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A STATISTICAL PROCESSOR FOR ANALYZING SIMULATIONS MADE USING
THE MODULAR FINITE-DIFFERENCE GROUND-WATER FLOW MODEL

By Jonathon C. Scott

ABSTRACT

Many hydrologic studies of ground-water systems are conducted using a
digital computer model as an aid to understanding the flow system. One of
the most commonly used ground-water modeling programs is the Modular
Three-Dimensional Finite-Difference Ground-water Flow Model (Modular Model)
by McDonald and Harbaugh. This report presents a computer program to
summarize the data winput to and output from the Modular Model. The program
1s named the Modular Model Statistical Processor and is designed to be run
following the Modular Model.

The Modular Model Statistical Processor provides ground-water modelers
with the capabilities to easily read data input to and output from the
Modular Model, calculate descriptive statistics, generate histograms, perform
logical tests using relational operators, calculate data arrays using
arithmetic operators, and calculate flow wvectors for use in a graphical-
display program.

CHAPTER 1
INTRODUCTION

Purpose

This report was prepared to aid ground-water modelers in their
understanding of the results of ground-water flow simulations made using the
Modular Three-Dimensional Finite-Difference Ground-water Flow Model (Modular
Model) by McDonald and Harbaugh (1988). In the decade preceding publication
of this report, the U.S. Geological Survey conducted a series of Regional
Aquifer Systems Analysis (RASA) studies to evaluate the Nation’s major
aquifer systems (U.S. Geological Survey, 1980, p. 92). Each RASA study
included the use of a digital computer ground-water flow model to complement
the understanding of the ground-water flow system. The most commonly used
ground-water modeling program has been the Modular Model.

Currently, the Survey is conducting several pilot studies before
performing a NAtional Water Quality Assessment (NAWQA). Several of the NAWQA
projects are studying ground-water flow systems and are using the Modular
Model as a tool for testing hypotheses regarding the natural ground-water
flow paths. The present report will help ground-water hydrologists to
visualize these potential ground-water flow paths.



Recently, computerized methods for preparing the data input to the
Modular Model have become available. An interactive data preprocessing
program has been written (G.D. Rogers, written commun.,1988), and geographic
information systems (GIS) have been used (Kernodle and Philip, 1988).
Because arrays of data values that are used as input to the Modular Model are
being computed rather than chosen and typed, ‘a tool is needed to assist
modelers in checking the logical consistency of the resulting data arrays.
Furthermore, because less time is required to prepare the data input to the
Modular Model, modelers have more freedom to examine the results of a
simulation, check hypotheses regarding the flow system, and determine the
adequacy of a simulation. This report describes the Modular Model
Statistical Processor (MMSP), a computer program that can be used to
facilitate the analysis of ground-water flow simulations made using the
Modular Model. ‘

|
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How to Use This Report

The purpose of this report is to describe and document the MMSP program.
Throughout this report, it is assumed that the reader is familiar with the
documentation for the Modular Model. Much of the material presented in this
report complements information presented in "A Modular Three-Dimensional
Finite-Difference Ground-water Flow Model," and the information about the
Modular Model is not repeated in this report. Therefore, it is important to

have a copy of the documentation for the Modular Model handy when using this
report. Copies of documentation for the Modular Model can be purchased from:

Books and Open-File Reports Section
Box 25425, Federal Center

Denver, Colorado 80225

Telephone: (303) 236-7476

A user wanting to quickly use the program should read chapter 1 and
chapter 2 of the present report, as well as the sections of chapter 3
applicable to the features that will be used. Chapters 3 and 5 can be used
for reference, when attempting to find documEntation for specific

capabilities or solving problems that occur when using the program.

The use of the word "altitude" in this report refers to the distance of
a point above or below the National Geodetic| Vertical Datum of 1929 (NGVD of
1929) --a geodetic datum derived from a general adjustment of the first-order
level nets of both the United States and Canada, formerly called "Mean Sea
Level of 1929" and referred in this report as "sea level®. The word
"elevation" in this report refers to the vertical distance between a point
and some datum that is arbitrarily assigned or sea level.

Oreanization of This B

Chapter 1 contains information about the this report, and a general
description of the capabilities of the MMSP program.



Chapter 2 provides information about the design, installation, and use
of the MMSP program.

Chapter 3 contains detailed information about the various commands that
may be used to perform analyses of a ground-water simulation. Chapter 3 may
be used to gain familiarity with the capabilities of the program and may be
used as a reference guide for each command. Command descriptions consist of
a discussion of command usage, input instructions, sample input, and sample
output. The input instructions describe how the commands to the MMSP program
are formatted, and the effects of using various command options.

Chapter 4 presents some sample applications of the MMSP program for
analysis of ground-water simulations.

Chapter 5 gives an overview of the internal workings of the MMSP program
and describes corrective actions for errors that may occur when using the
program.

CHAPTER 2
PROGRAM DESIGN

Hardware and Software Requirements
The MMSP program is written in Fortran 77 (American National Standards
Institute, 1978). The program was written and tested on a Prime 1/ model
9955-I1 mini-computer using revision 21 of the Primos operating system.
However, the program should compile with minor modifications on any computer

system running standard Fortran 77. The only non-standard language element
in the program code is the Prime $INSERT compiler directive (Johnson, 1983).

The $INSERT directive causes the compiler to include the contents of a
named file at the location of the directive. This allows repetition of a
statement or a "block" of statements in several locations in the program.
The $INSERT directive is used in the MMSP code for repeating declaration
statements for variables at several places in the program. Other compiler
vendors provide a similar compiler directive for Fortran 77. Often the
corresponding compiler directive is called INCLUDE. The user of a compiler
that does not provide this capability can insert the appropriate statements
into the program at the locations of the applicable $INSERT directive.

Six blocks of program code are inserted into the MMSP main program and
subroutines. These six blocks of code are presented in attachment A. The
locations where these blocks of code are inserted are shown in table 1.

The first inserted block defines the "Z" array that contains most of the
data used by the MMSP program. Further explanation of the "Z" array can be
found in Chapter 2, Space Allocation.

1/ The use of firm and trade names in this report is for identification
purposes only and does not constitute endorsement by the U.S. Geological
Survey.
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Table 1.--Routines containing inserted blbcks of programming statments

[An "X" in the table indicates the routine contains the corresponding block of inserted
programming statements. The programming statements in each block are presented in
Attachment A.]

--------------- Name of Inserted Block of érogramming Statments -—-——-———m—
Name of

routine ZARRAY.COMMON.INS  STKSIZE.INS STKDEF.I+S TINY.INS  FLWCOM.INS  MISVAL.INS

MMSP (main) X X X
BCFDAL
BCFDRP
DFT1CM
CTL1AL
CTL1CM X X X

STA1SL X
SSTALE X

HIS1EX
COM1EX
HEA1EX A X
REA1EX X X X
REB1EX

SSLI1Y

SSLI1Q

VEC1EX X

MAS1EX

MAS1MV

ULC1DS X X X
USYDUD X
USKDUD X X

ULC1LY X
UBUBLE X

U1DREL X

U2DREL

>x X
x X
xX X

x X

X X X X X X




The next two inserted blocks of code pertain to allocation of space for
temporary data storage in a "stack". Further explanation of the "stack" is
found in Chapter 2, Auxiliary Data Arrays.

The fourth inserted block of code defines small and large single and
double precision numbers. Alteration of these values may be necessary for
MMSP program use on a computer system with a different precision or
floating-point number representation scheme than that in Prime Fortran 77.

The fifth inserted block of code defines the size of the array LAYCON,
which limits the maximum number of layers that can be simulated using the
Modular Model. If the size of the LAYCON array has been increased in the
Modular Model program, the LAYCON array size should be increased in the MMSP
program.

The sixth inserted block of code defines three missing value indicators.
The missing value indicators are unique numbers that are unlikely to occur in
data read or computed by the MMSP program. When the MMSP program prints and
writes data arrays, some data can be replaced by the missing value
indicators. The presence of the missing value indicators in the data output
by the program indicates that these data are not available or have been
excluded using the methods described in a subsequent section, Subsetting Data
Arrays.

The MMSP program uses some subroutines contained in the proprietary IMSL
subroutine library. A listing of these subroutines is shown in table 2. Two
different versions of the IMSL library can be used with the program. These
subroutines are described in the IMSL library documentation (IMSL Inc., 1982
and 1987) .

Table 2.--IMSL subroutines used by the Modular Model Statistical Processor

[Release of IMSL |ibrary Edition 9 preceded the release of IMSL |ibrary
Version 1.]

IMSL Edition 9 IMSL Version 1 MMSP
subroutine subroutine calling
name name subroutine Purpose of IMSL subroutine
BDCOU1 OWFRQ HIS1EX Frequency computation
USHST VHSTP HIS1EX Histogram printing
VSRTAD DSVRGN HIS1EX Sorting
VSRTRD DSVRBP STA1EX Sorting with permutations
UGETIO UMACH HIS1EX File unit specification




The MMSP program uses some of the utility subroutines from the Modular
Model. These subroutines are: (1) U2DREL -- the two-dimensional real array
reader, (2) U2DINT -- the two-dimensional integer array reader, (3) U1DREL --
the one-dimensional real array reader, (4) ULAPRS -- the strip-format array
printer, (5) ULAPRW -- the wrap-format array printer, and (6) UCOLNO -- the
column heading printer. Documentation of these subroutines is contained in
Chapter 14 of the Modular Model documentation. All these subroutines except
UCOLNO have been modified to provide some additional printing options that
are not provided in the Modular Model versions of these subroutines. The
modified versions are presented in attachment B of this report. The other
subroutine is identical to the one used by the Modular Model and is not
reprinted in this report. ’

The organization of the program is similar to the Modular Model and
consists of a small main program with small modular subprograms that perform
specific tasks. Where appropriate, the names of variables and subroutines
are the same as or similar to corresponding names in the Modular Model.

The main program calls subroutines to allocate memory and read initial
data describing the ground-water simulation. The main program iteratively
invokes a command processing subroutine that reads and executes commands from
a user-supplied command file. Groups of subioutines are associated with each
of the commands that the MMSP program can execute. In addition, a group of

utility subroutines are used for the processing of commands.

Space Allocation

Nearly all spatial and time-variant data are stored in memory by the
program using a single one-dimensional array called the "Z" array. With this
memory management scheme, the user is not obligated to size many different
arrays for every simulation. The Modular Model uses a similar method for
storing data in a one-dimensional array called the "X" array. However,
different data are stored in the MMSP "Z" array than are stored in the
Modular Model "X* array. Therefore, the size of the "Z" array for the MMSP
program may be different from the size of thﬁ *X" array for the Modular
Model. The algorithm shown in table 3 provides a method for estimating the
approximate size of the "Z" array. If a programmer modifies the MMSP
program, the algorithm shown in table 3 may mot be accurate.

In the Modular Model, the declaration for the "X" array occurs only in
the main program. When adjusting the Modular Model to accomodate different
simulations, it is only necessary to edit, recompile, and link the main
program to the various packages. Because the declaration for the "Z" array
occurs at several places in the MMSP program, resizing of the MMSP program in
the same way is not possible. The size of the "Z" array is assigned by the
value of the variable LENZ in the block of statements named ZARRAY.COMMON.INS.
When using a compiler that can insert these statements during compilation, the
MMSP program can be resized by changing this block of statements, recompiling,



Table 3.--An algorithm for estimating of the size of the "Z" array needed
for a given ground-water simulation

[Sum the results of the calculation on each applicable line to compute
approximate size required for the simulation and modify the value of
LENZ in the inserted block of programming statements ZARRAY.COMMON .INS]

All Simulations:

9 x Number of Columns *x Number of Rows
15 % Number of Columns * Number of Rows * Number of Layers

If Modular Model Recharge Package is used:
2 % Number of Columns * Number of Rows
If Modular Model Statistical Processor Vector command is used:

4 * Number of Columns * Number of Rows

and relinking the program. When using a compiler that cannot insert these
statements, the value of LENZ must be changed in all four routines listed in
table 1.

After all the memory requirements for time- and space-dependent data
have been computed by the MMSP program, a summary of memory utilization of
the "Z" array is printed. If the "Z" array contains insufficient storage for
a given simulation, an error message is printed and the programs stops.
Otherwise, a message is printed showing the size of the "Z" array necessary
for processing the simulation.

The value of LENZ should be increased if there is insufficient storage
space for processing a simulation. Similarly, the value of LENZ can be
decreased if the MMSP program is allocating too much storage space.
Allocation of unnecessary storage space may cause a computer system to
perform poorly, or may increase the costs charged by a computer center for
running the program.

One of the capabilities of the MMSP program is the calculation of flow
vectors. More memory space is needed by the program when these calculations
are performed. As all users of the MMSP program may not need to calculate
flow vectors, the program will not stop if sufficient space is not available
for flow vector calculation. The program prints a warning message if there
is insufficient space for flow vector calculation. If the flow vectors are
subsequently requested by the user, a message will be printed indicating that
there is insufficient space to process the request, and the flow vectors are
not computed.



Command File

The MMSP program reads all the data that are used for running the
Modular Model. The MMSP program reads data for the basic package from
Fortran unit 5 and writes output to Fortran unit 6. The data written to
Fortran unit 6 describes the results of the operations performed by the MMSP
program. The MMSP program reads the data for the Modular Model specified in
the basic package, and subsequently reads data for other packages which are
identified by positive Fortran unit numbers in the IUNIT array (McDonald and
Harbaugh, 1988, p. 3-27). Therefore, the job control directives that are
used to run the Modular Model are used, with few modifications, to run the
MMSP program. Additionally, the MMSP program needs a command file to be open
on Fortran unit 7.

The user controls the operation of the MMSP program by supplying a
command file. The command file must contain at least four records which
comprise two title lines to be displayed in the output from the MMSP program.
The title lines may each contain up to 128 characters, of which no more than
80 characters may be entered on the first record of the respective title line
in the command file. This is the same format used to enter the title line
(HEADNG) for the basic package of the Modular Model. Thus, the first four
records in the command file are used for entering two title lines that are
printed in the output of the program. The MMSP program prints these two
title lines after the title read from the basic package of the Modular Model.

The MMSP program reads and uses the data for the basic, output-control,
block-centered flow, well, and recharge packages. Data for other packages
are read by the program although these data are not used.

When the MMSP program reads the data that were supplied to the various
packages of the Modular Model, the program uses subroutines that are similar
to the subroutines that read these data for the Modular Model. Therefore, by
default the program will print these data in |the same manner as the Modular
Model prints the data. The Modular Model uses the value specified for the
IPRN variable on the array-control record to 'determine whether to print these
data (McDonald and Harbaugh, 1988, p. 14-5).

Some modelers may want to suppress the printing of all data arrays that
are input to the Modular Model when using the MMSP program. The printing can
be suppressed by placing a non-blank character in column 80 of the fourth
record in the command file. A sample command file is shown below with
printing of model-input data suppressed.

MMSP TITLE LINE #1, PART 1, 8@ CHARACTERS ........ S
...LINE #1, PART 2, 48 CHARACTERS ‘ '

MMSP TITLE LINE §#2, PART 1, 88 CHARACTERS .....uevtvirninenenernenrnennennnennns
...LINE #2, PART 2, 48 CHARACTERS X




If no records other than the title lines are supplied in the command
file, the MMSP program will perform a set of default commands. The default
commands will cause the MMSP program to attempt to perform the following
operations. (Some of these operations may not be performed successfully
because the data necessary have not been supplied to the Modular Model.)

(1) Compute descriptive statistics on well pumpage rate at active model
nodes.

(2) Compute descriptive statistics on recharge flux at all model nodes.

(3) Compute a frequency analysis of starting heads at active model
nodes.

(4) Check for well pumpage at inactive or constant-head model nodes.

(6) Check for recharge at inactive or constant-head model nodes.

(6) Check for primary storage coefficient greater than 0.005.

(7) Check for starting heads below the elevation of the aquifer bottom.

The user can override these default operations by specifying one or more
commands for the MMSP program that describe the operations to be performed.
Commands are appended to the end of the command file, after the fourth title
record. The default commands are not performed if more than four records are
included in the command file.

Commands consist of column-dependent records, of which the first four
columns are always the command abbreviation. Acceptable command
abbreviations are shown in table 4. Commands abbreviations and any other
character data entered on the command record may be entered in upper- or
lower-case letters. A blank column always follows the command abbreviation
(column 5) . Detailed descriptions of the commands are found in chapter 3.

Table 4.--Commands accepted by the Modular
Model Statistical Processor

Command abbreviation Command explanation
e sfe ke ok Comment, not processed.
TITL Title, defines an optional title |ine
PRIN Printing, writes array to print file
WRIT Write, writes array to disk file
STAT Statistics, computes descriptive statistics
HIST Histogram, performs frequency analysis
COMP Comparison, compares arrays
MATH Mathematics, computes an array
READ Read, reads an array
HEAD Head, writes computed heads for selected nodes
REBO Reset, updates the model-boundary array
SLIC Slice, subsets simulation grid with a plane
THIC Thickness, defines thickness of layers used during
computation of flow-vector locations
VECT Vector, computes flow vectors
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The MMSP program reads the same data fiJes that are used by the Modular
Model. No reformatting or modification of the Modular Model data files is
necessary to produce statistical analyses using the MMSP program.
Optionally, the user may use the MMSP program to read data computed by the
Modular Model. Again, the MMSP program can read these data without
reformatting or modification. :

|
Selected data arrays used by the Modulai Model are always read by the
MMSP program. These data arrays are shown in table 5. Other data from the
Modular Model are read by the MMSP program and are used for calculations and
error detection. These data are shown in table 6. The reading of the data
shown in tables 5 and 6 is controlled by the IUNIT array in the same manner
as the Modular Model. Because the data listed in tables 5 and 6 are
automatically read by the MMSP program, the files containing these data must
be opened by job control directives prior to running the program. All of the
data shown in tables 5 and 6 are in reserved storage space within the MMSP
program. Thus, these data are always available for computation and use while
the MMSP program is running. This is not so for auxiliary data sets read or
computed by the MMSP program, as will be explained in the next section,
Auxiliary Data Arrays.

i

Table 5.-~Modular Model data arrays read and available to a
user of the Modular Model Statistical Processor

Array description Package Variable name
Starting head BAS STRT
Storage coefficient BCF SC1

Layer bottom BCF BOT

Layer top BCF TOP
Recharge rate RCH RECH

10



Table 6.--Modular Model data read and used internally by the
Modular Model Statistical Processor

[The following abbreviations are used: BAS is basic, OC is
output control, BCF is block-centered flow, RIV is river,

RCH is recharge, WEL is well, DRN is drain, EVP is evapo-
transpiration, GHB is general-head boundary, and UTL is utility]

Data description Package Variable name
Simulation title BAS HEADNG
Number of layers BAS NLAY
Number of rows BAS NROW
Number of columns BAS NCOL
Number of stress periods BAS NPER
Input-unit array BAS IUNIT
Mode |l -boundary array BAS IBOUND
Head for inactive cells BAS HNOFLO
Number of time steps BAS NSTP
Computed-head unit number ocC IHEDUN
Computed-drawdown unit number ocC IDDNUN
Head/drawdown output code ocC INCODE
Head/drawdown save flags ocC IOFLG
Cel l-by-cell unit number BCF IBCFCB
Layer—-type table BCF LAYCON
Cell width along rows BCF DELR
Cell width along columns BCF DELC
Cell-by-cell unit number RIV IRIVCB
Recharge-option code RCH NRCHOP
Cell-by-cell unit number RCH IRCHCB
Recharge-read flag RCH INRECH
Recharge-layer-read flag RCH INIRCH
Recharge l|layer RCH IRCH
Max imum number of wells WEL MXWELL
Cell-by-cell unit number WEL IWELCB
Well flag/counter WEL ITMP
Well layer WEL K

Well row WEL I

Well column WEL J

Wel | recharge/discharge rate WEL Q
Cell-by-cel!l unit number DRN IDRNCB
Cell-by-cell unit number EVT IEVTCB
Cell-by-cell unit number GHB IGHBCB
Flag and unit number UTL LOCAT
Constant uTL CNSTNT
Format uTL FMTIN
Flag and print-format code UTL IPRN

11



Three computed data arrays are available to the user of the MMSP program
for analysis. These data arrays are recharge flux, well pumpage rate, and
cell area. Recharge flux for each node is camputed by multiplying the
recharge rate, by the width of the cell along the column, and by the width of
the cell along the row. The MMSP program uses the recharge option (NRCHOP)
to determine which layer receives recharge. However, the model boundary
array is not used to exclude recharge from inactive or constant head nodes.
Because the thickness of cells may be variable across the areal extent of the
model grid, recharge flux is computed as a unit depth. Well pumpage rate
data are prepared by setting the well discharge/recharge rate, for the node
at the the layer, column, and row location specified for the well. The well
pumpage rate is set to zero at all other nodes. Cell area is computed from
the width of cells along columns and the width of cells along rows. Because
all of the variables needed to prepare well pumpage rate, recharge rate,
recharge flux, and cell area are stored in reserved locations, these three
computed data arrays are always available to the user of the MMSP program.

The data for recharge rate and well pumpage rate may be altered for each
stress period during Modular Model runs. If the well or recharge packages
are used in the Modular Model, the MMSP program automatically reads the data
input to these packages for the first stress period when the program begins.
The user may read pumpage or recharge data for subsequent stress periods
using the READ command described in chapter 3.

\uxiliary Data A

Data arrays that are not used by the Modular Model also may be analyzed
using the MMSP program. These data arrays must be formatted in a manner
compatible with the MMSP program. Some analyses desired by users of the MMSP
program may require data that are not entered for the Modular Model. An
example of such an analysis is to test if starting heads or computed heads
are higher than the land surface at any model nodes. To perform this
calculation, the program must be provided with an array of values
representing the altitude of the land surface because these data are not
supplied to the Modular Model. These data must be read by the MMSP program
before performing the test. Then the land-surface array may be compared on a
node-by-node basis with the head array.

Another example is the calculation of descriptive statistics for the
change in head between time steps. Using the MMSP program, the computed
heads may be read for two different time steps, and an array may be
calculated on a node-by-node basis that is the difference between the two
computed head arrays. After the difference array has been calculated,
statistics may b