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Introduction

Groundwater Vistas Tutorials

The Groundwater Vistas tutorials used to be contained within the main GV manual. In Version 6 we have
moved them here to their own manual to make it easier to use during Seminars and Webinars, as well as for
use on your own as you explore the capabilities of the software. If you are new to Groundwater Vistas, it
would be good to start with the Introductory Tutorial in the next chapter. That illustrates most of the
functionality of the software on a simple model. The model used in the Introductory tutorial is also small
enough that it can be used with the student version. That is, if you do not have a license for Groundwater
Vistas you can still work through that first tutorial. The student version of GV is limited to 50 rows, 50
columns, and 4 layers.

The second tutorial called “Using GIS Data in Groundwater Vistas” is a more complicated model. This
second model is more realistic and takes you through the steps in building a model based on data imported
from a series of shapefiles. This tutorial also provides additional information on particle tracking and
contaminant transport.

Later tutorials cover topics such as model calibration and optimization. The calibration tutorial is
particularly extensive covering the use of Pest for advanced calibration techniques. As time goes on, more
tutorials will be added.
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Introductory Tutorial

The GV exercise, described below, introduces you to most of the important features of this software in a
step-by-step example. You will be given very specific instructions to show how to use GV to design finite-
difference models for MODFLOW. In a graphical user environment such as Windows, it is difficult to tell
you exactly what to do during each step because many of the steps involve using the mouse. This
demonstration provides several snap-shots of the GV screens to show you what your screen should look
like, however, in case you miss a step. This tutorial also assumes that you are using ESI’s MODFLOW""*2
and MODFLOW2000""*,

Starting a New Model

We will start this exercise by showing you how to create a new model using GV. First, double-click on the
GV icon to start the program. You will see a small menu over a blank model design window. Select

File]New from the main menu or click the new document button . You will see a rather large dialog
on your screen that asks you for basic information describing your model. These data are used to construct
the initial model, which will have uniform row and column spacings and uniform layer thicknesses. All
aquifer properties (hydraulic conductivity, storage, etc.) will initially be uniform (homogeneous). For
simple modeling studies, you only need to add boundary conditions in order to have a complete model
ready to run with MODFLOW.
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Now, fill in the dialog with the following information. When you are finished, press the OK button on the
dialog. Before you choose OK, though, your screen should look like the one shown above.

Number of Rows 30
Number of Columns 30

X Spacing 330 ft

Y Spacing 220 ft
Number of Layers 3

Bottom Elevation 0.0 ft
Top Elevation 150.0 ft
Number of Stress Periods 1

Change Kz to 10.0 ft/d
Change Recharge rate to 0.002 ft|d

Enter World Coordinates of Model Origin: X=250,000.0 Y=400,000.0

You will notice that you can supply the world X and Y coordinates of the model origin (lower left corner)
and an angle of rotation. In this case you should enter the real world coordinates of the lower left corner of
the model grid. We will be importing maps from ArcView and this places the model into a real-world
coordinate system. It is easier to import map files if you know in advance where the model should be
placed on these maps.

After clicking the OK button, your screen should be similar to the one shown below. The model has
uniform row and column spacings and the rows and columns are labeled.
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Now, let’s change the font size used for the row and column labels. All text used to annotate the GV model
may be modified in terms of font style and size. To change the font for the row and column labels, select
Grid|Options and click the font button. Change the font size to 8 points and click OK to return to the Grid
Options dialog. Click OK again to return to the GV menu.

You will now import three base map to display with the model. Select File|Map|Shapefile. A file open
dialog will be displayed. Choose the shapefile called river.shp. Next, GV will ask you to enter a map file
name. Enter river.map and click OK. Note that there is already a file called river.map in the tutorial
directory. Either overwrite that map or use a different map name. Finally GV will ask you for a color to
use on that shapefile. Choose blue. After clicking OK, you should see the river appear on the left side of
your screen. Now repeat that process for the shapefiles called site_bdy.shp and outcrop.shp naming the
maps site_bdy.map and outcrop.map. Your screen should look like the one below.
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Adding Rows & Columns

GV has four different modes when designing the model. These include Analytic Elements, Grid, Boundary
condition, and Property zones. The design operation that you may perform is determined on the Edit menu.
Select Edit from the main menu. At the bottom of the pulldown menu you will see selections entitled Grid,
Aquifer Properties, Boundary Conditions, and Analytic Elements. A check mark appears next to the option

that is the current selection and the appropriate button is pushed down on the toolbar. The button
represents Analytic Elements, represents Boundary Conditions, stands for Property Zones, and
i

represents Grid operations. The Grid option allows you to add, delete, and move rows, columns, and
layers. Aquifer Properties refers to assigning physical properties (e.g., hydraulic conductivity) to each cell
in the model. Analytic Elements refers to the grid-independent boundary conditions in GV as well as
annotation and calibration targets. You will see the buttons on the right side of the toolbar change
depending upon which button is pressed down. This customization provides you with the most commonly
used commands for each mode.
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GV gives you the ability to insert, move, and delete rows, columns, and layers. In order to perform these
operations, you must be in grid mode. This is accomplished by selecting Edit|Grid from the main menu or

by pressing the button on the toolbar. The word grid will appear in one of the panes of the status bar
at the bottom of the GV window.

Once in grid mode, the cursor behaves differently than in other modes. When you are close to a row or
column grid line, the cursor changes shape to either a left-right or up-down arrow. Pressing the left mouse
button when this cursor appears allows you to slide the row or column line to a new position. You may not
slide it beyond the adjacent row or column, however.

You may insert or delete rows, columns, and layers using the menu commands. These are fairly
straightforward. Select the command (Grid|Insert|Row for example), move the cursor on the screen, and
click the left mouse button. When deleting a row or column, the row or column closest to the cursor is
deleted. Layers may be added above or below the current layer (the current layer is displayed as L:1,2,3,...
on the status bar).

The right mouse button has a special use in GV. When you are in Grid mode, the right mouse button
inserts a row or column into the model or deletes the nearest row or column without going through the
menu as described above. The current grid operation (shown at the bottom of the Grid menu) determines
what is added or deleted. To add rows or columns to the model, select Grid|Insert Row or Grid|Insert
Column from the menu. To delete rows or columns from the model, select Grid|Delete Row or
Grid|Delete Column from the menu. A check mark appears next to the type of action that GV will take
when thht mouse button is clicked in Grid mode. The appropriate button is also pushed down on the

to delete a row, to insert a row, to delete a column, and to insert a column).

In this example, you will add two rows and two columns to the model. First, click the button on the
toolbar to enter Grid mode. Next, split row 15 into two new rows by placing the cursor anywhere within
row 15 and click the right mouse button. Repeat this procedure for the next row to the south (Row 16 of
the original model or new row number 17). When you insert a row or column, the default behavior is to
split the current cell in half. You may change the way rows|columns are inserted by selecting
Grid|Options.

Adding columns works the same way. Start by selecting Grid|Insert Column to place a check mark next
to “Insert Column” on the Grid menu. Now split columns 14 and 15 just like you did for rows 15 and 16
above. Position the cursor within Column 15 and click the right mouse button. Repeat for the original
column 14. Your screen should look like the one shown below:

toolbar
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Adding Boundary Conditions

You will now select Boundary Conditions as the current design mode so that you can add boundary
condition cells to the model design. Select Boundary Conditions on the Edit pulldown menu. You may

also click the toolbar icon containing the large letter B ().

In this example, you will add a column of constant heads along the left edge of the model in layer 1. You
will then add two wells in the bottom layer (layer 3) of the model.

The easiest way to set a large number of boundari conditions is to use the Window command. Select

BCs|Insert|Window from the main menu (or from the toolbar). The cursor will change shape and
appear like a mini-finite-difference grid. Move the cursor to the upper left corner of the model (row 1,
column 1) and press the left mouse button. Make sure the cursor is inside the grid before pressing the left
mouse button. Hold the mouse button down and move the cursor to the lower left corner (row 32, column
1). Release the mouse button and a dialog appears to confirm the coordinates of the window that you just
created. Simply press the OK button to accept these coordinates. Next, a constant head dialog appears.
The only item that must be changed is the value of constant head. Change this value to 150 ft. A
common mistake here is to forget to reset the head to 150 from the default of 0.0. This results in constant
head values below the layer bottom and the whole model goes dry!

Notice that the boundary condition is steady-state. This means that the boundary cells will be active during
the entire simulation. In MODFLOW, constant heads are active for the entire simulation and cannot be
changed. Your screen should now look like the one shown below.
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Now, move to layer 3 of the model. The easiest way to change layers is by clicking the “+” button next to
“Layer” on the 3D cube (called the Reference Cube) that is on the left side of the screen. Click the “+”
button twice to get to Layer 3. The model will be redrawn and the constant head cells will disappear. This
happens because these constant head cells were defined in layer 1 (the top layer) and we are now viewing
the bottom layer of the model. You should still see one constant head in the upper left corner of the cross-
section view however.

Select BCs|Well from the main menu. This places a check mark next to the word “Well” indicating that
we are now editing wells. You may also notice that GV now has a dropdown list of boundary conditions on
the toolbar. You can simply select the BC type you want from that list as well.

Next, select BCs|Insert|Single Cell. Move the cursor to row 16, column 15 and click the left mouse
button. (You could also add a well by simply moving the cursor to row 16, column 15 and clicking the
right mouse button.) You will notice that as you move the cursor on the screen, the status bar at the bottom
of the screen updates the current row and column. When you are at row 16, column 15 the status bar
should read “R:16 C:15”. After clicking the mouse button, a well edit dialog will appear. (Note that in
MODFLOW, negative flow rates are used for production and postive rates for injection). Enter a flow rate
of -30000 ft’|d. GV assumes that units of length and time are consistent for all parameters. In this
example, all length units are in feet and all time units in days. Therefore, hydraulic conductivity is in ft|d,
well flow rates are in ft’|d, recharge is in ft|d, etc. Enter a name for the well of Well 1 as shown below:
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Add another well at row 8, column 16. This time, enter a flow rate of -40000. Use the same sequence of
events that you used to insert the first well. Your screen should not look like the one below.
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GV can display a text message next to boundary condition cells. You entered the names of the wells above.
To display them, select BCs|Options and turn on Plot BC Titles. You should also change the font to 10
points. Now, you should see the well names next to the wells.
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Changing Layer Elevations

Most models use varying layer elevations to follow some stratigraphic horizon. The easiest way to
accomplish this is to import SURFER files. SURFER is a very nice program for contouring data and
Groundwater Vistas can import SURFER grid files for any model property. We will first import a
SURFER file for the top of layer 1. By default, Groundwater Vistas assumes that the bottom of layer 1 is
the same as the top of layer 2, etc. That means that under most circumstances, you only need to worry
about the top of layer 1 and then the bottoms of all other layers.

First, go back up to layer 1. Start by selecting Props|Top Elevation. Now, select
Props|Import|SURFER. Find the file called land_surface.grd. Make sure to check the box labeled

SURFER file in Site Coordinates, which means that the SURFER grid file is in the same coordinate system
as your base maps.
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Import SURFER File

Top Elevation Zones in Layer 1

Minimurn Interpolated Y alue |1 37 468537412109 Cancel |
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Click OK and you should see the top of layer 1 change to a curved surface in the cross-section window. To
adjust the color of the grid cells for the new elevations, use Props|Property Values|Reset Matrix Bounds.

We will now import the bottom elevations of the other layers. Select Props|Bottom Elevation and then
Props|Import|Surfer. The files are called layerl_bottom.grd, layer2_bottom.grd, and layer3_bottom.grd.
Be sure to change to the correct layer before importing the SURFER files and also check the option labeled
SURFER File in Site Coordinates. After importing bottom elevations for all layers, your screen should
look like the one below:
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By default, Groundwater Vistas uses matrices of values for layer elevations and starting heads. This means
that you no longer need to worry about a zone database for layer elevations. This makes working with
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layer elevations much easier. If you want to edit the layer elevations, you simply select Props|Property
Values|Matrix Editor. The matrix editor is like a spreadsheet that shows you the elevations in your
model. The default format is exponential. Change this to “Fixed” next to Format at the bottom of the
spreadsheet window. Do that now and your screen should look like the following one for layer 1.

1 2 3 4 5 6 7 8 L] 10 1 12 13 ;I
1 |100.10 100.25 100.44 100.68 101.01 101.45 102.15 102.96 103.85 104.79 105.75 106.73 107.73 —I
2 (10010 100.24 100.41 100.63 100.93 101.39 102.08 102.91 10382 10477 105.73 106.70 107.70
3 (100.09 100.21 100.38 100.53 100.78 101.18 101.93 102.81 10377 104.74 105.70 106.66 107.63
4 |100.08 100.19 10030 100.40 100.53 100.83 101.68 102.68 10371 10470 105.66 106.60 107.54
5 (100.07 10016 100.23 10024 10017 100.14 101.32 102.53 103.64 104.67 105.63 106.53 107.41
6 |100.07 100.15 10019 100.09 99.66 98.72 100.81 102.39 103.60 104.65 105.60 106.47 107.27
7 (100.08 10016 100.20 100.03 99.08 95.34 100.22 102.36 103.62 104.68 105.61 106.43 107.12
& |100.09 100.20 10027 100.20 99.79 98.85 100.96 10253 10372 10475 105.65 106.43 107.05
9 (10012 100.27 100.40 10047 100.44 100.44 101.62 102.82 103.89 104.86 105.73 106.50 107.15
10 |100.15 100.35 100.56 10075 100.95 101.28 102.15 103.13 104.10 105.00 105.84 106.61 107.31
11 (100,18 100.43 10072 101.02 101.36 101.83 102.58 103.44 104.32 105.17 105.97 106.73 107 47
12 |100.21 100.52 100.87 101.25 101.69 102.22 102.93 103.72 104.54 105.35 106.12 106.85 107.57
13 (100.25 100.59 101.01 101.46 101.96 102.54 103.23 103.98 10478 105.54 106.28 106.97 107.62
14 |100.28 100.67 10113 101.64 10219 102.80 103.48 104.22 104.98 10873 106.45 107.08 107.60
15 |100.30 100.71 101.22 101.76 102.34 102.97 103.66 104.39 10514 10588 106.59 107.20 107.59
16 |100.31 10074 101.27 101.83 102.43 103.07 103.76 104.49 10524 105.98 106.69 107.30 107.66
17 |100.32 100,77 101.31 101.69 102.51 103.16 103.86 104.59 10534 106.09 106.80 107.42 10783 |
Ao l4ann a9 Ann DN An4 AC An4 N Ann Co E ke Wt~ AN Ne AN Sn ANC AC AnNc AN Anc o ANT Co Ann nc *
0| -
Current Selection Change Block... | Feplace... | Math.. | Goto| Row |1 Column |1
Layer
E 1 Format v width |8 Precision |2 Copy Currently Editing: Bottom 0K
™ Use Color Ramp r Paste
Q Cancel

Click OK when you are done exploring the matrix editor.

Assigning Aquifer Property Zones

Aquifer properties that do not use matrices are defined using zones of equal value. See the Concepts
chapter for more information on zones. When defining a parameter with zones, you must first add a zone
to the property database and then assign that zone number to a cell or group of cells in your model. We
will illustrate this concept by adding a zone of lower hydraulic conductivity in this model.

Start by selecting Props|Hydraulic Conductivity. You should see that each cell is colored white and if
you move the cursor around, you will see that the hydraulic conductivity is 100 ft|d, as shown on the left
side of the status bar. You will now add a zone of hydraulic conductivity of 25 ft|d. First, you must define
this zone in the database. Select Props|Property Values|Database. The database should look like the
following:

Groundwater Vistas Version 5 Page 12



[ A |
Zome Database Information ﬁ

Zone Database

Hydraulic Conductivity Property Zone Values

Stress Period Mumber: 1 (Recharge/ET Only)

Number of Zones |1 E

Kx Ky Kz Color

[

b = S T S AV ST
ololololo|lao]=
[=R =T =N = =T =T |
[=R =T =T = =T =T |
olololo|lo|lalo

0K | Cancel | | Help

There are 10 zones defined in the database but only 1 is being used. Zone 1 has values of Kx, Ky, and Kz
of 100, 100, and 10, respectively. Enter a value of 25 for Kx, Ky, and Kz in zone 2. Also, change the color
to blue. You can change the color by double-clicking on the color column in the database next to zone 2.
Your database should now look like the following:

F |
Zone Database Information @

Zone Databaze ]

%

Hydraulic Conductivity Property Zone Values

Stress Period Mumber: 1 (Recharge/ET Only)

Mumber of Zones |10 E

Kx Ky Kz Color |+
1 100 100 10 0
2 25 25 25 0
3 0 0 0 0
4 |0 0 0 0
5 0 0 0 0
G 0 0 0 0
7 0 0 0 0 +
« -

ok | Cancel | Apply | Help |

You now have defined zone 2 as having an isotropic conductivity of 25. No cell in the model has this value
yet, however. Now, move to layer 3. Select Props|Set Value or Zone|Window and then drag a window
covering the last eight columns of the model. After dragging the window, enter a zone number of 2 and
your screen should look like the following:

e
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You should see that all rows in columns 25 through 32 turn blue. If you move the cursor over these cells,
you will see 25 for Kx, Ky, and Kz on the status bar in the lower left corner of your Groundwater Vistas

window. Repeat this for layers 1 and 2 as well so that each layer has a block of zone 2 on the east side
of the model.

Setting No-Flow Boundaries

A no-flow boundary is a special kind of constant flux boundary where the flow is set to zero. This means
that the cell is not part of the flow system. MODFLOW calls such cells inactive. You define no-flow
boundaries in Groundwater Vistas on the BCs menu. You will now make cells east of the outcrop line no-
flow.

Go to layer 1 and select BCs|No Flow. Now, select BCs|Insert|Polygon. Click the left mouse button as
you move the cursor around the east side of the model and around the outcrop line you imported from the
outcrop.shp ArcView shapefile. When you reach the point where you started digitizing, double-click to
end the digitizing. Make sure to outline the whole area. For example, start at the northern end of the
outcrop, digitize to the south, but then you also need to digitize east of the grid and back up to the north

before double-clicking. You should see black cells in the upper right corner of your model, as shown
below:
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You could repeat this in layers 2 and 3 but there is an easier way. Go to layer 2 and select BCs|Copy and
click OK (the defaults on the dialog are fine). This copies the boundary conditions of the current type (no-
flow) from layer 1 to the current layer. Repeat this for layer 3 as well.

Creating MODFLOW Datasets

The example model is now complete. You will now create a MODFLOW data set, run the simulation, and
analyze the results.

The preprocessing of model-specific options is accomplished using the Model selection on the main menu.
Select Model and you will see options including MODFLOW, MODPATH, MT3D, etc. Select
MODFLOW from the dropdown menu to reveal another menu with numerous selections. You will select
several of these options before creating the data files.

First, select Model| MODFLOW!|Packages. The dialog displays all of the MODFLOW packages and
allows you to create only the ones necessary for the current model. The default selections do not normally
need to be changed. The only change you need to make is the root file name. Change this parameter to t2.
This means that the MODFLOW data files will be named T2.BAS for the BASIC package, T2.WEL for the
well package, etc. The default MODFLOW version is MODFLOW?2000 which should be used for ESI’s
MODFLOW2000"", There are also selections for MODFLOW-SURFACT and MODFLOWT, as well as
MODFLOWS88|96. For now, leave this option at the default and select OK when you are finished.
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Choose Model| MODFLOW?2000|Options and then click on the BCF-LPF tab to edit the layer types in the
Layer Property Flow (LPF) Package. Change layers 2 and 3 from type 3 to type 0 (confined) layers. Itis
normally a good idea to make layers confined if you know that the water table will not drop into those
layers. This speeds model convergence and can help avoid problems such as cells drying out. In this
example, we know that the water table will always be in layer 1 so we make the lower layers confined.
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MODFLOWZ000 Options @

Lake3/RES | Discretization | IBS/SUB | SFR | DCM | HUF | Gage | FHE | swi |
BCF-LPF | Parameter Estimation ] Obsgervations ] Sensitivity ] Parameters l Targets l

Definition of the Leakance Coefficient and Top Elevation

[ [ Use Top Blevation Zones
Leakance Zones Represert |Leakance j
Layer Types
Layer Layer Type (LAYCON) BCF3/4 Averaging
- [1 - Uncorfined (Layer 1) <] [Hemonic -] i‘
2 |D - Corfined ﬂ |Han1'|n:unic: j
3 0 - Confined j |Han1'|n:unic: j
4 |D - Confined ﬂ |Han1'|0nic: ﬂ
3 |D-Cu:unfined j |Ham10nic j j
[~ Use Varable Anisotropy (Ruskauff and Kladias, 1996) Al Layers Corfined |
=
All Layers Uncorfined |
[ Storage Coefficient Represents Specific Storage (Ss)
v

QK | Cancel Help

b

Now, select Model| MODFLOW!/|Package Options and click on the Initial Heads tab. Make sure the
default starting heads for each layer are all set to 150. This is necessary because if the starting head is
below the bottom of the layer (100 is below the bottom of most cells in layer 1, for example), then those
cells will become dry. For steady-state models, you should make sure that your starting heads are always
above the bottom of each cell in the model. An even better option is to set starting heads equal to the top of

layer 1 from the dropdown list. Do that now and your screen should look like the one below.
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IBS/SUB | Densty | /0 Formats | Streams | Wels | MNW Package | Wetlands |
Basic | BCF-LPF | Output Control Initial Heads | Recharge - ET | Resaturation | CHDs |

Head-Save File Options

Initial Head Location  |(RE0T R 8 == ﬂ
File Name | Browse...
Stress Period |1 Time Step |1

MOTE: You can only specify a time step./stress period when writing heads to
the BASIC Package. When reading heads directhy from the binary files,
MODFLOW starts reading from the beginning of the file.

[ Set All Initial Heads at Least 1 Above Layer Bottoms

v Surfer File {if applicable) is in Site Coordinates

Default Heads In Each Layer

Heads i
1 150
2 |150
3 |150
: +
«[ -

™ Save Starting Heads to Initial Head Property Next Time MODFLOWV Files are Created.

QK | Cancel | | Help |

You may wonder why we have some options on the MODFLOW menu and some on the MODFLOW?2000
menu when we are using MODFLOW?2000. The logic behind the preprocessing menus on the Model menu
is that any options that are common to all versions of MODFLOW are provided on the
Models]MODFLOW menu. Initial heads are required by all versions of MODFLOW. The LPF Package is
unigue to MODFLOW?2000 so we had to edit its options on the MODFLOW2000 menu.

Now, select Model| MODFLOW!|Solver Options. Make sure the number of inner iterations is set to 25 for
the PCG2 solver. It often speeds convergence to increase the number of inner iterations to between 25 and
50. At this point, all of the model options have been selected. You will now run the model and view the
results.

Groundwater Vistas Version 5 Page 18



© .
MODFLOW Solver Packages Iél

PCG4/PCG5 | PCGn |  Lnk-AMG(MG) |
G2 | amc | S | sor |
Maximum Outer terations W
Mazimum Inner terations Ir
Head Change Criterion j0.001
Residual Crterion for Convergence |-I
Relzation Parameter 1
Matrx Preconditioning Method |G'l'3|35k‘.-’ j
Maximum Bound on Eigenvalue |SEt Equalto 2 ﬂ
Solver Printing Option |P"i"'t Al j
PCG2 Summary Data Printed Every |57 teration
Damping Factor (0.0to 1.0) |1
Converge if Criteria Met for 5339 Outer terations

| QK | Cancel Help

One last thing to change before we actually run the model is to reset the Working Directory. This directory
is where GV will create the MODFLOW data files. It is also where MODFLOW will write the model
results. By default, the working directory is the directory where GV was launched from (default: c:\gwv6).
It is a good idea to have a special directory for your model runs that is separate from the GV program
directory and from the GV file (*.gwv). In this example, we will use c:\gwv6\tutorial\work. If you
installed GV in another location, then the directory will be tutorial\work under your GV directory. To
change the working directory, select Model|Paths to Models. The working directory is the last item on the
dialog. After changing it, click OK.
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il .
Paths to Model Executablas Iél

MODFLOW win32 Option Run - Execute Cancel |
MT 3D wir32 Option |Fiun - Execte |
MODPATHwin32 Option  |Flun - Execute ]
Model Fath and Code M ame Command Line
MODFLOW | CAGwWYESMF2KWIN32.dI Brawse |
MODPATH  |CAGWYEMMPSwIN32.dI Brawse |
MT 3D |CAGWYENMT 30WIN32 i Browse |
TestEditor  |notepad.exe Bronse |
Path3D | Browse
Warking Directary C:AGWwWA B Ut orialwwork Browse
take this directary the Groundwater Yistas Default in System Begistoy N

b

This is a good time to save your work. Choose File|Save As from the main menu. Use the file name
T2.GWV for this first example.

You are now ready to create data files for a MODFLOW simulation. The simplest way to create data sets
and run the model is to click the calculator button on the toolbar. A message first asks if you want to create
datasets. Choose YES to do that now. A progress dialog will be displayed briefly as the files are created.
You will then be asked if you want to view the error file. Choose NO for this example as there should be
no errors to view. After clicking No, MODFLOW""™2 will start to run. Clicking Cancel on this dialog will
stop the run.

When MODFLOW is finished, a dialog will be displayed notifying you that the simulation is done and asks
if you want to process the results. Choose YES to start the post-processing session. You will next see a
dialog that allows you to specify what model results to analyze (the dialog is shown below). The default
settings allow you to read the head file from the MODFLOW run. We will also look at the mass balance
results so place a check mark next to Cell-by-Cell Flow as shown on the example dialog below. Click OK
when you are done.
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Read Data for This Time Period

B
Stress Period |1 Time Step 1 w
MTI0? r Tranzpaort Time Step 1 Browsze. ..

Impart?

Head File |I::"-.E"-.-\r'"-.J'E"mtutDriaI"uwurk"mtE.hl:ls Browse... [
Drawdown File CAGWAEAtorialwork 2. ddn Browse... [
Concentration File |I::hGW"-.-’E'\.tutu:urial'\wurk'\.gvmﬁﬁ uch Browsze. .. I
Celtby-Cell Flow | C:4\Giw/vE tutorialbwork b2.cbb Browse. . v
[v [nterpolate Targets & Observation Data [ Plat Preszure Head
[ Contour 'water Table in Layer 1
[ Contour Masimurn Concentrations in Layer 1 and Fow 1 in Section
[ Heads are in double precision
[ Drawdownz are in double precizion
[ Concentrations are in double precision
[ Cell-byp-cell Flows are in double precision QF. | Cancel

GV automatically contours the head results for the current layer and cross-section views. To change the
contouring, select Plot|Contour|Parameters(plan) and change the contour interval to 0.5 ft and change the
minimum and maximum values to whole numbers. The resulting contours for layer 3 and for the cross-
section along row 1 are shown below. Your screen should look similar, unless you have changed to
another layer.
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You may contour any layer or cross-section by simply changing the settings on the reference cube. For
example, if you click the “-* button next to Layer on the cube, the layer above the current layer will be
contoured and displayed. Similarly, if you select a new cross-section, it will also be recontoured. You may
plot velocity vectors on the map and cross-section by selecting Plot|What to Display... from the main
menu and placing a check mark next to Vectors on the dialog. You may also produce a color flood map by
placing a check next to “Color Flood”. You display all or none of these graphics using this dialog.

Other Types of Plots

GV provides you with the tools to create many types of maps and graphs that are useful in analyzing model
results. These are accessed from the Plot menu. We will explore a few of these plots now.

Select Plot|Mass Balance|Model Summary from the main menu. A dialog appears summarizing the flow
of water into and out of the entire model domain. The summary is similar to what MODFLOW writes in
the output file. An example is shown below.
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[ MODFLOW Mass Balance

FomCobmn  [1 ToColmn |32

From Row |1— ToRow ,f

It Lager IU_ ﬂ

INFLOWS OUTFLOWS Export..

Starage ||:| ||j
¥ min |0 [
HKma |0 [
¥ min |0 [
¥ ma |o 0
Top |o o
Bottom |0 [
el |0 70000
CH. |o |46155.1327514648
GHE |0 [
River |o o
Drain |0 [
Stieam |0 [
Recharge |116160.009765625 0
ET |0 [
Lake |0 o Percent Enor
TOTAL  |116160.0097E9625 |116159.132751 465 |0.000755008089365495

You may produce a bar chart of the mass balance results by simply clicking on the Graph button on the
dialog. An example is shown below. Another useful mass balance feature of GV is that the flux rate of
water into or out of a boundary cell is displayed on the status bar when the cursor moves over a boundary
cell. Try this feature by moving the cursor over a constant-head cell in layer 1. The flow rate into the
constant head for Row 1, Column 1 should be about -1329 ft’|Jd (NOTE: You must be in Boundary
Condition mode to view fluxes; press the “B” button on the tool bar to enter BC mode). The negative sign
is the MODFLOW convention for water being removed from the aquifer.
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Another graph that shows head relationships between different layers of the model is the “profile” plot. A
profile is simply a graph of head, concentration, drawdown, or water flux plotted versus distance along the
current cross-section. Select Plot|Profile|Head from the main menu to display a profile of head in your
example model. An example profile plot through Column 15 is shown below. To make this plot, click the
“+” putton next to Column on the reference cube until the number 15 appears. This changes the cross-
section view to the row you specify and also determines which row or column will be plotted using the
profile command. This plot shows the head relationships around a pumping well.

o . o=
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Particle-Tracking in GV

GV provides pre- and post-processing of particle tracking results for MODPATH (both the steady-state and
transient versions) and for PATH3D. In the following example, we will use MODPATH"",
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MODPATH""# is the same as the USGS MODPATH Version 5 but with a nicer interface. This version
works with both MODFLOW""™** and MODFLOW2000"""%,

Particle tracking is a form of transport modeling in which only the bulk movement of groundwater is
investigated. Particle tracking neglects the effects of chemical reactions, dispersion, and diffusion. The
results of a particle tracking simulation are displayed by plotting pathlines through the aquifer system.

Travel times are often labeled on the pathlines.

You start the particle tracking analysis by adding particle starting locations to the model. Particle traces are
then drawn either downgradient (forward tracking) or upgradient (reverse tracking) from these starting
locations. First, move to layer 1 by clicking the “-* button next to layer on the cube until the number 1
appears in the Layer field. Select AE|Particle|Line from the GV main menu. Move the cursor to the
northeast corner of the model and west of the no-flow boundary. Click the left mouse button and drag a
line to the lower right corner, again keeping the line west of the no-flow area. Make sure the line of
particles is within the bounds of the finite-difference grid. If the particles are outside the grid, they will not
be tracked. Release the left mouse button to display a dialog. Change the number of particles along the
line to 20 and click OK. Your particle line should look like the one below:
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(You may notice the light blue cells depicted in layer 1 above. These are called “flooded™ cells and
represent cells where the water table is above the top of layer 1).

MODPATH has options just like MODFLOW only not as many. Select Model|Modpath|Packages and
change the root file name for the MODPATH run to t2mp. It is not a good idea to use the same root name
as MODFLOW because MODPATH uses some of the same file types with a slightly different format.
Also, make sure that the MODPATH version is 5. Click OK when you are done.
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Now, select Model|Use MODPATH to make MODPATH the current model. A check mark should appear
next to Use MODPATH near the bottom of the Model menu or use the dropdown list next to the calculator
button on the toolbar. Click the calculator button on the toolbar and click the Yes button on the next dialog
that asks to create MODPATH data sets. Select CANCEL from the next dialog that asks if you want to
view the Error|Warning file. Now, MODPATH runs and produces results in a pathline file that GV will
process. The MODPATH screen should flash on your screen. With this simple example, it should not take
long. If you manage to see it, MODPATH should look like the following.

& MODPATHwin32

Slmulat\onl Input | Output  Pragress |

i~ Progress |nformation

Solution Method: I

Pumping Period Time Aclive Particles

Time Step:

Particle:

— Execution P

Process Yield Level: |1 - Process vields between particles only, j

Bt Lo LCloze Help |

After finishing, a dialog asks whether you would like to display MODPATH results. Select YES and then
find the file called t2mp.ptl in the subsequent dialog. Click OK when this file is selected. GV will now
read the file and display the pathlines in both plan and cross-section views. Your screen should look
similar to the one shown below.

Groundwater Vistas Version 5 Page 26



DB %85 S| B EE W EE Emoorath ~| & B [Noflow

e L TR TR AN e R

By pe Edt Wew AE Pt Model Gid BCs Props XSect 3D Beports Window Help

CobmnMumber 15 B |
Lt T B[]
Stress Period [H
Compenent umber 1 B
Eigure Numnber: ’1_E

Fow Number =] South

Cross-Section Along Column 15

=l 8a | Al7|o)+|®

-l E‘Hvdraulit Conductivity

©

|
g =
5 10 20
\ L
5 [ L]
I i T
| | =
[ =
s 1 N
10 i | I
| I LT~
] /
[ /
15
20 ]
I 3
]
i
[
25 u ! L
P / 3 =
I e /
[/
[ /
a0 | /
: C

A Contour

Cross Section 3 Layout ) Contour 3}, Cross Section 3 Layout 7 [[+[ |

There are many options that can be used to modify the particle trace display. Usually you will want arrows
on the traces. Most display options in Groundwater Vistas are found on the Plot menu. Select
Plot|Particles|Options and click on the Arrows tab. Change the distance between arrows to 500 ft and the
size of the arrows to 100 ft (these are both in model units of length). Also, check the box to display the

arrows.

-

Particle Options

S

Distance between:

Arow size:

[+ Display Amows

Display Amows lTiITIE Posting ]

E—
-

o |

Cancel

Help

L

This method puts an arrow at a constant distance along the trace. Another method places the arrows at a
constant time along the trace. Select Plot|Particles|Options and click on the Time Posting tab. Keep the
default interval of 365 days but change the precision from 2 to 0 and change the multiplier from 1 to

Groundwater Vistas
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0.00274. This will display an arrow every 365 days but the label will be in years (1|365 = 0.00274). Check
the box to display time postings and click the font button. Change the font to 8 or 10 points.

e .
Particle Options @
Displa'_.r] Amows  Time Posting l

Interval |355 E
Precision: 0 E
Multiplier (0274 E

Post Times Every 1 Amow Heads
[v Display Time Postings

QK Cancel Help

L

Now GV will redraw the traces with arrows spaced at equal time intervals instead of distance intervals.
This is handy for looking at capture zones around wells for different time intervals.
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Model Calibration with GV

Calibration is one of the most complex parts of applying groundwater models. GV assists model
calibration in three ways: (1) calculation of calibration statistics for head, drawdown, concentration, or flux,
(2) automated parameter sensitivity analysis, and (3) automatic model calibration using a nonlinear least-
squares technique built right into the GV interface or using external inverse models such as PEST,
MODAC, and MODFLOW?2000. All of these inverse models are included at no extra charge with
Groundwater Vistas.

You start by adding calibration targets to the model. A calibration target is a point in the aquifer where a
measurement of head, drawdown, concentration, or flux has been made. Calibration targets may be either
steady-state or transient. When you run the model to compare against the target values, GV reads the
model results and interpolates the model result in both space and time to compute an error or residual.
Analysis of residual statistics is a powerful way of determining calibration quality and guiding further
refinements to the model. The following exercise will illustrate the calculation of calibration statistics and
automatic sensitivity analysis. We will then use the inverse model called Pest to calibrate the model.

We will start by defining 16 head target locations in our example model. Rather than type in the data
manually, you will import a text file containing the target data. GV provides many data import features for
calibration targets, boundary conditions, aquifer properties, and base maps. Select AE|Import|Target
Text File from the main menu. Find the file called targets.dat, which should be in the tutorial directory
(default is c:\gwv6\tutorial). Click OK when you have found it.

A dialog now prompts for the format of the file. The data in this file can be in any order as long as the data
are delimited (separated by commas, spaces, or tabs) and each target contains the same number of data
values. The only change needed is to skip 1 line. The rest of the information is correct. The numbers in
the bottom part of the dialog denote columns (fields) in the text file containing the data described to the left
side of the field. For example, the 1 next to “Name” means that the target name will be contained in
column 1 of the file. Similarly the X coordinate of the target can be found in column 2. Click OK after
changing the number of lines to skip at the top of the file.
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GV will report the number of targets successfully imported. In this example, there should be 16. The
targets will appear on the plan view as small blue dots. Targets are only displayed for the layer in which
they are defined. You should see 6 in layer 1, 5 in layer 2, and 5 in layer 3. You may edit target
information by double-clicking on a target symbol (You must be in Analytic Element mode, however;

click the button on the tool bar to edit targets in this manner).

b

You will need to import model results again in order to compute the calibration statistics. Select
Plot|Import Results and click OK on the dialog. All of the options should be set properly from the last run
you made. You may view the calibration statistics by selecting Plot|Calibration|Statistics|Plots... A
dialog is displayed that allows you to select the type of targets to use in the calculation (head,
concentration, drawdown, or flux). You may also plot only selected ranges of layers. To view the statistics
for this model, click the Statistics button. The residual sum of squares should be about 42.9 ft>. Click
Close to leave this dialog. Now click the Plot Observed vs. Simulated button. A graph of observed vs.
computed heads is displayed. Targets are color coded by layer. Your plot should be similar to the one
shown below.
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Ideally the plot shown above should be a straight line oriented at a 45-degree angle. This means that the
observed value should equal the simulated value. In this example, the plot is a straight line but there is a
strong bias such that higher heads are simulated too low.

Another way to view the target residuals (errors) is to post them on the contour map. You do this by
selecting Plot|Calibration|Post Residuals. Target residuals are posted when a check mark is displayed
next to Post Residuals on this menu. In this example, the residuals are too small to read. You may change
the font size by selecting Plot|Calibration|Options. Click the font button to change the size or font.
Select View|Refresh to redraw the window with the new font. The grid also makes viewing difficult
sometimes. To turn off the grid display, select Plot|What to Display and uncheck the option for finite-
difference grid. Your screen should now look something like the one shown below.
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Sensitivity analysis is an integral part of model calibration. Sensitivity analysis is the process whereby
model parameters or boundary conditions are altered slightly and the effect on model calibration statistics is
observed. By producing a series of simulations with different values for a single model parameter, you get
a feel for how a parameter may be modified in order to achieve a better calibration. This is a tedious
process because many simulations are required for each parameter and there are often many parameters to
analyze. GV provides you with an automated way of performing a sensitivity analysis that greatly
improves the efficiency of the process. You simply choose a parameter type, the number of simulations,
and a parameter multiplier for each simulation. GV then runs MODFLOW the desired number of times
and produces a sensitivity plot. For each simulation, GV multiplies your initial parameter value by the
multiplier you specify. After all of the simulations are finished, GV plots calibration statistics versus
parameter multiplier to visually show the results of the analysis.

You start a sensitivity analysis by selecting Model|Auto Sensitivity|Options. Select Kx as the parameter
to vary. Keep the default of Zone number 1 and change the number of simulations from 5 to 11. Click on
the “Multipliers” button. Enter the values 0.5, 0.6, 0.7,0.8,0.9, 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5 for
simulations 1 through 11, respectively.

Simulation ﬁ
| ] |

Parameter Multiplier

[+

1 ns Cancel
2 |06
3 |07
4 |08 -
+«[ | +
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Normally you want to evaluate multiple parameters. In this case, we want to look at Kx and Kz in zones 1
and 2. The best way to do this is to run the automatic sensitivity analysis from a script file. GV can
generate this script file for you. First, click the New Script button. GV will prompt for a file name. Make
sure to place the file in the working directory (default: c:\gwv6\tutorial\work). Then GV asks for a range of
zones. Enter 1 for the minimum zone and 2 for the maximum zone:

il |
Range of Zones or Reaches for Script I&

Add zones or reaches from |'I b |2
for the current Property ar Boundary Type Cancel

Repeat this for Kz by changing the parameter from Kx to Kz and click on the Add to Script button. Again,
use zones 1 to 2 on the next dialog. To see the script file, select Edit Script. This will load the current
script file into a text editor, as shown below.

Mj sens.in - Notepad = | B |

File Edit Format View Help

0 1 11 0 -
. 300000

. 600000

. 700000

. B0000O

. 900000

. 000000
.100000

. 200000

. 300000

. 400000

. 300000

2 11 0
. 5300000

. 600000

. 700000

. BOOOOO
900000
000000
100000

. 200000

. 300000

. 400000

. 300000

1 11 0
500000
600000
700000
800000
900000
000000
100000
200000

. 300000

. 400000

. 500000

2 11 0
. 5300000

. 600000

. 700000

. BOOOOO
900000
000000
100000

. 200000

. 300000

. 400000 .
. 300000

b

-

m

FRERERERPOSO0O000 FREEPROO000 RPRERFEFEOS000 RRERPEREEFRCO00O

Lnl Call
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Each parameter is defined with one header line followed by the multipliers to use. The header contains the
parameter type (first number on line), zone number, number of simulations, and the fourth number is not
important. The GV manual describes what the parameter type numbers mean.

Now click the Run from Script File checkbox to instruct GV to use that file during the sensitivity
analysis., as shown below.

-

Automatic Sensitivity Analysis

Parameter to b odify Kz 0

Zone ar Reach to modify during analysiz

Murnber of Simulations Cancel

Boundary Condition Reach o bMonitor

J AT
i

Baze Residual Sum of Squares |':|
Idze "Weights in Computing Calibration Statistics Edit Seript
O ption to Save Dutput Do Mot Save Output
o S Mew Script
I1ze Addition instead of kultiplication for Boundary Heads [
Mulipliers.. | Addto Seript |
Script File
W Hun hom Script File
Script File Name |I::"-.G"»-'-.-'"-a"E'xtutu:uriaI"-.wu:urk'xsens.in Brovese. ..
Output File Marme |E:'\.GW"-.-’E'\tutu:uriaI'\.wcurk'\sens.in.Dut Browse...

[ Usze Super Script bo Autornatically U pdate Parameters

Mumber of Super Script [terations 5

[ Run MODFLOW Mimimized

[ Save Detailed Fesidual &nalpsiz ta file

[ Save Data from Last Time Step for Maonitaring wells

Digtributed Computing

[ Usze Remote Model Launch for Distributed Computing : :
Remoate Directories...

[ white Complete tModel Datazets at Start of Analysis

e

Click OK when you are done. Running the analysis is as simple as selecting Models|Auto Sensitivity|Run
Analysis from the main menu. You will see MODFLOW flash on your screen numerous times and after
the last simulation a dialog will ask whether you would like to see the results. Select “Yes” and you are
asked to find the output file. The default is correct, so just select it. You are then asked to choose a
variable to plot for each run. The choices include sum of squared residuals, residual mean, residual
standard deviation, average drawdown, and total flux to a designated boundary condition reach. Choose
the default, sum of squared residuals, and a plot of residual sum of squares vs. multiplier is displayed..
Your graph should look similar to the one shown below.
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The way you interpret this graph is to look for the curve that has the lowest sum of squared residuals,
because a lower value of that statistic means a better calibration. In this case, the red curve (for Kx zone 1)
has a sum of squared residuals of 7 when the multiplier on Kx Zone 1 is 0.5. This means that if you
multiply Kx (and Ky) by 0.5 and run the model, the sum of squared residuals will drop from its current
value of around 44 to 7.

If you were trying to calibrate this model, you would go into the Hydraulic Conductivity database and
multiply the Kx and Ky values for zone 1 by 0.5. Then you would repeat the sensitivity analysis and
continue until the calibration was good. The trick here is to only change one parameter after each
sensitivity run. You can learn more about this technique by following the tutorial in the Calibration
chapter.

Automated Calibration with Pest

Groundwater Vistas offers several ways of automating the calibration process. GV has a very simple and
easy-to-use automated calibration procedure (called inverse modeling) built into the GV interface (this is
under Model|GV Calibration). GV also supports PEST, MODAC, and MODFLOW2000. In this tutorial,
we will show you how to use Pest, which is the most sophisticated inverse model available for groundwater
modeling. Many users are intimidated by Pest because it has a large number of options. However, we have
set up Pest in GV with very good default values for most of these options. Thus, with just a few minor
changes you should be able to use Pest on a variety of problems. This section shows how to adjust
hydraulic conductivity in the simple example described above.

There are two basic things you need in any inverse or auto-calibration setup. The first is a set of targets
(Pest calls these observations) that you compare to the model-simulated results. The second is to define a
set of parameters to estimate. In the sensitivity analysis described in the previous section, you evaluated
the sensitivity of horizontal and vertical hydraulic conductivity (Kx and Kz) in two different zones for a
total of 4 parameters. We will now do the same thing with Pest.

Since you already defined the 16 head targets in the last session, we do not need to repeat that. We will
start, then, with the parameters. Select Model|Pest|Parameters. This brings up a spreadsheet like the one
below.
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[ PEST Parameters lﬁ

Type Use Zone Minimum Maximum Transform Limit ol

1 Mone N 0 1.00000e-004 |1000.00 Maone Relative

2 Mone N 0 1.00000e-004 |1000.00 Maone Relative

3 Mone N 0 1.00000e-004 |1000.00 Maone Relative

4 MNone N 0 1.00000e-004 |1000.00 Maone Relative

5 Mone N 0 1.00000e-004 |1000.00 Maone Relative

G MNone N 0 1.00000e-004 |1000.00 MNaone Relative

7 |Mone [ 0 1.00000e-004 |1000.00 MNaone Relative

8 Mone N 0 1.00000e-004 |1000.00 Mane Relative

9 |MNone B 0 1.00000e-004 [1000.00 MNone Relative

10 |Mone N 0 1.00000e-004 |1000.00 Mane Relative

11 |Mone N 0 1.00000e-004 |1000.00 Maone Relative

12 |Mone N 0 1.00000e-004 |1000.00 Maone Relative

13 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
14  |Mone N 0 1.00000e-004 |1000.00 Maone Relative [+

CIN [+

Copy to Clipboard FPaste All Log/Factor FParameter Setup Clear &ll Parameters |
Cancel |

Initially there are no parameters defined. So you must add Kx and Kz in zones 1 and 2 just like for the
sensitivity analysis. The easiest way to do this is to click the “Parameter Setup” button. You will do this
twice, once for Kx and once for Kz. For some parameters (Kx, Kz, Storage, Specific Yield, and Recharge),
you may use the “Add All Zones” checkbox to add them quickly. Also check the box called
“Minimum|Maximum are multipliers...”. Then enter 0.1 for minimum and 10 for maximum. This makes
the minimum and maximum acceptable K values 10 times less or greater than the current values. Click OK
when you are done.

r -
Pest Parameter Setup @

Parameter Type |K” ﬂ | ak. |
Zore or Reach Number |1 ko 1 Cancel

[v Add Al Zones v Minirnum,/M axirurn Sre Multipliers On Current W alue
b irvirumn W alue 0.1 b airnum Y alue 10

Transfarm T1  Linit Type Factor bl
[ Reqgularize

LN

Now repeat for Kz, as shown below.
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Cancel
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L

Your parameter spreadsheet should now have 4 entries like the example below:

-
PEST Parameters

===

Type Use Zone Minimum Maximum Transform Limit ol
1 K v 1 10.00 1000.00 Log Factor
2 |Kx v 2 2.50 250.00 Log Factor
3 |kz v 1 1.00 100.00 Log Factor
4 Kz v 2 2.50 250.00 Log Factor
5 Mone N 0 1.00000e-004 |1000.00 Maone Relative
G MNone N 0 1.00000e-004 |1000.00 MNaone Relative
7 |Mone [ 0 1.00000e-004 |1000.00 MNaone Relative
8 Mone N 0 1.00000e-004 |1000.00 Mane Relative
9 |MNone B 0 1.00000e-004 [1000.00 MNone Relative
10 |Mone N 0 1.00000e-004 |1000.00 Mane Relative
11 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
12 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
13 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
14  |Mone N 0 1.00000e-004 |1000.00 Maone Relative [+
CIN [+
Copy to Clipboard FPaste All Log/Factor | | Parameter Setup Clear &ll Parameters |
ar. | Cancel |

Note that each parameter is set to a log transform. This is generally a good idea when estimating hydraulic
parameters in Pest. The minimum and maximum values for each parameter are also used by Pest to keep
values in a valid range. If a parameter hits a bound after estimation, it usually means that the parameter is
insensitive or the bounds you set are too restrictive. In the latter case, it could be there are other conceptual
problems with the model. Anyway, click OK when your spreadsheet is filled out properly.

Now select Model|Pest|Options. This tab dialog is normally set up correctly for most problems. We do
recommend, though, that you turn on the option to run models without screen output and use command line
versions of models. The latter will keep the GV Windows versions of the models from popping up on the
screen while Pest runs.
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Pest Options Iél

Regularsation ] Run Temination ] Structures ] Prediction ]
Basic Options l Targets ] Groups ] Parameters ] Printing ]

Initial Marguardt Lambda (RLAMEDAT)
Lambda Adjustment Factor (RLAMFAC)

117,

v Negative
Objective Function Goal (PHIRATSUF)
Successive Reduction Goal (PHIREDLAM) 0.1
MNumber of Lambdas (MLIMLAM) l?f
Max. Bel. Param. Change (RELPARMAX) 10
Max. Factor Param. Change (FAXFARMAX) 10
Original Factar Constrairt (FACORIG) 0.001
Derivative Switch (PHIREDSWH) o1
Fun Pest Predictive Analysis [
Use Automated User Intervention (AL [
Regularze Parameters [
Include Pilot Points [ Krige by zone (regardless of layer) [

Fun Models without Screen Output W iUse Commanddine versions! [

Write Amays as BExdemal Files [
-
-
Use Singular Value Decomposition (SWD) v

Maximum Number of Singular Values | Iv Use NPar
Wite all eigenvectors to file

Eigenvalue Threshhold IW

Supplement Filat Points with Hydraulic Cond/Kz Targets [

oK | Cancel | | Help

Click OK when you are done. That is all you need to do for a simple Pest problem. By “simple” we mean

estimating just a few parameters in zones with only head targets. If you had other target types you would
also need to activate those on the Target tab shown above.

<]

L

Now just like MODFLOW you need to have GV create the Pest input files. Select Model|Pest|Create
Datasets. Another important step with Pest is to run pestchek which looks for problems in the pest input
files. Do this now using Model|Pest|Run Pestchek. GV will run Pestchek and put the messages in a text
file, then display that text file in your text editor, as shown below.
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""" pestchek tet - Notepad " | = =] |£h]-‘I

File Edit Format View Help

|
FESTCHEK Version 12.1.0. watermark Numerical Computing.

EFrors —-—-—-— =
No errors encountered.

warnings ----- =
No warnings.

Lnl Coll
. EEE———— B3 c— o

There must be no errors in order to continue. Warnings are generally not important but if you get some
warnings and are not sure of their significance, feel free to send us the pestchek output. In this case you
should get no errors or warnings.

The last step is to run Pest. Choose Model|Pest|Run Pest. A console (DOS) window should pop up on your
screen like the one below.

-
B ' Ch\gwvE\pest.exe ‘ |£‘é]

Model calls so far t 12
Starting phi for this 1terat10n- L.58226E-A2

Calculating Jacobian matrix: running model 4 times
4 runs completed.

Lambda = 1.3572
running model
Phi = 2.028%4E-A2

Lambda = B.678608
running model
Phi = 2.82642E-82 <« B.368 of starting phi)

No more lamhdas: relative phi reduction between lambdas less than B.81088
Lowest phi this iteration: 2.82642E-82

Mascimum factor change: 1.873 ["k=1"1

Haximum relative change: 7.32V3E-82 [“"k=z1i"]

OPTIMISATION ITERATION NO. 4
Model calls so far
Starting phi for thisz iteration 2.82642E-82

Calculating Jacobhian matrix: running model 4 times
e

During each pest iteration, the model is run one or two times per parameter. Phi is the sum of squared
errors, which in our case starts out at 42.9. As Pest runs, this value should decrease. In the example shown
above, Phi is 0.02 at the 4™ iteration. It quits soon after that.

When Pest finishes the parameter estimation run, it runs the model one time with the optimal parameter
values. To see how it did, just use Plot|iImport Results. Those results are the ones from that last simulation
that Pest ran. You should see that the residuals are all quite low (< 0.1 ft).
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If you select Plot|Calibration|Statistics, you’ll see that the sum of squared errors is quite low at about 0.02.
To see the final parameter values, select Model|Pest|View Parameter Estimates. This shows the Pest par
file output.

g noerss = | Bl [
File Edit Format Aiew Help
| single point -
kxl 50.32396778500000 1.000000 0. 000000
kx2 9.735365236600000 1.000000 0. 000000
kzl 3.789526383000000 1.000000 0. 000000
kz2 32.23820370300001 1. 000000 0. 000000
|
4 I
Lnl Coll

The first column contains the variable names, which should be obvious but they are also in the order
presented under Model|Pest|Parameters if you have any questions. In this case, Pest decreased Kx1 from
100 to about 50, which is the correct answer. You will also notice that Kx2 is lower than Kz2. This
happened mainly because Kz2 is a very insensitive parameter. You can see relative parameter sensitivity
using Plot|Calibration|Pest|Final Sensitivities. A bar chart is created to illustrate the parameter sensitivity
coefficients computed by Pest. The larger the bar, the more sensitive is the parameter.
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You can see from this that Kz2 is totally insensitive. The best way of dealing with this situation is to
simply not estimate that parameter. You can try this by going back to the Pest parameter spreadsheet and
removing the check next to Kz in zone 2. Then recreate the Pest input files and rerun Pest.

Once Pest is finished, it has estimated new values for model parameters and boundary conditions.
However, those values are not part of your model design in Groundwater Vistas. They reside in the *.par
file that Pest creates. To update the model with the latest Pest parameter estimates, select
Model|Pest|Update Parameters. After using that function you should be able to run the model and get the
same results that Pest did at the end of the estimation.

Setting Up a Transient Model

We will now load the previous model that you saved as T2.GWV. Select File|Open and select T2.GWV
(or whatever you called the one before starting on MODFLOW2000).

You will now set up a model to evaluate the recovery of the aquifer after the pumping wells are shut off.
The key aspects of this session will be to delete the 2 wells in layer 3 and set accurate initial conditions
from the previous head-save file. First, to make sure that the proper head-save file exists we will rerun the

T2 model. Simply click the calculator button , create the MODFLOW data sets, and run the model.
You do not need to import the results after the simulation.

The first step is to set up MODFLOW options to make a transient run. Select

Model| MODFLOW!|Packages and change the root file name to T3. Now select Model|| MODFLOW|
Package Options and uncheck the option labeled Steady State Simulation. Also, change the number of
stress periods to 2. Click OK when you are done. Groundwater Vistas will ask if you want to copy
recharge and ET to the new stress periods. Answer YES to these questions. Then GV will ask if you want
to edit the stress period setup. Also answer Yes to this. We will have the first stress period be steady-state
and the second stress period be transient. Do not change stress period 1 (1 time step of 10 days duration).
Change the stress period length to 60.0 days for stress period 2. Change the number of time steps to 30 for
stress period 2.
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Stress Period Data L&J

Period Length | No. Time Steps | Time Step Multiplier i | Ok |

1 {10 1 1.2 Cancel |

2 G0 20 1.2

3

4

5

= *

«[ - [rnpart...

Since we are using MODFLOW2000, we also have to set the stress period type for each stress period.
Groundwater Vistas knows this and will next display the stress period types spreadsheet. You could also
get to this using Model| MODFLOW?2000|Stress Period Types|Edit Stress Period Types. Make sure that
the type is set to O for stress period 1 and 1 for stress period 2. A value of 1 means a transient stress period
and zero is steady-state. Each stress period in MODFLOW?2000 can be individually set to either steady-
state or transient and you can mix them within any simulation. This is very handy, as we will see.

-

Stress Period Type (0=55, 1=TR) @

Type d

1 |0 Cancel

2 1

3

4

+
«[ | +

We now have a simulation with one steady-state stress period followed by a transient stress period. This is
a very common type of simulation when performing a transient calibration for example. The next step is to
turn off the wells in the second stress period to see how long it takes for the aquifer to recover.

We will start by editing the wells in layer 3. Click the + button next to “Layer” on the Reference Cube
until you are in layer 3. Now, select BCs|Well to edit the wells. Move the cursor over one of the two wells
(they are red squares on the screen) and double-click the left mouse button. Now, turn OFF the flag that
says “Steady-state Boundary” and click the transient data button. In the first line of the spreadsheet enter a
1 for the starting and ending stress period. Enter -40000 for the pumping rate. You can then either leave
line 2 all zeros or to be more explicit, enter a 2 for the starting and ending stress period and a zero for the

pumping rate. This tells GV to have the well pump 40,000 cubic feet per day in stress period 1 and nothing
in stress period 2.
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Transient Boundary Condition Data

Starting Ending Head Concentration Flow Width
Stress Period | Stress Period | (Q for Wells) {Stream Only) | {Stream Only)
1 1 -40000 0 0 0
2 | 0 0 0 0

L= S R

Caticel

b ——

Repeat this procedure for the second well, which pumps -30000 cubic feet per day.

Steady-state models do not require accurate starting heads, however, transient simulations should start with
accurate heads in all cells. By accurate, we mean that the heads should be consistent with properties and
boundary conditions, otherwise the first few time steps are spent equilibrating the model to the boundary
and parameter setup in the model. In this example, we really do not need to have accurate starting heads
because the first stress period is steadystate. However, this is a useful thing to know how to do so we’ll set
up starting heads from the previous run anyway. In this example, we will use the heads from the T2
simulation. Select Model|MODFLOW/|Package Options and click on the Initial Heads tab. Change the
option at the top to Set Heads from Headsave, BASIC, Surfer, Matrix and enter t2.hds next to file name for
the head-save file.
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MODFLOW Options

=)

IBS/SUB | Density | 1/0 Fommats | Streams | Wels | MNW Package | Wetlands |
Basic | BCF-LPF | Output Control Initial Heads | Recharge - ET | Resaturation | CHDs |

Head-Save File Options

Intial Head Location |Set Heads from Head-save, BASIC, SUURFER, matric j

File Name |C:"-.G‘.".n"-fE‘-il_rtDriaI"-.wu:urk"-iE.hds

Stress Period 1 Time Step 1

MOTE: You can only specify a time step/stress period when writing heads to
the BASIC Package. When reading heads directhy from the binary files,
MODFLOW starts reading from the beginning of the file.

| Set All Intial Heads at Least 1 Above Layer Bottoms

[+ Surfer File {f applicable}is in Site Coordinates

Default Heads In Each Layer

Heads L+
1 150
2  |150
3 |150
4
+
[ *

[ Save Starting Heads to Initial Head Property Mext Time MODFLOW Files are Created.

e

oK Cancel | | Help

Transient runs require storage coefficients for each cell in the model. This has already been set when you
set up the first run. Each cell in the model is assigned a storage value of 0.01. You can confirm this by

selecting Props|Storage. Next click the database button on the toolbar

. Zone 1 should have specific

yield and storage coefficient values of 0.01. When using MODFLOW2000 with the Layer Property Flow
(LPF) Package, note that the first column in the database is specific storage. This is different from the BCF
Package where this value would be the dimensionless storage coefficient. Change specific storage (Ss) in
this example to 1.0e-05. Click OK when you are done.
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Zone Database Information

Zone Database

Storage Property Zone Values
Stress Perod Mumber: 1 (Recharge/ET Only)
Mumber of Zones |10 E
S5 Sy Porosity Porosity2 Color |+
1 [1.0e09 0.01 0.01 0
2 |0 0 0 0
3 |0 0 0 0
4 |0 0 0 0
5 |0 0 ] ]
G ] 0 0 0
¥ |0 0 0 0 +
« | -
0K | Cancel | ol Help

L

GV allows you to monitor head, drawdown, and concentration over time during a transient simulation.

You must first add observation wells, though to record the heads. Select from the toolbar to enter
Analytic Element mode. You add observation wells by selecting Add|Well. Move the cursor to Row 7,
Column 15 and click the left mouse button. Make sure to change the pumping rate to 0.0 and place a check
mark next to Monitor Head|Concentration vs. Time. Enter a 1 next to Top Layer of Screen and 3 next to
Bottom Layer of Screen. When a monitoring well spans multiple layers you will get a hydrograph for each
layer. Click the Name button and enter MW-1 for the name of this monitoring well. Click OK when you

are done.
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‘Well Information . Iél

Basic Data | Fracture Well Data | Muti-Node Well Data |

Spatial Parameters

X [44777 B v [s2176s

[ Use Blevations to Allocate Fow Rates

MNOTE: When allocating rates based on elevation,
the top and bottom layer of screen will be reset

Top Layer of Screen 1
Eottom Layer of Screen 3

Top Elevation of Screen 0

automatically based on layer elevation. Bottom Elevation of Screen lﬂi
Well Options
Steady-state Pumping Rate |I]I v Pumping Rate is Steady-state

Concentration |0 Component |1 |

[ Store Data for &l Component Concentrations |

[+ Monitor Head/Concentration vs. Time

|5tE|I'|I:|E|I'I:| ﬂ Well Type

[ Use as Fracture Well (FWL4) or Mutti-Mode Well (MNW) [ Use with PWLS -

Pumping Level for FWL4 or MNW 0
| Colar...

Reach Mumber 3935 {Only used for Mass balance at this time)

oK | Cancel | Help |

b

We will do one other thing that is very useful. Normally, MODFLOW computes drawdown in any given
time step by subtracting the heads computed for that time step from the initial or starting heads of the
simulation. It is often desirable, however, to have MODFLOW compute drawdown based on the heads
computed for another time step. In our example, we would like drawdown to be computed based on the
steady-state heads computed in stress period 1. MODFLOW2000 and MODFLOW?2005 have an
undocumented feature that allows this to happen. Select Model[MODFLOW]|Package Options — Output
Control tab and turn on the option for custom output control. Then enter 11 custom time steps.

Groundwater Vistas Version 5 Page 46



r

-,
MODFLOW Options . u

IBS/SUB | Density | 1/0 Fomats | Streams | Wells | MNW Package | Wetlands
Basic | BCF-LPF Output Control | Inital Heads | Recharge - ET | Resaturation | CHDs

Head Print Format [10G114 | ¥ Wrap

Drawdown Print Format ~ [10G11.4 -] WV Wrap

Head-save Unit No. |3'|] Drawdown Unit No. |3'|

¥ Use Custom Output Control

Mumber of Custom Steps I'l'I

Prirt/Save Heads Every I'I Time Steps
Prirt/Save Drawdown Eveny I'I Time Steps
Save Cel-by-Cell Flows Every I'I Time Steps

¥ Dizable Printing of Head/Drawdowns ta Dutput File

[T Ahways Save Data at Last Time Step of Fiun

[T Always Save Data at Last Time Step of each Stress Period
[T Ahways 5ave Data at Fist Time Step of Fun

[ Use Compact Budget File Format
(Mote: Mass balance hydrographs do not work with Compact Budaet Files)

¥ Feference Drawdown to Stress Period 2

QK I Cancel Apply Help
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Now, select Model| MODFLOW!/|Custom Output Control. Enter the information as shown below.

[ Custom Cutput Contral Settings l I.i‘z-,l-‘I
Stress Period | Time Step | Save Head Save Ddn Save Conc. | Save CBC Ddn Ref Print Hea| *
1 1 1 1 1 0 1 1 0
E 1 1 1 0 1 0] 0
3 |2 2 1 1 0 1 E 0
4 |2 4 1 1 0 1 0 0
5 |2 ] 1 1 0 1 0 0
6 |2 ] 1 1 0 1 0 0
7 |2 10 1 1 0 1 0 0
g8 |2 15 1 1 0 1 0 0
9 |2 20 1 1 0 1 0 0
10 |2 25 1 1 0 1 0 0
" |2 30 1 1 0 1 0 0
12
13
14 3
CIl [+
Notes: Copy to Clipboard Paste | (]9 | Cancel |
1. Time Steps not identified o this sheet will nat have
any output to the binary files,
2. For gaving, printing, and drawdown reference, 1
means ez and 0 meansz Mo

Do not forget to enter a 1 in the first row of the table under the heading Ddn Ref. This is the flag that tells
MODFLOW to compute drawdown from the results of this time step.

You are now ready to run the two-stress period model. Click the button to create data sets and run
MODFLOW. When the run is done, select Yes to import the results. Click the Browse button at the top of
the import dialog to see what time steps have been saved in the head-save file. Choose time step 30 in the
second stress period. Make sure you are in layer 1 and your screen should look like the following:
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By pe Edt Wew AE Pt Model Gid BCs Props XSect 3D Beports Window Help
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X

DB 45 &S B EE W EE Emoorow ~| & B [well =] [Be[Hydraulic Conductivity | G[A,|| Dr|#s| 2|%|0b
Flows Number T E | soun Cross-Section Along Column 15 North I

Cohmnbumber. 15 B ) I
Lperbumber. 1 B // // / / //l/%

Shress Period [TH I

Camponent Mumber: [1 B
Eigure Number, [H

- - =l /
g 3 8 '
2 B

=1
z5l
T 155

153
54

=15y
=13
————— 155

A1 contour [ CrossSection 3 Layout /. ||| +

Zone:L Koc=10002-+002 Ky=10002+002 Kz=10002+00L Properties R [CLL [L1 [3357.15 252884 153.06 sP2 [Ts30 [TTSL 700
—— =

You can plot a hydrograph for the observation well you added by selecting Plot|Hydrograph|Monitoring
Well. A dialog will show all of the observation wells in the model. In this case, there is only one. Click
OK and your screen should look like the one below.

Head vs. Time at MW-1
1538 Layer 1
a = Layer 2
1531 — s Layer 3
152 4 —
h=]
©
@ |
I
151.7 —
150.9 — |
150.2 I I I I
10.0 220 340 46.0 58.0 70.0
Time
A Graph Layer 1 Layer 2 Layer 3
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A new option in GV6 is the ability to plot small hydrographs on the plan view next to a well or target.
Right-click the monitoring well you just added and select Hydrograph from the context menu. You should
see a small hydrograph next to the well as shown below.

— v — — —

Gjj GWhistas - INew_gv6 sutorial transient gw] 4 - SHACHL_* _
Gy Fie Eor Wew AF Pot Model Gid BCs Props XSecr 3D Repons Window Help = ES
Dl E| # %2 S| EE|E|w|E|E Evoorow <] & Bu|constant HeadfCone.  *| B [Hydraulic Conduciivity -] Gifa, | 4|7
Bow Humber =] South Cross-Section Along Column 15 North
Column Mumber. 15 E
Laver Number: 1 E ﬂ // // /

Shiess Period =] I
Camponent Mumber: 1 E +
Figure Number ] ,‘, % - :

e 2 o -
= = & . /
w o ¥ L]
= 3
2 8 ’
g E I / !
E 3 8 ®
@ o / :
- R
B 3 &
9:1 o (
+
4[F%_contour Cross Section J[+[[ [ +
AEM Rl C15 L1 914535 21029 NaFlow SP2 |TS3D |TTSL T-700

You can control the size of the hydrograph using Plot|Hydrograph|Plot Options.

This ends the transient simulation. Save this file for later use by selecting File|Save As. Enter the file
name TR.GWV.

Transport Modeling with MT3D

We will now introduce you to transport modeling using MT3D. Groundwater Vistas comes with the public
domain version of MT3D that has been compiled specifically to work with GV. We will use the new
version called MT3DMS but we will just refer to it as MT3D in the following discussion.

MT3D simulations start with a MODFLOW simulation. MODFLOW creates a special flow file (similar to
a cell-by-cell flow file) that MT3D uses to compute velocities and flow rates into or out of boundary cells.
We will start by going back to the original T2 steady-state run. Close any open models in GV and select
File|Open. Select the T2.GWV file.

We will now add a source of contamination in the transport model using a special recharge zone. This is a
handy way to introduce a source of contamination and is appropriate for leaching of contaminants from the
unsaturated zone. Select Props|Recharge and then select Props|Property Values|Database. Enter a
recharge rate of 0.002 in zone 2 and a concentration of 1000.0. Change the color to a nice red! (To change
the color, double-click the color field for zone 2).
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Zone Database Information

Zone Database

Recharge Property fone Values

Stress Period Mumber: 1 (Recharge/ET Onily)

Mumber of Zones |10 E

Recharge Conc Ponding_Depth Color |+
1 |0.002 0 0 0
2 |0.002 fooo 0 0 |
3 o 0 0 0
2 o 0 0 0
5 |0 0 0 0
8 |0 0 0 0
7 o 0 0 0 r
«| +

ok | Cancel tooy | Hep |

he

Now, as in the hydraulic conductivity example described above, select Props|Set Value or Zone
Numbers|Window and drag a window on the east side of the model, similar to the example below. Make

this window area zone 2.

CEDEErg . e~ W WY N, Ve W

Gy Fe Eor Wiew Af Pt Model Gid BGs Props XSecr 3D Repons Window Help HEE
D‘B“ | | ‘@ ES\EH\@\E|I11|| MODFLOW -| & H‘Cunslanl Head/Conc. <] ’E‘Rechame =] Gi|A.|| Dr|fE| ¥ %|Dn
| Fow Number | South Cross-Section Along Column 15 North
1 Colurn Number: 15 B :
Layer Number E
Shress Period, ]
Component Number: |1 B 5 10 15 20 25 +
Figure Number ] I
T, 3
5
[
10
[
15
20
25
30 |
+
[A[F]\_contour  Cross Section 3 Layout =0 + |

Zone:l Recharge=20002-003 Conc=0.000z +000 Ponding_Depth=0.0002+ 000

Properties |[R13 [C1E [L1 [515013

354403 NoFlow

The basics of the contaminant transport and flow models are now configured. You need to first run
MODFLOW to generate the flow file for MT3D. Select Model|MODFLOW)|Packages and change the
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root file name to T4. Place a check mark next to Mt3D Flow Output at the bottom of the dialog. The latter
option creates the file that MT3D requires.

-

MODFLOW Packages

| Create Map File
[ Create Path3D Files

Root File Name |4 | ok Cancel |
MODFLOW Version [MODFLOW2000  ~| =
Run MODFLOW in Double Precizion I IUNIT Location  Edit
Package it Mo Create? Cell-by-Cell Flaw {Edit Outputh |
Basic |17 ™ it Mo J
BCF o o =
Output Contral |227 v J
Solver M v Fosz | [15 ]
Wel [P~ O _
River Ini u Ini J
Drain Iﬂi - IEIi J
General Head Iﬂi u Iﬂi J
Stream Iui [ |':I |-I 4 J
Recharge I'lsi [ lani J
er o SR |
wall om » e _|
CHD R ET
MM o r m ]
|227

v Automaticaly Feset Package Units

e

Select Model|[MODFLOW|Stress Period Setup and change the length of the stress period to 100.0 days.
The length of the MODFLOW simulation will then be the length of simulation for MT3DMS. Finally,

click the button to run MODFLOW.

After MODFLOW is done running, you need to set some MT3D options. Start by selecting

Model[MT3D|Packages. Change the root name to T4MT and make sure the version is MT3DMS at the
bottom of the dialog. Then turn on the GCG solver package and turn off reactions. We will assume a

conservative tracer as a contaminant.
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L

MT3D Packages

S5

MT 3D Root File Mame tdrnt

Package [nizlude
Bazic Tranzport [ETH]
Advechion [A0%] v
Digperzion [D5P] [w
Source/Sink [SSM) [w
R eactions [RCT] |
GCG Solver [GCG) v

HS55M Interface [HS5]

.

M aotes

Create E dit Cancel

<
L

<

<l =

< 7

To uze Implicit Finite-Difference in MT30MS, use the
GCG Solver and choose Finite Difference as the salution

zcheme in the Advection Package.

Version  |MT3DMS -

Now, select Model|[MT3D|General Options and click on the Advection tab. The first option on the dialog
is the solution scheme. Make sure this is set to Finite Difference. This scheme is the most stable of the
MT3D methods and often gives the best mass balance, although TVD is quite good as well. The main

problem with TVD is that run time is much greater than for finite difference.

-

MT3D Options

[

Printing ] Reactions ] Species Data ] Time Stepping
Basic Transport Advection ] Aray Formats ] GCG Salver ] Intial Concentrations
Card B1 Card B2
Solution Scheme - Tracking Algorithm Combination -
Courant Number |1— Conc. Weighting Factor ’D57

Madmum Total Particles 5000
Weighting Upstream &

Card B2

Small Conc. Gradient W
Particle Planes ID—
Particles per Cell (NPL) o
Particles per Cell (NPH) [6
Min. Particles per Cell |27
Max. Particles per Cell r
Muttiplier at Source Cells l'li

Card B4 and B
MMOC Sink Pattem (NLSINK) ]
MMOC Particles/Sink (NPSINK) 16

HMOC Conc. Gradient 0.005

(DCHMOC)

l

QK | Cancel Help
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Next, click on the Printing tab. Place a check mark next to the item labeled Save Concentration in Binary
File. Change the frequency of output to Every N Time Steps and the number to 2.

-
MT3D Options Li_:hJ

Basic Transport ] Advection ] Amay Formats ] GCG Solver ] Initial Concentrations l
Printing ] Reactions I Species Data ] Time Stepping I
Parameter Output Format Wrap
Mumber of Particles Do Nat Prirtt r
Concentration ,W r
Il Retardation DoMNotPit ~| |~
| Dispersion Coefficients ,W r

[ Save Concentrations in Binary File

Frequency of Output Every N Time Steps j |2

Print Times... |

QK | Cancel Help

Click on the Time Stepping tab. Confirm that the initial time step size is 0.1 with a maximum step size of
500 days and a multiplier of 1.2. Although the MODFLOW run is steadystate, the MT3D run is transient.
The same velocities will be used for each MT3D time step. It is generally a good idea to start the transport
simulation using very small time steps and increase them gradually. Note that if you choose TVD, the time
steps are uniform in length and MT3D will generally override your chosen time step size if it is too large.

A
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MT3D Options ﬁ

Basic Transport ] Advection ] Amay Formats ] GCG Solver ] Initial Concentrations ]
Printing | Reactions | Species Data Time Stepping

Transport Time Step Size 0.1]

Mandmum transport steps per flow step 500

I[  Time step multiplier (MT3DMS oniy) 12
f|  Maimum Time Step Size (MT3DMS 100

ok | cancel | Help |

You are now ready to run MT3D and contour the concentrations. Select Model|lUse MT3D. Now, when

b

you click the button, GV runs the MT3D model. Do this now. If MT3D does not run, select
Model|Path to Models and confirm that the MT3D model is MT3DWIN32.dll.

After MT3D is done running, import the results. When the import results dialog is on the screen, click the
Browse button next to the transport time step. This shows all of the times that concentration was saved.
Choose the last time step at 100 days (should be step number 30). Click OK and GV will read heads and
concentrations.

Select Time Step and Stress Period ﬁ
Time Step Stregz Period Time
a 1 1] 1.650e+000 -
10 11 1]  2536e+000 Cancel
12 1[ 1] 3.958e+000
14 1[ 1] 5.920e+000 3
16 1[ 1] 8. 7d4e+000
14 1[ 1] 1.281e+001
20 1[ 1] 1.867e+001 o
22 1[ 1] 271 0e+001 I
24 1[ 1] 3.925e+001
26 1[ 1] 567 4e+001
20 101 2.192e+001 _ .
10 1] 1.000e+002
b
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Import Model Results

Fiead Data for This Time Period

Stress Period |1 Time Step 1
MT3D? [ Tranzport Time Step 30

Head File |I::‘-.EW"-.J'E'xtutDriaI"uwurk'xtﬂl.hl:ls

Drawdawn File |I::"\GW"-.IE"-.tutn:nriaI'anrk"-.td.ddn

Concentration File |I::'\GW"-.-’E'\.tutu:uriaI'\wurk'\.tdmt1 ch

Cell-by-Cell Flaw ||::'\GW"\-"E"-.tutDrial'xwurk"-.td.u:I:-I:u

<l

Contour YW ater Table in Laver 1

Heads are in double precizion

Drawdownz are in double precizion

Concentrations are in double precizsion

I

Cell-by-cell Flows are in double precizion

Browsze. ..

B, |

Browsze. ..

Browsze. ..

Browse. ..

Browsze. ..

gl

Interpalate Targets & Observation Data [ Plat Preszure Head

Contour Maximum Concentrations in Layer 1 and Bow 1 in Section

0K

Impart?

v

-
v

.

Cancel

By default GV contours heads. To contour concentrations, select Plot|What to Display. Change the

variable to contour from Head to Concentration. Click OK and GV will contour concentrations.

Concentrations are contoured on log cycles. Select Plot|Contour|Concentrations if you want to change

the starting log cycle or turn off the log contouring.
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Stochastic MODFLOW

The official name of this product is Stochastic MODFLOW but it also includes Monte Carlo versions of
MODPATH, MT3D, and Groundwater Vistas. Stochastic MODFLOW is the first modeling environment
for the MODFLOW family of models that allows for the quantification of uncertainty.

The stochastic simulation method used in this software is called the Monte Carlo technique. This document
is meant to be a practical guide to Monte Carlo simulation as it is applied to the groundwater models
MODFLOW, MODPATH, and MT3D. No basic instruction is provided on using MODFLOW,
MODPATH, MT3D, or on geostatistical simulation techniques. We assume that you are already familiar
with these models.

Groundwater Vistas plays a vital role in using the Monte Carlo versions of the MODFLOW family of
models. GV provides a convenient way of generating data files for the models, launches the models, and
most importantly helps to make sense of the results. You will require a special version of Groundwater
Vistas, called the Advanced version, in order to be able to run stochastic simulations. 1f you would like to
run through this tutorial to see how the monte carlo versions work, simply remove the dongle from your
parallel port. In demo mode, GV allows you to test out the features in the Advanced version.

Stochastic MODFLOW comes with Monte Carlo versions of MODFLOW, MODPATH, and MT3D. These
are console applications that run in a DOS window. Windows versions will be available in the future. The
stochastic models are located in the Groundwater Vistas directory (default: c:\gwv6) and are named:

Smodflow.exe Stochastic MODFLOW
Smodpath.exe Stochastic MODPATH
Smt3dms.exe Stochastic MT3DMS

This tutorial covers the basic operation of the Monte Carlo versions of MODFLOW, MODPATH, and
MT3D. The tutorial assumes that you are already familiar with Groundwater Vistas and have run the
general GV tutorial in the previous sections of this chapter.
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You should first start Groundwater Vistas and open the GV file called stutor.gwv in the tutorial directory
(default: c:\gwv6\tutorial). The following sections show how to configure the simulation, run the Monte
Carlo versions of MODFLOW, MODPATH, and MT3D, and analyze the results.

You need to confirm that the working directory is set up correctly. Select Model|Paths to Models and
make sure that the working directory (c:\gwv6\tutorial) exists. If this directory does not exist, please
change it to one that is valid.

Stochastic MODFLOW

In a deterministic model, you have a fixed set of parameters and boundary conditions, usually from a
calibrated model. When making predictions, you simply change the stresses in the model to simulate what
will happen to the groundwater system in the future. You make one run and present the result in a report.
In some cases, you may bracket the deterministic solution with a best and worst case. While this approach
is generally accepted in our industry, it does not really address the issue of uncertainty in parameter
distributions in the model and how that uncertainty effects our predictions.

In monte carlo modeling, on the other hand, you can make key model parameters uncertain by specifying a
distribution type and associated statistical characteristics. Instead of making one simulation, you make
hundreds or thousands of simulations. In each simulation, a different value is selected for the uncertain
parameters. When processing the results of a monte carlo simulation, you look at the probability that
something will happen by evaluating all of the hundreds or thousands of simulations. GV helps you
perform this evaluation by organizing and summarizing the monte carlo simulations.

Open the file called stutor.gwv located in the gwv6\tutorial directory. We will start this example by
selecting the parameter that will be uncertain. In this case, we will just use horizontal hydraulic
conductivity in Zone 1. Select Model|Stochastic|Parameters. Select Kx as the parameter type. Use a
normal distribution, zone number 1, standard deviation of 30.0 ft|d, minimum value of 10.0 ft|d, and
maximum of 500.0 ft|/d. Your screen should look like the following dialog.

[ Stochastic Parameters &J‘
Parameter Defirition
Parameter Type Distibution ~ Zore/Reach  Std Dev.  Minimum  Masium
1 [Kx x| |Momal ] 3 30 i |500 ﬂ
2 |Mone v| |Momal  ~| D 1 " "
3 |More w| [Momal  ~| [0 I I I
4 |Mone v| |Momal  ~| D 1 " "
5 |Mone | [Momal  +| 0 I 1 1 -]
Cancel

L

Next, select Model|Stochastic MODFLOW Options. Use an output file name of smod.out and 100
realizations. In the jargon of monte carlo simulations, a realization is one MODFLOW run. An ensemble
is the collection of all realizations, 100 in this case. Before running the model, change the root file name to
t2s. This is done by selecting Model| MODFLOW)|Packages.

We have now selected the parameters that will vary with each realization and how they will vary. In this
case, Stochastic MODFLOW will use a normal distribution for sampling of K values and will limit the
range to between 10 and 500 ft|d. We will also run 100 realizations and each realization will use a
homogeneous K distribution.
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Now run the simulation by selecting Model|Stochastic|Create MODFLOW Datasets and then
Model|Stochastic|Run Stochastic MODFLOW. If Stochastic MODFLOW does not run, check

Model|Stochastic|Paths to be sure that you have smodflow.exe for the Stochastic MODFLOW program

and it is pointing to no directory or the directory containing the program (c:\gwv6 by default).

After the simulation is done, you may do some calculations and display some of the stochastic results. The

first thing to do is to compute the mean head field and the standard deviation in heads. Select
Plot|Stochastic|Compute Mean Std. On the dialog, enter the name of the head-save file

(c:\gwve\tutorial\t2s.hds) and also enter a name for the mean and standard deviation files (mean.hds and

std.ddn are good choices). Click OK to compute these values.

-
Extract Mean and Standard Deviation

File to Extract From |I::"-.G"v'-.-'"-.-"E'xtutcuriaI"-.wcurk'xtES.hu:ls Browse. ..

Extract bMean to |mean.hds Browse...

Extract Std Deviation ta |std.ddn Browsze. ..

File Type |Hea|:| or Drawdovn j
Tranzpart Time bo Campute (MT30 anly] 0
Compute fram Stress Period 1 ko 1

ak. | Cancel

Iy

L

We will now import the mean and standard deviation into GV for contouring. Select Plot|Import Results.
Browse to find the mean.hds file for the head file and the std.ddn file for drawdown. Even though the latter
file is not really drawdown, it has the same format as drawdown. Your screen should look something like

the following (you may need to modify the contour interval to get the exact same results).

r ~
Import Model Results &J

Read D ata for Thiz Time Period

B
Stress Period |1 Time Step 1 M
MTID? i Tranzpart Time Step 1 Browse...
Irport ?

Head File |E: WEWAEtutorialvwork mean, hds Browse... v

Dravdown File |C:\GW’\IB\tutoriaI\work\std.ddn i Browse.. : 2

Concentration File |C: guevBhtutarialwiark hgvmt3d1.uch Browse... I
Cell-by-Cell Flow |E: wgwvBstutorialvwork M2z .cbb Browse... I
¥ Interpolate T argets & Observation Data [~ Plot Pressure Head
I Combour ‘Water Table in Layer 1
[ Cortour Masimum Concentrations in Laper 1 and Fow 1 in Section
[™ Heads are in double precision
[ Drawdowns are in double precision
I Concentrations are in double precision
™ Cell-by-cell Flows are in double precision s Cancel
h
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The contour map on your screen is the average of heads from the 100 realizations. To contour the standard

deviation in head, select Plot|What to Display. Change the contoured variable from head to drawdown.
Remember that drawdown in this case represents the standard deviation.

This shows the variability in head through the 100 realizations. Remember from basic statistics that about

68 percent of the heads in the simulation should fall within the one standard deviation of the mean and
about 95 percent will fall within two standard deviations.

Now we will evaluate how the calibration results look for the various realizations. First select
Plot|Stochastic|lmport Target Data and choose the file t2s.hds as the input file. One way of looking at
the results is to create a scatter plot of sum of squared residuals for each realization. Select
Plot|Stochastic|Graph|Calibration Statistics. Simply click the Scatter Plot for All Realizations button
and you should see the following graph:
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The base case in this simulation has a sum of squared residuals of 39.4 so you can see that there are many
simulations that have a better calibration. You can see which ones are better by clicking on the tab below
the chart called “Sum of Squares”. If you scroll through the data spreadsheet, you will see that realization
number 57 has a sum of squared residuals of 0.25 which appears to be the lowest. To see what K value was
used in that realization, edit the file called param.dat. Scroll down to realization 57 and you will see that a
K value of 52.26 ft|d was sampled. In fact, this is quite close to the theoretically perfect value of 50.0 ft|d
for this simulation (that is, we created the targets in this simulation using a K value of 50 ft|d so we know
what the correct value is in this case). While this is somewhat wasteful of computer resources, you can see
that stochastic simulation could be used to augment model calibration (using the theory that even a blind
squirrel finds an acorn every once in a while).

You can even see the head distribution from realization 57 by selecting Plot|Stochastic|Extract
Realization. Select the file t2s.hds and enter a realization number of 57. Click OK to create a new file;
call it r57.hds. To view the heads, select Plot|Import Results and use r57.hds for head.

Another thing you will often want to do is justify that enough realizations were simulated. You can get a
handle on this by selecting Plot|Stochastic|Graph|Calibration Statistics as above and then press the
Cumulative Average button. Your screen should look like the following:
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In this case, we cannot say conclusively that 100 was enough. We would need to run 150 or 200 and
compare the results to see for sure. Basically if there is limited change in the cumulative average then you
might conclude that you ran enough simulations. Another check is that the mean head field should be
virtually identical to your steady-state calibrated model (assuming that all parameters used either a normal
or log-normal distribution). If the mean head field and the steady-state calibration heads are the same, then
you can at least conclude that you have sampled enough realizations to adequately characterize the mean
response of the model.

Another common type of plot is the CDF (cumulative distribution function) which can be plotted for targets
or observation wells. In the example model, we have 16 targets. You can create a CDF plot for a target by
selecting Plot|Stochastic|Graph|Target CDF. Choose the first target on the list and click OK (actually it
should already be chosen so just hit OK). Your plot should look like the one below.
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The CDF plot is interpreted by selecting a percentile (or probability) and stating that the there is a
probability of X that the head value at this target is less than that value. In the example shown above, there
is an 80 percent probability that the head at target MW1 will be less than 152.9 ft. The CCDF plot is the
inverse of a CDF plot (i.e., the probability is that the value will be greater than a selected value). You
create a CCDF plot just like a CDF plot but when you select the target you check the option for creating the
CCDF plot as described in the last chapter.

Stochastic MODPATH

Stochastic MODPATH has only one use in the current version. It computes the probability that a particle
will be captured by one or more boundary cells. These boundary cells are identified using a unique reach
number. For example, to compute the probability of capture of three wells in a wellfield, you would first
give these three wells a unique reach number in Groundwater Vistas. No other boundary cell (including
other boundary types like drains and rivers) can have this reach number. This technique is ideal for
wellhead protection studies and for evaluating the probability of failure of a pump & treat system.

We will now run Stochastic MODPATH to determine the probability of capture for the two wells in layer
3. These wells were previously assigned a reach number of 2 to distinguish them from the constant head
cells in layer 1. Before running the Monte Carlo MODPATH simulation, select

Model|Stochastic MODPATH Options and enter a 2 for boundary reach and change the particle option to
One Particle Per Cell. Your screen should look like the one below.
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When you run Stochastic MODPATH, the probability of capture for each particle will be written to the file
smpath.cap. After clicking OK on this dialog, select Model|Stochastic|Create MODPATH Data Sets.
Now run the model by selecting Model|Stochastic|Run Stochastic MODPATH.

After MODPATH is done with the 100 realizations, select Plot|Stochastic|Convert Capture to HDS.

First you identify the capture file (default is c:\gwv6\tutorial\work\smpath.cap but you may need to browse
to the correct directory) in a standard file open dialog. Next, you will see a file save dialog where you enter
the name of the head-save format file that will contain capture probability. Enter capture.hds here. Now
select Plot|Import Results and browse to find capture.hds for the head file. Your screen should look like
the one below.
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This plot is not very interesting because there is not a lot of variability in the capture probability for this
model. The example does, however, show how you can get a capture probability map for any problem.
Another useful technique is to use the color flood option (Plot|What to Display) for capture probability.
Your might try it in this case just to see how it is done.
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Stochastic MT3D

The third Monte Carlo model we will explore is MT3D. The example model has been configured with a
second recharge zone that injects contaminant in the recharge water. This is supposed to simulate a leaking
landfill or impoundment. We will add this parameter to the list of uncertain variables and then run
Stochastic MT3D. Start by selecting Model|Stochastic|Parameters. Enter a second parameter as recharge
concentration with a log normal distribution, a standard deviation of 1.0 (e.g., one order of magnitude), a
minimum value of 1 and a maximum value of 10000. The mean value is the concentration currently in
zone 2 which is 100. After entering this data, your screen should look like the one below.

[ Stochastic Parameters @-‘
Parameter Defirition
Parameter Type Distibution ~ Zone/Reach  Std Dew.  Minimum  Masimum
1 [Ks =l |Nomal =] 3 30 [10 |500 ﬂ
2 |RechargeConc.  +| |Lognomal »| |2 1 [ 10000
3 |None | |Nama  ~| [0 I [1 1
4 |Mone | |Hama  ~| |0 n 1 1
5  |Hone v| |Nomal =] |O 1 |1 |1 =]
ook | Cancel 'J

One other important concept to remember is that Stochastic MT3D does not use the observation well file
created by the standard version of MT3D. Instead, GV reads data for observation wells and targets from
the binary concentration file (ucn file). Because of this requirement, you must explicitly define what times
to save concentrations in the binary file. This is done by selecting Model|MT3D|General Options and
click on the Printing tab. In this example, we are only interested in the concentrations at the end of the run
so make sure that the frequency of output is 1. Click the Print Times button and confirm that the printout
time is 1000 days. When you run Stochastic MT3D on your own models, be sure to include as many times
as you need in the binary file but not too many. These files can be quite large.
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MT3D Options ﬁ
Basic Transport ] Advection ] Amay Formats GCG Solver ] Initial Concentrations ]
Printing Reactions Species Data ] Time Stepping ]
Parameter Output Format Wrap
Number of Particles Do Mat Prirt TS r
Concentration Dio Mot Prirt r
Retardation Do Mot Print = r
Dispersion Coefficients Dio Mot Prirt r
W Save Concentrations in Binary File
Frequency of Qutput MNumber of Specific Tlmesj |1
Print Times...
[l
ok | cancel | | Heb

We now create MT3D data files by selecting Model|Stochastic|Create MT3D Data Sets. Even though
this example is small, it may take an hour for Stochastic MT3D to run 100 realizations. Select
Model|Stochastic|Run Stochastic MT3D.

Processing the results is similar to Stochastic MODFLOW. First, compute the mean and standard deviation
for concentration at 1000 days. Select Plot|Stochastic|Compute Mean & Std. Fill in the dialog as shown
below.

-~

Extract Mean and Standard Deviation

File to Extract From |I::HGWEHtutDriaIHWDrkHMTED oo, Browse. ..

Extract bMean to |mean.uu:n Browse...

Extract Std Deviation to |$t'2|-u'3n Browse. .

Iy

File Type |MT3D Concentration

=l
1000
Compute fram Stress Period 1 ko 1

o]

Be sure to specify the transport time of 1000 and that the file type is an MT3D Concentration file. You can
now import the mean concentration and mean heads by selecting Plot|Import Results. The mean
contaminant plume should look like the one shown below.

Tranzpart Time bo Campute (MT30 anly]

Cancel

L
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One common plot you will want to make is a CCDF plot showing the probability that concentrations will
exceed a certain value in a receptor well. First, we will add an observation well near the southern-most
pumping well in layer 3. Make sure you are viewing layer 3 and that the A button (analytic elements) is
pushed down on the toolbar and then select Add|Well. Move the cursor to the southern well and click the
left mouse button. On the dialog, check the option to Monitor Head|Concentration and set the pumping
rate to zero. You must also set the top and bottom screen layers to 3. Your dialog should look like the one

shown below.

¥ o
‘Well Information Iél

Basic Data | Fracture Well Data | Muti-Node Well Data |

Spatial Parameters

ol 14517 .81 E Y: |3358.55

[ Use Blevations to Allocate Fow Rates

MNOTE: When allocating rates based on elevation,
the top and bottom layer of screen will be reset

Top Layer of Screen 3
Eottom Layer of Screen 3

Top Elevation of Screen 0

automatically based on layer elevation. Bottom Elevation of Screen lﬂi
Well Options
Steady-state Pumping Rate |I]I v Pumping Rate is Steady-state

Concentration |0 Component |1 |

[ Store Data for &l Component Concentrations |

[+ Monitor Head/Concentration vs. Time

|Stanu:|ard ﬂ Well Type Well Name... |

[ Use as Fracture Well (FWL4) or Mutti-Mode Well (MNW) [ Use with PWLS -

Reach Mumber 3935 {Only used for Mass balance at this time)

Pumping Level for FWL4 or MNW 0
| Colar...

oK | Cancel | Help

Now, we must import concentrations for observation wells. Select Plot|Stochastic|lmport Observation

Data. Browse to find the mt3d.ucn file from the Monte Carlo run and specify that the file type is
concentration as shown below.
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GV will report that 100 realizations have been imported. Now select Plot|Stochastic|Graph|Observation
Well CDF. Select the one observation well, select concentration as the type, and check the option for a
CCDF plot as shown below.

F B
Salect Well to Plot - ﬁ
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- —

Your plot should look like the following.
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The plot indicates that there is a 50 percent probability that concentrations will exceed 3.35 ppb.

This concludes the tutorial for the Monte Carlo versions of MODFLOW, MT3D, and MODPATH. You
have now seen most of the capabilities of these powerful simulators. You should now be ready to try out
some stochastic simulation on your own models!
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Using GIS Data in Groundwater Vistas

Building the Model

This exercise will build a more realistic model than the simple examples in the last
session. The focus of this section will be on integrating Geographic Information Systems
(GIS) with the MODFLOW model. Additional features for model design within
Groundwater Vistas will also be explored. The model built in this section will be used in
the next several sessions for particle-tracking, contaminant transport, mine dewatering,
and analysis of water supply scenarios.

The model consists of a bedrock aquifer overlain in some areas by an alluvial aquifer

system. The aquifer extends from a topographic divide to a large river. A three-
dimensional depiction of the model area is shown below.

419m

400m

A50m

250m

files)
The alluvial aquifer occupies the areas near the stream channels in the low-lying parts of

the model. Groundwater flows generally from the topographic divide to the streams and
also towards the major river to the east.
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A GIS is a very convenient way of constructing the various components of the model
design, including topography, hydrologic features (rivers and streams), geologic units
(e.g. alluvial units in this case), well locations, model extent, etc. The simple GIS for this
model is shown below.

Suface Graphics Window Help

| Weslfield shp

®

¥ Landfill shp
==

« Steams shp

¥ islands shp

+ Largeriver shp

1 Alluvium? shp
|

! Alluvium shp
=

+ Aquifer_hedy shp

| Imgrd
—1 Wentzville_pa.sid
+ C40076d3 1if
| O4007Td1 tif
« C40077c1 6f
¥ O40076c8 b

The interface between the GIS and the model design is through a series of shapefiles
shown in the GIS legend above. The files we will use for this model include:

Wellfield.shp Pumping well locations (points)

Landfill.shp Location of a leaking landfill (polygon)
Streams.shp Polylines of Tributary streams to the main river
Largeriver.shp Polygon of the major river to the east

Islands.shp Location of islands in the major river
Alluvium.shp Shallow alluvial unit

Alluvium2.shp Deep alluvial unit

Aquifer_bdy.shp Boundary of the aquifer (polygon)
Surface_topography.grd Surfer grid file of surface topography (not shown)

The only aspect of the model not provided in the files listed above is the design of the
finite-difference grid. Everything else about this model will come from the GIS. All of
these shapefiles were digitized in the GIS from aerial photography and topographic maps
in a relatively short time. In many cases, though, such data can be obtained from public
sources and modified to suit the needs of the model.
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The topographic data came from publicly available digital elevation models (DEM). The
program GlobalMapper (from www.globalmapper.com) was used to stitch together
several DEMs of the area and then export them to SURFER format, which Groundwater
Vistas can read. The GlobalMapper software is very easy to use and inexpensive. It is
very useful at converting between many different file formats and coordinate systems.

Starting the New Model

Start the new model by selecting File|New in Groundwater Vistas. Change the number
of rows to 50 and the number of columns to 150. Keep the grid spacing for both rows
and columns as 100 m. We will use 3 layers in the model. Change the default hydraulic
conductivity (Kx and Ky) to 1 m|d. Set the vertical hydraulic conductivity (Kz) to 0.01
m|d. Enter a recharge rate of 0.001 m|d. Your screen should look like this one.

Initialize Model Grid I,&J
Huorizontal Model Grid Vertical Model Grid
Mumber of Bows |5|:|_ Mumber of Layers |3_
Murnber of Colurnnz W todel Bottorn Elewvation ID—
niform 3 Spacing |1 oo todel Top Elevation |1IZIEI—
Inifarm " Spacing |1EIEI [ Layeis aie flat Laper Elevations |
Default Parameter i alues No. Zones
K ke [T Ky I kz  [001 o
Storage S lnmi Sy |EI.EI'| Parasity |D.EI'I |1|:I
Leakance 0.01 IT
Recharge Rate |0.001 Conc. 0 IT
ET Fate |0 E stinchion ’Di IT
Dispersivity Lang. |7 Transverse |':I Yertical |0 |1|:I
Sarphion Kd lni Denzity 157 IT
Initial Cone:. U IT

M aximum Stress Perods |1 Start with Strezs Period |1 Fead Every |1 Stresz Penods

WWorld Coordinates of Model Origin by |E| b |Ij Fiotation

MDDFLDW...| Evs___| TMH...| ok | Cancel |

:

Now, to register the model with a real-world coordinate system, we will import some of
the shapefiles listed above for base maps. The first will be the model boundary. Select
File|Map|Shapefile and browse to find the shapefile called aquifer_bdy.shp located in
the c:\gwve6\tutorial directory. After selecting this file, another dialog is displayed asking
you for a name for the map file. GV will read the shapefile and convert it to a
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Groundwater Vistas map file. Use the name aquifer_bdy.map. After importing this map,
you model should look like the one below.

You may wonder how Groundwater Vistas figured out the mapping between the model
grid and the real-world coordinate system. If you do not specify a non-zero value for the
X and Y coordinates of the lower left corner on the initialization dialog (shown above),
GV chooses the minimum X and Y coordinates on the first map file you overlay on the
model as the real-world origin. In this case, the origin of the aquifer outline is the correct
real-world origin for the model. If you create such an outline for each of your models,
then matching your model to a world coordinate system will be relatively simple.
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Note that there are several rows and columns that go beyond the edge of the model
domain. In order to conserve memory, you will delete these rows and columns.

To delete the rows along the northern side of the model, there are two approaches. First
option is to select Grid|Delete|Row, then move the cursor just below the top row in the
model, and click the left mouse button. The second option is to press the G button on the
toolbar and then press the R button that has a red “X” next to it on the toolbar
(immediately to the right of the “A” button). Then move the cursor just below the top
row and click the right mouse button. Use either method and repeat it 4 times.

Use the same basic approach to delete the two eastern-most columns.
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Importing Inactive Cells

The aquifer we are going to simulate lies within the polygon you imported as a base map.
All cells outside that boundary should be inactive (i.e., no-flow cells). We will import
the same shapefile we used as a map to automatically fill in those cells with no-flow
boundary conditions. This is done by selecting BCs|No-flow and then
BCs|Import|Shapefile. Browse to find the same shapefile (aquifer_bdy.shp). GV will
then ask you “Set no-flow cells inside polygon?”. Answer NO to this prompt and GV
will make cells outside the polygon inactive. GV will then ask if you want to delete
existing boundary conditions. Answer NO to this one as well (it actually makes no
difference whether you say yes or no to this one as there are no other boundary conditions
in the model).
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Remember that this is a 3-layer model. You imported the aquifer boundary shapefile into
layer 1. You also need to do the same in layers 2 and 3. Another option, though, is to
simply copy these no-flow boundary cells to the other layers. Go to layer 2 and select
BCs|Copy and click OK. Repeat for layer 3.

Before you add any other features to the model, use the File|Map|Shapefile menu to
display several additional maps. Import the shapefile on the left to create the map on the
right. Your model should then look like the one below.

Landfill.shp landfill.map
Streams.shp streams.map
Largeriver.shp river.map

Islands.shp islands.map

[Note: the map files listed above are already in the tutorial directory so they can be
used with the pre-built version of this model. If you get an error that these files cannot
be overwritten, then just rename them from the ones listed above.]
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Refining the Grid

Before we add any additional boundary conditions or aquifer properties, we will add
some additional rows and columns from the landfill area to the river. The easiest way to
do this is to press the G button on the toolbar (for Grid mode) and then the R button (the
one without the red x) to insert rows. Start with row 33 (just south of the landfill) and
work your way to the north, ending with row 14. Move the cursor within the row and
click the right mouse button. Repeat for each row.

Now insert new columns by pressing the C button on the toolbar and right-clicking from

column 76 (western edge of the largest island in the river) to column 48 (just west of the
landfill). After doing this, your model should look like the one below.
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The “rule-of-thumb” in finite-difference modeling is that the change in grid spacing
between adjacent rows and columns should not be larger than 50%. In the model we
have designed so far, there is a jump of 100% at the boundary of the refined grid. To
smooth this transition, select Grid|Edit|Smooth Grid. Click OK to keep the default
transition of 1.5 (50%) between adjacent cells.

Now is a good time to save your work. Select File|Save As and give the model a name
you will remember. In Version 6, Groundwater Vistas asks you if you want to change
root file names whenever you use the “Save As” command. This allows you to
automatically choose a new name for the simulation each time you save the model under
a new name.

Defining Layer Elevations

The next step is to adjust the layer elevations based on the digital elevation model (DEM)
in the file surface_topography.grd. First, make sure you are viewing layer 1. Select
Props|Top Elevation and then Props|Import|SURFER and browse to find this file in
gwve\tutorial. Check the option that the file contains site coordinates (e.g., the same
coordinates as the base maps).
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Click OK and GV will import the SURFER file and interpolate a top elevation for layer 1
from the DEM. The screen will probably appear a uniform red. To remap the colors,
select Props|Property Values|Reset Matrix Bounds. Now the elevation colors should

look like the following.
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In a fully 3D model, you need to define the top elevation for layer 1 and then the bottom
elevations for every layer. The DEM you just imported is the top of layer 1. There are
many ways of defining layer elevations. You can import SURFER grid files, as we did
above. The elevations can also be interpolated from known points by importing a text
file of X, Y, and Z (elevation) data. GV also interfaces with 3D Visualization tools like
EVS and Leapfrog Hydro, each of which can export data from a block 3D model to
define layers in the MODFLOW model.

In the current model, we will be using uniform layer elevations for the bottoms of all 3
layers. The conceptual model in this fractured rock terrain is that hydraulic conductivity
decreases with depth. There is no definable bottom to the aquifer — it’s just that the
hydraulic conductivity decreases to a point where it becomes negligible. That depth is at
about 200 to 500 meters.

You will make the bottom elevation 250 m above sea level for layer 1, 200 meters for
layer 2, and 100 meters for layer 3. Start by selecting Props|Bottom Elevation. Make
sure you are viewing layer 1. To set the bottom elevation of layer 1 equal to 250 m,
select Props|Set Value or Zone|Clear and enter 250 in the dialog. Repeat this for layers
2 and 3. Go to each of those layers and use the same command. The bottom elevation
for layer 2 will be 200 m. The bottom elevation for layer 3 is 100 m.

Select File|Save to save your modifications.

Defining Boundary Conditions

Boundary conditions in this model consist of the small streams and the larger river to the
east. The large river is a polygon in the GIS because it is so wide. The smaller streams
are polylines because they are not very wide relative to a model grid cell. Polylines are
also useful when a linear feature changes in water level significantly over its length. GV
will interpolate river stage from the water level data entered into the GIS for both lines of
each stream segment.

The only tricky part about defining these features is the desire to keep the islands in the
large river as active cells. One way to do this is to temporarily make these islands no-
flow cells and then delete the no-flow cells after importing the rivers.

Make sure you are viewing layer 1. Then start by selecting BCs|No-flow and then
BCs|Import|Shapefile. Choose the islands.shp file in the gwv6\tutorial directory. When
GV asks if you want to set no-flows inside the polygons, choose “Yes”. The islands
should now appear as no-flow cells.

Next, use BCs|River and BCs|Import|Shapefile and import the largeriver.shp file. The
procedure when importing shapefiles with attribute data is to match up field names in the
shapefile database with model features. The following dialog is displayed for the large
river polygon. Change the field called “Exclude cells which have less than...” to 0.5.
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That means that a river will be defined in a cell only if at least half the cell within the
river polygon. Then change the river stage field to “WLE” (stands for water level
elevation). Change the bottom elevation field to “BOTTOM?”, thickness to
“THICKNESS”, and hydraulic conductivity to “KV”, as shown below.

. ) |
[~ Boundaries are Transient
ok
- ok |
™ Cancel
[ Elevation Field Contains Layer Mumber
Exclude cells which have less than |05 relative area of overlap with polygars
Select field name in Shapefile D atabase far each item below,
River Stage |W’LE j Streams
Surface Flow |Nat in database =]
Concentration |Not in database - -
Roughness |Not in database J
Baundary Elevati Mot it datab, -
oundary Elevation | ot it datahase J Slops |Not —— J
Reach [Segment for Streams)] |Not in databage ﬂ
_ Shrae Beesh |Not in databasze J
Bottorn Ele. for Rivers and Streams |BDTTDM ﬂ
P Mot in databaze
Stress Period Mumber |Not in database ﬂ Diversion Segment | J
Tributary Segment [13t] |N°t in database J
Conductanes |Nat in datahase |
Mumber of Tributary Mumbers in Databaze u
Width of Boundary |Mat in database |
Length of Boundary |Not in databage ﬂ
Thickness |THICKNESS |
Hydraulic Conductivity @ j I

Click OK when done and the green river cells should appear within the area of the large
river.

We need to convert the islands back to active cells. Select BCs|No-Flow and
BCs|Delete|Polygon. Digitize a polygon around the islands. Digitizing is done by
clicking the left mouse button to set points on the polygon and double-clicking to end the
polygon. If you make a mistake, you can right-click the delete the last point you entered.

You can digitize a polygon that goes around all of the islands. Just make sure the

polygon does not cross into any no-flow areas that you want to keep. After deleting these
no-flow islands, your model should look like the one below.
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The smaller streams are defined by the streams.shp file. Select BCs|River and then
BCs|Import|Shapefile and find that shapefile in the tutorial directory. GV will ask you
whether data have been defined for each end of the polylines. Answer Yes to that
question. Change the field names as shown below.
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You may wonder why the length field is not defined above while the other elements of
the conductance calculation (width, Kv, bed thickness) are defined. When importing
polylines, GV will compute the length for you if you do not have it in the database.
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Similarly for polygons like the large river imported in the previous step, both the length
and width are computed by GV. Your model should now look like the one below.
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The river boundary condition should only be used for streams that are always flowing.
Ephemeral streams are better simulated by drains because they will go dry if the water
table drops below the stream channel. In this model, the upper portions of the tributary
streams are ephemeral but we have defined them as rivers from the shapefile you just
imported. There is a relatively simple way of making them drains, though.

Select BCs|Modify|Change BC Type. Change the options so that you are converting

rivers to drains and only in reach 1. That is the most upstream portion of the main
tributary channel.
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Click OK, and those cells should turn yellow, indicating they are no drains. Repeat this
procedure for reaches 6 through 12, 14 through 15. After all of those changes, your
model should look like the following.
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Adding Pumping Wells

Wells can be simulated in Groundwater Vistas using either a Boundary Condition or an
Analytic Element. The only real difference is that the Analytic wells can span more than
one layer. You will import 3 pumping wells from a shapefile called wellfield.shp. Select
AE|Import|Shapefile and browse to find that file in the gwv6\tutorial directory. Modify
the import dialog as shown below.

il N
Import Shapefile for Analytic Elemeant &J

Shapefile Narme |I::'\GW"-.-’E'\.tutDriaI'\wellfield.shp

Element Type |WE” ﬂ

OF.

I Cancel I
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You should get a message that 3 wells were imported. You may only see one well,
however, in layer 1. The other 2 wells are screened only in layer 2.

Setting Hydraulic Conductivity

We will set up the model with 5 different zones of hydraulic conductivity. The first three
are in bedrock, with zone 1 assigned to layer 1, zone 2 to layer 2 and zone 3 to layer 3.
Zone 4 is the alluvium in layer 1 and zone 5 is the alluvium in layer 2. The first step is to
enter the hydraulic conductivity values for each zone. Select Props|Hydraulic
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Conductivity and then Props|Property Values|Database. Enter the Kx, Ky, and Kz
values as shown below. Also set a unique color for each of the five zones.

Zone Database Information

Zone Database l
Hydraulic Conductivity Property Zone Values
Stress Period Mumber: 1 (Recharge/ET Cnly)
Mumber of Zones |10 E
Kx Ky Kz Color |+
1 01 01 0.01 0
2 0.05 0.05 0.005 0
3 0.01 0.01 0.001 0
4 |1 1 0] 0 ]
5 10 10 1 0
] 0 0 0 0
[ 7 0 0 0 0 +
| | +
QK | Cancel Apphy Help
L F__ —

Now we need to assign zone numbers to model cells. By default when you start a new
model, all cells in the model in all layers are assigned zone 1. Therefore, we do not need
to do anything in layer 1 which will contain zone 1. Go to layer 2 and choose Props|Set
Zone or Value|Clear and enter 2 for the zone number. Repeat this in layer 3, clearing
the layer to zone 3.

The alluvial units are imported from shapefiles called alluvium.shp and alluvium2.shp
for layers 1 and 2, respectively. First, go to layer 1. Then select Props|Import|Shapefile
and browse to find the first file. The only thing we are importing from this shapefile is
the zone number. Set up the dialog as shown below.
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Search R adiuz
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Go to layer 2 and repeat this for the second alluvium shapefile. After importing both
files, your model should look like the one below in layer 1.
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You are finished setting up the model. Note that most of the work was done in the GIS
and then the data simply imported into the model. The advantage of this approach is that
you can quickly redesign the model grid and then reload the GIS information.

Running the Model

The model is ready to run. Select Model| MODFLOW!|Packages and change the root
name to modell. Note that Vistas figured out that you have rivers, recharge, drains, etc.
and set up those packages for you. We also need to set up a few other MODFLOW
options. Select Model|[ MODFLOW/|Package Options and click on the Initial Heads
tab. Change the initial heads option to use the top of layer 1. This is a good option to use
at first until the model is stable.
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— Head-5ave File Options

Initial Head Location LI'.?.& Top of Layer 1 ;I

File Mame I Browse... |
Stress Perod I'I Time: Step I1

MOTE: You can only specify a time step/stress period when writing heads to
the BASIC Package. When reading heads directhy from the binary files,
MODFLOW starts reading from the beginning of the file.

[~ Set Al Initial Heads at Least |'| Above Layer Bottoms
¥ Surfer File {f applicable) is in Site Coordinates

— Default Heads In Each Layer

Heads L+
1 100
2 100
3 100
4
*
| | *

[~ Save Starting Heads to Initial Head Property Mext Time MODFLOW Files are Created.

ok | cancad | iy | Hep |

Run the model by clicking the calculator button and answering Yes to create datasets.
After the run, import model results. Select Plot|Contour|Parameters (plan) and change
the contour interval to 5 m. Your model results should look like the following.
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We will be using this model in several more exercises. Please save it and give it a unique
name that you will recognize so you can use it later.

Particle Tracking with MODPATH

There are two ways of determining if an area of interest (the landfill in this case) is within
the capture zone of a well. One uses reverse particle tracking. That is, particles are
released around the pumping wells and tracked upgradient to define the portions of the
aquifer contributing flow to the wells. The second approach is to place particles in the
landfill area and track them downgradient to see if the wells capture them. We will start
with the reverse particle-tracking strategy.

Using MODPATH for particle-tracking is relatively simple. Once the MODFLOW
model has been run, you only need to add a couple features to the model. One is to
define porosity, which MODFLOW does not require. The second is to add particle
starting locations.

Start by defining the porosity of the bedrock and alluvial aquifers. Open your
Groundwater Vistas file for this model and select Props|Storage — porosity is a part of
the storage property in Groundwater Vistas. Since the bedrock and alluvial aquifers will
have differing porosity values, we will copy the hydraulic conductivity zones to the
storage property. Select Props|Set Value or Zone|Copy. The default property to copy
from is already set to hydraulic conductivity (K). Simply check the option to copy all
layers, as shown below.
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Now select Props|Property Values|Database and enter a porosity value of 0.01 for the
bedrock zones (1 to 3) and a value of 0.2 for the alluvial zones (4 and 5), as shown below.
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Mumber of Zones |10 E
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« |

0K | Cancdl | Apply | Help

L L - i

The second step is to add particle starting locations. Go to layer 2, which is the lower
layer of the well screens. Zoom in on the wellfield area using View|Window or some
other option on the View menu. You might also want to display the finite-difference grid
if you turned it off before. This is helpful because the wells are not located at the center
of the grid cells. However, the reverse tracking is most useful when the particles are
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spread evenly around the edge of the cell containing the well. Select AE|Particle|Circle
and drag a circle around one of the wells. Release the left mouse button and change the
number of particles to 12. Also, change the Z Offset to zero. The Z Offset is
MODPATH terminology for the vertical position of the particle within the layer. A value
of 0.0 means the bottom of the layer and a value of 1.0 means the top.

Trace Information Type
Badius 2163 " Sheamline
Cancel
Mumber |12 E ' Parlicle

Spatial Parameters

A= v s M

Layer g Z Offset |0 |
I
Farticle Release Time 0 1
tultiple Particles
Humber of Yertical Release Points 1
Minirmum £ Offset 1]
b axiriurm & Offzet 1

[ ptimization of Managed Pumping

| Weight 1

i

[ awirnumn Trawvel Tirme 10000000000
|l | |

Repeat this procedure for the 2 other wells. You should then have 3 circles of particles
around each well, as shown below.
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The only other thing to do is set MODPATH for reverse tracking. Select
Model|MODPATH]|Particle Options and change the tracking to “Reverse”.

-
MODBATH Particle Tracking Opticns &J

[ Compute Locations at Intermediate Times Cancel
Time Step Size 1 Max. Steps 10

wieak Sink Option |F'ass through weak, zink, j |EI.5
MODPATH Yerzion 3 Options

Direction of Tracking

Time at Start of Simulation |EI

st Stress Period to Process I'Ii
1=t Time Step o Process l‘li
Lazt Stress Period to Process l'li
Last Time Step to Process l‘li

Limit Particle Travel Time [ b ax. Travel Time 1000000
Iz Existing CBF File [

It is a good idea to give the simulation a unique MODPATH root file name. Select
Model|]MODPATH|Packages and enter a name you will remember. Now, to run
MODPATH, select Model|Use MODPATH and click the calculator button. Answer Yes
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to create datasets. MODPATH should run very quickly. After the run, import the
modpath results (*.ptl)

The particle traces do seem to indicate that the landfill is within the capture zone of the
central well, as shown below.

ﬁﬁw\ﬁm-l\umaﬂ.gm] E
Eﬂﬁh Edit Miew AE Plot Model Grid B8Cs Props XSect 3D Reports Mindow Help —
O|c @ b |%) @ | o 3 ’W‘_u_'é Ba|Censtant HeadiConc.  ~| B[ StoragelSylPoresity =] G'_,I A 7|0+ @

Row Number [fH |~ —

Cobrmbumber 1B

I Layer Number: ’TE
Stress Perind E! '

Camponent Number:. |1 E]
Eigue Number i E

T, <

AEM R1 [C45 |11 [4a4244 56878

One question is how long the potential contaminants will take to reach the well. Select

Plot|Particle|Options and click on the time posting tab. Turn on time postings and use
3650 (10 years) as the interval between arrows. Change the multiplier to 0.00274. This
will round the posted time values to integer years (1|365).
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Obviously the wellfield would be in no immediate danger!

Gij Gwvistas - [ruteriaizgwy]
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Reverse Particle Tracking
To confirm these results, we will add particles in the landfill area and track them toward

the wellfield. First, though, we will delete the existing particles. The easiest way of
doing this is to select Edit|Select All|Particles and then Edit|Delete.
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Add the particles using AE|Particle|Window and drag a window round the landfill.

Make sure the layer number you enter for the particles is 1. After you see the following
dialog, GV will prompt for the number of particles per cell. Just keep it at the default of
1.

-

Particle Information

2]

Spatial Parameters

S O = I R

Layer 1 Z Offset |1
Particle Releaze Time 0

tultiple Particles

Humber of Yertical Release Points 1

kinirum 2 Offzet 0
b axiriurm & Offzet 1
Optimization of kM anaged Pumping
Weight 1
b a=irurm Travel Time 10000000000

Cancel

b

Select Model|MODPATH|Particle Options and change from “reverse” to “forward”.
Rerun MODPATH and import the results. The results should show that all particles get
captured by two wells and not just one. Also, there are too many particles to adequately
see the travel time results. We can change the display to only show one particle. Zoom
in on the landfill and record the row and column number of one of the particles. Then

select Plot|Particle|Options and turn on the option to only display particles from a

particular row|column|layer location. Now, the plot shows a travel time that is much
shorter than the reverse tracking indicated. Why?

G
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In the picture above, we turned on the option to display a different color for each layer
where the particle travels. This indicates that the particle starts in layer 1 and ends in
layer 2 (the high K alluvium).

If you go back and do the same with the previous simulation using reverse tracking you
will see that the particles travel in layer 3, the low-K bedrock. So obviously you need to
pay attention to the vertical dimension when interpreting particle tracks. In this case,
releasing particles in layer 1 around the wells would have also been helpful.

Transport Modeling with MT3DMS

In the last exercise, we used MODPATH to determine whether a leaking landfill would
be within the capture zone of a wellfield. The analysis indicated that the landfill was
within the capture zone and that it would take about 50 to 60 years to reach the wells.
This type of simulation, though, does not give any indication of the concentration of
contaminants that might reach the wells. In order to do that a contaminant transport
model, like MT3DMS, is required. We will take the same model from the last exercise
and run MT3DMS to determine the concentration of contaminants that might reach the
wells.

Setting Up the MT3DMS Simulation

There are several steps to go through in setting up a typical contaminant transport
simulation. These will usually include:

e Rerun the MODFLOW simulation to save a flow-link file for MT3DMS
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Define transport properties (dispersivity, porosity, and chemical reaction data)
Assign contaminant sources

Assign initial concentrations

Set some MT3DMS-specific options

The first step is to rerun MODFLOW2000 and save the flow-link file. This file is not
saved by default because it can be large and because not all models involve a transport
simulation. Open the MODPATH model you created in the last session (or open
gwve\tutorial\bedrock _example_ptl.gwv if you did not do the last section). Select
Model|MODFLOW!|Packages and check the box labeled “MT3D Flow Output” in the
lower right side of the dialog, as shown below.

[ MODFLOW Packages [i—:hJ-‘
Raot File Marne |m|:u:|el'l | ] Cancel |
MODFLOW Yersion (MODFLOW2000  ~| [~
Run MODFLOW in Double Precision [ IUNIT Location  Edi

Package Unit Ma. Create? Cell-by-Cell Flow {Edit Outputy |
Basic |17 v Lnit Mo J
BCF [ o |
Output Contral 22 ™ |
Solver I v PGz | [15 ]
wiel [P T _|
River Imi v Ir J
Drain E v . |
General Head Iﬂi [ Iﬂi J
Stream 0 [ |0 |14 J
Recharge I v B0 J
. i o =
wall o r I
CHD [ FI
MM o I_ o ]
| Create Map File Izzi
[ Create Path3D Files v Automatically Reset Package Urits

b

We also need to change the length of time the MT3D model will simulate. In a steady-
state MODFLOW simulation, the stress period length does not have any meaning.
However, when using MT3DMS with a steady-state flow run, the stress period length is
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the length of time that transport will be simulated. Select Model|MODFLOW)|Stress
Period Setup and change the stress period length to 10950 days (30 years).

r
Stress Period Data

S5

Period Length

No. Time Steps

Time Step Multiplier

[+

10950

.1

1.2

plim | & | o] b3 =

«| |

| ] |
Cancel

[rpart....

b

Now run MODFLOW2000 and create new input datasets.

Several properties related to contaminant transport are required by MT3DMS. These
include porosity, dispersivity (longitudinal, transverse, and vertical), contaminant half-
life, and distribution coefficient (for computing a retardation coefficient). In the last
session you defined the porosity for use in MODPATH so we do not need to do that
again. Dispersivity is entered by selecting Props|Dispersivity and Props|Property
Values|Database. Enter the dispersivity values as shown below.
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1 50 5 1 0
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« | -

0K | Cancel Apphy Help

L

In the first simulation, we will assume that the contaminant is a conservative tracer. That
is, it does not degrade nor adsorb onto the aquifer material. Thus, no reaction properties
will be entered.

We will add a source of contaminant in the landfill. There are two common ways of
defining a contaminant source. The first is to enter a concentration in recharge because
many contaminant sources start above the water table in the vadose zone. The second
option is to define a constant concentration boundary condition that holds the
contaminant at a specified concentration. The latter is most appropriate for non-aqueous
phase contaminants where the constant concentration is the solubility limit of the
contaminant. In this case, we will use a recharge source.

Select Props|Recharge and Props|Property Values|Database. Define a second

recharge zone with the same recharge rate as the first and with a concentration value of
1000.0. Give the second zone a different color.
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Zone Database Information

Zone Database
Recharge Property Zone Values
Stress Period Number: 1 (Recharge/ET Only)
Mumber of Zones |10 E
Recharge Conc Ponding_Depth Color |+
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« | -
0K | Cancel Apphy Help
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The database now contains the data for the second zone. To enter it in the model, select
Props|Set Zone or Value|Window and drag a window around the landfill. Enter 2 for
the zone number when prompted. Your model should look like the following.
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Since we are starting from the beginning of the landfill operations we will not define an
initial concentration. The default initial concentration is zero, meaning that there are no
contaminants in the aquifer to start the simulation.

There are several MT3DMS options to set before running the transport model. The first
is to give the run a root name. Select Model|MT3D|Packages and enter a unique run
name (e.g. mt3d1). Also, uncheck the 2 columns next to the reaction package. We are
simulating a conservative tracer so not reactions are required.
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MT3D Root File Name mt3d1
Fackage Include Create E dit Cancel
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To uze Implicit Finite-Difference in MT30MS, use the
GCG Solver and choose Finite Difference az the solution
zcheme in the Advection Package.

Version  |MT3DMS -

N I

Next, select Model|MT3D|General Options — Time Stepping tab. Change the number
of transport steps per flow step from 500 to 5000. Click on the Printing tab and change
from saving every 2 time steps to every 5 time steps.

Running MT3D

You are ready to run the transport model. Select Model|Use MT3D and then click the
calculator button. Create datasets and after the model is finished import results for the
last time step. Make sure the concentration file is called MT3D11.UCN (or the mt3d root
name you entered with a “1” attached). If not click the browse button next to the
concentration file name. Put a check next to the concentration file. Click the browse
button next to the transport step number to choose the last time step, as shown below.
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Contour the concentration results by selecting Plot|What to Display and changing the
contour variable from “Head” to “Concentration”. Click OK and go to layer 2. Your
results in layer 2 should look like the following:
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Notice that the highest concentration contour is 10 even though our source concentration
was 1000. You might think that the highest concentration should be closer to 1000.
However, since we are using a recharge source, the 1000 concentration is in the recharge
water. That water is diluted as soon as it hits the first layer in the model. The more
groundwater flows through that first layer, the model dilution occurs.

Concentration Break-Through Curves

The purpose of this type of model is to determine whether concentrations will migrate to
some receptor above some regulatory limit. In this example, the receptors of concern are
the 3 pumping wells. To determine whether concentrations get above some limit, the best
thing to do is plot concentration break-through curves for each well. To do that, push
down the A button on the toolbar. Double-click on each well and put a check in the
option labeled “Montitor Head and Concentration vs. time”. Now, select Plot|Import
Results and click OK. Monitoring data are stored in each well during the import of
results. Now select Plot|Hydrograph|Monitoring Well. The hydrograph for the
southern well is shown below.
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If the regulatory limit for this contaminant was 1.0, then there would be a problem. If the
limit is higher than 4.6 then at least for the first 30 years there would not be a problem.
However, the concentration has not peaked by 30 years. You might try running this
model longer to see what the maximum concentration will be and how long it will take to
get there. This is done by simply selecting Model|[ MODFLOW|Stress Period Setup
and increasing the stress period length and rerunning MT3DMS (Note that you do not
need to rerun MODFLOW?2000 even if you change the period length).

Using the TVD Transport Scheme

You may notice that the concentration contours indicate quite a bit of smearing of the
plume. This is caused both by the dispersion values you entered above but also by
numerical dispersion from the finite-difference approximation. Another transport scheme
called TVD is sometimes a better choice because it limits numerical dispersion. Run the
previous example again using TVD. Select Model|MT3D|General Options —
Advection tab. Change the scheme at the top from finite-difference to TVD. Also click
on the Time Stepping tab and change the initial time step size to 10. Rerun MT3DMS.

One thing you will see right away is that the model run time has increased dramatically.
This is, unfortunately, one of the problems with TVD — it requires much smaller time step
sizes. After the run is finished, import the last time step again and compare to your
previous result. You will probably see that the plume looks significantly different!
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In the TVD simulation, the plume is narrower with less lateral dispersion. The
concentrations near the center of the plume are higher and the concentrations at the
wellfield are also higher. So, which simulation is correct? Since the finite-difference
solution introduces a lot of numerical dispersion that was not called for by the parameters
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you specified in the run, you would have to say that the TVD scheme is the more accurate
solution.

Special Applications

Mine Dewatering

The first special application of MODFLOW is to mine dewatering. The issue in mine
dewatering usually revolves around how much impact there will be from the dewatering
of an open pit mine, how much water must be pumped by the mine over time, and then
how long will it take the pit to fill back up once mining ceases.

Mine dewatering is generally simulated in MODFLOW using a sequence of drains places
within the mine pit. The drain elevation (water level) is set to the elevation of the mine
floor over time as the mine gets deeper and deeper. We will start from the flow model
you saved before the particle tracking example. If you did not save that model, you can
use gwvé\tutorial\bedrock_example.gwv. Open that model now.

In this example, the first stress period will represent steady-state conditions prior to
mining. Mining will then following a sequence of 7 stress periods of 1-year duration
each. During each year, the mine will get deeper by about 30 meters. This is not
designed to be realistic but to just show you how a mine dewatering plan would be
implemented in MODFLOW.

Start by selecting Model|MODFLOW!|Packages and change the MODFLOW root file
name to minel. Next select Model| MODFLOW/|Package Options and remove the
steady-state check-box and change the number of stress periods from 1 to 8, as shown
below. Click OK when you are done.
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Groundwater Vistas will then ask if you want to copy Recharge from stress period 1 to
the other stress periods. Answer Yes to this and all other prompts. The last question asks
if you want to edit the stress period setup. Enter 365 for each stress period length in
periods 2 through 8. Use 10 time steps in periods 2 through 8 as well, with a multiplier
of 1.2. The multiplier of 1.2 is used to start each stress period with a small time step.

Groundwater Vistas Version 5 Page 111



Stress Pericd Data L&J
Period Length | No. Time Steps | Time Step Multiplier i | Ok |
110 1 12 Cancel |
2 265 10 1.2
3 365 10 1.2
4 365 10 1.2
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MODFLOW2000 has a very useful feature in that each stress period can be steady-state
or transient. In this example, the first stress period is steady-state and the rest are
transient. GV will automatically show this dialog to you when you change the number of
stress periods. In this case, it will also correctly set the stress period types. You can edit
the stress period types manually by selecting Model| MODFLOW?2000|Stress Period
Types|Edit Stress Period Types. You should see a zero in stress period 1 (representing
steady-state) and 1 for all the other stress periods.

Stress Period Type (0=55, 1=TR) [-Ehj

Type +

Cancel |

EN RS e |
alalafle

We will now take advantage of an undocumented feature in MODFLOW?2000 to compute
drawdown from the results of a particular time step. In previous versions of
MODFLOW, drawdown was always computed from the starting heads for the simulation.
In the current model, we would like to compute drawdown due to mine dewatering from
the results of the steady-state stress period. To do this, select
Model|MODFLOW!|Package Options — Output Control tab. Turn on the option for
custom output control and enter 8 for the number of custom steps.
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Now, select Model| MODFLOW!|Custom Output Control. Fill out the table as shown
below. In particular make sure to put a 1 in the first row beneath the heading “Ddn Ref”.
This option places the key word DDREFERENCE in the output control file in the first
time step, which in turn causes MODFLOW to compute drawdown from that first stress
period.
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Because the simulation will have transient stress periods, we need to enter values for
specific storage and specific yield. Select Props|Storage and Props|Property
Values|Database. Enter 1.0e-5 for specific storage and 0.01 for specific yield, as shown
below.
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e-5|

b = T S TV T
=AE=1 =0 =R =1 =0 =
ololaolo|lao|lallo

0K | Cancel Apphy Help

L =

You will now place drain cells within the mine, along with a transient schedule of mine
floor elevations. Zoom in on the red rectangle we used in previous examples as a
“landfill”. We will assume for this exercise that it is a mine pit. Make sure you are
viewing layer 1 of the model. Select BCs|Drain and BCs|Insert|Window. Drag a
window around this red rectangle and a drain dialog appears. Uncheck the “steady-state”
option and enter 50 for the length and width of the drain (cell dimensions). You may also
want to change the color of these mine drains to distinguish them from other drains in the
model. Also, if you change the reach number to something unique (e.g. 99), you can
evaluate mass balance in these drains more easily.
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Drain Boundary Conditiol ﬁ

[rata for Each Boundary Cell within the ‘Window

Spatial Location Drain Characteristics
Cell Locatian Return Location Sheps 6 st 100

Bow number: 46 u ‘width of Drain |5D
Calurmn number: a0 I}

Layer numnber: 1 1]
Reach number; 33 Factar |1

O ptiohz

Length of Drain |5EI

Thickress of Drain Bed |1

Hydraulic Canductiviby |1

Conduct = 2 B0000e+003
[ Steady-state Boundary Condition PneuEance =

[ Computed Boundary Condition
| Seepage Face [RSF4]

[ Use Return Flow [DRT] ]
||
Calar Tranzient D ata lTl Cancel
Tile |
|F|eplace ﬂ Select Option when Editing an Existing Boundarny Condition

e

Click the “Transient Data” button to enter the drain elevations over time. The first and
second columns are the starting and ending stress period for each drain Head (elevation).
Start with stress period 2 and increment by 1 to stress period 8 as shown below. The
head for stress period 2 is 480 and decreases by 30 m for each period. Also set the
hydraulic conductivity to 1 (Kv) for each period.

Transient Boundary Condition Data - &J
Starting Ending Head Concentration Kv Width +
Stress Period | Stress Period | (Q for Wells) {Stream Only)

2 |2 3 450 0 | 0
3 |4 4 420 0 1 0
4 |5 5 390 0 1 0
5 |6 ] 360 0 1 0
B 7 7 330 0 1 0
T 8 8 300 0 1 0

+

«[ +

g

You can now run the model. Click the calculator button and answer yes to create
datasets. After the run, import the results of the last time step (default). Put a check next
to drawdown on the right so that we can view the impact of the mine. Also, put a check
next to the cell-by-cell flow file (*.cbb) so we can view mass balance information. After
importing results, select Plot|What to Display and change the contour variable from
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Head to Drawdown. The drawdown should look like the following (after changing the
contour interval to 10 m).

) e
%B; Eﬂ:‘\qu‘:: Pict  Model Gnd BC: Props XSect 3D Repons  Window  Helo -.5‘ x‘
D‘B“ | | ‘ @ @\Eﬂ\@\@llﬂll ,m & ’E‘Drnin -l E‘SluragelSvanmsiw | SM [t 5 2 [0p |
Eow Number [ H CrossSection Along Row 1
cobrmburber: |1 B
Layer Humber |

Shress Period, ]
Component Number: |1 B
Figure Number: 1 E

7 @ 2

o
o

09 &

N

A[31 contour [ CrossSection 3 Layout /. I3 | +
BCs RS56 |CBH4 |1 |554535 107414 5319 SPE  |TS10 |TTSL T-2565.0

To display the amount of water pumped over time from the mine, select
Plot|Hydrograph|Mass Balance|Model Summary. The graph below has been modified
to make the drain flow a bold line (double-click the graph to modify it). You can see that
the mine does not start pumping significant amounts of water until at least half-way
through the life of the mine.
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Mass Balance Summary for Entire Model I
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81643 — Storage Inflow
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40822 - Well Outflow
20411 : - River Outflow
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Now we will create a simulation that evaluates the length of time required to fill the mine
pit after mining stops. This is most easily accomplished using the MODFLOW2000
Lake Package (LAKS3). Before we do this, save the model you just created using a name
like bedrock_example_minel.gwv.

The first step is to delete the drains you added to represent the mine. Select BCs|Drain
and then BCs|Delete|Window and drag a window around the mine drains. After they
have been deleted, add lakes using BCs|Lake and BCs|Insert|Window. Enter the initial
stage at 300 m (the bottom of the mine), a minimum stage of 290 and maximum stage of
500. Change the Lake Number to 1.
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— Spatial Location

Bow number:

T
LColuran number: |4E|
I'I

Layer number:

I Lake/Res. Mumber |1|

— Ophions
¥ Steady-state Boundary Condition

[T Use Reservoir Package

Colar | -

Drata for Each Boundary Cell within the ‘Window

— Lake Characteristic:

Initial Lake Stage |3|:||:|
Minimum Stage |2E|EI
b awimnuirm Stage IEEIEI
Ruroff into Lake IEI
“withdrawal from Lake |0

Hydraulic Conductivity I'I

Lakebed Thickness I'I

[T E=plicitly Define Lakebed Conductance below.

Horizontal Conductance I':'

Wertical Conductance o

o]

Tranzient D ata |

Cancel

Tide |

IFiepIan:e

;I Select Ophtion when Editing an Exizsting Boundary Condition
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This second run will only have one stress period. Select Model|[ MODFLOW/|Packages
and give it a new root name (like mine2). Select Model| MODFLOW/|Package Options
and change the number of stress periods to 1.

i N
MODFLOW Options ﬁ

IBS/SUB | Density | 10 Formats | Streams | Wells | MNW Package | Wetlands |
| Basic | BCF - LPF | Output Control | Inital Heads | Recharge - ET | Resaturation | CHDs |

Data Set Titles
||"-"ICIDFLD‘.".|' Data Set Created by Groundwater Vistas

[ Steady-State Simulation MNumber of Stress Perods |1
Use Stress Period Number |1 For Steady-state Simulation
| 1 to 1

. W Save Starting Heads Head Value for Mo-Flow Cells |555
[+ Print Comments in Dataset

[ Continue MODFLOW Simulation Even if Convergence Not Achieved

[ Convert Dry Cells to No-Flow Cells [ Mso Conver Dry Cells in Steady-State
[ Use Diffusion Zones for IBOUND Active Cells

|Da’_.'s j Time Units
|Undefined v|  Lenath Units

MODFLOW-SURFACT DATUM ||}

[ Write Input Files in Free Fomat

Mumber of Signfficant Digits to Wite &
ok | cancel | Help

L

Click on the Initial Heads tab and change the initial heads option from “Top of Layer 1”
to “Set Heads from Head-save...”. Then click the browse button and find the results of
the last simulation (e.g. minel.hds). Enter stress period 8 and time step 10 beneath the
head file name.
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MODFLOW Opticns Iﬁ

IBS/SUB | Densty | 10 Formats | Streams | Wels | MNW Package | Wetlands |
Basic | BCF-LPF | Output Control Intial Heads | Recharge - ET | Resaturation | CHDs |

Head-Save File Options

Inttial Head Location |Set Heads from Head-save, BASIC, SUURFER, matrix j

File Mame |C:"-.G‘-".I"IIE'-iLrtDriaI"-.wu:urk"-mine'I.hds Browse...
Stress Period  |B Time Step |10

MOTE: You can only specify a time step/stress period when writing heads to
the BASIC Package. When reading heads directhy from the binary files,
MODFLOW starts reading from the beginning of the file.

[ Set All Initial Heads at Least 1 Above Layer Bottoms
[v Surfer File {f applicable)is in Ste Coordinates !

Default Heads In Each Layer

Heads L+
1 100
2 100
3 100
4
*
| | *

[ Save Starting Heads to Inttial Head Property Mest Time MODFLOW Files are Created.

QK | Cancel Help

b

Click the Output Control tab and turn off the custom output control.
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MODFLOW Opticns Iﬁ

IBS/SUB | Densty | 10 Formats | Streams | Wels | MNW Package | Wetlands |
Basic ] BCF - LPF  Qutput Control lln'rtial Heads] Hecharge-ET] Resaturation ] CHDs ]

Head Print Format [10G11.4 | W Wrap

Drawdown Print Format ~ [10G11.4 | W Wrap

Headsave Unit No. 30 Drawdown Unit Na. L)

[ ise Custom Output Controk

Mumber of Custom Steps g

Print<5Save Heads Every 1 Time Steps
PrintSave Drawdown Every 1 Time Steps I
Save Cellby-Cell Flows Every 1 Time Steps

[+ Disable Prnting of Head/Drawdown to Output File

[ Mways Save Data at Last Time Step of Bun

[ Mways Save Data at Last Time Step of each Stress Period
[ Mways Save Data at First Time Step of Run

[ Use Compact Budget File Fornat
{Mote: Mass balance hydrographs do not work with Compact Budget Files)

v

0K | Cancel Help |

b

Now you need to enter a period length for the one transient stress period. Select
Model|MODFLOW!|Stress Period Setup. Use a period length of 1,825 d (5 years) and
25 time steps with a multiplier of 1.2.
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Stress Pericd Data Lé]

Period Length | No. Time Steps | Time Step Multiplier i | Ok |

1 |1825 24| 12 Cancel |

2

3

4

5

— +

«[ - [rnpart...

Remember that we had set up the previous simulation so that the first stress period was
steady-state. We need to change that to transient. Select
Model|MODFLOW?2000|Stress Period Types|Edit Stress Period Types and make the
period type 1.

Stress Period Type (0=55, 1=TR) i lﬁ]
Type d | Ok |
1 1 Cancel
2
3
4
+*
«| 1 -+

Finally, we want to be able to plot the change in lake level with time. Add a monitoring
well inside the lake. Select AE|Well and put the well anywhere inside the lake cells.
Give it a name and make the pumping rate zero. Check the option to monitor
head|concentration over time.

Now run the model you just created in MODFLOW?2000. Import the results of the last
time step. To view the change in lake stage over time, select
Plot|Hydrograph|Monitoring Well and pick the one you just created above. You
should see something like the following.
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:I:h Graph 5 Layer 1 ﬁ.

This graph shows that it will take about 3 years for the mine pit to fully recover after

mining ceases.
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Impacts from Water Supply Development

Evaluating the impacts from developing new groundwater supplies is similar in concept
to the mining example we just simulated. The goal is to determine the impact on nearby
wells and also on surface water.

We will start from the first model you created. If you did not save that model, you can
use gwve\tutorial\bedrock_example.gwv. Open that model now.

In this example, the first stress period will represent steady-state conditions prior to
additional pumping. New wells will then be added in a 1-year stress period. Start by
selecting Model|[ MODFLOW/|Packages and change the MODFLOW root file name to
welll. Next select Model| MODFLOW/|Package Options and remove the steady-state
check-box and change the number of stress periods from 1 to 2. Click OK when you are
done.

Groundwater Vistas will then ask if you want to copy Recharge from stress period 1 to
the other stress period. Answer Yes to this and all other prompts. The last question asks
if you want to edit the stress period setup. Enter 365 for the second stress period. Use 10
time steps, with a multiplier of 1.2. The multiplier of 1.2 is used to start each stress
period with a small time step.

i N
Stress Pericd Data Lﬁ,l

Period Length | No. Time Steps | Time Step Multiplier

[+
|E
=

10 1 1.2 Cancel |
365 10| 1.2

MODFLOW2000 has a very useful feature in that each stress period can be steady-state
or transient. In this example, the first stress period is steady-state and the second one is
transient. GV should set this properly in the next dialog it displays. The first period
should be zero (steadystate) and second 1 (transient).

Groundwater Vistas Version 5 Page 125



Stress Period Type (0=55, 1=TR) L-Ehj

Type +

0 Cancel |

EN RS e |

We will now take advantage of an undocumented feature in MODFLOW?2000 to compute
drawdown from the results of a particular time step just as we did in the mine dewatering
example in the last section. In previous versions of MODFLOW, drawdown was always
computed from the starting heads for the simulation. In the current model, we would like
to compute drawdown from new pumping wells from the results of the steady-state stress
period. To do this, select Model| MODFLOWI|Package Options — Output Control tab.
Turn on the option for custom output control and enter 11 for the number of custom

steps.

Groundwater Vistas Version 5 Page 126



© -
MODFLOW Options A ﬁ
.

IBS/SUB | Densty | 10 Formats | Streams | Wels | MNW Package | Wetlands |
Basic ] BCF - LPF  Qutput Control lln'rtial Heads] Hecharge-ET] Resaturation ] CHDs ]

Head Print Format [10G11.4 | W Wrap

Drawdown Print Format ~ [10G11.4 | W Wirap

Headsave Unit No. 30 Drawdown Unit Na. L)

[v Use Custom Qutput Contral

Mumber of Custom Steps 1

Print<5Save Heads Every 1 Time Steps
Print/Save Drawdown Every 1 Time Steps

Save Cellby-Cell Flows Every 1 Time Steps

-
-
-
-

[ Use Compact Budget File Fornat
{Mote: Mass balance hydrographs do not work with Compact Budget Files)

v

QK | Cancel Help

b

Now, select Model| MODFLOW!|Custom Output Control. Fill out the table as shown
below. In particular make sure to put a 1 in the first row beneath the heading “Ddn Ref”.
This option places the key word DDREFERENCE in the output control file in the first
time step, which in turn causes MODFLOW to compute drawdown from that first stress
period.
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Custom Cutput Cﬂntrul;-m
Stress Period | Time Step | Save Head Save Ddn | Save Conc. | Save CBC Ddn Ref Print Hea| |

[y
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13
14 [+

el 3
Motes: Copy to Clipboard Paste | (]9 | Cancel |

1. Tine Steps not identified o this sheet will nat have
any autput to the binary files,

2. For zaving, printing, and drawdaown reference, 1
means Yes and 0 means Mo

Because the simulation will have transient stress periods, we need to enter values for
specific storage and specific yield. Select Props|Storage and Props|Property
Values|Database. Enter 1.0e-5 for specific storage and 0.01 for specific yield, as shown
below.
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Zone Database Inmmnﬁ _Ei

Zone Database l

Storage Property Zone Values
Stress Period Number: 1 (Recharge/ET Only)
Mumber of Zones |10 E
85 Sy Porosity Porosity2 Color |+
1 |1e-005 0.01] 0.01 0
2 0 0 0 0
3 ] 0 0 0
4 ] 0 0 0
5 ] 0 ] ]
] ] 0 0 0
7 ] 0 0 0 +
« | -

0k | Cancel Roply Help |

L% i L -

Now we will enter a new well that will only pump in stress period 2. Select AE|Well and
put the well near row 32, column 85. Pump from layers 1 and 2. Give the well a name,
such as New Well. Uncheck the steady-state flag and then click the transient data
button. Enter a rate of -15,000 m®d for the second stress period.
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Basic Data | Fracture Well Data | Muti-Node Well Data |

Spatial Parameters

¥ |6591.69 E Y: |2381.85

[ Use Blevations to Allocate Fow Rates

MNOTE: When allocating rates based on elevation,
the top and bottom layer of screen will be reset

Top Layer of Screen 1
Eottom Layer of Screen 2

Top Elevation of Screen 0

automatically based on layer elevation. Bottom Elevation of Screen lﬂi
Well Options

Steady-state Pumping Rate |I]I [ Pumping Rate is Steady-state
Concertration |0 Componert |1 TlansuantDatal

[ Store Data for &l Component Concentrations |

[ Monitor Head/Concentration vs. Time
Mew Well

|Stanu:|ard ﬂ Well Type Well Name... |

[ Use as Fracture Well (FWL4) or Mutti-Mode Well (MNW) [ Use with PWLS -

Pumping Level for FWL4 or MNW 0
| Colar...

Reach Mumber 3935 {Only used for Mass balance at this time)

oK | Cancel | Help |

r
Transient Boundary Condition Data

Starting Ending Head Concentration Flow Width
Stress Period | Stress Period | (Q for Wells) ({Stream Only) | {(Stream Only)
2 2 -15000] 0 0 0

0 0 0 0 0 0

You can now run the model. Click the calculator button and answer yes to create
datasets. After the run, import the results of the last time step (default). Put a check next
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to drawdown on the right so that we can view the impact of the mine. Also, put a check
next to the cell-by-cell flow file (*.cbb) so we can view mass balance information. After
importing results, select Plot|What to Display and change the contour variable from
Head to Drawdown. The drawdown should look like the following (after changing the
contour interval to 2 m).

T W N WS . WS MEET
w & X

D‘E‘?“ | | ‘ @ @\Eﬁ\@\@llﬂll ,W‘ =] H‘Cunstanl Head{Conc. =] E‘S(uranelsvlpumﬁiw =l G_,I A 7|0+ @
Row Number E] Cross Ssotion Along Row 1

| Cobem Humber E!
Layer Number: =]

Stress Period B
Camponent Number:. |1 E]
Eigue Number i E

T, <

+

AEM R35 [c54 [L2 [fops22 202837 574 sP2[Ts10 [TTSL Ta750

The drawdown predicted by the model is about 4 to 7 meters at the existing wells. In
many parts of the USA, that would be too much impact to allow the well to operate.
Another issue that often causes problems is the amount of water removed from surface
water.

To display the amount of water removed from the river by this new well, select
Plot|Hydrograph|Mass Balance|Model Summary. The graph below has been modified
to make the river flow a bold line (double-click the graph to modify it). You can see that
about half of the new well pumping comes from the river (bold dashed line is the river
outflow, lighter dashed line above it is the well outflows). Depending upon the amount
of surface flow, that might be too much to allow the well to pump.
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Mass Balance Summary for Entire Model

| 81392 —— River Inflow
65114 __ —— Storage Inflow
48835 . —— Recharge Inflow
32557 — — - Well Qutflow
16278 - - — - River Outflow
E 0 | — — - Storage Outflow
B -16278 ] —— Total Inflow
-32557 - = — — - Total Outflow
-48835 A5 T T T T TTTTTTT T — Enor
-65114 |
S L L L L L L L L A L

100 465 83.0 1195 156.0 1925 229.0 2655 302.0 3385 375.0
Time

Graph { River Inflow. Storage Inflow 3, Recharge Inflow 3, Well Outflow River Outflow % Storage Outfiow % Tolalinflow y,  Total Outflow 3 Error /7
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Effect of Boundary Condition Selection

Introduction

This exercise illustrates how different boundary conditions can be used to create the same
model with the same computed water levels. Three different models will be designed and
the same predictive scenario will be run with each design. You will see that although the
models all produce the same results in an unstressed state, the predictions when the
model includes a pumping stress are all very different. This is one example of model
non-uniqueness. As part of the exercise, you will also learn new tools within
Groundwater Vistas for designing groundwater models.

The model will be a simple confined aquifer with a uniform gradient from east to west. If
this were a real-world study, the model could be thought of as a small piece of a regional
aquifer where there is limited data outside the area of interest and no regional hydrologic
boundaries close to the site. This situation is actually quite common in modeling where
you only have data in a very small part of a much larger system. In that case, the modeler
will often keep the model small and create a design that allows groundwater to flow in
one side of the model and out the other based on an observed flow direction and gradient.
The figure below shows conceptually what is being simulated.

15 km

(]

Head =100 m Proposed Well Head =110 m

Q = 100,000 m?¥/d

(1

K=100 m/d
Aquifer Thickness = 100 m
Aquifer is confined
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Model 1: Upgradient and Downgradient Constant Heads

Start by selecting File|New from the Groundwater Vistas menu. Change the number of
columns to 75 and the X and Y spacing to 200 m. The remaining options can be left at
their default settings. This will create a one-layer model with K=100 m|d, aquifer
thickness of 100 m, 50 rows, and 75 columns.

[ Initialize Model Grid I.i:h,l-‘I
Harizontal Maodel Grid Yertical Model Grid
MHumber of Bows IE'D_ Mumber of Layers |1_
Mumber of Columns I?E— todel Bottom Elewation ID—
Uniform ¥ Spacing |2|:”:| todel Top Elevation I'IEIEI—
Unifarm ¥’ Spacing 200 [ Lapers are flat Layer Elevations |

Default Fararmeter ' alues

Mo, Zones
K ke 100 Ky 100 kz  [100 [0
Storage 5 |00 Sy 0.01 Porasity |0.01 10
Leakance 0.m IT
FRecharge Rate IDi Conc. a IT
ET Rate |0 E stinchion lﬂi IT
Dizpersivity Long. Ini Transverse lni Wertical |':' |1':'
Sorption Kd Iﬂi Density 157 IT
Initial Conc. 0 IT
I arimum Stress Penods |1— Start with Stregs Peniod |1— Read Eveny |1— Stress Penods
World Coordinates of Madel Origin s ||:| e ||:| Fatation Iﬂi

MEIDFLIIIW...| Evs...| TMH...| ok | Cancel |

L

Click OK when you are finished entering the data described above.

In the first version of this model you will add constant head cells on the east and west
sides of the model. The head on the west is 100 m and the head on the east is 110 m.
Start by selecting BCs|Constant Head and then select BCs|Insert|Window or click the

% button on the toolbar. Now, move the cursor somewhere inside the upper left
(northwest) cell in the model, hold down the left mouse button, and drag a window so the
end point is inside the lower left (southwest) cell in the model. Release the mouse button
and the following dialog appears.
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|

Constant Value Boundary Condition

taodify One Boundary Cell

Spatial Location Boundary Characteristic:

Bow number: lr Head at Boundary |'I oo

Column number: 1 Concentration at Boundary |':|

Laper number: 1 v Head¥alue iz Constant or Specified

Reach number: IDi | Concenfration % alue iz Constant or S pecified

[ Al Component Concentrations are Constant
[ Store Data for Maore Than One Component
Options

- Tranzient Data |
[+ Steady-state Boundary Condition

| ok |
[ Computed Boundary Condition Calor _ Canicel

Tile |

|HED|EIDE j Select Option when Editing an Existing Boundary Conditian

Enter a value of 100 m in the dialog in the field labeled “Head at Boundary”, as shown
above. Click OK when you are done. You should now see a line of blue constant head
cells along the western side of the model.

Repeat this procedure along the right (eastern) edge of the model and use a head value of
110 m.

The model should look like the one below.
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Since the aquifer properties are homogeneous the only thing we have to do to complete
the model is give it a root file name (for the MODFLOW input files) and change the
aquifer type to confined. First, select Model|MODFLOW?2000|Options. Change the
layer type for layer 1 from 1 (unconfined) to 0 (confined).
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MODFLOW2000 COptions

Lake3/RES | Discretization | IBS/SUB | SFR | DCM | HUF | Gage | FHE | Swi
BCF-LPF | Parameter Estimation I Observations I Sensitivity I Parameters I Targets

— Definition of the Leakance Coefficient and Top Elevation

¥ Compute Leakance [VCONT) I™ Use Top Blevation Zones
Leakance Zones Represent  |Leakance -]
~Layer Types
Layer Layer Type (LAYCON) BCF3/4 Averaging

1 | |Hamonic -] j
2 |0- Confined ~|  |Hamonic -] |
3 |0- Confined ~|  |Hamonic | :
4 |0- Confined ~|  |Hamonic -]
5 |0 - Confined ~|  |Hamenic B

[~ Use Varable Anisctropy (Ruskauff and Kladias, 1996)
[T Compute &quitard Leakance Like ModelCad

[~ Storage Coefficient Represents Specific Storage (Ss)
¥ tultiply K Times Layer Thickness for Confined Layers
[ Write Vertical Anisotropy to LPF File Instead of Kz

All Layers Corfined |

Al Layers Unconfined |

oK I Cancel

Apply Help |

Now, select Model|[ MODFLOW/|Packages and change the root name at the top to

bctestl. Click OK when you are done.
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The model is ready to run. Simply click the calculator button on the toolbar , and

answer Yes to create datasets. Then you can answer No to viewing the error|warning file.
MODFLOW should run very fast. GV will then ask if you want to import results. Select
Yes and click OK to just accept the default results. Select Plot|What to Display and turn
off display of the grid so you can see the contours better. Also, select
Plot|/Contour|Parameters (plan) and change the minimum, maximum, and contour

interval to 100, 110, and 1, respectively. You may also need to increase the font size to 8

points. After all that, your model should look like the one below.
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You should see a uniform gradient from west to east, as shown above. Save this model
design using File|Save As and give it a name like BCTEST1.GWV. We will come back
to this model design later.

Model 2: Constant Heads Surrounding the Model

The second model will have constant heads surrounding all sides of the model grid.
While this is not the best approach to creating a model, it is a common design strategy.
Use the procedure from the last model to add another line of constant heads on the north
side of the model and also on the south side. When you are done, you should have blue
cells surrounding your model. Do not worry about the head value you enter for these
constant heads. We will be using a special feature of Groundwater Vistas to apply a
uniform gradient across all constant head cells after you have entered them. Your model
should now look like the one below.
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To achieve the same uniform gradient, you will now use the “Gradient Fill” option in
Groundwater Vistas. Select BCs|Modify|Gradient Fill. Make sure the Fixed Head
Value field says 100. Change the gradient to 0.000675. Leave everthing else at the
default value. The data on this dialog tells Groundwater Vistas that the head value in row
1, column 1 (northwestern-most cell) is 100 m. The gradient is 0.000675 m|m
(dimensionless). The fact that the gradient is positive means that heads increase to the
east. Click OK when you are done.
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Now, if you double-click a constant head cell along the northern or southern boundary,
you will see that the head has been changed from whatever you entered to a new value

that is designed to give you a uniform gradient.

Use File|Save As to save this new model as BCTEST2.GWV. GV will ask if you want
to change root file names. Enter bctest2 for the new modflow root file name.

Change Model Root File Mames

===

b

MODFLOW Root File Mame

MODPATH Root File Name

MT 3D Root File Name

| betest?|

| gvmp41

| gvmtdl

QK | Cancel |

Now, run the model by clicking the calculator as you did in the first model and import the
results. The water level contours should look exactly as before (see below).
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Just to be sure that we have the same water level contours, you will use another feature of
Vistas that allows you to compare two binary MODFLOW output files. Select Plot|File
Operations|Compare Two Files. Click the browse button next to the “Subtract” field
and go find the first head-save file, which should be called bctestl.hds. This will
probably be located in the c:\gwv6\models directory. Next, click the Browse button next
to the “From” field and find the results of the second run (bctest2.hds). Finally, enter the
file name dif.hds in the “Results in” field. To actually make the comparison, click the
View button. Vistas will then compare each layer and time step in the files to see what
the differences are. It then displays the maximum head difference for each layer and time
step in the window above the file names. If you were successful, that number should be
about 0.01 meters, indicating that the results are very close.
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Model 3: Constant Head and Constant Flux

Make sure that you saved the second run to a file called bctest2.gwv using File|Save As.
Open the first model you created in this session, bctestl.gwv using File|Open. This is the
model with constant heads on the east and west but NOT on the north and south. You
will change the eastern constant head cells to constant flux (wells).

In order to set the appropriate flow rate (flux) in these cells, we need to know what was
computed in the first model. Run that model again and import the results, including the
cell-by-cell flows. To do this, put a check to the right of the *.cbb file on the import
dialog, as shown below.
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Push down the B button on the toolbar to enter Boundary Condition mode. Move the
cursor over one of the constant head cells on the right and the flux rate should be shown
on the status bar as “F=1.351e+03”, which means that the cell is injecting 1,351 m®/d into
the model through the constant head cell. You could also compute this value from the
gradient (0.000675) times the cell width (200 m), times the hydraulic conductivity (100
m|d), times the aquifer thickness (100 m).

Now we will put the constant flux cells in the model. First, delete the constant head cells
on the right (east) by selecting BCs|Constant Head and then BCs|Delete|Window. Drag
a window that encloses the eastern cells and Vistas will delete them. Now, use

BCs|Well. Select BCs|Insert|Window or click the % button on the toolbar. Now,
move the cursor somewhere inside the upper right (northeast) cell in the model, hold
down the left mouse button, and drag a window so the end point is inside the lower left
(southeast) cell in the model. Release the mouse button and a well dialog appears.
Change the flow rate from 0.0 to 1351.0.

Select Model| MODFLOWI|Packages and rename the root name as bctest3 so that it will
be separate from the previous two runs. Also, use File|Save As and rename the Vistas
file to bctest3.gwv. Now run the model and your screen model should now look like the
one below.
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The red cells on the east are now wells that inject 1,351 m®d in each cell. Notice that the
contours look exactly like the previous two model simulations. We now have three
models with three different boundary condition designs that all yield the exact same
solution. Which one is right? (Sorry, rhetorical question...)

Predicting Impact from a Well

To test the predictions from these three different models we will add one pumping well in
the center. Select AE|Well and move the cursor to row 25, column 38 and click the left
mouse button. An analytic well dialog is shown on your screen. Enter the flow rate as -
100000.0 (100,000 m®d) — in MODFLOW a negative flow rate means that the water is
pumped out of the model.
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You should also select Plot|Map and AE Options|Well Options and change the well
size to 200 so you can see it better. Your model should look like the one below. Note

that the contours are still straight lines because we have not rerun the model yet.

Groundwater Vistas Version 5

Page 146



oo L. . WV, - o=

Gy me Eot wiew AF Pt Model Gnd BGs Props XSet 3D Reports Window Help [=[=]x]
| Dl &)=z @ BEEw|EE Emoorow <] &|E|&| Bfwen | Be[rydrautic Conductiviey -] &ifA, |

4|7|el-+ 8]

— [— -
Bow Mumber: 1 E
LColumn Mumber, 1 E
Layer Mumber. 1 E
Stress Period: 1 E T
Component Number: 1 E
Eigure Humber, 1 E
=] S =] =] =] =] =] =] =]
= ] @ = @ @ = @ @
=] S =] =] =] =] =] =] =]
= ] @ = o @ = @ @
=] S =] =] =] =] =] =] =]
= ] @ = @ @ = @ @
=] S =] =] =] =] =] =] =]
= ] @ = @ @ = @ @
| | | | | | | | |
+
4] Contour Cross Section 3, Layout “—I—I" .4

AEM R14 [csz [L1 [1031680 (738253 10650 sPL [ts1 [TTs1 T100 P

Now, click the calculator button to run the model with the well. After the simulation is
over, import results as before and you should see the cone of depression around the well,
as shown below.
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Now, repeat this with the other 2 models. An easy way to do this is to press the A button
on the toolbar to enter analytic element mode. Click the left mouse button on the well
you added so it turns solid blue. Now press Ctrl-C to copy the well to the clipboard.
Use File|Open to open one of the other 2 models (e.g. bctestl.gwv or bctest2.gwv) and
press Ctrl-V to paste the well into the other model. Run that model and then repeat this
procedure with the 3 model.

The other two model runs should look like the ones below.
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You can see that the results are quite different. The largest cone of depression (largest
amount of drawdown) is for the model that has the one boundary set to a constant flux.
This happens because the model cannot allow any extra water to enter the model domain
in response to pumping. The next largest cone of depression is with the first model that
had 2 sides of the model set to constant heads. The least amount of drawdown was for
the model that has all sides as constant head. The latter does not allow the head to
change on the model boundary and so limits the amount of impact from the well by
supplying additional water to the model from all sides. Which one do you think is the
most realistic approach?
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Model Calibration in Groundwater Vistas

Introduction

The following tutorial focuses on Groundwater Vistas’ tools for model calibration and uses a synthetic
model to illustrate the importing and manipulation of calibration targets and using automated sensitivity
analysis. Defining a set of calibration targets is a fundamental first step in applying any inverse model,
such as Pest. Groundwater Vistas has several different types of targets, including head, drawdown, flux,
concentration, gradient (magnitude & direction), and subsidence. In this simple example, we will import
head targets into a model and explore the different ways of displaying and manipulating targets in
preparation for using Pest.

To start, open the model called c:\gwv6\tutorial\CalEx0.gwv. Run the model by clicking the calculator
button and import the results after the run is finished. Your screen should look like the one below:
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Preparing for Calibration

The first step in preparing for automated sensitivity analysis and Pest calibration runs is to make sure that
the model will run reliably when parameters are changed. A good way of testing this is to set up an
automated sensitivity analysis in Groundwater Vistas. There are two things that have been added to
Groundwater Vistas’ version of MODFLOW that are not standard but assist in stabilizing runs. The first is
to continue model simulations even if the model has not converged. While this can lead to bogus
simulations, it will allow Pest to keep going. To activate this option, choose Model| MODFLOW/|Package
Options — BASIC tab, as shown below.
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The option is called “Continue MODFLOW Simulation Even if Convergence Not Achieved”. You should
make a habit of always turning this on when using automated sensitivity analysis and Pest. Note, however,
that this is NOT a standard USGS option (although we have made several requests of the USGS to add this
as an option). If you are always using Groundwater Vistas, it is not a big deal. It only becomes a problem
if your simulations rely on this option and you transfer the model to someone using another preprocessor or
version of MODFLOW.

The second option that helps with slightly unstable model simulations is related to the PCG2 solver. The
PCG2 solver has a bad habit of often getting to the end of the run and then just slightly oscillating between
outer iterations without ever converging fully. We added an option to stop iterating if the two convergence
criteria (head and residual) are met in N successive outer iterations. Usually 5 to 10 is a good number. |If
you rely on this feature, make sure that the mass balance error is low (< 1 %). As with the previous option,
this is not a USGS standard option. To activate this switch, use Model| MODFLOW/|Solver Options —
PCG2 tab. Itis the last field on the property sheet.

Cancel |
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Adding Calibration Targets

Calibration targets can be added to the model manually by selecting AE|Target and left-clicking where you
want the target to go. You can also click the Jﬂ button on the toolbar and then left-click to add the target
in the same manner. Usually, however, there are far too many targets to insert them all manually. The

more common way of adding targets is either to import from a text file (e.g. comma-delimited Excel
spreadsheet) or from a GIS shapefile. We will illustrate each method.

Start by importing a set of targets from a text file. The file is called CalEx0_targets.csv and should be in
the gwv6\tutorial directory. You can open this file in Excel to view the contents.
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There are 16 targets with names, coordinates, target head values, layers, and weights. This is the generally
the minimum information to define a target in Vistas, although layer and weight can be omitted. If layer is
omitted, then the targets are imported into the current layer. Weights are assigned a value of 1.0 if they are

not in the file.

Import this file by selecting AE|Import|Target Text File and browse to find this file. Then enter the
column number of the data next to the corresponding label on this dialog. For example, Name is in column
1, X is in column 2, etc. You also need to enter a 1 for number of lines to skip. By default Vistas assumes
that the X and Y coordinates are “site coordinates”. That is, they are the same coordinates as your base

map (see first option on the dialog below). Your dialog should look like the one below.
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W E = 1 Mo. Trang. Data Pts. |0
# Coordinate 2 Coalurnn 0

Y Coordinate |3 Fiow 0
Screen Elew. 1] Layer ]

Target Value |4 wiaight !

Group Mumber |0 Lower Layer 0
Comporent 0 kirirnLam k. 0

b awirnunn K. 0

Click OK and Vistas should report that 16 targets were imported. If you do not get that number imported
then there was something wrong on the import dialog above. You can confirm that you have 16 head
targets by selecting Model|Model Information. This is a handy place to get a summary of all boundary
conditions and analytic elements in the model.

Another option for adding targets is from a shapefile. The shapefile was invented by ESRI for ArcView
and ArclInfo (now ArcGIS) as a standard file type for displaying and manipulating spatial data. They can
be composed of either points, lines, or polygons. A shapefile is actually a collection of files. Groundwater
Vistas uses 3 of these files: (1) the *.shp file contains the coordinates of each entity, (2) the *.dbf file
contains the attributes of each entity (e.g. Name, target head, etc.), and (3) the *.shx file is tells which shape
goes with which item in the attribute database. Groundwater Vistas further assumes that the coordinates
are the same as your base map.

To import targets from a shapefile, use AE|Import|Shapefile. Browse to find the file CalExQ_targets.shp
and change the element type from Well to Target.
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Import Shapefile for Analytic Element

Shapefile Narme |E:'\ESIF‘rDiE::t32EIEIE"aGrnundwater‘v’istas'\versit Browse. .

Element Type T arget ﬂ
ak.

il

Cancel

Groundwater Vistas will now open the database file and pull out the field names. The following dialog is
displayed. Your job is to select the database field that corresponds to the data types needed for the target.
If a particular data type is not in the database, then just leave the field as “Not in Database”. Fill out the
dialog as follows, making sure to check the option that the layer elevation field contains layer numbers:

i -

Import Shapefile for Targets

[ Targets are Transient

[ Cancel
-

i

[+ Screen Elevation Field Contains Layer Murnber

Target Type |HE"3':| j ‘

[ Target Value iz a Head Difference

Select field name in Shapefile D atabaze far each item belaw.

Target Mame |T.-5'-.FH3ETN.-’-'-.ME ﬂ
Screen Elewvation |L.-'1'-.YE R j
Target Valus [TARGETVALL |
Wwieight j
Time |N|:|t in databaze ﬂ
Lower Screen Elevation |N|:|t in database ﬂ
Group Murmber |N|:|t it databaze j
Minirmurn Pilat Paint % alue |N|:|t in database J
M axirnurn Filat Paint Y alue |N|:|t in database J
b — ————4

Note that you never tell GV which field contains coordinates. This is because the coordinates are obtained
automatically from the shapefile. Click OK when you are done and Groundwater Vistas should again
report that 16 targets were imported.
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You will now see that a problem has occurred. Your targets have disappeared. This happened because we
imported the targets twice, once from the text file and once from the shapefile. Groundwater Vistas does

not delete duplicate targets, but rather simply keeps adding them to the model as you import them. If two
targets lie identically at the same location, they essentially “white out” each other and nothing is displayed.

This is a rather common problem, which is why we set up this computer session the way we did. You can
rectify the problem in a couple of ways. Generally the easiest approach is to delete all targets and import
again. This is done by selecting Edit|Select All|Targets followed by Edit|Delete (or just hit the Del key).
Another approach since we only have a few targets is to select Edit|Analytic Element List and click on the
duplicate targets and hit the Delete button, as shown below.

[

]

Type Mame #-Coordinate Y-Coordinate Close |
Recharge 0.0 no -
Reference no n.o Insert .
Target D1 a04.8 JE42. 7 -
Target D1 g84.8 JE42. 7
Target -2 2644 5 26895
Target Diad-2 2644.5 2689.5
Target Drwd-3 11731 1708.9
Target Drw-3 11731 1708.8
Target D4 0753 7007
Target D4 A07R3 7007
Target Dhwd-5 24887 3¥89.3 2
Target D5 24887 3789.3 1
Target b1 624 121349
Target b1 J62 4 121349
Target k10 27362 M
Target Mws-10 27362 a1
Target bd-11 26354 4716
Target b1 26354 4716
Target b2 4174 3505.2
Target b2 174 3505.2
Target ha-3 12239 27383
Target had-3 12239 27383
Target b4 1471 4 I7R2E
Target b4 1471.4 7526
Target [TEPEE avh.y 3789.3
Target [TAPEE S ava.y 37893
Target b B a084.4 3505.2 -

Inzert Type |WE" ﬂ

Pick a method outlined above to get back to one set of 16 calibration targets.

Calibration Statistics and Plots

The reason for using calibration targets is to be able to generate statistics and plots that show how well the
model matches reality. The first thing you usually do is select Plot|Calibration|Statistics-Plots. If you do
that now, you will get an error message:
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GW Vistas X

' Targets have not been computed,
[ please import wour model resulks again!

Groundwater Vistas computes the residual (error) at each target when the results are imported. If you
import targets after importing results, the residuals have not been computed. Simply select Plot|/Import
Results and click OK to update the target calculations.

There are many ways of analyzing residuals at target locations. The most common is to get the statistical
summary and make basic charts. This is done through Plot|Calibration|Statistics-Plots. Do that now and
then click the statistics button. You should get a summary that looks like the following:

Target Rezidual Mame
152,80 .60 k-6 -
157.80 11.54 -7
16210 14.04 [hwi-5 E
168.80 5.44 b4
174.40 1466 Miwf-10 |
178,30 10.85 [rhwf-2
18360 1222 b5
186.20 895 Crws-4 i
100 AN 191 Mt A

Residual Mean =1262
Residual Standard Dev. =388

Abzolute Residual Mean

Reszidual Sum of Squares =2 79=+003
FikdS Error =13.20

W irirmurn B esidual =R 44

b airmunn Fezidual =237
Range of Obzervations =71.10
Scaled Res. Std. Dew. =[.055
Scaled Abs. Mean =0177
Scaled RM5 =0136

If you want a spreadsheet of the details for these targets, click Close and then click the Export button. The
file that is exported is a comma-delimited file you can open in Excel. Various plots can also be created
such as computed versus measured target values, computed versus residual, and a cumulative sum of
squared residuals plot. The latter is very useful when using Pest because a few very large residuals can
cause convergence problems in Pest. If you create the cumulative sum of squares plot now you will see the
following:
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Cumulative Sum of Squared Residuals
2788.9 —

2510.0 —

22311+

1952.3 —

1673.4 —

1394.5 —

11156 4

Cumulative SSR

836.7 —

557.8 —

278.9 —

0.0

| | |
1 4 7 10 13 16

Target Number

4 Graph Series 1

This shows that almost half of the total sum of squared errors (objective function in Pest) is controlled by
just 4 targets and 20% of the sum of squares is the one worst target (558 ft* for target 1 in the chart above).
This is not a significant problem early in the calibration. However, after you have been working on the
calibration this might be an indication that there are a few targets (maybe just 1 target) that is a significant
part of the overall objective function. In that case, you may consider using a weight less than 1.0 to remove
any adverse influence of this one target on the calibration. Remember that Pest is trying to lower the
overall sum of squared residuals. If just a couple of targets are controlling that value, then Pest will be
spending most of its effort on those few targets.

Other common displays you can create for the target set is to post the residual at each target and/or draw a
residual circle at each target. This is done using Plot|Calibration|Post Residuals and
Plot|Calibration|Post Residual Circles (or just use Plot|What to Display). The options for how these
postings are created are controlled using Plot|Calibration|Options. Try posting residuals and residual
circles for the current model. Your plot may look something like the one shown below.
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0|
A1 contour Cross Section 3, Layout /7 || =+ |
AEM R20 |C82 |1 |4559.20 353034 NoFlow SPL |TS1 |TTSL T100 |

The colors used for residuals and residual circles are blue for positive residuals (model-computed values
are too low) and red for negative residuals (model-computed values are too high). You can use the options
menu described above to change those colors.

Editing Calibration Targets
Targets are edited in Vistas by either double-clicking individual targets (make sure the “A” button is
pushed down on the toolbar) or using the AE|Modify|Targets menu.
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You can convert steadystate targets to transient or vice versa. Note that if there is more than one stress
period and|or time step, even though the run is steadystate, all targets must be transient. The “Target
Thinning” option is used when you have highly clustered targets. This option can automatically delete
targets based on number per cell, distance, etc.

i ——

Calibration Target Report

Another type of export for target residuals is accessed from Reports|Calibration|Target Residuals. This
report offers more options than the standard export under Plot|Calibration|Statistics-Plots. The target
residuals report options are shown below.
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Calibration Target Repart

Target Type Head i

I Usze'weights in All Calculations

Target List

Iv List Targets with Following Characternistics

Layer Range from |-I ta |2

Time Fange from |Ij to |1 00000000
Group Range from |Ij to |99999
Zone Range from |1 to |99999

[Mote: Current Property Type Uzed in Zone Flange Above]

Abzolute Walue of Residualz Greater Than u

Absolute Walue of Residuals Lezs Than 100000000

[¥ List Row and Column Coordinates
[v wiite 3 and ' Coordinates in Site Coordinate System
-

[ Show Mearest Target

Iv Surnmarize Statistics for This Group

I Use Stochastic Results for Realization Mumber 1

Summarize Statistics
I By Layer
[ By Group

[ By Zone [Using Current Property Type)

Special
[ Targets in Dy Cells

[ Targets in Cells with Boundary Conditions

File Marne C:hgwewBhtutonialwwork T argetB eport. e

W Launch Text Editor ta Yiew Report

Ly

Cancel

Browse...

These options give you a lot of flexibility in creating residual tables and statistics and looking for problems
such as targets in dry cells or extreme target values. Try creating a report for this model and open the file

in Excel.
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Automated Sensitivity Analysis

The purpose of the automated sensitivity analysis in Groundwater Vistas is to explicitly show the effect of
small changes to model parameters on calibration statistics. Curves are plotted for each parameter tested
and these curves help you decide which parameter to adjust and by how much. It is a computationally
intensive operation and not as efficient as a Pest run. However, it does have the advantage of confirming
model stability and provides good information on overall parameter sensitivity. We believe it is a good
precursor to a Pest run.

The easiest way to run an automated sensitivity analysis through Groundwater Vistas is to use the new
script file creation routines. Select Model|Auto Sensitivity|Options.

Change the parameter to Kx=Ky at the top of the dialog and confirm that the zone is set to 1. Note that
when changing the parameter type at the top, do not type in the parameter name — simply use the dropdown
list of names provided. In this case, Kx=Ky means that we are adjusting both Kx and Ky by the same
amount (i.e. isotropic conditions).

Confirm that the number of multipliers to 11. Click the multipliers button and confirm that the multipliers
are 0.5,0.6,0.7.0.8,0.9,1.0,1.1,1.3,1.5,1.7, 2.0.

Once you have defined the first parameter, click the New Script button and put the script file in
c:\gwve\tutorial\work. Call it sensl.in. Note that GV automatically will change the output file name to
sensl.in.out so you know which automatic sensitivity analysis results corresponds to which input file.

After giving the file name, GV will prompt for a range of zones to use. This is a quick way of adding many
consecutive zones without having to do it manually. Enter 1 for the first zone and 2 for the second zone.
We have two K zones of interest in this model.

-
Range of Zones or Reaches for Script &J
Add zones or reaches from |1 to |3
Cancel

for the current Property ar Boundamy Type

L.

Now change the property type from Kx=Ky to Kz.

Click the Add to Script button and enter the zone range of 1 to 2 again.

You now have 4 parameters in the script file, Kx1, Kx2, Kz1, and Kz2.

Now change the parameter type to Drain Conductance.

Click the Add to Script button again and enter a range of drain reaches from 0 to 1.

You now are done creating the script file unless you want to add recharge. To look at the script file, click
the Edit Script button. The file should look like the following one:

Groundwater Vistas Version 5 Page 163



[r— ™

File Edit Format View Help

1 11 0 -
. 500000 T
. 600000
. 700000
. 800000
. 900000
. 000000
.100000
. 300000
. 300000
. 700000
. 000000

2 11 0
. 500000
. 600000
. 700000
. 800000
. 900000
. 000000
.100000
. 300000
. 500000
. 700000
. 000000

1 11 O
. 300000
. 600000
. 700000
. 800000
. 900000
. 000000
.100000
. 300000
. 500000
. 700000
. 000000

2 11 O
. 300000

[=]

m

o

=
[=] MNEFEFEREEPOOOOO NEHEERERPOOOOO NEFEFERRFFPOOOOO

Lnl Coll

The format of the script file is documented in the Groundwater Vistas manual. The first number is the
parameter number (0=KXx, 1=Kz, etc.). The second number is the zone or boundary reach and the third
number is the number of simulations to run. Following the parameter definition line are the multipliers in
order from lowest to highest.

To run the script file, click the Run from script file button. Be sure that the script output file is located in
the same directory as the input file (normally it will be because GV will automatically put it in the right
location of you use the “New Script” button. In this case, it should be but if you put it somewhere else,
change it now.

Groundwater Vistas Version 5 Page 164



r =

Automatic Sensitivity Analysis

Parameter to M adify Drain Conductance 0
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Option to Save Output Do Mot Save Output
o o Mew Scrpt
Ize Addition ingtead of Multiplication for Boundary Heads [
Multiglers. | Add ta Serpt |

Script File

Script File M arme |E:'\.GW"-.-’EE"atutu:uriaI'\.wu:urk'\senﬂ in Browsze. ..

Output File MWame |I::"-.GW"-;"E'xtuh:uriaI"-.wu:urk'xsenﬂ An.out Browse...

I Use Super Script to Automatically Update Parameters

Mumber af Super Script lterations Gl

[ Run MODFLOW Minimized

[ Sawve Detailed Fesidual Analysiz to file

I Sawe Data from Last Time Step for Moritoring el

Digtributed Computing

[ Use Remate Model Launch for Distributed Computing - -
Remate Directories...

[ “wiite Comnplete Maodel Datasets at Start of Analysis

Now, start the sensitivity analysis by selecting Model|Auto Sensitivity|Run Analysis. The model will run
66 times (6 parameters x 11 runs per parameter), which should not be too long since this is a relatively
simple model.

When the model is done running, you will be asked if you want to create a plot. Select Yes, and then just
click OK on the next dialog that prompts for the file name. GV puts the results of the analysis in the script
output file (see dialog above — sensl.in.out). This is a comma-delimited file that you can view in a text
editor or in Excel. Next click OK on the dialog asking which statistic to plot. Although you may choose
from a variety of statistics, the sum of squared errors is the best one to use. Your first plot should look like
the following:
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E 3599 | — Drain Cond1
S -
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@ 1753
1137 —
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05 0.7 0.8 0.9 1.1 1.3 14 1.6 1.7 1.8 20
Multiplier
4 Graph Kx1 Kx2 Kz1 Kz2 Drain Cond0 Drain Cond1

This curve shows that reducing Kx1 by a factor of 0.5 would substantially reduce the sum of squared errors
and therefore improve the quality of the calibration. The initial sum of squared residuals (multiplier = 1.0)
was about 2,790 in this case. If you look at the Kx1 curve above, you can see that at a multiplier of 0.5, the
sum of squared residuals drops to 525, a substantial improvement. The trick to reading this graph is to look
for the curve that hits the lowest point on the Y-axis (sum of squared residuals). A low sum of squares
equates to a better model, assuming the parameter change makes sense. Once you find the curve that has
the lowest sum of squared residuals, look at the parameter type and multiplier. If that value seems to be
justified, change the parameter in Groundwater Vistas and run the model again.

Make that change now by selecting Props|Property Values|Database.
Multiply the Kx and Ky values for zone 1 by 0.5 and enter those values in the database.
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Hydraulic Conductivity Property Zone Values
Stress Period Number: 1 (Recharge/ET Only)
Mumber of Zones |10 E
KX Ky Kz Color |+
1 |25 2.5 0.5 0
2 |01 01 0.01 0
32 (o1 0.1 0.01 0 ]
4 |0 0 0 0
5 |0 0 ] ]
G ] 0 0 0
¥ |0 0 0 0 +
« | -
0k | Cancel Apply Hep | '

After making the change, run the model one time to confirm the results and make another pass through the
automatic sensitivity analysis.

Repeat this analysis 4 more times. If you want the computer to do all the work for you, select Model|Auto
Sensitivity|Options and turn on the Super script option at the bottom. In Super script runs, GV decides
which parameter to change, makes that change, and runs another script analysis. Change the number of
super script runs from 5 to 4 and try it. In this type of analysis, you don’t get a graph but rather a summary
of which parameters were changed and by how much. The changes are permanent in your model so if you
don’t like what happened, you can use the super script output file to go back and reset to the original
values.

If you make 5 sets of auto-sensitivity runs (your initial one plus 4 more), you should be able to get the sum
of squared errors down to about 128 and the calibration should look reasonably good. If you want to
compare your progress to the theoretically “correct” answer, here are the four additional runs.

In run 2, the Kx1 curve now reaches a minimum value at a multiplier of 0.7. This brings the sum of
squared residuals from 525 to about 293. If you are unsure of the exact multiplier, just click on the Kx1 tab
at the bottom of the graph window. This will show a spreadsheet of multiplier versus sum of squared
residuals so you can see the raw data that went into the graph for this parameter. Change Kx and Ky in
zone 1 from 2.5 to 1.75.
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In run 3, the results are starting to look like they are not getting much better. This is partially because of
the scaling on the Y-axis where there are some large sum of squared residual values. The graph right after
the run looks like this.

e, . BE)

Sensitivity Analysis
2195 — Kx1

1999 — — Kx2
1803 — — Kz1
1607 — — Kz
1410 — —— Drain Cond0
1214 - —— Drain Cond1

1018 —
822 —

Sum of Squared Residuals

625 —
429 —

s e L T AL L L
0.5 0.7 0.8 0.9 1.1 1.3 1.4 1.6 1.7 1.8 2.0

Multiplier

4 Graph Kx1 Kx2 Kz1 Kz2 Drain Cand0 Drain Cond1
=_==-

In order to better see what is going on, we need to change the scaling of the Y-axis. Right click the graph
and choose properties. On the Y-axis tab, change the maximum Y to 500. Now the graph is easier to read,
as shown below.
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It is easier to see now that multiplying Kx2 by 2.0 will lower the sum of squared residuals from 293 to
about 233. Go to the property database and make that change to both Kx and Ky.

The results of run 4 need to be scaled as in run 3. After doing that, it is clear that multiplying Kz in Zone 2
by 0.5 will reduce the sum of squared down to about 178. Go to the database and change Kz2 to 0.005.

Sensitivity Analysis

500 — Kx1

465 — — Kx2
B 430 — Kzl "
=}
S 395 — Kz
& 350: —— Drain Cond0
E 325: —— Drain Cond1
S
3 -
3 290t
© 255
S -
@ 220

185 —

W71 T 1T T 17 T 1T T T T 17 T 17 T T T 171

0.5 0.7 0.8 0.9 1.1 1.3 1.4 1.6 1.7 1.8 2.0
Multiplier
Graph Kxl Kx2 Kz1 Kz2 Drain Cond0 Drain Cond1

After run 5, the results are like run 4, as shown below. Reducing Kz by another factor of 0.5 will lower the
sum of squared residuals to about 123.
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In summary, we made 5 sets of 66 runs each. After each set, we changed one parameter value and lowered
our sum of squared residuals substantially from 2,790 to about 123. In addition, the process is logical and
can be easily explained and documented.

Introduction to PEST

The following tutorial continues on from the previous session and introduces you to the Pest inverse model.
You will start with a steadystate calibration and then add a transient simulation.

Select File|Open and find the file CalEx1.gwv. Click the calculator button to run the model one time just
to make sure all files are up to date.

PEST has its own set of menus under Model|Pest.
First select Model|Pest|Options - Basic Options. This sets the main options for the Pest run.

Put a check in the option to put the BCF Package arrays in a separate file (“Write arrays as external files™).
This is technically not necessary for MODFLOW?2000 with the LPF Package but it is a good habit to get
into as many times you will need to do this with PEST and it does not hurt to do it even if it is not
necessary.

Put a check in the option to run models without screen output (this allows you to see the Pest screen
output). Finally, put a check in the option to “Use Command-line versions”. The latter will run Pest
without the ESI versions of MODFLOW flashing up a window each time the model is run. Your dialog
should look like the following:
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MNumber of Lambdas (MLIMLAM)

:

Pest Options &J
Regularsation ] Run Temination ] Structures ] Prediction ]
Basic Options Targets ] Groups ] Parameters ] Printing ]

[
Initial Marquardt Lambda (RLAMBDAT) o
Lambda Adjustment Factor (RLAMFAC) 2 Negative
Objective Function Goal (PHIRATSUF) EN
Successive Reduction Goal (PHIREDLAM) 0.1

Max. Bel. Param. Change (RELPARMAX) 10
Max. Factor Param. Change (FAXFARMAX) 10
Original Factor Constraint (FACORIG) 0.001

Dervative Switch (PHIREDSWH)

Run Pest Predictive Analysis
Use Automated User Intervention (AL

E‘
1 O O

Regularze Parameters

Include Pilot Points [ Krige by zone (regardless of layer) [

Fun Models without Screen Output W iUse Commanddine versions! [

Write Amays as BExdemal Files |+
-
-
Use Singular Value Decompaosition (SVD) [
Madmum MNumber of Singular Values 0 [
v

Eigenvalue Threshhold 0.0001

I Supplement Filat Points with Hydraulic Cond/Kz Targets [

o |

Next set up the Pest parameters by selecting Model|Pest|Parameters.

Cancel | | Help

A — T . -

Change the first one to Kx Zone Number

Enter zone 1 in the field to the right of the parameter name.
Set the transformation to “log” and the limit type to “factor”.
Repeat this for Kx in Zone 2, Kz in Zone 1, and Kz in Zone 2.

An easier way to do this is to use the Parameter Setup button. If you use this approach, you would enter
the following for Kx zones:
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Farameter Type j | Ok |
Zone of Reach Number |1 to 2 Cancel

[ Add Al Zones [ Mimirnumdt axirum Are Multipliers On Current % alue

|K:-:

kirirnam W alue 0.01 b axirnuinn % alue 100
Tranzform Log :l' Limit Type Factor hl
[ Regularize

L

Note that by checking the option that the minimum and maximum values are multipliers you don’t need to
remember what the current values are in these zones. Also, for Kx, Kz, and storage, you can check the
“Add All Zones” option and Vistas will put all K zones in the parameter spreadsheet. Note, however, if
you do that for this problem you need to uncheck the “Use” column for zone 3.

We will also be estimating drain conductance. Add Drain conductance in reach 0 and Drain conductance in
Reach 1. Use the “log” and “factor” options for all of them. Also, make sure to increase the Parameter
Upper Bound for the drain conductances to 1e+05.

[ PEST Paramaters . liE-J-‘
Type Use Zone Minimum Maximum Transform Limit i
I 1 K v 1 5.00000e-002 |500.00 Log Factar
2 |Kx v 2 1.00000e-003 [10.00 Log Factor
3 Kz v 1 5.00000e-003 |50.00 Log Factor
4 Kz v 2 1.00000e-004 |1.00 Log Factor
5 |DrainC v 0 1.00000e-003 1DDbD.DU Log Factor
i] Drain C v 1 1.00000e-003 |10000.00 Log Factor
T Mone N 0 1.00000e-004 |1000.00 Mane Relative
g8 |Mone [ 0 1.00000e-004 |1000.00 MNaone Relative
9 Mone N 0 1.00000e-004 |1000.00 Mane Relative
10 [Mone B 0 1.00000e-004 |1000.00 MNaone Relative
11 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
12 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
13 |Mone N 0 1.00000e-004 |1000.00 Maone Relative
14  |Mone B 0 1.00000e-004 |1000.00 Maone Relative [+]
« 1 [+
Copy to Clipboard Pazte All Log/Factar Parameter Setup | Clear All Parameters |
I ar. | Cancel |

Now, we will create the files necessary to run PEST.

First, select Model| MODFLOW?2000|Create Datasets to write out the external arrays for the BCF
package.

Then select Model|Pest|Create Datasets.

Groundwater Vistas Version 5 Page 172



It is always a good idea with PEST to run the PESTCHEK utility. PESTCHEK looks at your PEST input
file (root.pst) to see if there are any problems. To run it from GV, select Model|Pest|Run Pestchek. GV
then runs pestchek and puts the screen output into a text file and then displays the text file. You should see
no errors but two warnings. (The warnings are because gradient targets are turned on but there are no
gradient targets in your model. This won’t hurt anything but you can turn them off by selecting
Model|Pest|Options — Targets tab).

You can now run Pest by selecting Model|Pest|Run Pest. Pest will start by running the model with the
current parameter values. Pest will then display the starting sum of squared residuals (phi) and tell you
how many times it will run the model during the first iteration, as shown below.

R . A
ChgwvEh\pest.exe il d

PEST »un record: case cl
(See file cl.rec for full details.>

Model command line:
pestgu.bat

Bunning model 1 time....

Sum of sguared weighted residuals (ie phi>
Contribution to phi from obhservation group "headl®
Contribution to phi from ohsewrvation group “grad"
Contribution to phi from obhservation group "angle"

OFTIMISATION ITERATIOM HWO. i
Model calls so far 1
Starting phi for this iteration
Contribution to phi from obhservation group "headl®
Contribution to phi from ohsewrvation group “grad"
Contribution to phi from obhservation group "angle"

GCalculating Jacobhian matrix: running model & times
2 runs completed.

The starting phi (2788.9 ft? in this case) should closely match the value you get by running the model one
time and selecting Plot|Calibration|Stats. If the Pest phi does not match the sum of squared residuals
reported by Vistas, then something is wrong.

Now Pest will run the model one time for each parameter (6 times in this example). After these first 6 runs,
Pest will estimate a new set of parameters using the starting Lambda value. Next, Pest will test multiple
Lambda values to see if it can do a better job with more Lambda values.

F .
¥ Chgwwh\ pest.exe |£IE‘&]

& runs completed.

Lamhda = 18.6808
running model
Phi = 16247

Lambda = 3.1623
running model
Phi = 114.62 ¢ B.841 of starting phil>

No more lambdas: phi iz less than B.388@ of starting phi
Lowest phi this iteratdion: 114.62

MHaximum factor change: 1@.88 ["kx2']

Maximum relative change: 9.8688 ["kx2']

OFTIMISATION ITERATION HWO. 2
Model calls so far 9
Starting phi for this iteration
Contribution to phi from ohservation group "headl
Contribution to phi from obhservation group
Contribution to phi from obhservation group

114.62
114.62
A . 0068
8.00608

Calculating Jacobhian matrix: running
3 runz completed.
B — S
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In this first iteration, Pest used the default Lambda value and reduced phi to 1,624.7. It then reduced
Lambda from 10 to 3.16 and got a huge improvement in phi, down to 114.62. This was such a huge step
(less than 0.3 of starting phi) that it moves on to the next iteration (Note that you can control that 0.3 value
under the various Pest options).

After a few iterations, the phi has dropped to the level where it is not changing much between iterations.
Pest will now start running the model twice for each parameter. This was done because the “switch” option
is the default option that Vistas uses. It is generally a good idea to use this approach because it is very
common to make good progress early in the Pest run and then as the model gets closer to the best fit, the
change in phi slows.

r y
& (Ere—— o] = e |

running model
Phi = B.59973

Lamhda = 1.6B587E-@7
running model
Phi = 8.57933 { 1.808 of starting phi>

No more lambdas: relative phi reduction hetween lamhdas less than B.81088
Lowest phi this iteration: 8.59933

Relative phi reduction between optimisation iterations less than B.180088
Switch to central derivatives calculation

MHaximum factor change: 1.84% ["drl']

MHaximum relative change: 4.9217E-82 [“drli']

OFTIMISATION ITERATIOM HO. 7
Model calls so far LA
Starting phi for this iteration a.59933
Contribution to phi from observation group "headl" a.59933
Contribution to phi from ohsewrvation group “grad" a.88ua
Contribution to phi from ohservation group “angle" a.88ua
All frozen parameters freed.

Calculating Jacobhian matrix: running model 12 times
6 runs completed.

So in this example, the number of model runs eventually jumps from 6 runs to 12 runs. Phi has dropped
down to less than 1, which is several orders of magnitude better than the initial phi. When this happens,
you know you are close to a solution.

Eventually Pest will get to a point where phi is not changing very much at all. Pest will then report it is
done and run the model one last time with the best estimates. This is handy because you can then simply
choose Plot|Import Results in Vistas to see the calibrated head field.

Import results after your Pest run and your screen should look like the one below. Note that the residuals
posted next to each target are very low numbers. You should also check the calibration statistics to confirm
that your sum of squared residuals is close to the final Pest value (0.599 in this case).
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You can also view the Pest text output when you are done by selecting Model|Pest|View Main Output. If
you plot the final sensitivities for the Pest run (Plot|Calibration|Pest|Final Sensitivities), you can see that
Kx in zone 1 is the most sensitive parameter and drain reach zero is the lowest in terms of sensitivity.

Gy Graph

—

[ 1]

In the past we also used MODFLOW?2000 in this calibration exercise and found that MODFLOW?2000
cannot get nearly as good a fit as Pest unless Drain reach 0 is turned off as a parameter. This is an
interesting result because MODFLOW?2000 and PEST compute sensitivities in a different way. Pest uses
perturbation to compute parameter sensitivities. That is, it changes each parameter slightly and then
compares the change in error at each target to the base case. MODFLOW2000 computes sensitivities
analytically which the authors at the USGS claim yields much more accurate results. Obviously this is not
the whole story since Pest is so much better, at least in this case.

Groundwater Vistas

Sensitivity

6.09 —
5.48 —
4.87 —
4.26 —
3.65—
3.04 —
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Before we do anything else, use File|Save As and give this version of the model a new name, such as
CalEx1_PestSetup.gwv.

If you like the results of the Pest calibration run, the next step is to take the final parameter estimates from
Pest, enter those in the current model, and run it again. Groundwater Vistas offers a simple way of doing
this. Simply select Model|Pest|Update Parameters and answer Yes to the next prompt. Before doing
anything else, it is a good time to save the model under a new name (e.g. CalEx1_PestResults.gwv) using
File|Save As. It is good practice to save at least two versions of each calibration run. One is the setup of
the run which we saved in the previous paragraph and the second is the result, which we save now. That
way if you ever want to go back and reproduce what you did, you can do that or you can test the
effectiveness of other Pest options and rerun it.
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PEST and Pilot Points

Introduction
Written by

John Doherty
Watermark Computing

Adapted for Groundwater Vistas by

Jim Rumbaugh
Environmental Simulations, Inc.

This tutorial demonstrates some of the advanced and exciting opportunities for model calibration available
through PEST-ASP and supplementary software available through the Groundwater Data Utilities. By the
time you have finished this exercise you will have:

e used pilot points as a means of characterising the spatial distribution of an aquifer hydraulic
property;

e used PEST’s advanced regularisation functionality in conjunction with geostatistically-based
regularisation constraints;

e used Groundwater Vistas to assist in PEST input file preparation.

This exercise is based on the Groundwater Visas (GV) graphical user interface (GUI), which simplifies the
use of PEST-ASP and some of the utility programs related to pilot point calibration.

Why not use MODFLOW-2000?

At first site, using PEST to calibrate a MODFLOW model may seem to be an old-fashioned way of doing
things; after all, parameter estimation functionality is available through MODFLOW-2000. Why not use
that?

There are a number of reasons why the parameter estimation capabilities of MODFLOW-2000 could not be
used in the present circumstances. They are as follows:-

MODFLOW-2000 parameter estimation functionality does not extend to the calibration of a composite
model comprised of MODFLOW and MT3D. Thus borehole concentration measurements cannot be used
in a MODFLOW-2000 parameter estimation run.

MODFLOW-2000 has no predictive analysis or regularisation functionality. As the present exercise shows,
both of these can be extremely useful in many modelling contexts.

Many cases have been encountered where PEST’s inversion engine is stronger than that of MODFLOW-
2000, especially where many parameters require simultaneous estimation.

The “parameter estimation” process of MODFLOW-2000 does not work well where hydraulic conductivity
or transmissivity parameterisation within a model domain is based on pilot points, and where the
distribution of these properties within the model domain is best described by a log variogram.

If parameter estimation was required only for a MODFLOW model, and MT3D was thus not included in
the parameter estimation and predictive analysis processes documented herein, then these problems could
have been overcome by carrying out the following procedure:-

Using Groundwater Vistas, set up a MODFLOW-2000 model based on a simple parameterisation of the
model domain.

Generate a set of MODFLOW-2000 input files for that problem.
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Use programs PPK2FAC and FAC2MF2K from the Groundwater Data Utilities to create a set of
MODFLOW-2000 input files in which the simplified parameterisation of the model domain is replaced by
a more complex parameterisation based on pilot points.

Use the MODFLOW?2000-to-PEST translator MF2PEST to build a set of PEST input files based on the
enhanced MODFLOW-2000 input dataset.

Use program PPKREG from the Groundwater Data Utilities to incorporate geostatistically-based
regularisation information into the PEST input dataset.

Run PEST to calibrate the model. However instead of using the normal version of MODFLOW-2000 in
conjunction with PEST, use a special version of MODFLOW-2000 (supplied with PEST) known as
MF2KASP. This overcomes the problems associated with log variograms mentioned above.

Strategy used in the Present Exercise

In the present exercise a slightly different strategy will be used. This strategy is a little simpler in some
ways than that described above, and easily incorporates the inclusion of MT3DMS into the calibration
process. Neither the sensitivity nor parameter estimation processes of MODFLOW-2000 will be required,
for MODFLOW will only be run as a “forward model”; ie. it will only be run to calculate outputs - in this
case head outputs. Furthermore, spatial interpolation of MODFLOW-generated heads to the sites of bores
will not be undertaken using the MODFLOW-2000 observation process; rather it will be undertaken using
Groundwater Vistas’ targpest program. In some contexts, as is demonstrated below, this facilitates
preparation for a PEST run. Furthermore, the same utilities can be used to interpolate MT3DMS
concentration outputs to the sites of bores. (There is no observation process within MT3DMS to do this, so
the use of such external spatial interpolation software is a necessity.)

In the present exercise the spatial distribution of transmissivity (rather than of hydraulic conductivity)
within the model domain will be estimated on the basis of borehole head and concentration measurements.
Estimation of transmissivity is entirely appropriate in the present case because we will be simulating steady
state water levels in a heterogenous aquifer in which the spatial distribution of bedrock depth is only poorly
known. Because parameter estimation is restricted to transmissivity only, the MODFLOW bcf package will
be used in preference to the MODFLOW-2000 Ipf or huf packages. Use of this strategy allows us to set the
MODFLOW LAYCON variable to zero for the single layer comprising the model; this allows MODFLOW
to run quickly (an advantage in the present circumstances), and removes the possibility of any numerical
problems being encountered through the drying and rewetting of cells.

For the present exercise the MODFLOW, rather than MODFLOW-2000, version of MODFLOW is used.
However use of MODFLOW-2000 would be almost identical.

Description of Study Area

Figure 1 shows a MODFLOW grid set up over a (theoretical) study area. Grid cells are 40m wide, except
for a band of cells which cross in the centre of the study area which are 20m wide.
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Figure 1. Map of finite-difference grid, river, source of contamination and alluvial
boundaries. Scale: 1cm=200m.

A river runs along the south-western boundary of the study area, simulated by a line of fixed head cells in
the model; the head in the river is 20m. To the north-east of the river, and running parallel to it, is a broad
band of alluvium. Not many holes have been drilled all of the way through this alluvial material into the
rocks which underlie it; hence information on basement depth is only sporadic. Nevertheless, based on
those holes that have been drilled to date, alluvial thickness seems to average about 30m. An old creek
channel, oriented in a north-easterly direction, exists in the north of the study area. The alluvium in this old
creek channel is not quite as thick, and not quite as hydraulically conductive, as that in the main alluvial
band running parallel to the river. To the east and west of this old creek channel are basaltic rocks. Though
not as permeable as the alluvium, these rocks are nevertheless able to conduct water through fractures and
vesicles, the latter occurring especially at the interface between successive flows.

Because the present study area is actually a figment of my imagination, | am able to disclose to you the
“real” distribution of transmissivity within the geological units which underlie it; see Figure 2. (This was
generated with the help of a stochastic field generator based on Mejia’s algorithm.) Within the main
alluvial unit, transmissivity varies between about 65 m?day and 140 m?|day, being generally higher
downstream and closer to the river. Within the old creek system, transmissivity varies between 60m?|day
and 80m?|day. Transmissivity is uniformly 20m?|day in the western basalt and uniformly 30m?|day in the
eastern basalt.

Effective porosity of all alluvial material is 0.07.
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Figure 2. Transmissivity distribution within the study area. Contour interval is 10m?|day; darker shade
indicates greater transmissivity. The site where contaminant is introduced to the groundwater system is also
shown.

The north-west and south-east boundaries of the model domain have been chosen to coincide with
groundwater flow lines. The north and north-eastern boundaries coincide with a groundwater divide.

Recharge to the groundwater system is different within each of the geological units prevailing in the study
area. Within the broad alluvial system associated with the river, recharge is 7x10“m|day (about 255
mmlyr), while within the smaller alluvial unit comprising the old creek system, recharge is 5x10“m|day
(about 180 mmjyr). In the basalt unit to the west of this, recharge is 1x10™m|day (about 36 mm|yr) whereas
in the basalt unit to the east of the old creek system, recharge is 2x10™m|day (about 72 mm|yr).

The focus of interest in the present study is a site whose dimensions are about 60m x60m situated within
the main alluvial unit near the place where it is joined by the old creek system; see Figure 2. Drilling and
water sampling within the main alluvial unit to the south-west of that site has revealed a contaminant plume
originating from under the site. A study of management records at the site has revealed that leakage has
probably been occurring for about 1500 days; however as soon as it was detected, measures were
immediately taken to prevent any further leakage. The contaminant leakage rate was such that there was
minimal effect on the overall groundwater recharge rate under the site. However recharge waters entering
the groundwater system under the site over the 1500 days during which leakage took place contained
contaminant at a concentration of 100 units|m®.

Figure 3 shows the steady state piezometric surface within the study area, as well as the disposition of the
contaminant plume at the time its presence was first detected, ie. after 1500 days of continuous leakage. As
is the case for the geological map pictured in Figure 2, when we come to calibrate a model for this study
area shortly, we will not have the luxury of knowing either the head or contaminant distribution in anything
like the detail pictured in Figure 3.
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Figure 3. Piezometric and contaminant concentration contours 1500 days after commencement of
leakage. Heads are in metres. In this, and similar diagrams, a logarithmic contour interval is used
for contaminant concentration, the lowest contour level being 0.05 units|m?®,

Figures 4 and 5 depict the fate of the contaminant over time if no remedial action is taken. Over a period of
5000 days, starting at the time of commencement of leakage into the groundwater system, 324112 units of
contaminant will enter the river at the lower end of the groundwater system. Only about 15 of these units
entered the river during the 1500 days of leakage. A total of 378000 units of contaminant actually entered
the groundwater system under the leaking site during the 1500 days over which leakage took place.

Groundwater Vistas Version 5 Page 181



Figure 4. Piezometric and contaminant concentration contours 1500 days after cessation of leakage. Heads
are in metres. A logarithmic contour interval is used for concentration, the lowest contour level being 0.05
units|m®.

Figure 5. Piezometric and contaminant concentration contours 3500 days after cessation of leakage. Heads
are in metres. A logarithmic contour interval is used for concentration, the lowest contour level being 0.05
units|m?,
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Using a Model

No model should ever be built without a clearly defined purpose in mind. In the present case the reason is
clear. We have been asked to test the efficacy of extracting water from a single location within the
contaminant plume, and of treating the water to remove contaminant from it. The treated water will then be
released elsewhere. For the present purposes it will be assumed that it does not make its way back into the
groundwater system, at least not within the model area. The aim of the remediation system is to intercept
the contaminant before it emerges in the river which crosses the base of the study area. If no remediation
system is in place, all of the 378000 units of contaminant that entered the groundwater system will find
their way into the river; as was explained above, 324112 units will have entered the river by the time 5000
days have elapsed since leakage began. Let us assume that a regulatory requirement has been set specifying
that total contaminant outflow to the river up until this time must not exceed 10000 units.

The location of the single extraction bore is shown in Figure 6 superimposed on the plume when its
presence was first detected 1500 days after leakage into the groundwater system began. The bore will pump
continuously at a rate of 300m>|day (about 3.5 I|sec).

Figure 6. Location of extraction bore.

If we had complete knowledge of the hydraulic properties of the system it would be a simple matter to
simulate the efficacy of the proposed remediation strategy on a computer, and thereby ensure that the
regulatory requirement is met. Unfortunately, many modelling efforts are conducted under the pretence that
such perfect knowledge of the system exists, for they do not take account of the fact that uncertainties in
model parameterisation can lead to large uncertainties in model predictions. For the purposes of the present
practical exercise we will assume that we know a lot about the system - more than we would probably
know in real life; we will assume that our knowledge of recharge, the source concentration of the
contaminant, the disperssivity and effective porosity of the subsurface, and the amount of time over which
the contaminant was leaking, are all perfect. However we will acknowledge that we do not know the details
of the geologically complex medium pictured in Figure 2. Hence we will parameterise our model in a way
that accommodates the existence of such geological heterogeneity, and explore the predictive uncertainty
arising from our lack of knowledge of the details of this heterogeneity.

But before we do any of that, let us find the “answer at the back of the book” by running a
MODFLOW|MT3DMS model on the basis of the “true” geological conditions.
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Running the Model

The “true” model is provided in Groundwater Vistas format as ex1.gwv. Launch Groundwater Vistas and
open this file. You should see the following on your screen:

o o T RSN,
By Fie Edt Vew AE Piot Model Grd BCs Props XSect 3D Reports Window Help _ ==
D& &= = & HEEwWEE Elvoorow - & BuConstant HeadConc.  ~| B [Hydraulic Conductivity - Gifa, | #|7|@[+|@
Biow Number ]

Cohmn Muwber |1 B
Layer Number: =
Stress Period =
Component Number |1
FgueNumber. [T B ||

MR R

3
A>T, _contour Cross Section 3, Layout / I - J
Il

AEM Rl [cz7 [La [s5536 056

The model is run over two stress periods, the first of 1500 days duration and the second of 3500 days
duration; during the second stress period the extraction bore operates continuously. Steady state conditions
are assumed to prevail over both stress periods. (This is a slight violation of reality as some time must
elapse before water levels adjust to the introduction of pumping; however as the adjustment time is not
large in comparison to the length of the stress period, the errors incurred by this assumption are likely to be
minimal. Use of this strategy has the beneficial effect that file transfer between MODFLOW and MT3D is
minimised, for only a steady state flow field needs to be passed between the two models during every stress
period.)

The model possesses only a single layer, three-dimensional aspects of the flow and transport processes
being neglected for the present purposes.

Run the model now from Groundwater Vistas by pressing the calculator button on the toolbar.
Create datasets when prompted.

Import the results of the simulation for the first stress period and first time step. The default stress period is
2 when you are prompted to import the results. You must change it to 1 in order to have your plot look like
the one below.

Your contours should be the same as those shown below:
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Now, close the ex1.gwv model. We will start with another version for the calibration exercise. Open
the file exla.gwv and use that model for the remaining sections.

Calibrating the Model using Water Level Data Only

As a first step in the calibration process we will attempt to estimate the distribution of transmissivity within
the model domain using borehole water level data only. It will be shown that, even where there is a
relatively high borehole density, the use of water level data alone in the calibration process does not
provide sufficient information to resolve geological fine detail through the calibration process. In many
cases of model deployment, such as water supply applications, this fine detail does not matter. However it
is often of crucial importance when predicting the movement of a contaminant through the subsurface.

When carrying out the model runs documented above, “true” hydraulic properties of the model domain
were used in the model. However in the present instance our task is to attempt to infer hydraulic properties
of the system by calibrating the model, and then to use the properties determined during this calibration
process to make predictions using the model. As mentioned above, we will assume that recharge is
perfectly known; we will also assume that the boundaries between the alluvial material and the basalt, and
between the river and creek alluvia, are well mapped. So the aim of the calibration process is to infer the
distribution of transmissivity within each of the four different zones within our study area, these being:-

the river alluvium (referred to as “zone 17);

the creek alluvium (referred to as “zone 2”);
the western basalt (referred to as “zone 3”); and
the eastern basalt (referred to as “zone 47).

Figure 7 depicts the zonation of our model domain.
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Figure 7. Zonation of the model domain.

You can see these zones by opening the Groundwater Vistas model called exla.gwv. Select
Props|Hydraulic Conductivity and your screen should look like the one below:
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Pilot Points

Using conventional model calibration technology, the calibration process would probably proceed by
defining four parameters, (viz. the transmissivity associated with each of the above zones), and adjusting
these parameters until the fit between model outcomes and field observations is as good as possible. If the
goodness of fit obtained on the basis of these four zones was not acceptable, then extra zones would be
introduced into the model domain at locations where the modeller felt that they would “do the most good”;
the parameterisation process would then be repeated with the new parameters included. If a good fit was
still not obtained, more zones would then be introduced. The process would continue until the fit between
model outcomes and field observations was acceptable.

There are a number of shortcomings associated with this approach. These include the following:
The procedure is quite laborious and slow.

In a case such as the present one, geological mapping provides no guidance on where to put extra zones;
hence the final distribution of zones that the modeller achieves using this process is likely to be subjective
and non-unique.

Characterisation of geological heterogeneity in the present study area by zones of piecewise uniformity is
not in harmony with the nature of the alluvial material; therefore any zonation pattern that is finally decided
upon will not “look right”; it will be defensible only on the basis that it is better to employ such a zonation
scheme than to ignore geological heterogeneity altogether.

Piecewise constancy as a method of characterising geological heterogeneity lacks the flexibility required to
explore the effects of small scale geological variability on model predictive uncertainty.

To overcome these problems, the distribution of transmissivity within the model domain will be described
by a set of pilot points. A number of these pilot points will be introduced to the model domain and PEST
will be asked to estimate the transmissivity of the aquifer at each such point. These “point-transmissivities”
will then be spatially interpolated to all of the active cells within the model domain using kriging. Hence in
estimating transmissivity values at pilot points, PEST will effectively be assigning parameter values to the
whole of the model domain.

Individual pilot points can be assigned to different zones within the model domain. Only those points
assigned to a particular zone can be used in calculating transmissivity values throughout that zone using the
kriging interpolation procedure. Furthermore, the variogram upon which kriging is based can be different in
each zone, reflecting differences in the geology, or in the level of heterogeneity, expected within each
geological unit. Note that if only one pilot point is assigned to a particular zone, then that zone is
characterised as being uniform. This will be done for zones 3 and 4 in our present study.

The locations of pilot point used in the present calibration exercise are plotted in Figure 8. The pilot points
are provided to you in a text file called c:\gwv6\tutorial\pilots.dat. Import this file into GV as described
below:

Select AE|Import|Target Text File (GV uses calibration targets to store pilot point information — pilot
points are a type of target in GV). Locate the file called c:\gwv6\tutorial\pilots.dat.

Change the Target Type at the top from “Head” to “Pilot Point (Kx)” by selecting from the drop-down list
of types.

Enter a value of 0 next to Layer.

Enter a value of 5 next to Target value (this means that the initial Transmissivity is in column 5).
Enter a 6 next to Minimum K and 7 next to Maximum K

Leave the other numbers on the dialog at default values.

Fill out the dialog in GV as shown below:
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After clicking OK, GV should report that 35 targets (pilot points) were imported. Just to make sure that
you imported these pilot points correctly, double-click on one of the target symbols (a circle inside a cross).
(Note: You will need to push down the A button on the toolbar in order to edit pilot points) You
should see a target dialog like the one below. Make sure the target value is 30 and the target type is Pilot

Point (Kx).
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Now we will import another set of targets that are our water level calibration targets. These data are
provided in a file called c:\gwv6\tutorial\Pesttargets.dat.

Select AE|Import|Target Text File and located the file called c:\gwv6\tutorial\Pesttargets.dat.

These targets are transient, representing the end of the first stress period (elapsed simulation time = 1500
days). Check the option that says File Contains Transient Targets

Also check the option that says Read One Target Value for Transient Targets.
Enter a value of 1500 for the target time value.

Enter a value of 0 next to Layer.
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GV should report that 21 targets were imported.
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Figure 8. Locations of pilot points (open diamonds); observation bore locations are
shown as closed circles.

The placement of pilot points at the locations shown in Figure 8 is somewhat subjective. Nevertheless a
strategy was followed in choosing their locations:-

One point was assigned to each of zones 3 and 4 to make them effectively uniform, as described above.

Where more than one point was assigned to a zone, the points were distributed pervasively through the
zone, including right up to the zone boundaries (especially the downstream boundary, as this gives PEST
the chance to implant continuous geological structures in the subsurface which may have a pronounced
effect on the movement of contaminants within it).

Pilot point density was increased where there is greater density of observation points.

Conventional wisdom dictates that the number of parameters involved in a parameter estimation exercise
should be kept to a minium. However when using pilot points in conjunction with PEST’s new
“regularisation” mode, the opposite is often true. PEST’s regularisation functionality prevents the onset of
numerical instability, which often accompanies attempts to solve over-parameterised inverse problems.
Furthermore, a superfluity of pilot points allows PEST to achieve a much better fit between model
outcomes and field observations. PEST’s regularisation functionality will be discussed shortly. For the
moment, we will use pilot points without regularisation in parameterising our model.

Spatial Interpolation using Pilot Points

The use of pilot points in characterising the spatial distribution of a hydraulic property must be
accompanied by a mechanism whereby hydraulic property values assigned to pilot points are spatially
interpolated to the cells of the finite difference grid. If using programs provided with the Groundwater Data
Utilities, spatial interpolation is accomplished using the kriging algorithm. Kriging is a method of spatial
interpolation based on geostatistics. The cornerstone of geostatistics is the variogram; a variogram
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describes the extent to which hydraulic property values (or any other type of data) pertaining to any two
points are likely to be different from each other as a function of the distance between those points. See
Section 5 of Part A of the Groundwater Data Utilities manual, or any standard text on geostatistics, for
more details.

One of the benefits of using kriging as a basis for spatial interpolation is that the factors by which hydraulic
properties at pilot points are multiplied before summation to obtain the hydraulic property value at a
particular grid cell are independent of the actual hydraulic property values at the pilot points. Hence a set of
“kriging factors” pertaining to each of the cells of the finite difference grid can be calculated in advance of
the actual interpolation process. As the latter is undertaken again and again as the model is run repeatedly
by PEST, the fact that it is not necessary to repeat calculation of the kriging factors on each occasion that
the model is run can result in large savings in the time required to complete the overall parameter
estimation process.

Calculation of kriging factors is undertaken by program PPK2FAC, which is run automatically from GV
when you use pilot points. GV will create the necessary files for PPK2FAC and run the program. In some
cases, though, it may be necessary to run the program from the command line. We will show you how to
do that below.

Variograms upon which these kriging factors are based are supplied to PPK2FAC in a “structure file”. For
full details of the specifications of this file, see the documentation to the Groundwater Data Utilities. GV
can create the structure file by first selecting Model|PEST|Options — Structures Tab. There are next and
previous buttons at the bottom of the dialog to allow you to scroll through each structure definition.

Three geostatistical structures are defined for the present example. Each of these structures cites one
variogram (though it could cite up to five). “Structurel” will be used to characterise zone 1 of our model
domain (ie. the river alluvium), “structure2” will be used to characterise zone 2 (ie. the creek alluvium)
whereas “structure3” will be used to characterise zones 3 and 4. Note that the variogram assigned to these
latter zones is quite unimportant; because there is only one pilot point assigned to each of them, all cells
within these zones will be assigned the one interpolated value (same as the respective pilot point)
irrespective of the variogram.

The variogram assigned to “structurel” represents the river alluvium. This is an exponential variogram
(VARTYPE=2) with a range of about 1500m (three times the value of the “A” variable appearing in the
variogram specification). In contrast to variogram2, which is assigned to “structure2” (representing the
creek alluvium), there is no anisotropy associated with “variol”. However for “vario2” the anisotropy value
is 2.0, with the direction of anisotropy coinciding with the direction of the creek. Alignment in the direction
of the creek is based on the premise that channel structures within this old creek valley will make it more
likely for hydraulic property similarity to prevail in this direction than in a direction at right angles to it.

These structures have been defined for you in the exla.gwv model. Select Model|PEST|Options -
Structures Tab and look at each of the three structures. The first is shown below.
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Note: When filling out this dialog for your own model, the key items are the following:

e  Use Exponential variogram
e  The anisotropy should be 1
e The Alpha parameter should be about 20% of the maximum length or width of your model domain

e  Search radius should be high enough that you will find several pilot points from any point within
the area being estimated.
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e  Set contribution to 1.
e All other fields can be left at default levels.

Note also that for all of the structures the TRANSFORM variable is set to “log”. Thus any variogram cited
in each of these structures must pertain to the spatial distribution of the logarithm of the pertinent hydraulic
property. This is in accord with the fact that most studies cited in the groundwater literature which treat
transmissivity and|or hydraulic conductivity as a regionalised variable, indicate that its distribution is better
described by a log variogram, rather than a variogram based on native property values.

To implement pilot points in GV, you just need to define the pilot point locations as we did above.
Select Model|PEST|Options - Basic Options tab
Check the option to include pilot points as shown below.

You also need to check the option to write arrays as external files. This is necessary to allow the use of
some of PEST’s utility software to generate the transmissivity arrays.

Also check the option to run the models without screen output. This allows you to see the Pest output on
the screen.

e

Pest Opticns @

Regularisation ] Run Termination ] Structures ] Prediction ]
Basic Options ] Targets ] Groups I Parameters ] Prirting I
[
Initial Marquardt Lambda (RLAMBDAT) o
Lambda Adjustment Factor (RLAMFAC) 2 & Negative
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Max. Rel. Param. Change (RELPARMAX) 10
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Use Automated User Intervention (AUI) B
Reqularize Parameters -
Include Pilot Poirts v Krige by zone (regardless of layer) [

Run Models without Screen Output W Use Commanddine versions! [
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QK | Cancel | | Help

-
-
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-
-
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Confirm that these settings have been turned on and then select Model|PEST|Create Data Sets. You
should see some DOS windows come up as GV runs the PEST utility software.

Program PPK2FAC will now be run in order to generate a set of kriging factors by which the transmissivity
at each cell centre can be calculated from the transmissivities assigned to the pilot points.

After PKKFAC has run to completion three new files will exist in your working directory. Factorsl.dat
contains kriging factors for all active cells in the model domain. Sd1.ref contains a MODFLOW-compatible
array in which the square root of the “kriging variance” is recorded for every active cell. This is a measure
of the uncertainty associated with the spatial interpolation process, calculated from the geostatistical
structure assigned to each zone. Finally, file regl.dat contains information that will allow program
PPKREG to add a series of “regularisation prior information equations” to the parameter estimation process
later; see below.

Figure 9 shows that the “kriging uncertainty” increases with distance from the nearest pilot point; if a pilot
point falls exactly at the location of a cell centre, then the kriging uncertainty at that cell centre is zero.
Also, the uncertainties in zone 2 are elongated along the direction of the creek in accordance with the
anisotropic nature of the geostatistical structure assigned to that zone. The kriging uncertainty pattern for
zones 3 and 4 is circular due to the fact that there is only one pilot point assigned to each of these zones.

Fig. 9 ““Kriging uncertainty” calculated by PPK2FAC on the basis of the geostatistical
structures contained in file struct.dat. Darker colours indicate higher uncertainty.

Interpolation of hydraulic property values assigned to pilot points to the centres of cells comprising the
finite difference grid is undertaken using program FAC2REAL. In a pilot point file, the value assigned to
each point comprises the fifth element of each line. GV creates this file and calls it points#.dat where # is
the layer number. In this example, there is only one layer so the file is called pointsl.dat.

FAC2REAL writes a MODFLOW-compatible array of real numbers to a file named root#. kx where # is
the layer number and root is your root file name for the MODFLOW run (ex1a in this example). The
elements of this array are comprised of numbers interpolated from the sites of pilot points to the centres of
finite-difference cells comprising zones 1, 2, 3 and 4 of the model domain. Spatial interpolation is carried
out by applying the kriging factors calculated by PPK2FAC to the pilot point values supplied in the fifth
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column of the pilot points file. It is important to note the following aspects of the interpolation process
carried out by FAC2REAL.

FAC2REAL can apply upper and lower limits to interpolated values at cell centres. This can be very useful,
for interpolated values can sometimes be higher or lower (even negative) than any of the values assigned to
the pilot points; this is more likely to happen when pilot points are close together and when the Gaussian
variogram is used. In the present instance the lower interpolation limit is set uniformly at 10°® and the upper
interpolation limit is set uniformly at 10°. However you can supply these limits on a cell-by-cell basis (this
is not supported by GV).

If any of the geostatistical structures cited in the structure file supplied to program PPK2FAC have a
TRANSFORM value of “log”, this information is recorded in the kriging factor file written by PPK2FAC.
FAC2REAL, when calculating a spatially interpolated value on the basis of pilot points to which such a
geostatistical structure applies, takes the log of each pilot point value before applying the respective kriging
factor. After the log of the interpolated hydraulic property value is calculated by summation of kriging
factors times respective log-transformed pilot point values, the resultant value is raised to the power of 10
to “untransform” it before it is recorded in FAC2REAL’s output file.

If there are any cells to which interpolation does not take place (either because they lie within a zone for
which no kriging factors were calculated, or because they are located at a greater distance from any pilot
point than the search radius supplied to PPK2FAC), then FAC2REAL records a user-supplied dummy
value for these cells. In the present case this dummy value is 10%. Since MODFLOW would probably
object to a K or T value of 10%, Groundwater Vistas runs a program called kmakr.exe after FAC2REAL
runs. The kmakr program substitutes K or T values into the matrix when it finds a 10*°* number. The K or
T value is the default value in your model for the zone containing that cell.

GV creates the necessary information for FAC2REAL and creates a new model batch file called pestgv.bat
which will run the FAC2REAL program before running MODFLOW. As stated in the last bullet above,
GV also runs a program called kmakr right after the FAC2REAL program.

Preparing for a PEST Run

Initially our model will be calibrated on the basis of water levels only. PEST input file preparation will be
carried out with assistance Groundwater Vistas. Files prepared in this way will then be amended in order to
carry out more advanced analysis of the measurement dataset using PEST in the following sections.

When using pilot points to parameterise a groundwater model, the parameters to be estimated are the values
(in this case transmissivity values) assigned to the pilot points. Pilot points are assigned values in a pilot
points file; so our first task in preparing for a PEST run is to build a template file based on a pilot points
file. GV does this automatically, however, when you created Pest input files above.

MODFLOW produces a plethora of output data in many different files. However from the point of view of
calibrating the current model, the only output quantities that are important to us are MODFLOW-generated
heads spatially interpolated to the sites of the observation bores depicted if Figure 6. The task of spatially
interpolating MODFLOW outputs to discrete points within the model domain is carried out by a program
called targpest.exe supplied with Groundwater Vistas. Groundwater Vistas creates a file called
targpest.dat that supplies the necessary target information to targpest.exe. The advantage of using targpest
is that it reads the MODFLOW head-save binary file directly which means that you get maximum precision
in the computed head values. If you inspect the file pestgv.bat in a text editor, you will see that the targpest
command immediately follows the MODFLOW run.

Just so to make sure that we have all of the files we need, select Model| MODFLOW/|Create Datasets.
That makes the MODFLOW input files for a single run.

Now select Model|PEST|Create Datasets which writes all of the PEST input files and runs some of the
PEST utility programs.

PEST requires three types of input file, viz. one or more template files, one or more instruction files and a
PEST control file. Groundwater Vistas builds all of these files for you so there is little effort in running
PEST from GV. The GV approach, though, assumes that you will be using the targpest program to
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interpret MODFLOW output. If you want to use the Groundwater Data Utilities that come with PEST, then
you would need to do a lot of editing of the PEST files in a text editor.

Even though GV takes care of your PEST files, there can sometimes be problems that will cause the input
files to be incorrectly formatted. For this reason, it is usually a good idea to run the PEST checking utility
called pestchek. To do this, select Model|Pest|Run Pestchek.

PESTCHEK should report no errors or inconsistencies.

Running PEST

You should now run PEST directly from GV by selecting Model|PEST|Run PEST. If nothing happens
then the PEST software is not in the current path for your computer.

After a few iterations you will notice that PEST has lowered the objective function to an incredibly low
value. You can either stop PEST then, or let it run to completion. To stop PEST, select Model|PEST|Stop
Pest. It is apparent from an inspection of the run record file hcal.rec that PEST is able to match every
model output to every field observation almost exactly. Thus, in spite of the fact that there are often serious
numerical problems encountered in cases where observations outnumber parameters, PEST was able to
achieve a perfect solution to the present inverse problem.

B C:\ewvd4\pest.exe ﬂﬂ

OPTIMISATION ITERATION MWO. : 3
Model calls so far H 73
Starting phi for thisz iteration: 2.3336

Calculating Jacobian matrix: running model 35 times
35 runsz completed.

Lambda = 2.56808
running model
Phi = 1.88394E-82 <« @A.088 of starting phil

Mo more lambdas: phi iz less than B.3888 of starting phi
Lowest phi this iteration: 1.88394E-82

Maximum factor change: 1.283 ["kppp6*']

Maximum relative change: B.2832 ["kppp6*']

OPTIMISATION ITERATION HO. H
Model calls so far 189
Starting phi for this iteration: 1.88374E-82

Calculating Jacobhian matrix: running model 35 times
12 runs completed.

After a PEST run is complete, optimised parameter values are listed in the run record file (in this case
exla.rec). They are also recorded in a “parameter value file”, in this case exla.par. You can look at these
files from GV by selecting Model|PEST|View Main Output File or Model|PEST|View Parameter
Estimates. GV launches a text editor (notepad by default) to show these output files.

As usual, MODFLOW-generated heads are to be found in exla.hds. You can select Plot|/Import Results
and click OK to view the calibrated heads. Select Plot|Calibration|Stats-Plots to see the calibration
statistics. If you click the button to plot observed versus simulated heads, your plot should look similar to
the following:
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This is remarkably good!

Also, the transmissivity distribution used by MODFLOW (spatially interpolated from the locations of the
pilot points) is found in file exlal. kx. If you imported this array into GV for graphical display you would
see that the optimised transmissivity distribution is as shown in Figure 10.

You can import the estimated transmissivities by selecting Props|Leakance (we don’t need this array and
can use it to view the estimated T’s — If you wanted to actually incorporate these values into your model,
you would use the Hydraulic Conductivity property). At this point many of you will be confused as to why
we are importing transmissivity into the leakance property. Essentially we are just using the leakance
property to view the transmissivity values. Leakance is not used in this model so that importing T values
into Leakance does not change the MODFLOW run in any way. Thus it is just a convenient way of
inspecting the calibrated T values without accepting them at this point. To import these T values, select
Props|Import|Matrix. Click the browse button and find the file c:\gwv6\tutorial\work\ex1al. kx. Next,
select Props|Property Values|Reset Matrix Bounds to reset the colors used to color flood the data.
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Figure 10. Transmissivity distribution within study area determined through calibration against
heads. Contour interval is 10m?|day; darker shade indicates greater transmissivity.

A comparison of Figure 10 with Figure 2 (which shows the “true” transmissivity distribution) reveals that
although the “calibrated” transmissivity field has certain things in common with the true field (for example,
the tendency of transmissivities to increase toward the eastern end of the river alluvium), there are
nevertheless significant differences between the two transmissivity fields. Remember, however, that both
transmissivity fields result in a perfect fit between model-generated heads at boreholes and their respective
field-measured counterparts.

The difference between the “true” and calibrated transmissivity fields is depicted in Figure 11. Differences
as high as +40m?|day can be seen within the river alluvium. It is thus apparent that the transmissivity
distribution within the river alluvium cannot be uniquely determined through calibrating the model against
water levels measured in available bores. In fact, the transmissivity distribution shown in Figure 10 is just
one of an infinite number of transmissivity fields that would also have resulted in a perfect, or near-perfect,
fit between model outcomes and field measurements. The big question is, given the uncertainty in the
transmissivity field determined through the calibration process, what is the uncertainty in model predictions
of contaminant movement, and hence in its predictions regarding the efficacy of the remediation system?
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Figure 11. Difference between calibrated and true transmissivities. Contour interval is 10m?|day.

If MT3DMS is now run on the basis of the transmissivity field shown in Figure 10 in order to evaluate the
efficacy of the remediation system, it is found that the amount of contaminant entering the river over the
5000 day simulation time is 2167 units.

Regularisation with Pilot Points

It has now become abundantly obvious that it is beyond our capacity to uniquely determine the
transmissivity distribution of our model domain by calibrating the model on the basis of water level
measurements taken in a number of bores distributed through that domain. Unfortunately, when simulating
transport processes, it is often the “geological fine detail” that will determine the outcome of these
processes. However the introduction of fine detail means the introduction of many parameters into the
parameter estimation problem. This brings with it nonuniqueness, and, more often than not, numerical
instability. We were lucky to get away with what we did in our previous calibration exercise in which we
estimated 14 more parameters than there were observations (thus breaking one of the "golden rules" of
parameter estimation). However, as mentioned above, one of the great advantages of using pilot points is
that we can distribute a superfluity of those points throughout the model domain and then ask PEST to find
for itself those regions within the study area where transmissivity must be greater or less than average in
order to ensure that there is good agreement between model outputs and field measurements. If we had
based our parameterisation of the model domain solely on zones, we might not have placed those zones in
the correct position for the calibration process to properly infer the existence or extent of such
heterogeneity.

The introduction of regularisation into the calibration process serves two purposes. Firstly it brings a high
degree of numerical stability to a parameter estimation problem which would otherwise be highly
susceptible to the deleterious effects of a singular normal matrix (you might have noticed when inspecting
exla.rec that PEST was not able to calculate any parameter statistics due to singularity of the normal
matrix.) Secondly, if regularisation constraints are appropriately defined, model calibration can proceed
with a “homogeneous unless proven otherwise” philosophy; that is, in spite of the number of parameters at
its disposal, PEST will make each zone within the model domain as uniform as it can in terms of the
distribution of the estimated hydraulic property, introducing heterogeneity into a zone only where this is
necessary in order to allow a good of fit between model outputs and field data to be achieved. Hence any
heterogeneity which is introduced as an outcome of the calibration process is “there because it has to be
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there”. In many modelling contexts this philosophy of model calibration has a large intuitive appeal,
allowing a modeller to use zones to characterise the distribution of some hydraulic property within a model
domain while, at the same time, removing the inflexibility that accompanies the characterisation of a model
domain by areas of piecewise parameter constancy.

In the present case we will use the same geostatistical information that was used by program PPK2FAC in
calculating kriging factors, to introduce regularisation constraints pertaining to the relationships between
different pairs of parameters into the inverse problem solved by PEST. If the “default condition” for each
of our hydrogeological zones is one of hydraulic property uniformity then, for any two pilot points lying
within the same zone, the preferred value for the difference between transmissivity values is zero.
Relationships between pairs of parameter values can be introduced into the calibration process as prior
information equations. The weight assigned to each of these prior information equations can be the same.
Alternatively, if the weight is proportional to the inverse of the square root of the variogram calculated for
the distance between the respective pilot points, then it can be shown that this is in harmony with the
geostatistical characterisation of the area as encapsulated in the variogram. What this characterisation says,
in short, is that “the closer are two points together, the more likely are the hydraulic properties at those
points to be the same”. By calculating weights on the basis of the inverse of the variogram, we are
enforcing the “zero difference” condition more strongly for points which are closer together than for those
which are farther apart.

The PPKREG Utility introduces regularisation prior information to a PEST control file. It does this on the
basis of information written to a “regularisation information file” by program PPF2FAC; PPK2FAC writes
this file (it was called regl.dat in our case) when calculating kriging factors. It contains a matrix of
variogram values calculated between pairs of pilot points. PPKREG uses this information to calculate the
weights assigned to the regularisation prior information equations. However PPKREG does not formulate
prior information equations which link parameter values pertaining to pilot points assigned to different
zones; thus the role of zone boundaries in identifying preferred locations of hydraulic property
discontinuity remains intact. Also, PPKREG does not link pilot points which are “too far apart” in terms of
the search radius supplied to PPK2FAC when it calculated kriging factors.

Groundwater Vistas can now run PPKREG directly. To do this, select Model|Pest|Options - Basic
Options tab and put a check next to Regularize Parameters
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Pest Options @

Regularsation ] Run Temination ] Structures ] Prediction ]
Basic Options l Targets ] Groups ] Parameters ] Printing ]

-
Initial Marquardt Lambda (RLAMBDAT) o
Lambda Adjustment Factor (RLAMFAC) 2 Negative
Objective Function Goal (PHIRATSUF) EN
Successive Reduction Goal (PHIREDLAM) 003
MNumber of Lambdas (MLIMLAM) lmi
Max. Rel. Param. Change (RELPARMAX) 100
Max. Factor Param. Change (FAXPARMAX)  [10
Original Factor Constraint (FACORIG) W
Derivative Switch (PHIREDSWH) o1
Fun Pest Predictive Analysis [
| Use Automated User Intervention (AL [
Regularize Parameters: v
Include Pilot Points  [v Krige by zone (regardless of layer) [

Fun Models without Screen Output [ Use Commanddine versions [

Write Amays as BExdemal Files |+
Maintain Yertical Anisotropy Ratio When Estimating Kx [
Use Adaptive Regulanzation [

Use Singular Value Decompaosition (SVD) [

Madmum MNumber of Singular Values 0 [

v

Eigenvalue Threshhold IW

Supplement Filat Points with Hydraulic Cond/Kz Targets [

oK | Cancel | | Help

b k]

Now, you can select from the regularization options by clicking on the Regularisation tab. Fill out the
dialog as below:
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Pest Options ﬁ

Basic Options ] Targets Groups ] Farameters ] Prirting ]
Regulaisation |  Fun Temination | Stuctwes |  FPredicion |

Upper Limit of Measurement Objective Function (FHIMLIM) |1—
Acceptable Measurement Objective Func. (PHIMACCEPT) IHl—
Initial Regularisation Weight Factar (WFINIT) 0.01

Minimum Regularisation Weight Factor (WFMIN) Iw
Madmum Regularsation Weight Factor (WFMAX) IW
Wieight Factor Mutiplier (WFFAC) E
Weight Factor Tolerance (WFTOL) 0.01

Imtergroup Regularization (IREGADJ) Option (1ta &) |1—
teration Interval (NOPTREGADJ) for Recalculation |1—
Reg. Weight Ratio (REGWEIGHTRAT) IE-D—
Singular Value Threshold (REGSINGTHRESH) lw

Regularzation Type |F'I'BfEFI‘EI:| Homogeneity j

QK | Cancel Help

A — T .

You should change PHIMACCEPT to be 1.1 (slightly higher than PHIMLIM) and WFMAX to 100,000.

Now create Pest datasets and run Pest as before.

When writing the new PEST control file, PPKREG sets the PESTMODE variable to “regularisation”, ie. it
informs PEST that it must run in “regularisation” mode. When run in this mode, a number of control
variables are required in the PEST control file, in addition to those required when PEST is run in
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“parameter estimation” mode. One of these variables is PHIMLIM. This specifies the degree of model-to-
measurement misfit that is allowed to occur in the present optimisation process. Because the attainment of a
good model-to-measurement fit, and the simultaneous enforcement of homogeneity constraints, may place
conflicting requirements on parameter values, a compromise between the two must be reached. The user
determines the “compromise level” by setting a maximum model-to-measurement misfit that he|she will
tolerate, this misfit being expressed in terms of the “measurement objective function”. The maximum
permissible value of the measurement objective function (ie. PHIMLIM) should be set a little higher than
the objective function that it is possible to achieve without any regularisation constraints being enforced.
From our previous run we know that we can obtain an objective function of almost zero without
regularisation. In the present case we set PHIMLIM at 0.1, thus informing PEST that we will tolerate an
rms model-to-measurement misfit of 7 cm. (Divide 0.1 by the number of observations, then take the square
root to obtain this figure.)

Each prior information equation included in the parameter estimation process must be assigned a weight.
As was discussed above, weights are calculated on the basis of geostatistical information available (or
assumed) for the model area. If an observation or prior information equation is used for regularisation
purposes, then it is assigned to the observation group “regul”. As part of its regularisation functionality,
PEST adjusts the weights assigned to all members of this group during each iteration of the optimisation
process; however the relative weight values within this group remain the same. The “regularisation weight
factor” by which the initial weights of all members of the group “regul” are multiplied during each
optimisation iteration, is calculated in such a way as to respect the PHIMLIM value provided by the user as
the maximum tolerable model-to-measurement misfit for the current case. An initial regularisation weight
factor needs to be supplied by the user. In the present case this factor is supplied as 1.0. Similarly PEST
needs to be informed of the upper and lower limits that it is allowed to use for the regularisation weight
factor; default values offered by PPKREG are 10°and 10°° times the initial regularisation weight factor.

Inspect file exlar.rec. The indicator of model-to-measurement misfit when PEST runs in “regularisation”
mode is the “measurement objective function”. You will notice that PEST does not lower the measurement
objective function to as low a value as it did during the previous PEST run when PEST was run in
“parameter estimation” mode (where it was referred to simply as the “objective function” or “phi”). In fact
it lowers it only to the value that you supplied for PHIMLIM. This gives PEST “room to move” in
satisfying the other objective of the optimisation process, viz. the imposition of a homogeneity condition
over the model domain.

Notice also that PEST runs for 15 optimisation iterations before it stops; however it had obtained a
measurement objective function that was almost equal to PHIMLIM in only 7 iterations. Iterations after
that were used for “fine tuning”; in fact if the default termination criteria for the regularisation process
provided by PPKREG when it wrote the PEST control file exlar.pst weren’t quite so tight, PEST would
have ceased execution well before 15 optimisation iterations had elapsed.

At this stage you would normally import the MODFLOW-compatible real array exlal. kx into
Groundwater Vistas for graphical display. If you did, you would find that the optimised parameter
transmissivity distribution was as depicted in Figure 12.
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Figure 12. Transmissivity distribution within study area determined through
calibration against heads with regularisation applied. Contour interval is
10m?|day; darker shade indicates greater transmissivity.

A comparison between Figure 12 and Figure 2 indicates that the calibrated transmissivity distribution
depicted in Figure 12 does indeed replicate the general rise in transmissivity to the south-east that is present
in the “true” transmissivity distribution. However the transmissivity field of Figure 12 is a lot smoother
than that of Figure 2. (It is of interest to note that if PHIMLIM had been set to 0.3 - which still indicates a
very good fit between model outputs and field data, but gives PEST a little more “room to move” in terms
of its capacity to apply regularisation constraints - PEST would have calculated a uniform transmissivity
field in each of the model zones.)

When running MT3D on this version of the model, the cumulative mass budget shows 12,038 units of
contaminant find their way to the river over the model simulation time.

You can probably see where pilot points can save a lot of time in coming up with a calibrated K field.
Even if you do not agree with the philosophy behind the technique, you can use it to determine how K
should vary to produce a good calibration. You can then take the continuous K field computed by PEST
and use it to guide placement of zones in your model.
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3D Pilot Point Example with SVD

One of the most powerful new features of Pest is called Singular Value Decomposition or S\VD-Assist.
SVD-Assist significantly reduces the number of runs you need to make when using pilot points. SVD-
Assist also can better handle different parameter types that have very different sensitivities. A good
example is horizontal and vertical K values. Prior to SVD, Pest often had a difficult time calibrating both
Kx and Kz simultaneously. SVD seems to have solved that problem. The only down-side to SVD is that it
is a more complex procedure to follow.

You use SVD-Assist with Pest by starting with a normal pilot point setup as in the first example with the
one-layer model. Assign the calibration targets and pilot point locations. The SVD-Assist procedure then
uses the following steps:

Create Sensitivity Run. This is a normal Pest run but with only 1 iteration. Pest uses this run to
determine the sensitivities of each parameter (pilot point). To create this run, set the number of iterations to
1, initial lambda value to zero, and number of lambda values to 1.

Launch Sensitivity Run. After creating the Pest input files for the sensitivity run, launch Pest. It will run
one model run for each parameter.

Launch SVDAPREP. SVDAPRERP is one of the many utility programs that comes with Pest. The most
important part of using SVDAPREP is to determine the number of “super” parameters for the next stage.
Super parameters are combinations of your complete set of parameters. Usually the number of super
parameters will be 10 to 20 percent of the total number. | have found that 15% generally works best. This
means that if you have 400 pilot points, the number of super parameters should be 60. The practical
implication of super parameters is that instead of making 400 runs per iteration, you only make 60 runs per
iteration.

Launch SVD Pest Run. SVDAPREP creates a hew Pest file based on your original Pest input files and
the results of the sensitivity run. Run Pest using this new set of input files.

Create Final Pest Run. The results of the SVD Pest run are not useful in and of themselves. You need to
run a program called PARREP to make sense of the SVD results. PARREP creates a new Pest file, which

we will call the “final” Pest file. After running PARREP, change the number of iterations to zero and run

Pest using this file. Pest will run the model only 1 time using the final parameters values.

Now, considering that most of the tasks in 1 through 5 above need to be done at the command line, this
makes SVD a bit difficult to implement in practice (unless you are over 40 and still remember DOS).
Recognizing this problem, we have created a special menu in Vistas that duplicates the steps above. All
you have to do is execute the menu commands from top to bottom without skipping a step and it is
relatively easy to use SVD. This new menu is under Model|Pest|SVD Assist|... as shown below:
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Pest g Options...
UCODE k Parameters...
Modac ]

Groups.,..
Somos 3
Brute Force k Create Datasets
MODOFC b Run PestChek
MO L4 Run Pest
GV (MF2K) b Stop Pest Run

) Restart Pest Run

Split AE Model b

SVD Assist b Create Sensitivity Fun .

|se MODFLOW
v s Mull Space Mante Carlo k Launch Sensitivity Run —

Use MODPATH

USE MTD Create Grid S il Launch SUPCALC ——

ESE o Create P,:' X Pp',ect' F,: = Launch SVDAPREP -
wpert Mode reate Pilot Paint File Launch SVD Run i
i) Conwvert MF2K Run to PEST

Create Final Run T

Yiew Input File

Yiew Model Batch File
Yiew Main Output File
View Parameter Estimates

Stop Pest Run .
Restart SVD Run .

L]

Reset Pilot Points 3
Import Filot Sensitivities

|Update Parameters
3 !IIIIIIIIII

When using the SVD Assist menu in Groundwater Vistas, you do not need to make any changes to a
normal Pest run. Just set up Pest as described in the previous examples. Once the Pest run is configured,
simply start at the top of the SVD Assist menu and work your way down. Do not go to the next menu item
until all of the steps above it have been accomplished. We will now work through an example using a
simple 3D model to illustrate the SVD technique.

If your SVD Assist menu is grayed out and not accessible, it means you have the Standard version of
Groundwater Vistas. Only the Advanced version and above can access this menu.

Setting Up Pest

This example is a variation on the basic Groundwater Vistas tutorial model. We created a heterogeneous
hydraulic conductivity field, ran this hypothetical model, and extracted water level targets. You will start
with a homogeneous model, add calibration targets, add pilot points, and then use SVD to calibrate the
model. Start by opening the GV file called New_GV6_tutorial_pilotstart.gwv (NOTE: there are several
files with similar names — be sure to get the right one). After opening this model, your screen should look
like the one below:
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(s i
Gy fe Eot View AF Plot Model Gid BCs Props Xset 3D Repors  Window  Help N EIE
D|E“ | ‘ |@ EE@\EEL@\EH| ’m‘ ElCunslanl Head/Conc. j Eledmuli[: Conductivity j i,K A|7G @
Eiow Number ERE] West Cross-Section Along Row 13 East |

CobmnNurber |18 B [ |
Layer Number: =

Stress Period ]

Comporent Nurber: |1 B
Figure Murnber =
Il
[«[ 1

A1 _contour Cross Section 3, Layout /. [

AEM Re [C1 [l [25001065 [404s1487

The model is complete with the exception of calibration targets and pilot points. The calibration targets
will be imported from an external text file. Select AE|Import|Target Text File and browse to find the file
c:\gwveb\tutorial\Targets_newpilot.dat. Enter 1 line to skip, otherwise, the default settings on the import
dialog are correct. GV should report 42 targets imported and your screen should look like the following:

B s i)
Gy fe Eot View AF Plot Model Gid BCs Props Xset 3D Repors  Window  Help N EIE
D|E“ %l‘ |@ EE\%\EEL@\EH| ’m‘ ElCunslanl Head/Conc. j Eledmuli[: Conductivity j i,K A|7G @
Eiow Number ERE] West Cross-Section Along Row 13 East |

CobmnNurber |18 B [ | l
Loverbumber 1 B J L
gsbos [T H s -
Comporent Nurber: |1 B

Figure Murber =

A1 _contour Cross Section 3 Layout 7 || +
AEM R13 |Cl8 |L1 |25517249 22554
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Now we are going to add pilot points. The biggest problem with pilot points is that you need a lot of them.
That makes them tedious to add manually. We have created a simple way to add pilot points by placing
them evenly spaced on a rectangular array. Start this process by selecting AE|Pilot Points|Quick Pilots.

The following dialog is displayed:

Quick Setup of Pilot Points

Filot Paint Type

Prefis for Pilat Paint M ame

|K:-c
kp

Starting Filat Munber for Mame 1
l'li

Group Number

Pilat Paint V alue 100

p

kirirnum Pilat Paint Y alue

b awirmurn Pilat Point 4 alue

|1nnnn

[ Distance Below Represents Murmber of RowsColurns Bebween Pilot Paints

Distance Between Pointz |-I LLL

| ak. |
Cancel

Azszign to Zones from 1 [{u] 3333

Change the minimum pilot point value to 1 and the maximum to 10000.
Change the distance from 100 to 1000.

One key thing about pilot points is that the names all have to be unique. Using this quick pilot point
technique, GV will add the pilot points using a root name of “Kp” followed by a sequence number.

The starting sequence number is listed at the top of the dialog called “Starting Pilot Point Number for
Name”. It is best to start with 1 for the first set, as shown above. However, it is very important that in

subsequent layers (or any time you add more points), you not duplicate a previous number.

Each pilot point is given a default starting K value, in this case 100 ft|/d. Before clicking the OK button,
carefully compare your dialog to the one above. There are several fields that are all multiples of 10 so

getting the number of zeroes correct is important. Click OK and your screen should look like the

following:
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By Fie Eot Vew AF Pt Model Gid BCs Props XSect 3D Repors Window Help HEER
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Eiow Number. 13 E West Cross-Section Along Row 13 East

|
CobmnNurber |18 B | | J J l .

Layer Number: =
Stress Period ]

Comporent Nurber: |1 B
Figure Murnber =

+

A1 _contour Cross Section 3 Layout 7 || +

AEM R7 [C16 [L1 [s5471581  [40s21332

The red target symbols are the pilot points that you just added. Now repeat this for layers 2 and 3. Right
now you are in layer 1. Press Ctrl-D to go down one layer or increment the layer number on the left side of
your screen above the 3D cube. You know you are in the next layer because the red pilot points will
disappear. After entering pilot points for layer 2, move to layer 3 and repeat.

You will note that the quick pilot points dialog automatically resets the starting sequence number (**Starting
Pilot Point Number for Name”) at the top of the dialog to track how many you have added. Do not change
this value. That will assure that all pilot point names are unique.

After you have entered pilot points for layers 2 and 3, we will now add Kz pilot points using the same
technique.

Go back to layer 1 and select Add|Quick Pilot Points again.

Change the sequence number (“Starting Pilot Point Number for Name”) to 1.
Change the type of pilot point from Kx to Kz.

Change the pilot point prefix to Kz.

Change the default Kz value from 100 to 10.

Change the distance to 1000.

Change the minimum value to 0.1 and the maximum value to 1000. Kz values with thus range from 0.1 to
1,000 ft|d.
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Quick Setup of Pilot Points

Filat Point Type

Prefix for Pilot Point Mame
Starting Filot Humber for Hame
Group Murmber

Pilat Paint ' alue

Minirmurn Pilot Paint W alue

b asirnuam Pilot Paint 4 alue

Distance Between Pointz

Azszign to Zones from

)

A

E==
| aK |
Cancel

|1n

|DJ

|1nnn

| Distance Below Represents Humber of Rows/Columns Between Filot Points

|1nnu

—

o |9999

L

Repeat adding Kz pilot points to layers 2 and 3. You will note that after adding the Kz pilot points, your
pilot points may disappear entirely! This is because they are drawn over top of each other and essentially
“white out” each other. In order to avoid confusion, it is best to only display one type of pilot point at a
time. Select Plot|What to Display and turn off the display of one of the pilot point types.

This is a good time to save your work! You might want to use File|Save As to rename the Vistas file.

The next step is to set the Pest options for using pilot points. Select Model|Pest|Options. On the Basic
Options tab (the default one that is displayed), turn on regularization, use of pilot points, run the model
without screen output, use command-line versions, and write BCF arrays to external files. When using
pilot points, get in the habit of always checking these options, as shown below:
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Pest Options @

Regularsation ] Run Temination ] Structures ] Prediction ]
Basic Options l Targets ] Groups ] Parameters ] Printing ]

Initial Marguardt Lambda (RLAMEDAT)
Lambda Adjustment Factor (RLAMFAC)

117,

v Negative
Objective Function Goal (PHIRATSUF)
Successive Reduction Goal (PHIREDLAM) 0.1
MNumber of Lambdas (MLIMLAM) l?f
Max. Bel. Param. Change (RELPARMAX) 10
Max. Factor Param. Change (FAXFARMAX) 10
Original Factar Constrairt (FACORIG) 0.001
Derivative Switch (PHIREDSWH) o1
Fun Pest Predictive Analysis [
Use Automated User Intervention (AL [
Regularze Parameters ~
Include Pilot Points  [v Krige by zone (regardless of layer) [

Fun Models without Screen Output W Use Commanddine versions [

Write Amays as BExdemal Files |+
Maintain Yertical Anisotropy Ratio When Estimating Kx [
Use Adaptive Regulanzation [
se Singular Value Decomposition (SVDE [
Madmum MNumber of Singular Values 0 [

v

Eigenvalue Threshhold IW

Supplement Filat Points with Hydraulic Cond/Kz Targets [

oK | Cancel | | Help

L% —

Now, click on the Structures tab. GV now does a pretty good job of setting reasonable default settings for
these structures, which control the kriging of the pilot points. The only thing that we will change here is
the maximum number of points to use in the kriging. Change that from 50 to 12. With gridded pilot
points, 12 should be plenty for a smooth interpolation.

Groundwater Vistas Version 5 Page 212



Pest Dptions M
Basic Options I Targets Groups | Farameters I Prirting I
Regularisation I Run Temination Structures Prediction
Transform ILog LI
Mugget Iﬂ
Mean Iﬂ
Apply to K Zones I1 through 9333
—Wariogram
Type IE:punerﬂiaI ;I
Bearng |0 AMpha (%) [1380
= |l Contribution [0
— Kriging Options
Type IOI‘diﬂEIr'_." LI
Search Radius |29?1]
Min. Mumber of Pts. I1 Mz, Mumber of Pts. I-IE

Structure Mumber

Previous | |1 Mext |

o |

Cancel Apply

Help

L‘?—

Now save your work again. The model is setup for pilot points. No other changes need to be made.

Using SVD Assist

To start the calibration, create the MODFLOW datasets using Model| MODFLOW/|Create Datasets.

If this were a normal Pest run, you would select Model|Pest|Create Datasets. However, when using S\VD
with Pest, you use the Model|Pest|SVD Assist|Create Sensitivity Run instead. Use that command now.

Groundwater Vistas Version 5

Page 213



You should see lots of DOS windows flashing on your screen as GV runs PPK2FAC and FAC2REAL for
each layer and for each pilot point type. GV will then run PPKREG for each layer and pilot point type.
Thus a total of 18 DOS windows will flash — much too fast to count. GV also automatically changed the
number of iterations to -1, set the initial lambda to 0.0, and set the number of lambda valuesto 1. You
should see a message that the Pest file was successfully created. GV will automatically run Pestchek.

r 5
J pestchek txt - Notepad . l = ih

File Edit Format View Help

I
PESTCHEK Version 12.1.0. watermark Numerical Computing.

Errors ----- >
No errors encountered.

warnings -----» . ) ) ) . )

NOPTMAX provided as -1. No optimisation will be carried out; objective
function, residuals and statistics will be recorded for initial parameter
estimates only. ) ) ) ) )

No observations or prior information articles belong to observation group
“grad”. ) . ) ) )

No observations or prior information articles belong to observation group
"angle".

No observations or prior information articles belong to observation group
"regul”.

Lnl Coll

A

You should see some warnings but they are not serious. You can ignore them.

Now, run this initial sensitivity run. 1f you followed the steps for adding the pilot points, GV should run
the model 402 times during the sensitivity run. This will take a couple of minutes. Select Model|Pest|SVD
Assist|Launch Sensitivity Run and take a break.

You will note when Pest runs that the starting phi (sum of squared residuals) is 3,829.9 ft%.
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F -
B | ChgwvE\pest.exe |£|E‘é]

Contribution to phi from observation group "regul"

OFTIMISATION ITERATION HWO. 1
Model calls so far H |
Current regularisation weight factor :  1.PABBRE—B2
Current value of measurement obhjective function H 3829 .1
Current value of regularisation objective function H B . 88pAa
Mote: regularisation objective function is not comparahbhle between
iterations hecause of IREGADJ regularisation weights adjustment.

Starting phi for this iteration

Contribution to phi from ohservation group "regul_kz=3"
Contribution to phi from observation group "regul_kz2"
Contribution to phi from observation group "regul_kz1"
Contribution to phi from observation group "regul_kp3d"
Contribution to phi from obhservation group "regul_kpZ'
Contribution to phi from obhservation group "regul_kpl'™
Contribution to phi from obhservation group "headl®
Contribution to phi from ohservation group “grad"
Contribution to phi from ohservation group “angle
Contribution to phi from observation group "regul"

Calculating Jacobian matrix: running model 482 times
11 runs completed.
A "

After the run finishes, we need to run SVDAPREP to reconfigure the Pest control file to use a set of super
parameters. A super parameter is a linear combination of the base parameters (pilot points in our case).
The question that is always asked is how many super parameters should you use? A new utility called
SUPCALC estimates the minimum and maximum number of super parameters for a calibration. To run
SUPCALC, first select Model|Pest|Options and select the Regularization tab. The value of PHIMLIM is
the objective function (sum of squared residuals) you think is reasonable to attain. Since this is a synthetic
case, leave the value at its default value of 1.0. In a real-world calibration, you would have to make a more
realistic guess as to what phi is attainable. Now run SUPCALC using Model|Pest|SVD Assist|Launch
SUPCALC. You should see the following in notepad:

r B
sup<alc_screen.out - Notepad | =NREa x|

Fle Edit Format View Help

SUPCALC version 12.1.0. watermark Numerical Computing.

Enter name of PEST control file: Enter expected value of measurement objective function:
To conduct svD on QA(Ll/2)x - enter 1

To conduct SVD on XtQx - enter 2

Enter your choice:

use uncertainty file or bounds to specify parameter variability? [u/b]:

Enter name for eigenvector gain/loss output file:

- reading PEST control file t2.pst....

- file t2.pst read ok.

- reading Jacobian matrix file t2.jco....
- file t2.jco read ok.

- carrying out singular value decomposition of QA(1/2)X....

- analyzing s‘in?u'lar values and writing output file....
- file t2_supcalc.out written ok.

Minimum number of super parameters to use = 15
Maximum number of super parameters to use = 42

Note: the optimum number of super parameters can often be somewhat above the
minimum shown above if used_in corj_r'qnct'ion with pervasive Tikhonov
regularisation for numerical stability and high likelihood parameter

alues. See documentation of ADDREGL utility.

Lnl Coll
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The important thing to note is the minimum and maximum number of super parameters which in this case
should be around 15 to 42. We will use 40 but you might also try the lower end to see if it makes a
difference.

To continue the calibration, select Model|Pest|SVD Assist|Launch SVDAPREP. A dialog is displayed
with 3 options. Change the number of super parameters to 40 (between the range shown above from
SUPCALC) and make sure the super parameter calculation option is set to 1. Click OK and GV will run
the SVDAPRERP utility to create a new Pest file (called t2p_svd.pst).

F N

SVDAPREP Options

e
Mumber of Super Parameters |4E| ok, |
Parameter Offset 10 Cancel

Value of RELPARMAX 0

lJze Pest Version 10 [
Uze Pest Version 11 or 12 ™

1-SVDonQ /2K v

Super Parameter Calculation
Autamatically Calculate D erivatives B

MOTE: Humber of Super Parameters should normally be 1010 20
percent of the tatal number of parameters.

b

Next, select Model|Pest|SVD Assist|Launch SVD Run. You should now see that Pest is running the
model 40 times per iteration (80 times after the first iteration when it switches to central differencing). Let
it go at least 10 iterations. If you get tired of waiting, use Model|Pest|Stop Pest Run to kill the run. Pest
always ends gracefully though so you can still use the results even if you end the run prematurely.

In order to have the right results for the next session on Null Space Monte Carlo, allow the run the go for
10 iterations. After it starts on the 11" iteration, select Model|Pest|Stop Pest Run. The last step is to use
Model|Pest|SVD Assist|Create Final Run. This tells GV to run PARREP to assemble the final set of
parameters, modify the Pest file to make only one model run, and run Pest with that final dataset.

To view the results of that final calibration run, use Plot|Import Results and click OK. Your screen
should look like the following (the following is based on 10 iterations — you will also have to change the
contouring parameters a bit):
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If you check the calibration statistics, you should see that Pest reduced the sum of squared residuals from
the initial value of 3,830 down to about 31 (as long as you let it go at least 10 iterations). The plot of
observed vs simulated head values is also quite good:
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Please save your Groundwater Vistas file now! Use File|Save As and name the file
New_GV6_tutorial_pilotsetup.gwv.

We are going to bring in the new parameter values from the Pest run. It is very important that you use
File|Save As now to create a new Vistas file (name it New_GV6_tutorial_pilot_answer.gwv) where these
results will be stored. The reason we do this is that once you reset the hydraulic conductivities, you can no
longer make a Pest pilot point calibration run with this version of the model. This model will be your final
answer. However, if you want to go back, make changes to the calibration run, and recalibrate with Pest,
then you need to use the one you saved previously.

To see the final hydraulic conductivity distribution for this run, select Model|Pest|Update Parameters.
Answer Yes to reset the parameters and Yes to reset hydraulic conductivity values. The K values should
look like the following:

G GWistas - [New_gv6 tutorial_pilots_answerg (o =

By Fie Eot Vew AF Pt Model Gid BCs Props XSect 3D Repors Window Help ]T“E\m
D@ &%= 8 HE SO &[voorow - Bu[constant HeadiCone.  ~| B [Hydraulic Conductivity =] GilA, H D | i )% [ 0n |

Row Number ERE] West Cross-Section Along Row 13 East
Column Number. IFE
Loperbumber 1 B
Shress Perind =]
Component Number: |1_E
Fgwetumber 1

T, c

4]+, contour Cross Section 3, Layout /. || Y
Matioc Kxe=4 8662 +001 Ky=4.866e+001 Kz=9.632e+000 [Properties [R14 [C32 L1 [26048654 [40357251 |NoFlow  [SPL [1s1 [TTs1 [F100 y

Save this as your final calibrated model using a new file name.

Now, open your previous Groundwater Vistas file (New_GV6_tutorial_pilotsetup.gwv) that contained the
setup for this calibration. Select Model|Pest|Update Parameters. Answer Yes to reset the parameters and
NO to reset hydraulic conductivity values. This will update our pilot points to the final calibrated values
but not import the final Kx and Kz matrices. This will serve as the starting point for the next session where
we explore the new Null Space Monte Carlo procedure.

Select File|Save As and name the file New_GV5_tutorial_NullSpace.gwv which we will use in the next
session.
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PEST and Null Space Monte Carlo

Introduction

Another powerful new feature in Pest is called Null Space Monte Carlo. In this procedure, you can create
any number of calibrated versions (called realizations) of your model. You saw in the last session that
Singular Value Decomposition or SVD can dramatically reduce the time needed to calibrate very complex
models. The Null Space Monte Carlo technique is designed to work on a model calibrated using SVD
Assist with many parameters, as in a pilot point calibration. While pilot points are not required for Null
Space Monte Carlo, a large number of parameters is a requirement.

Null Space Monte Carlo would be used after finalizing a calibration using SVD Assist. The procedure then
uses the following steps:

Set Options. There are some options to set prior to running the Null Space Monte Carlo simulation. You
need to reset the number of super parameters to be the same as you used in the previous SVD Assist run,
for example.

Get Covariance Matrices. This step is only needed when you are using the random method for generating
new pilot point values or if you have non-pilot point parameters in the calibration. If neither of these two
situations are true, then GV will gray out this menu selection.

Update Jacobian Matrix. Remember that the Jacobian matrix is the matrix of sensitivities where the
change in residual at each observation is divided by the change in the parameter value. When you run SVD
Assist, the Jacobian Matrix is based on the initial parameter values. Pest needs to update this matrix using
the final parameter values after the calibration is finished. Thus, this step will require one model run per
parameter.

Generate Realizations. A realization is a set of parameters based on the original calibration but modified
using either a random number generator or a geostatistical field generator. It is not clear which is better as
this technique is so new.

Calibrate Realizations. The realizations generated in step 4 will generally result in a degradation in model
calibration. Pest is now run through a large batch file to tweak each realization back into calibration. Only
a couple of iterations are allowed to keep run time to a reasonable level so that some realizations might not

be accepted in the end.

Now, considering that most of the tasks in 1 through 5 above need to be done at the command line, this
makes Null Space Monte Carlo even more difficult to implement than SVD Assist. As with SVD Assist,
however, Groundwater Vistas has been configured to make this as simple as possible. This new menu is
under Model|Pest|Null Space Monte Carlo|... as shown below:
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Auto Sensitivity
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Use MODFLOW

Use MODPATH

Use MT3ID

Use MODFLOW + MODPATH
Use MODFLOW + MT2D
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Options_
Pararmneters

Groups_

Create Datasets
Run PestChek

Run Pest

Stop Pest Run

Restart Pest Run

SWD Assist

MNull Space Monte Carlo

Create Grid Spec. File
Create Pilot Point File

Convert MFZK Run to PEST

View Input File
View Maodel Batch File
Wiew Main Qutput File

View Parameter Estimates
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Get Cov.

e O ain

M atrices

e

Update Jacobian Matric
Generzste Rezlizations
Run SVDAPREP

Calibrate Reslizations

Surnrmarize Parameters

Combine Results

When using the Null Space Monte Carlo, you first calibrate your model using SVD Assist as in computer
session 4. Then you update parameters so that the pilot points and|or other parameters are set to the
calibrated values. Next, use the Null Space Monte Carlo menu and start at the top, executing each menu
item in turn as you work your way down. We will now work through an example using the model
calibration from Session 4.
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Reset Pilot Point Bounds

Start by opening the model you created from the last session (New_GV5_tutorial_NullSpace.gwv). If you
did not finish or your results were not good, there should be a file of the same name already in the
c:\gwv6\tutorial directory that has already been prepared.

One important thing to keep in mind is that the bounds on the pilot point values are used to sample new
pilot point values for each realization. That means that the wider the bounds, the more the initial
realization will be out of calibration potentially and thus the more model runs to tweak the calibration back
into an acceptable level. So, to start, we will make the bounds on our final pilot points +|- a factor of 5.

Select AE|Modify|Pilot Points|Bounds and enter 5 for maximum and 0.2 for minimum and then check the
box at the bottom to indicate these are multipliers on current pilot point values

Reset Pilot Point Bounds
Filat Point Type to Modify  [Kx Ok, |

Cancel
L

[ Only Madify Points in Layer

1 t
[ Only Madify Paints in Group 1 {a] 3333
1 t

3333

u}

11,

[ Only Madify Paints in Zone 0

M ew Minimum Pilat Paint W alue |D'2

M ew b axirurn Pilat Paint 4 alue |5

[v Bounds above are multipliers on curent pilat point svalues

b

Repeat this for Kz pilot points.

Null Space Monte Carlo Options

Run the model to make sure that all files have been created for the MODFLOW simulation. Then select
Model|Pest|Null Space Monte Carlo|Options.

Set the number of realizations to 10 (just to keep the run time down).

Change the number of super parameters at the top to 40.

Set the option for generating parameter sets to “Stochastic Fields Using Fieldgen”
Change the Objective Function Threshold to 50.

Change the Abandonment Threshold to 1000.
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Pest Mull 5pace Monte Carlo Options

Mumber of Realizations [runz to calibrate) u

Murnber of Super Parameters for SYDAPREF 40 Cancel

|Stu:u:hastiu: Fields zing FIELDGEM

T

Ophion for Generating Parameter Sets

Pilat Pioint Marne Prefis for kx RR

Filat Point Mame Prefis for K.z pz

Pilat Paint Name Prefis far 5 pE

[ E=ecute Last Bun of Each Realization [LASTRUM)

Objective Function Threshold [PHISTOPTHRESH] all

Abandorment Threshold (PHIABANDON) 100

[ Incude Priar Informmation (Ks and Kz Targets) to Condition Fieldgen Simulations
Murmber of Previously Simulated Modes in Fieldgen 20

b ax Murnber of Optimization terations [MOPTMAX) 2

Motes on Hull Space Monte Carlo Uszage:

1. The model must already be calibrated uzing a large number of parameters, preferably uzing pilat points.
2. Calibration ghould have been accomplished uzing WD -Aegizt b ethodology

3. The curent Groundwater Wistaz file muzt contain the calibrated parameter values

4, All pilat pointz of the same wpe must uze the zame prefix in the pilot point name

b -

The Objective Function Threshold is the value of the sum of squared residuals that signifies an acceptable
calibration. If the objective function falls to this level during the recalibration of a realization, Pest will
stop and move on. On the other hand, if the objective function is above the abandonment threshold at any
time, Pest will quit and move to the next realization. These values are designed to make the procedure
more efficient by avoiding too much calibration or runs that are so poorly calibrated that time is not wasted
on them.

Update Jacobian Matrix

The next step is to recomputed the Jacobian Matrix using calibrated parameter values. This will require
one model simulation for each parameter. In this case, that would be 402 model runs.

Select Model|Pest|Null Space Monte Carlo|Update Jacobian Matrix

Groundwater Vistas will create a new Pest control file (t2.pst). Note that regularization is turned off for
this Pest run. After the new Pest control file is created, GV will display the following message:
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il .
GW Vistas ﬁ

I ,  Pest File Created for Jacobian Update Run

b

Click OK to continue. Groundwater Vistas will now run Pestchek on the new Pest control file and display
the errors and warnings:

r ™
J pestchek txt - Notepad . » = | = ﬂ

File Edit Format View Help

I
PESTCHEK Version 12.1.0. watermark Numerical Computing.

Errors ----- >
No errors encountered.

warnings ----- >
NOPTMAX provided as -2. No optimisation will be carried out; nor will
statistics be calculated. The Jacobian matrix will be computed, stored in
the "Jco file", and then PEST will cease execution immediately.
Nonobsgcvations or prior information articles belong to observation group
grad".
N0“0b5$ryati0n5 or prior information articles belong to observation group
angle”.

Lnl Coll

A

GV now asks if you want to continue. If there were errors, you should say NO. If there are only warnings,
as shown above, then say YES.

GW Vistas >

\‘:{/ Run Pest to Update Jacobian?

Pest will run. Note that the initial objective function (phi) should be the same as for your final calibration.
If you ran 10 iterations of SVD, then it should be near 31:
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B | ChgwvE\pestexe |ﬂ‘é}

PEST »un record: case t2
(See file t2.rec for full details.>

Model command line:
pestgu . .bat

Running model 1 time....

Sum of squared weighted residuals <(ie phi>
Contribution to phi from obhservation group "headl®
Contribution to phi from ohservation group “grad"

31.121
31.121
A. 08068
A.080868

Contribution to phi from observation group "angle'

OPTIMISATION ITERATION NO. i
Model calls so far 1
Starting phi for this iteration 31.124
Contribution to phi from ohservation group "headl 31121
Contribution to phi from ohservation group “grad" A .a86R
Contribution to phi from observation group "angle" B . 88pAa

Calculating Jacobian matrix: running model 482 times
%3 runs completed.

Generate Realizations

After the new Jacobian Matrix is created, it is time to create the parameter values for each realization.
During this step, the program Fieldgen is run to create noisy Kx and Kz fields based on the variogram
(structure) we used in the original calibration. Next, a program called PPSAMP samples pilot point values
from these noisy fields and PNULPAR creates a final set of parameter files that Pest will use as starting
guesses for parameters during recalibration of each realization.

Select Model|Pest|Null Space Monte Carlo|Generate Realizations.

You should see lots of DOS windows flashing as these utility programs generate the various files needed
for the rest of the analysis.

Run SVDAPREP

Now, SVDAPREP must be run again to generate a revised SVD Pest control file that will be used to
recalibrate each realization. GV will regenerate a main Pest control file, run SVDAPREP, and finally
revise the SVDAPREP-generated Pest control file to reset some variables.

Select Model|Pest|Null Space Monte Carlo|Run SVDAPREP

Groundwater Vistas will first ask if you want to turn off regularization. It is probably best to answer YES.
Without regularization, you get the first optimization iteration of each realization free (that is, no model
runs). That can be quite a time savings. Probably the best approach is to try it the first time without
regularization and then if it does not yield good results, run another set of runs with regularization.

Answer YES to this prompt:

il N
GW Vistas l ]

[ | If you keep regularization on, you will not get the first iteration for free.
L " Turn OFF regularzation?
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Groundwater Vistas now alerts you to the fact that it is going to regenerate a new Pest control file. This
will contain no regularization and will be used by SVDAPREP in a subsequent step.

Click OK to continue.

i N
GW Vistas Iﬁ

| GV Will Now Recreate the Main Pest Control File

L.

The new Pest control file was created.
Click OK to run Pestcheck:

i N
GW Vistas &J

_I\__ Pest File Created

b

Hopefully Pestchek found no errors and only a few warnings as shown below. Close notepad after viewing
the file.
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i B
J pestchek txt - Notepad . » = | = ﬂ

File Edit Format View Help

PESTCHEK Version 12.1.0. watermark Numerical Computing.

Errors ----- >
No errors encountered.

warnings -----» ) ) ) ) )

No observations or prior information articles belong to observation group
“grad”. ) . ) ) )

No observations or prior information articles belong to observation group
"angle".

Lnl Coll

Groundwater Vistas is now ready to run SVDAPREP.
Click OK to continue:

il -
GW Vistas ﬂ]

Mow GV will Run 5VD-Assist on the Main Pest Control File

b

The SVDAPREP options should be filled out for you already. You should just confirm that the number of
super parameters is correct (40 in our example). Note that the flag labeled “Automatically Calculate
Derivatives” in ON. This tells Pest to run no model simulations in the first iteration.

Click OK to continue:
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SVDAPREP Options

- |
]S |
Catizel

=
[}

Mumber of Super Parameters

Parameter Offset

Yalue of RELPARME u

Ize Pest Wersion 10
lze PestWersion 11 ar 12

<

1-SVDonQ /2K v

Super Parameter Calculation

Autamatically Calculate D erivatives [+

MOTE: Humber of Super Parameters should normally be 1010 20
percent of the tatal number of parameters.

b

We should now have all of the many files we need to run Null Space Monte Carlo. If you go into Windows
Explorer and browse to the c:\gwv6\tutorial\work directory and sort by date, you should see the most
recently madified file is t2_svd.pst which is the final product of this whole sequence of commands.

Calibrate Each Realization

You are ready to calibrate each realization. To do this, select Model|Pest|Null Space Monte
Carlo|Calibrate Realizations.

You will see a DOS window open like in a normal Pest run. Instead of running just one Pest simulation,
however, it will be running 10 of them. The first iteration will be done without any model runs (except for
Lambda testing). If it can reach a sum of squares of 50, it will then move to the next one. If not, it will try
one more iteration before giving up. The file c:\gwv6\tutorial\work\Record.dat contains a summary of the
results of each realization. You can open this file periodically to see how far it has progressed.

After each realization has been calibrated, GV will display the Record.dat file as shown below. You will
see that there are a one or two of the simulations that did not achieve the desired sum of squared residuals
of 50. In the example shown below, all 10 realizations met the requirement of 50 t, however, your results
may differ slightly. Do not be concerned if your results do not match this exactly.
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Mj record.dat - Notepad . = i:h

File Edit Format View Help
ECHO is on. -
—————————— T2_SVD.REC.1
sum of squared weighted residuals (ie ﬁhi} = 154.02
sum of squared weighted residuals (ie phi) = 44,47
—————————— T2_SVvD.REC. 2
sum of squared weighted residuals (ie ﬁhi} = 179. 36
sum of squared weighted residuals (ie phi) = 22.32
—————————— T2_SVD.REC. 3
sum of squared weighted residuals (ie Ehﬁ} = 66,451
sum of squared weighted residuals (ie phi) = 41.48
—————————— T2_SVD.REC. 4
sum of squared weighted residuals (ie ﬁhi} = 194.47
sum of squared weighted residuals (ie phi) = 26.33
—————————— T2_5VD.REC. 5 1
sum of squared weighted residuals (ie ﬁhi} = 166. 57
sum of squared weighted residuals (ie phi) = 10.85
—————————— T2_SVD.REC. 6
sum of squared weighted residuals (ie Ehﬁ} = 116.07
sum of squared weighted residuals (ie phi) = 10.55
—————————— T2_SVD.REC.7
sum of squared weighted residuals (ie ﬁhi} = 217.07
sum of squared weighted residuals (ie phi) = 20.16
—————————— T2_5VD.REC. 8
sum of squared weighted residuals (ie ﬁhi} = 198.68
sum of squared weighted residuals (ie phi) = 19.96
—————————— T2_SVvD.REC. 9
sum of squared weighted residuals (ie Ehi} = 115.75%
sum of squared weighted residuals (ie phi) = 12.79
4 3
Lnl Call

Post-Processing of Monte Carlo Results

So now you have 10 different model calibrations for this example. What do we do with this stuff? That is
a good question. The final parameters for each realization can be found in the files called t2.bpa.# where #
is the realization number. The Pest summary output file for each realization can be found in the files called
t2_svd.rec.# where # is the realization number.

Post-processing of the realizations will be an ongoing development exercise in Groundwater Vistas. For
now, there are a couple of things you can do. First, select Model|Pest|Null Space Monte
Carlo|Summarize Parameters. Groundwater Vistas reads the file record.dat shown above along with the
parameter files and summarizes the results for you. Two text files will be displayed. The first is called
NullSpaceSummary.txt as shown below.
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Mj NullSpacaSummarny.tst - Notepad . " = i&

File Edit Format View Help

Number of Realizations ;10 -
phi Threshold : 50.000000

Number of Realizations Below Threshold: 10
Minimum Phi : 10. 550000

Maximum Phi : 47.980000

Realization Phi
44.470
22.320
41,480
26.330
10. 850
. 5350
20.160
19. 960
12.790
7.9B0

[SYT-R-CRNY- YT E TR N
=
o

=

Lnl Coll

This file just summarizes the number of realizations, the number that met the phi threshold, and then the
phi (sum of squared residuals) for each realization.

The second file is called NullSpaceParameters.txt and shows the mean, log mean, standard deviation,
minimum value, and maximum value for each parameter. You can see from the example below that the
range in parameter values can be quite extreme and yet each realization is well calibrated.
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J NullSpaceParameters it - Notepad . o S
File Edit Format Miew Help
Number of Parameters : 10 -
phi Threshold : 50. 000000
Number of Realizations Below Threshold: 10
Parameter Mean standard Deviation LogMean M i mum Maximum 3
kpkpl 3.758018e+000 1.678505e+000 4.618541e-001 2. 000000e-001 5. 000000e+000
kpkp2 5.775005e+000 2.507278e+000 6.832456e-001 9.137406e-001 7.379365e+000
kpkp3 1.581677e+001 1.623004e+001 9.424434e-001 2.299232e+000 4,567010e+001
kpkp4 1.648574e+001 §.622255e+000 1.138240e+000 4,138034e+000 2.932065e+001
kpkp5 1.033863e+001 9. 841451e+000 6.279102e-001 §.726440e-001 2.181611e+001
kpkp6 4. 830670e+000 2.299135e+000 5.129045e-001 2.674810e-001  6.123575e+000
kpkp? 4.668443e+000 9.946713e-001 6.517183e-001 1.684429e+000 5. 000000e+000
kpkp8 2.178938e+001 2.577022e+001 1.096153e+000 3.721082e+000 9.302705e+001
kpkp9 1.146535e+001 6.060526e+000 9.550167e-001 1.976046e+000 1.626712e+001
kpkplo 2.355634e+001 1.405943e+001 1.240399e+000 3.019635e+000 3. 78407 5e+001 i
kpkpll 2.213306e+001 1.350506e+001 1.203307e+000 1.477783e+000 3.694458e+001
kpkpl2 1.223475e+001 8. B861027e+000 9.286596e-001 1.097297e+000 2.743242e+001
kpkpl3 1.500073e+001 8.626041e+000  1.,010533e+000 1.290416e+000  2,188860e+001
kpkpl4 2.200240e+001 1.617782e+001 1.135091e+000 1.737904e+000 4, 344760e+001
kpkpl5s 3.076831e+001 2.731148e+001 1.334273e+000 8. 88537 8e+000 9. 507812e+001
kpkpl6 9.746821e+000 9.261361e+000 7.522926e-001 1.046309e+000 2.615774e+001
kpkpl7 1.373745e+001 1.873540e+001  &.946910e-001 3.507090e+000  6.744982e+001
kpkplsg 3. 847318e+001 3.786144e+001 1.427903e+000 9. 777764e+000 1.411058e+002
kpkpl9 2.359804e+001 2.140227e+001 1.175395e+000 3. 987782e+000 7.294313e+001
kpkp20 5.129286e+001 4,.735209e+001 1.461495e+000 5. 542618e+000 1.273020e+002
kpkp21 7.404863e+001 5.110130e+001 1.737987e+000 1.098663e+001 1.355283e+002
kpkp22 4.277981e+001 3.313659e+001 1.496183e+000 6. 03607 8e+000 1.217516e+002
kpkp23 6. 685727e+000 7.331678e+000 5.459100e-001 8. 228180e-001 2.057046e+001
kpkp24 2.546298e+000 1.856464e+000  2.902298e-001 8.224150e-001  6.211969e+000
kpkp25 5.391684e+001 4,988232e+001 1.548526e+000 §.108764e+000 1.767203e+002
kpkp26 6.781629%e+001 1.095957e+002 1.544747e+000 2. 089784e+001 3.875494e+002
kpkp27 4.048212e+001 4,.450303e+001 1.279478e+000 4, 303570e+000 1.075893e+002
kpkp28 2.560939e+002 2.266902e+002  2.089982e+000 2.185226e+001 5.463065e+002
kpkp29 3.087317e+001 4,407370e+001 1.291288e+000 1.02752%9e+001 1.622775e+002
kpkp30 2.302758e+001 1.408405e+001 1.283664e+000 6. 784768e+000 5.503934e+001
kpkp31 4.424553e+000 4.433129e+000 4.965213e-001 2.042378e+000 1.451528e+001
kpkp32 2.598942e+001 2.008568e+001 1.196535e+000 2.147412e+000 5.368530e+001
kpkp33 6.159826e+001 5.535902e+001 1.521407e+000 5.569142e+000 1.392286e+002
kpkp34 §.538407e+000 §.336999e+000 7.691649e-001 3.176918e+000 2.867281e+001
kpkp35 1.111772e+002 1.344854e+002  1.739845e+000 1.484335e+001 3.710839e+002
kpkp36 1.219480e+002 1.392459e+002 1.919597e+000 2.108036e+001 5.270090e+002
kpkp37 §.459241e+001 §.432014e+001 1.659257e+000 §.457456e+000 2.114364e+002
kpkp38 2.152111e+001 2.369797e+001 1.025490e+000 2. 646686e+000 6.616715e+001
kpkp39 1.180608e+002 8.976427e+001  1.894938e+000 1.129729e+001  2.824322e+002 I
kpkp40 4.023102e+001 4,714819e+001 1.373445e+000 6. 777186e+000 1.694297e+002
kpkp41 1.421190e+000 1.777135e+000 -1.514785e-001 2.000000e-001 5.000000e+000
kpkp42 9.446743e+001 7.699784e+001  1,686643e+000 7.576120e+000  1,894030e+002
kpkp43 7.962704e+001 6.563127e+001 1.723644e+000 9.406956e+000 2.029007e+002 -
4 I3
Lnl Coll

You can begin to see the degree of non-uniqueness in our models!

The next post-processing step is to assemble a file of parameters and heads from each realization so that we
can start to analyze the results. Select Model|Pest|Null Space Monte Carlo|Combine Results. This
creates another batch file with a loop that will run the model once per realization. The batch file finds the
parameters from that realization, sets up a Pest run with zero iterations (so it runs the model once), and then
takes the Kx arrays, Kz arrays, and heads and assembles three large binary files containing all of this
information.

You can see the contents of the heads file using Plot|File Operations|View Contents. Browse to find the
file called t2_nsmc.hds. Then click the View button.
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Contents of MODFLOW/MT3D Files

T.5. S5.P. Trans. T.5. Time Test
1 1 1.000e+001 REAL 1HEAD - Claze
1 1 1.000e+001 REAL 1 HEAD
1 1 1.000e+007 REAL 1HEAD A
1 1 1.000e+007 REAL 2 HEAD 2 |
1 1 1.000e+007 REAL 2HEAD
1 1 1.000e+007 REAL 2HEAD
1 1 1.000e+007 REAL 3HEAD
1 1 1.000e+007 REAL 3 HEAD
1 1 1.000e+007 REAL 3 HEAD
1 1 1.000e+007 REAL 4 HEAD
1 1 1.000e+007 REAL 4 HEAD -
. 1000400 REAL 4HEAD - View
File to Wiew C:hogeeBstutonalbworkt2_nsme.hds Browse. .
File Type Head/Drawdowmn j
Contentz of file are in double precizion [

L

What you see is one set of heads and the name in the matrix is coded with the realization number “REAL
1”. Similarly the Kx values are in a file called t2_kx.gst. If you view the contents of this file, you will see
the following:

-

Contents of MODFLOW/MT3D Files

T.5. S.F Trans T.5. Time Test
1 1 1.000=+000  REAL 1GEOSTAT - Cloze |
1 1 1.000e+000  REAL 1GEOSTAT
1 1 1.000e+000  REAL 1GEOSTAT !
2 1 1.000=+000  REAL 2GEOSTAT 3 |
2 1 1.000e+000  REAL Z2GEOSTAT
2 1 1.000e+000 REAL 2GEOSTAT
3 1 1.000=+000  REAL 3GEOSTAT
3 1 1.000e+000  REAL 3GEOSTAT
3 1 1.000=+000  REAL 3GEOSTAT
4 1 1.000e+000  REAL 4GEOSTAT
4 1 1.000e+000  REAL 4GEOSTAT :
. 10004000 REAL 4GEOSTAT - View
File to Yiew |E:'\ngﬂatuturial'&wnrkhtE_k:-:.gst Browsze. .
File Type |Head.-’Drawdu:uwn ﬂ
Contents of file are in double precision [

b

Note that this file also has the realization coded in the description of the matrix but also the time step
number is the realization number. This allows you to import the results of a *.gst file to contour like it was
a head file. We don’t do this for the head file shown above because this information is processed in a
different way.

We can now use some of the stochastic post-processing built into Groundwater Vistas to look at the 10
realizations we just combined into the one head file called t2_nsmc.hds.

First, select Plot|Stochastic|Import Target Data. Browse to find the file t2_nsmc.hds and click OK. It
should report 10 realizations were imported.
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We can now create graphs for this information. One is a scatter plot of sum of squared residuals for each
realization. Choose Plot|Stochastic|Graph|Calibration Statistics. The following dialog is displayed.

&

Stochastic Calibration Statistics

S50

Sum of Sguared Bezsidualz

Statiztic to Plot

Target Type |Heau:| ﬂ
From Layer 1 To Layer 3
ze Weighted B esiduals [

Scatter Plat for All Bealizations. .. |

Curnulative Average. .. |

-] IIIKl

L

Click on the Scatter Plot for All Realizations button and the following graph should appear. This is just a

visual summary of the text file you created earlier.

G sraen

(=] [ |

Sum of Squares for all Realizations
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® _
g
g 33.0
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(73] _
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o o
£ 25.5—
s
(7] _ s
18.0
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Realization Number
AT, Grapn { SumofSquares /.

To see how heads vary at calibration targets, use Plot|Stochastic|Graph|Target CDF and just choose the

first target on the list.
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This graph shows that the range in head at this target is about a foot over all realizations.
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Optimization

We will explore MODOFC and Brute Force in the following tutorial session. Both are included with GV
Version 6.

MODOFC is probably the simplest of the classical optimizers to use. By classical, we mean that the
optimization is done using linear programming techniques originally developed for management science.
Classical optimizers include MODOFC, MODFLOW2000-GWM, SOMOS, MODMAN (developed for
U.S. EPA by GeoTrans), AQMAN (old USGS model), etc. The nice thing about MODOFC (other than it’s
free!) is that it is totally self-contained. Many other optimizers, like MODMAN, require additional
software. That adds cost and complexity to the whole process. With MODOFC, the optimizer is included
within the MODFLOW software and runs as one application. MODFLOW2000-GWM is the successor to
MODOFC and is also supported by Groundwater Vistas.

The MODOFC manual contains three simple examples to illustrate how to use the code for common
applications. We have put those examples into Groundwater Vistas to get you started. Work through these
examples to familiarize yourself with how MODOFC works.

Sample Problem | demonstrates a groundwater containment scenario in which head bounds, head
difference constraints, and a capture zone are used. In this problem, wells are screened over multiple
intervals and unconfined units. Sample Problem Il demonstrates a construction dewatering project in
which head bounds are used with construction costs in a confined aquifer. Binary variables and the branch
and bound algorithm are used for this problem. Sample Problem I1l demonstrates a water supply problem
in which drawdown and minimum total extraction is constrained. In this problem, the simulations use
multiple stress periods.

MODOFC Problem I: CONTAIN

This sample problem represents a hazardous waste site in which contaminated groundwater must be
contained. The sample problem has two layers, an upper unconfined unit above a lower confined unit with
lengths of 600 feet and widths of 400 feet. Both layers have no flow boundary conditions along the top and
bottom boundaries, fixed heads of 50 feet along the left boundary, and fixed heads of 45 feet along the right
boundary. The layers are horizontally homogenous and isotropic with a vertical conductance between the
two of 0.05 1/day. The upper unconfined unit has a hydraulic conductivity of 5 ft/day, a bottom elevation
of 30 feet, and a uniform recharge of 0.002 ft/day. The lower confined unit has a transmissivity of 800
ft?/day. Each layer is divided into 600 square block centered nodes each 20 ft by 20 ft. A production well
is located in the lower unit at grid point (13,20,2) pumping at 10,000 ft*/day. The grids for these layers are
shown in the figures below.

It is assumed that an area in the upper layer of the model domain has been contaminated. From a design
standpoint, at steady state, all contaminated water must be contained within a capture zone, while the
production well continues to operate. Mounding above the ground surface cannot occur at injection wells
(assumed at 65 feet), and the upper unit cannot be dewatered. Due to surface features at the site, there are
only 6 possible well locations as shown in Figure 1 and well 5 is screened in both units. These design
criteria can be converted into linear programming constraints, using head difference constraints and head
constraints. First, a capture zone of three line segments has been defined around the contaminated area
with a required gradient of 0.01 ft/ft. MODOFC will convert this into 23 head difference constraints. In
addition, head difference constraints requiring a head difference of 0.01 ft have been defined in the source
area to ensure upward vertical gradients and prevent contaminated water from leaking into the lower unit.
A fixed head constraint has been used at the candidate injection well requiring that head remain below 65
feet. Finally, a minimum hydraulic thickness of 2 feet was allowed in the unconfined aquifer. It was
assumed that extraction costs 5 times more than injection due to treatment costs.
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This sample problem demonstrates several features of MODOFC. First, all possible head constraints are
employed: head constraints, head difference constraints, and capture zones. Note the coordinates of the
capture zone, which use the MODFLOW system of the origin at the upper left location of the grid, down is
the positive Y-direction, and to the right is the positive X-direction. Because lower heads are required on
the right side of the capture zone line, the first node is defined near Well 1. MODFLOW input file
distances are used, for this case each cell is 20 ft by 20 ft. This problem also has an unconfined layer in it,
so the solution will be determined through iteration, and care must be given to defining the first
perturbation (PERTI), last perturbation (PERTF), perturbation scaling (PERTS), minimum aquifer
thickness (BMIN), iteration convergence criteria (OCC), and whether iterations should be printed (ITPR).
Also, repeated optimizations are not possible (ICOM = 1) and inclusion of binary variables is not
recommended (INCST = 0) with unconfined problems. Because INCST = 0, values for installation costs
(ICST), minimum pumping rates (PMN), and minimum (NWMIN) and maximum (NWMAX) number of
wells to install are ignored. Wells 2 and 4 are screened over multiple units in this problem. Note the
syntax for Wells 2 and 4, i.e. NL = 0 and extra rows are provided to set the pumping ratios for each
screened layer.

Figure 1
Layer 1 of Sample Problem |
< 600 ft »
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 20 21 22 23 24 25 26 27 28 29 30
A 1
2
3
4
5
6 +\‘
7 Oh
8 N
9 +
10 N2/ &
400 ft 11 + +
12 + 4 +
13 +
14 +| |+ (6)
15 \_5)
16
17
18
10 KEY:
v = @ candidate extraction well — CPtUTe ZONE
T @candidate injection well = vertical head difference constraints T
Head = 50 ft \ Head = 45 ft
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Figure 2
Layer 2 of Sample Problem |
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N 4
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A . productionwell A
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Run Groundwater Vistas Version 6 and open the file modofc_contain.gwv in the c:\gwv6\tutorial directory.
Your screen should look like the one below:

1G] GWistas - [modofc_containgw] T —— E‘ﬁﬂ
E&IE'E Edit  Wiew AE Plot Model Gnd BCs Props  XSect 3D Reports  Window  Help =2
Dlﬁ“ | ‘ |@ EE\E%E\E%HL@\EII ’W‘ & HlCnnstam Head/Conc. j ElHydraulic Conductivity j G_,K |70+ @
Fow Number =] West Cross-Section Along Row 1 East I
Colurmin Number h B
Layer Number: ] l
Stress Period = _

5 10 15 20 25 30
Component Nurber: |1 l

Eigure Mumber 1 E

20

A>T, _contour Cross Section_3, Layout /. I s

For Help, press FL AEM Rl [c13 [La [2s542 ]
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You will probably notice that the capture zone lines do not match the figure from the MODOFC manual.
This is not an optical illusion, the data sets that come with MODOFC do not match the picture in the
manual. The problem will only run with the capture zone as defined in the data files and as shown in your
GV model.

The first thing you need to do when running MODOFC is to shut off the output control file. For some
reason, MODOFC does not like the saving of binary head, drawdown, and cell-by-cell flow files. Select
Model|[MODFLOW!|Packages and confirm that the output control file is off:

[ MODFLOW Packages [i—:hJ-‘
Roct File Name ook Cancel |
MODFLOW Version |Jnginal (88/38) =]

Run MODFLOW in Double Precision [ IUNIT Location  Edit
Package Unit Ma. Create? Cell-by-Cell Flow {Edit Outputy |
Basic |17 v Init Mo, J
BCF o v [ _
Output Contral [0 l_ |
Solver I v PGz | [15 ]
wel E o _
River [ r o J
Drain o r o I
General Head Iﬂi [ Iﬂi J
Strearm Iﬂi [ |':I |1 4 J
Recharge Imi [+ I':'i J
. o =
wal o r e |
CHD R FI
MM o r o ]
| Create Map File [ MT3D Flow Output Izzi
[ Create Path3D Files [ Automatically Reset Package Units

Also, make sure that all cell-by-cell flow unit numbers are zero, as shown above. MODOFC is a
MODFLOW96 version, so also make sure that the MODFLOW version is set to Original (88]96).

Now, double-click on one of the targets on the screen. Groundwater Vistas uses calibration targets as
optimization constraints. The definition of the northern-most target is shown in the following dialog:
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Target Information

Target Tpe
Target Mame: hd-01

Steady-State D ata

Target Value
Wwieight
Group Mo,

Species No.

KMinirum Bound

b aximum Bound

Spatial Parameters

=

Cengoring Option

< [aradient Conzhraint

I Target iz Steady-State

1]

Cancel

MHame...

0.01

|1

|1

Calar...

d Bl

|1

|0

|0

y [20838 . [23073 =
Layer 1

—

|EI - Mo Censaring

| Graph...

=}

Impart... |

L

Notice that the target type is not head or drawdown but is changed to Z Gradient Constraint. If you pull
down the target type list you will see there are several other types of constraints as well. The target value
in this case is the constraint value for MODOFC. The weight is not used. One important thing to
remember is that you MUST give the target a name.

The other type of constraint in this problem is the capture zone. MODOFC allows you to simplify the

definition of constraints through the use of capture zone lines. Groundwater Vistas supports this option
through the use of analytic line boundaries. Double-click on the southern-most line boundary and your
dialog should look like the one below:
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[ Line Boundary Information [-Ehr
Head ar Flow rate per unit length .01 Qk. |
LConcentration |0 Cancel
Hydraulic conductivity of boundary |'I
Width of boundany |'| Mame...
Thicknesz of boundary matenal |-I
Bottom Elewation ||:| -
Capture Zone Mumber |1_ Seguence Mumber |1_ Colar...

Spatial Parameters

Start 220 E Starty:  |100 E W Steady-state
Endx; |40 ey [180 = |

Length = 144222

Top Layer 1 Bottormn Layer |'|

kMW Horizantal wiell Data

Cell bo "Well Conductance [Fw) ||:|

Friction Loss Coefficient [Skin] |EI

Pumping Lewvel |EI

b imimum Flows B ate [Qfrcrn] |EI

R ate to Reactiate (Do) |EI
Boundary Condition Type |Eapture Zone Constraint j

b

Note that the boundary condition type is Capture Zone Constraint. This type of line boundary is only used
with MODOFC and is not supported by any of the other optimizing models in GV. There are several
important things to remember when defining a capture zone for MODOFC. First, the area that you want to
capture is on the left as you drag the line from its beginning point to its end point. You must also give the
capture zone a number, called Capture Zone Number. Since a capture zone may have more than one line,
you also give it a sequence number starting with 1. The one above is the first line for Capture Zone 1. You
must start numbering capture zones at 1. The only other thing to remember is that the Head or Flow rate
here represents a change in head used to construct head difference constraints by MODOFC.

Now look at the wells defined in GV. Select BCs|Well and then double-click on the well in the southwest
corner of the capture zone. Your dialog should look like the following:
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il -
Constant Flux (Well) Boundary Condition L&J

b odify One Boundan Cell
Spatial Location Well Characteristics
Bow number: 15 Flow Rate inwell ||:|
Column number: |1 1 Concentration [Injection) |':|
Layer number: |1
Reach number: |17 [ Stare Data for All Chemical Components
O ptirization for Managed Pumping
Unit Stimulusz |"I oao IJpper Bound |'2':|':":":|
R adiuz |':'-5 Laower Bound |'5':'
weight i Max Drawdown | 100
Inztall Ciost 140 Pumping Cost 5
O ptions
- Tranzient D ata | | | F, |
|+ Steady-state Boundary Condition
[ Computed Boundary Condition Calar _ Cancel
Tile |
|Fiepla-:e ﬂ Select Option when Editing an Existing Boundary Condition

L%

You may have wells in your model that are always on and those that are used in the optimization process.
These are distinguished from one another by the reach number. You should use special reach numbers for
those wells that are part of the optimization. In this example, all wells with reach 1 are part of the
optimization. You must also enter a zero pumping rate for these wells. You will see a special section of
the well dialog that is labeled Optimization for Managed Pumping. Not all of this information is used by
MODOFC. The things that are used include the Upper Bound, Lower Bound, Install Cost, and Pumping
Cost.

Now you have defined the problem except for MODOFC options. The model design has constraints and
candidate wells. Fortunately, MODOFC has relatively few options. While this somewhat limits power
users, it is nice for those of us who are not optimization experts! First, look at the general MODOFC
options by selecting Model|Optimization Models MODOFC|Options - Main Options tab:
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- 5
MODOFC Options @

Recharge Balance Constraints ] Pumping Constraints ]
Main Options l Well Options l

Run Title
[ Impose Pumping Constraints on Each Stress Period

[+ Create Qutput to File “terate” for Uncorfined Simulations {(ITPR)
[+ Echo Input File Information (IECHD)

Maxdmum Number of herations (I TMAX) |'I 000
Minimum Saturated Thickness (BMIN) |2
Convergence Criterion (OCC) |1
Perturbation - First keration (PERTI) [-1000
Perturbation - Last keration (PERTL) 10
Perturbation - Sealing (PERTS) 5

0K | Cancel Help

Probably the most important information on this dialog are the perturbation values. The first perturbation
(PERTI) in unconfined aquifers is the pumping rate used in the first iteration. It should be about what you
expect the pumping rate to be in the final solution. If you specify a value that is too large, the aquifer can
be dewatered. If the value is too low, the aquifer response is not large enough for MODOFC to determine
optimal rates. In confined systems, the last perturbation value (PERTL) and scaling factor (PERTS) are not
used. Inunconfined aquifers, iteration is required and these parameters determine how the perturbation
factor is reduced during iteration. The author, David Ahlfeld, recommends that PERTL be 0.5 percent of
PERTI and PERTS be set to 5. | have found that some experimentation if usually required for these values.

L

The other value to consider is the convergence criterion (OCC). For unconfined systems, OCC is the
change in pumping rate that must occur for the iterations to stop. In this synthetic example, it is quite low.
In practice, you may need to make this a much bigger number.

Now, select Model|Optimization Models|MODOFC|Options - Well Options tab and look at the
following dialog:
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MODOFC Options Lé]

Recharge Balance Constraints ] Pumping Constraints ]
Main Options Well Options

Optimize wells from Reach Mumber 1] to Reach Number ||

[ Include Integer Vanables (INCST)
[+ Output brand and bound algorithm details (INPR)

Minimum Mumber of Wells to Use (MWMIN) 1

Madmum Mumber of Wells to Use (NWMAK) 5

0K | Cancel Help

The first option on the dialog defines which wells in your model are going to be part of the optimization.

In this case, only wells with a reach number of 1 are going to be used. The other important option is
INCST, which includes or excludes integer variables. If you include integer variables, then MODOFC will
constrain the solution using specified minimum pumping rates, well pumping|installation costs, and
minimum|maximum number of wells. Without integer variables, these factors are not considered. Given
that choice, why not always include integer variables? Unfortunately, using integer variables in unconfined
aquifers often does not work. In this example, we will not include integer variables.

L

Now let’s run MODOFC. The first step once you have defined constraints, candidate wells, and options, is
to create MODFLOW files. Select Model|MODFLOW|Create datasets. Next, select
Model|Optimization Models|MODOFC|Create Input File. MODOFC always looks for a file called
opt.in, which is created when you select this menu item. If everything was set correctly, you should be able
to choose Model|Optimization ModelsfMODOFC|Run MODOFC.

When it is finished, select Model|Optimization ModelsfMODOFC|View Solution to see the results. The
first part of the file is the important stuff:
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MODOFC VERSION 2.1 - SOLUTION OUTPUT FILE
MODOFC 2.1 Sample Problem I: Contain - Unconfined Aquifer, Remedial Desi

L L L L L L O O e e e

MODOFC Version 2.1 Optimization Results

L L L L L L O O e e e

Optimal Solution Found
++++++

PROBLEM SOLUTION

L L L L L L O O e e e

Obijective Function Value 2.2435E+04

Pumping Rates Listed For Each Well

Name Stress periods Extraction Injection
welll 1 1.5250E+03
well2 1 1.2747E+03
well3 1 2.7335E+02
well4 1 8.0558E+02
well5 1 5.3112E+02
well6 1 7.7213E+01
Total Rates 3.9558E+03 5.3112E+02

e e L B L

The results are almost identical to the example output that is included with MODOFC. Note that all wells
are needed, even though wells 1 and 2 pump most of the water. This happens because we could not include
integer variables to throw out wells unless they have a certain minimum pumping rate.

Try turning on the integer variables and see what happens (Model|Optimization Models| MODOFC|Well
Options). You will probably get the same answer. That is because our minimum flow rate for the wells
was 50 ft’|d. Edit all of the wells in layer 1 except the far eastern one which is the injection well. Change
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the minimum flow rate from -50 to -500. Now run it. In this case, you probably get the common error
Problem infeasible.

MODOFC Problem Il: DEWATER

This sample problem represents a dewatering problem for a construction site. The sample problem has one
confined layer with a length of 3,000 feet and a width of 2,000 feet. The layer has boundary conditions of
no flow along the top and bottom boundaries, fixed head of 80 feet along the left boundary, and fixed head
of 60 feet along the right boundary. The layer is homogenous and isotropic with a transmissivity of 50
ft’lday. The aquifer is divided into 600 square block centered nodes each 100 ft by 100 ft. The grid is
shown in Figure 3.

In this problem, the groundwater needs to be lowered to a depth of 50 feet so that footings can be installed
in the region shown on Figure 3. This design criteria can be imposed by defining 10 upper bound head
constraints as shown in Figure 3. Seven candidate well locations are selected with minimum pumping rates
of 100 ft’|day, maximum pumping rates of 10,000 ft*|day, pumping costs for the construction period of 10 $
day|ft*, and construction costs of $2000 per well. To improve reliability, at least three wells must be
installed.

This sample problem primarily demonstrates the use of binary variables. To include the cost for well
installation, binary variables must be used, thus INCST = 1. This enables several other constraints, so
meaningful values must be provided for installation costs (ICST), minimum pumping rates (PMN), and
minimum (NWMIN) and maximum (NWMAX) number of wells to install. Also, if the user wants to
record branch and bound algorithm solution steps, INPR must be set to 1.

Figure 3
Sample Problem 11

- 3,000 ft >
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

=
momt
AaE

??ﬁ
)

2,000 ft 11 6

v 20 KEY:

A candidate extraction well ‘
Head = 80 ft X head constraint Head = 60 ft
m— CONStruction area

We have constructed this example as GV file modofc_dewater.gwv. Open up this design and it should look
like the following:
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The main difference in this example is in the constraints. Instead of requiring an inward and upward
gradient, we want a certain amount of drawdown for dewatering. Edit one of the targets (constraints) and
you will see that the target type is Max Head Constraint.
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Target Information

Target Type bl ax Head Congtraint

Target Hame: k-5

1]

Cancel

— Steady-State D ata
¥ Target iz Steady-State

MHame...

Calar...

d Bl

T arget ¥ alue |5|:|
‘weight 1
Group Mo, I1
Species No. I'I

Minimurn Bound ID

b axirnum B ound ID

Spatial Parameters

Layer |1

w [eage [ o [Eee

[T Head Tanget iz Difference with Layer

—

Cenzoring Option I':' - Mo Censaring

Tranzient Data... | Graph...

=}

Impart... |

This means that the wells will be optimized so that the water level is at or below this value. The head value

is defined as the target value, 50 in this case.

The wells for this example are similar to the previous one except that we are now entering cost information.
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.
Constant Flux (Well} Boundary Condition l&J

tdodify One Boundary Cell

Spatial Location el Characterniztics

Bow number: [ Flow Rate inwell |D
Caluran number: 14 Concentration [Injection) [

Layer nurnber: 1
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Options

- Trangient Data ‘ ‘ 0k |
v Steady-state Boundary Condition
[ Computed Boundary Condition Calar _ Cancel

Title |

|F|ep|ac:e ﬂ Select Option when Editing an Exizting Eoundary Condition

b

Go ahead and run this example. Your answer should be the same as the following:

MODOFC VERSION 2.1 - SOLUTION OUTPUT FILE
MODOFC Problem

e o L B L o

MODOFC Version 2.1 Optimization Results

e e o L B o

Optimal Solution Found

L L e e

PROBLEM SOLUTION

e e B e o L B e o

Obijective Function Value 3.4799E+04

Pumping Rates Listed For Each Well
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Name Stress periods Extraction Injection

welll 1 1.2425E+03
well2 1 0.0000E+00
well3 1 0.0000E+00
well4 1 6.9412E+02
well5 1 0.0000E+00
well6 1 0.0000E+00
well7 1 9.4327E+02
Total Rates 2.8799E+03 0.0000E+00

e B e L B s o

Try turning off the use of integer variables (Model[ MODOFC|Well Options) and see how that effects the
answer.
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MODOFC Problem Ill: SUPPLY

This sample problem represents a water supply problem in which limited drawdown is allowed near a river.
The sample problem has one confined layer, 6,000 feet by 5,000 feet, with a river running through the
center of it. The layer has boundary conditions of no flow along the left and right boundaries, fixed heads
along the top boundary which vary from 100 feet to 86 feet, and fixed heads along the bottom boundary
which vary from 80 feet to 66 feet. The layer is homogenous and isotropic with a transmissivity of 5000
ft’|day and a storativity of 0.05. The aquifer is divided into 750 square block centered nodes each 200 ft by
200 ft. The stream flows from left to right with summer heads which vary from 50 feet to 32 feet along its
length. The fall and winter heads are 1 foot higher and the spring heads are 2 feet higher. During summer
the average stream depth is 3 feet. The stream is approximately 10 feet wide with a bed conductance of
500 ft’|day. Recharge also varies throughout the year: 0.0005 ft|yr in winter, 0.002 ftlyr in spring, O ft|yr in
summer, and 0.001 ftlyr in fall. The grid and stream are shown in Figure 4.

In this problem, the objective is to maximum groundwater extraction over a three-year period (12 seasons)
while maintaining a certain level of water in the stream. This design criteria can be imposed by defining
upper head constraints in the groundwater at locations under the stream, as shown in Figure 4. In addition,
there are limits on the maximum (80,000 ft*|day) and minimum (30,000 ft*|day in the first year and 25,000
ft’|day in the second and third year) total rates of water extracted in a three-month period. These values
define the total pumping constraints. Four possible well locations are shown in Figure 4 with maximum
pumping rates at each well of 50,000 ft*|day and pumping costs of -0.001 $ [ft*|day (i.e., each 1000 cubic
foot of water pumped is worth $1). The wells and constraints are only active for various stress periods as
shown in the opt.in file.

This sample problem primarily demonstrates optimization of groundwater problems with multiple stress
periods. Because the recharge and streamflows vary with the season, a transient groundwater model is
required to properly depict the site. It may be advantageous to have wells pump at different rates for each
season. This is exhibited in Well 2 which is required to have one pump rate for winter (stress periods 1, 5,
and 9), another for spring (stress periods 2, 6, and 10), another for summer (stress periods 3, 7, and 11) and
another for fall (stress periods 4, 8, and 12). Well 1 on the other hand is required to have the same pump
rate for the entire 3 years (stress periods 1-12). Well 3 will only be pumping in year 2 (stress periods 5-8)
and Well 4 can only pump in spring (stress periods 2, 6, and 10) and fall (stress periods 4, 8, and 12).
Similarly, constraints are only active for certain stress periods: b-01 and b-03 for the entire 3 years (stress
periods 1-12) and b-03 and b-04 for summer (stress periods 3, 7, and 11) and fall (stress periods 4, 8, and
12).
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Figure 4
Sample Problem Il
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This example illustrates some very complex use of when wells can pump during a transient run.
Groundwater Vistas right now cannot handle this degree of complexity, so you will need to edit the opt.in
file in a text editor to complete it. First, load modofc_supply.gwv into Groundwater Vistas. Create the
MODFLOW files and then the MODOFC file. Find the file c:\gwv6\tutorial\work\opt.in and edit it in
Notepad, Wordpad, or something else. Look for the following lines in the file:

welll t 11221 1 e 100.000000 50000.000000 0.000000 2000.000000 '1,12'

well2 t 12111 1 e 100.000000 50000.000000 0.000000 2000.000000 '1,12'

well3 t 14251 1 e 100.000000 50000.000000 0.000000 2000.000000 '1,12'

well4 t 16171 1 e 100.000000 50000.000000 0.000000 2000.000000 '1,12'

And change them to:

welll t 11221 1 e 100.000000 50000.000000 0.000000 2000.000000 '5-8'

well2 t 12111 1 e 100.000000 50000.000000 0.000000 2000.000000 '1-12'

well3 t 14251 1 e 100.000000 50000.000000 0.000000 2000.000000 ‘2,6,10:4,8,12'

well4 t 16171 1 e 100.000000 50000.000000 0.000000 2000.00 '1,5,9:2,6,10:3,7,11:4,8,12

Likewise, find the Bounds on Head section and change the following:

h-1t 14141 > 67.000000 '1-12'
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h-2 t 13201 > 64.000000 '1-12'
h-3 t 13231 > 62.000000 '1-12'
h-4 t 1526 1 > 60.000000 '1-12'

To:

h-1 t 14141 > 67.000000 '1-12'

h-2 t 13201 > 64.000000 '3,4,7,8,11,12'
h-3 t 13231 > 62.000000 '1-12'

h-4 t 1526 1 > 60.000000 ‘3,4,7,8,11,12'

Save these changes and run MODOFC.

Using Brute Force Optimization

The Brute Force optimization technique is a new way of optimizing pump & treat systems. Unlike more
MODOFC, Brute Force uses particle tracking to determine whether a system is successful. Other
optimizing software uses head, drawdown, or gradient constraints to design the system as we saw with our
MODOFC examples. The problem with these more classical techniques is that defining the gradient
constraints is difficult and often the optimization is not successful. The benefit of using particle tracking is
that the particles are either captured or they are not. The Brute Force routine continues until all particles, or
a specified percentage of particles, are captured in the plume area. This makes interpreting the results very
straightforward. The disadvantage of Brute Force is that it requires more simulations than many of the
other optimizers.

We have created a simple BF example that you can compare with MODOFC. Open the file
modofc_contain_nolnject2_brute.gwv. This is a modified version of the first MODOFC example problem
with one layer and no injection. The model looks like the following:
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rm GWVistas -[mDdafunnmn,na[njmume.g;v]-— T — e —— ﬂﬂér
By Fie Eot Vew AF Pt Model Gid BCs Props XSect 3D Repors Window Help NER
D@ &% & BEE =@ &[moorow | Bi[Constant HeadiCone. = B [Hydraulic Conductivity = Gifa, | #|7| @]+ |®
Eiow Number B West Cross-Saction Along Row 1 East

Column Number, =
Layer Number: =
Stress Period ]

5 10 15 20 25 30
Comporent Nurber: |1 B I

Figure Murber =

20

A1 _contour Cross Section 3 Layout / || +

AEM R1 [c5 L1 [s3ze 8205 |

You can see the lines defining the capture zone and potential wells that are similar to the first MODOFC
example. You also see a bunch of particles within the capture zone. These are for use with BF. The first
thing to do is run one MODFLOW and one MODPATH simulation. These files form the basis for the next
BF run. After running MODFLOW and MODPATH, your screen should look like the following:

G GWistas - [modofe_contain_nalnject2 brute.gwi] ||
By Fie Eot Vew AF Pt Model Gid BCs Props XSect 3D Repors Window Help HEER
D|E“ | ‘ |@ E‘%‘@@‘mll MODF‘ATH M ElCunslanl Head{Conc. j Eledmuli[: Conductivity j Gija, | A£|7|0 @
Bow Number = West Cross-Section Along Row 1 East
Colm Number. [ B
Layer Mumber =
Stress Period ]
g 5 g =
Companent Mumber: [ B r 1 ik 2 = = i
Figure Nurber =
by S Y T
o 2] I
= FH,_‘ = =
=] =]
|
20
+
A1 _contour Cross Section 3 Layout / || +
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We are starting with no pumping so the particles just go east to the constant head boundary. Now, let’s
look at the Brute Force options. Select Model|Optimization Models|Brute Force|Options. The dialog is
shown below:

Brute Force Options - ﬁ
Simulation Options l Particle Options ]
Simulation Type Maode 1 - Potential Wells Predefined -

Mumber of terstions for Optimization
Maximum Wells or Pattems in Final Design

Percentage of Particle Capture for Containment

171

Use Polishing Step v Increment Muktiplier 25

Repeat Well Ranking [+ Decrement Muttiplier 0.95

<

Lock out particles that are already captured from well ranking
Use Hydrostratigraphy to implement zoned capture

Reach Mumber for other BCs that are valid capture points 39

Ik

[ Restart Brute Force Simulation [+ Fun Models Silenthy
¥ Stop Run if Additional Wells Capture Fewer Particles
[ For Mutti-Layer Wells, Layer 1 defines total flow rate and lower layers allocated by transmissivity

Made 1 Options

Use All Wells From Reach 1 to Reach 1
[ Inject Al Water Into Wells With Reach Number 2
l'li

Minimum Number of Columns Between Wells Flows 1
Reach for Priorty 2 Wells 359 Reach for Given Wells 339
[~ Delete Wells that Capture Mo Particles
Mode 2 Options
Reach Mumber Defining Well Pattem
Diffusion Zone Number Defining Limits of Well System

Mumber of Cells Between Pattems

17

| ok | Cancel |

Probably the most critical option for BF is the number of iterations for optimization (7 in this case) and the
increment multiplier (1.25). Also important is the unit stimulus for the pumping wells, which is —1,000
ft|d in this case. BF will use the —1,000 pumping rate to rank the wells so it is important that this rate be
large enough to actually capture particles. BF will then select the best well and run 7 simulations
multiplying the pumping rate (-1,000 initially) by 1.25 until it hits either 7 simulations or the maximum
pumping rate defined for that well (-20,000 in this example). You need to make sure that BF can test the
whole range from unit stimulus to max. pumping rate during the number of iterations specified.

Help |
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Now, select Model|Optimization Models|Brute Force|Create Input Files. GV will create the main BF

input file (brutefrc.dat) and a new well file and particle file. To run BF, select Model|Optimization
Models|Brute Force|Run Brute Force.

This run goes pretty fast. Select Model|Optimization Models|Brute Force|View Output File and you
should see at the end of the file that BF came up with 1 well (row 10, column 17) pumping 2,441 ft*|d to

contain this plume. Plug this pumping rate in and rerun MODFLOW|MODPATH to confirm it. Your
results should be similar to those below:

B e
By Fie Eot Vew AF Plot Model Gid BCs Props XSect 3D Repors Window Help NER
DSE »|%E 8 255w EE &moorsth - & [B2 [wen =] Be[Hydraulic Conductivity | &[4 | 1|15 2| 0p
Eiow Number B West Cross-Saction Along Row 1 East
Colm Number. [ B
Layer Number =
Shress Period =
Companent Mumber: [ B : 1 ik 2 = = = I
Fgwebumber  [1 [ ; Jl i
/ [ \
/ \
| / |
\ / I
|
|
5] [l
=1 [
| [ ]
[ [ P
N 2 |
1] \ l
[ [ l
| \ | \
\ ! |
\ | |
| | | |
2 | I I |
A>Ty _contour  Cross Section 3, Layout /. I + .

=3 R3 [c1z [la [z:s 34779 4763 sPL [Ts1[TTSL T10

Try running the MODOFC version of this model — modofc_contain_nolnject2.gwv. How do the results
compare?

Using MGO with Groundwater Vistas

MGO is set up just like MODOFC. You start by defining the locations of pumping|injection wells that will
be optimized and the constraints for the management problem. An example is presented from the MGO
manual that is similar to the ones presented in the preceeding sections for MODOFC and Brute Force.
Launch Groundwater Vistas and load the example called mgo_ex1.gwv.
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The constraints are lines up in a “U” shape south of 4 red pumping wells. Two green injection well sites
are to the north of the pumping wells. The goal of this simulation is to determine how much water to pump
from the red wells in order to contain the area outlined by the X and Y gradient constraints.

As with MODOFC, there is an MGO selection on the Model menu in Groundwater Vistas. Select
Model|Optimization ModelsiMGO|Options now. The first tab is for Basic Options and primarily selects
the type of optimization technique. The default method is called genetic algorithm.
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MGO Options e d

=)

Basic Options

Titles

| keration Data Definition of Costs | Global Min/Max
Balance Constraints I Candidate Wells

MGEO - A Modular Groundwater Optimizer,

II::*_.r Chunmiao Zheng and P. Patrick Wang

Optimization Type (Opt Solver) |1 - genetic algorithms j

[~ Save intermediate results in response database (Response)

QK I Cancel Apply

Help

Click on the Balance Constraints tab next. This tells MGO that all of the water pumped from the 4 red
wells must be injected into the two green wells sites. These sites are defined by a reach number of 5 and 6.

I teration Data | Defirition of Costs | Global Min/Max
Basic Options Balance Constrairts I Candidate Wells

v ize MGO Balance Constraints |

Inject all pumped water into wells from Reach I5 to IE

Mate: All water from candidate wells will be injected into a series of wells defined by their
reach numbers.

QK I Cancel Apply Help
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Now click on the Candidate Wells tab. This determines which wells are going to have their rates
optimized. In this case, wells with reach numbers between 1 and 4 will be the candidate wells.

| kteration Data | Definition of Costs | Global Min/Max |
Basic Options I Balance Constraints Candidate Wells

Candidate wells defined from reach I to I4

¥ Use ficed well location option (NActive = 0 - note: moving well option net supported)

Maximum number of active wells (NActive) I'I (MActive = 0)

Penalty function multiplier for number of active wells {Pent) I-I1:l'l:l'l:l'l:ll[lll:l'[l'[ll[lll:II

Penalty function multiplier for head difference constraints (Pert 1) I11]'l:l'l]'l]'l]'l:l'l]'l]'ﬂ'[II

Penalty function multiplier for head bound constraints (Pent2) I-I1:l'l:l'l:l'l:ll[lll:l'[l'[ll[lll:II

Penalty function multiplier for concentration constraints (Pent4) I11]'l:l'l]'l]'l]'l:l'l]'l]'ﬂ'[II

Mumber of values for digitizing flow rates (NP Step) |32

Scaling factor for all parameters (FScale) Iﬁ'l]'l]'[II

ok | cancel | tpnb Help

Next, click on the Definition of Costs tab. In this simple problem, the only cost is for pumping and the type
of optimization is minimization. Since the cost per unit flow is 1.0, only pumping rates will be minimized.

b

| Basic Options I Balance Constraints I Candidate Wells
keration Data Definiion of Costs | Global Min/Max
Direction of Optimization (MinMax) 1 Minimization j
Fixed capital cost per well {Cobjl) Iﬂ'

Installation/drilling cost per unit depth (Cobj2) Iﬂ'

PumpingAreatment cost per unit flow (Cobj3) I1

Mass removal cost per unit weight (Cobjd) Iﬂ

User-specfied Cost Function {Cobj5) o

QK I Cancel Lpply Help
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To run this problem, select Model|[MODFLOWI|Create Datasets and then select Model|Optimization
Models|MGO|Create MGO Input File. Now, select Model|Optimization ModelsjMGO|Run MGO.

After the simulation is finished, you can view the final well configuration chosen by MGO by selecting
Model[MGO|View Final Well File. In this case, two of the four pumping wells were chosen.

) MGO.WEL - Notepad =JoEd
File Edit Format Yiew Help Sefax
| g

& Jfstress perdod: 1

1 13 8 0.000E+00

1 15 11 0. 000E+00

1 18 B-2.007E+03

1 13 11-2.097E+03

1 a 11 2.097E+03

1 ] B 2.0G7E+03
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