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Preface

Welcome to Processing Modflow: A Simulation System for Modeling Groundwater Flow and
Pollution. Processing Modflow was originally developed for aremediation project of a disposal
site in the coastal region of Northern Germany. At the beginning of the work, the code was
designed asapre- and postprocessor for the groundwater flow model MODFL OW. Severa years
ago, we began to prepare a Windows-version of Processing Modflow with the goal of bringing
various codes together in a complete simulation system. The size of the program code grew, as
we began to prepare the Windows-based advective transport model PMPATH and add options
and features for supporting the solute transport modelsMT3D, MT3DM S and MOC3D and the
inverse models PEST and UCODE.

As in the earlier versions of Processing Modflow, our goa is to provide an integrated
groundwater modeling system with the hopethat the very user-friendly implementation will lower
the threshold which inhibits the widespread use of computer based groundwater models. To
facilitate the use of Processing Modflow, more than 60 documented ready-to-run models are
included in this software. Some of these models deal with theoretical background, some of them
are of practical values.

The present text can be divided into three parts. The first two chapters introduce PMWIN
with an example. Chapters 3 through 5 are a detalied description of the building blocks. Chapter
3 describes the use of Processing Modflow; chapter 4 describes the advection model PMPATH
and chapter 5 introduces the modeling tools provided by Processing Modflow. The third part,
Chapter 6, provides two tutorials and documents the examples.

Beside thistext, we have gathered about 3,000 pages of documents related to the supported
models. It isvirtually not possible to provide all the documentsin aprinted form. So we decided
to present these documents in an electronic format. The advantage of the el ectronic documents
is considerable: with asingle CD-ROM, you aways have all necessary documents with you and
we save resources by saving valuable papers and trees.

Many many people contributed to thismodeling system. The authorswish to express heartfelt
thanks to researchers and scientists, who have developed and coded the simulation programs
MODFLOW, MOC3D, MT3D, MT3DMS, PEST and UCODE. Without their contributions,
Processing Modflow would never have its present form. Many thanks are al so due to authors of
numerous add-on packages to MODFLOW.

We wish to thank many of our friends and colleagues for their contribution in developing,
checking and validating the various parts of this software. We are very grateful to Steve
Bengtson, John Doherty, Maciek Lubczynski, Wolfgang Schéfer, Udo Quek, Axel Voss and
Jnhui Zhang who tested the software and provided many valuable comments and criticisms. For
their encouragement and support, wethank lan Callow, L othar Moosmann, Renate Taugs, Gerrit
van Tonder and Ray Volker. The authors aso wish to thank Alpha Robinson, a scientist at the
University of Paderborn, who checked Chapter 3 of this user’ s guide. And thanksto our readers



and software users - it is not possible for us to list by name here al the readers and users who
have made useful suggestions; we are very grateful for these.

Wen-Hsing Chiang - Wolfgang Kinzelbach
Hamburg - Zirich
December 1998
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1. Introduction

The applications of MODFLOW, a modular three-dimensional finite-difference groundwater
model of the U. S. Geological Survey, to the description and prediction of the behavior of
groundwater systems have increased significantly over the last few years. The “original” version
of MODFLOW-88 (McDonald and Harbaugh, 1988) or MODFLOW-96 (Harbaugh and
McDonad, 1996a, 1996b) can simulate the effects of wells, rivers, drains, head-dependent
boundaries, recharge and evapotranspiration. Sincethe publication of MODFL OW various codes
have been developed by numerous investigators. These codes are called packages, models or
sometimessmply programs. Packages areintegrated with M ODFL OW, each package dealswith
a specific feature of the hydrologic system to be ssimulated, such as wells, recharge or river.
Models or programs can be stand-alone codes or can be integrated with MODFLOW. A stand-
alone model or program communicates with MODFLOW through data files. The advective
transport model PMPATH (Chiang and Kinzelbach, 1994, 1998), the solute transport model
MT3D (Zheng, 1990), MT3DMS (Zheng and Wang, 1998) and the parameter estimation
programs PEST (Doherty et al., 1994) and UCODE (Poeter and Hill, 1998) use this approach.
The solute transport model MOC3D (Konikow et al., 1996) and the inverse model MODFL OWP
(Hill, 1992) are integrated with MODFLOW. Both codes use MODFLOW as a function for
calculating flow fields.

Thistext and the companion software Processing Modflow for Windows (PMWIN) offer a
totally integrated simulation system for modeling groundwater flow and transport processeswith
MODFLOW-88, MODFLOW-96, PMPATH,MT3D, MT3DMS, MOC3D, PEST and UCODE.

PMWIN comes with a professional graphical user-interface, the supported models and
programs and several other useful modeling tools. The graphical user-interface allows you to
create and simulate models with ease and fun. It can import DXF- and raster graphics and handle
models with up to 1,000 stress periods, 80 layers and 250,000 cells in each model layer. The
modeling tools include a Presentation tool, a Result Extractor, aField Interpolator, aField
Generator, aWater Budget Calculator and aGraph Viewer. TheResult Extractor allowsthe
user to extract simulation resultsfrom any period to aspread sheet. Y ou can then view theresults
or save them in ASCII or SURFER-compatible data files. Simulation results include hydraulic
heads, drawdowns, cell-by-cell flow terms, compaction, subsidence, Darcy velocities,
concentrations and massterms. The Field Interpolator takes measurement dataand interpol ates
the data to each model cell. The model grid can be irregularly spaced. The Water Budget
Calculator not only calculates the budget of user-specified zones but a so the exchange of flows
between such zones. This facility is very useful in many practical cases. It alows the user to
determine the flow through a particular boundary. The Field Generator generates fields with
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2 Processing Modflow

heterogeneoudly distributed transmissivity or hydraulic conductivity values. It allowsthe user to
statistically simulate effects and influences of unknown small-scale heterogeneities. The Field
Generator is based on Megjias (1974) agorithm. The Graph Viewer displays temporal
development curves of simulation results including hydraulic heads, drawdowns, subsidence,
compaction and concentrations.

Using the Presentation tool, you can create labelled contour maps of input data and
simulation results. Y ou canfill colorsto modell cellscontaining different valuesand report-quality
graphics may be saved to a wide variety of file formats, including SURFER, DXF, HPGL and
BMP (Windows Bitmap). The Presention tool can even create and display two dimensiona
animation sequencesusing thesimul ation results (cal cul ated heads, drawdownsor concentration).

At present, PMWIN supports seven additional packages, which are integrated with the
“origina” MODFLOW. They are Time-V ariant Specified-Head (CHD1), Direct Solution (DE45),
Density (DEN1), Horizontal -Flow Barrier (HFB1), Interbed-Storage (IBS1), Reservoir (RES1)
and Streamflow-Routing (STR1). The Time-V ariant Specified-Head package (L eakeet al., 1991)
was developed to alow constant-head cells to take on different values for each time step. The
Direct Solution package (Harbaugh, 1995) provides a direct solver using Gaussian elimination
with an alternating diagonal equation numbering scheme. The Density package (Schaars and van
Gerven, 1997) was designed to simulate the effect of density differences on the groundwater flow
system. The Horizontal-Flow Barrier package (Hsieh and Freckleton, 1992) simulates thin,
vertical low-permeability geol ogic features (such as cut-off walls) that impedethe horizontal flow
of ground water. The Interbed-Storage package (Leake and Prudic, 1991) simulates storage
changes from both elastic and inelastic compaction in compressible fine-grained beds due to
removal of groundwater. The Reservoir package (Fenske et a., 1996) simulates|eakage between
areservoir and an underlying ground-water system as the reservoir area expands and contracts
in response to changes in reservoir stage. The Streamflow-Routing package (Prudic, 1988) was
designed to account for the amount of flow in streams and to simulate the interaction between
surface streams and groundwater.

The particle tracking model PMPATH uses a semi-anaytical particle tracking scheme
(Pollock, 1988) to calculate the groundwater paths and travel times. PMPATH allows auser to
perform particletracking with just afew clicks of the mouse. Both forward and backward particle
tracking schemes are allowed for steady-state and transient flow fields. PMPATH calculates and
displayspathlinesor flowlinesand travel timemarkssimultaneoudly. It providesvariouson-screen
graphical options including head contours, drawdown contours and velocity vectors.

The MT3D transport model uses a mixed Eulerian-Lagrangian approach to the solution of
the three-dimensional advective-dispersive-reactive transport equation. MT3D is based on the
assumption that changesin the concentration field will not affect the flow field significantly. This
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allowsthe user to construct and calibrate a flow model independently. After aflow smulation is
complete, MT3D simulates solute transport by using the calculated hydraulic heads and various
flow terms saved by MODFLOW. MT3D can be used to simulate changes in concentration of
single species miscible contaminantsin groundwater cons dering advection, dispersion and some
smplechemical reactions. Thechemical reactionsincluded inthemodel arelimitedto equilibrium-
controlled linear or non-linear sorption and first-order irreversible decay or biodegradation.

MT3DMS is a further development of MT3D. The abbreviation MS denotes the Multi-
Species structure for accommodating add-on reaction packages. MT3DM S includesthree major
classes of transport solution techniques, i.e., the standard finite difference method; the particle
tracking based Eulerian-Lagrangian methods; and the higher-order finite-volume TVD method.
In addition to the explicit formulation of MT3D, MT3DMS includes an implicit iterative solver
based on generalized conjugate gradient (GCG) methods. If this solver is used, dispersion,
sink/source, and reaction terms are solved implicitly without any stability constraints.

The MOC3D transport model computes changes in concentration of a single dissolved
chemica constituent over time that are caused by advective transport, hydrodynamic dispersion
(including both mechanical dispersion and diffusion), mixing or dilution from fluid sources, and
mathematically ssimple chemical reactions, including decay and linear sorption represented by a
retardation factor. MOC3D uses the method of characteristicsto solve the transport equation on
the basis of the hydraulic gradients computed with MODFLOW for a given time step. This
implementation of the method of characteristics uses particle tracking to represent advective
transport and explicit finite-difference methods to calculate the effects of other processes. For
improved efficiency, the user can apply MOC3D to asubgrid of the primary MODFL OW grid that
isused to solvetheflow equation. However, thetransport subgrid must have uniform grid spacing
along rows and columns. Using MODFLOW as a built-in function, MOC3D can be modified to
simulate density-driven flow and transport.

The purpose of PEST and UCODE isto assist in datainterpretation and in model calibration.
If there are field or laboratory measurements, PEST and UCODE can adjust model parameters
and/or excitation data in order that the discrepancies between the pertinent model-generated
numbers and the corresponding measurements are reduced to a minimum. Both codes do this by
taking control of the model (MODFLOW) and running it as many times asis necessary in order
to determine this optimal set of parameters and/or excitations.

1. Introduction
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System Requirements

Hardware

Personal computer running Microsoft Windows 95/98 or Windows NT 4.0 or above.
16 MB of available memory (32MB or more highly recommended).

A CD-ROM drive and a hard disk.

VGA or higher-resolution monitor.

Microsoft Mouse or compatible pointing device.

Software

A FORTRAN compiler is required if you intend to modify and compile the models
MODFLOW-88, MODFLOW-96, MOC3D, MT3D or MT3DMS. For thereason of compability,
the models must be compiled by a Lahey Fortran compiler. The source codes of the above-
mentioned models are saved in the folder \Source\ of the CD-ROM.

Setting Up PMWIN

Y ouinstall PMWIN onyour computer using theself-installing program PM 32010.EX E contained
inthe folder \programs\pm5\ of the CD-ROM. Please note: If you are using Windows NT 4.0,
you must install the Service Pack 3 (or above) before installing PMWIN. Refer to the file
readme.txt on the PM5 CD-ROM for more information.

Documentation

Thefolder\Document\ of the CD-ROM containsel ectronic documentsin the Portable Document
Format (PDF). Y ou must first install the Acrobat® Reader before you can read or print the PDF
documents. You can find the installation file of the Acrobat® Reader in the folder \Reader\.
Executethefile\Reader\win95\ar302.exe from the CD directly and follow the screentoinstall
the Reader.

Starting PMWIN

Once you have completed the installation procedure, you can start Processing Modflow by using
the Start button on the task bar in Windows.
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Online Help

Theonline help system references nearly al aspectsof PMWIN. Y ou can access Help through the
Help menu Contents command, by searching for specific topics with the Help Search tool, or by
clicking the Help button to get context sensitive Help.

Help Search

The fastest way to find a particular topic in Help isto use the Search dialog box. To display the
Search dialog box, either choose Search from the Help menu or click the Search button on any
Help topic screen.

» To search Help

1. From the Help menu, choose Search. (Y ou can also click the Search button from any Help
topic window).

2. Inthe Search dialog box, type aword, or select one from the list by scrolling up or down.
Press ENTER or choose Show Topics to display a list of topics related to the word you
specified.

3. Select atopic and press ENTER or choose Go To to view the topic.

Context-Sensitive Help
Many parts of the PMWIN Help facility are context-sensitive. Context-sensitive means you can
access help on any part of PMWIN directly by clicking the Help button or by pressing the F1 key.

Updates

Today the development of groundwater modeling techniquesis progressing very rapidly, and a
groundwater model must periodically be updated and expanded. For updates of PMWIN and our
other software you may access the following web-pages on the Internet:

http://www.uovs.ac.zal/igs/index.htm
http://www.baum.ethz.ch./ihw/soft/welcome.html

1. Introduction
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2. Your First Groundwater Model with PMWIN

It takes just a few minutes to build your first groundwater flow model with PMWIN. First,
create a groundwater model by choosing New Model from the File menu. Next, determine the
size of the model grid by choosing Mesh Size from the Grid menu. Then, specify the geometry
of the model and set the model parameters, such as hydraulic conductivity, effective porosity
etc.. Finaly, perform the flow smulation by choosing MODFLOW?®>Run... from the Models
menu.

After completing the flow simulation, you can use the modeling tools provided by PMWIN
to view the results, to calculate water bugdets of particular zones, or graphically display the
results, such as head contours. Y ou can also use PMPATH to cal culate and save pathlines or use
the finite difference transport models MT3D or MOC3D to simulate transport processes.

This chapter provides an overview of the modeling process with PMWIN, describes the
basic skills you need to use PMWIN, and takes you step by step through a sample problem. A
complete reference for all menus and dialog boxes in PMWIN is contained in Chapter 3. The
advective transport model PMPATH and the modeling tools are described in Chapter 4 and
Chapter 5, respectively.

Overview of the Sample Problem

As shown in Fig. 2.1, an aquifer system with two stratigraphic units is bounded by no-flow
boundaries on the North and South sides. The West and East sides are bounded by rivers, which
areinfull hydraulic contact with the aquifer and can be considered as fixed-head boundaries. The
hydraulic heads on the west and east boundaries are 9 m and 8 m above reference level,
respectively.

The aguifer system is unconfined and isotropic. The horizontal hydraulic conductivities of
the first and second stratigraphic units are 0.0001 m/s and 0.0005 m/s, respectively. Vertica
hydraulic conductivity of both units is assumed to be 10 percent of the horizontal hydraulic
conductivity. The effective porosity is 25 percent. The elevation of the ground surface (top of the
first stratigraphic unit) is 10m. The thickness of the first and the second unitsis4 m and 6 m,
respectively. A constant recharge rate of 8x10° m/s is applied to the aquifer. A contaminated
arealiesin the first unit next to the west boundary. The task is to isolate the contaminated area
using afully penetrating pumping well located next to the eastern boundary.

A numerical model has to be developed for this site to calculate the required pumping rate
of the well. The pumping rate must be high enough, so that the contaminated arealies within the

Y our First Groundwater Model with PMWIN
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capture zone of the pumping well. We will use PMWIN to construct the numerical model and
use PMPATH to compute the capture zone of the pumping well. Based on the calculated
groundwater flow field, we will use MT3D and MOC3D to simulate the contaminant transport.
We will show how to use PEST and UCODE to calibrate the flow model and finally we will
create an animation sequence displaying the development of the contaminant plume.

To demonstrate the use of the transport models, we assume that the pollutant is dissolved
into groundwater at arate of 1x10* pg/sY/m? Thelongitudinal and transverse dispersivities of the
aquifer are 10m and 1m, respectively. The retardation factor is 2. The initial concentration,
molecular diffusion coefficient, and decay rate are assumed to be zero. We will calculate the
concentration distribution after asimulation time of 3 years and display the breakthrough curves
(concentration versus time) at two points [X, Y] =[290, 310], [390, 310] in both units.

no-flow boundary

E E
» ‘:‘I’ pumping well
]
= o
= contaminated area § unit 1
[y
g 'g pumping well -E - unit 2
S 5 + S
© |o ol ©
5 £
-
S @
@ [}
< <
1
=
32 )
s >
X =

no-flow boundary
| 580 m ~y

Fig. 2.1 Configuration of the sample problem

2.1 Run a Steady-State Flow Simulation

Six main steps must be performed in a steady-state flow simulation:
Create a new model model

Assign model data

Perform the flow simulation

Check simulation results

Calculate subregiona water budget

Produce output

o ks wbdPE

2.1 Run a Steady-State Flow Simulation
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Step 1: Create a New Model
Thefirst step in running aflow simulation is to create a new model.

» To create a new model

1. Choose New Model from the File menu. A New Model dialog box appears. Select afolder
for saving the model data, such as C:\PM5DATA\SAMPLE, and type the file name
SAMPLE for the sample model. A model must always have the file extension .PM5. All file
names valid under Windows 95/98/NT with up to 120 characters can be used. It is a good
ideato save every model in a separate folder, where the model and its output data will be
kept. Thiswill aso alow you to run several models simultaneously (multitasking).

2. Click OK.
PMWIN takes afew seconds to create the new model. The name of the new model nameis
shown in the title bar.

Step 2: Assign Model Data
The second step in running a flow simulation is to generate the model grid (mesh), specify
boundary conditions, and assign model parameters to the model grid.

PMWIN requires the use of consistent units throughout the modeling process. For
example, if you are using length [L] units of meters and time [T] units of seconds, hydraulic
conductivity will be expressed in units of [m/s], pumping rates will be in units of [m¥s] and
dispersivities will bein units of [m].

In MODFLOW, an aquifer system isreplaced by adiscretized domain consisting of an array
of nodes and associated finite difference blocks (cells). Fig. 2.2 shows a spatia discretization of
an aquifer system with a mesh of cells and nodes at which hydraulic heads are calculated. The
nodal grid forms the framework of the numerica model. Hydrostratigraphic units can be
represented by one or more model layers. The thicknesses of each model cell and the width of
each column and row may be variable. The locations of cells are described in terms of columns,
rows, and layers. PMWIN uses an index notation [J, 1, K] for locating the cells. For example, the
cell located in the 2nd column, 6th row, and the first layer is denoted by [2, 6, 1].

» To generate the model grid

1. Choose Mesh Size from the Grid menu.
The Model Dimension dialog box appears (Fig. 2.3).

2. Enter 3 for the number of layers, 30 for the numbers of columns and rows, and 20 for the
size of columns and rows.

2.1 Run a Steady-State Flow Simulation
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The first and second stratigraphic units will be represented by one and two model layers,
respectively.
3. Click OK.

PMWIN changes the pull-down menus and displays the generated model grid (Fig. 2.4).
PMWIN allows you to shift or rotate the model grid, change the width of each model
column or row, or to add/delete model columns or rows. For our sample problem, you do
not need to modify the model grid. See section 3.1 for more information about the Grid
Editor.

4. Choose Leave Editor from the File menu or click the leave editor button @.

Columns (J)
1 2345678 9 10

1. LI Wl W e vVl el VA -

2 - L Al VL Ve Fa VAR -

ROWS(I) 43.0 - o/ nse S w -

5 - LAV VA Vi Vi i Vi TR J -

60 . Su/n/0 000 & - ’357

7. LA VAL Vi Jd Vd Vi VA -

Layers (K)

iliModel Dimension

—Layers
Ok |
MNumber: |3

—Columns —————————
Help |
Number: ISD
Size: IZD

— Rows

Mumber: ISD
Size: lggi
Fig. 2.3 The Model Dimension dialog box

2.1 Run a Steady-State Flow Simulation
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.2 Processing Modflow - [SAMPLE.PM5] [_[=]x]
File Value DOptions Help

e[+ ala| $[£ w0

[ 1sa3eq sreoom [ 11 [Time independent [Mesh Size [
[ 20 20 1] 1

Fig. 2.4 The generated model grid

&= Layer Options E
Anisotropy L
Layer |Type Factar Transmissivity Leakance
1{1: Unconfined 1 Calculated Calculated
2|0: Confined 1 Calculated Calculated
3|0: Confined 1 Calculated Calculated
K| 3
P00k Cancel Help |

Fig. 2.5 The Layer Options dialog box and the layer type drop-down list

The next step is to specify the type of layers.

» To assign the type of layers

1. Choose Layer Type from the Grid menu.
A Layer Options dialog box appears.

2.1 Run a Steady-State Flow Simulation
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2. Click acdl of the Type column, adrop-down button will appear within the cell. By clicking
the drop-down button, alist containing the avaiable layer types (Fig. 2.5) will be displayed.

3. Select 1: Unconfined for thefirst layer and 0: Confined for the other layersthen click OK
to close the dialog box.

As transmissivity and leakance are - by default - assumed to be calculated (see Fig. 2.5) from
conductivities and geometrical properties, the primary input variables to be specified are
horizontal and vertical hydraulic conductivities.

Now, you must specify basic boundary conditions of the flow model. The basic boundary
contition array (IBOUND array) contains acode for each model cell which indicates whether (1)
the hydraulic head is computed (active variable-head cell or active cdll), (2) the hydraulic head
iskept fixed at a given value (fixed-head cell or time-varying specified-head cell), or (3) no flow
takes place within the cell (inactive cell). Use 1 for an active cell, -1 for a constant-head cell, and
0 for an inactive cell. For the sample problem, we need to assign -1 to the cells on the west and
east boundaries and 1 to all other cells.

» To assign the boundary condition to the flow model

1. Choose Boundary Condition » IBOUND (Modflow) from the Grid Menu.
The Data Editor of PMWIN appearswith aplan view of themodel grid (Fig. 2.6). Thegrid
cursor islocated at the cell [1, 1, 1], that isthe upper-left cell of thefirst layer. The value of
the current cell is shown at the bottom of the status bar. The default value of the IBOUND
array is 1. Thegrid cursor can be moved horizontally by using the arrow keys or by clicking
the mouse on the desired position. To move to an other layer, use PgUp or PgDn keys or
click the edit field in the tool bar, type the new layer number, and then press enter.

Note that a DXF-map is loaded by using the Maps Options. See Chapter 3 for details.

2. Pressthe right mouse button. PMWIN shows a Cell Value dialog box.

3. Type-1linthediaog box, then click OK.
The upper-left cell of the model has been specified to be a fixed-head cell.

4. Now turn on duplication by clicking the duplication button [l
Duplicationison, if the relief of the duplication button is sunk. The current cell value will
be duplicated to all cells passed by the grid cursor, if it is moved while duplication is on.
Y ou can turn off duplication by clicking the duplication button again.

5. Movethegrid cursor from the upper-left cell [1, 1, 1] to the lower-left cell [1, 30, 1] of the
model grid.

2.1 Run a Steady-State Flow Simulation
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The value of -1 is duplicated to all cells on the west side of the mode.

6. Movethe grid cursor to the upper-right cell [30, 1, 1].

7. Move the grid cursor from the upper-right cell [30, 1, 1] to the lower-right cell [30, 30, 1].
The value of -1 isduplicated to all cells on the east side of the mode.

8. Turn on layer copy by clicking the layer copy button =]
Layer copy ison, if therelief of the layer copy button is sunk. The cell values of the current
layer will be copied to other layers, if you move to the other model layer while layer copy is
on. You can turn off layer copy by clicking the layer copy button again.

9. Moveto the second layer and then to the third layer by pressing the PgDn key twice.
The cell values of the first layer are copied to the second and third layers.

10. Choose Leave Editor from the File menu or click the leave editor button ],

ing Modflow - [SAMPLE1 PM5]

F\ Value Options  Help

JI—QIQII—_I [@ 8] F=lr

no—flow boundary

9 m)
&)

contaminoted
areq

pumping

well
4>1 <§>2 =]

constant—=head| boundary [(h
comstant=heod boundary |(h

no—Tflow bourdary
[ [ [Time independent [Boundary Condition (BOUND) [-]; Active=positive / Inactive=0 / Fixed Head=negative

—

Fig. 2.6 Data Editor with a plan view of the model grid.

The next step is to specify the geometry of the model.

» To specify the elevation of the top of model layers

1. Choose Top of Layers (TOP) from the Grid menu.
PMWIN displays the moddl grid.

2. Choose Reset Matrix... from the Value menu (or press Ctrl+R).
A Reset Matrix dialog box appears.

3. Enter 10 in the dialog box, then click OK.

2.1 Run a Steady-State Flow Simulation
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The elevation of the top of the first layer is set to 10.

Move to the second layer by pressing PgDn.

Repeat steps 2 and 3 to set the top elevation of the second layer to 6 and the top elevation
of the third layer to 3.

Choose Leave Editor from the File menu or click the leave editor button @.

To specify the elevation of the bottom of model layers

Choose Bottom of Layers (BOT) from the Grid menu.

Repeat the same procedure as described above to set the bottom elevation of the first,
second and third layersto 6, 3 and O, respectively.

Choose Leave Editor from the File menu or click the leave editor button @.

We are going to specify thetemporal and spatial parameters of the model. The spatial parameters
for sample problem include the initial hydraulic head, horizontal and vertical hydraulic
conductivities and effective porosity.

To specify the temporal parameters

Choose Time... from the Parameters menu.

A Time Parameters dialog box will come up. The temporal parameters include the time
unit and the numbers of stress periods, time steps and transport steps. In MODFLOW, the
smulation time is divided into stress periods - i.e., time intervals during which all external
excitations or stresses are constant - which are, in turn, divided into time steps. In most
transport models, each flow time step is further divided into smaller transport steps. The
length of stress periods is not relevant to a steady state flow simulation. However, as we
want to perform contaminant transport simulation with MT3D and MOC3D, the actual time
length must be specified in the table.

Enter 9.46728E+07 (seconds) for Length of the first period.

Click OK to accept the other default values.

Now, you need to specify theinitial hydraulic head for each model cell. Theinitial hydraulic head
at afixed-head boundary will be kept constant during the flow simulation. The other heads are
starting values in atransient simulation or first guesses for the iterative solver in a steady-state
smulation. Here we firstly set all values to 8 and then correct the values on the west side by
overwriting them with a value of 9.

>

To specify the initial hydraulic head
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1.

Choose Initial Hydraulic Heads from the Parameters menu.

PMWIN displays the moddl grid.

Choose Reset Matrix... from the Value menu (or press Ctrl+R) and enter 8 in the dialog
box, then click OK.

Move the grid cursor to the upper-left model cell.

Press the right mouse button and enter 9 into the Cell Value dialog box, then click OK.
Now turn on duplication by clicking the duplication button [l

Duplicationison, if therelief of the duplication button is sunk. The current cell value will
be duplicated to all cells passed over by the grid cursor, if duplication ison.

Move the grid cursor from the upper-left cell to the lower-left cell of the model grid.

The value of 9 is duplicated to al cells on the west side of the model.

Turn on layer copy by clicking the layer copy button =]

Layer copy ison, if therdlief of the layer copy button is sunk. The cell values of the current
layer will be copied to another layer, if you move to the other model layer while layer copy
ison.

Move to the second layer and the third layer by pressing PgDn twice.

The cell values of the first layer are copied to the second and third layers.

Choose Leave Editor from the File menu or click the leave editor button @.

To specify the horizontal hydraulic conductivity

Choose Horizontal Hydraulic Conductivity from the Parameters menu.

Choose Reset Matrix... from the Value menu (or press Ctrl+R), type 0.0001 in the dialog
box, then click OK.

Move to the second layer by pressing PgDn.

Choose Reset Matrix... from the Value menu (or press Ctrl+R), type 0.0005 in the dialog
box, then click OK.

Repeat steps 3 and 4 to set the value of the third layer to 0.0005.

Choose Leave Editor from the File menu or click the leave editor button @.

To specify the vertical hydraulic conductivity

Choose Vertical Hydraulic Conductivity from the Parameters menu.

Choose Reset Matrix... from the Value menu (or press Ctrl+R), type 0.00001 in the dialog
box, then click OK.

Move to the second layer by pressing PgDn.

Choose Reset Matrix... from the Value menu (or press Ctrl+R), type 0.00005 in the dialog
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box, then click OK.
Repeat steps 3 and 4 to set the value of the third layer to 0.00005.

Choose Leave Editor from the File menu or click the leave editor button @.

» To specify the effective porosity

1. Choose Effective Porosity from the Parameters menu.
Because the standard value is the same as the prescribed value of 0.25, you may leave the
editor and save the changes.

2. Choose Leave Editor from the File menu or click the leave editor button @.

» To specify the recharge rate

1. Choose MODFLOW®» Recharge from the Models menu.

2. Choose Reset Matrix... from the Value menu (or press Ctrl+R), enter 8E-9 for Recharge
Flux [L/T] in the dialog box, then click OK.

3. Choose Leave Editor from the File menu or click the leave editor button @.

The last step before performing the flow simulation isto specify thelocation of the pumping well
and its pumping rate. In MODFLOW, an injection or pumping well is represented by a node (or
acell). The user specifiesan injection or pumping rate for each node. It isimplicitly assumed that
thewell penetratesthefull thickness of the cell. MODFLOW can simulate the effects of pumping
from awell that penetrates more than one aquifer or layer provided that the user supplies the
pumping rate for each layer. Thetotal pumping rate for the multilayer well isequa to the sum of
the pumping rates from the individual layers. The pumping rate for each layer (Q,) can be
approximately calculated by dividing the total pumping rate (Q,,,,) in proportion to the layer
transmissivities (McDonald and Harbaugh, 1988):

Ty

Qk - Qtotal ) E (2-1)

where T, isthe transmissivity of layer k and 2T isthe sum of the transmissivities of al layers
penetrated by the multilayer well. Unfortunately, as the first layer is unconfined, we do not
exactly know the saturated thickness and the transmissivity of this layer at the position of the
well. Eq. 2.1 cannot be used unless we assume a saturated thickness for calculating the
transmissivity. An other possibility to simulate a multi-layer well is to set a very large vertical
hydraulic conductivity (or vertical leakance), e.g. 1 m/s, to al cells of the well. The total
pumping rate is assigned to the lowest cell of the well. For the display purpose, a very small
pumping rate (say, 1x10"° m¥s) can be assigned to other cells of the well. In thisway, the exact
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extraction rate from each penetrated layer will be calculated by MODFLOW implicitly and the
value can be obtained by using the Water Budget Calculator (see below).

Aswe do not know the required pumping rate for capturing the contaminated area shown
inFig. 2.1, we will try atotal pumping rate of 0.0012 m%s.

» To specify the pumping well and the pumping rate

1. Choose MODFLOW®»>Well from the Models menu.

2. Movethegrid cursor to the cell [25, 15, 1]

3. Presstheright mouse button and type -1E-10, then click OK. Note that anegative valueis
used to indicate a pumping well.

4. Moveto the second layer by pressing PgDn.

5. Pressthe right mouse button and type -1E-10 then click OK.

6. Moveto thethird layer by pressing PgDn.

7. Pressthe right mouse button and type -0.0012 then click OK.

8. Choose Leave Editor from the File menu or dlick the leave editor button ],

Step 3: Perform the Flow Simulation

» To perform the flow simulation

1. Choose MODFLOW?®*Run... from the Models menu.
The Run Modflow dialog box appears (Fig. 2.7).

2. Click OK to start the flow computation.
Prior to running MODFLOW, PMWIN will use the user-specified data to generate input
files for MODFLOW (and optionally MODPATH) as listed in the table of the Run
Modflow dialog box. An input file will be generated only if the generate flag is set to &.
Y ou can click on the button to toggle the generate flag between B and 0. Generally, you
do not need to change the flags, as PMWIN will care about the settings.

Step 4: Check Simulation Results

During a flow simulation, MODFLOW writes a detailed run record to the listing file
path\OUTPUT.DAT, where path is the folder in which your model data are saved. If a flow
simulation is successfully completed, MODFLOW saves the simulation results in various
unformatted (binary) files as listed in Table 2.1. Prior to running MODFLOW, the user may
control the output of these unformatted (binary) files by choosing Modflow»Output Control
from the Models menu. The output file path\INTERBED.DAT will only be generated, if the
Interbed Storage Package is activated (see Chapter 3 for details about the Interbed Storage
Package).
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To check the quality of the simulation results, MODFLOW calculates a volumetric water
budget for the entire model at the end of each time step, and saves it in the file output.dat (see
Table 2.2). A water budget provides an indication of the overall acceptability of the numerical
solution. In numerical solution techniques, the system of equations solved by a model actually
consists of aflow continuity statement for each model cell. Continuity should also exist for the
total flows into and out of the entire model or a sub-region. This means that the difference
between total inflow and total outflow should equal to O (steady-state flow simulation) or to the
total change in storage (transient flow simulation). It is recommended to check the record file or
at least take aglance at it. The record file contains other further essential information. In case of
difficulties, this supplementary information could be very helpful.

& Bun Modflow | ]
Modflow “ersion: |MODFLOWEIB + [NTERFACE TO MT3ID96 AND LATER j
tModilow Program: Ic:\program fileshprm&hmodilwdE k2 madflow? exe = |
Generate  |Description Destination File
) Basic Package chpmbdatalsamplelibas.dat
=] Block-Centared Flow (BCF1,2) chpmbdatalsamplelibof.dat
) Output Control chpmbdatalsamplelloc.dat
) Wiell chpmbdatalsamplelywel.dat
5] Recharge chpmbdatalsamplelirch.dat
=] Soker-PCG2 chpmbdatalsamplelpog2.dat
=] Modpath Wers. 1.x) chpmbdatalsamplelmain.dat
=] Modpath Wers. 3.x) chypmbdatalsamplelmain30.dat
KN 2
—Options
™ Regenerate all input files for MODFLOWY
™ Check the model data
™ Generate input files anly, don't start MODFLOWY
¥ Don't generate MODPATH files anywan.

Ok I Cancel | Help
Fig. 2.7 The Run Modflow dialog box
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Table 2.1 Output files from MODFLOW

File Contents

path\OUTPUT.DAT Detailed run record and simulation report

path\HEADS.DAT Hydraulic heads

path\DDOWN.DAT Drawdowns, the difference between the starting heads and the
calculated hydraulic heads.

path\BUDGET.DAT Cell-by-Cell flow terms

path\INTERBED.DAT Subsidence of the entire aquifer and compaction and

preconsolidation heads in individual layers.

path\MT3D.FLO Interface file to MT3D/MT3DMS. This file is created by the LKMT
package provided by MT3D/MT3DMS (Zheng, 1990, 1998).
- path is the folder in which the model data are saved.

Table 2.2 Volumetric budget for the entire model written by MODFLOW

VOLUMETRI C BUDGET FOR ENTI RE MODEL AT END OF TIME STEP 1 IN STRESS PERIOD 1
CUMULATI VE VOLUMES L**3 RATES FOR THI S TI ME STEP L**3/ T
I'N: I'N:
CONSTANT HEAD = 209690. 3590 CONSTANT HEAD = 2. 2150E- 03
VEELLS = 0. 0000 VEELLS = 0. 0000
RECHARGE = 254472. 9380 RECHARGE = 2. 6880E- 03
TOTAL IN = 464163. 3130 TOTAL IN = 4. 9030E- 03
ouT: ouT:
CONSTANT HEAD = 350533. 6880 CONSTANT HEAD = 3. 7027E- 03
VEELLS = 113604. 0310 VEELLS = 1. 2000E- 03
RECHARGE = 0. 0000 RECHARGE = 0. 0000
TOTAL QUT = 464137. 7190 TOTAL QUT = 4. 9027E- 03
IN- OQUT = 25. 5938 IN- OQUT = 2. 7008E- 07
PERCENT DI SCREPANCY = 0.01 PERCENT DI SCREPANCY = 0.01

Step 5: Calculate subregional water budget

There are situationsin which it isuseful to calculate water budgets for various subregions of the
model. To facilitate such calculations, flow terms for individual cells are saved in the file
path\BUDGET.DAT. These individua cell flows are referred to as cell-by-cell flow terms, and
are of four types: (1) cell-by-cell stressflows, or flowsinto or from an individual cell dueto one
of the external stresses (excitations) represented in the model, e.g., pumping well or recharge;
(2) cell-by-cell storage terms, which give the rate of accumulation or depletion of storagein an
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individual cell; (3) cell-by-cell constant-head flow terms, which give the net flow to or from
individua fixed-head cells, and (4) internal cell-by-cell flows, which are the flows across
individual cell faces-that is, between adjacent model cells. The Water Budget Calculator uses
the cell-by-cell flow terms to compute water budgets for the entire model, user-specified
subregions, and flows between adjacent subregions.

» To calculate subregional water budgets
1. Choose Water Budget from the Tools menu.
A Water Budget diaog box appears (Fig. 2.8). For a steady-state flow simulation, you do
not need to change the settings in the Time group.
2. Click Zones.
A zoneis a subregion of a model for which a water budget will be calculated. A zone is
indicated by a zone number ranging from 0 to 50. A zone number must be assigned to each
model cell. The zone number O indicates that a cell is not associated with any zone. Follow
steps 3 to 5 to assign zone numbers 1 to the first and 2 to the second layer.
Choose Reset Matrix... from the Value menu, type 1 in the dialog box, then click OK.
Press PgDn to move to the second layer.
Choose Reset Matrix... from the Value menu, type 2 in the dialog box, then click OK.

Choose Leave Editor from the File menu or click the leave editor button IE
Click OK in the Water Budget dialog box.

N o 0k~ w

j:Water Budget

Specify the stress period and time step for which the water
budget should be calculated. Click Zones to specify
subregions. When finished, click OK to start the calculation.

Time

Stress Period:lh
Tirne Step: |1

Zonhes | 0K | Cancel | Help |

Fig. 2.8 The Water Budget dialog box

PMWIN calculates and saves the flows in the file pathA\WATERBDG.DAT as shown in Table
2.3. The unit of the flowsis [L®T™]. Flows are calculated for each zone in each layer and each
time step. Flows are considered IN, if they are entering a zone. Flows between subregions are
given in a Flow Matrix. HORIZ. EXCHANGE gives the flow rate horizontally across the
boundary of azone. EXCHANGE (UPPER) gives the flow rate coming from (IN) or going to
(OUT) to the upper adjacent layer. EXCHANGE (LOWER) gives the flow rate coming from

2.1 Run a Steady-State Flow Simulation



Processing Modflow 21

(IN) or going to (OUT) to the lower adjacent layer. For example, consider EXCHANGE
(LOWER) of ZONE=1 and LAY ER=1, the flow rate from the first layer to the second layer is
2.587256E-03 m¥s. The percent discrepancy in Table 2.3 is calculated by

100 - (IN - OUT)

TafiN 2:3 Oupyt fr@n the Water Budget Cal cul ator

2.2)

FLOW TERM
STORAGE
CONSTANT HEAD
VELLS

DRAI NS
RECHARGE

DI SCREPANCY [ %4

FLONS ARE CONSI DERED "I N'
THE UNIT OF THE FLOANS IS [L"3/T]

0
2
0
0
2

0

WATER BUDGET OF SELECTED ZONES:

I'N
. 0000000E+00
. 2149608E- 03
. 0000000E+00
. 0000000E+00
. 6880163E- 03

.01

0.
3.
1.
0.
0.

WATER BUDGET OF THE WHOLE MODEL DOMAIN:

aut
0000000E+00
7026911E- 03
2000003E- 03
0000000E+00
0000000E+00

2.

I F THEY ARE ENTERI NG A SUBREG ON

TI ME STEP 1 OF STRESS PERI OD 1
ZONE= 1 LAYER= 1
FLOW TERM I'N out I N-OUT
STORAGE 0. 0000000E+00 0. 0000000E+00 0.0000000E+00
CONSTANT HEAD 1.8407618E-04 2.4361895E-04 -5.9542770E-05
HORI Z. EXCHANGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
EXCHANGE (UPPER) 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
EXCHANGE (LOWER) 0.0000000E+00 2.5872560E-03 -2.5872560E-03
WELLS 0. 0000000E+00 1.0000000E-10 -1.0000000E-10
DRAINS 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
RECHARGE 2. 6880163E-03 0. 0000000E+00 2.6880163E-03
SUM OF THE LAYER 2.8720924E-03 2.8308749E-03 4.1217543E-05
ZONE= 2 LAYER= 2
FLOW TERM I'N out I N-OUT
STORAGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
CONSTANT HEAD 1.0027100E-03 1.7383324E-03 -7.3562248E-04
HORI Z. EXCHANGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
EXCHANGE (UPPER) 2.5872560E-03 0.0000000E+00 2.5872560E-03
EXCHANGE (LOWER) 0. 0000000E+00 1.8930938E-03 -1.8930938E-03
WELLS 0. 0000000E+00 1.0000000E-10 -1.0000000E-10
DRAINS 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
RECHARGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
SUM OF THE LAYER 3.5899659E-03 3.6314263E-03 -4. 1460386E- 05

I'N out I N-OUT
ZONE( 1): 2.8720924E-03 2.8308751E-03 4.1217310E-05
ZONE( 2): 3.5899659E-03 3.6314263E-03 -4.1460386E- 05

I N-OUT

. 0000000E+00
. 4877303E- 03
. 2000003E- 03
. 0000000E+00
. 6880163E- 03

SUM 4.9029770E-03 4.9026916E-03

8545037E- 07

The value of the element (i,j) of the following flow matrix gives the flow
rate fromthe i-th zone into the j-th zone. Were i is the colum
index and j is the row index.

FLOW MATRIX:

1 0.0000 0. 0000
2 2.5873E-03 0.0000
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In this example, the percent discrepancy of in- and outflows for the model and each zone in each
layer is acceptably small. This means the model equations have been correctly solved.

To calculate the exact flow rates to the well, we repeat the previous procedure for
calculating subregional water budgets. Thistimewe only assign the cell [25, 15, 1] to zone 1, the
cell [25, 15, 2] to zone 2 and the cell [25, 15, 3] to zone 3. All other cells are assigned to zone
0. The water budget is shown in Table 2.4. The pumping well is extracting 7.7992809E-05 m¥/s
from the first layer, 5.603538E-04 m?/s from the second layer and 5.5766129E-04 m®/s
from the third layer. Almost al water withdrawn comes from the second stratigraphic unit, as
can be expected from the configuration of the aguifer.

Table 2.4 Output from the Water Budget Calculator for the pumping well

FLONS ARE CONSI DERED "I N'

THE UNIT OF THE FLOAS IS [L"3/T]

I F THEY ARE ENTERI NG A SUBREG ON

TI ME STEP 1 OF STRESS PERI OD 1
ZONE= 1 LAYER=
FLOW TERM I'N out I N-OUT
STORAGE 0. 0000000E+00 0. 0000000E+00 0.0000000E+00
CONSTANT HEAD 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
HORIZ. EXCHANGE 7.7992809E-05 0.0000000E+00 7.7992809E-05
EXCHANGE (UPPER) 0.0000000E+00 0. 0000000E+00 0. 0000000E+00
EXCHANGE (LOWER) 0. 0000000E+00 7.9696278E-05 -7.9696278E- 05
WELLS 0. 0000000E+00 1.0000000E-10 -1.0000000E-10
DRAINS 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
RECHARGE 3. 1999998E-06 0. 0000000E+00 3. 1999998E-06
8 7 1

SUM OF THE LAYER

2 LAYER=

. 1192811E- 05

. 9696380E- 05

. 4964317E- 06

ZONE=
FLOW TERM I'N out I N-OUT
STORAGE 0. 0000000E+00 0. 0000000E+00 0.0000000E+00
CONSTANT HEAD 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
HORIZ. EXCHANGE 5.6035380E-04 0.0000000E+00 5.6035380E-04
EXCHANGE (UPPER) 7.9696278E-05 0.0000000E+00 7.9696278E-05
EXCHANGE (LOWER) 0. 0000000E+00 6.4027577E-04 -6.4027577E- 04
WELLS 0. 0000000E+00 1. 0000000E-10 -1.0000000E-10
SUM OF THE LAYER 6.4005010E-04 6.4027589E-04 -2.2578752E-07

ZONE= 3 LAYER=
FLOW TERM I'N out I N-OUT
STORAGE 0. 0000000E+00 0. 0000000E+00 0.0000000E+00
CONSTANT HEAD 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
HORIZ. EXCHANGE 5.5766129E-04 0.0000000OE+00 5.5766129E-04
EXCHANGE (UPPER) 6.4027577E-04 0. 0000000E+00 6.4027577E-04
EXCHANGE (LOWER) 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
WELLS 0. 0000000E+00 1.2000001E-03 -1.2000001E-03
SUM OF THE LAYER 1.1979371E-03 1.2000001E-03 -2.0629959E-06

Step 6: Produce Output
In addition to the water budget, PMWIN provides various possibilities for checking simulation
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results and creating graphical outputs. Pathlines and velocity vectors can be displayed by
PMPATH. Using the Results Extractor, smulation results of any layer and time step can be
read from the unformatted (binary) result filesand saved in ASCII Matrix files. An ASCIl Matrix
file contains a value for each model cell in alayer. PMWIN can load ASCII matrix filesinto a
model grid. The format of the ASCII Matrix fileis described in Appendix 2. In thefollowing, we
will carry out the steps:

1.
2.
3.

Use the Results Extractor to read and save the calculated hydraulic heads.
Generate a contour map based on the calculated hydraulic heads for the first layer.
Use PMPATH to compute pathlines as well as the capture zone of the pumping well.

To read and save the calculated hydraulic heads

Choose Results Extractor... from the Tools menu

The Results Extractor dialog box appears (Fig. 2.9). The optionsin the Results Extractor
dialog box are grouped under four tabs- MODFLOW, MOC3D, MT3D and MT3DMS. In
the MODFLOW tab, you may choose aresult type from the Result Type drop-down box.
Y ou may specify the layer, stress period and time step from which the result should be
read. The spreadsheet displays a series of columns and rows. The intersection of arow and
columnisacell. Each cell of the spreadsheet correspondsto amodel cell in alayer. Refer to
Chap. 5 for more detailed information about the Results Extractor. For the current sample
problem, follow steps 2 to 6 to save the hydraulic heads of each layer in three ASCII Matrix
files.

Choose Hydraulic Head from the Result Type drop-down box.

Type 1 inthe Layer edit field.

For the current problem (steady-state flow simulation with only one stress period and one
time step), the stress period and time step number should be 1.

Click Read.

Hydraulic headsin the first layer at time step 1 and stress period 1 will be read and put into
the spreadsheet. Y ou can scroll the spreadsheet by clicking on the scrolling bars next to the
Spreadsheet.

Click Save.

A Save Matrix As dialog box appears. By setting the Save as type option, the result can
be optionally saved as an ASCII matrix or a SURFER data file. Specify the file name
H1.DAT and select afolder in which HL.DAT should be saved. Click OK when ready.
Repeat steps 3, 4 and 5 to save the hydraulic heads of the second and third layer in thefiles
H2.DAT and H3.DAT, respectively.

Click Close to close the dialog box.

2.1 Run a Steady-State Flow Simulation



24

Processing Modflow

To generate contour maps of the calculated heads

Choose Presentation from the Tools menu

Data specified in Presentation will not be used by any parts of PMWIN. We can use
Presentation to save temporary data or to display simulation results graphicaly.

Choose Matrix... from the VValue menu (or Press Ctrl+B).

The Browse Matrix dialog box appears (Fig. 2.10). Each cell of the spreadsheet
corresponds to amodel cell in the current layer. Y ou can load an ASCII Matrix fileinto the
spreadsheet or save the spreadsheet in an ASCII Matrix file by clicking Load or Save.
Alternatively, you may select the Results Extractor from the Value menu, read the head
results and use an additional Apply button in the Results Extractor dialog box to put the
data into the Presentation matrix.

Click the Load... button.

The Load Matrix dialog box appears (Fig. 2.11).

Click L] and sdlect thefile H1.DAT, which was saved earlier by the Results Extractor.
Click OK when ready. H1.DAT isloaded into the spreadshest.

In the Browse Matrix dialog box, click OK.

The Browse Matrix dialog box is closed.

Choose Environment from the Options menu (or Press Ctrl+E).

The Environment Options didog box appears (Fig. 2.12). The options in the
Environment Options dialog box are grouped under three tabs. Appearance and
Coordinate System allow the user to modify the appearance and position of the model grid.
Use Contours to generate contour maps.

Click the Contours tab, check Visible, then click the Restore Defaults button.

Clicking on the Restore Defaults button, PMWIN sets the number of contour linesto 11
and uses the maxmum and minimum values in the current layer as the minimum and
maximum contour levels (Fig. 2.13). If Fill Contours is checked, the contourswill befilled
with the colors given in the Fill column of thetable. Use Label Format button to specify an
appropriate format.

Note that PMWIN will clear the Visible check box when you leave the Editor.

8.

9.

10.

11.

In the Environment Options dialog box, Click OK.

PMWIN will redraw the model and display the contours (Fig. 2.14).

To save or print the graphics, choose Save Plot As... or Print Plot... from the File menu.
Press PgDn to move to the second layer. Repeat steps 2 to 9 to load the file H2.DAT,
display and save the plot.

Choose Leave Editor from the File menu or click the leave editor button @ and click Yes

2.1 Run a Steady-State Flow Simulation
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to save changes to Presentation.

Using the procedure described above, you can generate contour maps based of your input data,
any kind of smulation results or any data saved as an ASCII Matrix file. For example, you can
create a contour map of the starting heads or you can use the Result Extractor to read the
concentration distribution and display the contours. Y ou can also generate contour maps of the
fields created by the Field Interpolator or Field Generator. See chapter 5 for details about the
Field Interpolator and Field Generator.

¥ Results Extractor []

MODFLOW | MOC3D| MT3D| MT3DMS|

(EE QRN Hdraulic Head

Stress Period |1 Time Step: |1

Orientation: |Plan View x| Layer |1 Calumnyicth: |14 -]
1 |2 |3 |4 |5 |6 ﬂ

‘m‘m‘m‘m m‘k‘m‘r\)‘—t

=

ra

)

£
B

Shawe.. | Fead | Help | Close |

Fig. 2.9 The Results Extractor dialog box.

Fararnter: Column YWidth
I Fresentation j I 14 j
1 2 3 4 [5 |6 -
T [ [ [ [ [
2| 0 0 0 0 0
EN 0 0 0 0 0
9 0 0 0 0 0
5 | 0 0 0 0 0
5| 0 0 0 0 0
7 0 0 0 0 0
5| 0 0 0 0 0
9 0 0 0 0 0
10 | 0 0 0 0 0
1 0 0 0 0 0
12| 0 0 0 0 0
13 | 0 0 0 0 0
14 0 0 0 0 0
15 | 0 0 0 0 0
(16 | 0 0 0 0 0 o
< o]
Load... | Sawve.. | 0] | Cancel | Help |

Fig. 2.10 The Browse Matrix dialog box
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® Load Matrix

File: IChck the open file button to select & file.

= |
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Calumn [ J3: Fow (17: o E{eplace
IW |1 O Add Cancel |
Maximurm Numbers: ¢ Subtrsct
Colurn= 30; Row= 30 © Multiphy Help |
© Divide

Fig. 2.11 The Load Matrix dialog box

* Environment Options

Appearance ] Coordinate System ] Contoursl

“isikility | Color [Component
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™ Display zones in the celHy-call mode

oK | Cancel ‘ Help ‘

Fig. 2.12 The Environment Options dialog box

* Environment Options ]
Appearancel Coordinate System  Contours |
v “isible v Display contour lines
v Orient labels uphill IV Ignare inactive cells
IRecycIe j
Lewel Fill [ Label [Label Height Label Spacing
g 8.485281 54.85281
. 8.485281 54.85281
8.200001 8.485281 54.85281
8.485281 54.85281
8.485281 54.85281
8.485281 54.85281
8.600002 8.485281 54.85281
8.700003 8.485281 54.85281
8.800003 8.485281 54.85281
,900003 8.485281 54.85281
9.000004 8.485281 54.85281
Label Farmat Restore Defaults | Load | Save |

™ Display zones in the cel-by-cell made

oK | Cancel | Help |

Fig. 2.13 The Contours options of the Environment Options dialog box
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Fig. 2.14 A contour map of the hydraulic headsin the first layer

» To delineate the capture zone of the pumping well

1. Choose PMPATH (Pathlines and Contours) from the Models menu.
PMWIN callsthe advective transport model PMPATH and the current mode! will beloaded
into PMPATH automatically. PMPATH uses a"grid cursor” to define the column and row
for which the cross-sectional plots should be displayed. Y ou can move the grid cursor by
holding down the Ctrl-key and click the left mouse button on the desired position.

Note that if you subsequently modify and calculate a model within PMWIN, you must |oad the
modified model into PMPATH again to ensure that the modifications can be recognized by
PMPATH. To load amodel, click = and select amodel file with the extension .PM5 from the
Open Model dialog box.

2. To caculate the capture zone of the pumping well:

a. Click the Set Particle button

b. Move the mouse cursor to the model area. The mouse cursor turns into crosshairs.

c. Placethe crosshairs at the upper-left corner of the pumping well, as shown in Fig. 2.15.

d. Hold down the left moust button and drag the crosshairs until the window covers the
pumping well.

e. Release the left mouse button.

2.1 Run a Steady-State Flow Simulation
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An Add New Particles dialog box appears. Assign the numbers of particles to the edit
fields in the dialog box as shown in Fig. 2.16. Click the Properties tab and click the
colored button to select an appropriate color for the new particles. When finished, click
OK.

f. To set particles around the pumping well in the second and third layer, press PgDn to
move down alayer and repeat steps ¢, d and e. Use other colors for the new particlesin
the second and third layers.

g. Click [ to start the backward particle tracking.
PMPATH calculates and shows the projections of the pathlines as well as the capture
zone of the pumping well (Fig. 2.17).

To see the projection of the pathlines on the cross-section windows in greater details, open an
Environment Options dialog box by choosing Environment... from the Options menu and set
alarger exaggeration valuefor the vertical scale in the Cross Sections tab. Fig. 2.18 showsthe
same pathlines by setting the vertical exaggeration value to 10. Note that some pathlines end up
at the groundwater surface, where recharge occurs. Thisis one of the major differences between
athree-dimensiona and a two-dimensional model. In two-dimensional areal simulation models,
such as ASM for Windows (Chiang et a., 1998), FINEM (Kinzelbach et al, 1990) or MOC
(Konikow and Bredehoeft, 1978), a vertical velocity term does not exist (or always equals to
zero). This leads to the result that pathlines can never be tracked back to the ground surface
where the groundwater recharge from the precipitation occurs.

PMPATH can create time-related capture zones of pumping wells. The 100-days-capture
zone shown in Fig. 2.19 is created by using the settings in the Particle Tracking (Time)
Properties dialog box (Fig. 2.20) and clicking 1. To open this dialog box, choose Particle
Tracking (Time)... from the Options menu. Note that because of lower hydraulic conductivity
(and thus lower flow velocity) the capture zone in thefirst layer is smaller than those in the other
layers.

2.1 Run a Steady-State Flow Simulation
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Fig. 2.15 The sample model loaded in PMPATH
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Fig. 2.16 The Add New Particles dialog box
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Fig. 2.17 The capture zone of the pumping well (with vertical exaggeration=1)
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Fig. 2.18 The capture zone of the pumping well (with vertical exaggeration=10)
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Fig. 2.19 100-days-capture zone calculated by PMPATH
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Fig. 2.20 The Particle Tracking (Time) Properties dialog box
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2.2 Simulation of Solute Transport

Basically, the transport of solutes in porous media can be described by three processes:
advection, hydrodynamic dispersion and physical, chemical or biochemical reactions.

Both the MT3D and MOC3D models use the method-of-characteristics (MOC) to simulate
the advection transport, in which dissolved chemicals are represented by a number of particles
and the particles are moving with the flowing groundwater. Besides the MOC method, the
MT3D and MT3DM S models provide other methods for solving the advective term, see sections
3.6.3 and 3.6.4 for details.

The hydrodynamic dispersion can be expressed in terms of the dispersivity [L] and the
coefficient of molecular diffusion [L*T™] for the solute in the porous medium. The types of
reactions incorporated into MOC3D are restricted to those that can be represented by a first-
order rate reaction, such as radioactive decay, or by a retardation factor, such as instaneous,
reversible, sorption-desorption reactions goverened by alinear isotherm and constant distribution
coefficient (K,). In addition to the linear isotherm, MT3D supports non-linear isotherms, i.e.,
Freundlich and Langmuir isotherms.

Prior to running MT3D or MOC3D, you need to define the observation boreholes, for which
the breakthrough curvers will be calculated.

» To define observation boreholes

1. Choose Boreholes and Observations from the Paramters menu.
A Boreholes and Observations dialog box appears. Enter the coordinates of the
observation boreholes into the dialog box as shown in Fig. 2.21.

2. Click OK to close the dialog box.

Boreholes | Ohsenations |

M. EJE: ;DIE Active X (Basting) *r (harthing) Layerﬂ
1 1 =) 290 3o 1

2 2 =) 340 o 1

3 3 =] 240 3 2

4 4 ] 390 310 2

5 5 =] 290 310 3

G kb =] 390 3o 3

7 7 o 1] 1] 1

[ a [w] 1] 1] 1

k] 4 [w) ] ] 1
10 10 [w) 1] 1] 1
11 1A [m) 1] 1] 1
12 12 [w] 1] 1] 1
13 13 [w) 0 0 1
14 14 [w) 1] 1] 1
15 15 =) 1] 1] 1
16 16 o 1] 1] 1
17 17 [w) 0 0 1+

Save | Load | Clear |
QK | Cancel Help |

Fig. 2.21 The Boreholes and Observations dialog box
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2.2.1 Perform Transport Simulation with MT3D

MT3D requires a boundary condition code for each model cell which indicates whether (1)
solute concentration varies with time (active concentration cell), (2) the concentration is kept
fixed at a constant val ue (constant-concentration cell), or (3) the cell isan inactive concentration
cell. Use 1 for an active concentration cell, -1 for a constant-concentration cell, and O for an
inactive concentration cell. Active, variable-head cells can be treated as inactive concentration
cells to minimize the area needed for transport ssimulation, aslong as the solute concentration is
insignificant near those cells.

Similar to theflow model, you must specify theinitial concentration for each model cell. The
initial concentration at a constant-concentration cell will be kept constant during a transport
simulation. The other concentration are starting values in a transport simulation.

» To assign the boundary condition to MT3D
1. Choose Boundary Conditions » ICBUND (MT3D/MT3DMS) from the Grid menu.
For the current example, we accept the default value 1 for al cells.

2. Choose Leave Editor from the File menu or click the leave editor button @.

» To set the initial concentration
1. Choose MT3D » Initial Concentration from the Models menu.
For the current example, we accept the default value O for all cells.

2. Choose Leave Editor from the File menu or click the leave editor button @.

» To assign the input rate of contaminants

1. Choose MT3D » Sink/Source Concentration » Recharge from the Models menu.

2. Assign 12500 [pug/m?] to the cells within the contaminated area.
This value is the concentration associated with the recharge flux. Since the recharge rateis
8 x 10° [m¥m?s] and the dissolution rateis 1 x 10*[ug/sY/m?, the concentration associated
with the recharge flux is 1 x 10*/ 8 x 10° = 12500 [ug/m?]

3. Choose Leave Editor from the File menu or click the leave editor button @.

» To assign the transport parameters to the Advection Package

1. Choose MT3D » Advection... from the Models menu.
An Advection Package (MTADV1) dialog box appears. Enter the values as shown in
Fig. 2.22 into the dialog box, select Method of Characteristics (MOC) for the solution
scheme and First-order Euler for the particle tracking algorithm.

2.2.1 Perform Transport Simulation with MT3D
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2.

Click OK to close the dialog box.

&% Advection Package (MTADYV1)

Solution Scheme: |Method of Characteristics (MOC) =l
Farticle Tracking Algarithm: IFirst—Drder Euler j
Simulation Parameters
Max. nurnber of total moving particles (MAFPART) 42500
Courant number (FERCEL) 075
Concentration weighting factar (WD) 0.5
Megligible relative concentration gradient (DCEPS) 1E-09
Fattern for initial placement of particles (MFLAME) 2

Mo, of paricles per cell in case of DCCELL<=DCEPS (NPL) |4
Mo. of paricles per cell in case of DCCELL>DCEPS (MFH) 8
kinimum number of particles allowed per cell (MPRIN) 4
Maxirnurn nurmber of paticles allowed per call (NPMAK) 32
Kultiplier for the particle number at source cells (SRMULT) 1

Ok | Cancel | Help |

Fig. 2.22 The Advection Package (MTADV1) diaog box

To assign the dispersion parameters

Choose MT3D » Dispersion... from the Models menu.

A Dispersion Package (MT3D) dialog box appears. Enter the ratios of the transverse
dispersivity to longitudina dispersivity as shown in Fig. 2.23.

Click OK.

PMWIN displays the model grid. At this point you need to specify the longitudina
dispersivity to each cell of the grid.

Choose Reset Matrix... from the Value menu (or press Ctrl+R), type 10 in the dialog box
then click OK.

Turn on layer copy by clicking the layer copy button =]

Move to the second layer and the third layer by pressing PgDn twice.

The cell values of the first layer are copied to the second and third layers.

Choose Leave Editor from the File menu or dlick the leave editor button ],

To assign the chemical reaction parameters

Choose MT3D » Chemical Reaction » Layer by Layer from the Models menu.

A Chemical Reaction Package (MTRCTL1) dialog box appears. Clear the check box
Simulate the radioactive decay or biodegradation and select Linear equlibrium

2.2.1 Perform Transport Simulation with MT3D
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isotherm for the type of sorption. For the linear isotherm, the retardation factor R for each
cell is calculated at the beginning of the ssimulation by
P
R=1+-2-K, (2.3)
n
Wheren [-] isthe effective porosity with respect to the flow through the porous medium, p,,
[ML ] isthe bulk density of the porous medium and K, [L3M™] isthe distribution coefficient
of the solute in the porous medium. As the effective porosity is equal to 0.25, setting
P, = 2000 and K, = 0.000125 yields R = 2.

2. Click OK to close the Chemical Reaction Package (MTRCT1) diaog box (Fig. 2.24).

The last step before running the transport model is to specify the output times, at which the
calculated concentration should be saved.

» To specify the output times

1. Choose MT3D » Output Control... from the Models menu.
An Output Control (MT3D, MT3DMS) dialog box appears. The options in this dialog
box are grouped under three tabs - Output Terms, Output Times and Misc.

2. Click the Output Times tab, then click the header Output Time of the (empty) table.
An Output Times dialog box appears. Enter 3000000 to Interval in this dialog box then
click OK to accept the other defalut values.

3. Click OK to close the Output Control (MT3D, MT3DMS) dialog box (Fig. 2.25).

7= Dispersion Package (MT3D)

You need to specify the following walues for each layer. When finished, click OK to
specify the longitudinal dispersivity [L] for each cell.

TRFT: Horizontal transverse dispersivity / Longitudinal dispersivity.
TREPY: Vetical transvearse dispersivity / Longitudinal dispersivity.
DMCOEF: The effective molecular diffusion coefficient [L™2/T]

Layer TRPT TRPY DCOEF
1 0.1 0.1 0
2 0.1 0.1 0
3 0.1 0.1 0
Ok | Cancel | Help |

Fig. 2.23 The Advection Package (MTADV1) diaog box

2.2.1 Perform Transport Simulation with MT3D
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»x Chemical Reaction Package (MTRCT1) | ]
Type of Sorption: TRt T=Ti 0 Wiy T=00}

™ Simulate the radioactive decay or biodegradation

Layer RHOB Kl SP2 RC1 RC2
1 2000 0.000125 0 0 0
2 2000 0000125 0 0 0
3 2000 0.000125 0 0 0

RHOE is the bulk density of the porous medium in the aguifer [M/L"3]
Kd is the distribution coefficient [L™3/4)]
SF2Zis notused.

RC1 and RC2 are not used.

oK | Cancel | Help |

Fig. 2.24 The Chemical Reaction Package (MTRCT?1) dialog box
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Fig. 2.25 The Output Control (MT3D, MT3DMS) diaog box

» To perform the transport simulation

1. Choose MT3D»Run... from the Models menu.
The Run MT3D/MT3D96 dialog box appears (Fig. 2.26).

2. Click OK to start the transport computation.
Prior to running MT3D, PMWIN will use user-specified data to generate input files for
MT3D as listed in the table of the Run MT3D/MT3D96 dialog box. An input file will be
generated, only if the generate flag is set to B. Y ou can click on the button to toggle the
generate flag between Bl and 0. Generaly, you do not need to change the flags, as
PMWIN will care about the settings.

2.2.1 Perform Transport Simulation with MT3D
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' Run MT3D/MT3D36 [ X]
MT30 Program: Ib:\program files\prbymtidymtid exe = |
Generate  |Description Destination File

] Basic Transpon Package chpmbdatalsamplelmtbin . dat

] Advection Package chpmbdatalsamplelmtach.dat

=) Dispersion Package chprbdata’samplelymtdspl .dat

) Chemical Reaction Package c\prbdatal samplelymirct] dat

=] Sink and Source Mixing Package chpmbdatalsamplelmtssm.dat
I 2
—Options
I~ Regenerate all inputfiles for MT3D
™ Generate input files only, don't start MT3D

oK I Cancel | Help |

Fig. 2.26 The Run MT3D/MT3D96 dialog box
»  Check simulation results and produce output
During a transport simulation, MT3D writes a detailed run record to the file
path\OUTPUT.MTS3, where path isthe folder in which your model dataare saved. MT3D saves
the simulation results in various files, which can be controlled by choosing MT3D » Output
Control... from the Models menu.

To check the quality of the simulation results, a mass budget is calculated at the end of each
transport step and accumulated to provide summarized information on the total massinto or out
of the groundwater flow system. The discrepancy between the total massin and out serversasan
indicator of the accuracy of the simulation results. It is highly recommended to check the record
file or at least take a glance dt it.

Using Presentation you can generate contour maps of the calculated concentration. Fig.
2.27 showsthe calculated concentration in the third layer at the end of the smulation (smulation
time=9.467E+07 seconds).

To generate the breakthrough curves, choose Graphs » Concentration Time » MT3D
from the Tools menu. Click on the Plot flags of the Boreholes table until they are set to B (Fig.
2.28).

2.2.1 Perform Transport Simulation with MT3D
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Fig. 2.28 Concentration-time curves at the observation boreholes
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2.2.2 Perform Transport Simulation with MOC3D

In MOC3D, transport may be simulated within a subgrid, which is a “window” within the
primary model grid used to smulate flow. Within the subgrid, the row and column spacing must
be uniform, but the thickness can vary from cell to cell and layer to layer. However, therangein
thickness values (or product of thickness and effective porosity) should be as small as possible.
The initia concentration must be specified throughout the subgrid within which solute
transport occurs. MOC3D assumes that the concentration outside of the subgrid is the same
within each layer, so only one valueis specified for each layer within and adjacent to the subgrid.
The use of constant-concentration boundary condition has not been implemented in MOC3D.

» To set the initial concentration

1. Choose MOC3D » Initial Concentration from the Models menu.
For the current example, we accept the default value O for al cells. Note that PMWIN
automatically uses the same initial concentration values for both MOC3D and MT3D.

2. Choose Leave Editor from the File menu or click the leave editor button IE

» To define the transport subgrid and the concentration outside of the subgrid

1. Choose MOC3D » Subgrid... from the Models menu.
The Subgrid for Transport (MOC3D) dialog box appears (Fig. 2.29). The optionsin the
dialog box are grouped under two tabs - Subgrid and C” Outside of Subgrid. The default
size of the subgrid is the same as the model grid used to smulate flow. The default initial
concentration outside of the subgrid is zero. We will accept the defaults.

2. Click OK to accept the default values and close the dialog box.

. Subgrid for Transport (MOC3D) =]

Subgrid I C' Quiside of Subgrid|

MNurber of first layer for tansport: |17
MNumber of last layer for ransport: |3—
MNumbet of first row for transport: I 1
Murnber of last row for transport: |3U
MNumber of first column for transport: I 1
Mumber of last eolumn far transpart: |3U

Ok | Cancel | Help |
Fig. 2.29 The Subgrid for Transport (MOC3D) diaog box.

2.2.2 Perform Transport Simulation with MOC3D
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To assign the input rate of contaminants

Choose MOC3D » Sink/Source Concentration » Recharge from the Models menu.
Assign 12500 [pg/m?] to the cells within the contaminated area.

Thisvalueis the concentration associated with the recharge flux. Since the recharge rateis
8 x 10° [m¥m?s] and the dissolution rateis 1 x 10" [ug/sY'm?, the concentration associated
with the recharge flux is 1 x 10/ 8 x 10° = 12500 [pg/m?]

Choose Leave Editor from the File menu or click the leave editor button IE

To assign the parameters for the advective transport

Choose MOC3D » Advection... from the Models menu.

A Parameters for Advection Transport (MOC3D) dialog box appears. Enter the values
as shown in Fig. 2.30 into the dialog box, select Bilinear (X, Y directions) for the
interpolation scheme for particle velocity. As noted by Konikow et al. (1996), if
transmissivity within alayer is homogeneous or smoothly varying, bilinear interpolation of
velocity yields more realistic pathlines for a given discretization than does linear
interpolation.

Click OK to close the dialog box.

W, Parameters for Advective Transport (MOC3D) [x]

Interpolation scheme for particle velocity (SHgEtEIg ey {=Ts el

Maximum number of paricles (NPRAX): | 50000

Courant number (CELDIS): 75

Fraction limit for regenerating initial paticles (FZERO): I 0z
Initial number of paricles per cell (NFTPNDY I g

Particle No. | PNEWL] PNEWR] PNEWC

OK I Cancel | Help |

Fig. 2.30 The Parameters for Advective Transport dialog box.

To assign the parameters for dispersion and chemical reaction

Choose MOC3D » Dispersion & Chemical Reaction... from the Models menu.

A Dispersion / Chemical Reaction (MOC3D) diaog box appears. Check Simulate
Dispersion and enter the values as shown in Fig. 2.31. Note that the parameters for
dispersion and chemical reaction are the same for each layer.

Click OK to close the dialog box.

2.2.2 Perform Transport Simulation with MOC3D
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w DN E

&, Dispersion / Chemical Reaction (MOC3D)

¥ Simulate Dispersian

First order decay rate [1 ,-‘ﬂ:l 0
Effective molecular diffusion coefficient [LAZJ'H:I 0

Longitudinal IrfErEas)
transwverse

ey dispersivity [L]
1 10 1 1 2
2 10 1 1 2
3 10 1 1 2

Warical ranswerse | Retardation

Lz dispersivity [L] factar [-]

Cancel | Help |

Fig. 2.31 The Dispersion / Chemical Reaction (MOC3D) diaog box.

To set Strong/Weak Flag

Choose MOC3D » Strong/Weak Flag from the Models menu.

Move the grid cursor to the cell [25, 15, 1].

Press the right mouse button and type 1, then click OK. Note that a strong sink or sourceis
indicated by the value of 1 in the matrix. When afluid source is “strong”, new particles are
added to replace old particles as they are advected out of that cell. Where a fluid sink is
“strong”, particles are removed after they enter that cell.

Repeat steps 2 and 3 to assign the value 1 to the cells[25, 15, 2] and [25, 15, 3].

Choose Leave Editor from the File menu or click the leave editor button IE

To specify the output terms and times

Choose MOC3D » Output Control... from the Models menu.

An Output Control (MOC3D) diaog box appears. The options in the dialog box are
grouped under five tabs - Concentration, Velocity, Particle Locations, Disp. Coeff. and
Misc.

In the Concentration tab, select the option These data will be printed or saved every
Nth particle moves and enter N = 20.

Click OK to accept all other default values and close the Output Control (MOC3D) dialog
box (Fig. 2.32).

2.2.2 Perform Transport Simulation with MOC3D
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E Output Control (MOC3D)
Concentration |Velocity| Farticle locations | Disp. Coeff. | Misc.l

IV Sawve data in a separate ASCI file

™ Save data in & separate binary file:

" These datawill be printed or saved

Iatthe end of every stress period j

& These datawill be printed or saved every Nth paricle
moves.

N= |20
Ok | Cancel | Help |

Fig. 2.32 The Output Control (MOC3D) diaog box.

» To perform the transport simulation

1. Choose MOC3D»>Run... from the Models menu.
The Run MOC3D diaog box appears (Fig. 2.33).

2. Click OK to start the transport computation.
Prior to running MOC3D, PMWIN will use user-specified data to generate input files for
MOCS3D as listed in the table of the Run MOC3D dialog box. An input file will be
generated, only if the generate flag is set to El. Y ou can click on the button to toggle the
generate flag between Bl and 0. Generaly, you do not need to change the flags, as
PMWIN will care about the settings.

Moc3d Program Ic_\prugram files\pmBimocidimocid.exe =
Generate  |Description Destination File
=) Basic Package chpmbSdatalsamplel\bas.dat
5] Block-Centered Flow ch\pmbEdatalsamplel\bcf dat
Output Control chpmbdatalsampleloc.dat
=] Well chpmSdatalsarmplelwel.dat
=] Recharge chpmbEdatalsamplelirch.dat
a Solver- PCG2 chpmbdatatsamplel\pcg? dat
MOC30 Main Package chpmbdatalsamplelbmocmain.dat
=] MOC30 - concentration in recharge chpmSdatalsarnplel\moccrch.dat

— Options
I™ Regenerate all inputfiles

™ Check the model data

™ Generate input files only, don't start MOC3D
¥ Dan't generate MODPATH files anyway.

QK I Cancel | Help |
Fig. 2.33 The Run MOC3D diaog box

2.2.2 Perform Transport Simulation with MOC3D
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»  Check simulation results and produce output

During a transport simulation, MOC3D writes a detailed run record to the file
path\MOC3D.L ST, where path isthefolder in which your model dataare saved. MOC3D saves
the simulation results in various files, which can be controlled by choosing MOC3D » Output
Control... from the Models menu.

To check the quality of the simulation results, mass balance calculations are performed and
saved intherunrecord file. The massin storage at any timeis calculated from the concentrations
at the nodes of the transport subgrid to provide summarized information on the total mass into
or out of the groundwater flow system. The mass balance error will typically exhibit an
oscillatory behavior over time, because of the finite-difference approximation and the nature of
the method of characteristics. As discussed in Konikow et a. (1996), as long as the oscillations
remain within a steady range, not exceeding about £10 percent as a guide, then the error
probably does not represent a bias and is not a serious problem. Rather, the ocillations only
reflect the fact that the mass balance calculation is itself just an approximation.

Using Presentation you can generate contour maps of the calculated concentration. Fig.
2.34 showsthe calculated concentration at 3 yearsin thethird layer (s mulation time=9.467E+07
seconds).

To generate the breakthrough curves, choose Graphs » Concentration Time » MOC3D
from the Tools menu. Click on the Plot flags of the Boreholes table until they are set asin Fig.
2.35.

= Processing Modflow - [
Eile  Walue Options  Hi

[+ ala|[@ ]G o] H=F

no—flow boundary

contaminated

constant—head boundary (h = 9 m)
constant—head boundary (h = 8 m)

no—flow boundary
[ 4531543 5343662 | 25153  |Steadystate [Recycle [

[ &
Fig. 2.34 Simulated concentration at 3 years in the third layer

2.2.2 Perform Transport Simulation with MOC3D
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Fig. 2.35 Concentration-time curves at the observation boreholes

2.3 Automatic Calibration

Calibration of aflow model is accomplished by finding a set of parameters, hydrologic stresses
or boundary conditions so that the simulated heads or drawdowns match the measurement values
to a reasonable degree. The calibration process is one of the most difficult and critical stepsin
the model application. Hill (1998) gives methods and guidelines for model calibration using
inverse moddling.

To demonstrate the use of the inverse models PEST and UCODE within PMWIN, we
assume that the hydraulic conductivity in the third layer is homogeneous but its value is
unknown. We want to find out this value through a model calibration by using the measured
hydraulic heads at the observation boreholes listed below.

Borehole X-coordinate Y-coordinate Layer Hydraulic Head
1 130 200 3 8.85
2 200 400 3 8.74
3 480 250 3 8.18
4 460 450 3 8.26

2.3 Automatic Calibration
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Three steps are required for an automatic calibration.

1.

5.

Assign the zonal structure of each parameter.

Automatic calibration requires a subdivision of the model domain into a small number of
reasonable zones of equal parameter values. The zonal structure is given by assigning to
each zone a parameter number in the Data Editor.

Specify the coordinates of the observation boreholes and the measured hydraulic heads.
Specify the starting values, upper and lower bounds for each parameter.

To assign the zonal structure to the horizontal hydraulic conductivity
Choose Horizontal Hydraulic Conductivity from the Parameters menu.
Move to the third layer by pressing PgDn twice.

Choose Reset Matrix... from the Value menu (or press Ctrl+R).

A Reset Matrix dialog box appears.

Enter 1 to the Parameter Number edit box, then click OK.

The horizontal hydraulic conductivity of the third layer is set to the parameter #1.

Choose Leave Editor from the File menu or click the leave editor button IE

Note that for layers of type 0:confined and 2:confined/unconfined (transmissivity=const.),
MODFLOW reads transmissvity (instead of hydraulic conductivity) from the model datafile,
consequently we are actually calibrating the transmissivity and must use suitable values for the
initial guess and lower and upper bounds. Change the layer type to 3:confined/unconfined
(transmissivity varies), if you want to calibrate the horizontal hydraulic conductivity.

To specify the coordinates of the observation boreholes and measured values

Choose Boreholes and Observations from the Parameters menu and enter the coordinates
of the observation boreholes into the boreholes table.

Click the Observations tab and enter the valuesinto the observations table as shown in Fig.
2.36. Note that the observation time, to which the measurement pertains, is measured from
the beginning of the model simulation. For a steady state simulation with one stress period
(you can run a steady state simulation over several stress periods), the length of the period
(9.46728E+07 seconds) is given as the observation time.

Click OK to close the dialog box.

2.3 Automatic Calibration
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Mame Time
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QK | Cancel | Help |
Fig. 2.36 The Boreholes and Observations dialog box

2.3.1 Perform Automatic Calibration with PEST

» To specify the starting values for each parameter

1. Choose PEST » Parameter List... from the Models menu.

A List of Calibration Parameters (PEST) dialog box appears. The options of the dialog
box are grouped under five tabs - Parameters, Group Definitions, Prior Information,
Control Data and Options.

2. Inthe Parameters tab, activate the first parameter (by setting the Active flag to B) from
Parameters table and enter values shown in Fig. 2.37 into the table. PARVAL L1 istheinitia
guess of the parameter. PARLBUD isthelower bound and PARUBUD isthe upper bound
of the parameter.

» To perform the automatic calibration

1. Choose PEST (Inverse Modeling) » Run... from the Models menu.
The Run PEST dialog box appears (Fig. 2.38).

2. Click OK to start the calibration.
Prior to running PEST, PMWIN will use user-specified datato generate input filesfor PEST
and MODFLOW as listed in the table of the Run PEST dialog box. An input file will be
generated, only if the generate flag is set to B. You can click on the button to toggle the
generate flag between Bl and 0. Generaly, you do not need to change the flags, as
PMWIN will care about the settings.

2.3.1 Perform Automatic Calibration with PEST
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ELisi of Calibration Parameters (PEST)
Parameters I Group Definitions | Priar Information | Control Data' Options |
MNumber Active [Description PARVALT PARLEMD PARLBND  =|
1 &1 Transmissivity in layerd 0,003 0.00001 0.01
2 [w] 0 0 0
3 a 0 0 0
4 [m] 0 0 0
1] [m] 0 0 0
[ o 0 0 0
7 [w] 0 0 0
i [w] 0 0 0
4 a 0 0 0
0 [m] 0 0 0
1 [m] 0 0 0
12 o 0 0 0
13 [w] 0 0 0
14 a 0 0 0
15 a 0 0 0
16 [m] 0 0 0
17 [u] 0 0 0 _,;1
K1 r
Cancel | Help |

Fig. 2.37 The List of Calibration Parameters (PEST) dialog box

!

8 Run PEST
Modflow Version: | MODFLOW36 + INTERFACE TO MT3D36 AND LATER

Modilow Program:lc:\program filesypmbimodfwd By lkmi2imodflow? exe

&%

FEST Program:lc:\program fileshpmbipestipestlite.exe

Generate  |Description Destination File

=] Basic Package c\prnb5datalsamplel\bas.dat
=) Elock-Centered Flow (BCF1,2) c\pmEdatal samplel\bof dat; boftpl.dat
=) Output Contral c\prnbdata’samplel’oc dat
=) el c\pmbdatalsamplel \wel dat weltpl. dat
=] Recharge c\pmbdatatsamplelirch.dat rehipl.dat
=] Solver-PCG2 c\pmbdatalsamplel\pcgz.dat

<] | »

 Options

™ Regenerate all inputfiles for MODFLOW and PEST

™ Generate inputfiles only, don't start PEST

™ Perfarm PESTCHEK priarta running PEST

™ Check the model data

Ok I Cancel | Help
Fig. 2.38 The Run PEST dialog box

Check calibration results

During the automatic calibration severa result files are created. PEST writes the optimized
parameter values to the input files of MODFLOW (BCF.DAT, WEL.DAT, etc.) and creates a
detailed run record file path\PESTCTL.REC, where path is the folder in which your model data
are saved. The simulation results of MODFLOW are updated by using the optimized parameter
values, which are saved in a separate file PESTCTL.PAR.

2.3.1 Perform Automatic Calibration with PEST
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Note that PMWIN does not retrieve the optimized parameter values into the data matrices.
Y our (PMWIN-) model datawill not be modified in any way. This provides more security for the
model data, because an automatic calibration process does not necessarily lead to a success. If
you want to operate on a calibrated model, you can import the model by choosing Convert
Model... from the File menu, see Chapter 3 for details.

Y ou can create a scatter diagram to present the calibration result. The observed head values
are plotted on one axis against the corresponding cal culated values on the other. If thereis exact
agreement between measurement and simulation, all points lie on a45° line. The narrower the
area of scatter around thisline, the better is the match.

» Tocreate a scatter diagram for head values

1. Choose Graph » Head-Time from the Tools menu.
A Head-Time Curves dialog box appears.

2. Click the button Scatter Diagram »
PMWIN shows the scatter diagram (Fig. 2.39). See Chapter 5 for details about the use of
this dialog box.

B3 Scatter Diagram [
Comparison of Calculated and Observed Heads | Save PlotAs... I

q Close |

1 Help |

Display borehols !

v i
hame(s)
Display simulation
time(s)

Calculated Heads

- Useresults from all
simulation time(s)

Use results from the
 following simulation
time:

7h 9 IEI k7 28E+07 Vl

Observed Heads
“ariance = 4.353224E-05

75

Fig. 2.39 The Scatter Diagram dialog box

2.3.1 Perform Automatic Calibration with PEST
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2.3.2 Perform Automatic Calibration with UCODE

» To specify the starting values for each parameter

1. Choose UCODE » Parameter List... from the Models menu.

A List of Calibration Parameters (UCODE) dialog box appears. The options of the
dialog box are grouped under five tabs - Parameters, Prior Information, Control Data
and Options.

2. Inthe Parameters tab, activate the first parameter (by setting the Active flag to B) from
Parameters table and enter values shown in Fig. 2.40 into the table. Start-value istheinitial
guess of the parameter. Minimum is the reasonable minimum value and Maximum isthe
reasonable maximum value for the parameter. These two values are used solely to determine
how the final optimized value of the parameter compares to a reasonable range of values.

3. Check the Log-transform flag to log-transform the parameter. This will ensure that only
positive values will be used for the parameter during the calibration.

» To perform the automatic calibration

1. Choose UCODE (Inverse Modeling) » Run... from the Models menu.
The Run UCODE dialog box appears (Fig. 2.41).

2. Click OK to start the calibration.
Prior to running UCODE, PMWIN will use user-specified data to generate input files for
UCODE and MODFLOW as listed in the table of the Run UCODE dialog box. An input
filewill be generated, only if the generate flag is set to El. Y ou can click on the button to
toggle the generate flag between & and 0. Generally, you do not need to change the flags,
as PMWIN will care about the settings.

Check calibration results

During the automatic calibration several result filesare created. Similar to PEST, UCODE writes
the optimized parameter values to the input files of MODFLOW (BCF.DAT, WEL.DAT, eic.)
and creates a detailed run record file path\ucode._ot, where path is the folder in which your
model data are saved. The simulation results of MODFLOW are updated by using the optimized
parameter values, which are saved in a separate file ucode._st. Similar to PEST, you can create
a scatter diagram to present the calibration result (see above).

Note that PMWIN does not retrieve the optimized parameter values into the data matrices.
Y our (PMWIN-) model datawill not be modified in any way. This provides more security for the
model data, because an automatic calibration process does not necessarily lead to a success. If

2.3.2 Perform Automatic Calibration with UCODE
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you want to operate on a calibrated model, you can import the model by choosing Convert
Model... from the File menu, see Chapter 3 for details.

: List of Calibration Parameters (UCODE)
Parameters I Frior Information | Control Data' Options |
MNumber Active [Description Startvalue  [Minimum Meximum B
1 &1 Transmissivity in layer3 0,003 0.00001 0.01 |
2 [w] 0 0 0
3 a 0 0 0
4 [m] 0 0 0
1] [m] 0 0 0
[ o 0 0 0
7 [w] 0 0 0
i [w] 0 0 0
4 a 0 0 0
0 [m] 0 0 0
1 [m] 0 0 0
12 o 0 0 0
13 [w] 0 0 0
14 a 0 0 0
15 a 0 0 0
16 [m] 0 0 0
17 [u] 0 0 0 _l;‘
K1 2
Cancel | Help |

Fig. 2.40 The List of Calibration Parameters (UCODE) dialog box

% Run UCODE
Modflow Version: [jglelely MDD LATER

Modilow Program:lc:\program filesypmbimodfwd By lkmi2imodflow? exe

Inverse Code:Ie:\myprogS2\ucode\bin\mrdrive exe

Generate  |Description Destination File

=] Basic Package c\prnb5datalsamplel\bas.dat
=) Elock-Centered Flow (BCF1,2) c\pmEdatal samplel\bof dat; boftpl.dat
=) Output Contral c\prnbdata’samplel’oc dat
=) el c\pmbdatalsamplel \wel dat weltpl. dat
=] Recharge c\pmbdatatsamplelirch.dat rehipl.dat
=] Solver-PCG2 c\pmbdatalsamplel\pcgz.dat

<] | »

 Options

™ Regenerate all inputfiles for MODFLOW and UCODE

™ Generate inputfiles only, don't start UCODE

™ Check the model data

Ok I Cancel | Help
Fig. 2.41 The Run UCODE dialog box

2.3.2 Perform Automatic Calibration with UCODE
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2.4 Animation

You aready learned how to use the Presentation tool to create and print contour maps from
calculated head and concentration values. The saved or printed images are static and ideal for
paper-reports. In many cases, however, these static images cannot ideally illustrate motion of
concentration plumes or temporal variation of hydraulic heads or drawdowns. PMWIN provides
an animation technique to display a sequence of the saved images in rapid succession. Although
the animation process requires relatively large amount of computer resources to read, process
and display the data, the effect of a motion picture is often very helpful.

The Presentation tool is used to create animation sequences. The following steps show how to
usethe Environment Options and Animation dialog boxesto create an animation sequence for
displaying the motion of the concentration plume in the third layer.

» To create an animation sequence
Choose Presentation from the Tools menu.
Move to the third layer by pressing PgDn twice.
Choose Environment... from the Options menu
Click the Contours tab, clear Display contour lines, and check Visible and Fill Colors.
Click the table header Level.
A Contour Levels dialog box appears. Set Minimum to 100, Maximum to 1600 and
Interval to 100. These values are used, because we aready know the range of the
concentration values from Fig. 2.27. When finished, click OK to close the dialog box.
6. Click the table header Fill.
A Color Spectrum dialog box appears. Set an appropriate color range by clicking the
Minimum color and Maximum color buttons. When finished, click OK to closethedialog
box.
7. Click OK to close the Enviroment Options diaog box.
8. Choose Animation... from the File menu.
The Animation dialog box appears (Fig. 2.42).

9. Click the open file button (=]
A Save File dialog box appears. Select or specify afile name in the dialog box, then click
Open.

10. Check Create New Frames, set Result Type to Concentration (MT3D) and set Display
Time (s) to 0.1. Display Time isthe display duration for each frame.

11. Inthe Animation dialog box, click OK to start the animation.

o s~ wDdh R

2.4 Animation
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PMWIN will create a frame (image) for each time point at which the smulation results
(here: concentration) are saved. Each frame is saved using the filenames fn.xxx, wherefn is
the Frame File specified in step 9 and xxx is the serial number of the frame files. Note that
if you have complex DXF-basemaps, the process will be slowed down considerably. When
al frames are created, PMWIN will repeat the animation indefinitely until the Esc key is
pressed.

Once a sequence is created, you can playback the animation at a later time by repeating steps 8
to 11 with Create New Frames cleared in step 10. Y ou can aso use the Animator to playback
the sequence.

Note that the number and the size of the imagefiles can be very large. Make sure that thereis
enough free space on your hard disk. To reduce the file size, you can change the size of the
PMWIN window before creating the frames. Y ou may turn off the display of the model grid
in the Environment Options dialog box so that you don’t have the grid cluttering the
animation.

4 Animation

Frame File: ICI\cKthe open file button to select a file = |

Frames
V' Create New Frames

Result Type: IHydrauhc Head j

Display Time (s): I 1

[ Help

(0]8 | Cancel

Fig. 2.42 The Animation dialog box

2.4 Animation
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3. The Modeling Environment

PMWIN requires the use of consistent units throughout the modeling process. For example, if
you areusing length [L] unitsof metersand time[T] units of seconds, hydraulic conductivity will
be expressed in units of [m/s], pumping rates will be in units of [m*/s] and dispersivity will bein
units of [m].

A toolbar with buttons representing PMWIN operations or commands is displayed below
the menus. Thetoolbar isashortcut for the pull-down menus. To execute one of these shortcuts,
move the mouse cursor over the toolbar button and click on it. In the following sections, the use
of the respective menus will be described in detail. Some of this information has aready been
given in Chapter 2, however, this chapter is a complete reference of all menus and dialogsin
PMW!IN, therefore some repetitions may occur.

PMW!IN contains the following menus File, Grid, Parameters, Models, Tools, Value,
Options and Help. The Value and Options menus are available only in the Grid Editor and
Data Editor environment. PMWIN uses an intelligent menu system to help you control the
modeling process. If you have specified a model data set, the corresponding item of the Grid,
Parameters and Models menus will be checked. To deactivate a selected item in the Models
menu, just seleted the item again. If you do not know which model datastill need to be specified,
you may try to run your model by selecting the menu item Run... from the corresponding model
inthe Models menu. PMWIN will then tell you what parameters or model data are necessary to
run your model, if unspecified. An overview of the menusin PMWIN isgiven in table 3.1.

Most of the user-specified data are saved in binary files. A list of the internal data files of
PMWIN is given in Appendix 4. Prior to running the supported models MODFLOW, MT3D,
MT3DMS, MOC3D or the inverse models PEST and UCODE, PMWIN will generate the
required ASCII input files. The names of the ASCII input files are given in Appendix 3. The
formats of theinput filesof MODFLOW and MT3D, MT3DM Sand MOC3D can befound inthe
user’ sguidethe corresponding software onthe companion CD-ROM. The particletracking model
PMPATH retrievesthe binary datafilesof PMWIN directly, thusno ASCII input fileisrequired
by PMPATH.

3. The Modeling Environment
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Table 3.1 An overview of the menusin PMWIN

Menu Description

File Create new models; open existing models; convert models to the PMWIN format; Save and
print plots.

Grid Generate or modify the size of a model grid; input of the geometry of the aquifer.

Parameters Input of spatial aquifer parameters, for example transmissivity; Input of temporal

parameters, for example simulation length or number of stress periods.

Models Specify model-specific data using the module provided and call simulation programs. For
example, you can add wells, use the recharge or river modules to MODFLOW or define the
advection or dispersion parameters in MT3D. The simulation programs are called by
selecting Run... from the corresponding model.

Tools Call the modeling tools.

Value Manipulate model data; read or save model data in separate files.
Options Modify the appearance of the model grid on the screen; Load site maps.
Help Call the Help file.

3. The Modeling Environment
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3.1 The Grid Editor

The first stepsin the groundwater modeling process are to define the goals of the model, select
acomputer code (here: MODFLOW), collect the necessary data, devel op aconceptual model of
the groundwater system and define the spatial discretization of the model domain. Anderson and
Woessner (1992) discuss the steps in going from aquifer systems to a numerical model grid.
Zheng and Bennett (1995) describe the design of model grids which are intended for use both in
flow and transport simulations. These sources provide valuable general information relating to
gpatial discretization and grid design in numerical groundwater modeling.

In the block-centered finite difference method, an aquifer system isreplaced by adiscretized
domain consisting of an array of nodes and associated finite difference blocks (cells). Fig. 3.1
shows a spatial discretization of an agquifer system with a mesh of cells and nodes at which
hydraulic heads are calculated. The nodal grid forms the framework of the numerical model.
Hydrostratigraphic units can be represented by one or more model layers. Thethicknessesof each
model cell and the width of each column and row can be specified. The locations of cells are
described in terms of columns, rows, and layers. PMWIN uses an index notation [J, |, K] for
locating the cells. For example, the cell located in the 2nd column, 6th row, and the first layer is
denoted by [2, 6, 1].

Columns (J)
1 23456789 10

1. LR YL VL L VL VL TR -

2 - L VL Ve ol Ve Yt T -

ROWS(I) 43 - - Suse /e eS8 0‘67

- LI ol Vg ol v Y VAN ] -

5 - LIPL VL L Vi T4 Vi VAR -

6 - LIl v Vg Y Ve Y Ve ] -

7- LRPL VL V4 Vi VL Vi TR -

Layers (K)

Fig. 3.1 Spatia discretization of an aquifer system and the cell indices

To generate or modify amodel grid, choose Mesh Size... from the Grid menu. If agrid does not
exist,aModel Dimension dialog box (Fig. 3.2) will alow you to specify the number of layersand
the numbers and the widths of columns and rows of the model grid. After specifying these data

3.1 The Grid Editor
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and clicking the OK button, the Grid Editor shows aworksheet with aplan view of the model
grid (Fig. 3.3). Using the Environment Options dialog box (see section 3.9), you can adjust the
coordinate system, the extent of the worksheet and the positon of the model grid to fit the real -
world coordinates of your study site. By default, the origin of the coordinate system is set at the
lower-left corner of the worksheet and the extent of the worksheet is set to twice that of the
model grid.

The first time you use the Grid Editor, you can insert or delete columns or rows (see
below). After leaving the Grid Editor and saving the grid, you can subsequently refine the
existing model grid by calling the Grid Editor again. In each case, you can changethe size of any
column or row. If the grid isrefined, al model parameters are retained. For example, if the cell
of apumping well is divided into four cells, al four cellswill be treated as wells and the sum of
their pumping rates will be kept the same as that of the previous single well. The sameistruefor
hydraulic conductance of the head-dependent boundaries, i.e., river, stream, drain and general-
head boundary. If the Stream-Routing Package is used, you must redefine the segment and reach
number of the stream.

» To change the width of a column and/or a row

1. Click theassign value button [+
The grid cursor appears only if the Assign Vaue button is pressed down. Y ou do not need
to click this button, if itsrelief is already sunk, ie, if it is already active.
2. Movethegrid cursor to the desired cell by using the arrow keys or by clicking the mouse on
the desired position. The sizes of the current column and row are shown on the status bar.
3. Pressthe right mouse button once.
The Grid Editor shows a Size of Column and Row dialog box (Fig. 3.4).
4. Inthediaog box, type new values, then click OK.

» Toinsert or delete a column and/or a row

Inserting or deleting columns/rowsisonly possiblewhen using the Grid Editor for thefirst time.

1. Click theassign value button [+

2. Movethegrid cursor to the desired cell by using the arrow keys or by clicking the mouse on
the desired position.

3. Hold down the Ctrl-key and press the up or right arrow key to insert arow or a column;.
press the down or left arrow key to delete the current row or column.

» To refine a column and/or a row
Refining columns/rows is only possible when the grid has aready been saved.

3.1 The Grid Editor
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1. Click theassign value button [+

Movethegrid cursor to the desired cell by using the arrow keys or by clicking the mouse on

the desired position.

3. Hold down the Ctrl-key and press the up or right arrow key to refine arow or a column;
pressthe down or left arrow key to remove the refinement. The refinements of a column or

arow are shown on the status bar.

illiModel Dimension

—Layers

MNumber: |3
Cancel |
- Columns
Help |
MNurnber: |3D
Size: Igg

—Rows

MNurnber: 30
Size: [z

Fig. 3.2 The Model Dimension dialog box
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Help

Worksheet
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Position of the grid cursor [J, I]

Gonstant—hacd Ralndnc ((H |8 o

Position of the mouse cursor [X, y]

g Tiow opdridar,
9977953, 1194331 16,10 [Time independent [Mesh Size [L]
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\ \— Refinement of row 1
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Fig. 3.3 The Grid Editor
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Column IED oK I

Fior I 20 Cancel

— Refi t Help |
Colurmn: I'I

Fow: |1
Lawer: |1

Hurnber of Colurmns = 30
Hurnber of Rows = 30
Current Position (Column, Fow) = (15, 13)

Fig. 3.4 The Size of Column and Row dialog box

The following table summarizes the use of the tool bar buttons of the Grid Editor.

Table 3.2 Summary of the tool bar buttons for the Grid Editor

Button

Action

[l [2 2] [+ &

I

leave editor; Leave the Grid Editor

assign value; Allows you to move the grid cursor and assign values

zoom in; Allows you to drag a zoom-window over a part of the model domain.

zoom out; Displays the entire worksheet.

rotate grid; To rotate the model grid, click the mouse on the worksheet and hold down the left button
while you move the mouse.

shift grid; To shift the model grid, click the mouse on the worksheet and hold down the left button
while you move the mouse.

duplication on/off; If duplication is turned on, the size of the current row or column will be copied

to all rows or columns passed by the grid cursor. Duplication is on, when the relief of the button is
sunk.
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3.2 The Data Editor

The Data Editor isused to assign parameter valuesto the model cells. To start the Data Editor,
select a corresponding item from the Grid, Parameters or Models menu. For example, if you
want to assign horizontal hydraulic conductivity to model cells, you will choose Horizontal
Hydraulic Conductivity from the Parameters menu.

The Data Editor providestwo display modes- local and real-world, and two input methods
- cell-by-cell and zonal. In the local display mode, the display is zoomed to the model grid as
shown in Fig. 3.5. In the real-world display mode, the entire worksheet is displayed (Fig. 3.6).
Similar to the the Grid Editor, you can adjust the coordinate system, the extent of the
worksheet and the positon of the model grid to fit the real-world coordinates of your study site
by using the Environment Options dialog box (see section 3.9). Regardless of the choice of the
display modes, the mouse position ([, y] in the status bar) is always expressed in the rea -world
coordinates.

When the Data Editor is loaded, it displays the plan view of the first model layer. You can
move to another layer by pressing PgDn or PgUp keys or click the Current Layer edit field in
the tool bar, type the new layer number, and press Enter. A summary of the tool bar buttonsis
given in the table 3.3.

Table 3.3 Summary of the tool bar buttons for the Data Editor

Button  Action

El Leave the Data Editor.

El assign value; Allows you to move the grid cursor and assign values.

zoom in; Allows you to drag a zoom-window over a part of the model domain.

zoom out; Displays the entire worksheet.

@l Cell-by-cell input method; Switch to the cell-by-cell input method.

@ Zone input method; Switch to the zone input method.

@ local display mode; Switch to the local display mode.

@ real-world display mode; Switch to the real-world display mode.

[ duplication on/off; If duplication is turned on, the cell value(s) of the current cell will be copied to
all cells passed by the grid cursor. Duplication is on, when the relief of the button is sunk.

El layer copy on/off; If you turn layer copy on and then move to another layer, the zones and cell

values of the current layer will be copied. Layer copy is on, when the relief of the button is sunk.
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model grid
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— current layer

— gorid cursor

— IMOuse cursor
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Fig. 3.5 The Data Editor (loca display mode)
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Fig. 3.6 The Data Editor (rea-world display mode)
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3.2.1 The Cell-by-Cell Input Method

To activatethismethod, click thecell-by-cell button 2 or choosel nput Method » Cell-By-Cell
from the Options menu.

» To assign new value(s) to a cell

1. Click theassign value button [+
Y ou do not need to click this button, if itsrelief is aready sunk.

2. Movethegrid cursor to the desired cell by using the arrow keys or by clicking the mouse on
the cell. The value(s) of the current cell will be shown in the status bar.

3. Pressthe right mouse button once.
The Data Editor shows a dialog box.

4. Inthediaog box, type new value(s) then click OK.

» To check/modify cell value(s)

1. Double-click acell, the Data Editor will highlight the cells that have the same value asthe
clicked cell.

2. Hold down the Shift key and press the left mouse button to open a Cell Infomation dialog
box (Fig. 3.7) for checking (but not editing) the user-specified data of the cell under the grid
CUrsor.

3. Holddown the Ctrl key and press the left mouse button to open aSearch and Modify Cell
Values dialog box (Fig. 3.8). This allows you to display al cells that have a value located
within the Search Range (to be specified). According to the user-specified Value and the
operation Options, you can easily modify the cell values. For example, if Add isused, the
user-specified value will be added to the cell value. The Parameter drop-down box shows
the available parameter type(s). You may select the parameter to which the subsequent
Search and Modfiy operation will be applied.

i Cell Information
Cell position: [25, 15]

Topoflayer. |10 Bottom of layer: | B
9

I—
Initial Head: Ii Initial Concentraton: |0
Horizontal K: IW Transtnissivity™ om

Wertical K: I1 “erical leakance™ |—

Specific storage:™ I*i Starage Coefficient™ |—

Effective porosity: 26 Specific Yield:™ [~

*only used by transient flow sirmulations

—
—
—
—
—
—

*will hot be used for the current layer

Fig. 3.7 The Cell Information dialog box
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«+ Search and Modify Cell Yalues
Parameter:

orizontal Hydraulic Conductivity
Walue: I nom

Search Range Options

 Replace
hin.: I .0om

© Add Cancel

~ ; |
Max.:[ 0001 Multiply

& Display Only Help |

Fig. 3.8 The Search and Modify Cell Values dialog box

3.2.2 The Zone Input Method

The Zonelnput Method alowsyou to assign parameter values by zones. To activate thismethod,
choose Input Method » Zones from the Options menu. Alternatively, you may click on the

button 2 Zones must be des gned or drawn first before assigning parameter values to them.

» Todraw azone
1. Click theassign value button [+
Y ou do not need to click this button, if itsrelief is aready sunk.
2. Click the mouse cursor on a desired position to anchor one end of aline.
3.  Move the mouse to another position then press the left mouse button again.
4. Repeat steps 2 and 3 until the zone is closed or press the right mouse button to abort.

» To delete a zone

1. Click theassign value button [+
Y ou do not need to click this button, if itsrelief is aready sunk.

2. Move the mouse cursor into a zone.
The boundary of the zone will be highlighted. The value(s) of the current zone will be shown
on the status bar.

3. Pressthe Del-key.

» To assign new value(s) to a zone

1. Click theassign value button [+
Y ou do not need to click this button, if itsrelief is aready sunk.

2. Move the mouse cursor into a zone.
The boundary of the zone will be highlighted. The value(s) of the current zone will be shown
on the status bar.
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3. Pressthe right mouse button once.
The Data Editor displays a dialog box.

4. Inthe diaog box, type new value(s) then click _# |to transfer the new zone va ue(s) to
cdls.

Notethat PMWIN awaysusescell datafor computations, and if zone dataare not transferred
to the grid cells, the original valuesin the cells are used.

» To modify a zone

1. You may shift a vertex of a zone by pointing the mouse cursor at the vertex node and
pressing down the left mouse button while moving the mouse.

2. If you have severa zones, some zones can intersect or even cover other zones. If you move
the mouse cursor into a covered zone, the boundary of the zone will not be highlighted. In
this case, you can move the mouse cursor into that zone, hold down the Ctrl-key and press
theleft mouse button once. The Data Editor will resort the order of the zonesand the "lost"
zone will be recovered.

3.2.3 Specification of Data for Transient Simulations

If your model has more than one stress period, a Temporal Data dialog box appears after

clicking the leave editor button = This dialog box allows you to manage your model datafor

transient smulations:

1. You can edit model data for a particular stress period by selecting a row of the table and
clicking the Edit Data button. After having specified the model data of a stress period, the
Data flag in the corresponding row is checked.

2. You may click on a Use flag to check or uncheck it. If the Use flag is checked, the data of
the corresponding stress period will be used for the flow simulation. If the Use flag is not
checked, the data of the previous stress period will be used. The Use flag of a stress period
is automatically deactivated if the corresponding model data are not available.

3. Use Copy Data, if you want to copy model data from one stress period to another.

Fig. 3.9 shows an example in which the data for the periods 1, 3, 4 are specified. The specified
data of the first period will be used throughout the first three periods. The data of the fourth
period will be used for the rest of the simulation. The data of the third period will not be used
because the Use flag is cleared.

3.2 The Data Editor
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# Temporal Data | %]

To editthe model data for a specific stress period, select a period
from the table belowthen press "Edit Data'.

Feriod Data Use Edit Data |

» 1 [ =]
2 [m} 0 Copy Data |

3 ] |m}

5 a (]
6 =] 0 Cancel |

7 a O

Help |

Fig. 3.9 The Temporal Data dialog box
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3.3 The File Menu

New Model

Select New Model to create a new model. A New Model dialog box alows you to specify a
filename on any availablefolder or drivefor the new model. A PMWIN model must always have
the file extension .pm# (where # is the version number of Processing Modflow). All file names
valid under Windows 95/98/NT with up to 120 characters can be used. It isagood ideato save
every model in a separate folder, where the model and its output datawill be kept. Thiswill also
allow you to run several models simultaneoudly (multitasking).

Open Model...

Use Open Model... to load an existing PMWIN model. Once a model is opened, PMWIN
displays the filename of the model on thetitle bar.

Convert Model...

A Convert Models dialog box appears after selecting this menu item. The optionsin this dialog
box are grouped under three tabs - PMWIN 4.x, MODFLOW-88/96 and Telescoping Flow
Model (Fig. 3.10). Using thefirst two tabs, you can convert existing PMWIN 4.x or MODFLOW
models to the format of the present version of PMWIN. The use of these two tabs is

straightforward. First, click the open file button =] and select a PMWIN 4.x model or a
MODFLOW Name File from an Open dialog box. Then click the Convert button to start the
conversion. Refer to Appendix 3 for the definition of Name Files.

Telescoping Flow Model (Fig.3.11) allows you to create local-scale submodels from a
regional model. To create a submodel, just select an existing PMWIN model and specify the
subregion. Then click the Convert button. Theflow simulation of existing PMWIN model must
be performed. The subregion is given by the starting and ending columns and rows. PMWIN
automatically transfers the model parameters and the calculated heads from the regional model
to the subregiona local model. The boundary of the local model will be set to fixed-head
boundary (for steady-state smulations) or time-variant specified-head boundary (for transient
smulations).

Indenpendent of the sel ected tab, you can specify refinement factorsfor both column and row
directions. So you can load or create amodel with a higher resolution for transport simulations.

3.3TheFileMenu
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& Convert Models [ =]

<] MODFLOW-88/96 | Telescoping Flow Madel |

PrAWIN 4. bMaodel (. mdl):

= |
=

Click the open file bution to select a PhWIN4.x model.

Refinement factor for columns: |1
Cafiert | Close
Refinement factor for rows: |1

Fig. 3.10 The Convert Models dialog box

PN 4| MODFLOW-88/36 Telescoping Flow Model |

Fid Model (* pmb)

Ic\medﬁta\samplE‘I\samplE] pm& il
Starting Calumn: |57 Starting Fow: |57
Ending Column: |25— Ending Piow: |24—

button to start the conwversion.

The converted model will be saved in

Twpe in the stading and ending columns and rows, then Click the Convert j
chpmbdatahsamplelypmb_14 _|

Refinement factor for columns: |1
Conwvert | Close
Refinement factor for rows: |1

Fig. 3.11 Telescoping aflow model using the Convert Models dialog box

Model Information...

TheModel Information dialog box (Fig. 3.12) providesbrief information about your model. Y ou
can type a smulation title into the dialog. The maximum length of the smulation title is 132

characters.

Save Plot As...

Use Save Plot As to save the contents of the worksheet in graphics files (Fig. 3.13). Three
graphics formats are available: Drawing Interchange File (DXF), Hewlett-Packard Graphics
Language (HP-GL ) and Windows Bitmap (BMP). DXF isafairly standard format devel oped by

3.3TheFile Menu
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Autodesk for exchanging data between CAD systems. HP-GL isatwo-letter mnemonic graphics
language developed by Hewlett-Packard. These graphics formats can be processed by most
graphics or word-processing software, and graphics devices.

To save aplot, use the Format drop-down box to select a graphic format. Then, enter a
filename into the File edit field, or click = | and select afile from adialog box. When finished,
click OK. Note that for the real-world display mode only the BMP-format can be used.

® Model Information
Simulation title:
utorial #1 for Processing Modflow for Windaws =] oK |
Cancel
-]

About this model:

Model: chpmbdatalsamplelisamplel.pms
Number of Rows: 30

Number of Columns: 30

MNurnber of Layers: 3

MNumber of Stress Periods: 1

Simulation Flow Type: Steady State
Simulation Time Unit seconds

Fig. 3.12 The Model Information dialog box

# Save Plot As [ =]

Format

File:
Ic:\pdeala\sample1\sample1.d:<f = |

QK I Cancel | Help |
Fig. 3.13 The Save Plot As dialog box

Print Plot...

Thismenuitemisonly activated inthe Data Editor. After selecting thisitem, aPrint Plot dialog
box is displayed with a preview window. The options are described below.

- Use full page: Theplot isscaled tofit the paper, the original aspect ratio will not be changed.

- Center on page: The plot is place on the center of the page.

- Image Size (millimeters): Specify the width and height of the printed image in millimeters.

- Margins (millimeters): Specify the left and top margins of the image in millimeters.

- Printer: A Printer dialog box allows you to select an installed printer and specify the print
quality, the paper size, source and orientation and other printing parameters.

- Print: Print the contents shown on the preview window.
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- Close: Close the Print Plot dialog box without printing.
Animation...

Thismenuitemisonly activated by usingthePresentation (Tools»Presentation) tool for creating
or displaying an animation sequence. Before creating an animation sequence, you should use the
Enivironment Option and Maps Option dialog boxes (refer to the Options menu for details)
to make sure that the model grid, maps and contours are set properly.

» To create an animation sequence
1. Select Animation... from the File menu.
An Animation dialog box appears.

2. Inthe Animation diaog box, click the open file button (=]
A Save File dialog box appears. Select an existing framefile or specify anew basefile name
for the framefiles in the dialog box, then click Open. Like a movie, an animation sequence
isbased on lots of frames. Each frameis saved by using the filenames fn.xxx, wherefn isthe
Frame File specified above and xxx is the serial number of the frame files.

Note that you cannot save the animation files in the same folder as your model data. So,

you need, first, to create a new folder or select another folder for the files.

3. Check or uncheck Create New Frames.
Check Create New Frames, if you want to create a new animation sequence. Uncheck it,
if you want to playback a saved sequence.

4. Select an appropriate Result Type and Display Time (5).
Five result types are avdiable, including Hydraulic Head, Drawdown, and Concentration
calculated by MT3D, MOC3D and MT3DMS. Display Time isthedisplay duration for each
frame.

5. Select a species from Species Number, if the result type is Concentration (MT3DMS).

6. Inthe Animation dialog box, click OK to start the animation.
PMWIN will create aframe (image) for each time point at which the ssmulation results have
been saved. When all framesare created, PMW!IN will repegt the animation indefinitely until
the Esc key is pressed.
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3.4 The Grid Menu

Mesh Size

Allowsyou to generate or modify amodel grid. See Section 3.1 for how to use the Grid Editor.

Layer Type

Select Layer Typeto open the Layer Options dialog box (Fig. 3.14). The elements of thisdialog
box are described below.

» Type

The numerical formulations, which are used by the Block-Centered-Flow (BCF) package to
describe groundwater flow, depend on the type of each model layer. The layer types are:

TypeO

Typel

Type?2

Type3

Thelayer isstrictly confined. For transient simul ations, the confined storage coefficient
(specific storage x layer thickness) is used to calculate the rate of change in storage.
Transmissivity of each cell is constant throughout the simulation.

The layer is strictly unconfined. The option is valid for the first layer only. Specific
yieldisused to calculate therate of changein storage for thislayer type. During aflow
smulation, transmissivity of each cell varieswith the saturated thickness of the aquifer.
A layer of thistypeispartially convertible between confined and unconfined. Confined
storage coefficient (specific storage x layer thickness) is used to calculated the rate of
change in storage, if the layer is fully saturated, otherwise specific yield will be used.
Transmissivity of each cell isconstant throughout thesimulation. Vertical leakagefrom
aboveislimited if the layer desaturates.

A layer of thistype is fully convertible between confined and unconfined. Confined
storage coefficient (specific storage x layer thickness) is used to calculate the rate of
change in storage, if the layer is fully saturated, otherwise specific yield will be used.
During aflow simulation, transmissivity of each cell varieswith the saturated thickness
of the aquifer. Vertical leakage from above islimited if the layer desaturates.

» Anisotropy factor

The anisotropy factor isthe ratio of transmissivity or hydraulic conductivity (whichever isbeing
used) along the I-direction to transmissivity or hydraulic conductivity along the J-direction. The
principal axes of the conductivity tensor must be parallél to the | and J-axes of your model grid,
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if the anisotropy factor isnot equal to 1. Note that anisotropy as used here does not refer to the
ratio of horizontal to vertical hydraulic conductivity (see Leakance below)!

== L ayer Options [ =]
Anisatropy iy

Layer |Type Facior Transmissivity Leskance

11: Unconfined 1 Calculated Calculated

2|3 Confined/Unconfined 1 Calculated Calculated

(Transmissivity varies)

3|0: Confined =i Calculated Calculated
KIS 2
0K | Cancel | Help |

Fig. 3.14 The Layer Options dialog box

» Transmissivity

MODFLOW requires transmissivity (=horizontal hydraulic conductivity [LT™] x layer thickness
[L]) for layersof type O or 2. If the Transmissivity flag is set to Calculated, PMWIN calculates
transmissivity by using user-specified horizontal hydraulic conductivity and the elevations of the
top and bottom of each layer. Set the Transmissivity flagto User Specified, if you want to specify
transmissivity manualy.

» Leakance
For flow simulations involving more than one model layer, MODFL OW requiresthe input of the
vertical conductanceterm, known asvertical leakance (VCONT), between two model layers. Set
the Leakance flag of a layer to User Specified, if you want to specify the vertical leakance
between the layer and the underlaying layer directly. In the Data Editor, the vertica leakance
between the layersi and i+1 is given as the data of the layer i. A VCONT array is not required
for the bottom layer because MODFLOW assumes that the botton layer is underlain by
impermeable material. Setting the Leakance flag of a layer to Calculated causes PMWIN to
calculate VCONT by using the following rule,

Asillustrated in Fig. 3.15a, when each model layer represents a different hydrostratigraphic
unit or when two or more model layers represent a single hydrostratigraphic unit, PMWIN uses
eg. 3.1 to calculate the vertical leakance VCONT.
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VCONT =

Av, Qv (3.1)

(Kz)j,i,k (Kz)j,i,k+1

where (Kz)j’i’kand (Kz)j’i’mare the vertica hydraulic conductivities of layers k and k+1,
respectively. While the ratio of horizontal to vertical hydraulic conductivity ranging from 1:1 to
1000:1iscommonin model application (Anderson and Woessner, 1992). A summary of hydraulic
conductivity values of different materials can be found in Spitz and Moreno (1996).

It is common in applications of MODFLOW to represent the resistance to flow in a low
hydraulic conductivity unit (see Fig. 3.15b, semiconfining unit) by lumping the vertical hydraulic
conductivity and thickness of the confining unit into avertical |eakance term between the adjacent
layers. These kinds of models are often called quasi three-dimensional models, because
semiconfining units are not explicitly included and smulated. In this case you must manually
calculate the VCONT values using eg. 3.2 and enter them into the Data Editor.

2
Az 27z Az, (3.2)

C

K)y  (K).  (K),

where (K)),, (K,), and (K,) are the vertical hydraulic conductivities of the upper layer,
semiconfining unit and lower layer, respectively.

a b

VCONT =

Geohydrologic Unper laver
| Unit A | pperiay
AV /‘ : k_ / i ’k_ semiconfining unit
k| Geohydrologic 2% u /1
| Unit B | Lower layer
I Va4 o I
AR A
av, , oAbk 4z, YN

Fig. 3.15 Grid configurations used for the calculation of VCONT

» Storage Coefficient

For transient flow simulations, MODFL OW requires dimensionless storage terms to be specified
for each model layer. For aconfined layer, these storage terms are given by the confined storage
coefficient (=specific storage [L™] x layer thickness[L]). If the Storage Coefficient flag is set to
Calculated, PMWIN uses user-specified specific storage coefficients and the elevations of the
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top and bottom of each layer to calculate the confined storage coefficient. Set the Storage
Coefficient flag to User Specified, if you want to specify the confined storage coefficient
manually. For an unconfined layer, the storage values are equal to specific yield [-]. The setting
of the Storage Coefficient flag has no influence on the specific yield.

» Interbed Storage

PMW!IN supportsthelnterbed- Storage packagefor cal cul ating storage changesfrom both el astic
and inelastic compaction of each model layer. Check the flag of alayer, if you want to use the
Interbed-Storage package. see Models Menu for details about this package.

» Density

Check theflag of alayer, if you want to use the Density package to ssmulate the effect of density
differences on the groundwater flow system. Density-effect can only be applied to layers of type
0 or 2. See Models Menu for more information about the Density package.

Boundary Condition

» IBOUND (Modflow)

An IBOUND array is required by the flow model MODFLOW. The IBOUND array contains a
code for each model cell. A positive value in the IBOUND array defines an active cell (the
hydraulic head is computed), anegative value defines afixed-head cell (the hydraulic head is kept
fixed at agiven value) and thevalue O definesan inactive cell (no flow takes place withinthe cell).
It is suggested to use 1 for active cells, O for inactive cells and -1 for fixed-head cells. For
fixed-head cells, theinitial hydraulic head remainsthe same throughout the smulation. Theinitial
hydraulic head isspecified by choosing Starting VValues » Hydraulic Heads fromthe Parameters
menu. A fixed-head boundary existswhenever an aquifer isin direct hydraulic contact with ariver,
alake or areservoir in which the water level isknown. It isimportant to know that a fixed head
boundary providesinexhaustible supply of water. A groundwater system may get as much water
as necessary from such a boundary without causing any change in boundary head. In some
situations, this may be unredlistic. Therefore care must be taken when using fixed-head
boundaries. Consider to use the General-Head Boundary or the Time-Variant Specified-Head
packages, if the hydraulic head at the fixed-head boundary varies with time.

If you intend to use the transport model MOC3D, you should be aware that MOC3D allows
you to specify zones aong the fixed head boundaries, which are associated with different source
concentrations. Zones aredefined withintheIBOUND array by specifying uniquenegativeval ues.
For example, if you havethree zones, you will use-1, -2 and -3 for the fixed-head cells. Note that
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the associated concentrations can be specified by selecting MOC3D » Sink/Source
Concentration » Fixed-Head Cells... from the Models menu.

» ICBUND (MT3D)

AnICBUND array isrequired by the transport modelsMT3D and MT3DMS. ICBUND contains
acodefor each model cell. A positivevalueinthe ICBUND array defines an active concentration
cdl (the concentration varies with time and is calculated), a negative value defines a constant-
concentration cell (the concentrationisconstant) and the value 0 definesan inactive concentration
cdl (no transport simulation takes place at such cells). It is suggested to use the value 1 for an
active concentration cell, -1 for aconstant-concentration cell, and O for an inactive concentration
cell. Note that the ICBUND array applies to all species if MT3DMS is used.

MT3D and MT3DMS automatically convert no-flow or dry cells to inactive concentration
cells. Activevariable-head cells can betreated asinactive concentration cellsto minimize the area
needed for transport simulation, aslong asthe solutetransport isinsignificant near those cells. For
constant-concentration cells, theinitial concentration remainsthe same at the cell throughout the
simulation. A fixed-head cell may or may not be a constant-concentration cell. The initia
concentration is specified by choosing MT3D » Initial Concentration or MT3DMS » Initial
Concentration... from the Models menu. Note that for multi-species ssimulation in MT3DMS,
the boundary condition type defined by ICBUND is shared by all species.

Top of Layers (TOP)

The top elevation of alayer is required when

1. layer type 2 or 3isused,

2. one of the transport models PMPATH, MT3D, MT3DMS or MOC3D is used,

3. vertical leakance to the underlaying layer is calculated by PMWIN, or

4. transmissivity or confined storage coefficient is calculated by PMWIN (see Layer Type).

Bottom of Layers (BOT)

The bottom elevation of alayer is required when

1. layer type 1l or 3isused,

2. one of the transport models PMPATH, MT3D , MT3DMS or MOC3D is used,

3. vertical leakance to the underlaying layer is calculated by PMWIN, or

4. transmissivity or confined storage coefficient is calculated by PMWIN (see Layer Type).
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3.5 The Parameters Menu

Time

Use the Time Parameters dialog box (Fig. 3.16) to specify temporal parameters, including the
time unit, the length of stress periods and the numbers of stress periods, time steps and transport
steps. The table and the elements of this dialog box are described below.

>

Period | Active Length Time Steps M(L'i_l:'ui:)er -;rtﬁer;fs?zﬂen Trfbjl
1 2 165 12 1 I
2 A 365 12 1 I
il & i6h 9 1 I
1 @ 65 9 1 0
=] 1 1 1 0
|m] 1 1 1 I
a 1 1 1 I
|m] 1 1 1 I
|m] 1 1 1 0
O 1 1 1 i ﬁ
K| 2
—Simulation Time Unit———— ~ Simulation Flow Type
Idays j ™ Steady-State
W Auto Update Period Length & Tanzient
[Total Period Number = 4
[Total Time Steps = 32
[Total Simulation Time = 1,46E+3 days
Load... | Save.. | Ok | Cancel | Help |

Fig. 3.16 The Time Parameters dialog box

Period, Active, Length, Time Step: INnMODFLOW, thesmulationtimeisdividedinto stress
periods, which are, in turn, divided into time steps. Check the Active flag to activate a stress
period. For each stress period, you have the option of changing parameters associated with
head-dependent boundary conditionsintheRiver, Stream, Drain, Evapotranspiration, General -
Head Boundary and Time-V ariant Specified-Head Boundary packages, aswell astherecharge
rates in the Recharge package and pumping rates in the Well package. For transport
smulations, you can change source concentration associated with the fluid sources and sinks.
The length of stress periods and time steps is not relevant to steady state flow simulations.
However, if you want to perform transport simulations at a later time, you must specify the
actual period length.

Multiplier (FLOW): MODFLOW adlows the time step to increase as the smulation
progresses. It uses the following formulae to increase the lengths of time steps as ageometric
progression.
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PERLEN - (1 - TSMULT)

pelttt) = 1 - TSMULT NSTP

(3.3)

Delt(m+1) = TSMULT - Delt(m) (3.4)

where PERLEN isthe length of astress period, TSMULT isthe time step multiplier, NSTP
is the number of time steps and Delt(m) is the length of time step m in a stress period.

» Transport Step size: Inthetransport modelsMT3D, MT3DM Sand MOC3D, each time step
is further divided into smaller time increments, called transport steps. Because the explicit
numerical solution of the solute-transport equation has certain stability criteriaassociated with
it, the length of atime step used for aflow solution may be too large for atransport solution.
Each time step must, therefore, be divided into smaller transport steps.

For explicit solutions in MOC3D, MT3D or MT3DMS (i.e. when the Generalized
Conjugate Gradient solver is not used), the transport step sizes in the table are used for the
simulation. Considering stability criteria, the transport models always calculate a maximum
allowed transport step size At,,,,,.. Setting the transport step sizein thetableto zero to avalue
greater than At,,,, will cause At,,,, to be used for the simulation. For details about the stability
criteriaassocited with the explicit transport-sol ution, refer to Zheng (1990) or Konikow et al.
(1996).

For implicit solutionsin MT3DMS (i.e. when the Generalized Conjugate Gradient solver
is used), the transport step sizes in the table are the initial transport step size in each flow
time step. The subsequent transport stepsize may increase or remain constant depending on
the user-specified transport stepsize multiplier (see below). If the transport step size is
specified as zero, the model-cal culated value, based on the user-specified Courant number in
the Advection Package (MT3DMS) dialog box, is used.

» Max. No. of Transport Steps isused by MT3D and MT3DMS. If the number of transport
steps within a flow time step exceeds the maximum number, the smulation is terminated.

» Multiplier (Transport) isthemultiplier for successivetransport stepswithin aflow time step.
This value is only used by MT3DMS for the case that the Generalized Conjugate Gradient
solver and the upstream finite-difference method are selected.

» Simulation Time Unit: Each time you select a time unit from the Simulation Time Unit
group, PMWIN will update the period length in the table, if Auto Update Period Length is
checked.

» Simulation Flow Type: PMWIN allows you to perform steady state or transient flow
smulations by selecting an option from the Simulation Flow Type group. You can run a
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steady state simulation over several stress periods. In this case, a steady state solution is
calculated for each stress period.

» Save and Load: Using these buttons, you can save or load the contents of the tablein or from
atime parameter file. The format of the time parameter file is given in Appendix 2.

Initial Hydraulic Heads

MODFLOW requiresinitial hydraulic headsat the beginning of aflow ssimulation. Initial hydraulic
heads at fixed-head cells will be kept constant during the flow simulation.

For transient flow simulations, theinitial heads must bethe actual values. For steady-state flow
simulations, theinitial headsare starting guessed val uesfor theiterative equation solvers. Theheads
at the fixed-head cells must be the actual valueswhile all other initial heads can be set arbitrarily.
For an unconfined layer (layer type 1 or 3), theinitial hydraulic head of afixed-head cell must be
higher than the el evation of the cell bottom, because M ODFL OW doesnot convert adry fixed-head
cdl toaninactivecdll. If any constant-head cell becomesdry, MODFL OW will stop theflow simulation
and write amessage "CONSTANT-HEAD CELL WENT DRY - SSMULATION ABORTED"
into the run record file OUTPUT.DAT.

BothMT3D andMOC3D requireinitial concentration at thebeginning of atransport smulation.
Initil concentration at constant-concentration cellswill be kept constant during the simulation.
Constant-concentration cellscan beused to simul ate contami nated areaswith afixed concentration.
Note that the constant-concentration boundary condition is not implemented in MOC3D.

Boreholes and Observations...

Theoptionsof theBoreholes and Observations dialog box aregrouped under twotabs- Boreholes
and Observations.

» Boreholes: The real-world coordinates (eastings (x), northings (y)) and the layer number of
each borehole are given in the table. A boreholeis activeif the Active flag is checked. While
you areediting your model datausing the Data Editor, active boreholesand the corresponding
borehole name can be displayed. After asimulation, PMWIN will interpolate the ssimulation
resultsto the active boreholes. So, you may usethe Graph Viewer (Tools»Graph) to display
thetemporal devel opment of acertainresult type, for examplehead-time curvesor breakthrough
curves. You can aso use the Graph Viewer to display a scatter diagram for comparing the
observed and calculated values.
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» Observations: Thenameof theborehol e, at whichtheobservationsaremade, isgivenin Borehole
name. Theobservationtime, towhich themeasurement pertains, ismeasured from the beginning
of themodel ssimulation. Y ou must specify the observation timesin ascending order. If you use
inversemodel sPEST or UCODE for calibrating asteady-stateflow model with onestressperiod
(youmay run asteady-stateflow simulation over several stressperiods), thelength of the period
is given as the observation time.

The Weight of an observation givesarel ative confidencelevel of the observed value. The
higher thevalue, thebetter isthemeasurement. Theweight canbeset a zeroif youwish (meaning
that the observation takesno part inthecal cul ation of the objectivefunction during an automatic
calibration process), but it must not be negative. Refer to the documentati ons of UCODE and
PEST for the function of weights in the parameter estimation process. Note that drawdown
at acertain observation timeis defined by h, - h, where h, istheinitial hydraulic head and h
is the head at the observation time.

» Save, Load and Clear: ClicktheClear buttonto clear the observation or boreholetable. Using
the buttons Save and Load, you can save or |oad the contents of tablesin or from aBorehole
file or Observation file. The format of these filesis given in Appendix 2.

Note that you caninsert or delete arow in a table by pressing the Ctrl+Ins or Ctrl+Del key. In
PMW!IN, the maximum number of Boreholesis 1000. The maximum number of Observationsis
10000.

Horizontal Hydraulic Conductivity and Transmissivity

Horizontal hydraulic conductivity isthe hydraulic conductivity along model rows. It ismultiplied
by an anisotropy factor specifiedintheLayer Options dialog box to obtainthehydraulic conductivity
along model columns. Horizontal hydraulic conductivity is required for layers of type 1 or 3.
Transmissivity isrequiredfor layersof typeOand 2. Typical valuesand rangesof horizontal hydraulic
conductivity for different typesof soilsaregivenin many groundwater textbooks, for exampleFreeze
and Cherry (1979), Spitz and Moreno (1996) and Fetter (1994).

PMWIN usesthehorizonta hydraulic conductivity and layer thicknessto cal culatetransmissivity,
if the corresponding Transmissivity flag in the Layer Options dialog box isCalculated. Y ou can
also specify transmissivity directly by choosing Transmissivity from the Parameters menu. The
specified transmissivity values of amodel layer will be used for smulation, if the Transmissivity
flagisUser-specified. See section 3.4 for moreinformation about the Layer Options dialog box.
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Vertical Hydraulic Conductivity and Vertical Leakance

Asdiscussed in Layer Type above, there are two optionsto input the required vertical |eakance
(VCONT) between two model layers.

Y ou can specify thevertica leakancedirectly by choosing Vertical Leakance fromtheParameters
menu. Thespecified Vertical Leakance valuesof alayer will beusedfor smulationif theLeakance
flaginthe Layer Options dialog box isUser-specified. Inthe Data Editor, thevertical |eakance
between thelayersi andi+1isgiven asthedataof thelayer i. Thevertical leakanceisnot required
for the layer at the very bottom of the model because MODFLOW assumes that the bottom of
the model is underlain by impermesble material.

Note that setting the Leakance flag (in the Layer Options dialog box) of alayer to Calculated
causes PMWIN to calculate the vertical leakance by using eg. 3.1.

Effective Porosity

If the total unit volume V of a soil matrix is divided into the volume of the solid portion V, and
the volume of viodsV,, the porosity n isdefined asn=V,/V. Effective porosity (with the respect
to flow through the medium) isnormally smaller than porosity, because part of thefluidinthe pore
spaceisimmobileor partially immobile. Thismay occur when theflow takesplacein afine- textured
medium where adhesion (i.e., the attraction to the solid surface of the porous matrix by the fluid
molecules adjacent to it) is important. On a more macroscopic scale the effective porosity also
hasto accommodatethefact that unresolved conductivity variationslead to areduction of effective
porosity.

Effective porosity is used by transport models, for example PMPATH, MOC3D or MT3D,
to calculatethe average vel ocity of theflow through the porous medium. If adual-porosity system
issimulated by MT3DMS, effective porosity should be specified as the portion of total porosity
filled with mobile water and the “immobile”’ porosity is defined through MT3DMS » Chemical
Reaction of the Models menu. A summary of representive porosity valuesfor different soil types
can be found in Zheng and Bennett (1995) or Domenico and Schwartz (1990).

Specific Storage, Storage Coefficient and Specific Yield
For transient flow ssimulations, MODFLOW requires dimensionless storage terms specified for

eachlayer of themodd . For asteady state s mulation, thesemenuitemsarenot used and aretherefore
dimmed.
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Inaconfinedlayer, thestoragetermisgiven by storativity or confined storage coefficient (=specific
storage[L™] x layer thickness[L]). Thestorativity isafunction of the compressibility of thewater
and the elastic property of the soil matrix. The specific storage or specific storativity is defined
asthe volume of water that a unit column of aquifer releases from storage under aunit declinein
hydraulic head. The specific storagerangesin valuefrom 3.3 x 10°[m™] of rock t02.0 x 10%[m™]
of plastic clay (Domenico, 1972).

The confined storage coefficient isrequired by layersof type 0, 2and 3. PMWIN uses specific
storage and the layer thicknessto calculate the confined storage coefficient, if the corresponding
Storage Cosfficientflaginthe Layer Options didogisCalculated. By setting the Storage Coefficient
flagto User Specified and choosing Storage Coefficient from the Parametersmenu, you can specify
the confined storage coefficient directly.

Inaphreatic (anunconfined) layer, thestoragetermisgiven by specific yield or drainable porosity.
Specific yield is defined as the volume of water that an unconfined aquifer releases from storage
per unit surface area of aquifer per unit decline in the water table. Specific yield is afunction of
porosity (and is not necessarily equal to porosity), becuase a certain amount of water isheld in
the soild matrix and cannot be removed by gravity drainage. Specific yield is required for layers
of type 1, 2 and 3. Refer to Spitz and Moreno (1996) for a summary of values of specific yield.

RefertoBear (1972, 1979) or Freezeand Cherry (1979) for moreinformation about the storage
terms and their definitions.
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3.6 The Models Menu

3.6.1 MODFLOW
MODFLOW » Density

Using the Density package (Schaarsand van Gerven, 1997), thewater density of a“ density-layer”
may differ from cell for cell. During aflow simulation the density-dependent flowswill be adapted
into the system of flow equations by correcting the hydraulic heads to equivaent fresh water
heads (or reference density heads). It is assumed that the density distribution and the internodal
transmissivities remain constant during a flow smulation. Therefore, density layers may only be
used in combination with layers of thetypes O or 2 (confined). A density-layer ismarked by using
the Layer Options dialog box. Note that the Density package is not area density flow model.
It is only an approximation which is valid as long as flow processes do not change the salinity
distribution considerably.

The density package requires the input of a reference density (which is normally set to the
density of freshwater) and the density distribution within the density-layers. These values are
specified by using the Data Editor:

- Reference density (REFRHO) [ML ] and
- Cdl-Density [ML].

Note that the Density package is supported only if you select the MODFLOW version
“MODFLOW + Density package from KIWA” in the Run Modflow dialog box. See
MODFLOW » Run... for more about the versions of MODFLOW.

MODFLOW » Drain

A drain is defined by using the Data Editor to assign three values to a model cell:

- Drain hydraulic conductance (C,) [L?T™],

- Elevation of the Drain (d) [L] and

- Parameter Number [-]

ThevauesC, and d and the parameter number are shown from |eft to right on the status bar. The
parameter number isused to assign C, as a parameter for an automatic calibration by theinverse
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models PEST or UCODE, see PEST » Parameter List... or UCODE » Parameter List....
These values are constant during a given stress period. For transient flow simulations involving
severa stress periods, these values can be different from period to period.

When the hydraulic head (h) in adrain-cell is greater than the drain elevation, water flows into
the drain and is removed from the groundwater model. Discharge to the drain is zero when the
hydraulic head is lower than or equal to the median drain elevation. Recharge from the drain is
always zero, regardless of the hydraulic head in the aquifer. Discharge rate to the drain (Q,) is
calculated by

Qy=Cy-(h-d (3.5)
The value C, of adrain-cell is often given by

Cd =K - L (3.6)

whereL isthelength of thedrainwithinacell. ThevaueK isan equivalent hydraulic conductivity
describing all of the head |oss between the drain and the aquifer. It depends on the material and
characteristicsof thedrainitself and theimmediate environment. Thevalue C, isusually unknown
and must be adjusted during amodel calibration.

MODFLOW » Evapotranspiration

TheEvapotranspiration packagesimul atestheeffectsof plant transpiration and direct evaporation
in removing water from the saturated groundwater regime. Evapotranspiration is defined by
assigning thefollowing datato each vertical column of cellsin the Evapotranspiration Package
dialog box (Fig. 3.17) of the Data Editor:

- Maximum ET Rate Ry [LTH,

- Elevation of the ET Surface hg [L],
- ET Extinction Depthd [L],

- Layer Indicator I, [-], and

- Parameter Number [-]

The specified values are shown from left to right on the status bar. These values are constant
during agiven stress period. For transient flow simulationsinvolving several stress periods, these
values can be different from period to period. Note that although the values are specified for each
vertical column of cells, you may move to other layers within the Data Editor and examine the
grid configuration in each layer. The parameter number isused to assign R+, asaparameter for
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an automatic calibration by theinverse modelsPEST or UCODE, see PEST » Parameter List...
or UCODE » Parameter List....

% Evapotranspiration Package

Meximum ET Bate [LT] [fE-10
Elevation of the ET Surface [L]: |12—
ET Extinction Depth [L]: |4—

Layer Indicator ([EVT): IU—
Parameter Nurmber [-] lﬂi

- Evapotranspiration Options
& ETis calculated far cells in the top grid layer
" “ertical distribution of evapotranspiration is specified in IEVT

Current Position (Colurnn, Fuow) = (19, 117)

|The evapotranspiration option is applied to the entire matrix. IEYT is onby required, if
he second evapotranspiration option is selected

0]4 | Cancel | Help |
Fig. 3.17 The Evapotranspiration Package dialog box

The Evapotranspiration package removeswater from the saturated groundwater regime based on
the following assumptions:

1. When water tableis at or above the elevation of the ET surface h,, evapotranspiration loss
from the water tableis at the maximum ET Rate Rgqy;

2. No evapotranspiration occurs when the depth of the water table below the elevation of the
ET surface exceeds the ET extinction depth d; and

3. In between these two extremes evapotranspiration varies linearly with the water table
elevation.

These assumptions can be expressed in equation form as:

Rer = Rey h>hs
Rer = 0 h<hs—d
(3.7)
h - (h, -d)
Rer = Rew - [+} (hs—d)ghghs

where R, [L3L?T™] is the evapotranspiration rate per unit surface area of water table. The
evapotranspiration flow rate (Qg [L3T™]) drawn from amode cell is

Qer = Rep'DELR-DELC (3.8)
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where DELR-DELC is the map area of a model cell. Qg is drawn from only one cell in the
vertical column beneath the map area. The Evapotranspiration package providestwo optionsfor
specifying the cell in each vertical column of cells where evapotranspiration is drawn from:

1. Evapotranspiration is always drawn from the top layer of the model.
2. Veticd distribution of evapotranspiration is specified in the Layer Indicator Array. I,
defines the layer where evapotranspiration is drawn from.

In either case the Qg has no influence on the simulation if the designated cell is either ano-flow
(inactive) cell or a constant head cell. You can select an option in the Evapotranspiration
Package dialog box. The layer indicator array is needed only when the second option is used.

MODFLOW » General-Head Boundary

The General-Head Boundary package is used to simulate head-dependent flow boundaries
(Cauchy boundary conditions). Similar to the Drain package, a General-Head Boundary cell
(GHB-cdll) is defined by three cell values:

- GHB hydraulic conductance C, [L?T]
- Hydraulic head at the boundary h, [L]
- Paramter Number [-]

The parameter number is used to assign C, as a parameter for an automatic calibration by the
inverse models PEST or UCODE, see PEST » Parameter List... or UCODE » Parameter
List....

Flow through the general-head boundary Q,, [L°T™] is calculated by

Qb = Cb (hb - h) (3.9)

where h isthe hydraulic head in the aquifer. A GHB-cell is equivalent to a constant head céll, if
avery large C, isused. The values C, and h,, are constant during a given stress period. For
transient flow simulations involving several stress periods, these values can be different from
period to period. This alows you to change the head at "constant-head" boundaries as the
transient simulation progresses.
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MODFLOW » Horizontal-Flow Barrier

The Horizontal-Flow Barrier package simulates thin low-permeability geologic features, such as
vertical faults or durry walls, that impede the horizontal flow of groundwater. These geologic
features are approximated as a series of horizontal-flow barriers conceptually situated on the
boundaries between pairs of adjacent cells in the finite-difference grid. Refer to Hsieh and
Freckleton (1993) for the numerical implementation of the Horizontal-Flow Barrier package.

A horizontal-flow barrier is defined by assigning the following values to amodel cell inthe
Horizontal-Flow Barrier Package dialog box (Fig. 3.18):

- Barrier Direction [-]; and
- (Hydraulic Conductivity/Thickness) of the barrier TDW [T™] for unconfined layers or
(Transmissivity/Thickness) of the barrier TDW [LT™] for confined layers.

&= Horizontal-Flow Barrier Package [x]
Barrier Diraction (1-4): |3
[Hydraulic conductivity / Thickness) of the Baririer [1/T]: [1e-8)

Directions
3
1
1 ]2
|
4
0= Mo Barrier

0K | Cancel | Help |
Fig. 3.18 The Horizontal-Flow Barrier Package dialog box

Current Position (Column, Row) = (17, 15)

The barrier direction indicates the cell face where the barrier is located. To erase an existing
barrier, use zero for the barrier direction. The second value TDW gives the hydraulic
characteristic of the barrier. If alayer is unconfined (type 1 or 3), TDW isthe barrier hydraulic
conductivity divided by the thickness of the barrier. If alayer is confined (type O or 2), TDW is
the barrier transmissivity divided by the thickness of the barrier. The barrier thicknessisincluded
implicitly in TDW.

MODFLOW » Interbed Storage
For steady state flow simulations, this menu item is not used and is therefore dimmed.

Groundwater isreleased from storage under conditionsof decreasing hydraulic head. Therel eased
water volume is proportional to the compressibility of the soil matrix and water, because a
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reduction of the hydraulic head resultsin anincreasein the effective stress on the soil skeleton and
a decrease of the water pressure. Increasing effective stress on the soil skeleton results to
deformation (compaction) of the soil matrix. The Interbed Storage package (L eake and Prudic,
1991) calculates the water volume released from storage and ssimulates elastic and inelastic
compaction of compressible fine-grained beds in an aquifer due to groundwater extraction. The
term “interbed” is used to denote a poorly permesable bed within arelatively permeable aquifer
(Fig. 3.19). The interbeds are assumed to consist primarily of highly compressible clay and silt
beds from which water flows vertically to adjacent coarse-grained beds.

Fig. 3.19 Types of fine-grained beds in or adjacent to aquifers. Beds may be discontinuous
interbeds or continuous confining beds. Adopted from (Leake and Prudic, 1991).

To incorporate the calculation of interbed storage of alayer, check the Interbed Storage flagin
the Layer Options dialog box (see section 3.4). The required data are specified by using the
Interbed Storage Package dialog box of the Data Editor.

- Preconsolidation Head or preconsolidation stress H. [L]: Preconsolidation head is the
previous minimum head vaue in the aquifer. For any model cells in which the specified
preconsolidation head is greater than the initiad hydraulic head, the value of the
preconsolidation head will be set to that of theinitial hydraulic head;

- Elastic Storage Factor S, [-] for interbeds present in the model layer;

- Inelastic Storage Factor S;, [-] for interbeds present in the model layer;

- Starting Compaction [L]. Compaction values computed by the Interbed-Storage package
are added to the starting compaction so that stored values of compaction and land subsidence
may include previous components. The starting compaction does not affect cal culations of
storage changes or resulting compaction; and
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- Parameter Number [-]. The parameter number is used to assign S;, as a parameter for an
automatic calibration by the inverse models PEST or UCODE, see PEST » Parameter
List... or UCODE » Parameter List....

For a confined aguifer, elastic compaction or expansion of sediments is proportional or nearly
proportional to change in hydraulic head in the aquifer. The following equation is used to
calculate the changeinthethickness Ab [L] of theinterbed (positivefor compaction and negative
for expansion):

Ab = -Ah - S, b, = -Ah - S (3.10)

where Ah [L] ischangein hydraulic head, positivefor increase;S,, . [L "] isthe skeletal component
of elastic specific storage; b, isthe thickness of the interbed; and S, isthe user-specified eastic
storage factor. When compressible fine-grained sediments are stressed beyond a previous
maximum stress (preconsolidation stress), compaction is permanent (inelastic). In analogy to eg.
3.10, the package uses the following equation to cal culate the approximate inelastic compaction
db* [L]:

Ab* = -Ah - S, - by = -Ah - S, (3.11)

whereS,,, [L™"] isthe skeletal component of inelastic specific storage and S, isthe user-specified
inelastic storage factor.
Elastic compaction or expansion of sedimentsin an unconfined aquifer can be expressed as

Ab = -Ah - (1-n+n,) - S, b, = -Ah - S_ (3.12)

where n [-] is porosity and n,, [-] is moisture content above water table as a fraction of total
volumn of porous medium. Similarly, inelastic compaction or expansion of sediments can be
expressed as

Ab = -Ah - (1-n+n,) - S, - by = -Ah - S, (3.13)
For an aquifer with n interbeds with specific-storagevalues S, S,,,..., S, and with thicknesses

by, b,, ..., b,, asingle equivaent storage factor S, [-] is given by Jorgenson (1980):

S = S, b, +S,b,+...+S b (3.14)

system n-n
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MODFLOW » Recharge

The Recharge package is designed to simulate areally distributed recharge to the groundwater
system. Rechargeisdefined by assigning the following datato each vertical column of cellsinthe
Recharge Package dialog box (Fig. 3.20) of the Data Editor:

- Recharge Flux I [LTY
- Layer Indicator Iy [-]
- Parameter Number [-]

After specifying the values, they are displayed from left to right on the status bar. The parameter
number is used to assign the Recharge Flux I, as a parameter for an automatic calibration by the
inverse models PEST or UCODE, see PEST » Parameter List... or UCODE » Parameter
List.... Note that although these values are specified for each vertical column of cells, you may
move to other layers within the Data Editor and examine the grid configuration in each layer.

Recharge Flux [L/T]: IW
Layer Indicator (IRCH): Iﬂi
Parameter Murmber [ ID
— Recharge Options

 Recharge is only applied to the top arid layer
& Nerical distribution of recharge is specified in IRCH:
" Recharge is applied to the highest active cell.

Current Fosition (Calumn, Row) = (33, 14)
IThe recharge option is applied to the entire matrix. IRCH is only required, if
the second recharge option is selected.

014 | Cancel | Help |

Fig. 3.20 The Recharge Package diaog box

MODFLOW uses |, to calculate the recharge flow rate (Qg [L°T™]) applied to the model cell:
Qg = |, - DELR - DELC (3.15)

where DELR - DELC isthe map area of amodel cell. In MODFLOW, the recharge rate Qx, is
applied to asingle cell within avertical column of cells. In the smplest situation, the water table
islocated in the top layer of the model, the top layer is designated as unconfined and an array of
Recharge Flux I is specified for that layer. Problems may arise, when the water table cuts across
layers. To solvethiskind of problems, the Recharge package providesthree optionsfor specifying
the cell in each vertical column of cells that receives the recharge:
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1. Rechargeisonly applied to the top grid layer.

2. Veticd distribution of rechargeis specified in the Layer Indicator array Iy, Which defines
the layer where recharge is applied.

3. Rechargeisapplied to the highest active cell in each vertical column. The user does not have
to predetermine the layer to which recharge should be applied. The appropriate layer is
automatically selected by the Recharge package. If the highest active cell is a constant-head
cell recharge will be intercepted and cannot go deeper.

Refer to the description of the Recharge package in McDonald and Harbaugh (1988) for an
example of using these options.

MODFLOW » Reservoir

The Reservoir package (Fenske et. a, 1996) is designed for cases where reservoirs are much
greater in area than the area represented by individual model cells. More than one reservoir can
be simulated using this package. The area subject to inundation by each reservoir is specified by
entering the reservoir number for selected cells. For reservoirs that include two or more areas of
lower elevation separated by areas of higher eevation, the filling of part of the reservoir may
occur before spilling over to an adjacent area. The package can simulatethis process by specifying
two or more reservoirsin the area of asingle reservoir.

Reservoirs are defined by using the Reservoir Package dialog box (Fig. 3.21) of the Data
Editor to assign the following values to the model cells:

- Reservoir Number les [-],

- Land-surface elevation of the reservoir Bgeg [L],

- Vaetica hydraulic conductivity of the reservoir bed HCeq [L/T],
- Thickness of the reservoir bed Rb [L], and

- Layer Indicator IRESL [-]

- Parameter Number [-].

The parameter number isused to assign HC ¢ asaparameter for an automatic calibration by the
inverse models PEST or UCODE, see PEST » Parameter List... or UCODE » Parameter
List....

The elevation of the water table in reservoirs are specified by using the Stage-Time Table
of Reservoirs dialog box (see below). The land-surface elevation within the specified area of
potential inundation for each reservoir istypically defined by the average land-surface elevation
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of individual cellswithinthearea. At cellsin which reservoir stage exceedsland-surface elevation
within the specified reservoir area, the reservoir boundary is activated. Similarly, wherever
reservoir stage is less than the land-surface elevation of a cell, the reservoir boundary is not
activated. If reservoir stage drops below the lowest land-surface elevation for all cellswithin the
specified reservoir area, water exchangeisnot simulated between thereservoir and theunderlying
groundwater system.

In active cells, water exchange between surface water and groundwater is computed in a
manner identical to the River package (see below). The Reservoir package isideally suited for
cases where leakage from or to reservoirs may be a significant component of flow in a
groundwater system; however, if reservoir stage is unknown, then a more complex
conceptualization would be needed in which reservoir stage would be computed as part of the
simulation rather than having stage specified as model input. For reservoirs where stage is
unknown, a program that computes the stage in lakes based on inflows and outflows has been
written by Cheng and Anderson (1993).

&% Reservoir Package B
Fesenair Number [-]:[1

Lanc-Surface Elevation [L]:15
Reservoir bed verical hydr. Conductivity [L/T] lﬂﬂ‘li
Thickness of the Reservoir bed [L] |3—
Leyerlndictor (PESL ([0
Farameter Mumber [-]: lﬂi

" Reservoir connected to the top layer

Connection Options
’VC Resersoir connected to highest active cell

" Vertical distribution of reservoir is specified in IRESL

he connection option is applied to the entire matrix IRESL is aonly required if the

Current Position (Column, Row) = (22, 12)
hird connection option is selected.

Stage »> | 0] % | Cancel | Help |
Fig. 3.21 The Reservoir Package dialog box

Three options are avaliable for simulating leakage between a reservoir and the underlying
groundwater system. The first option simulates leakage only to layer 1; the second option
simulates leakage to the uppermost active cell; and the third option simulates leakage to a
specified layer for each active reservoir cell. Inherent in the simulation of reserviorsis that the
reservoir only partially penetrates an active model cell. If the reservoir fully penetratesacell, the
reservoir leakage will be smulated in a lower cell. Thus, water exchange between the
groundwater system and the reservoir takes place across the bottom of the reservoir and the top
of the model cells.
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L eakage between the reservoir and the underlying groundwater system is simulated for each
model cell corresponding to the inundated area by multiplying the head difference between the
reservoir and the groundwater system by the hydraulic conductance of the reservoir bed.
Hydraulic conductance of the reservoir bed is given by eg. 3.16.

Cres = HCpg - DELC(l) - DELR(J) / Rb (3.16)

where DELC(I) is the width of the model row |, DELR(J) is the width of the model column J.

Reservoir bed thickness is substracted from the land-surface elevation of the reservoir to
obtain the elevation of the base of the reservoir-bed sediments. The elevation of the base of the
reservoir-bed sedimentsis used in computing leakage. When the head in the groundwater system
isabovethe base of the reservoir-bed sediments, leakage Qges [L3T™] from or to the groundwater
system is computed by eq. 3.17.

Qres = Cres * (Hres — M) (3.17)

where Hye isthe reservoir stage [L] and h is the groundwater head [L]. When the head in the
groundwater systemislessthan el evation of the base of the reservoir-bed sediments, leakagefrom
the reservoir to the groundwater system is computed by:

QRES = CRES ’ (HRES - HRESBOT) (3.18)

where Hgeopor 1S the elevation of the base of the reservoir-bed sediments.

»  To specify the stages of reservoirs

1. Click the Stage button from the Reservoir Package dialog box (Fig. 3.21).
A Stage-Time Table of Reservoirs dialog box appears (Fig. 3.22).

2. Select areservoir number (arow) from the first table.
The reservoir number is corresponding to the number Iz (See above). The description
column is a place for you to take notice.

3. Type the observation time and the corresponding stage into the second table.
The observation time is measured from the start of the model simulation, to which the
measured stage pertains.

The Reservoir package requirestheinput of the starting and ending stagesfor each stress period.
These values are automatically determined by linear interpolation using the values specified in the
Stage-Time Table of Reservoirs diaog box. If the starting time or the ending timeis beyond the
latest observation time, the latest observed stage will be used.

3.6.1 MODFLOW



Processing Modflow 91

Reservoir stage is used to determine whether the reservoir boundary is activated for amodel cell
at the beginning of each time step. The reservoir stage for each time step is, once again,
determined by linear interpolation using the starting and ending stages for the stress period. The
interpolated reservoir stage corresponds with the ssimulation time at the end of amodel time step.

Stage-Time Table of Reservoirs

Reservoir  |Description oK. I
b1 This is the first reservoir
2 The secondraservoir Cancel |
3
Help |
Jine olege 2 Load. |
2592000 17
5164000 153 save.. |
7776000 15,7 ﬂl
1,0368E+07 17
0 0
0 0
0 0 =
— Output Options
IV take a stage-volumn-area table for resenvairs
Use I 10 paoints in constructing the table.

Fig. 3.22 The Stage-Time Table of Reservoirs dialog box

MODFLOW » River

The River package is used to smulate the flow between an aquifer and a surface-water feature,
such asrivers, lakes or reservoirs. Rivers are defined by using the River Package dialog box of
the Data Editor to assign the following values to the model cdlls:

- Hydraulic conductance of the riverbed (Cg,,) [L?T™]

- Headintheriver (Hg,) [L],

- Elevation of the bottom of the riverbed (Rgo7) [L], and
- Parameter Number [-].

After specifying the values, they are shown from left to right on the status bar. The parameter
number is used to assign Cy,, as a parameter for an automatic calibration by the inverse models
PEST or UCODE, see PEST » Parameter List... or UCODE » Parameter List.... For transient
flow simulations involving several stress periods, these values can be different from period to
period. If the hydraulic head (h) in ariver-cell isgreater than Rgor, therate of leakage (Qg,,) from
the river to the aquifer is calculated by eqg. 3.19.

Qryv = CRIV'(HRIV - h) h>RBOT (3.19)
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For the case that h is greater than Hg,,, Qg 1S Negative. It means that water flows from the
aquifer into the river and is removed from the groundwater model. When h hasfalen below the
bottom of the riverbed, the rate of |eakage through the riverbed is given by eq. 3.20.

Qrv = Crv'(Hriy — Rgor) h<Rgor (3.20)
The value Cg,, of ariver-cell is often given by

K-L-W
Cay = o (3.21)

where K isthe hydraulic conductivity of the riverbed materia, L isthe length of the river within
acdl, W isthe width of the river and M is the thickness of the riverbed. If Cg,, is unknown, it
must be adjusted during a model calibration.

MODFLOW » Streamflow-Routing

The Streamflow-Routing package (Prudic, 1989) is designed to account for the amount of flow
instreams and to simulate the interaction between surface streams and groundwater. Streams are
divided into segments and reaches. Each reach corresponds to individua cells in the finite-
difference grid. A segment consists of a group of reaches connected in downstream order.
Streamflow is accounted for by specifying flow for the first reach in each segment, and then
computing streamflow to adjacent downstream reachesin each segment asinflow in the upstream
reach plus or minusleakage from or to the aquifer in the upstream reach. The accounting scheme
used in this package assumes that streamflow entering the modelled reach is instantly available
to downstream reaches. This assumption is generally reasonable because of the relatively slow
rates of groundwater flow.

Streamflow into a segment that is formed from tributary streamsis computed by adding the
outflows from the last reach in each of the specified tributary segments. If a segment is a
diversion, then the specified flow into thefirst reach of the segment is subtracted from flow in the
main stream. However, if the specified flow of the diversion is greater than the flow out of the
segment from which flow isto be diverted, then no flow is diverted from that segment.

Inthe Data Editor, you can press the right mouse button and specify the following required
cdl vauesin the Streamflow-Routine Package dialog box (Fig. 3.23). The specified cell values
will be shown from l€ft to right on the status bar.

» Segment is a number assigned to a group of reaches. Segments must be numbered in
downstream order. The maximum number allowed in PMWIN is 25.
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>

Reach is a sequential number in a segment that begins with one for the farthest upstream
reach and continues in downstream order to the last reach in the segment. In PMWIN, you
can only assign one reach to amodel cell, although the Streamflow-Routing package alows
the user to assign more than one reach in different segments to the same model cell. Refer
to the documentation of the Streamflow-Routing package (Prudic, 1989) for more
information about the numbering scheme.

Streamflow [L*T] isthe streamflow entering asegment. Thisvalueis specified only for the
first reach in each segment. The value is either a zero or a blank when the reach number
(Reach) isnot 1. When inflow into a segment is the sum of outflow from a specified number
of tributary segments, the segment inflow values are specified as - 1.

Stream Stage [L] isthe head in the stream.

Streambed hydraulic conductance Cq;g, Elevation of the Streambed Top and Elevation
of the Streambe Botton are used to calculate |eakage to or from the aquifer through the
streambed. Cq5, is calculated in the same way as Cg,, of the River package, see eg. 3.21.
Width of the Stream Channel, Slope of the Stream Channel and Manning's roughness
coeff. n/C are used only when the option Calculate stream stages in reaches is checked.
The cross-sectional shape of the stream channel is assumed to be rectangular. Slope of the
Stream Channel is the slope of the stream channel in each reach. Manning's roughness
coeff. n/C is a value resulting from the Mannings roughness coefficient n divided by a
conversionfactor C. Some of the experimental values of the M anning'sroughness coefficient
can be found in the documentation of the Streamflow-Routing package. The value of the
conversion factor C depends on the length and time units of your model.

m 1/3 ft 1/3 ft 1/3 m 1/3

= 1.486 — = 128383 —— = 86400
S S d

CcC-=1

(3.22)

Stream Structure describes the configuration of the stream system. Each row in the table
(Fig. 3.23) represents a stream segment in the model. Each segment can have up to 10
tributary segments. The numbers of the tributary segments are specified in the columns 1 to
10. The column lupseg isthe number of the upstream segment from which water isdiverted.
For asegment that is not adiversion, lupseg must be specified as zero. lupseg isused only
when the option Simulate diversions from segments is checked. The vauesin Fig. 3.24
indicate that segment 2 is diverted from segment 1, segment 1 is a tributary segment of
segment 3, and segments 2 and 4 are tributary segments of segment 5. The configuration of
the stream system is shown in Fig. 3.25.
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» Parameter Number is used to assign the streambed hydraulic conductance Cqr asa
parameter for an automatic calibration by the inverse models PEST or UCODE, see PEST
» Parameter List... or UCODE » Parameter List....

Similar to the River package, leakage (Q,) to or from the aquifer through the streambed is
computed by:

Q, = CSTR ’ (Hs - h) h>SBOT

3.23
Q; = Cqrr * (Hg — Sgor) h<Sgor ( )

where H, isthe head in the stream, h isthe head in the model cell beneath the streambed and Sy
isthe elevation of the bottom of the stream.

If the option Calculate stream stages in reaches is checked, the depth d in each reach is
calculated from Manning's equation under the assumption of a rectangular stream channel:
Q-n

3/5
—c-w-sm] (3.24)

d =

where Q [L3T™] isthe calculated stream discharge, n [ - ] is Manning's roughness coefficient, w
[L] isthewidth of the channel, S [LL™] isthe dope of the stream channel and C isa conversion
factor (seeeq. 3.22). Although n and C appear separately here, only the values of n/C or C/n are
used in the computer code. Y ou need therefore only to specify the value of n/C in PMWIN.

Parameters I Stream Stucture |

¥ Calcuiste stream stages in reachaes

Segment Number: | 1
Inflow to this Segment [L™3/T]:| 20185
Fieach Mumber: [ 1

Stream Stage [L]: | 45
Streambed Hydraulic Conductance [L™2/T]: | 37

Elevation of the Streambed Top [L]: | 40

Elevation of the Streambed Battom [L]: | 40

‘Width of the Stream Channel [L]: | 100

Slope afthe Stream Channel [-] | 0001

Manning’s Roughness coeff. n/C: | 016
Parameter Mumber [-];| 0

Current Position (Colummn, Row) = (20, 1)

oK | Cancel | Help |

Fig. 3.23 The Streamflow-Routine Package dialog box
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%= Streamflow-Routing Package E

Farameters Stream Structure |

V' Simulate diversions from segments
2 13 |4 |s

Segment

1
0
0
1
0
2
0
0
0
0
10 0
0
0
0
0
0
0
0
0
0
0

FEEEEEEEEEEEEEERNEEEE
oloooloooalalalaaaalalalalalal=
olo|laolaolalalalalalalalalalalala|la[a=]=
olo|lalalalalalalalalalalalalalalalalala
=HEEEEEE R R EEEEEEEEEEEE
=HEEEEEE R R EEEEEEEEEEEE
=HEEEEEE R R EEEEEEEEEEEE
=HEEEEEE R R EEEEEEEEEEEE
=FEEEEEE R R EEEEE R R EEEE =S

-

OK. | Cancel | Help |

Fig. 3.24 The Stream Structure table of the Streamflow-Routine Package dialog box

segment 1

segment 4 segment 3

segment 5

Fig. 3.25 The configuration of the stream system specified in the table of fig. 3.24
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MODFLOW » Time-Variant Specified-Head

For transient simulations, the Time-Variant Specified-Head package (Leake and Prudic, 1991)
allowsfixed-head cellsto take on different head valuesfor each time step. Thefollowing required
data are specified by using the Time-Variant Specified-Head Package dialog box (Fig. 3.26)
of the Data Editor.

- Flag [-]. A non-zero value indicates that a cell is specified as a time-variant specified-head
boundary.

- Start Head hg [L]. Thisvalue isthe head in the cell at the start of the stress period.

- End Head h, [L]. Thisvalueisthe head that will be assigned to the cell for the last time
step in the stress period.

This package does not ater the way fixed-head boundaries are formulated in the finite-difference
equations of MODFLOW. It simply sets the element in the IBOUND array to a negative value
for al cells where a time-variant specified-head boundary is selected (Flag=0). The package
linearly interpolates boundary heads h for each time-variant specified-head boundary cell by using
the equation:

PERTIM

h=hs - he =N FemrEq

(3.25)
where PERTIM is the starting time of atime step in a stress period and PERLEN is the length
of the stress period. The interpolated heads are constant during atime step. If acell is specified
as atime-variant specified-head boundary for a stress period and omitted in the specification for
a subsequent period, it remains a fixed-head boundary with ahead equal to that at the end of the
previous period.

%% Time-Yariant Specified Head Package
Fagl: I
StatHead L} [iE
EndHead L} [14

Current Pogition (Column, Row) = (21, 20)
It Flag <> 0. the current cell is & Time-\Variant Specified-Head

cell
Ok I Cancel | Help |

Fig. 3.26 The Time-Variant Specified-Head Package dialog box
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MODFLOW » Well

An injection or a pumping well is defined by using the Data Editor to assign two valuesto a
model cell:

- Rechagerate of the well (Q) [L*T] and
- Parameter Number [-]

Negative cell valuesfor the*“Rechage rate of the well” are used to indicate pumping wells, while
positive cell values indicate injection wells. The parameter number is used to assign Q as a
parameter for an automatic calibration by the inverse models PEST or UCODE, see PEST »
Parameter List... or UCODE » Parameter List....

The injection or pumping rate of a well is constant during a given stress period and is
independent of both the cell areaand the head inthe cell. It isimplicitly assumed by MODFLOW
that awell penetrates the full thickness of the cell. MODFLOW can simulate wellsthat penetrate
more than one model layer. In this case, the injection or pumping rate for each layer has to be
specified. The total injection or pumping rate for a multilayer well is equal to the sum of those
from the individual layers. For confined layers, the injection or pumping rate for each layer (Q,)
can be approximately calculated by dividing the total rate (Q,,) in proportion to the layer
transmissivities (McDonald and Harbaugh, 1988):

T

Q= Qua " 57 (3.26)

where T, isthe transmissivity of layer k and 2T isthe sum of the transmissivities of all layers
penetrated by the multilayer well.

Another possibility to smulate a multi-layer well is to set a very large vertical hydraulic
conductivity (or vertical leakance), e.g. 1 m/s, to all cells of the well. The total pumping rateis
then assigned to the lowest cell of the well. For display purposes, avery small pumping rate (say,
-1x10*° m¥s) can be assigned to other cells of thewell. Inthisway, the exact extraction ratefrom
each penetrated layer will be calculated by MODFLOW implicitly and the value can be obtained
by using the Water Budget Calculator. See Chapter 2 for how to calculate subregional water
budgets.
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MODFLOW » Wetting Capability...

The wetting capability of the Block-Centered Flow 2 package (BCF2; McDonald et al. 1991)
allows the smulation of arising water table into unsaturated (dry) model layers.

The BCF2 package is identical to the BCF1 package of the "origina” MODFLOW
(McDonald and Harbaugh, 1988) except for the wetting and drying of cells. A cell fallsdry when
the head is below the bottom elevation of the cell. When a cell falls dry, IBOUND is set to O
(whichindicatesano flow or aninactive cell), al conductancesto thedry cell are set to zero. No
water can flow into the cell as the smulation proceeds and the cell remains inactive even if
neighbouring water tables rise again.

To overcomethis problem, avalue THRESH, called wetting threshold, isintroduced to the
BCF2 package (or later versions of this package). The computer code uses this value to decide,
whether adry or an inactive cell can be turned into awet (active) cell.

1. If THRESH=0, thedry cell or the inactive cell cannot be wetted.

2. If THRESH<O, only thecell below thedry cell (or inactive cell) can causethe cell to become
wet.

3. If THRESH>0, thecell below thedry cell (or inactive cell) and thefour horizontal ly adjacent
cells can cause the cell to become wet.

A dry cdl or an inactive cell can be turned into an active cdll if the head from the previous
iteration in aneighboring cell is greater than or equal to the turn-on threshold TURNON.

TURNON = BOT + |THRESH)| (3.27)
where BOT isthe eevation of the bottom of the call.

To keep the stability of the numerical solution, a neighboring cell cannot become wet as aresult
of acell that has become wet in the same iteration; only variable-head cells either immediately
below or horizontally adjacent to the dry cell can cause the cell to become wet. When acell is
wetted, itsIBOUND valueisset to 1 (which indicatesavariable-head cell), vertical conductances
are set to the original values, and the hydraulic head h at the cell is set by using one of the
following equation.

h = BOT + WETFCT(hn - BOT) (3.28)

>
Il

BOT + WETFCT-|[THRESH]| (3.29)
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where hn is the head at the neighboring cell that causes the dry cell to wet and WETFCT isa
user-specified constant called the wetting factor. Y ou may select between eg. 3.28 and 3.29 inthe
Wetting Capability dialog box (Fig. 3.27). This dialog box appears after selecting
MODFLOW?®» Wetting Capability... from the Models menu.

% Wetting Capability

lteration Interval for Attemping to YWet Cells: |2
Wetting Factor WETFCT): |1

— Initial Heads at Rewetted Cells
& h=BOT +WETFCT (hn - BOT)
 h=BOT + WETFCT * | THRESH|

BOT = Bottorm of cells
[THRESH = ‘Wetting threshold
hn = heads atthe neighboring cells

Click OK to edit wetting threshaold.

QK | Cancel | Help |

Fig. 3.27 The Wetting Capability dialog box

The dialog box aso allows you to specify the iteration interval for attempting to wet cells
IWETIT. Wetting is attempted every IWETIT iterations. When using the PCG2 solver (Hill,
1990), this appliesto outer iterations and not inner iterations. The reason for adjusting IWETIT
isthat thewetting of cellssometimes produces erroneous head changesin neighboring cellsduring
the succeeding iteration, which may cause erroneous conversions of those cells. These erroneous
conversions can be prevented by waiting afew iterations until heads have had a chance to adjust
before testing for additional conversions. When setting IWETIT greater than one, there is some
risk that cells may be prevented from correctly converting from dry to wet. If the solution for a
time step isobtained in lessthan IWETIT iterations, then there will be no check during that time
step to seeif cells should be converted from dry to wet. The potential for this problem to occur
is greater in transient simulations, which frequently require only afew iterations for atime step.

The method of wetting and drying cells used in the BCF2 Package can cause problems with
the convergence of the iterative solvers used in MODFL OW. Convergence problems can occur
in MODFLOW even without the wetting capability but problems are more likely to occur when
the wetting capability is used. Symptoms of a problem are slow convergence or divergence
combined with the frequent wetting and drying of the same cells. It isnormal for the same cell to
convert between wet and dry severa times during the convergence process but frequent
conversions are an indication of problems. As a matter of fact, Situations exist where the real
solution oscillates such as in the case of awell causing a drawdown which makes the well cells
fdl dry. Thisin turn switches off thewell and leads to arise of the water table and wetting of the
well cell etc. The user can detect such situations by examining the model run record file
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OUTPUT.DAT; amessageis printed eachtimeacell converts. Refer to the documentation of the
BCF2 package for how to solve problems with convergence.

MODFLOW » Output Control

The Output Control menu is used to control the frequency and terms of simulation results of
MODFLOW that will be printed or saved. Various simulation results can be saved in files by
checking the corresponding output termsin the MODFLOW Output Control dialog box (Fig.
3.28). The ssimulation results are saved whenever the time steps and stress periods are an even
multipleof theoutput frequency and theresultsfor thefirst and last stress periods and time steps
areaways saved. Use 0 (zero) for the output frequency, if only the result of thelast stress period
or thelast time step should be saved. The predefined heads for no-flow cells (HNOFL O) and dry
cells (HDRY) are given in the Predefined Head Values group.

The output terms and the corresponding result files are described below. All result files are saved
in the folder in which your model data are saved.

E Modilow Output Control E

— Output Terms

W Hydraulic Heads: oI I
¥ Drawdowns ﬂl
V' Cell-by-cell Flow Terms

V' Subsidence (from IBS1) Help |

IV Campaction of Individual Layers (from 1851}
V' Praconsalidation Heads (from [B51)

™ Echo Print of Input Walues

V¥ Interface file to MT3D

— Output Frequency
Stress period: |1
Time step: |1

—Predefined Head Values

For no-flow cells: |999.99
For cells, which wernt dry: |‘|E+3U

Fig. 3.28 The MODFLOW Output Control dialog box

» Hydraulic Heads are the primary result of a MODFLOW simulation. Hydraulic heads in
each finite-difference cell are saved in the unformatted (binary) file HEADS.DAT.

» Drawdowns are the differences between the initia hydraulic heads and the calculated
hydraulic heads. Drawdowns in each cell are saved in the unformatted (binary) file
DDOWN.DAT.

»  Cell-by-cell Flow Terms areflow termsfor individual cells, including four types: (1) cell-by-
cell stress flows, or flowsinto or from an individual cell due to one of the external stresses
(excitations) representedinthemodel, e.g., pumping well or recharge; (2) cell-by-cell storage
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terms, which give the rate of accumulation or depletion of storage in an individual cell; (3)
cell-by-cdll constant-head flow terms, which give the net flow to or fromindividual constant-
head cells; and (4) internal cell-by-cell flows, which arethe flows acrossindividual cell faces,
that is, between adjacent model cells. The cell-by-cell flow terms are used for calculating
water budgets and for particle tracking and transport simulationsby PMPATH and MOC3D.
The cell-by-cell flow terms are saved in the unformatted (binary) file BUDGET.DAT.

»  Subsidence isthe sum of the compaction of all model layers, for which theinterbed strorage
calculation isturned on (see Layer Typein section 3.4).

»  Compaction of individual layers is the sum of the calculated compaction and the user-
specified starting compaction in each layer.

» Preconsolidation head isthe previous minimum head value in the agquifer. For model cells
in which the specified preconsolidation head is greater than the corresponding value of
starting head, the preconsolidation head will be set to the starting head. Subsidence,
compaction and preconsolidation head are saved in the unformatted (binary) file
INTERBED.DAT.

» Interface file to MT3D isan unformatted (binary) file contai ning the computed heads, fluxes
across cell interfaces in al directions and locations and flow rates of the various
sinks/sources. The interface file is created by the LKMT package provided by MT3D or
MT3DMS. There are three versions of the LKMT package, which are incorporated in the
versions of MODFLOW contained in the PMWIN (see MODFLOW » Run... below). The
LKMT1 package creates interface file to the version 1.xx of MT3D. The LKMT2 package
creates interface file to MT3D96 and MT3D_Dod _1.5. The LKMT3 package creates
interface fileto MT3DMS.

To check the smulation results, MODFL OW cal culates a volumetric water budget for the entire
model at the end of each time step, and saves the results in the simulation record file
OUTPUT.DAT. A water budget provides an indication of the overall acceptability of the
numerica solution. In numerical solution techniques, the system of equations solved by a model
actualy consists of aflow continuity statement for each model cell. Continuity should therefore
also exist for thetotal flowsinto and out of the entire model or asub-region. This meansthat the
difference between total inflow and total outflow should equal the total change in storage. It is
recommended to read the record file. Therecord file also contains other essential information. In
case of difficulties, this supplementary information could be very helpful.
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MODFLOW » Solvers

To calculate heads in each cdl in the finite-difference grid, MODFLOW prepares one finite
difference equation for each cell, expressing the relationship between the head at a node and the
heads at each of the six adjacent nodes at the end of a time step. Because each equation may
involveup to seven unknown values of head, and because the set of unknown head values changes
from one equation to the next through the grid, the equations for the entire grid must be solved
simultaneoudly at each time step. The system of simultaneousfinitedifferencelinear equationscan
be expressed in matrix notation as

Ax =D (3.30)

where A is a coefficient matrix assembled by MODFLOW using user-specified model data; b
is a vector of defined flows, terms associated with head-dependent boundary conditions and
storagetermsat each cell; xisavector of hydraulic heads at each cell. One value of the hydraulic
head for each cell is computed at the end of each time step. At present PMWIN supports four
packages (solvers) for solving systems of simultaneous linear equations:

- the Direct Solution (DE45) package,

- the Preconditioned Conjugate-Gradient 2 (PCG2) package,
- the Strongly Implicit Procedure (SIP) package, and

- the Slice-Successive Overrelaxation(SSOR) package.

Input parameters of these solution methods are discussed below. See McDonald and Harbaugh
(1988), Hill (1990a) and Harbaugh (1995) for detailed mathematical background and numerical
implementation of these solvers. V arious comparisons between the sol ution methods can befound
in Trescott (1977), Behie and Forsyth (1983), Scandrett (1989) and Hill (1990b). Hill indicates
that the greatest differencesin solver efficiency on scalar computers occur for three-dimensional,
non-linear problems. For these types of problems, it may be well worth the time and effort to try
more than one solver. If your model does not have alarge number of active cells, you may try to
usethedirect solver (DE45). Otherwise, SIP generally isagood alternative to consider.Note that
the MODFLOW version “MODFLOW + Density package from KIWA” does not support the
Direction Solution package.
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MODFLOW » Solvers » DE45...

Although adirect solver requires more memory and typically requires more computational effort
than iterative solvers, it may excute faster than an iterative solver in some situations. The Direct
Solution package (Harbaugh, 1995) uses Gaussian elimination with an alternating diagonal
equation numbering scheme that is more efficient than the standard method of equation
numbering. It is the most efficient when solving small, linear problems,

Use the Direct Solution (DE45) dialog box (Fig. 3.29) to specify required parameters as
described below:

» Max. iterations (external or internal) is the maximum number of iterations in each time
step. Set this number to 1 if iteration is not desired. Ideally iteration would not be required
for direct solution; however, it is necessary to iterate if the flow equation is non-linear (see
Problem type below) or if computer precision limitations result in inaccurate cal culations as
indicated by largewater budget error. For anon-linear flow equation, eachiterationisequally
time consuming because the coefficient matrix A is changed each iteration and Gaussian
elimination is required after each change. This is called externd iteration. For a linear
equation, iteration is significantly faster because A is changed at most once per time
step; thus, Gaussian elimination isrequired at most once per time step. Thisiscalled internal
iteration.

» Max. equations in upper part of [A]: Thisis the maximum number of equations in the
upper part of the equations to be solved. This value impacts the amount of memory used by
the solver. If specified as O, the program will calculate the value as half the number of cells
in the model, which is an upper limit. The actual number of equations in the upper part will
be less than half the number of cells whenever there are no-flow and constant head cells
becauseflow equationsare not formulated for these cells. The solver printsthe actual number
of equations in the upper part when it runs. The printed value can be used in future runsin
order to minimize memory usage.

» Max. equations in lower part of [A]: Thisis the maximum number of equations in the
lower part of the equations to be solved. This value impacts the amount of memory used by
the solver. If specified as O, the program will calculate the value as half the number of cells
in the model, which is an upper limit. The actual number of equationsin the lower part will
be less than half the number of cells whenever there are no-flow and constant head cells
because flow equationsare not formulated for these cells. The solver printsthe actual number
of equations in the lower part when it runs. The printed value can be used in future runsin
order to minimize memory usage.
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Max. band width of AL: This value impacts the amount of memory used by the solver. If
specified as 0, the program will calculate the value as the product of the two smallest grid
dimensions, which is an upper limit.

Head change closure criterion [L]: If iterating, iteration stops when the absolute value of
head change at every node islessthan or equal to thisvalue. The criterion is not used when
not iterating, but a value must always be specified.

& Direct Solution {DE45)
— lteration Parameters

Maximum [terations (external or internal): | 500

0:
Mee equations in upper part of [A]: | 0
J:

i

I—
li

Mex band width of [AL]: | 0
li
I—

Max equations in lower part of [A

Head change closure criterion [L]: | .001

Relaxation-Acceleration Parameter: |1

— Printout from the Solver Problem Type

& Al available information

" The number of iterations only
¢ Mone & MNandinear

Printaut Intenval: |1—
0]4 | Cancel | Help |
Fig. 3.29 The Direct Solution (DE45) dialog box

© Linear

Printout From the Solver: If the option All available information is selected, the
maximum head change and residual (positive or negative) are saved in the run record file
OUTPUT.DAT for each iteration of atime step whenever the time step is an even multiple
of Printout Interval. If the option The number of iterations only is checked, the printout
of maximum head change and residual is suppressed. Select the option None to suppress all
printout from the solver. A positive integer is required by Printout Interval.

Problem Type: The choice of problem type affects the efficiency of solution; significant
work can be avoided if it is known that A remains constant all or part of the time.

Linear indicates that the flow equations are linear. To meet the linearity requirement, all
model layers must be confined, and there must be no formulations that change based upon
head (such as seepage from ariver changing from head dependent flow to a constant flow
when head drops bel ow the bottom of theriverbed). Examples of non-linearity are caseswith
riverbed conductance, drain conductance, maximum evapotranspiration rate,
evapotranspiration extinction depth, gerneral-head boundary conductance and reservior-bed
conductance.

Nonlinear indicates that a non-linear flow equation is being solved, which means that
some terms in A depend on simulated head. Example of head-dependent termsin A are

3.6.1 MODFLOW



Processing Modflow 105

transmissivity for water-table layers, which is based on the saturated thickness; flow terms
for rivers, drains, and evapotranspiration of they convert between head dependent flow and
constant flow; and the change in storage coefficient when a cell converts between confined
and unconfined. When a non-linear flow equation is being solved, externa iteration is
normally required in order to accurately approximate the non linearities. Note that when non
linearitiescaused by water-table cal cul ations are part of asimulation, thereare not necessarily
any obvious signs in the output from a simulation that does not use external iteration to
indicate that iteration is needed. In particular, the budget error may be acceptably small
without iteration even though there is significant error in head because of non linearity. To
understand this, consider the water-table correction for transmissivity. Each iteration anew
transmissivity is calculated based on the previous head. Then the flow equations are solved,
and a budget is computed using the new head with the same transmissivities. No budget
discrepancy results becuase heads are correct for the transmissivity being used at this point;
however, the new heads may cause a significant change in transmissivity. The new
transmissivity will not be cal culated unlessthereisanother iteration. Therefore, when one or
more layersis under water-table conditions, iteration should aways be tried. The maximum
change in head during each iteration (printed by the solver) provides an indication of the
impact of al non linearities.

MODFLOW » Solvers » PCG2...

Therequired parametersfor the PCG2 package are specified in the Preconditioned Conjugate-
Gradient Package 2 dialog box (Fig. 3.30). They are described below:

»  Preconditioning Method: The PCG2 package provides two preconditioning options. the
modified incomplete Cholesky preconditioner MICCG (Axelsson and Lindskog, 1986)
and the Neuman Series Polynomial preconditioner POLCG (Saad, 1985).

» Relaxation Parameter isused with MICCG. Usually, this parameter isequal to 1. Ashcraft
and Grimes (1988) found out that for some problems a value of 0.99, 0.98 or 0.97 will
reduce the number of iterations required for convergence.

»  Theoption Calculate the upper bound on the maximum eigenvalue isonly availablewhen
POLCG is selected. Check this box, if the upper bound on the maximum eigenvalue of A
should be calculated by the solver. Otherwise, avalue of 2 will be used. The upper bound is
estimated as the largest sum of the absolute values of the components in any row of A.
Convergenceisgenerally insengitiveto thisvalue. Estimation of the upper bound usesslightly
more execution time per iteration.
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Allowed Iteration Numbers: MXITER is the maximum number of outer iterations. For
each outer iteration, A and b (eg. 3.30) are updated by using the newly calculated hydraulic
heads. For alinear problem, MXITER should be 1, unless more that 50 inner iterations are
required. A larger number (generally lessthan 100) isrequired for anonlinear problem. Outer
interations continue until the final convergence criteria (see below) are met on thefirst inner
iteration. ITERL1 is the maximum number of inner iterations. Eqg. 3.30 with a new set of A
and b issolved ininner iterations. The inner iterations continue until ITER1- iterations are
executed or the final convergence criteria (see below) are met.

Convergence Criteria: Head Change [L] is the head change criterion for convergence.
When the maximum absol ute value of the head change at all nodes during an iteration isless
than or equal to the specified Head Change, and the criterion for Residual is satisfied (see
below), iteration stops. Residual [L3T™?] isthe residual criterion for convergence. Residual
iscaculatedasb - A - x for each inner iteration. When the maximum absolute vaue of the
residua at all cellsduring an iteration isless than or equal to Residual, and the criterion for
Head Change is satisfied (see above), iteration stops.

Printout From the Solver: A positive integer isrequired by Printout Interval. If the option
All available information is selected, the maximum head change and residua (positive or
negative) are saved in the run record file OUTPUT.DAT for each iteration of atime step
whenever the time step is an even multiple of Printout Interval. If the option The number
of iterations only is checked, the printout of maximum head change and residual is
suppressed. Select the option None to suppress al printout from the solver.

&% Preconditioned Conjugate Gradient Package 2 [x]

— Preconditioning Method
& ddodified Incomplete Cholasky:

" Neuman Series Polynomial

¥ | CalEulate the Upperbaurd anthie madminm elgenaie

Relaxation Parameter: |1

—Allowed Iteration Numbers:

Convergence Criteria
Outer fteration (MXITER): Head Change [L]:
I 100 I .001
Inner lteration (ITEF1) Fesidual [L"3/T]:
I 10 001
. Printout From the Solver
& Al available information
" The number of iterations anly
Cancel
 Mlana
Frintout Interval:| 1 Il |

Fig. 3.30 The Preconditioned Conjugate Gradient Package 2 dialog box
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MODFLOW » Solvers » SIP

The required parameters for the SIP package are specified in the Strongly Implicit Procedure
Package dialog box (Fig. 3.31). The parameters are described below:

»  MXITER isthe maximum number of iterationsin one time step in an attempt to solve the
system of finite-difference equations.

» IPRSIPistheprintout interval for thispackage. A positiveinteger isrequired. The maximum
head change (positive or negative) is saved in the run record file OUTPUT.DAT for each
iteration of atime step whenever the time step is an even multiple of IPRSIP. This printout
also occurs at the end of each stress period regardiess of the value of IPRSIP.

» NPARM isthe number of iteration parameters to be used. Five parameters are generally
sufficient.

» ACCL isthe acceleration parameter. It must be greater than zero and is generally equal to
one.

» Head Change [L] is the head change criterion for convergence. When the maximum
absolute value of head change from al cellsduring an iteration isless than or equal to Head
Change, iteration stops.

MODFLOW » Solvers » SSOR

Therequired parametersfor SSOR package are specified intheSlice Successive Overrelaxation
Package dialog box (Fig. 3.32). The parameters are described below:

»  MXITER isthe maximum number of iterationsin one time step in an attempt to solve the
system of finite-difference equations.

» IPRSOR isthe printout interval for SSOR. A positive integer is required. The maximum
head change (positive or negative) is saved in the run record file OUTPUT.DAT for each
iteration of atime step whenever the time step is an even multiple of IPRSOR. This printout
also occurs at the end of each stress period regardiess of the value of IPRSOR.

» ACCL isthe acceleration parameter, usually between 1.0 and 2.0.

» Head Change is the head change criterion for convergence. When the maximum absolute
value of head change from al cellsduring an iteration isless than or equal to Head Change,
iteration stops.
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&% Strongly Implicit Procedure Package [X]
—All d lteration Numb I
owed Iteration Number aK

MXITER: |50
Cancel |
—Printout From the Solver
Help |
Interval (IPRSIF): |1
—MNo. of lteration Parameters
MNPARK: |5
—Acceleration Parameter
ACCL: |3
—Convergence Criterion
Head Change [L]: I .0

Fig. 3.31 The Strongly Implicit Procedure Package diaog box

% Slice-Successive Overrelaxation Package E3
—Allowed lteration Number

MXITER: | 50
Cancel |

— Printout From the Solver
Help |
Interval (IPRSOR): |1

—Acceleration Parameter

ACCL: I 1

—Convergence Criterion

Head Change [L]: |.01

Fig. 3.32 The Slice Successive Overrelaxation Package dialog box

MODFLOW » Run...

Select this menu item, if you want to check the model data or run the flow simulation with
MODFLOW. The available settings of the Run Modflow dialog box (Fig. 3.33) are described
below.

» Modflow Version and Modflow Program: Severa variants of MODFLOW are included
in PMWIN, al of them are compiled with a FORTRAN compiler of Lahey. PMWIN
automatically installs the executables of these variants. Their full paths and file names are
givenintable3.4. If you want to use acompiled version located in another position, click the
open file button = | and select the desired code from adialog box. TheUser's own version
must be selected, if you want to use your own version of MODFLOW. Refer to Appendix
5 for how to configure PMWIN to run with your own MODFLOW.

» The File Table: PMWIN usesthe user-specified datato generateinput filesfor MODFL OW
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and MODPATH. Description gives the name of the packages used in the flow model. The

path and name of the input file are shown in Destination File. PMWIN generates an input

file only if the corresponding Generate flag is checked. You may click on aflag to check
or uncheck it. Normally, you do not need to worry about these flags, as PMWIN will take
care of the settings. Note that you cannot run MODPATH (Pollock, 1989) and/or

MODPATH-PLOT (Pollock, 1994) from PMWIN directly. See Appendix 6 for how to run

these programs.

» Options:

- Regenerate all input files for MODFLOW: Y ou should check this option, if the input
files have been deleted or overwritten by other programs.

- Check the model data: Before creating datafilesfor MODFLOW, PMWIN will check
the geometry of the model and the consistency of the model dataas given in table 3.5, if
thisoptionischecked. Theerrors(if any) are saved in thefile CHECK.L ST located in the
same folder as your model data.

- Generate input files only, don't start MODFLOW: Check this option, if you do not
want to run MODFLOW. Y ou can start the simulation at a later time by executing the
batch file MODFLOW.BAT.

» OK: Click OK to start the generation of MODFLOW input files. In addition, PMWIN
generatesabatch file MODFLOW.BAT saved in your model folder. When all necessary files
are generated, PMWIN automatically runs MODFLOW.BAT in a DOS-window. During a
flow simulation, MODFLOW writes a detailed run record to the file OUTPUT.DAT saved
in your model folder. MODFLOW saves the simulation results in various unformatted
(binary) filesonly if aflow simulation has been successfully completed. See MODFLOW »
Output Control for details about the output terms from MODFLOW.

"} Run Modflow

(0eTe){[=IRN=TEETa TR 1A O DFLOWWEE + INTERFACE TO MT3DHE AND LATER
Woctlcew Prograr: Ic'\prngram filest, prabymodflw9B kmt2ymodflow? exe = |

Generate  |Description Destination File

Basic Package chprawiniexamplesiprmexiomb_1bas. da
Block-Centered Flow (BCF1,2) chprwiniexamplesiprmexipmb_1bof.dat
Output Cantral chprwiniexarnplesipmexipmb_1hoc.dat
Time-variant Specified-Head chprwiniexamples\priexipomb_14chdl.d
Recharge chprowiniexamplesiprmexipmb_14rch.dat
Solver- PCG2 chprowiniexamplesiprmexipmb_14pcg?. o
hodpath (Vers. 1.x) chprowiniexamplesipriexipmb_T4main.d
hodpath (Vers. 3.x) chprowiniexarmplesipmext pmb_1main30)

4| r
—Options
™ Regenerate allinputfiles for MODFLOW

™ Check the model data

™ Generate input files onky, dan't start MODFLOW
¥ Don'tgenerate MODPATH files anyway.

,TI Cancel | Help |
Fig. 3.33 The Run Modflow dialog box
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Table 3.4 Versions and filenames of MODFLOW

Version Filename

MODFLOW96 pmhome\modflw96\usgs\modflw96.exe
MODFLOW96+INTERFACE TO MT3D 1.XX pmhome\modflw96\lkmtl\modflowl.exe
MODFLOWO96+INTERFACE TO MT3D96 pmhome\modflw96\Ikmt2\modflow2.exe
MODFLOW+INTERFACE TO MT3DMS pmhome\mt3dms\modf.exe
MODFLOW+DENSITY PACKAGE FROM KIWA pmhome\modflow\density\modden.exe
PMWIN 4.X (+ interface to MT3D 1.XX) pmhome\modflow\lkmt1\mflowpm4.exe
PMWIN 4.X (+ interface to MT3D96) pmhome\modflow\lkmt2\mflowpm4.exe

- pmhome is the folder in which PMWIN is installed, for example C:\Program Files\PM5.

- The memory allocation of the so-called “X-array” is fixed in MODFLOW96. This means the
maximum number of cells is limited at a certain level when you use MODFLOW96. Use the
versions of PMWIN 4.X, if you have a large model.

- Note that the corresponding source code of these programs (except the density package) can be found in
the Source folder of the distribution CD.

Table 3.5 Model data checked by PMWIN

Term Checking Criteria

layer thickness may not be zero or negative

top and bottom elevation of  consistency of the elevations
layers

initial head at fixed-head cells a fixed-head cell may not be dry at the beginning of a simulation.

Horizontal hydraulic may not be zero or negative
conductivity, transmissivity,

vertical hydraulic

conductivity,

vertical leakance or effective

porosity

Storage coefficient, specific ~ may not be negative
storage, or specific yield

River package 1. ariver cell may not be a fixed-head cell and should not be an inactive cell.
2. elevation of the riverbed should be higher than the elevation of the cell
bottom.
3. the river stage must be higher than elevation of the riverbed.

Drain package 1. a drain cell may not be a fixed-head cell and should not be an inactive cell.
2. elevation of the drain should be higher than the elevation of the cell bottom

General-head boundary a GHB-cell may not be a fixed-head cell and should not be an inactive cell.
Streamflow-Routing package a STR-cell may not be a fixed-head cell and should not be an inactive cell.

Well package a well-cell may not be a fixed-head cell and should not be an inactive cell
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3.6.2 MOC3D
MOC3D » Subgrid...

Within the finite-difference grid used to solve the flow equation in MODFLOW, the user may
specify awindow or subgrid over which MOC3D will solve the solute-transport equation. This
feature can significantly enhancethe overall efficiency of the model by avoiding calculation effort
whereit is not needed. However, MOC3D requires that within the area of the transport subgrid,
row and column discretization must be uniformly spaced (that is, Ax and Ay must be constant,
although they need not be equal to each other). The spatial discretization or rows and columns
beyond the boundaries of the subgrid can be nonuniform, as allowed by MODFLOW, to permit
calculations of head over a much larger area than the area of interest for transport simulation.
Vertical discretization, defined by the cell thickness, can be variable in al three dimensions.
However, large variability may adversely affect numerical accuracy. For details, refer to Konikow
et a. (1996) for the model assumptions that have been incorporated into the MOC3D model.

The subgrid is defined in the Subgrid for Transport (MOC3D) dialog box (Fig. 3.34).
MOC3D assumes that the concentration outside of the subgrid is the same within each layer, so
only one concentration valueis specified for each layer within or adjacent to the subgrid by using
the C’ Outside of Subgrid table of this dialog box. The values of other layers, which are not
within or adjacent to the subgrid, are ignored.

. Subgrid for Transport (MOC3D) E

Subgrid | C' Outside of Subgrid |

Mumber of first layer for transport: |17
MNumber of last layer for transport: |37
MNurnber of first row for transport: I 1
Mumber of last row for transpart: I 30
MNumber of first column far transport: I 1
Mumber of last column for transpart: I 30

Ok | Cancel

Fig. 3.34 The Subgrid for Transport (MOC3D) diaog box

Help |
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MOC3D » Initial Concentration

MOCS3D requires initial concentration of each cell within the transport subgrid at the beginning
of atransport simulation. The values specified here are shared with MT3D.

MOC3D » Advection...

Use the Parameter for Advective Transport (MOC3D) dialog box (Fig. 3.35) to specify the
required data as described below.

» Interpolation scheme for particle velocity: In MOC3D, the advection term of a solute
transport process is smulated by the Method of Characteristics (MOC). Using the MOC
scheme, a set of moving particles is distributed in the flow field at the beginning of the
simulation. A concentration and a position in the Cartesian coordinate system are associated
with each of these particles. Particlesaretracked forward through theflow field using asmall
time increment. At the end of each time increment, the average concentration at a cell due
to advection aone is evaluated from the concentrations of particles which happen to be
located within the cell. The other terms in the governing equation, i.e. dispersion, chemical
reaction and decay, are accounted for by adjusting the concentrations associated with each
particle.

A moving particle in aground-water flow system will change velocity asit moves dueto
both spatial variationin velocity and temporal variationsduring transient flow. During aflow
time step, advection is determined from vel ocities computed at the end of the flow time step.
Temporal changesin velocity are accounted for by a step change in velocity at the start of
each new flow time step. After the flow equation is solved for a new time step, the specific
discharge across every face of each finite-difference cell is recomputed on the basis of the
new head distribution, and the movement of particles during thisflow time step isbased only
on these specific discharges.

MOC3D provides two interpolation options - linear and bilinear interpolation, for
calculating the spatial variation of the particle velocity from the specific discharges. Konikow
et a. (1996) indicatethat if transmissivity within alayer ishomogeneousor smoothly varying,
bilinear interpolation of velocity yields morerealistic pathlinesfor agiven discretization than
linear interpolation. And, in the presence of strong heterogeneities between adjacent cells
within alayer, it would usually be preferable to select the linear interpolation scheme.

»  Maximum number of particles (NPMAX): Maximum number of particles available for
particle tracking of advective transport in MOC3D. If set to zero, the model will calculate
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NPMAX according to eg. 3.31.

NPMAX = 2 - NPTPND - NSROW - NSCOL - NSLAY (3.31)

where NPTPND istheinitial number of particles per cell (see below). ThevaluesNSROW,
NSCOL and NSLAY are the number of rows, columns and layers of the transport subgrid,
respectively.

»  Courant number (CELDIS) isthe number of cells (or the fraction of a cell) that aparticle
may move through in one step (typicaly, 0.5 < CELDIS < 1.0).

»  Fraction limit for regenerating initial particles (FZERO): If the fraction of active cells
having no particles exceeds FZERO, the program will automatically regenerate an initial
particle distribution before continuing the ssimulation (typically, 0.01 < FZERO < 0.05).

» Initial number of particles per cell (NPTPND): Valid options for default geometry of
particle placement include 1, 2, 3, or 4 for one-dimensional transport smulation; 1, 4, 9, or
16 for two-dimensional transport ssimulation; and 1, 8, or 27 for three-dimensional transport
simulation. Theuser can aso customizeinitial placement of particlesby specifying anegative
number to NPTPND, pressingthe Tab-key and entering local particle coordinates into table
in the lower part of the dialog box shown in Fig. 3.35, where PNEWL, PNEWR and
PNEWC are relative positions for the initial placement of particles in the layer, row and
column direction, respectively. Thelocal coordinate system range is from -0.5 to 0.5, and
represents the relative distance within the cell about the node location at the center of the
cell, so that the node is located at 0.0 in each direction.

& Parameters for Advective Transport (MOC3D) | %]

Interpalation scheme for particle velocity IEliIinear . ¥ directions) j

Meaxirmum nurmber of paricles (NFAX): | 50000

Courant number (CELDIS): I-?5
Fraction limit for regenerating initial paricles (FZERO): I 0z
Initial nurber of padicles per cell (NPTPMND): |—4

Particle Na. PNEWL PNEWR PNEWC
0,25 0.25 i
0,25 0,25 0
0
0

-0.25 0,25
-0.25 -0.25

I ra[—

oK | Cancel | Help |

Fig. 3.35 The Parameters for Advective Transport (MOC3D) dialog box
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MOC3D » Dispersion & Chemical Reaction...

The types of reactionsincorporated into MOC3D are restricted to those that can be represented
by a first-order rate reaction, such as radioactive decay, or by a retardation factor, such as
instantaneous, reversible, sorption-desorption reactions governed by a linear isotherm and
constant distribution coefficient (K,).

Use the Dispersion / Chemical Reaction (MOC3D) dialog box (Fig. 3.36) to specify the
required data for each model layer as described below.

»  Simulate Dispersion: Check thisoption, if dispersion should be included in the smulation.

»  First order decay rate A [T™] typically represents represents radioactive decay of both the
free and sorbed solute. A radioactive decay rate is usually expressed as a half-life (t,,,). The
half-life is the time required for the concentration to decrease to one-haf of the original
value. A is calculted by:

in2

t1/2

A= (3.32)

»  Effective molecular diffusion coefficient [L?T] describes the diffusive flux of asolutein
water from an area of greater concentration toward an areawhereit islessconcentrated. The
mass flux is proportiona to the concentration gradient and is given by Fick’ sfirst law:

dC

F=-D- ™ (3.33)
where F [ML?T"] is the mass flux of solute per unit area per unit time; D [L?T] is the
diffusion coefficient; C [ML™] is the solute concentration and dC/dx [ML>L"] is the
concentration gradient. In porous media, the solute mass cannot diffuse as fast as in free
water, because the ions must move along longer pathways through the pore space and
because of adsorption on the soil matrix. To account for this tortuosity effect, an effective
diffusion coefficient D" must be used.

D' =w-D (3.34)

According to Freeze and Cherry (1979), w rangesfrom 0.5 to 0.01 for laboratory studies of
diffusion of nonadsorbed ionsin porous geologic materials. The diffusion coefficients D of
themajorions(Na', K*, Mg*, C&*, Cl", CO,*> HCO,, SO,?) aretemperature-dependent and
range from 1x 10° to 2x 10° m?/s at 25 °C (Li and Gregory, 1974; Robinson and Stokes,
1965). At 5°C the coefficients are about 50% smaller. The molecular diffusion coefficient is
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generaly very small and negligible compared to the mechanical dispersion (see below) and
is only important when groundwater velocity is very low.

» Longitudinal dispersivity o, [L], horizontal transverse dispersivity o+, [L] and vertical
transverse dispersivity o+, [L] describe the spreading of the solute concentration in
groundwater caused by theirregular shape of the interconnected pore space and the velocity
variations at the microscopic level. The velocity of groundwater varies according to the size
of the pores and water moves faster at the internal points between soil grains than on the
solid surface. This spreading is often referred to as mechnical dispersion and it occursin all
three spatia directions. The coefficient of mechanical dispersion is defined by ¢; - v;, where
a; is the dispersivity and v; is the average linear velocity in the i direction. The sum of
mechanical dispersion and molecular diffusion is caled hydrodynamic dispersion.

Vaues of dispersivity used for smulations generally depend on the scale of a
concentration plume being considered. While a plume “grows’, it will not only undergo the
microscopic mechnical dispersion but also the disperson caused by macroscopic
heterogeneities. This results to a trend of increasing dispersivity vaues with the scale of
observation. Summariesof the scal e-dependent dispersivity valuesare provided by Anderson
(1979, 1984), Gelhar et a. (1985, 1992) and Spitz and Moreno (1996). Note that all
heterogeneity whichisnot explicitly represented in the model hasto beincorporatedinto the
dispersion coefficients.

» Retardation factor [-]: For alinear isotherm the retardation factor R isindependent of the
concentration field. R is calculated by

R=1+-2:K, (3.35)

where n is the porosity of the porous medium.

&. Dispersion { Chemical Reaction (MOC3D)

¥ Simulate Dispersion

First order decay rate [1/T]:| 0
Effective molecular diffusion coefficient [L™2/T]:| 0

Harizantal
transverse
dispersivity [L]
7

“ertical transwerse | Retardation
dispersivity [L] factor [-]

Longitudinal

Layer | dispersivity [L]

2 1n 1 1 2
3 10 1 1 2

Cancel | Help |

Fig. 3.36 The Dispersion / Chemical Reaction (MOC3D) diaog box
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MOC3D » Strong/Weak Flag

A flag isrequired for each cell within the transport subgrid. Where fluid source is strong, new
particlesare added to replace old particles asthey are advected out of that cell. Whereafluid sink
isstrong, particles are removed after they enter that cell and their effect has been accounted for.
Where sources or sinks are weak, particles are neither added nor removed, and the source/sink
effectsareincorporated directly into appropriate changesin particle positionsand concentrations.
A strong source or sink cell is indicated by the cell value of 1.

MOC3D » Observation Wells

Cells of the transport subgrid can be designated as observation wells by assigning the value of
1 to the cells. At each observation well, the time, head, and concentration after each particle
move will bewritten to the separate output file MOCOBS.OUT saved in the same folder as your
model data. Note that this feature is to facilitate graphical postprocessing of the calculated data
using other software packages outside of PMWIN.

MOC3D » Sink/Source Concentration

This menu is used for specifying the concentrations of point or areally-distributed sources,
including fixed-head cells, general-head boundary cells, rivers, wells and recharge cells. Except
the concentrations associated with fixed-head cells, al source concentrations are specified by
using the Data Editor. If the concentration of afluid sourceisnot specified, the default value for
the concentration is zero. The source concentration associated with the fixed-head cells are
specifiedintheSource Concentration (Fixed-Head) diaog box (Fig. 3.37). Thefixed-head cells
are grouped into zones, which are defined by specifying unigque negative values to the IBOUND
array (see section 3.4). Each zone has an associated source concentration.

The concentration in the fluid leaving the aquifer at fluid sinks is assumed to have the same
concentration asthefluid in the aquifer. However, if the fluid sink is associated with evaporation
or transpiration, it isassumed that thefluid discharge mechanismwill excludedissolved chemicals,
which results in an increase in concentration at the location of the sink.

Iltems of this menu are dimmed if the corresponding hydraulic features given in the
Models»Modflow menu are not used (checked). The specified concentration will be used by
MOCS3D if acorresponding menu item is checked. If a checked item is no longer necessary for
atransport smulation, simply select the item again and deactivate it.
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w. Source Concentration (Fixed Head) Hi[=] E3

Zones are defined within the IBOUND array by specifving
unique negative values for fixed-head cells to be associated
with seperate fluid source concentration. Meax. 200 zones are
allowed here.

Zang Source Concantration [/L"3] B
100 |
250
150

0

oo = oo | | | o —
olololo

-

Ok | Cancel | Help |

Fig. 3.37 The Source Concentration (Fixed Head) dialog box

MOC3D » Output Control...

Themain output fileof MOC3D isthelisting fileMOC3D.LST. MOC3D includes output options
to create separate ASCII or binary files for concentration, velocity and the location of particles.
Optionally the dispersion equation coefficients on cell faces can bewrittento thelisting file. The
dispersion equation coefficient isacombination of dispersion coefficient D, porosity n, thickness
b and an appropriate grid dimension factor. For example, the dispersion equation coefficient for
thej+1/2, i, k face in the column direction is (n -b-D,,) 11,1,k / AX.

The output from MOC3D is controlled by using the Output Control (MOC3D) diaog box
(Fig. 3.38). Mostitemsin thisdialog box are self-explanatory. The names of the separate ASCI|
or binary output files are given in Table 3.6.

ral (MOC3D)
| \-f’eIDcityl Particle locations | Disp. Coeff. | Misc.l

¥ Save datain a separate ASCll file

¥ Save datain a separate hinary file

" These datawill be printed ar saved

Iat the end of every stress period j

- These datawill be printed or saved every MNth particle
MOWES.

M= I 20
OK. I Cancel | Help |

Fig. 3.38 The Output Control (MOC3D) diaog box
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Table 3.6 Names of the MOC3D output files.

Output Term Filename

Listing file path\moc3d.Ist
Concentration file (ASCII) path\mocconc.asc
Concentration file (binary) path\mocconc.bin
Velocity (ASCII) path\mocvel.asc
Velocity (binary) path\mocvel.bin
particle location (ASCII) path\mocprt.asc
particle location (binary) path\mocprt.bin

- path is the folder in which the model is saved.

MOC3D » Run...
The available settings of the Run Moc3d diaog box (Fig. 3.39) are described below.

» Moc3d Program gives the full path and filename of the executable code of MOC3D.
PMWIN automatically installs a version of MOC3D in pmhome\moc3d\moc3d.exe, where
pmhome is the folder in which PMWIN isinstalled. If you want to use another version of

Moc3d, click the open file button = | and select the desired program from a dialog box.
»  The File Table: PMWIN usesthe user-specified datato generate input filesof MODFLOW
and MOC3D. Description givesthe name of the packages used in the flow model. The path
and name of the input file are shown in Destination File. PMWIN generates an inpui file,
only if the Generate flag is checked. You may click on a flag to check or uncheck it.
Generadly, you do not need to worry about these flags, as PMWIN will take care of the
Settings.
» Options:
Regenerate all input files: Y ou should check thisoption, if theinput files have been deleted
or overwritten by other programs.
Check the model data: Before creating data filesfor MODFLOW, PMWIN will check the
geometry of the model and the consistency of the model datagivenintable 3.5, if thisoption
is checked. The errors (if any) are saved in the file CHECK.L ST located in the same folder
as your model data.
Generate input files only, don't start MOC3D: Check this option, if you do not want to
run MOC3D. You can start the ssimulation at a later time by executing the batch file
MOC3D.BAT.
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» OK: Click OK to start the generation of input files for MODFLOW and MOC3D. In
addition, PMWIN generates abatch file MOC3D.BAT saved in your model folder. When all
necessary filesare generated, PMWIN automatically runsMOC3D.BAT in aDOS-window.
During asimulation, MOC3D writes a detailed run record to the listing file MOC3D.LST.
MOC3D saves the smulation resultsin various files only if atransport smulation has been
successfully completed. See MOC3D » Output Control for details about the output terms
and the corresponding result files from MOC3D.

¥ Run Moc3d E
Moc3d Program: Ic.\prugram fileshpmbtmoc3dimocid.exe =
Generate | Description Destination File
=) Basic Package chpmbdatalsamplelibas.dat
B Block-Centered Flow chpmbdatalsamplelibcf.dat
B Cutput Control cpmbdatalsamplelioc.dat
B ‘el chpmbdatalsamplewel.dat
=) Fecharge chpmbdatalsamplelirch.dat
B Solver- DE4S chpmbdatalsamplelideds.dat
B8 IMOC3D Main Package cpmbdatalsamplelmocmain.dat
B WMOC3D - concentration in recharge chpmbdatalsamplelmoccrch.dat
=) MMOC30 - observation well file chpmbdatalsamplelimocobs.dat
—Options
™ Regenerate all inputfilas
™ Checktha model data.
I Generate input files anly, daon't start MOC3D
V¥ Don't generate MODPATH files anyway.
QK I Cancal | Help

Fig. 3.39 The Run Moc3d dialog box

3.6.3 MT3D
MT3D » Initial Concentration

MT3D requirestheinitial concentration of each active concentration cell, i.e. ICBUND > 0, at
the beginning of atransport smulation. The values specified here are shared with MOC3D.

MT3D » Advection...

The available settings of the Advection Package (MTADV1) diaog box (Fig. 3.40) are
described below. Note that some of the simulation parametersare only required when aparticul ar
solution scheme is selected.

3.6.3MT3D



120

Processing Modflow

%= Advection Package (MTADY1)

el e R=te =l ' ethod of Characteristics (MOC)

Faricle Tracking Algorithm: IFirst—Urder Euler j
Simulation Parameters
Iax. number of total moving particles (M<FART) 42500
Courant number (PERCEL) 0.75
Concentration weighting factor (WD) 05
MNegligible relative concentration gradient (DCEPS) 1E-09
Pattern for initial placement of padicles (NFLANE) 2

MNo. of particles per cell in case of DCCELL<=DCEPS (NPL) |4
MNo. of particles per cell in case of DCCELL>DCEPS (NPH) i
Minimurn number of particles allowed per cell (NFPMIN) 4
3
1

Maximum number of particles allowed per cell (NP AX)
Multiplier for the particle number at source cells (SRMULT)

Ok | Cancel | Help |

Fig. 3.40 The Advection Package (MTADV1) dialog box

Solution Scheme: MT3D provides four solution schemes for the advection term, including
the method of characteristics (MOC), modified method of characteristics (MMOC), hybrid
method of characteristics (HMOC) and upstream finite difference method.

The method of characteristics (MOC) scheme (see MOC3D»Advection...) was
implemented in the transport models MOC (Konikow and Bredehoeft, 1978) and MOC3D,
and has been widely used. One of the most desirable features of the MOC technique is that
itisvirtualy free of numerical dispersion, which creates serious difficulty in many numerical
schemes. The mgjor drawback of the MOC schemeisthat it can be Slow and requiresalarge
amount of computer memory when a large number of particlesis required.

The modified method of characteristics (MMOC) uses one particle for each finite-
difference cell and is normally faster than the MOC technique. At each new time level, a
particle is placed at the nodal point of each finite-difference cell. The particle is tracked
backward to find its position at the old time level. The concentration associated with that
position is used to approximate the advection-relevant average concentration at the cell,
where the particle is placed. The MMOC technique is free of artificial oscillations if
implemented with alower-order velocity interpolation scheme (such as linear interpolation
used inMT3D and MT3DMS). However, with alower-order velocity interpolation scheme,
the MMOC technique introduces some numerical dispersion, especialy for sharp front
problems.

The hybrid method of characteristics (HMOC) attempts to combine the strengths of the
MOC and MMOC schemes by using an automatic adaptive scheme conceptually ssimilar to
the one proposed by Neuman (1984). The fundamental idea behind the scheme is automatic
adaptation of the solution process to the nature of the concentration field. When sharp
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concentration fronts are present, the advection term is solved by MOC through the use of
moving particles dynamically distributed around each front. Away from such fronts, the
advection term is solved by MMOC. The criterion for controlling the switch between the
MOC and MMOC schemesis given by DCHMOC (see below).

Because of the problems of numerical dispersion and artificial oscillation, the upstream
finite difference method is only suitable for solving transport problems not dominated by
advection. When the grid Peclet number Pe (Pe = Ax/a; Ax isthe grid spacing and o, is
the longitudinal dispersivity) is smaller than two, the upstream finite difference method is
reasonably accurate. It is advisable to use the upstream finite difference method anyway for
obtaining first approximations in the initial stages of a modeling study .

» Particle Tracking Algorithm: MT3D providesthreeparticletracking options: afirst-order
Euler agorithm, afourth-order Runge-Kutta agorithm, and a combination of these two.

Using the first-order Euler algorithm, numerical errors tend to be large unless small
transport steps are used. The allowed transport step At of aparticle is determined by MT3D
using eg. 3.36.

Ax Ay Az

Ve VoV,

IAt] < y_ - R - MIN (3.36)

where Ax, Ay and Az are the cell widths in the X, y, and z-directions; v, is the Courant
number. The particle velocities v,, v, and v, at (x, y, z) are obtained by linear interpolation
from the specific discharges at the cell faces. The minimum At of all particlesisused in a
transport step.

Thebasicideaof thefourth-order Runge-K uttamethod isto cal culatethe particle vel ocity
four times for each tracking step: one at the initial point, twice at two trial midpoint, and
once at atrial end point. A weighted velocity based on values evaluated at these four points
isused to movethe particleto anew position. Thefourth-order Runge-K uttamethod permits
the use of larger tracking steps. However, the computational effort required by the fourth-
order Runge-Kutta method is considerably larger than that required by the first-order Euler
method. For thisreason amixed option combining both methodsisintroducedinMT3D. The
mixed option is implemented by automatic selection of the fourth-order Runge-Kutta
algorithm for particles |ocated in cellswhich contain or are adjacent to sinks or sources, and
automatic selection of the first-order Euler algorithm for particles located el sewhere.

»  MXPART isthe maximum number of particles allowed in asmulation.

» PERCEL isthe Courant number, or number of cells (or afraction of acell) any particle will
be allowed to move in any direction in one transport step. Generaly, 0.5<PERCEL <1.

» WD isaconcentration weighting factor between O and 1. Thevalueof 0.5isnormally agood
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choice. This number can be adjusted to achieve better mass balance. Generadly, it can be
increased toward 1 as advection becomes more dominant.

» DCEPS is a criterion for placing particles. A value around 10° is generally adequate. If
DCEPT isgreater than the relative cell concentration gradient DCCELL, ;, (eq. 3.37), the
higher number of particles NPH is placed in the cell [j, i, k], otherwise the lower number of
particles NPL is placed (see NPH and NPL below).

CMAX; i = CMIN;

DCCELL,,, =
bl CMAX - CMIN

(3.37)

where CMIN; ;  and CMAX;;, are the minimim and maximum concentrations in the

immediate vicinity of the cell [j, i, k]; CMIN and CMAX are the minimum and maximum

concentration in the entire grid, respectively.

» NPLANE is aflag indicating whether the random or fixed pattern is selected for initial
placement of moving particles.

- NPLANE = 0, the random pattern is selected for initial placement. Particles are
distributed randomly in both the horizontal and vertical directions (Fig. 3.41b). This
option generally leads to smaler mass balance discrepancy in nonuniform or
diverging/converging flow fields.

- NPLANE > 0, the fixed pattern is selected for initia placement. The value of NPLANE
serves as the number of vertical "planes’ on which initia particles are placed within each
cdl block (Fig. 3.41a). Thisfixed pattern may work better than the random pattern only
in relatively uniform flow Fields. For two-dimensiona simulations in plan view, set
NPLANE=1. For cross sectional or three-dimensional simulations, NPLANE=2 is
normally adequate. Increase NPLANE if more resolution in the vertical direction is
desired.

» NPL isthe number of initial particles per cell to be placed at cells where the relative cell
concentration gradient DCCELL islessthan or equal to DCEPS. Generally, NPL can be set
to zero since advection is considered insignificant under the condition DCCELL <DCEPS.
Setting NPL equal to NPH causes a uniform number of particles to be placed in every cell
over the entire grid (i.e., the uniform approach).

» NPH is the number of initial particles per cell to be placed at cells where the relative cell
concentration gradient DCCEL L is greater than DCEPS. The selection of NPH depends on
the nature of theflow field and al so the computer memory limitation. Generally, useasmaller
number in relatively uniform flow fields and a larger number in relatively nonuniform flow
fields. However, values exceeding 16 in two-dimensiona simulations or 32 in
three-dimensional simulations are rarely necessary. If the random pattern is chosen, NPH
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particles are randomly distributed within the cell block. If the fixed pattern is chosen, NPH
is divided by NPLANE to yield the number of particles to be placed per plane, which is
rounded to one of the values shown in Fig. 3.42.

»  NPMIN isthe minimum number of particles allowed per cell. If the number of particlesin
acell at the end of atransport step isfewer than NPMIN, new particlesare inserted into that
call to maintain a sufficient number of particles. NPMIN can be set to O in relatively uniform
flow fields, and a number greater than zero in diverging/converging flow fields. Generaly,
avalue between zero and four is adequate.

»  NPMAX isthe maximum number of particles allowed per cell. If the number of particlesin
acell exceedsNPMAX, particlesareremoved from that cell until NPMAX ismet. Generaly,
NPMAX can be set to approximately twice NPH.

»  SRMULT is amultiplier for the particle number at source cells (SRMULT=>1). In most
cases, SRMULT=1 is sufficient. However, better results may be obtained by increasing
SRMULT.

» NLSINK is a flag indicating whether the random or fixed pattern is selected for initial
placement of particlesto approximate sink cellsinthe MM OC scheme. The conventionisthe
same asthat for NPLANE. It isgenerally adequate to set NLSINK equivalent to NPLANE.

»  NPSINK isthe number of particles used to approximate sink cells in the MMOC scheme.
The convention is the same as that for NPH. It is generaly adequate to set NPSINK
equivalent to NPLANE.

» DCHMOC isthecritical relative concentration gradient for controlling the selective use of
either MOC or MMOC inthe HMOC solution scheme. The MOC solution isselected at cells
where the relative cell concentration gradient DCCELL is greater than DCHMOC. The
MMOC solution is selected at cells where the relative cell concentration gradient DCCEL L
islessr than or equal to DCHMOC.
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Fig. 3.41 Initia placement of moving particles (adopted from Zheng, 1990).
(a) Fixed pattern, 8 particles are placed on two planes within the cell block
(b) Random pattern, 8 particles are placed randomly within the cell block
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Fig. 3.42 Distribution of initial particles using the fixed pattern (adopted from Zheng, 1990)
If the fixed pattern is chosen, the number of particles placed per cell (NPL and NPH)
isdivided by the number of vertical planes NPLANE, to yield the number of particles
to be placed on each vertical plane, which is then rounded to one of the numbers of
particles shown here.

MT3D » Dispersion...

The following vaues must be specified for each layer in the Dispersion Package
(MT3D/MT3DMS) diaogbox (Fig. 3.43). Thelongitudinal dispersivity for eachfinite-difference
cell is specified in the Data Editor.

» TRPT istheratio of the horizontal transverse dispersivity to the longitudinal dispersivity.
» TRPV istheratio of the vertical transverse dispersivity to the longitudinal dispersivity.
» DMCOEF isthe effective molecular diffusion coefficient D* [L2T™] (see eg. 3.34).

Refer to MOC3D » Dispersion & Chemical Reaction... for more about the molecular diffusion
coefficient and dispersivity.

In MT3D, the concentration change due to dispersion alone is solved with a fully explicit
central finite-difference scheme. Thereisacertain stability criterion associated with this scheme.
To retain stability, the transport step size cannot exceed an upper limit defined by eg. 3.38.

0.5'R
D Dy D (3.38)

+ +

Ax?  Ay?  Az?

At <
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where Ax, Ay and Az are the widths of the cell in the x, y and z-directions; R is the retardation
factor. Thecomponentsof thehydrodynamic dispersion coefficient D,,, D,, and D,, arecalcul ated
by eg. 3.39.

2 2 2
v, v, A

Dy = aL'W * aTH'W * Oy W + D"
2 2 2
Y v v
o Y X .z

D,, = o W + Oy W + Oy W + D~ (3.39)

v?2 v2 vZ
_ z . X y

zz aL TV TV ’
Y Y Y

where o, [L] isthe longitudinal dispersivity; o, [L] is the horizontal transverse dispersivity;
oy [L] isthevertical transversedispersivity; v,, v,, v, [LT™] arecomponents of theflow velocity
vector along the x, y, and z axes; and

VI = (v vy v V)t (3.40)

Eq. 3.38 iscalculated for each active cell and the minimum At is taken as the maximum allowed
step sizefor solving the dispersion term. Thiscriterion is compared with other transport step size
constraints to determine the minimum step size for the smulation. Generally, a higher flow
velocity, for example the velocity in the immediate vicinity of a pumping well, will cause larger
vauesof D,,, D,, and D,,, which, inturn, resultinasmaller Atin eq. 3.38. When At istoo small,
therequired CPU-timewill becomeenormous. To overcomethisproblem, animplicit formulation
isimplemented in MT3DMS. See section 3.6.4 for details.

&% Dispersion Package (MT3D/MT3DMS)

You need to specify the following values for each layer. When finished. click OK to
specify the longitudinal dispersivity [L] for each cell.

TRFT: Horizontal fransverse dispersivity { Longitudinal dispersivity.
TRPY: Verical transverse dispersivity / Longitudinal dispersivity.
DMCOEF: The effective molecular diffusion coefficient [L™2/T]

Layer TRPT TRPY DMCOEF
1 0.1 0.1 0
2 0.1 0.1 0
3 0.1 0.1 0
Ok | Cancel | Help |

Fig. 3.43 The Dispersion Package (MT3D/MT3DMS) diaog box
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MT3D » Chemical Reaction » Layer by Layer

Chemical reactions supported by MT3D include equilibrium-controlled sorption and first-order
irreversible rate reactions, such as radioactive decay or biodegradation. It is generally assumed
that equilibrium conditions exist between the aqueous-phase and solid-phase concentrations and
that the sorption reaction isfast enough relative to groundwater velocity so that it can be treated
as instantaneous. Consider to use MT3DMS, if nonequilibrium (rate-limited) sorption needsto
be simulated.

Use this menu item to open the Chemical Reaction Package (MTRCT1) dialog box (Fig.
3.44) to specify the required parameters on alayer-by-layer basis. The parameters are described
below.

+» Chemical Reaction Package (MTRCTI1)

Type of Sorption: [{RgEEI=t T TRk =T (]
I” Simulate the radioactive decay or biodegradation

Laer RHOE fd sP2 RC1 RC2

1 2000 0.000125 0 0 0
2 2000 0.000125 0 0 0
3 2000 0.000125 0 0 0

RHOE is the bulk density of the porous medium in the aguiter [M/L"3]
Kd is the distribution coefficient [L™3/M]
SP2is notused

RC1 and RC2 are notused.

0K | Cancel | Help |

Fig. 3.44 The Chemical Reaction Package (MTRCT1) dialog box

»  Type of sorption: Sorption isimplemented in MT3D through use of the retardation factor
R. MT3D provides three types of sorptions: the linear equilibrium isotherm, Freundlich
nonlinear equilibrium isotherm and Langmuir nonlinear equilibrium isotherm.

The linear sorption isotherm assumes that the sorbed concentration ij‘ivk is directly
proportional to the dissolved concentration C; ;  (eq. 3.41) and the retardation factor is
independent of the concentration field. Theretardation factor iscal culated only oncefor each
cell at the beginning of the ssimulation by eq. 3.42.

Ci,j,k = Kd . Cj,i,k (3.41)
P

Rijk=1+ Ky (3.42)
N ik
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where n;;, [-] is the porosity of the porous medium in the cell [j, i, k]; K, [LM™] is the
distribution coefficient that depends on the solute species, nature of the porous medium, and
other conditions of the system; and p, [ML?] isthe bulk density of the porous medium. The
bulk density isthe ratio of the mass of dried soil to total volume of the soil.

The Freundlich isotherm is a non-linear isotherm, which can be expressed in eg. 3.43.
The retardation factor at the beginning of each transport step is calculated by eq. 3.44.

Cin = K i (3.43)

Oy
n

R, =1+ ~a- Chl K (3.44)

Jyik

Jy ik

where C;;, is the solute concentration in the cell in the cell [j, i, K] at the beginning of each

transport step; a [-] is the Freundlich exponent; and K [L®M™] is the Freundlich constarnt.
The Langmuir non-linear sorption isotherm is described by eq. 3.45. The retardation

factor at the beginning of each transport step is calculated by 3.46.

~ K, - S - Ciix
Ciik = bl (3.45)
" 1+ K - ijiyk
o) K -S
Rje =1+ . - (3.46)

N (1 + K- ijivk)z

where K, [L3M™] is the Langmuir constant and S[MM] is the maximum amount of the
solute that can be adsorbed by the soil matrix.
For moreinformation onthe mathematical description of adsorption and transport of reactive
solutes in soil, the user can refer to Travis (1978) or Bear and Verruijt (1987).

»  Simulate the radioactive decay or biodegradation: Check this box to simulate the effect
of the first-order irreversible rate reactions. The concentration change due to the chemical
reaction from one transport step to another transport step at cell [j, i, k] can be expressed as

At
R

1A G )‘2'=pb

ij.k Mijk

ACRCT ik 'Ci,j,k (3.47)

where), [T] isthefirst-order rate constant for the dissolved phase; A, [T™] isthefirst-order
rate constant for the sorbed phase; At isthe transport time-step; and Ciik isthe mass of the
solute species adsorbed on the solids per unit bulk dry mass of the porous medium at the
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beginning of each transport step. 51 i Isinequilibrium with solute concentration C;; in the
cel [j, i, K].

The rate constant A isusually given in terms of the half-lifet,,, (see eq. 3.32). Generally,
if the reaction isradioactive decay, A, should be set equal to A,. However, for certain types
of biodegradation, A, may be different from A,.

MT3D » Chemical Reaction » Cell by Cell (only MT3D96)

Chemical Reactions Package 2 supported by the MT3D96 transport model includesall functions
of the Chemical Reactions Package of MT3D (version 1.xx). Using the Data Editor, chemical
reaction coefficientsmay beentered on athree-dimensional cell-by-cell basis. Thisoption provides
the ability to have different reaction coefficients for different areas in asingle model layer. See
MT3D » Chemical Reaction » Layer by Layer for details about the parameters.

MT3D » Sink/Source Concentration

This menu is used for specifying the concentration associated with the fluid of point or
areally-distributed sources or sinks. The concentration of a particular source or sink is specified
by the Data Editor. Point sources include wells, general-head boundary cells, fixed-head cells,
rivers and streams. Recharge isthe only areally-distributed source whereas evapotranspiration is
the only sink whose concentration can be specified. Note that MT3D does not alow the
concurrent use of therivers and the streams. This does not cause problemsin any case, because
the Streamflow-Routing package has all functions of the River package.

The concentration of asink cannot be greater than that of the aquifer at the sink cell. If the
sink concentration is specified greater than that of the aquifer, it isautomatically set equal to the
concentration of the aquifer.

Menu items of this menu are dimmed if the corresponding hydraulic features given in the
Models»Modflow menu are not used (checked). Y ou may or may not specify the concentration
for the sources or sinks when they are used in the flow simulation. The specified concentration
will be used inthetransport simulation if acorresponding menu itemischecked. If acheckeditem
isno longer necessary for atransport simulation, simply select the item again and deactivate it.
If the concentration of a source or sink is not specified, the default value for the concentration is
zero.

Using Time-Variant Specified-Concentration, youmay define constant-concentration cells
anywherein the model grid and different concentration values can be specified for different stress
periods. A time-variant specified-concentration cell is defined by specifying thefollowing datain

3.6.3MT3D



Processing Modflow 129

the Data Editor. Note that Time-Variant Specified-Concentration may not be supported by

some earlier version of MT3D.

- Flag [-]. A non-zero value indicates that a cell is specified as a constant concentration cell.
Inamultiplestress period simulation, aconstant-concentration cell, once defined, will remain
aconstant-concentration cell in the duration of the simulation, but its concentration value can
be specified to vary in different stress period. To change the concentration value in a
particular stress period, simply set a non-zero value to Flag and assign the desired
concentration value to Specified Concentration.

- Specified Concentration [ML?]. This value is the concentration in the cell from the
beginning of a stress period.

MT3D » Output Control...

Use the Output Control (MT3D, MT3DMS) dialog box (Fig. 3.45) to set the output options
from MT3D. The options in this dialog box are grouped under three tabs described below.

»  Output Terms: The MT3D transport model always generatesalisting file OUTPUT.MT3,
which documents the details of each simulation step. Optionally, you can save other output
terms by checking the corresponding output terms in this tab. All output terms denoted by
(ASCII) are aso saved in the listing file. The calculated concentration values will be saved
in the unformatted binary file MT3D.UCN. In addition, MT3D96 can save the mass
contained in each cell inthe unformatted binary fileMT3D.CBM. All output files arelocated
inthe samefolder asyour model. Y ou can usethe Result Extractor to read the unformatted
binary files.

»  Output Times: The value of the output frequency, NPRS, indicates whether the output is
produced in terms of total elapsed simulation time or the transport step number. If NPRS=0,
smulation results will only be saved at the end of simulaton. If NPRS<0, simulation results
will be saved whenever the number of transport steps is an even multiple of NPRS. If
NPRS>0, simulation results will be saved at times as specified in the table as shown in Fig.
3.46. There are two ways for specifying the output times. Y ou may click the table header
Output Time and then enter aminimum time, amaximum time and atime interval between
each output into an Output Time dialog box. PMWIN will use these entries to calculate
NPRS and the output times. The other way isto specify a positive NPRS and pressthe Tab
Key, then enter the output timesinto thetable. Note that the output times are measured from
the beginning of the smulation.
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»  Misc.:

- CINACT s the predefined concentration value for an inactive concentration cell
(ICBUND=0).

- THKMIN isthe minimum saturated thicknessin acell, expressed asthe decimal fraction
of the model layer thickness, below which the cell is considered inactive. THKMIN will
only be used by MT3D96 or |ater.

- NPRMAS indicates how frequently the mass budget information should be saved in the
mass balance summary file MT3D.MAS.

E/Output Control (MT3D. MT3DMS)

m8| Output Timesl Misc.|

¥ Cancentration (uniormatted)

W Cellby-Cell mass (unfarmatted, anly MTIDAE)
™ Conentration (ASCI)

I~ Murmber of parciles (ASCID)

™ Ratardation factor (ASCI)

™ Dispersion coefiicient (ASCI)

QK. | Cancel | Help |

Fig. 3.45 The Output Control (MT3D, MT3DMS) diaog box

Output Frequency, NFRS= |33

MNumber Cutput Tirme
7 [N
2 3000000
3 BO00000
4 3000000
5 1.2E+07
B 1.5E+07
7 1.8E+07
g 21E+07
9 2 4F+07 I

Ok, | Cancel | Help |

Fig. 3.46 Specifying the output times for MT3D

MT3D » Run...
The available settings of the Run MT3D/MT3D96 dialog box (Fig. 3.47) are described below.

» MT3D Program containsthefull path and filename of the MT3D code, which will becalled
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by PMWIN. The default code is the version DoD_1.5 developed by Zheng (1996). If you

want to use a compiled version located in another position, click the open file button (=]

and select the desired code from a dialog box.

» The File Table: PMWIN uses the user-specified data to generate input files of MT3D.
Description gives the name of the packages used in the flow model. The path and name of
the input file are shown in Destination File. PMWIN generates an input file, only if the
corresponding Generate flag is checked. You may click on aflag to check or uncheck it.
Normally, you do not need to worry about these flags, as PMWIN will take care of the
Settings.

» Options:

- Regenerate all input files for MT3D: Y ou should check this option, if the input files
have been deleted or overwritten by other programs.

- Regenerate input files only, don't start MT3D: Check thisoption, if you do not want
to run MT3D. You can start the simulation at a later time by executing the batch file
MT3D.BAT.

» OK: Click OK to start the generation of MT3D input files. In addition, PMWIN generates
a batch file MT3D.BAT saved in your model directory. When all necessary files are
generated, PMWIN automatically runs MT3D.BAT in a DOS-window. During a flow
simulation, MT3D savesresultsto various output filesand writesadetailed run record to the
listing file OUTPUT.MT3 saved in your model folder. See MT3D » Output Control... for
details about the output terms.

' Run MT3D/MT3D36 <]
T30 Program Ic Yprogram files\prn5iymtddimtid.exe =
Generate  |Description Destination File

) Basic Transport Package chprogram fileshpmbexamplesisamplel
=] Advection Package c\program filesipmb54examplesisamplel
= Dispersion Package chprogram fileshpmShexampleshsamplel
=2 Chemical Reaction Package 2 chprogram fileshpmBexampleshsamplel
= Sink and Source Mixing Package c:\program filesipmbyexamples'samplel
Ki 2
— Options
™ Regenerste allinput files for MT30
™ Generate inputfiles only, don't stat MT30
Ok I Cancel | Help |

Fig. 3.47 The Run MT3D/MT3D96 dialog box
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3.6.4 MT3DMS

AsMT3DMS retains the same modul ar structure of the MT3D code, the interface implemented
in PMWIN isvery similar to the MT3D interface. One of the magjor differencesis that you are
asked to specify initial concentration, source concentration and parametersfor chemical reactions
for each active species in the Data Editor. Before switching to the Data Editor, PMWIN will
display adialog box, which allows you to manage the data of each species. For example, if you
select MT3DMS » Initial Concentration..., the Initial Concentration (MT3DMS) dialog box
(Fig. 3.48) will appear. Y ou have the following options.

1. Edittheinitial concentration datafor a species by selecting arow from the table and clicking
the Edit button. After specifying and saving the data, the Active and Data flags will be
checked.

2. Youmay click on an Active flag to activate or deactivate a species.

3. The Data flag offers three status configuration possibilities:

B - data has been specified and will be used for simulation.

O - data has been specified, but will not be used; the default value of zero will be used.
1 - datais not available (the flag is dimmed and deactivated).

Once the data is specified, you may click on a Data flag to check or uncheck it.

+ Initial Concentration (MT3DMS)

Selecta species and click Editto edit the concentration data. Faor
single-species simulation, activate only one species.
Mo, |Description Active | Data =
» 1iSpecies Mumber 1 [=] B |
2 |m} (]
3 |m} (]
4 m) ]
5 |m} (]
g |m} (]
7 m) ]
g |m} (]
9 |m} (]
10 [m} (]
1 |m} (]
12 |m} (]
12 [} [T
gt | cose | hep |

Fig. 3.48 The Initial Concentration (MT3DMS) diaog box
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MT3DMS » Initial Concentraion...

At the beginning of atransport simulation, MT3DMS requires the initial concentration of each
active species at each active concentration cell, i.e. ICBUND > 0.

MT3DMS » Advection...

The available settings of the Advection Package (MT3DMS) dialog box (Fig. 3.49) are
described below. Note that the smulation parameters, except the Courant number, in the table
of this dialog box are only required when the method of characteristics (or its variants, see

MT3D»Advection... for details) is selected.

& Advection Package (MT3DMS)

Solution Scheme: |Hyhbrid MOC/MMOC (HMOC)

‘Weighting Scheme: IUpstream wigighting

Farticle Tracking Algorithm: IF\rsmrder Euler

(KNS R EN

Simulation Parameters

Max. nurmber of total mowving padicles (MAPART)

Courant number (FERCEL)

Concentration weighting factor (WD)

MNegligible relative concentration gradient (DCEPS)

Fattern for initial placement of particles (NPLANE)

MNo. of particles per cellin case of DCCELL<=DCEFS (NPL)

Mo, of particles per cell in case of DCCELL>DCEPS (NFPH)

15

Minirmur number of particles allowed per cell (NPRIN)

Maximum nurmber of particles allowed per cell (NPMAX)

15

Pattern for placement of particles for sink cells (NLSIMNK)

=

Mo, of particles used to approximate sink cells (NPSINE)

15

Critical relative concentration gradient (DCHMOC)

00007

OK

Cancel |

Help |

Fig. 3.49 The Advection Package (MT3DMS) diaog box

» Solution Scheme: MT3DMS provides five solution schemes for the advection term,
including themethod of characteristics(MOC), modified method of characteristics(MMOC),
hybrid method of characteristics(HMOC), upstream finite difference method and third-order
TVD method (ULTIMATE). The first three methods are the same asin MT3D.

The finite-difference method can be explicit asin MT3D or fully implicit without any
stability constraint to limit transport step sizes. Thefinite-difference solutionisimplicit when
the Generdized Conjugate Gradient solver (GCG) package is activated (see

MT3DMS»Solver»GCG...).

The third-order TVD method isbased on the ULTIMATE agorithm (Leonard, 1988;
Leonard and Niknafs, 1990, 1991), which isin turn derived from the earlier QUICKEST
algorithm (Leonard, 1979). Withthe UL TIMATE scheme, the solutionismass conservative,
without excessive numerical dispersion and artificial oscillation.

3.6.4MT3DMS



134 Processing Modflow

»  Weighting Scheme is needed only when the implicit finite-difference method is used, i.e,
the solution scheme is finite-difference and the iterative GCG solver is used. In the finite-
difference method, when computing the mass flux into a model cell by advection, the
concentration values at the cell interfaces between two neighboring cells are used. For the
upstream weighting scheme, the interface concentration in aparticular directionisequal to
the concentration at the upstream node a ong the same direction. For the central-in-space
weighting scheme, the interface concentration is obtained by linear interpolation of the
concentrations at the two neighboring cells.

As denoted in Zheng and Wang (1998), the central-in-space scheme does not lead to
intolerable numerical dispersion when the grid spacing is regular. However, if transport is
dominated by advection, the upstream weighting is preferred, as the central-in-space
weighting scheme can lead to excessive artificial oscillation.

»  Particle Tracking Algorithm isused in combination with the method of characteristics. The
particle tracking options are the same as provided in MT3D.

MT3DMS » Dispersion...

MT3DM Sand M T3D sharethesamedispersion parameters. See M T3D»Dispersion... for details
about the parameters.

In MT3DMS, the concentration change due to dispersion alone can be solved with a fully
explicit central finite-difference scheme or an implicit (upstream or centra) finite-difference
scheme with the Generlized Conjugate Gradient solver. The implicit method does not have any
stability constraint.

MT3DMS » Chemical Reaction...

The required parameters are specified in the Chemical Reaction (MT3DMS) dialog box (Fig.
3.50) of the Data Editor. Chemica reactions supported by MT3DMS include equilibrium-
controlled sorption, non-equilibrium sorption and first-order irreversible rate reactions, such as
radioactive decay or biodegradation. The equilibrium-controlled sorption and first-order
irreversible rate reactions are essentially the same as in MT3D (see MT3D»Chemical
Reaction»Layer by Layer...). It should be noted that the basic chemical reaction supported by
the present version of MT3DMS is intended for single-species systems. More sophisticated
reaction models such asRT3D (Clement, 1997) or TBC (Schéfer et al., 1997) should be used for
multi-species reactions,

Three new options, the first-order kinetic sorption and the dual-domain mass transfer with
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or without sorption, are described below. Using these options, you have the choice of specifying
the initial concentration for the sorbed or immobile phase for each species. To do this, smple
check Use the initial concentration for the nonequibrilium sorbed or immobile liquid phase

and

specify the concentration value to Initial concentration for the sorbed phase or Initial

concentration for the immobile liquid phase in the Chemical Reaction (MT3DMS) dialog

box.

v'v Chemical Reaction (MT3DM5) B
Type of Sorption: IFirst-order kinetic sorption [monequilibrium] j

¥ Simulate the radioactive decay or biodegradation

W Use the initial concentration for the nonequilibrium sorbed or immobile liquid phase
Bulk denszity of the poraus mediunm [M/L3]: |2?UU

Distribution Coefficient (Kd] [L™3/ML [0 ooar2s

tass transfer rate between dissolved and sorbed phases [1/T]: ID—

First-order reaction rate for the dissolved phaze [1/T]: ID—
First-order reaction rate for the sorbed phase [1/T]: IU—
Initial concentration for the sorbed phase [/M]: ID—
Porogity of the immaobile domain [-: IU—

Current Paosition (Column, Row] = (19, 19]

Ok, I Cancel | Help |
Fig. 3.50 The Chemical Reaction (MT3DMS) dialog box

First-order kinetic sorption: When the loca equilibrium assumption is not valid, it is
assumed in MT3DMS that sorption can be represented by afirst-order reversible kinetic
sorption described by

. 3C _ _C
Py — B(C Kd) (3.48)

where B [T] isthe first-order mass transfer rate between the dissolved and sorbed phases,
P, [ML?] isthe bulk density of the porous medium, C isthe sorbed concentration and K,

[L®M™] isthe distribution coefficient as defined previoudy in eg. 3.41.

Eq. 3.48 can berearranged in
C = (3.49)

If sufficient time is available for the system to reach equilibrium (for example, the flow
velocity of groundwater is very slow), then there is no further change inC and oC/at =0,
so that eq. 3.49 isreduced to linear sorption (eg. 3.41). If the first-order mass transfer rate
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isinfinitely large, the right-hand side of eq. 3.49 is equal to zero, which also leads to linear
sorption. For very small values of 3, the left-hand-side of eg. 3.48 becomes negligible, i.e.,
there is no change in the sorbed concentration and sorption is negligible.

»  First-order Kinetic dual-domain mass transfer: Dual-domain means that two kinds of
continuum, e.g. afractured medium and the porous medium, exist simultaneously inthe same
gpatial region, i.e., the same model cell. In fractured aquifers, the water moves faster along
fractures than it does in a rock formation and the solute transport is often controlled by
advection along the fractures and dominated by dispersion in the porous block along the
fractures.

MT3DMS uses the dual-domain concept to approach extremely heterogeneous porous
media or media composed of fractures and pores. In this approach, the effective porosity
specified in Parameters»Effective Porosity is used as the primary porosity for the pore
spacesfilled with mobilewater (i.e., fractures) and the secondary porosity for the pore spaces
filled with immobile water (i.e., rock formation) is defined in the Chemical Reaction
(MT3DMS) dialog box (Fig. 3.50). The sum of the primary and the secondary porositiesis
thetotal porosity of the medium. The exchange of solutes between the mobile and immobile
domains can be defined through eqg. 3.50.

n -aCim—C-(C—C) 3.50
im ot - m im ( )

wheren,, [-] isthe secondary porosity (i.e., the portion of total porosity filled withimmobile
water); C,,, [ML?] isthe concentration in the mobile domain; C,,, [ML ] isthe concentration
in the immobile domain; and { [T™] is the first-order mass transfer rate between the mobile
and immobile domains.

Asthemasstransfer rate { increases, the dual-domain model functionsmoreand morelike
the single-domain model with a porosity approaching the total porosity of the porous
medium. For very small values of ¢, the right-hand-side of eq. 3.50 approaches zero, i.e.,
thereisno change of the concentration in the immobile domain and the model functionslike
asingle-porosity model with the primary effective porosity.

One of the advantages of this approach is that the fracture structure does not need to be
known. However, aproblem may arise when onetriesto estimate the masstransfer rate ¢ by
measuring the concentrations C,,, and C,,. When we measure the concentration at a certain
point, we only obtain one value and cannot distinguish between mobile and immobile
concentration. Itistherefore morelikely that ¢ must be estimated through amodel calibration
using C,, values only.
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MT3DMS » Sink/Source Concentration

The use of this menu is the same as MT3D»Sink/Source Concentration, except the use of
Time-Variant Specified-Concentration. A time-varying specified-concentration cell isdefined
by setting the following datain the Data Editor.

- Flag [-]. A non-zero value indicates that a cell is specified as a constant concentration cell.
- Specified Concentration [ML®]. This value is the concentration in the cell from the
beginning of a stress period.

In amultiple stress period simulation, a constant-concentration cell, once defined, will remain a
constant-concentration cell during the ssimulation, but its concentration value can be specified to
vary in different stress period. To change the concentration value in a particular stress period,
amply set a non-zero value to Flag and assign the desired concentration value to Specified
Concentration.

In a multispecies simulation, the Flag is applied to all species. If the constant-concentration
condition does not apply to a particular species, assign a negative concentration vaue for the
species. The negative valueisused by MT3DM Sto skip assigning the constant-concentration for
the designated species.

MT3DMS » Mass-Loading Rate

Instead of specifying asource concentration associated with afluid source, the mass-loading rate
[MT] into the groundwater system can directly be specified by using this menu item.

MT3DMS » Solver » GCG...

MT3DM Sincludesageneral-purposeiterative solver based onthe generalized conjugate gradient
method for solving the system of the transport equations. The solver is implemented in the
Generalized Conjugate Gradient package. A detailed description of the method can be found
in Zheng and Wang (1998).

If this solver is activated (i.e., the menu item is checked; you can uncheck the item by
selecting it again), dispersion, sink/source, and reaction terms are solved implicitly without any
stability constraints. The required settings and parameters for this package are specified in the
Generalized Conjugate Gradient (GCG) dialog box (Fig. 3.51).
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» Generalized Conjugate Gradient (GCG) | ]
Freconditioning Method: IModified Incomplete Cholesky j

Max. Number of Outer lterations (MXITER): |1—
Max. Number of Inner lterations (ITER1): ISD—
Relaxation Factor: |1—

Concentration Closure Criterion: IW
Cancentration Change Printaut Interval: ID—

™ Include full dispersion tensar (memaory intensive)

(0]19 | Cancel | Help |

Fig. 3.51 The Generalized Conjugate Gradient (GCG) diaog box

»  Preconditioning Method: The GCG package has three preconditioning options. Jacobi,
Symmetric Successive Overrelaxation (SSOR), and the Modified Incomplete Cholesky
(MIC). The MIC preconditioner usually takes fewer iterations than the other methods, but
it requires significantly more memory.

» Max. Number of Outer Iterations (MXITER) and Max. Number of Inner Iterations
(ITER1): The GCG solver hastwo iteration loops, an inner loop and an outer loop. Likethe
PCG2 solver of MODFLOW (see MODFLOW?»Solvers»PCG?2), within the inner loop all
coefficientsin the (transport-) matrix A and the right-hand-side vector (b) remain unchanged
during inner iterations. Theinner loop continues until ITERL - iterations are executed or the
convergence criterion is met. If some of the coefficients in A are dependent on the
concentration being solved, as in the case of nonlinear sorption, they must be updated in
outer iterations. So, MXITER should be set to an integer greater than one only when a
nonlinear sorptionisothermisincludedinthesimulation. For ITER1, avalue between 30 and
50 should be adequate for most problems.

» Relaxation Factor isonly used for the SSOR option, avalue of 1.0 is generally adequate.

»  Concentration Closure Criterion isthe convergence criterion, avalue between 10 and 10
®is generally adequate. Before solving the system of transport equations, it is normalized by
dividing the concentration terms by the maximum concentration of al cells. When the change
of the normalized concentration at all cellsduring ainner iterationislessthan or equal to this
value, iteration stops. When it takes only one inner iteration to converge, the solution is
considered to have converged and the simulation proceeds to the next transport step.

»  Concentration Change Printout Interval: The maximum concentration changesis printed
out whenever the iteration number is an even multiple of this printout interval. Set it to zero
for printing only at the end of each stress period.

» Include full dispersion tensor (memory intensive): This is a flag for treatment of
dispersion tensor cross terms. If this option is not used, all dispersion cross terms will be
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lumped to the right-hand-side of the system of transport equations. Omitting the crossterms
represents a method of approximation which is highly efficient.

MT3DMS » Output Control...

MT3DMSand MT3D havethe same output structure. See MT3D»Output Control... for theuse
of the Output Control (MT3D, MT3DMS) dialog box (Fig. 3.44)

MT3DMS » Run...
The available settings of the Run MT3DMS dialog box (Fig. 3.52) are described below.

- MT3DMS Program contains the full path and filename of the MT3DMS code, which will
be called by PMWIN. The default code isthe version DoD_3.00.A developed by Zheng and
Wang (1998). If you want to use a compiled version located in an other position, click the

open file button % | and select the desired code from adialog box.

- The File Table: PMWIN uses the user-specified data to generate input files of MT3D.
Description gives the name of the packages used in the flow model. The path and name of
the input files are shown in Destination File. PMWIN generates an inpuit file, only if the
corresponding Generate flag is checked. You may click on aflag to check or uncheck it.
Normally, you do not need to worry about these flags, as PMWIN will take care of the
Settings.

- Options:

Regenerate all input files for MT3DMS: Y ou should check this option, if the input files
have been deleted or overwritten by other programs.

Generate input files only, don't start MT3DMS: Check this option, if you do not want
to run MT3DMS. You can start the simulation at a later time by executing the batch file
MT3DMS.BAT.

- OK: Click OK to start the generation of MT3DMS input files. In addition, PMWIN
generatesabatch fileMT3DMS.BAT savedinyour model directory. When all necessary files
aregenerated, PMWIN automatically runsMT3DMS.BAT inaDOS-window. During aflow
simulation, MT3DMS saves results to various output files and writes a detailed run record
to the listing file OUTPUT.MTM saved in your model folder.
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'+ Run MT3DMS [x]
MT3DMS Program: Ic:\program fileshpmBymtIdmsimtddms exe =
Generate |Description Destination File

=] Basic Transport Package chprogram filesipmbiexampleshsamplel
B Advection Package chprogram filesipmbexamplesisamplel
B Dispersion Package chprogram filesypmbiexampleshsamplel
Chemical Feaction Package chyprogram filesipmb examplessamplel
5] Generalized Conjugate Gradient Solver | |cyprogram filesipmblexampleshsamplel
=] Sink and Source Mixing Package chprogram filesipmbiexampleshsamplel
i 2
— Dptions
™ Regenerate all inputfiles for MTI0MS
™ Generate inputfiles only. don't start MTI0MS
Ok | Cancel | Help |

Fig. 3.52 The Run MT3DMS dialog box

3.6.5 PEST (Inverse Modeling)

This menu provides an interface between PMWIN, the flow model MODFLOW and the inverse
model PEST. Depending on the layer type (see Grid»Layer Type...), the parameters and/or
excitationslisted in Table 3.7 can be adjusted until model-generated numbersfit the observation
valuesasclosaly aspossible. That is, PEST searchesaparameter set for which the sum of squared
deviations between model-calculated and measurement values at the observation boreholes is
reduced to aminimum. The coordinates of the observation boreholesand measurement valuesare
given in Parameters » Boreholes and Observations. A ssimultaneous fit of highly correlated
parameters, for example transmissivities and recharge, is of little value in steady-state problems
due to the non-uniqueness of such afit.

» To define an estimated parameter

1. From the Parameters or Models»Modflow menu, select a parameter or a package, for
example Horizontal Hydraulic Conductivity or Well.

2. Assignaunique parameter number to cellswithin an areawhere the parameter value will be
estimated. If you intend to calibrate the pumping rate of wells or the conductance of head-
dependent cells (e.g., drain, general head-boundary, river or stream cells) for example, you
must also assign a non-zero pumping rate or conductance to those cells. Pumping rate or
conductance values will not be adjusted, if the user-specifed values are equal to zero.

3. Use the List of Calibration Parameters (PEST) dialog box to activate the estimated
parameter and to specify the necessary values.
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Note that for layers of type 0:confined and 2:confined/unconfined (transmissivity=const.),
MODFLOW reads transmissvity (instead of hydraulic conductivity) from the model data file.
Consequently, you are actualy calibrating the transmissivity value as an estimated parameter
defined within horizontal hydraulic conductivity. For multi-layer models, MODFLOW requires
vertical leakance (instead of vertical hydraulic conductivity, whichisused by PMWIN to calculate
the vertical leakance for MODFLOW). Due to this fact, automatic fit of vertical hydraulic
conductivity cannot be done without modifying the inverse model or MODFLOW. So, if you
assign an estimated parameter within vertical hydraulic conductivity, you should keep in mind that
you are actually calibrating the vertical |eakance between two layers (the layer with the estimated
parameter and the underlying layer).

Table 3.7 Adjustable parameters through an automatic calibration within PMWIN

Layer 0 1 2 3
types
Parameter or excitations
Transmissivity yes no yes no
Horizontal hydraulic conductivity no yes no yes
Vertical leakance yes yes yes yes
Specific yield (only if the simulation is transient) no yes yes yes
Confined storage coefficient (only if the simulation is transient) yes no yes yes
Pumping or injection rates of wells yes yes yes yes
Conductance of drain, general-head boundary, river or stream yes yes yes yes
cells
Recharge flux yes yes yes yes
Maximum evapotranspiration rate yes yes yes yes
Inelastic storage factor (only if the simulation is transient and the | yes yes yes yes
Interbed Storage package is used)

PEST (Inverse Modeling) » Parameter List...

Therequired inputsand optionsfor the PMWIN/MODFLOW/PEST interface are specifiedinthe
List of Calibration Parameters (PEST) diaog box (Fig. 3.53). The avaliable settings are
grouped under five tabs described below. Using the Save... or Load... button, you can save or
load the settings.

» Parameters: The table gives an overview of the initial values and properties of each
estimated parameter. The meaning of each column of the table is describen below.
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Number: While editing a certain aquifer property or excitation, you have the option to
define the extent of an estimated parameter by assigning a unique parameter number to
the cells of interest. That unique parameter number corresponds to the Number here.
Active: The value of an estimated parameter will only be adjusted if Active is checked.
Otherwise the user-specified cell valuewill be used for the ssmulation. Normally, the total
number of active parameters should not exceed 10, athough PMWIN alows 150
parameters.

Description: A text describing the estimated parameter can be entered here (optional),

for example, “ Transmissivity in layer 3". A maximum of 120 charactersis allowed.

PARVALL is a parameter's initial value. For a fixed parameter, this value remains

invariant during the optimization process. For atied parameter (see PARTRANS below),

theratio of PARVAL1 to the parent parameter's PARVAL 1 sets the ratio between these
two parameters to be maintained throughout the optimization process. For an adjustable
parameter, PARVAL 1 isthe parameter's starting value which, together with the starting
values of al other adjustable parameters, it is successively improved during the
optimization process. To enhance optimization efficiency, you should choose an initia
parameter value which is closeto what you think will be the parameter's optimized value.

Y ou should note the following repercussions of choosing an initial parameter value of

zero.

1. Limitation of the parameter adjustment is not possible (see the discussion on
RELPARMAX and FACPARMAX) during the first optimization iteration if the
starting value of a parameter is zero. Furthermore FACORIG cannot be used to
modify the action of RELPARMAX and FACPARMAX for a particular parameter
throughout the optimization process, if that parameter's original value is zero.

2. A relative increment for derivatives calculation cannot be evaluated during the first
iteration for a parameter whose initial value is zero. If the parameter belongs to a
group for which derivatives are, in fact, calculated as Relative (see INCTYP and
DERINC below), anon-zero DERINCLB variable must be provided for that group.

3. If aparameter has an initial value of zero, the parameter can be neither atied nor a
parent parameter as the tied/parent parameter ratio cannot be calculated.

- PARLBND and PARUBND are aparameter's|ower and upper bounds respectively. For
adjustable parameterstheinitial parameter value (PARV AL 1) must lie between thesetwo
bounds. For fixed and tied parameters, PARLBND and PARUBND are ignored.

- PARTRANS controls the parameter transformation. By clicking on a cell of the

PARTRANS column, thisflag can beset asNone, Log-transformed, Tied or Fixed. Use

Log-transformed, if you wish that a parameter be log-transformed throughout the
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estimation process. A parameter which can become zero or negative in the course of the
parameter estimation process must not be log-transformed; hence if a parameter's lower
bound is zero or less, PEST will disallow logarithmic transformation for that parameter.
Note that by using an appropriate scale and offset, you can ensure that parameters never
become negative. Thusif you are estimating the value for a parameter whose domain, as
far as the model is concerned, is the interval [-9.99, 10], you can shift this domain to
[0.01, 20] for PEST by designating a scale of 1.0 and an offset of -10.0. Similarly if a
parameter'smodel domainisentirely negative, you can makethisdomain entirely positive
for PEST by supplying a scale of -1.0 and an offset of 0.0. See the discussion on the
SCALE and OFFSET variables below.

If aparameter isfixed, taking no part in the optimization process, PARTRANS must
be specified as Fixed. If aparameter islinked to another parameter, thisis signified by a
PARTRANS value of Tied. Inthe latter case the parameter plays only alimited rolein
the estimation process. However the parameter to which thetied parameter islinked (this
"parent” parameter must be neither fixed nor tied itself) takes an active part in the
parameter estimation process; the tied parameter ssimply "piggy-backs' on the parent
parameter, the value of the tied parameter maintaining at all times the same ratio to the
parent parameter astheratio of their initial values. If aparameter isneither fixed nor tied,
and is not log-transformed, the parameter transformation variable PARTRANS must be
supplied as None.

- PARCHGLIM isused to designate whether an adjustable parameter is relative-limited
or factor-limited (Seethe discussion on RELPARMAX and FACPARMAX, p. 147). For
tied or fixed parameters PARCHGLIM has no significance.

- PARGP isthe number of the group to which aparameter belongs. Parameter groups are
discussed in Group Definitions below.

- PARTIED isthe number of the "parent” parameter to which a parameter islinked. See
aso PARTRANS.

- SCALE and OFFSET: Just before a parameter value is written to an input file of
MODFLOW, it is multiplied by the real variable SCALE, after which the rea variable
OFFSET is added. The use of these two variables allows you to redefine the domain of
aparameter. Because they operate on the parameter value "at the last moment” before it
is sent, they take no part in the estimation process; in fact they can "conceal” from PEST
the true value of a parameter as seen by the model, PEST optimizing, instead, the
parameter b, where

b, = (b,, - 0)/s (3.51)
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Hereb, isthe parameter optimized by PEST, b, isthe parameter seen by the model, while
s and o arethe scale and offset valuesfor that parameter respectively. If youwishtoleave
a parameter unaffected by scale and offset, enter the SCALE as 1.0 and the OFFSET as

0.0.
List of Calibration Parameters (PEST) [x]
Parameters I Group Definitions | Frior Infarmation | Control Datal Options |
MNumber Active |Description FARWALL FARLBND FARUBND  a|
1 [] Transmissivity in layer 3 [0.003 0.00001 0.01
2 =) 0 0 0
3 a 0 0 0
4 a 0 0 0
5 [u] 0 0 0
B =) 0 0 0
7 a 0 0 0
i [u] 0 0 0
9 o 0 0 0
10 a 0 0 0
1Al a 0 0 0
12 o 0 0 0
13 a 0 0 0
14 a 0 0 0
15 =) 0 0 0
16 a 0 0 0
17 [u] 0 0 0 _l;‘
I 3
Load. | Save.. | Cancel | Help |

Fig. 3.53 The List of Calibration Parameters (PEST) dialog box

»  Group Definitions

In PEST, the input variables that define how derivatives are calculated pertain to parameter

groups rather than to individual parameters. These input variables are spcified in the Group

Definitionstab of the List of Calibration Parameters (PEST) dialog box.Thus derivative

data does not need to be entered individually for each parameter; however, if you wish, you

can define a group for every parameter and set the derivative variables for each parameter
separately. In many cases parameters fall neatly into separate groups which can be treated
smilarly in terms of calculating derivatives.

- Number isthe group number. The maximum number of parameter groupsis 150.

- Description: A text describing the estimated parameter can be entered here (optional),
for example, “Transmissivity Group 1”. A maximum of 120 charactersis allowed.

- INCTYPandDERINC: INCTYP definesthetypeof parameter increment (perturbation)
used for forward-difference calculation of derivatives with respect to any parameter
belonging to the group. INCTYP can be Relative, Absolute or Rel_to_max. If it is
Relative, theincrement is calculated as afraction of the current value of that parameter;
that fraction isspecified in DERINC. If INCTY Pis Absolute the parameter increment is
fixed at the value of DERINC and if INCTYPisRel_to_max, the parameter increment
iscalculated as afraction of the group member with highest absolute value, that fraction
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again being DERINC.

If a group contains members which are fixed and/or tied you should note that the
values of these parameters are taken into account when cal culating parameter increments
using the Rel_to_max option. For the Relative and Rel_to_max options, a DERINC
value of 0.01 is often appropriate. However no suggestion for an appropriate DERINC
value can be provided for the Absolute increment option; the most appropriate increment
will depend on the parameter magnitudes.

DERINCLB isthe absolute lower limit of parameter increments for al group members.
If aparameter increment iscalculated asRelative or Rel_to_max, it may becometoo low
if the parameter becomes very small or, in the case of the Rel_to_max option, if the
magnitude of the largest parameter in the group becomes very small. A parameter
increment becomes"too low" if it does not allow reliable derivativesto be calculated with
respect to that parameter because of roundoff errorsincurred in the subtraction of nearly
equal model-generated observation values. DERINCLB isused to bypassthis possibility.

If you do not wish to place alower limit on parameter incrementsin thisfashion, you

should set DERINCLB to zero. Note that if INCTYP is Absolute, DERINCLB is
ignored.
FORCEN can be Always_2, Always_3 or Switch. It determines how to calculate
derivativesfor group members. If FORCEN is Always_2, derivativesfor al parameters
belonging to that group will always be calculated using the forward difference method;
If FORCEN is Always_3, PEST will use central difference method to calculate the
devivatives. In this case, twice as many model runs as there are parameters within the
group will be required; however the derivatives will be calculated with greater accuracy
and thiswill probably have a beneficia effect on the performance of PEST. If FORCEN
isset to Switch, derivativescalculationsfor al adjustable group memberswill beginusing
the forward difference method, switching to the central method for the remainder of the
estimation process after the relative objective function reduction between successive
iterations is less than PHIREDSWH as defined in the Control Data (see below).

Experience has shown that in most instances the most appropriate value for FORCEN
is Switch. This allows speed to take precedence over accuracy in the early stages of the
optimization processwhen accuracy isnot critical to objectivefunctionimprovement, and
accuracy to take precedence over speed later in the process when realization of a
(normally smaller) objective function improvement requiresthat derivatives be calcul ated
with as much accuracy as possible, especialy if parameters are highly correlated and the
normal matrix thus approaches singularity.

DERINCMUL.: If a three-point derivatives calculation is employed, the value of
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DERINC is multiplied by DERINCMUL. If you do not wish the parameter increment
DERINC to be changed, you must set DERINCMUL to avalue of 1.0. Alternatively, if
for some reason you wish the increment to be reduced if three-point derivatives
calculation is employed, you should provide DERINCMUL with avalue of lessthan 1.0.
Experience shows that a value between 1.0 and 2.0 is usually satisfactory.

- DERMTHD defines the variant of the central (ie. three-point) method used for
derivatives calculation and is used only when FORCEN is Always_3 or Switch. PEST
providesthreevaiants: Parabolic, Best_fit or Outside_pts. Refer to the manual of PEST
for details about these methods.

»  Prior Information

It often happens that we have some information concerning the parameters that we wish to
optimize, and that we obtai ned thisinformati onindependently of the current experiment. This
information may bein theform of other unrelated estimates of some or all of the parameters,
or of relationships between parameters. It is often useful to include this information in the
parameter estimation process because it may lend stability to the process.

To define a prior information, first check the Active flag in the Prior Information tab,
then enter the prior information equation in the Prior Information column. The syntax of
aprior information equation is

PIFAC * PARNME + PIFAC * log(PARNME) ... = PIVAL WEIGHT (3.52)

To the left of the "=" sign there are one or more combinations of a factor (PIFAC) plus
parameter name (PARNME), with a "log" prefix to the parameter name if appropriate.
PIFAC and PARNME are separated by a "*" character (which must be separated from
PIFAC and PARNME by at least one space) signifying multiplication. All parameters
referenced in aprior information equation must be adjustable parameters; i.e., you must not
include any fixed or tied parameters in a prior information equation. Furthermore, any
particular parameter can be referenced only once in any one prior information equation. If
a parameter is log-transformed, you must provide prior information pertinent to the log (to
base 10) of that parameter. The parameter name must be placed in brackets and preceded by
"log" (note that there is no space between "log" and the following opening bracket). Care
must be used here, because PMWIN does not check the prior information equation.
However, you can use the program PESTCHEK (Doherty et al., 1994) included in PMWIN
to check the PEST data.

To the right of the "=" sign of each prior information equation are two rea variables
PIVAL and WEIGHT. Theformer isthe value of theright hand side of the prior information
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equation. The latter is the weight pertaining to the article of prior information in the
parameter estimation process. The weight should be inversely proportional to the standard
deviation of the prior information value (PIVAL); it can be zero if you wish, but not be
negative. The following lines show some examples, refer to Doherty et al. (1994) for more
detailson the prior information. In PMWIN, the parameter name of thefirst parameter isP1.
The parameter name of the second parameter is P2 and so on.

1.0 * log(P1) + 1.2 * log(P2) = -5.6 1.0
1.0 * P1 + 1.455 * P2 - 3.98 * P3 + 2.123 * P4 = 1.03E-3 2.00
2.12 * P3 + 3.2 * P6 = 1.344 2.20

»  Control Data

The control dataare used to set internal array dimensionsof PEST and tunethe optimization

algorithm to the problem at hand. Theitems of the control dataare described in detail below.

When in doubt, you should use the default values given by PMWIN.

- RLAMBDAL istheinitial Marquardt lambda. PEST attempts parameter improvement
using anumber of different Marquardt lambdas during any one optimization iteration. In
the course of the overall parameter estimation process, the Marquardt lambda generally
gets smaller. An initial value of 1.0 to 10.0 is appropriate for many models, though if
PEST complains that the normal matrix is not positive definite, you will need to provide
ahigher initiadl Marquardt lambda. For high values of the Marquardt parameter (and hence
of the Marquardt lambda) the parameter estimation process approximates the gradient
method of optimization. While the latter method is inefficient and slow if used for the
entire optimization process, it often helpsin getting the process started, especialy if initia
parameter estimates are poor. PEST reduces lambda if it can. However if the normal
matrix is not positive definite or if a reduction in lambda does not lower the objective
function, PEST has no choice but to increase lambda.

- RLAMFAC isthefactor by which the Marquardt lambdais adjusted. RLAMFAC must
be greater than 1.0. When PEST reduces lambda it divides by RLAMFAC; when it
increases lambda it multiplies by RLAMFAC.

- PHIRATSUF isthefirst criterion for moving to the next optimization iteration. During
any one optimization iteration, PEST tries|otsof parameter setsand will consider that the
goal of the iteration has been achieved if

(0}
| < PHIRATSUF (3.53)

i-1
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where ¢, , isthe lowest objective function calculated for optimization iteration i-1 (and
hence the starting valuefor thei-th optimization iteration) and ¢, isthe objective function
corresponding to a parameter set during optimization iteration i.

A value of 0.3 is often appropriate for PHIRATSUF. If it is set too low, model runs
may be wasted in search of an objective function reduction which it is not possible to
achieve. If it is set too high, PEST may not be given the opportunity of refining lambda
in order that its value continues to be optimal as the parameter estimation process
progresses.

- PHIREDLAM isthesecond criterionfor moving to the next optimizationiteration. If the
first criterion PHIRATSUF cannot be achieved during an optimization iteration, PEST
uses PHIREDLAM to decide when it should move on to the next iteration. If therelative
reduction in the objective function between the use of two consecutive parameter setsis
less than PHIREDLAM, PEST moves to the next iteration (i+1). That is

(o' - @)
cbj:—l

< PHIREDLAM (3.54)

where CD’, isthe objective function value calculated during the i-th iteration using the j-th
trial parameter set.

A suitable value for PHIREDLAM is often around 0.01. If it is set too large, the
criterion for moving on to the next optimization iteration is too easily met and PEST is
not given the opportunity of adjusting lambdato itsoptimal valuefor that particular stage
of the parameter estimation process. On the other hand if PHIREDLAM is set too low,
PEST will test too many Marquardt lambdas (too many parameter sets) on each iteration
step when it would be better off starting a new iteration.

- NUMLAM is the maximum number of lambdas (parameter sets) that PEST can test
during any one optimization iteration. It should normally be set between 5 and 10. For
cases where parameters are being adjusted near their upper or lower limits, and for which
some parameters are consequently being frozen (thus reducing the dimension of the
problem in parameter space) experience has shown that avalue closer to 10 may be more
appropriate than one closer to 5.

- RELPARMAX and FACPARMAX are used to limit parameter adjustments.
RELPARMAX isthe maximum relative change that a parameter is alowed to undergo
between iterations, whereas FACPARMAX is the maximum factor change that a
parameter is allowed to undergo. A parameter is denoted as either relative-limited or
factor-limited through PARCHGLIM (see p. 142).

3.6.5 PEST (Inverse Modeling)



Processing Modflow 149

If a parameter b is relative-limited, The relative change between optimization
iterationsi-1 and i is defined as

(b - bi)

i-1
b

Theabsolutevalue of thisrelative change must belessthan RELPARMAX. If aparameter

upgrade vector is calculated such that the relative adjustment for one or more

relative-limited parametersis greater than RELPARMA X, the magnitude of the upgrade

vector is reduced such that this no longer occurs.

If parameter b isfactor-limited, thefactor change between optimizationiterationsi-1

(3.55)

i-1

and i is defined as
b, ,/b, if [b, ,] > [b], or

) (3.56)
b./b, , if |b] > |b,_,|

This factor change must be less than FACPARMAX. If a parameter upgrade vector is
calculated such that the factor adjustment for one or more factor-limited parametersis
greater than FACPARMA X, the magnitude of the upgrade vector isreduced such that this
no longer occurs. It isimportant to note that a factor-limit will not allow a parameter to
change sign. If aparameter must be free to change sign during an optimization process,
it must be relative-limited; furthermore RELPARMAX must be set at greater than unity
or the change of sign will be impossible. Smilarly, if a parameter's upper or lower limit
is zero, it cannot be factor-limited and RELPARMAX must be at least unity.
Suitablevaluesfor RELPARMAX and FACPARMAX canvary enormously from case
to case. If you are unsure of how to set these parameters, a value of 5 for each of them
isoften suitable. For highly non-linear problems, these values are best set low. If they are
set too low, however, the estimation process can be very slow. Aninspection of the PEST
run record (by pressing the ESC key) will often show whether you have set these values
too low, for PEST records the maximum parameter factor and relative changes are
recorded on thisfile at the end of each optimization iteration. If these changes are always
at their upper limits and the estimation processis showing no signsof instability, itisquite
possible that RELPARMAX and/or FACPARMAX are too low and could be increased.
Note that FACPARMAX can never belessthan 1; RELPARMAX can belessthan 1
aslong as no parameter's upper and lower bounds are of opposite sign. (If necessary, use
OFFSET to shift the parameter domain so that it does not include zero.)
- FACORIG is a criterion for modifying RELPARMAX and FACPARMAX. If, in the
course of an estimation process, the absol ute value of aparameter falls below the product
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of FACORIG and its original value, then the product is substituted for the denominators
of eq. 3.55 or eq. 3.56 to prevent the denominators becoming zero or too small.
FACORIG is not used to adjust limits for log-transformed parameters. FACORIG must
be greater than zero. A value of 0.001 is often adequate.

- PHIREDSWH isacriterion for switching the cal cul ation method of derivatives between
the forward finite difference method and the central finite difference method. If, for the
i-th iteration the relative reduction in the objective function between successive
optimization iterations is less than PHIREDSWH, PEST will switch to three-point
derivatives calculation for those parameter groupswith FORCEN = Switch. Therdative
reduction intheobjectivefunctionisdefined by [($.; - ) / §.,], where ¢, isthe objective
function calculated on the basis of the upgraded parameter set determined in the i-th
iteration.

A valueof 0.1isoften suitablefor PHIREDSWH. If it isset too high, PEST may make
the switch to three-point derivatives calculation too early. The result will be that more
model runswill be required than are really needed at that stage of the estimation process.
If PHIREDSWH is set too low, PEST may waste an optimization iteration or two in
lowering the objective function to asmaller extent than would have been possible, if it had
made an earlier switch to central derivatives calculation.

Note that PHIREDSWH should be set considerably higher than PHIREDSTP (see
below) which sets one of the termination criteria on the basis of the relative objective
function reduction between optimization iterations.

- NOPTMAX is the maximum number of optimization iterations. A value of 20to 30 is
often adequate. If you want to ensurethat PEST termination istriggered by other criteria,
more indicative of parameter convergence to an optimal set or of the futility of further
processing, you should set this variable very high.

- PHIREDSTP and NPHISTP are convergence criteria. For many cases 0.01 and 3 are
suitable values for PHIREDSTP and NPHISTP respectively.

If, in the course of the parameter estimation process, there have been NPHISTP
optimization iterations for which

((Di h q)min)
~ 1 mn” . PHIREDSTP (3.57)

(¢, being the objective function value at the end of thei-th optimization iterationand ¢,
being the lowest objective function achieved to date), PEST will end the optimization
process.

- NPHINORED isthefirst termination criterion. A value of 3isoften suitable. If PEST has
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falled to lower the objective function over NPHINORED successive iterations, the
program stops.

- RELPARSTP and NRELPAR represent the second termination criterion. If the
magnitude of the maximum relative parameter change between optimization iterationsis
less than RELPARSTP over NRELPAR successive iterations, the program stops. The
relative parameter change between optimization iterationsfor any parameter is calculated
using equation 3.55. For many cases, avaue of 0.01 for RELPARSTP and avalue of 3
for NRELPAR is adequate.

»  Options:

When the optimization process is complete, one of the termination criteria having been met
(or perhaps another termination criterion such as zero objective function or zero objective
function gradient, for which no user-supplied settings are required), PEST writes some
information concerning the optimized parameter set to its run record file PESTCTL.REC.
Thisfileis saved in the data directory of your model. It tabulates the optimal values and the
95% confidence intervals pertaining to all adjustable parameters. It also tabulates the
model-calculated values based on these parameters, together with the residuals, i.e., the
differences between measured and model -cal culated values. If you wish, PEST will writethe
parameter covariance matrix, the parameter correlation coefficient matrix and the
matrix of normalised eigenvectors of the covariance matrix to the run record file
PESTCTL.REC.

If the option Save data for a possible restart is checked, PEST will dump the contents
of many of its data arraysto abinary file at the beginning of each optimization iteration; this
allowsPEST to berestarted |ater if execution isprematurely terminated. If subsequent PEST
execution isinitiated using the "/r"* command line switch (see the PEST manual for details),
it will recommence execution at the beginning of the iteration during which it was
interrupted.

If the option Include decimal point even if redundant is not checked, PEST will omit
the decimal point from parameter values on model input files if the decimal point is
redundant, thus making room for the use of one extra significant figure. If this option is
checked, PEST will ensure that the decimal point is always present.
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PEST (Inverse Modeling) » Run...

To start amode calibration with PEST, select this menu item. The available settings of the Run
PEST dialog box (Fig. 3.54) are described below.

» Modflow Version and Modflow Program: Several variants of MODFLOW are included
in PMWIN. PMWIN automatically installs the executables of these variants. Their full paths
andfilenamesaregivenintable 3.4. If you want to use acompiled version located in an other

position, click the open file button = | and sefect the desired code from adialog box. The

User's own version must be selected, if you want to use your own version of MODFLOW.

Refer to Appendix 5 for how to configure PMWIN to run with your own MODFLOW.

» PEST Program: Therearefour variants of PEST, which arenamed PESTLITE, PESTLM,
PESTSW and PESTEM. PESTLITE (included in PMWIN) is an educational version of
PESTLM and is restricted to 4 parameters and 80 observations. Use of the other three
variants is identical; however they each use your machine's memory in a different way.
PESTLM isthemost basic of thethree. It uses conventional DOS memory (limited to 640k),
staying resident in thismemory when it runs MODFLOW. PESTSW isidentical to PESTLM
except it vacates the conventional memory as it calls MODFLOW. PESTEM uses your
machine's extended memory and executes faster, as it was compiled with a 32-bit compiler.
However, an unsolved memory problem will occur, if you run PESTEM within Windows.
The problem is probably caused by the operating system or the 32-bit compiler. Fortunately,
PESTLM is sufficient for most groundwater problems. You should use PESTLM unless
you have other problems with the conventional memory.

» The File Table: PMWIN usesthe user-specified datato generateinput files of MODFLOW
and PEST. Description givesthe name of the packages used in theflow model. The path and
name of the input file are shown in Destination File. PMWIN generates an input file only
if the corresponding Generate flag ischecked. Y ou may click on aflag to check or uncheck
it. Normally, you do not need to worry about these flags, as PMWIN will care about the
Settings.

» Options:

- Regenerate all input files for MODFLOW and PEST: Y ou should check this option,
if the input files have been deleted or overwritten by other programs.

- Generate input files only, don't start PEST: Check thisoption, if you do not want to
run PEST. You can start the simulation at a later time by executing the batch file
PEST.BAT.

- Perform PESTCHEK prior to running PEST: PESTCHEK readsthe PEST input files
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generated by PMWIN, making surethat every itemisconsistent with every other item and

writes errorsto the file PEST.CHK. It isrecommended to use PESTCHEK, as PMWIN

and PEST do not carry out consistency checks of all user-specified control data and
parameters.

- Check the model data: Before creating data filesfor MODFLOW, PMWIN will check
the geometry of the model and the consistency of the model datagivenintable 3.5, if this
option is checked. The errors (if any) are saved in the file CHECK.LST located in the
same folder as your model data.

» OK: Click OK to start the generation of the MODFLOW and PEST inpuit files. In addition,
PMWIN generatestwo batch filesPEST.BAT and MODELRUN.BAT inyour model folder.
When all necessary files are generated, PMWIN automatically runs PEST.BAT in aDOS-
window. The other batch file MODELRUN.BAT will be called by PEST. After completing
the parameter estimation process, PEST prints the optimized parameter values to the run
record file PESTCTL.REC in your model folder and writes the optimized parameter values
to the corresponding input files of MODFLOW (BCF.DAT, WEL.DAT,... , etc.). The
simulation results of MODFLOW are updated by using these parameter values.

Note that PMWIN does not retrieve the optimized parameter values into the data
matrices. Your (PMWIN) model datawill not be modified in any way. This provides more
security for the model data, because an automatic calibration process does not necessarily
lead to success. If you want to operate on a calibrated model, you can import the calibrated
MODFLOW mode by choosing Convert Model... from the File menu.

¥ Run PEST [x]
todflow Version IMODFLOWHE +INTERFACE TO MT3D496 AND LATER j
hodtl owe Prngram'lc Yprogram files\pm5modfw3B lkmi2imodfiow? . exe = |
FEST Prugram.lc Yprogram files\pm5pestipestlite.exe (= |
Generate |Description Destination File
[=] Basic Package chprogram files\pmbiexamplesisamplelibas.d
=] Block-Centered Flow (BCF1.2) chprogram files\pm3iexamples\samplelibcf.dgl
=] Qutput Contral chprogram fileshpmbiexamples\sample1ioc.dat
] ev'ial| chprogram files\ pmbiexamplessample ywel.dg
=] Recharge chprogram files\pmb'examplesisamplel rch.def
=] Solver- PCGZ chprogram files\pmBiexamples\sampleipcg2.
4| »
- Options
I Regenerate all inputfiles for MODFLOW and PEST
™ Generate inputfilas only. don't start PEST
I Periorm PESTCHEK prior to running PEST
™ Check the model data.
oK | Cancel | Help |

Fig. 3.54 The Run PEST dialog box
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3.6.6 UCODE (Inverse Modeling)

This menu provides an interface between PMWIN, the flow model MODFLOW and the inverse
model UCODE. The use of this interface is very similar to that of PEST. The adjustable
parameters and/or excitations are given in Table 3.7. During a calibration process, UCODE
searches for a parameter set for which the sum of squared deviations between model -cal cul ated
and measurement values at the observation boreholesis reduced to a minimum. The coordinates
of the observation boreholes and measurement values are given in Parameters » Boreholes and
Observations. A simultaneous fit of highly correlated parameters, for example transmissivities
and recharge for given head observations, is of little value in steady-state problems due to the
non-uniqueness of such afit.

» To define an estimated parameter

1. From the Parameters or Models»Modflow menu, select a parameter or a package, for
example Horizontal Hydraulic Conductivity or Well.

2. Assignaunique parameter number to cellswithin an areawhere the parameter value will be
estimated. If you intend to calibrate the pumping rate of wells or the conductance of head-
dependent cells (e.g., drain, general head-boundary, river or stream cells), you must also
assign anon-zero pumping rate or conductance to those cells. Pumping rate or conductance
values will not be adjusted, if the user-specifed values are equal to zero.

3. Usethe List of Calibration Parameters (UCODE) dialog box to activate the estimated
parameter and to specify the necessary values.

Note that for layers of type 0:confined and 2:confined/unconfined (transmissivity=const.),
MODFLOW reads transmissvity (instead of hydraulic conductivity) from the model data file.
Consequently, you are actualy calibrating the transmissivity value as an estimated parameter
defined within horizontal hydraulic conductivity. For multi-layer models, MODFLOW requires
vertical leakance (instead of vertical hydraulic conductivity, whichisused by PMWIN to calculate
the vertical leakance for MODFLOW). Due to this fact, automatic fit of vertical hydraulic
conductivity cannot be done without modifying the inverse model or MODFLOW. So, if you
assign an estimated parameter within vertical hydraulic conductivity, you should keep in mind that
you are actually calibrating the vertical |eakance between two layers (the layer of the estimated
parameter and the underlying layer).
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UCODE (Inverse Modeling) » Parameter List...

Therequired inputs and optionsfor the PMWIN/MODFL OW/UCODE interface are specified in
the List of Calibration Parameters (UCODE) dialog box (Fig. 3.55). The options are grouped
under four tabs described below.

» Parameters: The table gives an overview of the initial values and properties of each
estimated parameter. The meaning of each column of the table is describen below.

Number: While editing a certain aquifer property or excitation, you have the option to
define the extent of an estimated parameter by assigning a unique parameter number to
the cells of interest. That unique parameter number corresponds to the Number here.
Active: The value of an estimated parameter will only be adjusted if Active is checked.
Otherwise the user-specified cell valuewill be used for the ssimulation. Normally, the total
number of active parameters should not exceed 10, although PMWIN allows 150
parameters.

Description: A text describing the estimated parameter can be entered here (optional),
for example, “ Transmissivity in layer 3". A maximum of 120 charactersis allowed.
Start-value is a parameter'sinitial value.

Minimum and Maximum are the reasonable minimum and maximum values for the
parameter. The values are used solely to determine how the final optimized value of this
parameter compares to a reasonable range of values. Do not specify the “log” of log-
transformed parameters; they are calculated by the program.

Log-transform: Check this flag to log-transform the parameter. Typicaly log-
transformed parameters are those for which negative values are not reasonable (for
example hydraulic conductivity).

+ List of Calibration Parameters (UCODE)

Parameters | Prior Information | Contral Datal Options | %

MNumber Active |Descri ption Startvalue  |[Minimul m Maximum -
1 [=] Transmissivity in layer 3 T |0.003 0.00001 0.01 [
2z a 1] ] 1]

3 [m] o 1} o

4 [m] o 1} o

5 [m] o 1} o

3 [w) 0 0 0

7 [w) 1] ] 1]

§ o 1] ] 1]

q [m] 1} 1} 1}

10 [m] o 1} o

1 [m] o 1} o

12 [w] o 1} o

13 [m) 0 0 0

14 [w) 1] ] 1]

15 a 1] ] 1]

16 [m] o 1} o

17 o 0 i 1 _lﬂ

3 3
Load | Save | ok I Cancel | Help |

Fig. 3.55 The List of Calibration Parameters (UCODE) dialog box
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»  Prior Information:
Similar to PEST, prior information can be defined in the UCODE modeling environment. To
define a prior information, first check the Active flag in the Prior Information tab, then
enter the prior information equation in the Prior Information column. The syntax of aprior
information lineis

P EQUATION stat STAT flag STAT-FLAG plot PLOT-SYMBOL (3.58)
where EUQATION is defined by eg. 3.59.

PVALUE =C1xP1&C2Xx P2 ..... (3.59)

The components of eq. 3.58 and 3.59 need to be separater by one space. The components

are defined as follows.

- P isthe codeindicating that a prior information line follows.

- PVALUE: The prior information value. Specify the decima value, even for a log-
transformed parameter.

- C1, C2: Coefficients with values as specified by the user.

- Xx: Indicates multiplication. Needs to be preceded and followed by one blank space.

- P1, P2: Parameter names. The parameter name of the first parameter is P1. The
parameter name of the second parameter is P2 and so on (see examples below).

- &: Indicates that the preceding and following products are to be summed; thus, it
performslike a +.

- statisalabel followed by STAT.

- STAT isadtatistic value used to calculate the weight for the prior information. For log-
transformed parameters, specify the log-transformed statistic, even though PVALUE is
adecimal vaue.

- flagisalablefollowed by STAT-FLAG.

- STAT-FLAG isaflagindicating whether STAT isavariance (STAT-FLAG=0), standard
deviation (STAT-FLAG=1) or coefficient of variation (STAT-FLAG=2).

- plotisalabel followed by PLOT-SYMBOL.

- PLOT-SYMBOL isaninteger printed in the UCODE output file (UCODE._ot) used for
graphical analyses. Different valuesfor plot-symbol can beused toindicate different types
of observations so that they can be differentiated with a unique symbol on a graph. The
utility of PLOT-SYMBOL will depend on the graphical software being used.

Thefollowing lines show some examples, refer to Hill (1998) and Poeter and Hill (1998) for
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more details about the use of the prior information.

P10=0.5xP1 &0.5x P2 stat 0.2 flag 2 plot 4
P103E-3=1.0xP1&1.45xP2&-3.9xP3&2.123 x P4 stat 2.0 flag 2 plot 3
P 1.344 =212 xP3 & 3.2 x P6 stat 2.2 flag 2 plot 1

» Control Data
The control dataare used to control the sensitivity and regression cal culations and define the
inversion algorithm. The items of the control data (Fig. 3.56) are described below.

Convergence criterion (TOL): When parameter values change less than this fractional
amount between regression iterations, parameter estimation converges (0.01 is
recommended).

Convergence criterion (SOSR): When the sum-of-squared, weighted residual s changes
less than this fractional amount over three regression iterations, parameter estimation
converges. ldedlly, for the final results convergence is achieved by satisfying the TOL
criterion so that SOSR can be equal to 0.0 (in which case SOSR is not used as a
convergence criteria). Values of SOSR of 0.01 and even 0.1 can be useful, however, in
the early stages of model calibration because it stops the regression when it is not
progressing.

Maximum number of regression iterations (MAX-ITER) isself-explanatory. Starting
with twice the number of parameters is recommended.

Maximum fractional parameter change (MAX-CHANGE) isthemaximum fractional
change of a parameter value alowed in one regression iteration. For example, if MAX-
CHANGE = 2.0, aparameter value of 1.0 will not be allowed to change by more than 2.0
(MAX-CHANGE times the parameter value). Consequently, the new value will be
between -1.0 and 3.0. A parameter value of 2.0 will not be allowed to change more than
avaueof 4.0 (again, MAX-CHANGE timesthe parameter value), and the new value will
be between -2.0 and 6.0). This maximum change is applied to the physical parameter
value, not itslog transformed value. Exceptionsare discussed in Hill (1998, Appendix B).
MAX-CHANGE = 2.0 iscommon, but smaller values may help an oscillating regression
to converge.

Differencing method controls the method used to calculate sensitivities during the
parameter-estimation iterations. Starting with the forward differencing method is
recommended.

Apply quasi-Newton update when sum-of-squared, weighted residuals changes less
than 0.01 over three regression iteration. According to Hill (1998), applying the quasi-
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Newton update may facilitate convergence of highly nonlinear problems.

» Options

- Print residuals and sensitivities for intermediate iterations: When it is checked, the
residuals and sensitivities will be printed (saved) for intermediate iterationsin the output

file UCODE._ot.

- Scale Sensitivities: Controlsthe scaling applied to the printed sensitivities. Four options

are available,
1. No scaling: unscaled sensitivities are printed.

2. Dimensionless scaled sensitivities are printed: Senstivities are scaled by the
parameter value times the square-root of the weight, resulting in dimensionless
numbers. Composite scaled sensitivities also are printed.

3. One-percent scaled sensitivities are printed: Sengtivities are scaled by the
parameter value divided by 100, resulting in numbers with the dimensions of the

observations.

4. Both dimensionless and one-percent scaled sensitivities are printed.

i List of Calibration Parameters (UCODE) [x]
Parameters | Priar Information ;___C_gn_lr_p!_@__q!_a___;l Options |
Control Data Walue =
Convergence criterion (changes in parameter values; TOL) 0.01 o

Comvergence criterion (changes in surm-of-squared residual; SO5R)

0.01

Maximum number of regression iterations (MAX-ITER)

30

Maximum fractional parameter change (MAX-CHANGE)

— Differencing kethod:
& Use forward differencing to calculate sensitivities
" Use central difierencing to calculate sensitiviies

Apply quasi-hlewton update when the sum-of-squared, weighted residuals changes

less than 0.01 over three regression iterations

0K I Cancel |

Help |

Fig. 3.56 Control data of UCODE

UCODE (Inverse Modeling) » Run...

To start amodel calibration with UCODE, select this menu item. The available settings of the

Run UCODE dialog box (Fig. 3.57) are described below.

» Modflow Version and Modflow Program: Several variants of MODFLOW are included
in PMWIN. PMWIN automatically installs the executables of these variants. Their full paths
andfilenamesaregivenintable 3.4. If you want to use acompiled version located in an other
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position, click the open file button [ | and sefect the desired code from adialog box. The

User's own version must be selected, if you want to use your own version of MODFLOW.

Refer to Appendix 5 for how to configure PMWIN to run with your own MODFLOW.

» Inverse Code is the name of the nonlinear regression executable (mrdrive.exe, as
distributed). If another inversion algorithm is used, its full path and file name need to be
specified here.

»  The File Table: PMWIN usesthe user-specified datato generateinput files of MODFLOW
and UCODE. Description givesthe name of the packages used in the flow model. The path
and name of the input file are shown in Destination File. PMWIN generates an input file
only if the corresponding Generate flag is checked. You may click on aflag to check or
uncheck it. Normally, you do not need to worry about these flags, as PMWIN will take care
of the settings.

» Options:

- Regenerate all input files for MODFLOW and UCODE: You should check this
option, if the input files have been deleted or overwritten by other programs.

- Generate input files only, don't start UCODE: Check this option, if you do not want
to run UCODE. You can start the ssimulation at a later time by executing the batch file
UCODE.BAT.

- Checkthe model data: Before creating datafilesfor MODFL OW and UCODE, PMWIN
will check the geometry of the model and the consistency of the model datagivenintable
3.5, if thisoptionischecked. Theerrors(if any) are saved inthefile CHECK.L ST located
in the same folder as your model data.

» OK: Click OK to start the generation of the MODFLOW and UCODE input files. In
addition, PMWIN generatestwo batchfilesUCODE.BAT and UCODEL.BAT inyour model
folder. When all necessary files are generated, PMWIN automatically runs UCODE.BAT in
aDOSwindow. UCODEL.BAT will be called by the inversion code. After completing the
parameter estimation process, UCODE prints the optimized parameter values to the run
record file UCODE. ot in your model folder and automatically writes the optimized
parameter values to the input files of MODFLOW (BCF.DAT, WEL.DAT,... , etc.). The
simulation results of MODFLOW are updated by using these parameter values.

Note that PMWIN does not retrieve the optimized parameter values into the data
matrices. Your (PMWIN) model datawill not be modified in any way. This provides more
security for the model data, because an automatic calibration process does not necessarily
lead to success. If you want to operate on a calibrated model, you can import the calibrated
MODFLOW mode by choosing Convert Model... from the File menu.
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8 Run UCODE

Modflow Wersion: I MODOFLOWSE + INTERFACE TO MT3096 AND LATER j
Modflow Program IC Yprogram filesh pr\modfiwdE kmt2\modflow? exe = |
Inverse Codle: Ic\prugram filespmSucademrdrive.exe = |
Generate |Description Destination File

=] Basic Package c\program fileshpmbiexamplestsamplel ibas.d
B Block-Centered Flow (BCF1.2) chprogram filespm&iexamplestsample! \bof daf
=] Qutput Contral chprogram fileshpmiexamples\samplelloc.dat
] el chprogram fileshpmbiexamplesisample ywel.dg
=] Recharge chprogram fileshpmbiexamplesisamplel rch.daf
=] Sohver - PCG2 chprogram filesipmaiexamples\samplelpcg2

I [N v

. Options

I Regenerate all inputfiles for MODFLOW and UCODE

™ Generate input files anly, don't start UCODE

I Check the model data

o |

Cancel | Help |

Fig. 3.57 The Run UCODE dialog box

3.6.7 PMPATH (Pathlines and Contours)

Select this menu to call the particle tracking model PMPATH, which runs independently from
PMWIN. Refer to Chapter 4 for details about PMPATH.

Note that thefirst timeyou call PMPATH, it will automatically load the model currently used by
PMWIN. If you have subsequently modified model data and performed a flow simulation, you
must reload the modified model into PMPATH to ensure that it can recognize the modifications.

3.7 The Tools menu

PMWIN providesseveral modelingtools, including Digitizer, Field Interpolator, Field Generator,
Results Extractor, Water Budget Calculator, and Graph Viewer. Refer to Chapter 5 for details.

The Modeling Environment - 3.1 The Grid Editor
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3.8 The Value menu

The Value menu appears only in the Data Editor. The menu items are described below.

Matrix...

Usethe Browse Matrix dialog box (Fig. 3. 58) to examine cell values. The spreadsheet displays
aseries of columnsand rows, which correspondsto the columns and rows of thefinite-difference
grid. The cell data are shown in the spreadsheet. If you are editing a particular package, in which
acell hasmorethan onevalue (for example, the River package requiresthreevaluesfor each cell),
you can select the parameter type from the Parameter drop-down box. The Column Width
drop-down box is used to change the appearance width of the columns of the spreadsheet. Y ou
may edit the cell data within the Browse Matrix dialog box. You may also assign avalueto a
group of cells by using the mouse to mark the cells and then enter the desired value.

Y ou may savethe cell databy clicking the Save... button and specifying the file name and the
filetypeinaSave Matrix As... dialog box. Therearefour filetypes, ASCII Matrix (Wrap form),
ASCII Matrix, SURFER files and SURFER files (real-world). An ASCII Matrix file may be
loaded into the spreadsheet at a later time. The format of the ASCII matrix file is described in
Appendix 2. A SURFER file has three columns containing the (X, y) coordinates and the value of
each cell. If thefile type is SURFER files, the origin of the coordinate system for saving the file
isset at the lower-left corner of the model grid. If thefiletypeis SURFER files (real-world), the
real-world coordinates of each cell will be saved. The real-world coordinate system is defined by
Options » Environment.

Paramter: Column \Width

IRecharge Flux j |14 j
1 E [4 |5 I ﬂ
BE-09 BE-08 GE-09 BE-09 BE-08

HE-04
HE-04
HE-04
HE-04
HE-04
HE-04
HE-04
8E-04
8E-04
8E-04
8E-04
8E-04
8E-04
8E-09
AFE-N9

BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
“TYEE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-09 BE-09 BE-09 BE-09
BE-19 BE-09 BE-09 BE-19

AF-N9 AF-N9 RF-NY AF-N9 _lLI
3

Load... | Save..

Fig. 3.58 The Browse Matrix dialog box
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» To load an ASCII Matrix or a SURFER GRD file
1. Click the Load... button.
The Load Matrix dialog box appears (Fig. 3.59)

2. Click [#] and select afiletype (i.e.,, ASCIl Matrix or SURFER GRD) and afile from an
Open File diaog box.
3. Specify the starting position.
Asshownin Fig. 3.60, the starting position indicates the column and row at which a matrix
will be loaded. Numbers of rows and columns of the |loaded matrix need not to be identical
to those of the finite-difference grid. This alowsyou to replace only part of the cell data by
the matrix. For example, you can use the Field Generator to generate a matrix with
heterogeneously distributed data from statistic parameters and load it into the grid as a
subregion.
4. Select an option from the Options group. Just before a loaded matrix is put to the
spreadshest, its values will be modified according to the following options.
Replace: The cell datain the spreadsheet are replaced by those of the ASCII Matrix.
Add: The cell values of the ASCII Matrix are added to those of the spreadshest.
Subtract: Thecell datain the spreadsheet are subtracted from those of the loaded matrix.
Multiply: The cell datain the spreadsheet are multiplied by those of the loaded matrix.
Divide:  The cell datain the spreadsheet are divided by those of the loaded matrix. If a
cal value of the loaded matrix is equal to zero, the corresponding cell valuein
the spreadsheet remains unchanged.

@® Load Matrix | ]

File: IC\PMSDATA\a_matrix.dat = |
Start Position————— — Options

Column (J): Fow (1: &~ Feplace OK I

I1 I1 C Add Cancel |

Maximurn Mumbers: © Subtract

Calurnn= 30; Row= 30 © Wultiply Help |

" Divide

Fig. 3.59 The Load Matrix dialog box

Notes

1. Because of the nature of SURFER, a SURFER GRD file may only be used with
regularly spaced model grids. Consider to use the Field Interpolator (see Chapter 5),
if your model grid is irregularly spaced.

2. PMWIN only accepts SURFER GRD files, which are saved in ASCII.
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I Starting position

SCII Matri

finite difference grid B

Fig. 3.60 The starting position of aloaded ASCII matrix.

Reset Matrix...

Using Reset Matrix... you can specify avalue in a Reset Matrix dialog box. The value will be
assigned to al finite-difference cells. If you are editing a particular package, in which a cell has
morethan onevalue (for examplethe River package), all valuesin the dialog box will be assigned
to all cells.

Zones

The Zones menu allows you to save or load the zonesin or from aZonefile. All zonesinthelayer
being edited can be deleted by selecting Zones»Delete All. Using Zone files, you can transfer
zonation information between parameters or between models with different grid configuration.
The format of the Zonefileis givenin Appendix 2.

Points

The Points menu appearsonly inthe Digitizer. Refer to Chapter 5 for details about the Digitizer
and the Points menu.

Search and Modify
Use the Search and Modify dialog box (Fig. 3.61), if you want to automatically modify part of

the cell dataor if you want to create solid fill plots based on the cell data. The items of the dialog
box are described below:
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» The Trace Table: You define a search range and its attributesin an active row of thetable.
A row is active when the Active flag is checked. The search range is given by the minimum
(lower limit) and the maximum (upper limit). The color in the Color column will be assigned
to the finite-difference cells that have a value located within the search range.

You can automatically assign regularly-spaced search ranges to each active row by
clicking on one of the headers Minimim or Maximum, then enter a minimum and a
maximum value to a Search Level dialog box.

The colors can be automatically assigned so you will get a gradational change from one
color to another. To do this, click the header Color of the table and assign a minimum color
and a maximum color to a Color Spectrum dialog box. To change the color individudly,
click on the colored cell (a =l button appears), then click on the =l button and select a color
from a Color dialog box.

According to the user-specified value (in the VValue column) and the operation option (in
the Options column), you can easily modify the cell values. The available operations are

listed below:

- Display Only: No operation takes place.

- Replace: The cell values are replaced by the user-specified value.

- Add: The user-specified value is added to the cell values.

- Multiply: The cell values are multiplied by the user-specified value.

»  Parameter drop-down box: For particular packages, inwhich acell hasmorethan onevalue
(e.g., the River package of MODFLOW), this drop-down box contains the available
parameter type(s). Choose the parameter type for which the Search and Modify operation
will apply.

» Ignore Inactive Cells: If it ischecked, the Search and Modify operation will only be applied
to active cédlls.

»  Maps: You may display background maps (DXF or Line Map) by using the Maps Options
dialog box. See section 3.9 for details.

» Save...and Load...: Theentriesinthe Trace Table can besaved or loaded intrace files. The
format of the trace fileis given in Appendix 2.
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#, Search And Modify E

Parameter: IDigitizer

2

Minirmum Maxirmum Value | Options B
0 0.2 1 |Display Onby [
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only
Display Only

Dliconlan: Dl

Ok | Cancel | Help
Fig. 3.61 The Search and Modify diaog box
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haps... | Save.. | Load...

Result Extractor...

Y ou may use thismenu item to call the Result Extractor. Refer to Chapter 5 for details about the
use of this modeling tool.

Boreholes and Observations...

Y ou may use this menu item to open the Borehol es and Observations dialog box. Refer to section
3.5 for details about this dialog box.

3.9 The Options menu

There are four menu items in the Options menu; namely Environment, Maps, Display Mode
and Input Method. The use of the menu items Environment and Maps is described below.
Refer to section 3.2 for the description of the display modes and input methods.

Environment...

The Environment Options dialog box allowsyou to configure the coordinate system and modify
appearance of the model grid. Available settings are grouped under three tabs. Appearance,
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Coordinate System and Contours. The checkbox Display zones in the cell-by-cell mode is
used to force PMWIN to display the user-specified zones in the cell-by-cell input mode.

Appearance (Fig. 3.62) allows you to change the visibility and appearance color of each
simulated component. A simulated component is visible if the corresponding Visibility
checkbox is checked. To select anew color, click on the colored cell (a =l button appears),
then click on the =l button and select a color from a Color dialog box.

** Environment Options

Appearance | Coordinate Systermn | Cnntnursl

Visihility | Color [Component
Grid

Inactive cell

Fixed head cell (IBOUND <)

Fixed concentration cell (ICBUND<0)
General boundary-head cell
Discharge well

Fecharge well

Drain

River or stream

Harizantal flow barrier (slurry wall)
Eorehole

Fesersaoir

Digitized point

Time-variant specified-head
‘Time-\:ariam specified-concentration

I” Display zones in the cel-by-cell mode

oK I Cancel | Help |
Fig. 3.62 The Appearance tab of the Environment Options dialog box

Coordinate System is used to define the extent and location of the area of interest (the
worksheet) and to define location and orientation of the model grid.

Asillustrated in Fig. 3.63, theworksheet isa“window” to thereal-world, your model grid
is placed within the worksheet. The extent and location of the worksheet are defined by
gpecifying the (real-world) coordinates of its lower-left and upper-right corners; i.e., by the
coordinates (X,, Y,) and (X,, Y,) as shown in Fig. 3.63 and Fig. 3.64. The location and
orientation of the model grid are defined by the coordinates (X,, Y ) of itsleft-upper corner
and a rotation angle. The rotation angle is expressed in degrees and is measured
counterclockwise from the positive x-direction.

Contours: The Data Editor displays contours based on the cell data. The Contours tab

allowsyou to control the display of the contour levels, labels and colors. The options of this

tab are listed below.

- Visible: Contours are visible if this box is checked.

- Display contour lines: Contour lines (and labels) are displayed if this box is checked.

- Fill contours: Checking thisbox causes the space between contour linesto befilled with
the color defined in the contour level table.
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- Orient label uphill: If this box is checked, the contour labels are displayed so that they
are always oriented uphill (i.e., oriented to places with higher cell values).

Fig. 3 63 Deflnl ng the location and orientation of the worksheet and model grld

Environment Options

—Grid Position
S —
O Cr—

alo

—Worksheet Size

®1= |10
Y= |0
®2= 11200

2= 1200

Appearance Coordinate System | Contoursl

—Worksheet f Coordinate System

2.2
“our model grid

Y o va)

(A=Fotation angle in degree)

/—(><1,Y1)

™ Display zones in the cell-by-cell made

Cancel |

Help |

Fig. 3.64 The Coordinate System tab of the Environment Options dialog box
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- Ignore inactive cells: If thisbox is checked, the data of inactive cellswill not be used for
creating contours.

- Parameter: If you are editing a particular package, in which a cell has more than one
value (for example, the River package requiresthree valuesfor each cell), you can select
the parameter type from this drawdown box. PMWIN uses the data associated with the
selected parameter type to create contours.

- Contour level table: Y ou can click on each cell of thetable and modify the valuesor you
can click on the header button of each column of the tableto changethevauesfor al cells
of the column.

Level: To produce contours on regular intervals, click the header of this column. A
Contour Levels dialog box allows you to specify the contour range and interval. By
default, this dialog box displays the maximum and minimum values found in the
current layer. After having made your changes and clicked on OK, the contour levels
in the table are updated to reflect the changes.

Line and Fill definethe color of acontour line and thefill color between two contour
lines. Clicking on one of the headers, the Color Spectrum dialog box (Fig. 3.66)
appears. Using this dialog box, the contour colors can be automatically assigned to
produce agradational change from a minimum color to amaximum color. To change
the minimum or maximum color, smply click on the button and select a color from a
Color dialog box. After clicking on OK, agradation of colors from the minimum to
the maximum is assigned to each contour level.

Label: Using the Contour Labels dialog box (Fig. 3.67), you can define the display
frequency of contour labels. First labeled contour line definesthe first contour line
to be labeled. Labeled line frequency specifies how often the contour lines are
labeled. After having made your changes and clicked on OK, the flags in the table is
updated to reflect the changes you specified. Y ou can click on anindividual cell of the
label column to turn label on B or off OJ.

Label height specifiesthe appearance height of the label text. It usesthe same length
unit as the model.

Label spacing specifies the distance between two contour labels. It uses the same
length unit as the mode.

- Label Format: The Label Format dialog box (Fig. 3.68) alows you to specify the
format for the labels.

The Fixed option displays numbers at least one digit to the left and N digits to the
right of the decimal separator, where N is the value specified in Decimal digits.
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The Exponential option displays numbers in scientific format and E is inserted
between the number and its exponent.

Decimal digits determines the number of digitsto the right of the decimal separator.
For example, if Decimal digits = 2, thevalue 1241.2 will be displayed as 1241.20 for
the fixed option or 1.24E+03 for the exponential option.

Prefix isa text string that appears before each label.

Suffix isatext string that appears after each label.

- Restore Defaults: Clicking on this button, PMWIN sets the number of contour lines to
11 and uses the maxmum and minimum values found in the current layer as the minimum
and maximum contour levels. The label height and spacing will also be set to their default
values.

- Load and Save: The contents of the contour level table can be loaded from or saved in
separate Contour files. Refer to Appendix 2 for the format.

** Environment Options
Appearancel Coardinate System  Contours I
¥ Visible ™ Display contour lines W Fill contours
¥ Orient labels uphill ¥ lgnare inactive cells
Parameter: IStamng Hydraulic Heads j
Lewvel Line Fil | Label [Label Height Label Spacing
] B [3485231 84.86281
8.485281 84.85281
§.2000M 3.485281 34.85281
5.485281 8485281
8.400002 5.485281 8485281
8.600002 8.486281 84.86281
8.485281 84.85281
3.485281 34.85281
5.485281 8485281
8.900003 5.485281 8485281
9.000004 8.486281 84.86281
Label Format Festare Defaults | Load | Save |
I™ Display zones in the cell-by-cell made
QK I Cancel | Help |

Fig. 3.65 The Contours tab of the Environment Options dialog box

il Color Spectrum <]

tdinimum Color taximum Colar

Ok | Cancel | Help |

Fig. 3.66 The Color Spectrum diaog box
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[EiContour Labels E
First labeled contour line: Ih
Labeled line frequency: |1

[8]4 | Cancel |

Fig. 3.67 The Contour Labels dialog box

+ Label Format

™ Exponential

Decirmal digits: |2
Prefix: I
Suffix; I

QK I Cancel |

Fig. 3.68 The Label Format dialog box

Maps...

The Maps Options dialog box (Fig. 3.69) allowsyou to display up to 5 background DXF-maps,
3 Line maps and one geo-referenced raster (bitmap) graphics. The optionsin this dialog box are
grouped under two tabs described below.

»  Vector Graphics

A DXF-file contains detailed data describing numerous CAD entities. An entity isaline or
symbol placed on a drawing by the CAD system. PMWIN supports the following entities:
LINE, POLYLINE, POINT, ARC, SOLID, CIRCLE and TEXT. The other entitieswill be
ignored. Thereis no size limit to the number of the acceptable entities.

A Line Map consists of aseriesof polylines. Each polylineisdefined by aheader lineand
aseriesof coordinate pairs. The header line only containsthe number of the coordinate pairs.
Refer to Appendix 2 for the format of the Line Map files.

» To import a DXF-map or a Line map:

1. Select the Vector Graphics tab.

2. Click the right mouse button on any of the DXF File or Line Map File edit fields and
select afile from a Map Files dialog box.
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3. If necessary, use ascalefactor to enlarge or reduce the appearance size of the map. Then
usethevaluesin X and Y to shift the scaled map to the desired position. For details, see
Scaling a vector graphic below.

4. Click the colored button in the front of the edit field and select a color for the DXF-map
from a Color diaog box. The color will be assigned to a DXF-graphics entity, if the
entity's color is not defined in the DXF file. A line map will always use the selected color.

5. Check the check box next to the edit field. The map will be displayed only when the box
is checked.

. Maps Options [x]
“ector Graphics | Raster Graghics|
i~ DxF Fil

Filename ® N Factor

- i Ic\prugram filegtpmbexamplesisa |U |El |1
| o0 Jo 1
= o [0 [
Tl [0 [0 [
I [0 Jo [1

~Line Map File
Filename x hd Factor
I [0 [0 [
Tl [0 [0 [
o [0 Jo [1

|Ch:ktha tight mouse button on the filename fields to selectfiles

ok | Cancel | Help |
Fig. 3.69 The Maps Options diaog box

» Scaling a vector graphic

X and Y should be 0 and Scale should be 1, if a DXF file is generated by PMWIN or
PMPATH. Because of different length units, DXF files created by some drawing or CAD
software may not be imported into PMWIN without modifying the scale factor and the X,
Y values. If these values are incorrect, a DXF-map will be displayed too small, too large or
outside the workshest. If this happens, use the Environment options dialog box to define
avery large worksheet ensuring that the map can be displayed within the worksheet. Then,
you can check the units on the imported map by moving the mouse around the map and
looking at the X and Y coordinates displayed in the status bar. Choose two points that are
a known distance apart and check their distance with the status bar. If the distance is
incorrect, compute a scale factor and import the map again. Once you have the correct scale
factor, you may shift thescaled DXF-map tothedesired position by using X and Y. Fig. 3.70
uses atriangle as an example to show the use of X, Y and the scale factor.
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(s -Xg+ X, -3+ Y)

Y Y
A A
(X3, Y3)
(X4, Yq) X3, Yz) (s-Xi+ X, s+ Y)  (s:XH# X, s:Y,+ Y)
a triangle before scaling and shifting " the triangle after scaling and shifting ”

a scale factor s and displacements X and Y are used

Fig. 3.70 Scaling a vector graphic

» Raster Graphics
Raster graphics saved in Windows Bitmap (*.bmp) or JPEG (*.jpg) format can beimported
and geo-referenced.

» To import a raster graphic
1. Click the Raster Graphics tab.

2. Click the open file button [ | and select afile from a Raster Graphics dialog box.
The map is displayed in the Maps Options dialog box (Fig. 3.71). You can increase or
decrease the magnification level of the display.

- Tozoom in, hold down the Shift-key and click the image with the left mouse button.

- Tozoom out, hold down the Ctrl-key and click theimage with the right mouse button.

- Todisplay entire map, hold down the Alt-key and left-click the image.

- To moveapart of the image to the center of the display, smply left-click the desired
position.

» To set geo-reference points

1. Click the Set button from the Point 1 or Point 2 group.
The mouse cursor turnsinto a crosshairs.

2. Placethe crosshairsat apoint with known (X, y) real-world coordinates and pressthe left
mouse button.

3. Enter the (X, y) coordinates into the corresponding edit fields of the group Point 1 or
Point 2.
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4. Repeat the steps 1 to 3to set the other reference point. Note that the geo-reference points
must not lie on avertical or horizonta line, e.g., the x- and y-coordinates of the points
must not be the same.

¥, Maps Options
Vector Graphics RasterGraphicsI

Filename: Ie:\imageZ.bmp =
Pomt]—— ————————— ~Point2———————————————
Raster = w= [rz200]
¥ Graphic Set o
Wisible Y=o v |712DD

OK | Cancel | Help |

Fig. 3.71 Importing a geo-referenced raster map
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4. The Advective Transport Model PMPATH

PMPATH is an advective transport model running independently from PMWIN. PMPATH
retrieves the groundwater models and simulation result from PMWIN and MODFLOW. A semi-
analytical particle tracking scheme (Pollock, 1988, 1989) is used to calculate the groundwater
pathsand travel times. Through theinteractive graphical modeling environment of PMPATH, you
can place particles and perform particle tracking with just a few mouse clicks. While most
available particle tracking models need postprocessors for visualization of computed paths and
timesdata, PMPATH calculates and animates the pathlines simultaneoudly (Fig. 4.1). Moreover,
PMPATH provides various on-screen graphical options including head contours, drawdown
contours and velocity vectors for any selected model layer and time step.

Both forward and backward particle tracking are allowed for steady-state and transient flow
simulations. For transient flow simulations, particles can start from the beginning of any time step.
During thesimulation, the particletracking agorithm will check the current time of every particle.
If a particle reaches the end (forward tracking) or the beginning (backward tracking) of atime
step, PMPATH forcesthe particle to wait, until the flow field of the next time step has been read.
The particle tracking smulation proceeds until al particles have left the model via sinks or until
the user-specified time limit is reached.

3 PMPATH - [example.pm5] - loading
File Bun Options Help

B[+ xR <<= ] ] ol

C
QOQ/

%
OO// —
&
&, =
@
T T 1
0 800 m
:l T [ [ Ted e I
| | [ I [ [ [ [ [ T |
2.286E+03, 2.072E+03. 1.100E+01 44,151 [1.3418E+071 [1.9761E-07 [9.20676-09 [ 1 [ 1 [45

Fig. 4.1 PMPATH in operation

The Advective Transport Model PMPATH
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Thetime length of asingle particle tracking step and the maximum number of tracking steps can
be specified. Each particle can have its own color and retardation factor. With these features,
PMPATH can be used to simulate advective transport in groundwater, to delineate contaminant
capture zones, injection zones and wellhead protection areas or to find the point of origin of water
in specified zones. PMPATH creates several output files including hydraulic heads distribution,
velocity field, the x,y,z coordinates and travel times of particles. Graphics output includes DXF,
HPGL and BMP (Windows bitmap) formats. Due to PMPATH’ sintensive graphical capability,
thereis no need for additional packages for graphical representations of the simulation resullts.

4.1 The Semi-analytical Particle Tracking Method

Assume that the density of groundwater is constant. Consider aunit volume of aporous medium
as shown in Fig. 4.2 and apply Darcy's law and the law of conservation of mass. The three
dimensional form of the partial differential equation for transient groundwater flow in saturated
porous media can be expressed as

oV, N IV, N Ng, w- s, oh @.1)
oXx ay 0z ot
where

Vs Vsy @Nd v, [L/T] are values of the specific discharge (or Darcy velocity) through the unit
volume aong the x, y, and z coordinate axes;

w [U/T] isavolumetric flux per unit volume and represents internal sources and/or sinks of
water;

S, [VL] isthe specific storage of saturated porous media;

h [L] isthe hydraulic head; and

t[T] istime.

For athree-dimensional finite-differencecell asshowninFig. 4.3, thefinite-differenceform of eqg.
4.1 can be written as

(sz - Qxl) N (Qy2 - le) N (sz - Qzl) _ W LS ﬂ
(Ay-Az)-Ax (Ax-Az)-Ay (Ax-Ay)-Az Ax-Ay-Az At

(4.2)
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where
Qur Quar Qy1y Qo Qi and Q,, [L®T] are volume flow rates across the six cell faces.
Ax, Ay and Az [L] are the dimensions of the cell in the respective coordinate directions,
W [L3TY] isflow to internal sources or sinks within the cell; and
Ah [L] isthe change in hydraulic head over atimeinterval of length At [T].

M Q
V32+stz Vo Mlyvs y z2 Qy2
MZ, Y2, z2)
Dy
Qu— = >
Ve *4>st+,\5|wixvs y x1 QXZ

)z

/ 7 (x1,y1, z1)

y Vsy y le
Vs, QZl
X X

Fig. 4.2: Flow through a unit volume of a Fig. 4.3: Finite-difference approach
porous medium

Eq. 4.2 is the mass balance equation for a finite-difference cell. The left hand side of eq. 4.2
represents the net massrate of outflow per unit volume of the porous medium, and the right hand
side is the mass rate production per unit volume due to internal sources/sinks and mass storage.
Substitution of Darcy’s law for each flow termin eqg. 4.2, ie, Q=Ah-K-A/Ax, yields an equation
expressed in terms of (unknown) heads at the center of the cell itself and adjacent cells. An
equation of thisform iswritten for every cell in the mesh in which head isfree to vary with time.
Once the system of equationsis solved and the heads are obtained, the volume flow rates across
the cell faces can be computed from Darcy’s law. The average pore velocity components across
each cell face are

Via = Qu / (n - Ay - AZ) (4.3a)
Vio = Qo /(N - Ay -+AZ) (4.3b)
Vyp = Qp /[ (n - Ax - Az) (4.3c)
Vi, = Qpp /(N - Ax - AZ) (4.3d)
v, = Q,, / (n- Ax - Ay) (4.3e)
vV, = Q,, / (n - Ax - Ay) (4.3f)
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178 Processing Modflow

where
n [-] isthe effective porosity, and
Vias Vo Vyrr Vya, Vi, @AV, [LT] arethe average pore vel ocity components across each cell
face.

Pollock’ ssemi-analytical particletracking schemeisbased on the assumption that each directional
velocity component varies linearly within amodel cell inits own coordinate direction. The semi-
analytical particle tracking algorithm uses simple linear interpolation to compute the principle
velocity components at any pointswithinacell. Given the starting location (x, y, z) of the particle
and the starting time t,, the velocity components are expressed in the form

Vx(tl) - AX(X B Xl) * Vxl (448.)
vy (t) = Ay - yp) + vy, (4.4b)
v,(t) = A(z-2) +v, (4.4c)

wherex,, y, and z, aredefined in Fig. 4.3. A,, A, and A, [ T*] are the components of the velocity
gradient within the cell,

A = (v, —Vv,)/AX (4.5a)
A, = (v, - vy,) [ Ay (4.5b)
A, =(v,, —v,) Az (4.5¢)

Using adirect integration method described in Pollock (1988) and considering the movement of
the particle within a cell, the particle location at timet, is

X(t) = x, + (v (t)-e™% —v ) /A (4.6a)
yt) =y, + (v, )™ v ) /A, (4.6b)
2(t) =z, + (v, (t)e™® —v ) I A (4.6¢)

where AT =t, - t,

For steady-state flow fields, the location of the particle at timet, must be still within the same cell
as at timet,. Given any particle's starting location within a cell at timet,, Pollock’s algorithm
allowsto determine the particle sexit time t, and exit point from the cell directly, without having
to calculate the actual path of the particle within the cell.

The particletracking sequenceisrepeated until the particle reaches adischarge point or until
auser-specified time limit is reached. Backward particle tracking isimplemented by multiplying
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all velocity termsin equations 4.3a - 4.3f by -1.

For transient flow fields, in addition to the condition for steady-state flow fields, t, and t,
must lie within the same time step. In PMPATH, each particle may be associated with a set of
attributes, i.e., the retardation factor, the starting, forward and backward travel times and
positions. If aparticleistravelling acrossthe end (forward tracking) or the beginning (backward
tracking) of atime step of aflow ssimulation, PMPATH setst, to the end or beginning time of this
time step and forces the particle to wait until the flow field of the next time step (forward
tracking) or the previous time step (backward tracking) is read. If the end or beginning time of
atransient flow simulationisreached, the most recent flow field can betreated as steady-state and
the movement of particles can go on.

Consideration of the display of the calculated pathlines

Because of the capability of calculating particle’'s exit point from a cell directly, pathlines
displayed by PMPATH may sometimesintersect each other. Consider the case showninFig. 4.4,
two particles within atwo-dimensional cell start at the same time. The dashed curves represent
the actual paths of these two particles. The solid lines are the pathlines displayed by PMPATH.
The pathlines intersect each other, although the particles” exit points are exactly equal to that of
the actual paths. Thiseffect can be prevented by using asmaller particle tracking step length such
that intermediate particle positions between starting point and exit point can be calculated. See
Particle Tracking (Time) Properties dialog box (sec. 4.3) for how to change the particle
tracking step length.

Consideration of the spatial discretization and water table layers

The method described above is based on the assumption that the model domain was discretized
into an orthogonal finite-difference mesh, i.e., al model cdlls in the same layer have the same
thickness. In practice, variable layer thickness is often preferred for approaching varying
thicknesses of stratigraphic geohydrologic units. In order to cal cul ate approximate groundwater
paths for this kind of discretization, PMPATH (as well as MODPATH) uses a vertical local
coordinateinstead of thereal-world z-coordinate. Thevertical local coordinateisdefined for each
cdl as

z =(z-2)1(@z, -2) 4.7)

where z, and z, are the elevations of the bottom and top of the cell, respectively. According to
thisequation, the vertical local coordinate z, isequal to 0 at the bottom of the cell and z, isequd
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to 1 at the top of the cell. When a particle is moved laterally from one cell to another, itsvertica
local coordinate remains unchanged, regardless of how the el evations of the bottom and top vary
from one cell to another.

In MODFLOW, model layers of type 1 (unconfined) are always water table layers, model
layers of type 2 or 3 (confined/unconfined) are water table layers when the head in the cell is
beneath the elevation of the cell top. For water table layers, z, is set equal to the head inthe cell.

T Vy2 exit points of particles 1 and 2

Ver* Vxz # 0

v
Starting point of particle 1 y1

ﬁ"vl

Fig.4.4: Schematicillustration of the spuriousintersection of two pathlinesin a two-dimensional
cel.

tVyZ*O

4.2 PMPATH Modeling Environment

The PMPATH modeling environment (Fig. 4.5) consists of the Worksheet, the cross-section
windows, the tool bar and and the status bar. They are described below.

Worksheet and cross-section windows

PMPATH as well as PMWIN use the same spatia discretization convention as used by
MODFLOW. An aquifer system is discretized into mesh blocks, or cells. An 1, J, K indexing
system is used to describe the locations of cellsin terms of rows, columns and layers. Thel-, J,
and K- axes are oriented along the row, column and layer direction, respectively. The origin of
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the cell indexing system islocated at the upper, top, left cell of the model. MODFL OW numbers
the layers from the top down, an increment in the K index corresponds to a decrease in
elevation z.

PMPATH aways displays the model grid parallel to the Worksheet, while PMWIN alows
auser to shift and rotate amodel grid by giving the rotation angle A and the coordinates (X,, Y,)
of the upper-left corner of the grid. The relation between the model grid and the real-world (X,
y, ) coordinate system isillustrated in Fig. 4.5. The Worksheet displays the plan view of the
current model layer and the projection of pathlines on the horizontal 1J-plane. The cross-section
windowsdisplay the projection of pathlinesonthelK - and JK-planes. TheEnvironment Options
dialog box of PMPATH (seesec. 4.3) allowsthe user to change the appearance of thesewindows.

The projection of pathlines on the cross-sections is useful when running PMPATH with a
three-dimensional (multi-layer) flow field. One should always keep in mind that only the
projections of pathlines are displayed. The projection of apathline may beintersected by another
or even itsdf, particularly if athree-dimensiona flow field or atransient flow field is used.

Status bar

The Statusbar displays the following messages:

the current position of the mouse cursor (in both [X, y, z] coordinates and [J, I, K] indices);
the hydraulic head at the cell [J, I, K];

the average horizontal pore velocity at the center of the cell [J, I, K];

the average vertical pore velocity at the center of the cell [J, I, K];

the current stress period of the flow simulation;

the current time step of the flow ssimulation; and

the number of particles.

N o g~ DN

See Particle Tracking (Time) Properties dialog box (sec. 4.3) for how to change the current
stress period and time step. The hydraulic heads at the current stress period and time step are
calculated by MODFLOW. The average horizontal porevelocity at the center of acell isobtained
by averaging thevelocitiesv,,, v,, and v, v,, respectively (seeequation 4.3a-4.3d). Theaverage
vertical pore velocity at the center of acell isthe average of the velocities v, ,, v,, (See equation
4.3e and 4.3f). The vertical velocity is defined as positive when it points in the k-direction.
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Fig. 4.5: The PMPATH modeling environment
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Tool bar

The tool bar provides quick access to commonly used commands in the PMPATH modeling
environment. Y ou click a button on the tool bar once to carry out the action represented by that
button. To change the current layer or the vertical local coordinate, click the corresponding edit
field in the tool bar and type the new value then press ENTER. See eqg. 4.7 for the definition of
the vertical local coordinate. The following table summarizes the use of the tool bar buttons of
PMPATH.

Table 4.1 Summary of the tool bar buttons of PMPATH

Button  Action

Open Model; allows a user to open a model created by PMWIN.

Set Particle; allows a user to place particles in the model domain.

Erase Particle; provides a way to delete particles.

Zoom In; allows you to drag a zoom-window over a part of the model.

Zoom Out; Forces PMPATH to display the entire model grid.

Particle color; Allows a user to select a color for new particles from a color dialog box.

Run particles backward; executes backward particle tracking for a time lenght. The time length is
defined by the product of the number of particle tracking steps and the particle tracking step length.

Run particles backward step by step; executes backward particle tracking for a user-specified
particle tracking step length.

Stop; stops the particle tracking or stops drawing particles.

Run particles forward step by step; executes backward particle tracking for a user-specified particle
tracking step length.
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Run particles forward; executes forward particle tracking for a time length. The time length is defined
by the product of the number of particle tracking steps and the particle tracking step length.

Open model

Opens an existing model created by PMWIN. A PMWIN-model file always has the extension
PM5. Prior to openning amodel, the flow simulation must be performed. By default, PMPATH
reads the unformatted (binary) files (HEADS.DAT and BUDGET.DAT) from the same folder
as the loaded mode!.

Set particle

Use the following two methods to place particlesin the current layer. The current layer is shown
in the tool bar (Fig. 4.5). Change it first, if you need to place particles into another layer. Note
that particles cannot be placed in inactive cells or fixed-head cells (constant head cells).
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To place a group of particles

Click the Set particle button | +].

Move the mouse cursor to the active model area. The mouse cursor turns into crosshairs.
Place the crosshairs where you want a corner of the "Set Particle" window.

Drag the crosshairs until the window covers the subregion over which particles will be
placed, then release the mouse button.

The Add New Particles box appears (Fig. 4.6). Where NI, NJ and NK are the number of
particlesin |, Jand K directions, respectively. Using NI, NJand NK, particles can be placed
either on cell faces or within cellswhich liein the " Set Particle” window.These numbers can
range from 010 999. In the case shown in Fig. 4.6, 8 particleswill be placed within each cell,
3 (=3x1) particleswill be placed on each cell face and 15 particleswill be placed around each
cell at adistance of 20. The particleswill get the color and the retardation factor givenin the
Properties tab of this dialog box.

To place a single particle

Click the Set particle button | +].

Change the vertical local coordinate and the particle color (for the definition of the vertical
local coordinate, see equation 4.7).

Move the mouse cursor to the desired position and click the right mouse button. A particle
will be placed. Note that this particle will have the retardation factor specified in the
Properties tab of the Add New Particles dialog box. Once particles are placed, their color
and retardation factor cannot be changed any more.

B Add New Particles Ed

Particles | Properties | Cell Faces |

—Particles on cellfaces

Face 1 (Nlx M=
Face 2 (M x NK)=
Face 3 (NJx MNK)=
Face 4 (NJx MNE)

Face 5 (Nl x NJ)=
Face 6 (Nl x MNJ)=

— Particles within cells

Ni= |2

NJ= |2

11

M= |2

— Particles on circles
15

R=|2U

k=1

:

T

Ok | Cancel |

Fig. 4.6: The Add New Particles dialog box

The retardation factor R is defined by
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R=1+ ?-Kd (4.8)

where p,, isthe bulk mass density of the porous medium, n isthe effective porosity, and K, isthe
distribution coefficient. A detailed description of these parameters can be found in the literature,
e.g., Freezeand Cherry (1979). Theretardation factor wasfirst applied to groundwater problems
by Higgins (1959) and Baetse (1967). Baetde indicated that it may be used to determine the
retardation of the center of mass of a contaminant moving from a point source while undergoing
adsorption. PMPATH uses the retardation factor to modify the average pore velocity of the
groundwater flow. The velocity vectors in equation (4.3a)-(4.3f) become

vy, = Q. /(n"Ay-Az)/R (4.9a)
V,, = Q,,/(N"Ay-Az)/R (4.9b)
Vyp = lel(n-Ax-Az)/R (4.9¢)
Vyp = QyZ/(n-Ax-AZ)/ R (4.9d)
v,, = Q, /(n"Ax-Ay)/R (4.9€)
V,, = Q,,/(n"Ax-Ay)/R (4.9f)

=] Erase particle
Y ou can only erase particles located in the current layer. The current layer is shown in the tool
bar. Changeit first, if you need to erase particles in another layer.

» To delete particles

1. Click the Erase particle button =]

2. Move the mouse cursor to where you want a corner of the "Erase” window.

3 Drag the mouse cursor until the window covers the particles which will be deleted.
4. Release the mouse button.

Zoom In

By default, PMPATH displaysthe entiremodel grid. Zoom in isuseful, if you want to view apart
of the model domain in greater detail or if you want to save plots of a certain part of the model
area (see Sec 4.4 for how to save plots).
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» Tozoom in on a part of the model

Click the Zoom In button [

Move the mouse cursor to where you want a corner of the "Zoom" window.

Drag the mouse cursor until the window covers the model area which isto be displayed.
Release the mouse button.

HpwODN P

Zoom Out
Clicking on the "Zoom out" button forces PMPATH to display the entire model grid.

*] Particle color

Clicking on the Particle color button allows a user to select a color for new particles from a
Color dialog box. Particles with different colors are useful when, for example, you want to
determine the capture zones of several pumping wells. In this case, particles with a certain color
are placed around or on the cell-faces of each pumping well. Through backward tracking, capture
zones of each pumping well can be recognized by their different colors.

Run particles backward

Click thisbutton to execute backward particletracking for aspecified timelength. Thetimelength
isthe product of the number of particle tracking steps and the particle tracking step length given
in the Particle Tracking (Time) Properties dialog box. See sec. 4.3 for details.

Run particles backward step by step

Click this button to move particles backward asingle particle tracking step. The particle tracking
step length is defined in the Particle Tracking (Time) Properties dialog box. See sec. 4.3 for
details.

=] Stop

Y ou can click the Stop button to stop particletracking or stop redrawing particleswhen the Stop
button is highlighted (ie, the rectangle on the button is colored in red).

PMPATH redraws the particles whenever the PMPATH window has been covered by other
windows and becomes visible again. For example, if you change to another application and then
returnto PMPATH, PMPATH will redraw all particles. If too many particlesare placed, you will
need to keep PMPATH from redrawing all particles. Under some circumstances, PMPATH will
take along time for calculating the coordinates of flow paths and travel times. Thisis especially
true, if the flow velocities and the user-specified time step length of particle tracking are very
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small. Click the Stop button, if the particle tracking simulation appears too slow.

Run particles forward step by step

Click this button to move particles forward a single particle tracking step. The particle tracking
step length is defined in the Particle Tracking (Time) Properties dialog box. See sec. 4.3 for
details.

Run particles forward

Click this button to execute forward particle tracking for a specified time length. Thetime length
isthe product of the number of particle tracking steps and the particle tracking step length given
in the Particle Tracking (Time) Properties dialog box. See sec. 4.3 for details.

4.3 PMPATH Options Menu

Environment...

The Environment Options dialog box (Fig. 4.7) allows to modify the appearance of the mode.
The available settings are grouped under 4 tabs; namely Appearance, Cross Sections, Velocity
vectors and Contours. These tabs are described below.

» Appearance alows to change the visibility and appearance color of each smulated
component. A simulated component is visible if the corresponding Visibility check box is
checked. To select anew color, click on the colored cell (a =l button appears), then click on
the =l button and select a color from a Color dialog box.

» Cross Sections
- To display the cross-section windows, check the Visible check box.

- To display the model grid, check the Show grid check box.

- Todisplay the groundwater surface (or the hydraulic heads of the highest active cells) on
the cross-sections, check the Groundwater surface (Potential) check box.

- Use Exaggeration (scaling factor for the height) to change the appearance height of the
cross-sections. A larger exaggeration value lets you see the projection of the pathlineson
the cross-section windows in greater details. The exaggeration value can be ranged from
0.01 to 1000. If the model thickness or the exaggeration value istoo small such that the
appearance size on the screen is smaller than 1 pixel, PMPATH will turn off the display
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of the cross sections. In this case, the Visible check box will be unchecked automatically.
- Projection Row and Projection Column: PMPATH uses a grid cursor to define the
column and row for which the cross-sectiona plots should be made. Y ou can move the
grid cursor by holding down the Ctrl-key and click the |eft mouse button on the desired
position. Alternatively, you can type the row and column in the Projection Row and
Projection Column edit boxes. Thevisible part on the cross-sectional plotsisdefined by
Minimum Elevation and Maximum Elevation. By default, the maximum elevation is
set to the highest el evation of themodel grid (or thelargest hydraulic head). The minimum
elevation is set to the lowest elevation of the model grid (or the smallest hydraulic head).
Velocity vectors
Ve ocity vectorsdescribethe directions of water movement at any instant of agiventimestep
of the smulation (The time step is defined by Current Time of the Particle Tracking
(Time) Properties dialog box; see Fig. 4.11). Check the Visible check box, the projection
of velocity vectors of each active model cell will be displayed on the Worksheet and
cross-section windows. Click the color button next to the Visible check box to change the
appearance color of the velocity vectors. The appearance size of the largest velocity vector
is defined by the Vector size (in pixels), which defaults to 25 and can be ranged from 1 to
32767.

*' Environment Options

| Cross Sections | \a’elocityvectorsl Contours|

isibility

Color | Component

Grid

Inactive cell

Fixed head cell ((BOUND<O)
Fixed concentration cell (ICEUND<O)
General boundany-head cell
Discharge well

Recharge well

Drain

River or stream

Horizontal flovw barrier (slurry wall)
Resersair

Time-variant specified-head

[ |

Cancel |

Fig. 4.7 The Environment Options dialog box
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»

Contours:

PMPATH displays contours based on the calculated heads or drawdowns. The Contours
tab allows you to control the display of the contour levels, labels and colors. The options of
thistab are listed below.

Visible: Contours are visible if this box is checked.

Orient label uphill: If thisbox is checked, the contours labels are displayed so that they
are always oriented uphill (i.e., oriented to places with higher cell values).

Head or Drawdown: Use the options Head or Drawdown to decide which kind of
contours should be displayed.

Contour level table: You canclick on each cell of thetable and modify the valuesor you
can click on the header button of each column of the tableto changethevauesfor al cells
of the column.

Level: To produce contours on regular intervals, click the header of this column. A
Contour Levels dialog box allows you to specify the contour range and interval. By
default, this dialog box displays the maximum and minimum values found in the
current layer. After having made your changes and clicked on OK, the contour levels
in the table are updated to reflect the changes.

Color definesthe color of acontour line. Clicking on the header, the Color Spectrum
dialog box (Fig. 4.8) appears. Using this dialog box, the contour colors can be
automatically assigned so you get a gradational change from a minimum color to a
maximum color. To change the minimum or maximum color, smply click on the
button and select a color from a Color diaog box. After clicking on OK, agradation
of colors from the minimum to the maximum is assigned to each contour level.
Label: Using the Contour Labels dialog box (Fig. 4.9), you can define the display
frequency of contour labels. First labeled contour line defines the first contour line
to be labeled. Labeled line frequency specifies how often of the contour lines are
labeled. After having made your changes and clicked on OK, the flags in the table is
updated to reflect the changes you specified. Y ou can click on individual cell of the
label column to turn label on & or off O.

Label height specifiesthe appearance height of the label text. It usesthe same length
unit as the model.

Label spacing specifies the distance between two contour labels. It uses the same
length unit as the mode.

Label Format: The Label Format dialog box (Fig. 4.10) allows you to specify the
format for the labels.

The Fixed option displays numbers at least one digit to the left and N digits to the
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right of the decimal separator, where N is the value specified in Decimal digits.
The Exponential option displays numbers in scientific format and E is inserted
between the number and its exponent.

Decimal digits determines the number of digitsto the right of the decimal separator.
For example, if Decimal digits = 2, thevalue 1241.2 will be displayed as 1241.20 for
the fixed option or 1.24E+03 for the exponential option.

Prefix isa text string that appears before each label.

Suffix isatext string that appears after each label.

- Restore Defaults: Clicking on this button, PMPATH sets the number of contour linesto
11 and uses the maxmum and minimum values found in the current layer as the minimum
and maximum contour levels. The label height and spacing will also be set to their default
values.

- Load and Save: The contents of the contour level table can be load from or save in
separate Contour files. Refer to Appendix 2 for the format.

il Color Spectrum [=]

tinimum Colar Maximum Colar

oK | Cancel |

Fig. 4.8 The Color Spectrum dialog box

+ Contour Labels K
First labeled cortour line: |1
|1

Labeled line fraguency:

QK | Cancel

Fig. 4.9 The Contour Labels dialog box

i\ Label Format
& Fixad; " Exponential
Decimal digits: |27
Frefix: li
Suffixc lmi
oK | Cancel |

Fig. 4.10 The Label Format dialog box
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Particle Tracking (Time)...

The available settings of the Particle Tracking (Time) dialog box (Fig. 4.11) are grouped under
3 tabs; namely Simulation Mode/Time, Pathline Colors and RCH/EVT options. These tabs are
described below.

»

Particle Tracking (Time) Properties
= & Pathline Calars | RCH/EVT Optians |
—Current Time——————— ~Tracking Step
Unit Iseconds -
Stress Period: I 1
Step Length IBWES?BDD
Time Step: I 1
Maximum steps I]EIU
—Time hark
FlanView—————————— ~Cross Sections
Interval: | 1 I~ Visible ™ visible
Size |1D Slze:|3
— Simulation Mode
& Flowlines. use the flow field fram the currenttime step
1 Paitlines, use ransientiomfields
—Stop Condition
V' Paricles stop, when they enter cells with intemal sinks
I BaricEseinm whemthesmmlsiumtimelimi s e ached
oK | Cancel |

Fig. 4.11 The Particle Tracking (Time) Properties dialog box

Simulation Mode/Time

Current Time: In MODFLOW, simulation timeis divided into stress periods, which are
in turn divided into time steps. The time length of each stress period and time step is
definedin PMWIN. In PMPATH, you can moveto any stress period and time step aslong
as the resulting heads and budget data are saved for that stress period/time step. The
starting time of each particle is always the beginning of the time step defined in Current
Time.

Tracking Step: To select atime unit for Step length, click the down arrow on the Unit
drop-down box. The step length isthe time length that particles may move when one of

the buttons =1 or is pressed. Maximum steps is the alowed number of particle

tracking steps. Each time you press one of the buttons =1 or , particles may move
backward or forward for a time length defined by the product of Step length and
Maximum steps.

Time Mark: PMPATH places atime mark on pathlines for each n-tracking step, where
nisgivenin Interval. Check the corresponding Visible check boxes, if you want to see
time marks on the Worksheet (plan view) or the cross-section windows. The appearance
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size of thetime marksisdefined by Size (in pixels). The default value of Sizeis 10 for the
top view window and 3 for the cross-section windows. The sizes can be ranged from 1
to 2,147,483,647.

- Simulation Mode: PMPATH can be used to calculate flowlines or pathlines. Flowlines
indicate the instantaneous direction of flow throughout a system (at all times of a
steady-state flow simulation or at a given time step of a transient flow simulation).
Pathlines map the route that an individual particle of water follows through a region of
flow during a steady-state or transient condition. In a steady-state flow system pathlines
will coincide with flowlines. In this case, only the option Flowline, use the flow field
from the current time step is available. In the case of atransient flow simulation that
groundwater flow varies from time step to time step, the flowlines and pathlines do not
coincide. Use the option Pathlines, use transient flow fields to calculate transient
pathlines.

- Stop Conditions: In general, particleswill stop when the allowed travel time defined in
Tracking Step isreached or when the particles reach specified head cells. In addition to
these conditions, two stop conditions are available:

1. Particles stop, when they enter cells with internal sinks:
The flow model MODFLOW includes the options to simulate wells, drains, rivers,
general-head boundaries, streams, evapotranspiration and recharge. Except the last
two options, they are treated as internal distributed sources or sinks by PMPATH. If
the internal sink of a cell is sufficiently strong, flow will be into the cell from all cell
faces. In that case, every particle that enters the cell will be discharged. If thesink is
weak, flow will be into the cell from some cell faces and a part of flow will leave the
cell through another faces. A particle entering such a cell may be discharged or may
leave the cell again. In the finite-difference approach, however, it is impossible to
determine whether that particle should be discharged or pass through the cell. If this
optionisselected, particleswill be discharged when they enter cellswithinternal sinks,
regardless of the flow condition.
2. Particles stop, when the simulation time limit is reached.

This option is only available, if the smulation mode Pathlines, use transient flow
fields is selected. In PMPATH, the starting time of each particle is always the
beginning of thetime step defined in Current Time. For the forward particle tracking
scheme, the simulation time limit is the end of a transient flow ssimulation. For the
backward particle tracking scheme, on the other hand, the simulation time limit isthe
beginning of the simulation. Backward particle tracking will not work, if this stop
option is checked and particles are started from the beginning of a transient flow
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simulation. Inthiscase, particleswill be stopped immediately after the start. Note that
you cannot start backward particle tracking from the end of a transient flow
simulation, rather you can only start particlesfrom the beginning of thelast simulation
time step. If the simulation time limit is reached and this option is not checked,
PMPATH calculates flowlines by assuming that the flow field of thefirst or last time
step is steady-state.

» Pathline Colors:
Normally, the color of each pathlineisthe same asthe color of each particle. It is sometimes
useful when the colors of pathlines are distinguished by layersinstead of particles. There are
two ways to change the color of each layer:
1. Change the color individually

a. Click on acolored cell of the table, a =l button will appear in the cell.
b. Click on the =l button then select a color from a Color dialog box.

2. Change the color using the Color Spectrum dialog box

Using the Color Spectrum dialog box, the color of each layer can be automatically

assigned so you get a gradational change from one color to another.

a. Click the header button Color. A Color Spectrum dialog box appears.

b. IntheColor Spectrum diaog box, click the Minimum Color buttonto display aColor
dialog box. Inthe Color dialog box, select acolor and click OK. Repest thisprocedure
for the Maximum Color button.

c. IntheColor Spectrum dialogbox, click OK. A gradation of colorsfrom theminimum
to the maximum is assigned to each layer.

» RCH/EVT Options:

Recharge: The option isdisabled if rechargeisnot used. MODFLOW treats recharge as
an internal distributed source of a cell and does not assign it to any of the six cell faces.
The distributed source approximation is usually only appropriate for two-dimensional
areal flow models. The flow velocity across the top face of acell in the top model layer
would be zero, if the existing recharge is not assigned to the top face. Consequently,
particles cannot be tracked backwards to the top face.

In PMPATH, recharge may be treated as a distributed source, or assigned to the top
face or bottom face of a cell by selecting a corresponding option from the dialog box.
Recharge will be assigned to the top face and "negative" recharge will be assigned to the
bottom face, if the option Assign recharge to top and bottom cell faces is chosen.
Evapotranspiration: The option isdisabled if evapotranspiration isnot used. Similar to
Recharge, evapotranspiration can be assigned to top face of a cell or treated as a
distributed sink.
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Maps...

The Maps Options dialog box (Fig. 4.12) allowsto display up to 5 background DXF-maps and
3 Line maps. A DXF-file contains detailed data describing numerous CAD entities. An entity is
alineor symbol placed on adrawing by the CAD system. PMWIN supportsthefollowing entities:
LINE, POLYLINE, POINT, ARC, SOLID, CIRCLE and TEXT. The other entities will be
ignored. Thereis no size limit to the number of the acceptable entities.

A Line Map consists of a series of polylines. Each polyline is defined by a header line and
a series of coordinate pairs. The header line only contains the number of the coordinate pairs.
Refer to Appendix 2 for the format of the Line Map files.

» Toimport a DXF-map or a Line map:

1. Click theright mouse button on any of the DXF File or Line Map File edit fieldsand select
afilefrom a Map Files dialog box.

2. If necessary, use ascalefactor to enlarge or reduce the appearance size of the map. Then use
thevaluesin X and Y to shift the scaled map to the desired position. For details, see Scaling
a vector graphic in sec. 3.9.

3. Click thecolored button in thefront of the edit field and select acolor for the DXF-map from
aColor dialog box. The color will be assigned to a DXF-graphics entity, if the entity's color
is not defined in the DXF file. A line map will aways use the selected color.

4. Check the check box next to the edit field. The map will be displayed only when the box is
checked.

DF File
Filename: X Y Factar:
- v ID\pmvwn\examples\pmex\map. IZDDD |ZDDD |131
|~ |D\pmwin\examples\pmex\exam IU ID IW
- [o g [
- [0 |0 I
I [0 E [
Line Magp
Filename: X, 'S Factor:
- E [0 [
o I I ] I i I 1
- Jo [0 [
(Click the right mouse button an the DXF ar LINE MAF file fields to open files
S ol |

Fig. 4.12 The Maps Options diaog box
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4.4 PMPATH Output Files
Plots

To createplot files, choose Save Plot As... from the File menu and specify theformat and thefile
nameinthe Save Plot As dialog box (Fig. 4.13). Four formatsare available: Drawing Interchange
Format (DXF), Hewlett-Packard Graphics L anguage (HP-GL ), Windows Bitmap (BMP) and the
PATHLINE file of MODPATH 1.x. To select aformat, click the Format drop-down box. You
can typein the file name in the file edit field directly or click the right mouse button on the edit
field and select afile from aPlot File diaog box.

Notethat cross-sectional plotscan only beincluded inthe DXF and BMP-format. PMPATH
usesthe same col or resolution asthe video screen to capture and save Windows Bitmap files. The
option Use Polyline to save contours should only be used if your graphics software accept the
DXF entity POLYLINE.

M Save Plot As [ %]

File:

chprmwiniexamplesipmexipmb_Texample.dx

¥ Include the lower cross-section
¥ Include the right cross-sectian

™ Use polyline to save contours

Click the right mouse button on the file fields to select afile.

oK | Cancel |

Fig. 4.13 The Save Plot As dialog box

If the MODPATH format is chosen, coordinates along the path of each particle are recorded in
the file specified in the Save Plot As dialog box. The file contains the starting coordinates of a
particle, and the coordinates at every point where a particle enters a new cell. In addition,
coordinates of intermediate points are saved whenever a particle tracking step length is reached.
The pathline file contains a sequence of one-line records, each line containing coordinate and
location information for one point on a pathline. Each record contains nine variables, and is
written using the FORTRAN-format

15,1X,5(E20.12,1X),2(13,1X),13
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The variables, in the order of appearance on the line, are defined as:

1. Particleindex number: Theindex number ispositive, if the forward particle tracking scheme
is used. A negative index number indicates that the backward particle tracking scheme is
used.

Global coordinate in the x-direction.

Global coordinate in the y-direction.

Verticle local coordinate within the cell

Global coordinate in the z-direction

Cumulative travel time.

Jindex of cell containing the point.

| index of cell containing the point.

K index of cell containing the point.

© o N kDN

Except the particle index number, this format is identical to the PATHLINE FILE format
described in the documentation of MODPATH.

Hydraulic heads

To save the hydraulic heads in the current layer at the current stress period and time step, select
Save Heads As... from the File menu. PMPATH saves the hydraulic heads in ASCIl Matrix
format (see Appendix 2).

Drawdowns

To savedrawdownsin the current layer, choose Save Drawdowns As... from the File menu and
gpecify afile name in the standard File Save As dialog box. This menu item is disabled, if the
drawdown file DDOWN.DAT is not available. PMPATH saves the drawdowns in the ASCII
Matrix format (see Appendix 2).

Flow velocities

To save flow velocitiesin the current layer, choose Save Velocity As... from the File menu and
specify afile namein the standard File Save As dialog box. Average pore velocities at the center
of each cell are saved in the ASCII Matrix format (see Appendix 2). In addition, the velocity
components along the |-, J and K-axes are added to the end of the file. The default velocity at
inactive cellsis 1.0x10%,
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Particles

To save the position and the attributes of each particle, choose Save Particles As from the File
menu and specify a file name in a Save Particle As didog box. By sdlecting afile type in this
dialog box, you can save either the starting position or end position (after backward or forward
tracking) of each particle.

The following data format is used to save the particles:

1. Data: version label
2. Data: NP
3. Data: LI, LJ, LK, I, J,K, Z,C, R

Thefirst line of this particlefile containsthe version label PMPATH_V100 PARTICLES. The
second line contains the number of particles NP. The third record contains one line of data for
each particle. The particle locations within the cell [J, I, K] are specified using local coordinates
[LJ, LI, LK]. Local coordinates vary within a cell from zero to one as shown in Fig. 4.14. In
addition, the global vertical coordinate Z, the color C and the retardation factor R of the particle
are saved in the same line.

The particlesfile can be loaded by choosing Load Particles from the File menu. When you
load aparticlefile, PMPATH just adds particles to the model. Already existing particleswill not
be removed.

Fig. 4.14: Local coordinates within acell
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FOR YOUR NOTES

4.4 PMPATH Output Files



Processing Modflow 199

5. Modeling Tools

5.1 The Digitizer

To activate the digitizer, choose Digitizer from the Tools Menu. The Digitizer isbased on the
Data Editor. Using the Digitizer you can digitize, shift or delete pointsand assign avalueto each
of these points. An additional menu item Points in the Value menu alows you to delete all
digitized points or save or load the pointsin or from an XY Z file. An XY Z file can be accepted
by the Field Interpolator and has the following format:

N first line of the file; N is the number of digitized points;
The maximum allowed number is 10,000.

X1, Y4, Z, second line of the file

X5, Y,, Z, third line of the file

X,Y,Z  (i+1)-th line of the file

Xy Yno Zy  last line of the file

» To digitize a point
1. Click the Digitize button

You don't need to click theicon if itsrelief is aready sunken.
2. Click the mouse cursor on the desired position to set a point.

» To shift a digitized point

1. Click the Digitize button

2. Point themouse cursor to adigitized point, holding down theleft mouse button while moving
the mouse.

3. Release the mouse button when the point is moved to the desired position.

» To delete a digitized point
1. Click the Digitize button
2. Hold down the Ctrl-key and click the mouse cursor on a point.

5.1 The Digitizer
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» To assign a value to a digitized point

Click the Digitize button

Move the mouse cursor to a point.

Press the right mouse button once.

The Digitizer shows a dialog box.

4. Inthediaog box, type anew value then click OK.

w N e

5.2 The Field Interpolator

Numerical groundwater model srequireareally distributed parameters(e.g. hydraulic conductivity,
hydraulic heads, el evations of geological layersetc.) assigned to each cell or el ement in the model
domain. Usually, the modeler obtains a parameter distribution inthe form of scattered (irregular)
data points (x;, Y, f), i=1, ..., N. N is the number of measurement points, x; and y; are the
coordinates and f; is the parameter value at point i. A basic problem is how to estimate the
parameter values for each model cell from these data.

A number of interpolation (or extrapolation) methods for solving thiskind of problems have
been proposed. Some of the methods are used by commercial contouring software, e.g.
GEOKRIG, GRIDZO, SURFER® or TECKON®. A common approach done by many modeler
is that contour maps are firstly created by these software then overlaid on the model grid for
assigning parameter values to model cells. The processisindirect and somewhat cumbersome.

The Field Interpolator provides a more direct way for assigning cell values by using the
Kriging method and methods developed by Shepard (1968), Akima (1978a, 1978b) and Renka
(19844, 1984b). The interpolation programs take measurement data and interpolate the data to
each model cell. The model grid can be irregularly spaced. Interpolation results are saved in the
ASCII Matrix format (see Appendix 2), which can be accepted by the Data Editor. Depending
on theinterpolation method and the interpolation parametersthe results may be dightly different.
With the Data Editor, you can create contour maps of the interpolation results and visually
choose a "best" resullt.

Theory is not emphasized in this description, because it is introduced in an extensive
literature. For example, Watson (1992) presentsaguideto theanalysisand display of spatial data,
including severa interpolation methods. Franke (1982) provides abrief review and classification
of 32 algorithms. Hoschek and Lasser (1992) give a comprehensive discussion of theories in
geometrical data processing and extensive references in the area of data interpolation and

5.2 The Field Interpolator
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computer graphics techniques. Akin and Siemes (1988) and Davis (1973) provide necessary
mathematical background skills on the statistics and data analysis in geology.

Starting the Field Interpolator

The Field Interpolator runs independently from PMWIN. To start the program, select Field
Interpolator from the Tools menu of PMWIN or use the Start button on the task bar in
Windows. Theavailablesettingsof theField Interpolator (Fig. 5.1) aregrouped under threetabs
- Files, Grid Position and Search/Gridding Method. These tabs are described below.

@ Field Interpolator

Files | Grid Pasition | Search/Gridding Methad |

PhAIN Maodel: Ic:\pmwin\examples\pmex\pm5_1 Yexarmple.pmb =
Input File: Ic:\pmwin\examples\pmex\pm5_1 ‘measure.dat

Output File: Ic.\pmWin\exampIeS\pmex\pmSj Ygridded.dat

&

¢

W

Close Help |

Fig. 5.1 The Field Interpolator dialog box

- Files:

- PMWIN Model: If you have aready opened a model within PMWIN and started the
Field Interpolator from the Tools menu, thisfield containsthe model file name. If "Open
amodé first" isshown, you must click = | and select an PMWIN-model from astandard
Open File diaog box. A PMWIN-mode file always has the extension .PM5.

- Input File: An input file contains the measurement data and can be prepared with the
Digitizer or other software. Click = Jto select an existi ng input file. An input file must
be saved in ASCII and have the following format:

N first line of the file; N is the number of data points;
X Yy, Z, second line of the file

Xoy Yo, Z, third line of the file

Xi, Yi, Z; (i+1)-th line of the file

Xnr Yo Zy last line of the file

5.2 The Field Interpolator
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Where N isthe number of datapoints, x; and y, are the x- and y-coordinates of data point
i and f, is the measurement value at data point i. The maximum number of data points
is 2000.
- Output file: An output file containsthe interpol ated datafor each model cell and is saved
in the ASCII matrix format. See Appendix 2 for the format of the ASCII matrix file.
- Grid Position:
Using therotation angle and the coordinates (X, Y ) of theleft corner of the model grid, you
may rotate and place the grid at any position. The rotation angleis expressed in degrees and
ismeasured counterclockwise from the positive x-direction. See section 3.9 for detail s about
the coordinate system of PMWIN. As we normally define the grid position and the
coordinate system at the beginning of a modeling process, the grid position will rarely be
changed here.
- Gridding Method:
PMWIN provides four gridding methods, namely Shepard’'s inverse distance method,
Akima's bivariate interpolation method, Renka's triangulation method and the Kriging
method. Y ou can select amethod from the drop-down box. For each gridding method, there
is a corresponding interpolation program. The interpolation programs are written in
FORTRAN and were compiled with a 32-bit compiler.
- Shepard’s inverse distance: The Shepard’s inverse distance method uses eg. 5.1 to
interpolate data for finite-difference cells.

67 (d7)
f _ i=1

(5.1)

Mz

[1/d7)

i=1

Whered, isthe distance between datapoint i and the center of amodel cell, f, isthevalue
at thei-th data point, F isthe weighting exponent and f isthe estimated val ue at the model
cel.

The weighting exponent must be greater than zero and less than or equal to 10. Fig.
5.2 shows the effects of different weighting exponents. Five data points are regularly
distributed along the x-axis. Using higher values for the exponent (e.g., F = 4) the
interpolated cell values will approach the value of the nearest data point. The surfaceis
therefore relatively flat near al data points. Lower values of the exponent (eg. F = 1)
produce a surface with peaks to attain the proper values at the data points. A value of
F = 2 issuggested by Shepard (1968).

5.2 The Field Interpolator
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- Akima’'s bivariate interpolation: This method creates a triangulation of the
measurement data points and performs interpolation by using a bivariate fifth order
polynomial of Hermite typefor the interpolation within atriangle. It uses a user-specified
number of data points closest to a model cell for estimating the value at the cell.

- Renka’s triangulation: This method creates a triangulation of the measurement data
points and uses a global derivative-estimation procedure to compute estimated partial
derivativesat each point. The program determinesapiecewise cubic function F(x,y). F has
continuous first derivates over the created mesh and extends beyond the mesh boundary
allowing extrapolation.

Interpolated data value

I I I | I >
10 0 a0 40 50 %

- F N ———— F=z4 O data point

Fig. 5.2 Effects of different weighting exponents

- Kiriging: The Kriging method has been popularized by Mathéron (1963) and is named in
honor of D. G. Krige, a noted South African mining geologist and statistician. PMWIN
assumes that the measurement data are stationary and isotropic. The Kriging method
estimatesthevalue at amodel cell from auser-specified number of adjacent datavalueswhile
considering the interdependence expressed in the variogram.

A variogramisaplot of semivariance y ) versusvector distance h. Thevariogramisused
to define the relationship of the measurement values or to estimate the distance over which
measurement values are interdependent. When you select Kriging as the gridding method,
a Variogram appears. Click thisbutton to display the Variogram dialog box (Fig. 5.3). You
need to select avariogram model from the drop-down box and specify the parametersfor the
selected variogram model. PMWIN does not provide a procedure for fitting the selected
variogram curve to the measurement data. This is a task for geostatistical software, e.g.,
Variowin (Y. Pannatier, 1996) or GEO-EAS (E. Englund and A. Sparks, 1991) by the US-
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EPA, and beyond the objective of this software. If you do not know the variogram type, use
the linear variogram. Kriging with alinear variogram is usually quite effective.
The meaning of necessary parameters and the equations used by the programs are listed

below:
- Power law and linear model:

Y = a-[h[®+c, >0, O<w<2
- Logarithmic model

Y = 3acloglhf+c, a>0
- Spherical model

3./h| _|hP®
— C (=L + C hia
Y(h) (2 a 2a3) 0
Yoy = C * G h>a

- Gaussian mode

Yo = C - (1-EXP[-h?a?]) + c,

- Exponential model

Ve = C - (L-EXP[-|h|/a]) + ¢

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

Where C is the variance of measurement data and will automatically be calculated by the
program, a the correlation length, ¢, the nugget variance, o the slope and w the power factor
of the power model. w=1yieldsthelinear model (Fig. 5.4). Thevariance C will be calcul ated

by the program.

B variogram | %]
—Wariogram Model
IPowerDrLinear j
— Parameters

Correlation Length (&):
MNugget Variance (Co):

Fower Factor (w):

Slope:

Cancel OK |

Fig. 5.3 The Variogram dialog box
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Fig. 5.4 Linear, power and logarithmic model

- Search Method:
The interpolation algorithms use three search methods to find a certain number of the
measurement data pointsto interpolateacell value. The search methodsare called SIMPLE,
QUADRANT and OCTANT. The search radius is assumed to be infinitely large.

The SIMPLE search method finds the data points nearest to the model cell. The
QUADRANT or OCTANT search methods find closest data points from each quadrant or
octant around amodel cell (Fig. 5.5aand 5.5b). The number of data points used in a search
isdefined by the Data Per Sector value. If fewer than Data Per Sector points are found in
asector, the program usesthe other nearest pointsfound in the entiremodel. Thevalid range
of Data Per Sector is

SIMPLE 3<Data Per Sector<30
QUADRANT 1<Data Per Sector<7
OCTANT 1<Data Per Sector<3

The search method defaults to OCTANT search. Octant or quadrant searches are usually
used when the measurement points are grouped in clusters. These search methods force the
interpolation programsto use measurement data pointsradially distributed around the model
cell. They usualy introduce more smoothing than a SIMPLE search.

Note that the entriesin Search Method are ignored when Renka's triangul ation algorithm
is used.

- GO:

To start theinterpolation, simply click the button GO. Thefield generator creates and writes
the settings and the coordinates to a batch file PMDIS.BAT and two ASCII files
PMDIS IN.{1} and PMDIS IN.{2}. After having created these files, PMDIS.BAT will be
run in aDOS-window. The created ASCI| files are used by the interpolation program.

5.2 The Field Interpolator
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Fig. 5.5 Search pattern used by (a) Quadrant Search (Data Per Sector=2) and (b) Octant
Search (Data Per Sector=1)

5.3 The Field Generator

The Field Generator (Frenzel, 1995) can generate fields with heterogeneously-distributed
transmissivity or hydraulic conductivity. This alows the user to do stochastic modeling with
PMWIN. In stochastic modeling, uncertainty dueto unknown small-scale variability of the model
parametersisaddressed directly by assuming that the parameters are random variables. Hydraulic
conductivity or transmissitivity is commonly assumed to be lognormally distributed. We denote
the hydraulic conductivity by X and avariable Y=log(X). When Y isnormally distributed with a
mean value p and standard deviation o, then X has alognormal distribution.

Starting the Field Generator

The Field Generator runs independently from PMWIN. To start the program, select Field
Generator from the Tools menu of PMWIN or use the Start button on the task bar in Windows.
A dialog box appears (Fig. 5.6). The program usesthe correl ation scalesin both | and J-directions
and the mean value p and standard deviation o of log-transformed measurement values to
generate a quantitative description (arealization) of the hydraulic conductivity or transmissivity
field. The size of thefield (number of cells) and the number of desired realizationsis specified in
the dialog box. Realizations are saved in the ASCI1 Matrix format (see Appendix 2) using thefile
names filename.xxx, where filename isthe output file name specified in the dialog and xxx isthe

5.3 The Fidd Generator
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realization number. Note that filename should not be the same as the name of your model,
because PMW!IN uses the same convention to save some internal datafiles.

Qutputfile name:

chpmwiniexamplesipmexipmb_14field

— Parameters

MNumber of Realizations [1 to 994

Mean Yalue (logl10) [-30 to +30

Standard Deviation (log10) [0ta 30

(Correlation Length/Field Width) in the J-direction [0to 1

[}
=

11T g

]
]:
IR
(Correlation Length/Field Width) in the I-direction [0to 17: |-
I
Mumber of Cells in the -direction [2 to 500]:
1:

Number of Cells in the J-direction [2 ta 500]: |3

o
(=]

Help | Close

Fig. 5.6 The Field Generator dialog box

The generated field islognormally (to base 10) distributed. Using the Data Editor, you can load
the generated field into an area of the model grid where the columns and rows are regularly
spaced (see section 3.8 for how to load an ASCII matrix file). The ssimulation of the hydraulic
conductivity distribution produced inthisway isunconditional becausethe hydraulic conductivity
values are not constrained to match the measurement values. In conditional ssimulation existing
measurements are used which reduce the space of possible redlizations. The conditional
generation of asingle realization proceeds in five steps:

1. The parameter value for each model cell is interpolated from the measurements using the
Kriging method. The correlation length is determined from the measurements.

2. Anunconditional generationisperformed usingthe Field Generator with thesamecorrelation
length (correlation scale).

3. Theunconditionally generated values at the measurement |ocations are used to interpolate
values for each model cell by using the Kriging method again.

4. Thedistribution from step 3 is subtracted from the distribution from step 2 yielding kriging-
residuals.

5. Thekriging-residuals are added to the distribution from step 1 yielding a redlization which
has the same correl ation length and passes through the measured values at the measurement
points.

5.3 The Fidd Generator
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5.4 The Results Extractor

Normally, smulation results from MODFLOW, MT3D or MT3DMS are saved unformatted
(binary) and cannot be examined by using usua text editors. Using the Results Extractor, you
may extract specific results from the result files and save them in ASCII Matrix or Surfer Data
files (see Appendix 2 for the format).

There are two ways to start the Result Extrator. If you are in the main menu of PMWIN,
select Result Extractor... from the Tools menu. If you are using the Data Editor, select Result
Extractor... from the Value menu. The Result Extractor dialog box (Fig. 5.7) contains a
spreadsheet, an Orientation drop-down box, a Layer edit field, a Column Width drop-down
box, four tabs and several command buttons. They are described below.

- Spreadsheet: The spreadsheet displays a series of columns and rows, which correspond to
the columns and rows of thefinite-difference grid. By clicking the Read button, the selected
result type will be read and put into the spreadshest.

- Orientation and Layer: Simulation results can be loaded layer-, column- or row-wise.
Orientation decides how the results should be loaded. If the orientation is Plan View, you
are asked to enter alayer number into the edit field. If X-section (column) or X-section
(row) is selected, you should enter a column or row number into the edit field next to drop-
down box.

- Column Width: Thisdrop-down box isused to change the appearance width of the columns
of the speadsheset.

- Tabs: Each tab corresponds to a simulation model. The tabs are described below.

- MODFLOW: The result files of MODFLOW include hydraulic head, drawdown,
preconsolidation head, compaction, subsidence and cell-by-cell flow terms (see
MODFLOW?®»Output Control of section 3.6.1 for the definition of each term). Y ou can
choose a result type from the Result Type drop-down dox. The stress period and time
step, from which the result is read, are given in the corresponding edit fileds.

- MOC3D: Theresult filesof MOC3D include concentration and velocity terms. Y ou can
choose a result type from the Result Type drop-down dox. The simulation time, from
which the result is read, can be selected from the Total Elapsed Time drop-down box.
This drop-down box is empty, if the selected ssmulation result does not exist.

- MT3D: The primary result of MT3D is concentration. If you are using MT3D96, two
additional result types, i.e. solute mass and sorbed mass, can be selected. The simulation
time, from which the result is read, can be selected from the Total Elapsed Time drop-
down box. This drop-down box isempty, if the selected simulation result does not exist.

5.4 The Results Extractor
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- MT3DMS: The primary result of MT3DMS is concentration. The species number and
simulation time, from which the result is read, can be selected from the Species Number
and Total Elapsed Time drop-down boxes. These drop-down boxes are empty, if
simulation results do not exist.

- Save... and Read: To extract a certain result type, ssimply click the Read button. Y ou may
save the contents of the spreadsheet by clicking the Save... button and specifying the file
name and the file type in a Save Matrix As... dialog box. There are four file types, ASCII
Matrix (Warp form), ASCII Matrix, SURFER files and SURFER files (real-world). An
ASCII Matrix filemay beloaded into the spreadsheet at alater time. Theformat of the ASCI|
matrix file is described in Appendix 2. A SURFER file has three columns containing the (x,
y) coordinates and the value of each cell. If the file type is SURFER files, the origin of the
coordinate system for saving the fileis set at the lower-left corner of the model grid. If the
filetypeis SURFER files (real-world), the real-world coordinates of each cell will be saved.
The real-world coordinate system is defined by Options » Environment (section 3.9).

- Apply: The Apply button appears only if you start the Result Extractor from the Data
Editor viaValuerResult Extractor.... Click on this button, the content of the spreadsheet
will be put into the model grid. Note that this button isdimmed (and cannot be used), if the
spreadsheet is empty or the orientation is not Plan View or the data has been applied to the
model grid.

«+ Results Extractor E
MODFLOW | MOCID| MT3D| MTIDMS|
Result Type: |Hydrau|ic Head j
Stress Period: |1 Time Step: |1
Orientation: IPIan Wiew j Lawer: |1 Colurnniicdth: v
11 |12 [13 [ 14 |15 |18 [ 17 iI
1 13.36 13.36 13.36 13.36 13.36 13.36
2 13.37604 13.37478 13.37384 1337314 13.37261 13.3722 13
3 13.381 13.38066 13.38037 13.38012 13.37991 13.37973 13.
4 13.3819 13.35219 13.38247 13.38273 13.36296 13.38318 13.
5 13.37943 13.38024 13.38103 13.38178 13.38249 13.38317 13.
B 13.37382 13.37506 13.37628 13.37746 13.37861 13.37973 13.
7 13.36496 13.36662 1336823 13.36981 1337134 13.37267 1
g8 13.3573 13.35922 13.36091 13.36281 13.36453 13.36619 13.
g 13.35401 13.35615 13.35814 13.36005 13.36219 13.36415 1
10 13.35087 13.35304 13,3554 13.35769 13.35976 13.36187 13.
11 13.34793 13.35028 13.35263 13.35492 13.35718 13.35941 13.
12 13.34485 13.34729 13.34841 13.35209 13.3544% 13.35679 18
13 13.34164 13.34416 13.34665 13.34912 13.35156 13.354 13
1 12220721 1224000 1324244 172 240000 172 240C1 122C1072 12 i
Lf o >
Save... | Read | Help | Close |

Fig. 5.7 The Results Extractor dialog box
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5.5 The Water Budget Calculator

There are situations in which it is useful to calculate flow terms for various subregions of the
model. To facilitate such calculations, the computed flow terms for individual cells are saved in
thefileBUDGET.DAT. Theseindividual cell flowsarereferred to as cell-by-cell flow terms, and
are of four types: (1) cell-by-cell stressflows, or flowsinto or from an individual cell dueto one
of the external stresses (excitations) represented in the model, e.g., pumping well or recharge;
(2) cell-by-cell storage terms, which give the rate of accumulation or depletion of storage in an
individua cell; (3) cell-by-cell constant-head flow terms, which give the net flow to or from
individua constant-head cells; and (4) internal cell-by-cell flows, which are the flows across
individua cell faces. In the file BUDGET.DAT, the flow between the cells[J, I, K] and [}H1, I,
K] is denoted by FLOW RIGHT FACE, the flow between the cells [J, I, K] and [J, I+1, K] is
denoted by FLOW FRONT FACE, and the flow between the cells [J, I, K] and [J, |, K+1] is
FLOW LOWER FACE. TheWater Budget Cal cul ator usesthe cell-by-cell flow termsto compute
water budgets for the entire model, user-specified subregions, and in- and outflows between
adjacent subregions. Refer to Step 5: Calculate subregional water budget of Section 2.1 for
details.

5.6 The Graph Viewer

To activate the graph viewer, select an appropriate menu item from the Run»Graphs menu. The
Graph Viewer (Fig. 5.8) allowsyou to examinetempora development curves of the observations
andthesimulationresults, including hydraulic heads, drawdowns, concentration, preconsolidation
heads, compaction of each model layer and subsidence of an entire aquifer. (Note that drawdown
isdefined by h, - h, where h, is the starting hydraulic head and h isthe calculated head at time
t.) The coordinates of boreholes and the corresponding observed data are specified in the
Boreholes and Observations dialog box (see section 3.5).

PMWIN uses abilinear interpolation schemeto cal cul ate values at user-specified boreholes.
For each user-specified borehole, the values of thefour model cells surrounding that borehole are
determined first. The simulation results at those cells are then interpolated to obtain the value at
the borehole by using the following equation:

3(heA)
- 3A

h i=1to4;, A =0if h, = HDRY, HNOFLO or CINACT (5.7)
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where A, isthe areaand h, is the computed value at the center of a cell as shown in Fig. 5.9;
HNOFLO and HDRY are predefined heads for no-flow cells and dry cells, and CINACT isthe
predefined concentration value for inactive concentration cells. If a borehole liesin an inactive

cdl, h=HDRY.

B Drawdown-Time Curves

| 75
Ticks:

|1I]

Boreholes
Drawdawn Name Plot | Color a
7561 ! _j
2 u]
7 3 m]
B 4 m]
i 5 m]
] u]
T 7 m]
i 8 (m]
g m]
T 10 m]
E 11 u]
| 12 m]
13 ] ¥
1 — Graph Style
0.E+D ; & Linear
0E+D © Semi-Log
—X-Axis (Time) Y-Axis —Data Types
Win, firme: i, e ¥ Calculated Sawve PlotAs..
IU ID ¥ Observation Data >>
hda. fime: Max. value:

— Options
¥ Draw harizontal gricl
¥ Draw vertical grid

¥ Auto Adjust MinMax

Scatter Diagram >»

Help

Close

Fig. 5.8 The Graph Viewer displaying drawdown-time curves

borehole
h,
A3 - A4
A, — A,

Fig. 5.9 Interpolation of simulation results to a user-specified borehole

The available settings of the Graph Viewer are summarized below.

- The Borehole table: Thetable containsthe borehole numbersand the plot colors. Thecurve
of aborehole will be displayed only when the corresponding Plot flag is checked. The plot
color of each curve is given in the Color column. Click on a colored cell of the table to

5.6 The Graph Viewer
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change the color. Note that if you have deactivated a borehole in the Boreholes and
Observations dialog box, the corresponding row of the table is dimmed and its settings
cannot be changed.

- X-Axis (Time): Min. Time and Max. Time define arange of smulation time for which the
curves should be displayed. The number of desired ticksis given in the edit field Ticks.

- Y-Axis: Min. Value and Max. Value specify the minimum Y -axis value and maximum Y -
axis value on the graph. The number of desired ticks is given in the edit field Ticks.

- Data Types: Check the Calculated or Observation box to display the curves based on the
computed or observed data. The graph viewer uses solid lines for displaying calculated
curves. Observation curves are dashed.

- Options: Check the Draw Horizontal Grid or Draw Vertical Grid box to display the
reference grids on the graph. If Auto Adjust Min/Max is checked, the graph viewer uses
the minimum and maximum simulation times and values from the simulation resullt.

- Graph Style: You can display the time axis (X-axis) either on alinear or logarithmic scale.

- Save Plot As: Use this button to save the graph in Windows bitmap format.

- Data »: Click this button to display the VValue Tables dialog box (Fig. 5.10) showing the
observed and calculated values at active boreholes. Y ou can save the calculated valuesin an
ASCII datafile or in the Observation file format (see Appendix 2 for the format) by clicking
the Save As... button. Data saved in the Obervation file format can be imported into the
Observation table of the Boreholes and Observations dialog box (see section 3.5).

- Scatter Diagramm »: Click the button to display the Scatter diagram dialog box (Fig.
5.11). Scatter diagrams are often used to present the quality of calibration results. The
observed values are plotted on one axis against the corresponding calculated values on the
other. If thereis exact agreement between measurement and simulation, al pointslieon a45°
line. The narrower the area of scatter around this line, the better is the match.

Note that a borehole will be displayed and used for calculating the variance (between
observed and cal cul ated values) only when the corresponding Plot flaginthe Borehole table
ischecked. Y ou can edit the text on the scatter diagram by clicking the mouse on the desired
text. Clicking on the Save Plot As, you can save the plot in the Windows BMP format. The
other options are self-explanatory.

5.6 The Graph Viewer
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Observed Yalues Calculated Yalues
Borehole Time alue o Borehole
1 137.1069 74780

1 315.3459 0.0 1 315.3459 0479154

1 547.0566 0.0 1 547.0566 8.528499E-02
1 548.2805 01 1 548.2805 1256247

1 1239.872 0. 1 1239.872 1GB7E69

1 1748.94 0. 1 1748.94 2077021

1 2410729 0.2 1 2410.729 .2480541

1 3271.054 0.2 1 3271.054 2877426

1 4389.477 0.3 1 4389.477 326811

1 5843427 0.3 1 543,427 .36R3525

1 7733562 04= 1 7733562 4034833 _|;I
KN i KN i

Sawve As... | Close |

Fig. 5.10 The Value Tables dialog box
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Fig. 5.11 The Scatter Diagramm dialog box
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FOR YOUR NOTES
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6. Examples and Applications

The sample problems contained in this chapter are intended to illustrate the use of PMWIN and
the supported programs. The sample problems are described in the following sections. Each
section deals with a specific theme. The models of each section can optionally beinstalled during
the installation of PMWIN. Except the tutorials, the description of each problem is divided into
three parts. It starts out with Folder, where you can find the ready-to-run model, for example
\pm5\examples\tutorials\tutorial1\. Next, you'll find a discussion of the problem and finally
you will find the simulation results. Note that you should change the path \pm5\, if you have
installed PMWIN in an other folder.

6.1 Tutorials

6.1.1 Tutorial 1 - Unconfined Aquifer System with Recharge
Folder: \pm5\examples\tutorials\tutorial1\

Overview of the Problem

Thissimple scenario is designed to demonstrate the basic features of PMWIN and MODFLOW.
An unconfined aquifer (Fig. 6.1) is a coarse grained sand with a measured isotropic hydraulic
conductivity of 160 m/day, the specific yield has been assessed as 0.06. Recharge to the aquifer
only occurs throughout the 4 month wet season at arate of 7.5 x 10* m/day, outside the wet
season there is no recharge to the aquifer. The elevations of the aquifer top and bottom are 25 m
and O m, respectively. The area of interest is 10000 m long and 6000 m wide and is bounded by
“no flow” zones to the east and west. There is also a volcanic mountain in the south east corner
of the model area. To the north an area of constant hydraulic head existd with a value of 15 m.
The southern boundary is a specified flux boundary with an inflow rate of 0.0672 m*/day per
meter. A total of ninewellsin the area are pumped at 45 |/s (3888 m?/d) each during the 8 month
dry season to supply water for irrigation and domestic purposes.

Your task is to assess the water levels in the aquifer under the following conditions:
1. steady-state, with the mean recharge rate = 2.5x10™* m/day, no pumping;

2. after 8 months pumping during the dry season; and

3. thewater levels by the end of the following wet season.

6.1.1 Tutorial 1 - Unconfined Aquifer System with Recharge
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Fixed head; h=15m
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(Q = 0.0672 m¥day/m)

Fig. 6.1 Plan view of the model area

There are eight main stepsin this tutorial:

Create a new model,

Define model size,

Refine model grid,

Assign moddl data,

Perform steady-state flow simulation,

Extract and view results from the steady-state simulation,
Produce output from the steady-state simulation, and
Transient flow ssimulation.

© N O DN RE

Thistutorial will lead you through the steps required to construct aworking groundwater model
of the area being studied and to then use the model to assess the effects of changing some
parameters on the modelled results. Instructions are given for each step of the process in the
following manner:

- Sdlect itemsfrom the menu: inBOLD

- A series of commands: linked by »

for example to open a new model the steps are File » New Model ...

6.1.1 Tutorial 1 - Unconfined Aquifer System with Recharge
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Stepl: Create a New Model

» To create a new model,

1. Select File » New Model ...

2. Inthe New Model dialog box, change the working folder to \pm5\examples\T1 (create the
folder, if it does not exist) and enter T1 as the name of the new model to be created.

3. Click OK to exit this dialog box.

Step 2: Define Model Size
» To define the size of the model

1. Select Grid » Mesh Size...
2. Inthe Model Dimension dialog box enter,

Layers Number 1

Columns Number 12
Size 500

Rows Number 20
Size 500

3. Click OK to exit this dialog box.

You are now in the Grid Editor of PMWIN. To help visuaize the problem we can overlay a
DXF file as amap, which gives us the locations of the boundaries and the pumping wells.

» Toload a map

1. Select Options » Maps... to open the Map Options dialog box.

2. Click the box beside the spacefor the DXF filename to activate that particular map (itisalso
possible to choose a color by clicking on the colored square).

3. Inthefirst filename field of DXF-files, click the right mouse button to bring up the Map
Files dialog box.

4. Choose BASEMAPL.DXF from the folder \pm5\examplesitutorialsitutorial 1\, click OK to
exit the dialog box.

5 Click OK to exit the Map Options dialog box.

Step 3: Refine Model Grid

It is good practice to use a smaller grid in areas where the hydraulic gradient is expected to be
large, inthis caseit isaround the wells. In PMWIN, grid refinement takes place within the Grid

6.1.1 Tutorial 1 - Unconfined Aquifer System with Recharge
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» Mesh Size... and it is quite easy to add additional rows and columnsto an existing mesh. This
is done by using a combination of holding down the CTRL key and using the arrow keys as
follows:

CTRL + Up arrow - add a row

CTRL + Down arrow - remove an added row
CTRL + Right arrow - add a column

CTRL + Left arrow - remove an added column.

It is also possible to specify the row and column spacing of individua cells by clicking the right
mouse button within the cell of interest, however we will not be doing that in this exercise.

» To refine the mesh around the pumping wells
1. If youaren't dready in the Grid Editor, enter by
Grid » Mesh Size...

2. Zoom in around Well 1 by clicking on the (=] button and then dragging a box around the
general areaof Well 1.

3. Change back to the button ] and click on the cell containing Well 1.

4. Divide this column into three by adding two additional columns
CTRL + Right arrow followed by
CTRL + Right arrow

5. Dividetherow also into three by

CTRL + Up arrow followed by
CTRL + Up arrow

Y ou should see dashed lines where the new rows and columns will be placed.

6. Zoom out by pressing the [%] button. 'Y ou will notice that the rows and columns added
extend throughout the model domain and form part of the fine discretisation around some of
the other wells.

7. Repeat the above refinement around Well 2 to Well 9, remember some of the discretisation
has already been done when you added rows and columns around Well 1.

8. At this stage your cellsincrease from a size of 167 m to 500 m abruptly, in order to have a
more gradual increasein cell sizewe need to half the size of the following rows and columns

(again using the CTRL key and the arrow keys).
Columns 3 and 11
Rows 7, 9, 10, 12, 17, and 19

The number of the rows and columns are given in the status bar on the bottom of the screen
and are numbered such that the cell specified by Column 1, Row 1 isthe top left cell of the
model (in a 3D sense the top layer is aso Layer 1 with Layer numbers increasing with

6.1.1 Tutorial 1 - Unconfined Aquifer System with Recharge
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depth). Upon completion of the refinement your grid should look like that in Fig. 6.2.
9. Leavethe Grid Editor by File » Leave Editor » Yes

Fig. 6.2 Moddl discretization

Step 4: Assign Model Data

The Data Editor is accessed each time some spatial data (such as recharge, hydraulic
conductivity etc.) need to be input to the model. The format and commands of the Data Editor
are the same for each parameter and once you become familiar with the commands and menus it
isvery easy to enter and change the model data. The values of the particular data being edited or
entered and the selected cell are displayed in the status bar on the bottom of the screen.

The model data for the task #1 (steady-state water level, with recharge, no pumping)
includes aquifer types, flow boundaries, aquifer geometry, aquifer parameters, initial
conditions, time paramters and recharge rates.

6.1.1 Tutorial 1 - Unconfined Aquifer System with Recharge
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Aquifer types

Since we only have one layer in the model it is relatively straightforward to define it as
unconfined.

» To define the aquifer type

1. Select Grid » Layer Type ...

2. IntheLayer Options dialog box, click on Type and select Unconfined, it is okay to browse
through the rest of this dialog box, but leave all the values as the default ones.

3. Click OK to leave the Layer Options dialog box.

Flow boundaries

MODFLOW uses an array called the IBOUND array to determine if a particular cell is active,
inactive (no flow) or afixed-head cell. Cell values within IBOUND are as follows:

active = 1 (or other positive integers)
inactive = 0
fixed-head = -1 (or other negative integers)

Thesevalues are assigned to cellsasrequired in the Data Editor. By default and convention the
areaoutside the model domain is deemed to bea“No Flow Zone” and as such it is not necessary
to set this area to inactive.

» To specify the IBOUND data

1. Select Grid » Boundary Condition » IBOUND (Modflow)
Make sure the cell selected is[1,1,1] and click the right mouse button to open the Cell
Value dialog box. Since thisis going to be afixed-head boundary enter -1, and click OK to
exit the dialog box. The cell should now have a blue color signifying that it has been set as
fixed-head.
To save doing this for the remaining fixed-head cellsit is possible to copy the value (in this
case -1) to any other cell.

3. Click on the Duplication Button = duplication is activated if the relief of the button is
sunk.

4. Simply click the left mouse button in any cell that you want to specify as a fixed-head cell.
If you make a mistake, turn off the Duplication Button and click the right mouse buttonin
the cell where you have entered the wrong value and replace it with the desired value.
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5. Complete specifying the entire North boundary as fixed-head cells. We will assign a head
value to these cells alittle | ater.

The outer grid boundaries are assigned as No Flow by default. However, the mountain areain the
south corner of the domain, which isimpervious and till falls inside the model grid, needs to be
explicitly assigned as No Flow (ie. IBOUND=0).

» To specify the no-flow zone

Ensure Duplication is off and click in a cell within the No Flow zone.

Click the right mouse button to open the Cell VValue dialog box.

Enter 0 as the value for IBOUND and click OK to exit the dialog box. Y ou will notice that

the cell isnow gray in color.

4. Either repeat the above 3 steps for the remaining No Flow cells or turn on the Duplication
and copy the value of IBOUND=0 to the other cells. In some cases you will notice that the
boundary cuts through part of a cell. In these cases you need to make a judgement as to
whether the cell should remain active (IBOUND=1) or be specified as inactive
(IBOUND=0). Generally, you should choose the option which applies to more than 50% of
the cell area. If al the steps were completed correctly, the grid should now look similar to
that in Fig. 6.3.

5. Leavethe Data Editor by File » Leave Editor » Yes

w DN E

Aquifer geometry

The next step in the process is to specify the top and bottom elevations of each aquifer in the
model. We need to set the aquifer top elevation to 25m and we can leave the elevation of the
bottom of the aquifer as the default value of Om.

» To specify Aquifer Top

1. Select Grid » Top of Layers (TOP)

2. Sincethe aquifer top elevation is uniform throughout the model it is possible to set asingle
value to the entire grid by Value » Reset Matrix...

3. Enter 25in the Reset Matrix dialog box and click OK to exit.

4. Leavethe DataEditor by File » Leave Editor » Yes

Repeat the above process to set the elevation of the base of the aquifer to Om. Although the
default value in this model is zero, we still have to enter the editor to let the model knows that
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the parameter has been specified.
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Fig. 6.3 Boundary conditions

Aquifer parameters

The next stage is to assign the agquifer parameters.

To specify the horizontal hydraulic conductivity
Select Parameters » Horizontal Hydraulic Conductivity
Since the horizontal hydraulic conductivity is uniform throughout the model it is possible to

set asingle value to the entire grid by Value » Reset Matrix...

Enter 160 in the Reset Matrix dialog box and click OK to exit.
Leave the Data Editor by File » Leave Editor » Yes
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Initial Conditions

MODFLOW requires some initial hydraulic head conditions to enable it to perform the flow
simulation. In asteady state flow model only the hydraulic head values of the fixed-head cellsare
important as these do not change throughout the simulation. The valuesin the other cekks serve
asinitial guessesfor theiterative solvers. In atransient simulation however, the hydraulic heads
at the start of the simulation are the basis for determining the resulting head distribution after the
aquifer is subject to some time-dependent stresses. It is usual to perform a steady state flow
simulation first and use the resulting head distribution as the basis for the transient simulations,
which iswhat we shall do in this case.

» To set the initial hydraulic heads

Select Parameters » Initial Hydraulic Heads

Firstly set the entire grid to a uniform value by Value » Reset Matrix...

Enter 16 in the Reset Matrix dialog box and click OK to exit.

Now set hydraulic head of the northern fixed-head boundary to 15 metres by first selecting

the top left cell [1,1,1] with the left mouse button and then assigning a value of 15 by

clicking with the right mouse button and entering 15 in the Cell VValue dialog box.

5. Copy the value of 15 to the remainder of the northern boundary using the Duplication
Button and the left mouse button.

6. Leavethe Data Editor by File » Leave Editor » Yes

o DR

Time Parameters

» To specify the time parameters

1. Select Parameters » Time...

2. Inthe Time Parameters dialog box, change the Smulation Time Unit to DAYS and check
that Steady-State is selected in the Simulation Flow Type box.

3. Click OK to leave the Time Parameters dialog box.

Recharge rates

» To specify the recharge rate

Select Models » MODFLOW » Recharge

Set the entire grid to a uniform value by Value » Reset Matrix...
In the Reset Matrix dialog box enter,

w N e
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Recharge Flux [L/T] = 0.00025 (this is the mean recharge rate of the two seasons)
Layer Indicator [IRCH]= 0
Recharge Options: Recharge is applied to the highest active cell

Click OK to exit the dialog box.
Leave the Data Editor by File » Leave Editor » Yes

Specified Flux Boundary

AsMODFLOW does not have a separate package for specified flux boundary condition, we use
the Well package to simulate this boundary condition.

To specify the boundary flux

Select Models » MODFLOW » Well

Make sure the cell selected is[1,36,1]. Since the width of this cell is 500 m, the inflow rate
throuth this cell is500 m x 0.0672 m*/day/m = 33.6 m*day. Click the right mouse button to
open the Cell Value dialog box and enter 33.6 then click OK to exit the dialog box. A
positive value means that water enters the system.

Specify the value 33.6 to the cell [2,36,1], the value 16.8 to the cells [3, 36 ,1] and [4, 36,
1] and the value 11.2 to the rest of the South boundary..

Leave the Data Editor by File » Leave Editor » Yes

Step 5: Perform steady-state flow simulation

You are just about ready to run the flow model. Quickly review the data that you have entered
for each of the parameters and checking the values of various cells. Correct any data that do not
look right, by redoing the appropriate section above. When checking any data entered under the
Models menu item choose Edit rather than Deactivate.

To run the flow simulation

Select Models » MODFLOW » Run...

Click OK to accept the warning regarding the Effective Porosity in the Processing
Modflow diaog box.

Click OK in the Run Modflow dialog box to generate the required data files and to run
MODFLOW, you will see a DOS window open and MODFLOW perform the iterations
required to complete the flow simulation.

Press any key to exit the DOS Window.
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Step 6: Extract and view results from the steady-state flow simulation

It is now time to view the results of your efforts, but first it is necessary to understand how the
Results Extractor operates.

On occasions it is necessary to view some of the various sorts of output such as hydraulic
heads and cell-by-cell flows generated by a MODFLOW simulation. This 2D data is accessed
using the Results Extractor and saved in ASCII format on the computer’s hard drive for usein
other parts of PMWIN or in other programs such as SURFER or a spreadsheet program. It is
quite a simple procedure to load and save any of the output generated by MODFLOW and in
fact is anecessary first step in producing any form of graphical output from your MODFLOW
smulations. The datafiles saved in the Results Extractor can be read back into the model using
the Data Editor, this procedure will be explained shortly.

» To load the head distribution after the steady state simulation

1. Select Tools » Results Extractor...
Y ou will see the Results Extractor dialog box which looks alittle like a spreadsheet type
window. In the Results Type box at the top of the dialog box it is possible to choose the
sort of data you wish to load, while the Stress Period, Time Step and Layer boxes allow
you to select the layer and time of the resultsloaded. If you choose the other tabs (MOC3D,
MT3D, MT3DMS), you are presented with another choice asto which set of concentration
terms you would like to load. At the moment however we are only concerned with the
hydraulic head distribution.

2. Make sure Hydraulic Head is selected in the Results Type box.

3. Click themouse button on Read, the hydraulic head valuesfor the steady state solution will
appear in the spreadsheet.

4. Wewill need to view this data graphically and to use it asthe starting heads for the transient
simulation so choose Save...

5. IntheSave Matrix As dialog box enter TASS.DAT asthefilename and click on OK to exit
the dialog box.

6. Click on Close to exit the Results Extractor dialog box.

Asmentioned above it is possible to save any form of output generated by MODFLOW asa 2D
ASCII data file for use in PMWIN or other software. The Data Editor is used to load a
particular datafile asinput datafor the MODFLOW simulation, all that needs to be doneis start
the Data Editor for the parameter you wish to modify. Data files may be created in other
software packages and imported as long as the format is the same as that required by PMWIN.
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The general procedure for loading datafiles into the model will be demonstrated using the head
values since we need to visualise these and also use them as the starting heads in the following
transient simulation.

Step 7: Produce output from the steady-state flow simulation

Visualization and output is best performed in the Presentation part of the program asthiswill not
affect any part of the MODFLOW data.

» To load the data into the Presentation matrix

From the main menu select Tools » Presentation

Open the Browse Matrix dialog box by Value » Matrix...

In the Browse Matrix dialog box select Load to open the Load Matrix diaog box.

Click on % and select the appropriatefiletoload. InthiscaseitisTISS.DAT. Now click
on OK.

5. Exitthe Load Matrix dialog box by clicking on OK.

The datawill appear in the Browse Matrix dialog box, click on OK to exit this dialog box
and return to the Data Editor. The datais now |oaded.

W NP

» To view contours of the data

1. Select Options » Environment... to open the Environment Options dialog box.

Click the Contours tab and make sure the Visible box is checked. Click on the header
Level of the table to change the contour minumum to 12.5, maximum to 19 and the contour
interval to 0.5. It is aso possible to change contour color if you desire. If Fill Contours is
checked, the contourswill befilled with the colors given in the Fill column of thetable. Use
the Label Format button to specify an appropriate format.

3. Click OK to exit the Environment Options dialog box. Contours should now appear and
if everything has gone well they will look similar to Fig. 6.4. Note the display of the model
grid is deactived by using the Environment Options diaog box.

4. Youmay use File » Save Plot As... or File » Print Plot... to save or print the plot.

5. Leavethe Presentation by File » Leave Editor » Yes
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Fig. 6.4 Steady-state head distribution

Step 8: Transient Flow Simulation

Initial Hydraulic Head

It is now time to perform the transient simulations with the wet season recharge (120 days) and
dry season pumping (240 days). The hydraulic heads resulting from the steady state smulation
are used as the starting heads for the transient analysis.

» To set the steady state heads as the starting values for the simulation
Select Parameters » Initial Hydraulic Heads

Open the Browse Matrix dialog box by Value » Matrix...
In the Browse Matrix dialog box select Load to open the Load Matrix diaog box.

Click on[# 110 open the Load Matrix dialog box and select the appropriatefileto load, in

Hp W NP

thiscaseit is TISS.DAT. Click OK.
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5. Exit the Load Matrix dialog box by clicking on OK.

6. Thedatawill appear in the Browse Matrix diaog box, click on OK to exit this dialog box.
The data is now loaded.

7. Leavethe Data Editor by File » Leave Editor » Yes

Time Parameters

We now need to change from a steady state simulation to atransient simulation. In the transient
simulation there are two stress periods, one of 240 days when pumping is occurring and no
recharge and the other of 120 days when there is recharge only. It is possible to have different
conditions for each stress period as will be demonstrated below.

» To change to a transient simulation

Select Parameters » Time... to open the Time Parameters dialog box.

Change the model to transient by clicking on Transient in the Simulation Flow Type box.
Activate the second period by checking the Active box in the second row of the table.

Change the period length and time steps such that
For period 1: Period Length = 240; Time Step = 12
For period 2: Period Length = 120; Time Step = 6
5. Click OK to exit the Time Parameters dialog box.

DR

Pumping rates

Now we need to set the pumping rate for each well during stress period 1.

» To set the pumping rate

1. Select Models » MODFLOW » Well

2. At each of the wells (marked by alittle shaded box on the DXF Map) click the left mouse
button to select the cell and then the right mouse button to set the pumping rate to -3888 in
the Cell VValue dialog box. This pumping rateis equivalent to 45 I/s, the negative sign means
that water is being extracted from the system. A recharge well would have a positive sign.

3. Exit the Data Editor by File » Leave Editor
Upon leaving you are presented with a Temporal Data dialog box, this allows you to select
and edit the data so that different values can apply during different Stress Periods.

4. Select Period 2 and click on Edit Data. The status bar displays Period 2 indicating that you
are entering data for stress period 2.

5. For each well in the system set the pumping rate to O (thisis the default value).
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6. Exit the Data Editor by File » Leave Editor, which again brings up the Temporal Data
dialog box.
7. Exit the Temporal Data dialog box and the Data Editor by Leave Editor » Yes

Recharge rates

There are two recharge periods, namely the dry season when recharge is zero and the wet season
when rechargeis 7.5 x 10 “ m/day.

» To specify the recharge rate
Select Models » MODFLOW » Recharge » Edit
Set the entire grid to a uniform value for the first Stress Period by Value » Reset Matrix...

In the Reset Matrix dialog box enter,

Recharge Flux [L/T] = 0.0

Layer Indicator [IRCH]= 0

Recharge Options: Recharge is applied to the highest active cell

4. Click OK to exit the dialog box.

5. Leavethe DataEditor by File » Leave Editor, which brings up the Temporal Data dialog
box.

6. Select Period 2 and click on Edit Data to edit the data for that period.

7. Using the above procedure change the recharge flux for the entire grid to 0.00075 (the
values for the layer indicator and recharge option remain the same).

8. Exit the Data Editor by File » Leave Editor, which again brings up the Temporal Data
dialog box.

9. Exitthe Temporal Data dialog box and the Data Editor by Leave Editor » Yes

w N e

Specific Yield

Before running the transient simulation it is necessary to set the aquifer specific yield to 0.06.
» To specify the specific yield

1. Select Parameters » Specific Yield

2. Settheentire grid to 0.06 and exit the Data Editor by File » Leave Editor » Yes

Run transient flow simulation

» To run the flow simulation
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1. Select Models » MODFLOW » Run...

2. Click OK to accept the warning regarding the Effective Porosity in the Processing
ModlIflow dialog box.

3. Click OK in the Run Modflow dialog box to generate the required data files and to run
MODFLOW, you will see a DOS window open and MODFLOW perform the iterations
required to complete the flow simulation.

4. Pressany key to exit the DOS Window.

Produce output

Using the Presentation tool and the Results Extractor, you can create contour plots for the
water level at the end of each time step. The water level at the end of the pumping period (dry
season) corresponds to the heads in time step 12 of period 1 (Fig. 6.5). The water level at the
end of the recharge period (wet season) corresponds to the heads in time step 6 of period 2 (Fig.
6.6). Both figures use the contour interval of 0.5m. The minumum and maximum contour levels
are 12.5m and 19m respectively.

Animation

Now, we can create an animation sequence to show the development of the water level during
the wet and dry seasons.

» To create an animation sequence

1. Before creating an animation sequence, open the Enivironment Option dialog box to make
sure that the contours are set to visible and the contour levels are set properly.
Select File » Animation...

In the Animation dialog box, click the open file button [=]

A Save File dialog box appears. Select or specify a base filename for the animation filesin
the dialog box, then click Open. Note that you cannot save the animation files in the same
folder as your model data. So, you need first to create anew folder or select another folder
for thefiles.

4. Check Create New Frames, set Result Type to Hydraulic Head and set Display Time (s)
to 0.2. Like amovie, an animation sequence is based on lots of frames. Each frame is saved
by using the filenames fn.xxx, where fn is the Frame File specified above and xxx is the
serial number of the frame files. Display Time is the display duration for each frame.

5. Inthe Animation dialog box, click OK to start the animation.
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PMWIN will create a frame (image) for each time point at which the smulation results

(here: hydraulic head) are saved. When al frames are created, PMWIN will repeat the
animation indefinitely until the Esc key is pressed.

Once a sequence is created, you can playback the animation at a later time by repeating the
above steps with Create New Frames cleared. You can also use the Animator (provided by
PMWIN) to playback the sequence.
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Fig 6.5 Head distribution after 240 days of
pumping (period 1, time step 12)

Fig. 6.6 Head distribution after 120 days of
recharge (period 2, time step 6)
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6.1.2 Tutorial 2 - Confined and Unconfined Aquifer System with River
Folder: \pm5\examples\tutorials\tutorial2\
Overview of the Problem

A river flowsthrough avalley (Fig. 6.7) which isbounded to the north and south by impermeable
granitic intrusions. The hydraulic heads at the upstream and downstream fixed-head boundaries
are known (which are saved in a data file). The river forms part of a permeable unconfined
aquifer system (horizontal hydraulic conductivity K, = 5 m/day, vertical hydraulic conductivity
K, = 0.5 m/day, specific yield Sy = 0.05, effective porosity n.= 0.2) which overlies a confined
aquifer of avariable thickness (K,, = 2 m/day, K,= 1 m/day, specific storage Ss=5 x 10, n, =
0.25). A 2 m thick sty layer (K,, = 0.5 m/day, K, = 0.05 m/day, n, = 0.25) separates the two
aquifers. The elevations of the aquifer tops and bottoms are known (and saved in data files).
Three pumping wells pumping at 500 m*/day each abstract water from the confined aquifer.

Y our task isto construct a 3 layer groundwater flow model of the area including the river
and the pumping wells and to assess the capture zone of the wells.

A

Granite Hills

Well 2

Big River

Well 1

5000 m

Well 3

upstream fixed-head boundary

downstream fixed-head boundary

S

South Granite Hills

6750 m

A
v

Fig. 6.7 Model area
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Step 1: Create a New Model

» To create a new model

1. Select File » New Model...

2. Inthe New Model dialog box, change the working folder to \pm5\examples\T2 (create the
folder, if it does not exist) and enter T2 as the name of the new model.

3. Click OK to exit the dialog box.

Step 2: Define Model Size
» To define the size of the model

1. Select Grid » Mesh Size...
In the Model Dimension dialog box enter,

Layers Number 3

Columns Number 27
Size 250

Rows Number 20
Size 250

3. Click OK to exit this dialog box.

You are now in the Grid Editor of the PMWIN. To help visualize the problem we can overlay
aDXF file as amap, which gives us the |ocations of the boundaries and the pumping wells.

» Toload a map

1. Select Options » Maps... to open the Map Options dialog box.

2. Click the box beside the spacefor the DXF filename to activate that particular map (itisalso
possible to choose a color by clicking on the colored square.

3. Inthefirst filename field of DXF-files, click the right mouse button to bring up the Map
Files dialog box.

4. Choose BASEMAP2.DXF from the folder \pm5\examples\tutorial s\tutorial 2\, click OK to
exit the dialog box.

5 Click OK to exit the Map Options dialog box.
You will seethat it does not match the grid that you have generated.

» To move the grid
1. Select Options » Environment... to open the Environment Options diaog box.
2. Enter X,=200 and Y ,=6000 and click OK to exit the dialog box.
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3. Leavethe Data Editor by File » Leave Editor » Yes

Step 3: Refine Model Grid

» To refine the model grid

1. Select Grid » Mesh Size.

2. Refinethe mesh around each of the three wells by halving the size of the following rows and
columns:

Columns 8, 9, 10, 11, 12, 13 and 14
Rows 7, 8, 9, 10, 11 and 12

The grid should now be refined around the wells and appear similar to Fig. 6.8.
3. Leavethe Data Editor by File » Leave Editor » Yes

™~ thiGranite [Hills

Fig. 6.8 Moddl discretization
Step 4: Assign Model Data
All the following data will be entered using the Data Editor. The unconfined aquifer isthe layer
1inthemodd. The silty layer and the confined aquifer issimply layer 2 and layer 3, it is possible
to switch between layersin the Data Editor by using the Page Up and Page Down keys on the
keyboard.

Aquifer types

» To define the aquifer types
1. Open the Layer Options dialog box by Grid » Layer Type...

6.1.2 Tutorial 2 - Confined and Unconfined Aquifer System with River



Processing Modflow 235

2. Makesurethat for layer 1 thetypeisset to 1:unconfined and that Layers2 and 3 are set to
3:confined/unconfined.
3. Click OK to exit the Layer Options diaog box.

Flow boundaries

» To specify the IBOUND data
Select Grid » Boundary Condition » IBOUND (Modflow)

2. Set fixed-head boundaries (IBOUND = -1) in layer 1 and layer 3 (use =¥ to switch Layer
Copy on or off and use the Page Up and Page Down keys to switch between layers) at the
west and east boundaries where the river enters and leaves the model area. Note that the
horizontal flow component in the second layer (silty layer) is negligible, so we do not need
to specify fixed-head cellsin this layer.

3. Set no-flow boundariesin all layersin the areas defined by the Granite and South Granite
Hills. The boundariesin layers 1 and 3 should look like those in Fig. 6.9. The boundariesin
the layer 2 should look like those in Fig. 6.10.

4. Leavethe Data Editor by File » Leave Editor » Yes

Aquifer geometry

The top of each aquifer slopes gradually from west to east. To save you entering this data, the
top elevation of each aquifer has been saved as adatafile.

» To specify the top elevation of each aquifer

1. Select Grid » Top of Layers (TOP).

2. Import the file \pm5\examples\tutorial s\itutorial 2\agltop.dat as the elevation of the top of
aquifer 1 using Value » Matrix » Load... etc.

3. Switch to Layer 2 by pressing the Page Down (PgDn) key.

4. Import the file \pm5\exampl es\tutorial s\tutorial 2\ag2top.dat as the elevation of the top of
aquifer 2.

5. Switch to Layer 3 by pressing the Page Down (PgDn) key.

6. Import the file \pm5\examples\tutorial s\tutorial 2\ag3top.dat as the elevation of the top of
aquifer 2.

7. Leavethe Data Editor by File » Leave Editor » Yes

6.1.2 Tutoria 2 - Confined and Unconfined Aquifer System with River



236 Processing Modflow

» To specify the bottom elevation of each aquifer

1. Select Grid » Bottom of Layers (BOT).
PMWIN will ask if you want to use the Top of Layer 2 as the Bottom of Layer 1, and Top
of Layer 3 as the Bottom of Layer 2. We will accept this. Note that the elevation of the
bottom of the layer 3is 0.0 m, so we do not need to change the default value.

2. Leavethe Data Editor by File » Leave Editor » Yes

Specification of the geometry of the system is now complete, al we need to do now is enter the
physical parameters of the system.
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Time parameters

To specify the time parameters

Select Parameters » Time...

In the Time Parameters dialog box, change the Simulation Time Unit to DAY'S and check
the Steady-State is selected in the Simulation Flow Type box.

Click OK to leave the Time Parameters dialog box.

Initial hydraulic heads

The groundwater flows naturally under agentle gradient towardsthe river from both sets of hills
and also in an easterly direction. The values of starting heads (which include the required values
for the fixed-head cells) are saved in the file \pm5\exampl es\tutorial s\tutorial 1\t2sh.dat.

p WP

To load the initial hydraulic heads

Select Parameters » Initial Hydraulic Heads

Open the Browse Matrix dialog box by Value » Matrix...

In the Browse Matrix dialog box select Load to open the Load Matrix diaog box.

Click on L= and select the file \pmb5\exampl es\tutorial s\tutorial 1\t2sh.dat to load. Now
click on OK.

Exit the Load Matrix dialog box by clicking on OK.

The datawill appear in the Browse Matrix dialog box, click on OK to exit this dialog box
and return to the Data Editor. The datais now loaded into layer 1.

Turn on layer copy by pressing down the layer copy button.

Moveto the second layer and the third layer by pressing PgDn twice. Now, the data of layer
1 is copied to the second and third layers.

Leave the Data Editor by File » Leave Editor » Yes

Hydraulic Conductivity

To set the horizontal hydraulic conductivity

Select Parameters » Horizontal Hydraulic Conductivity
Use Value » Reset Matrix... to enter the following data,
Layer1l 5.0 m/day

Layer2 0.5 m/day
Layer3 2.0 m/day
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3. Leavethe Data Editor by File » Leave Editor » Yes

» To set the vertical hydraulic conductivity
1. Select Parameters » Vertical Hydraulic Conductivity

Use Value » Reset Matrix... to enter the following data for each layer
Layer1 0.5 m/day

Layer2  0.05 m/day

Layer3 1.0 m/day

3. Leavethe Data Editor by File » Leave Editor » Yes

Effective Porosity

The effective porosity is used in PMPATH, which we will use later to define the capture zones
of the pumping wells.

» To specify the effective porosity
1. Select Parameters » Effective Porosity
2. UseValue » Reset Matrix... to enter the following data for each layer

Layer 1 0.2
Layer2  0.25
Layer3 0.25

3. Leavethe Data Editor by File » Leave Editor » Yes
River
The River dataisalittle difficult to set up. MODFLOW requires that the river stage (ie. head),

river bottom elevation, and riverbed conductance be specified. The riverbed conductance is
defined as.

criv - K- LW
M
where,
CRIV = hydraulic conductance of the riverbed [L%T]
K = hydraulic conductivity of the riverbed sediment [L/T]
L = length of theriver withinacell [L]
\W = width of theriver withinacell [L]
M = thickness of theriverbed [L]

6.1.2 Tutoria 2 - Confined and Unconfined Aquifer System with River



Processing Modflow 239

In our case the riverbed has the following properties:

K = 2m/day

L = 250 o0r 125 m depending on the length of the river within the cell

W = 100m

M = 1m

» To specify the river data

1. Select Models » MODFLOW » River

2. You will notice that the river meanders across the model domain and rarely is contained
within asingle cell. First, you need to decide the river data for each cell using the equation
above. Theriver datais entered by selecting the appropriate cell with the left mouse button
and then clicking with the right mouse button to enter the river data associated with that
cell. Entering the river datais sometimes very cumbersome. Fortunately, we have saved the
river hydraulic conductance, head and elevation of the riverbed bottom in three ASCII
matrix files, so we need only to import them.

3. Toimport river data, select Value » Matrix.... In the Browse Matrix dialog box, select
River Hydraulic Conductance from the Parameter drop-down box, then click Load... to
import the conductance file \pm5\examples\tutorial s\tutorial 2\t2riverc.dat. Select Head in
the River from the Parameter drop-down box, then click Load... to import the head file
\pmb5\exampl es\tutorials\tutorial 2\t2riverh.dat. Finally, select Elevation of the Riverbed
Bottom, then click Load... to import the file \pm5\examples\tutorial s\tutorial 2\t2riverb.dat.
Y ou should see the cells specified as river cells highlighted in light blue,

4. Leavethe Data Editor by File » Leave Editor » Yes

Wells

»  To specify the well data

1. Select Models » MOFLOW » Well

2. Switch to Layer 3 by pressing the PgDn key twice.

3. Move the grid cursor to Well 1 by clicking on it with the left mouse button and set the
pumping rate to -500 [m%day] by bringing up the Cell Value dialog box with the right
mouse button.

4. Repeat the above step with Well 2 and Well 3.

5. Leavethe Data Editor by File » Leave Editor » Yes
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Step 5: Perform steady-state flow Simulation

» To run the flow simulation

1. Select Models » MODFLOW » Run...

2. Click OK in the Run Modflow dialog box to generate the required data files and to run
MODFLOW, you will see a DOS window open and MODFLOW perform the iterations
required to complete the flow simulation.

3. Pressany key to exit the DOS Window.

Step 6: Extract and view results

» To produce head contours

1. Using the Results Extractor, save the hydraulic head data as T2S1.DAT and T2S2.DAT
and T2S3.DAT for Layer 1, 2 and 3 respectively.

2. Select Tools » Presentation and load the saved datainto each layer. Alternatively, you may
open the Results Extractor dialog box within the Data Editor by Value » Result
Extractor. In this case, the Results Extractor dialog box will contain an additional Apply
button, which allows to put the data from the Results Extractor to the model grid directly.

3. UseOptions » Environment... to choose the settings of the contours. The contour plot for
the first model layer should look similar to that in Fig 6.11.

Granite Hills

South Granite Hills

Fig. 6.11 Steady-state head distribution in the first mode! layer
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10.

11.

12.

13.

14.

15.

To delineate the capture zones of the pumping wells

Start PMPATH by Models » PMPATH (Pathlines and contours).

PMPATH will load the current model automatically. We will place particles around the
pumping wells and examine their 10 year capture zones.

Moveto Layer 3 by pressing the Page Down (PgDn) key twice.

Click on the button and drag a small box around the cell containing Well 1 by holding
down the left mouse button and moving the mouse.

When you release the mouse button the Add New Particles dialog box appears, edit
Particles on circles such that the number of particlesis equal to 15, the radius R = 80 and
the number of planes NK=3.

Click the Properties tab and change the color of new particles to Blue.

Click on OK to exit the Add New Particles dialog box.

Using a similar procedure add particles around Well 2 and Well 3. Make each of these a
different color (say Green and Black).

To display the hydraulic heads and a transverse and longitudinal cross section open the
Environment Options dialog box by Options » Environment...

Click the Contours tab, check the Visible box and click on the Restore Defaults button to
get standard settings.

Click the Cross Sections tab, check the Visible and Show grid boxes and set
Exaggeration=25, Projection Row=15 and Projection Column=9.

Click on OK to exit the Environment Options dialog box.

The hydraulic head contours for layer 3 and cross sections showing the location of the
particles should appear.

To set up the particle tracking parameters, open the Particle Tracking (Time) Properties
dialog box by Options » Particle Tracking (Time). In the Tracking Steps group, change
the (time) unit to years, step length to 10 and maximum number of steps to 200.

Click OK to exit the Particle Tracking (Time) Properties dialog box.

Start the backward particle tracking by Run » Backward.

Y ou can easily seethat the flowlinesintersect with the river in numerous places (Fig. 6.12).
Y ou can produce a plot of the steady state hydraulic heads of Layer 3 and the flowlines by
File » Save Plot As...

To run forward particle tracking

We will now introduce a contaminant source upstream of Well 2 and see how far the
contamination moves through the steady state flow field after 75, 100 and 125 years.
Since the contamination is a surface source we need to place the particlesin layer 1, if you
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aren’t already in Layer 1 changeto it by using the Page Up (PgUp) key.

2. To place the particles on the ground surface, drag a box around the cell [6, 5, 1].

3. Inthe Cell Faces tab of the Add New Particles dialog box you will notice that the figure
definesthe various faces of anindividual cell, since the contamination is a surface source we
only want to place particles on cell face 5.

4. Click the Particles tab and set the number of particles on Face 5 to NI1=4 and NJ=4 and set
NI and NJon all the other facesto O.

5. Click OK to leave the Add New Particles dialog box.

6. Open the Particle Tracking (Time) Properties dialog box by Options » Particle
Tracking (Time)...

7. In the Tracking Steps group, change the (time) unit to years, step length to 1, and
maximum number of stepsto 75. When finished, click OK to leave the dialog box.

8. Start the backward particle tracking by Run » Forward.

9. Repeat the above for Maximum number of steps of 100 and 125. The plot generated after
125 steps should look similar to Fig. 6.13.

Granite Hills

17.5

Fig. 6.12 Steady-state hydraulic head distribution in the third model layer and capture zones of
pumping wells
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Granite Hills

South Granite Hills

S
Fig. 6.13 125 years streamlines; particles are started at the cell [6, 5, 1] and flow towards

Well 2
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6.2 Basic Flow Problems
6.2.1 Determination of Catchment Areas
Folder: \pm5\examples\basic\basic1\

Overview of the Problem

Fig. 6.14 showsapart of an unconfined aquifer. The extent of the aquifer to the North and South
isassumed to be unlimited. The aquifer is homogeneous and i sotropic with ameasured horizontal
hydraulic conductivity of 0.0005 m/s and an effective porosity of 0.1. The elevations of the
aquifer top and bottom are 15 m and O m, respectively. The aquifer is bounded by ano-flow zone
to thewest. To the east existsariver, whichisin direct hydraulic connection with the aquifer and
can be treated as fixed-head boundary. The river width is 50 m and stage is 10m. The mean
groundwater recharge rate is 8 x 10° m/s. A pumping well is located at a distance of 1000 m
from theriver.

Your task is to calculate the catchment area of the well and the 365-days-capture zone
under steady-state flow conditions.

Well Q=-.005 m'/s

1475 m 1000 m
S

No-flow boundary
N

fixed-head boundary

2525 m

Fig. 6.14 Plan view of the model area
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Modeling Approach and Simulation Results

The west boundary of the model isimpervious and theriver to the east is simulated by the fixed-
head boundary condition (IBOUND=-1) with the initial head at 10 m. There are no natural
boundaries to the South and North, so we have to use streamlines asimpervious boundaries. The
distance of the selected streamline from the well must be large enough, so that the hydraulic head
at these boundaries are not affected by the pumping well. Thisisthe caseif the total rechargein
the chosen strip is considerably larger than the pumping rate of the well. Because of the
symmetry of the system, we could use one-half of the model area only. To show the whole
catchment area, we decided to use the entire model area.

The aquifer is ssimulated using a grid of one layer, 50 rows and 51 columns. A regular grid
gpace of 50 m is used for each column and row. The layer type is 1: unconfined. Fig. 6.15
shows the contours, the catchment area and the 365-days-isochrones of the pumping well using
a 2D-approach, where the groundwater recharge is treated as a distributed source within the
model cells and 50 particles are initially placed around the pumping well in the middle of the
aquifer. If the groundwater recharge is applied on the groundwater surface (refer to RCH/EVT
options in chapter 4 for this option), particles will be tracked back to the groundwater surface
(Fig. 6.16). We can easily imagine that the size and form of the cal culated catchment area depend
on the boundary condition, recharge rate and starting (vertical) position of particles and the
vertical position of thewell screen, if thewell isonly partially penetrating. A discussion about the
determination of catchment areasin two and three spatial dimensions can be found in Kinzelbach
et a. (1992).

To delineate the catchment area of apumping well in a3D flow field, we must place enough
particles around and along the well screen. Fig. 6. 17 shows the catchment area calculated by
PMPATH. First, 425 particles are placed around the well by using the Add New Particles dialog
box (the settings are NI=5, NJ=5 on faces 5 and 6 and 25 particles on the circles with R=25 and
NK=15 around the pumping well). Then backward tracking is applied for a duration of 100
years. Finally, the end points of the particles are saved by File » Save Particles As.... Thisfile
can be reloaded into PMPATH by File » Load Particles to display the catchment area.

6.2.1 Determination of Catchment Areas
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Fig. 6.15 Catchment area and 365-days isochrones of the pumping well (2D-approach:

groundwater recharge is treated as distributed source within the model cells).
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Fig. 6.16 Particles are tracked back to the groundwater surface by applying the groundwater
recharge on the groundwater surface.
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Fig. 6.17 Catchment area of the pumping well (3D-approach).
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6.2.2 Use of the General-Head Boundary Condition
Folder: \pm5\examples\basic\basic2\
Overview of the Problem

This simple example demonstrates the use of the general-head boundary package of
MODFLOW. A confined, homogeneous and isotropic aquifer isshown in Fig. 6.18. The aquifer
is bounded by a no-flow zones to the north and south. The hydraulic heads at the west and east
boundaries are 12m and 10m, respectively. Thetransmissivity of the aquifer isT =0.01 m?s. The
aquifer has a constant thickness of 10 m.

Y our task isto calculate the head contours for the case that only the west part of the aguifer
ismodelled. The east boundary of the modelled part should be approached by using the general-
head boundary.

=12m
=10m

fixed-head boundary; h
general-head boundary
fixed-head boundary; h
1000 m

P -~

x

Fig. 6.18 Plan view of the model area
Modeling Approach and simulation results

The agquifer issimulated using agrid containing 1 layer, 10 rows and 16 columns. A regular grid
gpacing of 100 m is used for each column and row. The layer type is 0: confined and the
Transmissivity flag in the Layer Options dialog box is User-specified. The initial hydraulic
head is 12 m everywhere. While the west model boundary is ssmulated by the fixed-head
boundary condition (IBOUND=-1) with the initial head a 12 m, the east boundary is simulated
by the general-head boundary (GHB) condition with the head h = 10 m. Analogous to the
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riverbed hydraulic conductance (eg. 3.21), the hydraulic conductance term of each GHB cdll is
C, = K-A/L, where K isthe (horizontal) hydraulic conductivity, L is the distance from the
actual fixed-head boundary to the modelled GHB cell, and A isthe area of the cell face, whichis
perpendicular to the groundwater flow in the un-modelled area. For this example C, = (T/10) -

(100 - 10) / 1000 = 0.001 n¥/s.

Fig. 6.19 showsthe calcul ated contours. For comparison, the entire aquifer ismodelled with
the east and west fixed-head boundaries and the result is shown in Fig. 6.20. The model is saved

in the folder \pm5\examples\basic\basic2a\.
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Fig. 6.19 Calculated head contours for the west part of the aquifer
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Fig. 6.20 Calculated head contours for the entire aquifer
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6.2.3 Simulation of a Two-Layer Aquifer System in which the Top Layer
Converts between Wet and Dry

Folder: \pm5\examples\basic\basic3\

Overview of the Problem

This example is the first test problem of the BCF2 package (McDonald et al., 1991). In an
aquifer system where two aquifers are separated by a confining bed, large pumpage withdrawals
from the bottom aquifer can desaturate parts of the upper aquifer. If pumpage is discontinued,
resaturation of the upper agquifer can occur.

Fig. 6.21 shows two aquifers separated by a confining unit. No-flow boundaries surround
the system on all sides, except that the lower aquifer discharges to a stream along the right side
of the area. Recharge from precipitation is applied evenly over the entire area. The stream
penetrates the lower aquifer; in the region above the stream, the upper aquifer and confining unit
are missing. Under natural conditions, recharge flows through the system to the stream. Under
stressed conditions, two wells withdraw water from the lower aquifer. If enough water is
pumped, cells in the upper aquifer will desaturate. Removal of the stresses will then cause the
desaturated areas to resaturate.

Y our task isto construct amodel to compute the natural steady-state head distribution, and
then calculate the head distribution under the stressed condition. When solving for natural
conditions, the top aquifer initially is specified as being entirely dry and many cells must convert
to wet. When solving for pumping condition, the top aquifer is initially specified to be under
natural conditions and many cells must convert to dry.

Modeling Approach and Simulation Results

The model consists of two layers - one for each aquifer. Because horizontal flow in the confining
bed issmall compared to horizontal flow in the aquifers and storage is not afactor in steady-state
smulations, the confining bed is not treated as a separate model layer. The effect of the confining
bed isincorporated in the value for vertical leakance (see section Fig. 3.15). Notethat if storage
in the confining bed were significant, transient simulations would require that the confining layer
be simulated using one or more layers. The confining layer must also be simulated, if you intend
to calculate pathlines with PMPATH or to simulate solute transport. A uniform horizontal grid
of 10 rows and 15 columns is used. Aquifer parameters are specified as shown in Fig. 6.21.

6.2.3 Simulation of a Two-Layer Aquifer System
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1507 areal recharge = Conceptual Model B
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Fig. 6.21 Configuration of the hypothetical model (after McDonald et a., 1991).
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Two steady-state sol utions were obtained to simulate natural conditions and pumping conditions.
The steady-state solutions were obtained through a single ssmulation consisting of two stress
periods. Thefirst stress period simulates natural conditions and the second period simulates the
addition of pumping wells with extraction rates of 30000 ft¥/d (= 850 m*d). The simulation is
declared to be steady state, so no storage values are specified and each stress period requires
only asingle time step to produce a steady-state result. The PCG2 Package is used to solve the
flow equations for the simulations.

Determination of the wetting threshold THRESH (see Modflow » Wetting Capability...)
often requires considerable effort. The user may have to make multiple test runs trying different
values in different areas of the model. In many cases, positive THRESH values may lead to
numerical instability and therefore the user should try negative THRESH values firgt.

6.2.3 Simulation of a Two-Layer Aquifer System



Processing Modflow 253

6.2.4 Simulation of a Water-Table Mound resulting from Local Recharge
Folder: \pm5\examples\basic\basic4\
Overview of the Problem

This example is the second test problem of the BCF2 package. Localized recharge to a
water-table aquifer resultsin formation of aground-water mound. For example, a ground-water
mound may form in response to recharge from infiltration ponds commonly used to artificially
replenish aquifers or to remove contamination by filtration through a soil column. If the aquifer
has low vertical hydraulic conductivity or contains interspersed zones of low hydraulic
conductivity, it may be necessary to smulate the aquifer using multiple model layersin which the
mound crosses more than one layer.

The conceptual model consists of a rectangular, unconfined aquifer overlain by a thick
unsaturated zone (Fig. 6.22). The horizontal hydraulic conductivity is5 feet per day and vertical
hydraulic conductivity is0.25 feet per day (= 0.0762 m/d). A leaking pond rechargesthe aquifer,
resulting in the formation of a ground-water mound. The pond covers approximately 6 acres
(= 23225 m?) and pond leakage is 12,500 cubic feet per day (= 354 m*/d). The specific yield is
20 percent. The water tableisflat prior to the creation of the recharge pond. The flat water table
isthe result of a uniform fixed-head boundary that surrounds the aquifer.

Y our task isto calculate the water table under the steady-state condition and the formation
of the groundwater mound over time.

Modeling Approach and Simulation Results

Because of the symmetry, heads are identical in each quadrant of the aguifer, and thereisno flow
between quadrants; therefore, only one quarter of the system needsto be ssimulated. The problem
issimulated using agrid of 40 rows, 40 columns, and 14 layers (Fig. 6.22). A uniform horizontal
grid spacing of 125 feet (=38.1 m) isused, and each layer is 5 feet (=1.52 m) thick. The pond is
in the upper left corner of the grid. The boundaries along row 1 and column 1 are no-flow asa
result of the symmetry. A fixed-head boundary of 25 feet (=7.62 m) is specified along row 40
and column 40 for layers 10-14; ano-flow boundary is assigned a ong row 40 and column 40 for
layers 1-9. Without the recharge from the pond, layers 1-9 are dry, and the head in al the cells
of layers 10-14 is 25 feet. Recharge from the pond is applied to the horizontal area encompassed
by rows 1 through 2 and columns 1 through 2. Recharge option ““Recharge is applied to the
highest active cell”” is used so that recharge will penetrate through inactive cells down to the
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water table. The specific recharge rate of 0.05 foot per day (=0.0152 m/d) s mulates |eakage of
3,125 cubic feet per day (=88.5m%d) through one quarter of the pond bottom, a simulated area
of 62,500 square feet (~5806 m?).

Model Grid Configuration
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Fig. 6.22 Hydrogeology and model grid configuration

Reasonabl e solutions to the ground-water mounding problem can be obtained in two steady-state
smulations by using the PCG2 solver. In the first simulation, dry cells are converted to wet by
comparison of the wetting threshold THRESH to heads in underlying cells only, which is
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indicated by a negative value of THRESH. The wetting-iteration interval is 1 and THRESH is
-0.5 foot, which means that the wetting threshold is 10 percent of the thickness of a cell. In the
second simulation, wetting of cellsis based on comparison to heads both in horizontally adjacent
and underlying cells (THRESH is positive). A wetting-iteration interval of 2 and a THRESH of
1.5 feet are used in order to prevent continued oscillation between wet and dry for some cells.
Dueto the steepness of the head gradient and the grid discretization, the head difference between
adjacent horizontal cells is generally much larger than the head difference between adjacent
vertical cells along the mound. For example, the cell at layer 4, row 3, column 4 is supposed to
be dry even though the head in the horizontally adjacent cell in column 3 is 1.4 feet above the
bottom of the layer. The vertical head difference between cells in this part of the model is much
less; the difference between the head at the cell in layer 4, row 3, column 3 and the cell below is
only 0.05 foot. Thus, the neighboring cell to theright is repeatedly and incorrectly converted to
wet during the solution processif horizontal wetting is used with awetting threshold of 0.5 foot.
The larger wetting threshold and wetting-iteration interval used in the second simulation allow
convergence to occur, but only after many iterations. In this ssimulation, head in adjacent vertical
cellsisthe best indicator of when adry cell should become wet.

The formation of the groundwater mound over time can be obtained with a transient
simulation. The transient simulation is run for one stress period with a length of 500,000 days.
The stress period is divided into 50 time steps with atime-step multiplier of 1.3. The first time
step is 0.3 days, and the last time step is 115,385 days. The specific yield is 20 percent and the
confined storage coefficient is 0.001. The PCG2 solver is used and cells are activated by
comparison of the wetting threshold to heads in underlying cells. The head change criterion for
closureis 0.001 foot and the residual-change criterion is 10,000 cubic feet, the wetting threshold
is 0.5 foot, the wetting factor is 0.5, and the wetting-iteration interval is 1. Fig. 6.23 shows
smulated water-table heads along row 1 at severa times during the transient simulation.
Steady-state conditions were reached at the 44th time step of the transient simulation as
indicated by storage flow terms being zero (see the simulation listing file OUTPUT.DAT).
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Fig. 6.23 Simulated water-table heads along row 1 beneath aleaking pond after 190 days, 708
days, 2630 days and steady state conditions (after McDonald et al., 1991)
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6.2.5 Simulation of a Perched Water Table
Folder: \pm5\examples\basic\basic5\
Overview of the Problem

This example is the third test problem of the BCF2 Package. Contrasts in vertical hydraulic
conductivity within the unsaturated zone can provide a mechanism for the formation of perched
ground-water tables. The conceptual model is rectangular and consists of three geohydrologic
units. The upper and lower units have higher hydraulic conductivities than the middie unit (Fig.
6.24). There is aregiona water table in which the head is below the bottom of the middle unit.
Natural recharge occurs over the entire area at a rate of 0.001 foot per day. This recharge can
percolate through the two upper units without the formation of a water table above the middie
because the vertical hydraulic conductivity of this unit is 0.002 foot per day.

Recharge at arate of 0.01 foot per day from apond covering 6 acres (= 23225 nv’) will cause
aperched ground-water body to formin the top two units. Thetotal pond leakage is about 2,360
cubic feet per day (=66.8 m*/d). The perched water table spreads out over an area much larger
than the area covered by the pond. This has an impact on the distribution of recharge to the
lower unit.

Y our task is to calculate the long-term head distribution resulting from the pond recharge.

Modeling Approach and Simulation Results

Because of the rectangular symmetry of the system, there is no flow between quadrants.
Therefore, only one quarter of the system must be smulated. The problem is simulated using a
grid of 50 rows, 50 columns, and 2 model layers. A uniform grid spacing of 16 feet isused. The
recharge pond is in the upper left corner of the grid; the quarter of the pond that is simulated
occupies asquare areathat is 16 rows long and 16 columns wide. The boundaries along row 1
and along column 1 are no-flow boundaries as a result of the symmetry.

Model layer 1 simulates the upper geohydrologic unit and is assigned a hydraulic
conductivity of 5 feet per day. The bottom of layer 1 is at an elevation of 20 feet. The lower
geohydrologic unitissmulated asmodel layer 2. Thislayer issimulated as aconfined/unconfined
layer with constant transmissivity (layer type 2). The top and bottom elevations of layer 2 are set
at 10 and O feet, respectively. Because the head in this layer is aways below the layer top, the
flow from aboveislimited as described by McDonald and Harbaugh (1988, p. 5-19). Thus, there
is no direct hydraulic connection between the perched layer and the lower layer,
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Cross-Section Model Grid Configuration
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Fig. 6.24 Hydrogeology and model grid configuration

but the perched heads have adirect impact on the recharge into the lower layer. All céllsin layer
2 are assigned a constant head of 1 foot because there is no need to simulate heads in this layer
for the purpose of estimating recharge. The middie geohydrologic unit is not simulated as a
separate model layer becauseit isassumed that horizontal flow and storage effects are negligible.
This unit is represented by the value for vertical |eakance between model layers 1 and 2. The
vertical leakance is assumed to be 0.0002 per day. In areas not covered by the pond, rechargeis
applied areally at a rate of 0.001 foot per day to smulate natural recharge. Recharge option
“Recharge is applied to the highest active cell”” isused so that recharge will penetrate through
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inactive cells to the water table. A recharge rate of 0.01 foot per day is applied to the area
covered by the pond.

A steady-state simulation is performed to simulate the formation of a perched water table.
Solution of the flow equation is obtained using the SIP solver. Starting hydraulic head in layer 1
under the pond is set at 21 feet. All other cellsin layer 1 initially are specified as no-flow cells.
The wetting-iteration interval, THRESH, and wetting factor are set at 2 iterations, 1.0 foot, and
0.5 foot, respectively (see MODFLOW » Wetting Capability). A positive value of THRESH
indicates that horizontally adjacent cells can cause dry cells to become wet. Thisisthe only way
for cells in layer 1 to become wet because heads in layer 2 are always below the bottom of
layer 1.

Fig. 6.25 shows the contours of steady-state heads in layer 1. Steady-state heads along
row 1in layer 1 range from 29.92 feet in the cell [1, 1, 1] to 20.84 feet in cell [40, 1, 1].
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Fig. 6.25 Simulated steady-state head distribution in layer 1
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6.2.6 Simulation of an Aquifer System with Irregular Recharge and a Stream

Folder: \pm5\examples\basic\basic6\

Overview of the Problem

Thisexampleisthefirst test problem of the Streamflow-Routing (STR1) package. Resultsfrom
the STR1 Package were compared to results from an analytical solution devel oped by Oakesand
Wilkinson (1972). An idealized aquifer with ariver flowing through the middle was chosen and
isshown in Fig. 6.26. The width of the aquifer perpendicular to the river was 4,000 ft on each
side, while the length parallel to the river was 13,000 ft. Assumptions used in both the analytical
solution and the model smulation include:

1. Thelateral boundaries of the aquifer are impermeable (no flow is alowed).

The rocks beneath the aquifer are impermeable.

The river penetrates the entire depth of the aguifer and has vertical banks.

Theriver is not separated from the aquifer by any confining material.

The transmissivity and storage coefficient are constant throughout the aquifer and remain
constant in time.

The aquifer is confined and Darcy's Law isvalid.

The flow of groundwater is horizontal.

The water level in theriver is constant along its length and with time.

The infiltration of recharge to the aquifer is instantaneous (no delay between the time
precipitation infiltrates the surface until it reaches the water table).

10. The discharge from the aquifer is only to the river.

ok DN

© ® N o

Transmissivity of the aquifer used for both the analytical solution and in the model simulation
was 3,200 ft?/d (3.45x10% n/s). The storage coefficient is 0.20. Because theriver is assumed to
be fully penetrating and the aquifer is not separated from the river by any confining material, the
streambed conductance value was assumed equal to the transmissivity of the aquifer (in this
example, the width of theriver is assumed equal to the depth of the aguifer) times the length of
the river in each cell (1,000 ft) divided by an assumed I-foot thickness of the riverbed. Actualy,
any large streambed conductance value can be used as long as the head value in the model cell
containing the river remains constant during the simulation. Varying the streambed conductance
value shows that for this problem, streambed conductances greater than 10 ft¥d produce nearly
the sameresults. Annual rechargeto the aquifer is 1.5 ft. However, the daily rechargerate varied
according to a sinusoidal distribution for the first 180 days, while no recharge was allowed for
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the following 180 days. The distribution of the recharge over timeis shown in Fig. 6.27.
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Fig. 6.26 Configuration of the model and the location of the observation well

Modeling Approach and Simulation Results

The aquifer is ssimulated using one model layer. Specification of the elevations of layer top and
bottom are not necessary, because the layer is confined and transmissivity and confined storage
coefficient are specified directly (as defined in the Layer Options dialog box). The sinusoidal
distribution of the recharge rate was divided into 15-day intervals for the model simulation and
the rate for the middle of each interval was used as input value. The distribution used in the
simulation is also shown in Fig. 6.27. A total of six 360-day infiltration periods (144 stress
periods, each with a length of 15 days) was used in the smulation. The first five 360-day
infiltration periods were computed to allow the model to reach a stable yearly cycle because the
starting water level for each model cell was not known. Results of the model simulation from the
sixth infiltration period are compared to the results from the analytical solution for an
observation well 2,000 ft from the river (Fig. 6.28). The coordinates of the observation well are
given in the Boreholes and Observations dialog box. The Streamflow-Routing package is not
realy needed to simulate this condition, as the river could have been represented using fixed-
head or river cells. The same results can be obtained using the River package. The smulation
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was done to determine if the STR1 package correctly accumulates flow from the aquifer into the
stream.
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Fig. 6.27 Distribution of recharge used for analytical solution and the model simulation (after
Prudic, 1988)
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Fig. 6.28 Comparison of simulation results to anaytical solution developed by Oakes and
Wilkinson (1972)
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6.2.7 Simulation of a Flood in a River

Folder: \pm5\examples\basic\basic7\

Overview of the Problem

This example is the second test problem of the STR1 package. The function of the STR1
package that computes the head in the stream aswell as changesin flowsto and from the aquifer
was compared to an analytical solution devel oped by Cooper and Rorabaugh (1963). The model
grid used in the previous example was also used in this model. The aquifer properties and
assumptions are the same as those used in the previous example, except for assumptions 8 - 10,
which are replaced with the following assumptions:. (1) The recharge to the aquifer is only from
the river asriver stage increases with time and (2) The discharge from the aquifer is only to the
river asriver stage decreases with time.

The analytical solution from Cooper and Rorabaugh (1963, p. 355-358) isapplicablefor the
case where the lateral boundary is at infinity (referred to by Cooper and Rorabaugh as semi-
infinite). The impermeable boundary assigned at 4,000 ft for this model is of sufficient distance
from the river in order not to interfere with the results. A flood in the river was simulated for a
30-day period.

The procedure used to cal cul ate the distribution of streamflow for the 30-day period and for
60 days following the flood was first to calculate a distribution of river stage using equation 71
in Cooper and Rorabaugh (1963, p. 355), assuming a maximum flood stage of 4 ft above the
initial river stage. The streamflow distribution (Fig. 6.29) was calculated from the river stage
distribution. The river has a width of 100 ft, a dimensionless roughness coefficient of 0.02377
and a slope of 0.0001. A constant C = 1.486 should be used for the simulation (see eq. 3.22).

Modeling Approach and Simulation Results

Streamflow for the first 30 days was divided into I-day periods for smulation. Fig. 6.30 shows
the computed river stage. The ssimulation results are the same as the manually calculated river
stage values using equation 71 of Cooper and Rorabaugh (1963, p. 355). Detailed discussion on
the analytical and numerical results can be found in Prudic (1988). Results of varying both the
number of columns and the length of stress periods used to simulate the flood wave indicate that
both the number of columns and the length of the time step are important in exactly duplicating
the analytical solution.

A groundwater flow model with the Streamflow-Routing package has an advantage over
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analytical solutions because it can be used to simulate complex systems. An example (Folder:
\pmb5\examples\basic\basic7a\) containing a stream system (Fig. 6.31) is used to illustrate
most of the features of the Streamflow-Routing package. The example assumes that an aquifer
of 6,000 ft wide by 6,000 ft long is divided into six equally spaced rows and columns. The
transmissivity of the aquifer is 0.08 ft?/s. Recharge to the aquifer occurs only from stream
leakage. The exampleincludes 7 stream segments with totally 16 reaches. Thereisonediversion
(segment 2) and two places where streams join (segments 2 and 4 join to make segment 5 and
segments 3, 5, and 6 join to make segment 7). Stream stages are also computed for each reach.
The streams range in width from 5 to 10 ft. Streambed conductance values a so vary depending
on the length and width of each stream reach. The hydraulic conductivity of the streambed
depositsis 4 x 10 ft/s.

Solution from equation 5

W W w A~ A
N o m o N

Flow assigned to stream
for each stress period

Now oW
o O N

Streamflow, in thousands of cubic feet per second

]

| | |
0 10 20 30 40 50 60 70 80 90
Time, in days since start of flood

Fig. 6.29 Distribution of streamflow for a 30-day flood event used for the simulation (after
Prudic, 1988)

Stream stage, in feet above sea level

46 — >
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Time, in days since start of flood

Fig. 6.30 Model calculated river stage
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used to define a segment. Arrow indicates the
direction of flow

segment number
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Fig. 6.31 Numbering system of streams and diversions (after Prudic, 1988)
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6.2.8 Simulation of Lakes
Folder: \pm5\examples\basic\basic8\

Overview of the Problem

Fig. 6.32 shows an unconfined aquifer with the boundary conditions and the location of a
planned open-cast mining site. The aquifer is bounded by a no-flow zone to the north and to the
south. To the west and east exist fixed-head boundaries with the hydraulic heads h = 100 m and
95 m; the elevations of the aquifer top and bottom are 100 and 0 m, respectively.

The aquifer ishomogeneous and isotropic with ameasured horizontal hydraulic conductivity
of 0.0001 m/sand vertical hydraulic conductivity of 0.00001 m/s. The specific yield and effective
porosity are assumed to be 0.25. The specific storage coefficient S, = 0.0001. In the final
mining phase, the hydraulic head within the mining site must be drawn down to the level of
h =21 m. Afterwards, the mining site will be filled with water to form an artificial lake. Y our
task isto
1. construct a steady-state flow model and calculate the necessary abstraction rate (= inflow

into the mining site) for holding the head at 21 m, and
2. usethe calculated steady-state head as the initial hydraulic head and cal cul ate the temporal

development curve of the water level (head vs. time) in the artificial 1ake for the case that
the abstraction within the mining site is turned off.

plan View

= open-cast mining site

2000 m

2500 m

i/

Cross-section
open-cast mining site

Fig. 6.32 Plan view of the model area

2
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Modeling Approach and Simulation Results

The aquifer isssmulated using five model layers, 21 rows and 25 columns. The thickness of each
model layer is 20 m. The elevation of the top of the first model layer is 100m. A regular grid
gpacing of 100 m is used for each column and row. The layer type 3: confined/unconfined
(transmissivity varies) is used for every layer.

For task #1, the cells within the mining sitein the 4th model layer are set asfixed-head cells
with the initial hydraulic head of 21m. The cells (of all 5 layers) at the west boundary are fixed-
head cellswith theinitial head h = 100m. The cells (of the layers 3 to 5) at the east boundary are
fixed-head cellswith theinitial head h =50m. Theinitial hydraulic head at all other cells has been
set at 100m. To ensure that thereis no resistance to the groundwater flow within the mining site,
avery highvalue (say 1 m/s) isused for the vertical and horizontal hydraulic conductivities of the
cellswithin the site.

A steady-state flow simulation was performed. Fig. 6.33 shows the two cross-sections and
the head contours of layer 4. It isobvious that the cells above the groundwater surface went dry.
To caculate inflow into the mining site, we select Tools » Water Budget... to calculate the
water budget by assigning zone 1 to the fixed-heads cells within the mining site. The water
budget for zone 1 in layer 4 should look like Table 6.1. Theinflow rate to the constant head cells
(mining site) is 1.9428713E+00 m¥/s.

Table 6.1 Water budget for the mining site
ZONE 1 IN LAYER 4

FLOW TERM I'N ouT I N-QUT
STORAGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00

CONSTANT HEAD 0. O00O0O000E+00 1.9428709E+00 -1.9428709E+00
HORI Z. EXCHANGE 1.1840475E+00 0. 00OOOOOE+00 1.1840475E+00
EXCHANCE (UPPER) 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
EXCHANCE (LOWER) 7.5882387E-01 0.0000000E+00 7.5882387E-01
WELLS 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00

DRAINS 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00

RECHARGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00

ET 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00

Rl VER LEAKAGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
HEAD DEP BOUNDS 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
STREAM LEAKAGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00

| NTERBED STORAGE 0. 0000000E+00 0. 0000000E+00 0. 0000000E+00
SUM OF THE LAYER 1.9428713E+00 1.9428709E+00 4.7683716E-07

For task #2, al cells within the mining Site are set as active cells. The wetting capability of
MODFLOW isturned on by selecting Models » Modflow»Wetting Capability.... The wetting-
iteration interval is 1, wetting factor is0.5 and THRESH is-1 for al cells. The specific yield and
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effective porosity of all cells within the mining site (Iake) are set to 1. Compared to the specific
yield, the influence of the confined storage coefficient within the lake is very small and can
normally be ignored. Therefore, the specific storage coefficient S, = 0.0001 is assigned to all
cells. A transient flow ssimulation is performed for a stress period with the length of 3.15576E+08
seconds, 100 time steps and atime-step multiplier of 1.0. Thetemporal devel opment curve of the
water table at the aborehole, which islocated in the fourth layer within the lake, isshown in Fig.
6.34. Thefinal stagein the lake is about 97.1 m.
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Fig. 6.33 Head contoursin layer 4
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Fig. 6.34 Temporal development curve of the water stage in the artificial lake

6.2.8 Simulation of Lakes



Processing Modflow 269

6.3 EPA Instructional Problems

Folder: \pm5\examples\EPA Instructional Problems\

Overview of the Problems

The manua of instructional problemsfor MODFLOW (Andersen, 1993) isintended to allow the
student to have hands-on experience with the practical application of models. Twenty
documented problems, complete with problem statements, input data sets, and discussion of
results are presented in that manual. The problems are designed to cover modeling principles,
specifics of input/output options available to the modeler, rules of thumb, and common modeling
mistakes. You can find an electronic version of this manual in the folder
\Documents\Instructional Problems for MODFLOW (EPA) on the companion CD-ROM.

Modeling Approach and Simulation Results

We have rebuilt most of the models described in the manual of instructional problems. If you
have selected to install the Example Pack EPA instructional problems during the installation of
PMWIN, you can find the models in sub-folders under \pm5\examples\EPA Instructional
Problems\. Although these models are ready-to-run, it is suggested to construct the models by
yourself, because one will learn more through mistakes and exercises.

6.3 EPA Instructiona Problems
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6.4 Automatic Calibration and Pumping Test
6.4.1 Basic Model Calibration Skill with PEST/UCODE
Folder: \pm5\examples\calibration\calibration1\
Overview of the Problem

Groundwater models are usually applied to conceptualize and understand ahydrol ogic system or
to predict the outcome of afuture change to the system. In order to provide some assurance that
the model reflects the behavior or appearance of the flow system, it must be calibrated prior to
use as a predictive tool. Calibration is accomplished by finding a set of parameters, boundary
conditions, and excitations or stresses that produce simulated heads (or drawdowns) and fluxes
that match measurement values within an acceptable range of error. Model calibration can be
performed by the hand-operated trial-and-error adjustment of aquifer parameters or by inverse
models such as PEST, UCODE, MODINV (Doherty, 1990) or MODFLOW/P (Hill, 1992). This
example provides an exercise in model calibration with PEST and UCODE. Specific details of
this example are from Andersen (1993).

Fig. 6.35 shows the idealized flow system and locations of observation bores. The flow
system is a small, confined aguifer which is strongly controlled by the river which is flowing
across it. The aguifer is approximately 100 ft thick and is composed primarily of silty sand. The
river isnot in direct hydraulic connection with the aquifer, but acts asaleaky boundary condition
which can gain or lose water to the aquifer. Stage data for the river and riverbed elevation are
listed in Table 6.2. Other boundary conditions are no-flow, which surround the square and define
the areal extent of the aguifer.

Given constraints of uniform transmissivity and recharge, and additional data below, obtain
a steady state calibration based on the measurements listed in Table 6.3.

Initial hydraulic head = 100.0 ft

grid size = 15x 15

Ax = Ay = 500 ft

river base flow at western model boundary = 10 cfs
river base flow at eastern model boundary = 11.125 cfs

riverbed conductance = 0.01 ft4/S

6.4.1 Basic Model Calibration Skill with PEST/UCODE
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&

Fig. 6.35 Configuration of the aquifer system

Table 6.2 River data
Row Column Stage (ft) Riverbed Elevation (ft)

4 1 100.0 90.0
4 2 100.0 90.0
4 3 100.0 90.0
4 4 99.0 89.0
4 5 99.0 89.0
5 6 98.0 88.0
6 7 97.0 86.0
7 8 96.0 86.0
8 9 95.0 85.0
9 10 94.0 84.0
9 11 94.0 84.0
9 12 94.0 84.0
9 13 94.0 84.0
9 14 93.0 83.0
9 15 93.0 83.0

Table 6.3 Measurement data
Bore Row Column Head (ft)

1 14 1 124.0
2 11 4 119.9
3 13 13 113.9
4 8 1 116.1
5 4 12 113.0
6 9 6 114.0
7 2 3 108.5
8 11 10 111.7
9 7 14 107.6
10 3 18 111.3
11 2 15 115.6

6.4.1 Basic Model Calibration Skill with PEST/UCODE
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Modeling Approach and Simulation Results

The aquifer issimulated using agrid of one layer, 15 columnsand 15 rows. A regular grid space
of 500 ft isused for each column and row. The layer typeis0:confined and the Transmissivity
flag in the Layer Options dialog box isuser-specified. Transmissivity and recharge are defined
as estimated parameters with the parameter numbers 1 and 2 (Note that the names of these two
parameters are p1 and p2).

Table 6.4 shows the optimized parameter values and the correlation coefficient matrix
calculated by PEST. A similar result obtained by UCODE is shown in Table 6.5. The diagona
elements of the correlation coefficient matrix are always unity. The off-diagona elements are
always between 1 and -1. The closer an off-diagonal element isto 1 or -1, the more highly
correlated are the parameters corresponding to the row and column numbers of that element. For
thisexample, transmissivity (parameter p1) and recharge (parameter p2) are highly correlated, as
is indicated by the value 0.9572 of the correlation coefficient matrix. This means that these
parameters are determined with ahigh degree of uncertainty in the parameter estimation process.
A sengitivity analysis could be used to quantify the uncertainty in the calibrated model caused by
uncertainty in the estimates of the aquifer parameters.

For our example, the only discharge isto the river and the only sourceisrecharge. To bein
steady state, these two must balance. Recharge must therefore be equal to 1.125 cfs (the river
gain equals 11.125 cfs - 10 cfs). Spreading over the modeled area:

3
recharge = 1.125ft7s = 2x10°8 ft/s (6.1)

(15 x 15)-(500ft x 500ft)

The estimated parameter val ues are acceptable. A better procedure would have been to compute
the recharge right-away from eqg. (6.1) and calibrate only transmissivity.

Table 6.4 Optimized parameter values and the correlation coefficient matrix. Calibration result

from PEST.
Par anet er Esti mat ed 95% percent confidence limts
val ue lower limt upper limt
pl 1. 000282E- 02 9. 724991E- 03 1. 028859E- 02
p2 1. 996080E- 08 1. 985581E- 08 2. 006578E- 08

Note: confidence linits provide only an indication of paraneter uncertainty.
They rely on a linearity assunption which nmay not extend as far in
paraneter space as the confidence linmits thenselves - see PEST nanual .

Correl ation Coefficient Matrix ----- >
1. 000 0. 9572
0. 9572 1. 000

6.4.1 Basic Model Calibration Skill with PEST/UCODE
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Table 6.5 Optimized parameter values and the correlation coefficient matrix. Calibration result

from UCODE.
PARAVETER 1 D. P1 P2
UPPER 95% C. | . 1.01E-02 2.01E-08
FI NAL VALUES 1. 00E-02 2. 00E-08
LONER 95% C. | . 9.90E-03 1.98E-08

1 2
SETRRR Coon o opso
2 0. 9869 1. 000

6.4.1 Basic Model Calibration Skill with PEST/UCODE
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6.4.2 Estimation of Pumping Rates
Folder: \pm5\examples\calibration\calibration2\
Overview of the Problem

This example involves the encapsul ation of a highly contaminated area. The aquifer in which the
contaminated areais buried is unconfined, isotropic and of infinite areal extent. The extent of the
contamination area is about 65 m x 65 m. The head in the center of this areais about 9.45 m.
The elevation of the aquifer top is 10 m and the aguifer bottom is at O m. The hydraulic
conductivity is uniformly 3x10* m/s. The unconfined storage coefficient (specific yield) is 0.2.
Recharge is assumed to be zero. The groundwater flow is directed from west to east with a
hydraulic gradient of 0.5%e.

To prevent contaminated water flow out of the area, a remediation measure is required.
Different types and combinations of measures can beintroduced for this purpose including a cut-
off wall around the area, drainages and pumping wells. All measures are directed towards the
same goal - a reduction of the piezometric head in the contaminated area itself such that
groundwater flows towards the contaminated area. To achieve this objective, a cut-off wall
around this area and four pumping wells have been chosen. The cut-off wall is 0.5 m thick and
the hydraulic conductivity of the material is 5x10°® m/s.

Your task is to estimate the required pumping rate of the wells such that the steady-state
piezometric head in the center of the contaminated area is 8 m. Furthermore, the duration until
the steady-state is reached should be calculated.

Modeling Approach and Simulation Results

The aguifer is smulated using a grid of one layer, 31 columns and 31 rows. The layer type is
1:unconfined. Fig. 6.36 showsthe model grid and the selected boundary conditions. The extent
of themodel isfairly large. To obtain the hydraulic gradient of 0.5%o, the west and east sides of
the model are assumed to be fixed-head boundaries with hydraulic heads of 9.8925 and 9 m,
respectively.

The configuration of the remediation measuresis shown in Fig. 6.37. The pumping rates of
the wells are defined as an estimated parameter by assigning the parameter number 1 to all four
wells. An "observation" borehole is set at the center of the contaminated area. The "observed"
head at time 1 is set a 8 m (the remediation objective) in the Boreholes and Observations
dialog box. The ssimulation time is also set to 1. Using PEST or UCODE, the pumping rate of

6.4.2 Estimation of Pumping Rates
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each well is estimated at about 7.9x10° m¥/s.

To calculate the duration until the steady-state is reached, the estimated pumping rate of
7.9x10° m*/sis specified to each well. A transient simulation with one stress period (subdivided
into 25 equal time steps) is carried out. The total simulation time is 1x10® seconds. The
calculated head-time curve (Fig. 6.38) shows that the steady-state is reached at t~4x10 s.
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Fig. 6.36 Plan view of the model
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Fig. 6.38 Head versustime at the center of the contaminated area
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6.4.3 The Theis Solution - Transient Flow to a Well in a Confined Aquifer

Folder: \pm5\examples\calibration\calibration3\

Overview of the Problem

This example gives an approximation of the Theis solution with a numerical model. Given the
aquifer properties, transmissivity and confined storage coefficient, the Theis solution predicts
drawdown in a confined aquifer at any distance from a well at any time since the start of
pumping. The assumptions inherent in the Theis solution include:

(1) Theaquifer is homogeneous, isotropic and of uniform thickness,

(2) Theaquifer is confined between impermeable formation on top and bottom, and of infinite
areal extent.

(3) Theinitia piezometric surface is horizontal and uniform.

(4) The pumping rate of the well is constant with time.

(5 Thewsdl penetrates the entire aquifer and the well diameter is small.

(6) Water isremoved from storage instantaneoudly with decline in head.

All of these assumptions, with the exception of infinite areal extent, can be represented by a
numerical model.

In this example, a fully penetrating well is located at the center of the model domain and
withdraws water at a constant rate. The drawdown of the hydraulic head is monitored with time
at a borehole 55m from the pumping well. The model parameters are listed below. Your task is
to construct a numerical model, calculate the drawdown curve at the borehole and compare it
with the anaytical (Theis) solution.

Initial hydraulic head = 0.0 m

Transmissivity = 0.0023 m?/s

Storage coefficient = 0.00075

Pumping rate = 4 x 10° m%/s

Total simulation time = 86400 s

Number of time steps = 20

Time step multiplier = 1.3

Number of SIP iteration parameters =5
Convergence criterion of head change = 0.0001 m
Maximum number of iterations = 50

6.4.3 The Theis Solution - Transient Flow to a Well in a Confined Aquifer



Processing Modflow 277

Modeling Approach and Simulation Results

To meet the requirement of an infinite areal extent, the modelled domain is chosen fairly large
(The boundary could alternatively be moved even further from the pumping well by using the
General Head Boundary, see section 6.2.2). The aquifer issimulated by asingle layer moddl. An
increasing grid spacing expansion is used to extend the model boundaries (Fig. 6.39). The layer
type is0:confined. In the Layer Options dialog box, the flags of Transmissivity and Storage
Coefficient are set to User-specified. The top and bottom elevations of the model layer are not
required.

The analytical drawdown vaues at the borehole are specified in the Boreholes and
Observations dialog box. Both the analytical and cal culated drawdown curves are shownin Fig.
6.40. An exact comparison is not attained because of the approximations made in the numerical
model. These include: (1) use of a discrete rather than continuous spatial domain, (2) use of a
discrete rather than continuous time domain, (3) use of an iterative solution with a convergence
tolerance, and (4) artificial placement of boundaries.

In practice, you can use this model to estimate transmissivity and confined storage
coefficient by specifying the real observation time and data in the Boreholes and Observations
dialog box. By defining transmissivity and storage coefficient as estimated parameters, the
inverse models PEST or UCODE can estimate the parameters automatically. Click Models »
PEST » Run... or Models » UCODE » Run... to see how the inverse models work. Because
the analytical drawdown values were used as the observations, the results from the inverse
models must be transmissivity = 0.0023 m?/s and storage coefficient = 0.00075.

6.4.3 The Theis Solution - Transient Flow to a Well in a Confined Aquifer
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6.4.4 The Hantush and Jacob Solution - Transient Flow to a Well in a Leaky
Confined Aquifer

Folder: \pm5\examples\calibration\calibration4\

Overview of the Problem

This examples demonstrates how to approach leaky confined aquifers. A leaky confined aquifer
isoverlaid and/or underlaid by geologic formations, which are not completely impermeable and
can transmit water at a sufficient rate (Fig. 6.41). Hantush and Jacob (1955) give an analytical
solution to describe the drawdown with time during pumping with a well in a leaky confined
aquifer. In addition to the assumptions in the Theis solution, the analytical solution requires two
assumptions - the hydraulic head in the overlying oder underlying aguifer is constant during
pumping in the leaky confined aquifer and the rate of leakage into the pumped aquifer is
proportional to drawdown.

In this example, a pumping well withdraws water at a constant rate from the leaky confined
aquifer. The drawdown of the hydraulic head is monitored with time at a borehole 55m from the
pumping well. The borehole islocated in the leaky confined aquifer. Theinitial hydraulic head is
8 m everywhere. Specific yield and effective porosity are 0.1. The other aquifer parameters are
givenin Fig. 6.41. The analytical solution for this caseis given in Table 6.6.

Y our task isto construct a numerical model, calculate the drawdown curve at the borehole
and compare it with the Hantush-Jacob solution. Note that the parametersfor the confined |eaky
aquifer are the same as in the previous example, so we can compare the results of these two
examples.

Table 6.6 Analytical solution for the drawdown with time

Time (s) drawdown (m) Time (s) drawdown (m)
123 0.0067 4932 0.336

247 0.03 12330 0.449

352 0.052 24660 0.529

493 0.077 35228 0.564

1233 0.168 49320 0.595

2466 0.25 123300 0.652

3523 0.294

6.4.4 Transient Flow to aWell in aLeaky Confined Aquifer



280 Processing Modflow

Pumping rate Q = 0.004 m3/s

impervious

Overlying aquifer K =1.0E-6 mis
Ky = 1.0E-6 mis
§=3.T5E4

g7 K =1E-7 mis
Aquitard 7 7 Ky =1.5E8 m/s :
: S =1.5E4

K =23E-4 mis
Ky =2.3E6 m/s
5=7.5E4

Leaky confined aquifer

L

- -10m
impervious

K: horizontal hydraulic conductivity
Ky: vertical hydraulic conductivity
S: confined storage coefficient

Fig. 6.41 Configuration of the leaky aquifer system and the aquifer parameters

Modeling Approach and Simulation Results

The modelled domain is the same as in the previous example. Three model layers are used to
simulate the system. The layer typesare 3:confined/unconfined (transmissivity varies). Inthe
Layer Options didog box, the Storage Coefficient flag is set to user-specified and the
Transmissvity flag iscalculated. All model cellsinthefirst model layer arefixed-head cellsand
al other cells are specified as active cells. A transient flow simulation is performed for a stress
period with the length of 49320 seconds, 20 time steps and a time-step multiplier of 1.3. For
comparison, the analytical solution is entered in the Boreholes and Observations dialog box.
Fig. 6.42 showsthe numerical and analytical drawdown-time curves at the observation borehole,
which is at a distance of 55 m from the pumping well. The match of these two curvesis very
good.

While the use of the anaytical solution islimited to the primary assumptions, the numerical
model can be used to evaluate pumping tests, even if the confining aguitard (Fig. 6.41) has a
higher value of the vertical hydraulic conductivity and the hydraulic head in the overlying aquifer
isnot constant during the pumping. To do this, simply specify al model cellsasactive cells. This
isallowed because the smulation timeis normally very short and the extent of the model domain
isrelative large, so that at end of atransient flow simulation the drawdown values at the model
boundaries are acceptable low.

If the vertical hydraulic conductivity of the aquitard is known, we can use PEST or UCODE

6.4.4 Transient Flow to aWell in aLeaky Confined Aquifer
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to estimate the horizontal hydraulic conductivity and storage coefficient of the leaky aquifer by
defining them as estimated parameters. Click Models » PEST » Run... or Models » UCODE
» Run... to see how the inverse models work. Because the analytica drawdown values were
used as the observations, the results from the inverse models must be horizontal hydraulic
conductivity = 2.3 x 10* m/s and storage coefficient =~ 0.00075. If the vertical hydraulic
conductivity is unknown and needs to be estimated, we will need additional drawdown valuesin
the overlying aquifer during the pumping test.
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Fig. 6.42 Drawdown-time curves
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6.5 Geotechnical Problems

6.5.1 Inflow of Water into an Excavation Pit
Folder: \pm5\examples\geotechniques\geol\
Overview of the Problem

This example is adopted from Kinzelbach and Rausch (1995). Fig. 6.43 shows a plan view and
across section through a shallow aquifer situated in avalley. In the north the aquifer is bounded
by the outcrop of the sediments in the valley, while the south boundary is a river, which isin
contact with the aquifer. The agquifer extends several kilometers to the west and eadt, it is
unconfined, homogeneous and isotropic. The top and bottom elevations of the aquifer are 7 m
and 0 m, respectively. The average horizontal hydraulic conductivity of the sandy sedimentsis
0.001 mV/s; the effective porosity is 0.15. The groundwater recharge from precipitation is 6x10°
m¥/s/m?. The water stagein theriver is5 m above the flat aquifer bottom, which isthe reference
level for the simulation. At a distance of 200 m from the river there is an excavation pit. The
length of the pit is 200 m, the width 100 m. The bottom of the excavation is 3 m above the
aquifer bottom.

Y our task isto calculate the inflow into the pit and show head contours and catchment area
of the pit.

Plane view

no-flow. boundary

—_—
900 m
—

excavation pit
200 x 100 m
h=3m

River; water level h = 5m

h=

A-A' Cross-section
5m

e
]

Fig. 6.43 Problem description
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Modeling Approach and Simulation Results

The aquifer is simulated using a grid of one layer, 40 columns and 19 rows. A regular grid
spacing of 50 m is used for each column and row. The layer type is 1:unconfined. To smplify
the smulation, use of symmetry is made by modeling only half the domain. The river and the pit
are modelled as fixed-head boundaries with hydraulic heads of h =5 mand 3 m, respectively. All
other boundaries are no-flow boundaries. The distance between the eastern no-flow boundary
and the pit is not known apriori and must be selected large enough so that it is not influenced by
the pit. Fig. 6.44 shows the head contours, the catchment area of the excavation and two cross-
sections. Using the Water budget calculator, the inflow into the pit is calculated at 2 x 0.0129
m¥/s = 0.0258 m¥/s.
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Fig. 6.44 Smulated head distribution and catchment area of the excavation pit
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6.5.2 Flow Net and Seepage under a Weir

Folder: \pm5\examples\geotechniques\geo2\

Overview of the Problem

This example is adopted from Kinzelbach and Rausch (1995). An impervious weir is partially
embedded in a confined aquifer. The aquifer is assumed to be homogeneous with a hydraulic
conductivity of the aquifer of 0.0005 m/s and a thickness of 9 m. The effective porosity of the
aquifer is 0.15. The boundary conditions are shown in Fig. 6.45. Calculate the flow net and the
flux through the aquifer for the cases that (1) the aquifer is isotropic and (2) the aquifer is
anisotropic with an anisotropy factor of 0.2.

Embedded weir

water table; h=12 m

3m,

water table; h=10m |

g - f é
| > aquifer . >

no-flow boundary

9m

Fig. 6.45 Problem description

Modeling Approach and Simulation Results

To compute the head distribution and the corresponding flowlines it is sufficient to consider a
vertical cross-section of the aquifer with a uniform thickness of 1 m. The aquifer is simulated
using agrid of one layer, 65 columns and 9 rows. A regular grid spacing of 1 misused for each
column and row. The layer type is 0:confined. Fig. 6.46 shows the cross section, the selected
model grid and the boundary conditions. The boundaries at the upstream and downstream of the
weir are modeled as fixed-head boundaries with h = 12 m and h = 10 m above reference level,
respectively. The aquifer bottom and the welir itself are modelled as no-flow boundaries.

Fig. 6.47 shows the flow net for the isotropic case. The head values range from 10 to 12 m
with a head increment of 0.1 m. The flux through the aguifer (per m width of the weir) is
3.65x10* m¥s/m (~31.56 m*/day/m). Fig. 6.48 shows the flow net for the aquifer in the

6.5.2 Flow Net and Seepage under a Weir
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anisotropic case. The flux through the aquifer is now only 2.5x10* m*s/m (=21.6 m*day/m).
Note that in a homogeneous and anisotropic medium, flowlines intersect head contours at right
angle only where flow is parallél to one of the principal directions of hydraulic conductivity.

Embedded weir
water table; h=12m

z z i 7./ water table; h=10m

romt=re ey h= 1 rrm=reud oy =1

Fig. 6.46 Mode grid and the boundary conditions
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Fig. 6.47 Flowlines and calculated head contours for isotropic medium
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Fig. 6.48 Flowlines and calculated head contours for anisotropic medium
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6.5.3 Seepage Surface through a Dam

Folder: \pm5\examples\geotechniques\geo3\

Overview of the Problem

This example is adopted from Kinzelbach and Rausch (1995). This example demonstrates how
to calculate the seepage surface using avertical cross-sectional model. Asshownin Fig. 6.49, the
length of the dam is 100 m, the thickness and height are 10m. The water table is 10 m at the
upstream side of the dam and 2 m at the downstream side. The material of the dam is
homogeneous and isotropic with a hydraulic conductivity of 1 x 10° m/s. The unrealistic bank
dopeis used here to smplify the data input.

Y our task isto calculate the seepage surface and the seepage rate by using a vertical cross-
sectional numerical model. Compare the seepage rate with an analytical solution after Dupuit.

iV
E
e
n
=
Giaid h=2m
impervious 7|T
K 10m 5

Fig. 6.49 Seepage surface through a dam

Modeling Approach and Simulation Results

To compute the head distribution and the seepage surface, it is sufficient to consider a vertical
cross-section of the aquifer with auniform thickness of 1 m. The aquifer issimulated using agrid
of onelayer, 21 columns and 20 rows. A regular grid spacing of 0.5 misused for each column.
The layer typeis0:confined. The boundary at the upstream side of the dam is modeled as fixed-
head boundary with the hydraulic head h = 10 m. On the right-hand side of the dam, there are
four fixed-head cells with h = 2 m. The other cells on this boundary are modelled as drain cells
with ahigh drain hydraulic conductance [L?T*] value. The elevation of thedrain is set the same
as the bottom elevation of each cell, for example the 2.0 m for the cell [21, 16, 1] and 2.5 m for
thecell [21, 15, 1]. The drain cellsare activated only if water tableis higher than the level of the

6.5.3 Seepage Surface through a Dam
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drain. The selected model grid and the boundary conditions are shown in Fig. 6.50. Except the
four fixed-head cells at the right-hand side of the dam, the initial hydraulic head for al cells are
10 m.

no-flow boundary

=10m
Drain

=
-
S
o
c
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2
=2
o
®
@
<
T
=
3
=
=

fixed-head boundary
h=2m
no-flow boundary

Fig. 6.50 Model grid and the boundary conditions

The first step in solving this problem is to carry out a steady-state flow simulation with these
data. Fig. 6.51 showsthe calculated hydraulic heads. By comparing the cal culated heads with the
elevation of the cell bottom, we can easily find that the hydraulic heads of some of the cells at the
upper-right corner of the model are lower than the cell bottom. This means that these cells went
dry. In the second step, these dry cells will be defined as inactive cells by setting IBOUND =0
and a steady-state flow simulation will be carried out again. Now, it is possible that some of the
calculated heads are higher than the top elevation of the highest active cell. In this case, these
cells will be defined as active and a steady-state flow simulation will be performed again. This
iterative solution will be repeated until the water table remains unchanged between two iteration
steps. Fig. 6.52 shows the calculated head distribution and the form of the seepage surface. The
seepage rate is about 4.8 x 10° m?¥/s/m and the total seepage rate through the dam (lenght
100 m) is 4.8 x 10° m¥s.

The analytical solution of the seepage rate after the Dupuit assumption is

(h12 - h22) h, + h, h,-h,

Q=K-B-— 2 -K- B -2

6.2
2L 2 L (6.2)

where B isthe length of the dam, L is the thickness of the dam, K is the hydraulic conductivity,
h, and h, are the heads at the uptream and downstream sides of the dam, respectively. The
modified form of the analytical solution is Darcy’s Law with a mean transmissivity of
K (h, + h,)/2. For thisexamplewithh,=10m, h,=2m,L=10m,B=100m and K =1 x 10°
m/s, the seepaga rate Q is exactly equal to 4.8 x 10> m?/s.

6.5.3 Seepage Surface through a Dam
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Cells in the J-direction

1 ]2 |3 J4 |5 |s |7 |8 ]&8 [|1o |11 J12 |13 |14 |15 |16 |17 |18 |19 |20 |21
1|10 (975 950 |9.25 9.01 (8.77 654 631 [6.08 |7.86 766 746 7.27 7.0 |6.94 6.0 |6.68 656 (651 646 6.43
2 |10 |975 950 925 (9.01 |8.77 853 830 807 7.86 765 745 726 7.08 692 678 b6 656 648 6.43 640
c |3 |10 974 950 925 9.00 676 852 |6.29 B.06 7.54 763 742 723 7.05 B89 674 |BB2 651 643 635 635
O |4 |10 974 549|924 399 875 851 827 804 |7.81 7.60 [7.39 719 7.01 [6.84 659 656 644 635 630 .27
D |5 |10 974 949 923 898 873 849 824 801 |7.78 756 714 695 B.77 6.61 647 635 626 6.19 616
@ |6 |10 974 948 822 887 671 046 622 7.97 7.74 751 729 707 [667 668 651 636 623 613 605 602
= |7 |10 (973 947 921 8.95 B9 544 818 793 769 745 722 |7.00 6.75 |B.56 |6.40 523 605 596 5.55 5.83
E B |10 [973 946 9.20 8.93 867 540 615 7.89 764 739 715 691 668 646 6.26 |6.07 |5.91 577 567 5B
o |9 |10 a7z 945 918 891 864 837 811 784 7HE 732 7.06 661 657 633 611 590 570 554|541 533
£ |10 |10 (972 944 916 889 851 834 806 779 752 |7.25 |6.98 671 645 619 594 570 54§ 527 4.97
* |31 J10 971 (943 915 887 858 830 802 774 746 717 689 661 633 6.05 577 550 523 487 472 450
S [z J10 971 942 913 885 856 827 798 763 7.39 700 BA0 650 6.20 530 559 528 497 455 433 400
o |13 |10 970 941 912 882 853 823 794 763 7.33 703 |71 640 608 575 542 508 472 435 394 350
o 14|10 870 840 8.0 881 850 820 790 759 7.27 696 663 630 595 561 525 488 449 407 360 3.00
¢) |15 |10 989 933 903 879 848 817 786 754 7.22 689 |B5E 621 586 549 510 470 428 384 338 300
16|10 969 |9.39 908 877 846 B15 783 750 7.17 B84 649 613 576 53§ 497 454 408 362 313 271
17 |10 969 |9.38 907 876 844 B13 7B 747 714 679 643 607 565 528 486 (441 383 340 280 20
18|10 969 |9.37 906 875 843 811 778 745 701 B.75 639 602 562 521 478 [431 381 327 267 20
18 |10 968 |9.37 906 8.74 842 B0 777 743 708 673 636 595 555 516 472|426 374 320 251 20
20 |10 968 |9.37 906 8.74 842 809 7F6 742 707 672 635 596 556 514 469 421 371 317 253 20

Fig. 6.51 Calculated hydraulic heads after one iteration step
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Fig. 6.52 Calculated hydraulic heads distribution and the form of the seepage surface
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6.5.4 Cutoff Wall
Folder: \pm5\examples\geotechniques\geo4\
Overview of the Problem

As shown in Fig. 6.53, a highly contaminated areais located in the first stratigraphic unit of an
unconfined aquifer. To the west and east of the aquifer exist fixed-head boundaries with the
hydraulic head h = -0.4 m and +0.5 m. The aquifer consists of five stratigraphic units. Each unit
is horizontally isotropic with uniform thickness. The elevations and horizontal hydraulic
conductivitiesareillustrated in Fig. 6.53. The vertical hydraulic conductivities are assumed to be
atenth of the horizontal hydraulic conductivities. The effective porosity of the aquifer is 0.15.
The recharge rateis 1 x 10® my/s.

Because of the high cost, the contaminants cannot be removed. Y our task is to develop a
strategy to isolate the contamination. There are four steps to be done.

1. Construct a groundwater flow model and perform a steady-state flow simulation by using
the data given above and the model grid given in Fig. 6.53.

2. Geotechnical measures, such as cut-off wall, impervious cover, drain etc., can be considered
asan dternative. Calculate flowlinesfor the case that a cut-off wall has been built to adepth
of -8m and the recharge rate within the cut-off wall is reduced to zero by an impervious
cover. Thelocation of the cut-off wall isgivenin Fig. 6.53. When calculating the flowlines,
particles should be started from the contaminated area.

3. Repeat step 3 for the case that the cut-off wall reaches the depth -10m.

4. Use apumping well located in the cell [6, 12] to capture the contaminants. Calculate the
required pumping rate and penetration depth.

Modeling Approach and Simulation Results

The aguifer is simulated using a grid of 5 layers, 23 columns and 23 rows. All layers have the
same layer type 3: confined/unconfined (Transmissvity varies). The cut-off wall is modelled
by using the Horizontal-flow Barriers package. An impervious cover can be easily simulated by
reducing therechargerate. Fig. 6.54 and Fig. 6.55 show the flowlines by performing forward and
backward particle tracking with PMPATH. The particlesareinitially placed in the center of each
call, which is located in the first model layer and within the cut-off wall. It is obvious that the
contaiminants will be “washed out”, even if the cut-off wall is going deeper.

The contaminated area can be captured by using a pumping well (located in the cell [6,12])

6.5.4 Cut-off Wall



290 Processing Modflow

penetrating in the first model layer with a pumping rate of 0.0025 m¥s. This low pumping rate
is possible because of the low groundwater flow velocity within the zone around the
contaminated area.
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Fig. 6.53 Model grid and boundary conditions
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Plan view

Cross-section

Fig. 6.54 Pan and cross-sectional views of flowlines. Particles are started from the
contaminated area. The depth of the cut-off wall is-8 m.

Plan view

X

Cross-section

RN
Fig. 6.55 Pan and cross-sectional views of flowlines. Particles are started from the
contaminated area. The depth of the cut-off wall is-10 m.
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6.5.5 Compaction and Subsidence
Folder: \pm5\examples\geotechniques\geo5\
Overview of the Problem

Fig. 6.56 shows a plan view and a cross section through an aquifer, which consists of three
stratigraphic units of uniform thickness. The first unit of the aquifer is unconfined and the other
units are confined. Theinitial hydraulic head is43 m everywhere. The areal extent of the aquifer
is assumed to be infinite large. Except a confining bed (clay) in the second unit, the sandy
sediments of the agquifer are homogeneous, horizontally isotropic with an average horizontal
hydraulic conductivity of 0.0001 m/s and vertical hydraulic conductivity of 0.00001 m/s. The
gpecific yield of the first stratigraphic unit is 0.15. The specific storage of the aquifer is assumed
to be 0.0001 [1/m]. The properties of the confining bed are:

horizonal hydraulic conductivity = 1 x 10 [m/s],
vertical hydraulic conductivity = 1 x 107 [m/s],
elastic specific storage = 0.002 [1/m] and
inelastic specific storage = 0.006 [1/m].

To construct a new building, an excavation pit with the size (200 m x 100 m) is required. The
bottom elevation of the pit is 40 m. The pit must be held dry for one year. Your task is to
calculate the required withdrawal rate and the distribution of subsidence after one year.

Modeling Approach and Simulation Results

The aquifer is simulated using a grid of 3 layers, 36 columns and 36 rows. The extent of the
model grid is fairly large. Each model layer represents a stratigraphic unit. The layer type
3: confined/unconfined (Transmissvity varies) can be used for al layers, aslayersof thistype
switch between confined and unconfined automatically. In the Layer Options dialog box, the
Interbed storage flag for the second layer is checked. The pit is modelled as fixed-head
boundary with the hydraulic head h = 40 m. The compaction (and thus the land surface
subsidence) of the confining bed is modelled by the Interbed Storage package.

A transient flow simulation with one stress period and 30 time steps has been carried out.
The length of the stress period is one year (= 3.1536 x 10" seconds). The required withdrawal
rate changes with time and can be calculated by using the water budget calculator (by assigning
the zone number 1 to the pit). For the first time step, the required withdrawal rate is

6.5.5 Compaction and Subsidence
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0.0134 m*/s ~ 48.2 m¥/h. For the last time step, it is reduced to 0.0066 m¥/s ~ 23.76 m¥h. The
distribution of the subsidence caused by this withdrawal rate can be obtained by using the
Results Extractor. Fig. 6.57 shows the isolines of the land surface subsidence for the last time

step. The maximum subsidence is about 0.11 m.

Y ou can find two additional examples described in Leake and Prudic (1991) in the folders

\...\geotechniques\geo5a\ and \...\geotechniques\geo5b\.
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7
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Fig. 6.56 Model grid and boundary conditions

—45m
-35m
—25m
-1 m

6.5.5 Compaction and Subsidence



294 Processing Modflow

Fig. 6.57 Distribution of the land surface subsidence (maximum 0.11 m)
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6.6 Solute Transport

6.6.1 One-Dimensional Dispersive Transport
Folder: \pm5\examples\transport\transport1\
Overview of the Problem

Thisexample demonstrates the use of the numerical transport model and comparesthe numerical
results with the analytical solution.

A uniform flow with a hydraulic gradient of 2%o. exists in a sand column. The hydraulic
conductivity of the sand column is 100 m/d. The effective porosity is 0.2. The longitudinal
dispersivity is1 m. A pollutant mass of 1 g isinjected into the sand column instantaneoudly.

Y our task isto construct aone-dimensiona numerical model and cal cul ate the breakthrough
curve (concentration - time curve) at 20 m downstream of the injection point. Calculate the
breakthrough curve by using a longitudinal dispersivity of 4 m and compare these two curves.
Will the peak arrival time of the concentration be changed if only the longitudinal dispersivity is
changed?

Modeling Approach and Simulation Results

The numerical model of this example consists of one layer, one row and 51 columns. The
thickness of the layer and the width of the row and columnis 1 m. To obtain ahydraulic gradient
of 2%, the first cell and the last cell of the model are specifed as fixed-head cells with initia
hydraulic heads of 1.1 m and 1.0 m, respectively. The initial head of all other cellsis1.0 m. A
steady-state flow simulation is performed for a stress period length of 100 days.

The injected mass of 1 [g] is sSimulated by assigning an initial concentration of 5 [g/m?] to
thecell [10, 1, 1]. Using the Boreholes and Observations diaog box, an observation borehole
isset in the center of the cell [30, 1, 1]. The breakthrough curvesfor the dispersivitiesof 1 m and
4 m are shown in Fig. 6.58. It is interesting to see that the concentration peak arrives earlier
(with alower concentration value) when the value of dispersivity is higher. At the first glance,
this result is somewhat confusing because the center of mass should travel with the same
velocity, regardless of the value of dispersivity. Because of a higher dispersivity, the front of the
concentration plume travels faster and at the same time the intensity of the concentration drops
faster. This combination causes this phenomenon.

Anaytica solutions for solute transport involving advection, dispersion and first-order

6.6.1 One-Dimensiona Dispersive Transport
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irreversible decay in a steady-state uniform flow field are available in many text books, for
example Javandel et. a (1984), Kinzelbach (1986) or Sun (1995). A computer program for the
analytical solutionsof 1-D and 2-D solute transport for point-like pollutant injectionsis provided
by Rausch (1998) and included in the folder \Source\analytical solution\ of the companion
CD-ROM. This program iswritten in BASIC and can be run by the BASIC interpreter QBASIC
under MS-DOS. Try to use this program to compare the analytical and numerical solutions!
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Fig. 6.58 Comparison of the calculated breakthrough curves with different dispersivity values
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6.6.2 Two-Dimensional Transport in a Uniform Flow Field

Folder: \pm5\examples\transport\transport2\

Overview of the Problem

In this example, transport of solute injected continuously from a point source in a steady-state
uniform flow field should be simulated. The available parameters are listed below:

Layer thickness =10 m

Groundwater seepage velocity = I/3 m/day
Effective porosity = 0.3

Longitudinal dispersivity = 10 m

Ratio of transverse to longitudinal dispersivity = 0.3
Volumetric injection rate = 1 m*day

Concentration of the injected water = 1000 ppm

Your task is to construct a 2D-model and use MT3DMS to calculate the concentration
distribution at the end of a 365-day simulation period.

Modeling Approach and Simulation Results

A numerical model consisting of 46 columns, 31 rows and 1 layer was constructed to simulate
the problem. A regular grid spacing of 10 misused for each column and row. The configuration
of themodel isshown in Fig. 6.59. The model layer is simulated as a confined layer. The top and
bottom of the model layer are at an elevation of 10 m and O m, respectively. To simulate the
groundwater seepage velocity of 1/3 m/day, fixed-head boundaries (with h =11 mand h=10m)
are assigned to the west and east side of the model. The horizontal hydraulic conductivity is
45 m/day.

Theflow field wasfirst calculcated by MODFLOW. Thethird order TVD schemewas used
in the simulation for the advection term; and the GCG solver is used to solve the system
equations. The contour map of the concentration field at the end of the 365-day simulation
period obtained for this example is shown in Fig. 6.60. An analytical solution for this problemis
given by Wilson and Miller (1978). The anaytical solution is applicable only under the
assumption that 1) the aquifer is relatively thin, so that instantaneous vertical mixing can be
assumed; 2) the injection rate is insignificant compared with the ambient uniform flow.

Fig. 6.61 shows the breakthrough curves at an observation well located 60 m downstream
of theinjection well. The analytical solution isobtained by using the computer program (Rausch,
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1998) included in the folder \Source\analytical solution\ of the companion CD-ROM. Fig.
6.62 comparesthe analytical solution with the numerical solution obtained by using the upstream
finite difference method. The numerical dispersion is significant when the upstream finite
difference method is used to solve the advection term.
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Fig. 6.59 Configuration of the model and the location of an observation borehole
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Fig. 6.60 Calculated concentration distribution
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Fig. 6.61 Comparison of the breakthrough curves at the observation borehole. The numerical
solution is obtained by using the 3rd order TVD scheme.
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Fig. 6.62 Comparison of the breakthrough curves at the observation borehole. The numerical
solution is obtained by using the upstream finite difference method.

6.6.2 Two-Dimensional Transport in a Uniform Flow Field



300 Processing Modflow

6.6.3 Benchmark Problems and Application Examples from Literature

Folder: \pm5\examples\transport\

Overview of the Problems

To test the accuracy and performance of the MT3D/MT3DMS and MOC3D codes, several
benchmark problems and application examples are introduced in the user’s guides of MT3D
(Zheng, 1990), MT3DMS (Zheng and Wang, 1998) and MOC3D (Konikow et al., 1998). Y ou
can find these documentations on the folders \document\mt3d\, \document\mt3dms\ and
\document\moc3d\ of the companion CD-ROM. Either analytical solutions or numerical
solutions by another code can serve as benchmark problems.

Modeling Approach and Simulation Results

Using PMWIN we have rebuilt most of the benchmark problems of MT3D/MT3DMS and
MOC3D. If you have selected to install the component Solute transport during theinstallation of
PMWIN, you can find the models in the sub-folders under \PM5\examples\Transport\ listed
in Table 6.7. All these models are ready-to-run. It is recommended that the users try these test
problemsfirst to become familiarized with the various options before applying MT3D/MT3DMS
or MOC3D to solve their own problems.

Table 6.7 Benchmark problems and application examples of MT3D/MT3DMS and MOC3D

Folder Description

\PM5\..\TRANSPORT3\ This model is described in section 7.5 of the manual of MT3DMS. A numerical model
consisting of 31 columns, 31 rows and 1 layer is used to simulate the two-dimensional
transport in a radial flow field; numerical results were compared with the analytical
solution of Moench and Ogata (1981).

\PM5\..\TRANSPORT4\ This model is described in section 7.6 of the manual of MT3DMS. A numerical model
consisting of 31 columns, 31 rows and 1 layer is used to simulate the concentration
change at the injection/extration well; numerical results were compared with the
approximate analytical solution of Gelhar and Collins (1971).

\PM5\..\TRANSPORTS5\ This model is described in section 7.7 of the manual of MT3DMS. A numerical model
consisting of 21 columns, 15 rows and 8 layers is used to solve three-dimensional
transport in a uniform flow field. The point source was simulated at column 3, row 8
and layer 7. Numerical results were compared with the analytical solution of Hunt
(1978).

\PM5\..\TRANSPORT6\ This model is described in section 7.9 of the manual of MT3DMS. This example
illustrates the application of MODFLOW and MT3D/MT3DMS to a problem involving
transport of contaminants in a two-dimensional heterogeneous aquifer.

6.6.3 Benchmark Problems and Application Examples from Literature
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Table 6.7 (continued)

\PM5\..\TRANSPORT7\

\PM5\..\TRANSPORTS8\

\PM5\..\TRANSPORT\

\PM5\..\TRANSPORT10\

\PM5\..\TRANSPORT11\

This model is described in section 7.10 of the manual of MT3DMS. This example
illustrates the application of MT3D/MT3DMS to an actual field problem involving the
evaluation of the effectiveness of proposed groundwater remediation schemes.

This model is described in the section MODEL TESTING AND EVALUATION - One-
Dimensional Steady Flow of the user’s guide of MOC3D. A numerical model consisting
of 122 columns, 1 row and 1 layer is used to simulate one-dimensional transport
having a third-type source boundary condition in a steady-state flow field; numerical
results were compared with the analytical solution of Wexler (1992).

This model is described in the section MODEL TESTING AND EVALUATION - Three-
Dimensional Steady Flow of the user’s guide of MOC3D. A numerical model consisting
of 12 columns, 32 rows and 40 layers is used to simulate three-dimensional transport
having a permanent point source in a steady-state flow field; numerical results were
compared with the analytical solution of Wexler (1992).

This model is described in the section MODEL TESTING AND EVALUATION - Two-
Dimensional Radial Flow and Dispersion of the user’s guide of MOC3D. A numerical
model consisting of 30 columns, 30 rows and 1 layer is used to simulate two-
dimensional transport having a permanent point source in a steady-state radial flow
field; numerical results were compared with the analytical solution given by Hsieh
(1986).

This model is described in the section MODEL TESTING AND EVALUATION - Point
Initial Condition in Uniform Flow of the user’'s guide of MOC3D. A numerical model
consisting of 26 columns, 26 rows and 26 layer is used to simulate three-dimensional
transport having an initial point source in a parallel steady-state flow at 45 degrees to
the x-direction; numerical results were compared with the analytical solution given by
Wexler (1992). The point source was simulated at column 4, row 4 and layer 12.

6.6.3 Benchmark Problems and Application Examples from Literatures
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6.7 Miscellaneous Topics
6.7.1 Using the Field Interpolator
Folder: \pm5\examples\misc\misc1\

Overview of the Problem

This example illustrates the use of the Field Interpolator. Fig. 6.63 shows the plan view of the
model area, the model grid and the locations of measurement points. The model grid consists of
70 rows, 60 columns, and one layer. The measured hydraulic heads and the coordinates of the
measurement points are saved in thefile\pm5\examples\misc\miscl\measure.dat. To obtain
the starting head distribution of a flow simulation, the measured hydraulic heads should be
interpolated to each model cell.

Modeling Approach and Simulation Results

The starting heads are interpolated to model cells using the four interpolation methods provided
by the Field Interpolator. The interpolation results are shown in the form of contoursin Fig. 6.64
- 6.67. The octant search method with Data Per Sector = 1 isused by all gridding methods. A
weighting exponent of F = 2 is used by Shepard's inverse distance method. The Kriging method
uses the linear variogram model with ¢, = 0 and o = 1. There is no significant difference
observed in these figures when sufficient data points are available. The magjor difference is
observed in the southern part of the model area, where only one measurement point isfound and
the system is not well conditioned.

6.7.1 Using the Field Interpolator
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Fig. 6.63 Model domain and the measured hydraulic heads
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Fig. 6.64 Contours produced by Shepard's inverse distance method
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Fig. 6.65 Contours produced by the Kriging method
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6.7.2 An Example of Stochastic Modeling
Folder: \pm5\examples\misc\misc2\
Overview of the Problem

Aquifer remediation measures are often designed by means of groundwater models. Model
results are usually uncertain due to the imperfect knowledge of aquifer parameters. We are
uncertain about whether the calibrated values of parameters represent the real aquifer system.
We never know the actual small-scale distribution of some parameters, e.g. hydraulic
conductivity or recharge. Thus, all groundwater models involve uncertainty. Stochastic models
are often employed to take into account uncertainty. In the stochastic modeling approach, the
model parameters appear in the form of probability distributions of values, rather than as
deterministic sets.

We use the aquifer described in chapter 2 to illustrate the concept of stochastic modeling.
Using atwo-dimensional approach to model the aquifer, we may utilize the Field Generator to
create lognormal correlated distributions of the horizontal hydraulic conductivity. The mean
horizontal hydraulic conductivity of the aquifer is equal to (4 x 0.0001 + 6 x 0.0005) / 10 =
3.4 x 10* m/s. The standard deviation is assumed to be F = 0.5. A correlation length of 60 miis
used.

In chapter 2, the pumping rate of the well was determined such that the contaminated area
lies within the capture zone of the well. When different realizations of the heterogeneous
distribution of hydraulic conductivity are introduced, it is obvious that the capture zone not
always covers the entire contaminated area. The safety criterion for the measure can be defined
as the percentage of the covered area in relation to the entire contaminated area. The expected
value of the safety criterion can be obtained from stochastic s mulation.

Modeling Approach and Simulation Results

Using the Field Generator, lognormal distributions of the horizontal hydraulic conductivity are
generated and stored in ASCII Matrix files. First, each generated realization isimported into the
horizontal hydraulic conductivity matrix, then aflow ssimulation is performed. The capture zone
of the pumping well, as well as pathlines, are computed with PMPATH. The resulting safety
criterion is obtained by a Monte Carlo smulation. This implies that many realizations of the
parameter field are produced and used in the flow simulation.

Fig. 6.68 shows results of five redlizations and the calculated mean safety criterion. The

6.7.2 An Example of Stochastic Modeling



Processing Modflow 307

mean safety criterion is the sum of safety criteriadivided by the number of redlizations. A large
number of realizations may be required for the mean safety criterion to converge.

Realization 1
Safety Criterion = 85 %
Mean Safety Criterion = 85%

Realization 2
Safety Criterion = 87 %
Mean Safety Criterion = 86%

Realization 3
Safety Criterion = 97 %
Mean Safety Criterion = 89.7%

Realization 4
Safety Criterion = 48 %
Mean Safety Criterion = 79.3%

Realization 5
Safety Criterion = 93 %
Mean Safety Criterion = 82%

Fig. 6.68 Calculation of the mean safety criterion by the Monte Carlo method
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FOR YOUR NOTES

6.7.2 An Example of Stochastic Modeling
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7. Appendices
Appendix 1: Limitation of PMWIN

This section gives the size limitation of PMWIN. Refer to the documentation of individual packages for their
assumptions, applicability and limitations.

Data Editor

Maximum number of layers = 80

Maximum number of stress periods = 1000

Maximum number of cells along rows or columns = 2000
Maximum number of cells in a layer = 250000

Maximum number of zones in a layer = 20

Maximum number of vertex nodes of a zone = 40

Maximum number of stream segments = 25

Maximum number of tributary segments of each stream segment = 10
Maximum number of reservoirs = 20

Maxmum number of observated stages of each reservoir = 200

Thereis no limitto the number of wells, general-head boundary cells, rivers, drains and horizontal-flow-barrier cells.

Boreholes and Observations
Maximum number of boreholes = 1000
Maximum number of observations = 10000

Digitizer
Maximum number of digitized points 10000

Field Interpolator

Maximum number of cells in a layer = 250000

Maximum number of cells along rows or columns = 2000
Maximum number of input data points = 2000

Field Generator
Maximum number of cells in a layer = 250000
Maximum number of cells along rows or columns = 500

Water Budget Calculator
Maximum number of subregions = 50

Appendices
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Appendix 2: Files and Formats

ASCII Matrix File

An ASCII Matrix file can be saved or loaded by the Browse Matrix dialog box (see section 3.8). The Results
Extractor, Field Interpolator and Field Generator use this file format to save the generated data.

File Format
1. Data: NCOL NROW
2. Data: MATRIX (NCOL, NROW)

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.
NCOL is the number of model columns.
NROW is the number of model rows.
MATRIX is a two dimensional data matrix saved row by row. Matrix can be saved in free format. If the wrap
from is used to save the matrix, each line of the matrix contains up to 20 values.

Example
If NCOL=6 and NROW=5, an ASCII Matrix file would be
6 5
121 152 133 144 315 516
221 252 233 244 215 216
321 352 333 344 315 316
421 452 433 444 415 416
521 552 533 544 515 516

Or

6 5

121 152 133 144 315 516 221 252 233 244 215 216
321 352 333 344 315 316 421 452 433 444 415 416
521 552 533 544 515 516

Boreholes file
A borehole file can be saved or loaded by the Boreholes and Observations dialog box (see section 3.5).

File Format
1. Data: LABEL
2. Data: NB XXX XXX XXX XXX

(The following data repeats NB times)
3. Data: ACTIVE X Y LAYER DRAW COLOR NAME

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.
LABEL is the file label. It must be PMWIN5000_BOR_FILE

NB is the number of boreholes. Maximum number of NB is 1000.

XXX reserved.

ACTIVE A borehole is active, if Active = 1.

X is the x-coordinate of the borehole.

Y is the y-coordinate of the borehole.

LAYER is the layer number of the borehole.

DRAW If DRAW = -1, the obervation vs. time curve of a borehole will be shown when the Graphs Viewer
is activated.

Appendix 2: Files and Formats
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COLOR is the color used to draw the obervation vs. time curve of a borehole. The color is defined by a
long integer using the equation: color = red + green x 256 + blue x 65536, where red, green and
blue are the color components ranging from 0 to 255.

NAME is the name of the borehole.

Contour Table file
A contour table file can be saved or loaded by the Environment dialog box (see section 3.8).

File Format
1. Data: LABEL
2. Data: NL XXX XXX XXX XXX

(The following data repeats NB times)
3. Data: LEVEL COLOR FILL LVISIBLE LSIZE LDIS XXX XXX XXX

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.
LABEL is the file label. It must be PMWIN5000_CONTOUR_FILE

NL is the number of contour levels

XXX reserved.

LEVEL Contour level

COLOR is the color used to draw the contour line; The color is defined by a long integer using the

equation: color = red + green x 256 + blue x 65536, where red, green and blue are the color
components ranging from 0 to 255.

FILL is the color used to fill the space between the current contour and the next contour level.
LVISIBLE the contour is visible if LVISIBLE is TRUE.

LSIZE is the appearance height of the label text in the same unit as the model.

LDIS is the the distance between two contour labels, in the same unit as the model.

Grid Specification File

The grid specification file provides the grid geometry and location details.

File Format

1. Data: NROW NCOL

2. Data: X Y ANGLE

3. Data: DELR(NCOL)

4. Data: DELC(NROW)

5. Date: X1,Y1

6. Data: X2,Y2

7. Data: NLAY

Explanation of Fields Used in Input Instructions

NROW is the number of model rows.

NCOL is the number of model columns.

X is the x-coordinate of the top-left corner of the model grid.

Y is the y-coordinate of the top-left corner of the model grid.

ANGLE is the rotation angle expressed in degrees and measured countercolckwise from the positive x-
axis.

DELR is the cell width along rows. Read one value for each of the NCOL columns. This is a single array
with one value for each column.

DELC is the cell width along columns. Read one value for each of the NROW rows. This is a single
array with one value for each row.

X1, Y1 is the coordinates of the lower-left corner of the model worksheet (see Coordinate System for
details).
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X2,Y2 is the coordinates of the upper-right corner of the model worksheet (see Coordinate System for
details).
NLAY is the number of model layers.
Line Map file

A line map file contains a series of polylines, each polyline is defined by the number of vertices and a series of
coordinate pairs.

File Format
Repeat Data 1 and 2 for each polyline
1. Data: NVERTEX

(The following data repeats NVERTEX times)
2. Data: X Y

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.
NVERTEX is the number of vertices of a polyline
X is the x-coordinate of the i-th vertex
Y is the y-coordinate of the i-th vertex

Observation File

An observation file can be created by the Boreholes and Observations dialog box (see section 3.5) or the Graphs
Viewer (see section 5.6). An existing observation file can be imported into the Boreholes and Observations dialog
box.

File Format
1. Data: LABEL
2. Data: NOBS XXX XXX XXX XXX

(The following data repeats NOBS times)
3. Data: TIME WEIGHT HEAD DDOWN CONC COMPAC PREHEAD SUBSDNS NAME

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.

LABEL is the file label. It must be PMWIN5000_OBS_FILE

NOBS is the number of observations. Maximum number of NOBS is 10000.
XXX reserved.

BORENO s the borehole number where the observation is made.

TIME is the observation time, measured from the start of the simulation.
WEIGHT s the weight attached to each observation

HEAD is the observed head at time TIME.

DDOWN is the observed drawdown at time TIME.

CONC is the observed concentration at time TIME.

COMPAC is the compaction at time TIME

PREHEAD is the preconsolidation head at time TIME.

SUBSDNS is the subsidence at time TIME.

NAME is the name of the borehole at which the observations are made.

Time Parameter File

A Time Parameter file can be saved or loaded by the Time Parameter dialog box (see section 3.3.3).

File Format
1. Data: NPER ITMUNI
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(The following data repeats NPER times)
2. Data: ACTIVE PERLEN NSTP TSMULT DTO MXSTRN TTSMULT

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.

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 1 - seconds 2 - minutes
3 - hours 4 - days 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, timestep length, transmissivity, etc., must all be
expressed using years for their time units. Likewise, the length unit must also be consistent.

ACTIVE A stress period is active, if ACTIVE = -1. Set ACTIVE=0, if a stress period is inactive.

PERLEN s 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).

DTO is the length of transport steps. If DT0=0, the length of transport steps will be determined by an
automatic stepsize control procedure in MT3D.

MXSTRN is the maximum number of transport steps.

TTSMULT is the multiplier for the length of successive transport steps within a flow time step, if the
Generalized Conjugate Gradient (GCG) solver is used and the solution option for the advection
term is the upstream finite difference method.

Trace File
A Trace file can be saved or loaded by the Search and Modify dialog box (see section 3.3.7).

File Format
1. Data: LABEL

(The following data repeats 50 times, one record for each search range)
3. Data: ACTIVE COLOR MIN MAX VALUE OPTION

Explanation of Fields Used in Input Instructions

ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.

LABEL is the file label. It must be PMWIN4000_TRACEFILE

ACTIVE a search range (see MIN / MAX below) is active, if ACTIVE = -1

COLOR is the fill color. The color is defined by a long integer using the equation: color =red + green x 256
+ blue x 65536, where red, green and blue are the color components ranging from 0 to 255.
COLOR is assigned to the finite-difference cells that have a value located within the search range
(see MIN / MAX below).

MIN / MAX define the lower limit and upper limit of the search range.

VALUE According to OPTION (see below), you can easily modify the cell values (see section 3.3.7 for
details.)

OPTION OPTION = 0, Display only.
OPTION = 1, Replace: The cell values are replaced by VALUE.
OPTION = 2, Add: VALUE is added to the cell values.
OPTION = 3, Multiply: The cell values are multiplied by VALUE.

Zone file

A zone file can be saved or loaded by the Data Editor by using the item Zones from the Value menu.
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File Format

1. Data: LABEL

2. Data: NZONES, XXX, XXX, XXX, XXX

(The following data (data 3-6) repeat NZONES times)

3. Data:
4. Data:
5. Data:

NP
PARNO
Value(1) Value(2) Value(3) ... Value(l) ... Value(16)

(The following data repeats NP times)

6. Data:

X(3), YQ)

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.

LABEL is the file label. It must be PMWIN4000_ASCIl_ZONEFILE

NZONES is the number of zones. Maximum is 20.

XXX reserved.

NP is the number of nodes of each zone. The first and the last node must overlap. The maximum
number of NP is 41.

PARNO is the assigned parameter number (see section 3.3.6 for how to define an estimated paramter)

Value(l) I = 1 to 16; Value(l) are the zone values. For aquifer parameters, such as porosity or
transmissivity, only the first value (or two values, if a parameter number can be defined) is used.
For MODFLOW packages, such as Drain Package, as many values as required by the package
are used. For example, two values (Hydraulic conductance and the elevation of the drain) required
for defining a drain will be saved in Value(1) and Value(2). Other values that are not used must
be specified as zero. The following table gives the assignment of the parameters in the Value(l)
vector. Refer to section 3.6.1 for the definitions of the parameters.
Package  Value(1) Value(2) Value(3) Value(4)
WEL1 Recharge rate XXX XXX XXX
DRN1 Hydr. conductance Elevation XXX XXX
RIV1 Hydr. conductance Head in river Elevation XXX
EVT1 Max. ET rate ET Surface Extinction Depth  Layer Indicator
GHB1 Hydr. conductance Head at boundary XXX XXX
RCH1 Recharge Flux Layer Indicator XXX XXX
HFB1 Barrier Direction K/Thickness XXX XXX
IBS1 Preconlidationhead  Elastic storage Inelastic storage  Starting compaction
CHD1 Flag Start head End head XXX
The values used by the STR1 package are
Value(1l) = Segment; Value(2) = Reach; Value(3) = StreamFlow; Value(4) = Stream stage;
Value(5) = Hydr. conductance; Value(6) = Elavation of the streambed top;
Value(7) = Elavation of the streambed bottom; Value(8) = Stream width;
Value(9) = Stream slope; Value(10) = Manning's roughness coefficient divided by C.

X@J),Y(d) are the (x,y) coordinates of the J-th node of the zone. The first and the last node must overlap.
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Appendix 3: Input Data Files of the supported Models

The following tables gives the name of input data files for each packages of the supported models. The input files
are saved in the same folder as the model data. Refer to the documentation of corresponding models for the format
of the input files. You can find the documentions in the folder \document\ of the companion CD-ROM.

Name File

MODFLOW-88, MODFLOW-96 and MOC3D require a so-called Name File. The name file is also required if you
want to import an existing model into PMWIN. The name file contains a list of file types, unit numbers and the
associated file name.

File Format
1. Data: FTYPE NUNIT FNAME

Explanation of Fields Used in Input Instructions
ALL DATA IN THE SAME RECORD ARE SEPARATED BY A COMMA OR BLANK.
FTYPE iis the file type, which must be one of the following character values. FTYPE may be entered in
uppercase or lowercase.
LIST for the simulation listing file
BAS for the Basic Package
OC for the Output Control Option
BCF for the Block-Centered Flow Package
RCH for the Recharge Package
RIV for the River Package
WEL for the Well Package
DRN for the Drain Package
GHB for the General-Head Boundary Package
EVT for the Evapotranspiration Package
SIP  for the Strongly Implicit Procedure Package
SOR for the Slice-Successive Over-Relaxation Package
DATA(BINARY) for binary (unformatted) files such as those used to save cell-by-cell budget data
and binary (unformatted) head and drawdown data.
DATA  for formatted (text) files such as those used to save formatted head and drawdown and
for input of array data from files that are separate from the primary package input files.
NUNIT is the Fortran unit to be used when reading from or writing to the file. Any legal unit number on
the computer being used can be specified except units 97-99. Unit 99 is used for the name file
and for reading arrays using the OPEN/CLOSE option (see Input Instructions for Array Reading
Utility Modules section). Units 97 and 98 are used for batch files as explained below. Each file
must have a unique unit number.
FNAME is the name of the file, which is a character value.

Notes:

1. If you wantto import a model into PMWIN, all files listed in the Name File must be located in the same
folder as the Name File itself.

2. Although MODFLOW allows array values of some packages (BAS, BCF, EVT and RCH) to be saved in
extra data files by using DATA(BINARY) or DATA, these features are not supported by the converter
of PMWIN. You must put the external array values into the package files before converting the model.

3.  An imported model will have the same model name as the Name File.

Example of a Name File
This example file is generated by PMWIN for the model located in \pm5\examples\basic\basic1\. The file name
is basicl.nam.

LIST 6  output.dat
BAS 1 bas.dat
BCF 11 bcf.dat
oC 22 oc.dat
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WEL 12 wel.dat
RCH 18 rch.dat
PCG 23 pcg2.dat

DATA(BINARY) 50 budget.dat
DATA(BINARY) 51 heads.dat
DATA(BINARY) 52 ddown.dat
DATA(BINARY) 32 mt3d.flo

MODFLOW

BasSiC PaCkage . ... o BAS.DAT
Block-Centered Flow Package . ... ... ... BCF.DAT
Density Package (DENL) . .. ..ot e e e e e e DEN1.DAT
Direct Solution Package (DEAS) . . .. ..o DE45.DAT
Drain PacKage . . .. .o DRN.DAT
Evapotranspiration Package . ... ... ... EVT.DAT
General-Head Boundary Package . ........... ... GHB.DAT
Horizontal-Flow Barrier Package . ... .. ... i HFB1.DAT
Interbed-Storage Package . ... ... o IBS1.DAT
Output Control . . ... oo OC.DAT
Preconditioned Conjugate Gradient 2 Package (PCG2) .. ... ... PCG2.DAT
RIVEr PaCKagE . . . oo RIV.DAT
Recharge Package . . . .. .o o RCH.DAT
RESEIVOIr PaCKage . . . . o oo RES1.DAT
Strongly Implicit Procedure Package . .......... ... SIP.DAT
Slice-Successive Overrelaxation Package . ........... .. SOR.DAT
Stream-Routing Flow Package . . . . . ... ... STR1.DAT
Time-Variant Specified-Head . . .. ... ... . CHD1.DAT
Well PaCKage . . .. WEL.DAT

MODPATH and MODPATH-PLOT (version 1.x)
Main data file . . ... MAIN.DAT

MODPATH and MODPATH-PLOT (version 3.x)
Main data file . ... ... MAIN30.DAT
(Other files required by MODPATH, such as RIV.DAT or WEL.DAT are the same as those of MODFLOW.)

MOC3D

Main MOC3D Package . ... ... MOCMAIN.DAT
Source Concentration in Recharge . .. ... . MOCCRCH.DAT
Observation Well File .. ... MOCOBS.DAT
MT3D

AdVECHION PaCKage . . . . MTADV1.DAT
Basic Transport Package . . . ... ..o MTBTN1.DAT
Chemical Reaction Package . .......... .. MTRCT1.DAT
DiSpPersion PacKage . . . . ..o oo MTDSP1.DAT
Sink & Source Mixing Package . . . .. ... .. MTSSM1.DAT
MT3DMS

AdVECHION PaCKage . . . . . e MTMSADV1.DAT
Basic Transport Package . . ... ... o MTMSBTNL1.DAT
Chemical Reaction Package . .......... .. MTMSRCT1.DAT
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DiSpersion Package . . ... ..ot MTMSDSP1.DAT
Generalized Conjugate Gradient SOIVer ... ....... .. . e MSMSGSG1.DAT
Sink & Source Mixing Package . . . . . ... ... MTMSSSM1.DAT
PEST

INStrUCHION File . . . INSTRUCT.DAT
Control File . ..o PESTCTL.DAT
Block-Centered Flow Package Template File . ... ... ... .. . i, BCFTPL.DAT
Drain Package Template File . ... ... DRNTPL.DAT
Evapotranspiration Package Template File ... ... ... . . . . EVTTPL.DAT
General-Head Boundary Package Template File . .......... ... . . . . .. GHBTPL.DAT
Recharge Package Template File . . . ... ... RCHTPL.DAT
River Package Template File . ... .. RIVTPL.DAT
Well Package Template File . .. ... ... e WELTPL.DAT
Stream-Routing Flow Package Template File . . . ... ... ... . STRTPL.DAT
Interbed-Storage Package Template File ... ... ... .. . i IBSTPL.DAT
Grid Specification File (used by MODBORE.EXE) . ....... ... . ... filename.GRD*
Borehole Listing File (used by MODBORE.EXE) ... ... ... i BORELIST.DAT
Borehole Coordinates File (used by MODBORE.EXE) ............ ... . ..., BORECOOR.DAT

* See appendix 2 for the format of the grid specification file

UCODE

Prepare File . . ... UCODE.PRE
Universal File . .. ... UCODE.UNI
EXtract File . .. UCODE.EXT
Block-Centered Flow Package Template File ... ....... ... . . i, BCFTPL.DAT
Drain Package Template File . ... ... DRNTPL.DAT
Evapotranspiration Package Template File .. ......... . . . . . . . . EVTTPL.DAT
General-Head Boundary Package Template File .. ........ ... .. . . . . . ... GHBTPL.DAT
Recharge Package Template File . . . ... ... e RCHTPL.DAT
River Package Template File . . .. .. RIVTPL.DAT
Well Package Template File . .. ... ... WELTPL.DAT
Stream-Routing Flow Package Template File . . . ....... ... .. . . . . i STRTPL.DAT
Interbed-Storage Package Template File .. ........... .. . . . . . . .. IBSTPL.DAT
Grid Specification File (used by MODBORE.EXE) . ........ ... ... filename.GRD*
Borehole Listing File (used by MODBORE.EXE) ... ... ... i BORELIST.DAT
Borehole Coordinates File (used by MODBORE.EXE) ............ ... ... BORECOOR.DAT
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Appendix 4: Internal data files of PMWIN

PMWIN saves most of the user-specified data in binary files by using the model nhame as the file name and the
extensions given in the following lists. Cell-by-cell data are saved in files indicated by CBC. Zone data are saved
in files indicated by ZONE. The data files with the same file type (e.g., CBC or ZONE) are saved in the same
format. The source code (in the Visual Basic 6 format) for the input and output of the CBC files can be found in the
folder \source\array_io\ of the companion CD-ROM.

Geometry and Boundary Conditions

Extension Type Description

XY ASCII Cell sizes and numbers of cells and layers

BOT CBC Elevation of the bottom of layers.

IBD CBC IBOUND matrix (used by MODFLOW and MOC3D).

TIC CBC ICBUND matrix (used by MT3D and MT3DMS)

TOP CBC Elevation of the top of layers.

BOz ZONE Elevation of the bottom of layers.

IBZ ZONE IBOUND matrix.

TOZ ZONE  Elevation of the top of layers.

Initial Values

Extension Type Description

HEA CBC Initial hydraulic heads.

TSC CBC Initial concentration used by MT3D and MOC3D.

201 .... 230 CBC Initial concentration of species #1 to #30 used by MT3DMS.
HEZ ZONE Initial hydraulic heads.

MT1 ZONE Initial concentration.

301 .... 330 ZONE Initial concentration of species #1 to #30 used by MT3DMS.

Aquifer Parameters

Extension Type Description

CON CBC horizontal hydraulic conductivity.

HTC CBC Transmissivity.

LEA CBC Vertical hydraulic conductivity.

LKN CBC Vertical leakance.

POR CBC Effective porosity.

SCC CBC Storage coefficient.

STO CBC Specific storage.

TAL CBC Longitudinal dispersivity.

YLD CBC Specific yield.

63 CBC Parameter numbers associated with horizontal hydraulic conductivity
64 CBC Parameter numbers associated with vertical hydraulic conductivity.
65 CBC Parameter numbers associated with specific storage
66 CBC Parameter numbers associated with transmissvity

67 CBC Parameter numbers associated with vertical leakance
68 CBC Parameter numbers associated with storage coefficient
69 CBC Parameter numbers associated with specific yield

Coz ZONE horizontal hydraulic conductivity.

HTZ ZONE  Transmissivity.

LEZ ZONE  Vertical hydraulic conductivity.

LKZ ZONE Vertical leakance.

POz ZONE  Effective porosity.
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SCZz ZONE
STZ ZONE
YLZ ZONE
163 ZONE
164 ZONE
165 ZONE
166 ZONE
167 ZONE
168 ZONE
169 ZONE

BCF2 Package

Storage coefficient.

Specific storage.

Specific yield.

Parameter numbers associated with horizontal hydraulic conductivity
Parameter numbers associated with vertical hydraulic conductivity.
Parameter numbers associated with specific storage

Parameter numbers associated with transmissvity

Parameter numbers associated with vertical leakance

Parameter numbers associated with storage coefficient

Parameter numbers associated with specific yield

Extension Type Description
DWA CBC Wetting threshold.
DwWz ZONE  Wetting threshold.

Density Package

Extension Type Description

C37 CBC Cell density.

Z37 ZONE  Zone file

Drain Package

Extension Type Description

DRC CBC Hydraulic conductance of the interface between an aquifer and a drain.
DRE CBC Elevation of drain.

291 CBC Parameter numbers associated with drains

DCz ZONE  Zone file

Evapotranspiration Package

Extension Type Description

EET CBC Maximum evapotranspiration rate [L/T].

EIE CBC Layer indicator array. For each horizontal location, it indicates the layer from which
evapotranspiration is removed.

ESU CBC Elevation of the evapotranspiration surface.

EXD CBC Evapotranspiration extinction depth.

292 CBC Parameter numbers associated with EVP cells.

ETZ ZONE  Zone file.

General-Head Boundary Package

Extension Type Description

GHB CBC Head on the general-head-boundary.

GHC CBC Hydraulic conductance of the interface between the aquifer cell and the general-head
boundary.

293 CBC Parameter numbers associated with GHB cells.

GCz ZONE  Zone file
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Horizontal-Flow Barriers Package

Extension Type Description
WAL CBC Direction of a horizontal-flow barrier.
WAC CBC Hydraulic conductivity divided by the thickness of a horizontal-flow barrier.

Interbed Storage Package

Extension Type Description

IB1 CBC Preconsolidation Head.

1B2 CBC Elastic Storage Factor.

IB3 CBC Inelastic Storage Factor.

1B4 CBC Starting Compaction.

294 CBC Parameter numbers associated with IBS cells.
11Z ZONE  Zone file.

Recharge Package

Extension Type Description

RCH CBC Recharge flux [L/T].

RCI CBC Layer indicator array that defines the layer in each vertical column where recharge
is applied.

295 CBC Parameter numbers associated with recharge.

RHZ ZONE  Zone file.

Reservoir Package

Extension Type Description

C85 CBC Location of reservoirs.

C86 CBC Bottom elevation of reservoir.

c87 CBC Bed conductivity of reservoir.

C88 CBC Bed thickness of reservoir.

C89 CBC Layer indicator of reservoir.

296 CBC Parameter numbers associated with reservoir cells.
285 Zone Zone file.

River Package

Extension Type Description

RIC CBC Hydraulic conductance of riverbed.

RIR CBC Elevation of the bottom of riverbed.

RIS CBC Water surface elevation of river.

297 CBC Parameter numbers associated with River cells.
RCz ZONE  Zone file

Streamflow-Routine Package

Extension Type Description

SBO CBC Elevation of the bottom of the streambed.

SEG CBC Segment number - sequential number assigned to a group of reaches.
SFL CBC Streamflow in length cubed per time.

SRE CBC Sequential number of reaches.

SRO CBC Manning's roughness coefficient/C for each stream reach.
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SSL CBC Slope of the stream channel in each reach.

SST CBC Stream stage.

STC CBC Streambed hydraulic conductance.

STT CBC Elevation of the top of the streambed.

Swi CBC Width of the stream channel in each reach.

298 CBC Parameter numbers associated with stream cells.
S1Z ZONE  Zone file.

Time Variant Specified Head (CHD) Package

Extension Type Description

CH1 CBC A non-zero value indicates a CHD cell.

CH2 CBC Head at the beginning of a stress period (Start head).
CH3 CBC Head at the end of a stress period (End head).

Clz ZONE  Zone file.

Well Package

Extension Type Description

WEL CBC Volumetric recharge rate of wells.

299 CBC Parameter numbers associated with Well cells.

WEZ ZONE  Volumetric recharge rate of wells.

MT3D - Advection Package

Extension Type Description
ADV ASCII User-specified settings for the Advection Package.

MT3D - Dispersion Package

Extension Type Description

DPS ASCII User-specified settings for the Dispersion Package.
TAL CBC Longitudinal dispersivity.

M11 ZONE Longitudinal dispersivity.

MT3D - Chemical Reaction Package

Extension Type Description

CHE ASCII User-specified settings for the Chemical Reaction Package.

Cca1 CBC Bulk density (only used by MT3D96).

C92 CBC First sorption constant (only used by MT3D96).

C93 CBC Second sorption constant (only used by MT3D96).

C94 CBC First-order rate constant for the dissolved phase (only used by MT3D96).
C95 CBC First-order rate constant for the sorbed phase (only used by MT3D96).
Z91 Zone Zone file containing the chemical reaction parameters for MT3D96.

MT3D - Sink & Source Mixing Package

Extension Type Description
TCH CBC Specified concentration at constant head cells.
TE CBC Specified concentration of evapotranspiration flux.
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TG CBC Specified concentration at general-head boundary cells.

TR CBC Specified concentration of river.

TRC CBC Specified concentration of recharge flux.

TST CBC Specified concentration of stream.

T™W CBC Specified concentration of injection wells.

C54 CBC Flag indicates a Time-variant specified concentration.

C55 CBC Concentration in a Time-variant specified concentration cell.

MT3 ZONE  Specified concentration of injection wells.

MT5 ZONE  Specified concentration of river.

MT6 ZONE  Specified concentration of evapotranspiration flux.

MT7 ZONE  Specified concentration at general-head boundary cells.

MT8 ZONE  Specified concentration of recharge flux.

MT9 ZONE  Specified concentration of stream.

M10 ZONE  Specified concentration at constant head cells.

Z54 ZONE Time-variant specified concentration.

MOC3D

Extension Type Description

MOC ASCII Subgrid, initial concentration outside of the subgrid and dispersion and retardation
factor.

MPP ASCII Relative position of initial particles.

C57 CBC Observation wells.

C58 CBC Strong/Weak flag.

Z57 ZONE  Observation wells.

758 ZONE  Strong/Weak flag.

T™W CBC Specified concentration of injection wells (shared with MT3D).

TG CBC Specified concentration at general-head boundary cells (shared with MT3D).

TR CBC Specified concentration of river (shared with MT3D).

TRC CBC Specified concentration of recharge flux (shared with MT3D).

MT3 ZONE  Specified concentration of injection wells (shared with MT3D).

MT7 ZONE  Specified concentration at general-head boundary cells (shared with MT3D).

MT5 ZONE  Specified concentration of river (shared with MT3D).

MT8 ZONE  Specified concentration of recharge flux (shared with MT3D).

MT3DMS

Extension Type Description

231...260 CBC Concentraion of species #1 to #30 associated with the recharge.

261...290 CBC Concentraion of species #1 to #30 associated with the evapotranspiration.

401...430 CBC First sorption constant of species #1 to #30.

431...460 CBC Second sorption constant of species #1 to #30.

461...490 CBC First-order rate constant for the dissolved phase of species #1 to #30.

601...630 CBC First-order rate constant for the sorbed phase of species #1 to #30.

631...660 CBC Specified concentration of species #1 to #30 at constant head cells.

661...690 CBC Specified concentration of species #1 to #30 at general-head boundary cells.

801...830 CBC Specified concentration of species #1 to #30 associated with injection wells.

831...860 CBC Specified concentration of species #1 to #30 associated with river cells.

861...890 CBC Specified concentration of species #1 to #30 associated with stream cells.

1001..1030 CBC Flag indicates a Time-variant specified concentration for species #1 to #30.

1031..1060 CBC Concentration of species #1 to #30 in a Time-variant specified concentration cell.

1201...1230 CBC Initial concentraion for the sorbed phase of species #1 to #30.

331...360 ZONE  Concentraion of species #1 to #30 associated with the recharge.

361...390 ZONE  Concentraion of species #1 to #30 associated with the evapotranspiration.

501...530 ZONE  First sorption constant of species #1 to #30.

531...560 ZONE  Second sorption constant of species #1 to #30.

Appendix 4: Interna Data Files of PMWIN



Processing Modflow

323

561...
701...
731...
761...
901...
931...
961...
1101..1130

1131..1160

1301...1330

590
730
760
790
930
960
990

ZONE
ZONE
ZONE
ZONE
ZONE
ZONE
ZONE
ZONE
ZONE
ZONE

First-order rate constant for the dissolved phase of species #1 to #30.

First-order rate constant for the sorbed phase of species #1 to #30.

Specified concentration of species #1 to #30 at constant head cells.

Specified concentration of species #1 to #30 at general-head boundary cells.
Specified concentration of species #1 to #30 associated with injection wells.
Specified concentration of species #1 to #30 associated with river cells.
Specified concentration of species #1 to #30 associated with stream cells.

Flag indicates a Time-variant specified concentration for species #1 to #30.
Concentration of species #1 to #30 in a Time-variant specified concentration cell.
Initial concentration for the sorbed phase of species #1 to #30.

Other Reserved File Extensions

Extension Type Description

PM5 ASCII Most options and settings of a model are saved in this file.
L ASCII Settings of the Layer options.

GRD ASCII Grid Specification file (see Appendix 2 for the format)

Cco7 CBC Digitizer

297 ZONE Digitizer

83 CBC Presentation

Z83 ZONE  Presentation

WBL CBC subregions for the calculation of water budget

WEZ ZONE  subregions for the calculation of water budget

POL BINARY contains boreholes and observations (saved automatically by PMWIN).
PPL BINARY parameter list for PEST (saved automatically by PMWIN).
UPL BINARY parameter list for UCODE (saved automatically by PMWIN).
TRN BINARY is a time parameter file (saved automatically by PMWIN).
TRS BINARY is a Trace file saved automatically by PMWIN.

TMP RESERVED for internal use

{1} RESERVED for internal use
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Appendix 5: Using PMWIN with your MODFLOW

PMWIN supports various versions of MODFLOW by using different IUNIT assignments as shown in Table 7.1.
These IUNIT assignments must be the same as those used in the main program of your own version of MODFLOW
(see Table 7.2 for an example). In the Run Modflow dialog box, you may select any MODFLOW version to use with
your own MODFLOW program, as long as the IUNIT assignments match the default values shown in Table 7.1.

Table 7.1 Default settings of the IUNIT assignments

MODFLOW MODFLOW MODFLOW-96 PMWIN 4.X * User’ Own
Version | (MODFLOW-88)

Package
BCF (BCF2) 1 1 1 1
Well 2 2 2 2
Drain 3 3 3 3
River 4 4 4 4
Evapotranspiration 5 5 5 5
General-head boundary 7 7 7 7
Recharge 8 8 8 8
SIP 9 9 9 9
DE45 2 10 10 10 10
SSOR 11 11 11 11
Output Control 12 12 12 12
PCG2 13 13 13 13
Horizontal-Flow Barriers 14 16 14 14
Reservoir 16 17 16 16
Streamflow Routing 17 18 17 17
Interbed Storage 19 19 19 19
Time Variant Specified 20 20 20 20
Head
Density 3 21 - - -
LKMT 22 22 22 22

1: This version of MODFLOW uses dynamic memory allocation and allows pratically unlimited number of cells.

2: DEA45 is not supported by the KIWA-version of MODFLOW.

3: The Density Package is a proprietary software and is contained only in the KIWA-version of MODFLOW. Use

of this software is royalty free. The source code is, however, not contained in PMWIN.
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Table 7.2 IUNIT assignments given in the main program of MODFLOW

IF(IJUNIT(1).GT.0) CALL BCF2AL(ISUM,LENX,LCSC1,LCHY,

1 LCBOT,LCTOP,LCSC2,LCTRPY,IUNIT(1),ISS,

2 NCOL,NROW,NLAY,IOUT,IBCFCB,LCWETD,IWDFLG,LCCVWD,

3  WETFCT,IWETIT,IHDWET,HDRY)

IF(IJUNIT(2).GT.0) CALL WEL1AL(ISUM,LENX,LCWELL,MXWELL,NWELLS,

1 IUNIT(2),I0UT,IWELCB)

IF(IUNIT(3).GT.0) CALL DRN1AL(ISUM,LENX,LCDRAI,NDRAIN,MXDRN,

1 IUNIT(3),I0UT,IDRNCB)

IF(IUNIT(4).GT.0) CALL RIVIAL(ISUM,LENX,LCRIVR,MXRIVR,NRIVER,

1 IUNIT(4),10UT,IRIVCB)

IF(IUNIT(5).GT.0) CALL EVT1AL(ISUM,LENX,LCIEVT,LCEVTR,LCEXDP,

1 LCSURF,NCOL,NROW,NEVTOP,IUNIT(5),I0UT,I[EVTCB)
IF(IUNIT(7).GT.0) CALL GHB1AL(ISUM,LENX,LCBNDS,NBOUND,MXBND,
1 IUNIT(7),10UT,IGHBCB)

IF(IUNIT(8).GT.0) CALL RCH1AL(ISUM,LENX,LCIRCH,LCRECH,NRCHOP,
1 NCOL,NROW,IUNIT(8),I0UT,IRCHCB)

IF(IUNIT(9).GT.0) CALL SIP1AL(ISUM,LENX,LCEL,LCFL,LCGL,LCV,

1 LCHDCG,LCLRCH,LCW,MXITER,NPARM,NCOL,NROW,NLAY,

2 IUNIT(9),I0UT)

IF(IUNIT(11).GT.0) CALL SORIAL(ISUM,LENX,LCA,LCRES,LCHDCG,LCLRCH,
1 LCIEQP,MXITER,NCOL,NLAY,NSLICE,MBW,IUNIT(11),I0UT)

IF(IJUNIT(13).GT.0) CALL PCG2AL(ISUM,LENX,LCV,LCSS,LCP,LCCD,

1 LCHCHG,LCLHCH,LCRCHG,LCLRCH,MXITER,ITER1,NCOL,NROW,NLAY,
2 IUNIT(13),I0UT,NPCOND)

IF(IJUNIT(14).GT.0) CALL STR1IAL(ISUM,LENX,LCSTRM,ICSTRM,MXSTRM,

1 NSTREM,IUNIT(14),I0UT,ISTCB1,ISTCB2,NSS,NTRIB,

2 NDIV,ICALC,CONST,LCTBAR,LCTRIB,LCIVAR)
IF(IUNIT(16).GT.0) CALL HFB1AL(ISUM,LENX,LCHFBR,NHFB,IUNIT(16),
1 IOUT)

IF(IUNIT(19).GT.0) CALL IBS1AL(ISUM,LENX,LCHC,LCSCE,LCSCV,

1 LCSUB,NCOL,NROW,NLAY,IBSCB,IIBSOC,ISS,IUNIT(19),I0UT)
IF(IUNIT(20).GT.0) CALL CHD1AL(ISUM,LENX,LCCHDS,NCHDS,MXCHD,
1 IUNIT(20),I0UT)
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Appendix 6: Running MODPATH with PMWIN

PMWIN supports both two versions (version 1.x and 3.x) of MODPATH and MODPATH-PLOT. You must run
MODPATH or MODPATH-PLOT within a DOS-Box (of Windows) or in the DOS-Environment.

If you are using MODPATH version 1.x (released prior to September, 1994), type path\PATHFILE at the prompt
ENTER NAME OF FILE CONTAINING NAMES AND UNITS OF DATA FILES. Where path is the path to the
directory of your model data. PATHFILE contains the IUNIT assignments and paths and nhames of input data files
generated by PMWIN. The names of the input files for MODFLOW and MODPATH are given in Appendix 7.

If you are using MODPATH or MODPATH-PLOT (version 3.x), follow the steps below:

TO READ INPUT FROM AN EXISTING RESPONSE FILE, ENTER FILE NAME:
(<CR> = ENTER DATA INTERACTIVELY )
[?=Help]

(WHAT YOU SHOULD DO: Just press ENTER here. For the first time you run MODPATH or MODPATH-PLOT,
you do not have a response file and you have to enter data interactively. The user-specified data will be saved
by MODPATH or MODPATH-PLOT in the response files MPATH.RSP or MPLOT.RSP, respectively. Using a
response file, you do not need to go through the input procedures unless you want to change the data for
MODPATH or MODPATH-PLOT).

Only for MODPATH-PLOT:

TO REDEFINE SETTINGS, ENTER NAME OF FILE WITH SETTINGS DATA:
(<CR> = USE DEFAULT SETTINGS FOR DEVICE)

[?=Help]

(WHAT YOU SHOULD DO: Just press ENTER here, unless you want to change settings.)

ENTER THE NAME FILE:
[?=Help]

(WHAT YOU SHOULD DO: Type path\MPATH30 at this prompt. Where path is the path to the directory of your
model data. For example, if you have saved your model data in C\PMWIN\DATA, you will type
C:\PMWIN\DATA\MPATH30 at this prompt. After this prompt, you enter the interactive input procedure of
MODPATH or MODPATH-PLOT. Just follow the prompts of the programs.)
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