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ABSTRACT

This report describes modifications that are incorporated into the finite-
difference model for simulation of ground-water flow in three dimensions by
Trescott, and Trescott and Larson. These modifications extend the application
of this model to simulations involving head-dependent sources and sinks

(i.e., rivers, evapotranspiration, and springs or drains). Other modifications
are made that enhance the iterative-solution process of the Strongly Implicit
Procedure (SIP). An acceleration (or dampening) factor is introduced to the
matrix equation that is to be solved, and optional methods of computing

iteration parameters are incorporated into the original model.

This report also describes corrections to the model that eliminate errors in
the equation formulation and in mass-balance computations for certain types
of simulations. Additional data-input instructions, definitions of new

variables, and a list of program-statement changes are given in the Appendix.



MODIFICATIONS AND CORRECTIONS TO THE FINITE-DIFFERENCE MODEL
FOR SIMULATION OF THREE-DIMENSIONAL GROUND-WATER FLOW

INTRODUCTION

Users of the finite-difference model for simulation of three-dimensional
ground-water flow by Trescott (1975), and Trescott and Larson (1976) have
indicated a need for simulating head-dependent source-sink functions (i.e.,
rivers, evapotranspiration, and drains or springs). They have also exposed

some shortcomings of the model which may cause errors in the equation formulation
for certain types of problems. This report describes modifications that are
incorporated into the standard 3-D model for simulating these types of functions
and other modifications which, in general, may enhance convergence of an itera-
tive solution by the Strongly Implicit Procedure (SIP). This report also
contains corrections to the model that eliminate errors in (a) formulating
coefficients for SIP when simulating a water-table aquifer with the Basic

3-D approach (Equation 3, Trescott, 1975); (b) formulating coefficients in

the vertical direction when the Quasi 3-D approach is used (Equation 4,
Trescott, 1975, with TK values input to the model); (c) computation of vertical

flow; and (d) punched output format of the PHI matrix.

Two versions of the 3-D model are described in this report. One version
contains all of the modifications and corrections listed above. The other
version contains only corrections to the standard 3-D model as described in

Trescott (1975), and Trescott and Larson (1976).



MODIFICATIONS

Head-Dependent Source-Sink Functions

(Notes pertaining to these modifications were originally distributed at the
training course "Advanced Modeling of Ground-Water Flow," January 8-17, 1980,

by Steven P. Larson.)

General mathematical form. The types of head-dependent source-sink functions

that can be simulated with the modified finite-difference model are streams,
evapotranspiration, and springs or drains. A general mathematical expression

that can be used to approximate all of these functions is
QSS = CSS(HSS-h) [L/T] or [T-17], (1)

where QSS is the flow rate derived from the head-dependent function. CSS is
a constant that describes the linear relationship between the head difference

and the flow rate. CSS functions like a leakance coefficient similar to

the TK values used in Trescott (1975) to simulate steady leakage from a
confining layer. Specific definitions of CSS will be given later for each
type of head-dependent source-sink function. HSS is the fixed head [L]

that controls the flow rate, such as the water level in a stream or river,
the depth below land where the evapotranspiration rate is zero, or the spring
or drain discharge elevation. The variable, h, is the computed head [L] at

a node in the aquifer model.

The dimensions assigned to CSS and to equation 1 are determined by the

type of 3-D modeling approach that is taken. For the Modified or Quasi 3-D

approach (Equation 4, page 4 of Trescott, 1975), each term in the partial

differential equation for ground-water flow, including QSS, has the dimensions



[L/T], representing a volumetric flow rate per unit surface area. CSS has

the dimensions [T=1] for this approach.

For the Basic 3-D approach (Equation 3, page 3, Trescott, 1975), each term
represents a volumetric flow rate per unit volume. The head-dependent source-
sink term, QSS, would appear on the right-hand side of this equation and would
also have the dimensions [T-1]. For this approach, CSS has the dimensions

[L-1T-1].

The general form of the head-dependent source-sink functions given by (1) is
modified according to the type of function to be simulated; rivers, springs
or drains, or evapotranspiration. Formulation in the 3-D finite-difference
model of the general form of the head-dependent source-sink functions is
described, and the extension of this formulation to the specific types of
functions is discussed. The model has been modified so that only one
formulation of these functions is needed in the code. Checking procedures
in the model allow this formulation to simulate the specific types of head-

dependent source-sink functions.

The variable names used in this discussion are identical to those used in
the modified model, with the exception that PHI in the model is replaced by
h in this discussion. The head-dependent source-sink functions have been

formulated in the model so that their effects can be simulated in any layer.

Formulation in the 3-D model. The head-dependent source-sink function is

incorporated into the finite-difference equation for node i,j,k (Equation 9,

page 9 of Trescott, 1975) as

Bhj_1 + Dhj.1 + Eh + Fhjyy + Hhjyp + Zhe gy + Shk+1 = Q - QSS, (2)



where the subscripts not containing a "+1" or a "-1" are eliminated.

Substituting (1) into (2) yields
Bhj.1 + Dhj.1 + Eh + Fhjyy + Hhyyy + Zheop + Shgyy = Q - CSS(HSS-h). (3)

The implicit part of the head-dependent function, CSS<h, is combined with
Eh on the left-hand side of (3), and the explicit part, CSS-HSS, remains

on the right-hand side, yielding

Bhj.1 + Dhj.1 + E'h + Fhj41 + Hhjyp + Zhg 1 + Shgey = 0 - 0S, (4)
where

E' = E - CSS and (5a)

QS = CSS-HSS. (5b)

Following the description of the numerical solution by SIP on pages 11-15 of
Trescott (1975), equation 4 can be represented in matrix notation for all

i,J,k as

Al'h = 6‘.
The matrix A' contains the coefficients B, D, E', F, H, S, and Z, and the
vector Q' contains the additional term QS for the head-dependent function
described by (5). From Equation 12 on page 12 of Trescott (1975), the

iterative scheme,

(A' + B)RN = Q* + BAN-1,



is placed in residual form by adding and subtracting A'RN-1 to the right-

hand side:

"R‘ln_]_ - 6! - ;l

The superscript n is an iteration index and (E) is a modifying matrix used

in SIP so that (R + E) can be factored into a form that can be solved easily.
The vector R'M-! is computed in the model as the right-hand-side variable,

RES, and contains the implicit and explicit parts of the head-dependent
source-sink function given by (5). At each node where a head-dependent
source-sink function is to be simulated, the modified model reformulates

the E coefficient so that it contains the leakance coefficient CSS. The
explicit part of the head-dependent function is also computed in the model

and subtracted from the right-hand-side variable RES. This general formulation
is modified according to the specific type of head-dependent source-sink

function that is simulated.

Streams or rivers. The general form of the head-dependent source-sink

function given by (1) is modified to simulate the interaction of a stream

with an aquifer,

CSS(HSS-h), h > HSL (6a)
QssS =
CSS(HSS-HSL), h < HSL. (6b)



HSS is the elevation of the water level in the stream. HSL is a threshold
elevation which 1imits the maximum flow rate to the aquifer, equation 6b,
whenever the computed head is below this elevation. HSL is frequently chosen
as the elevation of the bottom of the streambed, or as the value of h which
corresponds to a hydraulic gradient of unity between the streambed and the
aquifer. The relationship of HSS and HSL to the aquifer head is shown in

figure 1.

LAND SURFACE —

DATUM (arbitrary)

Figure 1.--Relationship between threshold elevations for head-dependent

source-sink functions and aquifer head.

Another threshold elevation, HB, is embodied in the program modifications for
head-dependent source-sink terms. This value, if used, would 1imit the maximum
flow rate out of the aquifer and into the stream. However, as no physical basis
exists for this type of effect, HB should be set equal to an arbitrarily high
value so this threshold condition is eliminated. HR remains in the program
logic for generality, so that only one formulation of head-dependent source-
sink functions occurs in the code. The function of HB is described in a

later section pertaining to evapotranspiration.



The streambed leakance coefficient, €SS, accounts for the percentage of the
grid block covered by the streambed (Ag/A, see figure 2), the weighted
harmonic mean of hydraulic conductivity between the stream bottom and the

aquifer node (k'), and the vertical interval between the stream bottom and

the node (b').

ke

L AXJ‘

Figure 2.--Areal relationship between the streambed and the grid block

used to compute CSS in equation 7.



For many problems k' is taken as the hydraulic conductivity of the streambed
sediments and b' is taken as their thickness. All of these factors are

lumped together in one term for each stream node as

k—..AA
CSS =7 "R - (7)

As is the area of the streambed contained in the grid block and A is the

area of the grid block. The expression of CSS in (7) is for the Modified or
Quasi 3-D approach, Equation 4 of Trescott (1975). For the Basic 3-D approach,
Equation 3 of Trescott (1975), CSS is divided by Azy, the thickness of the

finite-difference layer where the steam node is located.

Formulation of the threshold condition of (6b) is accomplished by two steps

in the model. First, the implicit and explicit parts of the general form of
the head-dependent function are computed using equations 5. Second, a

check is made to determine if the computed head from the previous iteration

is lower than HSL. If the computed head is lower than HSL, the excess amount,
CSS(HSL-h), is subtracted from QS, restricting the flow rate to the value

given by (6b).

For h < HSL,
QS = CSS+HSS - CSS(HSL-h), (8)

Equation 4 becomes

Bhj_1 + Dhj.1 + Eh - CSSh + Fhj41 + Hhji1 + Zhg.l + Shiqq
= Q - CSS+HSS + CSS(HSL-h). (9)



In the model, equation 9 is placed in residual form; that is, all terms of
(9) are placed on the right side, and the left side is designated as the
variable, RES,

n-1 n-1 n-1 n-1 n-1 n-1 n-1 n-1
RES = -Bhj_; - Dhj_y - Eh + CSSh - Fhj+1 - Hhyep = Zhyelp - Shyy

n-1
+ Q - CSS*HSS + CSS+HSL - CSS+h (10)

where n-1 is the index for the iteration level. The goal of the iterative
process is to bring the variable RES sufficiently close to zero so that (9)
is essentially satisfied at all nodes of the mesh. The implicit parts of
the head-dependent function in equation 10 (the CSS-h"-l terms) cancel,
1imiting the maximum flow rate into the aquifer from the stream to the value

CSS(HSS-HSL) in equation 6b.

For conditions where the aquifer head is above the threshold elevation, HSL,
equation 6a is used, and the implicit and explicit parts of the head-dependent

function are formulated by equations 5.

My approach to these modifications has been to formulate the implicit part

of the head-dependent function, E', in equation 5a, at every time step and
iteration for the appropriate nodes, even though a threshold condition may

exist which causes the formulation to be totally explicit. If the computed heads
cause a threshold condition to exist, then corrections are made to the residual
RES. The implicit formulation of the head-dependent term remains on the E
coefficient; thus, the left-hand-side matrix (A' + B) is not changed during

the simulation. An alternate approach would be to only place the implicit part

of the head-dependent function on the E coefficient when the computed head is

10



between the threshold elevations. If the computed head is close to either
threshold, its value may cross the threshold elevation repeatedly during the
iterative-solution process. Thus, on successive iterations, the E coefficient
and the (A' + B) matrix may or may not contain the implicit part of the head-
dependent function. This approach may cause numerical oscillations about a
solution as the computed heads approach the threshold elevations. These
oscillations tend to be reduced by formulating E' all the time at the nodes

where this function is to be simulated.

This approach yields a matrix (A' + B) which is not entirely correct when the
threshold condition is invoked. As the formulation should be totally explicit,
no CSS term should appear on the main diagonal. The implicit term is compen-
sated for in the residual, but not in the left-hand-side matrix. However,
convergence does occur with this formulation in simulations that did not
converge using the alternate approach described above. A comparison between
computed results obtained from this formulation and those obtained from the
alternate approach when convergence occurred shows insignificant differences

in values of head and volumetric flow rates.

Evapotranspiration. The general form of the head-dependent source-sink function

given in (1) is modified to simulate evapotranspiration,

CSS(HSS-HB), h > HB (11a)
QSS =  CSS(HSS-h), HSS < h < HB (11b)
0. . h <HSS, (11c)

where HB is the land-surface elevation and HSS is a water-table elevation below
which evapotranspiration from the water table is zero. The constant, CSS, is

computed as q??X/dET [T-1], for the Modified or Quasi 3-D approach, Equation 4

11



of Trescott (1975). For the Basic 3-D approach, Equation 3 of Trescott (1975),
CSS is divided by Azy, the thickness of the finite-difference layer wheré ET

is simulated. Here qgix is the maximum evapotranspiration rate per unit area
(such as 84 inches/year), [L/T] and dg7 [L] is the depth of the water tahle helow

land surface where the ET rate is zero; that is, dgt = HR-HSS (see fiqure 3).

Evapotranspiration Rate [L/T]
/’\/\_
S
- D
0.0 S~ e N

max
g QeT
- A
Vertical B
Depth, [L]
dET N
HSS h HB
DATUM (arbitrary)

Figure 3.--Relationship of threshold elevations and aquifer head to the

evapotranspiration rate, QSS.

This formulation assumes the ET rate is a linear function of the head difference,
(HSS=h), when the computed head is between land surface and HSS. This relation-

ship is given in figure 3 and in (11b) as the expression for QSS.

12



A threshold condition for the ET rate is met when the computed head is above
land surface, HB. For this condition, the ET rate is limited to qg%x, computed
by (1la). When the aquifer head falls below HSS, the ET rate will be zero, as

given by (1l1c).

The formulation of evapotranspiration in the model is identical to the formula-
tion for streams and rivers. The implicit and explicit parts of the general

form of the head-dependent source-sink function are computed using (5) for all
elevations of head at the nodes where ET is simulated. The upper threshold
condition, h > HB, is formulated in the model in the same fashion as for streams
and rivers; the excessive amount of the ET rate, given by CSS(HB-h), is subtracted
from QS as in (8), 1imiting the maximum ET rate to CSS(HSS-HR). The variable,

QS, is then subtracted from the residual, RES, yielding equation 10.

Formulation of the lower threshold condition, h < HSS, is accomplished in the
mocel by specifying HSL = HSS during data input. The model checks if h is
less than HSL. If so, a correction is applied to QS which was formulated as

in (5b) for the general case,
QS = QS - CSS(HSS - h), (12)
causing the ET rate to be zero.

When the residual is computed, all head-dependent source-sink terms cancel, and

an expression equivalent to (llc) results,

n-1 n-1 n-1 n-1 n-1 n-1 n-1 n-1
RES = -Bhj_1 - Dhj.1 - Eh + CSSh - Fhj+1 - Hhjsy - Zhgop - Shiyg

-1
+ Q - CSS-HSS + CSS-HSS - CSS-h" .

13



Springs or drains. The form of the head-dependent source-sink function used

for springs or drains is identical to the expression of QSS given by (1lb-c)

for evapotranspiration.

A spring (or drain) leakance coefficient, CSS, is used to describe the linear
relationship assumed to exist between the head difference, (HSS-h), and

the spring (or drain) discharge rate. This linear relationship is assumed

to be for water levels greater than HSS. HSS is defined as the spring or
drain discharge elevation, below which the discharge from the spring or

drain is zero. For springs, as in streams, the physical basis for limiting
the maximum discharge with the threshold HB may not exist, but the formulation
remains in the model for generality. Therefore, a value of HB may be set

arbitrarily high so the spring discharge rate is not limited.

Threshold conditions for spring or drain discharge are formulated in the

model using the same convention as for evapotranspiration. The lower threshold,
HSL, is not used for spring or drain discharge but its value is input as the
value of HSS to allow the model to make the appropriate correction to QS

given in (12).

Features. The input requirements for the head-dependent functions are designed
so that a unique value of the leakance coefficient, CSS, can be input at each
node where these functions are simulated. One variable, CSS, is used to
represent either a streambed leakance, evapotranspiration rate, or a spring

or drain leakance coefficient. Because of this design, only one type of
head-dependent function can be simulated at any node. Values of CSS are input

to the model in the same manner as the array data in Group III, page III-5,

14



of Trescott (1975), either with a single parameter card per layer, or with a
parameter card followed by a matrix of CSS values. If the Basic 3-D approach
is used (Equation 3 of Trescott, 1975), then CSS must be divided by Azy,

the thickness of the finite-difference layer where the head-dependent function
is located. Thus, the dimensions of CSS change with respect to the type of
modeling approach that is taken. (The additional data-input instructions

for these modifications are given in Appendix I). Values of CSS are output
either in matrix form or as one value per layer, depending upon the input

convention selected.

The threshold elevations, HB, HSS, and HSL, are input and stored only for

those nodes where a head-dependent function is to be simulated. This eliminates
the allocation of storage for 3 three-dimensional arrays. The nodes simulating
head-dependent functions are indexed by positive CSS values. Thus, the CSS
array also serves as an indicator array for the head-dependent source-sink
functions. The order in which threshold values are input to the model

follows the indexing scheme for the finite-difference mesh with the normal
ordering of nodes given on page 5 of the documentation by Trescott (1975).
Threshold elevations are printed out for each node, for verification, according

to the same node-ordering scheme used as input.

The arrays and vectors used to store the head-dependent terms in the model

are incorporated into the general storage vector, Y, and allocation of storage
for these terms occurs at the time of execution. A description of the Y
vector is given on page II-1 of Trescott (1975), and the Y locations for the

new arrays and vectors are given in Appendix II.

15



Volumetric flow rates derived from head-dependent sources and sinks are
printed out for each node with the standard printout of mass balance. The
total volumetric flow rate and the total volume of water derived from head-
dependent sources and sinks are also printed out with separate output for
sources and sinks. In addition, the cumulative volume of water discharged
by evapotranspiration and springs during the simulation, and the combined ET
and spring-discharge rate for the last time step, is printed out in the

location provided for ET by the original 3-D model.

Discussion. Checkout simulations with head-dependent source-sink functions in
all layers were conducted using a steady-state model. The flow rates computed

by the model were nearly identical to those obtained by hand calculations.

It would be impossible to test these modifications against every hydrogeologic
system for which the effects of head-dependent source-sink functions are to

be considered. Therefore, the user must exercise care in applying them to
field problems to assure the specific type of function properly simulates

the observed effects.

For the simulations I have conducted, I found that the inclusion of head-
dependent terms into the matrix equation of (3) tended to slow down the
iterative process of obtaining a solution using SIP., That is, more iterations
were required per time step to achieve convergence. Because of this, an
acceleration factor has been incorporated into the computation of the residual,
RES, to enhance convergence. This factor is discussed in the next section.
Also, other methods of computing the maximum iteration parameter have been
added to the model in an effort to speed the convergence process. These

methods are described in a later section.

16



Acceleration or Dampening Factor for the Strongly Implicit Procedure (SIP)

(This modification had previously been added to the standard 3-D model by
Steven P, Larson for use in the training course "Advanced Modeling of Ground-

Water Flow," and for numerical experiments, see Larson and Trescott, 1977.)

To reduce the number of iterations needed for SIP to converge when head-
dependent source-sink functions are simulated, an acceleration factor, HMAX,
is introduced into the calculation of the residual, RES. From Equation 13 on
page 13 of Trescott (1975), the residual form of the finite-difference matrix

equation is stated as

(A' + B) EN = R'n-1,

where R'"-1 js the right-hand-side variable, RES, previously discussed, and

EN is the head change during the nth jteration. The factor HMAX multiplies

the right-hand side of this equation, changing the magnitude of the &" values
which are obtained by solution using SIP., Overestimating the residual, RES,

by multiplying it by a real number larger than 1.0 will, in most cases, increase
the increments of head change that are solved for on each iteration of SIP,

thus speeding up the convergence process. In this sense, HMAX is used as an

acceleration factor to reduce the number of iterations needed for convergence.

For simulations I have conducted using an acceleration factor and the head-
dependent functions, a value of HMAX = 1.2 seemed to give better convergence
than simulations using smaller or larger values. However, the optimum value
of HMAX to use is undoubtedly problem dependent. The value of HMAX can be

increased (or decreased) slightly from 1.0 on successive simulations while

17



noting the number of iterations per time step required for solution. The
number of iterations should decrease for those simulations, and then begin

to increase, indicating that the optimum value of HMAX had been bypassed.

HMAX can also be used as an acceleration factor for simulations that do not
invoke the head-dependent option. Larson and Trescott (1977) note that for
two-dimensional problems, a value of HMAX greater than 1 may expedite
convergence for simulations involving strongly anisotropic conditions. For
water-table conditions, HMAX may be used as a dampening factor, its value

less than unity, so that the iterative solution is approached slowly, reducing

the incidence of nodes dropping out of the solution due to oscillations in SIP.

Other descriptions of an acceleration or dampening factor, 8', for SIP in
the two-dimensional case can be found in Trescott, Pinder, and Larson (1976,
p. 26-29) and in Larson and Trescott (1977). This factor is identical to

HMAX used here in the 3-D model.

Optional Methods for Computing the Maximum Iteration Parameter

For some aquifer simulations, other methods of computing the maximum iteration
parameter, WMAX, gave faster convergence than the method presently used in

the 3-D model of Trescott (1975). Several approaches to computing the maximum
iteration parameter are recognized in the literature and can be applied to
nonhomogeneous, anisotropic aquifers discretized with unequal grid spacings.

A brief description of these approaches is presented here to provide a basis
for the methods incorporated into the 3-D model. It should be noted, however,
that there is no theoretically based method which determines exactly the

'best' value for WMAX. A1l methods described here were empirically derived,

18




with the exception of the formula by Peaceman (1977), which was developed

for the Alternating Direction Implicit Procedure (ADIP).

In a paper describing SIP for two-dimensional equations, Stone (1968)

states that the best maximum value for w, WMAX, can be computed from

248x2 24y2

(1 - wmax) = Min Ax*~ Ay*
1+ Kngyz , L+ Kysz , (13)

over grid

where
Ax, Ay are the grid spacings, and
Ky » Ky are the hydraulic conductivities in the x and y directions,

respectively.

The assumptions made by Stone in arriving at equation 13 are that Ky and Ky

and Ax and Ay are constant over the model area.

The equation for computing the maximum iteration parameter developed by

Stone (1968) is "similar" to the one given below by Peaceman (1977) for

ADIP,
2 n2
(1 - wmax) = Min Y AX
over grid 2J2(1$%§), 212(1+py) (14)
where

J is the number of grid spacings in the X direction

I is the number of grid spacings in the Y direction

AY are the coefficients B and H = Ky/Ay?

AX are the coefficients D and F = Ky/4x?, Ky and Ky are hydraulic

conductivities in the x and y directions, Ax and Ay are grid spacings

19



AY AX
(1 +°aX) and (1 *+AY) are the same as the demoninators in (13).

These equations were developed for problems involving two-dimensional grids,
not three, and although (14) was derived for ADIP, it has been proven effective

in the solution by SIP (see Weinstein, Stone, and Kwan, 1969).

In cases where Ky, Ky, and Ax, Ay vary over the grid, Stone (1968) found it
sufficient to compute local values of wyax at each grid point by equation 13
and to use the arithmetic average of these values for the value of wpzy.
Cooley (1974) found that values of wpyx computed by this procedure resulted in
convergence of the SIP solution scheme in cases where divergence occurred

using the absolute minimum over the grid for (l-wpay).

The method of computing an average wpyy for two-dimensional problems has
been extended to the three-dimensional case and is incorporated into the model
as a modification. The equivalent of equation 14 for three dimensions is

given by Weinstein, Stone, and Kwan (1969), as

2 I 112
(1"‘"max) = Min 2J2(1+pl)s 212(1+92)s 2K2(1+93) s (15)
over grid

where K is the number of layers, and I and J are the same as for equation 14.

The equations for the p terms are

oy = Ky (5,00 @45)° - Kaar,g,0 %)
Kk (1,3,k) (81)° Kx (1,5 ,k) (8212
p, = KXX(T,J,k)(Ayi)Z + Kzz(i,j,k)(Ayi)2
, =
Kyy(i,J’,k)(AXj)2 K-yy(i,j,k)(AZk)2
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bax(a,, K0 0207 Ryy(,0,0 0207

P3 =

2 2
Kzz(1,3,k) (8%;) Kzz(i,3,k) (4¥4)°
The first term in the expressions for Py and‘p2 is identical to the second term
AY AX

in the denominators of (13), and to AX and AY in (14). By extending the 2-D
expression for wpax to three dimensions, Weinstein, Stone, and Kwan (1969)
introduced a third term to (13) that considers the ratio of hydraulic
conductivity and grid spacing between the x-z and y-z planes when computing

the value of wyax. Also, another term appeared in the denominators of (13)

and (14) yielding the full expressions for the p terms. These are the second
terms in the expressions for G and Py which account for the ratio of hydraulic

conductivity and grid spacing between the z-x and z-y planes.

The assumptions made by Stone (1968) which allowed Weinstein, Stone, and Kwan
(1969) to develop equation 15 for computing wpax were that Ky = Ky = Kz =
constant and Ax = Ay = Az = constant over the grid (see p. 285 of Weinstein,
Stone, and Kwan, 1969). Therefore, only the values of I, J, or K, the number

of grid spacings in the x, y, or z directions, determine which of the three terms
in (15) would be used to compute wpax. For cases where values of the p terms
vary over the grid, either because of nonhomogeneity or variable grid spacing,
Weinstein, Stone, and Kwan (1969) suggest computing local values of wpax at

each active grid point using (15); then selecting the maximum value as wpax-.

In the original 3-D model, the expressions for the p terms are changed so
that the coefficients D, F, B, H, Z, and S are used to compute wpax. These
coefficients are defined by Equations 8, on page 8 of the documentation by
Trescott (1975). This change allows harmonic means of transmissivities

(Modified or Quasi 3-D approach) or hydraulic conductivities (Basic 3-D
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approach) to be used in computing the p terms instead of the nodal values

of these parameters.

The original 3-D model of Trescott (1975) changes the computation of Py Pyo
and Py further by using only the first term in their expressions (see the
expressions for the p terms in equations 16). These truncated p terms are
then used in (15) to compute wpyyx at each active grid point, and the maximum
value over the grid is selected as wpzx. Modifications to the model allow
Pis Py and Py to be computed using the full formulation (both terms for each

p) given by equations 16. The new formulation computes the p terms as

Max [B,H] Max [S,Z]

Py = Min [D,F] * TMin [D,F] (16a)
_ Max [D,F] Max [S,Z]

P, = W™in [B,A] * ™in [B,H] (16b)
Max [D,F] Max [B,H

P3 = Min [S,Z2] T Min [S,Z]. (16c)

In the modified model, several options are available for computing wpzx. Its
value may be calculated as the maximum value over the entire grid of active
nodes, or as the arithmetic average of the local maxima for wpzx, as previously
described. Both of these methods for determining wpax use the full formulation
of the p terms, as defined by equations 16. The original method of computing

wpmax from the truncated expressions of the p terms in (16) is also available.

My experience with these methods of computing wpzx (WMAX) indicates the
arithmetic-average approach may give faster convergence than the original
method for aquifer problems consisting of widely varying transmissivities (or
hydraulic conductivities) in combination with uneven grid spacings. An

average wpax would eliminate the possibility of one node with eccentric
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aquifer and grid-spacing properties from dominating the computation of wpax,
thereby generating a sequence of iteration parameters which may be inappropriate
(give slow convergence) to the solution by SIP. For problems simulating
isotropic layers in conjunction with grid spacings in the x, y, and z directions
of the same order of magnitude, the computation of wpayx as the maximum value
over the grid with the full formulation of the p terms in (16), may give faster
convergence than the original method. Some guidelines for using the approach
taken by Trescott in computing wpazx are given in his documentation (see page 25

of Trescott, 1975).

For those modelers who wish to bypass all computations of WMAX, the model was
modified to allow its value to be input by the user. A sequence of iteration
parameters is then generated from this value, as it is for all values of WMAX,
using Equation 24 on page 25 of Trescott (1975). However, an error exists

in this equation, and the correct expression is

3 2/(L-1) , -
Weap = 1= (LW )M (E-1) e = 0,1, -1

If the value of WMAX is being input by the user, the following hints from
Weinstein, Stone, and Kwan (1969) may be helpful. If the sequence of iteration
parameters computed by (15) causes divergence, then the value (l-wpax) should
be multiplied by a factor of 2 to 10, If the iteration is slow to converge,

(1-wpax) should be divided by a factor of 2 to 10.
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CORRECTIONS

Dimensional Nonhomogeneity of Coeffitients in ENTRY ITER

In this section of the program, the coefficients D, F, B, H, Z, and SU are
calculated so that the maximum iteration parameter (WMAX) can be computed.
The original code does not check for the particular equation being solved,

either Equation 4, for the Modified or Quasi 3-D approach, or Equation 3,

for the Basic 3-D approach. Only the Basic 3-D approach requires the
coefficients in the vertical direction, Z and SU, to be divided by the thickness
of the layer, DELZ(K); however, this division occurs for both Equation 3 and

Equation 4 formulations.

To correct this problem, a check is made for the type of equation being solved
in the model before Z and SU are divided by DELZ(K). If the Equation 4
approach is taken, division of these coefficients is not performed. A similar
check was incorporated into the original 3-D model (see page XIX of Trescott
and Larson, 1976) where these coefficients are computed again for the solution
by SIP. The uncorrected version of ENTRY ITER would usually not cause any
errors in the calculation of WMAX. As previously discussed, the vertical
components in the formulation of ¢, and p, had been eliminated by Trescott in
the original model, and Py usually does not determine the value for WMAX.
However, if the complete formulation of the p terms given by equations 16

are used, the improper formulation of Z and SU would always cause errors in

determining the maximum iteration parameter.
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Use of Transmissivity for Computing T-Coefficients for Water-Table

Simulations Using Equation 3

The 3-D model was originally designed to solve Equation 4 on page 4 of Trescott
(1975). This approach requires transmissivity to be input to the model.

For water-table simulations, transmissivity values are updated after each
iteration based on the newly computed thickness of the top layer. The 3-D

model can also be used to solve Equation 3 on page 3 of Trescott (1975).

With this formulation, hydraulic conductivities are input; thus transmissivities
are not required. Regardless of whether Equation 3 or Equation 4 is used in

a water-table simulation, the program calculates transmissivities and
T-coefficients (TR, TC, and TK) for the upper layer as the initial start-up
conditions and as updates after each iteration. These values are then used to
compute the coefficients D, F, B, H, Z, and SU which are input to SIP. Because
of this error, transmissivities are used to form TR and TC coefficients in the
top layer of a water-table problem with Equation 3, when the correct formulation
requires hydraulic conductivities. The TR and TC coefficients for the top layer
of a water-table aquifer simulated with Equation 3 are calculated incorrectly

as weighted harmonic means of transmissivities instead of the correct formulation

using hydraulic conductivities.

The TK coefficent is also in error in the original model for water-table
simulations using Equation 3. This term is defined as the weighted harmonic
mean of vertical hydraulic conductivity and layer thickness; however, the

transmissivity of the top layer is used in the model.

This condition has been corrected by converting the updated (or initial)

values of transmissivity to hydraulic conductivities in ENTRY TRANS, where
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the transmissivity calculations occur. The computation of transmissivity is
necessary to determine if a node has become inactive by dewatering; therefore,
ENTRY TRANS is still entered on each iteration for both Equation 3 and Equation 4

approaches.

As part of the above correction, the computation of the coefficients TR, TC,
and TK needs only to be performed once for water-table simulations involving
tEquation 3. Therefore, the model has been changed so that portion of the
subroutine which computes these values, ENTRY TCOF, is only passed through

once under these conditions.

Despite these changes which allow a correct formulation of coefficients to

be made for water-table simulations using Equation 3, this approach to a
water-table problem should be avoided. The flow equation solved with the
Equation 3 approach does not take into account the changing saturated thickness
of the top layer. Because transmissivities are not used in this approach,
values for the coefficients TR, TC, and TK do not change as the thickness of
the water-table layer changes. These coefficients only change when the node

goes dry; then they are set to zero.

Occurrence of a Nonzero TK Value Between Active and Inactive Nodes

When the Quasi 3-D approach to aquifer simulation is used, and one value of TK
on a parameter card is assigned to the entire matrix of TK's, an error in the
coefficient formulation for SIP will result if there is an inactive node (zero
transmissivity) above or below an active node. A nonzero value for TK will

exist between an active and an inactive node representing a vertical component

of flow. This causes an error in the formulation of the coefficients, SU and Z,
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as these coefficients should be set to zero. There should be no contribution
of flow to a node from either above or below when the nodes above or below

that node are inactive.

Several checks have been inserted in subroutine SOLVE where these coefficients
are computed so that, if the transmissivity of the node directly above (or
below) a particular node is zero, the SU (or Z) coefficient will be assigned

a value of zero.

This correction is not necessary if the Modified 3-D approach is taken. The

program computes values of TK and will automatically set TK = 0 if one of
the vertical hydraulic conductivities is zero. This causes either the Z or

SU coefficient to be zero.

Computation of Vertical Flow from Inactive or Constant Head Nodes

In ENTRY CWRITE of the CHECKI subroutine, a computation of vertical flow is
made at all "interior" nodes in the two top layers and in the two bottom
layers. (An interior node is one that is not located on the border of inactive
nodes placed around the model.) No checks are made to determine if these
"interior" nodes are inactive (zero transmissivity), or if they are constant-
head nodes. Errors in the volumetric balance will result if vertical flow

is computed between active and inactive nodes (if TK is nonzero), or between
two constant-head nodes. Checks have been incorporated into the computation

of vertical flow eliminating the problem.

Assignment of N3=1 in COEF Subroutine

Statement COF 195 which set N3=1 has been eliminated. 1In its place, the

value of N3 is passed to ENTRY TCOF of subroutine COEF as a parameter on
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the CALL statement in the MAIN program (statement MAN1700). Thus, N3 is set
equal to 1 on the first pass through ENTRY TRANS and ENTRY TCOF when these
parts of the COEF subroutine are called from the MAIN program. A value of
zero for N3 is passed to ENTRY TRANS on subsequent CALL's from subroutine
SOLVE. This correction supersedes that described as item Il in the memorandum

of May 6, 1977.

The change indicated by that memorandum appeared to be a source of confusion
concerning the value and function of N3 during the simulation. The change
indicated here causes N3 to be consistently given a value as it is needed in

ENTRY TRANS and ENTRY TCOF.

Incompatibility Between Formats for Punched Output of PHI Matrix and

Data-Input Requirements

The punched output of heads generated in ENTRY OUTPUT of subroutine STEP is
not compatible with the format used to read these cards as input to the PHI

matrix for continuation of a previous simulation. The output format statement

STP1350 should be changed to FORMAT (8F10.4) for compatibility.

Improper Dimensioning of JFLO and FLOW

The dimensions of the array JFLO has been changed to (3,NCD) and the dimensions
of the vector FLOW has been changed to (NCD) in statement CHK 120 and CHK

130 of subroutine CHECKI in both the corrected and modified models. The
original model dimensions these terms with NCH, the number of constant-head
nodes, instead of NCD which is defined as MAXO(1,NCH) in statement MANO510.

An error may occur in dimensioning JFLO and FLOW with NCH, as its value may

be zero if no constant-head nodes are to be simulated.
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In the modified model, statement MANO510 has also been changed so that NCD

is the maximum value of 1, NCH, and NHD. The number of nodes where head-
dependent sources or sinks are simulated, NHD, has been added to the
maximum-value function in this statement. JFLO and FLOW, now dimensioned
with NCD, store the nodal location and the volumetric flow rates of the
head-dependent source-sink nodes, respectively, in addition to their original
use with constant-head nodes. This change also requires NCD to be included
in the COMMON/INTEGR/ statement of all subroutines for both the corrected

and modified models.

Program statements constituting modifications or corrections to the standard
3-D model are identified by an asterisk (*) or a digit (0-9) in column 80.
Every effort was made to preserve the original program sequence numbers in
columns 73-79, so that the modified and/or corrected version can be compared

with the standard model.

Many of the corrections, or the need for them, have been brought to my attention
by users of the 3-D model. I would appreciate hearing from anyone implementing
these modifications and/or corrections into the model, and am interested in
learning about the types of field problems for which the modified model is

applied.
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APPENDIX I

Additional Data-Input Instructions for Modifications (The sequence of Group
and Card numbers identifying the additional data inputs is compatable with
the data deck instructions given in Appendix I1II of Trescott, 1975.)

Group I: Title, Simulation Options, and Problem NDimensions

Card Columns Format Variable Nefinition

3 61-70 110 NHD Number of nodes where head-dependent
source-sink terms are computed.

4 61-64 Ad THDEP Code HNDEP for head-dependent source-
sink option.

Group II: Scalar Parameters

6 1-20 G20.10 HDVPT Cumulative volume of head-dependent
sources. For continuation of a
previous simulation using the head-
dependent option, replace this card
with the fourth card of punched
output from the previous run. See
description of cards 3, 4, and 5,

p. I11-4 of Trescott (1975). For a
new simulation, if HDEP is specified,

insert a blank card. Not needed when
HNEP is not specified.

Group III: Array Data

8a 1-80 20F4.0 €SS(1,J,K) Leakance values that describe the
relationship between the hydraulic
gradient and the head-dependent flux.
For evapotranspiration (Equation 4,
Trescott, 1975), code the maximum
ET rate/depth where the ET rate is
zero, [T-1]. See discussion for
other leakances. Include a parameter
card with this data set.

8b 1-30 3G10.0 HB(N) Values for the upper, middle, and lower
HSS(N) threshold heads for head-dependent
HSL(N) source-sink terms. See discussion for

I-1




Card Columns Format Variable

8b (Cont'd)

12 1-20 2F10.0 WMAX
HMAX

I-2

Definition

special data inputs of these values for
simulating ET, rivers, and springs or
drains. For ET and springs or drains,
set HSL = HSS. For streams and springs,
HR is set to an arbitrarily high value
so this threshold is not invoked. Do
not include a parameter card with this
data set. Number of cards for this data
set is the value of NHN, The order of
these inputs follows the normal ordering
of nodes given on page 5 of Trescott
(1975). N = 1, NHD,

WMAX is the value of the maximum
iteration parameter (0 < WMAX < 1),
generally a value slightly less than
1 used to speed convergence. If 1.
is coded, WMAX is an indicator that
causes iteration parameters to be
computed according to the original
formulation. If 2. is coded, iteration
parameters are computed according to
equations 15 and 16. A value of

3. causes WMAX to be computed as the
average WMAX over the entire grid,
using the full formulation of p terms
given by (16).

HMAX is the acceleration (or dampening)
factor used in SIP to reduce
oscillations and speed convergence

(see explanation of HMAX and B' in
Trescott, Pinder, and Larson, 197A).
Generally, 0 < HMAX < 2,



APPENDIX II

Definition of New Variables Used In The Modified Model

Variable

CSS

HB

HDD
HDEP
HDFN

HD?P
HDRT
HDVNT
HDVPT

HMAX
HSL

HSS
ICHK (13)

IE,JE,KE
IHDEP
IR

NDefinition
A constant describing the linear relationship between the
hydrau11c gradient and the head-dependent flux, [T-17 or
[L-17-1] depending on whether Equation 3 or Equation 4
of Trescott (1975) is used. 1Its location in the Y vector
is L(26).

Value of head for the upper threshold of a head-dependent
flux [L]. 1Its location in the Y vector is L(28).

Hydraulic head used to compute HDRT.
Value of IHDEP to be coded for head-dependent option.

Total vo1umetr1c flow rate derived from head-dependent
sinks [L3/T].

Total volumetr1c flow rate derived from head-dependent
sources [L3/T].

Nodal volumetric flow rate for a head-dependent source
or sink [L3/T]. Its location in the Y vector is L(30).

Cumulat1ve volume of water derived from all head-dependent
sinks [L37.

Cumulative volume of water derived from all head-dependent
sources [L37.

Acceleration or dampening factor for RES.

Value of head for the lower threshold of a head-dependent
flux [L]. 1Its location in the Y vector is L(29).

Value of head for the middle threshold of a head-dependent
flux [L]. 1Its location in the Y vector is L(27).

Element of vector that contains the value HDEP, used
to invoke head-dependent option.

Dimensions of CSS array.
Option for formulating head-dependent fluxes.

Index for locating nodes that contain head-dependent sinks
for printout of mass balance.




Variable

IRR
IWM
LHD

NHD

NNHD
NWM
Qs
SUMWM
WMNUM

Definition
Counter for IR.
Indicator for computing a new WMIN,
Vector for locating a node containing a head-dependent
source or sink in the SIP reverse algorithm. Its location
in the Y vector is L(31).

Number of nodes where head-dependent fluxes are to be
computed.

Counter for NHD,

Counter for WMIN (integer variable).
Head-dependent flux [L/T].

Sum of WMIN,

Counter for WMIN (real variable).



APPENDIX 111

LIST OF MODCL CORRLCTIONS

PROGRAM STATEMENTS CONSTITUTING CORRECTIONS TO THC ORIGINAL MODEL OF
THRCC-DIMENSIONAL GROUND=-WATER FLOW OF TRESCOTT (1975)4¢ AND TRESCOTT
AND LARSON (1976b)y ARE IDENTIFIED BY AN ASTCRISK (*) OR A DIGIT (0-9)
IN COLUMN 80, A FEW UNCORRCCTELC STATEMENTS ARE INCLUDED IN THIS LIST
TO ASSURE PKOPER SEQUENCING OF THE CORRECTIONS.

rase e MALIN tes e

COMMON /ZINTEGR/ JO0eJO KO 311Ul eK1eloJoaKeNPERIKTHCITMAXGLENGTHoKP4NMAND1SD
IWELONUMT o IF INALWITAKT o IHCADGIDRAWIIFLOYIERRGII24U2eK24IMAX s ITMXIL ¢NCMANCLGD
2HeIDK14IDK 24 IWRTERVIOGRE ¢IP yuUP 4 ICeUO 11K s UK ¢KS54IPULWIPU2+1TKIEQNy MAND170

3NCD MANDL171»
e==COMPUTE T COEFFICIENTS>~~ MAN1&9C
CALL TCOr (1) MAN1700¢
MAN1T710
IR X DATAL ase ey

COMMON /ZINTFGR/ I0sJO0aKO9J1sJ3 sK1eloJeKaNPERIKTHITMAXSLENGTHeKPyNDATO0160
IVEL o NUMT o IF INAL s 1ToKT o IHEADGIORAWGWIFLOZICRRI1I24JU29K29IMAXGITMX14NCDATO179
2HVICKL ¢ JDK2 ¢ INATERGVIGCREGIPOUP 410 UGB IK UK 4KS4IJPULWIRUVWITKGIEQN, DATO1EQ
3INCD DAT0181>

resee STEP e

COMMON /INTEGR/ 104J0sKO9I19UlsK19l9yJoKIiNPERIKTHYITMAXJLENGTHoKPWNSTP 160
IWEL oNUMT g JF INAL I T oKT ¢INEAD G IDRANGIFLOIIERRII24U29K2+IMAX 3 TTMX] 4NCSTP 170
P2He1OK14IDK2+vIVATERWIQRE«IPIUPHIC VGBI IK s UK IKSVIPULIIPURsITKIIEQN,Y STP 1EQ-
3NCD STP 181

220 FORMAT (8F1C.4) STP1350

10

rerRY SOLVE TR

COMMON /ZINTLGR/ T0e¢J0eKO09I1loJl oKl el oJoKINPERYKTHITMAXGLENGTH KPNSP3 160
IMEL o NUMT o IFINAL ¢IToKT ¢IHEADIIDRAWGIFLOCIERRII24JZ K24 IMAX$1TYX1NCSP3 170
2HeIDKL ¢ IDK2 4 IWATCRy IORE 4 IP s UP s I8 ¢UC s IK ¢ UK ¢KS e I1PUL s IPU24ITKILWNy SP3 180

INCD SP3 181+
SU=0.00 SP3 480
2=0.00 SP3 490
IF (K.EC.1) GO T0O S SP3 491+
IF (TIN=NIJ)«EGeD.) GO TO 5 SP3 492+
2=TK(N=NIJ) SP3 493+
1F (ICGN.EQ.ICHK(11)) 2=2/DELZ2(K) SP3 494
IF (K.EQ@.KL)Y GO 7O 10 SP3 495«
IF (T(N+NIJU).CQ.0.) GO TO 10 SP3 496>
SU=TK (N) SP3 497
IF (TEQN.EQ.LICHK(11)) SUsSSU/DLCLZ2(K) SP3 498
CONTINVE SP3 560
IF(K.EQ1) GO TO 124 SP31361
IF(T(NKB)eEWe0e) GO TO 124 SP313€11
2= TR (NKB) sSP31362

ITI-1




124

174

IFCICON.EG.ICHK(11)) 2=22/0CL 2 (K)
IF(K.ELV.XK0) GO T0 125
IF(TINKA)EQ.0.) GO TO 125

SU=TK (N)

IF(K.EQ.13 GO TU 174
IF(T(NKB).£Qs0e) GO TO 174

2= TK (NKL)

IFtK,EQ.K0) GO TO 175

IF(T(NKA) EQ4O0e) GO TO 175

SU=TK (N)

SP31363
SP31372
SP313711
SP31372
§p322131
sSP322311
SP32232
SP32241
SP322411
§P32242

et e cotLF reces

COMMON /INTEGR/ I°|J°‘K°v11'JI.KlvI'J!KQNPER.KTHvITMAXQLENGTHOKP|NCOr 15¢C
INEL aNUMT g IFINALG LT KT o IHEADCIORAWGIFLOGIERROI2oJ24K24IMAXGITMXLIWNCCOF 160
2HeIDK]1 ¢ IDK2 ¢ IWATER s IQRE W IPeUP s JTWeJQsIK ¢UK ¢KS9IPULIPURWITKGIESN, COF 170
3NCD COF 171+

TCI s JsKOIZPCRM (I oJY 2 (PHIC(Y+sJsKO)~=BOTTOM(TI L) COF 330

IF (TCleJeKO)GTo0e) GO TO S COF 310«

PHI(T4Je4KO)=1.030 COF 4«10

60 T0 1% COF 411«

S5 IF (JEQONJEQ-TICHK (11)) T (I sJeKDIZSPERMI(I oJ) COF 412-»
10 CONTINUE COF &20

IfF (N3.EG.1) RETURN COF 430

IF (JEOUNEQICHK(11).AND,N3.EC.0) RETURN COF @31
N1=xo COF 443

srPesPtITRGCILIEIRTRRIS » COF 490

ENTRY TCOF((N3) COF 500+

tasseteeessass e e COoF %10

ere s CHECK] reere
2U0¢K0)s DELXEJO)y DELY(10)e DELZ(KO)s FACTIKO933)e JFLOINCD 32y FLOCHK 120
3WI(NCD)Is QRE(IQ,u0) CHK 130+
CHK 140

COMMON /INTUGR/ I04JO0eKO0sI13J1eK2eJsJsKeNPERGKTHYITMAXJLENGTHIKP¢NCHK 15¢C
IWEL W NUMT 4 IFT INAL s IT oK T4 IHEADyICRAW G IFLOGIERReI29J2¢K2+sIMAXGITMX]1NCCHK 160
2HeIDK1 4 IDKZ+INATERIIQRE 4IP3y UP 110200 1K UK eKS¢IPULI4IPUR4ITKIICONe CHK 170~
3NCD CHK 171

DO 256 J=2,yJ1 CHKX1490

IF (T I oJde1)eEQaDaeORLT(I9Je2)eECGeOe) GO TO 265 CHK1491

IF(SUIoJel) el Ta0oeoANDeS(TIeJUs2) el Te8a):- GO TO 245 CHK1492«

XKEXS(PHI(I Jel)=PHI(IoJe2) ) eTR (T ¢Je1)eDOELX(JISDELY(]) CHK1S00

245 IF(T(l4JsK1)elWa0oeoeOR.TII o JsKOIeER.D) GO TO 250 CHK1501 =
IFC(SCeUoK1) el Te0,0eANDeS(TsJesKU)eLT404) GO TO 250 CHK1S02»
YSYC(PHI(l sueK1)=PHI(IeJeKD}) ¢TK (] ¢JeK1)eDELX(J)*DELY (1) CHK1520

250 CONTINUE CHK1521»

teces PRINTAL ess ey

COMMON ZINTEGR/ IO04JO oKD eI1led]loK1eloJeK i NPERGKTHIITMAXGLENGTHKPINPRN 130
IWEL s NUMT g IFINAL oI T oK ToIHEADCIDRAWGIFLOWIERR G T24U2¢KZ9IMAXLZITMXL +NCPRN 1490
EHQIDKIQIDK2QIUATCﬂQIQRE\;PvaQIQOJQQXKQJKQKSQIPUIQIPUQQITKGIEQNQ PAN 150
3NCO PRN 151«
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APPENDIX 1V

LIST OF MODEL MOOIFICATIONS

PROGRAM STATEMENTS CONSTITUTING MODIFICATIONS (AND CORRECTIONS) TO THE
ORIGINAL MODEL OF THREE-DIMENSIONAL GROUND-WATER FLOW OF TRESCOTT (19753,

AND TRESCOTT AND LARSON (1976)¢ ARE IDENTIFIED B8BY AN

ASTERISK (+*)} OR A

DIGIT (0-9) IN COLUMN 80, A FEW UNMODIFICD STATCMENTS ARE INCLUDED IN

THIS LIST TO ASSURE PROPER SEQUENCING OF THE MOOIFICATIONS.

*see e

DIMENSION Y(102000)¢ L(31)y HEADNG(33)y NAME(42)9 INFT(292)9 JOFT(MANO100e

19¢4), OUM(3)

MANG110

COMMON /INTEGR/ I0eJO0 eK09T1l9J1eK1lpIeJoKoNPERIKTHeITMAXSLENGTHKPoNMANDLSO
IVELINUMTGIFINALYIT oK ToIHEADIDRAWGIIFLOVIERR9I2eJ29K29IMAXITMX1 NCMAND1EO
2H o IDK1 ¢ IDK2 sy INATER G IQRE ¢ IP oUP 9 IQ o QeI UK sKS o IPUL o IPUR9ITKGIEGNIHMANG1 70

S0EP«ITL oNHD9IE ¢ JE o KE ¢NCD
WRITE (64190) HCADNG

READ (591602 ICsJOsKO0sITMAX yNCHeNHD
WRITE (69180) ICsJOeKOsITMAX¢NCHeNHOD
READ (S59210) IORAWIIHEAD ¢IFLOCIDK L oIDK2+IWATERIIQRESIPULSIPU2,ITK

1+IEQNLITL+IHDEP

MANG1 71
NANO360
MANO3I 70
MANG 380 «
MANO 390
MANO 391«

WRITE (6¢2203) IDRAU.IHEAD9IFLO¢IDK143I0K24IWATERVIQRESIPUL,IPU2,ITKNANGACO

10IEQN4ITL s IHDEP
IERR=0
IMAXSMAX0CIO0eJ0)
NCD=MAXC (1 yNCHoeNHOD?
Ja=1
70 IF (IHDEPNEICHK(13)) GO TO 75
LE26)=1SUM
ISUM=ISUMe1IS12Z
LE27)=ISuUm
ISUM=ISUMeNHD
LE268)=1ISUM
ISUM= ISUMeNNHD
LE29)=ISUM
ISUM=ISUM*NHD
L(30)=1ISUM
ISUM=ISUMeNNHD
LC31)=ISUM
ISUNSISUMeISIZ
I1E=10
JE=JO
KE=K)
GO T0 77
75 L(26)=I1SuUm
LE27)=ISUM
L(Z2B)=1SUM
L{29)=ISUM
L(33)=15UM
L(31)=ISUM
IE=1
JE=1
KE=1

Iv-1

MANG4 01 »
MANO41O

MANOSOO

MANGS10e
MAN1110

MAN1111»
MAN1112.
MAN1113»
MAN1114»
MAN111Se
MAN1116e
MAN1117.
MAN11171
MAN11172
MANL11173
MAN11174
MAN1117S
MAN11176
MAN1118»
MAN1119s
MANZ120»
MAN1121+
MAN1122e
MAN1123»
MANLLI24
MAN1125«
MAN1126¢
MANL1127e
MANL128
MAN1129e
MAN1130e
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132

138

160
170
180

190
200
210
220
230

NHO=1 MAN1131 e

WRITE (69170) ISumM MAN1132e
MAN1133e
~==PASS INITIAL AOCRESSES OF ARRAYS TO SUBROUTINES=~~ MAN1140

CALL DATATICYC(LI1)3)oYILC2)) oYL E3X) oYL (4DD oY CLISIDJYIL(EID Y (L(T7)DIMANLLISO
LoV L(BI D oY UL (9D oYL (1S)D o YCL(16)) s Y(LCL1TID oYILC(19)DeY(LI23))+YL(L(MANLI16O
2243 ) Y ELL25) )oY (L2263 YLLI2TII4Y(L(28))4Y(L(29))) MAN1170e

CALL STEPCY(LC1))DoYUL(Z)I DI gV LLE3DD oY LCODID oY (L(SIDeYILIOEIDI9Y(L(T)) 4MAN118O
LY CLEAII oYILI(DDI ) oY (LC1S) Do YL C16D)aYILI1T7)2eYIL(19))oY(LII8))eVILI(2MANLILYO
20 MAN1200

CALL SOLVE (YL I oYL (29D oY (L I3)) oYL (4D DoV (LIS)IoY(LIODIoYI(LC7IIMANI21D
LoV LB oYL Do YLL IS II oY (L LLI6D D oY UL (LTI oY (L1929 YCLCL1C)) oY (LEMANLI220
211V oY(LL12)D oYL (13)) oYL E14)DoY(LI20)D)oYI(L(2S5)2oY(L(26)) oY (L(27IMANL230
320V L L28) )Y (L2922 Y(L(31))) MAN1231+

CALL COEFLY(LIIDIeY(LI2) 2o Y(LESIIoYILINDIDIQYCLISIDISYILIOE)) oV (L(TIIIMANLI24D
LYCLCEBI) oY ELCDI Do YLLULIS)I P oY (LUILI6D) o YILCITIDQYILCL19DDoY(LE23))9Y(LI2MANLIZSO
282 ) eY(L(25))) MAN1260

CALL CHECKIC(YIL (1)) oY (L (2)) oY CLE3D oY (LI(L))oYILIS)IoY(LIO)IIoY(LI(TIMANLI2TO
129V CL (B oY (LU D oYL (1S P aYIL (1622 Y(LEITII oYL (19)D9YIL(23))4Y(LMANLI2EO

2€221) 0V (L2912 Y(L(26)) oY IL(2TIDeYI(LI2BDI 9 YILI29)) 4Y(L(30))) MAN1290
CALL PRNTAI(YC(LU1ID) oYL (2D oYL (4D D QY CLIS)I) oYL (9D oY (LI1S))oY(L(INANLISOO
163)) MAN1310
1372 ¢IRNeOUM) MAN1630
MAN16301
e==READ LEAKANCES FOR HEAD<~DEPENDENT TERMS=~~ MAN16302
IF (IHOEP.NE.ICHK(132) GO TO 138 MAN16303
D0 132 K=1.K0 RBAN16304
LOC=L (26)¢(K=1) NIV MAN16305
CALL ARRAY (Y(LOC)sINFT(191)9I0FT(103)¢24HHEAD-DEPENDENT LEAKANCEMAN1E306
#Se IRNoDUM) MAN16307
MAN16308
~==READ THRESHOLD VALUES FOR HEAD~-DEPENDENT SOURCE~SINK TERMS=== MAN16309%
CALL HOPDAT MAN16310
MAN16311
CALL MDAT MANL640 »
MAN16SO
~e=COMPUTE TRANSMISSIVITY FOR UNCONFINED LAYER=== MAN1660
IF (IWATERLEQG.ICHK(62) CALL TRANS(1) MAN1670
MAN1680
«==COMPUTE T COEFFICIENTS=== MAN1690
CALL TCOF (1) MAN1700
MAN1710
FORMAT (S110+10X4110) MAN20C20 «
FORMAT (*0°¢54X4°WORDS OF VECTOR Y USED =%917? MAN2030

FORMAT (°0°,62K9"NUMBER OF ROUS =%415/6CXo*NUMBER OF COLUMNS =¢,ISMAN204C
1/761X ¢ *NUMBER OF LAYERS =9,1I%//39Xs *MAXIMUM PERMITTED NUMBER OF ITEMAN20SO
ZRATIONS =94 15//748Xe *NUMGER OF CONSTANT HEAD NODES =%91I84¢/7935X 9 *NUMANR06D

3MBER OF HEAD-DEPENDENT SQURCE=SINK NODES =%,15) MAN2061
FORMAT (°1°,33Aa4) MAN2070
FORMAT (23A4) MAN2080
FORMAT (16(A491X)) MAN2090
FORMAT ¢®<~SIMULATION OPTIONS: ®413CA%94X)) MAN2100

FORMAT (1HS 444Xy *DIRECTIONAL TRANSMISSIVITY MULTIPLICATION FACTORSMAN2110
seese DATAL atese

SUBROUTINE DATAI(PHI¢STRT0LD e TeSeTReTCoTKIWELL ¢yDELXIDELY¢DELZ+FACDATOO010
1ToPERMBOTTOMIQRE ¢CSS9HSSoHBHSL) OAT0020
2J0eK0)y DELXN(JOYe DELY(IOD), DELZ(KD)y FACT(KO¢3), PERM(IPyJP)I, BOTOATO0130
STOM(IPeJP) e QRECIQWJQ)e TF (309 A(IOWJO)e IN(6)y IOFTC(9)e INFT(2)y DATO140+
ACSSULIEGJEJKEI gHSS (NHO ) ¢ HB (NND ) ¢HSL (NHD) DATO141¢
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c DATC1S0
COMMON /ZINTEGR/ I00J0eK0eIl9J1eK1eloJoeKeNPERJKTHeITMAXLENGTHKPoNDATO160
IWEL yNUMT o IF INAL g IToKT o IHEAD s IDRAWIIFLOSIERRI29JU2eK29 IMAX9ITMX1eNCDATO170

2He IDK1 ¢ IDK2 ¢ IWATERYIQRE yIP e JP g TQeJQ s IK s JK gKSsIPUL9IPU4ITKIIEQNeIHDATO180¢

SDEP+ITLoNHD s IE ¢ JE ¢KE oNCD DAT0181
COMMON /SPARAM/ TMAXsCOLTJDELTeERR¢TEST ¢SUMeSUMP 9QR DATC1990
COMMON /SARRAY/ ICHK(13)¢LEVEL1(9)¢LEVEL2(Y) DAT0200
COMMON /CK/ ETFLXTeSTORTWQRETyCHSTqCHDT4FLUXTLPUMPTCFLUXTGFLXNTy OAT0210

IHDVNT ¢ HOVPT DATO211
READ (S53450) SUMSUMP qPUMPT oCFLUXT ¢QRET ¢CHST 9CHDOT oFLUXTeSTORTGETFLDATC400

IXTeFULXNT L HOVUNT DAT0410
HDOVPT=0. DATO411
IF (IHDEP <EQ«ICHK (13)) READ (S4+450) HDVPT OATO04#12»
IF (IDK1.EQeICHK(4)) GO TO 20 DAT0420

20 READ (%) PHIoSUMGSUMP JPUMPT ¢CFLUXNT yOREToCHST qCHDToFLUXT4STORTJETFLDATO0S520
IXToFLXNT ¢HOVNT yHDOVPT DAT0S 31+
RETURN DAT0950
c sATCROPIROIRNOOISIOERGEBRERTYS DAT09501
ENTRY HOPDAT DAT09502
C teRsetaRERISERICERERIOIROIRYSY DAT09503
WRITE (64480) DAT09504
N=0 DAT09505
DO 142 K=1¢K0 DAT09506
DO 142 I=2+11 DAT09507
D0 142 JU=244J1 DAT09508
IF (CSS{leJeK)eEQeDe) 60 TO 142 DAT(09509
N=Nel DAT09510
IF (NeGTNHD) GO TO 144 DAT09511
READ (S¢490) HD(N)¢HSSIN) ¢HSL (N) DAT(09512
WRITE (6¢500) KoloJoHOBI(N) gHSS(N)¢HSL(N) DAT09513
142 CONTINUE DAT09S14
RETURN DAT0951S
144 URITE (64510) l1eJek DAT09%16
STOP DAT09517
C PROONPIBREIDIENBTICTIRSIS DAT0960
ENTRY MDATY DATG970
(o PREOPENERPIOENINNCERSPERD DATO0980
535.7¢° PRINTED FOR LAYERS®,912) DAT2150

480 FORMAT (1HO940Xe* THRESHOLD HEADS FOR HCAD-DEPENDENT SOURCE-SINK TOAT2191»
LERMS® ¢/ /7 ¢36A9 LAYERY 94X g ROWT ¢4X o *COLUMN® 48X ¢ *UPPER Y 97X ¢ *MIDDLE®¢8DAT2192

2X e 'LOWER® g/ 938X o 'K e 7X e I e TN %S¢ BXe"* *9DAT2193«
36X e (HSL) Se2/) DAT2194
4©90 FORMAT (3G13.0) DAT219S5.
S00 FORMAT (1H ¢33Xe3(15¢3X2¢3(SXeFBe2)) DAT2196¢
S10 FORMAT (1 HO 915Xy %eeeres JARNING: NUMBER OF THRESHOLD HEADS EXCEEDDAT2197e

1S THE NUMBER OF NONZERO LCAKANCES (CSS) CODED eveew9,/,1H0,30X, "HEDAT2198»

2AD=DEPENDENT TERMS STARTING WITH NODE®+3I5¢2X+*WERE NOT READ®)

END

seans STEP

DAT2199»
DAT2200~

COMMON /INTEGR/ IO0sJOsK0eI1l9eJleK1laIaJoeKINPERJKTHeITMAXLENGTH sKPeNSTP 160
IWEL e NUMT o IF INALGIToKToIHEAD s JDRAWVIFLOVIERRIIZ29J2sK24IMAXeITMXTsNCSTP 170
2HI0K1 ¢IOK2 2 IWATERSIQGRE g IP ¢UP ¢ IO eJAeIK g UK IKS ¢IPUL 3 JPUR ¢ ITKIEQNGINSTP 150

SDEPITLINHDIIEs JESKEWNCD STP 181>
COMMON /SPARAM/ TMAXGCOLT4DELTJERRSTESTsSUMISUMP QR STP 190
COMMON /SARRAYZ ICHKC13)4LEVELL1C9)JLEVEL2(D) STP 200

COMMON /CK/ ETFLXT¢STORTyQRET oCHST ¢qCHOToFLUXT¢PUMPT CFLUXNTHFLXNTe STP 210+

1HDVNT ¢ HDVPT

STP 211

mw=lF MAXIMUM ITERATIONS EXCEEDED¢WRITE RESULTS ON DISK OR CAROS~--STP 580
IF (IDK2,EQ.ICHK(5)) WRITE (%) PHIySUM¢SUMP PUMPT CFLUXTyQRETHCHSTSTP SS90
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19CHOT o FLUXT oSTORTSETFLXToFLXNT oHOVNT oHDVPT STP 600~
IF (IPU2NE.ICHK(9)) GO TO 20 STP 601~
WRITE (72303 SUMISUMP yPUMPT4CFLUXT9QRETSCHSToCHOT3FLUXT3STORTHETFSTP 610
LLXToFUXNT oHiDVNT s HOVPT STP 620«
IF (IDK2EUWICHK(S)) WRITE (4) PHI.¢SUMSUMP qPUMPT 4CFLUXT 9QRET CHSTSTP1080
1oCHD T o FLUXT o STORT qCTFLATGFLXANT4HOVYNT GHOVPT STP1090
WRITE (79230) SUMISUMP oPUMPT oCFLUXT9QRET ¢CHSToCHDT oFLUNT ¢STORTHETFSTP1140
ILXTSFLANT ¢HOVNT oHDVPT STP1150»
FORMAT (8F10e4) STP13SQ»
svowe SOLVE ansaes
SUBROUTINE SOLVE(PHI 9STRTeOLD 9T eSeTReTCoTKIWELL ¢OELXIDELYIDELZJFACSP3 10
1T oCL oFL oGL e VIXT e TESTIeQRE «CSS+HSS o HBeHSLWLHD) SP3 20~
REAL *8PHI gRHO 4B gD oF oH9Z gSUSRHOP oMo WMINgRHOL1 gRHO2 g RHO3 ¢ XPART,YPARTSP3 80
19ZPART gOMINILeUMAX o XT 9 YT oZT gDAGS9OMAXL ¢DEN9TXMe TYM o TZM o SUMUM SP3 90 »
REAL*BE ¢AL 9BLoCLAPC oG olUgTUQUIDLIRES9SUPHIGLXI 9ZPHI SP3 1GO
SP3 110
DIMCNS ION PHIC(1)y STRTC1)y OLD(1)s TC1),s St13e TRC1D)e TC(1)e TK(1ISP3 120
19 WELLC129 DELXC1)y DELYC1)9 DELZ(1)9 FACT(KO093)y RHOP(20)¢ TESTI(SP3 130
2129 ELC1)y FL(1)2y GLC1Dy V(1) XIC1)e QRE(1)e CSSC129 HSSC1)+HB(1)ISP3 140+
S«HSL (1) +LHD (1) BOTTOM (1) SP3 141
SP3 150
COMMON /INTEGR/ I09JU0eKO9I1eJUloK1l9TloJoKoNPERIKTHeITMAXJLENGTH IKP¢NSP3I 160
IWELINUMT g IFINAL g IT oK ToIHEADIORAWGIFLOGIERRGI29J29K29IMAXGITMXL (NCSP3 170
2Hy IOK1 9 IOK2 s IWATERS IGRE9IP e UP 9 109UGR s IK UK eKSeIPUL L IPUR9ITKs1EQN9IHSP3 180«
SOEP+ITL oNHD 9IE 9 JE 4KE¢NCD SP3 181
NIJ=I0+J0O SP3 320
READ (S9250) UMAXJHMAX SP3 321«
IF (UMAXeLTele) WRITE (69260) WMAXJHMAX SP3 322«
IF CUMAXNGEQele) WRITE (64270) WMAX HMAX SP3 323»
IF (HMAX.EGe2e) HRITE (69280) wMAXHMAX SP3 324«
IF (UMAX.EQe3e) MRITE (6¢293) WMAXJHMAX SP3 325«
IF (UMAX.LTele) GO TO 45 SP3 326+
XT23e1415932202/12e0J2¢J2) SP3 330
RHO3=0,00 SP3 380
NWM=0 SP3 381«
SUMWM=0.00 SP3 382«
DO 40 K=1e¢XD SP3 390
DO 40 I=2,I1 SP3 400
DO 40 JUs24.J1 SP3 410
ImM=0 SP3 411
N=JetJ=1)+10e (K~1)*NIJ SP3 420
2=0.00 SP3 490
IF (K.EQe1) GO TO S SP3 491
IF(T(N=NIJ)EQele) GO TO S SP3 492
Z=TKI(N=NIJ) SP3 493+
IF (IEQN.EQ.ICHK(11)}) Z=Z/DELZ(X) SP3 494«
IF (K.EQeKG)> GO TO 180 SP3 495
IF (T(N*NIJ)<EQeQ0e) GO TO 10 SP3 496«
SU=TK ¢(N) SP3 497~
IF C(IEQN.EQ.ICHK(11)) SU=SU/DELZ(K) SP3 498+
CONTINUE SP3 S60
TXM=DMAX1 (DF) SP3 570
TYM=DMAX1 (BoH) SP3 580
TZM=DMARL (SU2) SP3 590
DEN=DMIN1(DF) SP3 600
IF (DEN<EQ<0«D0O) DEN=TXM SP3 610
IF (DEN.EQ.0.D00> GO TO 20 SP3 620
IF (HMAX.EQele) RHOL=DOMAX1 (RHOL1 o TYM/DEN) SP3 630
IF CUMANLEGe2e¢) RHOL1=DMAX1(RHO19(TYMeTZM?/DEN) SP3 631+
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20

30

39

40

42

o
as

124

130

138

IF CUMAX,EQe3¢) RHOL1=(TYMeTZM)I/DEN
IWM=TWMe ]

DEN=DMIN1I(BoH)

IF CDEN.EQ.0.DO) DEN=TYM

IF (DEN.EQ.0.D0) GO TO 30

IF (WMAX.EQeles) RHOZ=DMAXN1 (RHO2,TXM/DEN)
IF C(HMAX,EGQGe2e) RHO2=OMAXLI (RHO2¢(TAM*TZM)I/DEN)
IF (WMAX.EQe3e) RHO2=(TXMeTZM) /DEN
IWM=TWMel

DEN=DMIN1I (SU+2)

IF (DENCEQ.0.D0G) DEN=TZM

IF (DEN.EQ.0.DO) GO TO 39

IF (WMAX.EQele) RHOI=DMANL1(RHO3I$TXM/DEN)
IF CHMAX.EQ.2e) RHOI=OMAXNL1 (RHO3o(TXMeTYM)/DEN)
IF (WMAX.EQe3e) RHOI=(TXMeTYM) /DEN
IMM=sI UMl

IF (UWMAXLT<3.) GO TO 40

IF (IWM.EQ.C) GO TO 4«0
XPART=XT/(1.D0¢RHO1)
YPART=YT/(1.D0¢RH0O2)
ZPART=ZT/(1.D0+RHO3)

WMIN=DMINL (XPARToYPARTHZPART)
SUMUM=SUMWUMeWUMIN

NWUM=NLM*1

CONTINUE

IF (WMAX.LTe3.) GO TO 42

WMNUM=NJIM

WM INSSUMMNM/7BMNUM

GO TO 44

XPART=XT/(1.uw0+RH01)
YPART=YT/7(1.00¢RHO2)
ZPART=2T/¢1.DO0+RHO3)
WMINSDMINL(UMINGXPART ¢YPART ¢ZPART)
WMAX=1,D0-WMIN

PJs~1le

DO S0 I=1.LENGTH

81IG=0.

NNHO=0

IF CTUN)QEQeDeeORSEINILT0.) GO TO 148
IF(K<EQel) GO TO 12«

IF C(T(NKB)EQeO0.) GO TO 124

2=TK (NKB)

IF(K.EQeKO) GO TO 125

IF (T(NKA)EQe0e) GO TO 123

SU=TK (N)

QR=0.,

QsS=0.

ES=p=D=f =H=SU=2=-RHO

«==COMPUTE IMPLICIT AND EXPLICIT PARTS OF HCAD=-DEPENDENT TERMS~=-

IF (IHDEP.NELICHK(13)) GO TO 138
LHO(N) =0

JF (CSS(N)».EQG.0.) GO TO. 138
NNHD=NNHD+1

IF (NNHD.GT.NHD)» GO TO 138
LHD (N )}=NNHD

ESE=CSS(N)

QAS=CSS(N) ¢ HSS(NNHD)

IF(PHIIN) LT HSLI(NNHD)IQS=QS~CSSIN)* (HSLI(NNHD)I=PHI(N))
IF(PHIIN) «GT.HBI(NNHD)) QS=QS=CSS(N)*(HB (NNHD)=PHI (N))

BL=B/(1laeWe (ELINIB)*GL(NIB)Y))
CL=D/¢C1+ W (FLINUBISGLINJB)))
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SP3 632«
SP3 633
SP3 640

SP3 650

SP3 660

SP3 670
SP3 671+
SP3 672
SP3 673»
SP3 680

SP3 6990

SP3 700
SP3 710+
SP3 711
SP3 712
SP3 713
SP3 714+
SP3 715+
SP3 716
SPS 717
SP3 718«
SP3 719
SP3 720«
SP3 721«
SP3 722e¢
SP3 723»
SP3 T24.
SP3 72Se
SP3 726«
SP3 727
SP3 740

SP3 750

SP3 760

SP3 770
SP3 780«
SP3 790

SP31000

SP31001
SP31270
SP31361

SP313611
SP31362

SP31371

SP313711
sSP31372

S$P31390

SP31391
SP31450

SP314501
SP314502
SP314503
SP314504
SP314505
SP314506
SP314S07
SP314%508
SP314509
SP314510
SP314a511
SP31460¢
SP31470



RESS=BePHIINIB)~D+sPHI (INJB)~E*PHIINI=FsPHI(NJAI=H*PHI(NIA) ~SUPH=Z*PSP31620

IHI (NKB)=WELLI(N)=RNHO+OLD(I(N)=QR=0S SP31630
VIN)Z(RESs HMAX=AL *V(NKB)~BLeV(NIB)=CLsVI(NJB)) /DL SP31640~
G0 T0 150 . SP31650
RES==B*PHIINIB)I=D*PHI(NJB)=E*PHI(N)=F«PHIINJA)=H*PHI(NIA)=SUPH=WELSP31720
IL(N)=RHO*QLO(N)=QR~QS SP31730
VENIZS(RESHMAX=BL2V(NIB)=CL*VI(NJUB))I/OL SP31740
60 T0 1SS0 SP31741e
148 IF(IHDEP.NE.ICHK(13)) GO TO 150 SP31742
IF CCSS(NY).EQ.G+.?» GO TO 150 SP31743.
NNHD=NNHD 3 SP31744 ¢
150 CONTINUE sSP31750
IF(K.EQe1) GO TO 174 SP32231
IF (T(NKB).LQ.0e) GO TO 176 sP322311
2=TK (NKB) SP32232
1764 IFI(K.EQ.KQ0) 6O TO 175 SP32241
IF (TU(NKA)EQe0e) GO TO 175 SP3224611
SU=TK(N) SP32242
QR=0. SP32260
QS =0. SP32261
IF (KeNE.KO) GO TO 180 SP32270
180 Ex=B=D=f=nH=SU=2«RND SP32320
~==COMPUTE IMPLICIT AND EXPLICIT PARTS OF HEAD-DEPENDENT TERMS-== SP323201
IF (IHDEPNE.ICHK(13)) GO 7O 188 SP323202
IF (CSS(N).tQ@eJe) GO TO 188 SP323203
NNHO=LHO (N) SP323204
IF (NNHD.GT.NHD)Y G0 TO 188 SP323205
E=E~-CSS (N) SP323206
QS =CSS(N)*+HSS INNHD) spP323207
IFC(PHI(N) LT HSLINNHD)})IQS=QS=CSSINIs (HSLI(NNMD)Y=PHI(N)}) sSP323208
IFC(PHIC(N) cGT.HB(NNHD)) GS=QS=CSS(NY+ (HBINNHD)=PHI(IN)) SP323209
188 BL=H/(le*We (ELANTA)*GLI(NIADY)? SP32330
CL=D/C1lele(FLINJB)ISGL(NUB))) SP32340
RES2Z =B ePHIINIDB)=D*PHIINUB)I=E ¢PHI(NI=F*PHIINJAI=HePHIINIA)=SU+sPHI(NSP326490
IKA)=ZPHI-WELLI(N)=RHO*sOLDI(N)=-QR=-QS SP32500 ¢+
VINI=(RESoHMAX=ALSVINKA)=BLeV(NIAI=CLoV(NJB))»/OL SP32510»
60 TO 290 sSP323520
RES==BsPHIINIB)=DePHIINJUB)I=E*PHI(N)=FePHI(NJA)=HsPHI(NIA)«ZPHI=WELSPI2%590
ILEN)=RHO*OLD(N)=QR=QS SP32600 ¢
VEN) S(RES+HMAX=BLVINIAI=CL*V(NJB)I)I/OL SP32610+
2080 CONTINUE SP32620
143¢(°_*)) SP32930
250 FORMAT (2F10.0) SP32931
260 FORMAT (45Xe"MAXIMUM ITERATION PARAMETERe WMAX =%9F 10,79/ /945X 9 ACSP 32932
1CELERATION (OR DAMPENING) FACTORs HMAX =°4F5,2) SP32933
270 FORMAT (1HO 944X *INDICATOR FOR WMAX =% 4FS5.2¢77 SP32934
145X ¢ *MAXIMUM ITERATION PARAMETER COMPUTED ACCORDING TO®y/, SP3293S»
245X 9*THE ORIGINAL FORMULATION OF TRESCOTT (1979)0%4//7, SP32936 ¢
345X¢ YACCELERATION (OR DAMPENING) FACTOR HMAX =°®9F5.2) SP32937¢
280 FORMAT (1HO 944X o *INDICATOR FOR WMAX =%9F5.,2¢/770¢ SP32938¢«

140Xe *MAXIMUM ITERATION PARAMETER COMPUTED AS THE ABSOLUTE MAX.® 4/ 9SP32939
240Xs *VALUE OVER THE GRID USING FULL FORMULATION OF RHO TERMS®4//¢ SP32940~
340Xy "ACCELERATION (OR ODAMPENING) FACTOR HMAX =94F5.2) SP32941«
290 FORMAT (1HOQs44Xo*INDICATOR FOR WMAX = 9FS5,247//y SP32942.
140¥ ¢ *MAXIMUM ITERATION PARAMETER COMPUTED AS THE ARITHMETIC®,/, SP32943
240X+ PAVERAGE OF THE LOCAL MAXIMA OF WMAX FOR EACH ACTIVE NODE®¢/s SP3294¢e

340X9*USING THE FULL FORMULATION OF RHO TERMS®4//, SP3294S5.
440X9* ACCELERATION (OR DAMPENING) FACTOR MMAX =3°,F5.2) SP 32946«
END SP32947«

IvV-6



sasee COEF seoee

COMMON /INTEGRZ 100J0oK0eI19JleK1leloJsKoNPERGKTHeITMAXGLENGTHeKP¢NCOF 1S5S0
1HEL.NUHTQXFINAL'IfoKTQIHEAD'IDRAUoIFLOQIERR.I2.JZoK29IHAXQITHXI.NCCOF 160
QHoIDK 1 o IOK2 ¢ INATERSIQGRE ¢ IP 9P s LU s JU e IK g UK oA S 9 IPUL gIPU2¢ITKJIEQN+IHCOF 170
30EPsITLyNHDIEs JEsKEJNCD COF 171

COMMON /SPARAM/ TMAX oCOLTJOELTIERRITEST4SUMsSUMP QR COF 180

TU(IJoKCISPERM (LI oJ) ¢ (PHI(I 9JoeK0)=BOATTOM (I J)) COF 300

IF (TCIeJeKC)eGTa0e) GO TO S5 COF 310

IF CHELLCI9JoKI)ellT 0> WRITE (6460) IoJeKQ COF 320
PHIC(I 9JeK02=1.030 COF 410

60 TO 10 COF 411

IF (LlEQNCEQICHK(11)) T(IsJeKO)ISPERM(I o) COF 412+

CONTINUE COF 420

IF (N3.,EQe.1) RETURN COF 430

IF C(IEQN.EQICHK €11).ANDeN3.EQ.0) RETURN COF 431

N1=K0 COF 440

SescOCORNERNOCREORERSERES COF 4990

ENTRY TCOF(N3) COF S00+»

roTRNESERARSERAERRORNDROS COF S10

cacee CHECK]I ceosne

SUBROUTINE CHECKI(PHI.oSTRTyOLD g T oS oTReTCoTKIWELLWDELX9DELYJDELZoFACHK 10
1CToJFLOGFLOWIQRE+CSSeHSSeHBeHSLWHDRT) CHK 20«

DIMENSION PHIC(109J0eK0dy STRTCIOsJO0eKA)y OLDII0sJOsKODdy T(104J0sKOCHK 100
129 SCI0¢JOeKO)e TRCIOeJO9KID gy TCC(IDeUB¢KOdy TKEIKeJK¢KS)e WELLCIOSCHK 110
2J0e¢K0)y DELX(JO)e DELYC(10)s DELZ(KO)y FACTIKD93)y JFLO(NCD#3)9y FLOCHK 120+
SHENCD ) ¢QREC(IQeJQ) sCSSC(IE JE ¢KE I yHSS (NHD ) oHB (NHD ) dHSL (INHD ) 4 CHK 130+
SHORT (NHD)> CHK 131+

CHK 140

COMMON /INTEGR/ I0eJUBeKIaI10U2eK1eloJeKeNPERIKTHITMAXILENGTHsKPeNCHK 150
LVEL oNUMT g IFINAL o IT oK T gIHEAD oIDRAUWGIFLOSIERR$I29J2eK24IMAXJITMX]1 +NCCHK 160
2HeIDK1 s IDK2 9 INATERSIQRE ¢IP o UP 2 IQeJQ eIK s UK ¢KSsIPULeIPUJITKGIEQNoIHCHK 170»
SOEP e ITLINHD 9 IE ¢ JE oKE ¢NCD CHK 171

COMMON /SPARAM/ THMAXJCDLToDCLT sERRGTEST ¢SUMsSUMP QR CHK 1890

COMMON /SARRAY/ ICHK(13)¢LEVEL1I(9)4LEVEL2(D) CHK 190

COMMON /CK/ ETFLXT3STORTGQRETGCHSTyCHOToFLUXTJPUMPTCFLUXTGFLXNTy CHK 200«
1HOVNT s HOVPT CHK 201

FLXN=0.0 CHK 360

HOFN=0., CHK 361«

HOFP=0, CHK 362+

NNHD=0 CHK 363¢

HDRT (1)=0. CHK 364«

II=0 CHK 370

IF C(IHDEPJNELJICHK(13)) GO TO S CHK 371

DO 4 N=2¢NHD CHK 372»

HDORT (N)=C. CHK 373«

oo..-.o.ooo..o.ooon..-ooo.oo.-no.oo-.n.....o-..o..n..-.o.o.....o.cCHK 330

IF (TtIeJeKDI)EWL0.) GO TO 218 CHK 440+

STORSSTOR®S(I¢JeK) o (OLOD(I9JeK)=PHI(TeJeK)ISAREA CHK1090

CHK10901

-==COMPUTE FLOW RATES FROM HEAD-DEPENDENT TERMS === CHK10902

IF C(IHDEP.NELICHK(13)) GO TO 22¢C CHK1 0903

IF (CSS(IeJeK)eEQeO-) GO TO 220 CHK10904

NNHO=NNHD+1 CHK103905

IF INNHD.GT.NHD) GO TO 2290 CHK10906

HOOD=PHI(IoJoeK) CHK10907

IF (HODLTHSLINNHD)) HDD=HSL (NNHD) CHK10908

IF (HODGT.HBI(NNHD)Y) HODO=HDB (NNHD) CHK10909

HORTINNHD)IZCSS(IeJoeK) s (HSSINNHDI-HDD) e AREA CHK10910

IF (HORTC(NNHD)«GTe0.) HDOFP=HOFP+HDRT INNHD) CHK10911

Iv-7




214

218

IF (HORT(NNHD) oL Te8e) HOFN=HOFNe¢HORT (NNHD)

IF (HSS(NNHD) EQ+HSL(NNHD)I) ETFLUNSETFLUX*HDRT(NNHD)
60 T0 220
STOR=STOR+S(IeJsKI*{OLD (I 9J oK) =PHI (L oJoeX))eVOLUME

«==COMPUTE FLOW RATES FROM HEAD-DEPENDENT TERMSaca
IF. C(IHDEP.NEJICHK(13)) GO TO 22¢

IF (CSS(IeJsK)EQeGes) GO TO 220

NNHO=NNHD+1

IF (NNMD.GT.NHO) GO TO 220

HOD=PHI(Io¢JeK)

IF (HODD <L T oHSL (NNHD)) HDD=HSL (NNMD)

IF (HODGT.HB(NNHD)) HDD=MB (NNMD)
HORTINNHO)IZCSS(IeJeK) o (HSSINNHD)I=HDD) » VOLUME

IF (HORT(NNHD) 6T ele) HOFP=HDFP+HDRT (NNHO)

IF (HORT(NNHD)LToeOe) HDFN=HOFNSHORT (NNNKD)

IF (HSSU(NNHO) <EQaHSLINNHD)) ETFLUXZETFLUXSHORT(NNHD)
G0 TOo 220

IF (IHDEP.NE.ICHK(13)) GO TO 220

IF (CSS(IeJeK)eEQ.0e) GD TO 220

NNMD=NNHD+1

CONTINUE

CHK10912
CHK10913
CHK1091

CHK1102

CHK11021
CHK11022
CHK11023
CHK11024
CHK1102S
CHK11026
CHK11027
cHK11028
CHK11l029
CHK11030
CHK11031
CHK11032
€CHK11033
CHK110C 34
CHK1103S
CHK11036
CHK11037
CHK11038

e ceeecttecttsetsectoecccsateetesdstatratascocsroaccscnsessrscsaneelHKI11O0

CFLUXT=CFLUXTeCFLUXDELT

ETFLXT=ETFLXT~-ETFLUXSDELT

HOVNT =HOVYNT=HOFN+DELT

MOVPT=HOVPTeHDFP+DELT
TOTL1=STORT*QRETOCFLUXTSCHSTeFLXPT +HDVYPT
TOTL2=CHOT+PUMPT +HDUNTFLXNT
SUMR=QREFLXN+CFLUXOCHOZ2+CHD1*PUMPoFLUXS*STORSHDFP+HDFN
DIFF=TOTL2-TOTL1

2L2¢DIFF ¢PERCNT

231

232

234

IF (NCH.EQ.0) GO TO 231
WRITE (69270)
WRITE (692800 C((JFLOU(IoJ) oJ=193)+sFLOWIIDIoI=1¢NCH)

~~=PRINT OQUT FLOW RATES FROM HEAD-DEPENDENT SOURCES AND SINKS==-

IF(IHOEP.NE.ICHK(13)) GO TO 240
IRR=0

NNHO=0

I1=90

D0 234 K=14Kk0

D0 2346 I=2,11

DO 234 JU=2.J1
IF(CSStIeJeK)aEQaTa) GO TO 236
NNHD=NNHD+1

IF (NNHD cGT.NHD) GO TO 240
IF(HORT(NNHD)LEO.) GO TO 232
Il=I1e<1

JFLOCIT 1) =K

JFLOCITI 2=}

JFLOCIIW3)=J

FLOWC(II)=HDRT (NNHO)

GO TO 234

IR=NHO~IRR

JFLOCIRG1))=K

JFLO(IR,2)=TX

JFLOCIR 3=V
FLOW(IR)=HDRT(NNHD)

IRR=IRR+1

CONTINUE

Iv-8

CHK1210

CHK1211~»
CHK1212
CHK1213«
CHK1220»
CHK1230
CHK1240»
CHK12S0

CHK1390

CHK140G»
CHK1410

CHK1420

CHK1630

CHK14301
CHK14302
CHK14303
CHK1A304
CHK1A4305S
CHK14306
CHK14307
CHK14 308
CHK14309
CHK14310
CHK14311
CHK14312
CHK14313
CHK14314
CHK14315
CHK 14316
CHX14317
CHK14318
CHK14319
CHK14320
CHK14321
CHK14322
CHK14323
CHK14323
CHK1432%



236

240

245

300 FORMAT(*O0FLOW RATES FROM HEAD~-DEPENDENT SOURCES:%4/,°

310 FORMAT(1HO 15X *TOTAL FLOM RATE FROM HEAD~-DEPENDENT SOURCES

320 FORMAT(®0FLOW RATES FROM HEAD-DEPENDENT SINKS:®y/,°

8PREVIOUS PUMPING PERIOD

IF (I11.EQ.0) GO TO 236

WRITE(69300)

MRITE(69280) ((JFLOCI¢J) oJ=143)oFLONCINI=1, 1)
WRITE(6¢310) HOFP+HDVPT

IFC(IRREGeCe) GO TO 240 3
WRITE(6+320)

WRITE(6+280) ((JUFLO(IeJIeJ=1¢3)¢FLOWIIIGISIReNHD)
WRITE(6+330) HOFNJHOVNT

*e=COMPUTE VERTICAL FLOW==-

X=0,

¥Y=0e

IF (KO0JEQel) RETURN

DO 250 I=241I1

DO 250 J=24.V1

IF (T I oV03)eEQ0e000e0ReTIIgUe2)eEQeDe) 60 TO 245
IF(S(TIoJe1) el Te0aoANDeS(IeJe2)eLTe0e) GO TO 2645

X=X¢(PHI(I4Jpl1)=PHICI10J02))*¢TK(IoJoel1)*DELX(JI*DELY(D)

IF (T CloJoK1)eEDL D 0eORaTE(IoU9KOI)aEQeDe) GO TO 250
IFC(S(IoJoK1) el Toe0eeANDeSI(TIsJ9KO)aLTele) GO TO 250

Y=Y (PHICL oJoK1)=PHI(10JaKO0ID)oTKIIpJeK1)*DELX(J)DELY(I)

CONTINUE
WRITE (692902 Y,X

CHK14325
CHK14326
CHK164327
CHK14328
CHK14329
CHK14330
CHK14331
CHK14332
CHK1440
CHK1450
CHK1460
CHK1470
CHK1480
CHK 1490
CHK1AS1
CHK1492«
CHK1S00
CHK1S03 «
CHK1502«
CHK1520«
CHK1521
CHK1540

39'STORAGE =%9F20,2935Xe?CONSTANT FLUX S®9F20.4/725X9 *RECHARGE =°»F2CHK1660
4042941 Xo*PUMPING =°3F20e4/721Xy *CONSTANT FLUX =%gF20¢2930Xe*ETs ANDCHK1670w

=P 9F234/21Xy*TOTAL

S/0R SPRINGS =%4F20.4/721X¢"CONSTANT HEAD =?9F20.2¢34Xy *CONSTANT HEACHK1680«

6D /2T Xs *LEAKAGE =%9F20e2946X4°*IN S, FCHK1690

T7202945Xe'0UT =% 3F20.4/796X s *LEAKAGE /20X o *DISCHARGES2%945Xy*FROM CHK1700

T F20e%/720X911(*~%)eb68X s TOTAL
96X *ETe AND/OR SPRINGS =?4F20.2/721Xe*CONSTANT HEAD

=%4,F20.4/1CHK1710
S9,F20e2936X3*SCHK1720«

SUM OF RATES =°4F20e4/719X°QUANTITY PUMPED =0 4F20.2/727Xe *LEAKAGE =% 4CHK1730

115,79 ° POSITIVE UPWARD®)

CHK1810

*¢39(*=*)//7%CHK1811 ¢

1 o3 (INs KV XoI%34Xs%J oSN "RATE (Lea3/TI)/? %¢43(INy " =%34Xo?~¢,CHK1812»

24X 9 %= ¢SXs13(%*~*))/)

1e7910Xy°TOTAL VOLUME =%4G18.7)

$937(%=0)/s/°

CHK1B813e

=%93618CHK1814

CHK1815

*CHK1816

103(OXe K PoXs%I%o4Xs U 9SXe RATE (Low3/T3%)/7% *43(9N9 =%94Xy?=~?44XCHK2I817¢

20%=%48X%913¢%°=%))/)

CHK1818 ¢

330 FORMAT(1HO917Xe*TOTAL FLOW RATE FROM HEAD~DEPENDENT SINKS =¢43618¢7CHK1819¢

1920Xe*TOTAL VOLUME =°46G18.7)
END

22 R X PRINTAI *twee

CHKX1820
CHK1820~

COMMON /INTEGR/ I0sJO0sKO0sI1sJ2eK1sIoJsKoNPERIKTHsITMAXILENGTHsKPsNPRN 130
1WEL oNUMT g IF INAL o IT oK T3 IHEAD ¢ IDRAWGIFLOIERReI29J23sK29IMAN ¢ ITMX1o¢NCPRN 140
2HsIDK1 9 IDK2 3 IWATERSIIQGRE 4IP3 UP 9103 UQ9IK o UK 3KS 9 IPUL 3 IPU24ITKsIEQNIHPRN 150«

SDEPITL ¢NHD 9 IE s JE9KE 9NCD

PRN 1S1e

COMMON /PR/ XLABEL(3)sYLABEL(E6)sTITLE(S6) 9XNL1sMESURYPRNT(122) y8LANKPRN 160

feeoe BLOCK DATA setee

DATA ICHK/°DRAU® s "HEAD® s *MASS®3?DK 1% ¢%DK29 3 WUATE?y PRECH? s PPUN1*4s°PBLK 130

LIUN2C 3 *1TKR® 4 *EQN3®?3 *ITLR® 4 *HDEP®*/

Iy-9

BLK 140




APPENDIX V

Example of Input to Modified Model

/7/STEPY1 EXEC FORTRUNJPROC=HEDEP«REGION=490KsUL IB=*VC4ES1L « THRLDEE?

//G0.SYSIN DD »

sess (HECKOUT SIMULATION OF 3-D FINITE-DIFFERCNCE MODEL (TRESCOTT)y MODIFIED 71O
INCLUDE HEAC-DEPENDENT SOURCC/SINK TECRMS sews

R a 3 60 36 12
HEAD MASS HDEF
1 2 «01 5
o
[
¢
0
0
1.F& 1
G
115 118 11% 118 118 115
IS
4
<
0
90 9¢ 90 9¢C 90 90
[}
1.E6 1
¢
115 115 115 115 115 115
"
¢
G
¢
9 90 90 90 9¢ 90
€
1.€4 1
c
118 115 115 11% 115 115
0
4
[
c
9¢ 990 90 90 9cC 93
9
1. 1
4
0 -1 -1 -1 =1 -1 =1 ]
c
[
c
2}
0 =1 =1 =1 <=1 =1 =} 0
4}
1. 1
¢
¢ =1 -1 -1 -1 -1 -1 0
0
0
1]

V-1




¢ -1
c
1.
4
0 -1
9
c
¢
o .
0 -1
[y
8.6%9
25.976
17.317
T.624C-0F
e
C
4
c
3e624E~08
¢
4]
c
0
3.6247 =08
c
[¢]
0
o
110.
1192,
1130,
11¢C.
11C.
110.
110.
110.
110.
110,
119.
11Ce.
1F4
1F &
100.
Se
1
/e
’7/

-1

- e

- e

-1

[V RS TRy

100
100,
100.
100.
100.
100,
100.
10C.
100.
100,
100.
1C0.

-] =1

-1 -1

te Rt g

LR &N

LI BN

100.
1C2.
100.
100.
100,
1CC.
100.
100.
1C0.
1C0.
100.
1C0.

0

0

0
1. 1. « 0001
1. 1. «0001
1. 1. + 0001

CSS AFRAY: LAYER 1 2sese

CSS ARPRAY: LAYLCR 2 sseve

CSS ARRAY: LAYEF 3 evws

HE (N) HES(N) HSL (N)

WMAX  HMAX
1 1 1.0

V-2

24
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