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MODIFICATIONS TO THE MODULAR THREE-DIMENSIONAL FINITE-DIFFERENCE
GROUND-WATER FLOW MODEL USED FOR THE COLUMBIA PLATEAU REGIONAL

AQUIFER-SYSTEM ANALYSIS, WASHINGTON, OREGON, AND IDAHO

By A. J. Hansen, Jr.

ABSTRACT

This report documents modifications to the U.S. Geological Survey's
modular three-dimensional finite-difference ground-water flow model used for a
regional aquifer-system analysis of the Columbia Plateau. The changes were
needed because the aquifer system includes unconformities, deep canyons, and
steeply dipping structural barriers that could not be represented
realistically by the existing model. The modifications permit flow from a
cell in any layer to a cell in any other adjacent layer; allow a cell that has
been cut completely through by a canyon to remain in the model by setting the
branch conductance to zero only on specified cell walls; simulate barriers to
lateral ground-water flow by reducing the branch conductance only on specified
cell walls; and allow use of a convergent grid. The concepts and mathematical
basis for these modifications are described. The changes in the data-input
items for this modified model, compared with those of the existing modular

model, are described.



INTRODUCTION

A study of the Columbia Plateau aquifer system (Vaccaro, 1986) was
completed as one of 28 studies of the U.S. Geological Survey’s Regional
Aquifer-System Analysis (RASA) program. The Columbia Plateau aquifer system
underlies about 51,000 square miles of the Columbia Plateau (fig. 1) in
central and eastern Washington, north-central and eastern Oregon, and
northwestern Idaho. The aquifer system consists of part of the Columbia River
Basalt Group (Miocene age), the intercalated sediments collectively assigned
to the Ellensburg Formation (Miocene age), and the unconsolidated sediments
(Miocene to Holocene age) overlying the basalts.

As part of the study, a three-dimensional model simulating ground-water
flow in the Columbia Plateau aquifer system was constructed (Hansen and
others, 1993, Hansen, 1993). The U.S. Geological Survey'’'s modular three-
dimensional finite-difference ground-water flow model (McDonald and Harbaugh,
1988), hereafter called Modular Model, was selected as the model to be used in
the study. Several hydrogeologic characteristics of the study area prevented
use of the Modular Model without modification. The modifications were
necessary in order to more realistically represent the physical system. The
hydrogeologic characteristics and the reasons for the necessary modifications
are:

1. unconformities (areas where hydrogeologic units are absent) cannot be
represented realistically using the Modular Model;

2. deep canyons that cut completely through a unit cannot be represented
realistically using the Modular Model (for most spatial scales); and

3. structural features that create a narrow linear barrier to lateral
ground-water flow cannot be simmulated realistically using the Modular
Model.

Therefore, modifications were made that permit flow from a cell in any model
layer to a cell in &ny other adjacent layer, allow a cell that has been cut
completely through by a canyon to remain in the model by setting the branch
conductance to zero only on specified cell walls, and simulate barriers that
impede lateral ground-water flow by reducing the branch conductance only on
specified cell walls. Two new packages have been added to the Modular Model
in order to incorporate the latter two modifications. Additionally, another
modification made, which does not affect computational procedures or represent
modifications to published approaches, allows use (a special version) of a
convergent grid.

The purpose of this report is to describe these modifications to the
Columbia Plateau regional aquifer-system flow model; the report is intended as
a supplement to the Modular Model documentation and describes only the changes
made to the Modular Model for this RASA project. Although these modifications
affect many subroutines in many packages, with a few changes, the input for
any other model constructed for another aquifer system could be used directly
with this modified model, which then would calculate the same results as that
other model. Thus, the changes described here might be used to apply the
Modular Model to modeling studies of similar aquifer systems.
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The first part of the report describes the conceptual and mathematical
basis for the major modifications to the Modular Model. The changes allow
alternative conceptualizations of an aquifer system, so its flow system may be
simulated using a three-dimensional ground-water flow model. The next part of
the report documents the modified and new subroutines by presenting both a
narrative of these subroutines and a list of the new variables in the model.
The last part of the report presents the few changed input instructions,
organized by package, necessary to use the model as modified for the Columbia
Plateau RASA study. The report includes three appendixes; the first two
present sample problems and the third lists the source code for the model.



MODIFICATIONS

Partial layer

The Modular Model permits vertical flow from layer K only to layers K-1 or
K+1; thus, 1f part of layer K 1s missing, as shown in figure 2, the layer
still must be represented in the model. Generally, to represent thils missing
layer, each cell in the missing part of layer K would have a small lateral
hydraulic conductivity value and a large vertical conductance value assigned
to 1t. This would dampen interference between the real and missing parts of
layer K and transmit ground water, with the least distortion, through the
missing part of layer K, between cells of the actual hydrogeologic units
represented by the layers above and below it.
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Figure 2.--Hypothetical cross-section showing layers with parts missing.



The modified model permits flow from layer K to the first active or
constant-head cell in the layers above and below it, thus making all cells in
the missing part of a layer inactive. Computationally, at each cell in layer
K, a search is completed to check whether the cells in layers K-1 and K+l are
inactive. If they are, the search proceeds to the cell in the next layer
beyond and continues until either an active or constant-head cell is found, or
until the top layer for search above layer K or the bottom layer for search
below it is reached. For example, in figure 2, the search downward from layer
2 will find an active cell in layer 4 in column 9, and in layer 5 in columns 7
and 8, but only inactive cells in layers 3 through 5 before column 7.
Similarly, the search upward from layer 4 will find an active cell in layer 2
in column 9, and in layer 1 in column 10, but only inactive cells in layers 3
through 1 beyond column 15 (fig. 2). This requires a layer index to be
advanced, layer-by-layer, to keep track of the layer search. This provision
for missing layers has been added to both the block-centered-flow and the
strongly implicit procedure packages of the Modular Model. The changes to the
strongly implicit procedure are described later, in the section "Solvers."

Canyon Cutter

The Modular Model provides but one way to simulate the situation of a
canyon cut deep enough to penetrate fully through an upper layer, so that
water cannot flow in that layer from one side of the canyon to the other; each
cell penetrated fully must be inactive. However, a canyon commonly is much
narrower than a cell; an improved physical representation of the physical
system results 1f each such cell has only its cell walls nearest the canyon
unable to transmit water. A new package '"canyon cutter" can prevent lateral
flow across a specified cell wall by setting its branch conductance to zero.

Figure 3 presents three map views of a canyon. Figure 3a shows both the
transmissivity and branch conductances for each cell unaffected by any canyon,
and figure 3b illustrates a canyon (the solid line) extending from (3,1) to
(2,2); the cell wall nearest the cutter is shown by a striped band. On that
band, the branch conductance (parenthesized) of each cell wall is set to zero.
Figure 3c shows the result of placing the effect of the canyon on the cell
itself, by making the cell inactive, giving the same effect as setting the
values in cells (2,1) and (2,2) to zero. Then, the values of five branch
conductances become zero rather than only three. The latter results in a
better representation of the physical system. For example, if the dot
appearing in the southwest corner of (2,2) in figures 3b and 3c were the
location of a well, the results of a simulation that placed the canyon’s
effect on the nearest cell wall (fig. 3b) would differ markedly from one that
represented the canyon by making the cell inactive (fig. 3c¢).

Figure 4 presents three cross-section views of the canyon shown in map
view in figure 3; the section extends along column 2, from row 3 to 1. As in
figure 3, figure 4a represents the system without a canyon, figure 4b depicts
the effect of a canyon applied to the nearest cell wall, and figure 4c shows
the canyon's effect as an inactive cell. The well at the left of row 2 in
figures 4b and 4c is that shown in the previous example (figs. 3b and 3c).



Column
1 1. vm— 3
1.333 3.75
z o
o 2 0 5
o o
2.4 5.833
3 3. ‘: 7
a.

1.333

1.5

1.333
()

—
L

Column Column
2

EXPLANATION

Model csll - - square

1. Transmissivity - in feet squared per second
Branch conductances - - in feet squared per second
Row-Branch conductance

Column-Branch conductance

Row-(or Column-) Branch conductance - - set to
zero by Canyon Cutter package

Canyon - - mapped

Canyon - - represented in Canyon Cutter package
Well

Figure 3.--Hypothetical canyon that cuts through an aquifer layer:
map view of representation by Canyon Cutter and Modular Model.



a. 3 2 1 e
rtac
-\ —’\_—W
\_“
)
K 7. 8 5. 2 3
@ 0 «©
Ey
-
K+1

EXPLANATION
3| Model cell (square) with transmissivity
7. @| and column-branch conductance
7. Transmissivity -- in feet squared per second
5.833 Column-Branch conductance - - feet squared
per second
(0.) Column-Branch conductance -- set to zero by

Canyon Cutter package
Canyon represented in Canyon Cutter package

Figure 4.--Hypothetical canyon that cuts through
an aquifer layer: cross-section view of repre-
sentation by Canyon Cutter and Modular Model.



The equations (equations 10 and 12, McDonald and Harbaugh, 1988) that
express flow through the left and rear faces of cell 1,j,k (fig.4, pg.2-9,
McDonald and Harbaugh, 1988) can be written:

A,5-172,k = e 5-172,% PeL5o1,0 " P L
U.172,5,k = %i-1/2,5,6 Pro1,9,60 " Prgd 2
where 1 is the row index,
j 1is the column index,
k is the layer index, )
q is the volumetric fluid discharge through the face (L3T 1),
CR is the hydraulic conductance in row i and layer k between nodes

1,j-1,k and 1,j,k (L2 T 1), and
CC is the hydraulic conductance in column j and layer k between nodes
i-1,j,k and 1,j,k (L2 T 1).

The canyon cutter thus can prevent flow through either the left or rear
face of this cell by setting CR in equation 1 or CC in equation 2 to zero.

This package first reads in the maximum number of canyon cutters and three
flags used to identify a canyon cutter in the boundary array. The number of
cutters in each layer and thelr addresses of cell and forward cell are next
read. This package then writes a signal (the flag or identifier) into the
boundary array for each branch conductance that it sets to zero. The block-
centered-flow package then reads the boundary array to identify where the
branch conductance has been set to zero in order to account for zero branch
conductances. For example, zero conductances need to be accounted for in the
cell-cancelling check (described later) in the block-centered-flow package.

Flow Barrier

In the Columbia Plateau aquifer system and similar hydrogeologic
environments, lateral ground-water movement is affected by linear features
such as faults, fractures, or dikes. The features generally are much thinner
than the size of a model cell, commonly have a smaller hydraulic conductivity
than that of the surrounding rock, and often dip steeply. Commonly, these
features act as "flow barriers" that impede the lateral movement of ground
water. The Modular Model can represent a cell containing such a barrier only
by reducing its hydraulic conductivity (or transmissivity, if the cell’s layer
is either confined or partly convertible); an improved simulation of the
physical system results if such a cell has the branch conductance reduced only
on its cell walls nearest the barrier. In order to model the effects of these
features, a new package, "flow barrier," has been added. The Columbia Plateau
RASA’s flow barrier package expresses a barrier’s hydraulic conductivity as a
fraction of that of the rock. (For the Columbia Plateau RASA study, this
fraction was found to be about inversely proportional to the ratio of the head
gradient between the cell centers on opposite sides of the barrier to the
average regional head gradient; see Hansen and others, 1993.) Thus, the
modified model can simulate a barrier by reducing the branch conductance on
specified cell walls.



Three map views of a flow barrier (fig. 5) are presented and described
below in order to illustrate the effects of reducing branch conductance to
account for a flow barrier when using the standard Modular Model. Figure 5a
presents the transmissivity and calculated branch conductances for each cell
in a three-by-two model of a system without flow barriers. Figure 5b
illustrates a mapped flow barrier (for example, a fault) that extends from
(3,1) to (2,2); for each cell containing the barrier, the cell wall nearest
the barrier is delineated. Assuming that the barrier has a hydraulic con-
ductivity half that of the rock, each cell wall nearest the barrier in figure
5b would have a branch conductance half the value shown in figure 5a. Next,
figure 5c shows the result of assigning the barrier’s effect to either the
hydraulic conductivity or transmissivity of the cell as would be done with the
standard Modular Model. Thus, five branch conductances would be decreased,
even for cells (1,1) and (3,2). The values of five branch conductances in
figure 5c differ from those in figure 5a, and figure 5b shows that only three
of them should be reduced. The row-branch conductance of (2,1) has the
correct value; the other two branch conductances on the barrier are too large.
Therefore, two branch conductances that should not be affected by the barrier
would be reduced, and two other branch conductances are not reduced enough.

If the computed results for cells (1,1) or (3,2) were important, as they would
be if a well were in the cells’ southeast or northwest corner, respectively, a
comparison of the branch conductances shown on figures 5b and c¢ indicates
there generally would be a marked difference between placing the barrier’s
effect on the nearest cell wall and assigning it to the cell itself.

Figure 6 presents three cross-section views of the flow barrier shown in
map view in figure 5; this cross section extends along column 2, from row 3 to
1. As in figure 5a, figure 6a represents the system unaffected by any flow
barrier, figure 6b shows the effect of the barrier placed on the nearest cell
wall, and figure 6c shows the effect of the barrier when assigning reduced
transmissivity to the cells with a barrier present in it. It is seen (fig.6)
that when branch conductance is reduced only at the nearest cell wall, ground-
water flow is not impeded from cell (2,2) to cell (3,2). Without the flow
barrier modification, flow would be impeded also between these cells.

The new flow barrier package thus allows the simulation of the effects of
a barrier by altering only the cell walls nearest to it, rather than having to
change either the hydraulic conductivity or the transmissivity of the cell
itself. This package is similar to that of P. A. Hsieh (U.S. Geological
Survey, written commun., 1986). The package first reads in the number of cell
walls that will have their branch conductances reduced. The number of
barriers for each layer, a master or global factor for reducing conductances
for all barriers on that layer, and the cell and forward cell and factor are
then read. Branch conductances, calculated by the standard method, then are
reduced by the factor that is read in for each cell wall. The package is like
the canyon cutter package except, rather than setting a branch conductance to
zero, it multiplies the branch conductance by a specified factor. (Note, this
factor also can be greater than 1.0 so that branch conductance can be
Increased at a specified cell wall.) The flow barrier and canyon cutter are
separate packages because the canyon cutter must write a signal (an
identifier) into the boundary array for each branch conductance that it sets
to zero for the block-centered-flow package to read in order to account for
zero conductances in the cell-cancelling check (described later).

10
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Isolation of Cells

The Modular Model checks whether each cell has at least one adjacent
lateral cell that is either an active or a constant-head cell; if it finds a
cell that has none, it cancels this cell from the model calculations to avoid
abnormal termination of the simulation. However, it was found that, for the
Columbia Plateau RASA flow model, the condition "zerodivide" often occurred
(and stopped the solver: strongly implicit procedure) during the early stages
of the calibration process when using initial estimates of geometry and
hydraulic properties. This condition occurs if two active cells become
isolated laterally from the rest of their layer by inactive cells, as the
diagram below shows.

I IN IN IN : IN
w1 : N : AC :  AC I
M2 : N : N : W W
""" i e a3

IN Inactive cell
AC Active cell

This condition sometimes occurred, even when the model was almost calibrated,

whenever the standard check for no adjacent cell was used. (A further change

that prevents this condition is discussed later in the final paragraph of this
section.)

To alleviate this numerical problem, the block-centered-flow package was
modified to permit the user to specify cancelling each cell if it has either
no or only one adjacent lateral cell that is either a constant-head or an
active cell. This allows the user to choose only one cell during the early
part of model calibration, when numerical errors are most likely to occur
because initial estimates of the hydraulic characteristics and geometry of the
system (and iteration parameters) are being used. This does not imply
necessarily that the initial estimates are poor. The model simply may not be
able to numerically deal with large variations in hydraulic characteristics or
geometry. The variable defining the requisite number of adjacent cells is
constrained to be either zero or one, preventing erroneous specification of an
impossible condition. (If a negative number of cells were chosen, no cells,
not even one fully isolated, would be cancelled; if more than one adjacent
cell were specified, every cell in the model would be cancelled.) This
modification also needs to check the boundary array to find whether the canyon
cutter has set a branch conductance to zero, so that lateral flow cannot
occur; not only must the adjacent cell be a constant-head or an active cell,
but the branch conductance to it must be able to transmit flow.

Last, the modified solver, strongly implicit procedure, checks each cell

to find whether the condition "zerodivide" will occur; if it will, the solver
cancels the cell, writes its address, and stops.

13



Budget

The Modular Model has been modified to calculate the hydrologic budget
between layers and to write the boundary array (where dry cells have been set
to zero) and other necessary information that could be used in post-processing
programs. The flow at each constant-head, drain, river, well, and general-
head-boundary cell always is printed, to a separate file. These changes
affect all packages of the Modular Model, except the strongly implicit
procedure package.

Convergent Grid

The Modular Model requires a grid of rectangular coordinates defined by
rows and columns; it cannot account for a latitude-longitude-based grid system
that converges along meridional lines. The Columbia Plateau RASA ground-water
model uses such a convergent grid; it has a row-spacing of 2 minutes of
longitude and a column-spacing of 2.5 minutes of latitude. Between the limits
of 44" 52.5' and 48' latitude, the maximum rate of convergence of the row-
spacing per row is 0.082 percent; the column-spacing also converges, but at a
much smaller rate (maximum rate of 0.0033 percent). The convergence at
46' 25', near the center of the model, is shown in figure 7.

In the Modular Model, the arrays that describe the row-spacing and column-
spacing are single-subscripted. The row-spacing is dimensioned at the maximum
number of columns--the column-spacing at the maximum number of rows. Thus, in
order to account for the convergent grid used in the model, the Modular Model
was modified so that both the row- and column-spacings have double subscripts;
both spacings are dimensioned at the maximum number of columns and of rows.
This modification is not recommended for other users.

The following describes the potential errors in using the convergent grid
in the Columbia Plateau RASA ground-water model. The rate of convergence of
the grid system was 4.4x10 ¢ ft/ft, or about 6.7 ft per cell length of about
15,195 ft. The spacing along latitude lines also varied due to map projection
errors in going from geographic to Lambert x,y coordinates. However, the
maximum rate of this variation was only 5.8x10 ® ft/ft, or about 0.5 ft per
cell width of about 8,550 ft, and will not be discussed further.

Given a row of cells (fig. 4 and fig. 25 in McDonald and Harbaugh, 1988),
such that the flow 9 1.1/2 k into cell 14k from the left equals the flow
9 9 i Out of the’éelf to the right. ’iﬁ this case, the finite-difference
eqﬁétién'can be written using McDonald and Harbaugh's (1988) equations 32 and

41 as follows, suppressing the subscripts i and k,

2AcTR, TR 2Ac’TR, TR

J-1773 vl
(h -h,)) = = ¢h
TRy )BT TRAT, 71 T TR Ar, 1+ TR, AT,

PR RG>

where 1 is the row index;
j is the column index;
TR is the transmissivity in the row direction;
Ac is the column length at the left face 1i,j-1/2,k of cell i;
Ac’ is the column length at the right face i,j+1/2,k of cell {i;
Ar is the row length; and
h is the head at the appropriate cell.

14
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Simplifying assumptions used in writing the above equation are: (1) the row
of cells lie on or nearly on a flow path, such that lateral flow into the
cells along the column direction is small, (2) the vertical hydraulic
conductivity and gradient both are small enough that flow through the bottom
of the cells can be neglected, and (3) flow through the top of the cells
(either recharge or case (2) above) is small enough that it can be neglected.
These assumptions, which generally will maximize errors, will be discussed
later. One then can isolate the Ac and Ac’' term on the left-hand side of
equation 3, yielding,

Ac (h

) 1 -h) TRj+1 (TR, ,Ar, + TR,Ar
Ac’ (

i+ 3-187y * TRyAry )
-h) TR

hj—l

j.1 CIRyAT TR )

3+41°%5

where Ac/Ac’' equals either 1.0008, or 0.9992, depending on whether the

meridians converge to the right or the left. For the limiting case, where TR,

= TRj_ = TR RE and noting that Ar,6 = Ar 1= Ax 1’ the simple expression

that tﬁe ratio of lateral gradients glong éhe row éf cells is equal to Ac/Ac’

is arrived at,

Ac  _ (hj+1 } hj)
’ -

Ac (hj-l h,)

&)
b

For a non-convergent grid (Ac = Ac’), the gradients into and out of a cell
must be equal when transmissivity is a constant. Thus, for the limiting case
of equation 5, the gradient (and flux) into a cell for the Columbia Plateau
would be about 0.08 percent greater or less than that under using a non-
convergent grid. The total convergence from the first to the last column in
the Columbia Plateau RASA model is about 500 ft over about 216 miles, or about
a 6-percent total convergence or total change in Ac (potential error over such
a flow path).

The 0.08-percent error can be related alternatively to a flux error for a
typical cell. Defining Ac, = Ac’ + e, and noting that Ar, = Ar 1 Ar 1’
allows equation 3 to be written as follows, again suppres;ing tﬂe subscltpts i
and k,

TRyTRy 11 TRyTR,
Gyarze " 200 TR A Mty (20 TRy A Cya Tty O

Let TR, = TR, . = 3.85x10 2 ft2/s (the calculated median transmissivity of all
model Aells,jzs reported in Hansen and others, 1993), Ac = 8,550 ft, e = 6.7
ft, and Ar = 15,195 ft. Consider two cases in which Ah = h - h, equals
either 200 ft or 10 ft. The terms on the right-hand side o}+%quation 6 are

= 4.3333 ft3/s + 3.4x10 3 ft3/s, for Ah = 200 ft,

q
i+1/2 0.2167 ft3/s + 1.7x10 ¢ £t3/s, for Ah = 10 ft.

935+1/2
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The e (convergent grid error) term is thus three orders of magnitude smaller
than the estimated flux using a median transmissivity value under observed
ranges in hydraulic gradients. The information presented above for the row of
cells under the three assumptions indicates that model error would be small
for the rate of convergence in the Columbia Plateau grid system.

McDonald and Harbaugh’s (1988) equation 23 includes all terms for writing
the finite-difference equation for a cell without the previously described
assumptions. As iIn the case considered above, the convergence of the
meridians would result in about a 0.08-percent error in some the conductances
CR. It is apparent that the relative potential errors in gridded thickness
values (which range from about 30 £t to more than 12,000 ft), in estimates of
recharge (1 to 26 ft3/s per cell), and in describing hydraulic head are much
larger than the error due to the convergent grid. Indeed, the convergent grid
errors are several orders of magnitude smaller than the other natural errors.

Basic and Block-Centered Flow Packages

In the basic package of the Modular Model, a value is read that will be
placed at each inactive cell; in the modified model, the read statement has
been deleted (all head values at inactive cells are set to zero) because, if a
large value were read:

1. Graphics produced by selected software might be distorted, and

2. Selected programs would be affected:
a. subroutine USCMP would scale the head at active cells too small to
be discerned, and
b. post-processors would not work.

Because of numerical instability, the hydrologic system of the RASA
project could not be modeled unless a constant was added to the observed
starting head at each active cell. For each layer: a constant is read and
added to each active cell, the head is set to zero at each inactive cell, and
the input head is retained at each constant-head cell,

In the block-centered flow package of the Modular Model, when a cell is
cancelled, the head at the cell is set to a large value; in the modified
model, it is set to zero because of the two reasons listed above in the
discussion of the basic package.

Solvers
The slice-successive-overrelaxation procedure has been eliminated from the
modified model. In the strongly implicit procedure package, a constant to

test for zerodivide or underflow is read; the head change, and the address
thereof, is written at each iteration.
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Additionally, the modification to account for aquifer pinchouts (the
partial-layer modifications described previously) required changes in the SIP
package. These changes do not affect the actual mathematics of the numerical
procedure. The effects of missing layers on matrix formulation are described
below by first discussing row and column effects and then layer effects. It
will be shown that most effects are similar to defining a cell as inactive.

First, for row and column effects, if an internal cell is identified as
inactive (and missing), then the conductances between it and the four adjacent
cells in that layer are set to zero so that no lateral flow is allowed to the
inactive-missing cell. For the case of a cell with the standard definition of
inactive, no lateral flow implies that it is impermeable, and for the case of
a cell defined as inactive-missing, the underlying assumption is based on the
concept that, given typical cell sizes (especially that used for the Columbia
Plateau model), most flow in the vicinity of a pinchout moves vertically.
With appropriate row-column conductances set to zero, the solution matrix is
identical to that defining an intervening cell as inactive. For example, if
cell 1,3,2 in McDonald and Harbaugh’'s (1988) figure 48 is set as inactive-
ﬁissing, all terms along the matrix row for that cell are zero. Similarly,
the term H 1,3,2 for cell 2,3,2 would be zero, as would F 1,2,2 for cell
1,2,2. As another example of row-column effects, given a grid of two rows,
two columns, and three layers (fig. 8), one can write the matrix for solution
of the ground-water flow equations on the basis of McDonald and Harbaugh's
(1988) notation and equations 23, 79, and 80; this matrix is shown in figure
9a. If cell 1,1,2 is inactive, then all terms along the matrix row for cell
1,1,2 are set to zero, and the corresponding row-column terms (D 1,2,2 and B
2,1,2) for the adjacent cells also are set to zero (fig. 9b). The numerical
implementation of row-column effects for partial layers in SIP thus is the
same as that for cells with the standard definition of inactive.

Layer effects of Inactive cells also are shown in figure 9b, where S 1,1,1
and Z 1,1,3 would be set to zero if cell 1,1,2 were defined as inactive. For
the case where cell 1,1,2 is both inactive and missing, vertical flow is
allowed between cells 1,1,1 and 1,1,3. In this case, the S and Z terms are
nonzero and would be set as off-diagonal symmetric terms, as shown in figure
9¢c. These terms reside on diagonals that normally are zero. In order to
preserve the banded structure of the matrix with seven nonzero diagonals,
these terms are put in the standard S and Z diagonal locations; the true
locations are transparent to the standard SIP. However, in order to know the
proper (true) location of the S and Z terms for calculating the elements in
the matrices [L] and [U] (McDonald and Harbaugh, 1988, equations 97a-m and
equation 100), the subroutine SIP1AP of the SIP package has been modified in
two locations. These modifications identify the one-dimensional subscripts
NLL and NLN, of the index of two adjacent cells; NLL refers to the last layer
in the same vertical column; NLN refers to the next layer. Because neither
the last nor the next layer is required to be only one layer from the current
cell, the changes search for the first active cell, behind and forward,
respectively, in the same vertical column in order to establish the values of
NLL and NLN needed to place the correct conductances in the S and Z terms.
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Figure 8.--Grid with two rows, two columns, and three layers,
showing cell-numbering scheme using three (i,j,k) indices.
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Model OQutput

Output of the modified model differs from that of the Modular Model; most
of the changes are additions. The budget output has been changed to an E
format in order to allow for easier assessment of output and for more
efficient sorting using external programs, statistical software, and operating
system commands. The scaled-output mapper is a standard tool developed in the
late 1970’s by the Water Resources Division’s Washington District; the mapper
allows for an improved visual assessment of the model input and output. The
mapper has been added, as one more option, to the subroutine that prints a
one-layer array.

In a model run, the results of successive iterations may oscillate or
diverge, or a block of cells may go dry due to numerical instability. In such
cases, printing the head change at the end of each iteration lets the
investigator consider terminating the run prematurely. Listing of dry-or-
cancelled cells to a separate file, rather than to the main printout, allows
the investigator to see them more easily for analysis. For the same reason,
the flow at individual cells (as for the drain, general-head-boundary, river,
and well packages) is listed in a separate file.
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DOCUMENTATION OF MODIFIED MAIN PROGRAM AND PACKAGE SUBROUTINES

The following section documents the main program and the subroutines that
have been modified and the new packages, flow barrier and canyon cutter, in
the Columbia Plateau RASA flow model.

Main Program Package

When calling subroutines in the Allocate Procedure, BAR1AL and CUT1AL are
called after BCF2AL. In the Read and Prepare Procedure, BARIRP and CUT1RP are
called after BCF2RP. In the Formulate Procedure, BARIMD and CUTIMD are called
after BCF2FM. The hydrologic budget is printed at the end of the iteration
equal to the difference between the maximum number of iterations and the
number of iteration parameters.

Narrative for Main Program

1. The packages’ input and output unit numbers have been changed to discard
the slice-successive overrelaxation and to add the flow barrier and canyon
cutter packages.

Unit Package Action
11 Slice-successive overrelaxation Deleted
13 Flow barrier Added
14 Canyon cutter Added

[\

. Set length of master array (equal to its dimension) to store data arrays
and lists.
Define problem: grid, stress periods, packages, and options.
Allocate space in master array for data arrays and lists.
If size of problem 1is too large for master array, stop.
. Read and prepare information for entire simulation.
. Simulate each stress period:
Read time of each period.
Read and prepare information that might change each period.
Simulate each time step:
Read output for each step.
Calculate step length, advance time, and store last step’s heads.
Iteratively solve equations:
Formulate equations and approximate solution.
If converged to solution, out of iterative loop.
Test whether to calculate and write budget.
Calculate and write budget at each specified period.
Print results of each specified period.
If not converged to solution, out of stress period loop.

.

.

NowVv s Ww
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Flow Barrier Package

The flow barrier package contains three subroutines: BARIAL, BAR1RP, and

BARIMD. BARIAL allocates space for the flow barrier package; it is grouped in
the Allocate Procedures of McDonald and Harbaugh (1988). BAR1RP is part of
the Read and Prepare Procedures; it reads the number of flow barriers for each
layer, a master factor by which to multiply all barriers, the row- and column-
address of the cells on each side of each barrier, and the factor by which to
multiply the branch conductance of that cell wall.

SNV P WNBE

W N =

6.

Narrative for Subroutine BARIAL

Read maximum number of flow barriers.
Allocate space for flow barriers.
Calculate number of elements in X array allocated by this package.

. Calculate number of elements in X array allocated.
. Write number of elements in X array allocated and size of X array.

If number of elements in X array allocated exceeds size of X array, write
error message.

Narrative for Subroutine BARIRP

. Read and initialize.
. For each layer, read number of flow barriers.
. Read master factor (for all flow barriers):

If not positive, set to default: 1.
Initialize counter for flow-barrier array.

. For each layer:

If there are flow barriers, process.
For each flow barrier:

Advance counter for flow-barrier array.

Read row- and column-address of cells on opposite sides of flow
barrier and factor.

(Either row-addresses are equal and second column-address equals
(first + 1), or second row-address equals (first + 1) and
column-addresses are equal.)

Multiply factor by master factor.

Store addresses and factor in flow-barrier array.

Set flags opposite to layer-type code for constant-transmissivity
(to 1 and 3) and call subroutine BARIMD to modify branch conductance
for constant-transmissivity layers before iterative loop.

7. Set flags opposite to layer-type code for variable-transmissivity

(to 0 and 2) to modify branch conductance for variable-transmissivity
layers during iterations.
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Narrative for Subroutine BAR1IMD

1. Modify branch conductance to account for flow barrier.
2. Initialize counter for flow-barrier array.
3. For each layer:
If layer-type code 1s not equal to either flag, process.
(Constant-transmissivity layers will be processed before iterative
loop; variable-transmissivity layers during iterations.)
If there are flow barriers, process.
For each flow barrier:
Advance counter for flow-barrier array.
Get cell addresses and factor from flow-barrier array.
If column-addresses are unequal, multiply row-branch conductance
by factor; otherwise, multiply column-branch conductance by
factor.

Block-Centered-Flow Package

Seven subroutines in the block-centered-flow package have been modified:
BCF2AL, SBCF2B, BCF2FM, SBCF2N, SBCF2F, BCF2RP, and SBCF2H; two subroutines
have been added: SBCANC and SBCF1K.

BCF2AL reads, and constrains to either zero or one, the required number of
active adjacent cells to cancel a cell. SBCF2B finds the first active ceil
below, when calculating the flow in the vertical direction through the lower
face of each cell. BCF2FM finds the first active cell both above and below,
when correcting for vertical flow downward into a partially saturated cell.
SBCF2N finds the first active cell above, when it checks whether each active
cell can flow to at least one cell. SBCF2F finds the first active cell above,
when calculating flow through the upper face of each constant-head cell; to
calculate flow through the lower face, it finds the first active cell below.
BCF2RP calls subroutine SBCF2N. SBCF2H finds the first active cell above, to
set its vertical conductance to zero; it calls subroutine SBCANC.

SBCANC checks that each active cell can flow to enough adjacent cells that
the solver (strongly implicit procedure) neither zerodivides nor underflows.
SBCF1K calculates vertical flow through the bottom and top cell walls; it sums
this flow by layer.

Narrative for Subroutine BCF2AL

. Read flags and parameters.
. Constrain required number of active neighbors to either 0 or 1.
. Stop if maximum number of layers exceeds 80.
. Read layer type.
Initialize top and bottom counters.
For each layer:
Stop if any other than top is unconfined.
If unconfined or fully convertible, advance bottom counter.
If convertible (partly or fully), advance top counter.

AUV
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. Allocate space:

Store number of elements allocated previously.
If transient: for primary and secondary storage capacity.
For anisotropy, bottom, hydraulic conductivity, and top.

. Calculate number of elements in X array allocated by this package.
. Calculate number of elements in X array allocated.

10.
11.

12.

w N

w

Write number of elements in X array allocated and size of X array.
If number of elements iIn X array allocated exceeds size of X array,
write error message.

Narrative for Subroutine SBCF2B

Calculate flow through each forward cell wall.

If more than one column, calculate flow through right wall.
Clear array.

If cell-by-cell flow option chosen, call subroutine UBUDSV.
If more than one row, calculate flow through front wall.

. Clear array.

If cell-by-cell flow option chosen, call subroutine UBUDSV.
If more than one layer, calculate flow through lower wall.

. Clear array.

Initialize top counter.

. Except for bottom layer:

If convertible, advance top counter.
If variable-head:
Find first active cell below.
If convertible, advance top counter.
If convertible, use maximum of head and top.
If cell-by-cell flow option chosen, call subroutine UBUDSV.

Narrative for Subroutine BCF2FM

. Formulate equations.

Initialize top and bottom counters.

. For each layer:

If convertible, advance top counter.
If unconfined or fully convertible, advance bottom counter and
calculate transmissivity from hydraulic conductivity.
If transient, add storage to equations:
Initialize top counter.
For each layer:

If non-convertible, use primary storage coefficient.

If convertible, check both previous and current head versus
top to find whether to use primary or secondary storage
coefficient (primary if head > top; secondary if not).

Advance top counter,

. Initialize top counter.
. Find whether to correct for vertical flow down into partly saturated

layer.
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7. For each layer:
If convertible, find whether to correct for leakage from above.
Advance top counter.
Except for top layer:
If head below top:
Find first active cell above:
Add correction term to RHS.
Except for bottom layer:
Find whether to correct for leakage downward.
Find first active cell below:
If its head below its top, add correction term to RHS.

Narrative for Subroutine SBCF2N

1. Check data.
2. Initialize bottom counter.
3. For each layer:
If unconfined or fully convertible, advance bottom counter.
If cell is out of model, set vertical leakance, transmissivity, and
hydraulic conductivity to zero.
. Assure that each active cell can flow to at least one cell.
Initialize bottom counter.
. For each layer:
If confined or fully convertible, check vertical leakance and
transmissivity.
Except for top layer, find first active cell above.
If active cell cannot flow to at least one cell, convert it to
inactive and write its address.
If unconfined or partly convertible, check vertical leakance and
hydraulic conductivity.
Advance bottom counter.
Except for top layer, find first active cell above.
If active cell cannot flow to at least one cell, convert it to
inactive and write its address.
7. For each layer:
If confined or partly convertible, calculate branch conductances.
8. If more than one layer:
Except for bottom layer:
Calculate vertical conductance from vertical leakance and area.
9. If transient:
Initialize top counter.
For each layer:
Calculate primary storage capacity from primary storage
coefficient and area,.
If convertible:
Advance top counter.
Calculate secondary storage capacity from secondary
storage coefficient and area.

[ QLS ¥
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Narrative for Subroutine SBCF2F

. Calculate flow from constant-head cells.
Initialize accumulators for flow into and out of model.
Clear array.
Initialize top counter.
For each layer:
If convertible, advance top counter.
For each constant-head cell:
Calculate flow through each cell wall with variable-head
cell on other side.
Set index for constant-head budget sets.
Initialize fields for flow.
Except for first column:
Calculate flow through left wall and accumulate flow
into or out of model.
Except for last column:
Calculate flow through right wall and accumulate flow
into or out of model.
Except for first row:
Calculate flow through back wall and accumulate flow
into or out of model.
Except for last row:
Calculate flow through front wall and accumulate flow
into or out of model.
Except for top layer, find first active cell above:
If layer convertible, use maximum of head and top.
Calculate flow through upper wall and accumulate flow
into or out of model.
Except for bottom layer, find first active cell below:
If this layer convertible, use maximum of head and top.
Calculate flow through lower wall and accumulate flow
into or out of model.
Sum flow through cell walls.
Accumulate flow into and out of model.
If cell-budget option, write flow.
Store flow in array.
6. Write array.
7. Save flow and labels in table.
8. Advance label counter.

WV W
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Narrative for Subroutine BCF2RP

1. Read and prepare.
2. Read anisotropy by layers, row spacing, and column spacing.
3. Initialize top and bottom counters.
4, For each layer:
Find storage address of each array.
If unconfined or fully convertible, advance bottom counter.
If convertible, advance top counter.
Calculate pointer to part of each array except bottom, hydraulic
conductivity, top, and secondary storage coefficient.
Calculate pointer to part of bottom and hydraulic conductivity.
Calculate pointer to part of top and secondary storage coefficient.
If transient, read primary storage coefficient.
If confined or partly convertible, read transmissivity.
If unconfined or fully convertible, read hydraulic conductivity and
bottom.
Except for bottom layer, read vertical leakance.
If convertible:
If transient, read secondary storage coefficient.
Read top.
5. Call subroutine SBCF2N to check data.

Narrative for Subroutine SBCF2H

1. Calculate transmissivity from saturated thickness and hydraulic
conductivity.

2. For each cell:

If layer convertible and head > top, head = top.

Calculate saturated thickness from head and bottom.

If saturated thickness not positive:
Write cell address.
Set head, transmissivity, and boundary indicator to zero.
Except for bottom layer, set vertical conductivity to zero.
Except for top layer, find first active cell above:

Set that vertical conductivity to zero.

Calculate transmissivity from saturated thickness and hydraulic
conductivity.

3. Call subroutine SBCANC to check that each active cell can flow to enough
adjacent cells that the solver, strongly implicit procedure, neither
zerodivides nor underflows.

4. Calculate branch conductances.
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Narrative for Subroutine SBCANC

1. Initialize counter.
2. For each cell:
For each lateral direction, within limits of array dimension:

If neighbor cell inactive, proceed to next direction.

Set variable to absolute value of value in boundary array:
If direction to rear, set to value for neighbor; if to

front, set to value for cell.

If direction to either back or front, compare variable to
both column-branch and both-branches flags; if to either
left or right, compare it to both row-branch and both-
branches flags. If variable is equal to either, proceed
to next direction.

Advance counter.

If number of active neighbors too few to prevent cell from being
cancelled:

Write cell address, iteration counter, time step counter, and
stress period counter.

Set head, transmissivity, and boundary indicator to zero.

Except for bottom layer, set vertical conductivity to zero.

Narrative for Subroutine SBCF1lK

Calculates flow through bottom and top cell walls and sums it by layer.
If there is more than one layer, process.
Initialize top counter.
. For each layer:
Initialize accumulators of flow in, and out, of top and bottom.
For each other layer, initialize accumulators of flow in, and out,
of top and bottom.
If convertible, advance top counter.
For each cell:
If active:
Except for top layer, find first active cell above.
Accumulate positive flow as flow in; accumulate negative
flow as flow out.
Except for bottom layer, find first active cell below.
Initialize top counter for layers below.
For each layer below, if convertible, advance
top counter.
Accumulate positive flow as flow in; accumulate negative
flow as flow out.
Calculate net flow for top surface, bottom surface, and
entire layer.
For each other layer, write flow in and out.
Write flow in and out.

HLWN =
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Canyon Cutter Package

The canyon cutter package contains four subroutines: CUT1AL, CUTIRP,
CUT1IB, and CUTIMD. CUT1AL allocates space for the canyon cutter package; it
is grouped in the Allocate Procedures of McDonald and Harbaugh (1988). CUTLRP
is part of the Read and Prepare Procedures; it reads the number of canyon
cutters for each layer, and the row- and column-address of the cells on each
side of each cutter. CUT1IB signals the boundary array to account for a
canyon cut through a layer. CUTIMD sets a branch conductance to zero to
account for each canyon cut through each layer.

Narrative for Subroutine CUT1AL

1. Read maximum number of canyon cutters and status-array flags (row-
branch, column-branch, and both branches).

. Allocate space for canyon cutters.

Calculate number of elements in X array allocated by this package.
Calculate number of elements in X array allocated.

. Write number of elements in X array allocated and size of X array.
. If number of elements in X array allocated exceeds size of X array,

write error message.

oV WwWwN

Narrative for Subroutine CUT1IB

1. Sets status-array flags to indicate which branch conductances will be
set to zero to account for canyon cut thru layer.

. Initialize counter for canyon-cutter array.

. For each layer:
If there are canyon cutters, process.
For each canyon cutter:

Advance counter for canyon-cutter array.

Get cell addresses from canyon-cutter array.

If cell active or constant-head, process.

Set constant-head-status flag to 1.

If constant head, set constant-head-status flag to -1 to
preserve minus sign.

Set signed-row-branch flag to product of row-branch flag and
constant-head-status flag.

If column-addresses are unequal, row-branch conductance will be
set to zero; set signed-row-branch flag. Otherwise, column-
branch conductance will be set to zero. If signed-row-branch
flag is not set, set column-branch flag (with proper sign); if
signed-row-branch flag has been set, write both-branches flag
(with proper sign) over it.

w N
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Narrative for Subroutine CUT1RP

. Read and initialize.
. For each layer, read number of canyon cutters.

Initialize counter for canyon-cutter array.

. For each layer:

If there are canyon cutters, process.
For each canyon cutter:

Advance counter for canyon-cutter array.

Read row- and column-address of cells on opposite sides of canyon
cutter.

(Either row-addresses are equal and second column-address equals
(first + 1), or second row-address equals (first + 1) and
column-addresses are equal.)

(If cell has two cutters, read that for row-branch (column-

branch addresses are unequal) first so that subroutine
CUT1IB will see them in correct order.)

Store addresses in canyon-cutter array.

Call subroutine CUT1IB to set status-array flags to indicate which
branch conductances will be set to zero to account for canyon cut
thru layer.

Set flags opposite to layer-type code for constant-transmissivity
(to 1 and 3) and call subroutine CUT1MD to set branch conductance to
zero for constant-transmissivity layers before iterative loop.

Set flags opposite to layer-type code for variable-transmissivity
(to 0 and 2) to set branch conductance to zero for variable-
transmissivity layers during iterations.

Narrative for Subroutine CUT1MD

. Set branch conductance to zero to account for canyon cut thru layer.

Initialize counter for canyon-cutter array.

. For each layer:

If layer-type code is not equal to either flag, process.
(Constant-transmissivity layers will be processed before iterative
loop; variable-transmissivity layers during iterations.)
If there are canyon cutters, process.
For each canyon cutter:
Advance counter for canyon-cutter array.
Get cell addresses from canyon-cutter array.
If column-addresses are unequal, set row-branch conductance to
zero; otherwise, set column-branch conductance to zero.
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Strongly Implicit Procedure Package

Two subroutines of the strongly implicit procedure package have changes:
SIP2AP and SSIP2I. SIP2AP has many changes. To assign variables to the
adjacent cell in layers behind, the first active cell behind must be found; to
assign variables to the adjacent cell in layers ahead, the first active cell
ahead must be found. After calculating the components of the upper and lower
triangular matrices, if the absolute value of the diagonal from the lower
factor is less than the test for zerodivide or underflow, its address is
written, and the program stops. Calculating the subscripts for neighbors and
conductance to them requires finding the first active cell in layers behind.
Before returning to the main program, the largest value of head change, 1its
cell address, and the sum of the absolute values of head change are written.
SSIP2I has one change: when finding the conductance from each cell to the
cell in layers behind, the first active cell behind must be found.

Narrative for Subroutine SIP2AP

Solve by strongly implicit procedure.
At start of run, find whether to calculate seed and iteration parameters.
. Assign constants for each iteration.
Initialize head-change trackers and work arrays.
. Set normal-or-reverse equation orderer and calculate indices dependent on
ordering.
Calculate intermediate vector with forward substitution.
. For each cell:
Set cell-location indices, calculate subscript, and skip calculations
if inactive or constant head.
Calculate subscripts (dependent on ordering) for neighbors and
. conductance to them.
Except for first row, assign variables to matrices one row behind.
Except for last row, assign variables to matrices one row ahead.
Except for first column, assign variables to matrices one column
behind.
Except for last column, assign variables to matrices one column ahead.
Except for top layer, assign variables to first active cell in layers
behind.
Except for bottom layer, assign variables to first active cell in
layers ahead.
Calculate negative sum of conductances to all neighbors.
Calculate components of upper and lower matrices.
If absolute value of diagonal from lower factor is less than test
for zerodivide or underflow, write its address, and stop.
Calculate residual.
Calculate intermediate vector.
8. Solve head change by back substitution.
9. For each cell:
Set cell-location indices, calculate subscript, and skip calculations
if Inactive or constant head.
Calculate subscripts (dependent on ordering) for neighbors and
conductance to them (requires finding first active cell in
layers behind).

VW=

~N N
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Back substitute; store head change in place of iIntermediate vector
from forward substitution.

If largest absolute value of head change in grid so far,
save head change, its absolute value, and its cell address.

Get new estimate of head by adding this head change to head from
previous iteration.

10. Write largest value of head change, its cell address, and sum of
absolute value of head changes.

Narrative for Subroutine SSIP21

1. Calculates seed and iteration parameters.
2. Calculate constants and initialize variables.
3. For each cell:
If active, calculate seed:
Get conductance to neighbors:
Except for first column, one column behind.
Except for last column, one column ahead.
Except for first row, one row behind.
Except for last row, one row ahead.
Except for top layer, find first active cell in layers behind.
Except for bottom layer, one layer ahead.
Find maximum and minimum of conductances in each of the coordinate
directions.
Calculate seed in each coordinate direction.
Cell seed is minimum of these; grid seed is minimum cell seed.
Accumulate cell seed.
4. Calculate average cell seed.
5. Calculate iteration parameters from average cell seed.

Utility Module

UL2PRW is the only modified subroutine in the utility package; it has two
changes. If the format code is less than one, or greater than thirteen, it is
set to thirteen. If the format code is thirteen, UL2PRW calls USCMP, and
returns control to the package that called it. There are two new subroutines:
UWRIB and USCMP. UWRIB writes the boundary array, where value at each dry
cell has been set to zero, to a separate file. USCMP writes a map of a real
array.

Narrative for Subroutine UL2PRW

. Print header.

If format code is less than 1, or greater than 13, set it to 13.
If format code is 13, call USCMP, and return.

. Call UCOLNO to print column numbers.

. Print each row with appropriate format code.

v WA
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Narrative for Subroutine USCMP

Write map of real array.
Set two constants: first to ten thousand, second to one thousand.
Initialize largest absolute value in array.
. Find largest absolute value in array.
Scale array so largest absolute value has four digits.
Set scaler to one.
. If largest absolute value equals zero, write that and return.
Scale array until largest absolute value has four digits.
If largest absolute value is less than one thousand:
Multiply both scaler and largest absolute value by ten;
return to test.
If largest absolute value equals one thousand, it has four
digits; continue.
If largest absolute value is greater than one thousand and less
than ten thousand, it has four digits; continue.
If largest absolute value is greater than or equals ten thousand:
Divide both scaler and largest absolute value by ten;
return to test.
Largest absolute value In array has four digits.
9. Calculate reciprocal of scaler, and set left column to one and right
column to twenty-five.
10. Write map, less than twenty-six columns wide.
Write title, layer number, and reciprocal.
Set right column to smaller of right column and number of model
columns.
Write column numbers across top of map.
For each row:
Initialize counter for integer array of scaled numbers.
For each column to be written:
Advance counter for integer array.
Set signed scaled number into integer array.
Write integer array, with row number to both left and right.
Write column numbers across bottom of map.
Advance left column by twenty-five.
If left column is less than or equals number of model columns,
write map of next set of columns.

.

oUW

Narrative for Subroutine UWRIB

1. Writes formatted boundary array to separate file, where value at each
dry cell has been set to zero.
2. For each layer:
For each row:
For each column, write wvalue in boundary array, on format
(4013).
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t ew Variable Na n

For each new variable, the definition is given. Unless stated otherwise,
each new variable is in both the block-centered-flow and strongly implicit
procedure packages. Some of these variables also are listed in the following
section, "List of variable names in new packages."

DLAB

FALL

KAH

KBE

KL

KLM1

KLO

KTLO

MBH

MBTH

MBUD1

MBUDHD

MCANC

MCCL

MCRW

MFIR

Definition

In basic package, constant added to each input head of layer, at each
variable-head cell. Head is set to zero at each inactive cell; input
head 1is retained at each constant-head cell.

Absolute value of DL, in strongly implicit procedure package.

Master factor for several packages: for each yield in well package;
and for each conductance in drain, general head boundary, and river

packages.

Index for each layer in search for first active layer ahead, in
strongly implicit procedure package.

Index for each layer in search for first active layer behind, in
strongly implicit procedure package.

Index for layers in search for first active cell vertically.
NLAY-1 (number of layers minus one).

Index for each layer in search for first active cell below.

Index for top of each layer in search for first active cell below.

Index for each layer in search for first active cell above.

Same as MBUDHD, in block-centered-flow, drain, general head boundary,
river, and well packages.

In block-centered-flow package, flag that both branch conductances
have been set to zero.

MXITER-NPARM (flag to write budget at this iteration).
Flag to test whether to write budget at this iteration.

In block-centered-flow package, maximum number of active neighbors
that a cell needs to be cancelled (set as inactive).

In block-centered-flow package, flag that column-branch conductance
has been set to zero.

In block-centered-flow package, flag that row-branch conductance has
been set to zero.

In basic package, initial index to add CNSTNT to input heads.

35



MLAS

NCNR

NDSM1

SMCHK

TINY

BARCOM

BRRR

CTTR

CUTCOM

FALL

FCTR

I

IPl

JP1

KBR1

KBR2

KCT1

KCT2

LAYBAR

LAYCUT

In basic package, final index to add CNSTNT to input heads.
NCOL*NROW (number of cells in layer).

NCOL*¥NROWXKLM1 (number of cells in (number of layers minus one)).
In strongly implicit procedure package, accumulates head change.

In strongly implicit procedure package, test for zerodivide or
underflow.

List of New Variable Names in New Packages

Labelled common to hold number of flow barriers in each layer.
Array to hold node, forward node, and factor for each flow barrier.
Array to hold node and forward node for each canyon cutter.
Labelled common to hold number of canyon cutters in each layer.
Master factor for every flow barrier.

Factor for each flow barrier.

In flow barrier package, row-address of node behind barrier; in canyon
cutter package, row-address of node behind cutter.

In flow barrier package, row-address of node ahead of barrier; in
canyon cutter package, row-address of node ahead of cutter.

In flow barrier package, column-address of node behind barrier; in
canyon cutter package, column-address of node behind cutter.

In flow barrier package, column-address of node ahead of barrier; in
canyon cutter package, column-address of node behind cutter.

In flow barrier package, first of two signals set opposite to layer-
type code.

In flow barrier package, second of two signals set opposite to layer-
type code.

In canyon cutter package, first of two signals set opposite to layer-
type code.

In canyon cutter package, second of two signals set opposite to layer-
type code.

Number of flow barriers in each layer.

Number of canyon cutters in each layer.
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LBAR

LCUT

LMNTS

MBTH

MCCL

MCRW

MXBAR

MXCUT

NMBR

NP

NPCRW

Location in X array of list of flow barrier data.

Location in X array of list of canyon cutter data.

In flow barrier package, number of words in X array allocated by
package; in canyon cutter package, number of words in X array
allocated by package.

Flag that both branch conductances have been set to zero.

Flag that column-branch conductance has been set to zero.

Flag that row-branch conductance has been set to zero.

Maximum number of flow barriers.

Maximum number of canyon cutters.

In flow barrier package, index for barriers; in canyon cutter package,
index for cutters.

Flag to preserve minus sign for constant-head cells.

MCRW*NP (signed-row-branch flag).
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INPUT INSTRUCTIONS CHANGES IN OLD PACKAGES

In BAS2DF, do not read input number for slice-successive overrelaxation
package; read input numbers for flow-barrier and canyon-cutter packages.

BAS2DF
4. Data: IUNIT(24)
Format: 2413
(BCF WEL DRN RIV EVT XXX GHB RCH SIP XXX XXX OC BAR CUT)

In BAS2RP, do not read value to be printed at no-flow cells between boundary
array and starting heads; after starting heads: for each layer, read a
constant (CNSTNT) to add to the head at each variable-head cell.

BAS2RP
6. Data: IBOUND(NCOL,NROW)
Module: U2DINT
(One array for each layer in grid)

7. Data: Shead (NCOL, NROW)
Module: U2DREL
(One array for each layer in grid)

8. Data: CNSTNT(NLAY) (Maximum of 80 layers)
Format: 10F10.0

In BCF2AL, read maximum number of active neighbors (MCANC) that a cell needs
to be cancelled (set as inactive).
1. Data: Iss IBCFCB MCANC

Format: Il0 I10 110

In DRN1RP, GHB1RP, RIV1RP, and WEL1RP, read a master factor (FALL) after
(number of drains, head bounds, reaches, or wells)(or flag to reuse data).
2. Data: ITMP

Format: I10

3. Data: FALL
Format: F10.0

4. Data: Layer Row Col
Format: Il0 Il0 110

In SIP1RP, read test (TINY) for zerodivide or underflow.
2. Data: ACCL HCLOSE IPCALC WSEED IPRSIP TINY
Format: F10.0 Fl10.0 I10 F10.0 I10 F10.0

In U2DINT and U2DREL, do not read an unformatted dummy record before an
unformatted array.
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INPUT INSTRUCTIONS FOR NEW PACKAGES

In BAR1AL, read maximum number (MXBAR) of barriers.

In BAR1RP, read number of barriers (LAYBAR) in each layer, a master factor
(FALL) for reducing branch conductances, and for each barrier: addresses of
cell (I & J) and forward cell (IP1 & JPl), and factor (FCTR).

BAR1AL

1. Data: MXBAR
Format: Il0

BARIRP

2. Data: LAYBAR(NLAY) (Maximum of 80 layers)
Format: 10F10.0

3. Data: FALL
Format: F10.0

4., Data: I J Irl JP1l FCTR
Format: I1l0 I10 I10 I10 F10.0

In CUT1AL, read maximum number (MXCUT) of cutters, and three flags that branch
conductances have been set to zero: row-branch (MCRW), column-branch (MCCL),
and both branches (MBTH). These flags are unique integers, such as 98, 120,
etc., that are written into the boundary array for later checking by the
block-centered-flow package.

In CUT1RP, read number of cutters (LAYCUT) in each layer, and for each cutter:
addresses of cell (I & J) and forward cell (IPl & JPl).

CUT1AL
1. Data: MXCUT MCRW MCCL MBTH
Format: Il0 I10 I10 I10
CUT1RP

2. Data: LAYCUT(NLAY) (Maximum of 80 layers)
Format: 10I10

3. Data: I J IP1 JP1
Format: I10 I10 I10 I10
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