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PREFACE
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ABSTRACT

This report serves as documentation and user's guide for (1) a number of stand-alone
utilities to assist with input to MODFLOW and (2) code modifications internal to MODFLOW and
MODFLOWP. These were developed to improve ease of use of MODFLOW and MODFLOWP
for modeling groundwater flow in three-dimensional heterogeneous systems. Several utilities to
assist with input to MODFLOW are specifically designed for use with the Groundwater Modeling
System (GMS) pre- and post-processor package.

New features for MODFLOW include routines for: (1) assignment of material blocks and
material types to these blocks within a given three-dimensional grid mesh; (2) generation of the
Block Centered Flow (BCF) file for heterogeneous aquifers with material properties assigned to
blocks, and with internal calculation of leakance and thickness-factored parameters (T, S); (3)
distribution of pumping rate for individual model layers for a well that draws from or injects into
multiple layers; (4) calculation of weighted drawdown for an observation well screened over
multiple layers; and (5) customizing the drawdown output file to contain data for a specified
number of observation wells, rather than every node in the domain.

For MODFLOWP, the program has been modified to: (1) simplify input by making the
.PAR file free format; (2) allow the user to easily change the number and combination of
parameters for estimation in a given run by modifying one line rather than regenerating the .PAR
file; (3) automatically calculate ROFFs, COFFs, and TOFFs for observation wells; (4) notify the
user during program execution when lower or upper parameter ranges are exceeded; and (5)
provide monitoring of run time.
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1. INTRODUCTION

MODFLOW (McDonald and Harbaugh, 1988 is perhaps the most widely-used numericd
code for groundvater modeling due to its ability to handle mmplex groundwvater flow situations,
including threedimensional irregular solution danains, heterogeneous aquifers, anda
comprehensive range of boundary condtions and flow processes. It has been thoroughly tested
against analyticd solutions and has been used for awide variety of field applications. In recent
yeas, MODFLOW has been used increasingly with MODFLOWP (Hill, 1992 for automated
estimation d hydrologic parameters. We have been using MODFLOW and MODFLOWP in our
modeling of pumping testsin a shallow aluvial aquifer where both pumping and olservation
wells are partialy penetrating well s over different depth intervalsin the aquifer. Modeling of
these tests requires athreedimensiona distribution d aquifer parameters to achieve matches
with olserved behavior (Barrash et a., 1995 1997).

Thisreport isan ougrowth of these df orts to model heterogeneous three dimensional
systems and presents a number of utiliti es and code modifications to expedite use of MODFLOW
(Sedion 2 and MODFLOWP (Sedion 3 by improving inpu and ouput ease and flexibility.
For MODFLOW, some of these utiliti es are designed to operate in conjunction with the
Department of Defense Groundvater Modeling System (GMS), a comprehensive pre- and past-
processng software package. In particular, thisreport presents utiliti es to addressthe foll owing
inpu and ouput issues asociated with threedimensional systems and pumping test appli caions
of MODFLOW: (1) assignment of material blocks and material types to these blocks within a
given grid mesh; (2) generation of the Block Centered Flow (BCF) file for heterogeneous
aquifers with material properties assigned to blocks and internal calculation of leakance and
thickness-factored parameters (T, S); (3) distribution of pumping rate for individual model
layers for a well that draws from or injects into multiple layers; (4) calculation of weighted
drawdown for an observation well screened over multiple layers; and (5) creation of a
drawdown output file to contain data for only a specified number of observation wells rather
than for every node in the model.

For MODFLOWP, the program has been modified to: (1) simplify input by making the
.PAR file free format; (2) allow the user to easily change the number and combination of
parameters for estimation in a given run by modifying one line rather than regenerating the
whole .PAR file; (3) automatically calculate ROFFs, COFFs, and TOFFs; (4) notify the user
when parameter values go beyond upper and lower limits for parameters during estimation
runs; and (5) monitor run time. Diskettes acampanying thisreport include modified versions
of MODFLOW and MODFLOWRP, the utiliti es and examples presented in this report,
MODFLOWRP test cases 1 and 2,and UNIX ‘diff’ comparisons, identifying the dhanges made to
the original MODFLOW and MODFLOWP coding onaline by line basis.



2. UTILITIESFORUSE WITH MODFLOW
2.1 Automatic Generation of Grid Cellsand Assignment of Cell Properties

2.1.1. Problem

Many natural geologic materials are heterogeneous. Accurately charaderizing the spatial
distribution o hydrauli c properties may be the most criticd step in modeling groundvater flow
and transport in strongly heterogeneous aquifers. A heterogeneous aquifer commonly is
charaderized by dividing the aguifer into many material blocks or zones, eat of whichis
asumed to be homogeneous (i.e., to have mnstant hydrauli c properties associated with the
geologic materia within ead block or zone).

GMS defines ablock (3D) or zone (2D) by seleding agroup d cdls, and it then assgnsa
material type, MATID, to the block or zone acording to user-provided information. (NOTE: for
brevity in thisreport we will henceforth refer only to blocks) This procedureis applied to define
al blocksin the solution damain. Hydraulic properties of ead grid cdl are then identified
through the MATID. In pradicethis procedure can be very time-consuming and error-prone,
espedally when the model structure is highly heterogeneous.

Not only must threedimensional grids be generated before the material blocks can be
defined, bu commonly the model is modified after initial runs such that the grid must be
changed, and/or the geometry or distribution o blocks are changed. Asaresult, previously
defined materia blocks are nolonger useful because the asciated cdls have been changed.
Hence the materia blocks have to be redefined for ead new discretization. Withou a utility to
automate this process significant amounts of time ae needed to generate eat new or modified
model structure, introducing the potential for errorsto be incorporated.

2.1.2. Solution

We have developed the program BLOCK.FOR to acairately define the material blocks
and assgn the MATIDsfor al cdls. Whenever the spatia discretizationis changed, new
MATIDs can be obtained by running the BLOCK.FOR program. The BLOCK.FOR program isa
stand-alone utility for use with GMS as a pre-processor to generate the threedimensional grid
file (filename.3DG).

BLOCK.FOR works in the following way. Assume the solution danain isavolume
consisting of NLAY model layers, ead of which has NCOL columns and NROW rows.
Coordinates of the mlumns and rows are defined by X(i), 1 =1,...NCOL+1and Y (j),] =
1,...NROW+1, respedively (Figure 1). Also asauume that ead model layer (not necessarily the
same & ageologic or hydrostratigraphic layer) includes svera types of materials, and eath
material has a diff erent set of hydraulic properties that is constant for that type of material. On a
model-layer by model-layer basis, BLOCK.FOR reads information onthe number and locaions
of blocks and the material types assciated with the blocks. To reducethe inpu eff ort, the user
assgns a badgroundMATID for ead layer, which usually would be the material typethat is
most abundant in agiven layer. Thus, the user need ony define the spedfic block geometry and
MATIDs for the remaining portions of agiven layer.



In pan view ead bock, k, in agiven layer (i.e., k=1to NBLOCK, or total number of
blocksin agiven layer) isaredangular areathat is uniquely defined by the coordinates of its
lower left corner (XLL (K),YLL(k)) and upger right corner (XUR(K),YUR(K)). The hydraulic
properties of eat block are identified by its material type, MATID(K). With thisinformation,
the aquifer
system heterogeneity can be built i nto the model automaticdly by BLOCK.FOR.

Figurel. Plan view of material blocksdescribed in the example application (Section
2.1.4).

2.1.3. Input Instructionsfor the BLOCK.FOR program
The BLOCK.FOR program requires two inpu files: BLOCK.IN anda.3DG file. Thesefiles
are described below with examples.

2.1.3.1. BLOCK.IN
The BLOCK.IN fil e defines the geometry and MATID of ead bock and givesthe
badkgroundmateria type for ead layer. Thus, there ae NLAY data setsin BLOCK.IN, orefor



eat layer, m(i.e, m=1to NLAY). Inpusfor eat layer are:

1. MATID(m), NBLOCK (m)
Badgroundmaterial type and number of blocks for layer m. A line then follows for ead
block, k (k=1 to NBLOCK(m)), in layer m:

2. MATID(k), XLL(K), YLL(k), XUR(K), YUR(K)

Material type and coordinates of the lower left (LL) and upger right (UR) corners of block k.
If this layer is homogeneous then NBLOCK(m) = 0. Inadive blocks have MATID(k) = 0. Itis
important that the defined blocksin alayer shoud na overlap, although they will have @rners
and sides in common with adjacent blocks.

2.1.3.2. .3DG File
The .3DG fil e defines the solution damain and its discretization. It contains the foll owing
information:

1.NLAY, NCOL, NROW Numbers of layers, columns, and rows
2.X(i),1=1,NCOL+1 X coordinates of nodesin alayer
3.Y(),] =1, NROW+1 Y coordinates of nodesin alayer

A .3DGfile can be obtained dredly from GMS in the foll owing way: when a solution
domain has been defined in GM (i.e., the grid has been formed), save the grid informationin a
file using the GMS command sequence  File---> Save and provide afilename to go with the
filespecof .3DG. The BLOCK.FOR program modifiesthisfile and then uses the same filename
for the output file, overwriting the origina file. Thismodified new filename.3DG file has
MATID information for ead cdl - which iswhat is needed by GM S to generate the model
structure (i.e., dstribution o materialsin agiven threedimensiona grid). Then, using
BCF_IN.FOR thefilename.3DG file can be used to generate the BCF file needed by MODFLOW
(sedion 2.9. Oncethe new filename.3DG file is generated, it remains valid even if the
horizontal discretization o the grid is changed as long as the foll owing have nat changed: (1) the
overal model dimensions, (2) the number and dmensions of layers, and (3) the locations of
blocks.

2.1.4. Example Application

This example shows how the BLOCK.FOR program works. Theinpu and oupuit files for
the example ae dso ill ustrated. First, assume aregion d an aquifer (surface aeaof 10x 6
length urits?) is discretized into blocks bounded inthe x diredionat 0, 2, 4, 7, 9and 10length
units, andinthe y diredionat 0, 1, 3,and 6length units. The model of the aguifer has two
layers: the upper layer is5 unitsthick and the lower layer is 10 untsthick (Figure 1). Three
materials (MATID 1, 2,and 3 areidentified and their distributionsin ead layer are shown in
Figure 1. Inlayer 1, the most prevalent materia (i.e., badkgroundmateria) is MATID1. There
aretwo bocks defined in layer 1: one consists of MATID2 andis defined by its lower left corner
(4, D and upger right corner (9, 3); the other block consists of MATID3 and is defined by lower



left corner (2, 0) and upper right corner (7, 1). Inlayer 2, the badkgroundmaterial is MATID3
and there aetwo materia blocks asin layer 1: ablock with MATID1 defined by lower |eft
corner (0, 3 and upyer right corner (4, 6); and ablock with MATID2 defined by lower left corner
(7, 0 and upper right corner (10, 3.

It shoud be noted that, the cnvention wsed here for locating blocks has the origin in the
lower left-hand corner of alayer when viewing the layer in plan view. However, the default
origin used by GMSislocaed at (100, 250;-10) for the example of Figure 1 and Example Files 1
and 2. It shoud be noted that the internal GM S coordinate system can be spedfied by the
modeler such that it agrees with the BLOCK.FOR routine.

Example File 1. Example BLOCK.IN file

BLOCK.IN Explanation

12 1=MATI D1 for background; 2=two blocks will be defined in follow ng
l'ines

24, 1. 9. 3. 2=NMATI D2, lower left (4,1) and upper right (9,3) corners

32 0 7. 1 3=MATI D3, lower left (2,0) and upper right (7,1) corners

32 3=MATI D3 for background, 2=two bl ocks will be defined in follow ng
l'ines

10 3. 4. 6. 1=MATI D1, lower left (0,3) and upper right (4,6) corners

2 7. 0. 10. 3. 2=MATI D2, lower left (7,0) and upper right (10,3) corners

Below is an example .3DG fil e generated when amodel grid is defined in GMS, and in
which MATIDs are nat yet defined. Thisfileisused for inpu to BLOCK.FOR.

Example File 2. Example .3DG file

Test.3DG

GRI Dt hr ee di nensi onal

TYPE 1

1JK -y +x -z

ORIA N . 100000000000000E+03 . 250000000000000E+03 -.100000000000000E+02

ROTZ 0

DM 3 6 4
. 000000000000000E+00
. 200000000000000E+01
. 400000000000000E+01
. 700000000000000E+01
. 900000000000000E+01
. 100000000000000E+02
. 000000000000000E+00
. 100000000000000E+01
. 300000000000000E+01
. 600000000000000E+01
. 000000000000000E+00
. 500000000000000E+01
. 100000000000000E+02

The output fileis Test.3DG which has been overwritten with the foll owing when
BLOCK.FOR isrun:



Example File 3. Example output (overwritten) .3DG file

Test.3DG

CRI Dt hr ee di nensi onal

TYPE 1

1JK -y +X -z

ORIG N . 100000000000000E+03 . 250000000000000E+03 -.100000000000000E+02

ROTZ O

DM 3 6 4
. 000000000000000E+00
. 200000000000000E+01
. 400000000000000E+01
. 700000000000000E+01
. 900000000000000E+01
. 100000000000000E+02
. 000000000000000E+00
. 100000000000000E+01
. 300000000000000E+01
. 600000000000000E+01
. 000000000000000E+00
. 500000000000000E+01
. 100000000000000E+02

MAT

111111122113311113333332233322

Thisoutput .3DG file can then be diredly read into GM S to completely define the grid
system and the distribution d hydrauli c properties. It can be used aso to generate aportion o
the MODFLOW .BCFfile.

2.2  Automatic Generation of Block Centered Flow (BCF) Package

2.2.1. Problem

In modeling threedimensional groundwvater flow and transport in heterogeneous aquifers,
the values of hydraulic properties must be acarately assgned to proper grid cdlsin the
numericd model. Thistask can betime-consuming and prone to error introduction, even with
the ad of apowerful pre-processor such as GMS. We have written the program BCF_IN.FOR to
efficiently prepare the Block Centered Flow (BCF) padkage which hdds al the information
describing the flow system and asociated hydraulic properties. The values of some hydraulic
properties have to be cdculated (e.g., T, S, and le&ance) and then inpu to a seleded material
block (group d contiguous cdl s with the same hydrauli ¢ properties). This procedureis repeaed
for al blocks. Completing the .BCF inpu file manually for a highly heterogeneous aquifer
system takes hous, or even aday or more. And again, the laborious processmust be repeaed to
generate anew .BCF fil e whenever values of the hydrauli c properties or block dimensions are
changed during subsequent model runs.

2.2.2. Solution

The basic gpproach of .BCF_IN.FOR isto: (1) diredly relate the geometric information
spedfying the material blocks to information onmateria properties (e.g., MATID, K, Ssand Sy);
and (2) automaticdly caculate and assgn values of hydraulic properties (T, S, le&kance) to cdls
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of the model. Using the program .BCF_IN.FOR, anew .BCF file can be generated in afew
seands when the values of hydraulic properties are changed. The output .BCF file from
BCF_IN.FOR can be diredly incorporated into the MODFLOW model using the .BCF inpu file.
.BCF_IN.FOR is an independent program. However, the most important input information for
this program comes from the threedimensional grid fil e (filename.3DG) generated by GMS.

2.2.3. Input Instructionsfor the .BCF_IN.FOR program
Two inpu files are required by the .BCF_IN.FOR program:

2.2.3.1. Three Dimensional Grid File (filename.3DG)

In GMS, after threedimensional grids have been generated and all material blocks defined,
the threedimensional grid file can be obtained by choasing: File --> Save and then entering the
file name.

2.2.3.2. MATERIAL.IN

In the material property file MATERIAL.IN, list ead type of material using onelinefor
ead. Inead ling, first the materia type (MATID) is given followed by K, Sy and Ssfor that
materia type.

2.2.4. Example Application

We demonstrate using the .BCF_IN.FOR program to generate the .BCF inpu file for a
hypotheticd heterogeneous aquifer. Thisaquifer iscompaosed o five diff erent geologicd
materials: cobde-sand mixture, gravel, clean sand, silty sand, and silt. These materialsoccur in a
patchy (rather than layered) distribution asis commonin aluvia aquifers. The smulated
volumeisabou 100m x 100m in area aad 40m thick. The solution danain is discretized into



14 columns and 14rows with variable grid spadng that gradualy increases from the center of the
domain (where apumping well i slocaed) to the boundxries. The verticd dimensionis divided
into threemodel |ayers having thicknesses of 8.5m, 18.5m, and 13m respedively, from bottom

ri
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2 4 0 o0
< »

um my m aterial

Layer 1

to top (Figure 2). Material blocks are defined in GMS and the threedimensional grid file has
been saved (seled: File---> Save and give the filename for .3DG file).

Threeinpu files are required by the .BCF_IN.FOR program: the .3DG file, MATERIAL.IN
file, and the .BCFfile. Followingisthe.3DG file saved by GMS:



Figure 2. Threedimensional view and dan views of a heterogeneous aquifer model.
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2. (Continued) Threedimensional view and dan views of a heterogeneous aquifer model.



Example File 4. Example.3DG file

EXAMPLE.3DG




Thefirst part of thisinpu file consists of geometric information onthe locaion d grid lines
for rows, columns, and layers. The second fart contains MATIDs (in this case for five materials:
1 through 5), orefor ead cdl in the model grid and eat correspondng to the MATID as
speafied by the EXAMPLE .MAT file described below.

Example File 5. Example .MAT file

EXAMPLE .MAT

The origina .BCF file that will be taken asinpu by .BCF_IN.FOR also is obtained from
GMS when the MODFLOW model domain is generated in GM S and saved there. The datain
the original .BCF file will j ust be read in, and then thisfile will be overwritten as the new .BCF
file with the same name, which now serves as the output file. Thefollowing istheinitial .BCF
file (inpu to BCF_IN.FOR):

Example File 6. Example .BCF input file

EXAMPLE .BCF

Shown below isthe output .BCF file (note it has the same name & the inpu fil ) generated
by running the .BCF_IN.FOR program.



Example File 7. Example .BCF output file

EXAMPLE .BCF










2.3. Automatic Generation of the Well Package for Wells Open to Multiple Layers

2.3.1. Problem

A pumping well may be screened aacoss ®vera geologic or hydrostratigraphic layers having
different hydrauli c properties, or several model layersin anumericd model such as MODFLOW
that have the same or diff erent hydrauli c properties. The pumping rate of awell iscomprised of
the sum of the flow rates of al the geologic or model |ayers contributing to the well discharge.
In MODFLOW the pumping rate (the strength of the sink term) must be spedfied for eat
individual model layer. It is apparent that the pumping rate for awell in an individual layer isa
fradion d the total pumping rate of thewell. In pradice fradional pumping rates for individual
layers have been approximated (e.g., Javandel and Witherspoon, 1969Molz et a., 1990
McDonald and Harbaugh, 1998eq. 68 by appattioning flow based onthe relative transmissvity
of the cntributing layers (Figure 3). Currently, the MODFLOW user must cdculate the
individual pumping rates per well cdl, representing the fradional contribution for a given layer,
for ead time period that has a diff erent pumping rate. The cdculations must be repeded if
model parameter values or grid configuration are dhanged. Performing such cdculations by hand
can be time-consuming and error-prone.

2.3.2. Solution

A simple dgorithm is implemented in the program WELL _Q.FOR to appartion flow rates
by layer based on (1) values of T designated for adive pumping cdls; and (2) total Q for agiven
period. The assumption behind this approad is that the drawdown in the pumping well is
uniform throughou the well so that an aquifer or model layer having arelatively large
transmissvity value contributes a higher flow rate to the total pumping rate than layers with
lower T. Based onthis assumption, the fradion d the total pumping rate contributed by awell in
an individual model layer can be cdculated by the foll owing equation:

Ti
Q —-Q

Tj
i1

where n isthe number of model layers contributing to the well (for example, n =5 for the well
shown in Figure 3), i isthe layer for which Q; of the well i s being cdculated and the summation,
T;, gives the combined transmissvity of all |ayers open to the well.

2.3.3. Input Instructionsfor the WELL _Q.FOR Program



Two inpu files must be provided for the WELL _Q.FOR program:

2.3.3.1. WELL.IN

Thisfile (seeExample Fil e 8) provides the model |ayer number having an adive well cdl,
the hydraulic condctivity (K) of the layer, and the thicknessof this layer. For ead multil ayer
well, the WELL.IN file has one line for ead layer in the model that has an adive well cdl.

23.32.Q_TIME

In thisfile (seeExample File 9), NCOL (column number) and NROW (row number) of the
pumping well are given onthefirst line. Then, orelineis given for ead stressperiod with the
first number on the line being the stressperiod sequence number, and the sesocond number onthe
li ne being the pumping rate for that stressperiod in consistent units. The pumping rate value in
Q_TIME foll ows the MODFLOW sign convention with negative value for pumping (sink), or
pasitive values for injedion (source).

Q1,T1

Q2, T2

Q3, T3

Q4, T4

Materials
Q 5 , T5 Cobble_Clay_Mixure
Cobbles
Sand
Silty_Sand
Turf

dummy_material

Figure 3. Schematic of a pumping well screened onfive layers

2.3.4. Example Application

This example demonstrates the use of the WELL _Q.FOR program for generating the well
padkage for aMODFLOW mode with awell pumping in a shall ow heterogeneous aquifer. A
model domain of 250ft x 250ft x 58 ft was discretized into 65rows, 65columns, and 28layers.
The pumping well consists of cdlsin threemodel layers (layers21to 23 in NCOL =33 and
NROW = 33. Asinmany red circumstances, the pumping rate in this model scenario fluctuates
a ealy time. To acour for this ealy-time variable pumping rate, six stressperiods are used.
Input files for this example ae given below:



Example File 8. Example WELL.IN file

WELL.IN

ExampleFile9. Example Q_TIME file
Q TIME

The output fil e of the WELL _Q.FOR program is the well padage file for MODFLOW:
Example File 10. Example VARIABLE.WEL file

VARIABLE.WEL

3 0

3

21 33 33 -.065789
22 33 33 -.189474
23 33 33 -.094737
3

21 33 33 -.225564
22 33 33 -.649624
23 33 33 -.324812
3

21 33 33 -.338346
22 33 33 -.974436
23 33 33 -.487218
3

21 33 33 -.464286
22 33 33 -1.337143
23 33 33 -.668571
3

21 33 33 -.037594
22 33 33 -.108271
23 33 33 -.054135
3

21 33 33 -.464286
22 33 33 -1.337143
23 33 33 -.668571

2.4. Output of Drawdown for Observation Wells

2.4.1. Problem



MODFLOW output provides drawdown values for every adive noce in the model domain at
ead time step of amodel run. Although GMS has been designed to be dleto retrieve
drawdown values for an olservation pant from MODFLOW model runs through the GAGE
function, it isrequired that model-cd culated drawdown be saved for every time step. Asaresult,
the saved drawdown ouput file, even in binary form, can be quite large; ASCII Text filesonthe
order of 50to 100MB are not unusual for athreedimensional model having a hunded thousand
cdlsor more. For some modeling adivities sich as matching drawdown behavior at pumping
and/or observation well s, smulated drawdown results are needed at these particular well s rather
than throughou the full flow domain - so the wmplete set of drawdown results for agiven run
would na be neaded.

2.4.2. Solution

To reducethe anourt of writing to dsk and the size of the drawdown fil e, we devel oped the
OBSERV.FOR routine for recording the drawdown versus time data only at spedfied
observation pantsor cdls, rather than at al cdls. Thisisimplemented within MODFLOW, and
isadivated through minor modificaionsto the GMS super file andthe MODFLOW .BASfile
(described in detail below in sedion 2.4.6). The user spedfies the needed olservation pants
using either row, column, and layer spedfications or absolute wordinates. The OBSERV.FOR
routine uses the wordinate transformation spedficaion contained in the MODFLOW .MFSfile
to convert from coordinate positions to row, column, layer indices.

2.4.3 Input Instructionsfor OBSERV.FOR

2.4.3.1 The.OBI File

The inpus for the OBSERV .FOR routine ae the locaions of well cdls of interest placed in
afile ommonly suffixed .OBI. Thelocaions of well cdls can be represented by either the cdl
row, column, layer indices or the X, y, z coordinates of an olservation pant, or well cdls. Wells
that intercept multi ple model layers have cdl | ocaion cetafor ead layer. The format for the
OBl fileis:

NOBS, OPTION

For eact NOBS well | ayer if OPTION =0
1 J K

For each NOBSwell if OPTION <0
XY Z

For eatch NOBSwell if OPTION >0
XY K

Where
NOBS - Number of observation locaions
OPTION - 0 -> Integer row, column and layer spedficaion
<0->x,Y, z coordinate positions



>0 -> X, y coordinate locations with K as an integer layer spedfication
l,J, K INTEGER row, column and layer spedficaion respedively
X,Y,Z REAL coordinates

2.4.4. Application Example

The use of the OBSERV .FOR routineisill ustrated using test case 1 of the MODFLOWP
user’s manual (Hill, 1992. The pumping well i slocated at row 9 column 10. The domain
contains two layers with 18rows and columns. The horizontal cdl widths are 1,000t on eat
side. Thelayersare 50 ft thick separated by a 10ft thick aquitard that is nat explicitly
represented in the model. The well penetrates both model |ayers. The default GM S axis
definitions of x correspondng to J (columns) andy correspondng to | (rows) are used. X
increases with increasing J andy deaeases with increasing |. These relationships of the
coordinate axes to the row and column indices are defined in the GMS .MFS MODFLOW
superfile (SeeExamplefile 15). Below isthe .OBI inpu file for OBSERV.FOR using cdl
numbers for this example:

Example File 11. Example .OBI fileusing cell numbers

And below isthe @rrespondng .OBI file for the same well cdlsif the amordinates of the
well cdlsareused instead of the cdl numbers:

Example File 12. Example .OBI file using coordinates

All inpusinthe .OBI file ae freeformat. If coordinates are used, they need only lie within
the cdl; they do nd have to exadly match the mordinates of the cdl node. Thewell coordinates
option may be most useful when the model grid geometry isirregular and/or when the geometry
is changed for subsequent model runs - becaise then ore does not need to updite the row,
column, and layer numbers for the observation pants.

The output using Examplefile 12 islisted below as Examplefile 13. The inpu information
and GM S coordinate transformation are listed at the top. Thefirst column well cdl dataisthe
time step (KSTP), seaondthe stressperiod (KPER), third the dapsed time sincethe start of
pumping (T_TOTAL). The next columns are cdculated drawdown for eaty well cdl. The cdl
numbers are listed onthe top d ead column.

2.4.5. Weighted Drawdown Based on Transmissivity
Because the model equivaent of field-observed drawdown is a cmbined drawdown o the
cdlsof al the layers open to the well, aweighted drawdown hasto be cdculated for comparison



of model and olserved results. Thisisdore by cdculating aweighted drawdown for the
pumping or observation well based onthe values of transmissvity (T;) of theinvolved cdls (e.g.,
Javandel and Witherspoon, 196%. For example, if awell is sreened in n cdls, the drawdown in
that well (s) may be cdculated as the sum of weighted drawdownsin the cntributing n cdls:

n
sT
1 T

S

where T is the sum of the transmissvity (T;) values of all screened cels. Note that the céls are
nat necessarily verticdly adjacent to eat ather - the layers open to awell can be separated by
blank or cased intervals. However, they shoud have the same horizontal coordinates (i.e., their
column and row numbers, respedively, shoud be the same).

Example File 13. Example of .OBO file



2.4.6. Noteson Usagewith GM S

The OBSERV.FOR routine isincluded in the modified version d MODFLOW that
acompaniesthisreport. To adivate this modified MODFLOW code, the foll owing additi onal
files and modifications must be made:

1. Establishtheinpu file named: prefix.OBlI (seesedion 2.4.4above)
2. Edit the MODFLOW super file, prefix MFS, generated by GMS in the foll owing ways:
a) Addthefollowing two linesin thefilelist:
OBIN 31 prefix.OBI
OBOT 32 prefix.OBO
NOTE: Inthesetwo new lines, 31 and 32 are FORTRAN unit numbers; any
numbers can be used as long as they do nd conflict with ather assgned unit
numbers. Besides those listed in the .BASfile and MFSfiles, FORTRAN unit
numbers 98 and 99are reserved for atemporary scratch file and the MFSfile
respedively.
b) Put single quaation marks aroundthe word: ORIG (seeExample File 14 below).
3. Editline4 o the .BASfile by adivating IUNIT number 17 for theinpu file (31) and IUNIT
number 21 for the output file (32) to be used by .OBI and OBO fil es, respedively (seeExample
File 15 below).

The following exampleis the part of the GMS super file for MODFLOW which ill ustrates
the changes described abowve:

Example File 14. Example modified .MFSfile



Example File 15. Top of modified .BASfile

@@ @Modified line

2.4.7. Notes on Usage with MODFL OWP

At the time this report was written, GM S used the 9/1/87 version & MODFLOW 88 and the
latest version & MODFLOWRP (3.2) used the 5/23/96 version & MODFLOW 96. One of the
diff erences between MODFLOW 88 and MODFLOW 96 is the method wsed to openfiles. To
adivate the OBSERV.FOR routine in the modified MODFLOWP program do the foll owing:

1. Establishtheinpu file named: prefix. OBl (seesedion 2.4.4above)

2. Addthefollowing two linesin the NAME FILE:
OBIN 31 peth\prefix.OBI
OBOT 32 path\prefix.OBO
NOTE: Inthesetwo new lines, 31 and 32 are FORTRAN unit numbers; any
numbers can be used as long as they do nd conflict with ather assgned unit
numbers. Besides the FORTRAN unit numbers listed in the NAME FILE, unt
numbers 0 and 96through 99are reserved in MODFLOWP.

3. MODIFICATIONSTO MODFLOWP

The dowe sedions present our modificaions to MODFLOW which runs the forward
simulation for the groundwvater flow problem. That is, when a hydrogeologic system is
discretized into amodel structure with hydraulic parameters and boundry condtions,
MODFLOW solvesfor heal or drawdown and flux distributions in time and space If the model
structure is reasonable, values of parameters are acairate, and the initial and boundry condtions
are defined corredly, one may exped that the cdculated solutions (head and flux) will match o
closely approximate the observed head and flux. However, it is excealingly rareto have enough
datato determine “true” values of aquifer parameters for a hydrogeologic system, and bounary
condtions are even more difficult to determine. Asaresult, cdculated results usually deviate
from the observed data.  Satisfadory modeli ng results may often be obtained orly after many
trial-and-error changes to system parameters and boundry condtions. The dhanges usualy rely
onthe modeler’ s knowledge of hydrogeology, degreeof familiarity with the smulated area and



professona judgment. The dedsion abou when a satisfadory, or the best, model has been
achieved largely depends onthe modeler’s subjedivity. Thetria-and-error processcommonly is
time-consuming as well .

Alternatively, parameter estimation may be adieved by using norinea regresson. Various
methods for groundvater parameter estimation have been developed (e.g., Neuman and
Y akowitz, 1979 Yeh, 1986 Codey and Naff, 199Q Hill, 1992 Sun, 199¢. We have been
working with MODFLOWP (Hill, 1992 for estimation d parametersin athreedimensional
heterogeneous aquifer system by modeling aquifer test results ussng MODFLOW for the forward
modeling. In additionto the utility programs for MODFLOW, we have developed severa
modifications to the MODFLOWP code to enhance usability. In particular, we have alded
changes to the ade which

Eadh of the MODFLOWP utiliti esis discussed below with an example of its usage.

3.1. Free Format for Input of Data to the Parameter Estimation Package

With previous versions of MODFLOWP, all datainpu had to be entered acording to highly
structured formats. Datainpu to the .PAR file is compli cated, and the formats vary between data
setsin thefile. To simplify datainpu to the .PAR file and reduce erors due to format problems,
MODFLOWP has been modified to read the .PAR file asfreeformat. Data sets gill must foll ow
the same line structure (i.e., same data dements on a given line, same sequenceof lines and cata
sets) and use the same data types (i.e., integer, red) as before. However, data dementsona
given line can be given in freeformat, and so they need orly be separated by one or more spaces.

Structured format entry interprets blank spaces as zeros leading to a pradice of not providing
datafor inpu valuesthat are intended to have avalue of zero. Freeformat requires zero values
to be spedfied. Hence all data values, including zero, must be supdied when using freeformat
inpu.

3.2. Enable Any Number and Combination of Parametersfor Estimation

MODFLOWP inpu file format requires that parametersto be estimated shoud precale
those that will remain urchanged. In Data Set 9 al paositive group numbers need to precale any
negative numbers (Hill, 1992. If the MODFLOWP user wishes to evaluate diff erent
combinations of parameters, the .PAR file has to be reorganized. Rebuilding the .PAR file can
be time-consuming and may leal to inpu errors. The modified version & MODFLOWP
presented here dlows the user to choase any new or former combination o initialy identified
parameters in Data Set 9 for estimation withou reorganizing the .PAR file. The user smply



identifiesin Data Set 9 those parameters that will not be evaluated by assgning negative group
numbers to them. The negative numbers can be in any sequence

3.3. Calculate and Enter Offsetsinside MODFL OWP

MODFLOWRP, as anumericd model, operates by discretizing time into time steps and space
into grid cdlswith nocesin the centers of cdls. Calculations of model results are made & time
steps and noaes which generally do nd correspondexadly with the time of observations or the
locaions of well screens. Such diff erences may nat be significant in many modeli ng tasks, but
they could add model error to the parameter estimation processand they may be significant for
some modeli ng scenarios, espedally for modeling of pumping test results at closely spacel
partialy penetrating well sin heterogeneous media.

MODFLOWP al ows the user to spedfy off sets between locations of observation pants and
nodes tting the ROFF and COFF data values in the .PAR file, and ketween olservationtimes
and model time steps by setting TOFF values. The user must cdculate eatt ROFF, COFF and
TOFF outside of the code. These off sets must be recdcul ated and reentered ead time the time
or grid discretization are dtered in subsequent model runs. Both adivities can betime-
consuming and error-prone. We have incorporated utiliti esinto MODFLOWRP which
automaticdly cdculate these off sets eliminating the need to enter them into the .PAR file.

3.3.1. Calculate and Enter ROFFs and COFFs

ROFFs and COFFs represent the off sets of an olservation well from the center of the cdl in
row and column dredions, respedively. They are used to cdculate the head (or drawdown) for
the observation well by interpalation d the cdculated heads (or drawdown) of neaby cdls. In
MODFLOWP, ROFFs and COFFs have to be provided in Data Set 6 of the .PAR file. If grid
discretization a locations of observation pants are dhanged, ROFFs and COFFs haveto be
changed aso.

Although the cdculation d ROFFs and COFFsis nat difficult (seeMODFLOWP user’s
guide [Hill, 1993), it is sSmpler to dredly inpu the mordinates (X,, Y,) of an olservation well
(Figure 4) and have the program cdculate ROFFs and COFFsinternally. That is, (x,, Y,), the
plane mordinates of an olservationwell are inpu, rather than ROFF and COFF and the row and
column numbers of thewell. There ae & least two advantages with thisinpu approad: (1) x, y
coordinate locaions are acarate and intuitive, and (2) ROFFs and COFFs will be aitomaticdly
recdculated inside the program whenever the spatia discretizationis changed.
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Figure 4. ROFF and COFF defined by absolute aordinates (X,, Y,). Origin of x-y
pation d coordinate system isin the upper left-hand corner of the model domain.

3.3.2. Calculate and Enter TOFFs

TOFFs (time off sets) in MODFLOWP are used to cdculate diff erences between acual
observation times and the time steps used in the simulation. Standard MODFLOWP requires the
user to inpu TOFFs and the aorrespondng time step in Data Set 6. Calculation and input for
TOFFs are naot difficult but can be time-consuming. Whenever temporal discretizationis
changed, the time steps and TOFFs for Data Set 6 and Data Set 6C have to be changed.

Our modifications have made this task very simple: just inpu observationtimet; and
observed heal H;, then the mrrespondng time steps and TOFFs are internally ca culated within
MODFLOWP. Advantagesfor dired inpu of t; and H; are: (1) users are most familiar with the
measured heal at a spedfic time making inpu errors easier to spat; (2) records of field
measurements are usualy time and head (or drawdown); thus the field records can be used
diredly with our modified inpu format and compared dredly with the inpu file.

3.3.3. Input Instructionsfor Data Set 6
Correspondng with the modifications described abowve, the inpus for Data Set 6 and Data
Set 6C neel to be dhanged as foll ows:

Data Set 6: DID, NDER, XY, OBST, HOBS, WT1, WT2, IWT, |IPUT

DID and NDER are the same & defined in the MODFLOWP user’ s guide.

X andY arethe mordinates of an olservation well .

OBST isthetime an olservationwasmade. OBST 0Oisthe observationtimeif thereis
only one observation at thiswell. Otherwise OBST < 0 and the @solute value of OBST
equals the number of observations at thiswell, and OBST must be entered as ared number.



For example, if threeobservations are made, OBST = -3.0.

Definitionsfor HOBS, WT1, WT2 and IWT are the same ain the MODFLOWP user’s
guide.

IPUT isanew flag defined in this report indicaing whether the same weights (IPUT = 0)
will be used for al observations at thiswell, or if different weights (IPUT > 0) will be
spedfied.

Data Set 6C: DID, OTime, HOBS, WT1, WT2, IWT

DID isthe same & defined in the MODFLOWP user’ s guide.
OTimeisthe observationtime. This replaces time step and time off set in Data Set 6C
Definitionsfor HOBS, WT1, WT2 and IWT are the same & in the MODFLOWP guide.

3.4. Announce Parameter Values out of Upper and Lower Limit Bounds

In MODFLOWP, parameter bounds are only used for referencein the output file and are nat
used in the regresson solution. Estimated parameters may be outside the bounds of expeded,
ressonable, bound. For example, duing aMODFLOWP run spedficyield, S, may be
estimated to be larger than 0.5 spedfic storage, Ss, may bemme zero; K for asand layer may
have an estimated value that is lower than that of ashale.

To identify parameter estimation runs that are in progress bu not likely to result in a
meaningful set of parameter estimates, a message will be sent to standard ouput (screen) if any
evaluated parameter is st beyond ore of the bounds gedfied in Data Sets 8A and 8. The
message identifies the parameter, the parameter value, and the parameter limit violated. This
alows the modeler to terminate the MODFLOWP run, which may take hou's or daysto
complete, when it is obvious the program is not converging on areasonable solution. A message
will aso be printed if the value of a parameter changes sgn duing an estimation run.

3.5. Monitor Run Time

As mentioned abowve, a given parameter estimation run may take along time becaiuse of the
number of parameters being estimated, the complexity of the hydrologicd processes being
modeled, and the nonlinea nature of the problem. For the modeler, feadbadk onthe anourt of
CPU time used for agiven iterationis ssmetimes a useful indicaion o whether the investigated
problem is“moderately” or “highly” norlinea, becaise ahighly nonlinea problem usually takes
alonger time to converge. The modified program prints to file and writes out to the screen the
elapsed runtime sincethe starting date and time for ead iteration.

Monitoring the runtime requires the use of non-standard FORTRAN routines. We have
suppied five versions of the runtime routines. The foll owing table li sts file names to be used for
spedafic compilers:

cpu_ms.for Microsoft FORTRAN
cpu_d.for Digital FORTRAN



cpu_sunfor SUN FORTRAN
cpu_hpfor HP FORTRAN
cpu_dum.for Any compil er

Thelist of compiler coverageisfar from exhaustive. However, many compil ers adhere to non
FORTRAN standards. Hence, the aoding is more generally applicable than listed here. Thefile
cpu_dum.for can be used with any compil er becaise it simply returnsto the cdl statement.
Using cpu_dum.for removes CPU monitoring from the program withou requiring modificaion
of the source @de.

3.6. Example .PAR and Output Files

The following exampleis taken from Test Example 1 of the MODFLOWP user’s guide
(Hill, 1992, bu is changed for use with the modified version & MODFLOWP presented with
thisreport. Consider the sequence of modeling runs where initially 9 parameters are estimated
using the observed drawdown from several wells. In ou test of the modified MODFLOWP
program, we start with the same inpu sequence of 9 parameters but now we just want to estimate
7 o them: in sequencepositions 2, 4, 5, 6, 7, 8and 9. To evaluate parameters in sequence
positions 2, 4, 5, 6, 7, 8and 9 oy, the user changes the sign in Data Set 9 for the group
numbers of those parametersthat will NOT be estimated: -3, 4,-5, 6, 3, 4, 7, 7, {ExampleFile
16). Inadditionto the modification d Data Set 9, olservationwell drawdown data and the
pumping well drawdown data, Data Set 6C, have been input with freeformat. The dfeded
portions of the arrespondng output file ae given in Example File 17.

Example File 16. Annotated (@@@) portions of the MODFLOWP .PAR file.

TWO- LAYER EXAMPLE - TRANSI ENT LINE 1
Modi fied Test Case 1 of Hill (1992, Appendi x A) LINE 2
9 5 56 4 2 3 0 1 LI NE 3
2 1 1 LI NE 4
32 0 0 1 18 3 0 0 LINE 5
1 -1 1 0 0 LI NE 6
40 33 0 0 0 0 0 0 0 0 0 0 0 LI NE 7
@@ @AIl zero values must be included
1 0 0 0 LI NE 8
30 DATA SET 1A
Q O -2 1 15 -10 DATA SET 2
1. 0
1 9 10 1.0 DATA SET 2A
2 9 10 1.0
S1 1 -1 0 0 0 0 DATA SET 2
@@ @AIll zero values must be included
1.0 1 500. 2500. -3.0 0. 00 1. 0025 0. 0025 0 0 DATA SET 6
@@ @Inpu x andy coordinates. Number of observationsisred value
2 DATA SET 6B
1.0 0. 00 101. 804 DATA SET 6C

@ @ @Inpu observation time not time step and df set
@ @ @Observation weighting taken from Data Set 6

1.1 87162.0 101. 775
1.12 24439068. 0 101. 675



6.0 2 3500. 0 3500. 0 -3.0 0.0 0.000 0.000 0 1 DATA SET 6
@ @ @transient observation weight option set to 1

2 DATA SET 6B
6.0 0. 00 126.537 1.0025 0.0025 0 DATA SET 6C
@@ @Full control of weighting for ead observation
6.1 87162.0 126.542 1.0025 0.0025 0
6. 12 24439068. 0 112.172 1.0025 0.0025 0
-1.074 1. 38E-3 . 426E- 03 1.2E-3 1.E7 2.E-4
4.0E-5 2.E-8 1.0E-8 DATA SET 8
-0.8 1.3E-2 3. 00E-3 1.2E-2 1.E-6 2.E-3
4.0E-4 2.E-7 1.0E-7 DATA SET 8A
-1.4 1.3E-4 3. 00E-5 1.2E-4 1.E-8 2.E-5
4.0E-6 2.E-9 1.0E-9 DATA SET 8B
-3 4 -5 6 3 4
7 7 1 DATA SET 9

@ @ @inadive parameters may be interspersed with adive parameters

Example File 17. Annotated ( @@@ ) portions of the MODFL OWP output file.

1 MCODFLOW
U S. GEOLOG CAL SURVEY MODULAR FI NI TE- DI FFERENCE GROUND- WATER FLOW MODEL - MODFLOWP

BSU August, 1998 Modified Version @@@ Announcement of special version
See Boise State University Technical Report BSU CA SS 97-02
OBSERVED HEAD DATA

@ @ @Observation time or number of transient observations as item 6.
aBS# |ID LAYER ROW COLUWN OBS. TIME TIME STEP ROW COLUW Tl ME OFFSETS OBS. HEAD STATI STI C

1 1.0 1 3 1 - 3. 000 -3 . 000 . 000 . 000 . 000 1. 00250
TRANSI ENT DATA AT THI S LOCATION, ITT = 2

1 1.0 . 000 0 . 000 101. 80 1. 0025

2 1.1 87162. 000 1 . 000 -.28999E-01 . 25000E-02

3 1.12 24439070. 000 12 . 000 -. 12900 . 25000E- 02

@@ @Observationtime and time step and dfset listed.

PARAMETER | NFORVATI ON:
( CONVERGENCE CRI TERI A LI STED HERE ARE USED TO SOLVE FOR SENSI Tl VI TY- EQUATI ON SENSI TI VI Tl ES)

# |ID INTIAL VALUE LN UPPER VALUE LOWER VALUE CONVERGENCE CRI TERIA  GROUP#
VEI GHT OF PRI OR EST
2 Sl .1380E-02 1 . 1300E-01 . 1300E- 03 . 725E-02 . 000 4
4 KST .1200E-02 1 . 1200E- 01 . 1200E- 03 . 833E-02 . 000 6
5 KV .1000E-06 1 . 1000E- 05 . 1000E- 07 100. . 000 3
6 S1 .2000E-03 1 . 2000E- 02 . 2000E- 04 . 500E-01 . 000 4
7T .4000E-04 1 . 4000E- 03 . 4000E- 05 . 250 . 000 7
8 RCH . 2000E-07 O . 2000E- 06 . 2000E- 08 500. . 000 7
9 RCH .1000E-07 O . 1000E- 06 . 1000E- 08 . 100E+04 . 000 1
1 Q -1.074 0 -. 8000 -1. 400 . 000 . 000 -3
3 T .4260E-03 O . 3000E-02 . 3000E- 04 . 000 . 000 -5

@ @ @inadive parameters listed last.

SCALED SENSI TI VI TI ES ( SCALED BY B*(WI**.5))

PARAVETER # : 2 4 5 6 7 8 9
PARAVETER | D : S1 KST KV S1 T RCH RCH
OBS# & ID
1 1.0 . 000 1.51 -.445E-07 . 000 -.228E-04 .150 . 749E- 01
2 1.1 -.123E-01 -.397E-02 -.113E-02 -.359E-02 .621E-02 .800E-06 .400E-06
COMPCSI TE SCALED SENSI TI VI TI ES:
((SUM OF THE SQUARED VALUES)/ ND)**. 5
235. 25.7 123. 57.7 498. 11.9 11.0

Run time [min]: .1500 since 8/12, 11:24 @@ @Runtime of first iteration.



| TERATION NO. = 1
VALUES FROM LEAST- SQUARES REGRESSI ON PROCEDURE

DET OF SCALED LEAST- SQUARES MATRI X = . 25575E-02
MARQUARDT PARAMETER (AMP) --------- = .00000
FACTOR FOR SCALI NG PAR. CHANGE (AP)= 1.0000
MAX. FRACTI ONAL PAR. CHANGE (DWX) = .76297
MAX. FRAC. CHANGE OCCURRED FOR PAR. # 5

UPDATED ESTI MATES OF REGRESSI ON PARAMETERS :
S1 KST KV S1 T RCH RCH
PAR. # 2 4 5 6 7 8 9
0 .11753E-02 . 11331E-02 . 17630E- 06 . 10834E-03 . 49218E-04 . 11507E- 07 . 15596E- 07

Run time [min]: . 2167 since 8/12,11:24 @@ @Cumulativeruntime & ead iteration.
| TERATION NO. = 2
PARAMETER SUMVARY

PARAMETER # : 2 4 5 6 7 8 9
PARAMETER I D : S1 KST KV S1 T RCH RCH
FI NAL VALUES

-.677E+01 -.682E+01 -.153E+02 -.988E+01 -.994E+01 .109E-07 .160E-07
EXPONENTI AL OF LN PARAMETERS
(0.0 FOR UNTRANSFORVED PARAMETERS)
.115E-02 .109E-02 .222E-06 .512E-04 .481E-04 .O0OO0OE+00 .OOOE+00
STD. DEV.
.387E-01 .797E-01 .782E-01 .706E+00 .513E-02 .128E-08 .680E-09
COEF. OF VAR
.572E-02 .117E-01 .510E-02 .715E-01 .516E-03 .118E+00 .426E-01

UPPER LIM T, LINEAR 95- PERCENT CONF. | NT.
-.669E+01 -.666E+01 -.152E+02 -.847E+01 -.993E+01 .134E-07 .173E-07
EXPONENTI AL OF LN PARAMETERS
(0.0 FOR UNTRANSFORVED PARAMETERS)
.125E-02 .128E-02 .259E-06 .210E-03 .486E-04 .O0O00OE+00 .OOOE+00

LONER LIM T, LINEAR 95- PERCENT CONF. | NT.
-.684E+01 -.698E+01 -.155E+02 -.113E+02 -.995E+01 .830E-08 .146E-07
EXPONENTI AL OF LN PARAMETERS
(0.0 FOR UNTRANSFORVED PARAMETERS)
.107E-02 .932E-03 .190E-06 .125E-04 .476E-04 .OO0OE+00 .OOOE+00

Run time [min]: . 4500 since 8/12, 11:25 @@ @ Totad runtime used.

4. SUMMARY



4)annource parameter estimates outside the upper or lower limits during program
exeadution, and
5) alow the user to monitor runtime
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