF1360
N=I+DIML®(J=l) COF1370
NRzN+DIML COF1380
NB=N+] COF1390
IF (T(N).EQe0,) GO TO 110 COF1400
IF (T(NR)+EQeO,) GO TC 100 COFlslo0
TRIN)Z(2«%T(NRI®T(N))/(T(N)PDELX(Je1)oT(NR)®DELX(J))®FACTX COF1420
100 IF (T(NB)+EQe0o) GO TO 110 COF1430
TC(NI=(Z2e#T(NB)®T(N))/(T(N)ODELY(J*1)*T(NB)*DELY(]I))®FACTY COF 1440
110 CONTINUE COF14S90
RETURN COF 1460
COF1470
cecefFORMATSe== CoF1480
COF1480

CoF1510

COF1520

120 FORMAT (Yol B ranosenanadWELL 9130909139 " GOES DRY®###QuANGRNGNNGY) COF1%30

130 FORMAT ('1'450Xs*ORAWDOWN WHEN WELL WENT DRY?) COF1540

1640 FORMAT (')1%432X¢ 'DRAWDOWN FOR TIME STEP*4I3,'3 SIMULATION TIME =',COF1550
11PE1S«Te* SECONDS?") COF1560

150 FORMAT ('@t ,20('#%) ¢t NODE *9I4s%e?yl6s? GOES DRY 1,20(41)) COF1570
END COF1580~

SUBROUTINE CHECKI(PHIsKEEPIPHEsSTRT+TeTReTCoSIQREIWELLeTLIPERMyBOTCHK 10

1TOMySY,RATEsRIVER M TOPsGRND+DELX9DELY) CHK 20
COMPUTE A MASS BALANCE CHK 40
B T L Y T T T N L L L L L LB T T P Y e of . . 850

CHK 60
SPECIFICATIONS? CHK 70
REAL #8PHIJ0BLE CHK 80
REAL %4KEEP oM CHK S0
INTEGER RoPyPUDIMLIDIMWICHKsWATERyCONVRTyEVAP9CHCK9PNCHyNUMIHEAD+CHK 100
1CONTRYLEAKIRECH»SIPyADI CHK 110

CHK 120

DIMENSION PHI(1Z9JZ)y KEEP(IZ9JZ)s PHE(1ZeJZ)s STRT(IZeJZ)s T(IZWJCHK 130
12)s TRUIZwJZ)y TC(IZ9JZ)s S(1Z9JZ)s GRE(IZ9JZ) e WELL(IZ9J2Z)s TL(IZCHK 140
29JZ)s PERM(IZ4JZ)s BOTTOM(IPsJP) s SY(IPsUP)s RATE(IRsJR)y RIVER(IRCHK 1S5S0

39JR) e M(IRsJR) s TOP(ICeJC)e GRND(IL»JL) s DELX(JZ)e DELY(12) CHK 160
CHK 170
COMMON /SARRAY/ VF4(11)+CHK(15) CHK 180
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Program ligting—Continued

COMMON /SPARAM/ WATERICONVRTIEVAPICHCK¢PNCHINUMIHEAD yCONTRIERORSLECHK
1AKoRECHsSIPoUsSSeTToTMINIETDISToQETIERR e TMAX s COLToHMAX e YDIMGWIDTHCKHK
2NUMS s LSORADIsDELToSUMySUMP ¢ SUBS 9 STORE ¢ TESTIETQABIETQDsFACTXFACTY s CHK
JIERRIKOUNT o TF INAL o NUMT o KT o KP s NPERIKTHs ITMAX o LENGTHoNWEL o+ NWsDIMLsDICHK
4MW 9o UNO1 9 INOL1oRyPyPUsIsJe IDK]1 o IDK2 CHK

COMMON /CK/ ETFLXT9sSTORTIQRETsCHSTsCHDToFLUXTIPUMPTsCFLUXTsFLXNT CHK

COMMON /ARSIZE/ 1Z2¢JZsIPsJP9IRsJRIICIUCIILOJULIISeUSesIHIMAXIMX]I CHK

RETURN CHK
..................‘........'.......G......'.......C........l......CHK
BEDRDPRRRBRBORDRRNON CHK
ENTRY CHECK CHK
BRBNDRBVVBDRNBBNRRDRD CHK
o= INITIALIZE VARIABLESw==- CHK
PUMP=0, CHK
STOR=0, CHK
FLUXS=0,0 CHK
CHD1=0,0 CHK
CHD2=0,0 CHK
QREFLX=0, CHK
CFLUX=0, CHK
FLUX=O0, CHK
ETFLUX=0, CHK
FLXN=0,0 CHK
...........‘....................................................Q.CHK

CHK
=e=COMPUTE RATESsSTORAGE AND PUMPAGE FOR THIS STEP=== CHK
D0 240 I=2,.CIML CHK
DO 240 J=2+CIMW CHK
IF (T(leJd)eEG,04) GO TO 240 CHK
AREASDELX (JU)®#DELY (D) CHK
IF (S(IsJ)eGELO04) GO TO 120 CHK

CHK
===COMPUTE FLOW RATES TO AND FROM CONSTANT HEAD BOUNDARIES=== CHK
IF (S(IeJm1)elTe0eeORT(IsU=1).EQ,0,4) GO TO 30 CHK
X (STRT(IoJ)=PHI(ToJ=1))8TR(TeJ=1)*DELY(I) CHK
IF (X) 10030420 CHK
CHD1=CHD]l+X CHK
GO TO 30 CHK
CHD2=CHD 2+ X CHK
IF (S(I1oJel)elTe0esORT(IvJ*1).EQe04) GO TO 60 ' CHK
Xz (STRT(IsJ)=PHI(IsJ¢1))®TR(IeJ)*DELY(I) CHK
IF (X) 40460450 CHK
CHD1=CHD]1 +X CHK
GO TO 60 CHK
CHD2=CHD2+X CHK
IF (S(lelod) el Te04eORaT(I=19J) EQ,0.) GO TO 90 CHK
XS (STRT(Iou)=PHI(I=19J))®TC(I=19J)#DELX(J) CHK
IF (X) 70490980 CHK
CHD1=CHD1¢X CHK
GO YO 90 CHK
CHD2=CHD2+X CHK
IF (S(I0)19J) el To0eeO0RT(I®lodJ)EQ,04) GO TO 240 CHK
X= (STRT(I9J)=PHI(I019J))®TC(IyJ)*DELX(J) CHK
IF (X) 10002404110 CHK
CHD1=CHD1 X CHK
GO TO 240 CHK
CHD2=CHD2 X CHK
GO TO 240 CHK

CHK
w=aRECHARGE AND WELLS=== CHK
QREFLX=QREFLX+QRE(I+J) ®AREA CHK

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
3eo0
3S0
400
410
420
430
440
450
460
470
480
4950
500

510
520
530
540
550
560
570
580

600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790



(o Nel

OO

130

140
150

160

170
180

190

200

210

220

230

240

FINITE-DIFFERENCE MODEL FOR AQUIFER SIMULATION 111
Program ligting—Continued

IF (WELL(IsJ)) 13041504140 CHK 800
PUMP=PUMP+WELL (1) *AREA CHK 810
GO T0 150 CHK 820
CFLUX=CFLUXWELL (I1+J) ®AREA CHK 830
IF (EVAPJNE.CHK(6)) GO TO 190 CHK 840
CHK 850

==»=COMPUTE ET RATEw=» CHK 860
IF (PHI(IsJ)+GEL,GRND(I+J)=ETDIST) GO TO 160 CHK 870
ETQs0.,0 CHK 880
GO YO 180 CHK 890
IF (PHI(I+J)LE.GRND(I9J)) GO TO 170 CHK 900
ETO=QET CHK 910
G0 TO 180 CHK 920
ETQ=QET/ETDIST# (PHI(I4J)¢ETOIST=GRND (I J)) CHK 930
ETFLUXSETFLUX<-ETG®AREA CHK 940
CHK 950

=~=COMPUTE VOLUME FROM STORAGE===- CHK 960
STORE=S (I+y) CHK 970
IF (WATERGEQ.CHK(2)) STORE=SY(IsJ) CHK 980
IF (CONVRT,NE,CHK(T)) GO TO 230 CHK 990
X2KEEP (I9J)=PHI(IsJ) CHK1000
IF (X) 20042100210 CHK1010
HED1=PHI(I+y) CHK1020
HED2=KEEP (I+J) CHK1030
X=ABS (X) CHK1040
60 T0 220 CHK1050
HED1=KEEP (I+J) CHK1060
HED2=PHI (1) CHK1070
STORE=S (I+4) CHK1080
IF (HED)=TOFP(IoJ)eLEeOes) STORE=SY(I4y) CHK1090
IF ((HED1=TOP(19J))#(HED2=TOP(I+J))elTo0,0) STORE=(HED1=TOP(I+J))/CHK]1100
1X®S(IoJ) ¢ (TOP (1 oJ)=HED2) /X#SY (I9J) CHK1110
STOR=STOR+STORE® (KEEP (19J)=PHI(IyJ))®AREA CHK1120
CHK1130

=e=COMPUTE LEAKAGE RATEw=~ CHK1140
IF (LEAK.NEL.CHK(9)) GO TO 240 CHK11S0
IF (M(TsJ)eEQe04) GO TO 240 CHK1160
HED1=STRT (IsJ) CHK1170
IF (CONVRTLEQ.CHK (7)) HED1=AMAX]1(STRT(IsJ)eTOP(IsJ)) CHK1180
HED2=PHI(Isy) CHK1190
IF (CONVRT,EQ,CHK (7)) HED2=AMAX]1 (SNGL(PHI(I+J))sTOP (1)) CHK1200
XX=RATE(IsJ)#(RIVER(I9J)=HED])#AREA/N(1+J) CHK1210
YY=TL(TsJ) # (HED]1=HED2) #AREA CHK1220
FLUX=FLUX®XX CHK1230
XNET=XXeYY CHK1240
FLUXSaFLUXS+XNETY CHK1250
IF (XNETelLT40,) FLXNSFLXN=XNET CHK1260
CONTINUE CHK1270
..........O.I.O......0.........’........0l.0..Q...Q..l............cHKlzeo
CHK12%0

-==COMPUTE CUMULATIVE VOLUMESy TOTALSe AND DIFFERENCES==~- CHK1300
STORT=STORT+STOR CHK13}0
STOR=STOR/DELT CHK1320
ETFLXTZETFLXT=ETFLUX®DELY CHK1330
FLUXT=FLUXTeFLUXS#DELT CHK1340
FLXNT=FLXNTeFLXN®DELT CHK1350
FLXPT=FLUXT+FLXNT CHK1360
QRET=QRET*QREFLX®DELT CHK1370
CHDT=CHDT=CHD1#DELT CHK]1380
CHST=CHST+CHD24DELT CHK1360
PUMPT=PUMPT=PUMP#DELT CHK1400
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Program listing—Continued ‘
CFLUXT=CFLUXT«CFLUX®DELT CHK1410
TOTL1=STORTeQRET+CFLUXT+CHST+FLXPT CHK1420
TOTL2=CHDT+PUMPT+ETFLXT+FLXNT CHK1430
SUMR=QREFLX+CFLUX+CHD2+CHD1+PUMP+ETFLUX+FLUXS+STOR CHK1440
DIFF=TOTLZ2~-TOTL1 CHK1450
PERCNT=z0.0 CHK1460
IF (TOTL24EG.04) GO TO 250 CHK1470
PERCNTaDIFF/TQTL2%100, CHK1480
250 RETURN CHK1490
..........................'..'................'...................CHKISOO
CHK1510
«==PRINT RESULTS==-~ CHK1520
(2222222222222 X2 X2 2422 X4 CHK153¢0
ENTRY CWRITE CHK1540
HREVRRBDBUBUVCTRIDOBRBREDILE CHK1550
CHK1560
WRITE (P9260) STORIQREFLXsSTORT9CFLUXIQRETsPUMPsCFLUXTIETFLUX9CHSTCHK1S70
19FLXPToCHD29TOTL1+CHDL 9 FLUXsFLUXSIETFLXT9CHDTsSUMRoPUMPT +FLXNTsTOTCHK1580
2L2+DIFF+PERCNT CHK1590
RETURN CHK1600
CHK1610
ceeFORMATS=e~ CHK1620
CHK1630
cmemceeesemcocmcesacesecceeesesessssescses=meeseasecsaencesasseensCHK]640
CHK1650
CHK1660
260 FORMAT ('0?410Xe?CUMULATIVE MASS BALANCE:'+16Xe"L ##30,23X,'RATES FCHK1670
10R THIS TIME STEP3's16XetL#e3/T1/11Xe24(%=1)943X925(%=")//20Xs?SOUCHK1680
2RCES1 969Xy 'STORAGE =19F20,4/20X18(1=1) 168Xs "RECHARGE ='¢F2044/27XCHK1650
3y ISTORAGE =0 4F20,2035Xs "CONSTANT FLUX =94F20,4/26X¢ "RECHARGE ='4F2CHK1700

4002941Xy'PUMPING =1 9sF20,4/21Xs *CONSTANT FLUX =*9F20,2+30Xs 'EVAPOTRCHKLT710 .
SANSPIRATION =04F2044/21Xe*CONSTANT HEAD ='9F2042+34Xe*CONSTANT HEACHKI1TZ0
6DV /2TXe ' LEAKAGE 31 oF20.2046Xs "IN =299F20,4/21Xs'TOTAL SOURCES =',FCHK1730
720,29465X970UT =9 9F20e4/96X 9 'LEAKAGE1*/20Xs*DISCHARGES:* 945Xy 'FROM CHK1740
8PREVIOUS PUMPING PERIOD =?4F20,4/20X911('=1) 968Xy ?*TOTAL ='9F20,4/1CHK1750
96Xy *EVAPOTRANSPIRATION =943F20,2/21X9 'CONSTANT HEAD =',F2042+36Xy 1SCHK1760
$UM OF RATES =94F20.4/19X'QUANTITY PUMPED ='4F20,2/2TXs 'LEAKAGE =tyCHK1770
$F2042/19X9'TOTAL DISCHARGE =14F2042//17X+s'DISCHARGE=SOURCES =',F20CHK1780
$.2/15Xe*PER CENT DIFFERENCE =1'4F20.,2//) CHK1760

END CHK1800~

SUBROUTINE PRNTAI(PHI+SURI#T+SeWELLsDELX+DELY) PRN 10
mececccmmeseccccmmecemcmsmmesemssmma-esesssesecccesecesecea=ac===a=PRN 20
PRINT MAPS CF DRAWDOWN AND HYDRAULIC HEAD PRN 30
e A I YT T PP P P R P T Y P Y =11, 40
PRN 50
SPECIFICATICNS: PRN 60
REAL #8PHIsZsXLABELWYLABELTITLEsXN19MESUR PRN 70
REAL #®#4K PRN 80
INTEGER RoePoPUsDIML9sDIMWsCHK s WATERyCONVRTJEVAP ¢ CHCK9PNCH9NUMIHEADsPRN SO
1CONTRyLEAKYRECH9SIPsADI PRN 100
C PRN 110
DIMENSION PHI(IZ9JZ)9s SURI(IZeJZ)s S(IZsJZ)y WELL(IZ+JZ)s DELX(JZIPRN 120
1y DELY(IZ)y T(IZeJZ) PRN 130
C PRN 140
COMMON /SARRAY/ VF4(11)+sCHK(15) PRN 150

COMMON /SPARAM/ WATER,CONVRT+EVAPsCHCK+PNCHsNUMIHEAD9sCONTR2ERORLEPRN 160
1AKoRECHsSIPsUsSSeTTeTMINSETDISTIOQET9ERReTMAXoCOLToHMAX 9 YDIM,WIDTHsPRN 170
2NUMS s LSCR9ADY sDELT9SUMsSUMP s SUBSsSTORE s TEST2ETABIETQDWFACTX,FACTY+PRN 180
3159“OKOUNTO;FINAL'NUMTOKTQKPONPEROKTH!IYMAX,LENGTHQNWEL'NN'DIML’DIPPN 150
4MUW o UNO12INOL9RsPoPUsToJs IDK]1+1DK2 PRN 200
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Program listing—Continued

COMMON /PR/ XLABEL (3) o YLABEL (6) s TITLE(S) o XN1+MESURIPRNT (122) +BLANKPRN
1(60)+DIGIT(122) s VF1(6)9sVF2(6) 9o VFI(T) 9 XSCALEsDINCHsSYM(17)9XN(100)sPRN
2YN(13)eNA(4) sN1IN2sNIsYSCALEWFACT]FACT2 PRN

COMMON /ARSIZE/ I1ZeJZoIPsJPsIReJRIICIJUCHILIJLIISsUSeIMeIMAXyIMX]1 PRN

RETURN PRAN

......l.'....................'.........0......'.'.................pRN

PRN

-==INITIALIZE VARIABLES FOR PLOT=== PRN

BERNRGVBBRBOROBOTBNOG PRN

ENTRY MAP PRN

YT EIE R XY -2 X X 3 PRN

XSF=DINCH®XSCALE PRN

YSF=DINCH#YSCALE PRN

NYD=YDIM/YSF PRN

IF (NYD®YSF LE.YDIM=DELY(INQ1)/72+) NYD=NYDe¢] PRN

IF (NYD.LE.12) GO TO 20 PRN

DINCH=YDIM/ (12.#YSCALE) PRN

WRITE (Pe310) DINCH PRN

IF (YSCALE.LT.140) WRITE (Ps320) PRN

GO TO0 10 PRN

NXD=WIDTH/XSF PRN

IF (NXD#XSF LENIDTH=DELX(JNO1)/24) NXD=NXDe¢] PRN

N4=NXD#N]1+] PRN

NS=NXDe1 PRN

N6=NYD+} PRN

NBaN2#NYDe] PRN

NA(1)=N&/2-] PRN

NA(2)=N4/2 PRN

NA(3)=N4/2+3 PRN

NC=(N3=NB=~10)/2 PRN

ND=NC+NE PRN

NE=MAXO (NS¢N6) PRN

VF1(3)=CIGIT(ND) PRN

VF2(3)=D1GIT (ND) PRN

VF3(3)=DIGIT(NC) PRN

XLABEL (3) =MESUR PRN

YLABEL (6) sMESUR PRN

DO 40 I=1¢NE PRN

NNX=N5e] PRN

NNYz]e] PRN

IF (NNY.GE.N6) GO TO 30 PRN

YN(I)=YSFONNY/YSCALE PRN

IF (NNXJLT,0) GO TO 40 PRN

AN(I)=XSFeNNX/YSCALE PRN

CONTINUE RRN

RETURN PRN

..."..........l'...............‘.............................'.'.PRN

PRN

BHRBLDRBRERNBDRRBOOD PRN

ENTRY PRNTA(NG) PRN

GRBBRBBNIRRR BRI RN PRN

wa=VARIABLES INITIALIZED EACH TIME A PLOT IS REQGUESTED=== PRN

DIST=WIDTH=DELX (JUNO1) /2, PRN

JJ=JNO1 PRN

Li=1 PRN

Z=NXD#XSF PRN

IF (NG.EQ.,1) WRITE (P4280) (TITLE(I)eI=1¢2) PRN

IF (NGLEGe2) WRITE (Pes2B0) (TITLE(I)eI=3+5) PRN

DO 270 I=14N& PRN

PRN

=== OCATE X AXES=== PAN
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210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
480
500
S10
520
530
540
550
560
570
580
590
600
610
620
630
640
680
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
8lo
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Program listing—Continued

s Ne]

IF (1.EC.1.CR,I.EQ.N4) GO TQ S0 PRN 820
PRNT (1}=SYM(12) PRN 830
PRNT (N8)=SYM(12) PRN 840

IF ((I=1)/N1#*N1.NE.I=1) GO TO 70 PRN 850
PRNT (1) 2SYM(14) PRN B60
PRNT (NB)ESYM(14) PRN 870

GO TO0 70 PRN BEO

c PRN 850
c ~==LOCATE Y AXES=== PRN 9090
50 DO 60 J=14¢N8 PRN 910
IF ((J=1)/N28N2.,EQeu=1) PRNT(JI=SYM(14) PRN 920

60 IF ((J=1)/N2%N2,NEeJ=1) PRNT(J)=SYM{13) PRN 930
. PRN 940

-==COMPUTE LOCATION OF NODES AND DETERMINE APPROPRIATE SYMBOL=== PAN 980

70 IF (DISTeLTe0s¢OReDIST.LTLZ=XN1#XSF) GO TO 220 PRN 960
YLEN=DELY(2)/2. PRN 970

DO 200 L=2+INOL PRN 980
JEYLENSN2/YSF +1,5 PRN 990

IF (T(LsJJ) eEGL04) GO TO 140 PRN1000O

IF (S(LsJJ)4LT.04) GO TO 190 PRN1010
INDX3=0 PRN1020

GO TO (80+90)s NG PRN1030

80 K=(SURI(LsJJY)=PHI(LsJJ))®FACT] PRN1040
«T0 CYCLE SYMBOLS FOR DRAWDOWNs REMOVE C FROM COL. 1 OF NEXT CARD=PRN1050
K=AMOD (Ks10,) PRN1060

GO TO 100 PRN1070

90 K=PHI (LsJJ)9FACT2 PRN10E0O
100 IF {(K) 11091404120 PRN10S0
110 IF (J=24GTo0) PRNT(J=2)3SYM(13) PRN1100
Nz =K PAN1110

IF (NJ.LT4100) GO TO 130 PRN1120

GO YO 170 PRN1130
120 N=K PRN1140
IF (N.LT.100) GO TO 130 PRN1150

IF (N.GT.999) GO YO 170 PRN1160
INDX3=N/100 PRN1170

IF (J=2¢GT40) PRNT(J=2)3SYM(INDX3) PRN1180
N=N=INDX3%100 PRN1190

130 INDX1=MCD(Ns10) PRN1200
IF (INDX1.EQ,0) INDX1=10 PRN1210

~TO CYCLE SYMBOLS FOR DRAWDOWNs, REMOVE C FROM COL. 1 OF NEXT CARD=PRN1220

c IF (NG,EQs1) GO TC 150 PRN1230
INDX2=N/10 PRN1240

IF (INDX2.GT.0) GO TO 160 PRN1250
INDX2=10 PRN1260

IF (INDX3,EQ.0) INDX2=15 PRN1270

GO TO 160 PRN1280

140 INDX1=15 PRN12S0
150 INDX2=15 PRN1300
160 IF (J=14GT4,0) PRNT(J=1)=SYM(INDX2) PRN1310
PRNT (J)=SYM(INDX]) PAN1320

GO TO 200 PRN1330

170 DO 180 II=1,3 PRN1340
Jlzy=3+11 PRN1350

180 IF (J14GT40) PRNT(JI}=SYM(11) PRN1360
190 IF (S(LsJJ)elLTe0s) PRNT(J)aSYM(16) PRN1370
200 YLEN=YLEN+ (DELY(L)+DELY(Le*1)) /2, PRN1380
210 DIST=DIST=(DELX(Ju)+DELX(JJ=1))/2, PRN1390
Ju=dd=1 PRN1400

IF (JJ.EG,0) GO TO 220 PRN1410

IF (DIST.GT,2=XN1®XSF) GO TO 210 ) PRN1420
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Program listing—Continued

220 CONTINUE PRN1430
PRN1440

===PRINT AXES)LABELSY AND SYMBOLSw=== PRN1450

IF (I=NA(LL) .EQ.0) GO TO 240 PRN1460

IF ((I=1)/N1®N1=(I=1)) 250,230,250 PRN1470

230 WRITE (PoVF1) (BLANK(J) sJ=LsNC) s (PRNT(J) sJ=19N8) o+ XN(14(I=1)/6) PRN1480
GO T0 260 PRN14S0

240 WRITE (PeVF2) (BLANK(J)sJ=1sNC) s (PRNT (J)sJ=19sNB) ¢ XLABEL (LL) PRN1500
LL=LL+1l PRN1S10

GO TO 260 PRAN1520

250 WRITE (PsVF2) (BLANK{J) sJ=1sNC) s (PRNT (J) e J=19N8) PRAN1530
PRN1540

~==COMPUTE NEW VALUE FOR Z AND INITIALIZE PRNT==e PRN1550

260 2zZ=2,%XN]1®#XSF PRN1560
DO 270 J=1sN8 PRN1570

270 PRNT (J)=SYM(15) PRN1580
PRN1590

===NUMBER AND LABEL Y AXIS AND PRINT LEGEND=== PRN1600
WRITE (PsVF3) (BLANK(J)sJ=1¢NC) s (YN(I)yI=14N6) PAN1610
WRITE (Pe300) (YLABEL(I)sI=146) PRN1620

IF (NG.EQ.1) WRITE (P,290) FACTI PRAN1630

IF (NG.EQ.2) WRITE (Py290) FACT? PRN1640
RETURN PAN1650
PAN1660

===FORMATS === PRN1670
PRN1680
emmesscccecccccccecccccccacececcecsececcccomccarmmmmccmamemacmaa-=PRN]690
PRN1700

PRN1710

280 FORMAT ('1'453Xs4A8//) PAN1720

290 FORMAT ('OEXPLANATION!/?' %,11('=?)//%" R = CONSTANT HEAD BOUNDARY?'/PRN1730
1v a#s# 3 VALUE EXCEEDED 3 FIGURES'/* MULTIPLICATION FACTOR =1+F8,3)PRN1740

300 FORMAT ('0'939X46A8) PRN1750
310 FORMAT ('0'+25X0e10(*®#?) st TO FIT MAP WITHIN 12 INCHES, DINCH REVISPRN1760
1ED TO'9Gl5.791Xe10(t%1)) PRN1770
320 FORMAT ('0'945Xe'NOTE! GENERALLY SCALE SHQULD BE > OR = 1,0¢) PRN1780
END PRN17S0~
BLOCK DATA BLD 1o
cewcsecace BLD 20
REAL #BXLABEL+YLABELsTITLE+XN]1sMESURyRHOsBeDsFoH BLD 30
INTEGER RyPyPUsDIMLIDIMWoCHK9WATERyCONVRT4EVAPyCHCK9PNCHoNUMIHEADWBLD 40
1CONTRWLEAKWRECHISIP+ADI BLD S0
BLD €0

COMMON /DPARAM/ RHOsBsDsFsH BLD 70
COMMON /SARRAY/ VF4(11)sCHK(15) BLD 8¢

COMMON /SPARAM/ HATER'CONVRTQEVQP'CHCKvPNCHQNUM’HEADOCONTRQEROR'LEBLD SO0
1AKGRECHISIPoUSSeTTy TMINIETDISTIQETIERRsTMAX s COLT 9 HMAX s YDIM WIDTHoBLD 100
2NUMS o LSOR s ADI oDELT9SUMySUMPySUBS+STOREsTESTIETQBWETQD,FACTXFACTYsBLD 110
3IERRsKOUNT ¢ IF INAL s NUMT oKToKP o NPERWKTHo ITMAX 9 LENGTHoNWEL yNWosDIMLDIBLD 120
4MW s JNOT+INO1sRePoPUI I+ JeIDK1 s IDK2 BLD 130

COMMON /PR/ XLABEL (3) 9 YLABEL (6) sTITLE(S) ¢XN1+MESURWPRNT (122) +BLANKBLD 140
1(60)sDIGIT(122)9VF1(6) s VF2(6)sVFI(T) s XSCALEJDINCHoSYM(17)9sXN(100)+BLD 150
2YN()13)9NA(4)9N)9N29NIsYSCALESFACT1+FACT2 B8LD 1€0

COMMON /ARSIZE/ 1Z4JZsIPoJPeIRsURIICIJCeILoJL9ISeJUSsIHsIMAX,IMX]1 BLD 170

RO ERE ORI BRRRDARORBANORRRONARBRNONORBNRBONBBERERRRELD 180

BLD 190

DATA IZoJZoIPeJPeIRIURIICIJCIILIJLISHUSIIMAX/13%20/91H/1/ BLD 200

DATA CHK/*PUNC? o *WATE ' o "CONT 9 tNUME ' g YCHEC ' s "EVAP Y, *CONV 1 4 "HEAD ' 4 *BLD 210
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Program listing—Continued

ILEAK Y9 'RECH' s *SIP "4 ? SOR' 4 *ADIV4*DK] "99DK2 '/9RePePU/Sy697/9B4D4BLD
2F yH/4%0,D0/ BLD
DATA SYM/ZS1 1902040303040 40603160070 4080 190,000,080 ,0|0,0mtytst 1BLD
1 Yy'RYyWE/ BLD
DATA PRNT/122%" '/oN1¢N2sN3eXN1/69109133+,833333333D=1/9BLANK/60#'BLD
1 '/4NA(4)/1000/ ‘ BLD
DATA XLABEL/' X DIS= '9?'TANCE INvyt MILES */9»YLABEL/*DISTANCE'y* BLD
1FROM ORVYS1IGIN IN v4'Y DIRECT'+*IONy IN 4 'MILES v/sTITLE/*PLOT BLD
20F 'y 'DRAWDCWN 4 *PLOT OF 1o SHYDRAULI's*C, MEAD'/ BLD
DATA DIGIT/010 402040303040, 050 060,070,080 ,0090,0]100,0]]10,¢137,9]3'BLD
1oV140 0015000160000 T 0901809019 0,0200,72]11,4922799123%9124'9925%91261,4BLD
2927199289 9123040300,9319,1329,9330,9361,9350,1369,1370,938¢1,1391,98LD
340000410 00629,1430,064091450,9461,14T1,148%,9499,0500,15]10,9¢521,15BLD
631, 1561,1550,0561, 1570, 1581,1591,1600,16]11,162199631,1641, 1651, 166BLD
Sl tET o168 91691 g1 TQ1 0TI 00720530 T3090T40,1TS 0TG40 T7T0,4878%,1 TSBLD
GUg 1801181141829 183191841,1857,1867¢'871,'88%91891,790?,791',19218LD
Tet93191941,1G5190069919T71,1981,1990,°]100%,*101%9%102%9"103%,* 104'BLD
8491057971067 7107%97108%97109%¢°110%9%111%4%112'9%113%4%114%0'115'BLD
9et116%e0 1171911180 97119%,0120%9%121%9%122%/ BLD
DATA VF1/V(1H tytyt,y? TetAloF140]10,2%90)0/ BL.D
DATA VF2/71(1H ety TotAleltetXgABYyt)Y/ BLD
DATA VF3/71(1HO 9ty ColtALoF 14131009 12F1%010,2)¢/ BLO
DATA VF&4/ ¢ (1HOY9 9%y ? T tXol20 et 92X9t9t20F609 %41/ (%" Yy 'Xy2BLD
10V9'F6e1'0%)) 0/ BLD
Y Y Y Y Y T Yy Y Y Y R YTy T Y Py T T Ty e Y Y Y Y YT Y ETY Y- TH))

END BLD

220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470=
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