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A MODULAR THREE-DIMENSIONAL FINITE-DIFFERENCE GROUND-WATER FLOW MODEL
By Michael G. McDonald and Arlen W. Harbaugh
ABSTRACT

This report presents a finite-difference model and its associated .
modular computer program. The model simulates flow in three dimensions.
The report includes detailed explanations of physical and mathematical
concepts on which the model is based and an explanation of how those concepts
were incorporated in the modular structure of the computer program. The
modular structure consists of a Main Program and a series of highly
independent subroutines called "modules." The modules are grouped into
“packages." Each package deals with a specific feature of the hydrologic
system which is to be simulated, such as flow from rivers or flow into
drains, or with a specific method of solving linear equations which describe
the flow system, such as the Strongly Implicit Procedure or Slice-Successive
Overrelaxation.

The division of the program into modules permits the user to examine
specific hydrologic features of the model independently. This also
facilitates development of additional capabilities because new modules or
packages can be added to the program without modifying the existing modules
or packages. The input and output systems of the computer program are
also designed to permit maximum flexibility.

Ground-water flow within the aquifer is simulated using a block-centered
finite-difference approach. Layers can be simulated as confined, unconfined,
or a combination of confined and unconfined. Flow from external stresses,
such as flow to wells, areal recharge, evapotranspiration, flow to drains,
and flow through riverbeds, can also be simulated. The finite-difference
equations can be solved using either the Strongly Implicit Procedure or
Slice-Successive Overrelaxation.

The program is written in FORTRAN '66 and will run without modification
on most computers which have a FORTRAN '66 compiler. It will also run,
without modification, with most extended FORTRAN '77 compilers and with
minor modifications on standard FORTRAN '77 compilers. Documentation
presented in this report includes a narrative description, a flow chart, a
list of variables, and a program listing for each module.



CHAPTER 1
INTRODUCTION
Purpose
Since their inception, the two- and three-dimensional finite-difference
models of Trescott (1975), and Trescott, Pinder, and Larson (1976) have
been used extensively by the U.S. Geological Survey and others for the
computer simulation of ground-water flow. In many cases, users of these
models have found it necessary to add various options to the original
programs or to modify the programs for assorted reasons. The design of these
prototype models is such that, in most cases, adding options or capabilities
require alterations throughout the original program. The result has been
the creation of a conglomeration of models, each differing in varying
degrees from the original programs. The main objectives in designing a
new ground-water flow model were to produce a program that can be readily
modified, is simple to use and maintain, can be executed on a variety of
computers with minimal changes, and is relatively efficient with respect to

computer memory and execution time. o

The model program documented in this report uses a modular programing
structure wherein similar programing functions are grouped together and
specific computational and hydrologic options are constructed in such a
manner that each option is independent of other options. Because of this
structure, new options can be added without the necessity of changing
existing subroutines. In addition, subroutines pertaining to options that
are not being used can be deleted, thereby reducing the size of the program.

The model may be used for either two- or three-dimensional applications.

Input procedures have been generalized so that each type of model input



data may be stored and read from separate external files. Variable formatting
allows input data arrays to be read in any format without modification to

the program. The type of output that is available has also been generalized
so that the user may select various model output options to suit a particular
need. The program, which is written in FORTRAN '66, has been successfully

run without modification on computers manufactured by IBM, Control Data,

Prime, Amdahl, Digital Equipment, and Cray corporations.}j

The major options that are presently available include procedures to
simulate the effects of wells, recharge, rivers, drains, evapotranspiration,
and general-head boundaries. The solution algorithms available include two
iteration techniques, the Strongly Implicit Procedure (SIP) and the Slice-

Successive Overrelaxation method (SSOR).
Organization of This Report

The purpose of this report is to describe the mathematical concepts used
in this program, the design of the program, and the input needed to use the
program. The program has been divided into a main program and a series of
highly independent subroutines called modules. The modules, in turn, have
been grouped into "packages." A package is a group of modules that deals
with a single aspect of the simulation. For example, the Well Package
simulates the effect of wells, the River Package simulates the effect of
rivers, and the SIP Package solves a system of equations using the Strongly

Implicit Procedure. Most of the packages are options which the user may

Inyse of IBM, Control Data, Prime, Amdahl, Digital Equipment, and Cray
corporations in this report is for identification purposes only and does
not constitute endorsement by the U.S. Geological Survey."
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or may not have occasion to use. Each package is described in a separate
chapter so that the user has to read only about those packages that he intends
to use., Two preliminary chapters describe topics relating to the overall
program; chapter 2 derives the finite-difference equation that is used in

all of the other chapters and chapter 3 describes the overall design of the
program. Chapter 14 describes utility modules used by the packages.

Appendices A-E cover topics relating to the operation of the model.

Chapters 4 through 13 describe individual packages. Description of a
package consists of (1) a section entitled "Conceptualization and Implementation,"
(2) input instructions for the package, (3) sample input, and (4) module
documentation. The Conceptualization and Implemementation section describes
the physical and mathematical concepts used to build the package. For example,
the package that describes the River Package derives an equation which
approximates flow through a riverbed and shows how that equation can be
incorporated into the finite-difference equation. The chapter that describes
the Strongly Implicit Procedure explains a method for solving a system of

linear equations.

Input instructions describe "items" of input. An item is a single record
or a collection of similar records, or an array or a collection of similar
arrays. Each item is numbered. The description of an item which is a
record or group of records contains a line which names the fields contained
in the records and a line showing the format of the fields. The format is
given in standard FORTRAN, The description of an item which fs an array
or a group of arrays contains a line that names the array and a line that
names the utility module which reads the array. Details about the utility
modules are contained in chapter 14, Immediately following the list of
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items is a list of definitions of input fields and arrays. Fields or
arrays which are variables in the program are capitalized; fields or arrays
that are used only in the input instructions are in both upper- and lower-
case letters. A line immediately after an item tells whether it consists
of more than one record or more than one array. Input to each package is
read from a unit number specified by the user in an array named "IUNIT"
(see an explanation of the IUNIT array in the chapter covering the Basic
Package). The element in the IUNIT array that corresponds to a particular
package is listed at the top of the input instructions. The name of the
module which reads each input item is printed in the center of the page

immediately before the first item read by the module.

Utility modules are subroutines which perform tasks for several different
packages. For example, modules U2DREL, U2DINT, and U1DREL read arrays of
values for various packages. Modules ULAPRW and ULAPRS print arrays -of

values. The utility modules are described in chapter 14,

Module documentation consists of a list of modules in the package and
detailed descriptions of each of the modules. The detailed description of a
module contains four documents: (1) a narrative description of the module,
(2) a flow chart of the module, (3) a FORTRAN listing of the module, and
(4) a list of the variable names which are used in the module. For very
simple modules, the flow chart is omitted. The narrative description is a
numbered 1ist of the functions performed by the module showing the order
in which they are performed. The flow chart is a graphic equivalent of
the narrative. The blocks in the flow chart are numbered with the same
numbers used in the narrative so that the two documents can be cross
referenced. An explanation of terms used in the flow chart is contained

5



on the sheet with the flow chart. The program listing contains comments

with numbers corresponding to those used in the flow charts and the narratives.
The fourth record of the listing contains a comment showing the time and day
that the module was last modified. The 1ist of variables shows the name,
range, and definition of every variable used in the module. The range
indicates if the variable is used in only one module--"Module," if it is

used in only one package--"Package," or if it is used in more than one

package--"Global.,"

How to Use This Report

To understand the overall design of this program, read chapters 2 and
3 and "Conceptualization and Implementation" in chapter 4, To understand
the formulation of coefficients representing flow within the aquifer, read
"Conceptualization and Implementation" in chapter 5. To understand how
a particular external source or sink is represented, read the "Conceptualization
and Implementation" section of the corresponding chapter (chapters 6 through
11). To understand how a particular solver works, read "Concéptua]ization
and Implementation" in chapters 12 or 13. To run the program, read the
input instructions for the appropriate packages and read about the utility
modules in chapter 14, To get a deeper understanding of a particular
facet of the program or to modify the program, identify and study the
detailed description of the relevant modules. See the appendjces for a
sample problem, abbreviated input instructions, and computer#%e]ated

\
considerations,



CHAPTER 2
DERIVATION OF THE FINITE-DIFFERENCE EQUATION

Mathematical Model

The three-dimensional movement of ground water of constant density through

porous earth material may be described by the partial-differential equation

9 sh 9 ah d gh oh
— (Kax—] + — [Kyy— |+ —(Kgz— ] - W = Sg=— (1)
ax X y 3y Y 9z ot

where

X, ¥, and z are cartesian coordinates aligned along the major axes of
hydraulic conductivity Kyy,Kyy,Kzz;

h 1is the potentiometric head (L);

W is a volumetric flux per unit volume and represents sources and/or
sinks of water (t-!);

SS is the specific storage of the porous material (L7!); and

t is time (t).

In general, Ss,Kxx,Kyy,KZZ may be functions of space (Sg = Sg(x,y,z), and
Kxx = Kxx(x,y,z), etc.) and h and W may be functions of space and time
(h = h(x,y,z,t), W = W(x,y,z,t)) so that equation 1 describes ground-water

flow under nonequilibrium conditions in a heterogeneous and anisotropic medium,

Equation 1, together with specification of flow and/or head conditions
at the boundaries of an aquifer system and specification of initial-head
conditions, constitutes a mathematical model of ground-water flow. A
solution of equation 1, in an analytical sense, is an algebraic expression

giving h(x,y,z,t) such that, when the derivatives of h with respect to



space and time are substituted into equation 1, the equation and its initial
and boundary conditions are satisfied. A time-varying head distribution

of this nature characterizes the flow system in that it measures both the
energy of flow and the volume of water in storage and can be used to calculate

directions and rates of movement.

Except for very simple systems, analytical solutions of equation 1 are
rarely possible so various numerical methods must be employed to obtain
approximate solutions. One such approach is the finite-difference method
wherein the continuous system described by equation 1 is replaced by a finite
set of discrete points in space and time, and the partial derivatives are
replaced by differences between functional values at these points. The
process leads to systems of simultaneous linear algebraic difference equations;
their solution yields values of head at specific points and time. These
values constitute an approximation to the time-varying head distribution
that would be given by an analytical solution of the partial-differential

equation of flow.

The finite-difference analog of equation 1 may be derived by applying
the rules of difference calculus; however, in the discussion presented here,
an alternative approach is used with the aim of simplifying the mathematical
treatment and explaining the computational procedure in terms of familiar

physical concepts regarding the flow system.

Discretization Convention

Figure 1 shows a spatial discretization of an aquifer system into a mesh
of points termed nodes, forming rows, columns, and layers. To conform
with computer array conventions, an i,j,k coordinate system is used. For a
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Figure 1.—A discretized hypothetical aquifer system.
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system consisting of "nrow" rows, "ncol" columns, and "nlay" layers, i is the
row index, i = 1,2,. . . nrow; j is the column index, j = 1,2,. . . ncol; and
k is the layer index, k = 1,2,. . . nlay. For example, figure 1 shows a
system with nrow = 5, ncol = 9, and nlay = 5. The origin of the system
(1,1,1), is the upper-left corner of the topmost layer. With respect to a
cartesian coordinate system, points along a row are parallel to the x

axis, points along a column are parallel to the y axis, and points along

the vertical are parallel to the z axis.

Conceptually, nodes represent prisms of porous material, termed cells,
within which the hydraulic properties are constant so that any value associated

with a node applies to or is distributed over the extent of a cell.

In figure 1, the width of cells along rows is designated as arj
for the jth column; the width of cells along columns are designated as
acy for the ith row; and the thickness of layers in the vertical are
designated as Avy for the kth layer. Thus, the cell with coordinates

of (i,j,k) = (4,8,3) has a volume of Ar Ac AV ..

Figure 2 shows two conventions for defining the configuration of cells
with respect to the location of nodes--the block-centered formulation and
the point-centered formulation. Both systems start by dividing the aquifer
with two sets of parallel lines which are perpendicular to each other., In
the block-centered formulation, the blocks formed by the sets of parallel
lines are the cells; the nodes are at the center of the ce\]%} In the point-
centered formulation, the nodes are at the intersection points of the sets of
parallel lines, and cells are drawn around the nodes with faces halfway

between nodes. In either case, spacing of nodes should be such that the
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Figure 2.—Grids showing the difference between block-centered
and point-centered grids.
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hydraulic properties of the system are, in fact, uniform over the extent of
a cell. The following development of the finite-difference equation holds
for either formulation. Although the model can accept both formulations,

only the block-centered formulation is included in this release.

In equation 1, the head h is a function of time as well as space so
that, in the finite-difference formulation, discretization of the continuous

time domain is required.

Finite-Difference Equation

Development of the ground-water flow equation in finite-difference form
follows from the application of the continuity equation: the sum of all flows
into and out of the cell must be equal to the rate of change in storage
within the cell, Under the assumption that the density of ground water is

constant, the continuity equation expressing the balance of flow for a cell is
Ah
Q3 = S¢—AvV 2
i St (2)

where
Q; is a flow rate into the cell (L3t71);
Sg is the specific storage defined as the ratio of the volume of
water which can be injected per unit volume of aquifer material
per unit change in head (L-1);
AV is the volume of the cell (L3); and

Ah is the change in head over a time interval of length At.

The term on the right hand side is equivalent to the volume of water taken
into storage over a time interval At given a change in head of aAh,

12



Equation 2 is stated in terms of inflow and storage gain. Outflow and loss
are represented by defining outflow as negative inflow and loss as negative

gain.

Figure 3 depicts a cell i,j,k and six adjacent aquifer cells i-1,j,k;
i+1l,3,k; i,j-1,k; i,j+1,k; i,j,k-1; and i,j,k+1. Flow into cell i,j,k in
the row direction from cell i,j-1,k (fig. 3), according to Darcy's law, is
given by
(hi,j-1,k - Mi,j,k)

Arj-1/2

(3)

qi,j-1/2,k = KRj, j-172 kACiAvk

where
4i,j-1/2,k s the volumetric fluid discharge through the face between
cells i,j,k and i,j-1,k (L3t-1);
KRj,j-1/2,k is the hydraulic conductivity along the row between nodes
i,j,k and i,j-1,k (Lt~1); and

Arj.1/2 is the distance between nodes i,j,k and i,j-1,k (L).

The index j-1/2 is used to indicate the space between nodes (fig. 4).
It does not indicate a point exactly halfway between nodes. For example,
KRj,j-1/2,k represents hydraulic conductivity in the entire region between

nodes i,j,k and i,j-1,k.

Similar expressions can be written approximating the flow into or out of
the cell through the remaining five faces, i.e., for flow in the row direction

through the face between cells i,j,k and i,j+1,k,

(hi,j+1,k - hi,j,k)
Arj+1/2

(4)

Qi,j+1/2,k = KRy, j+1/2,kACiAvk

13
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while for the column direction, flow through the forward face of the block is

(hi+1,3,k = Mi,5,k)
9i+1/2,5,k = KCi+1/2,5,kArjAvK ACi+1/2 o

and flow through the rear face of the block is

(hi-1,5,k = Mi,j,k)
4i-1/2,3,k = KCi-1/2,j,kArjavk ’A;, 7 . (6)
i-

For the vertical direction, flow through the bottom face is

(hi,j,k+1 = hi,j,k)
Qi,3,k+1/2 = KV§,j,k+1/2 Arjacy = (7)
Avi+l/2

while flow through the upper face is given by

(hi,j,k-1 = hi, j,k)
Qi,j,k-1/2 = KV§ j, k-1728rjAc; . (8)
AVg.1/2

Each of equations 3-8 expresses flow through a face of cell i,j,k in terms
of heads, grid dimensions, and hydraulic conductivity. Grid dimensions
and hydraulic conductivity remain constant throughout the solution process
so that the notation can be simplified by combining the constants into a
single constant, which multiplies head, called the "hydraulic conductance"

or, more simply, the “conductance." For example,
CRy,j-1/2,k = KRy j-1/2,kACiAVK/Arj_1/2 (9)
where

CRj,j-1/2,k is the conductance in row i and layer k between nodes
i,j-1,k and i,j,k (L2t-1).
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Conductance is the product of hydraulic conductivity and cross-sectional
area of flow divided by the length of the flow path; in this case, the

distance between the nodes.
Substituting this expression into equation 3 yields

94,j-1/2,k = CRy, j-1/2,k(hi, -1,k = Ny j,k)- (10)

Similarly, equations 4-8 can be rewritten to yield

qi,j+1/2,k = CRi j+1/2,k(hi j+1,k - hi,j,k) (11)
9i-1/2,3,k = CCi-1/2,5,k(Mi-1,5,k = Mi,j,k) (12)
9i+1/2,5,k = CCi+1/2,5,k(hi+1,5,k = hi,j,k) (13)
9i,j,k-1/2 = OVi,5,k-1/2(hi,j,k-1 = hi,j,k) (14)
q3,5,k+1/2 = Vi j,k+172(hi j,k+1 = hi,j,k) (15)

where conductances are defined analogously to CRj j.1/2,k in equation 9.

Equations 10-15 account for the flow into cell i,j,k from the six adjacent
cells, To account for flows into the cell from outside the aquifer, such as
seepage through streambeds, drains, areal recharge, evapotranspiration, and
wells, additional terms are required. These flows may be dependent on the
head in the receiving cell but independent of all other heads in the aquifer
or they may be entirely independent of head in the receiving cell. Flow

from outside the aquifer may be represented by the expression

ai,j,k,n = Pi,j,k,nMi,3,k * 9i,3,k,n (16)

where

aj,j,k,n represents flow from the n-th external source into cell
i,j.k (L3t"1), and Pi,3,k,n and d3,j,k,n are constants (L2t"! and
L3t-1, respectively).

17



For example, suppose a cell is receiving flow from two sources, recharge
from a well and seepage through a riverbed. For the first source (n = 1),
since the flow from the well is assumed to be independent of head, pi j k,1

is zero and qj j k,1 is the recharge rate for the well. In this case,

aj,j,k,1 = Qi,j,k,1+ (17)

For the second source (n = 2), the seepage is proportional to the head

difference between river stage and head in the cell i,j,k (fig. 5) so that

ai,j,k,2 = CRIV§ 5 k,2(Ri 5,k - hi,j,k) (18)

where
CRIVj j,k,2 is the conductance of the riverbed (fig. 5) in cell 1i,j,k
(L2t71), and R, i,k is the head in the river (L).

Equation 18 can be rewritten as
ai,j,k,2 = = CRIV§ j k,2hi,j,k + CRIVi 5k, 2Ri gk (19)

The conductance CRIV; j g 2 corresponds to pj j k,2 and thg term

CRIVj j,k,2Ri,j,k corresponds to qj j k,2. Similarly, all other external
sources or stresses can be represented by an expression of the form of
equation 16. In general, if there are N external sources or stresses
affecting a single cell, the combined flow is expressed by

N N N
0S4,j,k = Z3i,j,k,n = ZPi,j,k,n Ni,j,k * Z0i,j,k,n- (20)
n=1 n=1 n=1

Defining Py j x and Qi j k by the expressions
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Figure 5.—Leakage through a riverbed into a cell.
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=

Pi,j,k = ZPi,j,k,n and
n:

=
—

04,3,k = 294,5,k,n>
n=1

the general external flow term for cell i,j,k is
057,35,k = Pi,j,kMi,j,k + 04,3,k- (21)

The continuity equation 2 including the flow rates between node i,j,k,

the six adjacent nodes, and the external flow rate QS yieids

i,j-1/2,k * ai,j+1/2,k * Qi-1/2,j,k * 9i+1/2,j,k

| ahi,j,k
* qi’j’k-l/z + qi,j!k+l/2 + Qsipjsk = SSi,j,k At ArjchAVk (22)
where

Bhige . :
———1is a finite-difference approximation for head change with

At

respect to time (Lt-1l);

SSi,j,k 1s the specific storage of cell i,j,k (L71); and

Arjaciavg is the volume of cell i,j,k (L3).

Equations 10 through 15 and 21 may be substituted into equation 22 to give

the finite-difference approximation for cell i,j,k as

CRi,j-1/2,k (i, 5-1,k = hi,j,k) + CRi j+1/2,k(hi,j+1,k = hi,j,k)

* CCi-1/2,5,k(Mi-1,5,k = hi,j,k) * CCix1/2,5,k(Mi+1,5,k = Ni,j,k)
+ CV4,5,k-172(hi §,k-1 = hi k) + CVi j, k+1/2(hi j,k+1 - Nij,k)
+ Pi j,khi, 5,k * Qi,j,k = SSi,j,k(arjaciavi)ahy § k/at. (23)
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The head difference Ahj j k must next be expressed in terms of specific
head values which are related to the head values used to calculate flows into and
out of the cell. On the hydrograph for cell i,j,k (fig. 6), two values of time,
tp and tpoy, are noted on the horizontal axis; the corresponding head values,
hT,j,k and h?:§,k, are indicated on the vertical axis; the slope of the dotted
line is Ah?’j,k/Atm. In the method of computation utilized here, the flow

terms of equation 23 are evaluated at the more advanced time, tp, while the

hydrograph slope, Ah/At, is evaluated as

Ahm hm hm-l
i3,k isdsk  i,i.k
= . (24)
Atm tm - tm_l

Thus the hydrograph slope, or time derivative, is approximated using the
change in head at the node over a time interval which precedes, and ends with,
the time at which flow is evaluated. This is termed a backward-difference
approach, in that Ah/At is calculated over a time interval which extends
backward in time from tp, the time at which the flow terms are evaluated.
There are other ways in which Ah/At could be approximated; for example,

we could approximate it over a time interval which begins at the time of

flow evaluation and extends to some later time or over a time interval which
is centered at the time of flow evaluation extending both forward and backward
from it. However, there can be problems of numerical instability using

these alternatives. Numerical instability means that if heads are calculated
at successive times, and if for any reason errors enter the calculation at

a particular time, these errors will increase at each succeeding time as

the calculation progresses until finally they completely dominate the result.

By contrast, the backward-difference approach is always numerically stable--
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that is, errors introduced at any time diminish progressively at succeeding
times. For this reason, the backward-difference approach is preferred even
though it leads to large systems of equations which must be solved

simultaneously for each time at which heads are to be computed.

Equation 23 can be rewritten in backward-difference form by specifying
flow terms at tgy, the end of the time interval, and approximating the

time derivative of head over the interval tp.1 to ty; that is,
m m m m
CRi,j-1/2,k(hi,j-1,k = hi,j,k) + CRy j+172,k (M, j+1,k - Mi,j,k)
m m m m
+ CCi-1/72,5,k(hi-1,5,k - Mi,j,k) * CCi+1/2,5,k(Pi+1,5,k = Pi,j,k)

m m m m
* OV ,5,k-172(hi 5,k-1 = hi k) *+ OV j,ke172(N,5,k+1 = Pi,j,k)
m m-1
m (hi,j,k - Mi,j,k)
* Pi,i,khi, 5,k * Qi,5,k = SSi,j,k(arjaciavy) . (25)
tm - tm-1

In this equation, head at the beginning of the time step h?,j’k and
all conductances and coefficients related to the node at i,j,k are known,
The seven heads at time tp, the end of the time step, are unknown; that is,
they are part of the head distribution we are trying to predict. Thus equation
25 cannot be solved independently since it represents a single equation in
seven unknowns. However, an equation of this type can be written for each of
the "n" cells in the system; and, since there is only one unknown head for
each cell, we are left with a system of "n" equations in “n" unknowns. Such

a system of equations can be solved simultaneously.

In most cases, the actual number of equations will be less than the
total number of model cells. The number of equations is equal to the

number of "variable-head cells."” Variable-head cells are those in which head
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may vary with time. An equation of the form of equation 25 is required for
each variable-head cell. Cells that are not variable-head cells may be either
constant head or no flow. Constant-head cells are those in which head remains
constant with time and, as sugh, do not require an equation. The equation

for adjacent, variable-head cells, however, will contain nonzero conductance
terms representing flow from the constant-head cell. No-flow cells are those
to which there is no flow from adjacent cells. Not only is there no equation
formulated for a no-flow cell but equations for adjacent cells will not contain

a term representing flow from the no-flow cell.

The different cell types are used to represent various types of bound-
aries. In general, the types of boundaries that may be imposed in the model
include constant-head, no-flow, constant-flow, and head-dependent flow. An
example of the use of no-flow and constant-head cells to simulate boundary
conditions is given in figure 7. Constant-flow and head-dependent flow bound-

aries are represented by a combination of no-flow cells and external sources.

The objective of transient simulation is to predict head patterns at
successive times when given the initial-head distribution and the boundary
conditions. The initial-head distribution consists of a value of hlj j
at each point in the mesh at time tl, the beginning of the first of the
discrete time steps into which the time axis is divided in the finite-difference
process. The first step in the solution process is to calculate values of
h %,j,k--that is, heads at time t, which mark the end of the first time
step. In equation 25, therefore, the subscript m is taken as 2, while the
subscript m-1, which appears in only one head term, is taken as 1. The

equation therefore becomes
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When the heads for time t2 have been obtained, the process is repeated

to obtain heads at time t3, the end of the second time step. To do this,
equation 25 is reapplied, now using 2 as time subscript m-1 and 3 as time
subscript m, Again, a system of n equations in n unknowns is formulated
where the unknowns are now the heads at ta; and this set of equations is
solved simultaneously to obtain the head distribution at t3. This process
is continued for as many time steps as necessary to cover the time range of

interest.

It is important to note that the set of finite-difference equations is
reformulated at each time step; that is, at each step there is a new system
of simultaneous equations to be solved. The heads at thelend of the time
step make up the unknowns for which this system must be solved; the heads at
the beginning of the step are among the known terms in the equations. The

solution process is repeated at each time step yielding a new array of heads

for the end of the time step.
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Iteration

The solution at each time step might be obtained by direct algebraic
methods--for example, by some procedure of eliminating variables. This would
yield an "exact" solution to the set of finite-difference equations in the
sense that the only factor limiting the accuracy of the results would be the
number of places to which the arithmetic was carried in calculating the
head values., While such direct algebraic methods are sometimes used to
calculate head values at the end of a time step, numerical problems associated

with their use tend to make them less desirable than iterative methods.

An iterative method starts with an initial trial solution. A procedure of
calculation is then initiated which uses the trial solution to calculate an
interim solution which more nearly satisfies the system of equations. The
interim solution then becomes the new trial solution and the procedure is
repeated. Each repetition is called an "iteration." The process is repeated
until it “"closes"; that is, until an iteration occurs in which the trial
solution and the interim solution are "nearly" equal. The trial solution
and interim solution are said to be "nearly" equal if, for each node, the
difference between the trial-head value and the interim-head value is
smaller than some arbitrarily established value, usually termed the "closure
criterion."” The interim solution is then regarded as a good approximation to
the solution of the system of equations. Thus during a time step, arrays of
interim-head values are generated in succession, each array containing one
interim-head value for each node, In figure 8, these arrays are represented
by three-dimensional lattice symbols with a superscript used to indicate the
level of iteration. Thus h?:g’k represents the initial trial value chosen
for head at node i,j,k; and h?:§,k is the interim head calculated during
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hm,o - -
(set h™0 = h™1)
Start Time Step m
1 End Time Step m-|
pm Final Head Values for Time Step, m-I

Figure 8.—Iterative calculation of a head distribution.
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. . . . . . m,2
iteration one and the trial value used for iteration two. Similarly, hj j
is the interim solution from iteration two and the trial value for iteration

three.

For time ty, the values of h?:;’k (the final head obtained for the end
of the preceding time step) are use& in the storage term. These head terms
for the preceding time step appear in the equation as constants; thus they
retain the same values from one iteration to the next and are not modified
in the iterative process. When the process is complete for time tp, calculations
for the time tyy) are initiated. The final head values computed for time ty
then become the fixed-head values in the storage term used to calculate

heads at time tpy;.

As the preceding discussion indicates, the iterative procedure yields
only an approximation to the solution of the system of finite-difference
equations for each time step; the accuracy of this approximation depends
upon the closure criterion which is employed. However, it is important to
note that even if exact solutions to the set of finite-difference equations
were obtained at each step, these exact solutions would themselves be only
an approximation to the solution of the differential equation of flow (eq. 1).
The discrepancy between the head, hT,j,ks given by the solution to the
system of difference equations for a given node and time, and the head
h(xi,yj,zk,tm) which would be given by the formal solution of the differential
equation for the corresponding point and time, is termed the truncation
error. In general, it becomes greater as the mesh spacing and time-step
length are increased. Finally, it must be recognized that even if a formal
solution of the differential equation could be obtained, it would normally
be only an approximation to conditions in the field, in that hydraulic
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conductivity and specific storage are seldom known with accuracy and

uncertainties with regard to hydrologic boundaries are generally present.

In summary, flow can be simulated by writing the continuity equation for
each cell (eq. 25), and solving the resulting system of algebraic equations
for head at each ndde. It is convenient to rearrange equation 25 so that
all terms containing heads at the end of the current time step are grouped
on the left hand side of the equation and all terms that are independent of
head at the end of the current time step are on the right hand side of the

equation, The new equation is given by

m m m
CVi,j,k-1/2M,j,k-1 + CCi-172,5,khi-1,5,k * CRy j-1/2,khi,j-1,k
*+ (-CVi,j,k-1/2 - CCi-1/2,5,k - CRi j-1/2,k - CRyi, j+1/2,k

m . m
- CCi+1/2,5,k = OVi,j,k+172 + HCOF§ 5 1)hi 5,k + CRi j+1/2,khi,j+1,k

m m
+ Cci+1/2,j,khi+1,j,k + Cvi,j,k+1/2hi,j,k+1 = RHSi,j,k (27)
where
HCOFy 5,k = Pi,g,k = SCly,j,k/(tp = tpo1)s (L2t71)
m-1 _
RHSi,j,k = - Qi ,j,k - SCli,J,khi ,j,k/(tm - tm_l); and J((L3t 1)

|
SC14i 4,k = SSi,j,kArjacidvk. ixLz)

Equation 27 is the finite-difference equation that is used to develop
the system of linear equations from which head is calculated and is the basis

of the ground-water flow model.
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CHAPTER 3
PROGRAM DESIGN

This chapter describes the overall design of the program. The program
consists of a main program (MAIN) and a large number of highly independent
subroutines called modules. This chapter will explain the functions of

MAIN and explain how the modules are organized into "packages" and "procedures."”

The functions which must be performed for a typical simulation are
shown in figure 9. The period of simulation is divided into a series of
"stress periods" within which all external stresses are constant. Each
stress period, in turn, may be divided into a series of time steps. The
system of finite-difference equations of the form of equation 27 is
formulated and solved to produce head at each node at the end of each time
step. An iterative solution method is generally used to solve for the
heads for each time step. Thus within a simulation, there are three nested
loops: a stress-period l1oop within which there is a time-step loop which, in
turn, contains an iteration loop. Each rectangle in the figure is termed a
“procedure." For example, prior to entering the stress loop, the program
executes three procedures which pertain to a simulation as a whole, In the
Define Procedure, the problem to be simulated is defined: the size of the
model, the type of simulation (transient or steady-state), the number of
stress periods, the hydrologic options, and the solution scheme desired are
specified. In the Allocate Procedure, memory space required by the program
is allocated. In the Read and Prepare Procedure, all data that are not
functions of time are read. These data may include all or some of the
following: boundary conditions, initial heads, transmissivity/hydraulic
conductivity, specific yield/storage coefficients, elevations of léyer
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Stress Period Loop

Define

|

Allocate

|

Read & Prepare

Time Step Loop

- |

Stress

1

Read & Prepare

Iteration Loop

>

Advance

No

Yes

>

Formulate

Approximate

Yes

Output Control

|

Budget

Output

Yes

More

Stress

Periods

DEFINE — Read data specifying number of rows,
columns, layers, stress periods, and major program
options.

ALLOCATE — Allocate space in the computer to
store data.

READ AND PREPARE — Read data which is constant
throughout the simulation. Prepare the data by
performing whatever calculations can be made at
this stage.

STRESS — Determine the length of a stress period
and calculate terms to divide stress periodsinto time
steps.

READ AND PREPARE — Read data which changes
from one stress period to the next. Prepare the data
by performing whatever calc ulations can be made at
this stage.

ADVANCE — Calculate length of time step and set
heads at beginning of a new time step equal to heads
calculated for the end of the previous time step.

FORMULATE — Calculate the coefficients of the
finite difference equations for each cell.

APROXIMATE — Make one cut at approximating a
solution to the system of finite difference equations.

OUTPUT CONTROL — Determine whether results
should be written or saved on disk for this time step.
Send signals to the BUDGET and OUTPUT pro-
cedures to indicate exactly what information should
be put out.

BUDGET — Calculate terms for the overall volu-
metric budget and calculate and save cell-by-cell
flow terms for each component of flow.

OUTPUT — Print and save heads, drawdown and
overall volumetric budgets in accordance with
signals from OUTPUT CONTROL procedure.

Figure 9.—Overall program structure.
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tops and bottoms, and parameters required by the specified solution scheme.
Certain preliminary calculations are also made in this procedure to prepare

data for further processing.

In the Stress Procedure, the number of time steps (NSTP) in the stress
period and information to calculate the length of each time step is read.
In a second Read and Prepare Procedure, all data that pertain to a stress
period such as pumping rates and areal recharge are read and processed.

The time-step loop is then entered (fig. 9). In the Advance Procedure, the
length of the time step is calculated and the heads for the start of the
time step are initialized. The iteration loop contains the Formulate
Procedure which determines the conductances and coefficients for each node
as required by equation 27 and the Approximate Procedure which approximates
a solution to the system of linear equations for head. Iteration proceeds
until closure is achieved or until a specified maximum number of allowable
iterations is reached. At the end of the iteration loop, the Output Control
Procedure determines the disposition of the computed heads, budget terms,
and cell-by-cell flow terms. In the Budget Procedure, budget entries are
calculated and cell-by-cell flow terms are printed or recorded. In the
Output Procedure, heads, drawdown, and the volumetric budget are printed or

s

recorded.

Each of the modules into which the program is divided is contained
within a single procedure. A1l modules that allocate space will fall into
the Allocate Procedure; all modules that formulate the equations fall into
the Formulate Procedure. Thus all of the modules can be grouped by the

procedure in which they are contained.
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Figure 9 is a flow chart of the overall structure of the program. It
is also the flow chart for the main program. The work within the rectangles
is performed by individual modules which are called by MAIN. Thus MAIN is
an organized collection of FORTRAN CALL statements which inv&ke modules to
read data, perform calculations, and print results. MAIN does not do work;
it merely calls modules which do the work. The modules called directly by
MAIN are called “"primary" modules. Another class of modules, called

“secondary” modules, are called by primary modules or other secondary modules.

Modules can be grouped by "procedure." They can also be grouped by
“package." In general, a package consists of all modules associated with a
particular hydrologic feature, a solution method, or the overall control of
the simulation. For example, each of the modules concerned with the simulation
of rivers are members of a single package---the River Package. Similarly,
there are packages to simulate the effect of wells, areal recharge, drains,
evapotranspiration, and general-head boundaries (table 1). A1l modules
related to internal flow between model cells and flow into storage for a
block-centered formulation are members of the Block-Centered Flow Package.

The packages related to internal and external flow are termed "Flow-Component"
Packages. Flow-Component Packages add terms to the finite-difference equations.
Another set of packages termed the "Solver" Packages inc1ude;modu1es needed

to implement a particular solution algorithm. These packageézinclude the
Strongly Implicit Procedure (SIP) and Slice-Successive Overrelaxation (SSOR).
The Solver and Flow-Component Packages are, in effect, the options available

to the users of the model; that is, the user specifies which of the Flow-
Component Packages are required for a simulation and which Sé}ver Package

is desired. Another package, the Basic Package (table 1), i%iused in any
simulation irrespective of the options selected. It inc]udes‘those modules
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Package Name Abbreviation
Basic BAS
Block- BCF
Centered
Flow
Well WEL
Recharge RCH
River RIV
Drain DRN
Evapotrans- EVT

piration
General-Head GHB
Boundaries
Strongly SIP
Implicit
Procedure
Slice- SOR
Successive
Overrelaxation

Table 1.--List of packages.

Package Description

Handles those tasks that are part of the
model as a whole. Among those tasks are:
specification of boundaries, determination
of time step length, establishment of
initial conditions, and printing of results.

Calculates terms of finite-difference
equations which represent flow within the
porous medium; specifically, flow from cell
to cell and flow into storage.

Adds terms representing flow to wells
to the finite~difference equations.

Adds terms representing areally distributed
recharge to the finite-difference equations.

Adds terms representing flow to or from
rivers to the finite-difference equations.

Adds terms representing flow to drains to
the finite-difference equations.

Adds terms representing ET to the finite-
difference equations.

Adds terms representing gehera]-head

boundaries to the finite-difference equations.

Iteratively solves the system of finite-
difference equations using the Strongly
Implicit Procedure.

Iteratively solves the system of finite-

difference equations using slice-successive
overrelaxation.

35



which initialize and organize a simulation. For example, it handles initial

conditions, boundary conditions, and discretization of the aquifer into cells.

In figure 10, the primary modules (subroutines called from the main
program) are arranged in a matrix format to illustrate the classification
by package and by procedure. The horizontal rows in the matrix correspond to
procedures, while the vertical columns correspond to packages. An "X" is
entered in each block of the matrix for which a module exists; absence of an
“X" means that a module representing that particular package and procedure is
not required. Entries marked with a subscript "S" indicate primary modu]esv
which utilize submodules in accomplishing their function. Submodules are
secondary modules contained in a particular package. Entries marked with
the subscript "U" indicate modules which utilize utility modules. Utility

modules are secondary modules available to many packages.

The primary modules are named according to a convention which indicates
both the package and the procedure to which they belong. The first three
chafacters désignate the package, the fourth is a package version number,
and the last two, the procedure. For example, in figure 10, a module is
indicated that is part of the Well Package and Allocate Procedure. This
module is designated as WEL1AL and is a primary module that belongs to the
Well Package, as indicated by the first three letters of its designation,
and to the Allocate Procedure, as designated by the last two letters. It
is one of the modules that deals with the simulation of specified withdrawal
or input, as through wells. Its particular function is to allocate space
in computer memory used to store well data. The number one appearing in
the fourth place of the six-character module designation is a package
version number. If the package is modified to effect improvements, a
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Flow Component Packages
Solver
Packages
Stress Packages
B B w R R D E G S S
A C E C | R \Y H | 0]
Procedures S F L H \ N T B P R
Define (DF) X
Allocate (AL) X X X X X X X X X X
Read & Prepare (RP) Xu | Xus X X
Stress (ST) X
Read & Prepare (RP) X Xy | X X Xy X
Advance (AD) X
Formulate (FM) X Xg X X X X X X
Approximate (AP) Xs | Xs
Output Control (OC) X
Output (OT) Xy

Figure 10.—Organization of modules by procedures and
packages.
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different integer would be used in this place to distinguish the modified

package from the original or from other modified versions.

Figure 11 shows the names of the primary modules arranged in the
same matrix format that was used in figure 10. As in figure 10, a
subscript "S" indicates that submodules are utilized and "U" indicates

that utility modules are utilized.

Submodules are designated by a six-character name in which the first
character is always the letter "S." This is followed by three characters
designating the package name, a numeral indicating the package version
number, and a one-character mnemonic to distinguish the module from
other submodules of the same package; for example, the secondary module
"SBCF1C" is a submodule in version one of the Block-Centered Flow Package.
Utility modules are designated by the letter "U" followed by a five-character
mnemonic. For example, the secondary module "U2DREL" is a utility module

which reads two-dimensional real arrays.

In summary, the modules are organized so that all primary modules
that perform a similar program function are grouped together in a single
procedure (fig. 12). The modules are also organized so that those that
deal with a particular hydrologic feature or solution method are grouped
in a single package. If an entirely new package is desired, the modules
can be developed and placed in the appropriate procedures without the

necessity of altering existing packages.

Packages are completely independent of each other, They can be added

or removed without affecting other packages. There must, however, be a
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STRESS PERIOD LOOP

TIME STEP LOOP.

1TERATION LOOP

CALL
BASIDF

caLL
WELTAL

CALL

CALL
ACHIAL RIVIAL

cALL
EVIIAL

CALL
GHBTAL

CALL
SIPIAL

CALL calL
BCFIRP SIPIRP

CALL
BASTST
@qw
caLL
WELTRP

caL
RCHIRP

<>

caLL
BASTAD

caLL
WELTEM

caLL
ACHIFM

caiL
BIVIFM DRNIFI

CALL
BASIOC

cacL caLL
WEL1BD RCH1BD

8CF1BD.

caLL
RAIVIBD

caLL caL
oAN1BD euT18D

caiL
GHBIBD

Ccau
BASTOT

Figure 12.—Overall

program structure
modules.
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Basic Package, a package which calculates flow within the aquifer (Block-

Centered Flow or replacement), and a Solver Package.

The organization of the program documentation parallels the package
form of organization in that a separate chapter is devoted to a detailed
description of each package. The remainder of this chapter describes the
main program and specific topics common to all packages including boundary

conditions, computer space allocation, and input/output structure.
Boundaries

There are two types of boundaries that are integral to the model: an
exterior no-flow boundary at the edges of the model grid and internal
boundaries consisting of no-flow and contant-head cells. Other boundary
conditions such as specified flux can be simulated as a combination of
no-flow boundaries and external stresses. During formulation of equations
for the first and last rows and columns of each layer, the conductance
across the exterior faces are automatically set to zero. Thus it is not
necessary to place no-flow boundaries at the exterior nodes of the grid.
Internal no-flow and constant-head boundaries are entered by the user in
the form of a code for each cell in the grid. The codes, which are stored

in an array called "IBOUND," divide the cells into three disjoint sets:

IBOUND < Q-===- Constant-head cell
IBOUND = Q-==u- Inactive cell
IBOUND > Q-e=e- Variable-head cell

Variable-head cells are those in which the head can be expected to

vary with time; a finite-difference equation is formulated for each one.
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Constant-head cells are those in which head is constant throughout the
simulation. Finite-difference equations are not formulated for constant-
head cells. However, flow to or from constant-head cells is represented by
a term in the equation of each adjoining variable-head cell. Inactive
cells are those cells in which there is no flow. They are not represented

in any finite-difference equation.

The IBOUND codes are initially specified by the user. If necessary,
the codes are adjusted so that they are consistent with other data specified by
the user and with intermediate results. For example, cells which are
specified as active but are given transmissivity and vertical leakance equal

to zero are changed to inactive cells.

Space Allocation

Space in the central memory of the computer used by data arrays and lists
is allocated at execution time in a one-dimensional array called the "X"
array. The Allocate Procedure contains a module for each package of the
model which allocates space needed by that package. The total number of
words needed in the X array depends on the type and number of packages
required in a simulation and generally will range from 10 to 20 times the

number of cells in the grid.

Input Structure

|

The input structure of the program is designed to permit input to be
gathered, as it is needed, from many different stored files. It is based
on an element of the FORTRAN language called the unit number. The unit

number symbolically identifies the location of the file to be read or written.
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In general, the user must provide a connection between a unit number and

the name of a file by use of job control statements.

For input purposes, the program is divided into the Basic Package and
several "major options." The major options generally correspond to individual
packages., For example, the River Package is a major option; so is the Block-
Centered Flow Package. "Output Control," which controls output from the model,

is a major option even though it is part of the Basic Package.

One of the first steps in organizing input data is to specify which of
the major options available are to be used. The options are specified in
the "IUNIT" array (fig. 13) which is read in the Define Procedure by the
Basic Package. An option is invoked by assigning a unit number to the
corresponding element of the IUNIT array. If an option is not desired, the
value of the element is set to zero. Thus the IUNIT array serves as a flag
to indicate whether an option is active and also serves to specify the unit
number containing input data required by the option. For example, if the
Drain Package is used, the third element of the IUNIT array (fig. 14) is
set to a nonzero unit number. In the main program, the value of IUNIT (3)
is tested in several of the program procedures. If it is zero, the Drain
module associated with the procedure is not called. If IUNIT (3) is greater
than zero, the subroutine is called and input data is read from the file

associated with the unit number.

Since the Basic Package is used for every simulation, input data of
the Basic Package, are always required. Basic Package data (fig. 14) are
read from unit number 1 as specified in the main program. If necessary,
the unit number for BAS input can be changed to meet the requirements
of a particular computer.
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Assignment of Major Options to Elements
in the IUNIT Array

o <
O A 2D N\
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IUNIT
Element
Number ! 2 3 4 5 6 7 8 9 10 1N 12
Sample IUNIT Input Record
IUNIT | 13 | 41 0 o | 81 0 0 0 26 0 0 17
Element 4y, 3 4 5 & 7 8 9 10 11 12
Number

1 BCF Input Is on Unit 13
2 WEL Input Is on Unit 41
3 DRN Is Inactive
4 RIV Is Inactive
5 EVT Input Is on Unit 81
7 GHB Is Inactive
8 RCH Is Inactive
9 SIP Input Is on Unit 26
11 SOR Is Inactive
12 Output Control Input Is on Unit 17

Figure 13.—Specification of major options using the IUNIT array.
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Figure 14.—Sample job showing role of the IUNIT array.
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In figure 13, the Block-Centered Flow (BCF) Package is designated as
being one of the available options (IUNIT(1)). As discussed in chapter 2,
an alternative way of discretizing an aquifer system is the point-centered
method. At present, only the BCF Package is available so that data read
by this package should be considered as being required rather than an

option.

Most of the data submitted by the user will consist of one-dimensional
and two-dimensional arrays. Those arrays are submitted as an “array control
record” plus, optionally, a series of records containing the array elements.
The array control record is read from the unit number specified for the
major option which calls for the array. If all the elements of an array
have the same value, the value is specified on the control record and it
is not necessary to read the associated array. If the elements of the
array vary, records containing the array values are read from the unit
specified on the control record in a format which is also specified in the
control record. The unit number may be the same as that‘from which the
control record is read or it may be different. Consequeﬁf1y, there is a
great deal of flexibility with regard to organization of the input data

required for a simulation,

Consistent length and time units must be used for all model data.
The user may choose one length unit and one time unit to be used to specify
all input data. This gives a certain amount of freedom to the user, but
care must be exercised to avoid any mixing of units. There is no way for
the program to detect the use of inconsistent units. For example, if
transmissivity is entered in units of ft2/day and pumpage as m3/s, the
program will run, but the results will be meaningless.
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Output Structure

The output structure is designed to control the amount, type, and
frequency of information to be printed or written on disk. It controls
the printing of head and drawdown by layer and time step, and the printing
of the overall volumetric budget. It also controls disk output of head,
drawdown, and cell-by-cell flow terms for use by custom-designed printing

and plotting programs.

Qutput Control, which is a major option contained within the Basic
Package, receives instructions from the user to control the amount and
frequency of output. Input submitted by the user to control output is
read from the unit number specified by the user for the twelfth element of
the IUNIT array (IUNIT 12) at each time step. If the unit number specified
by the user is equal to zero, output control information is not submitted
and a default is invoked. The default output consists of head values and

budget printed at the end of each stress period.

Every simulation generates some printer output. All printer output
goes to unit number 6 as specified in the main program. This unit number

can be changed to meet the requirements of a particular computer,

The Main Program

The main program serves two major purposes: (1) it controls the order
in which the primary modules are executed, and (2) it serves as a switching
system for information. It does so with CALL statements which specify, by
name, a module to be executed and lists the names of data fields (subroutine

arguments) which are accessible by both the main program and the module.
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The arrangement of CALL statements in the program reflects the order of

procedures shown in the system flow chart (fig. 9). Within a procedure,

the calls to specific modules can be in any order with one exception: if a

procedure has a CALL to a module in the Basic Package, that CALL must

precede all other CALLS in that procedure, Comment numbers in the 1isting

of the main program correspond to numbers in the following 1ist, The main

program calls modules to perform tasks in the following order.

1.

Set the length of the "X" array (LENX) in which all data arrays
and lists are stored. Note: LENX should be set equal to the

dimension of the X array prior to compilation.

Assign the input for the Basic Package to unit 1; assign printed

output to unit 6.

Define the problem in terms of number of rows, columns, layers,

stress periods, and major options to be used.
Allocate space in the X array for individual data arrays and lists.

If the X array is not big enough for the problem, STOP. (Redimension
X and redefine LENX.)

Read and prepare information which is constant throughout the simulation.

For each stress period:

(a) Read stress-period timing information.

(b) Read and prepare information that changes each stress period.

(c) For each time step:
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8.

(2)

(3)

(5)

(6)

Calculate the current time-step length and move “new"
heads from the preceding time step to the array containing

“01d" heads of the current time step.
Iteratively formulate and solve the system of equations:
a. Formulate the finite-difference equations.

b. Calculate an approximate solution to the system of

equations.,
c. If convergence criterion has been met, stop iterating.

Determine the type and amount of output needed for this

time step.

Calculate overall budget terms and, if specified, calculate

and print or record cell-by-cell flow terms.

Print and/or record heads and/or drawdown. Print the

overall volumetric budget and timing summary.

If iteration fails to meet convergence criterion, STOP.

END PROGRAM.
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C

C MAIN CODE FOR MODULAR MODEL -- 6/1/83

C BY MICHAEL G. MCDONALD AND ARLEN W. HARBAUGH
Commmm VERSION 1116 28DEC1983 MAIN1

SPECIFICATIONS:

COMMON X{(30000)

DIMENSION HEADNG(32),VBNM(4,20),VBVL{4,20), IUNIT(24)
DOUBLE PRECISION DUMMY

EQUIVALENCE (DUMMY,X(1))

Clowwna- SET SIZE OF X ARRAY, REMEMBER TO REDIMENSION X,
LENX=30000

C2-veu-m ASSIGN BASIC INPUT UNIT AND PRINTER UNIT.
INBAS=1
10UT=6

C3-=---4] DEFINE PROBLEM_ ROWS ,COLUMNS,LAYERS,STRESS PERIODS,PACKAGES
CALL BAS1DF (1SUM,HEADNG,NPER ,ITMUNI,TOTIM,NCOL ,NROW ,NLAY,
1 NODES,INBAS,I0UT,IUNIT)

07 P ALLOCATE SPACE IN “X" ARRAY.

CALL BASLAL (ISUM,LENX,LCHNEW ,LCHOLD,LCIBOU,LCCR,LCCC,LCCY,
1 LCHCOF ,LCRHS ,LCDELR ,LCDELC ,LCSTRT ,LCBUFF ,LCIOFL,
2 INBAS ,ISTRT ,NCOL ,NROW ,NLAY,10UT)
IF(IUNIT(1).GT.0) CALL BCF1AL(ISUM,LENX,LCSC1,LCHY,
1 LCBOT,LCTOP,LCSC2,LCTRPY, TUNLT(1),1SS,
2 NCOL ,NROW ,NLAY, 10UT,1BCFCB)

IF (IUNIT(2).6T.0) CALL WELIAL(ISUM,LENX,LCWELL,MXWELL ,NWEL,
1 IUNIT(2),10UT,INELCB)

IF(IUNIT(3).GT.0) CALL DRN1AL(ISUM,LENX,LCORAI,NDRAIN,MXDRN,
1 TIUNIT(3),10UT,IDRNCB)

XF(IUNIT(S) GT.0) CALL RCHIAL(ISUM,LENX,LCIRCH,LCRECH ,NRCHOP,

NCOL ,NROW ,IUNIT(8), 10UT, IRCHCB)

IF(IUNIT(S) GT.0) CALL EVTIAL(ISUM,LENX,LCIEVT,LCEVTR ,LCEXDP,
1 LCSURF ,NCOL ,NROW ,NEVTOP, TUNIT(5), 10UT, IEVTCB)
IF(IUNIT(4).GT.0) CALL RIVIAL(ISUM,LENX,LCRIVR,MXRIVR,NRIVER,
1 IUNIT(4),10UT,IRIVCB)

IF(IUNTT(7).GT.0) CALL GHBIAL(ISUM,LENX,LCBNDS,NBOUND,MXBND,
1 IUNIT(7),10UT,IGHBCB)

1F(IUNIT(9).6T.0) CALL SIP1AL(ISUM,LENX,LCEL,LCFL,LCGL,LCV,
1 LCHDCG L CLRCH,LCW,MXITER ,NPARM,NCOL ,NROW ,NLAY ,
2 IUNIT(9),10UT)

IF(IUNIT(11).6T.0) CALL SORIAL(ISUM,LENX,LCA,LCRES,LCHDCG,LCLRCH,
1 LCIEQP ,MXITER ,NCOL ,NROW ,NLAY ,NSLICE ,MBW, TUNIT(11),10UT)

(R IF THE “X" ARRAY IS NOT BIG ENOUGH THEN STOP,
IF(ISUM-1.GT.LENX) STOP

c
I J— -READ AND PREPARE INFORMATION FOR ENTIRE SIMULATION.
CALL BASIRP(X(LCIBOUY,X(LCHNEW),X(LCSTRT),X(LCHOLD),
1 ISTRT, INBAS ,HEADNG,NCOL ,NROW ,NLAY ,NODES , VBVL , X (LCIOFL ),
2 IUNIT(12), IHEDFM,IDDNFM,THEDUN, IDDNUN, 10UT)
IF(IUNIT(1).6T.0) CALL BCFIRP(X(LCIBOU),X(LCHNEW),X(LCSC1),
1 X(LCHY),X (LCCR),X{LCCC),X(LCCV),X (LCDELR),
2 X(LCDELC),X(LCBOT),X(LCTOP),X(LCSC2) ,X(LCTRPY),
3 IUNIT(1),1SS,NCOL ,NROW,NLAY , NODES ,10UT)
IF(IUNIT(Q) GT.0) CALL SIPIRP(NPARM,MXITER,ACCL,HCLOSE ,X(LCW),
TUNIT(9),1PCALC,IPRSIP,10UT)
IF(IUNIT(II) GT.0) CALL SORIRP (MXITER,ACCL,HCLOSE,IUNIT(11),
1

IPRSOR,I0UT)
C
CT-ameew SIMULATE EACH STRESS PERIOD,
DO 300 KPER=1,NPER
C

C7A-----READ STRESS PERIOD TIMING INFORMATION.
CALL BAS1ST(NSTP,DELT,TSMULT,PERTIM KPER,INBAS,IOUT)

C
C78-----READ AND PREPARE INFORMATION FOR STRESS PERIOD.
IF(IUNIT(Z).GT.O) CALL WELIRP{X(LCWELL),NWEL MXWELL,IUNIT(2),
o

10UT)
IF(IUNIT(3) GT.0) CALL DRNIRP{X(LCDRAI),NDRAIN,MXDRN,IUNIT(3),

10UT)
IF(IUNIT(S) GT.0) CALL RCHIRP(NRCHOP,X(LCIRCH),X(LCRECH),
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1 X(LCDELR),X (LCDELC ), NROW,NCOL ,NLAY , TUNIT(8),10UT)
IF(IUNIT(5).GT.0) CALL EVTIRP(NEVTOP,X(LCIEVT),X{LCEVTR),
X(LCEXDP),X(LCSURF ), X (LCDELR),X (LCDELC ) ,NCOL ,NROW,
NLAY,TUNIT(5),100T)
IF(IUN!T(4).GT.0; CALL RIVIRP(X(LCRIVR),NRIVER ,MXRIVR,IUNIT(4),
1 10UT
11F(IUNIT(7).GT.0) %ALL GHBIRP {X (LCBNDS ) ,NBOUND ,MXBND , TUNIT(7),
1007

c
C7C-----SIMULATE EACH TIME STEP,
DO 200 KSTP=1,NSTP

C

C7€1----CALCULATE TIME STEP LENGTH. SET HOLD=HNEW..
CALL BAS1AD(DELT,TSMULT,TOTIM,PERTIM,X(LCHNEW),X(LCHOLD),KSTP,
1 NCOL ,NROW,NLAY)

C
C7C2----ITERATIVELY FORMULATE AND SOLVE THE EQUATIONS.
DO 100 KITER=1,MXITER

c
C7C2A---FORMULATE THE FINITE DIFFERENCE EQUATIONS.
CALL BASIFM(X(LCHCOF ),X (LCRHS ),NCOL ,NROW ,NLAY ,NODES)
IF(IUNIT(1).GT.0) CALL BCFIFM(X(LCHCOF),X (LCRHS),X (LCHOLD),
X(LCSC1),X(LCHNEW),X(LCIBOU),X{LCCR),X(LCCC),X(LECV),
X(LCHY),X (LCTRPY),X(LCBOT),X (LCTOP),X (LCSC2),
X(LCDELR),X{LCDELC),DELT,ISS ,KITER ,KSTP ,KPER ,NCOL,
NROW ,NLAY, 10UT)
IF(IUNIT(2).GT.0) CALL WELIFM{NWEL,MXWELL,X{LCRHS),X(LCWELL),
1 X(LCIBOU) ,NCOL ,NROW NLAY)
IF(TUNIT(3).GT.0) CALL DRNIFM{NDRAIN,MXDRN,X (LCDRAI),X(LCHNEW),
1 X(LCHCOF ), X (LCRHS ), X(LCIBOU ) ,NCOL ,NROW ,NLAY)
IF(IUNIT(8).GT.0) CALL RCHIFM(NRCHOP X (LCIRCH),X (LCRECH),
1 X(LCRHS ), X (LCIBOU) ,NCOL ,NROW ,NLAY)
IF(IUNIT(5).GT.0) CALL EVTIFM(NEVTOP X (LCIEVT),X(LCEVTR),
X{LCEXDP),X(LCSURF },X{LCRHS ), X(LCHCOF ) ,X{LCIBOU),
1 X(LCHNEW) ,NCOL ,NROW ,NLAY )
IF(IUNIT(4).GT.0) CALL RIVIFM(NRIVER,MXRIVR X(LCRIVR),X(LCHNEW),
1 X(LCHCOF ), X (LCRHS ), X (LCIBOU),NCOL ,NROW ,NLAY )
IF (IUNIT(7).GT.0) CALL GHBIFM({NBOUND,MXBND,X(LCBNDS),X (LCHCOF ),
1 X(LCRHS ), X (LCIBOU),NCOL ,NROW ,NLAY)

W N -

c
C7C2B---MAKE ONE CUT AT AN APPROXIMATE SOLUTION.
IF(IUNIT(9).GT.0) CALL SIPIAP(X(LCHNEW),X(LCIBOU),X{LCCR),X(LCCC),
1 X(LCCV),X (LCHCOF ), X (LCRHS ), X (LCEL),X {LCFL),X(LCGL),X (LCV),
2 X(LCW),X (LCHDCG ), X (LCLRCH),NPARM ,KITER ,HCLOSE ,ACCL ,ICNVG,
3 KSTP,KPER,IPCALC,IPRSIP ,MXITER ,NSTP ,NCOL,NROW ,NL AY ,NODES
1 10UT)
IF(TUNIT(11).6T.0) CALL SORIAP(X{LCHNEW),X (LCIBOU),X(LCCR),
1 X(LCCC),X(LCCV),X(LCHCOF ), X (LCRHS ), X (LCA), X (LCRES ), X(LCIEQP),
2 X(LCHDCG) ,X (LCLRCH) ,K ITER ,HCLOSE ,ACCL ,ICNVG ,KSTP ,KPER ,IPRSOR,
3 MXITER ,NSTP ,NCOL ,NROW ,NLAY ,NSLICE ,MBW ,10UT)
¢
C7C2C-~-1F CONVERGENCE CRITERION HAS BEEN MET STOP ITERATING.
IF(ICNVG.EQ.1) GO TO 110
100 CONTINUE
KITER=MXITER
110 CONTINUE

3
C7¢3----DETERMINE WHICH OUTPUT IS NEEDED.
CALL BAS10C(NSTP,KSTP,KPER,ISTRT,ICNVG,X(LCIOFL),NLAY,
1 IBUDFL,ICBCFL,IHDDFL,IUNIT(12),10UT)
¢
C7C4----CALCULATE BUDGET TERMS, SAVE CELL-BY-CELL FLOW TERMS.
MSUM=1
IF(TUNIT(1).6T.0) CALL BCF1BD(VBNM,VBVL ,MSUM,X (LCHNEW),
1 X(LCIBOU),X{LCHOLD),X(LCSC1),X(LCCR),X(LCCC),X(LCCV),
2 X(LCTOP),X(LCSC2),DELT,ISS ,NCOL,NROW,NLAY ,KSTP ,KPER,
3 1BCFCB, ICBCFL X (LCBUFF ), I0UT)

IF(IUNIT(2).GT.0) CALL WEL1BD(NWEL,NWELL,VBNM,VBVL ,MSUM X (LCKELL),
X(LCIBOY ),DELT ,NCOL ,NROW,NLAY ,KSTP,KPER,, IWELCB , ICBCFL,
X(LCBUFF),10UT)

IF(TUNIT(3).GT.0) CALL DRNIBD(NDRAIN,MXDRN,VBNM,VBVL ,MSUM,

1 X(LCDRAI ), DELT ,X(LCHNEW ) ,NCOL ,NROW ,NLAY , X (LCIBOU) ,KSTP,KPER,

2 IDRNCB ,ICBCFL ,X (LCBUFF ), I0UT)

IF(IUNIT(8),GT.0) CALL RCH1BD(NRCHOP,X(LCIRCH),X(LCRECH),
1 X(LCIBOU),NROW,NCOL ,NLAY ,DELT ,VBVL ,VBNM,MSUM ,KSTP ,KPER,
2 IRCHCB , ICBCFL ,X (LCBUFF ),I0UT)

IF(IUNIT(5).GT.0) CALL EVT1BD(NEVTOP,X (LCIEVT),X(LCEVTR),
1 X(LCEXDP ), X {LCSURF ), X (LCIBOU ), X (LCHNEW ) ,NCOL ,NROW,NLAY,

-
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2 DELT,VBVL,VBNM,MSUM,KSTP ,KPER,, IEVTCB, ICBCFL ,X(LCBUFF ), 10UT)
IF(IUNIT(4),6T.0) CALL RIVIBD(NRIVER,MXRIVR,X(LCRIVR),X(LCIBOU),
1 X(LCHNEW) ,NCOL ,NROW ,NLAY ,DELT ,VBVL ,VBNM ,MSUM,
2 KSTP,KPER, IRIVCB,I1CBCFL ,X(LCBUFF ),I0UT)
IF(IUNIT(7).GT.0) CALL GHB1BD(NBOUND,MXBND,VBNM,VBVL,MSUM,
1 X(LCBNDS ), DELT , X (LCHNEW ) ,NCOL ,NROW ,NLAY , X(LCIBOU) ,KSTP KPER,
2 IGHBCB, 1 CBCFL ,X (LCBUFF),10UT)
c
C7C5---PRINT AND OR SAVE HEADS AND DRAWDOWNS. PRINT OVERALL BUDGET.
CALL BAS1OT(X(LCHNEW),X(LCSTRT),ISTRT,X(LCBUFF ),X(LCIOFL),
1 MSUM,X (LCIBOU),VBNM,VBVL ,KSTP,KPER,DELT,
2 PERTIM,TOTIM,ITMUNT ,NCOL ,NROW ,NLAY , ICNVG,
3 IHDDFL, IBUDFL , IHEDFM, [ HEDUN, IDDNFM, IDDNUN, IOUT)
c
C7C6----1F ITERATION FAILED TO CONVERGE THEN STOP,
IF(ICNYG,EQ.0) STOP
200 CONTINUE
300 CONTINUE

C

C8-euemd END PROGRAM
STOP

c
END
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CHAPTER 4
BASIC PACKAGE

Conceptualization and Implementation

The Basic Package handles the administrative tasks of the model. The
major tasks for which it is responsible are the discretization of space
and time into cells and time steps, specification of initial and boundary
conditions, specification of heads for the beginning of each time step,
specification of program options to be used, calculation of the volumetric

budget, and control of the output of results.
Model Input and Selection of Major Options

Input to the program is divided by "major option." Major options are
sections of the program which the user may opt to use or not use. Major
options generally correspond to packages. For example, the River Package
is a major option; so is the SIP Package. The Basic Package is always used
so it is not a major option. However, "Output Control,” which is part of the
Basic Package, is a major option. Since the Basic Package is mandatory, input
to the Basic Package is always read. Input to a major option is read only
if the user intends to use the option. The user selects a major option by
setting the element corresponding to that option in an array named
"IUNIT"--which is read by the Basic Package--equal to a positive integer.

The positive integer serves two functions: (1) it indicates that the
corresponding major option will be used, and (2) it is the unit number for
the file containing input for that major option (fig. 13). When a new
major option is added to the program, it will be assigned to an element in

the IUNIT array.
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Discretization of Space

In the finite-difference method, a rectilinear grid is used to divide
the region to be studied into rows, columns, and layers, forming cells
with rectangular faces. The properties of the cells, which are assumed to be
homogeneous, are used to formulate the coefficients of the finite-difference
equations. Generally, the grid is superimposed on a flow system contained
in a sequence of stratigraphic units which are not quite horizontal (fig. 15).
Thus some cells may represent two very different rock types, making specification
of physical properties difficult. It is convenient, therefore, to deform
the grid so that grid layers follow the contours of the stratigraphic

units.

Changing from a rectilinear grid to a grid based on geologic layers,
though convenient, is the source of some error. Faces of each cell are no
longer rectangles but irregular surfaces. However, if the layers are very

nearly horizontal, the calculated heads should be very nearly correct.

At the extreme, there are two types of geologic units which may be of
interést to an investigator--high conductivity units and low conductivity
units. Figure 16 shows a flow net in two high conductivity sand units
separated by a low conductivity clay unit. The equipotentiais in the sand
units are nearly vertical; thus each of those units can be abproximated
accurately with just one or two layers. In the clay unit, on the other
hand, the equipotentials are nearly horizontal. Therefore, many layers are
needed to represent the change in head across the unit. Figure 17 shows a
grid that may be needed to accurately represent head variation in the

clay. In this example, the clay unit is represented by six grid layers.
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Figure 15.—Effect of using distorted grid in the vertical direction.
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Equipotentials-\ /— Flow Lines —l

Figure 16.—Flow net in a cross section consisting of two high
conductivity units separated by a low conductivity unit.
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Figure 17.—A cross section in which a low conductivity unit is
represented by six model layers.
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The flow system illustrated in figure 17 is simulated with eight layers,
one for each sand unit and six for the clay unit. However, in a similar
field situation, a hydrologist would generally be more interested in headé
in the sand units than those in the clay unit. Thus it may be sufficient
to simulate flow within the sand units and the effect of the clay unit on
transfer of water between the two sand units. Thus the upper sand unit
would be layer 1 in the model; the lower sand unit would be layer 2 (fig. 18).
The clay unit would not be simulated, heads in the clay would not be calculated,
but properties of the clay would be used to calculate conductance between

the sand layers.

In classical finite-difference theory, the vertical spacing of the grid
consists of a thickness (Avyg) of each layer such that the sum of those
thicknesses equals the thickness of the flow field. The two situations
described above represent cases that are exceptions to the classical finite-
difference method; that is, (1) grid layers, rather than being of even
thickness, may be deformed to match boundaries between stratigraphic units,
and (2) portions of the flow field within low conductivity units may be
simulated only in as much as they affect flow between adjacent layers.

When grid layers match stratigraphic units, thickness is a function of
horizontal location (fig. 15). When low conductivity layers are omitted,
the sum of the thicknesses of the individual simulated layers does not

equal the thickness of the flow field (fig. 18).

This program handles these exceptions by incorporating yayer thickness
into terms representing aquifer properties. For example, in'confined layers
transmissivity is used rather than hydraulic conductivity and storage
coefficient rather than specific storage. Consequently, vertical-grid
spacing is never explicitly read by the program.

58 ;‘



Layer Sand

Heads in This Layer Are Not Calculated. Resistance to Flow in This Layer Is Included Clay

in the Conductance Terms Between Layers 1 & 2.

Layer

Figure 18.—A cross section in which a low conductivity unit is
not represented by a model layer.
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Discretization of the region to be simulated consists of specifying a
number of rows, columns, layers, and the horizontal grid spacing (DELR
and DELC). Grid spacing is read by the Block-Centered Flow Package. The
Basic Package allocates space for horizontal grid spacing and uses the

number of rows, columns, and layers to allocate space for data arrays.
Boundaries

Recall that the finite-difference equation for a cell has the form

m m m m

CRi,j-1/2,k(Mi,3-1,k7Ni,3,k) + CRy j+1/2,k(Mi, 541,k = hi,j,k)

m m m m
* €Ci1/2,5,k(Mi-1,3,k7Ni,5,k) * CCi+1/2,5,k(Mi+1,5,k = Ni,j,k)

m m m m
* OVi,5,k-172(hi 5,k-1-1,5,k) + CVi 3, k+1/2(0i 5, k+1-Ni,5,k)

m m m-1

* Pi,i,kN,5,kt01,5,k = SC14, 5,k (hy,j,k-Ni,j,k)/0tn. (28)

One finite-difference equation is written for each cell in the grid in

which the head varies with time. An array, called the IBOUND array, which

is specified by the user and read by the Basic Package, is used to keep track
of which cells have heads which vary with time. The IBOUND array (fig. 19)
contains a code for each cell which indicates whether (1) the head varies
with time (variable-head cell), (2) the head is constant (constant-head
cell), or (3) no flow takes place within the cell (no-flow cell). The

IBOUND array can be modified by other packages if the state of a cell

changes.
Initial Conditions

Because equation 28 is in backward-difference form, a head distribution at
the beginning of a time step is required to calculate the head distribution
at the end of the time step (fig. 20). For each time step, the head distribution
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Figure 19.—Example of the boundary array (IBOUND) for a single

layer.
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Starting heads (STRT) are the heads at
the beginning of the simulation.

New Heads (HNEW}) are the latest
estimate of the heads at the end of the
current time step. Each iteration
produces a new estimate.

Oid Heads (HOLD) are the heads at the
beginning of the current time step.
They are, therefore, equal to the heads
at the end of the previous time step.

Start

Read
Starting
Heads
(STRT)

Set New
Heads (HNEW)
Equal to
STRT

>

Time Step Loop

Iteration Loop

Set Old
Heads (HOLD)
Equal to
HNEW

Use HOLD and
HNEW to
Formulate
Equations

Y

Solve Equations
for New
Estimate of
HNEW

Figure 20.—Flow of head distributions during a simulation.
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at the start of one time step is set equal to the head distribution at the
end of the previous time step. That chain is started with “"starting heads"
specified by the user. After the first time step, starting heads are no
longer used to calculate heads. They may be saved in array STRT; however,
to calculate drawdown, the difference between the starting head distribution

and some later head distribution.
Discretization of Time

Simulation time is divided into stress periods--time intervals during
which all external stresses are constant--which are, in turn, divided into
time steps. The length of each stress period is specified explicitly by
the user. Within the stress period, the time steps form a geometric series
in which the parameters of the series, the number of elements, and the
multiplier are specified by the user (fig. 21). The program uses those
parameters along with the length of the stress period to calculate the

length of each time step.
Output

The primary output of the program is head distribution. In addition, a
volumetric water budget is provided as a check on the numerical accuracy of
the simulation (fig. 22). The user can also request that cell-by-cell flow
terms and drawdown distributions be printed or recorded on disks. "Output
Control," a major option contained in the Basic Package, is used to control
the frequency and amount of data printed or saved. If Output Control is not
specified, a default option is invoked---head and drawdown are printed at

the end of each stress period.
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Start of
Simulation

Well1 100 GPM  Well 1

100 GPM

Well 2 0GPM  Weli2 400 GPM

Well 1

0 GPM

Well 2 400 GPM

Stress Stress Stress
Period 1 Period 2 Period 3
-— >— *— *—
Time Time Time Time Time Time Time
Step 1 Step 2 Step 1 Step1 Step 2 Step 3 Step 4

Delt (1) = PERLEN * (1-TSMULT)

1-TSMULT** NSTP

Delt (m + 1) = TSMULT * Delt (m)

Delt(m)

Specified by User
PERLEN...........
TSMULT ..........
NSTP .

Calculated by Program

Length of Stress Period
Time Step Multiplier
Number of Time Steps
in Stress Period

Length of Time Step m

Figure 21.—Division of simulation time into stress periods and

time steps.
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The calculation of the volumetric budget consists of two parts, the
calculation of the entries for the budget and the summation of the entries.
The entries, which correspond to individual components of flow, are calculated
in component-of-flow packages and stored in a table named VBVL. For example,
total flow into rivers is calculated in the River Package; total flow to
constant-head cells is calculated in the Block-Centered Flow Package. The
table VBVL is passed to the Basic Package which prints and sums the budget

entries.
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Basic Package Input

Input for the Basic (BAS) Package except for output control is read
from unit 1 as specified in the main program. If necessary, the unit
number for BAS input can be changed to meet the requirements of a particular
computer. Input for the output control option is read from the unit number
specified in IUNIT(12). ‘

Information for the Basic Package must be submitted in the following

order:

FOR EACH SIMULATION

1.

FOR EACH STRESS

Data:
Format:

Data:
Format:

Data:
Format:

Data:

Format:
(BCF

Data:
Format:

Data:
Module:

Data:
Format:

Data:
Module:

PERIOD

Data:
Format:

BAS1DF

HEADNG(32)
20A4

HEADNG (continued)
12A4

NLAY NROW NCOL NPER ITMUNI
110 110 110 110 110

TUNIT(24)

2413

WEL DRN RIV EVT XXX GHB RCH SIP XXX SOR OC)
BAS1AL

IAPART ISTRT
110 110

BAS1RP
IBOUND(NCOL ,NROW)
U2DINT
(One array for each layer in the grid)

HNOFLO
F10.0

Shead (NCOL ,NROW)

U2DREL
(One array for each layer in the grid)

BAS1ST

PERLEN  NSTP TSMULT
F10.0 I10 F10.0
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Explanation of Fields Used in
Input Instructions

HEADNG--is the simulation title that is printed on the printout. It may
be up to 132 characters long; 80 in the first record and 52 in
the second. Both records must be included even if they are blank.

NLAY--is the number of model layers.

NROW--is the number of model rows.

NCOL--is the number of model columns.

NPER~--is the number of stress periods in the simulation.

ITMUNI--indicates the time unit of model data. (It is used only for printout
of elapsed simulation time. It does not affect model calculations.)

0 - undefined 3 - hours
1 - seconds 4 - days
2 - minutes 5 - years

The unit of time must be consistent for all data values that involve time.
For example, if years is the chosen time unit, stress-period length, time-
step length, transmissivity, etc., must all be expressed using years for
their time units. Likewise, the length unit must also be consistent.

IUNIT--is a 24-element table of input units for use by all major options.
Only 10 elements (1-5, 7-9, 11, and 12) are being used. Element 6 is
reserved for the Transient Leakage Package. Element 10 is reserved
for an additional solver. Elements 13-24 are reserved for future major
options, :

IUNIT MAJOR
LOCATION OPTION

Block-Centered Flow Package
Well Package

Drain Package

River Package
Evapotranspiration Package
Reserved for Transient Leakage Package
General-Head Boundary Package
Recharge Package

SIP Package

Reserved for additional solver
SSOR Package

Output Control Option

[y
QWXL WN -

b b
N -

If IUNIT(n) < 0, the corresponding major option is not being used.
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If TUNIT(n) > O, the corresponding major option is being used and
data for that option will be read from the unit
number contained in IUNIT(n). The unit numbers in
IUNIT should be integers from 1 to 99. Although
the same number may be used for all or some of the
major options, it is recommended that a different
number be used for each major option. Printer
output is assigned to unit 6 (unless it is changed
to meet computer requirements). That unit number
should not be used for any other input or output.
The user is also permitted to assign unit numbers
for output. Those numbers should be different
from those assigned to input. The Basic Package
reads from unit 1 (unless it is changed to meet
computer requirements)., It is permissible but
unwise to use that unit for other major options.

IAPART-~indicates whether array BUFF is separate from array RHS.

If IAPART = 0, the arrays BUFF and RHS occupy the same space. This
option conserves space. This option should be used
unless some other package explicitly says otherwise.

If IAPART # 0, the arrays BUFF and RHS occupy different space. This
option is not needed in the program as documented in
this publication. It may be needed for packages yet
to be written,

ISTRT--indicates whether starting heads are to be saved. If they are saved,
they will be stored in array STRT. They must be saved if drawdown
is calculated.
If ISTRT = 0, starting heads are not saved.
If ISTRT # 0, starting heads are saved.
IBOUND--is the boundary array.
If IBOUND(I,J,K) < 0, cell 1,J,K has a constant head.

If IBOUND(I,J,K) = 0, cell I,J,K is inactive.

If IBOUND(I,J,K) > 0, cell 1,J,K is active,

HNOFLO--is the value of head to be assigned to all inactive cells
(IBOUND = 0) throughout the simulation. Since heads at inactive
cells are unused, this does not affect model results but serves
to identify inactive cells when head is printed. This value is
also used as drawdown at inactive cells if the drawdown option is
used, Even if the user does not anticipate having inactive cells,
a value for HNOFLO must be submitted.
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Shead--is head at the start of the simulation. Regardless of whether starting
head is saved, these values must be input to initialize the solution,

PERLEN--is the length of a stress period. It is specified for each stress
period.

NSTP--is the number of time steps in a stress period.

TSMULT--is the multiplier for the length of successive time steps. The length
of the first time step DELT(1) is related to PERLEN, NSTP and TSMULT
by the relation

DELT(1) = PERLEN(1-TSMULT)/(1-TSMULT**NSTP),
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Output Control Input

Output control is a major option separate from the rest of the Basic

Package. Input to Output Control is read from the unit specified in IUNIT(12).
If IUNIT(12) is zero, no output control data are read, and default output
control is used., Under the default, head and total budget are printed at
the end of every stress period. Additionally, if starting heads are saved
(ISTRT is not 0), drawdown is printed at the end of every stress period.
The default printout format for head and drawdown is 10G11.4, All printer
output goes to unit 6 as specified in the main program. If necessary, the
unit number for printer output can be changed to meet the requirements of a
particular computer,

FOR EACH SIMULATION
BAS1RP

1. Data: IHEDFM IDDNFM THEDUN IDDNUN
Format: 1I10 110 110 110
FOR EACH TIME STEP
BAS10C

J

2. Data: INCODE THDDFL IBUDFL ICBCFL
Format: 110 110 110 110

3. Data: Hdpr Ddpr Hdsv Ddsv
Format: 1I10 110 I10 110

(Record 3 is read 0, 1, or NLAY times,
depending on the value of INCODE.)

Explanation of Fields Used in
Input Instructions

IHEDFM-~is a code for the format in which heads will be printed.

IDDNFM--is a code for the format in which drawdowns will be printed. Format
codes have the same meaning for both head and drawdown. A positive
format code indicates that each row of data is printed completely
before starting the next row. This means that when there are more
columns in a row than will fit on one line, additional lines are used
as required to complete the row. This format is called the wrap format.
A negative format code indicates that the printout is broken into strips
where only that number of columns that will fit across one line are
printed in a strip. As many strips are used as are required to print
the entire model width. This format is called the strip format. The
absolute value of the format code specifies the printout format as
follows.
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0 - (10611.4) 7 - (20F5.0)
1 - (11610.3) 8 - (20F5,1)
2 - (9613.6) 9 - (20F5.2)
3 - (15F7.1) 10 - (20F5.3)
4 - (15F7.2) 11 - (20F5.4)
5 - (15F7.3) 12 - (10611.4)
6 - (15F7.4)

IHEDUN--is the unit number to which heads will be written if they are saved
on disk.

IDDNUN--is the unit number to which drawdowns will be written if they are
: saved on disk.

INCODE--is the head/drawdown ouput code. It determines the number of
records in input item 3.

If INCODE < 0, layer-by-layer specifications from the last time steps
are used. Input item 3 is not read.

If INCODE = 0, all layers are treated the same way. Input item 3

will consist of one record.
If INCODE > 0, input item 3 will consist of one record for each layer.
IHDDFL--is a head and drawdown output flag,
If THDDFL

0, neither heads nor drawdowns will be printed or saved
on disk.

If IHDDFL # 0, heads and drawdowns will be printed or saved according
to the flags for each layer specified in input item 3.

IBUDFL--is a budget print flag.

If IBUDFL = 0, overall volumetric budget will not be printed.

If IBUDFL # 0, overall volumetric budget will be printed.

(Note that the overall volumetric budget will always be printed at

the end of a stress period, even if the value of IBUDFL is zero.)
ICBCFL--is a cell-by-cell flow-term flag.

If ICBCFL = 0, cell-by-cell flow terms are not saved or printed,

If ICBCFL # 0, cell-by-cell flow terms are printed or recorded on disk

depending on flags set in the component of flow packages,
i.e., INELCB, IRCHCB, etc.
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Hdpr--is
If
If

Ddpr--is
If
If
Hdsv--is
If
If
Ddsv--is
If
If

the output flag for head printout,

Hdpr = 0, head is not printed for the corresponding layer.
Hdpr # 0, head is printed for the corresponding layer.

the output flag for drawdown printout.

Ddpr = 0, drawdown is not printed for the corresponding layer.
Ddpr # 0, drawdown is printed for the corresponding layer.
the output flag for head save.

Hdsv = 0, head is not saved for the corresponding layer.
Hdsv # 0, head is saved for the corresponding layer.

the output flag for drawdown save,

Ddsv = 0, drawdown is not saved for the corresponding layer.

Ddsv # 0, drawdown is saved for the corresponding layer.
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Module Documentation for the Basic Package

The Basic Package (BAS1) consists of eight primary modules and five

submodules.

BAS1DF
BASIAL

BAS1RP
BAS1ST

BAS1AD

BAS1FM
BAS10C

BAS10T

SBAS1D
SBAS1H
SBAS1I
SBAS1T
SBAS1V

The modules are:

Primary Modules

Defines and sets key model parameters.

Allocates space for data arrays used by the Basic
Package.

Reads and prepares data for the Basic Package.

Reads timing information and initializes variables
needed to calculate the length of time steps.

Calculates the length of time steps, accumulates
elapsed time, and intializes heads at the beginning
of each time step.

Clears accumulators RHS and HCOF,

Sets flags which indicate when data should be printed
or recorded on disk.

Prints and records heads, drawdowns, and overall
volumetric budget.

Submodules

Calculates, writes, and records drawdown distribution.
Writes and records head distribution,

Initializes the Output Control System.

Prints a time summary.

Calculates and prints the overall volumetric budget.
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Narrative for Module BAS1DF

The BAS1DF module defines and sets key model parameters. It does so in

the following order:
1. Print the name of the program.
2. Read and print a heading.

3. Read the number of layers, rows, columns, stress periods, and units
of time code ITMUNI. ITMUNI is a code which indicates the time units of
model data. It does not affect model calculations but is used when printing

the amount of elapsed time (see the input instructions for the codes).
4, Print the number of layers, rows, columns, and stress periods.
5. Select and print a message showing the time units.

6. Read and print the input unit numbers IUNIT for all major options.
IUNIT is a 24-element table. Each entry has been assigned to a particular
major option. The user specifies that a certain major option is to be used
by putting a positive integer into the IUNIT entry corresponding to that
major option. The integer is the unit number from which input to the major
option will be read. If a major option is not going to be used, the

corresponding IUNIT element is set equal to zero.

7. Initialize the total-elapsed time counter (TOTIM) and the storage-

array counter (ISUM) and calculate the total number of cells.

8. RETURN,
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Flow Chart for Module BAS1DF

ITMUNI is a code which indicates units
of time used in the input data.
This code is only used to print a
table showing elapsed time in seconds,
minutes, hours, days, and years. It
is not used in formulating or solving
the finite-difference equation.

ENTER
BAS1DF

PRINT THE
IUNIT is a table that indicates which Ngggé%;$75
major options are to be used and the
unit numbers from which input is to
be read. 2
TOTIM is an accumulator in which total RE/ZDHAE%,E?;'NT
simulation time is stored. It is
incremented at each time step. {
3
ISUM is a location counter for the CAD # OF LAYERS
5 i # ,
first unal19ca§ed space in the X FEO&S,COLUMN&
array. It is incremented by each STRESS PERIODS,

module in the Allocate Procedure. AND ITMUNI

v_.

PRINT # OF LAYERS,
ROWS, COLUMNS,
AND STRESS PERIODS

v__

SELECT AND PRINT
MESSAGE SHOWING
TIME UNITS

6

=
READ IUNIT TABLE

l 7
INITIALIZE TOTIM
AND ISUM

8

| |
<::* RETURN j:)
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OOM OO0

1

C

1

SUBROUTINE BAS1DF(1SUM,HEADNG,NPER,ITMUNI,TOTIM,NCOL ,NROW,
NLAY ,NODES , INBAS ,IOUT,IUNIT)

----- VERSION 1128 28DEC1983 BAS1DF

e e de e de e e Jode dode Jede ke e dede R Kk dede g de 5 dede e e dedededede K e de de de e de ede ek K dedededode dedede g K deded dededededede

DEFINE KEY MODEL PARAMETERS

e dededede dedede e de e dedede e dedededede g dedk e dede ke dedede ok dededededede ke ok dededededededede kde ok ddekdedkddkhhkk kdkkhkk

SPECIFICATIONS:

DIMENSION HEADNG(32),IUNIT(24)

................................................. e mEm e ———————

------ PRINT THE NAME OF THE PROGRAM,

WRITE (IOUT,1)

1 FORMAT(1H1,20X,'U.S. GEOLOGICAL SURVEY MODULAR',

1

' FINITE-DIFFERENCE GROUND-WATER MODEL')

C2------ READ AND PRINT A HEADING.

C

w ~n

READ(INBAS,2) HEADNG
FORMAT(20A4)
WRITE(IOUT,3) HEADNG
FORMAT (1HO,32A4)

C3--=u--] READ NUMBER OF LAYERS,ROWS,COLUMNS,STRESS PERIODS AND
------ UNITS OF TIME CODE.

READ(INBAS,4) NLAY,NROW,NCOL ,NPER,ITMUNI
FORMAT (8110)

------ PRINT # OF LAYERS, ROWS, COLUMNS AND STRESS PERIODS.

WRITE(IOUT,5) NLAY,NROW,NCOL

FORMAT(1X,I4,' LAYERS',110,' ROWS',110,"' COLUMNS')
WRITE(IOUT,6) NPER

FORMAT(1X,I3,"' STRESS PERIOD(S) IN SIMULATION')

------ SELECT AND PRINT A MESSAGE SHOWING TIME UNITS.

IF(ITMUNT.LT.0 .OR, ITMUNI.GT.5) ITMUNI=0
G0 T0 (10,20,30,40,50),1TMUNI
WRITE(IOUT,9)

9 FORMAT(1X, 'MODEL TIME UNITS ARE UNDEFINED')

GO TO 100

10 WRITE(IOUT,11)
11 FORMAT(1X, "MODEL TIME UNIT IS SECONDS')

GO TO 100

20 WRITE(IOUT,21)
21 FORMAT(1X, *MODEL TIME UNIT IS MINUTES®)

G0 TO 100

30 WRITE(IOUT,31)
31 FORMAT(1X, ‘MODEL TIME UNIT IS HOURS')

GO0 TO 100

40 WRITE(IOUT,41)
41 FORMAT(1X,'MODEL TIME UNIT IS DAYS')

GO TO 100

50 WRITE(I0UT,51)
51 FORMAT(1X,'MODEL TIME UNIT IS YEARS')

----- -READ & PRINT INPUT UNIT NUMBERS (IUNIT) FOR MAJOR OPTIONS.
100 READ(INBAS,101) IUNIT
101 FORMAT(2413)

WRITE(IOUT,102) (I,1=1,24),IUNIT

102 FORMAT(1HO, '1/0 UNITS:'/1X, 'ELEMENT OF IUNIT:' 2413,

1 nx,! 1/0 UNIT:',2413)
C
[ ETEEEE INITIALIZE TOAL ELAPSED TIME COUNTER STORAGE ARRAY COUNTER
C7evnmmn AND CALCULATE NUMBER OF CELLS.

TOTIM=0,

ISUM=1

NODES=NCOL*NROW*NLAY
c
C8ummmel RETURN

RETURN

END
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List of Variables for Module BAS1DF

Variable Range Definition
I Module Index.
INBAS Package Primary unit number from which input to the BAS1
Package will be read. INBAS = 1.
I0UT Global Primary unit number for all printed output. IOUT = 6.
ISUM Global Index number of the lowest element in the X array which

has not yet been allocated. When space is allocated
for an array, the size of the array is added to ISUM,

ITMUNI Package Code for time units for this problem:

undefined
seconds
minutes
hours
days
years

NPpwWwNh-O
[}

IUNIT Module DIMENSION (24), Primary input units for each of the
major options.

HEADNG Package DIMENSION (32), Heading printed on output to identify
the problem.

NCOL Global Number of columns in the grid.

NLAY Global Number of layers in the grid.

NODES Global Number of cells (nodes) in the finite-difference grid.
NPER Global Number of stress periods.

NROW Global Number of rows in the grid.

TOTIM Package Elapsed ‘time in the simulation.
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Narrative for Module BASIAL

Module BAS1AL allocates space for data arrays used by the BAS Package.
Space is. allocated for HNEW, HOLD, IBOUND, CR, CC, CV, HCOF, RHS, DELR, DELC,
‘and IOFLG. Space is allocated for the STRT array if the user intends to
calculate drawdown. Space is also allocated for an array called BUFFER,
which is used to accumulate various data arrays such as drawdown and cell-
by-cell flow terms when they are being calculated prior to output. To
conserve space, the user may specify that arrays BUFFER and RHS should
occupy the same space.

The number of spaces allocated for each of the arrays--HOLD, IBOUND, CR,
CC, CV, HCOF, RHS, STRT, and BUFFER is equal to the number of cells in the
grid. Twice that number of spaces is reserved for HNEW because it is double
precision. DELR and DELC are allocated a number of spaces equal to the
number of rows and columns, respectively. IOFLG (an array of flags used by
Output Control) is allocated a number of spaces equal to four times the
number of layers. '

Module BASI1AL performs its functions in the following order:
1. Print a message identifying the package.

2. Read and print flags IAPART and ISTRT which indicate whether the
BUFFER and RHS arrays should occupy the same space and whether the start
array (STRT) should be saved.

3. Store in ISOLD the location in the X array of the first unallocated
space. Calculate the number of cells in the grid.

4, Allocate space for HNEW, HOLD, IBOUND, CR, CC, CV, HCOF, RHS, DELR,
DELC, and IOFLG,

5. If the user specified that BUFFER and RHS should share space
(IAPART equal to zero), set the address of the BUFFER (LCBUFF) equal to
the address of RHS(LCRHS); otherwise, allocate separate space for BUFFER,

6. If the user specified that the starting array must be saved,
allocate space for STRT.

7. Print the amount of space used by the BAS Package.

8. RETURN,
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Flow Chart for Module BAS1AL

IAPART is a flag specified by
the user which, if equal to
zero, indicates that the
arrays BUFFER and RHS should
overlay each other.

BUFFER is an array in which
data is temporarily stored
while it is being gathered
for printing.

RHS 1is an array which contains
the right hand side of each
finite-difference equation.

ISTRT is a flag specified by
the user., If it is not
equal to zero, starting
heads are to be saved.

ISOLD marks the location of
ISUM before any space was
allocated by this module.
After all space is allocated,
ISOLD is subtracted from
ISUM to calculate the amount
of space allocated by this
module,

ISUM is a counter which contains
the 1ocation of the first
unallocated element in the
X array. Each time space is
allocated for an array; the
value in ISUM is incremented
by the size of the array.

82

ENTER
BAS1AL

1

PRINT A MESSAGE
IDENTIFYING
THIS PACKAGE

v .

READ AND PRINT
FLAGS IAPART
AND ISTRT

v

STORE ISUM IN
ISOLD. CALCULATE
# OF CELLS IN GRID

v .

ALLOCATE SPACE
FOR EACH ARRAY.
USE ISUM AS A
COUNTER

ALLOCATE
SPACE FOR
BUFFER

WILL
STARTING
HEAD ARRAY BE
SA\;ED

ALLOCATE

SPACE FOR

STARTING
HEAD ARRAY_

PRINT THE AMOUNT
OF SPACE USED

8

RETURN




SUBROUTINE BASIAL(ISUM,LENX,LCHNEW,LCHOLD,LCIBOU,LCCR,LCCC,LCCY,
1 LCHCOF ,LCRHS ,LCDELR ,LCDELC ,LCSTRT ,LCBUFF ,LCIOFL,INBAS,
1 ISTRT,NCOL ,NROW,NLAY, TOUT)

Ceeeone VERSION 0927 08DEC1983 BASI1AL

LR et R e s e e et e R e T R e e et e et s E e 2 el e

ALLOCATE SPACE FOR BASIC MODEL ARRAYS

e 2 e v v e 3 9 e e e e e e e e e e A A e Aok e A A A e e e A e A e Rk ke ke e ok

SPECIFICATIONS:

OO0

looonad PRINT A MESSAGE IDENTIFYING THE PACKAGE.
WRITE(I0UT,1)INBAS
1 FORMAT(1HO, ‘BAS1 -~ BASIC MODEL PACKAGE, VERSION 1, 12/08/83',
2' INPYT READ FROM UNIT',13)

oy S READ & PRINT FLAG IAPART (RHS & BUFFER SHARE SPACE?) AND
o J—— FLAG ISTRT (SHOULD STARTING HEADS BE SAVED FOR DRAWDOWN?)
READ(INBAS,2) IAPART,ISTRT
2 FORMAT(2110)
IF(IAPART.EQ.0) WRITE(I0UT,3)
3 FORMAT(1X, 'ARRAYS RHS AND BUFF WILL SHARE MEMORY.')
IF(ISTRT.NE.O) WRITE(IOUT,4)
4 FORMAT(1X, 'START HEAD WILL BE SAVED')
IF(ISTRT.EQ.0) WRITE(IOUT,5)
5 FORMAT(1X, 'START HEAD WILL NOT BE SAVED',
1 ' —~ DRAWDOWN CANNOT BE CALCULATED')

C3mnmnns STORE,IN ISOLD, LOCATION OF FIRST UNALLOCATED SPACE IN X,
ISOLD=ISUM
NRCL=NROW*NCOL*NL AY

(o ALLOCATE SPACE FOR ARRAYS,
LCHNEW=ISUM

[ SUM=1 SUM+2*NRCL
LCHOLD=ISUM
ISUM=1 SUM+NRCL
LCIBOU=ISUM
ISUM=T SUM+NRCL
LCCR=ISUM

1SUM=] SUM+NRCL
LCCC=ISUM

ISUM=I SUM+NRCL
LCCV=ISUM

ISUM=T SUM+NROW*NCOL* (NLAY-1)
LCHCOF=ISUM
ISUM=1 SUM+NRCL
LCRHS=ISUM
1SUM=1SUM+NRCL
LCDELR=ISUM
[SUM=1SUM+NCOL
LCDELC=ISUM
1SUM=1SUM+NROW
LCIOFL=ISUM
ISUM=ISUM+NLAY*4

C5-nnnnum IF BUFFER AND RHS SHARE SPACE THEN LCBUFF=LCRHS.
LCBUF F=LCRHS
IF (1APART.EQ.0) GO TO 50
LCBUFF=ISUM
1SUM=T SUM+NRCL

(e IF STRT WILL BE SAVED THEN ALLOCATE SPACE.
50 LCSTRT=ISUM
IF(ISTRT,NE.O) ISUM=ISUMNRCL
ISP=ISUM-ISOLD

Clemmnns PRINT AMOUNT OF SPACE USED.

WRITE(IOUT,6) ISP

6 FORMAT(1X,16,' ELEMENTS IN X ARRAY ARE USED BY BAS')
ISUMI =ISUM-1
WRITE(IOUT,7) ISUMI,LENX

7 FORMAT(1X,16,"' ELEMENTS OF X ARRAY USED OUT OF',17)
IF (ISUMI.GT.LENX) WRITE(IOUT,8) ]

8 FORMAT(1X,'  ***X ARRAY MUST BE DIMENSIONED LARGER***')

C8ennnnd RETURN

RETURN
END
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Variable

IAPART

INBAS

IouT
ISOLD

Isp
ISTRT

ISUM

ISUM1

LCBUFF
LCcC
LCCR
LCCv
LCDELC
LCDELR
LCHCOF
LCHNEW
LCHOLD
LCIBOU
LCIOFL
LCRHS
LCSTRT
LENX

NCOL
NLAY
NRCL
NROW

Range

Module

Package

Global
Package

Module
Package

Global

Module

Package
Package
Package
Package
Package
Package
Package
Package
Package
Package
Package
Package
Package
Global

Global
Glabal
Module
Global

List of Variables for Module BASIAL

Definition

Flag set by user.
= 0, arrays RHS and BUFFER will share space in

the X array.
# 0, arrays RHS and BUFFER will not share space
in the X array.

Primary unit number from which input to the BAS1
Package will be read. INBAS = 1.

Primary unit number for all printed output. IOUT = 6.

Before this module allocates space, ISOLD is set equal
to ISUM. After allocation, ISOLD is subtracted
from ISUM to get ISP, the amount of space in the X
array allocated by this module.

Number of words in the X array allocated by this module.

Flag.

# 0, starting heads will be saved so that drawdown
can be calculated.
= 0, starting heads will not be saved.

Index number of the lowest element in the X array which
has not yet been allocated. When space is allocated
for an array, the size of the array is added to ISUM.

Index number of the last element of the X array allocated
by this module.

Location in the

Location in the

Location in the

Location in the

Location in the

Location in the

Location in the

Location in the

Location in the

Location in the

Location in the

array of the first element of array BUFF.
array of the first element of array CC.
array of the first element of array CR.
array of the first element of array CV.
array of the first element of array DELC.
array of the first element of array DELR.
array of the first element of array HCOF.
array of the first element of array HNEW.
array of the first element of array HOLD.
array of the first element of array IBOUND.
array of the first element of array I0FLG.
Location in the X array of the first element of array RHS.
Location in the X array of the first element of array STRT.
Length of the X array in words. This should always be

equal to the dimension of X specified in the MAIN program.
Number of columns in the grid.
Number of layers in the grid.
Number of cells in the grid.
Number of rows in the grid.

XK DO XK DX DX DX XX XX XX X
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Narrative for Module BASIRP

This module reads and prepares data for the BAS Package. It reads the
boundary array (IBOUND) and the starting-head array (HNEW), sets the heads in
no-flow cells to a user-supplied value (for printout convenience), initializes
the starting-head array (STRT) and the volumetric-budget accumulators (VBVL),
and sets up the Output Control System. The IBOUND codes are as follows.

Code Status
negative constant head
zero inactive (no-flow)
positive variable head

The user must specify a head value HNOFLO that he wants printed for no-flow
(inactive) cells. That value is only used during printing and makes inactive
cells stand out on the listing (e.g., 0.0 and 9999.99).

Recall that initial heads are needed for each time step; however, they
must be read for only the first time step, at which time they are called the
starting heads. For subsequent time steps, the ending heads of the preceding
time step will be used as the initial heads of the current time step. The
starting heads are read in single precision into the array HOLD and converted
to double precision as they are moved into HNEW.

Module BASIRP performs its functions in the following order:

1. Print the simulation title and calculate the number of cells in a
layer.

2. Read the boundary array (IBOUND).
3. Read and print the head value to be printed for no-flow cells (HNOFLO).
4, Read the starting heads into array HOLD,

5. Copy the starting heads (and convert to double precision) from
HOLD into HNEW.

6. If the starting heads must be saved, copy them from HOLD to STRT.
7. Initialize volumetric-budget accumulators.

8. Call submodule SBAS1I to initialize the Output Control System.

9. RETURN,
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Flow Chart for Module BASIRP

HNOFLO is a value assigned to head in
inactive (no-flow) cells. It makes
those cells stand out in 1istings of
heads.

HNEW is an array containing the latest
estimates of heads. It starts each
time step with heads calculated for
the end of the previous time step.

It is changed at each iteration until
the last iteration when it contains
the heads at the end of the time step.

HOLD is an array containing heads at the
beginning of the current time step.
At the beginning of a time step, HOLD
AND HNEW contain identical values.
HNEW changes from one iteration to the
next; HOLD does not.

OUTPUT CONTROL is part of the Basic
Package which gives the user the
ability to control the kind and
amount of information that is
printed by the program.

U2DINT is a utility module which reads
two-dimensional integer arrays.
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SUBROUTINE BASIRP (IBOUND,HNEW,STRT ,HOLD,I1STRT,INBAS,
1 HEADNG,NCOL ,NROW,NLAY ,NODES ,VBVL ,10FLG,INOC, [HEDFM,
2 IDDNFM,IHEDUN, IDDNUN,I0UT)

C-——-- VERSION 0956 O3NOV1982 BASIRP

c kkkkkhhkkhhkkhkdkkhkhkkkkkhkkkkkhkhkkhkkkhkhkkhkkhkhkkkkkhkkkkkkkhkhhhkkkkhhhhihkd
C READ AND INITIALIZE BASIC MODEL ARRAYS
C kkkkkkkkkkkkkkhkhkkhhkkkkkhkhkhkhkhkhkkhkkkkkkkkhkkkkhkhkkkkkhkhkkkkhkhikkhk
C
c SPECIFICATIONS:
€ mmmmmmeen oo e e ccccccccmcm—m—em—m——ee
DOUBLE PRECISION HNEW,HNOFLO
C
DIMENSION HNEW(NODES),IBOUND(NODES),STRT(NODES),HOLD(NODES),
1 ANAME (6,2) ,VBVL (4,20),I0FLG(NLAY,4) ,HEADNG(32)
[
DATA ANAME(1,1), ANAME(Z 1), ANAME(3 1),ANAME (4,1),ANAME(5,1),
1  ANAME(S6, l) /! ' BO','UNDA','RY A' 'RRAY'/
DATA ANAME(1,2), ANAME(Z 2), ANAME(3 2) ANAME(4 2), ANAME(S 2),
1 ANAME(6,2) /' ! 5! ',UINIT', 'IAL ', 'HEAD'/
C B ecccccccccemmesccee—-- -
c
Cl------ PRINT SIMULATION TITLE, CALCULATE # OF CELLS IN A LAYER,
WRITE(IOUT,1) HEADNG
1 FORMAT(1H1,32A4)
NCR=NCOL*NROW
C
C2--—--- READ BOUNDARY ARRAY(IBOUND) ONE LAYER AT A TIME.

DO 100 K=1,NLAY

LOC=1+(K-1)*NCR

CALL U2DINT(IBOUND(LOC),ANAME(1,1),NROW,NCOL,K,INBAS,IDUT)
100 CONTINUE

C
C3-=---d READ AND PRINT HEAD VALUE TO BE PRINTED FOR NO-FLOW CELLS.
READ{INBAS,2) TMP
2 FORMAT(F10.0)
HNOFLO=TMP
WRITE(IOUT,3) T™P
3 FORMAT(1HO, 'AQUIFER HEAD WILL BE SET TO ',1PG11,5,
1 ' AT ALL NO-FLOW NODES (IBOUND=0}.')
C
C4------ READ STARTING HEADS.

DO 300 K=1,NLAY

LOC=1+{K-1)*NCR

CALL U2DREL(HOLD(LOC),ANAME(1,2),NROW,NCOL ,K,INBAS,IO0UT)
300 CONTINUE

C

CHmmmmndl COPY INITIAL HEADS FROM HOLD TO HNEW,
DO 400 I=1,NODES
HNEW(I )=HOLD(I)

IF(IBOYND(I).EQ.0) HNEW(1)=HNOFLO
400 CONTINUE

c
C6--uuu- IF STARTING HEADS ARE TO BE SAVED THEN COPY HOLD TO STRT.
IF(ISTRT,EQ.0) GO TO 590
DO 500 1=1,NODES
STRT(I)=HOLD(I)
500 CONTINUE
c
C7eemm- INITIALIZE VOLUMETRIC BUDGET ACCUMULATORS TO ZERO.
590 DO 600 I=1,20
D0 600 J=1,4

VBVL(J,1)=0,
600 CONTINUE

c

€8------ SET UP QUTPUT CONTROL.
CALL SBASLI(NLAY,ISTRT,IOFLG,INOC,IOUT,IHEDFM,
1 IDDNFM, I HEDUN, IDDNUN)

c

[ J— RETURN

1000 RETURN

END
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Variable Range
ANAME Module
HEADNG Package
HNEW Global
HNOFLO Module
HOLD Global
I Module
IBOUND Global
IDDNFM Package
IDDNUN Package
THEDFM Package
THEDUN . Package
INBAS Package
INOC Package
I0FLG Package
I0UT Global
ISTRT Package
J Module
K Module
LOC Module
NCOL Global
NCR Module
NLAY Global
NODES Global
NROW Global
STRT Package
TMP Module
VBVL Global

List of Variables for Module BAS1RP

Definition

Label for printout of input array.

DIMENSION (32), Heading printed on output to identify
problem.

DIMENSION (NCOL ,NROW,NLAY), Most recent estimate of
head in each cell. HNEW changes at each iteration.

User specified value for head in cells which are inactive
at the start of simulation,

DIMENSION (NCOL,NROW,NLAY), Head at the start of the
current time step.

Index.

DIMENSION (NCOL,NROW,NLAY), Status of each cell.
< 0, constant-head cell
= 0, inactive cell
> 0, variable-head cell

Code for format in which drawdown should be printed.

Unit number on which an unformatted record containing
drawdown should be recorded.

Code for format in which head should be printed.

Unit number on which an unformatted record containing
head should be recorded.

Primary unit number from which input to BAS1 Package
will be read. INBAS = 1,

Unit number from which input to output control option
will be read.

DIMENSION (NLAY,4), Flags to control printing and
recording of head and drawdown for each layer.
(NLAY,1) # 0, heads will be printed.

(NLAY,2) # 0, drawdown will be printed.
NLAY,3) # 0, heads will be recorded.
§NLAY,1; # 0, drawdown will be recorded.

Primary unit number for all printed output. IOUT = 6.

Flag.

g 0, starting heads will be saved so that drawdown
can be calculated.
= 0, starting heads will not be saved.

Index.

Index.

Pointer to location in an array for a specific layer.

Number of columns in the grid.

Number of cells in a layer.

Number of layers in the grid.

Number of cells (nodes) in the finite-difference grid.

Number of rows in the grid.

DIMENSION (NCOL,NROW,NLAY), Starting head.

Single-precision temporary storage place for HNOFLO,

DIMENSION (4,20), Entries for the volumetric budget.
For flow component N, the values in VBVL are:

(1,N) Rate for current time step into the flow field.
(2,N) Rate for current time step out of the flow field.
(3,N) Volume into the flow field during simulation.
(4,N) Volume out of the flow field during simulation.
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Narrative for Module BAS1ST

Module BAS1ST reads timing information for a stress period and
initializes variables used to calculate the length of time steps and elapsed
time. Each stress period is divided into time steps which form a geometric
progression (for a stress period, there is a multiplier TSMULT such that the
length of a time step is equal to TSMULT times the length of the previous time
step). If the length of the stress period (PERLEN) and the number of time
steps (NSTP) is known, the length of the first time step DELT can be calculated
with the equation

DELT = (1-TSMULT)*PERLEN/(1-TSMULT**NSTP).
Note: When TSMULT is equal to one, all the time steps are the same length. In
that case, the time-step length is the length of the stress period (PERLEN)
divided by the number of time steps (NSTP).

Module BAS1ST performs its functions in the following order:

1. Read the length of the stress period (PERLEN), the number of time
steps in the stress period (NSTP), and the time-step multiplier (TSMULT).

2. Calculate the length of the first time step.
(a) Assume the time-step multiplier is equal to one.

(b) If the time-step multiplier (TSMULT) is not equal to one,
calculate the first term of the geometric progression,

3. Print the timing information.

4, Initialize the variable PERTIM which keeps track of elapsed time
within a stress period.

5. RETURN,
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Fiow Chart for Module BAS1ST

PERLEN is the length of a stress period.

NSTP is the number of time steps in a
stress period.

TSMULT is a constant which, when multi-
plied by the length of a time step,
gives the length of the next time
step.

DELT is the length of the first time
step. Since the time steps form a
geometric progression, the formula
for calculating DELT is:

DELT=(1-TSMULT)*PERLEN/ (1-TSMULT**NSTP)

PERTIM is a field in which elapsed time
during a stress period is accumulated.
During each time step, the length of
the time step is added to PERTIM.
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OOOOOOOOOOOOO

SUBROUTINE BAS1ST(NSTP,DELT,TSMULT,PERTIM,KPER,INBAS,IOUT)

--VERSION 1614 08SEP1982 BAS1ST ¢

Fededede o dede e e e dedede dede de dede e de e dedededededede dede dede dededede Ko de de ke dedede dededede ke dedededede e dede dek dedededede ke ek

SETUP TIME PARAMETERS FOR NEW TIME PERIOD

dkkkkkkkkkkkkhkkhhkkkkkkkkkhkkikkkkkkhkkkkkkkkkkhkkkkhkkkhkkhkhkkkkkkk

SPECIFICATIONS:

----READ LENGTH OF STRESS PERIOD, NUMBER OF TIME STEPS AND,
----TIME STEP MULTIPLIER.

READ (INBAS,1) PERLEN,NSTP,TSMULT
FORMAT (F10.0,110,F10.0)

---=CALCULATE THE LENGTH OF THE FIRST TIME STEP.
----ASSUME TIME STEP MULTIPLIER IS EQUAL TO ONE.

DELT=PERLEN/FLOAT(NSTP)

----1F TIME STEP MULTIPLIER IS NOT ONE THEN CALCULATE FIRST
---~TERM OF GEOMETRIC PROGRESSION,

IF(TSMULT.NE.1,) DELT=PERLEN*(1,.-TSMULT)/(1.-TSMULT**NSTP)

----PRINT TIMING INFORMATION,

WRITE (IOUT,2) KPER,PERLEN,NSTP,TSMULT,DELT

2 FORMAT(1H1,51X,'STRESS PERIOD NO.',I4,', LENGTH =',G15.7/52X

1,46('-")//52X, 'NUMBER OF TIME STEPS =',16
2//53X, 'MULTIPLIER FOR DELT =',F10.3
3//50X, 'INITIAL TIME STEP SIZE =',G15.7)

----INITIALIZE PERTIM (ELAPSED TIME WITHIN STRESS PERIOD).

PERTIM=0,

----RETURN

RETURN
END
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List of Variables for Module BAS1ST

Variable Range Definition

DELT Global Length of the current time step.

INBAS Package Primary unit number from which input to the BAS1

Package will be read. INBAS = 1.

I0UT Global Primary unit number for all printed output. IOUT = 6.
KPER Global Stress period counter.

NSTP Global Number of time steps in the current stress period.
PERLEN Module Length of the stress period.

PERTIM Package Elapsed time during the current stress period.

TSMULT Package Multiplier to get from one time step length to the
next.
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Narrative for Module BAS1AD

Module BAS1AD calculates the length of the time step, accumulates the
elapsed time for the stress period and the total simulation period, and sets

the old head values equal to the new head values.

Within a stress period, the length of the time steps form a geometric
progression--the length of each time step is a constant (TSMULT) times the
length of the previous time step. The length of the first time step is
calculated in module BAS1ST,

The array HNEW contains the heads calculated for the end of the last time
step. Those heads which are also the heads at the beginning of the current

time step are copied into HOLD,
Module BAS1AD performs its functions in the following order:

1. If this is not the first time step in the stress period, calculate
the length of the time step (DELT). Note: The length of the first time step
is calculated by BAS1ST.

2. Accumulate the elapsed time since the beginning of the simulation

period (TOTIM) and the beginning of the stress period (PERTIM).

3. Set the heads at the beginning of this time step (HOLD) equal to

the heads at the end of the previous time step (HNEW).

4, RETURN,
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Flow Chart for Module BAS1AD

TOTIM is an accumulator in which the
total elapsed time since the
beginning of the simulation is
stored.

PERTIM is an accumulator in which the
total elapsed time during the
current stress period is stored.

HOLD is the head distribution at the 5&;?%
beginning of a time step.

HNEW is the head distribution at the
end of a time step.

Py .

NO

YES

CALCULATE
LENGTH OF
TIME STEP

ADD TIME-
STEP LENGTH
TO TOTIM
AND PERTIM

31

SET HOLD
EQUAL TO HNEW

94




SUBROUTINE BAS1AD(DELT,TSMULT,TOTIM,PERTIM,HNEW,HOLD,KSTP,

1 NCOL ,NROW,NLAY)
c
Commmm VERSION 1412 22FEB1982 BAS1AD
C
c dedeJededeke ok dedededede ek dek ekl kkikkikkikkikkkkkkkhkkhkkkikikkkdkkikkkk
c ADVANCE TO NEXT TIME STEP
C e Jede K Jede Je ke Je do ke de de ke e de ek de de e dede ke de I Kb hede e de ke de de ke dede e I de dede e deded dede e dede ke dedodedede dedke e ke ke ke ke
C
C SPECIFICATIONS:
C  —ccccemccec e cceeceemecmeeme—memmemmm—mm——eme—mmemme—me————————

DOUBLE PRECISION HNEW
c .

DIMENSION HNEW(NCOL ,NROW,NLAY), HOLD(NCOL,NROW,NLAY)
C  comccmcccc e e e cece e emeememmmmem e meemee——me—m——m——m—————————
c
Cl------ IF NOT FIRST TIME STEP THEN CALCULATE TIME STEP LENGTH.

IF(KSTP.NE.1) DELT=TSMULT*DELT
C
C2--=--- ACCUMULATE ELAPSED TIME IN SIMULATION(TOTIM) AND IN THIS
C2------ STRESS PERIOD(PERTIM),

TOTIM=TOTIM+DELT

PERTIM=PERTIM+DELT
c
C3------ COPY HNEW TO HOLD,

DO 10 K=1,NLAY

DO 10 I=1,NROW

DO 10 J=1,NCOL

10 HOLD(J,I,K)=HNEW(J,I ,K)

C
C4----- -RETURN

RETURN

END
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List of Variables for Module BAS1AD

Variable Range Definition
DELT Global Length of the current time step.
HNEW Global DIMENSION (NCOL,NROW,NLAY), Most recent estimate of
head in each cell. HNEW changes at each iteration.
HOLD Global DIMENSION (NCOL,NROW,NLAY), Head at the start of the
current time step.
I Module Row index.
J Module Column index.
K Module Layer index.
KSTP Global Time step counter. Reset at the start of each stress
period.
NCOL Global Number of columns in the grid.
NLAY Global Number of layers in the grid.
NROW Global Number of rows in the grid.
PERTIM Package Elapsed time during the current stress period.
TOTIM Package Elapsed time in the simulation.

TSMULT Package Multiplier to get from one time step length to the next.
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Narrative for Module BAS1FM

This module initializes the arrays in which the right hand side (RHS)

and the h-coefficient (HCOF) are accumulated.

Recall that the equation for cell i,j,k contains a term RHSi,j,k on the
right hand side and a coefficient HCOFi,j’k (h-coefficient) which multiplies
hj,j,k on the left hand side of the equation. The right-hand-side term and
the h-coefficient are the sum of terms related to many of the flow components.

They are calculated every time the equations are formulated.
Module BAS1FM performs its functions in the following order:

1. For each cell, initialize (set equal to zero) the HCOF and RHS

accumulators.

2. RETURN,
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SUBROUTINE BAS1FM(HCOF ,RHS ,NCOL ,NROW,NLAY ,NODES)

AAXKKKK KKKKKK KK K KKKXKhdkddhdhkirhkhdkhhhkdkhikxkihkikkhkdkkikhkdkikkihikikikhkk

SET HCOF=RHS=0.

Je e K dede de de de de e de e de Ko ke e dede e e dede e de e e e ke de e e de e e de Ko ke ke de e de e de e e ke e KK de e de de de ek ke de ke de ke ke ke

SPECIFICATIONS:

OOOOOOOO

OO0

R FOR EACH CELL INITIALIZE HCOF AND RHS ACCUMULATORS.
DO 100 I=1,NODES
HCOF (1)=0.
RHS(1)=0.

100 CONTINUE

C2mmmmm -RETURN

RETURN
END
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List of Variables for Module BAS1FM

Variable Range Definition

I Module Index.

HCOF Global DIMENSION (NCOL,NROW,NLAY), Coefficient of head in

cell (J,I,K) in the finite-difference equation.

NCOL Global Number of columns in the grid.

NLAY Global Number of layers in the grid.

NODES Global Number of cells (nodes) in the finite-difference grid.
NROW Global Number of rows in the grid.

RHS Global DIMENSION (NCOL,NROW,NLAY), Right hand side of the

finite-difference equation. RHS is an accumulation
of terms from several different packages.
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Narrative for Module BAS10C

Module BAS10C sets flags used by the budget and output procedures to
determine what data should be printed or recorded on disk. There are
three individual flags and one table of flags. The individual flags are
IHDDFL which indicates that head or drawdown is to be printed or recorded,
IBUDFL which indicates that the overall budget should be printed, and
ICBCFL which indicates that cell-by-cell flow terms should be calculated
and printed or recorded. The table of flags called IOFLG has four flags for
each layer. They correspond to the four options: print heads, print drawdown,
save heads, and save drawdown. The flags in IOFLG are used in conjunction
with the flag IHDDFL. If IHDDFL is set, IOFLG is used to determine head and
drawdown on a layer-by-layer basis. If IHDDFL is not set, heads and drawdown
are not printed or saved and IOFLG is ignored.

If the user is controlling output, the flags are read at each time
step; if not, IOFLG is set at the start of the simulation and the individual
flags are set at each time step.

Module BAS10C performs its functions in the following order:

1. Determine if the user has specified that he will control output.
He does so by coding a positive integer in the twelfth element of the
IUNIT table. That integer is read by module BAS1DF and is passed to this
module (BAS10C) under the name INOC. Go to either 2 or 3.

2. The user is not controlling output. Set flags for default-output
and then return., Flags IHDDFL and IBUDFL are set only at the last time
step in each stress period or when the iterative procedure fails to converge.
RETURN,

3. The user has chosen to control output. Read and print the code
INCODE and flags IHDDFL, IBUDFL, and ICBCFL. The code INCODE gives the
user several options for specifying the flag table IOFLG,

4. Determine whether INCODE is less than zero, equal to zero, or
greater than zero. Go to 5, 6, or 7.

5. INCODE is less than zero. Use the IOFLG flags used in the previous
time step and print a message to that effect. Go to 8.

6. INCODE is equal to zero. Read IOFLG for layer 1 and then set
flags in all other layers equal to those in layer 1. Go to 8.

7. INCODE is greater than zero. Read IOFLG array. Go to 8.

8. Regardless of what the user has specified, set the flag IBUDFL if
the iterative procedure failed to converge or if the current time step is
the last time step in the stress period.

9. RETURN.
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Flow Chart for Module BAS10C

INOC is the input unit for Output
Control specifications. It is
specified by the user as the
twel fth element of the IUNIT array.
If it is less than or equal to
zero, the user has chosen the
default output. If it is greater
than zero, the user has chosen to
control output.

INCODE provides the user with options
for filling the IOFLG array.

If INCODE < O, IOFLG from the
last time step is reused.

If INCODE = 0, IOFLG for layer 1
is read and all other layers are
set equal to layer 1.

If INCODE > 0, IOFLG is read.

IOFLG is a table of flags with one
entry for each layer. Each entry
has four flags:

1---head print
2---drawdown print
3---head save
4---drawdown save

If a flag is set (equal to 1), head
or drawdown for the corresponding
layer is either printed or saved on
disk.

IHDDFL is the head/drawdown flag.
If it is set, heads and drawdowns
will be written in accordance with
the flags in IOFLG.

IBUDFL is the budget print flag., If
it is set, the overall budget will
be printed. .

ICBCFL is the cell-by-cell flow term
flag., If it is set, cell-by-cell
flow terms will be printed or
recorded on disk for those com-
ponents of flow for which the CBC
flag (IWELCB, IRCHCB, IDRNCB, etc.)
is set.

ENTER
BAS10C
1

NO YES
3
SET FLAGS READ INCODE
FOR DEFAULT IHDDFL
OUTPUT
ICBCFL

RETURN

<0

REUSE IOFLG
FROM LAST
TIME STEP

READ IOFLG
FOR LAYER 1
AND SET ALL
OTHER LAYERS
EQUAL

READ IOFLG
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SUBROUTINE BAS10C(NSTP,KSTP,KPER,ISTRT,ICNVG,I0FLG,NLAY,
1 IBUDFL,ICBCFL,IHDDFL,INOC,IO0UT)

----- VERSION 0949 O3NOV1982 BAS10C
OUTPUT CONTROLLER FOR HEAD, DRAWDOWN, AND BUDGET

SPECIFICATIONS:

2XsXsXgl OO0

lemanas TEST UNIT NUMBER (INOC (INOC=IUNIT(12))) TO SEE IF
----- -0UTPUT CONTROL IS ACTIVE.
IF(INOC.NE.0)GO TO 500

(2]
-t

C2-~mun- IF OUTPUT CONTROL IS INACTIVE THEN SET DEFAULTS AND RETURN.
IHDDFL=0
IF(ICNVG.EQ.0 .OR. KSTP.EQ.NSTP)IHDDFL=1
IBUDFL=0
IF(ICNVG.EQ.0 .OR. KSTP,EQ.NSTP)IBUDFL=1
ICBCFL=0
GO TO 1000

€3--mmmn -READ AND PRINT OUTPUT FLAGS AND CODE FOR DEFINING IOFLG,
500 READ(INOC,1) INCODE,IHDDFL,IBUDFL,ICBCFL
1 FORMAT(4110) .
WRITE(IOUT,3) IHDDFL,I1BUDFL,ICBCFL
3 FORMAT(1HO, ‘HEAD/DRAWDOWN PRINTOUT FLAG =',I2,
1 5X, 'TOTAL BUDGET PRINTOUT FLAG =',12,
2 5X,'CELL-BY-CELL FLOW TERM FLAG =',12)

P P— -DECODE INCODE TO DETERMINE HOW TO SET FLAGS IN IOFLG.
IF (INCODE) 100,200,300

C5-mmun -USE T0FLG FROM LAST TIME STEP,
100 WRITE(IOUT,101)
101 FORMAT(1H ,'REUSING PREVIOUS VALUES OF IOFLG')
G0 TO 600

ol — READ IOFLG FOR LAYER 1 AND ASSIGN SAME TO ALL LAYERS
200 READ(INOC,201) (IOFLG(1,M),M=1,4)
201 FORMAT(4110)
DO 210 K=1,NLAY
T0FLG(K,1)=10FLG(1,1)
10FLG(K,2)=10FLG(1,2)
10FLG(K,3)=10FLG(1,3)
I0FLG{K,4)=10FLG(1,4)
210 CONTINUE
WRITE(I0UT,211) (IOFLG(1,M),M=1,4)
211 FORMAT (1K, 'OUTPUT FLAGS FOR ALL LAYERS ARE THE SAME:'/
1 1X,' HEAD  DRAWDOWN HEAD DRAWDOWN'/
2 1X,'PRINTOUT PRINTOUT SAVE  SAVE'/
3 1X,38{'-')/1X,15,110,18,18)
G0 TO 600

C7-mmmm -READ IOFLG IN ENTIRETY
300 READ(INOC,301) ((IOFLG(K,I),1=1,4),K=1,NLAY)
301 FORMAT(4110)

WRITE (100T,302)
302 FORMAT(1HO, '‘OUTPUT FLAGS FOR EACH LAYER:'/
1 1x,' HEAD DRAWDOWN HEAD DRAWDOWN'/

2 1X,'LAYER PRINTOUT PRINTOUT SAVE  SAVE'/
3 1X,41('-')) I
WRITE(I0UT,303) (K, (IOFLG(K,I),1=1,4),K=1,NLAY)

303 FORMAT(1X,14,18,110,18,18)

c
C8emmmen THE LAST STEP IN A STRESS PERIOD AND STEPS WHERE ITERATIVE
C8emmmme PROCEDURE FAILED TO CONVERGE GET A VOLUMETRIC BUDGET.
600 IF(ICNVG.EQ.0 .OR. KSTP.EQ.NSTP) IBUDFL=1
c

C9~mmnm -RETURN
1000 RETURN
END
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List of Variables for Module BAS10C

Varijable Range Definition

I Module Index.
IBUDFL Package Flag.
= 0, volumetric budget will not be printed for the
current time step.
# 0, volumetric budget should be printed for the
current time step.
ICBCFL Global Flag.
= 0, cell-by-cell flow terms will not be recorded
or printed for the current time step.
# 0, cell-by-cell flow terms will be recorded or
printed for the current time step.
ICNVG Global Flag is set equal to 1 when the iteration procedure
has converged.
THDDFL Package Flag.
= 0, neither head nor drawdown will be printed
at this time step.
# 0, head and drawdown may be printed at the end of
the current time step.
INCODE Module Code specified by user.
< 0, reuse contents of IOFLG from the last time step.
= 0, read IOFLG for layer 1 and set all other layers
to the same thing.
> 0, read IOFLG contents for each layer.

INOC Package Unit number from which input to output control option
will be read.
I0FLG Package DIMENSION (NLAY,4), Flags to control printing and

recording of head and drawdown for each layer,

(NLAY,1) # 0, heads will be printed.

(NLAY,2) # 0, drawdown will be printed.

(NLAY,3) # 0, heads will be recorded.

(NLAY,1) # 0, drawdown will be recorded.
I0UT - Global Primary unit number for all printed output. IOUT = 6.
ISTRT Package Flag.

# 0, starting heads will be saved so that drawdown

can be calculated.
= 0, starting heads will not be saved.

K Module Layer index.

KPER Global Stress period counter.

KSTP Global Time step counter. Reset at the start of each stress
period.

M Module Index.

NLAY Global Number of layers in the grid.

NSTP Global Number of time steps in the current stress period.
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Narrative for Module BAS10T

Module BAS10T invokes submodules which write results of the simulation.
Those results include head, drawdown, overall volumetric budget, and a time
summary. Results are printed according to flags IHDDFL, IOFLG, and IBUDFL
which are set by module BAS10C (Output Control). If flag IHDDFL is set,

a table of flags named IOFLG is used to determine which heads and drawdown
should be written (printer or disk) and for which layers it should be written.
This module (BAS10T) calls submodules SBAS1H and SBAS1D to write heads and
drawdowns respectively. If flag IBUDFL is set, submodule SBAS1V is invoked
to calculate and print the overall volumetric budget. After every time

step during which results have been printed, a time summary is printed.
Module BAS10T performs its functions in the following order:

1. Clear flag IPFLG. This flag is set later in this module if any

results are printed. It controls the printing of a time summary.

2. If the iterative procedure failed to converge, print a message to

that effect.

3. If the head and drawdown flag (IHDDFL) are set, call submodules
SBAS1H and SBAS1D to write heads and drawdowns in accordance with the

flags in the table IOFLG,

4, If the budget flag (IBUDFL) is set, call submodule SBAS1V to

calculate and print the volumetric budget.

5. If the printout flag (IPFLG) is set, call submodule SBASIT to

print a time summary.

6. RETURN,
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Flow Chart for Module BAS10T

IPFLG is the printout flag. It
is set when any results are
printed. If it is set, a
time summary is printed.

SBASIH is a submodule which
writes heads,

SBAS1ID is a submodule which
writes drawdown.

SBAS1V is a submodule which
prints the volumetric budget.

SBAS1T is a submodule which
prints a time summary.

IHDDFL is the head/drawdown
flag., If it is set, heads
and drawdown will be written
in accordance with flag
settings in IOFLG.

IBUDFL is the budget print
flag. If it is set, volumetric
budget will be printed.

IOFLG is a table of flags with
one entry for each layer.
Each entry has four flags:

1---head print
2---drawdown print
3---head save
4---drawdown save

ENTER
BAS10T

CLEAR
PRINTOUT
FLAG IPFLG

IF FAILED TO
CONVERGE
PRINT A MESSAGE

3A

CALL SBAS1H &
SBAS1D TO WRITE
HEAD AND
DRAWDOWN. SET
IPFLG

|

4A

CALL SBAS1V TO
PRINT BUDGET.
SET IPFLG

I IPFLG IS
SET, CALL
SBAS1IT TO PRINT
TIME SUMMARY

6
RETURN
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SUBROUTINE BAS1OT(HNEW,STRT,ISTRT,BUFF,I0OFLG,MSUM,IBOUND,VBNM,
1 VBVL,KSTP,KPER,DELT,PERTIM,TOTIM,ITMUNI NCOL ,NROW,NLAY ,ICNVG,
2 IHDDFL,IBUDFL,IHEDFM,IHEDUN,IDDNFM, IDDNUN,IOUT)

Cam==- VERSION 1154 29MAR1984 BAS10T

C khkkkhkhkhkhkkhkhkhkhkhkhkhhhkkhkhkhkhkhkkkhkhhkhkhhkhkhkkhkhkhkkhkkhkkhkkkhkkkkkhkkkkkkkkkhkhkkkkx
C OUTPUT TIME, VOLUMETRIC BUDGET, HEAD, AND DRAWDOWN
C AA KA A KA KA KA KA AR A A A A KA AE AR AAAI AR EAARARKRA A AR R AR AR ARk AR kA ek hkkhkkhkhkkkk
C
C SPECIFICATIONS:
c __________________________________________________________________
DOUBLE PRECISION HNEW
C
DIMENSION HNEW(NCOL,NROW,NLAY),STRT(NCOL,NROW,NLAY),

1 VBNM(1),VBVL(1),I0FLG{NLAY,4),

2 IBOUND (NCOL ,NROW,NLAY ) ,BUFF (NCOL ,NROW ,NLAY)
C | commmmmmmccmcacceecddccrc e c e c e m e c e cc e m e c e e r e e c— e -
c
Clemmmm- CLEAR PRINTOUT FLAG (IPFLG)

IPFLG=0
C
[y J— IF ITERATIVE PROCEDURE FAILED TO CONVERGE PRINT MESSAGE
IF (ICNVG.EQ.0) WRITE(IOUT,1) KSTP,KPER

1 FORMAT(1HO,10X, '****FAILED TO CONVERGE IN TIME STEP',I3,

1 ' OF STRESS PERIOD',I3,'**x*')
C
C3mmmmmn IF HEAD AND DRAWDOWN FLAG (IHDDFL) IS SET WRITE HEAD AND
o P— DRAWDOWN IN ACCORDANCE WITH FLAGS IN IOFLG.

IF (IHDDFL.EQ.0) GO TO 100
C
CALL SBAS1H(HNEW,BUFF,I0FLG,KSTP,KPER,NCOL ,NROW,
1 NLAY,IOUT,IHEDFM,IHEDUN, IPFLG,PERTIM,TOTIM)
CALL SBASID(HNEW,BUFF,IOFLG,KSTP,KPER,NCOL ,NROW,NLAY,IO0UT,

1 IDDNFM,IDDNUN,STRT,ISTRT,IBOUND, IPFLG,PERTIM,TOTIM)
C
Chmmmmmm PRINT TOTAL BUDGET IF REQUESTED

100 IF(IBUDFL.EQ.0) GO TO 120
CALL SBAS1V(MSUM,VBNM,VBVL ,KSTP,KPER,IOUT)

IPFLG=1
C
Co-memm- END PRINTOUT WITH TIME SUMMARY AND FORM FEED IF ANY PRINTOUT
Co=mmwm-- WILL BE PRODUCED.

120 IF(IPFLG.EQ.0) RETURN
CALL SBASIT(KSTP,KPER,DELT,PERTIM,TOTIM,ITMUNI,IOUT)
WRITE (I0UT,101)

101 FORMAT (1H1)

C
Cob-mmmmm RETURN .

RETURN
END
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List of Variables for Module BAS10T

Variable Range Definition

BUFF Global DIMENSION (NCOL,NROW,NLAY), Buffer used to accumulate
information before printing or recording it.

DELT Global Length of the current time step.

HNEW Global DIMENSION (NCOL,NROW,NLAY), Most recent estimate of
head in each cell. HNEW changes at each iteration.

IBOUND Global DIMENSION (NCOL,NROW,NLAY), Status of each cell.

< 0, constant-head cell
= 0, inactive cell
> 0, variable-head cell
IBUDFL Package Flag.
= 0, volumetric budget will not be printed for the
current time step.
# 0, volumetric budget should be printed for the
current time step.
ICNVG Global Flag is set equal to one when the iteration procedure
has converged.
IDDNFM Package Code for format in which drawdown should be printed.
IDDNUN Package Unit number on which an unformatted record containing
drawdown should be recorded.
THDDFL Package Flag.
= 0, neither head nor drawdown will be printed at
this time step.
# 0, head and drawdown may be printed at the end of
the current time step.
THEDFM Package Code for the format in which head should be printed.

THEDUN Package Unit number on which an unformatted record containing
head should be recorded.
I0FLG Package DIMENSION (NLAY,4), Flags to control printing and

recording of head and drawdown for each layer.
(NLAY,1) # 0, heads will be printed.
(NLAY,2) # 0, drawdown will be printed.
(NLAY,3) # 0, heads will be recorded.
(NLAY,1) # 0, drawdown will be recorded.
I0UT Global Primary unit number for all printed output. IOUT = 6.
IPFLG Package Flag.
= 0 means nothing has been printed this time step.
# 0 means something has been printed this time
step; therefore, a time summary must be printed.
ISTRT Package Flag.
# 0, starting heads will be saved so that drawdown
can be calculated.
= 0, starting heads will not be saved.
ITMUNI Package Code for time units for this problem:
0 - undefined

1 - seconds
2 - minutes
3 - hours

4 - days

5 - years
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List of Variables for Module BAS10T (Continued)

Variable Range
KPER Global
KSTP Global
MSUM Global
NCOL Global
NLAY Global
NROW Global
PERTIM Package
STRT Package
TOTIM Package
VBNM Global
VBVL Global

Stress period counter.

Time step counter. Reset at the start of each stress
period,
Counter for budget entries and labels in VBVL and VBNM.
Number of columns in the grid.
Number of layers in the grid.
Number of rows in the grid.
Elapsed time during the current stress period.
DIMENSION (NCOL ,NROW,NLAY), Starting head.
Elapsed time in the simulation.
DIMENSION (4,20), Labels for entries in the volumetric
budget.
DIMENSION (4,20), Entries for the volumetric budget.
For flow component N, the values in VBVL are:
(1,N) Rate for the current time step into the flow
field.
(2,N) Rate for the current time step out of the flow
field.
(3,N) Volume into the flow field during simulation.
(4,N) Volume out of the flow field during simulation.
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Narrative for Module SBAS1D

Module SBAS1D is called by module BAS10T to calculate and write drawdown
for every cell in certain layers in the grid. The module is called at the
end of each time step if the head and drawdown flag (IHDDFL) is set. It
calculates drawdown only if the user has specified that starting heads should
be saved.

The layers for which drawdown is to be written are determined by the
settings of flags in the table named IOFLG. In IOFLG, there are four flags for
each layer. The second flag, if it is set, causes drawdown to be printed.

The fourth flag, if it is set, causes drawdown to be recorded.

Module SBAS1D performs its functions in the following order:

1. For each layer, do steps 2-5.

2. If flags indicate that drawdown is not needed for this layer, go
on to the next layer.

3. Test flag ISTRT to see if starting heads were saved. Go to either
4 or 5.

4, Starting heads were not saved. Write a message to that effect and
STOP.

5. Starting heads were saved. Calculate drawdown for this layer.

6. For each layer, if drawdown is to be printed, call module ULAPRS
or ULAPRW, depending on the format requested (IDDNFM), to print drawdown.

7. For each layer, if drawdown is to be recorded, call module ULASAV
to write the drawdown to the unit specified in IDDNUN,

8. RETURN,
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Flow Chart for Module SBAS1D

IOFLG is a table containing

one entry for each Tayer.
Each element consists of
four flags which, when

set, cause (1) head to be
printed, (2) drawdown to

be printed, (3) head to be
recorded, and (4) drawdown

to be recorded.

ULAPRW is a utility module
which prints a value for

each cell in a wrap format.

In the wrap format, all
values for one row are
printed before any values
for the next row.

ULAPRS is a utility module
which prints a value for
each cell in the layer in
a strip format. In the
strip format, all values
in a group of N columns
are printed before any
values in the next N
columns are printed.

ULASAV is a utility module
which records a value for
each cell in a layer.

IDDNUN is a unit number,
specified by the user,
on which drawdown will be
recorded,

ENTER
SBAS1D

FOR EACH LAYER

DRAWDOWN
NEEDED
?

STARTING
HEADS
SAVED
?

YES
5

CALCULATE
DRAWDOWN

FOR EACH LAYER

6

CALL MODULES
ULAPRW OR
ULAPRS TO PRINT
DRAWDOWN

FOR EACH LAYER
7

CALL MODULE
ULASAV TO RECORD
DRAWDOWN ON UNIT

IDDNUN

J

4

PRINT MESSAGE
SAYING STARTING
HEADS WERE NOT

SAVED

{

8 N

RETURN
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SUBROUTINE SBASI1D(HNEW,BUFF,IOFLG,KSTP,KPER,NCOL,NROW,
1 NLAY,IOUT,IDDNFM, IDDNUN,STRT,ISTRT,IBOUND,IPFLG,
2 PERTIM,TOTIM)

c
Commm- VERSION 1147 29MAR1984 SBAS1D
C %o e % Je vt de J Yot de Je d Je de de dode do g g g g de e Jo e o g g g g g de Y g g g de g dede Fe g e g e g e g g ek Ko ke
c CALCULATE PRINT AND RECORD DRAWDOWNS
c e g do e e do e Je de g de Je do de de de e g o e de g de e de de Je Y de de Fe de de e de de de e g de e de g d g de g d dode dedeke Ko de
c
c SPECIFICATIONS
{ cocmmcccccccccccccccmccccccrccccccnccncrcncncnaccanmanae
DOUBLE PRECISION HNEW
c
DIMENSION HNEW(NCOL ,NROW,NLAY) ,IOFLG(NLAY,4) ,TEXT(4),
1 BUFF (NCOL ,NROW,NLAY) , STRT(NCOL ,NROW,NLAY)
2 TBOUND (NCOL ,NROW, NLAY)
c
DATA TEXT(1),TEXT(2),TEXT(3),TEXT(4) /' ',*  ','DRAW',
1 "DOWN' /
C  ecocmcmccmccacccmcccmccccccccccnccnccccccancccascccaanaaan
c
[ PR— FOR EACH LAYER CALCULATE DRAWDOWN IF PRINT OR RECORD
o3 P— IS REQUESTED
DO 59 K=1,NLAY
c
oy IS DRAWDOWN NEEDED FRO THIS LAYER?
IF(IOFLG(K,2).EQ.0 .AND. IOFLG(K,4).EQ.0) 60 TO 59
c
ok J— DRAWDOWN IS NEEDED. WERE STARTING HEADS SAVED?
IF(ISTRT.NE.O) GO TO 53
c
(o P— STARTING HEADS WERE NOT SAVED. PRINT MESSAGE AND STOP.
WRITE(I0UT,52)
52 FORMAT(1HO, 'CANNOT CALCULATE DRAWDOWN BECAUSE START',
1 ' HEADS WERE NOT SAVED')
STOP
c
o J— CALCULATE DRAWDOWN FOR THE LAYER.
53 DO 58 I=1,NROW
DO 58 J=1,NCOL
HSING=HNEW (J,1,K)
BUFF(J,1,K) =HSING
IF(IBOUND(J,I,K) .NE.O) BUFF(J,I,K)=STRT(J,I,K)-HSING
58 CONTINUE
59 CONTINUE
c
Cmmmmns FOR EACH LAYER: DETERMINE IF DRAWDOWN SHOULD BE PRINTED.
[ T IF SO THEN CALL ULAPRS OR ULAPRW TO PRINT DRAWDOWN.
DO 69 K=1,NLAY
IF(IOFLG(K,2) .EQ.0) GO TO 69
IF(IDDNFM.LT.0) CALL ULAPRS(BUFF(1,1,K),TEXT(1),KSTP,KPER,
1 NCOL , NROW, K, ~-IDDNFM, I0UT)
IF(IDDNFM.GE.0) CALL ULAPRW(BUFF(1,1,K),TEXT(1) ,KSTP,KPER,
1 NCOL ,NROW,K, IDDNFM, 10UT)
IPFLG=1
69 CONTINUE
c
C7------FOR EACH LAYER: DETERMINE IF DRAWDOWN SHOULD BE RECORDED.
oy J— IF SO THEN CALL ULASAV TO RECORD DRAWDOWN.
IFIRST=1
IF(IDDNUN.LE.O) GO TO 80
DO 79 K=1,NLAY
IF(10FLG(K,4) .LE.O) GO TO 79
IF(IFIRST.EQ.1) WRITE(IOUT,74) IDDNUN,KSTP,KPER
74 FORMAT(1HO, 'DRAWDOWN WILL BE SAVED ON UNIT',I3,
1 ' AT END OF TIME STEP',I3,', STRESS PERIOD',I3)
IFIRST=0
CALL ULASAV(BUFF(1,1,K),TEXT(1),KSTP,KPER,PERTIM,TOTIM,NCOL,
1 NROW K, IDDNUN)
79 CONTINUE
c
7 JRA. RETURN
80 RETURN
END
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List of Variables for Module SBAS1D

Variable Range Definition
BUFF Global DIMENSION (NCOL,NROW,NLAY), Buffer used to accumulate
information before printing or recording it.
HNEW Global DIMENSION (NCOL,NROW,NLAY), Most recent estimate of
head in each cell. HNEW changes at each iteration.
HSING Module Single-precision temporary field for HNEW (J,I,K).
I Module Index for rows.
IBOUND Global DIMENSION (NCOL,NROW,NLAY), Status of each ce]]

< 0, constant-head cell
= O, inactive cell
> 0, variable-head cell

IDDNFM Package Code for format in which drawdown should be printed.

IDDNUN Package Unit number on which an unformatted record containing
drawdown should be recorded.

IFIRST Module Flag to indicate that a notice should be printed when
drawdown is recorded.

IOFLG Package DIMENSION (NLAY,4), Flags to control printing and

recording of head and drawdown for each layer.
(NLAY,1) # 0, heads will be printed.
(NLAY,2) # 0, drawdown will be printed.
(NLAY,3) # 0, heads will be recorded.
(NLAY,1) # 0, drawdown will be recorded.
10UT Global Primary unit number for all printed output. IOUT = 6,
IPFLG Package Flaqg.
= 0 means nothing has been printed this time step.
# 0 means something has been printed this time
step; therefore, a time summary must be printed.
ISTRT Package Flag.
# 0, starting heads will be saved so that drawdown
. can be calculated.
= 0, starting heads will not be saved,

J Module Index for columns.

K Module Index for layers.

KPER Global Stress period counter,

KSTP Global Time step counter. Reset at the start of each stress
period.

NCOL Global Number of columns in the grid.

NLAY Global Number of 1ayers in the grid.

NROW Global Number of rows in the grid.

PERTIM Package Elapsed time during the current stress period.

STRT Package DIMENSION (NCOL,NROW,NLAY), Starting head.

TEXT Module Label to be printed or recorded w1th array data.

TOTIM Package Elapsed time in the simulation.
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Narrative for Module SBAS1H

Module SBAS1H prints and records head for every cell in certain layers
in the grid, It is called by module BAS10T at the end of each time step if
the head and drawdown flag (IHDDFL) is set. The layers for which head is
written is controlled by the settings of flags in the table named I0FLG.

In 1I0FLG, there are four flags for each layer. The first flag, if it is set,
causes head for the corresponding layer to be printed. The third flag, if it
is set, causes head to be recorded.

Module SBAS1H performs its functions in the following order:
1. For each layer, DO STEPS 2-4,

2. Test the flag table (IOFLG) to see if heads should be printed for
this layer. If so, DO STEPS 3 AND 4.

3. Copy heads for this layer (which are contained in the double-precision
array (HNEW)) into the single-precision buffer array (BUFF).

4, Depending on the print-format code, call either module ULAPRW or
ULAPRS to print the contents of the buffer array.

5. Test the unit number for recording heads (IHEDUN) to see if it is
positive. If it is not positive, heads will not be recorded (SKIP STEPS

6-9). If it is positive, heads may be recorded in accordance with the setting
of flags in the IOFLG array. DO STEPS 6-9.

6. For each layer, DO STEPS 7-9.

7. If flags in IOFLG indicate that heads are not to be recorded for
this layer, move on to the next layer.

8. Copy heads from the HNEW array (double-precision) to the BUFF array
(single-precision).

9, Call module ULASAV to record the heads on unit THEDUN.
10. RETURN,
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Flow Chart for Module SBAS1H

IOFLG is a table containing one
entry for each layer, Each
element consists of four flags
which, when set, cause (1) head
to be printed, (2) drawdown to be
printed, (3) head to be recorded,
and (4) drawdown to be recorded.

ULAPRW is a utility module which

prints a value for each cell in
the layer in a wrap format. In
the wrap format, all values for
one row are printed before any
values for the next row.

ULAPRS is a utility module which

prints a value for each cell in
the layer in a strip format. In
the strip format, all values in
a group of N columns are printed
before any values in the next N
columns are printed.

ULASAV is a utility module which

records a value for each cell
in a layer,

IHEDUN is a unit number, specified
by the user, on which heads will
be recorded., If IHEDUN is less
than or equal to zero, heads will
not be recorded.
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SUBROUTINE SBAS1H(HNEW,BUFF,IOFLG,KSTP,KPER,NCOL,NROW,
1 NLAY, TOUT, IHEDFM, IHEDUN, IPFLG ,PERTIM, TOT IM)

¢
e VERSION 1138 29MAR1984 SBAS1H

c Rk Rhkkkhkkkhkkkhkkkhkkhkhkkkhhhkhhkhkhkhkkkkkikkhkhkkkkhkkkkkkkkhdd
c PRINT AND RECORD HEADS
c kkkhkhkhkhkhkkkkkkkkhkhkkhkhkkkkkkkhkrhkrkbhkhkhkhkkikkhkkkkbhhkbhd
c
c SPECIFICATIONS
C  coccmcmccccmcemmceeeeem s —— e e ——————— e ———————————

DOUBLE PRECISION HNEW
C «

DIMENSION HNEW(NCOL,NROW,NLAY), IOFLG(NLAY,4) ,TEXT(4),

1 BUFF (NCOL,NROW , NLAY)
c

DATA TEXT(1),TEXT(2),TEXT(3),TEXT(4) /*  *,* *',* ',

1 "HEAD'/
S e —————————— = o o o
c
oy QE— FOR EACH LAYER: PRINT HEAD IF REQUESTED.

DO 39 K=1,NLAY
c
[ S TEST I0FLG TO SEE IF HEAD SHOULD BE PRINTED.

IF(IOFLG(K,1).EQ.0) GO TO 39
IPFLG=1

c

€3----- -COPY HEADS FOR THIS LAYER INTO BUFFER.
DO 32 I=1,NROW
DO 32 J=1,NCOL
BUFF (J,1,1)=HNEW(J, I,K)
32 CONTINUE

C4-emme ~CALL UTILITY MODULE TO PRINT CONTENTS OF BUFFER.
IF{IHEDFM.LT.0) CALL ULAPRS(BUFF,TEXT(1),KSTP,KPER,NCOL,NROW,K,

1 -IHEDFM, I0UT)
IF(IHEDFM.GE.0) CALL ULAPRW(BUFF,TEXT(1),KSTP,KPER,NCOL,NROW,K,
1 IHEDFM, T0UT)
39 CONTINUE
¢
€5------ IF UNIT FOR RECORDING HEADS <= 0: THEN RETURN.
IF ( IHEDUN.LE .0)GO TO S0
IFIRST=1
c
C6-mune| FOR EACH LAYER: RECORD HEAD IF REQUESTED.
DO 49 K=1,NLAY
c

C7-eeu- ~CHECK IOFLG TO SEE IF HEAD FOR THIS LAYER SHOULD BE RECORDED.
IF(10FLG(K,3).LE.0) GO TO 49
IF(IFIRST.EQ.1) WRITE(IOUT,41) IHEDUN,KSTP,KPER
41 FORMAT(1HO, 'HEAD WILL BE SAVED ON UNIT',I3,' AT END OF TIME STEP',
1 13,', STRESS PERIOD',I3)

IFIRST=0

C
C8-=uwue ~-COPY HEADS FOR THIS LAYER INTO BUFFER.
DO 44 I=1,NROW
DO 44 J=1,NCOL
BUFF(J, I,1)=HNEW(J, I,K)
44 CONTINUE

c
o RECORD CONTENTS OF BUFFER ON UNIT=IHEDUN
CALL ULASAV(BUFF,TEXT(1),KSTP,KPER,PERTIM,TOTIM,NCOL,NROW,K,
1 THEDUN)

49 CONTINUE
¢
C10-----| RETURN

50 RETURN

END
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List of Variables for Module SBASI1H

Varijable- Range Definition
BUFF Global DIMENSION (NCOL,NROW,NLAY), Buffer used to accumulate
information before printing or recording it.
HNEW Global DIMENSION (NCOL,NROW,NLAY), Most recent estimate of
head in each cell. HNEW changes at each iteration.
I Module Index for rows.
IFIRST Module Flag which, if set (equal to 1), indicates that a notice

should be printed when head is recorded.
THEDFM Package Code for format in which head should be printed.

IHEDUN Package Unit number on which an unformatted record containing
head should be recorded.
I0FLG Package DIMENSION (NLAY,4), Flags to control printing and

recording of head and drawdown for each layer.

(NLAY,1) # 0, heads will be printed.

(NLAY,2) # 0, drawdown will be printed.

(NLAY,3) # 0, heads will be recorded.

(NLAY,1) # 0, drawdown will be recorded.
I0UT Global Primary unit number for all printed output. IOUT = 6.
IPFLG Package Flag.

= 0 means nothing has been printed this time step.

# 0 means something has been printed this time

step; therefore, a time summary must be printed.

J Module Index for columns.

K Module Index for layers.

KPER Global Stress period counter,.

KSTP Global Time step counter. Reset at the start of each stress
period.

NCOL Global Number of columns in the grid.

NLAY Global Number of layers in the grid.

NROW Global Number of rows in the grid.

PERTIM Package Elapsed time during the current stress period,.

TEXT Module Label to be printed or recorded with array data.

TOTIM Package Elapsed-time in the simulation,
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Narrative for Module SBAS1I

Module SBAS1I initializes the Output Control System. If the user does
not opt to control output, the formats for printing head and drawdown are
set to the default format and flags are set so that, whenever heads or
drawdowns are printed, they are printed for all layers. If the user does
opt to control output, the formats for printing and the unit numbers for
recording head and drawdown are read.

A table named IOFLG contains one entry for each layer in the grid.
Each entry consists of four flags corresponding to four operations: (1) head
print, (2) drawdown print, (3) head record, and (4) drawdown record. The
module BAS10T examines the table and, for each layer, performs only the
operations for which the corresponding flags are set (equal to one). This
module (SBAS1I) sets the head-print flag if the user opts for default output.
If starting heads are saved, it also sets the drawdown-print flag. If the
user opts to control output, the flags in IOFLG are read at each time step.

Module SBAS1I performs its functions in the following order:

1. Test the unit number for Output Control (IUNIT (12)), which is known
in this module by the name INOC, to see if it is positive. If it is positive,
the Output Control option is active and output specification will be read
from the unit number contained in INOC. If it is not positive, the Output
Control option is not active and flags are set to defaults. GO TO 2 OR 3.

2. Output Control is active. Read and print the head-print format
code (IHEDFM), the drawdown-print format code (IDDNFM), the unit number to
record heads (IHEDUN), and the unit number to record drawdown (IDDNUN).

GO TO 6. Note: The formats and associated codes are listed in the Input
Instructions for OQutput Control.

3. Output Control is inactive., Print a message listing the defaults.

4. Set the print-format codes (IHEDFM and IDDNFM) equal to zero to
get the default format.

5. Set the flags in IOFLG so that head and drawdown are printed for
all layers.

6. RETURN.
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Flow Chart for Module SBAS1I

INOC is the input unit for
Qutput Control. It is the
same as element 12 in the
IUNIT table. When it is
greater than zero, Output
Control is active--the user
will provide output speci-
fications. When it is less
than or equal to zero, Output
Control is inactive--output
will be controlled by default.

ENTER
SBAS1H

IOFLG is a table containing
one entry for each 1ayer.
Each entry consists of four
flags which, when set, cause
(1) head to be printed,

(2) drawdown to be printed,
(3) head to be recorded, and
(4) drawdown to be recorded.

>0

READ FORMATS
FOR PRINTING
AND UNIT
NUMBERS FOR
RECORDING HEADS

PRINT A
MESSAGE
LISTING THE
DEFAULTS

y .

SET THE FORMAT
CODES EQUAL
TO THE DEFAULT
FORMAT

v

SET IOFLG FOR
HEAD PRINT IN
ALL LAYERS

v
(=)
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SUBROUTINE SBASII(NLAY,ISTRT,IOFLG,INOC,I0UT,IHEDFM,
IDDNFM, THEDUN, IDDNUN)

c
Com=ns VERSION 1138 03NOV1982 SBAS1I
c e e de e e Yo e e e ek e ke e e ok e ke e e ok e ok ke e e e e e ok e e e e e ke e ok ke e ke e e ek e e ke ke e e ke R e ke e ek ok
C SET UP OUTPUT CONTROL
C KRAKEAKKAAAAKRARARX KRR A R AR A khhkhhhhkhkhkhkkhkkhkhhkhhkhhhkhhhhhkhhkhrhik
C
C SPECIFICATIONS
C
DIMENSION IOFLG(NLAY,4)
¢ - c————— e mecmmmesmeeemeeemeeeemeem—————ae
C
Clea-n-- TEST UNIT NUMBER FROM IUNIT (INOC) TO SEE IF OUTPUT
Cleewm-a CONTROL IS ACTIVE.
IF(INOC.LE.O) GO TO 600
C
C2enmne -READ AND PRINT FORMATS FOR PRINTING AND UNIT NUMBERS FOR
C2-cnaeaa RECORDING HEADS AND DRAWDOWN, THEN RETURN.

500 READ (INOC,1)IHEDFM,IDDNFM,IHEDUN,IDDNUN
1 FORMAT (4110)
WRITE (IOUT,3)IHEDFM,IDDNFM
3 FORMAT (1HO,'HEAD PRINT FORMAT IS FORMAT NUMBER',I4,
1 ! DRAWDOWN PRINT FORMAT IS FORMAT NUMBER',14)
WRITE (IOUT,4)IHEDUN,IDDNUN
4 FORMAT (1HO,'HEADS WILL BE SAVED ON UNIT',I3,

1 ! DRAWDOWNS WILL BE SAVED ON UNIT',I3)
WRITE(IOUT,561)
561 FORMAT(1HO, 'OUTPUT CONTROL IS SPECIFIED EVERY TIME STEP')
G0 TO 1000
C
C3amen-a QUTPUT CONTROL IS INACTIVE, PRINT A MESSAGE LISTING DEFAULTS.

600 WRITE(IOUT,641)
641 FORMAT(1HO, 'DEFAULT OUTPUT CONTROL -- THE FOLLOWING OUTPUT',
1 ' COMES AT THE END OF EACH STRESS PERIOD:')
WRITE (10UT,642)
642 FORMAT(1X, ‘TOTAL VOLUMETRIC BUDGET')
WRITE(I0UT,643)
643 FORMAT(1X,10X, '"HEAD' )
IF(ISTRT.NE.O)WRITE(I0UT,644)
644 FORMAT(1X,10X, 'DRAWDOWN' )

C
C4------SET THE FORMAT CODES EQUAL TO THE DEFAULT FORMAT.
THEDFM=0
IDDNFM=0
C
C5-mmme SET DEFAULT FLAGS IN IOFLG SO THAT HEAD (AND DRAWDOWN) IS
C5-nvumm PRINTED FOR EVERY LAYER,
10=0

IF(ISTRT.NE.O) ID=1
670 DO 680 K=1,NLAY
I0FLG(K,1)=1
I0FLG(K,2)=ID
10FLG(K,3)=0
I0FLG(K,4)=0
680 CONTINUE
60 TO 1000

c
Cobmmmm=el RETURN

1000 RETURN
END
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Variable

ID

IDDNFM
IDDNUN

IHEDFM
IHEDUN

INOC

I0UT
ISTRT

NLAY

Range
Module

Package

Package

Package

Package

Package

Global

Package

Module
Global

List of Variables for Module SBAS1I

Definition

Flag to show if STRT was saved (one means yes; zero
means no).

Code for format in which drawdown should be printed.

Unit number on which an unformatted record containing
drawdown should be recorded.

Code for format in which head should be printed.

Unit number on which an unformatted record containing
head should be recorded.

Unit number from whichninput to output control option
will be read.

Primary unit number for all printed output. IOUT = 6.
Flag.
# 0, starting heads will be saved so that drawdown
can be calculated.
= 0, starting heads will not be saved.
Index for layers

Number of layers in the grid.
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Narrative for Module SBAS1T

Submodule SBAS1T prints a time summary which consists of the time-step
length and the elapsed time in seconds, minutes, hours, days, and years. The
program can use any consistent set of time units. However, the user is
given the option to specify the time units that he is using and the program
converts those units to all other convenient units. The user specifies

time units (ITMUNI) in module BAS1DF,

1. Use the time-unit indicator (ITMUNI) to determine the conversion

factor (CNV) needed to convert time to seconds.

2. If the conversion factor is equal to zero, nonstandard time units

are being used,

(a) Print the time-step length and the elapsed time in the

nonstandard units.
(b) RETURN,

3. Calculate the length of the time step and the elapsed times in

seconds.,

4, Calculate the time-step length and the elapsed times in minutes,

hours, days, and years.

5. Print the time-step length and the elapsed times in all time units,

6. RETURN,
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SUBROUTINE SBAS1T(KSTP,KPER,DELT,PERTIM,TOTIM,ITMUNT,IOUT)

----- VERSION 0837 09APR1982 SBASIT

e ek de de e de e sk s e e e e ek e e e sk e e e v sk e e ek s e e e e ek ok e vk e e e o e e de e o e e ke de de e de e e ek ek ek

PRINT SIMULATION TIME

ek e e e s e g e e e 3k e e e e e gk gk e e e e e e ek e e gk ok e e e de e ke gk ek de e e ke de ke ded dek ok e deokdke ek e ke ok

SPECIFICATIONS:

OOOOOOOOOOO0O

WRITE(IOUT,199) KSTP,KPER
199 FORMAT(1HO,///10X, 'TIME SUMMARY AT END OF TIME STEP',I3,

1 ' IN STRESS PERIOD',I3)
[
Cl------l USE TIME UNIT INDICATOR TO GET FACTOR TO CONVERT TO SECONDS.
CNV=0,
IF(ITMUNI.EQ.1) CNV=1,
IF (ITMUNI.EQ.2) CNV=60,
IF(ITMUNI.EQ.3) CNV=3600,
IF(ITMUNILEQ.4) CNV=86400.
IF(ITMUNI.EQ.5) CNV=31557600.
c
C2-mmmnn IF FACTOR=0 THEN TIME UNITS ARE NON-STANDARD.
IF(CNV.NE.O.) GO TO 100
c

C2A-----] PRINT TIMES IN NON-STANDARD TIME UNITS.
WRITE(IOUT,301) DELT,PERTIM,TOTIM

301 FORMAT(21X,"' TIME STEP LENGTH =',G15,6/
1 21X,'  STRESS PERIOD TIME =',G15.6/
2 21X, 'TOTAL SIMULATION TIME =',G15,6)
c
C2B--=--- RETURN
RETURN
C

[ -CALCULATE LENGTH OF TIME STEP & ELAPSED TIMES IN SECONDS,
100 DELSEC=CNV*DELT
TOTSEC=CNV*TOTIM
PERSEC=CNV*PERTIM

C4------ CALCULATE TIMES IN MINUTES,HOURS,DAYS AND YEARS.
DELMN=DELSEC/60.
DELHR=DELMN/60.
DELDY=DELHR/24.
DELYR=DELDY /365,25
TOTMN=TOTSEC/60.
TOTHR=TOTMN/60.
TOTDY=TOTHR /24,
TOTYR=TOTDY/365.25
PERMN=PERSEC/60.
PERHR=PERMN/60,
PERDY=PERHR/24,
PERYR=PERDY /365.25

o TR PRINT TIME STEP LENGTH AND ELAPSED TIMES IN ALL TIME UNITS.

WRITE(I0UT,200)

200 FORMAT(27X,'  SECONDS MINUTES HOURS' 10X,
1 'DAYS YEARS' /27X,75(*-"))
WRITE (IOUT,201) DELSEC,DELMN,DELHR,DELDY,DELYR

201 FORMAT(1X," TIME STEP LENGTH',5X,5615.6)
WRITE(IOUT,202) PERSEC ,PERMN,PERHR,PERDY ,PERYR

202 FORMAT(1X,' STRESS PERIOD TIME®,5X,5615.6)
WRITE(IOUT,203) TOTSEC,TOTMN,TOTHR,TOTDY,TOTYR

203 FORMAT(1X, ‘'TOTAL SIMULATION TIME',5X,5G15.6)

C

[ EEEELE RETURN
RETURN
END
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List of Variables for Module SBAS1T

Variable Range Definition
CNV Module Factor to convert elapsed time from units, specified
by the user, to seconds.
DELDY Module Length of the time step in days.
DELHR Module Length of the time step in hours.
DELMN Module Length of the time step in minutes.
DELSEC Module Length of the time step in seconds.
DELT Global Length of the current time step.
DELYR Module Length of the time step in years.
10UT Global Primary unit number for all printed output. IOUT = 6.
ITMUNI Package Code for time units for this problem:
0 - undefined
1 - seconds
2 - minutes
3 - hours
4 - days
5 - years
KPER Global Stress period counter,
KSTP Global Time step counter. Reset at the start of each stress
period.
PERDY Module Elapsed time in the stress period in days.
PERHR Module Elapsed time in the stress period in hours.
PERMN Module Elapsed time in the stress period in minutes.
PERSEC Module Elapsed time in the stress period in seconds.
PERTIM Package Elapsed time during the current stress period.
PERYR Module Elapsed time in the stress period in years,
TOTDY Module Elapsed time in the simulation in days.
TOTHR Module Elapsed time in the simulation in hours.
TOTIM Package Elapsed time in the simulation,
TOTMN Module Elapsed time in the simulation in minutes.
TOTSEC Module Elapsed time in the simulation in seconds.
TOTYR Module Elapsed time in the simulation in years.
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Narrative for Module SBAS1V

Module SBAS1V calculates and prints the overall volumetric budget.
The individual entries for the budget, which are calculated by the budget
modules in each of the component-of-flow packages, are passed to this
module in a table named VBVL.

Each entry in VBVL corresponds to a component-of-flow. It consists
of four values: rate of inflow for the current time step, rate of outflow
for the current time step, accumulated volume of inflow since the beginning
of the simulation, and accumulated volume of outflow since the beginning
of the simulation. In this module, the total of all inflow rates (TOTRIN),
outflow rates (TOTROT), inflow-accumulated volumes (TOTVIN), and outflow-
accumulated volumes (TOTVOT) are calculated. The percent differences
between those totals are also calculated and printed. The labels for the
entries are supplied by the budget modules in the component-of-flow
packages and passed in the table VBNM.

Module SBAS1V performs its functions in the following order:

1. Use the counter MSUM to determine the number of individual budget
terms (MSUM1).

2. Clear the four accumulators for rates and volumes. The accumulators
are total rate into the system (TOTRIN), total rate out of the system
(TOTROT), accumulated volume into the system (TOTVIN), and accumulated volume
out of the system (TOTVOT).

3. For each source or sink, add the budget entries (rates and volumes),
calculated by the budget modules, to the accumulators.

4. Print the number of the time step and stress period.

5. Print the individual input rates and volumes and their totals.

6. Print the individual output rates and volumes and their totals.

7. Calculate the difference between flow into and out of the simulated-
flow system. Calculate the percent difference between input and output
rates (100*(TOTRIN-TOTROT)/((TOTRIN+TOTROT)/2)). Calculate the percent
difference between input and output accumulated volumes (100*(TOTVIN-TOTVOT)/
((TOTVIN+TOTVOT)/2)).

8. Print the differences and percent differences between input and
output rates and volumes.

9. RETURN,
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Flow Chart for Module SBAS1V

The inflow and outflow rates for the
current time step and accumul ated
volumes since the beginning of the
simulation for each budget entry
(component-of-flow) are added to
the four accumul ators to obtain the
total inflow and outflow rates for
the current time step and the total
accumul ated volume of flow in and
volume of flow out since the start
of the simulation.
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OO0 OO0

200

250

SUBROUTINE SBAS1V(MSUM,VBNM,VBVL,KSTP,KPER,IOUT)

-VERSION 1153 03NOV1982 SBAS1V

e e F Je de Jo Je e e e de e T dede de Je de T Je de e e e de ke de de de eI de e e e e de de Je de Je e e de de FeFe Je de dode e de kK ek dede dede Kk kk k

PRINT VOLUMETRIC BUDGET

e e de JeJe e e e I de e de e e e de de e de de e e g de de deFe e de de dede de dede Fede e de de g dedede e de ke dededede ke dek dededededekkhkdkdkk

SPECIFICATIONS:

---DETERMINE NUMBER OF INDIVIDUAL BUDGET ENTRIES.

MSUM1=MSUM-1
IF(MSUM1.LE.O) RETURN

---CLEAR RATE AND VOLUME ACCUMULATORS.

TOTRIN=0.
TOTROT=0.
TOTVIN=0.
TOTVOT=0.

---ADD RATES AND VOLUMES (IN AND OUT) TO ACCUMULATORS.

DO 100 L=1,MSUM1
TOTRIN=TOTRIN+VBVL(3,L)
TOTROT=TOTROT+VBVL(4,L)
TOTVIN=TOTVIN+VBVL(1,L)
TOTVOT=TOTVOT+VBVL(2,L)
CONTINUE

---PRINT TIME STEP NUMBER AND STRESS PERIOD NUMBER.
WRITE (10UT,260) KSTP,KPER
WRITE(I0UT,265)

---PRINT INDIVIDUAL INFLOW RATES AND VOLUMES AND THEIR TOTALS.
DO 200 L=1,MSUM1

WRITE(IOUT,275) (VBNM(I,L),I=1,4),VBVL(1,L),(VBNM(I,L),I=1,4)
1,VBVL(3,L)

CONTINUE

WRITE(IOUT,286) TOTVIN,TOTRIN

---PRINT INDIVIDUAL OUTFLOW RATES AND VOLUMES AND THEIR TOTALS.
WRITE (10UT,287)

DO 250 L=1,MSUM1

WRITE(I0UT,275) (VBNM(I,L),I=1,4),VBVL(2,L),(VBNM(I,L),I=1,4)
1,VBVL(4,L)

CONTINUE

WRITE (I0UT,298) TOTVOT,TOTROT

---CALCULATE THE DIFFERENCE BETWEEN INFLOW AND OUTFLOW.

---CALCULATE DIFFERENCE BETWEEN RATE IN AND RATE OUT.
DIFFR=TOTRIN-TOTROT
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C7B-==~- CALCULATE PERCENT DIFFERENCE BETWEEN RATE IN AND RATE OUT.

PDIFFR=100.*DIFFR/((TOTRIN+TOTROT)/2)

¢

C7Cenmu= CALCULATE DIFFERENCE BETWEEN VOLUME IN AND VOLUME OUT.
DIFFV=TOTVIN-TOTVOT

c

C7D===-- GET PERCENT DIFFERENCE BETWEEN VOLUME IN AND VOLUME OUT.
PDIFFV=100.*DIFFV/((TOTVIN+TOTVOT)/2)

C

C8mmmmmm PRINT DIFFERENCES AND PERCENT DIFFERENCES BETWEEN INPUT

C8-nmnm- AND OUTPUT RATES AND VOLUMES,
WRITE(IOUT,299) DIFFV,DIFFR
WRITE(IOUT,300) PDIFFV,PDIFFR

c

C9-mmund RETURN
RETURN

c

c ---FORMATS

c

260 FORMAT(LHO,///30X, ‘VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF'
1,' TIME STEP',I3,' IN STRESS PERIOD',I13/30X,77('-'))

265 FORMAT(1HO,19X, 'CUMULATIVE VOLUMES',6X, ‘L**3*,37X
1, 'RATES FOR THIS TIME STEP',6X, 'L**3/T'/20X,18('-"'),47X,24('-")
2//26X," IN:",68X, 'IN: ' /26X, ' ===",68X, '===")

275 FORMAT(1X,18X,4A4,' =',G14,5,39X,4A4,"' =',G14.5)

286 FORMAT(1H0,26X, 'TOTAL IN =',G14,5,47X, 'TOTAL IN ="'
1,614.5)

287 FORMAT(1H0,24X, '0UT:",67X, '0UT:'/25X,4('~"),67X,4("'-"))

298 FORMAT(1HO,25X, 'TOTAL OUT =',G14.5,46X, 'TOTAL OUT ='
1,614.5)

299 FORMAT(1HO0,26X,'IN - OUT =',G14,5,47X, 'IN - OUT =',G14.5)

300 FORMAT(1HO,15X, 'PERCENT DISCREPANCY =',F20.2
1,30X, 'PERCENT DISCREPANCY =',F20.2,///)

END
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List of Variables for Module SBAS1V

Variable Range Definition

DIFFR Module Sum of all inflow rates minus sum of all outflow rates
(TOTRIN-TOTROT).

DIFFV Module Sum of all inflow volumes minus sum of all outflow
volumes (TOTVIN-TOTVOT).

I Module Index,

I0UT Global Primary unit number for all printed output. IOUT = 6.

KPER Global Stress period counter.

KSTP Global" Time step counter., Reset at the start of each stress
period.

L Module Index for individual flows.

MSUM Global Counter for the budget entries and labels in VBVL and
VBNM,

MSUM1 Module MSUM-1,

PDIFFR Module Percent difference between the rate in and rate out.

PDIFFV Module Percent difference between the volume in and volume out.

TOTRIN Module Accumulator for the total of all inflow rates.

TOTROT Module Accumulator for the total of all outflow rates.

TOTVIN Module Accumulator for the total of all inflow volumes.

TOTVOT Module Accumulator for the total of all outflow volumes.

VBNM Global DIMENSION (4,20), Labels for entries in the volumetric
budget.

VBVL Global DIMENSION (4,20), Entries for the volumetric budget.

For flow component N, the values in VBVL are:

(1,N) Rate for the current time step into the flow
field.

(2,N) Rate for the current time step out of the flow
field.

(3,N) Volume into the flow field during simulation.

(4,N) Volume out of the flow field during simulation.
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CHAPTER 5
BLOCK-CENTERED FLOW PACKAGE

Conceptualization and Implementation

The Block-Centered Flow (BCF) Package computes the conductance components
of the finite-difference equation which determines flow between adjacent
cells, It also computes the terms that represent the rate of movement of
water to and from storage. To make the required calculations, it is assumed
that a node is located at the center of each model cell and thus the name

Block-Centered Flow is given to the package.

In chapter 1, the equation of flow for each cell in the model was

developed as

CVi,i,k-1/72M,5,k-1 + CCi-1/2,5,khi-1,5,k * CRy j-1/2,khi,j-1,k

+ (- CVy,j,k-1/72 - CCi-1/2,5,k - CRy,j-1/2,k - CRy,j+1/2,k

= CCi+172,5,k - CVi,j,k+1/2 + HCOF§ 5 1)hi 5,k + CRj j41/2,khi,j+1,

+ CCiv172,5,kNi+1,5,k + OV, 5,k+1/2M4,5,k#1 = RHS§ 5 k. (29)

The CV, CR, and CC coefficients are conductances between nodes--sometimes
called "branch conductances." The HCOF and RHS coefficients are composed
of external source terms and storage terms. Besides calculating the
conductances and storage terms, the BCF Package calculates flow-correction
terms that are added to HCOF and RHS to compensate for excess vertical

flow that the flow equation calculates when part of a lower aquifer becomes
unsaturated. The discussion of how all these calculations are made is
divided into seven sections: Basic Conductance Equations, Horizontal
Conductance, Vertical Conductance, A Variation of the Vertical Conductance
Formulation, Storage Terms, Limitations on Use, and Data Requirements.
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Basic Conductance Equations

Conductance is a combination of several parameters used in Darcy's law.
Darcy's law defines one-dimensional flow in a prism of porous material

(fig. 23) as
Q = KA(h,-h )/L (30)

where
Q is the flow (L3t-1);
K is the hydraulic conductivity of the material in the direction of
flow (Lt-1);
A is the cross-sectional area perpendicular to the flow (L2);
hz- h1 is the head dif